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Abstract

This report emphasizes the comparison between supersymmetric models and experiments.
A minimal theoretical introduction is included as a guide to the interpretation of results. The
existing constraints from low energy measurements, accelerator searches (LEP, Tevatron and
HERA) and non-accelerator searches for neutralinos are presented. Prospects for upgrades of
these facilities and for the LHC and linear collider are summarized. Most discussions are made
in the framework of the minimal supersymmetric standard model inspired by supergravity
(MSUGRA). But alternatives such as gauge mediated supersymmetry breaking (GMSB),
anomaly mediated supersymmetry breaking (AMSB), models with R-parity violation and even
alternatives to supersymmetry are also briefly considered.
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1. Why supersymmetry

There exist many excellent reviews and lecture notes on supersymmetry. The present review
emphasizes the comparison between model predictions and experiments. Formulae are kept to
a minimum and are given without derivation. For a more rigorous presentation of the theory,
the reader is referred to the primer of Martin [1] or other lecture notes and reviews [2], to
mention only some of them. Our main purpose is to develop an intuitive understanding of the
physics involved, mostly by examples, and to confront the largely different predicted signatures
with experimental tests, present or future. This review attempts, in the first chapters, to give
some explanations of the main ideas and scenarios of supersymmetry. However, readers can
also enter its content at any item of their choice to get information about the corresponding
results and bibliography up to 2005.

The unavoidable starting point is the so-called standard model (SM) [3], rebaptized by
Wilczek as the “Theory of Matter’ [4], a more adequate name for such a successful theory. It
combines the weak, electromagnetic and strong interactions into a single framework, where the
physical laws are invariant under the local gauge transformations SU (3). x SU(2), x U(1)y.
The SU (3). component leads to quantum chromo dynamics (QCD) with colour as conserved
quantum number [5] and the SU (2), x U (1)y to the electroweak theory with the weak isospin
and the hypercharge as conserved quantum numbers before it is broken. The source particles are
the spin 1/2 fermions, leptons and quarks organized in three families, and the mediators of the
interactions are the vector bosons. The electroweak symmetry is supposed to be spontaneously
broken by the vacuum expectation value of a spin-zero field, its remnants being the U (1),
symmetry of quantum electro dynamics (QED), with the conserved electric charge quantum
number, and a physical particle, the Higgs boson [6]. The SM has been shown to describe to
high accuracy all present results from precision measurements at the LEP and SLC accelerators
and from low energy measurements, such as (g — 2), electric dipole moments and rare decays
of K and B mesons. Crucial to this was the ability to compute and test the theory at the
level of quantum corrections, which are sensitive to the mass of unobserved particles through
virtual effects [7]. An example was the measurement of the top-quark mass from the LEP/SLC
electroweak radiative corrections, well before it was directly detected at Fermilab, as illustrated
in figure 1. The presently achieved accuracy of the electroweak measurements at LEP/SLC
even brings evidence that, once the top contribution is accounted for and if no new particles
besides the Higgs boson contribute to the radiative corrections, this boson should be light,
below ~250 GeV at the 95% confidence level (CL). Some caveat on the consistency of results
is given below. Unfortunately, the Higgs boson has escaped direct detection, even at the highest
energies of LEP.

In spite of its impressive successes, the SM cannot be the final theory. In addition to its
many unexplained parameters, a fundamental limitation is that it does not contain gravity. At
present, the best candidate to reconcile quantum physics with gravity is string theory [9, 10].
Its natural energy scale is around 10'8-10'" GeV, which makes direct experimental tests sound
like foolish dreams. It has been demonstrated that string theory embeds both the above gauge
theories and gravity, unifying all known forces of nature. But, equally important for an
experimentalist, it also predicts departures from the SM picture. Some of its implications
might be subject to experimental measurements: first, it makes supersymmetry (SUSY) a
likely symmetry of nature (see, e.g. Schwarz [11]); second, it requires additional spatial
dimensions and it has been conjectured that some of them could correspond to energy
scales of the order of TeV. Supersymmetry extends the SM with new particles carrying
masses of at most 1-10 TeV (if one sticks to solving the hierarchy problem, see below) and
requires the existence of several Higgses, one of which is predicted to have a mass below
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Figure 1. Evolution of the top mass measurements. The circles are the LEP predictions
from radiative corrections; the squares and triangles are the direct measurements from Tevatron.
From [8].

about 130 GeV. Clearly, had the Higgs exploration been pushed ~10-15 GeV higher at LEP,
the present review would certainly have a quite different content. The path to follow for
experiments, from our current energy scale towards the strings, therefore seems to be to (1)
discover the lightest Higgs (highest priority); (2) look for SUSY particles; (3) find some
signs revealing the existence of extra space dimensions (the latter is briefly discussed in
section 2.1).

The SM keeps a clear distinction between the matter constituents (fermions) and the
mediators of the interactions (vector bosons). Supersymmetry [12] introduces symmetry
vector-bosons by associating each fermionic state of the SM to a bosonic state in the same
multiplet and vice versa. If supersymmetry were an exact symmetry, the associated fermionic
and bosonic states would have identical masses. This situation is analogous to the symmetry
of particles and antiparticles or of two spin projection states of the same particle. In this sense,
supersymmetry does not really introduce new particles, but only new states (superpartners) of
the SM particles. In the simplest SUSY version, called the minimal supersymmetric standard
model (MSSM) [13], a scalar superpartner is associated with each SM fermion and a fermionic
superpartner to each vector boson. An important consequence of this doubling of states is that
it tames the divergences of quantum corrections to the Higgs mass. At the quantum level the
SM Higgs mass involves loop corrections, which diverge quadratically with a cut-off scale and
hence destabilize the mass (the hierarchy problem). In supersymmetry, the contributions from
SM fermionic loops are exactly compensated by opposite sign contributions from their bosonic
superpartners and vice versa, cancelling the quadratic divergences. The remaining contribution
diverges only logarithmically with the cut-off scale and is proportional to the squared-mass
difference of the fermion and boson. The non-observation of superpartners at LEP or Tevatron
experiments forces their masses to be well above the corresponding SM particles, except the
stop which may be lighter than the top quark. On the other hand, to prevent the hierarchy
problem from reappearing, a crude upper limit on their masses of 1-10 TeV can be derived.

An unbroken SUSY theory is very constrained. Although it introduces many super-
partners, making many new interactions possible, the structure of these interactions is fully
defined by the same gauge invariances and the same coupling constants as in the SM.
This, however, leads to a theory where all particles are massless (similarly to the SM without
spontaneous symmetry breaking). The mechanism which breaks supersymmetry and yields
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the superpartners their masses is, unfortunately, unknown. In its most general form [14],
the SUSY breaking potential introduces 105 parameters, in addition to the 19 of the SM. Some
of them are severely limited, as they would induce flavour changing neutral currents (FCNC)
or CP violation at an unacceptable level. Nevertheless, the most general MSSM remains
untractable. More restrictive models with fewer parameters have been developed, the most
popular being inspired from supergravity [15] and hence called MSUGRA [16]. It contains,
depending on the assumptions, 1 to 5 free parameters and is the model most extensively used
to derive experimental implications.

All three coupling ‘constants’ of the SM gauge groups have been known since 1991 to
high accuracy at the Z° scale, owing to the precision measurements of the Z° mass and of the
strong coupling «g, performed at LEP (and further improved since then by LEP and SLC).
Once loop corrections to the vector boson propagators are included, the effective couplings
vary with the energy scale at which they are evaluated. The energy dependence is described by
a differential equation, the renormalization group equation (RGE), whose coefficient depends
on the nature and number of particles circulating in the loop. It was conjectured by Georgi
et al in 1974 [17] that this energy dependence might make the couplings unify at some high
energy scale, leading to a grand unification of the gauge groups. The precise values from LEP
showed clearly that in the SM, although the couplings converge, their crossing in a single point
is ruled out at the level of 8—12 standard deviations and no unification is achieved. On the other
hand, if superpartners with masses in the TeV region are included, the slopes of the evolution
are changed accordingly and the couplings meet at a scale of about 2 x 10'® GeV [18]. This
lends support to the hypothesis of a grand unified theory (GUT), realizable within the
supersymmetric SM.

In the MSSM, it is usually assumed that the supersymmetry breaking defines the mass
parameters at the GUT scale. These parameters are then evolved down to the electroweak scale,
by means of their RGEs, which determine the superpartner masses as a function of the original
parameters. In particular, the mass-squared parameter of the Higgs field which couples to up-
type fermions receives large negative corrections dominated by the large top-quark Yukawa
coupling. This may naturally drive the mass-squared parameter negative near the electroweak
scale and consequently trigger the spontaneous breaking of the electroweak symmetry [19].
This possibility was actually a first hint that the top quark should be heavy [20]. One of the
virtues of SUSY is that the mechanism of electroweak symmetry breaking (EWSB) occurs at
the level of perturbation theory, without the need for any new strong interaction. Compared
with the SM which explains only ‘how’ the symmetry is broken, its supersymmetric
extension tells ‘why’ the Higgs mechanism takes place. Some questions have been raised
in the past concerning unwanted effects of symmetry breaking, namely a violation of U (1),
symmetry making the photon massive. Considering the Higgs sector, while some two-doublet
models may present such problems, the MSSM is free of them [21]. However, the role of other
scalars, which may lead to charge and/or colour breaking (CCB) minima, should be closely
watched (see section 8.4).

A strong prediction, quite generally valid within the MSSM, is that, as we said, the lightest
Higgs should have a mass below approximately 130 GeV. This value is compatible with the
indirect upper bound obtained from the electroweak precision measurements. The direct search
for such a particle was very actively pursued at LEP but, due to the energy limitation imposed
on the machine, only a lower limit on its mass of about 114 GeV could be obtained. Searches
for superpartners, carried out at LEP and Tevatron, were also unsuccessful and put lower
bounds of 100 to ~300 GeV on their masses. In view of the 1-10 TeV upper range mentioned
earlier, the latter may not be very worrying. But (a solid chance exists that), if the MSSM
makes sense, the light Higgs and at least some of the superpartners will be discovered at the
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future LHC machine or even, if much progress is made, the Tevatron. Moreover, some low
energy experiments are now reaching a precision such that they could also become sensitive
to new particles via the loop corrections. Might they discover SUSY, even before the LHC?

The SM particles are distinguished from their superpartners by a multiplicative quantum
number, called R-parity [22], which is +1 for ordinary particles and —1 for the superpartners. If
itis assumed that R-parity is conserved in the interactions, superpartners can only be produced
in pairs, their decay will always involve another superpartner, and finally the lightest SUSY
particle (LSP) has to be stable. From cosmological arguments [23], this is likely to be a neutral
particle, which is easily satisfied in the MSSM. It could be an excellent candidate for the dark
matter in the universe.

A review of the daily evolving literature concerning supersymmetry illustrates the quasi-
infinite variety of the considered scenarios. One of the raison d’étre of SUSY is the assumed
existence of a desert between the electroweak and some very high scale. If, for instance,
because of the existence of large extra dimensions, such a desert does not exist, the usefulness
of SUSY can be reconsidered, as is dicussed in section 2.3. Similarly one can give up the hope
of solving the problem of the fine tuning which guarantees the mass hierarchy, considering
that this is too ambitious and/or premature (anyhow we must live with the even more dramatic
problem of the cosmological constant [24]). Then one can push the scalar superpartners to
arbitrary high mass as in the split supersymmetry version [25]. However, besides the mere
fact that such a symmetry exists as a mathematical reality and allows gravity to be brought
into the game, there are good phenomenological reasons to keep the SUSY frame. The first
one is the problem of dark matter. As we just said, a light SUSY partner such as the LSP is
still the most promising candidate offered by particle physics. For instance, the inventors of
split supersymmetry stick to that idea and keep to low mass, besides the lightest Higgs 4°, the
SUSY partners of gauge and Higgs bosons, hence the name of the scenario. But even in this
perspective, since the nature of the LSP is not precisely known, one can think of splitting the
split supersymmetry and push the Higgs superpartners to high mass [27]. On the other hand,
the tenants of R-parity breaking versions (see [26]) have given up the idea of solving the dark
matter problem within supersymmetry.

Another phenomenological fact quoted above is the indication obtained at LEP, in the
frame of the SM, of a light Higgs boson, <250 GeV. This is compatible with SUSY, but not
a compelling argument in its favour. As we said, the MSSM predicts such a light boson,
<130 GeV, likely to be SM-like. Even more complicated versions, such as the next-to-MSSM
(NMSSM, see section 3.5.2), still lead to relatively light bosons, well below the LEP upper
limit, but the increased number of parameters in their Higgs sector allows one to play quite
complicated games and to prove what one wants.

These examples illustrate the versatility of SUSY scenarios and show that for
experimentalists it is a moving target, difficult if not impossible, to falsify. Potential indirect
indications of low energy programmes will likely be insufficient to unambiguously demonstrate
its existence. We hope therefore that, if SUSY is a reality, the next programmes and especially
LHC will provide some direct ‘smoking gun’ evidence of its existence.

It is also clear that SUSY, in spite of the progress it would bring compared with the
SM, is still an effective theory since its parameters, in particular the ones controlling the
symmetry breaking, have to be introduced from outside. Nevertheless it is a useful framework:
if superpartners would be discovered, the measurements made at LHC and/or a future lepton
collider would allow its parameters to be extrapolated to high energy in the same way as was
done for the gauge couplings. This might open a window on a more fundamental theory.

The present review starts with a more theoretical part including a brief presentation of alter-
natives to SUSY in section 2, the basic ingredients of MSSM in section 3, supersymmetric grand
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unification in section 4 and an overview of the various SUSY breaking mechanisms and the
ensuing sparticle spectroscopy in section 5. Section 6 presents the status and potential impact
of low energy measurements. The existing and future accelerators and detectors, as well as the
SUSY generator programs, are summarized in section 7. The existing limits on the Higgs mass,
from LEP and Tevatron, and the expectations from the future accelerators, LHC or a linear col-
lider, are presented in section 8. After a discussion of sparticle decays in section 9 and produc-
tion in section 10, the present limits from HERA, Tevatron and LEP are reviewed in section 11.
The resulting limit from LEP on the LSP mass, its impact on neutralino dark matter and the cur-
rent searches and future prospects of non-accelerator experiments are summarized in section 12.
Sections 13 and 14 are devoted to the results from searches for gauge mediated SUSY and
R-parity violation, respectively. Finally, the expectations from future searches at the Tevatron,
LHC and a linear collider are summarized in section 15 and the connection between the sparticle
mass spectra and GUT scale physics in section 16. Section 17 contains the conclusions.

Note on references: the literature on supersymmetry is extremely abundant. Many
references have been included to guide the reader who wants to study a given subject more
deeply. In general, preference was given to recent papers and didactic presentations (reports
or lecture notes). We apologize for the numerous missing references to the original material.
The literature scan was stopped in May 2005.

2. Brief survey of alternatives to SUSY

Before we deal in depth with SUSY, we would like to underline that alternative scenarios beyond
the SM do exist, even if for various reasons (apparent conflict with electroweak measurements,
lack of maturity because of their recent birth, maybe simply the effect of fashion) they did
not receive as much attention as supersymmetry. We summarize their main features and
predictions.

2.1. Strong electroweak symmetry breaking

If to go beyond the SM one chooses the composite way instead of SUSY; the most general
possibility, derived from the Goldstone boson equivalence theorem [28], is to consider new
strong interactions between the intermediate vector bosons, more exactly between their
longitudinal components Vi, [29]. Toreveal these, one can study the production of vector—boson
pairs in e*—e~ or q—q scattering: this is the high energy analogue of the measurement of the
time-like pion form factor, as performed in the good old days. Another way is to study boson—
boson scattering, where the bosons are emitted from incident e* or quarks: this is the high
energy analogue of pion—pion scattering. Such interactions may be resonant or not. In the non-
resonant case, one is still guided by low energy theorems (LETSs) [28], as in the pion—pion case.

If no light Higgs or other low lying resonance exists, unitarity requires that the interaction
among gauge bosons becomes strong at high energy. The expected symmetry breaking scale
is A = 47+/2v ~ 3TeV (with v =~ 175GeV). Below this scale the physics of longitudinal
bosons is described by an effective Lagrangian, whose parameters «; [30] can be probed
by measuring the Vi interactions. Since the p parameter has been found to agree with the
SM expectation, such interactions should first respect a SU(2) ‘custodial’ symmetry which
guarantees such an agreement.

A naive dimensional approach says that, if no resonance exists below A:

o /(87%) = (v/A:), (1)
where A;, the scale of new physics, is of the order of A. Hence the «; are of order one. From
4-fermion final states one can measure the triple gauge couplings (TGCs). The corresponding
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o; (i = 1,2,3) are related to the usual (glZ , Kz, ky), already measured at LEP and found to
agree with the SM expectations at the few% level. From 6-fermion final states one measures
the quartic gauge couplings (QGCs), labelled a3 4 5. An introduction to these scenarios and a
comparison of the potentials of various machines can be found in [31,32]. An explicit example
of a model having resonances below A is the BESS Model [33] (which stands for ‘breaking
electroweak symmetry strongly’).

2.2. Technicolour

Technicolour [34,35] is probably the most studied theory of dynamical EWSB. It stems from
the QCD analogy of spontaneous chiral flavour symmetry breaking by quark condensates:
these also break electroweak symmetry, but the Z mass is predicted to be 60 MeV! The idea
is to emulate this mechanism at a much higher scale: one assumes a new asymptotically free
gauge interaction called technicolour, introduced in 1979 by Weinberg and Susskind [36]. It
has a gauge group Grc, and a coupling ayc, which becomes strong at a few hundred GeV. Np
is the number of doublets of L and R technifermions (TFs). They form condensates which
break the chiral flavour symmetry, giving masses to the Z and the W.

However, the quarks and leptons are still massless. One has to go to extended technicolour
(ETC): quarks, leptons and TF are put into the same representation of a new gauge group, with
Agrc much larger than Arc. ETC still has problems with the rate of flavour changing neutral
currents and its confrontation to accurate measurements. The reason is that it is just a scaled-up
version of QCD: asymptotic freedom sets in too fast. If two matrices of the ETC group link
quarks to techniquarks the commutator of these matrices links quarks with quarks and this is
the origin of unwanted FCNC effects, as long as no way to cure them is added.

One has therefore to invent ‘walking technicolour’ (WTC), a version of the theory in
which the evolution of couplings is very slow. The flavour changing direct effect of ETC on
light quark physics is reduced. The problems with accurate measurements disappear because
in WTC one cannot compute the observables reliably! This is not a strong point of the theory,
but it saves it temporarily.

Practically, the search for technicolour is quite analogous to the Higgs search. One looks
for techni-vector mesons (o7, wr) produced in e*—e~ or g—q collisions. A technirho can decay
into technipion pairs, Wy -technipion or W, pairs. A neutral technipion (n?) decays into b-b (it
acts like a Higgs boson), a charged one into b—c. LEP and Tevatron have already put substantial
limits on their masses [37].

2.3. Extra-dimensions

These models stem from the idea required in string theory that extra space dimensions, which
are compactified and usually considered to be of the size of Planck length, could after all be
much larger, i.e. down to the TeV scale [38], without violating any established fact. A large
variety of models exist [39—41], depending on which particles are allowed to propagate in the
‘bulk’ of the § extra dimensions (ED).

If only gravitons can do so, one can still distinguish models where the hierarchy problem
is taken care of by a large volume of the ED space (Arkani-Hamed, Dimopoulos, Dvali: ADD
model) [42] from those where it is generated by a large curvature of the extra dimension
(Randall, Sundrum: RS model) [43].

A common feature of the extra dimensional models is that, if a particle propagates in the
bulk, its mass in 4 + § dimensional space-time is given by

my=E>—pl—p;—p3—pi - — DPas )
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and, if measured in our 4-dimensional space-time, will appear as
2_ 2 2 2 2 2, .2 2
m°=E° —pi —py —p3=my+py---+Pp3 3
The quantification of the fields in an extra dimension requires the momentum to be a multiple
p = n/R of the inverse radius R. The 4-dimensional mass then appears as

2
ni

m? =m2 + 121:8 <E~> 4)
with a zero mode mass mq followed by an infinite series of recurrences, called a Kaluza—Klein
(KK) tower, which is the signature of the extra dimensions.

In the ADD model the scale My, at which gravity becomes strong in 4 + § space-time is
given by:

M} = VsME?, 5
where V; is the volume of compactified dimensions. Hence, the Planck scale Mp in 4 + §
dimensions can be of the order of the electroweak scale, eliminating the hierarchy problem.
In the four-dimensional space-time it appears large, due to the large volume of the extra
dimensional space. For Mp = 1 TeV, § = 1 is excluded by the validity of Newton’s law at the
astronomical scale. For § = 2 (R, is a fraction of a millimetre) and § = 3 one still must take
into account, in the case of flat ED, strong astrophysical and cosmological constraints [41,44].
The phenomenology of these models at colliders is essentially due to the possibility of real
gravitons escaping to the ED (i.e. non-standard missing energy-momentum processes) and of
the exchange of virtual gravitons [45] (i.e. slight modifications to the rates of SM processes: one
should proceed with care in determining the actual limits). In this model, the radii of the extra
dimensions range usually from pum to fm and thus to very small mass splittings between the
KK states, giving rise to an almost continuous graviton mass spectrum. As a similar situation
would occur for other particles propagating in the extra dimensions, which is experimentally
excluded, the gauge bosons and fermions are confined to the four-dimensional space-time.

A quite distinct version of ED postulates TeV~!-sized ED (we recall that 1fermi =
1/200 MeV). In such a case SM fields may also propagate in the bulk and should have Kaluza—
Klein excitations in the TeV region. The scenario where all can do so, called universal ED
(UED) [46], has a special phenomenology. In UED (4+6)-dimensional momentum is conserved
at tree level. Kaluza—Klein states can only be pair produced. Their exchange intervenes only
at the loop level. The lightest Kaluza—Klein state is stable and a candidate for cold dark matter.
The phenomenology is thus quite similar to the SUSY case. Finding ways to distinguish them
is a challenging exercise [47]. LHC should be able to confirm or rule out UED at the TeV
scale.

In the first version of RS models, gravity is in the 5D bulk of finite extent limited by two
rigid branes. One brane is trapping gravity while on the other brane gravity is not trapped. On
that second brane gravity is weak and that is the brane where the SM fields are located. There is
the possibility of direct resonant production of the spin-2 states of the graviton Kaluza—Klein
tower, with a first excitation at the TeV scale [43]. The existence of the radion, quantum
excitation of the brane separation which is directly coupled to the energy-momentum tensor,
could offer an interesting phenomenology [48]. It may be the lightest new field predicted by
the RS model. It would then be very similar to the SM Higgs boson except for its couplings
to gluons and photons. For instance, for my < 150 GeV, the decay mode ¢ — gg dominates,
while hadronic production is essentially from gg initial state. The relevant LEP limit is then
the one from the ‘flavour-blind” Higgs search, m; > 112.5 GeV. At LHC one could look, for
instance, at [49]

ge > ¢ —> ZZorWWorvyy. 6)
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Mixing of the radion with the SM Higgs boson can also modify the Higgs properties
[50].

Such an eventuality, which has naturally to be fully explored, would be an extraordinary
chance for LHC and its prospective study also contributes to agreeably diversify the
phenomenology. However, before dreaming too much, it is important to appreciate correctly
the existing limits, drawn either from accelerators or from astrophysics. Astrophysical bounds
severely limit the possibility of observing collider signals in the case of less than 3 flat extra
dimensions. But [51] small distortions of the compactified space can lift the masses of the
lightest graviton excitations, evading astrophysical bounds without affecting collider signals.
For the ADD scenario, one should also consider the impact of dedicated tests of Newtonian
gravity at small scale, which, besides micro-mechanical experiments [52], may in the future use
sophisticated methods involving Bose—FEinstein condensates [53] or ultra-cold neutrons [54]
and build interesting bridges between particle physics and other sectors of physics.

2.4. Solving the ‘small’ hierarchy problem

SUSY helps to solve the ‘large hierarchy problem’ between the Fermi and the GUT scales.
But one can choose to focus first on the ‘small hierarchy problem’, namely to reconcile the
indication of a light boson (<250 GeV) on one hand and the evidence that the SM seems to
be valid up to a cut-off of several TeV on the other hand [55,41]. The resulting scenarios can
either still use [56,57] or ignore [58—60] the idea of supersymmetry. Solutions to the large
hierarchy problem are ‘left for later’.

In the first reference, the authors take the benefit of a fifth compact dimension. An
interesting prediction of theirs, besides a quite light boson (<130 GeV), is that the LSP could be
a heavy stable charged particle, an incentive for future experiments to implement a performant
time-of-flight measurement. We will come back to such models in section 5.1.

The scenario described in the second reference, called the little Higgs and which wants to
avoid SUSY, has also an interesting phenomenology [58—60]. It contains a light Higgs boson,
but not so tightly bound in mass as in the MSSM, and new states, the role of which is to cancel
the effects of the SM particles loops. These are

e a new vector-like up-type quark, cancelling the top loop divergence,
e new heavy gauge bosons Wy (— th)and Zy (— Zh, fo) in the TeV or few TeV region,
cancelling the gauge and Higgs loops and having well predicted couplings.

A strongly interacting sector exists above ~10TeV. As one can see, the divergences due to
particles of one type, fermion or boson, are cancelled by particles of the same type. LHC
has a good chance of revealing such new states and, if accurate measurements of branching
ratios can be performed, of identifying the corresponding scenario.

Obviously these new approaches, like others, have to cope with the constraints of
electroweak precision observables [61]. A recent paper [62] insists on the need for such models
to keep custodial symmetry in the Higgs sector. The little Higgs is an example of a newborn
scenario which will certainly develop into a rich and diversified phenomenology [59, 63, 64].

2.5. A combination of these scenarios?

Actually these approaches need not be exclusive and many extensions built on the co-existence
of more than one scenario have been proposed. In particular one can combine the idea of
supersymmetry with the various models considered above. However in general some of the
original motivations which led to the introduction of SUSY are lost or modified.
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The author of [65] proposes consideration of a supersymmetric version of technicolour.
The secondary goal of TC which is to eliminate scalar bosons is thus abandoned. However,
while TC achieves EWSB in an elegant and natural way, the supersymmetric version helps
to solve several problems of usual TC, listed above. In the particular model of [65], there
is no light elementary Higgs boson and EWSB is fully dynamical. The e*e™ production of
technistates is calculable, but not the electroweak precision observables.

Concerning the small hierarchy problem, which in the MSSM can be expressed by a
requirement of fine tuning (between the bare m%l and/or p against the radiative corrections
to the Higgs mass), a calculable supersymmetric theory of a composite ‘fat Higgs’ model has
been recently devised [66]. Electroweak symmetry is broken dynamically through a new gauge
interaction that becomes strong at an intermediate scale. The Higgs boson mass can be raised
beyond the LEP limit and the supersymmetric small hierarchy problem can be solved.

Combining extra dimensions with SUSY allows a number of games to be played. We will
mention a few in section 5.1

Concerning all these scenarios and probably others not yet invented, a very
interesting feature is that, true or not, they offer alternatives to conventional SUSY and
rejuvenate the phenomenology at future machines. The message to the experimentalists is
that they should explore all accessible channels, optimize the heavy flavour tagging devices
and procedures, in particular with the aim of separating b from c, be as quantitative as
possible, in case new physics appears in non-resonant channels. Furthermore one should
watch as a priority the Vi component of vector bosons and, when possible, enhance its
contribution by appropriate projections.

3. Basics of supersymmetry

3.1. Taming of divergences

It is assumed in the SM that there exists a single Higgs doublet and that its mass is obtained
at tree level by minimization of a simple potential. This leads to the estimate of a Higgs mass
roughly of the same order as the electroweak scale, ~100 GeV. Furthermore, the requirement
that the scattering amplitude of longitudinal W-bosons does not exceed the unitarity bound
imposes an upper limit to the Higgs mass of about 600-800 GeV [67]. The tree value of the
Higgs mass is affected by very large radiative corrections from loops involving all particles
coupling to the Higgs, as seen in figure 2(a). To prevent the radiative corrections from going
to infinity, a cut-off scale A on the momentum integral can be introduced. The value of
A can, however, be chosen anywhere between the electroweak scale and the Planck scale,
Mp = (87 Gewton) /% = 2.4 x 10'8 GeV, at which gravity has a strength comparable to the
other interactions and can no longer be neglected. This requires the SM to be extended and
will, most likely, introduce new heavy particles. This enormous disparity of scales is at the
origin of the hierarchy problem, discussed in more detail in [1] or, for example, the lecture
notes of Drees [68] or Murayama [69].

More quantitatively, loop corrections in the SM involve fermions, coupling to the Higgs
via the Yukawa interaction term —A r H f f in the Lagrangian (the minus sign is conventional).
Each Dirac fermion type contributes with a correction in which the dominant terms are

22 A
AmY |y = gf; [_A2+6m%;1n —] (7
The leading term diverges quadratically. The Higgs radiative correction is not proportional to its
mass, which shows that the symmetry of the Lagrangian is not increased when the Higgs mass
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Figure 2. Loops affecting the squared Higgs mass from (@) fermion trilinear couplings, (b) scalar
quartic couplings. From [1].

goes to zero. If no physical meaning is attached to the scale A, the quadratic divergence can be
removed by renormalization (e.g. it does not appear when using dimensional regularization).
But even so, if new particles exist at some scale below the Planck mass, they will induce large
corrections through the second term in (7). Altogether, the Higgs mass is extremely sensitive
to the heaviest particle to which the H couples and its most ‘natural’ value is close to the
largest mass scale in the theory.

Now, assuming that there also exists a scalar which couples to the Higgs by a quartic
interaction of the form —Ag|H|*|S|*> (see figure 2(b)), the corresponding loop correction
contributes to the Higgs mass by

1672 mg
It also generates a quadratic divergence, but its sign is opposite to the one of the fermions (which
is related to Fermi statistics). It is seen that if every fermion is accompanied by two scalars
with couplings As = )\? the quadratic divergences cancel exactly. Such relation between
the couplings could be the result of a symmetry and is actually achieved by imposing
supersymmetry to the Lagrangian.

The contribution remaining after the cancellation can also be evaluated. The term in the
quartic interaction where the Higgs field is replaced by its vacuum expectation value also needs
to be included. This yields a contribution without quadratic divergence and with leading term in
m? In(A/myg). If the two scalars are assumed to have the same mass, and in the approximation
where the mass difference between the fermion and the scalars is small, the total correction is
reduced to

A A
AmY|s = —2 |:A2—2m§1n—]. ®)

A A
Am? oz—fmz—m2 In —. 9
o = 2 0n =y ©)

The resulting radiative correction is logarithmic and proportional to the mass-squared
difference, reflecting the additional symmetry imposed on the couplings. The particles
running in the loops can now be very heavy: provided their mass differences are of the order of
the electroweak scale, the correction itself also remains of the order of the electroweak scale.
The hierarchy problem can be solved in a theory with nearly degenerate fermions and scalars
and adequately chosen couplings.

This is exactly what happens in supersymmetry, which postulates the existence of
supersymmetric partners for every SM particle. Doubling the spectrum of states does not
sound like an economic step. However, it is reminiscent of what happened when the concept
of antimatter was introduced by Dirac [69]. The problem then concerned the self-energy of
the electron, due to photon emission and reabsorption. This A Ecoyiomp 1S divergent as ~1/r,
where 7. is the radius of the electron. Since we know that the radius is smaller than 10~!7 cm,
A Ecoutomb 18 larger than 10 GeV, and to obtain the physical mass of 0.5 MeV one would have
to postulate an absurd cancellation between A Ecoyomb and an hypothetical large bare mass of
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the electron (negative). However, introducing the positron one gets additional processes with
electron—positron loops, whose effect appears already at the scale of 10~!! cm or so. The sum
of their effects is

3a 2 h
AEq = AECoulomb + AEpair = ——MeC In .
4 MeCre

(10)

There too, the power divergence becomes a logarithmic one and the overall effect is proportional
to the electron mass and would vanish with it, which reflects the existence of a symmetry (chiral
symmetry) which ‘protects’ the electron mass from acquiring large radiative corrections.

3.2. Superpartners
A supersymmetry transformation turns a fermion state | F') into a boson |B) and vice versa
Q|F) = |B), Q|B) = |F). (11)

The operator, O, which performs such transformation has to carry spin 1/2. In supersymmetry,
the single particle states fall into irreducible representations of the supersymmetry algebra,
called supermultiplets [12]. Hence a supermultiplet consists of both fermions and bosons
differing by 1/2 unit in spin. All members of a supermultiplet have the same four-momentum,
hence the same mass.

The supersymmetry generators commute with the generators of gauge transformations.
Therefore, all members of a supermultiplet are in the same representation of the gauge group
and have identical charge, weak isospin and colour. In summary, they are identical particles,
except for their spin.

Furthermore, the number of bosonic degrees of freedom, ng, and the number of fermionic
degrees of freedom, ng, in a supermultiplet are equal:

ng = ng. (12)

An on-shell SM fermion corresponds to a Weyl spinor’® with two real components. It is,
via supersymmetry, accompanied by two scalars (which will be written as a single complex
scalar field), one associated with each helicity state. This is called a chiral or matter
supermultiplet. By convention, they are expressed in terms of left-handed particles only. For
singlet (right-handed fermion) states, the left-handed charge conjugate particle is used, e.g.
U instead of Ug. The left- and right-handed fermions have different gauge transformation
properties and correspond to separate two-component real Weyl spinors which belong to
different supermultiplets. Therefore, each has its own complex scalar partner, with the same
name preceded by ‘s’ (e.g. selectron). In the notation, they are referred to by the subscripts
‘L’ and ‘R’, like their fermionic partners, although they have spin zero.

Higgs bosons are defined as complex spin O fields and also reside in chiral supermultiplets.
Their fermionic partners are called ‘higgsinos’. In fact, supersymmetry requires the exis-
tence of at least two Higgs doublets in order to provide masses for both up- and down-type
particles (this is also required for the cancellation of the triangle gauge anomaly). The
Higgs field Hy couples to down-type particles and H, to up-type particles.

A SM gauge boson corresponds to a vector field. If the gauge symmetry is unbroken,
this spin-1 boson is massless and has only two helicity states. Its superpartner is therefore
a spin 1/2 Weyl fermion with two degrees of freedom. Gauge bosons transform as the

3 A four-component Dirac spinor can be represented as two two-component Weyl spinors, each corresponding to a
given chirality. Asthe SMis chiral (i.e. distinguishes between left- and right-handed fermions), the Weyl representation
is very convenient and commonly used.
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Table 1. Particle content of MSSM.

Vector supermultiplet  Chiral supermultiplet

J=1 J=1/2 J=1/2 J=0
8 i oL UEDf Qv UF BF
wEWO  wEWO Ly Ef Ly Ef
B B0 HyH, HyHy

Table 2. MSSM scalar particle quantum numbers.

Superfield ~ Charge Scalar component (1st family)
Qi (324173 0 = (@, dv)

Ut (3,1,-4/13) UC =it

Df (3,1,42/3) =df

L; (1.2-1) L = (I7L, eL)

EC (L1+2)  E°= eE

Ha (1,2-1) Hy = (H, Hy)

Hy (12+41)  Hy= (H;, HY)

Table 3. MSSM gaugino quantum numbers.

Fermion Vector boson  Charge
g (gluino) g (8,1,0)
W (Wino) W (1,3,0)
B (Bino) B (1,1,0)

adjoint representation of the gauge group* and their fermion superpartners must be in the
same representation. Since the adjoint representation is its own conjugate, the left- and right-
handed components of these fermions must have the same gauge transformation properties,
hence not allowing for chiral fermions. This is called a vector or gauge supermultiplet and
the superpartners are called gauginos which include the gluinos, the winos and the bino.

The minimal supersymmetric standard model (MSSM) contains the minimum extension
of the SM particles [13], as summarized in table 1.

Taking the first family as example, the scalar superfields are listed in table 2, where
the charge is for SU(3)., SU(2)L, U(1)y, with the convention Q = I3 + Y /2. The vector
supermultiplets consist of the vector bosons and their partner fermions (gauginos), see table 3.

After breaking of the electroweak symmetry, the WO and the B® mix to give Z° and
y. The corresponding mixtures of their superpartners W and B are called the zino (Z°) and
the photino (y). Moreover, the gauginos will mix with the higgsinos and give rise to mass
eigenstates which are called

e charginos from mixing of W* and H*, leading to two states )Zfi 2
e neutralinos from mixing of W°, B, HY , HY, leading to four states ..

The SM particles can be distinguished from their superpartners by a multiplicative
quantum number, called R-parity, which is defined for each particle inside a supermultiplet
by

Rp — (_1)3BfL+2S’ (13)

4 The adjoint representation can be viewed as the traceless part of the product of the basic vector of the group by its
conjugate.
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Figure 3. MSSM trilinear gauge interactions. Full lines represent fermions, dashed lines scalars,
wiggly lines vector bosons and wiggly-+full lines gauginos.

where s represents the particle spin. The R-parity is R, = +1 for all SM particles (including
the Higgses) and R, = —1 for their supersymmetric partners.

In this review, we will ignore extended supersymmetry, namely having more than one
supersymmetry generator in the theory (N > 1) and where the number of superpartners rapidly
proliferates. While N = 1 SUSY preserves important properties of the SM, such as chirality,
N > 2 would imply a L-R symmetry which, together with other arguments, makes it
unlikely to be a realistic symmetry of the four-dimensional world.

3.3. The couplings in the SM and the MSSM

The gauge interactions in the MSSM can be simply derived from the SM ones in the
following heuristic way. The SM particles and their superpartners belonging to the same
supermultiplet have the same gauge properties and hence should couple with the same
strength. The MSSM interaction terms can be inferred from the SM ones by replacing SM
particles by their superpartners. However, as they differ by 1/2 unit in spin, the resulting
interaction term can only remain a scalar in spin space if the replacement is done in pairs.
The convention used for the fields is that chiral supermultiplets consist of the fields (v, ¢),
where v is the fermion and ¢ the complex scalar; vector supermultiplets contain (A, A), where
A stands for the gauge boson and A for the gaugino. The interaction vertices will be labelled
by the fields only, ignoring their space-time structure as it will not be needed in the following.

3.3.1. Gauge couplings. The SM gauge coupling between a boson and a fermion pair
is then written as (Ay ) and, using the above replacement rule, is complemented in the
MSSM by the couplings (A¢¢) and (A¢pyr) with the same coupling constant (within a factor
V2). For example, the (W*epv) vertex in the SM is accompanied in the MSSM by the
(We.v), (WEéLv) and (We, D) vertices. Similarly, the SM vertex (AAA) gives rise to a
(AXL) coupling. The complete set of trilinear gauge couplings is illustrated in figure 3.

For electroweak interactions, the coupling strengths in the diagrams of figure 3 are
summarized as

WE(W*) o go 1,
y(y) xeQ = g 0sinby,
Z9(Z% x g, (I? — Qsin’ Oy). (14)

The charged wino, such as the W=, couples to the third component of the weak isospin;
the photino, such as the photon, couples to the electric charge; the zino couples to the same
combination of isospin and charge as the Z°. Some examples are as follows:

e the (Ay V) coupling to SM fermions, which contains (W£ ') and (Zf f), has a strength
defined by I° = +1/2 for f; and I® = 0 for fx;
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Figure 4. MSSM trilinear Yukawa interactions.

e but in the MSSM it also leads to the coupling (ZH H) where I° = =12 for both L and
R components;

o the (AAA) and (AAL) vertices give rise to (ZOW*W ™) and (Z°W+W ) couplings with
strength determined by 1> = +1 and Q = +1. However, (Z°W°W?) or (ZOWOW0)
coupling strengths are zero.

3.3.2. Yukawa couplings. The same replacement rule can be applied to SM Yukawa
interactions. For example, the (heeLef H(?) coupling, which induces a mass for the electron in

the SM, leads to couplings (heELefﬁdo) and (heeLéE ﬁdo) in the MSSM, defined by the same
Yukawa coupling. It could be naively expected to also give a vertex such as (heé.éC H, c?). This,
however, does not exist as such, as it has the wrong mass (or energy) dimensionality. It is
easily seen (e.g. from the kinetic terms) that the dimensionality of fermions is (E)/? and that
of scalars and vector bosons is (E)!. The above term would have canonical dimension (E)?,
whereas a Lagrangian density is of dimension E/L* = (E)*. Such a term could enter the
Lagrangian, provided it is multiplied by a constant with dimension of mass, which is actually
the case in the MSSM (see later). The trilinear Yukawa interactions are illustrated in figure 4.
Weak isospin invariance also implies the existence of a (—hevLeEH(; ) term. Supersymmetry
then requires the terms (—h.peC Hy ) and (—hev éCHy ).

After electroweak symmetry is broken, both Higgs fields Hy and H, acquire vacuum
expectation values (vev), respectively vq and v,. The masses of up- and down-type fermions

are obtained from the Yukawa terms (hdvddef) and (huvuuLuf). The vev v = ,/ vg +v2,
which plays the same role as the SM Higgs vev, is determined by the vector boson mass,
v = ﬁ(M w/g2) = 175 GeV. The remaining free parameter is defined as tan 8 = v, /vy, the
ratio of Higgs vacuum expectation values. The Yukawa couplings are then given in terms of
the particle masses by

ny mgq

hy, = , hg = . 15
Y7 using d vcos B (15)

Unlike in the SM, the Yukawa couplings of the MSSM are not uniquely determined by
the fermion masses, but depend also on the parameter tan 5.

3.3.3. Magnitude of the couplings. It is interesting to compare the relative magnitudes of
the above trilinear couplings. For the gauge couplings, choosing as measure o; = g7 /47,
in analogy with the fine structure constant, leads to «,,(Mz) ~ 1/129, oy =~ 1/100,
ar >~ 1/30, a3 =~ 0.12. For comparison, the magnitude of Yukawa couplings can be taken as
Y = h?/4sm. For tan B values in the range tan § = 1-35, the Yukawas are ¥, = 1/6-1/13,
Yo =1-107%-6-10"2,Y, =2-107°-1-107%, Y, = 6-1078-5.1075, ¥, = 1-10712-1-107°.
Hence, the top Yukawa is never negligible compared with gauge couplings and the bottom
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and tau Yukawas are not negligible for large tan . In all other cases the Yukawas can
safely be neglected in comparison with the gauge couplings.

These trilinear couplings will be of utmost importance for the study of production and
decay processes, as they define the selection rules to be applied.

3.4. The MSSM Lagrangian

Once the supermultiplets and their gauge transformation properties are defined, the
gauge interactions in the Lagrangian are determined. But not all quadratic divergences
have been eliminated and one still needs to specify the form of the potential containing
the Yukawa couplings. In this somewhat more formal section, the basic formulae will be
stated without justification. The curious reader may be interested to look at the more rigorous
derivation in [1].

3.4.1. Kinetic terms and gauge interactions. The part of the Lagrangian density describing
the kinetic terms and the interactions of matter fields with gauge and gaugino fields is given
by

Liin = — D*¢* Dy — iy "'6" Dy
— 3 F FM —i)%G1 D,
— V[ T YA + AT (Y T )], (16)
where the conventions follow the ones of Martin [1]. The indices i label the various flavours

and chiralities of the fermions and sfermions and a the vector bosons and gauginos of the
gauge groups. The first line, with covariant derivatives defined by

Dyui = 8, +igA%(T ),
Dy = 8, +igA%(T W), (17

where T¢ are the generators of the gauge group (for SU(2) they are 1/2 times the Pauli
matrices), contains the kinetic terms for the complex scalar and the two-component fermionic
matter fields, as well as their interactions with the gauge bosons. The latter include the trilinear
couplings called (A ) and (A¢¢) in section 3.3, together with a quartic interaction (A A¢¢)
between the scalars and gauge bosons. The second line contains the usual Yang—Mills field
strength

Fi = 0,A% — 0,A% — gf*"° A} AS, (18)

with f¢ being the totally antisymmetric structure constants, defined by the commutators
[T¢, TP] = if®cT¢ (for SU(2) they are f®¢ = €®c). It leads to the kinetic terms of the
gauge fields, the trilinear interactions called (AAA) in section 3.3 and a quartic interaction of
the gauge bosons. The second term, with covariant derivative

DA = 9,0 — gf AL, (19)

yields the kinetic term for the gauginos and their trilinear interactions called (AAA) in
section 3.3. The third line corresponds to the trilinear interactions called (A¢ ) in section 3.3.

3.4.2. MSSM superpotential. The potential of the MSSM Lagrangian can be derived from
a function called superpotential. Its form is constrained by the requirement of invariance
under supersymmetry transformations, which allows it to be written as a polynomial of at
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most order 3 in the scalar fields and with no complex conjugate fields (i.e. an analytic function
of the fields), with the general form

W = 3Mi¢; + ch" ¢ o

and of dimension 3 in mass; > hence, it is not a potential in the ordinary sense. Its expression
in the MSSM is of the form:

W =e;(—Lih  ECH] — Qi hy DEH] + 01 hyUS H) + wH! H)) 21)
with i, j being isospin indices, €;; = —¢j;(€;2 = 1) and where

e hy, hp, hy are dimensionless Yukawa coupling constants, expressed as 3 x 3 matrices in
family space (as seen in section 3.3, only the third generation Yukawa couplings are of
practical relevance);

e 1 is a Higgs mixing parameter, the only parameter with dimension (mass) in the
superpotential. This is the first appearance of this parameter .

In the SM a single Higgs field is sufficient to describe the Yukawa couplings by coupling down
fermions to H and up fermions to H*. In supersymmetry, the analyticity of the superpotential
requires two Higgs doublets with opposite hypercharge to be present, one coupling to down
particles and another to up particles (the same doubling of Higgses is also required to avoid
triangle anomalies).

Some comments may help to clarify the structure of the superpotential. Invariance under
the gauge transformations imposes all terms to be singlets under all gauge groups. Hence,
the I = 1/2 fields must appear in antisymmetric combinations, to form an / = 0 term. For
example, ei_i(QLHd] ) =u Hy — L?LH(? (note that both terms have charge —1/3). All terms
should be neutral to conserve charge; the previous term can then only be multiplied by BE
Hypercharge will then also be automatically zero. The colour indices are implicitly supposed
to be summed to make singlets. Note that although a term of first order in the fields would
be allowed in (20), it cannot be present in the MSSM as all fields carry non-zero quantum
numbers’.

For example, this yields for the first family (ignoring the off-diagonal elements of the
Yukawa matrices)

W = h,(eLéC HY — DéCHY) + ha(didf HY — i d{ Hy)
+hy (LS HY — diiiC HY) + w(H Hy — HYHY). (22)

The minus signs in the superpotential (21) were chosen to produce positive contributions to
the mass terms of down-type particles.

This is the most general form consistent with gauge invariance and conserving R-parity,
defined in (13). R-parity conservation implies conservation of B and L numbers. It also
imposes the superpartners to always appear in pairs in the superpotential. The extension to the
case of R, violating terms will be discussed in section 3.6.

Once the superpotential is specified, it is possible to derive the contribution to the potential
in the MSSM Lagrangian.

5 That the dimension is at most 3 is easily verified from the relation between the superpotential and the Lagrangian,
see sections 3.4.3 and 3.4.4 below.

6 Note that the sign of the u-term is arbitrary and both conventions appear in the literature. Here, we follow Martin [1]
and Haber [70]. See [71] for the convention used by various authors.

7 But, as will be seen later, such a term multiplied by a constant of dimension mass-squared can be introduced in
models beyond the MSSM, such as in NMSSM.
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3.4.3. MSSM Lagrangian for chiral fields. The contribution to the Lagrangian for chiral
Sfermions is

1 ?wW
20000,
with ¢; the spin O partner of the ; fermionic field. It generates Yukawa interactions and

fermion mass terms. The first term in the above example, equation (22), gives rise to the
interaction terms:

Iﬂilﬂj+h.c., (23)

chir =

he ~ 0~ ~ O <
Lehire = — 7[<eLeE)H5’ +(ef HY)eL + (eL H)ep
— (ve)Hy — (ef Hy )V — (vH;)EC] + hec. (24)

It contains the trilinear Yukawa interactions between fermions, scalars and a Higgs or higgsino.
The first term reproduces the familiar standard model Yukawa interaction and will generate
a mass for the fermions after electroweak symmetry is broken. The others correspond to new
interactions, but do not introduce new parameters. The terms in equation (24) are the ones
discussed previously in section 3.3.

In addition, there is a contribution from the p-term in the superpotential:

LD u(HH) — HFH) + c.c., (25)

providing off-diagonal elements in the mass matrices for the higgsino fermions. In
consequence, the physical states will be mixtures of the higgsino fields H, and Hy.

3.4.4. MSSM scalar potential. It is also possible to derive the scalar potential. This includes
two contributions

ow

L g

D" = —g¢i T, (26)

The first term is the ‘chiral contribution’, called F-ferm, the second one is the ‘gauge

contribution’, called D-term, with T} being the generators of the gauge groups. The index

a runs over all gauge groups and their generators. The indices i and j in the D-term imply

a summation over all scalar fields (and chiralities). For the U(1) contribution, T;; = Y/2

connects two fields of same chirality and flavour, whereas for SU (2), Ti‘j = 1¢/2 (the Pauli

matrices 7%) connects two chiralities of fields with the same isospin. The full scalar potential

is then written in the compact form (summation implied):

V(¢) = F/'F; + 1D D". 27)

)

An example of the D-terms for Higgs fields will be given below.

Without attempting to give a derivation of formulae (26) and (27), which can be found
in [1], it is nevertheless useful to clarify somewhat the notions involved. The fields F; and
D¢ are called ‘auxiliary fields’. They originate from the fact that the matching of degrees of
freedom discussed in section 3.2 holds only when the particles are on-shell, whereas the theory
should be able to cope with the off-shell case as well. In the chiral supermultiplet, the off-
shell fermion spinor is a complex two-component object, so it acquires two more fermionic
degrees of freedom than on-shell. The matching of degrees of freedom is achieved by the
introduction of another two real scalar degrees of freedom, a complex scalar field called F;.
In the gauge supermultiplet, the fermion also acquires two more degrees of freedom, while
the vector field acquires only one more, its longitudinal spin component. The matching is
obtained by introducing an additional real scalar field D?. These auxiliary fields should
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only be a bookkeeping device and they should not affect the physics on-shell. This is
achieved by not giving them a kinetic term in the Lagrangian, so that they do not propagate,
but introducing them only in the potential according to (27). Note that, unlike the ordinary
scalar fields, the auxiliary scalar fields are of canonical dimension (E)?. After working out
the classical equations of motion, the auxiliary fields F; and D“ can be expressed in terms of
the scalar fields, given in equation (26), so that the scalar potential becomes a function of
the physical fields only. The auxiliary field formulation is especially useful when treating the
spontaneous breaking of supersymmetry.
The F-term contribution from the Yukawa interactions to the scalar potential leads to
quartic terms, for example:
— LDV, = |hegHY > + |hee, HJ|> + |heér & |
+|heep Hy |* + |he DL Hy |* + he DLEL P, (28)
which do not have their equivalent in the standard model. The first two contribute to (mass)?
terms for the left and right scalars. They are also the couplings which cancel the trilinear
fLfiE H® couplings from equation (24) in the loop contributions to the Higgs mass, mentioned
in section 3.1. The third one introduces quartic interaction between the left and right scalars.
By comparing (28) and (24), it is also observed that the scalars and the fermions are mass
degenerate.
The F-term contribution from only the p-term in the superpotential yields
— LDV D ulP(HG P+ H)P? + | Hy P+ [ HJ 1) (29)
giving rise to a quadratic term in the Higgs fields. As this potential is positive definite, it
is clear that in an unbroken supersymmetric theory the electroweak symmetry breaking
does not occur. The minimum of the Higgs potential is located at vy = v, = 0, so that all
particles remain massless.
In addition, the dW/d H; also contributes with a product of the © and Yukawa terms,
leading to trilinear interactions of scalars:
LD w*(heeL el H + hadydS HY + hyiipiic HY
+h DECH* + hafi dl H* + hydy it Hy ) + c.c., (30)
with coupling strength (w.k) with dimension of mass. They connect left to right scalars and
play an important role in determining the mixing between left and right sfermions.
The D-term contribution is entirely determined by supersymmetry and gauge invariance.
In particular, it does not depend on the assumptions underlying the specification of the
superpotential (nor on supersymmetry breaking). It introduces in the scalar potential quartic
interactions with coupling strength g? of sfermions and of Higgses; for example, the piece
containing the Higgs fields reads
1 2 * ? * ? ? 1 2 2 252
—£DVD§g2 HdEHd-l-HuEHU +§g1(|Hu| — |Hq|")~, (31)
where g and g, refer to the gauge groups U (1) and SU (2) and T are the Pauli matrices. They
generate quartic terms in the neutral Higgs potential with strength fixed by the gauge
couplings. This is a fundamental difference with respect to the SM where this coupling
constant remains a free parameter. The contribution from the neutral Higgses is given by
2., ,2
+
vy HD) > B HP - HY), (32)
The full expression including charged Higgses can be found in [1]. The fact that the D-terms
are entirely determined by symmetry principles explains the robustness of the prediction
of m;, in supersymmetry.
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3.4.5. Conclusion. The full Lagrangian density for an unbroken supersymmetry is given by
L = Lyin + Lehic — V (@), (33)

where the three terms are defined, respectively, by equations (16), (23) and (27).

Altogether, unbroken supersymmetry is a very constrained theory. It doubles the number
of states and introduces a large number of new interactions, but it does not require more free
parameters than in the standard model. In fact, whereas the SM Higgs potential contains two
free parameters, the MSSM contains only one, the parameter (.

In addition, the MSSM with the assumption of R-parity conservation requires the
superpartners to appear in pairs in all interactions. As a consequence, the lightest
supersymmetric particle (called LSP) is predicted to be stable. This has far-reaching
implications for the phenomenology. A stable LSP should be neutral for cosmological
reasons [23] and is likely to be the lightest neutralino. The latter interacts very weakly and
escapes detection, leading to missing energy, the typical signature of supersymmetry. It is also
a respectable candidate for cold dark matter.

3.5. SUSY breaking

In unbroken supersymmetry, the superpartners are expected to be degenerate in mass with the
SM particles of the same supermultiplet and massless. The non-observation of superpartners,
therefore, requires supersymmetry to be broken. However, to avoid that the radiative
corrections to the mass of scalar particles generate quadratic divergences (the hierarchy
problem® of the SM), the breaking must take a specific form, called ‘soft supersymmetry
breaking’. The list of allowed terms was established by Girardello and Grisaru [14]. The
parameters of soft breaking have to be dimensionful and with positive mass dimension (e.g.
this forbids the introduction of a quartic Higgs coupling by soft breaking).
To break supersymmetry softly, a piece is added to the Lagrangian:

SLoon =— Y mo |®i*+(—=3mipahara — AoiWs;i — BouHyHy) + h.c., (34)

é A JHau

where mg; introduces a mass for the scalars and m,,, for the gauginos. In principle,
mp,; 1S a matrix in generation space. It is also allowed to introduce the superpotential
terms, multiplied by a mass parameter: Ap; and B, are parameters with dimension of
mass and Ws; represents the trilinear terms (with their sign and Yukawa couplings) of the
superpotential. Antisymmetrization of the isospin components in (34) is implied. As no
convincing mechanism of supersymmetry breaking is known so far, this should be merely
viewed as ‘a parametrization of our ignorance’ [1] and can be used as an effective
Lagrangian from which to derive the phenomenology.

In this general form, a large number of free parameters are introduced. In total
124 were counted [76] including the ones of the SM, hence the name MSSM-124 [77].
However, several could induce flavour changing neutral currents (FCNC) or CP violation
at an unacceptable level. More restrictive models satisfying these requirements and relying on
fewer parameters have been developed and will be considered later.

The mass parameters introduced by the soft SUSY breaking lift the mass degeneracy of
the members of the supermultiplets. They contribute to the radiative corrections, shown in
expression (9), affecting the Higgs mass. To avoid recurrence of the hierarchy problem,
their values can be at most a few TeV.

8 'We do not consider here variants such as the ‘small or no hierarchy’, to be mentioned in section 5.1, and adhere to
the usual, hierarchical, version.
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3.5.1. The Higgs potential. Collecting the relevant terms from section 3.4, the neutral Higgs
potential takes the form

0 170 81 +83 00 012\2 4 21012 4 ,,2)1y0,2 2,170 170
V(HY, H) = S SR (H]P = \H)PY + i )P + 3| H)P — g3 (HYH] + ). (39)
where the scale dependent mass coefficients are u = m3; +u*, u3 = m3; +u*, u3 = Bu. The
first term is the D-term contribution of equation (31), the other terms originate from the F-term
in (29) and the soft breaking pieces in (34). It is a noteworthy feature of supersymmetry
that the coefficient of the quartic term is fixed by the gauge couplings, unlike the SM
where it is arbitrary.

When electroweak symmetry is broken, the Higgs fields Hy and H, acquire vacuum
expectation values vq and vy, whose ratio defines tan 8 = v,/vq4, as mentioned earlier. The
minimization of the tree level neutral Higgs potential with respect to Hy and H, leads to two
equations. The first one

my +my +2u?
relates the value of tan B to the SUSY breaking parameter i B. The second one is
MZ  my, —mj tan’ B
2 - tan® B — 1 B 37)

As mpy, and my, are soft SUSY breaking parameters, their magnitude is expected to be of the
order of the electroweak scale. In consequence, u is also expected to be of that scale. This is
at the origin of the so-called p problem.

3.5.2. The u problem and the NMSSM. We saw that the y parameter appears as a basic one
in the expression of the superpotential, equation (21). Since it has the dimension of mass, one
would expect © = 0 or u = Mp;. However, p appears also in the MSSM scalar potential
and for a correct electroweak symmetry breaking (i.e. W and Z masses), the preferred value
is u =~ few 100 GeV. The question why . is so small and not zero is referred to as the p
problem. In supergravity models a i term of the correct magnitude is generated and B - i (see
section 3.5) are naturally of the same order as the other supersymmetry breaking terms [72].

If one wants to address it, one answer is to postulate that p originates from the vacuum
expectation value of a new Higgs singlet field. This would lead to an extension of the MSSM,
called NMSSM (for arecent review, see [73,74]). In its minimal version, the NMSSM assumes
the existence of a single scalar, S, which transforms as a singlet under the gauge groups. A
piece is added to the MSSM superpotential (without © term) which is

Ws = hei; HLH{ S + 11 S°, (38)

where S is the gauge singlet superfield. It is scale invariant, i.e. there is no p-term. Instead,
two Yukawa couplings A and x appear. Once the electroweak symmetry is broken, the scalar
component of S acquires a vacuum expectation value (S), thus generating an effective u term
= A(S). The second term breaks an unwanted Peccei—Quinn (PQ) symmetry. It is shown
in [75] that the qualitative features of the Higgs system are dependent on how strongly this PQ
symmetry is broken. If it is left explicitly unbroken in the Lagrangian (x = 0), there should
exist a massless PQ axion which was not observed. The domain of the parameter space left
does not provide a natural solution to the x problem. But the NMSSM with slightly broken
PQ symmetry is still a valid scenario. New Higgs states appear, as well as an additional
neutralino, which usually mix with the corresponding MSSM states. A strongly broken PQ
symmetry may lead to decoupled scenarios more difficult to distinguish from the MSSM.
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The tree level potential for the neutral Higgs states is of the same form as (35): the D-term
is unaffected (the field S is a gauge singlet) and in the other terms p is replaced by A(S). There
are additional terms due to the presence of the field S,

Vamssm = V(HY, H?) + W2 H)H?* + ac[S** H)H? + h.c.]
2 ¢4 2102, [¥ 3
+2|S[* + m2| S| +[§AKS + h.c.], (39)

of which the first three contributions are F-terms and the last two are soft breaking terms.
The free parameters are the couplings A and «, the three soft masses mg,, my, and mg and
the trilinear couplings A, and A, (= By of equation (34) in our previous discussion). After
electroweak symmetry breaking, this potential needs to be minimized with respect to Hy, H,
and S. It is customary to use the three minimization equations to eliminate the soft masses in
favour of Mz, tan 8 and = A(S), leaving the parameters

Ak, tan B, w, A,, Ag (40)

in addition to the soft masses of the other scalars and gauginos and the trilinear coupling
parameters of the MSSM. The signs can be chosen such that A and tan 8 are positive, but the
other parameters can have either sign.

The requirement of perturbativity up to the GUT scale imposes a bound on the NMSSM
couplings

A2 +k2<0.5. 41)

The original phenomenology of the NMSSM in terms of Higgs bosons and of neutralinos
will be described later.

3.6. R-parity?

The couplings introduced in the superpotential (21) conserve both lepton number and baryon
number. It is permitted in the MSSM to include additional terms which are gauge- and
supersymmetry-invariant, but violate lepton or baryon number [22]. Most terms are
easily derived after observing that the Hy has the same gauge quantum numbers as the L
isospin doublet, see table 2. The most general superpotential would also include

WRPV = AiijiZjEkC + )»;jki,» Qj[)]((: + A:Jkﬁlcbjcblg + M;ZJ,Hd (42)
The indices i, j, k represent the three generations and the antisymmetrization of the isospin 1/2
fields is implicitly assumed. The first, second and fourth terms violate the total lepton number,

AL = 1, while the third term violates the total baryon number, AB = 1. The possible types
of Yukawa couplings are limited to

® A;ji: the term is antisymmetric in i and j by SU2 invariance, leaving 9 independent
couplings, and the usual convention adopted is that i < j (which introduces a factor 2 in
the superpotential),

° )»ﬁj « has no symmetry constraints, hence 27 terms,

o) i+ the term is antisymmetric in j and k by invariance under colour SU(3), leaving 9
couplings, with again the usual convention that j < k (and the factor 2).

Altogether, there are 45 new couplings from the trilinear terms. The last, bilinear, term is
basis dependent but cannot be rotated away simultaneously from the superpotential and from
the symmetry breaking Lagrangian by a redefinition of the Higgs fields [78]. Bilinear terms
will induce a non-zero vacuum expectation value for the sneutrinos. The vacuum expectation
values induce mixing between neutrinos and neutralinos which give mass to one neutrino,
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Figure 5. (left) R, violating couplings leading to proton decay. (right) R, violating decay of a
neutralino.

while the second mass is induced by loop effects. The same parameters, which give v masses
and mixings, lead also to the decay of the LSP. One can therefore under various assumptions
derive correlated features between neutrino physics and R-parity violating SUSY [79], for
instance between the atmospheric v mixing angle and the ratio of semi-leptonic branching
ratio of the LSP into n and 7. See for instance [80] and references therein for an analysis of
neutrino oscillation results within this context. The relationship between the origin of neutrino
properties and R-parity violation is only an assumption, perhaps marginal, and the present
trend is rather to search for their origin at much higher scales and invoke a seesaw mechanism.

The presence of such terms in the superpotential is usually forbidden by assuming the
conservation of R-parity. The R-parity is R, = +1 for all SM particles and R, = —1 for
their supersymmetric partners. Therefore, its conservation forces the superpartners to appear
in pairs in all interactions. The superpotential (21) conserves R-parity, while the terms in (42)
are R, violating (RPV).

The superpotential in its general form above contains potentially dangerous terms, as
simultaneously non-zero A’ and A” couplings may lead to fast proton decay through, for
instance, the diagram in figure 5 (left). The proton lifetime, which is experimentally known
to exceed 103 years (see section 6), puts stringent limits on the products A’A”. For reasons
of simplicity, the experimental analyses frequently assume that only one term is non-zero at a
time.

The main consequence of RPYV is that the lightest neutralino is no longer stable. It
can decay into a pair (possibly virtual) Il or qq, followed by the RPV decay of the I or q as
illustrated in figure 5 (right). The celebrated missing energy signature of MSUGRA no longer
exists, except for final states involving neutrinos. But new signatures appear, as RPV decays
lead to additional leptons and/or jets, depending on which Yukawa couplings dominate. It is
also worth mentioning that, if the LSP is unstable, the requirement from cosmology that it be
neutral no longer persists. In the RPV framework, the LSP can as well be a charged particle,
such as a slepton. With RPV, there is no longer a natural supersymmetric candidate for
dark matter.

Finally, non-zero Yukawa couplings A or A’ allow respectively the s-channel resonant
production of sneutrinos at LEP or squarks (looking like scalar leptoquarks) at HERA.

Section 14 will deal in detail with R-parity violation.

4. SUSY and grand unification

A problem with the SM is its large number of parameters. The introduction of (unbroken)
supersymmetry does not increase this number, but does not reduce it either. A possible road
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Figure 6. Evolution of the s couplings, from [82].

to address this problem is to embed the SM gauge groups into a larger group, called grand
unification theory (GUT) [81]. A very exciting possibility would be to combine the ideas
of SUSY with GUT and, as we said, there is indeed some experimental support from the
extrapolation of the gauge couplings to higher energies that this might work.

4.1. Evolution of coupling constants, example of ag

Due to the effect of virtual particles in loop diagrams, coupling constants evolve with the
scale at which they are measured. The precise knowledge of the evolution of the fine
structure ‘constant’ « from the static limit to the Z° scale is a key to the electroweak tests.
Such behaviour has been clearly observed by the measurement of the strong coupling oy
as function of energy [5], illustrated in figure 6. The left figure summarizes the knowledge
of the running of «g before the start of LEP (in 1989) and gave an average value at the
7" mass scale ag(Mz) = 0.11 £ 0.01. After the LEP measurements, the accuracy was
significantly improved, as seen in figure 6 (right), and its value was determined [83] to be
as(Mz) = 0.1187 £ 0.002. For a review, see [85].

Also observed, but much less spectacular, the running of @ between its static value and the
Z scale is a key effect since what matters for accurate SM testing is «(M;). The problem is
related, but not identical, to the determination of the hadronic contribution to g — 2, discussed
in section 6.5.

The experimentally determined values of the EW couplings at the Z° mass are (in the
MS renormalization scheme) as follows [84]: a;ml (Mz) = 127918 £ 0.018; from the
measurement of sin” Oy (M) = 0.23120-£0.00015 the U(1) and SU (2) couplings are obtained
using the relations o, ' = (3/5);;! cos? Oy and o, ' = ;! sin® By The factor 3/5 is required

for the correct embedding of the SM gauge groups into the unification groups SUS or SO (10).

4.2. Grand unification

The values of the three SM coupling constants, «,, are known with high accuracy, especially
after the measurements from LEP/SLC which allowed an improvement of the precision on
sin” Ay by a factor ~50. Their values determined at the scale of the Z° mass can be extrapolated
to higher energies by means of RGEs. At 1-loop level, they lead to the relations:

ba

d _,
—o, (1) = ——, 43
dta“ @ 2 “3)
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Unification of the Coupling Constants
in the SM and the minimal MSSM
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Figure 7. Evolution of the gauge couplings as a function of the scale Q (in GeV), from [87].

showing that the inverse couplings evolve linearly with the scale parameter ¢ = In(q/qo). The
constants b, are determined by the particles entering in the loops and by their charges for the
gauge groups U (1), SU(2), SU (3). In the SM, they take the values b, = (41/10, —19/6, —7),
while in the MSSM they are b, = (33/5, 1, —3). The values for b; for the SM and the MSSM
assume the correct normalization of the coupling constant g; for the embedding into the
unification groups SU5 or S O (10). The unification of o; and o, corresponds to tan 8y = +/3/5
at the GUT scale. Apart from this normalization factor, the evolution does not depend on
assumptions about the unification group until one reaches the GUT scale.

Unification would require that, at some energy scale, all couplings become equal,
o] = ay = a3 = agyr [17]. Difficulties with the SM were initially observed in 1987 [86],
before the start of LEP. But after the start of LEP, unification was totally ruled out for the SM.
The evolution, including 2-loop effects, is illustrated in figure 7 (from [87]). It is seen that, for
the particle content of the SM, some convergence occurs but no true unification is obtained (it
is missed by about 120 [88]). On the contrary, if the evolution is started with the SM particle
content and, at a scale Msysy around 1 TeV, the MSSM particles are included, the slopes change
drastically and the gauge couplings unify at approximately Mgyt ~ 2 x 10'GeV [18].

e The unification occurs below the Planck scale. This is important because above the
Planck scale gravitational interactions could no longer be neglected.

e The unified coupling amounts to agyr =~ 1/25, well inside the perturbative regime.

o The energy scale of ~10'°> GeV at which the couplings ‘meet’ in the SM is in conflict
with the present bounds on the proton lifetime. With SUSY, it is raised by an order
of magnitude and can be compatible with proton decay results (see section 6.1).

This might be a first experimental hint that something exists beyond the SM. The unification
is, however, not very sensitive to the exact value of the SUSY masses, as a range 100 GeV <
Msyusy < 10TeV can be accommodated.

To check the idea of coupling constant unification, an alternative presentation is to use
the precisely measured weak angle and the extrapolated fine structure constant o(Myz) to
predict the Z-pole strong coupling and the unification scale and compare the predicted with
the observed value. Model dependent corrections are typically of order 10% and need to be
included consistently [89]. Such corrections come from
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e using the correct spectrum of superpartners and heavy Higgs particles to evaluate Msysy
as a weighted sum of all mass logarithms, instead of a mere generic mean,

e GUT threshold corrections, depending on the details of the theory and

e non-renormalizable operator corrections gravitationally induced and generic, see e.g. [90].

The estimate of their magnitude and uncertainty is discussed in [89]. They are expected to
be small, provided gauge couplings remain perturbative and the GUT scale is sufficiently
below the string and Planck scales. Assuming no conspiracies among the different model-
dependent corrections, the assumption of coupling unification with SUSY requires as (M) =~
0.129 + 0.010. The observed value of ag(M7) is thus on the low side of the prediction, but
quite compatible with it. In contrast, the prediction ag(Mz) ~ 0.07 of non-supersymmetric
gauge unification would require much larger corrections. It can be noted that in the case of the
gauge coupling unification with supersymmetry the effect of massive neutrinos is small but of
the right sign to improve the agreement with experiment [91].

In the above mechanism leading to unification of the gauge couplings, it is assumed that
no new particles exist between the superpartners, in the 1-10 TeV region, and the unification
scale. This assumption of a ‘desert’ can, however, be evaded. For example, provided
new particles appear in complete representations of the unification group, they contribute
equally to all constants b, and the unification will still take place at the same scale but for
a different value of the unified coupling [17,93]. Other models with intermediate scale
and not necessarily SUSY (e.g. [92]) can also lead to unification. Adding new particles
in incomplete GUT multiplets at intermediate scales or multiple GUT breaking scales, one
can certainly achieve GU without invoking SUSY. An example is the breaking sequence
SO(10) - SUA)e xSUQ2)L x SU(2)g — SM with the second breaking at an intermediate
scale [94]. In the case of large extra dimensions, grand unification depends on the assumed
scenario. We refer to [95] for the ADD scenario and to [96] for the case of warped extra
dimensions. Symmetry breaking in extra dimensions can also be applied to breaking SUSY.
The case of extra dimensions of GU scale will be alluded to later. Several other possibilities
of grand unification are discussed in [97].

4.3. Particle contents in GU groups

Grand unification is a most important idea in particle physics [88], which may resolve at once
several of its puzzles. It explains the quantification of charge. It clarifies the observed structure
within a family. While in the SM the fermions of a family are scattered among five multiplets,
SU(5) groups them in two multiplets, 5 and 10 [81]. The minimal extension of the SM
symmetry required to group a family into a single multiplet is the Pati—-Salam conjecture [98]

G =SUM@)c x SUQR)L x SUQ)R, (44)

where the lepton number is treated as a fourth colour. It requires that there are sixteen two-
component fermions in each family, as opposed to fifteen for the SM. This symmetry is
embedded in SO (10) which preserves the 16-plet family structure. Besides offering, as we
saw, the meeting of the three gauge couplings, supersymmetric GU such as G or SO (10)
offers heavy right-handed neutrinos vg as a compelling feature to fill the vacant position in the
16-plet.

However, two notable pieces needed to validate the idea are still missing. On one hand,
supersymmetry has still to be discovered. On the other hand, the quark-lepton symmetry thus
introduced, and their transformability, induces proton decay which has not yet been observed.
The latter will be considered in section 6.1.
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4.3.1. Unification in SU(5). In the original scheme proposed in 1974 by Georgi and
Glashow [81], the quarks and leptons of a given family are allocated to a 5 = [d€, L] and
al0 = [0, u, e°] of SU(5). The Higgs doublet(s) is part of a Sy or/and 5y, the other three
states being colour triplet Higgs scalars. The latter are supposed to be heavy (~10'~!1 GeV)
to avoid too fast proton decay, which they can mediate via effective operators of dimension
5 (x 1/My). The doublet—triplet splitting problem and its solutions have been abundantly
discussed, e.g. [99]. In supersymmetric SU (5) [100], both Higgs multiplets are required.

With these multiplet assignments, the Yukawa couplings in the superpotential (21) are of
the form

W D h(1055y) + 1/ (10 10 55) (45)
= — h(LLE{ Hq+ QLD Hy) + h'(QLUL Hy).
They yield at tree level the relation h;, = h, = h (see section 4.3.3), but also wrong relations
for the 1st two generations (see Georgi and Jarlskog [101] for a possible solution).

A variant is the so-called ‘flipped SU (5)’ [102], where the unification group is SU (5) x
U(1) and non-abelian unification occurs, but part of the hypercharge U(1)y appears in the
external U (1) factor. The particle assignment is in this case § = [u®, L] and 10 = [Q, d°, V]
of SU(5) (hence the term ‘flipped’) and the singlet 1 = [e¢°]. This structure implies the
existence of a right-handed neutrino.

4.3.2. Unification in SO(10). In the case of unification in the group SO (10) [103], all
quarks and leptons of a family are put in a 16-dimensional spinor representation. As shown,
for example, in [4], there exists an elegant description of the 16-dimensional representation as
a tensor product of five spin 1/2 states. The connection with SU(5) is 16 = [10 + 5+ 1lsus)-
The singlet can be assigned to v¢, which is therefore sterile. The Higgs doublets can be put in
al0y = [Su + Sulsue)-

For SO(10) unification, the Yukawa couplings are simply

W D h(1616 10g), (46)

which lead to the expectation h;, = hy, = h, = h.

There are two maximal breaking patterns of SO(10). The first is SO(10) — SU(5) x
U (1) x, which leads to the usual SU (5) if the electromagnetic charge originates entirely from
the SU (5) generators or to flipped SU (5) if the charge comes partly from U (1) x. The second
is SO(10) - SU4)c x SUR)L x SU(2)R, leading to the Pati—Salam symmetry.

The existence of 3 heavy singlets allows the three known neutrinos to acquire naturally
small Majorana masses through the seesaw mechanism. The decay of the lightest of them may
generate a lepton asymmetry in the early universe which gets converted by sphalerons during
the electroweak phase transition to the presently observed baryon asymmetry of the universe.

4.3.3. Unification of Yukawa couplings. The equations (15) allow the quark and lepton
masses to be related to their Yukawa couplings for a fixed value of tan 8. Starting from the
running masses, after including radiative corrections, evolving the Yukawa couplings up to the
GUT scale by means of RGEs allows the Yukawa unification hypothesis to be checked. The
results of the analysis from [104] in the MSSM are displayed in figure 8, where the relative
deviation from unification €, = (h;, — h;)/h. at the GUT scale is shown as function of tan 8.
As has been known for years, there are two regions where b—t unification is possible, namely
at small tan 8 ~ 1.2-1.7 and high tan 8 =~ 20-50. The 1-loop RGEs of the Yukawa couplings
contain terms proportional to the Yukawa couplings themselves and terms proportional to the
gauge couplings, the two being of opposite sign. For low tan S, this leads to a cancellation of
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Figure 8. Unification of the Yukawa couplings, reprinted from [104]. Copyright 1997, with
permission from Elsevier. The relative deviation from unification is shown as function of tan 8 for
several values of «g and mj,. The two branches correspond to opposite signs of the parameter /t.

the contribution of «g to the evolution of the bottom Yukawa coupling which allows it to unify
with the t Yukawa coupling at the GUT scale. The Yukawa of the top quark remains large at
the GUT scale and is at the origin of the large disparity of masses for the top and the other
fermions. At large tan 8, the Yukawa couplings of the b and 7 are both enhanced compared
with the top and allow unification of ¢, b and 7. In this case, the large disparity of the masses
is related to the large value of tan 8. The low tan S region is presently disfavoured by the LEP
searches for the light Higgs (unless m;, is substantially higher than its present determination).
The two branches at high tan 8 correspond to different signs of w, the upper (lower) one being
for 1 < O(u > 0) °. The high tan 8 region is still acceptable and overlaps with the region
tan f ~ 40-50 of t — b — 7 unification expected in SO (10), but only for ;# < 0. This is not the
region favoured by b — sy results nor by the present but controversial discrepancy on g — 2 of
the muon, as will be seen in section 6. For the preferred sign, u > 0, the discrepancy in Yukawa
unification is of —24 to —60%. But the unification at large tan 8 depends very sensitively on
the parameters, especially m,;,, which receives very important threshold corrections at the weak
scale. Also see [105].

An interesting approach is described in [106]. The authors proceed from top to bottom,
imposing an S O (10) unification for the third generation Yukawa couplings at high scale. They
find that consistency of this assumption with low energy data is limited to a narrow region of
soft SUSY breaking parameters with definite predictions for m; (114 £ 5 £ 3 GeV) and for the
SUSY spectrum, as will be discussed in section 5.5.

4.4. Provisional conclusion

Before entering the complexity of SUSY breaking scenarios, it is worth pausing a moment and
summarizing our main conclusions so far.

We have seen up to now that supersymmetry, compared with the SM, has some outstanding
virtues. It allows the divergences of the scalar masses to be tamed and reduces them from a

9 The sign convention for j in [104] is opposite to the one we use and has been flipped here to make it consistent
with the rest of the text.
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quadratic to a logarithmic dependence on the cut-off scale A, the latter being innocuous as
long as the superpartner masses are not too large.

SUSY offers also the possibility of an accurate grand unification (GU) at a scale of
a few 10'° GeV. Grand unification brings in further clues, as is well known, for instance an
explanation of the equality of electron and proton charges, as well as potential experimental
clues, such as non-zero neutrino masses and nucleon instability, to which we return later.

A third bonus from SUSY, when R-parity is conserved, is the existence of a stable
neutral lightest superpartner (LSP), which is an excellent candidate for cold dark matter
(CDM).

Owing to the structure of SUSY, no new coupling is introduced as long as the theory is
unbroken, and the only expense is the doubling of states. Unfortunately, SUSY is a broken
symmetry and we saw that the breaking is the step through which new parameters, possibly
a huge number of them, creep in. In the following chapters, we will consider three possible
scenarios of SUSY breaking, make explicit the set of parameters they introduce and give the
main features of their respective phenomenologies.

Yet another interesting feature of SUSY is that, owing to the large mass of the
top quark, the breaking of the electroweak symmetry occurs quite naturally through
radiative corrections.

A very important remark that the reader should keep in mind, before delving into the
complexity of the scenarios, is that at least one feature of SUSY is nearly independent of the
variety of SUSY breaking scenarios: the existence of a very light Higgs boson (<130 GeV
in the MSSM). This is the hard core of the MSSM phenomenology.

The problems of the SM that SUSY has cured were linked to the existence of a large gap
and a desert between the electroweak scale and the GU or Planck scale. If these assumptions
are relaxed, one can reach different conclusions. Itis even more true if, because of the existence
of large compact extra dimensions, the effective Planck scale is actually next door, so that there
is no large energy gap or a desert (see section 8.2). However, a last crucial bonus that SUSY
brings in is the possibility to introduce gravity into the game, which is ignored in the SM.
This is at the root of superstring theory and therefore a strong incentive to keep focusing
on SUSY.

The SM is clearly an effective theory, valid within a certain domain and not beyond, which
needs many inputs from outside. SUSY, in spite of the progress it brings, would still also
be an effective theory. One does not know yet what superstring theory will lead to, but one
may hope that it turns out to be a much more fundamental one.

5. Physical idea and gross features of the scenarios

5.1. SUSY breaking mechanisms

Although the effective theory, defined by the soft supersymmetry breaking contribution to the
Lagrangian (34) is sufficient (with some additional conditions) to derive the phenomenology, it
is nevertheless interesting to discuss a bit more the question of the origin of the SUSY breaking
masses. This will allow for instance a better understanding of the very distinctive properties
of gauge mediated supersymmetry breaking (GMSB), compared with the MSUGRA scenario
outlined above. Readers more interested in the general features of the scenarios and the list of
their parameters can go directly to section 5.2.

It is shown in the primer by Martin [1] that the communication of SUSY breaking to
the MSSM particles is very difficult to achieve in a phenomenologically acceptable way
if one deals only with renormalizable interactions at tree level (problem of giving masses
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Figure 9. Goldstino interactions with supermultiplets.

to the gauginos, some sfermion masses unacceptably light due to the existence of a sum rule,
etc). For these reasons, one expects that the MSSM soft terms arise indirectly or radiatively,
rather than from a tree level coupling to the SUSY breaking order parameter. It is assumed
that there is a ‘hidden sector’ of particles with no (or very weak) direct couplings to the
MSSM supermultiplets of the ‘observable sector’. The breaking of supersymmetry, which
is supposed to occur in the hidden sector, is transmitted via a ‘messenger sector’ to the
visible sector, resulting in the soft terms of expression (34). One usually assumes a hierarchy
M.y, < messenger scale << hidden scale. Models have been proposed where this transmission
is mediated by gravitational interactions (SUGRA) or by gauge interactions (GMSB), or by an
anomaly (anomaly mediated supersymmetry breaking, AMSB). The following presentation
relies heavily on the lecture notes of Zwirner [107].

5.1.1. SUSY breaking in the hidden sector. It is a general feature, well-known from field
theory, that the spontaneous breaking of a global symmetry gives rise to massless Goldstone
bosons. The vector bosons associated with an exact local symmetry remain massless and
have only transverse spin components. But if the local symmetry is broken by the vacuum
expectation value of a scalar field, the ‘would be’ Goldstone bosons are absorbed as the
missing (longitudinal) spin component and make the vector bosons massive. A similar
mechanism is invoked for the breaking of supersymmetry.

The spontaneous breaking of a global supersymmetry requires that the vacuum is not
invariant under supersymmetric transformations. This requires in turn that the SUSY scalar
potential has a non-zero vacuum expectation value. From its form, given in equation (27), it
appears that at least one of the auxiliary fields must acquire a non-zero vacuum expectation
value, which gives the potential a positive vacuum energy. An unavoidable consequence
(see e.g. [1] for an explanation) of the spontaneous breaking of a global supersymmetry is
the existence of a massless spin 1/2 fermion, the goldstino G, in complete analogy with
the spontaneous breaking of ordinary global symmetries. For simplicity, we assume that
the goldstino is a member of a chiral multiplet. If the auxiliary scalar field associated
with the goldstino in the same supermultiplet acquires a vev (F), of dimension (mass)?,
supersymmetry will be spontaneously broken. The interaction of the goldstino with the
other supermultiplets is defined by the Lagrangian

1 A
Egoldstino D) _m.] 8M Ga +--, (47)

where the supercurrent j*¢, of dimension (mass)’/?, involves fermion-scalar and gaugino-
gauge boson products, leading to interactions pictured in figure 9.
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Figure 10. Supersymmetry breaking scenarios.

If gravity is taken into account, supersymmetry must be a local symmetry, called
supergravity, which unifies the space-time symmetries of general relativity with local
supersymmetry transformations. Invariance under supergravity transformations requires
the spin-2 graviton to have a superpartner, the gravitino with spin 3/2, and if supersymmetry
were unbroken both would have zero mass and only two helicity states. Once supergravity is
spontaneously broken, the gravitino absorbs the goldstino, hence acquiring its mass m3;, and
its two longitudinal helicity components =£1/2 (superhiggs mechanism) [108]. After including
gravitational interactions, the scalar potential (27) is replaced by [107]

V =|FI>+|D|* - [HP, (48)

where the expressions of F' and D are different from (26) but play the same role. The third
term is particular to supergravity and has the universal property that (|H|?) = 3m3 /2M§,
where Mp is the reduced Planck mass, given in terms of the gravitational constant by
Mp = BnGy) Y2 = 2.4 x 10'"® GeV. A non-zero (V) contributes to the cosmological
constant and to satisfy the existing experimental bounds requires that (V') ~ 0, which reflects
the fine-tuning problem. This leads to a relation between (| F|?) and the gravitino mass (we
assume that (|D|?) ~ 0 for simplicity). The gravitino mass resulting from this superhiggs
mechanism is then

TN 2
(F) ~2.5 <i> eV (49)

"= A~ 77 \100Tev
As seen from equations (47) and (49), an increase in the vev (F') leads to an increase in the
gravitino mass, but to a decrease in its coupling strength. Moreover, the SUSY breaking
generates mass splittings (Am), controlled by an effective coupling of strength X,

Am? ~ A(F), (50)

in all the sectors to which the goldstino supermultiplet couples. Depending on the magnitude
of the coupling A, several situations may arise, as illustrated in figure 10.

5.1.2. SUSY breaking in SUGRA. The first model for the generation of the supersymmetry
breaking masses, dating back to the 1980s, is based on supergravity [15]. In SUGRA,
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the messenger is supposed to be gravity itself through direct coupling of the goldstino
supermultiplet to the MSSM states with gravitational strength [16]. Hence the coupling
is small and, for a rough order of magnitude calculation, it can be expressed as A ~ (F)/ M}%.
This yields soft mass terms (or mass splittings) for superpartners

(F)
My = Am? ~ W(FY (51)

In the limit (F) — 0, supersymmetry is unbroken and m . vanishes as it should; in the limit
Mp — 0o, Gy — 0 and gravity becomes irrelevant to generate mgn # 0. But if we keep
m3, constant for Mp — oo itis seen from (49) that we keep m i # 0. For gravity to induce a
reasonable value for the soft mass, such as mys >~ My ~ 100 GeV, the vev should be of order
J(F) ~ 10'°-10"' GeV. In the MSUGRA scenario the gravitino is heavy, of the same
order as m., and its interaction is extremely weak, so that it plays no role in collider
phenomenology. In particular, the LSP is most likely a neutralino.

The breaking of supersymmetry through gravitational interactions does not ensure
universality of the soft terms, as is discussed in some detail by Martin [1]. This so-called
‘flavour problem’ of SUGRA is the main incentive for searching alternative scenarios of SUSY
breaking. The above statement, which sounds a priori counter-intuitive will be developed in
section 5.10.

5.1.3. SUSY breaking in GMSB.  An alternative proposal, the gauge mediated supersymmetry
breaking, appeared in 1993 [109]. In GMSB, there is no tree level coupling of the goldstino
to the MSSM visible sector states, but the hidden (or secluded) sector particles couple
to a messenger sector. The messenger fields consist of chiral supermultiplets with quantum
numbers of [, [, g, ¢, where [ and g are the complex conjugate of the fields / and ¢ (called
a vector-like representation). They are supposed to appear in complete representations of the
GUT group, in order to preserve the unification of the gauge couplings. In a SU5 GUT, they
belong, for example, to a 5 + 5 and/or to a 10 + 10 representation.

Masses are generated for the messengers through their Yukawa coupling to a field
X from the hidden world, which is a singlet under the SM gauge groups, e.g. the goldstino
superfield (but any singlet field would do). The superpotential of the messengers has the form
of a Yukawa coupling

W=yX0d, (52)

and it is assumed that both the scalar component of the field X and its auxiliary field acquire
vacuum expectation values (S) and (Fs), respectively'®. Then, the chiral contribution of
equation (23) generates a mass term for the fermions

VO y(S)yi, (33)

whereas the scalars obtain mass through their F-term, given by equation (27), after shifting
the field F by its vev. This yields the quadratic terms for the scalar fields

V O [y + 181%) + y(Fs)pd + (y(Fs))* () (54)

so that the scalars have mass eigenvalues mi = |y(S)|® & |y(Fs)|. The first term is the same
as for the fermions, but the SUSY breaking is introduced through the (Fs) contribution. It is
customary to simplify the notation by absorbing the Yukawa coupling in the field definitions

10To simplify the presentation, we use here a single field ® and its complex conjugate, although several such fields
are normally introduced, as mentioned above. The more general derivation can be found in [1].
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Figure 11. Loop diagrams generating soft mass terms for gauginos (left) and for scalars (right).
From [1]. Wavy, full and dashed lines represent gauge bosons, fermions and scalars, respectively.
Gauginos are shown as superposed wavy and full lines.

putting M = y(S) and Fy = y(Fs). The messenger masses for the fermions and scalars are
then

my =M, my = |M|* £ |Fs|. (55)

Note that this mass splitting is of the same form as relation (50). But, at the other extreme,
compared with gravitation, it could be assumed that the coupling is stronger, y near 1, which
generates mass splittings in the messenger sector of order

Am® ~ (F) = m3, M, (56)

where the last equality assumes that the messenger mass splitting originates from the goldstino
superfield. As the average messenger mass is M, and the splitting of the scalars is F, to avoid
tachyonic scalars it is necessary that M > /Fs.

The messenger fields couple in turn to the particles from the observable sector via the
usual gauge interactions and their mass splittings induce soft mass terms by loop diagrams
displayed in figure 11, which introduce typically a loop factor o/4m. The loops are of first
order for the gauginos and of second order for the scalars. But, as they determine the mass for
the gauginos and the mass-squared for the scalars, the soft mass is in both cases of order

o
Moy ~ —+/ Fs. (57
4

To yield a soft mass of the order of the weak scale, the scale of supersymmetry breaking should
be as low as +/Fs ~ 10*~10° GeV. This implies a small gravitino mass, of order m3,, ~ 1eV
and a non-negligible interaction strength. The GMSB scenario is therefore characterized
by a gravitino as LSP, to which the sparticles will ultimately decay.

5.1.4. SUSY breaking in AMSB. In anomaly mediated models of SUSY breaking, introduced
in 1998 [110, 111], the source of the breaking resides in a single field of the supergravity
Lagrangian, the chiral compensator field (CC). Its properties stem from the requirement
that supergravity can be formulated as a conformal theory [112], with its Lagrangian being
invariant under super-Weyl (also called conformal or scale invariant) transformations. If the
observable sector does not have an explicit mass scale, the Lagrangian is scale-invariant at the
classical level. However, the scale invariance is broken at the quantum level, because of the
need to regulate the theory. This non-invariance can be compensated by the transformation
of a chiral compensator super-field. If the observable sector had no explicit mass scale, the
CC could be eliminated from the Lagrangian by a redefinition of the fields. But as it has
one, the chiral compensator remains and has couplings to the observable sector (including
supersymmetric) fields which are completely fixed by the super-Weyl invariance.

When the auxiliary field of the CC takes on a vacuum expectation value this leads to
supersymmetry breaking terms in the observable sector. When the classical invariance of the
Lagrangian is broken at the quantum level leading to physical effects, this is generically called
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an anomaly, hence the name given to this SUSY breaking mechanism. In such models, the
only communication of SUSY breaking effects from the hidden to the observable sector occurs
through the supergravity multiplet, and thus through this vacuum expectation value.
The consequent breaking terms in the observable sector are highly constrained. A distinctive
feature of AMSB is that gravitinos are much heavier than any of the superpartners. This
is due to the fact that the soft masses are loop-suppressed relative to the gravitino mass.

The anomaly contributions will always be present if supersymmetry is broken. But in the
MSUGRA or GMSB scenarios, they may be negligible compared with the other contributions.
In AMSB, it is assumed that the anomaly-induced masses are dominant.

Recent studies [113] have shown that, even when the anomaly-mediated terms are not
the sole contributors to the soft SUSY breaking Lagrangian, they can still have an important
influence over the resulting phenomenology, in particular in the gaugino sector.

5.1.5. SUSY breaking with superstrings or extra dimensions. The introduction of extra
dimensions in SUSY scenarios allows one to play a number of games. In particular,
coordinate-dependent compactifications of higher-dimensional theories provide a mechanism
for electroweak symmetry breaking and mass generation. It can also be used for breaking
supersymmetry. See [114] for an excellent introduction. The mechanism was first proposed
by Scherk—Schwarz [115]. The idea s to ‘twist’ the periodicity conditions in the compact extra
dimensions by a symmetry of the action or of the equations of motion. If instead of having
strict periodicity in the Sth dimension y, one has periodicity up to a global SU?2 transformation
(‘twisted’ periodicity conditions)

W(y+27R) = P70 (y),

where ,5 is a triplet of real parameters (B is the modulus), then the 4D modes have a classical
spectrum characterized by a universal shift of the KK levels

n p

R 27R
From a 4D point of view this twist induces mass terms that break the symmetries with which
it does not commute. However if one looks at small distances, smaller than R, symmetry
breaking effects should disappear.

The general features of the ‘traditional’ and ‘new’ versions of the Scherk—Schwarz
mechanism are explained and illustrated in [114, 116]. The superHiggs effect, i.e. the
spontaneous breaking of supersymmetry in 5D supergravity compactified on the orbifold S'/ Z,
(S!is a circular symmetry and Z, a reflection symmetry about a diameter, so that the physics is
defined on a segment between 0 and 7 R), is explained and the connection with brane-induced
supersymmetry breaking and gaugino condensation in M-theory is made. Similarly to the
formula given above, the resulting gravitino mass spectrum is typically given by

8
—+
R 2nR
where § is a parameter that takes into account the modified boundary conditions and R is
the compactification radius. One finds also in [114] a list of references of applications of
the mechanism to the subject of supersymmetry breaking in M-theory and in 5D field theory
orbifolds.

Supersymmetry breaking obtained in simple classes of superstring compactifications has
been studied in, e.g. [117]. These heterotic models have a natural hidden sector built in, made
of gauge singlet fields, the complex dilaton field, S, which arises from the gravitational sector
of the theory, and the complex moduli fields, 7;, which parametrize the size and shape of the

msp = (I’l =O,:l:1,:|:2), (58)
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compactified variety. The assumption is then that the auxiliary fields of these multiplets
are the seed of SUSY breaking and interesting predictions are obtained, briefly discussed in
section 5.2.

In traditional models, the hidden sector in which SUSY breaking originates is hidden from
the visible MSSM fields by the weakness of the direct couplings, for instance Planck-scale
suppressed couplings in gravity mediated models. In contrast, extra-dimensional theories
provide a geometrical way to separate the two sectors. This can be in the context of higher-
dimensional models involving parallel branes, inspired by the Horava—Witten set-up [118],
such as in the model by Randall and Sundrum [111] or in more elaborate situations [119].

As we said, a long list of proposals for the breaking of the electroweak symmetry and
of supersymmetry by applying different versions of the mechanism described above is given
in [114]. Rather than reviewing them, which is well beyond our scope and competence, we
would like to give a couple of examples illustrating the variety of resulting phenomenologies
[120].

A scenario [56] already quoted in section 2.4 and aiming at solving the LEP paradox [55],
is based on the extension of SUSY into five dimensions, one of which is compactified on a
circle with two orbifold projections, S' /(Z, x Z,). In 5D there are two supersymmetries. Each
boundary of the orbifold breaks one of them and the low energy theory is not supersymmetric.
It becomes so at energies larger than 1/R, leaving only a finite contribution to the Higgs mass,
predicting

my = 127 £10GeV. (59)

In this model only one Higgs doublet exists. But each SM particle has two superpartners.
The LSP is a degenerate doublet of stable (or metastable) stops. Their mass is approximately
(1/R) — m,, with a lowest preferred value in the 200 GeV range. This fact should be a strong
incentive (amongst others) to implement accurate TOF measurements in future experiments.
Several problems encountered by the model, in particular concerning the contribution to the p
parameter, motivated the study of variants in order to alleviate them.

Another set of examples [121], which however do not specifically refer to the
supersymmetric case, investigate the nature of gauge symmetry breaking by boundary
conditions (orbifold conditions or a wider set of consistent conditions) and show that such
theories seem to have a good high energy behaviour, just as gauge theories broken by the Higgs
mechanism would. This may lead to speculation that the breaking of gauge symmetries via
boundary conditions could replace the usual Higgs mechanism, although there is still a long
way to go to find a fully realistic implementation. Presently one expects KK excitations for the
W and Z bosons with masses too low to satisfy the bounds. Warping the ED is a possible way
to lift the masses of the excited KK modes and make them phenomenologically acceptable.
Another obstacle for Higgsless ED theories also comes from electroweak precision data.

5.1.6. Small hierarchy. In the conventional view on SUSY, it is admitted that a hierarchy
exists between the scale of SUSY mediation M, the SUSY breaking scale JF and My

M > VF > My (60)

justifying the encoding of SUSY breaking through the soft terms introduced earlier. If however,
in analogy with what low scale extra dimensions offer, one assumes that such hierarchy
is small or nonexistent [122], the resulting effective theory may be quite different. Non
standard soft terms or even hard-breaking terms can emerge. Specific interactions between
the MSSM multiplets and the sector where SUSY breaking occurs are no longer negligible
(the ‘hidden’ sector is not that hidden anymore). Goldstinos, sgoldstinos, gravitinos play a
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role in phenomenology. The Higgs sector is also modified and looks more like that of two-
Higgs-doublet models, with an additional singlet: it therefore escapes to the usual MSSM
mass limits.

It is clear that, given the weak experimental constraints, a quasi infinite number of games
can be played within the SUSY line of thinking. A long list of such phenomenological
variations has been advocated in the past as the most convincing (as e.g. the low tan 8 version
of the low scale MSSM) and have turned out to be disproved. For many years at LEP time,
the predicted Higgs mass was the current limit plus a few GeV. The main point is that
experimentalists, in SUSY searches like in any other, should avoid to focus on any a
priori, keep their minds open and exploit at best the possibilities offered to them.

5.2. Scenarios and their parameters

5.2.1. MSUGRA: reducing the number of parameters. In its general form (34), the soft
SUSY breaking of the MSSM introduces a large number of free parameters. However, several
could induce too large flavour changing neutral currents (FCNC) or CP violation. A simple
assumption to avoid such catastrophe is ‘mass universality’: it imposes a common scalar mass,
Mo = Mo, a COMMON gaugino mass, my,2, = my, and a common Ag; = Ao (multiplying
the Yukawa couplings) at the grand unification scale [16]. This leaves the 5 GUT scale free
parameters:

mo, my2, Ao, Bo, i, (61)

making the model much more predictive. As such a situation can be realized in some
supergravity models, it will be called SUGRA in the following''. It should be emphasized,
however, that supergravity does not, in general, imply the mass universality relations. For
example, the scalar masses could be flavour-dependent and include mixing terms and phases
(the ‘flavour problem’ in SUGRA). An arbitrary choice of the values of the 5 SUGRA
parameters does not, however, warrant radiative electroweak symmetry breaking and hence
the correct value of the Z° mass.

Still the possibility to decrease further the number of parameters has been actively explored.
An example is the no-scale supersymmetry [123] which requires particular forms of the
‘Kahler’ function such that the vacuum energy vanishes and the potential has flat directions
which leave the gravitino mass undetermined. Minimization of the electroweak scale scalar
potential with respect to the gravitino mass then determines its value. Most of the string models
explored [123] do not satisfy these requirements. An example of a string no-scale supergravity
model has been proposed [124], in which

myip = Ag = By = m3p, mo = 0. (62)

The low energy theory depends on only one parameter, m3,,. However, the predictions of
this model (ml~R < 50GeV, mz+= < 90GeV, myp < 90GeV) were not met by experiment.
Another example is a no-scale SUGRA model [125] inspired from M-theory: again it predicts
light objects which have not been seen. A conclusion [126] was that, when no-scale boundary
conditions are given at the GUT scale and universal gaugino masses are postulated, LEP200
results severely constrain the model. However, relaxing one or both of these assumptions can
lead to a variety of sparticle mass spectra [127].

11 As there is no generally accepted naming convention for some of the more constrained scenarios, we define here
the terms we will use throughout this paper. The reader is warned, however, that the same names may have a different
meaning in other publications.
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An alternative scenario is the dilaton-dominated model [128]. The dilaton appears in
superstring models as a flat direction of the effective potential. When its corresponding F-
term takes a vacuum expectation value, it induces soft supersymmetry breaking terms which,
because of the universal couplings of the dilaton, can all be parametrized at the unification
scale by the gravitino mass m3,, [129]

mio = ms, Mg 12 = ﬂ:\/gmm = —Aipo, (63)

and By is not restricted further, as its value is model dependent. It provides a natural justification
of universality and features a very constrained model with only three free parameters, m3 >,
w and By(|pt| can be determined from radiative electroweak symmetry breaking, as described
below, leaving two free parameters and a sign). Typical values for the spectrum (except the
third generation sfermions) are mgz : mg @ mg : mge omp Mg = 1 : 094
0.92 : 0.92 : 0.32 : 0.24 at the electroweak scale. A dilaton-dominated scenario would be
attractive for its simplicity and the natural explanation it offers to the universality of the soft
terms. However, a pure dilaton model seems to be excluded by requiring the absence of low
energy charge and/or colour breaking (CCB) minima and by the measured value of m, once
one requires consistency with electroweak symmetry breaking. One must, therefore, turn to
mixed dilaton/moduli SUSY breaking. The low energy phenomenology predictions of this
SUSY breaking are generally

mp < mg >~ Mg, (64)

but exceptions to that pattern can arise in several situations, when SUSY breaking is mainly
moduli dominated. The results of [117] refer to simple perturbative heterotic compactifications
and the assumption that the goldstino is a fermionic partner of some combination of the dilaton
and/or the moduli fields. This model (as well as the no-scale model) suffers, as we said, from
problems of stability of the vacuum [130] and we will, for the phenomenology, treat mq, m 2,
Ag and By as independent parameters in the following.

The values of the mass parameters and couplings can then be evolved down from the GUT
scale to the electroweak scale, by means of renormalization group equations (RGE), where they
determine the mass spectrum, the production cross-sections and the decay branching ratios of
the supersymmetric particles.

It is customary to replace the high scale parameter By, of SUGRA (61) by the low energy
parameter tan 8 = v,/vq, the ratio of vacuum expectation values of the Higgs fields H, and
Hj, leaving as free parameters

mg, myj2, Ao, tan B, . (65)

Furthermore, some analyses assume that the electroweak symmetry is ‘correctly broken’. This
means that they assume explicitly that the spontaneous gauge symmetry breaking is induced by
radiative corrections. The requirement that the SUSY parameters evaluated at the electroweak
scale, more precisely the expression v3 + v2, reproduce correctly the value of the Z° mass
introduces an additional constraint. This constraint allows u? to be expressed in terms of the
other parameters, as we will see in section 5.3. The sign of u remains, however, free and the
parameters are

mo, M2, Ag, tan B, sign(u). (66)

This will be called the MSUGRA scenario. Sometimes, additional constraints are imposed,
for instance from cosmology by requiring that the amount of cold dark matter in the universe
is accounted for by neutralinos. This will be called constrained MSUGRA or CMSUGRA.
The opposite attitude is also sometimes taken, namely to relax the assumption of
universality between the Higgs mass parameters and the sfermion masses. The correct breaking
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Table 4. Summary of SUGRA scenarios. Also shown is whether radiative EWSB is imposed or

not.
Scenario Parameters Rad. EWSB
SUGRA mo,ml/z,Ao,tanﬂ,/L No

MSUGRA  mg, my)2, Ao, tan B, sign(u)  Yes
CMSSM mo,ml/z,Ao,tan,B,;L,mA Yes

of electroweak symmetry is still required, but the constraint determining the absolute value
of w is lost. Furthermore, the value of the CP-odd Higgs mass, m 4, is introduced as free
parameter, rather than the GUT scale Higgs mass parameters. Altogether, the free parameters
for this constrained MSSM, CMSSM, scenario are chosen as

mo, mj2, AO’tanﬁ’ M, my, (67)

where my now only applies to sfermions.
The naming conventions and corresponding parameters are summarized in table 4.

5.2.2. GMSB parameters. A didactic introduction to the theory of gauge mediated
supersymmetry breaking (GMSB) is given in the primer by Martin [1]. A more extensive
presentation is found in the review paper by Giudice and Rattazzi [131].

It was seen in section 5.1 that in gauge mediated supersymmetry breaking, the messenger
fields consist of chiral supermultiplets with quantum numbers of ¢, 7, [, I. They occur in
complete representations of the GUT group, for example a 5+5 and/or a 10+ 10 representation
foran SUS5 GUT.

The parameters which govern the sparticle spectroscopy of a GMSB model are the
following.

e The messenger scale, M, which represents the average mass of the messengers. This
scale determines the amount of RGE evolution and, therefore, enters only logarithmically
in the values of the masses.

e The scale A = Fs/M, related to the mass splitting of the scalar components of the
messenger supermultiplets. This parameter sets the scale of the entire superpartner
spectrum.

o The existence of the messengers modifies the RGEs of the gauge couplings and increases
the value of the unified gauge coupling constant egyr. The extra contributions depend
on a parameter, called messenger index N, which is the sum N = Y n; of constants
determined by the group representations with n; = 1 for 5+ 5 and n; = 3 for 10 + 10.
The requirement that the gauge couplings remain perturbative up to the GUT scale limits
the messenger index to values N < 5-10 for messenger scales M = 10°-10'" GeV,
respectively.

e Values for the supersymmetry breaking trilinear parameters A; do not arise at the one-
loop level. To a good approximation, they are set to zero at the messenger scale, but
become non-zero at the electroweak scale due to the RGE evolution proportional to the
gaugino masses and Yukawa couplings. They are mostly relevant for third family squarks
and sleptons. The parameter B is quite model dependent and is also often taken to be
zero at the messenger scale. Under the assumption of correct breaking of the electroweak
symmetry the absolute value of the parameter p and the value of B can be obtained from
the gauge boson mass and the parameter tan .
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In summary, the free GMSB parameters which determine the sparticle spectrum are
A, M, N, tan 8, sign(u), (68)

with the condition that A < M to avoid that scalar messengers get a negative squared mass
and break gauge symmetry at the messenger scale.

A very attractive feature of GMSB is the fact that soft masses are generated by gauge
interactions, which guarantees flavour universality.

These five parameters are, however, not sufficient to determine completely the GMSB
phenomenology. Even when the messenger mass splitting is generated by the goldstino
superfield ((F) = (Fjs)) the sparticle coupling to the gravitino (hence the decay width or
lifetime) is determined by (F) = AM/y and depends on the Yukawa coupling. A frequent
convention is to define an additional parameter

Coav = (F)/Fs 2 1, (69)

which then determines the lifetime.

5.2.3. AMSB parameters. The anomaly mediated models of SUSY breaking are very
constrained. In pure AMSB, a single parameter, the gravitino mass m3,, determines the
soft masses of the gauginos, the scalars and the A-terms. Unfortunately, it turns out that the
squared masses of sleptons are negative, making them tachyonic. In the minimal AMSB, this
is cured by introducing a universal scalar mass parameter m at the GUT scale. In addition,
there are the usual supersymmetric parameter ¢ and the parameter B entering the soft SUSY
breaking. Assuming a correct breaking of the electroweak symmetry, the free parameters are

ms32, mo, tan B, sign(u). (70)

5.2.4. Phases. So far, it is implicitly assumed that all parameters are real. In MSUGRA only
two new sources of CP violation appear, in addition to the CKM phase of the SM. They may
be represented as the phases of the complex parameters 11/, and Ay relative to that of p. Their
values are constrained in particular by the upper limits on electric dipole moments (e, n and
mercury atom), see section 6.8. Such large phases in m,; and in the third generation trilinear
couplings are still possible. More light may come from B-factories. The effect of phases in
SUSY is described in section 8.5 for the Higgs sector. Other sectors may be affected as well,
such as the phenomenology of neutralinos, charginos and the third generation squarks [401].
The relevant studies will be described in due time. However, a thorough treatment of the
problem does not seem to exist.

5.3. MSUGRA spectroscopy

Under the assumption of mass universality, the particle spectrum can be predicted as a function
of the MSUGRA parameter values at the GUT scale by the use of the RGEs. An example is
given in figure 12. The following qualitative features emerge

e The sfermion masses start from a common value m at the GUT scale. The squark masses
increase fast, due to the contributions proportional to o3 in the RGEs. The slepton masses
increase slowly, as the only contributions in the RGEs are from the couplings «; .

o The gaugino masses start from a common value m,,. The gluino mass increases fast (for
the same reason as for the squarks), whereas the B and W masses remain low.
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Figure 12. Evolution of the mass parameters in MSUGRA, from [87].

It is thus expected that the strongly interacting particles, the squarks and gluinos, will generally
be heavy compared with the sleptons, winos and bino (but the latter two are not physical states,
as they will mix).

The Higgs (mass)® parameters start from the value (mj + u?), determined by the soft
breaking mass for scalars and the p-term in the superpotential (the F-term in equation (29)).
The large Yukawa coupling of H, to the top quark drives the (mass)? parameter of H, negative.
In consequence, the coefficient of the quadratic term in the Higgs potential becomes negative,
which allows the breaking of the electroweak symmetry (at least if some conditions are fulfilled,
see [1]). The MSSM therefore incorporates a quite natural mechanism for breaking the
electroweak symmetry.

Moreover, the minimization of the neutral Higgs potential, which will be discussed in
section 8.4, induces a constraint among the weak scale parameters which is frequently used to
determine the absolute value of p as a function of the remaining parameters and which reads
at tree level as

- my, —my, tan* B M2
no= 5 - —=. (71)
tan 8 — 1 2

In the MSUGRA model, where m y, = mp, = mg atthe GUT scale, the value of u at the weak
scale for intermediate to large tan 8 is almost independent of m . It depends little on tan 8,
as the relation (71) shows that the main contribution to u becomes pu> =~ —m%iu. It becomes
almost linear in m />, which is introduced through the loop effects in the running of m g, as
illustrated in figure 13 (left). Approximate analytical expressions are found in [134]. However,
for large values of my, the value of 2 decreases very rapidly and becomes eventually negative,
as seen in figure 13 (right), signalling that radiative EWSB is no longer possible. This region
is quite sensitive to the value of the top quark mass and may give rise, at the present status of
the calculations, to instabilities or non-convergence of the RGEs, as is clearly observed in the
figure for m, > 176 GeV.
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Figure 13. (left) Dependence of the parameter p on mj;; and tan 8 in the MSUGRA model.
(right) Dependence of the parameter x on mo in MSUGRA, for several values of the top quark
mass, showing the region where no radiative EWSB takes place. Both figures are computed with
ISASUGRA 7.69 [133].

In this picture, with a desert between the electroweak scale and the GUT scale, the
measurement of the superpartner spectrum provides via the RGEs a window on the
high scale parameters. There are, however, also quantities which are insensitive to the values
of the GUT scale parameters. These will be discussed now.

5.3.1. Infrared quasi-fixed points. The most common way to reduce the set of parameters of
the MSSM is to assume universality of the soft terms. Further reduction has been discussed
using the concept of infrared quasi-fixed points (IRQFP) which shows insensitivity of some
low energy MSSM parameters to their value at high energy [135]. In the past, this scenario
has been considered mainly in the low tan 8 regime, which was then theoretically preferred,
for instance at the top quark mass IRQFP solution [136]. In [137] the dependence of the
particle spectrum on two free parameters, m and m », has been discussed. However, the LEP
limits on the Higgs mass have excluded the low tan 8 scenario and the interest has shifted to
larger values. For large tan 8, the reduction of the parameter space is also possible. But the
situation is more complicated because one must deal with the whole set of Yukawa couplings
of the third generation and one is limited to a numerical investigation. In [138] the quasi-fixed
points of some of the SUSY soft breaking parameters are used to evaluate masses. All the
Higgs boson masses, except as usual the lightest one (<130 GeV), are found to be quite heavy
(>600-1100 GeV), as well as stops and sbottoms (>1 TeV).

5.3.2. Focus points. In focus point supersymmetry [139] all sfermions, including those of
the third generation, have masses well above 1 TeV. Their naturalness arises from correlations
among SUSY parameters. Assuming a hierarchy m; > M;, A;, the weak scale value of m%,u
and therefore the scale of electroweak symmetry breaking is determined primarily by gaugino
masses M; and trilinear couplings A;. Sufficient conditions have been presented in [139]. For
any value of tan 8 2> 5 and m; >~ 175 GeV, a universal scalar mass guarantees focus point
supersymmetry: whatever its value at the GUT scale, the family of renormalization equation
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Figure 14. Evolution of the Higgs mass parameter in focus point supersymmetry, reprinted with
permission from [139]. Copyright 2000 by the American Physical Society.

trajectories of m%i meet at a point, at a scale of about 1 TeV, as illustrated in figure 14, a highly
non-trivial occurence requiring in particular that the top mass is within ~2% of its value of
175 GeV.

The cosmological and astrophysical implications of fixed point supersymmetry have been
explored [140]. The stable neutralino stays as a good dark matter candidate, however as a
gaugino—higgsino mixture, a fact which enhances the rates of many indirect detection signals.
This will be developed in section 12.2.1.

Low energy constraints (proton decay, electric dipole moments) are less stringent [141].
A Higgs boson mass at or above 115GeV is naturally expected without requiring heavy
gauginos.

5.3.3. Fine tuning. 'The amount of fine tuning of the SUSY parameters required to obtain
the electroweak scale increases rapidly for sparticle masses >>1 TeV. A usual definition of the
fine tuning is the value of the quantity [142]

— 32 = iaMZ
A= /Z(A,) : A=y (72)

where the a; are the fundamental parameters of the theory under consideration.

In the past, fine-tuning arguments were used to show that, especially due to the steadily
increasing lower limit on the lightest Higgs mass at LEP, the MSSM appeared as more and
more contrived [55]. However, the substantial effect of the limit on the Higgs mass is lifted
if one considers large tan 8 scenarios, as in [143]. It is true, nevertheless, that the domain of
MSSM parameters still open seems to present some appreciable degree of fine tuning. For
instance, in the benchmarks [143] presented in section 15.4, one finds that the electroweak
fine tuning ranges from few tens to several hundreds. It roughly scales with m/, and is nearly
independent of m. This is seen from the approximate relation

g = 3.3m3 5 +0.2m5 — 0.4A9my 2 +0.1A5 — 0.56 M, (73)
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derived from [144] for universal soft masses at tan 8 = 5 and where all parameters are defined
at the unification scale.

The extent to which one cares about the amount of fine tuning depends on the underlying
measure in the parameter space, which is unknown. Correlations between input parameters
may reduce it radically [145], an example being the focus point scenario. Nevertheless, it was
argued in [144] that cancellations among the other MSSM parameters are not a generic feature,
which leads the authors to expect rather light gluinos, charginos and neutralinos.

However, as we saw, some authors have chosen to consider, instead of MSSM, alternative
scenarios [56, 58] aiming at solving this ‘little hierarchy’ problem raised by the LEP limits on
the Higgs mass and on SUSY particles on one hand, on a new physics scale on the other hand.

5.3.4. Split supersymmetry. An alternative, rather drastic proposal, was recently put forward
and named split supersymmetry [25]. Here it is decided to discard the hierarchy problem and
its associated fine tuning of the Higgs mass on the basis that this is dwarfed by the enormous
fine tuning required for the cosmological constant. In these circumstances, SUSY may be
broken at a high energy scale, mg, far above the TeV scale. The scalars would have masses
of order mg, except for one combination of the Higgs doublets which is fine tuned to remain
light. The gauginos and higgsinos can be protected by symmetries and can come out naturally
as rather light objects (although their lightness is not fully guaranteed). The low energy theory
is, therefore, non supersymmetric, with a single light Higgs and the gauginos and higgsinos
possibly in the TeV range. Such splitting of the SUSY spectrum allows several MSUGRA
problems mentioned above to be solved: it eliminates excessive flavour and CP violation and
relieves the constraints on proton decay by dimension 5 operators (see section 6.1). On the
other hand, it retains the possibility of a dark matter candidate and the unification of the gauge
couplings. Actually, it was shown in [51] that among the few consistent choices allowing
unification in a single step is the one of the split supersymmetry spectrum.

The relatively light gluinos are expected to be long lived, as their decay always involves
a squark, which is heavy (of order my) in this case. Their lifetime is given approximately by
the formula [146]

ms \*(1TeV)’
T ( ) ( ) S (74)
109 GeV mg
If stable, they would bind to atomic nuclei and would exist today in the form of anomalously
heavy isotopes. The existence of stringent limits on heavy hydrogen isotopes [147] limits their
lifetime to less than the age of the universe and hence the mass scale mg to less than about
10"3 GeV.

The split spectrum scenario has a strong impact on the phenomenology [146, 148]. Its
consequences for the chargino and neutralino searches will be discussed in section 9.5. Given
the potentially long lifetime of the gluino, it is expected to hadronize before decaying to form
bound states called R-hadrons, whose experimental signature we will present in section 9.4.

5.4. Gaugino masses and composition

5.4.1. Gaugino mass evolution. The gaugino masses are determined in the MSSM by three
parameters M, for which the one-loop renormalization group equations are
d 1
—M, = =—b, 2Ma9 75
dr g2 @8 (75)

where the coefficients (b, = 33/5, 1, —3) are the same as in the RGE for the gauge couplings
and ¢ is defined as t = In(Q/Qy). It is worth noting that, if M, is zero at the scale Qy, it
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remains zero over its entire evolution. From this equation, it follows that the three ratios M, /g2
are constant. Assuming universality of the gaugino masses at a scale Q, the RGE is simple :

M, (1) = (?”) miya, (76)

a,0

for any value Q < Qp. This equation is valid up to small two-loop effects (O(10%)) and

possibly larger threshold effects near Mgyt. Qo is presumably close to M p, but is most often

taken as Mgur, the value where the coupling constants are seen to unify. In this case:
My My M

o] o2 o3

= (77)
In MSUGRA models, the common value is also equal to m1,,/ay, oy corresponding to the
unified gauge coupling constant. Furthermore, the same equation is also the solution of the
one-loop RGE in the context of gauge mediated SUSY breaking, although there is no unified
mass 11, in this case. This equation implies the hierarchy M| < M, < my;; < Ms.

e M3 is the physical mass of the gluino, M3 = Mj, at least up to QCD corrections, as SU (3)
is unbroken.

e After breaking SU(2) x U (1), the Higgs vev produces a mixing of M; and M, with
higgsino mass parameters to give physical chargino and neutralino states.

At the weak scale, the following approximate relation holds:
5
My =3 tan Oy My =~ 0.5M,. (78)

Explicit values at the electroweak scale (+ = —66) are

M3 = Mg >~ 2.7H1|/2,
M2(MZ) ~ O.8WL1/2,
Ml(Mz) ~ O.4m1/2. (79)

This makes the gluino mass Mz >~ mg, , unless mg is large, in which case mz > Mj; can be
expected.

Small departures from these relations can be expected due to threshold effects near Mgyr.
They can, however, be more drastically modified if the fields at the origin of SUSY breaking
are non-singlet, as shown by Gunion [149]; for instance M| ~ M, would be possible.

5.4.2. Chargino masses and composition. Contributions to the masses of winos and of
higgsinos arise, respectively, from soft SUSY breaking terms (MA2) and from the chiral
contributions of the superpotential in the form (wH; H} + c.c.). In addition, there are mixing
terms generated by the (Agpyr) vertex leading to (Wng uﬁj ) contributions. After breaking
of SU(2) x U(1) the H® acquires a vev which provides for off-diagonal elements v, , VT/jEI:I(ic u

in the mass matrix and mixes the charged wino and higgsino states. The mass matrix in the
(W* H*) basis is [1]

( M, V2My sin 8 )

V2My cos B + 80)

M, is positive and p can be either positive or negative and is here assumed to be real. Note thatin
CP non-invariant theories, the mass parameters are complex. However, by reparametrization
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Figure 15. Chargino and neutralino mass solutions as function of p for M, = 200GeV and
tan 8 = 1.5. The neutralino mass solutions are labelled from 1 to 4 on the left and the chargino
solutions 1 and 2 on the right. The curves become more symmetric with respect to the sign of p
when tan 8 is increased.

of the fields, M, can be assumed real and positive and the only non-trivial phase may be
attributed to u. Mass eigenstates Xli and X2i are obtained after diagonalizing this matrix:

N 1
M(x{5)* = E(Mz2 + 1 +2M%)

1/2

1 .
3 [(M5 + pu* +2M3)* — 4(uM> — My, sin28)?] (81)

The chargino masses depend on three SUSY parameters, M,, u and tan 8. Moreover, they are
invariant under the substitution || <> M,. They depend, however, on the sign of u, except
for large values of tan 8(sin 28 ~ 0) where they become symmetrical in +x. An example of
chargino masses is displayed in figure 15.

Gaugino-like or higgsino-like regions. A useful approximation is obtained in the limit where
the electroweak symmetry breaking effects can be viewed as small perturbations, namely
Mz < | £ M;|. The chargino masses then take the approximate values:

M3, (M, + psin28)

M) ~ M, — R
- 2
. M2, (|| + eMs sin2f3)
M5 = |l +—~ ey , (82)
- 2

where € is the sign of . This applies to the deep gaugino or higgsino regions. If M, < |u| the
lightest chargino is gaugino-like (wino-like) with mass M (¥*) ~ M, and the heavier chargino
is higgsino-like with mass M (3*) =~ |u|. For u < M, the situation is reversed.
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Diagonal region for negative (. Another interesting case occurs when p >~ —Mj, then the
chargino masses are

M%) = (M3 + My) F [(M3 + My,)* — (M3 + My, sin28)*]'/2, (83)

and for tan 8 ~ 1 both charginos become degenerate with masses M ( )Zli)z ~ M( )Zzi)z -~
M3 + M}, and nearly degenerate with the W if M, is small.

5.4.3. Neutralino masses and composition. Due to the same reasons as seen for charginos,
mixing between the neutral gaugino and higgsino states occurs when the SU(2) x U(1)
symmetry is broken. The mass matrix, expressed in terms of the basis (B, W, Hy, H,), takes
the form

M, 0 —Mzcos Bsy  Mzsin Bsy
Y — 0 M, Mz cos Bcw  —Mzsin Bcy ’ 84)
—Mzcos Bsy  Mzcos Bcw 0 —u
Mz sin Bsy  —Mzsin Bcy - 0

where the abbreviations sy = sin 8y and cy = cos Oy have been used. In this matrix one can
recognize

e a2 x 2 block with parameters M| and M, originating from the supersymmetry breaking
terms (M AA),

e a2 x 2 block depending on p whose source is in the unbroken MSSM Lagrangian and

o off-diagonal entries proportional to M, coming from the (A H H) couplings, similar to the
ones encountered for charginos.

Since the mass matrix is symmetric, it can be diagonalized by a single unitary matrix N
transforming the interaction eigenstates to the mass eigenstates

5(‘1.0 = Nl',lg +Nl'_2W + Ni,3ﬁd + Njy4ﬁu-

Analytical solutions for the mass eigenvalues can be computed, see for example [150], but we
will here concentrate on some special cases.

Gaugino-like or higgsino-like regions. In the limit where electroweak symmetry breaking
effects are small compared with the MSSM parameters, namely My < |u £ M|, |u = M>|,
approximate values for the neutralino masses are

M%S%V(Ml + usin28)

M) ~ My — ,
1 M2 _ M]z
. M2, (M, + psin2p)
M(FS) ~ My — =22 :
ws— Mj
MG ~ [l + MZ(1 — esin2B) (|l + Mic3, +M2sa,)’
2(|pl + M) (] + M»)
M2Z(1 +€sin2 — M\c3, — M»s?
M()zf) ~ |l + Z( esin2B)(|ul 1Cy 2sw)’ (85)

2(Jp] = M) (| — M)

where € is the sign of . The mass eigenstates are then )210 ~ BY, )Zg ~ W° and
79, %0 =~ (HY + HY)/«/2. In this approximation, the chargino %" is degenerate with the
neutralino )Zg .

If universality of gaugino masses is assumed, M; can be eliminated as M; >~ 0.5M,; at
the weak scale. The following cases can be envisaged
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Figure 16. Chargino and neutralino isomass curves in the (u, M>) plane for tan 8 = 1.0 and 35.
The line delimiting the region labelled ‘not allowed’ is the kinematic limit for chargino production
at LEP with 208 GeV. From [151].

o If M, < |u|, the LSP is bino-like. In this case, the lightest chargino and two lightest
neutralinos are gaugino-like and 2M ()Z{)) ~ M ()Zg) ~ M( )Zli) ~ M,. The heavier
chargino and neutralinos are higgsino-like and M ( f(é)) ~ M( )Zf) ~ M( )Zzi) >~ .

e If M, > || the LSP would be higgsino-like and nearly degenerate with the )Zli and )Zg .
The heavier chargino and neutralinos are gaugino-like, with masses 2M ( )Z?) ~ M( f(f) ~
M (%) = Ms.

e In the intermediate region (the so-called mixed region), the situation is rather complex
and the states are not as pure gaugino- or higgsino-like as above. For not too small M>,
e.g. M, > 100 GeV, the region given approximately by M < |u| < M; is characterized
by a dominantly bino LSP, nearly degenerate higgsino-like )Zli, )Zg and f(g and nearly
degenerate gaugino-like )Zzi and )fo .

These features are more outspoken for negative p than for positive p.

The regions where || > M, and M, > |u| will be called, respectively, gaugino-like
and higgsino-like in the following, according to the composition of the lightest chargino and
neutralinos. The region between these two extremes is called mixed.

The masses of the lightest chargino and of the two lightest neutralinos are displayed in
the (., M») plane in figure 16 for tan § = 1.0 and 35.

5.4.4. Radiative corrections to gaugino masses. The complete corrections to the chargino and
neutralino masses, including the gauge, Higgs, gaugino and higgsino sector, are found in [104].
They are typically 3—10% for the lighter states )Z? and ¥ li , the largest relative corrections arising
for low masses. These corrections are relevant when determining the values of the underlying
parameters from a set of physical y masses.
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Figure 17. Neutralino masses as a function of p,, the other parameters being fixed to p, =
120GeV, M| = 250GeV, M, = 500GeV, u = 170GeV and tan B = 3. The exact numerical
solutions are shown as solid and the approximate solutions as dashed lines. Reprinted from [154].
Copyright 2005, with permission from Elsevier.

The LEP constraints for the search of charginos and neutralinos, taking into account the
radiative corrections, have been analysed in [152]. They do not alter the excluded domain in
my=+ as a function of the chargino—neutralino mass difference, but they alter its mapping in the
i, myj plane. These effects are taken into account in the final LEP analyses.

The radiatively generated mass for a gluino which is massless at tree level (m 1, = 0 at the
GUT scale) falls usually in the light gluino window, m; < 3 GeV [153]. The correction to the
mass of a massive gluino arise from gg and g4 loops and can be large [104]. They vary from
about 30% for mz < mj to about 4% for gluinos masses above the quark/squark threshold.

5.4.5. Neutralinos in the NMSSM. The introduction of an additional singlet field in the
NMSSM (see section 3.5.2) does not affect the chargino sector. However, the neutralino mass
matrix is extended to a 5 x 5 matrix

M, 0 —Mzcos Bsy  Mzsin Bsy 0
0 M, Mz cos ey  —Mzsin Bcy 0
Ys = | —MzcosBsyw MzcosBcw 0 —u —usinf |,
Mz sin Bsy  —Mzsin Bcwy —u 0 —; cos B
0 0 — My sin B — M cos B Mc

(86)

which cannot be solved analytically. Here u, = 2«(S), uy = Av and u = A(S). The
parameter u, determines the mixing between the MSSM neutralino doublet and the singlet
called singlino. Approximate analytical expressions for the neutralino spectrum have been
derived in [154] for small mixing ;.
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A novel feature of the NMSSM is the possibility for that, small u,, the LSP is the singlino.
An example spectrum is presented in figure 17, where both the approximate solutions and the

exact numerical solutions for the masses are displayed. The latter are computed with the
program NMHDECAY [155].

5.5. Squark and slepton masses

At some energy scale My, usually assumed to be Mgyr, squark and slepton masses are defined
by the soft breaking terms m; o. The physical mass spectrum is obtained after running down
the high scale parameters by means of RGEs [1]. In the MSUGRA scenario, the scalar masses
are all equal to a common mass g, but in many of the cases below such strict scalar mass
universality will not be required. Instead, relaxed assumptions are made, such as for conditions
(67), or no scalar mass universality is assumed at all.

5.5.1. First two families. As discussed in section 3.3, the Yukawa couplings of the first two
families are very small. They can safely be neglected in the RGEs governing the evolution of
the scalar masses, so that only the gauge interactions need to be taken into account. At lower
energy the following hold.

e The SUSY breaking mass, m, g, is not renormalized at the level of one-loop RGE when
Yukawa couplings can be neglected,
e The one-loop RGEs induce a term due to fermion—gaugino loops, proportional to gaugino
masses.
wiy_ 2 :
—_—=—— Cooa M, (87)
dr b4 Xu: “
where ¢t is defined as t = In(Q/My) and the C, are group constants. This introduces a
dependence on m,; and ¢;s, increasing the mass. As in equation (87) the contributions
from the 3 gauge groups evolve independently (at 1-loop), the resultant contributions to
scalar masses are encoded in 3 functions, K,. After performing the integration, these are
proportional to

K, (t) = —Kq4 (83)

2M3(t) [1 aﬁ(O)]

by a2(t) |’
where the constants k, = (3/5,3/4,4/3) and the b, have been defined in section 4.2.

e A D-term of the form ), gZ (¢*T“¢)?/2, see equation (26), leads to quartic interactions
(squark)z(Higgs)2 or (slepton)z(Higgs)z. When SU(2) x U(1) is broken, it induces a

contribution to the (mass)? given by
A; = (I} — Q;sin® Oy) cos 28 M. (89)

This term is model-independent and, in particular, does not depend on the mechanism of
supersymmetry breaking, as discussed in section 3.4.

We will assume that, at the scale My, the scalar masses are diagonal in family space, to avoid
potentially large FCNC. Then, they will remain diagonal after running the RGEs to any other
scale.

The general form of the running masses of sfermions is

~2 2 2 2
m; :mi$0+ca,iKa+Ai =miyo+c,-m]/2+Ai, (90)

where the coefficients should be evaluated at the scale of the running mass, O = m(Q) (and

radiative corrections, e.g. from QCD, will need to be included to obtain the pole masses). The
second equation in (90) assumes universality of the gaugino masses.
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Table 5. Coefficients for the masses of the first two families of sfermions. The values of the ¢;
are determined from 1-loop RGEs, without including QCD corrections to the squark masses. The
range of values quoted corresponds to a variation of m1 > from 50 GeV (higher value) to 1000 GeV
(lower value), corresponding to a scale Qpwsp from about 100 to 1800 GeV, respectively. The
coefficients ¢; are computed with SUSPECT?2.0 [156].

Particle o pi = Ii3 — Qi sin? Oy

iy, K3+Kr+ 4K 3.8-59 +(1/2) — (2/3)sin’ 0y = +0.35
dy, K3+Kr+ %Ki 3.8-59 —(1/2) +(1/3)sin? Oy = —0.42
iR K3+ §K, 34-55 +(2/3) sin? Oy =+0.15
dr K3+ 3Ky 3.4-5.4 —(1/3) sin® Oy = —0.07
L Ky + 1Ky 045-049  —(1/2) +sin* 0w =-027
v Ky + 1K, 045-049  +1/2 = +0.50
ér K 0.14-0.15  —sin® Oy =-023

For the 1st and 2nd generations, the expressions for the masses and the values of the
coefficients ¢; evaluated at a scale Qgwsg = +/m(t)m(tr) are summarized in table 5. As
there are 7 physical masses and 4 parameters, the universal m and the 3 values K, there
exist three independent relations, or sum rules, between the masses. The D-term determines
a model-independent sum rule for the left slepton or squark ‘hyperfine’ mass splitting

2 2 2 2 2
mg —my =ms —mg = —My cos2p, on

from which it follows (note: cos(28) < 0) that mz > my_and mjz > my . In addition to
these two sum rules, a third one can be written as [157]

10
2(m}, — ng) + (msz — m§| )+ (mi —m3) = 3 sin® Oy M2 cos28.  (92)

This relation assumes a universal m, but does not rely on any assumptions on gaugino mass
parameters.

If particles are discovered and identified, the relations (91) may allow the determination
of tan §, independently from the universality assumptions. The sum rule (92) then tests the
universality of m.

As the evolution is entirely determined by gauge couplings, the sparticles of the first
two generations are degenerate if 1 is universal. Rather different values may be found
in the literature for the coefficients c¢; of QL, ur and c?R in table 5. This is due to their high
sensitivity to uncertainties on o3(My) and to the exact scale at which they are evaluated, as
a3 varies strongly near the electroweak scale. Nevertheless, the coefficients of m 1/, are larger
for squarks than for sleptons, due to their dependence on «3. The expected mass hierarchy
between flavours for the first two generations is then

me, = Mgy > my > m, -

In several models of gravity-mediated supersymmetry breaking based on superstrings,
such as the dilaton-dominated or the no-scale models, it is expected that m,, be appreciably
larger than my [1]. In this case, it can be expected that Mj; is larger than any of the sfermion
masses, but, due to the contribution of a3 to the squark masses, we expect at mostmg >~ 1.2mg.
Nevertheless, they are taken in phenomenological studies as independent parameters which
reflect our ignorance of supersymmetry breaking.

5.5.2. Third family. To compute the masses of the third family scalars, the contributions
from Yukawa couplings can no longer be neglected. Taking the example of the stop, an
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Table 6. Coefficients for the masses of the third family of sfermions. The values of the ¢; are
determined from 1-loop RGEs for tan 8 = 10, without including QCD corrections to the squark
masses. The range of values quoted corresponds to a variation of my,, from 50 (higher value) to
1000 GeV (lower value). The coefficients b; and ¢; are computed with SUSPECT2.0 [156].

Particle  b; cj

iL.bL 0.62-0.69  3.2-5.0

R 0.28-0.33 24-37
br 0.83-0.96 3.5-5.5
S 0.99-1.0  0.41-0.48
R 0.98-1.0  0.11-0.14

F-term (28) of the form h? H>* HY%f, is introduced, leading to m? after the Higgs field is
replaced by its vev. These terms have been neglected for the first two generations, due to the
smallness of the fermion masses. Furthermore, off-diagonal elements are generated in the
mass matrix of (7., 7r), from the F-term contribution in (30), of the form —uh, 51, HG?* +c.c.,
and from a (scalar)? soft breaking contribution A,h,f5# H? + c.c.. Together, they yield the
off-diagonal term vh;(A; sin 8 — wcos 8). The main effects of the Yukawa couplings can
be summarized as follows. First, the effect of the RGE evolution is reduced, due to
the opposite contributions of the Yukawa couplings compared with the gauge couplings.
Second, a mixing of the left and right scalars is introduced, proportional to fermion mass
m s, and therefore potentially very important for the stop. For stop and sbottom quarks
the diagonal pieces of the mass matrix, including the Yukawa couplings in the RGEs, take the
form

m? = m? + bimio + cimf/z + A, (93)
where A; has been defined in equation (89) and the values of the coefficients evaluated at a
scale Qpwsg = /m(fL)m(fr) are summarized in table 6. The stop mass eigenstates 7; and 7,
are given by

iy | = %[m?L +m2 F Jn2 —m2 )2+ dmP(A, — oot )] (94)
This reduces further the mass of the lighter stop, especially for low values of tan 8, which is
often found to be the lightest of all squarks. For large tan 8, the mixing effects can be quite
important for the sbottom and the stau. Therefore, the stau is likely to be the lightest slepton.
Their mass eigenstates are given by an equation similar to (94) after replacing cot 8 by tan .

Sum rules relating the masses of the third generation sfermion to the ones of the first two
generations have also been derived in [157].

Itis also observed from expression (94) that for large enough values of the trilinear coupling
A s at the electroweak scale (u being fixed by the EWSB) the mass-squared of the sfermion can
take a negative value, especially for third family particles where the fermion mass is largest.
This may induce a minimum of the potential, implying that the sfermions acquires a vev, and
breaking charge and colour will be discussed in more detail in section 8.4.

5.5.3. Radiative corrections to sfermion masses. The QCD corrections (one-loop) to squarks
of the first two generations, evaluated in [104], vary between 1% for mz < m; to 4-5% when
mg >~ mg. For the third generation, the QCD corrections are counteracted by the opposite sign
corrections from Yukawa couplings. The stop mass receives corrections in the range of —5 to
2% and the sbottom mass in the range 0-3%. For sleptons, the corrections are typically in the
range +2%.
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The effect of radiative corrections to the SU (2) breaking mass splittings in SU (2) doublets
has been computed in [158]. The tree level relation in equation (91) is corrected by <=£0.05
in terms of the effective cos 28 for a doublet for typical values of the SUSY parameters. For
very heavy sfermions, the difference between the effective cos 28 for I and for § becomes
large.

5.5.4. Non-universality of scalar masses. We would like to show here, in an example, how a
departure from universality may lead to quite different experimental mass spectra. An example
of non-universality of scalar masses at the GUT scale has been worked out for, e.g. SO(10)
grand unification [159]. We have seen in section 4.3.2 that the unification of families within
SO (10) implied, apart from the gauge coupling unification, that the Yukawa couplings are
equal for all members of the family. Such equality does not need to apply also to the scalar
masses, even if it is assumed that the soft SUSY-breaking masses take a universal value m ¢
and m( for the 16 and 10 representations of S O (10), respectively. The (direct) breaking of the
gauge group from SO (10) to SU (3)¢ x SU(2) ;. x U (1) requires the breaking of the additional
U (1)x factor, present in SO (10), and induces D-terms for the scalar masses if the symmetry
is spontaneously broken. The scalar masses at the GUT scale can then be parametrized as

2_ .2 _ 2 _ 2 2
mz; =mz =mg = mig+mp,

2 _ 2 _ .2 a2

ms o=mp =g — 3mp,

2 _ 2 2

My, 1, = Mio F 2mp, 95)

where m?, parametrizes the magnitude of the D-terms and can take positive or negative values.
The coefficients reflect the quantum numbers of the scalar fields under the broken U (1) x. Note
that the mass splitting introduced by the D-terms preserves an SU (5)-type unification.

An analysis within this framework was performed in [160], confirming the results of [104]
cited in section 4.3.3 that unification of the Yukawa couplings of + — b — 7 occurs for
tanf ~ 50 and u < 0. They obtain acceptable solutions (Yukawa unification to within
5%) for mig < myg < 1.5mg and 0.1m ¢ < mp < 0.35my6. For too small mp, there is
not enough splitting between the Higgs soft masses for radiative EWSB to occur. Too large
mp yields third generation scalars below experimental limits or CCB minima in the scalar
potential. They also find that these solutions require too large values of B(b — sy), except
for very large values of m ;.

For u > 0, solutions can also be obtained, but only at the expense of quite significant
(several per cent) deviations from Yukawa unification [106, 161]. An approximate Yukawa
unification, together with low energy constraints and radiative EWSB, imposes stringent
limitations to the allowed SUSY spectra. Itis found that typically m ¢ > 1 TeV,m g =~ V2me,
similarly to the negative u case. However, the acceptable solutions also require a large negative
Ay >~ —2me (which is not the case for © < 0). The sparticle spectrum corresponds to a
radiatively driven ‘inverted scalar hierarchy’ [162], with scalars of the first two generations
above 1 TeV, f; ~(150-250) GeV as the lightest sfermion, 51 ~(450-650) GeV always heavier
than 7, T ~(200-500) GeV between the two and g ~ (600-1200)GeV (numbers are
from [106]). The chargino ~(100-250) GeV is lighter than the 7| and the LSP is the )Z? ~(80-
170) GeV. The light Higgs is in the region 115-130 GeV, as usual, whereas the heavy Higgses
are not constrained by Yukawa unification.

It is also found in [106] that Yukawa unification with ;& > 0 is obtained more easily when
only Higgs mass parameters are non-universal and split, but no D-terms are introduced for
sfermions. This model, for which [106] gives some justification, leads to a similar spectrum
to the above one.
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Figure 18. Allowed regions in the (m1/2, mo) plane within the MSUGRA framework.

The value of tan 8 and the choice of the sign of u has strong implications for rare decays,
(g — 2) of muons and other low energy measurements, which will be further considered in
section 6.

5.6. Examples of MSUGRA spectra

In the MSUGRA scenario with scalar and gaugino mass universality and the correct breaking
of electroweak symmetry, the allowed parameter space is rather tightly constrained. This
is illustrated in figure 18 in the (mo, my/2) plane. The upper-left region (green) is excluded
because the LSP would be the 7;. In the lower-right region (red) electroweak symmetry
breaking cannot take place. The boundary of this region depends, however, very strongly on
the mass of the top quark. For m; = 175GeV or more, it would occur at much larger m
values than shown in figure 18 where, for illustrative purposes, it is drawn for m, = 171 GeV
(more precise boundaries will be shown later). Also indicated are isomass curves for the light
Higgs and the chargino. The mapping of these and other constraints will be discussed more
thoroughly in section 12.

Moreover, the value of u at the weak scale, derived from radiative electroweak symmetry
breaking, for intermediate to large tan 8, depends little on m( and tan 8 and is almost linear in
my 2, as was seen in section 5.3. This relation implies that, in most of the plane, the chargino
and neutralino composition is gaugino-like, as || > m /. Only for very large my, close to the
boundary where no EWSB occurs, does the composition become of mixed type. This relation
is quite sensitive to the value of the top quark mass.

Some examples of MSUGRA spectra are shown in figure 19. They fulfill additional
requirements to be discussed later, including the LEP and Tevatron mass bounds from direct
searches. The first three (cases 1 to 3) feature a rather low mass spectrum, with the gluino
heavier than the squarks. The lightest charginos and neutralinos are in the gaugino-like region
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Figure 19. Examples of supersymmetric particle mass spectra in MSUGRA, computed with the
program ISASUGRA7.69. Also indicated are the decays with branching ratios larger than 15%.

and the three cases differ by the relative position of the sleptons with respect to the )Zg and
f(li, which affects the decay chains. In case 1 (point C from the ‘post-LEP’ benchmark
points [143]), all slepton masses are between the LSP and the higher gaugino states. In case
2, the sleptons are heavier than %) and )Z]i and the mass difference between the xJ and %! is
larger than the mass of the lightest Higgs. In case 3 (near the point of [163], a slightly modified
version of the Snowmass SPS 1a [164]), sleptons are heavier than Xg and f(li (but lighter than
the heaviest chargino and neutralinos) and the mass separation between )Zg and )Z? is less than
my. In case 4 (point E from [143]), all scalars are heavy, due to the large value of mgy. The
charginos and neutralinos are in the mixed region, where M, =~ |u|. It is an example of the
focus point scenario. The top mass was assumed to be 175 GeV for cases 1-3 and 171 GeV
for case 4 (a bit low compared with the experimental value). A situation similar to case 4 with
charginos and neutralinos in the mixed region can also be obtained for m, = 175 GeV, but
only for extremely large mq (e.g. mo >~ 3400 GeV for the same m, as case 4). The values of
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Table 7. Mass spectra in GeV for minimal SUGRA models calculated with ISASUGRA 7.69. The
value of || is estimated at the scale Q = N

Model Casel Case2 Case3 Case4d

mi 400 380 290 300

m 90 260 180 1500
tan g 10 10 10 10
sign()  + + + +

Ao 0 0 0 0

m 175 175 175 171
Masses

|l 514 491 385 227
o 117 116 114 114
H° 584 609 464 1515
A0 580 605 461 1505
H* 590 614 470 1517
xP 158 151 112 113
% 305 290 214 189
XY 518 496 390 237
xd 534 512 409 304
X 305 290 214 187
x5 533 512 408 300
g 940 904 704 798
e, i, 293 370 272 1511
er, 179 298 214 1502
Ve, vy 277 358 258 1507
7 172 293 208 1490
153 294 371 274 1505
Ve 276 357 257 1501
ur,cL 860 856 662 1610
ug,cr 831 830 642 1608
di, s 864 860 667 1612
dr,sr 829 828 641 1608
f 653 640 488 1033
n 837 823 657 1363
by 790 779 603 1351
by 816 813 631 1573

the parameters and sparticle masses for all cases are collected in table 7'2. All four cases give
a h° mass within 2-3 GeV from the LEP limit.

The main features of the decays for the cases above will be discussed in section 9.7. Other
benchmark points will be presented in section 15.4.

5.7. GMSB spectroscopy

The main characteristic of GMSB is that the LSP is always the gravitino, with a mass
expected in the range of 1 eV to few hundred MeV. The GMSB spectroscopy, with masses
defined at the messenger scale M, depends on two parameters, the scale A and the messenger
index N. The evolution, through RGEs, down to the electroweak scale introduces an additional
dependence on the other SUSY parameters.

12 The differences between the mass values in table 7 and [143] for the same initial parameter values reflect the
differences between various program codes.
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Figure 20. Supersymmetric particles masses in GMSB, from [131].

The gaugino masses take the simple form
o (1)

M, (t) = NA. (96)

The scale at which they are defined is given by ¢ = In(M?/Q?). It is seen that their evolution
is the same as encountered in the MSUGRA framework.
The masses of scalar particles at the messenger scale are obtained from

“2 > o \2

w2 NATY G () ©7)
where the C, are group constants, defined as C;3 = 4/3 for colour triplets and zero for singlets,
C, = 3/4 for weak doublets and zero for singlets, C; = 3/5(Y/2)2. These values have to be
RGE-evolved down to the electroweak scale and the effect of mixing, as well as the D-term
contribution, has to be included. The corresponding formulae can be found in Giudice and
Rattazzi [131] (readers are warned that they do not use the canonical normalization for grand
unification, used here and in [1]).

The dependence of the scalar and the gaugino masses as a function of the U (1) mass
parameter M, is displayed in figure 20 (from [131]). It is seen that GMSB, with this choice
of parameter values, may lead to a rather light sparticle spectrum, observable with present
day accelerators. The most striking feature in these plots is that for N = 1 the next-to-LSP
(NLSP) is the )Zlo (a bino), whereas for larger N it becomes the I over most of the parameter
space. The relative increase of the gaugino masses with N is due to their scaling like N, while
scalar masses scale like «/N. After including the effect of mixing, the best slepton candidate
to become the NLSP is the 7, especially at high tan 8 and/or large || where the mixing is
the largest. If mixing is negligible, the eg and fig will be close in mass with the Tg and they
are called ‘co-NLSP’. Squark masses are, such as in MSUGRA, predicted to be much larger
due to the contribution of a3. An exception is 7, which can even become the NLSP for small
tan 8.

5.8. AMSB spectroscopy

In the minimal AMSB scenario, the gaugino and scalar mass parameters are determined from
the gravitino mass m3,,; and the universal scalar mass mg. To leading order, they are given at
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Figure 21. Example of supersymmetric particles masses in AMSB as a function of mg, for
m3;2 = 36TeV, tan B = 5 and u < 0. Reprinted from [165]. Copyright 1999, with permission
from Elsevier.

the GUT scale by

o
M, = “2ms) = b, ﬁms/z,
- 1 /oy ay
ny = ~7 (@ﬂg + 5,@) m3 +mg, ©8)

where g are the gauge couplings, y the Yukawa couplings, B their respective beta functions
and y the anomalous dimension. The beta function for gauge couplings is simply B, =
b, gZ / 1672, where the coefficients b, = (33 /5, 1, —3) are the same as encountered previously.
The other functions are found in [165].

The next-to-leading-order (NLO) corrections to the gaugino mass parameters, also given
in [165], are not negligible, especially for M,. The mass ratios at NLO for M| : M, : M; are
2.8 : 1 : —7.1. Hence, the winos are lighter than the bino, contrary to the situation in GMSB
or in MSUGRA with gaugino mass universality. The neutral wino is found, including loop
corrections dominated by the gauge bosons, to be lighter by few 100 MeV than the charged
winos. Moreover, the value of || derived from correct EWSB is typically 3—6 times larger
than the wino mass. As a result, the 3! is expected to be wino-like, nearly degenerate with
the lightest chargino and a good candidate LSP.

The sfermion masses are obtained by evolving the parameters in equation (98) down from
the GUT scale and adding the D-terms. An example is shown in figure 21 for illustration,
with the parameters m3,; = 36TeV, tanB = 5 and u < 0. For this choice of parameters,
M; = 333GeV, M, = 119GeV, M3 = 850GeV. The squark masses are rather heavy, due
to their dependence on «, and not very sensitive to the value of mg. A striking feature of
the slepton spectrum is the near degeneracy of the left and right charged sleptons of the two
first generations. It turns out that, due to a numerical accident, their pure AMSB contributions
are almost identical. The D-term contributions are also nearly the same, as can be seen in
table 5. Moreover, neither of these contributions is very large. As a result, the sleptons are
nearly degenerate and with mass close to my.

In the AMSB scenario, the LSP could in principle be the )Z{), the ¥ or even the 7, although
a charged LSP is disfavoured by cosmology.
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Figure 22. Main features of sparticle spectra for MSUGRA with low my, MSUGRA at a focus
point, GMSB with neutralino NLSP, GMSB with 7; NLSP, AMSB. All masses are normalized to
the mass of the lightest chargino.

5.9. Gross features of the phenomenologies

The main features of the sparticle spectra expected for the different SUSY breaking scenarios
are illustrated in figure 22. The particle masses on the vertical scale are normalized to the
chargino mass. The two MSUGRA spectra are the ones from [143] encountered in figure 19,
featuring a low m and a focus point scenario. The two GMSB spectra are the points called
MSSM1 and MSSM2 in [166]. The AMSB spectrum is the example discussed in section 5.8
with my = 200 GeV.

The different candidate MSSM models, MSUGRA, GMSB, AMSB or MSSM with
breaking of R-parity, all lead to different experimental signatures. It is, therefore, mandatory
to develop different experimental search strategies to be able to cope with all these situations.

Direct searches for SUSY particles in the context of MSUGRA rely on the fact that,
for a large part of the MSUGRA parameter space, the neutralino is the LSP. If R-parity is
conserved, it should be stable. Its interaction with matter is expected to be very weak (see
Haber and Kane [167]), with a cross-section of the same order as the neutrino charged current
cross-section. Therefore, the neutralino will escape undetected from electron or hadron collider
detectors. As SUSY partners are produced in pairs and each of them will ultimately decay into
a neutralino, the candidate events are signed by large missing energy.

Direct searches in the GMSB scenario are also based on a missing energy signature, due
to the presence of a nearly massless gravitino-LSP (G) at the end of the decay chain. This
signature is further complemented by a hard isolated photon if the next-to-LSP (NLSP) is a
neutralino, decaying via x) — y + G, or by a tau in case the NLSP is a 7, decay which
is T — 17+ G. Depending on the gravitino mass, the NLSP may appear as a long-lived
particle.



2906 L Pape and D Treille

. Gravity
+ mediation

\ §Gauge
: © 1 ! mediation

/ Ant()jmqu
\ mediation

I ! [ >

Mz T MGUTT Mp, E
M A
messenger flavour
mass dynamics

Figure 23. Schematic illustration of the energy dependence of the running squark masses of the
three generations for various supersymmetric scenarios (see text). From [168].

In the AMSB scenario, the main signature is also missing energy, similar to the MSUGRA
case. But, due to the near degeneracy of the lightest chargino and the neutralino, the dominant
chargino decay is W* — 7*W? with a very soft pion. In a large fraction of the parameter
space, the W lifetime is long enough to produce visible decays in the detectors. Also, the
degeneracy between the left and right sleptons is typical of AMSB.

Direct searches for SUSY particles if R-parity is violated cannot rely on a missing energy
signature, as the LSP will decay, via a R-parity violating coupling, into normal SM particles.
Nevertheless, they are recognizable by an anomalously large number of jets and/or leptons in
the final state. In some cases, this may still be accompanied by a large missing energy when
the decay involves neutrinos.

In conclusion, the various SUSY scenarios correspond to clear but diverse signatures
and require very open search strategies to make sure that SUSY particles will not be missed
provided their mass is kinematically within the reach of the experiments. At the same time, the
diversity of searches for SUSY is such that several of them also cover other non-SUSY channels,
related to technicolour, leptoquarks or compositeness. The main emphasis of the experimental
searches should be less on models (which are numerous) than on specific topologies.

5.10. On the flavour problem and SUSY

The problem of the MSSM is not only the huge number of parameters (mostly belonging to the
SB sector), but the fact that they must be highly fine tuned to match experimental observations
on the FCNC processes and CP-violation phenomena.

We have presented in section 5.1 the various implementations of SUSY breaking and
we discuss now their main features concerning the flavour problem [168], summarized by
figure 23 which schematically illustrates the energy dependence of the running squark masses
of the three different generations.
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In gravity mediation the soft term sensitivity to ultraviolet physics implies that their flavour
structure will retain the effects of any unknown flavour violation at very high energy. Even
if we took mass degenerate squarks at Mpy, high energy flavour violations would induce large
squark splittings, not correlated to Yukawa couplings, at low energy, a situation which is
experimentally ruled out because it would induce unacceptably large contributions to Amg,
€x, Amp, b — sy, u — ey, etc. To solve the flavour problem in this context requires the
full control of the dynamics even beyond Mp: its solution may lie in the properties of quantum
gravity and its flavour symmetries.

However, in gauge mediated models the soft terms are insensitive to the far ultraviolet,
above the messenger scale M. If M lies below any new flavour dynamics, then the Yukawa
couplings provide the only source of flavour violations, which, in low energy processes, are
fully under control.

Similarly, if the soft terms are dominated by the anomaly contribution, the mass relation
giving the gaugino masses depends only on low energy coupling constants and makes no
reference to the high energy boundary conditions. Although the soft terms are generated at
very high energy scales, their RGE trajectories are determined in such a way that the low
energy values of the soft terms are specified only by low energy parameters. This is appealing
but should not mask the open problems of the AMSB quoted above.

Experiments searching for rare flavour violating or CP violating processes are of great
value for discriminating between the above scenarios. In the latter (GMSB or AMSB) which
satisfy a super-GIM mechanism, flavour and CP violation originate only from the CKM angles
and phases. In the former (gravity mediation) there are necessarily new sources of flavour and
CP violation in the symmetry breaking parameters.

Here, going beyond the case of SUSY, one can ask oneself in a more general way what is the
minimum flavour violation (MFV) one can expect [168] in any model beyond the SM with non-
trivial dynamics at the scale A, where A is the limit of validity of the corresponding effective
theory approach. MFV essentially requires that all flavour and CP violating interactions
are linked to the known structure of Yukawa couplings. For an effective theory derived
from SUSY, the MFV definition coincides with the usual requirements of SUSY MFV: R-
parity conservation, flavour universal soft scalar masses and trilinear terms proportional to
the corresponding Yukawa couplings, as we saw in section 3.5. These requirements are not
renormalization group invariant and usually taken to hold at a high energy scale A, whose value
depends on the specific mechanism of SUSY breaking. As we just said, in SUGRA MFV in
the soft terms requires that all dynamics up to the gravitational scale must satisfy MFV. The
situation improves with GMSB and the problem is bypassed in AMSB.

In the latter, one can expect only moderate deviations from the SM predictions in flavour
processes, except from processes which are accidentally suppressed in the SM (B — Xy,
...), while in the former it is almost unavoidable that new effects appear just behind the present
limits. B factories and improved searches for rare decays (u — ey, 4 — e conversion) and e
and n electric dipole moments will bring valuable information. For a theoretical perspective
for SUSY in B-decays, see [169, 170].

FCNC and CP violation in physics involving b — s transitions still offer opportunities.
The discrepancy between the amount of CP violation in the two B, decay channels J /v K
and ® K, if confirmed, could be accounted for by the MSSM while respecting all the existing
constraints in B physics. Then comes the measurement of A M. Finding it larger than 20 ps~!
would hint at new physics. The CP asymmetry in B — X[y is of greatest interest. Finally
with large amounts of Bg, some processes which are mostly CP conserving in the SM, such
as Bs — J /¥ ®, can be quite rewarding. The possible impact of low energy measurements
will be discussed in the next section.
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Figure 24. Examples of SM diagrams contributing to proton decay. (left) Dimension 6 t-channel
exchange of a heavy gauge boson X. (right) Dimension 5 s-channel exchange of a heavy colour
triplet Higgs 7. This interaction is a dimension 6 operator, but due to the Higgs exchange, it is
multiplied by 1/M7 which makes it effectively dimension 5.

|

d vy

Figure 25. Examples of SUSY diagrams contributing to proton decay. The dot represents a
dimension 5 s-channel exchange of a heavy colour triplet higgsino, analogous to the diagram of
figure 24.

6. Low energy measurements and SUSY

6.1. SUSY GUT and proton decay

One major result from LEP is the demonstration of the accurate convergence of the three
couplings of the SM at Mgyt ~ 2 x 10'® GeV in the frame of supersymmetry. This revived
the interestin SUSY GUTs that, as we alluded to in section 4.3, provide a promising framework
for physics beyond the SM. It is naturally expected in any GUT that protons must decay. A
rather extensive discussion is found in [171].

Much effort is being put into the evaluation of the proton lifetime in such theories and
the estimate of the dominant decay modes. We assume here R-parity conservation and
therefore discard the corresponding dimension d = 4 operators (the dimension was explained
in section 3.3). But operators of dimension d = 5, with a coefficient in (mass)~!, orof d = 6,
with a coefficient in (mass)~2, may contribute. Examples involving only SM particles are
displayed in figure 24. By raising My to ~2 x 10'® GeV, the SUSY GUT strongly suppresses
the gauge-boson mediated d = 6 proton decay operators for which e*7° would have been the
dominant mode. Second, they generate d = 5 proton decay operators [172], some examples
being shown in figure 25. They are obtained from colour triplet Higgs exchange, which under
some assumptions are found to provide the leading mechanism to proton decay, with dominant
DK * and comparable v+ modes, and highly suppressed e*7°, e* K and u* K° modes (see [88]
for a simple explanation).

In SUSY unified theories based on SO (10) or G (see section 4.3), a new source of d = 5
proton decay operators can be considered [173], actually linking proton decay to the masses
and mixings of all fermions, including neutrinos.
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Table 8. Values of the proton lifetime 7(K*v) for a wide range of parameters [174]. Results are
shown for the standard d = 5 operators, mediated by colour triplet higgsinos, in the MSSM and
ESSM (see text) and for new d = 5 operators arising in the G(224) = SU (4)c x SU(2)1, x SU (2)r
unification group, related to the Majorana masses of the right-handed neutrinos.

MSSMstdd =5 ESSMstdd =5 G(224)New d =5
Parameters tanf =3 tan 8 = 10 tang =5 tan g = 10 any tan 8
Nearly central 0.2 x 102 yr 1.6 x 1030 yr 025 x 10*yr 0.7 x 1083 yr 0.50 x 1033 yr
Intermediate 0.7 x 102 yr 0.6 x 103! yr 1. x 10 yr 2.8 x 1083 yr 2. % 103 yr
Nearly extreme 0.3 x 1083 yr 26x 103 yr 4. x 103 yr 1.1 x 103 yr 8. x 103 yr

In plain SUSY SU(5) the inverse decay rate for the VK™ mode which is dominant is
predicted to be less than ~1.2 x 103! yr [174]. The superK preliminary 90% CL bound
being [175],

T(MKT) > 1.9 x 1083 yr (99)
several authors conclude [176] that minimal SUSY SU (5) is already excluded by a large
margin.

The embedding of the MSSM in SO (10) [177] is tightly constrained. As an example, an

analysis made in the frame of SO (10) [178] with a U (2) x U(1)" family symmetry provides
a theoretical upper bound

2 ~ 2
0.015GeV? Mipie
T(K*D) = 4.7 x 10 yr( ¢ ) ( triplet ) (100)

Brat 8 x 10" GeV

for mo = 3TeV, mi, = 175GeV and tan B ~ 54, where By is a strong interaction matrix
element obtained from lattice calculations and A;Implet is the effective colour triplet mass (see
[171,178] for explanations). With the central estimate for 8, and an exceptionally conservative
upper limit for Mtriplet the results are barely consistent with the SuperK experimental limit.
A representative set of results is presented in table 8 [174]. The MSSM with only standard
d = 5 operators is nearly ruled out and, even with new operators, is close to the experimental
bound. Allowing for an extended variant (ESSM) which introduces two extra vector-like
families of quarks and leptons at the TeV scale (to be tested by LHC), the limit obtained
is [174]

Tproton < (1/3 - 2) X 1034 yr (101)

with DK * as dominant mode, but possibly u*K° and e*7° being prominent.

Most authors agree on the fact that a next generation detector with 5—10 times more
sensitivity than SuperK should give access to proton decay if SUSY GUTs are a valid
description of nature, see for instance [179]. However, GUT realized in higher dimensions
or some field theoretic constructions gives the possibility of evading such a conclusion [180].
Even in the minimal SO (10) model, it is claimed in [181] that one can suppress p decay by a
particular choice of Yukawa textures. This illustrates again the versatility of SUSY predictions
and its practically unfalsifiable nature. On the other hand, the evidence of a positive signal of
proton decay would still be a revolutionary advance in particle physics.

From an experimental side, it is conceivable to gain such an order of magnitude before
hitting the irreducible background of atmospheric neutrinos [182]. However, this requires
the observation of ~1 megaton of matter and much work is still needed to prove that the
background can be kept under control. Possible, although futuristic, solutions have been
considered [182, 183], often in liaison with future v programs. An ICARUS-like technique
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Figure 26. Examples of diagrams contributing to K 0 K0 oscillations.

[184] using liquid argon may be ideal but the 600 t of a basic ICARUS module are far from the
goal. We cannot emphasize too much the importance of the topic and call for elaborate
studies of future possibilities.

6.2. KK oscillations

It was stated in section 3.5 that a general MSSM 124 contains potentially dangerous terms if
the GUT scale boundary conditions are non-universal in the generations. It is worth revisiting
these arguments in slightly more detail. ~

The low energy measurement of K°KO oscillations induce strong bounds on the
degeneracy of the squarks of the first two generations. In the SM, the K°K? oscillations are
determined by box diagrams, shown in figure 26, involving the exchange of quarks and W's. In
the MSSM, there are additional contributions from, for example, the exchange of squarks and
gluinos. For simplicity, let us consider the first two generations. On the basis where the Yukawa
couplings of the d and s quarks are diagonal, there may be non-zero off-diagonal elements,
A?, in the mass squared matrix of the d and § squarks. Assuming that the squark masses are
nearly degenerate with mass 1, the existing constraints from Amg lead to the bound [69]

A’ 0.05 L (102)
— < . —
m? 500GeV )’

and hence the off-diagonal A? must be small. Even more stringent bounds can be obtained
from the K°K© mixing parameter ex [69]. This very strong bound can only be fulfilled if the
squarks are highly degenerate and can be relaxed if the squarks are heavy. In the MSUGRA
framework, this is achieved by assuming that they have a universal mass (and no mixing)
at the GUT scale. As the Yukawa couplings of the first two generations are negligible, this
degeneracy is preserved when running the masses down to low energy by the RGEs. For the
third generation, the Yukawa couplings of the stop and possibly the sbottom (at large tan 8)
affect the running of the mass and break their degeneracy with the first two generations, as
seen in figure 12. This mass splitting does not, however, contradict the bound (102). It is
therefore likely that the squarks of the first two generations are quite heavy, while the
stop and sbhottom could be relatively light, unless a SuperGIM mechanism is operative.

Bounds also exist on the mass difference for sleptons of the first two families. They
are based on the measured limit for the process i — ey. This topic is further discussed in
section 6.6.

6.3. b — sy decays

The interest in testing the decay branching ratios of flavour changing neutral current
(FCNC) processes, like the b — sy decay, resides in the fact that such transitions do not
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Figure 28. Charged Higgs mass versus tan S for several values of the b — sy branching ratio,
from [189].

exist at tree level in the SM, but can only proceed via loops. This allows, in principle, non-
standard contributions to be of size comparable with the standard ones. Some diagrams
which could contribute to the b — sy decay are illustrated in figure 27.

A combination of the measurements of the inclusive branching ratio from ALEPH,
BELLE, CLEO, BABAR by the heavy flavour averaging group (HFAG) [185] gives:

B(B — Xgy) = (3.5479%) - 107, (103)

where the error includes statistical and systematic uncertainties, and contributions from the
modelling of the photon spectrum.

6.3.1. Standard model expectation. In the SM this decay is mediated by penguin diagrams,
dominated by the first diagram shown in figure 27, with exchange of a top quark. An overview
of the steps involved in their calculation can be found in the lecture notes of Buras [186]. The
most recent prediction of the branching fraction, including next to leading order (NLO) QCD
corrections and QED corrections is [187, 188]

B(B — Xy) ~ (3.70 £ 0.30)107*, (104)

The prediction is in excellent agreement with the experimental result.

6.3.2. Extension with 2 Higgs doublets. Inthe SM with two Higgs doublets, one coupling to
up-type fermions, the other to down-type fermions, (2HDM model II) and in the MSSM, there
is an additional contribution from charged Higgses, like the one shown in the second diagram
of figure 27. The amplitude contributing is of the same sign as for the W — ¢ loop, hence it
increases the branching ratio. The Higgs contribution, which is known to full NLO [189,190],
is a function of (m,/my=)? and tan B. It decreases slowly with increasing tan 8 and saturates
at tan 8 ~ 2 and it decreases with increasing my=, as shown in figure 28 from Borzumati
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Figure 29. Branching ratio as function of the Higgs mass for the SM, the two Higgs doublet
model, SUSY for tan 8 = 2 and 30, reprinted with permission from [193]. Copyright 1998 by
the American Physical Society. The darker region corresponds to strict MSUGRA universality
conditions. For the lighter region, the Higgs universal mass parameters are allowed to differ from
the other universal scalar masses.

and Greub [189]. The figure displays the minimum value of the branching ratio, obtained
by varying simultaneously the input parameters within their errors, and is thus meant for
establishing exclusions (average values would be about 10% higher).

6.3.3. Supersymmetry. Supersymmetry allows several additional transitions to take place,
the dominant one involving a x ~ + loop, as in the example of figure 27. The amplitude for a
higgsino-like chargino at large tan g is approximately [191, 192]:

X (LA tan B. (105)

Compared with the SM, the amplitude can be of the same sign if the SUSY parameters
w-A; > 0, add to the effect of the charged Higgs. This case is presently disfavoured. The
contribution can have an opposite sign if © - A; < 0, practically cancelling the charged Higgs
contribution and thus close to (or even lower than) the SM expectation. Inthe MSUGRA model,
the latter is realized for positive values of u, as A, tends to be negative at low energies [192].
This situation is illustrated in figure 29 from Goto, Okada and Shimizu [193]. The experimental
range and the SM prediction differ from the values quoted in (103) and (104) because they
represent the status of 1998. The continuous line corresponds to the two Higgs doublet model.
In the left figure, for small tan 8, the dark area displays the MSSM solutions satisfying the
experimental bounds on the SUSY particle masses, together with the assumptions of correct
electroweak symmetry breaking and strict MSUGRA scalar mass universality at the GUT scale.
For the lighter area, the universality condition is relaxed to a common value for all sparticles
and another common value for the Higgs scalars. In the strict MSUGRA case, two branches are
singled out. Either the allowed solutions are close to the two Higgs doublet model, hence the
SUSY contributions are small due to the heaviness of the superpartners, or they are close to the
SM, so that the charged Higgs contribution is cancelled by the SUSY contributions. With the
relaxed universality condition, the allowed region is considerably extended. For large tan S,
the points allowed by the strict and the relaxed universality conditions cover the same area. As
the SUSY contribution is proportional to tan 8, a large range of branching ratios is possible.
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Table 9. Rare FCNC decays of b-quarks and s-quarks.

Branching Ratio

Decay SM Experimental

b — sete” (68.9 4+ 10.1)1077 [196] (50 & 13)10~7, HFAG [185]

b— sutp” (41.54+7.0)01077[196] (45 10)10~7, HFAG [185]

By — putu” (3.440.5)107° [198] <3.410~7, CDF+DO0 (95% CL) [200]

K+ — wtvb (77+£1.01071 [201]  (1.477430)10~10, E787+E949 [202]
K) — 7% (2.6 +£0.5107'1 [201] <5.9 x 1077, KTEV (90% CL) [203]
K) — nl%tem  (3.275% 10711 [204] <2.8 x 10719 KTEV (90% CL) [205]

However, the authors of [ 194] examined squark—gluino loop effects on the process b — sy
in minimal SUSY with general flavour mixing in the squark sector. Stringent lower bounds
on the mass scale of superpartners, which apply in the case of minimal flavour violation (see
section 6.7), can be substantially reduced. The case of ©# < 0 can also become allowed for small
Mgysy. One should therefore remember this caveat before drawing too strong conclusions from
b— sy.

6.4. Other FCNC decays

Althoughthe b — sy decay has been the flagship of the rare decays, there are several other rare
decays and low energy measurements which can bring valuable cross-checks and constraints
on new particles. In the following, some of them will be presented, but without the ambition of
being exhaustive. More complete accounts are found in lectures by Buras [186] or Nir [195].

Some of the more promising decays are listed in table 9. Their theoretical estimate is
dominated by loop diagrams analogous to the ones of figure 27, with the photon replaced by
a Z0. As these are short distance effects, the estimates are rather accurate. The b — sI*l~
branching ratios have now been computed to NNLO accuracy [187, 196].

The b — si*I~ branching ratios are more than an order of magnitude smaller than for
b — sy, but the B-factories are reaching the sensitivity to test the SM. The preliminary
results from BELLE, BABAR and CLEO, combined by the Heavy Flavor Averaging Group,
are compatible with the SM expectation.

As an example of the possible effects of SUSY, figure 30 (left) shows the range of the
branching ratio for » — su*u™ as a function of the b — sy branching ratio at tan 8 = 30
from Goto, Okada and Shimizu [193]. The b — su*p~ branching ratio is integrated over
the lepton invariant mass spectrum below the J /v threshold to avoid the resonance peak. For
large tan B, the dilepton branching ratio can be increased by a factor two with respect to its
SM value, even in a strict MSUGRA model. Moreover, when b — sy has a branching ratio
close to the SM expectation, the b — su* ™ ratio can be high. This occurs when the charged
Higgs plus MSSM contribution to b — sy is opposite to and about twice the SM value. It
would indicate a negative value of Au. For low tan g, the effect of SUSY on the dilepton
decay width is negligible.

The By — p*u~ branching ratio is rather small in the SM, compared with the existing
bound from the Tevatron. However, supersymmetric loops involving charged higgsinos can
also induce FCNC even in the minimum flavour violation (MFV) scenario through the diagram
in figure 31 [207]. The coupling of I:Iui to S7r is proportional to y, Vis, where Vi is the element
of the CKM matrix, and the diagram generates a FCNC interaction 5. bg H,, induced solely
by the mixing in the CKM matrix and without the need of inter-generational mixing in SUSY
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Figure 30. (left) Branching ratio of b — su*u™ versus b — sy for the SM and for the MSSM
with tan 8 = 30, from [193]. The darker region corresponds to strict MSUGRA universality
conditions. For the lighter region, the Higgs universal mass parameters are allowed to differ from
the other universal scalar masses. The experimental range and the SM prediction differ from the
values quoted in (103) and (104) because they represent the status of 1998. (right) Contour plots
of By — 't~ (solid), afLUSY (dashed) in units of 10710 and light Higgs mass (dot-dashed) in the
mq versus m1,y plane in the MSUGRA scenario, reprinted with permission from [199]. Copyright
2001 by the American Physical Society.
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Figure 31. Supersymmetric contribution to By — u*u™.

(which is typical of MFV). The contributions from supersymmetry, which are, in the large tan 8
approximation, proportional to tan® 8, can increase its value by several orders of magnitude.
They are also inversely proportional to the fourth power of the heavy Higgs mass, m;4. The
SUSY contribution can be further increased by including diagrams similar to the one in figure 31
where the higgsino is replaced by a gluino. The latter, however, requires inter generational
mixing in the SUSY mass matrix (see e.g. [207]). The case of large tan § fora MSUGRA model
is illustrated in the (m,2, mo) plane in figure 30 (right). Scaling the present Tevatron bound,
which is based on 410 pb~!, by the square root of the luminosity yields for 2 fb~!/detector
(15 fb~!/detector) the limits at 95% CL of 1 x 10~7(4 x 1079%). Improvements in the signal
selection and background rejection might further decrease these limits by about a factor of
2, which would make this decay accessible in a significant area of the mq versus m,, plane
(corresponding roughly to m;, < 120 GeV if tan 8 = 50). In the future, the LHC experiments
are expected to probe branching ratios at the level of the SM prediction [208]. Dimuon decays
of B;, which can be searched at B-factories, may also be interesting, but their branching ratios
are suppressed relative to B by a factor (Vig/ Vis)? < 0.06. The authors of [207] argue that the
observation of an effect may allow a lower limit on tan 8 to be derived (as a function of m 4)
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Figure 32. Branching ratio of By — u* ™ (solid, red) in the plane tan S versus M, for the GMSB
scenario with N=1 and M = 10° GeV, together with aﬁUSY (dashed, blue) and light Higgs mass
(dot-dashed, black). Reprinted with permission from [211]. Copyright 2002 by the American
Physical Society.

and bring valuable information which is not easy to extract from the direct SUSY searches.
Figure 30 (right) also displays the SUSY contribution to the anomalous magnetic moment of
the muon aiUSY (see section 6.5). It was pointed out in [199] that a strong correlation exists in
the MSUGRA framework between an excess due to SUSY in B(B; — w*u”) and in a3’%Y,
but it may be weakened in a more general MSSM [209]. A correlation of this branching ratio
with the Bg — B? mass difference A M; was emphasized in [210]. In [211] this correlation is
studied for various SUSY breaking mechanisms. Figure 32 gives the expected contributions
in the GMSB scenario. Another, potentially interesting decay mode is B, — 7¥t~. As the
branching ratio is proportional to m?, it is expected to be two orders of magnitude larger, but
suffers from the more difficult detection of taus.

Also for the Kaon decays, large departures from the SM values are possible. The theoretical
calculation of the branching ratios listed in table 9 is rather clean [186]. But their values in the
SM are exceedingly small and these decays are even more difficult to access experimentally.
The ‘measurement’ of K* — w*vv [202] is based on the observation of two events by E787
at BNL (in 6 x 10'? decays with an estimated background of 0.15 % 0.05 events) and one
more event in the first results of E949, an upgrade of E787. The other limits from KTeV
(E799/E832) at Fermilab [203] are several orders of magnitude above the SM expectation.
Moreover, a model independent bound from isospin symmetry based on the B(K* — w*vv)
yields the bound [186] B(K? — %) < 2.6 x 107 (90% CL), well below the KTeV
limit. In the strict MSUGRA scenario, the effects are usually small. But in a relaxed MSSM
framework, they may become sizeable (see for instance [212]). It is still difficult to quantify
by how much, because some of the largest deviations estimated may not fulfil the constraints
imposed by other decays and by CP-violation observables.

Looking into the future, further improvements on the B decays can certainly be expected
from the B-factories. Also the sensitivity to B, — u*u™ is expected to be increased at the
LHC to the level of the SM expectation. Concerning the B(K* — m*vb), the experiment
E949, the upgrade of E787, at Brookhaven was hoping to reach a sensitivity of ~10~!!/event
and the experiment CKM (E921) [206], which was approved by Fermilab, was aiming at
~107"2/event, which should have allowed a measurement of the branching ratio to 10% (100
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Figure 33. (left) Lowest order diagrams for SM contributions to g, — 2. (right) LO hadronic
contributions.

signal events on a background of <10). But both experiments were stopped. New proposals are
currently being prepared: P940 for Fermilab and an extension of NA48 at CERN, both aiming
at taking data in 2009, as well as a letter of intent for an experiment at J-PARC in Japan. For the
B(KE — %), the KEK experiment E391a, which started taking data in 2004, should reach
a sensitivity of ~107!%event (and might be upgraded for J-PARC to reach ~3 x 10~!3/event)
and the KOPIO experiment (E926) at Brookhaven expects to reach ~2 x 10~1?/event.

6.5. g — 2 measurements

The slight departure of the muon g factor, relating the magnetic moment to the spin, from its
canonical Dirac value of 2 is due to the fact that the electromagnetic interaction of a muon and
a photon is perturbed by the exchange of one (or more) additional photon(s), as illustrated in
figure 33 (left).

After the completion of the CERN measurement some 20 years ago [213], a new
measurement of the muon g — 2 is taking place at BNL (E821) [214]. It started in 1997 and its
most recent results are [215] a,+ = (g, —2)/2 = 11659204(7)(5) x 10719, based on statistics
of about 4 billion p+ decays collected in 2000 and [216] a,,- = 11659214(8)(3) x 10~'° from
n~ decays collected in 2001. The experimental principle is similar to that of the final CERN
experiment and uses the ‘magic’ momentum of muons for which the precession frequency
does not depend on the electric field, which allows the electrostatic quadrupole field to be used
for vertical beam focusing. The new result is compatible with and dominates the results based
on about 1 billion decays collected in 1999 [217,218] and with the earlier results, yielding the
new world average

a™® = (11659208.0 £ 5.8) x 10717 (106)

From the theoretical point of view, the current status, which is, however, still evolving, is
summarized in table 10 (see e.g. [219] for areview). The QED contribution has been evaluated
up to 4 loops and includes an estimate of the 5 loop contribution. The electroweak corrections,
dominated by exchange of W and Z°, have a theoretical error that includes an estimate of
the higher order contributions, but remains small, anyhow. The hadronic vacuum polarization
contribution, shown in figure 33 (right), involves the strong interaction at low energy and
thus cannot be computed from first principles. Instead, it is determined from a dispersion
integral over the e*e™ cross-section and is dominated by the energy region /s < 1.4 GeV.
Several estimates exist in the literature for the LO contribution. They differ by the inputs used
(inclusion of 7 data, usage of perturbative QCD at higher energies) and/or by the integration
method. The most recent LO results, are moderately compatible with each other and the
numbers quoted in table 10 correspond to their highest and lowest values obtained. Earlier
estimates [228,229], computed in 2002 before the re-analysis of the e*e™ cross sections by
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Table 10. List of the radiative corrections contributing to a,. The value of the total published by
Davier et al differ slightly from the total value in the table, due to their use of slightly different
estimates for the EW or light-by-light contributions. The value of Melnikov et al is slightly different
from the one in their paper and was quoted in Davier ez al. All errors have been added in quadrature.

Source a, x 101 Remarks
QED 116584719.6 £ 1.4 Kinoshita et al [220]
EwW 154 £2 Czarnecki et al [221]
LO hadronic 6934 + 64 Davier et al [222] ete™
7110 &+ 58 Davier et al [224] t decays+CVC
NLO hadronic —100+6 Alemany+Davier+Hocker [225], Krause [226]
Light-by-light 120 £35 Melnikov et al [227]
Total a,, 116591827.6 +£73.3  using Davier et al e*e™

116592003.6 &= 68.0  using Davier et al T decays

CMD-2 [230], showed larger discrepancies, e.g. Hagiwara et al [229] found a LO hadronic
contribution of (6831 £ 62)10~!! derived from inclusive e*e~ cross sections. More recent
results based on e*e ™~ include (6963472)10~!! from Davier et al [224], (6948+86)10~!! from
Ghozzi and Jegerlehner [231], (6996489)10~!! from Ezhela et al [223] and (6935+59)10~!!
from de Troconiz and Yndurain [232]. They agree with each other and with the value quoted
in the table, which also uses new data from the KLOE experiment [233] based on the technique
of radiative return. However, this apparent moderate disagreement on a,, hides much larger
incompatibilities between some experimental inputs: between the inclusive e*e™ cross-section
and the sum of exclusive channels in the region /s = 1.4-2GeV [229]; between the sum
of the w7~ channel in e*e™ and the expectation from 7 decays based on CVC in the region
/s = 0.85-1.8 GeV [224]. More work is needed to understand these differences, which is the
reason why we quote the two extreme values in table 10. It was recently argued in [234] that
some additional contributions from the putative scalar mesons o (0.60) and f;(0.98) ought to
be included, although this is very controversial.

Another new fact is the re-evaluation in 2002 of the hadronic light-by-light scattering
contribution [227], dominated by the y*my* interaction, and for which there was previously
an error of sign.

After revision of the SM prediction for a,,, the most recent estimates, taking into account
the VEPP CMD-2 e*e™ results, are shown together with the BNL measurements, in figure 34.
The present result is

a® —aM=8+9) x 10" t0(25+9) x 107" (107)

"
for the two extreme values of the hadronic LO corrections and with all errors added in
quadrature. It should be interpreted with care as the dominant errors are systematic. The
experimental result is 0.9 to 2.7 o higher than the SM prediction. Note that the estimate from
Hagiwara et al [229] in 2002 based on the previous e*e™ cross sections, compared with the
ut measurement, gave aZXP — aiM = 36+ 11) x 10719 hence a 3.3 o effect. It decreased to
2.0 0 in 2003 using the updated estimate from Davier et al [224] and increased again slightly
after the publication of the u~ results. This shows a clear evolution of the results with time
and, before drawing any conclusion, it is wise to let the situation settle.

SUSY, like other sources of new physics, could lead to a discrepancy between experiment
and the SM prediction of g, — 2 [235,218]. The basic loop contributions to g, — 2 in
supersymmetry are given in figure 35. For the CP conserving case, the chargino—sneutrino loop
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Figure 34. Comparison of the most recent estimates of a,, and of the measurements [215,216]
by experiment E821. The labels refer to Davier et al [228] (DEHZ02), Hagiwara et al [229]
(HMNTO2), Ezhela et al [223] (ELZ03), Davier et al [224] (DEHZ03), and Ghozzi and Jegerlehner
[231] (GJ03), de Troconiz and Yndurain [232] and Davier et al (presented by Hocker) [222].

N

Figure 35. Lowest order diagrams for SUSY contributions to g, — 2, from [218].

contribution is usually the largest and its expression for large tan 8 is approximately [235,218]

a(Mz) m; 100 GeV\?

ay Y ~ %# tan Bsign(u) ~ 130 10! (T) tan Bsign (1) (108)
(the numerical factor includes a small contribution from neutralino exchange) where m
represents a common mass for the contributing SUSY particles (else, it is approximately
the heavier mass). Hence, the magnitude of a5"5Y is proportional to the square of the muon
mass. This shows that the anomalous magnetlc moment of a muon is about 40 000 times more
sensitive than an electron in new physics. Itis also proportional to tan 8 and its sign is generally
the same as the sign of the parameter © [236]. Some effort in recent years was devoted to the
computation of SUSY two-loop effects [237]. In particular the chargino—neutralino two-loop
contributions can be important for small 7 and large tan j.
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Figure 36. Region in the mq versus m 1> plane compatible with the g,, — 2 measurement, reprinted
with permission from [238]. Copyright 2002 by the American Physical Society.

If the difference in equation (107) is attributed to supersymmetry, it implies that negative
values of the parameter n are disfavoured. An analysis in the MSUGRA framework [238]
P _ M _

shows that by imposing, for instance, a 2 constraint, taking as deviation aj, u =

(26 & 10) x 10710 near the upper value of (107), one can get lower and upper limits in the
mo — my,, plane as illustrated by figure 36 in the case of tan 8 = 10 and 50. The light grey
(yellow) regions are theoretically disallowed and the dark grey (red) region is cosmologically
preferred (see more on this in section 12.2.1). The upper limit on sparticle masses for large
tan § is on the borderline of (or exceeds) the reach for LHC. The naive approximation (108)
would lead, for tan 8 = 50, to an upper bound on m of about 1.1 TeV, while the MSUGRA
analysis finds a limit of ~2.5 TeV for squarks of the third generation and of ~3 TeV for gluinos
and squarks of the first two generations. This 2o deviation would correspond to 1 o if the
higher SM expectation in (107) had been used. It is also observed in figure 36 that at high
tan B8 the b — sy decay imposes a strong constraint on the parameter space.

The experiment E821 hopes to obtain more running time, aiming to collect an extra 6
billion events. Their final goal is to reduce the measurement error to 40 x 107!, Tt is
estimated in [229] that the error on the LO correction can be lowered to about 1 x 10710, A
third source of information about low energy e*e™ hadronic states will come in the future from
radiative return measurements by B-factories [239] and other low energy colliders. One has
however to reach a normalization accuracy of 1% and a mastering of the radiative process [240],
which is challenging [241]. In these conditions, it will be important to also lower the (rather
conservative) error on the light-by-light scattering contribution in table 10, a result which could
be achieved by lattice calculations.

6.6. Lepton flavour violating decays

Lepton flavour violating (LFV) interactions, like u — ey or u — e conversion in nuclei
have been searched for since the evidence that the muon is a lepton [242]. The strongest
experimental bound on B(u — ey) is from the MEGA experiment at LAMPF [243]

B(u — ey) < 1.2 x 107! (109)

at 90% CL.
This process is forbidden in the SM by conservation of the lepton family number. Even
with LFV in the neutrino sector, the branching ratio remains exceedingly small [244]. However,
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several SUSY models have been proposed in which LFV is strongly enhanced and could occur
at experimentally accessible levels. Moreover, the diagrams inducing © — ey decay are
closely related to the ones in figure 35 which affect the muon (g — 2). Assuming, for example,
that the off-diagonal entry (mlg)g,; between selectron and smuon in the left-handed slepton
mass matrix is non-zero, the following approximate relation is obtained [244] from

susy \ 2 2y _\2
B(p— ey) ~3107° (a” ) ((m’)e"> (110)

10— m?

For a3"®Y =~ 1077, the present bound would imply (m?)zz/m* < 6107%, which already
constitutes a serious constraint on model building. Further improvements on the © — ey
decay may be expected from the MEG experiment [245] at PSI which has planned to start
taking in data in 2006 and aims at a sensitivity of ~10~4/event.

There is the experiment SINDRUM?2 at PSI looking for the ;& — e conversion in nuclei
which has set a preliminary limit of <8 x 10™'3 at 90% CL for conversion on gold. It is
anticipated that this experiment may further improve its sensitivity by at least a factor of
10. A proposal has been submitted at BNL for the MECO experiment (BNL E940) [247]
aiming at reaching a sensitivity per event of 2 x 1077, In a more distant future, it has been
estimated that at a CERN neutrino factory (NUFACT) a sensitivity of ~10~!/event could be
reached [248].

6.7. SUSY and CP violation

The presence of SUSY particles in loop diagrams gives flavour violating contributions, which
may or may not involve CP violation. SUSY CP violation in the flavour sector will depend
on the way the SUSY induced flavour violating effects are kept under control: universality,
heavy squarks, alignment. Only the latter [249] seems to offer the hope of measurable effects.
Present data from B-physics are in good agreement with the CKM model, but within the
present accuracy they constrain only the squark mass splittings and mixing angles in the
gluino couplings. There is presently no evidence from heavy flavour physics for the need
of any extra phase, besides the large CKM one which by itself explains phenomena of very
different magnitudes (¢ ~ €'/e ~ 1073, ap—yks ~ 1).

However, another manifestation of CP violation, the baryon asymmetry of the universe,
is a reality and calls for something more beyond MFV: new CP violating sources or new
flavour structure beyond the Yukawa matrices [250]. The same will be true if the value of
the CP asymmetry of B — ¢Kg is confirmed since in MFV it should not differ from the
B — J /¥ Kg one. Belle and Babar CP asymmetries in B — ¢Kg and B — 1Ky indicate a
possible deviation from the SM (2.4 and 2.7 o for Belle and Babar, respectively). It has been
proposed that SUSY contributions may explain the result. In [251] it has been shown that
EDM constraints (see next section) severely restrict the flavour mixings between second and
third generations and provide guidance in the possible interpretations.

More information is needed to go further but none is easy to get: more precise data
in B physics, CP violating couplings of Higgs, neutrino physics to determine 6;3 and
possibly CP violation. A major input will be the confirmation or refutation of electroweak
baryogenesis (m;, at the edge of discovery and light stop). If however it is refuted and if
the CP phase responsible for the baryon asymmetry is connected to phases in the heavy
Majorana neutrinos sector, it may be unfortunately difficult to relate them to possible low
energy CP violating phenomena in the neutrino sector, through v oscillations or OvgS
decay.
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6.8. Electric dipole moments (EDM)

Electric dipole moments (EDM), defined for a fermion as

[= _%dff%ysfFW (111)

violate parity (P) and time reversal (T) and are hence a signature of CP violation, under the
assumption of conservation of CPT. They are due to loop diagrams similar to those contributing
to g—2. Inthe SM, at 1-loop level, amplitudes are real and EDM appear only at the 3-loop level.
They are expected to be many orders of magnitude smaller than the foreseeable experimental
sensitivity. A measurable value would therefore be a clear sign of CP violation beyond the
CKM phase.

New physics contributes to the (g — 2) and EDM via operators which are closely related,
e.g. the loops of figure 35 in the case of supersymmetry, involving gluino, chargino and
neutralino exchange. The SUSY contribution to the electron EDM is due to 1-loop chargino
and neutralino exchange. To the EDMs of quarks one should add 1-loop gluino exchange
and 2-loop gluino—quark—squark diagrams. Considering the neutron EDM, assumptions about
the neutron structure are necessary to express it in terms of quark EDMs. The chiral quark
model, the parton quark model, QCD sum rules and the chiral Lagrangian approach [252]
give different relationships between the neutron and quark EDMs, in particular concerning
the contribution of the s-quark. The quark EDMs themselves may receive contributions from
electric and chromoelectric dipole operators and the Weinberg three-gluon operator. Gluino,
chargino and neutralino are involved.

In SUSY models there are many new CP violating phases beyond dckn. Butin MSUGRA
only two of these are physical: @4, related to the relative phase between the A-terms and the
gaugino mass terms, and @, related to the relative phase between the p-term and the B-term.
The problem is to keep the SUSY CP violating induced effects below the limits presently
existing. For instance, the neutron EDM is expected to be [249]

100 GeV

m

2
d, ~ 300 ( ) sin®6.3 x 107 ¢ - cm, (112)
where m is a typical spartner mass and ® a CP violating phase in the SUSY breaking terms.
So, unless m is very large this crude formula shows that the present limits on EDMs (and a
fortiori the foreseen ones) a priori put very strong constraints on the phases.

No EDMs have yet been found yet. The experimental limits are

|d,| < 6.3 x 1072 ¢ - cm (90%CL)
ld.] < 1.6 x 107%7 ¢ - cm (90%CL)
|dpe| < 2.1 x 107 ¢ - cm (90%CL) (113)

where the bound on d,, is from [253], on d., obtained from atomic thallium, from [254] and
on dy, from [255]. Experiments using ultra cold neutrons and new techniques are planned to
gain 2 to 3 orders of magnitude on the latter [256].

The only limit from a dedicated search for a permanent muon EDM available is still the
1979 result of the CERN experiment [213].

d,=3.7+34)10 "¢ cm. (114)

It has been emphasized in [257] that the BNL experiment E§21 measuring the spin precession
frequency of the muon is sensitive to both the anomalous magnetic moment and the muon
EDM. The excess observed could be partly or entirely attributed to the EDM and provides
in fact the most stringent bound which, for the largest deviation in equation (107) would be
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d, < 3.4 x 107" ¢-cm at the 20 level. This motivates more sensitive searches for the muon
EDM, like the proposed new experiment at BNL [258], aiming at a sensitivity of 1072* ¢- cm,
or the NUFACT proposal for a neutrino factory [259] at CERN, which quotes a sensitivity of
5x 10720 ¢-cm.

In most models, the lepton EDMs scale, i.e. are proportional to the lepton mass. The
current measurement of the electron EDM [260] d. = (0.69 & 0.74)10~?7¢- cm, which gives
a95% CL upper bound of d. < 1.9 x 107’ ¢. cm, implies that d, <39x 10~%¢- cm under
the hypothesis of scaling. This is beyond the sensitivity of the BNL experiment.

A priori the SUSY phases are strongly constrained by the above limits. In SUSY models

the EDM can be suppressed by the following.

1. Small SUSY CP-phases (< 1072). This can be motivated by approximate CP-symmetry
which also implies that the CKM phase is small.

2. Heavy SUSY sfermions of the first two generations. This is hard to realize without much
fine tuning, as done in split supersymmetry, see section 5.3.4. For instance in a MSUGRA
model with maximal CP phases the EDM constraints require mg to be around 10 TeV,
which is very unnatural.

3. EDM cancellations between the chargino and neutralino loops [261]. These are still
possible in MSUGRA, but require small ®,, and suppressed |A|, i.e. one is back to small
phases.

4. Flavour off-diagonal CP violation. This allows for significant SUSY effects in B and K
physics [262,250].

The first and fourth options are the most attractive ways to avoid overproduction of the EDMs in
SUSY models. With the inclusion of non-universalities, it is found [257] that non-degeneracy
of selectron and smuon masses or flavour violation at a level still acceptable by the current
limits may enhance the muon EDM to values d,, ~ 107*2¢- cm, observable by the proposed
BNL experiment.

6.9. Atomic parity violation (APV)

Parity non conservation in atomic cesium '3*Cs, a field pionneered by Bouchiat and Bouchiat
[263], has been measured at Boulder [264] with an uncertainty of ~0.6%. In such
measurements, one determines a parity violating signal Epnc

Epne = KpnecQw (115)

The parameter Kpnc multiplying the weak charge Qw needs sophisticated atomic-structure
calculations and its accuracy remains the limiting factor of the determination of the weak
charge.

In the past it was claimed that the caesium weak charge differs from the SM expectation
[264]. Several improved theoretical calculations [265] suggest on the contrary that the
agreement is correct. Taking at face value the claim of [264], the SM prediction of Q%VM
would be larger than the experimental value Qf,"

(0w — 03/ 0" = —0.016 £ 0.006, (116)

and one can speculate at what new physics could cause the discrepancy. For the sake of
illustration of the power of APV, for instance in scenarios with extra neutral gauge bosons, the
bounds obtained [266] on a Z’ would then be 630 < Mz < 1470 GeV, where the lower bound
is from the Tevatron [267]. But with the new status of the theory giving

(0% — O/ 0" = —0.005 £ 0.007 (117)
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the authors of [268] show the present lower limits on various types of Z” and compare them to
the LEP and Tevatron bounds. For example, the 95% CL lower limits on a Z’ in a left-right
model are 665 GeV from APV, compared with 630 GeV (804 GeV) from CDF (LEP); in a
sequential SM they are 1010 GeV from APV and 690 GeV (1787 GeV) from CDF (LEP).

These are of the same order, which illustrates the power of APV. However in the
future direct searches at the LHC will be much more performant.

If one focuses only on APV and in case of a discrepancy, it is clear that SUSY is not the
first kind of new physics to be suspected. But at the same time, measurements of superallowed
nuclear Fermi B-decay provide the most precise measurement of V4 and an averaging over
several decays gave [269]

(IVaalzyp — Vaalm)/Vaalgy = —0.0029 £ 0.0014, (118)

where a discrepancy seemed to appear. While an additional neutral weak gauge boson could
be the culprit behind an APV deviation [266], it would not help to account for the S-decay
result.

In reference [269], it had been shown that in extensions of the MSSM having R-parity
violation, there exists a small but non-vanishing region of the parameter space of couplings and
sfermions masses which may account for both. Observable consequences in other processes
were deduced. However V4 was estimated assuming the unitarity of the CKM triangle applied
toits firstline, taking V,;s from the existing data. It appeared later that the culprit of this apparent
discrepancy was Vy [270] rather than V4. One can therefore consider the problem as solved.

Clearly, a new independent measurement of APV in caesium or francium with an error
at the level of Boulder would be interesting. However, to be competitive in the LHC era, the
APV programme should now aim at errors at the per mille level. Since the final publication
of Boulder results on Cs [264], the Cs activity has been ongoing in LKB (Laboratoire Kastler
Brossel at Ecole Normale Supérieure) with a different approach [271]. The present activities
and ideas for the future of APV are described in [272]. In particular, programmes involving
francium are under investigation [273,272]. In this field as well, theoretical activity is crucial
and abundant. In [274] itis shown that a comparison of the weak charges of the electron and the
proton, obtained from fixed-target parity violating electron scattering experiments, can reveal
the effect of SUSY loop contributions and help distinguish between different SUSY scenarios.

6.10. LEP/SLC precision measurements

A wealth of electroweak observables have been measured with very high accuracy, by the
e*e™ experiments on the Z° resonance at LEP and SLC, as well as up to 208 GeV at LEP2.
The theoretical expectations have been computed in the framework of the SM, including
quantum corrections, and are generally found to be in good agreement with the measurements
combined by the LEPEWWG [275] (see also [276]), as summarized in figure 37 (left) by the
pulls (in absolute value) on the individual observables. The pull for observable ‘x’ is defined
as (x,, — xy)/o, where x,, is the measured value, x; the fitted one and o the experimental
error. A pull of +2.9 is, however, found for the v N neutral to charged current cross section
ratio from NuTeV [277]. The fit including all data has a x2/d.of. =25.4/15, i.e. a rather
low probability of 4.5%, but improves to 16.7/14 (28%) without the NuTeV result. Only two
observables, Apg(b) and A;(SL D) are slightly above the 2 sd level, indicating that none of
the measurements is really anomalous. We will see in section 8.1 that their 2.80 disagreement
is nevertheless embarrassing concerning the Higgs mass. A similar fit was made recently
by [278], who do not include the NuTeV result but do include the measurements of g, — 2
and of B — X,y, with the results shown in figure 37 (right). The obtained x? probablility
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Figure 37. Results from a fit to the electroweak observables. (left) Fit to the SM by the
LEPEWWG [275]. (right) Fit to the SM, to the MSSM and to CMSUGRA (called CMSSM
on the figure) reprinted from [278]. Copyright 2004, with permission from Elsevier.

is not very good (~5%), largely due to the inclusion of g,, — 2, for which the authors use the
deviation Aa, = (339 £112) - 107!, Apart from this, their results are nearly the same as the
ones from the LEPEWWG.

The expectations from the SM are modified by the inclusion of the superpartners in the
loop corrections and the question arises whether the achieved precision is sufficient to allow
sensitivity to such deviations, given the existing lower bounds on sparticle masses from direct
searches.

A second fit was made by [278] in the framework of a MSSM with the GUT universality
assumption for M| and M,, a common GUT mass for the sleptons, one for the stop and one
for the other squarks. The results of the fit are also shown in figure 37 (right). The resulting
x? is reduced compared with the SM fit, mainly from a better agreement for a,,, but also the
number of degrees of freedom is smaller and the fit probability is not improved much (18%
versus 5% for the SM).

Finally a fit was made in the MSUGRA framework (labelled CMSSM) with universality
of the gauge and the scalar masses at the GUT scale and radiative electroweak symmetry
breaking. The y? increases, compared with the MSSM fit, but the probability remains similar
due to the increase in the number of degrees of freedom.

The allowed departures with respect to the SM are found to be small in all cases, less than
one standard deviation. Moreover, the figures do not show the correlations between observables
in the fit. For example, bringing Apg () closer to its measured value would lead to a worse
value for R;. The conclusion is that, at the existing level of precision, the observables show
little sensitivity to the SUSY particles beyond the limits of direct searches and that the
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Figure 38. MSUGRA+WMAP prediction for the electroweak observables as a function of my ;.
(left) For My, (right) for sin? @y, from [281].
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Figure 39. MSUGRA+WMAP prediction for BR(b — sy) at tan 8 = 10 (left), tan 8 = 50
(centre) and (right) a,, as a function of m >, from [281].

SUSY models do not improve the fit quality over the SM. The same conclusion was reached
previously from a similar fit to the LEP/SLC data of 1998 [279]. An exception is the b — sy
branching ratio which, for the SUSY parameter © > 0, allows strong constraints to be put on
the MSSM spectrum. These have been discussed in section 6.3. Allowing both signs of u, a
small portion of the SUSY parameter space, e.g. in the m 1, versus mg plane, can nevertheless
be excluded [280] and Erler and Pierce [279] conclude that the mass of the CP-odd Higgs has
to be larger than 150 GeV, which would imply that 4° is always very much SM-like.

Another analysis of the constraints was carried out [281] under the assumption of
MSUGRA with the additional constraint that the relic density in the universe, measured by
WMAP, is constituted by the LSP (see more details in section 12.2.1). The allowed parameter
space is then shrunk to narrow lines in the mg versus m,, plane for fixed tan g, sign(u) and
Ay, enabling m to be expressed as a function of m; ;. Figure 38 displays the allowed values
of My (left) and of sin® Oy (right) versus m, for various values of Ay and fixed tan = 10,
@ > 0. The horizontal full lines show the present central value and the +1 0 band from
the electroweak measurements. The narrow regions delimited by dashed lines are projections
into the future, assuming improved measurements of the electroweak parameters [281]. At
the present level of accuracy they favour a range of m,, from 300 to 600 GeV at the 1 — o
level, but all values of m, are allowed at the 90% confidence level. Similar plots are shown
for the BR(b — sy) and a, = (g — 2), (using Aa, = (25.2 +9.2)107!%) in figure 39.
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The dotted lines show the 2 — o range. The dash-dotted lines for BR(b — sy) is the 95%
CL exclusion taking into account the experimental errors and the uncertainty existing in the
SUSY loop calculation. The constraint from BR(b — sy) imposes a lower bound on m;,
for tan B8 = 50, but allows all values of m, for tan 8 = 10. The ‘discrepancy’ on a,, again
favours the range m;;; ~ 200-400GeV when tan 8 = 10, which shifts to 400 to 800 GeV
for tan § = 50. But, as emphasized in section 6.5, the latter has to be interpretaed with care.
Finally, a least squares fit was performed including all constraints, showing a preference for
myy ~ 300GeV and negative Ay when tan 8 = 10. However, the increase of the X2 with
increasing m ;, is dominated by the a,, constraint. For tan 8 = 50, the preferred value of m 1,
is about 200-300 GeV higher and A, remains negative. In consequence, the best fit values
at tan 8 = 10(50) for the LSP and the 7; are ~100(250) GeV, for the )220 and )Zli around
200(400) GeV, the squarks around 600(1000) GeV, except the 7; which is expected around
500(900) GeV (with a significant dependence on Ay). It also leads to m, = 300(400) GeV,
confirming the result of [279].

In the LEP/SLC results one may however underline the discrepancy between the two most
accurate measurements of sin> Oy, from Ab and Arg, and play various games around that fact.
For instance, discarding the former one gets an embarrassingly light Higgs, well below the
LEP direct lower limit. The authors of [282] find then that the inclusion of light superpartners
at the limit of LEP direct exclusion could improve the situation. However, by including LEP2
results it goes the other way around [283].

Conclusion. in spite of the attractivemess of accurate measurements and the successful and
spectacular prediction of the top mass by LEP (see figure 1), one is forced to admit that they
are not a panacea. Low energy measurements like g — 2 or B rare decay, except b — sy,
have not yet reached the required sensitivity and still suffer from various ambiguities. Even if
disagreements with the SM are established, identifying the physics responsible may be difficult,
unless a typical pattern emerges. As for the LEP/SLC electroweak observables, although they
seem to indicate a light Higgs, they do not offer much information about SUSY, which by
construction is mimicking closely the SM and could still be close to the limit without being
noticed. The conclusion is that nothing can replace a direct exploration of the phenomena.

7. Machines and programs involved

7.1. Accelerator experiments

The majority of the results on searches for new particles were obtained by the experiments
at LEP (Aleph, Delphi, L3 and Opal), at the Tevatron (CDF and DO) and at HERA (H1 and
Zeus). The main parameters affecting the reach for searches, the centre-of-mass energy and
the integrated luminosity recorded by the experiments, are (approximately) summarized in
table 11. The results presented below are based on these data. Further improvements can be
expected in the near future, from the following approved projects.

e Tevatron has increased its energy to 2 TeV. The aim was to accumulate in run IT 2-3 fb~!
by the end of 2004, a factor of 20 increase over the present integrated luminosity. A
further increase in luminosity by a factor of 10 could yield up to 5fb~" per year and per
experiment. The Tevatron collider run Il began in March 2001 after several major changes
were made, in particular the construction of the main injector and of the recycler ring.
Actually, progress has been slower than expected, as can be seen from figure 40. The
luminosity in June 04 was ~ a quarter of the run II design (7 x 103! instead of 29 x 103!),
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Table 11. High energy machines contributing to searches.

Machine Reaction  Experiment /s,GeV ~ pb~!/exp
LEP ete” ADLO
1989-95 91 150
1995-97 130-183 80
1998 189 175
1999 192-202 230
2000 204-208 215
Tevatron (runl)  pp CDF, DO 1800 110
HERA ep Zeus, H1
1993-97 300 50
1998-00 318 83

Design and Base Projections

Integrated luminosity at end of each FY

Design Base
94 Fiscal
Year () ()
84 FY03 0:33 0.33
—; 7 FY04 0.64 0.56 Design Projection
= FY05 1.2 0.93
z 61  FY06 2.7 L4
¢ FY07 4.4 22
E 51 FYos 6.4 33
;u .| FY09 8.5 44 Base Projection
5
g 3
£
24
1
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Figure 40. Tevatron projection of integrated luminosity until 2009, From [284].

with 550 pb~! integrated luminosity registered. The rate of antiprotons is still low and has
to improve. As a base projection for 2007 one could gain a factor ~2.5 on the luminosity
per week, giving ~4.4 fb~! accumulated by 2009. The DOE review panel views this goal
as having a good probability of being met or even exceeded [284]. But meeting the design
goal of 8.5fb~! by the end of 2009 remains very challenging.

e HERA 1 (1992-2000) has delivered ~190pb~" of which ~140pb~! was collected by
the experiments (e.g. ZEUS). A shutdown for HERA 1I started in autumn 2000. After
delays due to a high level of background, the programme has restarted and from 2003
to March 2005 an additional ~120 pb~! was delivered by the machine (see figure 41),
from which ~70pb~! was collected by ZEUS. The programme should continue up to
~2007 at the same e+p energy of 27.5 + 920 GeV with the hope of accumulating about
1 fb~!/exp, giving thus a factor ~5 increase in luminosity. Moreover, the electron beam
will be polarized (P, >~ 0.6-0.7).

e LHC, planned to start in 2007, should run at 14 TeV and expects to collect ~10 fb~! /year
for the first 2—3 years, after which a high luminosity phase with ~100fb~! /year would
follow, yielding a total of up to 300 fb~! per experiment.



2928

L Pape and D Treille

HERA Luminosity 2002 - 2005

80 04 e

Integrated Luminosity (pb™)

D
0 26 50 75 10D 125 150 175 200 225 250
Days of running

Figure 41. Hera integrated luminosity, from [285].

One should point out, as a general remark, valid for all evaluations of sensitivities,
that 100 fb~!/yr, for instance, means 10* times 107 second, namely the nominal
luminosity during ~ 4 months. With such an estimate, LEP for instance should
have registered ~7 times more integrated luminosity than it did.

The challenge of LHC is well known. LHC will collide 7 TeV protons, providing
parton collisions in the TeV CM region. The interesting cross-sections scaling as
1/E?, one will need 100 times more luminosity than at LEP, i.e. 103 cm~2s~!. To
achieve that, proton bunches will encounter every 25ns (nearly 1000 times more
frequent than LEP bunches did). Per crossing ~20 interactions will occur, giving
overall 10” interactions per second (at LEP1 one had 1 Z° every 3 seconds and, with
Bhabhas, this represented a large fraction of the total rate). To cope with the high
level of irradiation (up to 100 Mrad), to keep the detector occupancy at an acceptable
level, to achieve the trigger selectivity (10~7) and to deal with the flux of information
(~1Tbyte/day), one must build for LHC quite sophisticated detectors with a large
number of channels (tens of millions for tracking) and involving many forefront
technologies. This challenging situation already makes LHC a very interesting
project. An impressive amount of R&D has been completed in the last decade.
LHC success also relies heavily on the steady progress of several technologies in the
surrounding industrial world. The comparison with the ‘easiness’ of LEP physics
is impressive. However several other programs (Tevatron, B factories, fixed target
experiments,..) have already been successful in quite challenging conditions.

LHC upgrades. Several possible upgrades of the LHC have already been contemplated [286].
The first one concerns a further increase in luminosity from ~10** to ~10*>cm~2s~!, which
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could be envisaged at the earliest for ~2012. A priori this seems to require only modest
changes to the machine: increasing the crossing angle by +/2 for half the nominal 8* to keep
the same small contribution of long-range collisions to the beam—beam effect, increasing the
bunch number (one every 12.5 ns) and population up to the ultimate intensity (1.7 x 10'!
protons per bunch), upgrading the injectors to deliver beams with higher brilliance and halving
the bunch length. This would provide ~4.7 x 10** cm~2s~!. Considerable hardware changes
in the injectors, to increase the brilliance and inject at higher energy, would allow for further
steps. One should not underestimate the difficulties of this upgrade, actually an ‘upgrade of
an upgrade’, and the question marks are still open: can one really stand a bunch separation
of 12.5ns? Could the shorter luminosity lifetime reduce the expected gain? What about the
activation level of the central part of the detector? And major detector upgrades would be
needed to fully benefit from the luminosity upgrade as discussed below.

Another possibility considered is to increase the LHC energy. This case is less demanding
on the experiment side, but a strong R&D program on new magnets (niobium-tin) and a
complete rebuilding of the machine would be necessary, which implies a big investment, a
very long shutdown and therefore a substantial disruption of the physics programme. It is
unrealistic to consider that this could happen in the near future.

Future machines. In a more distant future the next step is to be expected from projects under
discussion, like a sub TeV e*e™ linear collider or, even further away, a multi-TeV version of it,
a muon collider or a VLHC. A summary of the current situation has been presented in [287].
None of these should be decided before seing the first solid LHC results, meanwhile vital
R&D programmes should be pursued vigorously.

Electron colliders. An important physics community is evaluating the physics potential and
performing hardware tests in view of building a linear e*e™ collider (LC). The machine
parameters are summarized in figure 42. Two kinds of LC are presently considered, on
different time-scales: a ~500 GeV version, which may be extendable to the TeV region (ILC
for International Linear Collider), and CLIC which is considered as a genuine multi-TeV
collider (3 TeV CM energy, maybe 5 TeV at the end of its possible expansion). In the former
version, one can contrast the supraconducting design of TESLA [288] to the warm versions
of JLC [289] and NLC [290]. The beam time structures are quite different, although all of
these machines will collide on the order of 10000 bunches per second with ~10'° particles
per bunch. All of them have to realize collisions of bunches having a vertical size of one to a
few nanometres and the issue of alignment and stability is a key one. Among other important
points, one can say the folowing.

e TESLA depends much on the performances of the SC RF cavities, working at 1.3 GHz,
hence of smaller size than LEP ones. Accelerating fields with beams of ~22.4MV m™!
have been achieved, and 25 MV m~! have been measured in the cryostats without couplers.
Further improvements have shown that 35 MV m~!, as required for 800 GeV operation,
can be obtained. The time structure of the TESLA beam with its long pulses and large
spacing between bunches is quite favourable from the detector side. TESLA has submitted
a TDR [288] in 2001.

e The JLC and NLC, aiming at 500 GeV, later possibly 1TeV, use a higher frequency
(11.4 GHz) and higher gradient in normal conducting structures. They depend greatly on
the performances of their numerous (several thousand) klystrons which must reach 75 MW
for a couple of microseconds. The use of periodic permanent magnet focusing, instead
of a solenoid, to decrease the power consumption, is an example of important ongoing
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Brief Descriptions of the Four Linear Collider Designs
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Figure 42. Electron collider parameters.



Supersymmetry facing experiment 2931

» O O No©O
—
i
J

L (109

o
e
LA
R
e

1

Vs (GeV)

Figure 43. Luminosity spectra for future e*e™ linear colliders.

development on these klystrons. Long structures have been experiencing pitting around
irises under the effect of high fields but solutions exist to overcome this problem [291].
In 2004 an international panel has recommended for the sub-TeV ILC (International Linear
Collider) the choice of cold technology, along the line of but not identical to TESLA.

e CLIC [292] aims at CM energies ranging from 0.5 to 5 TeV. It uses very high frequency
(30 GHz) normal accelerating structures powered by a high intensity, low energy parallel
drive beam. The goal is to reach a gradient of 150MV m~! over 30km. Here too,
the copper cavities have been suffering from high gradient testing, but recently it has
been shown that accelerating cavities with tungsten and molybdenum irises and an
optimized geometry can stand such gradients without any damage, at least for pulses
of shorter duration than the actual ones, 16 ns instead of 130 ns [293]. CLIC has to go on
demonstrating the validity and viability of its principle and assessing the performances of
two-beam acceleration, which is likely to be the road towards multi-TeV collisions. Very
promising results on the way to a validation of the technique have been obtained [294]
from several successive test set-ups. A third test facility, CTF3, is starting its activity to
demonstrate the key concepts of the RF power generation scheme and allow a full-scale
test of the cavities: it will bring its answers in the next (three) years. It is vital that this goes
on at the right level and pace, so that one could have a clear answer about its feasibility
when LHC will give its first indications.

The 500 GeV machines are planned to accumulate up to 1000 fb~" over several years.
CLIC could also accumulate some 1000 fb~" in about 3 years. The luminosity spectra are
shown in figure 43.

For all these machines, a photon—photon or electron—photon option is also contemplated,
with the photons obtained by Compton backscattering of laser light: CLIC Higgs experiment
and CLIC 3 TeV gamma collider [295], TESLA [296]. Much more work is needed to reach
a viable design. It would be interesting to know whether part of the CLIC drive beam can
provide an adequate FEL beam for the photon—photon option.
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An excellent introduction to e*e~ (and muon) colliders and their physics can be found
in [297]"3.

Muon colliders. The idea of using muons, unstable particles, instead of electrons may sound
odd. However, it has been recognized for many years [298,299] that, since they live relatively
long, ~2 microsecond, which allows them to make ~300 By, turns in a collider, a muon
collider could be a viable option if one can accumulate and concentrate enough of them in
phase space.

A muon collider can do nearly everything an electron collider can do. There are, however,
a few weak points: a somewhat lower luminosity, backgrounds due to muon decay, neutrino
radiation when the energy becomes large and no possibility of turning the collider into a
gamma—gamma collider. On the other hand the potential advantages of muons are as follows.

(1) They do not radiate ‘externally’ (the internal radiation, logarithmic in mass, is however
not so different from electrons). The beam energy resolution can thus be excellent. The
rate of synchrotron radiation loss per turn is (200)* times smaller than for electrons and
thus negligible.

(2) They are coupled (200)? more to the Higgs boson(s) than electrons. One can then produce
it (them) in the s-channel. The excellent beam resolution, and the possibility of measuring
it accurately, as well as the beam energy, allow an optimal exploitation of this advantage.
Naturally the Higgsstrahlung process is present as well.

One can conceive a large span of colliders [300,302], ranging from a light Higgs factory
(Eem ~ 115GeV) to a really multiTeV machine (we will consider 4 TeV of E.;). The
luminosity has to scale as E?. We will assume it to be L ~ 0.7 x 10%* EéM, with E in
TeV. This represents 70 EZ,, fb~! per ‘year’. Concerning the resolution in energy, 0.1% can
be considered as a standard feature, but, at the expense of luminosity, one can hope to reach
0.003% if needed.

The size of the muon collider complex, if one folds it on itself, is not too unreasonable.
However, the road to a muon collider requires an enormous amount of R&D in several sectors,
in particular the capture and cooling of the muons, and one is still far from a proven design.
The proton source is another concern, and a substantial step compared with existing machines
has to be taken to reach, for instance, the 16 GeV with 4 MW on target required by one of the
schemes. These aspects are obviously relevant also for neutrino factories (NF) but at a slightly
less frightening level: concerning muon cooling an order of magnitude has to be gained in both
emittances from a NF to a Higgs factory.

The Liouville theorem states that the normalized emittance of a beam is a constant of
motion. So beam cooling requires a ‘violation’ of this theorem, which is made possible by
means of dissipative forces such as energy loss. This ‘ionization cooling’ is the only method
which acts fast enough for muons.

The idea of transverse cooling is quite simple [303]. By ionization muons lose momentum
along their flight direction, while some RF system gives them back momentum along the beam
axis. Hence cooling occurs, provided multiple scattering does not ruin the beneficial effect.
The beam energy has to be low (200-300 MeV ¢~ !) to ensure a cost effective re-acceleration.
The radiator must be of low Z: the best choice is liquid hydrogen (8.7 m of radiation length),
which raises the technical problem of its containment (very thin windows, ability to stand
the heat deposition of up to 10'* muonss~'). The beam to be cooled has initially a large
transverse size: hence, besides big RF cavities, large magnetic apertures, for instance of the

13 See P Janot’s WEB site.
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focusing solenoids, are needed. Field ‘flipping’ is required to cancel the bad effects of fringe
fields.

However transverse ionization cooling increases the longitudinal emittance. Direct
longitudinal cooling is impractical and the only way is to use emittance exchange, by suitably
shaped absorbers located in a lattice point where there is momentum dispersion. A natural
idea is thus to combine both coolings and repeat them in a ring.

The MUCOOL program [304] at Fermilab includes engineering tests of the cooling
components, but no actual demonstration of the cooling of a beam. Such a demonstration
is the purpose of the proposed international MICE program [305] which was submitted at the
end of 2002.

VLHC. A very large hadron collider, is also being discussed [306]. The current thinking is
that it could be built in two stages, first a pp machine running at 40 TeV with a luminosity
of 1 x 10**cm™2s~! with ‘reasonable’ 2 Tesla magnets already well studied; afterwards a
machine reaching 200 TeV with 2 x 10** cm~2 s~! luminosity and requiring a strong R&D for
its magnets. The effect of synchrotron radiation would become quite serious.

7.2. Progress in detectors

Progress in the detectors and experimental techniques is mandatory to guarantee the future.
The amount of R&D which was needed before the final design and realization of the LHC
experiments is most impressive. For some of their aspects one is still relying, as we said, on
the steady technical progress and cost reduction of industrial technologies in the surrounding
world. A new fact, for the machine components as well as for the experiments, is the time
scales involved which may be long compared with the period of stability of industrial firms.

The LHC experiments are constructed under strong time pressure and there is presently
no more room for much innovation concerning the first phase of the programme. However,
for a possible second phase of LHC (with a luminosity approaching 10%), a well targeted
programme of R&D has to continue, especially for the inner tracking systems, including
radiation-hard front-end electronics and optical links, but also probably concerning part of the
forward calorimetry and muon systems.

A detector for the ILC, and a fortiori for CLIC and a muon collider, also needs a substantial
R&D programme. While its details depend on the energy span, on the time structure of the
machine and on the dominant backgrounds, one can identify common requirements for all
future colliders.

Generally speaking, and in the field of tracking and microvertexing, the future belongs
probably to all-silicon detectors, fast and radiation-hard, as for CMS at LHC, but possibly
thinner [50], to reduce the material budget, and provide 3-D information (and not stereo
information) as pixels (micro- or macro-pixels) do, or CCD’s if the time structure of the
machine allows them. As the energy increases, the radius of the microvertex should increase
as well, since a 1 TeV B meson flies ~10cm. New flavour tag techniques, like multiplicity
counting at various depths, will be required. New effects may have to be taken into account:
for instance in 1.5 m of 4 Tesla field, a 1 TeV electron loses ~60 GeV by synchrotron radiation,
as a large number of O (1 GeV) photons, which will convert in the tracker. Landau—Migdal—
Pomeranchuk effects may start to play a non-negligible role as well.

Considering calorimetry, all efforts should be made to avoid the two usual defects: either
a solenoid coil or a large inactive volume between electromagnetic and hadronic components.
The TESLA design [309] of a dense and highly segmented W(Cu)-Si calorimeter goes in that
direction. If the cost allows it, a limiting case could be a ’digital’ calorimeter in which the
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energy is given by hit counting. The impact of an improved energy resolution in physics is
important: below some value of its resolution, calorimetry allows the separation of the two-jet
decays of W and Z, a capability of great interest for instance in the study of strong electroweak
symmetry breaking, as discussed below.

Many other beneficial features may be looked for. At a LC an excellent time stamp of
the event would allow it to be isolated as much as possible from neighbouring ones. A high
quality time-of-flight measurement may be another strong asset, in case heavy quasi-
stable interacting particles exist, as in one of the scenarios described in section 2.

7.3. SUSY Monte Carlo programs

There exist several publicly available codes to compute the SUSY spectra, decay branching
ratios and production cross-sections for the various scenarios and types of machines. Some of
the most heavily used are listed here. More details are provided, for example, in [310].

ISAJET 7.69 [133]: uses ISASUGRA for the calculation of the supersymmetric spectra
in the MSUGRA, GMSB or AMSB scenarios, with decay rates computed by ISASUSY.
It allows one to cope with pp, pp and e*e™ interactions with or without beam polarization.
It includes independent jet fragmentation.

SUSYGEN 3.00 [311]: calculates the sparticle masses from the MSUGRA conditions,
with the possibility of overriding some constraints, or for GMSB. Strict MSUGRA with
correct electroweak symmetry breaking is implemented via the SUSPECT code [156].
The decays incorporate the R-parity conservation or not. It handles interactions in e*e™,
hadron and e—p colliders, with or without beam polarization and includes spin-correlations.
It is interfaced to JETSET/PYTHIA for parton fragmentation.

PYTHIA 6.2/00 [312]: uses semi-analytical expressions in SPYTHIA to compute the
sparticle spectra and is, therefore, less accurate. But it is easily interfaced with another
parton-level generator to provide the JETSET fragmentation part. Other publicly available
programs to compute sparticle spectra include SDECAY [313] (which includes SUSPECT
for the spectra), SOFTSUSY1.7 [314] (written in C++) and SPHENO2.0 [315] and a
frequently used program for parton fragmentation is HERWIG6.5 [316].

Both packages, ISASUGRA and SUSPECT, follow the same logic, which we outline here
for the MSUGRA case. They start with the evaluation of the gauge couplings and the third
generation Yukawa coupling at the scale M. These parameters are evolved to the GUT scale,
defined by the crossing of the electroweak coupling constants g; and g», where the high scale
boundary conditions are imposed. All couplings and mass parameters are then run down to the
weak scale. The RGEs are of two-loop order for the gauge and Yukawa couplings and of one- or
two-loop order for the soft masses and A-parameters. The one-loop effective scalar potential
is evaluated at the electroweak symmetry breaking scale, chosen as Mgwsg = Mg my, to
minimize the scale dependence. Radiative electroweak symmetry breaking is then imposed,
which determines the values of |u| and B (and some checks are performed on the validity
of the solution). The whole SUSY spectrum is computed, including radiative corrections,
and the mass matrices for the third generation sfermions and the gauginos are diagonalized to
obtain the physical masses. Finally, as the radiative corrections depend on the sparticle masses,
the procedure is iterated by running all parameters to the GUT scale and back, including the
decoupling when sparticle threshold are crossed, until a stable solution is reached.

The mass spectra of ISASUGRA7.69, SUSPECT2.1, SOFTSUSY1.7 and SPHENO2.0
agree at the level of <5%, measured by the rms deviation of the four programmes, for not too
extreme conditions [317]. But larger deviations are found for large values of the parameters m,
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Figure 44. Relative difference between the masses computed in a MSUGRA model by
ISASUGRA7.69 and SUSPECT?2.1 as function of mq and of tan .

(focus point region) or tan B, for instance, where some particle properties depend sensitively
on the implementation of higher order corrections, in particular for the top quark Yukawa
coupling. The relative difference between the mass values computed by ISASUGRA7.69 and
SUSPECT?2.1 is illustrated for a few representative quantities in figure 44. Moreover, the
decays are treated at different levels of sophistication and, depending on the program, some
may be missing (especially to or from the Higgses). In view of the fact that the precision
on mass measurements at the LHC (and even more so at a lepton collider) is expected to
be less than 10% and usually much better, the present situation of the software is still not
really satisfactory, although it should be recognized that improvements are continuously being
implemented by the authors in the most recent versions.

8. The Higgs sector in SUSY

This chapter will be devoted to the problem of EWSB in SUSY. Since this topic is abundantly
documented the presentation will be concise and insist mostly on the most striking and robust
aspect of SUSY phenomenology, the existence of a light Higgs boson. A detailed review of the
Higgs search phenomenology is found in the paper by Spira and Zerwas [318], by Haber [319]
or in [320] (and references therein). The experimental search strategy at LEP1 and LEP2 is
clearly described by Janot [321].

8.1. Indirect indication in the frame of the SM

As noted already, the neutral current sector of the SM is in numerical agreement with the data
to the per mille level or better. These accurate data, interpreted in the frame of the SM, predict
the existence of a light Higgs boson, lighter than ~250 GeV at 95% CL and the limit would
become ~280GeV if m, = 180GeV. A word of caution has already been said on this point.
As one can see from figure 45 the information on the Higgs mass, once the top mass is known,
is mostly due to the accurate knowledge of sin® 6,,. Unfortunately the use of an average for
all measurements of sin%6,, masks the fact that the two most accurate of them differ by 2.8,
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Figure 45. Constraints from precision measurements on the variables S and 7' from Peskin and
Takeuchi [322].

without any chance of discriminating between them in the foreseeble future. The A g from
SLC leads to a very light Higgs mass (smaller than the present direct limit at 95% CL) while
A’y from LEP still allows for a Higgs mass of a few hundred GeV. Note that a somewhat higher
top mass would decrease the discrepancy. The usual attitude is to ignore this discrepancy and
consider only the mean value, which provides the limit quoted above. Even so, one can ask
oneself whether this result represents the truth or could be the result of a conspiration in which
the effect of a heavy Higgs on electroweak observables is compensated by some new effect
beyond the SM. For a quite complete survey of this legitimate question we refer to [323].
The conclusion is that, while such conspirations are possible, they occur in rather contrived or
speculative scenarios. The most natural attitude for the time being is thus to give priority
to the search for a light boson.

8.2. The avenues beyond the SM

There are many reasons, as we said, which push to go beyond the SM and we gave in section 2
a brief survey of the possible routes.

To do so, the two classical avenues are to add either new forces, for instance a new strong
interaction between vector bosons, and/or constituents, like in technicolour, or to add more
symmetry, like in supersymmetry, the choice we develop in this review. Technicolour breaks
electroweak symmetry by condensates of new fermions and does not contain elementary Higgs
scalars. A priori it is not favoured by accurate measurements. But the situation may be more
complex and we refer to [34] for a review of the situation of technicolour. Supersymmetry, on
the contrary, justifies the existence of elementary scalars and predicts sharply a crucial
feature of the Higgs sector: the existence of one light boson at least. It also predicts a
spectrum of superpartners, however less constrained as far as masses are concerned. It agrees
with present data as well as the SM does, as we saw in section 6.10.

As we said in section 2, a third avenue appeared more recently [42, 43]: the possible
existence of extra—dimensions at energy scales much lower than expected, maybe down to
the TeV scale. As we saw in section 2, in these models, the apparent hierarchy between the
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electroweak and Planck scales is due to the geometry of these extra spatial dimensions, either
because they occupy a large volume (ADD) [42] or because of a strong curvature of the extra
dimensional space (RS) [43]. We will not discuss here the ‘bien-fondé’ of such assumptions,
but it is certainly interesting and motivating to study whether they have testable consequences,
in particular in the Higgs sector, for instance through the effect of the hypothetical radion in the
RS model. We refer to [39] for a summary of the collider signatures and existing constraints.

Similarly, the little Higgs scenario may allow for a somewhat heavier Higgs boson through
a conspiration with its new boson Z’.

It is worthwhile repeating here that, whatever the fashionable theories, the first duty
of an experimentalist is to keep ones eyes wide open and to explore systematically all
accessible channels.

8.3. The ‘how’ of the Higgs mechanism in SM

In the standard model, the potential of the Higgs field, ¢, has the form:

V(g) = —12 I +Algl". (119)
The quartic coupling A has to be positive to ensure that the potential is bounded from below.
If the first term is also positive or zero the potential has a trivial monotonic behaviour. The
ad-hoc solution of the SM, which has no physical justification, is to choose it as negative.
The potential displays then a characteristic minimum leading to a vev, v, for the Higgs field.
The Higgs mass is given by m%, = 2v%A(v) where the value of the vev, v >~ 175GeV, is
determined from the mass of the W vector boson. The coupling A varies with the energy scale
due to radiative corrections and its RGE, neglecting gauge couplings, is

dr(t) 3 2 4

P 4712(k +Ahy — k), (120)
with# = In(A /v), A being the scale at which X is evaluated and %, representing the top Yukawa
coupling, related to the top mass by m; = h; - v.

If A(v) is large compared with 42, it dominates the RGE evolution and may eventually
drive L(A) into a non-perturbative regime. If one insists in avoiding this regime, an upper
limit on the Higgs mass is derived depending on the scale, A, up to which the standard model
remains perturbative (called triviality bound).

Conversely, if A(v) is small compared with h?2, the i} term can drive A negative so that
the potential (119) becomes unbounded from below. The condition of vacuum stability up to
the scale A determines a lower limit on the Higgs mass. One can extend this condition to a
condition of sufficiently long metastability.

These limits are displayed in figure 46 for a top mass m, = 175 GeV. If the SM is to be valid
up to the Planck scale, the Higgs mass is constrained to lie in the range 130 < my < 180 GeV.
A 115 GeV boson would correspond to the metastability lower bound provided the top mass
is on the low side of its present measurement. However, as recalled by figure 46 (right), this
requires an increasingly embarassing fine tuning' (note that the fine tuning definition used
here is the reverse of our definition (72)).

8.4. The ‘why’ of the Higgs mechanism in MSSM

In the MSSM, two doublet Higgs fields are necessary, Hy and H,, defined in table 2. The
form of the neutral Higgs potential was given in equation (35). When running down the mass-

squared parameters m%,d and m%,u of the Higgs fields, their RGEs contain a positive contribution

14 See Kolda et al in [323].
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Figure 46. (left) SM Higgs mass bounds from perturbativity and vacuum stability, from [324].
(right) The level of (inverse) fine tuning needed in the my — A plane, from Kolda and Murayama
in [323].

from the gauge couplings and a negative contribution from the Yukawa couplings. As the top
mass is large, its Yukawa coupling is also typically large and dominates the evolution of m%,u.
This drives m7, negative somewhat above the electroweak scale.

This fact was first noticed in [20] and at that time the requirement that the top should be
heavy was formulated. However M, larger than ~50 GeV would be sufficient in this respect.
Furthermore this fact explains the ‘why’ of the Higgs mechanism. In the SM one had to choose
as negative the first ‘mass’ term of the potential, which looked quite odd. Here one can choose
the corresponding term as positive at a high energy scale, which is a normal situation,
and it is then naturally driven to a negative value at low energy.

The minimization of the neutral Higgs potential with respect to the two Higgs fields
induces two constraints among the weak scale parameters. The first one was given, at tree
level, in equation (71). In the MSUGRA model, where my, = mp, = mg atthe GUT scale, itis
frequently used to determine the absolute value of w as a function of the remaining parameters.
The second condition allows the GUT scale parameter By to be exchanged with the electroweak
scale parameter tan j.

The potential (35), leading to the ‘physical’ minimum which determines the gauge boson
masses, contains only the Higgs fields. But in the MSSM, there exist additional scalar fields
in the potential which may give rise to other disconnected minima, local or global, with
charge and/or colour breaking (CCB) or to directions in field space where the potential is
unbounded from below (UFB). To give a hint of how this happens, we can follow the toy
example (first mentioned in [325]), simply demonstrated in [326], assuming that only the stop
quarks, i.e. the most dangerous ones because of their large Yukawa coupling, contribute to
the potential. Consider the term h,foLc Hl? in the superpotential (22) and the associated soft
breaking contributions. The scalar potential then consists of the F-terms from (28) and the soft
term including A,h,foLC H,? +c.c. as well as the scalar mass contributions given in (34). When
this potential is examined along the direction |7 | = |ff| = |Hu°| (which cancels their D-terms),
it is found to develop a local minimum, unless the following condition A? < ?a(m?L +m+ 13)
is fulfilled. Hence, it imposes a condition among the soft mass parameters and, in par%icular,
puts an upper limit on the acceptable values of the A-parameter. The full treatment of this
problem is, however, considerably more involved and the above condition is neither necessary
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nor sufficient. A review is found in [327]. To find the solutions in the general case, a numerical
method is indispensible. The authors of [328] perform a scan over the MSUGRA parameter
space and, taking one-loop corrections to the scalar potential into account, find that the low
my region is severely affected by CCB global minima.

It is altogether not clear whether the conditions to be imposed should avoid completely
the existence of such disconnected minima. It is indeed found that the universe is most likely
driven to the charge and colour conserving ‘physical’ minimum and that the tunnelling time
from our ‘physical’ vacuum to the CCB minima can easily be large compared with the age of
the universe [329].

8.5. Phenomenology MSSM, NMSSM

Since this aspect is particularly well documented, we will, here again, be brief and focus mostly
on the properties of the lightest boson, 4°.

8.5.1. Higgs mass in the MSSM. In the MSSM, there are two weak isospin doublet Higgs
fields Hy and H,, hence 8° of freedom. Three are needed to provide mass to the W* and Z°.
The remaining degrees of freedom give rise to 5 physical particles: two neutral CP-even, h°
and H°, one neutral CP-odd, A°, and a pair of charged scalars, H*. The neutral Higgses are
given as a function of the fields Hy and H, (expanded around their ground state) by:

HY = Re(HdZ) cosa + Re(Hul) sin
h® = —Re(Hj) sina + Re(H,) cos a,

A® =Tm(H}) sin 8+ Im(H)) cos B, (121)
where « is a mixing angle of the scalar Higgses, related to the other parameters by
2 + M2
tan 2o = tan 262" "Z with — = < a < 0. (122)
m4y — M7 2
The Higgs masses derived from the scalar potential are, at tree level,
mi. = My, +m3, (123)
1 1
m¥ , = 5(mf4 +M2) £ 5[(m§, + M2)* — —4m’ M2 cos> 28]/, (124)

and are expressible in terms of two parameters, which can be chosen as m 4 and tan 8. The mass
m g, usually treated as a free parameter, can be expressed in terms of the SUSY parameters

evolved down to the electroweak scale,
2 2
m? = 2uB My, M, + M2 (125)
sin28 cos2p
at tree level. By construction m;, < mpy.

Some extreme cases are worth mentioning. For small tan 8 =~ 1 the solutions of equation
(124) are m;, = 0 and m%i = mi + M%, the h is expected to be light. For large tan 8 the
solutions are my, my = min, max(Mz, m,), with degeneracy of & and A in the region where
ma < Mz. For any tan 8, when m, > 0, the lightest Higgs also has m; >~ 0.

The mass of the lightest Higgs is limited by:
0<my < Mz|cos2p|. (126)
For large values of m 4 the light Higgs saturates the upper bound (126) and the three heavy
Higgses become nearly degenerate.

However these relations are no longer valid after including radiative corrections, and this
is the point we develop next.
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8.5.2. Lightest Higgs mass with radiative corrections. The radiative corrections were
computed for the first time in 1991 [330] and numerically nearly finalized in 1995 [331].
They increase the tree level value of m% by approximately (for v = 174 GeV) [330]

3m4 mzmg
A(m3) = 4772;2 1n< 1111,2 2) , (127)
which can be substantial, due to the heaviness of the top quark. Since one knows
semi—accurately the top mass, the bulk of the correction is known as well. But the exact
upper limit of the 2° mass depends on tan 8 and on the details of the stop sector. It also
depends on the level of approximation of the calculation and of the method used. Radiative
corrections have been computed using different techniques: effective potential approach, direct
diagrammatic calculation and effective theories with renormalization group (RG) tools. The
best way to proceed is to combine the three, retaining the virtues of each approach.

The complete one-loop radiative corrections to mj,/m; have been calculated [332]'°. The
dominant leading-logarithmic contribution gives the log term of (127). The most important
finite non-logarithmic correction is

2 3mi (XP X
Am) =55 | 25— e ) (128)
t t

where X; = A, + pcot S is the top-squark mixing parameter. The maximum value of the
correction is obtained for X? = 6mlg, called the maximum mixing situation. The most
important part of the higher order radiative corrections can be collected and resummed using
RG techniques and have been computed up to second order in o, = h? /4. See [331,333]
for a nearly complete list of references. Making use of RG resummation it is possible to get
compact analytical approximations for mio. For example we give here the one of'®:

m(Q) X2(Qu) X} (Quw) )}

129
m; (Q) m:(Qum)  12mi(Qu) (12

asm® [_& x2 7x3  x* Xf]

3
A(my) = T |:V71,(Qt)1n +m;(Qw) (

2

27302 m;  mZ 3ml  12m}  6m]

One recognizes the two terms quoted above, as well as additional corrections. The quantities
are evaluated at different scales (le = m,m; and, for instance, Q; = Q; = Q,;, = m;) with
simple formulae of evolution like

2
m(Q) = m2(Q') (1+27;£1n 22) (130)

The most complete formulae available so far, including ¢, = hi /4m corrections up to
second order, can be found in [334]. At very large tan 8 the role of the b quark becomes
crucial. The agreement between the various calculations is at the ~2 GeV level. They all
confirm the fact known for a long time'” that in the MSSM the lightest boson has to be
lighter than ~130 GeV. As a rule of thumb an increase of 1 GeV on m,, translates into a
1 GeV increase of the bound on m,.

Although one should not expect substantial differences, since the main feature stems from
equation (35), one can investigate the mass distribution of 4° in the framework of the three most
prominent SUSY-breaking scenarios. For the central value of the top mass the authors of [335]

15 See Pierce et al [104].
16 Espinosa and Navarro and Zhang in [333].
17 see Carena ef al 1995 in [331] and references therein.
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Figure 47. Higgs masses as function of m 4, from Carena ef al 1995 in [331] and [338]. (left)
Mass of the lighter Higgs with radiative corrections for different values of tan 8 stop mixing and
m; = 175 GeV. (right) Masses of neutral and charged Higgses.

found mye < 124, 119 and 122 GeV in the mSUGRA, mGMSB and mAMSB, respectively,
while it is ~130 GeV in the unconstrained MSSM. We refer to [335] for the description of the
input parameters ranges and other information. The authors of [336], adopting m, = 178 GeV,
also find a limit < 130 GeV for the three scenarios. In the unconstrained version (a priori 22
free parameters), by looking systematically for the ‘maximum maximorum’, adding linearly
uncertainties (on m, and theoretical) and taking the stop masses at 2.5 and 1.25TeV, they
manage to reach a value near 150 GeV. The naturalness of such a solution is not discussed. One
sees that specific models do not allow the ‘maximum maximorum’ value of the general scenario
to be reached. We will see it again when exploring SUSY benchmarks in section 12.2.1.

There exist several publicly available programs to compute the Higgs masses including
radiative corrections, some examples being FeynHiggs2 [337] and SuSpect2.1 [156].

If my is large, say larger than ~100GeV, h° is SM-like. If m, is very large, one can
conceive a limiting case, the ‘heavy MSSM’, where, apart from K9, all other bosons, degenerate
with A°, and the superpartners are heavy.

In figure 47 (left) from Carena et al 1995 in [331], the lower set of curves is fortan § = 1.6,
the upper set for tan 8 = 15, a value above which m, saturates as function of tan 8. Within
each set, the dashed line represents the case of minimal mixing, X; = 0, and the full line the
maximal effect of mixing, given by X? = 6mtg. The masses of the heavier Higgses are shown
in the right part. At large tan 8, either the lighter Higgs, 4°, or the heavier CP-even Higgs, H®,
is degenerate with the CP-odd Higgs A.

It is interesting to compare the mass bounds obtained in the SM and in the MSSM.
Figure 48, shows the SM lower bound from vacuum stability (steep curve) and the MSSM
upper bound as function of the top mass. At the measured top mass of 175 GeV, they almost
cross each other and the regions allowed for the SM and the MSSM are mutually exclusive.
If a Higgs exists near 115 GeV, the SM is deemed to break down before the Planck scale, as
shown by the continuous lines in figure 48 (right), unless the top mass is substantially lighter
than the present central value (dotted curve).

8.5.3. The effect of phases. The question should be raised whether the above conclusions
on a light Higgs boson are affected by the possible existence of phases in SUSY parameters.
The phenomenological consequences of CP-violating phases in the Higgs sector have been
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Figure 49. Examples of diagrams inducing CP violation. The fields ¢; and a; represent respectively
the real and imaginary parts of the Higgs fields.

investigated in early papers by Pilaftsis and Wagner [340]'® and later by Carena et al [333]
(see references therein). CP-violation is induced radiatively by loops involving the trilinear
couplings of Higgs bosons and stop or sbottom (complex A, and A,), examples being shown
in figure 49. The loops induce transitions between the real part, ¢;, and the imaginary part,
a;, of the Higgs fields. As a result, the CP-even Higgs states 4° and H° mix with the CP-odd
state A?. The masses of the eigenstates H;, H, and Hj (ordered in increasing mass) are most
conveniently expressed in terms of the mass m g+ of the charged Higgs, instead of the parameter
m 4 of the CP-conserving case. The upper bound on the mass of H; is almost identical to the
one obtained for 4° in the CP-invariant theory for both low and high tan 8 values.
The values of the couplings normalized to their SM value, follow the rules:

8H, VvV = €ijk8H:H;Z
81%1122*‘8%1222‘*8?1322: 1, (131)

with V. = W#, Z°. The three couplings to ZZ cannot simultaneously be small.

For a heavy charged Higgs, with mass above 200-300 GeV, the CP-violating phase
has little effect and the lightest neutral Higgs, H;, behaves SM-like for all values of tan 5.
However, in the low to intermediate tan 8 region, the coupling g%ll 2z of the lightest Higgs
to the gauge boson can be drastically reduced compared with its SM value when the charged

18 see Pilaftsis and Wagner in [333].
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Figure 50. Coupling of the lightest Higgs to ZZ and mass of H| and H, as function of the CP-
violating phase, for tan 8 = 5, reprinted from Carena et al 2002 in [333]. Copyright 2002, with
permission from Elsevier.

Higgs is lighter. This happens at maximal CP-violation (phase >~ 90°) and, for a relatively light
charged Higgs boson, m z+ >~ 150 GeV, it may even decouple from the Z° for a specific choice
of the CP-violating phase, as illustrated in figure 50. Hence, the Higgsstrahlung cross-section
may become too small to provide sensitivity to the lightest Higgs. Some sensitivity can be
recovered as the next-to-lightest Higgs, H>, is light in the same region of the CP-violating
phase and it has a large coupling to ZZ. Moreover, the associated production (see [340], see
footnote 21) H, H, and H H;, which may be within the kinematical reach given the low mass
of the H|, also has a sizeable coupling to the Z°.

For large values of tan 3, the CP-violating contributions are severely constrained by
the electric dipole moments of the electron and neutron (see section 6.8) and no major
modifications are expected to the Higgs phenomenology with respect to the CP-conserving
case.

So far, no systematic analysis of the possible implications of CP-violating phases has been
reported by the LEP experiments. It is clear from figure 50 that a somewhat higher centre of
mass energy (~220 GeV) would allow the question to be answered since in such a case at least
one Higgs boson is always accessible.

For LEP running at ~206 GeV, the mass range accessible via Higgsstrahlung may be
somewhat reduced, compared with the CP-conserving case. The associated Higgs production
also remains accessible for not too heavy H; and H,, i.e. not too heavy charged Higgs. It
would, however, require a dedicated search, as the approximate equality of masses mj =~ m 4
assumed in standard # A analyses can no longer be applied, and a huge integrated luminosity.

8.5.4. Evading the MSSM Higgs theoretical mass bounds in the NMSSM. The upper bound
on the mass of the lightest Higgs is, as we saw, quite robust in the MSSM, whatever the SUSY
breaking scheme and one needs additional Higgs fields, like in the NMSSM, and additional
matter fields to obtain a higher bound.

In the NMSSM the Higgs phenomenology is more complicated than in the MSSM. In its
minimal version, the NMSSM assumes the existence of a single scalar, S, which transforms as
a singlet under the gauge groups. The additional pieces in the superpotential and in the neutral
Higgs potential were described in section 3.5.2. Once the electroweak symmetry is broken, the
scalar component of S acquires a vacuum expectation value (S), thus generating an effective
w term. Two new states, a CP-even (real part of S) and a CP-odd (imaginary part of S) neutral



2944 L Pape and D Treille

600

Scalar
500 R Pseudoscalar
Eoomemieie Charged

400
300

200

Higgs mass [GeV]

-
1=
o

o
_1Il‘.\|

L 1 | |
200

" RN NN S I RN PRI W
300 400 500 600 700
M, [GeV]

o

Figure 51. Higgs masses as a function of m4 for the NMSSM with parameter values . = 0.3,
k =0.1, 0 = 157GeV, tan § = 3 and A, = —60 GeV. From [341].

Higgs appear. They usually mix with the corresponding MSSM states, giving three CP-even
and two CP-odd neutral Higgs states. Observing three light Higgs bosons but no light charged
one at future colliders would be the signature. A strongly broken PQ symmetry may lead to
decoupled scenarios more difficult to distinguish from the MSSM.

The requirement of perturbativity up to the GUT scale imposes a bound on the NMSSM
couplings A and « which was given in equation (41). Analytical formulae for the Higgs
masses have been obtained in [341] in the approximation where the Peccei—Quinn symmetry
is exact or slightly broken («x = 0 or k < A?). The mass of the SM-like Higgs (h(z)) remains
<130-135 GeV, after including loop corrections, like in the MSSM. An example of the Higgs
mass spectrum as a function of m 4 (the MSSM-like CP-odd scalar a;) for a set of NMSSM
parameters is shown in figure 51. An interesting feature of the small k scenario is that the
lighter CP-odd Higgs (a;) becomes very light and the decay h, — aja; may be important.
The spectrum of the non-singlet Higgses resembles closely the one of the MSSM Higgses of
figure 47.

The phenomenologies are different depending on whether one assumes universality of the
soft breaking terms or not.

Assuming universality, the authors of [342] have scanned the 4 free parameters space
(mo/my2, Ao/ mi2, A and «) and found that the doublet Higgs sector is basically MSSM-like
and that the singlet sector is quasi-decoupled. Assuming also the existence of one neutral
CP-even boson with mass ~115 GeV (see section 8.6) puts further constraints: one finds that
the 115 GeV state is a quasi-pure SM-like H, state (tan 8 > 4, m4 > 160 GeV, etc). Concrete
prospects exist both at the Tevatron (if the luminosity increases substantially) and especially at
the LHC to detect, besides those of the MSSM-like doublet Higgs sector, at least one neutral
state with a dominant singlet component.

In non-universal scenarios, the outcome can be different [343]. Further discussions of
the Higgs sector and a representative sample of NMSSM solutions can be found in [73]. The
mixing of the MSSM-like Higgses with the singlet states may reduce sizeably the couplings,
and hence the production cross sections and/or decay branching ratios of the standard LHC
search channels. In spite of establishing a ‘partial no-lose theorem’ for NMSSM Higgs boson
discovery at LHC [343], it is conceivable that the detection of the # — aa decay could be
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Figure 52. Higgs mass bounds as function of tan 8 for the MSSM (lower curve), the MSSM
with an extra scalar singlet (middle curve) and with 4 families of intermediate particles in 5 + 5
representations and a singlet (upper curve). Reprinted with permission from [346]. Copyright 1998
by the American Physical Society.

difficult. Here & is any CP-even boson and a is a light CP-odd one, and this is supposed to
be the only available channel. Scanning over the 6 free NMSSM parameters in regions where
the usual LHC detection modes have all significances below 50 and where decay modes like
h — aa are allowed, it is concluded in [344] that a signal in the jjtt mass distribution is
observable, though on the tail of a steeply increasing ¢7 background. The observability hence
depends entirely on the accuracy with which the background shape can be controlled.

Having as an objective to illustrate the complementarity of LHC and a sub-TeV linear
collider one can naturally invent quite peculiar situations. The authors of [345] choose the
parameters of the NMSSM leading to the spectrum shown in figure 51, with corresponding
branching ratios and cross sections (see their paper) as a function of m4. If m, is around
500 GeV one can conclude that LEP200 has missed the MSSM scalar (115-130 GeV) and that
LHC, which will discover it, may miss the lightest singlet dominated scalar, so that a LC is
needed to establish the NMSSM nature of the situation.

Can one still go higher in upper mass limit for the light Higgs? A test case of next to
minimal supersymmetry standard model (NMSSM) was studied by Masip et al [346] who
assume the existence of a scalar, S, which transforms as a singlet under the gauge groups.
Introducing a coupling of the form A H, Hy4 S into the superpotential leads to an additional term
A2v? sin? 28 in the Higgs mass bound. The results are displayed in figure 52. Depending on
the assumptions made one can raise the bound to ~135 (if only a single singlet is added) or
even ~155GeV (if one also adds 4 families of intermediate particles). Note that in minimal
NMSSM, when only a singlet is added, the largest value of the bound occurs at tan 8 < 2.5, a
region where in the MSSM the bound is low and will be excluded by LEP2. For tan 8 2 20
the bounds are indistinguishable from the MSSM one. It was also shown that including weak
isospin triplets [347] one can even raise the bound to ~195 GeV.

Many non-SUSY theories beyond the SM predict additional U (1) symmetries broken
near the electroweak scale [348]. They bring a solution to the u problem, but one needs to
make the Z’ sufficiently heavy. Different mechanisms [349] have been proposed to ensure a
large U (1)’ breaking scale. A class of these involves [350] an ordinary sector of symmetry
breaking fields, including two Higgs doublets and an SU (2) singlet, similar to the NMSSM



2946 L Pape and D Treille

m, 1= 175G o~ my (Opvic m,, = 175.GeVic.
Mgy =1 Tevic Mgy =1 TeVie |
Maximal mixing [ Maximal mixing 001 ]

Excluded by LEP

S
=)
T

0

L)

tanf
tanfB

0.90.

[ F ]
0 20 40 60 80 100 120 140 0 20 40 60 80100 120 140 50 100 150 200 250 300 350 400 450 500
m, (GeV/c) m, (GeV/c) m, (GeV)
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sin? (B — «) for the case of a maximal effect of mixing. From [321].

but with a quite different choice of parameters, and a secluded sector involving three SU (2)
singlet fields. The spectrum of the symmetry breaking sector is very rich and one can avoid
the usual bound on the lightest CP-even boson.

8.5.5. MSSM Higgs composition and couplings. The main results which interest us here are
summarized in figure 53 from which the following consequences emerge, concerning the /.

(1) Forlarge m 4, the lightest Higgs mass m;,0 is forced to lie close to its upper bound for a given
tan § and the heavier Higgses to be nearly degenerate with A, in particular m yo >~ m 4. The
light Higgs h° couples to the vector bosons with its SM strength (sin*(8 — «) ~ 1). The
coupling of 4° to quarks and leptons also reaches its SM value, proportional to the quark
or lepton mass. The lighter Higgs, 1°, behaves in all respects SM-like, the process to
be considered at LEP is the Higgsstrahlung one, and the conclusions drawn from the
SM Higgs search remain valid in the MSSM case. The tan f—m 4 plane is shown in
the case of maximal stop mixing with iso-m, curves and the bounds expected from LHC.
Note that the whole upper-right part corresponds to the last few GeV of ), and that a
‘small step’ in m;, is a ‘huge step’ in other relevant SUSY variables, as will be abundantly
shown in many subsequent plots.

(2) For tan 8 large and m4 < 120 GeV, one sees from figure 47 (left) that my0 ~ m,. Now
the H®, which is quite light, behaves in a SM-like way, whereas the h° decouples from
the vector bosons and has a maximal coupling g,4z. This implies that the associated
production mechanism e*e~ — h°A° has now to be considered as well. Both 4° and A
have large (< tan 8) couplings to down-type fermions and strongly suppressed couplings
to up-type fermions.

8.5.6. Impact of the limits on my, in the domain of SUSY parameters. Once m, is known and
for a given tan 8, the value of m;, in the MSSM is given by the stop sector (see section 8.5.2):
it is therefore through this sector that the limit on mj has an impact on the SUSY parameters.
In the tan B—m 4 plot, one can read it directly from the iso-m, curves. In the mg — m, plane,
such h° isomass curves will be indicated as well. We recall that 1 GeV increase of the top
mass increases mj; by 1 GeV (or less) and that the theoretical uncertainty on the m;, limit may
be a couple of GeV.
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Figure 55. The various components of the H v v channel near the ‘kinematical limit” [351].

8.6. Searches at LEP

The Higgs boson searches at LEP have been described in such detail [338] that we will only
summarize the situation and focus on the highest accessible mass region. A SM or SM-like
boson, like #° under the conditions given above, is produced in association with a Z° by the
Higgsstrahlung (HS) process, shown in figure 54 (left). The possibility of exploring Higgs
masses near and beyond the Z° mass, thanks to b-tagging, have been realized since 1990 and
the corresponding discovery limit rule-of-thumb clearly formulated. The HS hits a kinematical
barrier when sqrt(s) equals Mz+M : tails beyond this barrier reflect the tail of the Z° Breit—
Wigner. At and beyond the kinematic limit, the fusion process, shown in figure 54 (centre),
and its interference with HS can be used in the H vv channel, as seen in figure 55 [351], but
the cross-section is tiny. So LEP was a threshold machine and the goal was to run at the
highest possible energy to maximize the chances of discovery. An increase in energy pushes
up the kinematic limit. For a given Higgs mass it allows the Higgs production cross-section to
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approach its maximal value. In case of a possible signal, it gives a chance to check its stability
and therefore its reality.

Unfortunately in 2000 LEP has reached the maximum energy, ~206 GeV, allowed by its
park of 285 SC RF cavities, running beyond their design accelerating voltage, at 7.5 MV m™!
instead of the 6 MV m~! foreseen. ~15GeV in CM energy could have been gained by filling
the equipped zones with cavities, reaching an amount of ~380 of them overall [352], but this
option had not been retained.

Given the three generic channels of Z° decay, the Higgs boson was searched for in all
hadronic mode (4 or 5 jets, two from beauty), missing energy mode (the Z° into neutrinos)
and dilepton—dijet (the jets being b-jets from the Higgs boson). The last one is the cleanest,
but has the smallest branching ratio.

The missing energy channel considers events with two jets and missing energy. Even
close to the Higgsstrahlung kinematical limit, these two jets are still substantially acolinear and
acoplanar. This is also obviously true for the case of fusion. The analysis uses rescaling of the
missing mass to the Z° mass. A dangerous background is due to double radiative return to the
7" in a quasi-symmetric way. This produces a Z° roughly at rest and the procedure of rescaling
automatically brings its mass to a value close to the kinematic limit \/s — Mz, i.e. 115 GeV at
/s = 206 GeV. The main weapon against this background is a cut in acoplanarity,'” because
such a Z°, with both photons in the beam pipe, is roughly coplanar with the beam. Another
background is due to normal beauty—antibeauty two-jet events, produced at full energy, but
which present a large missing energy because of a strong emission of neutrinos (for instance
if the B decays to t-v) and possibly other reasons (like some energy lost in cracks): but such
events are nearly collinear and can be discarded without much loss in acceptance for the
signal. For a high mass Higgs, one can also require that the measured hadronic mass is clearly
above what one expects for a Z. With few other precautions this channel can be made rather
background-free for a high mass search.

The four jet channels are more difficult. WW, ZZ and QCD all contribute to the
background, up to the highest masses that even WW and ZZ can populate through mis-pairing
of jets. A very strong rejection of WW is obtained through b-tagging (figure 56 left), the limit
coming in particular from our inability to distinguish totally ¢ from b jets, and from some tiny
content of beauty in WW events. Figure 56 (right) shows the evolution of the background in
4-jet with the severity of the cuts, hence, for a decreasing efficiency to the signal. As expected,
the ZZ background is the most resistant, in particular because 44% of ZZ have one bb at
least and 74% have bb or cc . Besides the resolution of the mass determination procedure
(actually some analyses use a rescaling and m; = 21,2 M. — Mz) and the natural tail of
a Breit—-Wigner distribution, tails towards high masses are due to mis-pairings of jets and to
initial state radiation: the latter, being generally unnoticed, leads to rescale to an energy higher
than the one at which the ZZ event occured, and thus to inflate masses. If the ISR photon
is detected and incorporated into the final state, one similarly gets masses higher than one
should.

The traditional statement is that ‘all these effects are present in the simulation’: indeed a
tremendous effort has been put into the understanding and modelling of these various effects
and no manifest discrepancy was seen between data and simulation at intermediate stages of the
analyses. But when one deals with the few last events, after having achieved rejection factors
of up to a few hundred, one may fear that reality and simulation have diverged, especially close
to the kinematic limit.

19 The coplanarity is the angle between two particles or jets in the plane perpendicular to the beam. The acoplanarity
is 180° minus the coplanarity.
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LEP results.

Having excluded lower masses, up to 112.3GeV, in the summer of 2000 [353] (see
figure 57, left) the LEP search in the few last months of running focused on the highest
accessible mass, at the kinematical limit of the Higgsstrahlung process, namely ~114/115 GeV
for an ultimate CM energy of ~206 GeV. Under such conditions, for a mass of 115 GeV, the
total Higgs cross-section is ~50 fb only (it would be 5 times higher with 10 GeV more in the
cms), compared with 1 picobarn for ZZ.

Some candidate events, appearing at such masses, and visible in figure 57 (right), generated
a lot of excitement. However, no appreciable gain in energy was foreseable and the decision
to stop LEP by the end of 2000 was maintained.
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Figure 58. (left) Probability density distributions for the background and background+signal
hypotheses at a fixed Higgs mass. (middle) Value of the test statistic —2/nQ as a function
of the Higgs mass for the combined data of the four LEP experiments. The solid (red) line
represents the observation. The dashed and dash-dotted lines show the median background and
background+signal expectations. The dark (green) and light (yellow) bands are the 68% and
95% probability bands about the median. (right) Confidence level CL; for the signal+background
hypothesis, with the same conventions as previous figure. From [355].

Table 12. Confidence levels for a Higgs mass of 116 GeV. From [355].

1 -CL, CL4sp

ALEPH 24 x1073  0.956

DELPHI  0.874 0.033
L3 0.348 0.408
OPAL 0.543 0.208
LEP 0.099 0.369

After the end of LEP, the situation can be summarized [354] by figure 58. The confidence
levels are evaluated from the ratio, Q, of likelihoods for the signal+background to background
only hypotheses, where the likelihood is a function of the Higgs mass and of several event
observables, like the b-tagging, the event kinematics, etc. The probability density distributions
of the test statistic —2/n Q is displayed in figure 58 (left) for a Higgs mass of 116 GeV. The
integral of the distribution from —oo to the observed value, 1 — CL,, (light grey area) quantifies
the probability that an event would be more signal-like than the observation for a large number
of events from background only. The integral from the observation to +0o, CL,, (dark grey
area), is the probability that events from signal+background experiments are more background-
like than the observation. Evidence for a signal would correspond to a small 1 — CL, and
large CL;4,. The results from the individual experiments for a Higgs mass of 116 GeV are
summarized in table 12.

In brief, most of the effect comes from the fact that one experiment (ALEPH) sees an
excess in one channel (the four-jets, largely through three notorious events). ALEPH quotes
2.4 x 1073 as the probability to be more signal-like in the absence of a real signal. Combining
all four experiments, this becomes 9.9%. The future will tell whether this indication is a
true effect or not. The final LEP limit on a SM-like neutral boson is 114.1 GeV. This is
also the limit for the MSSM %0 in the (likely) case where m 4 > 100 GeV.

The canonical MSSM Higgs search, exploiting both the HS mode and the associated
production mode can be summarized by figure 59, given in the case of a mixing in the stop
sector leading to m}'®*, the most conservative case, and the case of no mixing in the stop sector.
The no mixing scenario is almost completely ruled out. Lower limits for m;, and m 4, as well
as excluded values for tan 8 (for m, = 174.3 GeV), are given in table 13 for two scenarios of
mixing. The final truth will depend on the actual m, value.
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Table 13. Obtained and expected (in parentheses) exclusion limits at 95% CL on Higgs masses
and tan S from the combination of LEP experiments. From [355].

Scenario my, bound m 4 bound tan B range
(GeV) (GeV) excluded
mpx 91.0(94.6) 91.9(95.0) 0.5-2.4(0.5-2.6)

no mixing  91.5(95.0) 92.2(95.3) 0.7-10.5 (0.8-16.0)

Among all searches for non-conventional Higgs bosons [355], let us quote first the invisible
one. There may be several reasons why it could be so. The boson could decay into neutralinos,
although this is almost excluded for the MSSM with universality. One may also invoke TeV
gravity, Higgs decay into majorons [356] or the SM with a singlet. For LEP, detecting such
a boson is not much of a problem, since the bilan of energy—momentum can be properly
done. The main background is ZZ, with one Z decaying in neutrinos, and the possibility of
reducing it through b-tagging is lost. The ADLO limit is presently 114.2 GeV, assuming the
SM cross-section and that the Higgs decays exclusively into invisible final states.

For what concerns a flavour-blind search, relevant for alternative scenarios, like those
which involve the radion hypothesis [48,50], the combined LEP limitis presently > 112.9 GeV.

LEP epilogue: a look at figure 53 (or equivalently to several other figures of this review
showing h0 iso-mass curves) shows that, concerning the MSSM, 10 to 15 GeV more in the
centre of mass energy (i.e. 1.33 times the number of RF cavities in the equipped straight
sections) would have been needed to get a meaningful answer about its validity, if the top mass
is not far from its assumed value of 175 GeV.

The non-observation of 4 up to the present limit has been analysed in terms of the degree
of fine tuning required among the SUSY parameters, as discussed in 5.3.3. We note, however,
that this was done in the spirit of low tan 8, an assumption which was then prevailing, but has
no very solid justification. The conclusion to be drawn from LEP is rather that the MSSM
is still a viable possibility, but with intermediate or large tan 3.

Supersymmetry offered the possibility of achieving baryogenesis at the electroweak
scale by providing a potentially stronger electroweak phase transition and larger CP violating
phases. The situation is summarized in [357]. In the MSSM, in addition to a particular tuning
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Figure 60. SM Higgs production cross-section in pb for various processes at the LHC as a function
of the Higgs mass. From [318].

of parameters, electroweak baryogenesis requires a light 2°: with the present limit on m,, it
still works (up to m;, =~ 120 GeV) provided the right-handed stop mass is very light (< m,)
and the left-handed stop heavy. The idea is not yet ruled out, but is close to being so. Here
again, the exploration of a few more GeV for the 2 mass would have been decisive. On the
contrary, ‘life is easier’ in the NMSSM [358], where a singlet Higgs field is present and where
it is not difficult to make the electroweak phase transition stronger. As stated previously, the
present trend is to favour another version of the baryogenesis scenario, as a consequence of
leptogenesis at a much higher scale.

8.7. Higgs production at hadron colliders

The most important processes for Higgs production at hadron colliders are gluon fusion, vector
boson fusion, gg or gq scattering and Higgs radiation off top and bottom quarks, for which
the production cross sections at the LHC are summarized in figure 60.

The dominant Higgs production mechanism is the gluon fusion gg — H through top-
quark loops. The resulting leading order (LO) cross-section is a function of aé and exhibits
a strong dependence of the renormalization scale p. This scale dependence is reduced by
evaluating the next-to-leading order (NLO) contributions, but this increases the cross-section
by approximately 70%. It is therefore important to calculate it at the NNLO [359, 360] to
increase the confidence in the result. These higher order calculations include new diagrams,
some of which involve the emission of real gluons and affect not only the total cross-section,
but also the topologies by introducing additional jets. Figure 61 compares the cross-sections as
a function of the mass of a SM Higgs m g, computed to LO (dotted curve), NLO (dot—dashed
curve) and NNLO (solid line). The two curves for each case correspond to the choices of
scale u = mpy/2 and u = 2my and illustrate the reduced scale dependence of the NNLO
calculation. The increase in cross-section from the NLO to the NNLO results is still about 30%
and the global K-factor (ratio of NNLO to LO cross-section) is approximately 2 for the LHC
and 3 for the Tevatron. A similar behaviour with the same increases in the cross-section from
LO to NNLO calculations has been found for the production of the pseudoscalar Higgs A by
gluon fusion [361] for m4 < 300 GeV. The results for the production of the bosons H and A
are valid for small and moderate tan §, else they are significantly affected by loops involving
b-quarks.

For the Higgsstrahlung off top quarks, the cross-section is much smaller, as illustrated
by figure 62. In this case, the QCD corrections computed at NLO decrease the cross-section
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Figure 61. Higgs production cross-section inpb from gluon fusion at the Tevatron (left) and
LHC (right) as function of the Higgs mass in GeV. Reprinted from [360]. Copyright 2002, with
permission from Elsevier.
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Figure 62. Higgs production cross-section in pb via Higgsstrahlung off top quarks at the Tevatron
(left) and LHC (right) as a function of the Higgs mass [362].

at the Tevatron by about 20% and increase it at the LHC by 20-40%. The remaining scale
dependence for the NLO result is not very large and it is considered [362] that the production
rate is under proper theoretical control.

8.8. EWSB at the Tevatron

At the Tevatron the dominant production mode of the Higgs boson is through gluon—gluon
fusion. This is not exploitable for my < 130 GeV, where the main decay mode is h/H — bb,
because of the rate of background, but becomes usable for heavier Higgses whose decay is
dominated by h/H — WW*. For low Higgs masses, one has to use the smaller production
rate of the boson in association with a W or a Z, due to gqq¢ — Wh/H.

For a low mass boson, below 130 GeV, beauty is still the dominant decay and the modes
looked for are those of LEP, plus 1 v b b from W H production. Obviously proton and antiproton
remnants are also present in the final state. Above 130 GeV, simpler modes like1* 17 v v, coming
from H decay into W W*, are searched for.

Preliminary results have been made available from run II [363] which, per experiment,
are typically 50 times above the SM expectation (for My = 120 GeV) (figure 63 left). One
must therefore gain a large cumulative factor in the effective integrated luminosity. The gain
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Figure 63. (left) Limits on the SM Higgs from CDF Run II [363]. (centre) The expected reach of
the Tevatron in SM-like Higgs search [364]. (right) The same for the light Higgs mass region [365].

expected in run II from increasing the luminosity, combining the two experiments, increasing
their geometrical acceptance as well as their b-tagging and trigger efficiencies, improving
the di-jet mass resolution and refining the analyses is indeed quite impressive, of the order
of 600 [364] compared with run I. Figure 63 (right) summarizes the expected reach of the
Tevatron. If this is achieved, the 95% CL exclusion limit for the Higgs would be 115 GeV for
2fb~!. With 10 fb~!, this exclusion limit can be pushed to 180 GeV. A 5 sigma discovery is
possible for 110 GeV and a 30 evidence up to 130 GeV and in the range 155—-175 GeV. Needless
to say, this will not be an easy task, but it may be feasible and the numbers above represent one
of several estimates. We mentioned in section 7.1 that such integrated luminosities, given the
present problems of the Tevatron, are even beyond the optimistic side, unless the programme
lasts much longer.

One should add that in SUSY some coverage of the parameter space at large tan 8 will
be ensured through the study of the 4 b-jet channel, from the Higgsstrahlung production
bbh [366]. Tt is, however, likely that at the Tevatron cascading from heavier sparticle states
will not contribute to the 4 rate.

Itis clear that for the EWSB study at the Tevatron the best preparation, besides the detector
improvements, consists in front line QCD studies, refining the cross-section estimates as well
as several key distributions [367].

8.9. EWSB at the LHC

Here again the literature is abundant [368-370]. In brief, the discovery potential of LHC is
wide, but, except for very simple channels, experimentation will be difficult. LHC will collide
7 TeV protons, providing parton collisions in the TeV CM region. The LHC programme opens
the possibility of making a decisive step in our understanding of EWSB, by producing Higgs
bosons, as well as superpartners, if any, or indicating what alternative to EWSB has been
chosen.

A list of channels commonly investigated for the (SM-like) Higgs search is:

88 = h/A — vy

gg — h— ZZ% — 1II'l, llvv, 1ljj

gg = h— WW® — [vlv, lvjj

gg,qq — tth,h — yy, W — lv

88,9q — tth,h — bb W — lv

88,99 —> W/Zh, h — yy, leptonic decay of W, Z
88,94 — W/Zh, h — bb, leptonic decay of W, Z
99 —> qqWW — qqh,h — yy
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Figure 64. (left) Luminosity required for a So discovery of a SM-like Higgs at LHC in CMS [369].
(right) Significance of the Higgs signal with 30 fb~! in ATLAS [371].

e g9 —> qqWW — qqh,h > WW® — [vlv, lvjj
e qq — qqWW — gqh,h — 17
e qq = qqWW — qqh,h — %%} (invisible).

The SM-like Higgs boson is produced singly by gluon—gluon interaction via a heavy
quark loop and also in association with vector bosons and ¢7, as illustrated in figure 60. For
a light object, one decay mode exploited is the small (BR~1073) mode gamma-gamma, a
loop process. For recent NLO evaluations of its production, of the irreducible y y background
and about the treatment of the reducible one, see [359,372]. The dominant bb decay mode is
also exploited, but only for associated production like 17 H. More study is needed about the
complementary 2° — Zy mode. At higher masses the WW and ZZ modes always dominate
the t-t mode. Very elaborate studies have shown that, with ~30 fb~! (about three years at
a luminosity of 1033 cm~2s~!), one gets a significant signal over the full range of mass, as
shown in figure 64.

An significant breakthrough fact was to realize the importance of the H to the WW
channel, where both W decay leptonically: exploiting angular distributions, one can enhance
the S/B and provide a very significant signature in the mass domain around 170 GeV [373],
which could be covered with only a few fb~!. Another novelty was the exploitation of vector
boson fusion (VBF) (labelled gg H in figure 64 (left)), extended to the low mass region, where
the Higgs boson is produced, accompanied by two forward jets. Figure 64 (left) shows the
improvement obtained in this low mass region.

Yet another potential source for discovery could be provided by the production of squarks
and gluinos. If the hadronic sparticles are sufficiently light, they are produced abundantly
and may have a sizeable branching ratio to /° in cascade decays via neutralinos. In the
MSUGRA framework, this is possible in a large part of the parameter space. It has even been
shown that in a more general MSSM this process could also lead to the detection of the heavier
Higgses, H” and A° [374].

With more luminosity, say 300 fb~! per experiment (the nominal 10** cm=2s~! during
three ‘years’ of 107 s), one can start to give measurements of the SM Higgs mass (~0.1%) and
of the Higgs width (better than 10%, for masses above 250 GeV) [375].
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Figure 65. (left) Regions for Higgs discovery by the explorations of various final states at the LHC,
from [368]. (right) The coverage of the same plane by a would-be 220 GeV LEP, from [376].

A complete coverage of the MSSM tan f—M 4 plot can be achieved for a similar luminosity,
by combining a large set of measurements (figure 65 left). LEP, if it had been pushed to
~220 GeV, would have provided a larger coverage than LHC (figure 65 right), but could only
discover the #°. Given what has been actually achieved with the final LEP energy, there will
exist some regions in the MSSM plane (say M4 ~ 300 GeV, tan 8 ~ 10) where only one
object in the Higgs sector (here the 1°) will ever be observed. There will also exist a region
(80 < My < 170GeV, tan § >~ 4) where the K9, which is the only one for which a strong
upper bound exists in the MSSM, is not accessible. In this case, the hope would be to discover
itin the decay of a SUSY particle. As discussed in section 15.2, the LHC should generally see
some of the superpartners, a chance of discovery of SUSY as well as a potential contribution
to the h° yield.

If nature has chosen the composite way, the LHC also offers the possibility of studying
vector boson scattering. The difficulty will depend on its behaviour, resonant or not. At LHC,
one will have to use the gold-plated signature of VB leptonic decays, thus decreasing the
available statistics. The authors of [30,377] have given rates for various scenarios. For a pr
of N =4 TC of 1.8 TeV (2.5 TeV), the author of [377] guesses a minimum luminosity of 200
(150) fb~! to get a significance in the like-sign WW channel and of 44 (320) to get it in WZ.
For a 4 TeV rho one needs 110 fb~! in like-sign WW and there is no way in the WZ channel.
See [377] for the details of the assumptions. The rates, for such an example, are clearly not
overwhelming and it is likely that LHC will then only give a hint of what is going on. A VLHC
or a multi-TeV lepton collider would be the right machine to say more about such a scenario.

8.10. EWSB at linear colliders

Figure 66 shows the physics scenery at a LC. At a few hundred GeV, one recognizes well the
familiar LEP200 situation, with some increase in the role played by the rising fusion processes.
But the differences will increase with energy and the CLIC multiTeV scenery may be very new
compared with what we know, with events having many jets, b-hadrons flying up to 20 cm,
boosted events, large backgrounds, etc.
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Figure 67. (left) Luminosity needed to produce 10° SM-like Higgs bosons at a LC. Masses
considered are 120, 180 and 240 GeV. (centre) How this boson would appear. (right) Measurement
of the Higgs branching ratios at a LC. From [380].

A first merit of a sub TeV LC [379] would be to provide the top mass with great accuracy,
~150MeV, from a threshold scan. Remember in particular that, through radiative corrections,
AMpy ~ AMop.

Figure 67 (left) gives the luminosity needed to produce 10° SM-like Higgs bosons and
figure 67 (centre) shows how such a boson would appear from a recoil mass measurement to
up pairs. Let us note that, for a Higgs boson of ~100 GeV, the fusion process takes over the
Higgsstrahlung at E ., ~500 GeV. However the main role of a LC should be, once the boson
has been discovered, which is likely to happen beforehand, to provide accurate measurements
of its properties. Figure 67 (right) gives the accuracy with which one can obtain the Higgs



2958 L Pape and D Treille

10°

o(e*e” — HHwv) (fb)

10"

120 140 160 180 200 220 240 260 280
M,, (GeV)

Figure 68. Cross-section of double Higgs production by fusion ate*e ™ colliders of various energies.
From [382].

branching ratios, with 500 fb~! (say two ‘years’ at nominal luminosity). The main systematic
errors would come from our limited knowledge of basic quantities like the b and ¢ running
masses or os.

Several papers [323] have discussed the possibility of conspirations, in which some new
effects beyond the SM mimic the effect of a light Higgs boson, while in reality the boson
is heavier or composite: in the scenarios considered up to now, one always finds, given
the constraints of the accurate measurements, that a boson should nevertheless exist below
~500 GeV: the consensus is that a subTeV LC, maybe helped by a GigaZ, is thus likely to be
sufficient to disentangle any of these possibilities.

In case light supersymmetry is a reality, it has also been shown that a LC would be a
splendid machine to discover and measure most of what exists within its energy range [381],
as we shall illustrate later. A multiTeV collider can however add important information
even to the properties of a light Higgs, by reconstructing the potential of the Higgs field, for
instance allowing the study of the triple Higgs coupling in the fusion process ee—HHvv [382].
Figure 68 shows indeed the huge increase in the corresponding cross-section with CM energy.
The multiTeV option may also be required to study rare Higgs decays and heavy Higgs states,
if they happen to lie beyond 1 TeV. The yy version of a multi TeV e*e™ collider can produce
these heavy Higgs states in the s-channel.

In the case of a dynamical symmetry breaking, if Nature is unkind to us and does not
provide light conspicuous resonances, the situation may be more difficult: figure 69 (left),
referring to vector boson scattering, and figure 69 (right), referring to W pair production, show
the clear advantage of reaching higher energies. To fix the ideas, the ILC, at a CM energy of
500 (800) GeV, should see a 3.5 (6) standard deviation effect even in the case of a low energy
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Table 14. Summary of the reach of various accelerators. From [385].
LHC SLHC VLHC VLHC LC LC
14 TeV 14 TeV 28 TeV 40 TeV 200 TeV 0.8 TeV 5TeV
Process 100fb~"  1000fb=!'  100fb~! 100fb~!  100fb~'  500fb='  1000fb!
Squarks 2.5 3 4 5 20 0.4 2.5
wL WL 20 4o 4.50 To 180 60 900
z' 5 6 8 11 35 8 30
Extra-dim (6 =2) 9 12 15 25 65 5-8.5 30-55
q* 6.5 7.5 9.5 13 75 0.8 5
A compositness 30 40 40 50 100 100 400

theorems scenario. But a multiTeV machine would then be required to decipher the case as
shown in table 14 from [385]. Similarly, the accuracy one can obtain on TGC’s improves with
the CM energy as one can read from figure 70. A goal one could aim at is to reach the level of
the SM radiative corrections around few per mille.

8.11. EWSB: summary

Concerning details on Higgs studies at machines beyond the LHC we refer to [381,379] for
linear colliders and to [386,387] for muon colliders for detailed discussions. Let us give here
a crude summary of the potential of all the programmes.
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Figure 70. Strong symmetry breaking: signal significance at various collider energies. From [29].

For the SM-like Higgs we saw that, if it is not discovered at the Tevatron, it will be at
LHC, with ~10-30fb~! depending on the mass. With 100 fb~! one can envisage at LHC
some measurements of its mass, its width and, at ~10%, of its production times decay rate into
gamma-gamma and ZZ. At the LHC [388,389], the non-vanishing of the Higgs self-coupling
A can be established at 95% CL but only for 150 < My < 200 GeV.

A 500GeV LC can discover the boson up to 350 GeV, but this will have been done
previously at the LHC. With 500 fb~!, the LC can provide: its mass to 0.05%, its spin and
parity, the Higgsstrahlung cross-section, therefore the ZZH coupling, to a couple of percent.
Most of its decay fractions will be measured with good statistical precision: the dominant
systematics will come from the uncertainty on b and ¢ running masses and from ag. Its
total decay width can be estimated from its branching ratio into WW and the knowledge of
the WWH coupling (from ZZH), with a ~6% uncertainty. At a 500 GeV linear collider, for
My = 120GeV, one can get a 20% measurement of the self-coupling A with an extremely
high luminosity (2ab™").

Much later a pu—u collider could measure the Higgs boson line shape [386], as shown
in figure 71. With 1000pb~! per year, for a 110 GeV boson, it would give the mass to
40.1 MeV, the width to £0.5 MeV, the cross-section to £5%, without the systematic errors
quoted previously.

For the MSSM we saw that LHC with 300 fb~! will cover the whole parameter plane, as
would a e*e™ machine slightly above LEP energy. H and A bosons can only be discovered in
parts of the parameter space. A LC and a u—u collider can then provide the needed precision
studies.

For Vi, Vi, strong scattering, the possibilities depend much on the scenario, resonant or
non-resonant [31]. LHC or a 800 GeV LC may observe it, or have a hint of what goes on. For
instance, as we said, at a 800 GeV linear collider, a 60 effect is expected in the non-resonant
LET case. But it is not unlikely that the right machine to perform quantitative work on such a



Supersymmetry facing experiment 2961

Effective Cross Sections: m, =110 GeV

6
10 T T T T A T T T T | T T T T | T T T T
— R=0.01%
109 — ---- R=0.06%
104
— 3
° 10
S
~ 102
<
e 10!
0
10 m,=175 deV
41 Mgep=1 TeV I
1o+ no sa&park mixing
10—2 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
109 109.5 110 110.5 111
Vs (GeV)

Figure 71. Higgs cross section at a muon collider for several assumptions of the beam resolution
R = AEy/Ey. From [386].

scenario, especially if no resonance shows up, has to be a multi-TeV lepton collider, CLIC, a
u—u collider or a very large hadron collider (VLHC).

Let us hope that nature will not leave us waiting for so long, that the indirect indications
of a light Higgs are correct and that such an object will reveal itself in the next machine.

9. SUSY particle decays and signatures?’

9.1. Sfermion mixing

The left and right sfermion interaction eigenstates can mix, due to an off-diagonal term in
their mass matrix which is given by aym, = m, (A, — p cot B) or agmg = my(Aq— u tan g) for
up-type and down-type states, respectively. For the first two generations, the fermion masses
are small and the mixing can, therefore, be neglected. For the third generation leptons and
quarks, the mixing may be important. This will shift the mass of the lighter mass eigenstate
down and possibly make it the lightest sfermion.

Most expressions in this section will be written for sfermions in general, as they equally
apply to sleptons and squarks. Moreover, when refering to chargino and neutralino states, their
numbering will be in order of increasing mass.

The mass eigenstates of sfermions are related to their interaction eigenstates by:

]il _( cost; sinbf fL

h —sinf; cosf; R )’
where the mixing angle 67 can be expressed in terms of the masses and mixing parameters,
see [390].

The decay branching ratios can be computed by programmes like SDECAY [313] or any
of the other SUSY generators.

20 I this report, when considering neutralinos and charginos, the tilde, signalling a sparticle, is frequently omitted for
simplicity.
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9.2. Slepton decay
The sleptons can decay according to
F— 1Ex0, I — vyt (132)

The decay of e or fi is rather simple as there is no mixing between L and R states and the Yukawa
couplings are negligible. It corresponds to a (A1) transition (figure 3) to a gaugino-like x°
or x* with a width given in [391] and its phenomenology is easily read off from figure 15.

e In the deep gaugino region, M, < |u|, the LSP = X? is mostly bino-like and the xé’ and
Xli are mostly wino-like. The Ix coupling to the x? or Xli is suppressed, even if they are
kinematically accessible and the decay is predominantly to the bino LSP. On the contrary,
the ;. has a non-negligible branching ratio into x? and Xli if they are kinematically
accessible. Hence, cascade decays with additional leptons and/or hadrons will play an
important role. A somewhat unexpected consequence might be a large hadronic branching
ratio in slepton decay.

e In the higgsino region, |u| < M, the LSP = X? and the Xli are both higgsino-like,
whereas the x? (or xé’, + When M, is large) is gaugino-like. If allowed by kinematics, the
sleptons decay preferentially to Xg (or Xé), 4)- This is the region where the branching ratio
for Xé) — X? + y is important.

The 7 decay is more complicated as it can be mediated by a vertex of the type (o)
(figure 4), leading to a gaugino, or a Yukawa coupling (Hoy), leading to a higgsino. The
T decay phenomenology will therefore vary strongly with the composition of the low mass
neutralinos and chargino. The T decay branching ratios can be understood qualitatively as
follows, assuming that the gaugino mass unification holds.

e In the deep gaugino region, T decays are dominated by their gauge couplings and their
phenomenology is the same as for ¢ or i.

e In the higgsino region, M, > |u|, the LSP = X10 and the Xli are both higgsino-like and
nearly mass degenerate. Decays to these states through gauge couplings are suppressed
and the dominant contribution is from Yukawa couplings, especially when tan  is large.
For a 7g, the branching ratios to X? and to xli are of comparable magnitude. For a 7,
the coupling 7, — v, — Xli vanishes due to the chirality flip of the higgsino coupling. The
branching ratio is about 100% into the LSP. Although the decay to xg is not phase space
suppressed ( xé) is nearly degenerate with X? and Xli) it plays no role in the decay of 7
nor 7 [390].

The v decays to a neutralino or chargino through a reaction similar to (132). When it
decays directly to v )Z{), it remains unobservable. However, it may have a significant branching
ratio to charginos or heavier neutralinos as soon as they are kinematically accessible, making
it detectable.

9.3. Squark decay

Squarks have alarge number of potential decay modes, depending on their masses relative
to the other SUSY particles. If the gluino is lighter than the squark, the decay

q—>q+g (133)
proceeds at strong interaction strength and will predominate. In the MSUGRA scenario,

this condition is met in the region approximately defined by mo 2 mi (for the first two

~
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generations), as can be verified using the mass relations (90) and (79). Otherwise, squarks will
decay through electroweak interactions.

G—qx.d— q'x%* (134)

For the first two generations, the decays are determined by the gauge couplings and are rather
simple. In the gaugino-like region, the right squarks decay according to gg — f(?q with 100%
branching ratio and the left squarks to g — )qu and g, — )"(liq’ in ratios of approximately
1/3 and 2/3, respectively.

If the mass differences between the sfermions are sufficiently large, they may decay into
each other

G—q+W5 H" G — g1 +Z°, H, (135)

where the decay to a vector bosons proceeds via a (A¢¢) gauge coupling, whereas the decay
to a Higgs corresponds to a Yukawa coupling (and thus depends strongly on tan 8). These
decays are most relevant for the third generation sfermions.

For the squarks of the third generation, decays mediated by Yukawa couplings cannot be
neglected [392]. They will reduce the branching ratio for the decay to gluino, even ifiitis lighter
than the squarks, and enhance decays to charginos and neutralinos. They have non-negligible
branching ratios to the heavier neutralinos and chargino (higgsino-like in MSUGRA), giving
rise to cascades. For sufficient mass separation, the heavier squarks may have large decay
branching ratios to the 7; with the emission of a W, a Z° or a h°.

SUSY-QCD corrections to the squark decays have been calculated, see [393] (and
references therein).

9.3.1. Stop decay modes. If kinematically allowed, the decay #; — ¢ + g predominates. If
the g is too heavy to participate in the 7 decay, the weak decays

f— by, f—tx (136)

can take place. The decay modes with a top quark in the final state require a heavy stop, not
observable at LEP. For large stop mixing the 7, can be lighter than the top quark and the decay
could proceed through

fi — by, fi — cx?. (137)

At LEP, the direct decay into chargino, if kinematically allowed, would have close to 100%
branching ratio. This decay is limited to region I of figure 72. If m(f;) < m()?li) + m(b),
the flavour changing decay into ¢ + )E? will have pratically 100% branching ratio. This decay
proceeds through loop diagrams (see [394]) mediated by a pair (bW) or (15W). These loops
involve the electroweak coupling twice and the CKM matrix element Ky.. The width is
then expected to be small compared with I'p,g >~ 200 MeV, the width corresponding to the
hadronization time of order 10~2s. Hence, the 7; would hadronize into colourless (f1g) or
(f1gq) s-hadrons before decaying, as is the rule for quarks in the SM. Such decays dominate
in region III of figure 72. Decays to Xg can also take place in region II.

If m(I) < m(f) or m(V) < m(7), the three-body decays 7; — bl*v or 7, — bil*,
mediated by the exchange of a )Z]i, may compete with the ¢ )E? decay.

If the mass differences are sufficient, other decays with usually small branching ratios,
may also participate, like ; — b; W*(H*) or &y — 1, Z°(h°, H®, A®).
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Figure 72. Decay modes of stop (left) for tan 8 = 2 and sbottom (right) for tan 8 = 40 in the M,
versus u plane, from [338]. A squark mass of 80 GeV is assumed.

9.3.2. Sbottom decay modes. Assuming the gluino to be heavier than the sbottom, the main
decay mode expected is

by — bi). (138)

The decay into x? is also possible in the parameter region approximately given by M, or |u|
less than m(by) — m(b) (region I of figure 72). This will give rise to cascade decays. The
phenomenology of b decays is very similar to the one encountered for the 7.

As for the 71, the decay width of 151 can also be less than the hadronization width, especially
for large || where the (weak) gauge couplings determine the decay strength or when the
Yukawa couplings are not enhanced by a large tan 5.

As the 7 is often the lightest squark, the decay mode

b— Hw™ (139)
may also contribute significantly.

Other decays with smaller branching ratios, analogous to the ones for the 7, may also
contribute.

9.4. Gluino decays
If the gluino is heavier than at least one squark, the decay proceeds as

§—>4q+q (140)
with democratically distributed branching ratios into the various flavours and chiralities. As the
f1(by) is often considerably lighter than the other squarks, its branching ratio may be enhanced
by phase space.

If the gluino is lighter than any squark, the main decays are through weak interactions
mediated by a virtual ¢

g %tqq. 8 — 1°X, (141)

where X is gg or g (the latter being a loop decay). These decays have been studied neglecting
Yukawa couplings or taking into account the top Yukawa coupling for decays into quarks of
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the third generation. In [392], the case of large tan 8 has been treated completely, including
the bottom Yukawa coupling, as well as band7 mixing.

In well chosen mass windows, special modes are selected, such as, g — l;ll; when
mj +mpy < Mz < mg, where g is any other squark than by. One can even have a situation
where a three-body decay mode, like § — 7;hW ~, is important or dominant if the necessary
mass hierarchy is satisfied [395].

When squarks are very heavy, like in the split supersymmetry scenario, the above decay
modes which are all mediated by squarks will be strongly suppressed (see section 5.3.4). The
gluino lifetime, given approximately by formula (74), can be long enough [146] to hadronize
before decaying and to form colourless bound states, called R-hadrons, of the types ggg (R-
mesons), ggqq (R-baryons) or gg (R-gluons), which can be charged or neutral. They will
propagate through the detector losing energy by hadronic interactions or by ionization if they are
charged. They may also undergo charge exchange interactions (e.g. gdd +uud — guud+dd)
which flip their charge between charged and neutral possibly several times along their flight
path. The hadronic interaction probability of the gluino itself with the quarks in the detector
material is small, as it is suppressed by the inverse square of the mass. Hence it can be viewed
as the interaction of the cloud of light partons surrounding the gluino [396,146]. In this picture,
the mean energy loss (AE) per interaction depends only on the velocity g of the R-hadron.
As a consequence, the fraction of energy lost per interaction will be very small. Using simple
models for the cross section calculation [146], itis expected that (AE) >~ ky (y = E/m) with,
for instance, k around 0.3 GeV and an interactions length of about 19 cm in iron. In a typical
hadron calorimeter of about 1 m thickness, a R-hadron of 200 GeV mass and 800 GeV energy
would lose only 6 GeV. A slow charged R-hadron will also undergo energy loss by ionization,
which follows the usual Bethe—Bloch formula and dominates over nuclear interactions in the
region y < 1.5.

9.5. Chargino and neutralino decays

The two-body decays of the charginos and neutralinos are presented below. They are usually
dominant. But there exist regions of the parameter space where they are suppressed and the
decays are dominantly three-body, e.g. x* — %) f f’ and X — XV f f.

9.5.1. Chargino decay modes. Decays into sleptons. Provided the chargino contains at least
a small wino component it may decay, similarly to the W in the SM, into a (fermion, scalar)
pair with a coupling (A¢ ) of weak interaction strength. Since the squarks are usually heavier
than the sleptons, the most likely decay will be into a (lepton, slepton) pair:

xE = v+l 1+v (142)

(assuming the slepton to be lighter than the chargino). In the gaugino region, it will predominate
over the decays mediated by a W, as in case 1 of figure 19. As the coupling in the decay (142)
is exclusively to winos, only left sleptons and leptons are obtained. The sleptons will further
decay into their lepton partner and a neutralino. This reaction could, therefore, significantly
increase the leptonic branching ratio above the value of 1/3 expected for Ws. Conversely, a
lower branching ratio would be obtained in case squarks would be lighter than the chargino.

Evenifthe decays to sfermions are not allowed kinematically, the slepton diagrams can still
contribute and interfere with the decays via W and they have to be included in the calculation of
the branching ratios. For example, in the region —u >~ M, < 100 GeV, the leptonic branching
ratio may become very small due to destructive interference [397].
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When the chargino is pure higgsino, it can still decay into sleptons, but only via a (H ¢)
Yukawa coupling. It would almost exclusively lead to v, 7g and Tgrv, final states and can
become competitive with the decays into vector bosons only for large tan §.

Decays into SM vector bosons . A wino-like chargino may decay through a (AAL) gauge
coupling to a vector boson and a wino. A higgsino-like chargino has a (A ) vertex leading
to a vector boson and a higgsino. Both have electroweak strength:

X G AWEWE S L
o il VANV ARS (143)

and the decay takes place via an on- or off-shell W or Z°. Transitions from gaugino-like
(higgsino-like) charginos to higgsino-like (gaugino-like) neutralinos are suppressed. This
decay is dominant in the higgsino-like region. In the gaugino-like region, the gaugino mass
universality condition M, >~ 2M; implies that the lightest chargino and the lightest neutralino
are respectively wino- and bino-like, as can be verified in figure 15, and this decay is not
favoured. It may nevertheless take place via the (possibly small) wino component of the
lightest neutralino if other decay modes, e.g. to sleptons, are suppressed.

If sfermions are heavy, like in case 2—4 of figure 19, the lightest chargino decays directly
to X? and a (possibly virtual) W, giving a (jet+jet) or a (charged lepton+neutrino) pair with
the W branching fractions.

There is a region approximately defined by —M, < u < —M; where M(Xg) < M)
(see figure 15), the x; and )(g are both higgsino-like and the X10 is gaugino-like. In this
region, the x; can first decay into xé’ which will in turn decay to X? . When M, is not too
large (<200 GeV), these cascade decays can reach 30% branching ratios. They yield final
states involving more leptons and/or jets. For small tan g, the xé) decays in part of this region
preferentially into X|0 + y, giving instead topologies with a hard isolated photon. For larger
values of M,, the x; becomes nearly degenerate with the Xg and the cascade decays are
suppressed by phase space.

The heavier chargino, x;, could also decay directly into X?, but in most of the parameter
space, when the yxJ is dominantly gaugino the X? is dominantly higgsino and viceversa. This
enhances the branching fraction for the decay via x; or x20 which would again give rise to
cascade decays with complicated final state topologies.

Decays into Higgses. Finally, charginos could decay via a (A¢1) gauge coupling into
Higgses:

Xii—>XJ(.)+Hi,Hi—>ff/
x5 = xF+H H - ff. (144)

Such vertices induce transitions from gaugino to higgsino states and vice versa. The
experimentally most favourable decay would be the second one in (144) with H° being the /°,
the lightest of all Higgs states. This decay might dominate over the decay via vector bosons
in the region where || > M,, provided the 4° is sufficiently light [398]. Examples of )Zzi
decays to h° are found in cases 1 to 3 of figure 19. But, given the excluded mass range for the
h°, this would require a too heavy chargino to be observable at LEP.

The decays will end into a X? LSP either directly or through cascading.

In the case of heavy scalars, like in split supersymmetry (see section 5.3.4), the only
available decay modes will be through vector bosons or the light Higgs.

9.5.2. Neutralino decay modes. Decays into sleptons. The zino component of the neutralino
can give rise to a decay, similar to a Z° in the SM, into a (fermion, scalar) pair with a coupling
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(L@) of weak interaction strength. Assuming the sleptons to be lighter than the squarks and
lighter than the neutralino, the most likely decay will be into a (lepton, slepton) pair:

x> [+, 0+v (145)

This decay is important for a xé’ in the deep gaugino region. In case of large T mixing, the
decay to 7; may be favoured over the other sleptons by phase space. The sleptons will further
decay into their SM partner and the LSP, leading to final states where both leptons are of the
same flavour. A contribution from this decay is the only possibility to obtain a sizeable (>
10%) leptonic branching ratio. Note that the v + v final state will often be invisible.
Decays into Z’s. The higgsino component of a neutralino may trigger a decay via the
(AY¥ ) coupling to
R R ANAE (146)

the Z° being on- or off-shell. The gaugino component of a neutralino cannot induce such
a decay as the coupling of a (AA)) vertex is zero. This decay is dominant for the x? in
the higgsino-like region, but is suppressed elsewhere. It may nevertheless take place in the
gaugino-like region when all other Xf decays are closed. It may also be important in the
gaugino-like region for the heavier neutralinos, e.g. Xf — x? + Z°. For this decay mode, the
branching ratio into jets is about 70% and into charged leptons about 10%. Both leptons are
of the same flavour.

Decays into Ws. Alternatively, the gaugino or higgsino component of a heavy neutralino
can induce a decay through, respectively, a (AAL) or a (A i) vertex into:

x) = xE+ W, WE > ff (147)

with an on- or off-shell W. It gives rise to cascade decays, via the decay of the x li, with 4
fermions in the final state and an accompanying x: 4 jets+x! (with BR=4/9), [v+2 jets+x}
(with BR=4/9) or 2] + 2v + X? (with BR=1/9). In the 2/ final state, the eu will be twice more
abundant than the ee or the p . This decay may be dominant for the heaviest neutralinos.

Decays into Higgses. The neutralinos can also decay into Higgses through a (A ), e.g.
a (ZH°H"), coupling:

le—> X?+H0, H° > ff
X' — x; +HT . H" > ff (148)

Examples of Xf decays to h° are found in cases 1 to 3 of figure 19. A sizeable branching ratio
for the decay of 2 into h° is also found in case 2, showing that the decays to Higgs usually
dominate over decays with Z° when they are kinematically allowed. But for the same reasons
as presented in the chargino decay, these are not kinematically the most favoured ones at LEP
energies, but they may be useful at LHC where they could even help discovering the Higgs.

All decays encountered so far, except the one into Higgs, are transitions from gaugino
into gaugino or from higgsino into higgsino states. If the final state particles are kinematically
allowed to be on-shell (two-body final states) they will dominate over the others. However, two-
body transitions between two higgsino states are not possible in any region of the parameter
space, due to the small spacing in mass. They can exist between gaugino states, but are
phenomenologically relevant only when the production cross-section is not negligibly small.
The dominant decay modes at LEP are, therefore, expected to be three-body decays over most
of the parameter space.

Radiative neutralino decay. In certain regions of the parameter space, the above decays
can be suppressed by kinematics or by dynamics. Dynamical suppression occurs when X{)
is purely gaugino and Xf purely higgsino or vice versa. It may also take place when xS is
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Figure 73. Radiative decays of neutralinos.

Table 15. Summary of slepton and squark decays.

Sleptons Squarks

qg—>g+q Strong, m(g) > m(g)

[— %5 +v 30 +1% (Ap¥) G % +q. 3 +q (p¥)

T —> v, +W ,H™ (Ap¢), Yukawa bi — fj +W~,H™ (Ag¢), Yukawa

by > T+ W HY (Agg), Yukawa i — b+ W+, H* (Ag¢), Yukawa

% — 7 +2% HO (Ap¢), Yukawa i —>i;+2% H° (Ap¢), Yukawa
bi — b;+2° H° (Ag¢), Yukawa
fi—gl+c Loop
g—>q4+q Strong, m(q) < m(g)
g xF+q+q3. 3% +q+q m(@) > m(g)
§—>i%+¢ m(g) > m(g), loop

dominantly gaugino and the decay (145) to sfermions is suppressed by a large sfermion mass.
Another type, called kinematical suppression, occurs when the xé’ and X? are nearly degenerate
in mass. As discussed in [399], the decay rates to Z° or sfermions may become very small
and one-loop decays, like

X = XL +y (149)

may then play an important role. Such decays proceed through Feynman diagrams like the
ones depicted in figure 73 (the complete set of diagrams is given in [400]). Apart from the
diagrams on the left, the others can induce transitions between gaugino and higgsino states. As
these decays have an additional factor oy, in their coupling, their branching ratios are normally
of the order of few per cent. However, they may become dominant when tree-level processes
are suppressed. They are most relevant in the region u >~ — M, at low tan 8. For large tan 8
their contribution is negligible.

In the case of heavy scalars, like in split supersymmetry (see section 5.3.4), the only
available decay modes will be through vector bosons or the light Higgs.

9.6. Summary of sparticle decays

The main slepton and squark decays are summarized in table 15.
If mass differences are too small for the above decays, the lighter stop can give rise to
3-body decays, like

fi = Wbg?, H*b3), bl v;, bi;1*
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Table 16. Summary of chargino and neutralino decays.

Chargino Neutralino
FE—T+v, 0+l gy) I+l v+ (oY)
D (AN . YP S N ZTS B S S FA (AYY)
o R AWE (A, (Ayy) X0 XWE (AM), (AYrr)
o HHY (oY) 3 — H° (rp¥)
i i HE (oY) X — X HT (¥
2 — 7y Loop decay

MSUGRA, tang = 10, A, = 0, u > 0
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Figure 74. Regions of the m versus m > plane displaying different relations between the masses
of sparticles. Also shown as crosses are the cases presented in figure 19: dashed lines (red) are
isomass curves for the light Higgs and dash-dotted line (green) is an isomass curve for )N(fE Masses
are computed with ISASUGRA7.69 for tan 8§ = 10, Ag = 0 and & > 0, m; = 175 GeV.

(mediated by a chargino), and even 4-body decays, like
ti — bf f ,X?
(mediated by a virtual chargino and W).
The main chargino and neutralino decays are summarized in table 16.

9.7. MSUGRA signatures
In the MSUGRA framework, the )Z? is the LSP and invisible. The signature is missing energy.
In addition, the final state topologies are largely characterized by the relative positions of:

o m(%5) = m(7?) versus m(l)

e m(g) versus m(q)

The regions in the mo versus mi, plane delimited by these conditions are outlined in
figure 74.
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e In region 1, all sleptons are lighter than the )Zli (and xJ) and the latter, either directly
produced or resulting from a cascade decay, will decay to slepton—lepton pairs rather than
to the LSP. Final states will be rich in leptons. Note that a non-negligible fraction of the
decays will be to a b which will itself decay to the LSP and remain invisible. An example
is case 1 of figure 19.

e In region 2, only the 7, (and possibly the /z) remains lighter than the )Zli and x3. Their
decays will now involve only taus in the final state, although direct decays to the LSP may
also have an important branching ratio.

e Inregions 3, 4 and 5 no sleptons are lighter than the )Zli or )?3 , hence the decays to sleptons
are closed. If kinematically allowed, the )Zli and )Zg will dominantly decay to the LSP
with the emission of a h°. An example is case 2 of figure 19. Else, the dominant decays
will be to the LSP with the emission of a W* or a Z°. Final states with charged leptons
amount typically to about 10%. An example is case 3 of figure 19. In principle, 3-body
decays could also occur when the mass difference with the )?,0 is less than the W* or Z°
mass. In strict MSUGRA, a large part of this region is by now excluded by the LEP bound
on the 2° mass. But it would remain allowed if the GUT universality of the Higgs masses
is abandoned (CMSSM). Note that the heavier chargino and neutralinos also have very
small branching ratios to sleptons, as they are dominantly composed of higgsinos.

e In regions 1 to 3, all squarks are lighter than the gluino. The gluino, if produced, decays
democratically into gg (both L and R squarks). The gr states decay directly to the LSP,
whereas the g states decay preferentially through the charginos and (heavier) neutralinos.
There is even a non-negligible branching ratio to the heaviest chargino and neutralino,
leading to long cascade decay chains.

e In region 4, some squarks are heavier than the gluino and will decay to it, although the
electroweak decays to charginos and neutralinos may still remain important.

e Inregion 5, all squarks are heavier than the gluino. Most of them will, in a first step, decay
to their partner quark plus a gluino. Subsequently, the gluino decays through electroweak
interactions. An example is case 4 of figure 19.

e Decays to h° also occur with non negligible branching ratios for the heavy states )Zzi and
%2, as seen in figure 19 for cases 1 to 3. In strict MSUGRA, decays of charginos and
neutralinos into heavy Higgses H°, A? and H* are not kinematically possible. They may
become important, however, if the universality of the Higgs mass parameter is abandoned.

These conclusions have been established in a strict MSUGRA framework. Their main features
will, however, hold in a less constrained scenario, provided an (even approximate) universality
of sfermion and of gaugino masses is assumed and the chargino and neutralino composition
remains gaugino-like in most of the plane.

9.8. The effect of phases

Work has been done on the construction of CP-sensitive observables in SUSY particle reactions.
The definition of appropriate T-odd asymmetries were proposed for sfermion decay, neutralino
production and decay, chargino production. In particular, [401] studied the CP-asymmetry
involving the transverse polarization of the t lepton in the decay of the neutralino into T and
7. It is sensitive to the phase of the trilinear coupling parameter A .

The phase dependence of CP-even observables was also investigated. In the MSSM with
complex parameters SUSY particle masses, decay branching ratios, production cross sections,
etc. may depend on the phases of the SUSY parameters involved. In [402] the impact of CP
phases on the searches and decays of stop and sbottom was analysed, and in particular how
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Figure 75. Slepton production in e*e™ interactions.

and with what accuracy one can extract information on the complex u, M;, A, andA, from
fermionic and bosonic decays of 71 , and 51,2.

The effect of CP phases on the phenomenology of SUSY particles is summarized in [132].
The strong phase dependence of CP-even observables in heavy squark physics has to be taken
into account in SUSY searches at future colliders and will affect the determination of the
underlying MSSM parameters. The T-odd asymmetries in the gaugino sector can be large and
will be an important tool for the search of CP violation in SUSY and the determination of the
phases of SUSY parameters.

10. Sparticle production

We will first review sparticle production in e*e™ collisions. Since the results come from
LEP200, we will emphasize its energy domain. But we will also describe what one expects in
aLCin which, if kinematically accessible, the various sparticles are ‘democratically’ produced.
Next we will consider hadronic interactions. In these, the main source of most, if not all, spar-
ticles is through the decay of squarks and gluinos. We will, therefore, put the emphasis on the
production of these strongly interacting sparticles. But we will also mention exceptional cases.

10.1. Sparticle production in e*e™ interactions

10.1.1. Sfermion production in e*e™ interactions. In e*e™ interaction, the sleptons can be
produced in association through s-channel Z° or y exchange

ete” — [H[F (150)

with both sleptons belonging to the same family. The s-channel Z° or y exchange proceeds
through a (A¢¢) coupling according to the first Feynman diagram of figure 75. The photon
couples to the charge O = —1 for both mass eigenstates defined in section 9.1 and the Z°
to fL and fR with a coupling (/ 3_0 sin? Ow). As only the fL fL interaction final state
contributes with non-zero isospin, it introduces a factor cos’ ¢ ; for the f1 f1 final state, sin’ 07

for the fz fz final state and 2sin 67 cos 6 for the fi f2 final state Both left and right states

contrlbute equally to the Q sin®Ay. The Z° then couples to the fi f1 final state with strength
(I3 cos? Y sin @y). The total cross-section for production of f1 f1 at tree level is given
in Bartl ef al [390]. Some examples are illustrated in figure 76 where the effects of initial state
radiation are included. It displays the typical B3 threshold suppression for scalar particles,
with g% = 1—4m2f~ | /s. Furthermore, it develops a minimum as function of the mixing angle
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Figure 76. Production cross-sections for selectrons LL, RR and LR and for smuons at /s =
208 GeV, including initial state radiation. Cross-sections are computed with SUSYGEN3.00 [311].

for (v and a. are the vector and axial vector couplings for electrons):

. Qs2 v, M2
cos” ™" = 13‘” 1+2mc$v I_TZ , (151)

€ €

which, for an energy at the Z° peak, corresponds to the decoupling from the Z°. For energies
large compared with M the y — Z° interference contribution shifts the dip in cos? & 7 towards
about 75% of this value.

The tree level production angular distribution exhibits the familiar shape for scalar
particles:

tree
do™ _ 3 Gin2 gotree (152)
dcosf® 4
o production. Due to the smallness of the p Yukawa coupling, the fi is not expected to
exhibit any significant mixing. Its production cross-section is therefore fully determined once
its mass is known and is independent of the SUSY parameters. As the [ift final state arises

from a (A¢¢) vertex, both smuons will have the same chirality. The production cross-section
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is computed for either a left state, with I3 cos? 0 7= —1/2, oraright state, with 3cos? 6 F=0.
The couplings for left and right smuons are almost the same, leading to nearly equal cross-
sections. In the region /s ~ M, the reaction is completely dominated by the Z° resonance
production. For /s = 208 GeV the cross-section, including ISR corrections, decreases from
about 0.1 pb to 0.01 pb for smuon masses from about 85 to 100 GeV, reflecting its approximate
B3 dependence.

ee production. Like for the smuons, no mixing is expected between the left and right
states. Hence, the s-channel diagrams will lead to epe; or eger mass eigenstates. The ee
final state can also be produced by t-channel exchange of a x° [391], shown in the second
diagram of figure 75, which occurs through a (A¢) vertex and is therefore determined by the
gaugino component of the neutralinos. In principle, the higgsino component of the neutralino
also gives a contribution, but, being a Yukawa coupling, it can be ignored for electrons. The
t-channel diagram gives rise to LL and RR final states and, in addition, to LR final states even
in the absence of mixing. At energies close to M, the cross-section is again dominated by
s-channel Z° exchange, leading to large numbers of events in the LL and RR channels with
little dependence on the MSSM parameters. Above the Z°, the magnitude of the cross-section
is strongly affected by the t-channel contribution and, hence, very sensitive to the neutralino
mass and composition. The upper and lower values of the cross-section, shown as two curves
in figure 76, are determined as follows.

e The LSP is supposed to be the lightest neutralino. The LEP1 constraint on the chargino
mass, M ()Zli) > 45GeV, is imposed, as well as gaugino mass universality at the GUT
scale. It is also assumed that the selectron masses arise from soft masses at the GUT scale,
without imposing scalar mass universality. Using the relation (90) for running masses,
implies that

m; ~mg +0.77M5 + Ap,

eL

m? >~ mg g +0.23M; + A, (153)
where both the D-terms are positive.

e The cross-section is maximal when the mass of the lightest gaugino-dominated neutralino
is smallest, which enhances the t-channel contribution. A zero-mass neutralino (i.e.
M, = 0) is allowed by the LEP1 constraint M (f(li) > 45GeV for tan 8 ~ 1 in the
region || < 100 GeV, as seen in figure 16. The upper curves in figure 76 are obtained
for © = —100 GeV.

e The cross-section is minimal when the lightest gaugino-dominated neutralino is the
heaviest. This suppresses the t-channel exchange amplitude and, as can be verified from
the formulae in [391], it also yields the strongest negative interference between the s-
channel and t-channel diagrams. The largest value which the neutralino mass can reach
for a fixed selectron mass is determined by the largest value of M, compatible with the
relations (153), hence for my = 0 and tan § = 1 (zero D-terms). For e pair production,
the minimal cross-section is practically independent of the parameter u, i.e. it is the same
in the gaugino- and higgsino-like regions. For the eger production, the minimum of the
cross-section in the gaugino-like region is, due to the smallness of the coefficient of M5 in
relation to (153), determined by the condition m( )Z?) < m(eg) and is shown as a dashed
line in figure 76. The absolute minimum is reached in the higgsino-like region, where
m( )ZIO) can be kept low as it is given by u, and the lightest gaugino-dominated neutralino
is %3 (or x3) which mass is bounded by (153). The larger mass of X3 allowed in this case
explains the lower minimal cross-section for egeg than for ep ey .

e Itis worth emphasizing that the extrema obtained for the cross-sections do not rely on the
universality of scalar masses.
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Figure 77. Production cross-sections (in pb) as function of the cosine of the mixing angle, for stau
(left), stop (centre) and sbottom (right), from [338].

The cross-section can still reach several pb but, depending on the MSSM parameters, it can be
several orders of magnitude lower for the LR final state (whose minimum is below the scale
shown in figure 76).

77 production. For the T the left-right mixing may be important, especially if tan
is large. Consequently, the 7;7; production cross-section depends on the mixing, as seen in
figure 77 (left). But, like for smuons, the difference between left and right production is small
and the minimum in the cross-section, corresponding to equation (151), is not very pronounced.
Cross-sections are very similar for T and ft.

VD production. The ¥ is expected to be lighter than its corresponding charged slepton and
is potentially an interesting candidate to be searched for, provided its decay is not predominantly
into v — X?v which is not observable. The DD proceeds through s-channel Z° exchange and
the V.V, has also a contribution from t-channel exchange of charginos (a (A¢yr) vertex).

it and bb production. The production cross-section is also illustrated in figure 77.

The cross-section for associated production of stop shows a marked difference between
right and left states. Atabout 190 GeV, for masses varying from 50 to 80 GeV, the cross-section
for right stop goes from 0.8 pb to 0.2 pb, whereas for left ones it drops from 1.4 pb to 0.35 pb.

For sbottom the difference between the production of left and right states is even more
pronounced. The left states have a cross-section similar to the stop left states and the right
sbottom is about a factor of 4 less than the right stop. The latter can be understood from the fact
that for right states the Z° coupling is determined by the hypercharge. Then, there is a factor
of 2 from the charge for the photon exchange and a factor 2 from the hypercharge (Y; = —4/3
versus Y; = 2/3), leading to a factor of 4 on the cross-section. The cross-section for right
states is close to the LEP experimental sensitivity.

10.1.2.  Chargino production in ete”. Charginos are a mixture of charged winos and
higgsinos. They are produced in e*e™ interactions by the reaction:
ete”™ — Xiixf. (154)

It is instructive to view the production and decay processes in terms of the fundamental
interactions from which they are constituted. The production proceeds through the two Feyman
diagrams of figure 78.

The gauge interaction mediated by s-channel Z° or y exchange gives rise to
gaugino and to higgsino final states. The gauginos are produced via the (AL)) vertex, the
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Figure 79. (left) Production cross-section for gaugino-like charginos at 190 GeV [338]. (right)
Variation of the chargino production cross-section with the sneutrino mass at 208 GeV [151].

supersymmetric analogue of the SM (W°W*W ™) gauge couplings. The higgsinos originate
from a (Ayv) coupling, the same as the (Af f) of the SM. The photon couples to the charge,
e Q, and hence produces mass eigenstates. The Z° couples to the combination (13 — Q sin” Oy),
where (I3 = 1, Q = +1) for winos and (I° = 1/2, Q@ = +1) for higgsinos, with the same
strength for left and right states. The production of higgsinos from Z° exchange is therefore
suppressed compared with winos.

The t-channel production occurs through v exchange (via a (A¢v) vertex) and can
only lead to winos in the final state. In principle, a (V¥ ¢ = ehv) vertex leading to higgsinos
in the final state also contributes, but its magnitude being determined by a Yukawa coupling,
it is negligible for electrons.

The complete cross-section formulae can be found in [403].

X1 x; production. Charginos are produced in both wino and higgsino states. If the
t-channel exchange is small (very large v mass), the total cross-section reaches a level of
several pb, except when chargino masses approach the kinematical limit, as shown in the
example of figure 79 (full curve in left figure). For the same chargino mass, it is larger in the
gaugino-like region than in the higgsino-like region. This is due to the isospin coupling to the
Z° which introduces the factor of 1/2 for higgsinos, see equation (14).
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Figure 80. Neutralino production in ete™ interactions.

In the total cross-section, the interference of the t-channel ¥ exchange with s-channel y
and Z° exchanges gives rise to two negative contributions. As t-channel exchange produces
only winos, charginos which are dominated by their gaugino component may have a drastic
reduction of their cross-section in the case of light sneutrinos. This behaviour is illustrated by
the full line in figure 79 (right). Higgsino-like charginos will not be affected, as the t-channel
contribution is negligible in this case. An example is given by the dotted line in figure 79
(right). The same effect is shown in figure 79 (left), where the dashed, dash-dotted and dotted
lines correspond, respectively, to sneutrino masses of 2000 GeV, 200 GeV and 45 GeV. For
small sneutrino masses, the cross-section can be near the experimental sensitivity at LEP.

10.1.3. Neutralino production in e*te”. Neutralinos are a mixture of neutral wino, bino and
higgsinos. They can be pair produced in e*e™ interactions by:

efe” — x'x} (155)

which proceed through the Feynman diagrams of figure 80 (see Bartl et al [404]).

In the s-channel, no neutral gauginos can be produced (the coupling for the (AAA)
vertex is zero). Neutral higgsinos can be made by the (A1) coupling to the Z° with a
coupling constant proportional to I (as Q = 0).

The t-channel production occurs through ¢ exchange (via a (A¢ ) vertex) and only
leads to winos and binos in the final state.

x? X? production. An interesting aspect of this reaction is that, as M ( X?) < M( x?) o~
M( xli), the reachable search limits translated in the p versus M, plane can extend somewhat
beyond the kinematic limit of chargino production. The general features of the production
cross-section can be understood qualitatively (see also Ambrosiano and Mele [405]). Under
the assumption that M, >~ 2M,, the following statements can be made.

e In the deep higgsino region (ju| < M;), both x? and the second (or third) lightest
neutralino (labelled solution 3 in figure 15) are dominantly higgsino-like and the s-channel
7" exchange makes a sizeable contribution. The t-channel contribution is negligible and
the interference is small (but positive). Typical cross-sections of 1-3 pb at /s = 190 GeV
are obtained, practically independent of the selectron mass. At threshold, the cross-section
increases very fast, approximately as 8. The decay of the Xf leads to a typical signature
of Z° + 2 final states.

e In the deep gaugino region (|| > M>), both x and x are dominantly gaugino-like
and the s-channel contribution is negligible. The t-channel contribution is not large either,
except for very light selectron masses and the interference is small (but positive). Even for
selectron masses of 100 GeV, the cross-section is typically 0.1-0.2 pb at /s = 190 GeV
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for masses M (X?) ~ 50GeV and M( xé’) ~ 100 GeV. For larger selectron masses the
cross-section is even lower. Above threshold, the cross-section increases slowly with
energy.

e In the region where M| < u < M, the X? is dominantly gaugino (and Xg higgsino).
The s-channel contribution remains small, the t-channel and the (positive) interference
contributions are both about equal but not very large. Now the cross-section is only of
< 0.1 pb, below the experimental sensitivity at LEP. Also in this case the cross-section
decreases with increasing selectron mass.

These results are rather insensitive to the value of tan .

X{) X? production. This gives rise, for stable neutralinos, to undetectable final states. The
production cross-section is not very large, a maximum of a few pb for small |®|. This is too
small to trigger the events by means of initial state radiated photons. In addition, no limit can be
derived from the Z° invisible width, as the neutralino can decouple from the Z if it is gaugino-
like. Therefore, limits on the lightest neutralino mass can only be obtained indirectly (see
below). It may, of course, give a detectable final state if R-parity is not conserved.

x3x) production. In the intermediate region where M; < || < My, both x3 and x3
are dominantly higgsino-like (see figure 15). Such heavier neutralino states can be accessible
at LEP provided M, is not too large. Their s-channel production yields a cross-section of
0.1-0.7 pb and allows the coverage of regions in the parameter space where the sensitivity is
insufficient to detect the X? Xg final state. They give rise to interesting signatures, including
cascade decays and photons in the final state.

Other cascade decays, from x{ x{, or from xJ x{ can also contribute in some regions of
the parameters, as illustrated in figure 81.

10.1.4. e*e™ interactions: strategies and problematic areas. With much simplification, one
can summarize the e*e™ situation concerning gauginos in LEP type searches in the following
way. In section 10.2 we will consider the promises of a linear collider. For the discovery of
the chargino, the most promising reaction is clearly e*e™ — x; x, , associated production of
the lightest chargino. In most of the SUSY parameter space, the decay of the lightest chargino
leads directly to a LSP and a W, giving 2 jets or a (charged lepton+neutrino) pair. Chargino
events will then contain two unobserved neutralinos, giving rise to a large missing energy and
mass and the visible system will consist of jets (BR = 4/9), a jet and a lepton (BR = 4/9) or
two leptons (BR = 1/9). In the latter case, the leptons may belong to different generations
and there will be two times more eu pairs than ee or uu. Branching ratios may differ from
the above values if the sneutrino mass is low or if there exist important contributions from
cascade decays, but the kinematical characteristics of signal events are not drastically affected.
Cascade decays may lead, in addition, to a topology with isolated photons from the decay
X3 = x+y

The most promising discovery reaction for the neutralino is e'e™ — xx2, followed by
the decay x? — x"+Z° (if higgsino-like) or x{ — [+1 (if gaugino-like and the / is sufficiently
light) or for some regions of parameter space x? — X10 +y.

At LEP2, the dominant backgrounds are qqy, four-fermion and 2—y interactions. The
qqy background can largely be removed by cuts on acoplanarity. In some kinematical regions,
the WW, Wev or 2—y interactions can lead to irreducible backgrounds.

Problematic areas. There are some weak spots in the detection of charginos and
neutralinos.

e A reasonable detection efficiency can only be maintained when the deposited energy and
pr are sufficient to separate the signal events from the 2—y background. This requires
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Figure 81. Regions of the (u, M>) where various neutralinos are produced in association at
207 GeV with cross-sections above 0.1 pb, together with the chargino kinematic limit. Regions
where the branching ratio B, for xé’ — X?y is significant are also indicated. The values tan 8 = 1
and mg = 1TeV are assumed.

the mass difference, AM, between the parent particle and the LSP to remain above a
threshold, typically 3—5 GeV for the standard searches at LEP. But the efficiency already
starts to drop from AM =~ 10GeV. In the deep higgsino region the Xli and the Xg are
nearly degenerate with the LSP. A similar situation arises if the sneutrino is lighter than
and nearly degenerate with the chargino or if the 7| is lighter than the chargino and nearly
degenerate with the LSP. Furthermore, if the sneutrino is lighter than the xf, the decay
may become invisible. All LEP experiments have designed specific selection criteria to
improve the sensitivity in the low AM region.

In the region of small M ( X?) and large AM, where the Xli and the xé’ masses are close
to the W mass, the background from 4-fermion production is important, forcing stronger
anti-W cuts to be applied and resulting in lower efficiencies. For charginos, the non-
negligible branching ratio into the background free photonic final states compensates for
this loss.

10.2. Brief overview of sparticle physics at linear colliders (LC)

For e*e™ interactions, although some considerations were quite general, we have focused up
to now mostly on LEP200. We now turn to the higher energies of a linear collider.

As we said in section 10.1, sleptons are the lightest observable superpartners in many

models. Slepton pair production proceeds through s-channel gauge boson exchange. For the
first generation there are also contributions of t-channel exchange of chargino and neutralino.
If lepton number is conserved, there is no t-channel contribution for the next generations. In the
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Figure 82. Contours of o(etey — exéy) for m(ef) = 200GeV and /s = 500GeV in the
(M, tan B) plane. At each point in the plane, p is chosen so that m(i?) = 100 GeV. Reproduced
with permission from [568]. Copyright 1996 by the American Physical Society.

simplest case of SUGRA with R-parity conservation, where a charged lepton is the next-to-LSP
(NLSP) and the x! is the LSP, we have the usual signal of same flavour opposite sign dileptons.
The W*W ™ background is very peaked forward. Furthermore, beam polarization can greatly
reduce it. The two-photon background can largely be eliminated by p; and acoplanarity cuts.
Slepton masses can be obtained with high accuracy through kinematic endpoints, minimum
mass method and threshold scans, as shown in section 15.3.

The case of selectron pair production has interesting properties related to the existence of
t-channel amplitudes. Figure 82 gives an example of the cross sections to be expected. The
polarization of any lepton from slepton decay carries information about the SUSY parameters:
this can be exploited in the case of stau decay.

Considering gaugino studies, the relevant production processes proceed through s-channel
Z exchange and t-channel selectron exchange for neutralinos: s-channel exchange of y and Z
and t-channel exchange of v, for charginos (see section 10.1). As for sleptons, the dominant
backgrounds are SM gauge boson processes, as WW and ZZ, and are removed similarly.
However, in the case of pair production of wino-like states, a right polarized electron beam
reduces both the signal and the background. Anexample of cross sections for ;" x;” production
is given in figure 83. We show in section 15.3 what can be deduced from a thorough study of
chargino including the beam polarization.

One can show from a specific example the complementarity of a LC and LHC. In [407], the
authors adopt a case study based not on MSUGRA but on a SUSY SO (10) GUT. Such a case
would be discovered by LHC and distinguished from MSUGRA, but it will be left to a LC to
provide model independent mass measurements: this therefore illustrates the complementary
roles of such machines. Figure 84 gives the SUSY pair production cross sections for the
two machines. See [407] for the model parameters. Some masses are m(g) = 649 GeV,
m(fy) = 531 GeV, m(b;) = 240 GeV, m()Zg(l)) = 131(85) GeV and m()Zli) = 120 GeV. The
ordering of states according to the cross section is quite different for the two machines. AtaLC
the chargino pair production leading to a 2-jet + 1+ K can give a very accurate measurement
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From [407].

of m( )Z? ) and m( )Zli) through the 2-jet energy distribution. LHC data can be re-analysed with
the use of this information to improve the masses of heavier objects.

10.3. Sparticle production in hadron colliders

Squarks and gluinos can be copiously produced at hadron colliders via strong interactions.
Some limits from the Tevatron are reported in the next section. Let us note that, with the
possible exception of neutralino—chargino and slepton pair production, squarks and gluinos,
through their decay which may involve complex cascading, will be the main source of
all SUSY particles in hadron colliders. For example, charged sleptons can be produced
at hadron colliders through their couplings to y, Z° and W bosons. The production cross-
sections at the Tevatron are, however, small (tens to hundreds of fb) and the backgrounds are
important. So far, none of the Tevatron experiments has reported results from slepton searches
in the MSUGRA framework [408]. Their observation from cascade decays is more promising
and is presented in section 15.
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Figure 85. Examples of Feynman diagrams contributing to the hadron production of squarks and
gluinos.

10.3.1. Production of squarks and gluinos. Squarks and gluinos can be produced in four
different processes:

pp/pp — 44,34, 88,G8 + X. (156)

The calculation of LO cross-sections was performed a long time ago. The different
subprocesses are

9  —4qq,

8.9 — £8.44.

aq’  —qq.

gg  — &9. (157)

and the underlying tree level Feynman diagrams are displayed in figure 85. The LO hadronic
cross-sections are obtained by convoluting the partonic ones with the corresponding parton
densities. The LO scale dependence leading to a 50% uncertainty for the cross-section, a
complete NLO calculation is needed. In [409,362] the evaluation of the full QCD corrections is
described in detail. They enhance the cross-section by 10-90%. The scale dependence, which
serves as an estimate of the theoretical uncertainty, is decreased to ~15%. The production
cross-sections for ¢ and for g are summarized in figure 86 as function of the sparticle mass
for /s = 1.8 TeV. The cross-section assumes degenerate masses for five flavours of gs. For
squark production, the gluino mass was set to 200 GeV, for gluino production the squark mass
was set to 200 GeV. For the production of gg, in (a) My is the ¢ mass and the g mass was
assumed to be 200 GeV; in (b) M is the g mass and the ¢ mass was assumed to be 200 GeV.

The production cross-sections of squarks and gluinos at the LHC computed at LO and
NLO [410] are illustrated in figure 87. At LHC, for mz/m; = 0.9, 1.2, 5.0, the total cross-
sections, inpb, computed with the program PROSPINO [411] are given in table 17. The
shape of the NLO transverse momentum and rapidity distributions are only slightly modified,
compared with the LO. A simple rescaling of the LO distributions by the K factors of the total
cross-sections is a good approximation. Some examples of transverse momentum distributions
of g and g for the various production proceses, computed with PROSPINO at NLO, are given
in figure 88.

A SLHC of 28 TeV would gain an order of magnitude on the cross-section for the 1 TeV
mass region, a factor 50-100 for 2 TeV [412]. Or, for a cross-section of 1 pb, the gain in mass
would be ~1.5.
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10.3.2. Production of stop pairs.
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Figure 86. Production cross-sections for ¢ and g at the Tevatron, from [408].

Since the light stop, in the case of strong mixing, can be
the lightest of all SUSY sfermions, it is interesting to study its production in a hadron collider.
The picture emerging from such NLO studies [413] can be summarized as follows.

o The cross-section for production of diagonal pairs 7,7; or 7, depends essentially only on
the masses of the stop particle produced and little on other SUSY parameters, in particular
the g mass. The SUSY-QCD corrections increase the cross-section by about 40% and
leave a scale dependence of about 10-15%. In the SUGRA inspired scenario of [413] at
the Tevatron (1.8 TeV) the 7,7, cross-section is ~2 pb for m(f;) = 200 GeV. At the LHC,
the same cross-section is obtained for a mass of ~400 GeV. It is about ten times smaller

at ~600 GeV.

e The mixed stop pair production is only possible at NLO and beyond. It is suppressed by
O(e3) with respect to diagonal pair production and can be neglected.

An example of stop pair production cross-sections for the Tevatron and LHC at /s = 2 TeV
is shown in figure 89.

10.3.3. Slepton pair production at hadron colliders.

At a hadron collider the slepton pair

production proceeds through a Drell-Yan interaction mediated by a Z*, yielding ILly, Irlg or
D pairs, or by a W*, yielding I b. As these are electroweak processes, their cross-sections
are much smaller than for the production of squarks. Production cross-sections with QCD
radiative corrections have been computed at NLO [414] and were found to be enhanced by
35% to 40% at the Tevatron and 25% to 35% at the LHC compared with the LO results. The
NLO cross-sections are displayed in figure 90 as a function of the slepton mass for the Tevatron
and the LHC. The NLO contributions of virtual squarks and gluinos, not included in [414],
have been added by [416] and were found to modify only slightly the earlier results.
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Figure 87. Production cross-sections for ¢ and g at the LHC, reprinted from [410]. Copyright

1997, with permission from Elsevier.

It has been recently emphasized [415] that pair production of sleptons by gauge boson

fusion also needs to be considered. Although its cross-section is much smaller than for Drell—
Yan production at small slepton masses, it decreases less steeply with increasing slepton mass
and becomes dominant for masses above ~250-300 GeV. It may extend the reach for the
slepton pair production at the LHC.

For I] events, the signature is two same flavour leptons with missing energy. The total
cross-section of diagonal production of 77 at the LHC is given in table 18.

10.3.4. Chargino/neutralino direct production at hadron colliders. The direct search channel
for charginos and neutralinos at hadron colliders consists of the production via

qq — xX* (158)
followed by the decays
- zorr, 15— iy (159)
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Table 17. Partonic total cross-sections, in pb, computed with the program PROSPINO [411] for
LHC, assuming mg /mg = 0.9, 1.2, 5.0. For squarks, the cross-section is the sum over the first five
flavours assumed degenerate.

mg/mz = Channel m(§) =400  m(@@ =600  m(@@ =1000 m(@ =2000 m(G) = 1000
0.9 qq 48.2 5.98 0.294 0.001 —
qq 27.2 4.99 0.459 0.007 0.001
23 67.3 6.18 0.185 0.000 —
2q 146. 18.6 0.940 0.004 —
1.2 qq 48.2 6.09 0.305 0.001 —
qq 31.8 5.95 0.554 0.008 0.001
28 337. 37.1 1.57 0.007 0.001
2q 336. 46.3 2.72 0.019 0.002
Channel ~ m(§) =2000 m(3) =4000 m(G) =6000 m(§) =8000 m(G)= 10000
5.0 Gq 0.001 — — — —
qq 0.008 — — — —
28 138.3 2.37 0.139 0.013 0.002
2q 1.09 0.004 — — —
018 [ M(squork)=500, M(gluino)=500 Gev 4 0225 |- M(squork)=1000, M(gluino)= 1000 GeV | L M(squark)=2000, M(gluino)=2000 GeV

016 [ e sgmsg ] o2 |
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Figure 88. Production cross-sections for § and g processes as a function of the transverse
momentum at the LHC.

The production proceeds through s-channel exchange of a W* and t-channel exchange of a g.
This channel leading to di- and tri-lepton states, without jets, is searched for at the Tevatron
and is discussed in section 15.1. Reference [416] gives the cross-sections for these reactions
in the next-to-leading order SUSY QCD. The basic diagrams and SUSY QCD corrections are
the ones given by figure 91 (left). They enhance the cross-section by about 10—40%. Figure 91
(right) summarizes the cross-sections for various pair productions in a typical MSUGRA case
at the Tevatron and LHC. However, at LHC, the main source of charginos and neutralinos
will usually be cascading from squark and gluino decay. Nonetheless, at large mo where
the squark production is suppressed, the direct chargino/neutralino production may be very
important.

10.3.5. Associated production of gluinos and squarks with gauginos. The cross-sections for
the associated production of gluinos with charginos or neutralinos can be sizeable [362,417]
at the Tevatron and the LHC if the gluino mass is less than about 400-500 GeV. They proceed
in leading order through a g—¢g initial state with the t- or u-channel exchange of a squark, as
shown by the diagrams in figure 92. The SUSY-QCD corrections have been computed and
are found to decrease the cross-section by about 3% at the Tevatron and increase it by about
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Figure 89. Production cross-sections of stop pairs at the Tevatron (left) and LHC (right) as a
function of the mass of 7; or . Reprinted from [413]. Copyright 1998, with permission from
Elsevier.

Table 18. Partonic total cross-sections for diagonal 77 production, in pb, computed with the program
PROSPINO [411] for LHC, assuming a heavy g and g.

m(f) (GeV) 200 400 600 800 1000 1200
789 263 0279 0.048 0.011 0.003
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Figure 90. Production cross-sections of slepton pairs at the Tevatron (left) and the LHC (right).
Reprinted with permission from [414]. Copyright 1998 by the American Physical Society.

10-20% at the LHC. The scale dependence is reduced to 10-15%, which signals a stabilization
of the theoretical prediction.

11. Present limits

Limits on the mass of some superpartners have been derived from the measured Z° width at
LEP1, compared with the SM expectation. It puts a limit of about 45 GeV on the masses of
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Figure 92. Feynman diagrams contributing to the associated production of squarks and gluinos
with gauginos.

the e, i, g of the first two generations and )Zli The same limit holds for the third generation

sfermions 7, 7; and b;, provided they do not decouple from the Z°. These limits are superseded
by the direct searches at other machines and at LEP2. The mass bound on the ¥ will be discussed
in section 11.3.

11.1. Searches at HERA
At HERA, the dominant MSSM process is the production of a selectron and a squark via a
t-channel exchange of a neutralino

eq — eq (160)
followed by ¢ — ex°, § — ¢x°. The signature is a high P electron, a jet and . The
limit set on (m; +mg)/2 at 77 GeV [418] is not competitive with those of LEP2 and Tevatron.

The strength of HERA is rather in the exploration of R-parity violating scenarios that we
discuss in section 14.

11.2. Tevatron results on gluinos and squarks

The production cross-sections for g and for g have been summarized in figure 86 as function
of the sparticle mass for /s = 1.8 TeV.
The decay reactions are
ifm(@) >m@:q—>qg; &= qqx% 9% -
itm@) <m@:8—>qq: 4~ 9% 4% (161)
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Figure 93. Exclusion limits at 95% CL from CDF [419] and DO [420] experiments. Also included
is the squark mass bound from LEP at 208 GeV [422].

Interesting signatures are (multi-jets with missing energy) or (leptons plus jets plus missing
energy). A particularly clean signature comes from

28 > 3R+ > EE4 (162)
with two like-sign leptons in the final state, accompanied by jets and missing energy. The
results [408] from DO and from CDF are presented in figure 93. For m(g) > m(g), the only
production contributing to the cross-section is gg. The resulting limit is then independent of
the squark mass. When m(g) >~ m(g), the cross-section is increased by the contribution of gg
production, which improves the limits and creates the ‘nose’ seen in the figure. The strongest
limits on the gluino mass are from the multi-jets and missing energy channel and a scan over
the MSUGRA parameter space yields the values of 195 GeV for CDF [421] and 190 GeV for
DO [420] (the latter is for tan 8 = 2, u < 0). Limits on squarks have also been presented,
but they vary with the relative value of the squark and gluino masses. The stop and sbottom
exclusions are shown in section 11.3.4. However, the Tevatron limits depend strongly on the
SUSY parameters. Hence, these searches provide excellent discovery opportunities but
make it hard to set significant mass limits.

11.3. Sfermion mass limits

11.3.1. Sneutrino search limits from LEP. Supposing that the v decays entirely into v + X?, it
will not be directly observable in the detector. However, indirect searches can be performed,
based on the accurate measurement of the number of neutrino species in e*e™ interactions at
the Z° peak. The partial width for the decay of the Z° into a pair 1D of a single flavour is [423]
3/2
rz'— vy 1 4m? /
— =51 —F . (163)
rZzo—wvw) 2 ms
The invisible width of the Z° determined by the Electroweak Group, combining the results
from the four LEP and the SLD experiments, has a 95% CL (one-sided) upper limit of
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ATy < 2MeV [275]. Asthe SM value for the neutrino partial widthis I'(vv) = 167.23 MeV,
the resulting lower limit on the sneutrino mass is

my > 43.7GeV (164)

if it is completely assigned to a single flavour. As the sneutrinos of the different generations
are expected to be nearly degenerate in the MSSM, the limit could optimistically be improved
to my > 44.7GeV for three degenerate v pairs (neglecting the t-channel exchange in v,
production).

A legitimate question [424] is whether Us with mass between 45 GeV and the kinematic
limit of LEP2 are not buried in LEP data. It would be interesting, using the single y spectrum
of ADLO, to derive a limit on their production.

The above decay is usually the most favourable one, but at large tan § it is also possible
to have v, — 7Ty, when 7 mixing is large, lowering the mass of 7;.

Finally, indirect limits on the sneutrino mass can be derived from the bounds on charged
slepton masses, by using the relations (90).

11.3.2. Sfermion decay kinematics in e*e~. At LEP, the sfermion search is mostly based on
the direct decay into a neutralino LSP. Such events are characterized by final states composed
of two leptons with the same flavour or two jets, acoplanar with the beam, and large missing
energy and momentum.

The energy distribution of the final state leptons in the e*e™ rest frame is constant due to
the slepton two-body decay and is limited by

B, M2 M?
Elmax,mm =2(1= X 1+./1 — —% (165)
2 M? E;

with Ey being the beam energy. For slepton production close to threshold, the energy
distribution is very narrow. For small AM = M;—M,, the visible energy is small. Similar
conclusions hold for the jets from squark two-body decays.

Sfermion detection is made difficult in some areas. For small AM, there is a huge
background of yy interactions, which can be rejected only at the expense of lowering the
efficiency. At LEP, for AM < 3GeV, the efficiency drops essentially to zero. Another
difficulty is that, for small M,, when M ; approaches My, the events are indistinguishable
from W W events. Finally, in some regions of the SUSY parameter space, cascade decays may
contribute with a non-negligible branching ratio. Until now, this is usually taken into account
(conservatively) by assuming zero efficiency for cascades.

11.3.3. Charged slepton search limits at LEP. The results from a combination of the four LEP
experiments up to 208 GeV by the LEP SUSY Working Group [422] are shown in figure 94.
These limits are computed under the assumption that © = —200 GeV and tan 8 = 1.5, which
is primarily important for the selectron cross-section, but also affects the [ —1%° branching
ratios for all sleptons. This point was chosen because it is a region where the slepton limits
play a crucial role for the exclusion of the LSP (see section 12). The mass limits in the region
where AM = (m; — Mysp) > 10GeV are summarized in table 19. The bounds for ¢ and
[ apply to the most conservative case of right sleptons and for 7 at the minimal production
cross-section, near to the point where it decouples from the Z°. Although these limits are given
for a specific point, they remain essentially valid for the whole gaugino-like region u << M.
For smaller values of x, the limits may be invalidated due to the existence of cascade decays.
As we will see below, this is a region excluded by the chargino and neutralino searches. Apart
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Figure 94. LEP 208 GeV combined slepton mass exclusion limits at 95% CL, from [422], under
the assumption that @ = —200GeV and tan § = 1.5.

Table 19. Mass exclusion limits for sleptons at 95% CL, assuming that @ = —200GeV and
tang = 1.5.

Channel  m(l) >

99.4 GeV
94.9 GeV
85.0GeV

R ™

from this, the slepton limits are very robust: they do not rely on scalar universality and, strictly
speaking, not on gaugino universality either, as the only requirement is that the )Z? be lighter
than the sleptons.

No limits from the LEP SUSY Working Group exist for AM = my, — mysp < 3GeV
nor in regions of the parameter space where sleptons undergo cascade decays via [ — | Xg.
The ALEPH experiment [425] covered the small AM by a dedicated search of ege in the
single electron topology. They also excluded the region of small tan 8, || and m, leading
to a light )Zg , by their searches for charginos and for the production of )Zf) )Zg. They derive the
limit m(er) > 73 GeV at 95% CL. Stronger bounds are also obtained by imposing the limits
from the Higgs search or in a strict MSUGRA framework.

Furthermore, as the T can decouple from the 79, the bound of 45 GeV obtained from
Z° data is not valid for any mixing. A dedicated search was carried out by DELPHI [426]
to retrieve events with low mass Ts which are highly boosted and therefore fail to satisfy
the acoplanarity cuts applied in the standard analyses. A lower limit on the stau mass was
established at 25.1 GeV for AM = m,, improving to 39.7GeV at AM = 4GeV, for any T
mixing. For larger AM, the bound increases smoothly to the value listed in table 19.
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Figure 95. LEP 208 GeV combined squark mass exclusion limits at 95% CL, from [422].

Table 20. LEP 208 GeV mass exclusion limits for squarks at 95% CL.

Channel 0=0 Omin

M(q) >

f—cx) 98GeV  95GeV
f—blb  99GeV  96GeV
b—bz) 99GeV  94GeV

11.3.4. Stop and sbottom search limits at LEP and Tevatron. At LEP, squarks have been
searched for in topologies corresponding to their two- and three-body decays. The difficult
regions for their detection are similar to the ones for sleptons.

The mass exclusion limits at 95% CL obtained by combining the data up to 208 GeV
from the LEP experiments in the LEP SUSY Working Group [422] are plotted in figure 95
for i — cx), 7 — blD and b — b XV from left to right. Limits corresponding to the no
mixing case and to the mixing yielding the minimal cross-section are both shown. For the
decay 7 — ¢ f({) , the triangular region where AM > My + m,, is not excluded, as the decay of
stop is dominated by the 7 — bW %! channel. The excluded mass regions for right squarks
with (mz — Mysp) > 20 GeV are summarized in table 20. In addition, ALEPH has combined
thef — ¢ )Z? search with searches for long lived stop hadrons, determining an absolute lower
limit on the stop mass of 63 GeV [427]. This limit holds for any value of AM, stop lifetime
or decay branching ratios.

Itis instructive to compare the LEP results to the exclusion limits obtained by the Tevatron
experiments. The CDF results on searches for 7 — ¢ and b — by’ [428] and the DO results
on f — bl¥ [429] are also reproduced in figure 95. It is clear that Tevatron experiments
have a much larger reach in squark mass, but are unable to cover as small values of A M
as LEP.

A more general limit on the sbottom mass, valid for any hadronic decay, has been derived
in [430]. Such a light sbottom should increase the ete™ — hadrons cross section by about 2%
far from the Z° and 5% at the Z° peak. The author compiled the cross section results between
20 and 209 GeV from PEP, PETRA, TRISTAN, LEP1, SLC, LEP2. When combining these
with the values of 'z, R; and R;, from LEP1 and SLC into a global fit, a lower limit of 8.5 GeV
is set on the sbottom mass for any mixing and any hadronic decay to light quarks.
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Figure 96. Left: chargino mass exclusion limits as a function of m(¥), from combined LEP
experiments at 206-208 GeV [422]. Chargino limits for tan 8 = +/2and 35, from ALEPH at
189 GeV [431].

11.4. LEP results on charginos and neutralinos in MSUGRA

The chargino mass depends on the parameters M, p and tan 8. However, the detection
capability also depends on the MSUGRA parameter m, as the latter intervenes in the value
of the sneutrino mass. We first consider the simplest cases where the search results from
charginos and neutralinos suffice to establish limits on the masses of these particles. These are

(a) for large m( and hence heavy sleptons, so that chargino production cross-sections are
large;

(b) for small AM = m( )Zli) —m( )Z?), which in the hypothesis of gaugino mass universality
M, ~ 2M corresponds to the deep higgsino region.

The case of the lightest neutralino, likely to be the LSP, is discussed at length in section 12.

11.4.1. Mass limits for large my. The chargino pair production is an ideal channel for LEP,
as the production cross-section is large and a few pb~! luminosity could be sufficient to make
a discovery. All four LEP experiments have looked for the lightest chargino in the topologies
with leptons, leptons plus jets and jets. The results from these channels were combined by
the SUSY Working Group [422] under the assumption that the charginos decay via a W*.
This is the only decay allowed at LEP for )Zli under the assumption of heavy sfermions
and compatible with the Higgs exclusion limit. Limits on the mass were obtained from a
scan over the MSSM parameters. The exclusion limits from 206-208 GeV data are shown in
figure 96 (left). Under the assumption that m (V) > 300 GeV, chargino masses are bounded in
the range M ( )Zli) > 103.5GeV, this limit being set by the ~35 ph~! of data collected by the
four experiments together at 208 GeV.

It is instructive to display the excluded range in the space M, versus u (for fixed tan g), as
illustrated by the ALEPH results at 189 GeV [431] in figure 96 (centre and right) fortan 8 = /2
and 35. The light grey area was excluded by the LEP1 results. The black area is the additional
excluded region from LEP2 searches for charginos. The narrow dark grey region at low tan j
and pu < O represents the further exclusion by searches for neutralinos, which illustrates the
fact that the reach in the )ZI.O )Z}) (and cascades) search exceeds slightly the chargino kinematical
limit at low tan 8. In fact, the )Z? )Zg search determines the exclusion for M, > 100-120 GeV.
The exclusion for lower values of M, results from searches for cascade decays like )Zg )Zé) and

%)
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Figure 97. Neutralino mass exclusion curves as function of tan 8 for mo = 500 GeV, from ALEPH
at 202 GeV [432]. Excluded regions in the M, versus p plane from DELPHI at 208 GeV [426].

The parameter space excluded in the M, versus u plane allows the extraction of an indirect
limit on the )Z? mass, under assumption that M, = 2M,. Figure 16 displays isomass curves for
the 0. The leftmost curve is the chargino kinematic limit for M (x*) = 104 GeV. It is seen
that for tan 8 =~ 1, the chargino kinematic limit bites into low f(? masses along the © >~ —M,
diagonal (for larger tan 8 this effect is less severe; it also diminishes with increasing energy).
As seen from figures 96 and 81, this is the region where some help can be expected from the
neutralino searches, especially the cascade decays.

An example of the dependence of the limit on the lightest neutralino mass as a function of
tan f is displayed in figure 97 (left) from the ALEPH analysis at 202 GeV [432]. The dashed
line shows the exclusion limit if only the chargino search were included. The neutralino
searches improve the limit by ~2 GeV, but the limit is still obtained for tan 8 = 1. The limit
derived by the DELPHI experiment from the data up to 208 GeV [426], shown in figure 97
(right) is M ( )Z{) ) = 39 GeV, under the assumption of heavy sleptons. This limit is based solely
on the chargino and neutralino searches and arises for tan § = 1 and u < 0. Allowing for
light sleptons would affect this limit very significantly.

11.4.2. Chargino mass limits for small AM. If the universality of gaugino masses at the
unification scale is assumed, the small AM region corresponds to higgsino-like states, where
the f(li, )Zg and )Z? are nearly degenerate with a mass close to |u|. This near degeneracy is
illustrated by the lines of constant AM in figure 98 (left). The LEP1 data allowed the mass
range M (¥¥) < 45 GeV to be excluded for any value of AM. As we already mentioned, the
standard chargino search loses sensitivity at small AM, typically AM < 3 GeV, and hence at
large M.

To reach yet smaller values of AM, dedicated searches have been developed. Such a
search was conducted by the four LEP experiments and the result of their combination by the
LEP SUSY Working Group at 189-208 GeV is displayed in figure 98 (right). The standard
search reaches down to AM =~ 3 GeV. In the region 3GeV > AM > 200MeV, the visible
products from the chargino decay carry little energy and missing pr and the search is based
on events with a photon from initial state radiation (ISR) in the detector, as originally
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Figure 98. Left: regions of small AM in the M, versus u plane [433]. The numbers indicate the
mass spacing AM = M iE T M 79 in GeV. Right: Exclusion limits at 95% CL on ultra-degenerate

charginos in the higgsino-like region from the combination of LEP experiments [422].

proposed in [434]. This reduces strongly the background from yy interactions, which is
otherwise overwhelming. The excluded mass range remains smaller than for the standard
search due to the lower efficiency resulting from the requirement of an ISR photon. Below
200MeV a good sensitivity is recovered by the search for long-lived particles, which is
discussed in section 13.2 on stau search in the GMSB framework. It is seen that the search
with ISR photons allows the gap between the standard search and the search for a long-lived
chargino to be closed completely. The reach in chargino masses is of ~92.4 GeV, slightly
lower than for the standard search, and it implies a strong bound on the neutralino mass, as
they are approximately degenerate.

11.5. LEP results on charginos in AMSB

In SUSY with AMSB, it is found that M, < M, (see section 5.8), contrary to the expectation
from gaugino mass universality. This also leads to near degeneracy of f(li and )Z? , like in the
small AM region of MSUGRA. However, the degeneracy occurs in the gaugino-like region
and implies different production diagrams. As a result, the selection efficiency is slightly
different and the cross-section is larger, provided the sneutrino is heavy. Using the same
search strategies as for MSUGRA with small AM, the results from the four LEP experiments
were combined by the SUSY Working Group and the obtained limit is shown in figure 99.
The obtained bound for gaugino-like degenerate charginos is M ( )Zli) > 91.9GeV under the
assumption that my > 500 GeV.

For smaller sneutrino masses, the production cross-section decreases and the mass limit
deteriorates. In an analysis from DELPHI [435], it is found that when M ( f(li) ~ m(v), no
bound is obtained beyond the one of LEP1 for AM < 200 MeV. When the sneutrino is lighter
than the chargino, the decay )Zli — DIF has practically 100% branching ratio. The standard
chargino analysis for leptonic final states can then be used for the search. The region of the
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Figure 99. Left: exclusion limits at 95% CL on ultra-degenerate charginos in the gaugino-like
region for m; = 500GeV, from the combination of LEP experiments [422]. Mass bounds for
M%&) > m(P) from DELPHI at 208 GeV [435].

M( )Zli) versus m (V) plane excluded by DELPHI [435] from the data up to 208 GeV is shown
in figure 99 (right).

11.6. A light gluino?

Up to now, we have discussed lower limits for sparticles ranging from Mz /2 to a few hundred
GeV. It is however often said that a very light gluino is still an open possibility. At first
glance, it looks surprising that a strongly produced particle of a few GeV or so could have
been missed. The direct searches, interpreted within the standard picture of such a particle,
have been negative. Another argument against a light gluino is that its existence would slow
the running of «g: this is a delicate test and the answer was obscured for several years by
possible discrepancies between low and high energy «g determinations. Recently it has been
claimed [436] that the 95% CL limit of ATy < 3.9MeV applied to the e'e™ — ¢ggg
process leads to mz; > 6.3 GeV at the 95% CL.

From the theory side [437], in a theory which has no dimension-3 SUSY breaking
operators, the gluino and lightest neutralino are massless in the tree level approximation.
The gluino obtains mass at one-loop from virtual quark—squark pairs and, within our present
knowledge, can still be quite light. New light predicted hadrons [438] are mainly a g —g bound
state and its superpartner, a gluon—gluino bound state, discussed in section 9.4. The latter R®
would be the lightest R-hadron, possibly long-lived or even stable.

Let us summarize the situation, following [439]:

(a) Recent analyses of «g running: these seem to show consistency with standard QCD
[439,440]. For instance, if one relies on QCD in T decay and on the LEP measurements of
as(Mz), there is little room for a light gluino. However, discarding part of the information
or increasing systematic errors may lead to different conclusions. To explain the reported
excess of b-quark hadroproduction (however an anomaly which seems to fade away), it
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has been recently proposed [441] that a light gluino (12-16 GeV) combined with a light b
(2-5.5GeV) could play a role. This would affect the running of oy and raise as(Mz) by
~0.013 £ 0.001 [442]. Combining sources of uncertainty at low and high mass scales,
one cannot exclude such a possibility. Prospects for improvements are discussed in [442].

(b) Direct searches for R": the latest searches performed at Fermilab in KTeV [443] and
E761 [444] turned out to be negative. Figure 100 (from [439]) summarizes the constraints
on gluino mass in the current standard picture of gluino decay.

(c) Concomitant predictions: in the gravity mediated MSSM, the existence of a light gluino
entails the existence of a light Higgs and light neutralino and chargino (O(My)). With
the present limits, the scenario is ruled out, unless there are perturbations to these mass
predictions or gaugino mass universality is broken.

A list of the constraints to be met for a light gluino to be viable is found in [445]. In spite of
the counter indications, one may still be able to invent scenarios involving such a particle. For
instance [439] describes a scenario, guided by GMSB ideas, which could avoid the problems
presented above, including the negative conclusion of the searches, while preserving the
potential positive indications. In particular, it has been advocated that the CDF inclusive
jet transverse energy cross-section at Fermilab [446] suggests an anomalous behaviour, in line
with what one could expect in the light gluino scenario, in conjunction with a g in the 100 GeV
region. However the effect, if any, can have more mundane explanations and the results of run
II at the Tevatron should clarify the situation.
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12. The LSP and its phenomenology

When R-parity is conserved, a condition which is not imperative but guarantees conservation of
L and B quantum numbers, the LSP is stable and weakly interacting. If it has been produced in
the early universe and has not been annihilated, it will exist as a relic particle. At accelerators,
its production contributes to the missing energy signature. Given its potential importance for
cosmology, it is worth studying which limits can presently be set on the LSP mass. The
bounds vary strongly with the experimental inputs included in the analysis and with the
model assumptions. First, the limits achieved solely by the negative results from searches
at accelerators will be reviewed. Then, further constraints including the estimated amount of
dark matter in the universe and the low energy measurements will be discussed. Finally, direct
and indirect searches without accelerators will be discussed. The future at accelerators will be
quoted but treated in section 15.

12.1. Limits from negative searches at accelerators

12.1.1. Combining various searches from LEP. The chargino and neutralino search results
do not allow by themselves a determination of an absolute exclusion limit on the chargino
nor on the LSP when slepton masses are allowed to become small. The LEP results for the
higgsino region remain unaffected, but important effects are expected in the gaugino and in
the mixed regions.

e Chargino searches are weak in the gaugino-like region when the v is light, due to the
lowering of the production cross-section by interference with the t-channel exchange
diagram, as discussed in section 10.1.2. This effect is compensated by the increase in the
neutralino cross-section due to a lower ¢ mass.

e The assumption of scalar mass universality, for which the strongest constraint is from eg:

m? = mg+ .23Mj3 — 0.27M cos 28, (166)
allows the exclusion of low regions of M, for fixed m( and tan 8 by using the eg mass
limits. Its exclusion is strongest at low tan 8.

e The bound on the mass of the lightest Higgs is naturally a crucial one. The LEP limit
allows the region of low tan § to be ruled out. This constraint is due to the dependence of
the Higgs mass on the sparticle masses via the loop corrections, particularly the stop, and
is thus sensitive to the SUSY parameters.

e When the ¥ mass is below but nearly degenerate with the chargino mass, the final state
becomes undetectable. At the same time, )Zg — Vv, an invisible final state. This narrow
region in the plane of chargino mass versus mg has been called the ‘corridor’. Since the
corridor corresponds to small v masses, the slepton search results can impose constraints.

e Atlarge tan 8, the T mixing becomes important. It may lead to a situation where the 7, is
lighter than the chargino and nearly degenerate with the neutralino LSP, which makes the
dominant chargino decay )Zli — T1v; undetectable. This may be recovered by looking
for the ¥y — 77 decay with one soft and one harder 7 in the final state.

12.1.2. LEP results interpretedin CMSSM. LSP mass bounds have been derived ina CMSSM
framework, where GUT unification of gaugino masses and of sfermion masses is assumed.
Higgs mass parameters are not supposed to be unified. The free parameters are then tan 3,
M2, moy, (L, Mmp and At.

At tan 8 =~ 1, the constraint (166) from the slepton search is very strong for small my.
For increasing my, the limit from sleptons first decreases steeply and then joins smoothly
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Figure 101. Mass exclusion limit at 95% CL for the lightest neutralino. Left: illustration of the
dependence of the mass bound on m for small and large values of tan 8, from L3 at 189 GeV [447].
Right: mass bound on the LSP as function of tan 8 from the combination of the LEP experiments
up to 206 GeV by the LEP SUSY Working Group [422].

the exclusion by charginos and neutralinos obtained for large m. This behaviour is clearly
illustrated in figure 101 (left). At larger tan §, the constraint from the slepton searches at
small my is still important but weaker than for small tan 8, as also seen in figure 101 (left).
At large my, the exclusion from the chargino and neutralino searches is stronger than for
low tan 8 due to a different relation between the masses of Xli and )Z? . In the intermediate
region, my =~ 70-80 GeV, there is a minimum in the exclusion, related to the degeneracy of a
gaugino-like chargino with the sneutrino.

The excluded range of LSP masses as function of tan §, from the combination of the LEP
experiments by the LEP SUSY Working Group [422], is shown in figure 101 (right). For
given values of tan 8, mg and M, the maximum predicted Higgs mass, m}'**, is computed for
my = 2TeV and by maximizing the effect of stop mixing by varying A,—u cot 8. For such
large values of m 4, the MSSM Higgs behaves as the SM Higgs and the bound m;, > 114 GeV
has been used. This excludes completely the region of low tan 8 < 2.5, as shown in table 13.
The range excluded in the plot depends quite strongly on the assumed value of i, = 175 GeV
and the upper limit of the scan my < 1TeV. In the region 2.5 < tan 8 < 4 the LSP exclusion
is determined by the chargino search limit for large m. For tan 8 > 4, there is a small region
for tan B < 4.2 where the Higgs mass bound still contributes and above this, the LSP limit is
set by the slepton searches in the chargino—sneutrino corridor.

In this CMSSM scenario, the lower limit on the LSP mass is found for large tan 8 at about
45 GeV.

12.1.3. LEP results interpreted in MSUGRA. Limits on the LSP mass have also been
obtained in a strict MSUGRA framework. Correct breaking of the electroweak symmetry
was imposed, which determines the value of m 4 and the absolute value of u as function of the
other parameters. The free parameters are now tan 8, M», my, sign(u) and Ay. The common
trilinear coupling Ao was first supposed to be zero at the GUT scale. The excluded range of
LSP masses as function of tan 8, from the combination of the LEP experiments by the SUSY
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region for any Ag and m, = 175 GeV. From the LEP SUSY Working Group [422].

Working Group [422], is shown in figure 102. The impact of the Higgs limit extends to much
larger values of tan § in this case than in CMSSM. This is due to the fact that within MSUGRA,
the stop mixing is never maximal. For higher tan 8 values, the limit is set by the chargino
search. In this region of high tan §, the stau mixing may be important, leading to 7; lighter
than the chargino and hence the dominant decay )Zli — T1v. In the case of stau—neutralino
degeneracy, the sensitivity of the chargino search is lost. It is recovered by the search for
%Y — 7t cascade decays from 1% and 13 %3 production, so that the LSP bound is again
set by the charginos at large mq over the whole range. However, the figure also illustrates the
sensitivity of the LSP bound to the value of the top mass. This dependence on m, can be traced
back to a variation of the parameter x due to the top Yukawa coupling which enters its RGE,
which affects the neutralino composition 2!,

The MSUGRA interpretation puts a bound on the LSP mass M (x?) > 58.6 GeV, valid for
mo < 1TeV, Ag = 0, m; = 175 GeV and negative p. For m, = 180 GeV, the limit is lowered
to 52.0 GeV. For positive p, the corresponding bounds increase by 1-2 GeV.

The limit on the LSP mass is also sensitive to the value of Ay. A scan has been performed
on the GUT scale value of Ay which extends typically from —2 to +2 TeV. The bound on the
LSP mass is set for large m( and large negative values of Ay. The results from the LEP SUSY
Working Group are also shown in figure 102 as function of tan 8. The limit is lowered to
M()Z?) > 50.3 GeV for negative u and m, = 175 GeV. It becomes M()ZIO) > 50.8 GeV for
positive u and the same top mass.

12.1.4. LEP results in AMSB. Like for MSUGRA, bounds can be derived on the AMSB
spectrum from a scan over the parameters ms3;;, mo, tan 8 and sign(u) (enforcing radiative
electroweak symmetry breaking) by imposing constraints from the following.

o The Higgs search. In AMSB, the relation m4 > M is always fulfilled. Therefore, the
light Higgs h° is SM-like and the corresponding mass bound, given in section 8.6, can be

21 We thank G Ganis for providing us with this information.
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at large m reflect the resolution of the scan over the parameter space. Middle: points remaining
after imposing the experimental bounds on the chargino and sneutrino masses and (lower) after all
bounds are applied. From [435].

applied. However, in some regions of the parameter space, h° decays to SUSY particles
are allowed. Important decay modes are h° — )ZP )Z?, )Zli )Zli vy, for which the results
from invisible Higgs can be used. Finally, the decay h° — 1 may also contribute.

e The search for charginos, discussed in section 11.5.

e The search for stable 7, nearly mass degenerate with the )Z{)

As an example, a scan over the AMSB parameters performed by DELPHI [435] is
displayed in the upper figure 103 as a function of m3/,, and mg, with 1.5 < tanf8 < 35
and both signs of . The empty region at low m, is excluded because sleptons would be
tachyonic. The middle plot shows the points remaining after imposing the LEP1 bounds on
the charginos and sneutrinos. A further improvement on LEP2 searches is visible in the lower
figure. This is mainly due to the constraints from the SM and the invisible Higgs. A small
contribution at low m3,, is due to the chargino search and at low m to the slepton search.
Altogether, neutralinos are excluded below 70 GeV and sneutrinos below 100 GeV.

12.1.5.  Gluino LSP scenario. There are several models, with appealing theoretical
motivations, in which the LSP is a gluino. The very light gluino case has been discussed
in section 11.6. Even if one has to consider a substantial mass, it is unwise to simply assume
that the gluino cannot be the LSP or NLSP [448]. Present and future experiments can find or
exclude it in a significant range of m.

A gluino LSP is expected to be stable and to fragment into R-hadrons, either neutral
R°(Zg, guit, . ..) or charged R*(gud, ...). The charged state can be identified by anomalous
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ionization and the neutral one by its partial energy deposit in the calorimeters, which lead
to a lower missing energy than for the ¥ LSP of SUGRA with R-parity conservation [448].
A search was made by DELPHI [449] for gluino pair production by gluon splitting. As
the production rate is too low at higher energies, the Z° data from LEP were used. They
exclude a stable gluino with mass between 2 and 18 GeV. Another analysis searched for the
decays 7, — ¢g and b; — bg in the 189-208 GeV data. It resulted in the exclusion limits

mj, > 87GeV and mj; > 82 GeV, independent of the stop and sbottom mixing angles.

12.2. Cosmological constraints

Barring an alternative explanation involving a modification of Newton’s law at very large
scale [450] or modified newtonian dynamics (MOND), there is strong evidence [451] for a large
amount of dark matter in the universe, which means matter whose existence has been inferred
only through its gravitational effects. It may be baryonic (made of baryons which are not seen)
and non-baryonic. Non-baryonic dark matter is called hot (HDM) or cold (CDM), depending
on its status, relativistic or non-relativistic, at the time relevant for galaxy formation. With the
usual inputs, galaxy formation models require primarily CDM. The two most studied candidates
for CDM are the axion [451] and the LSP of R-parity conserving supersymmetry, although
other possibilities exist, as we saw in section 2.3. Besides DM, converging evidence from
supernova studies, CMB and galaxy surveys show that either a negative-pressure component
or some HDM is required in addition. The pressure of component i is defined by p; = w; p;,
where the energy density is p; = ; p. with p. the critical density. For instance, a model with
Qcpm = 0.3, Qupm = 0, Qx = 0.7 with wxy = —0.6 (where X represents the dark energy due
to the cosmological constant or quintessence) fits all data. Let us note that a negative-pressure
component contributes to the acceleration of the expansion of the universe through its indirect
gravitational effect. One should also point out that there exist alternative explanations to the
data quoted above, for instance [452] as well as some conflicting sets of data [453].

The key question is the predicted value of Qcpwm. If the particle is its own antiparticle or if
particles and antiparticles are present in equal numbers, and if these particles were in thermal
equilibrium with radiation at least until they became non-relativistic, their relic abundance is
determined by their annihilation cross-section oyyy.

Qcpm 2= 7 x 1077 em? s7! /(G ann vrer) (167)

where vy is their relative velocity. The value of the bracket needed for Qcpy = 1 would
correspond to a weakly interacting particle (WIMP) of mass mpy = 100 GeV:

(GamnVret) ~ @ /8Tmby ~ 3 x 107 ecm®s™!. (168)

The LSP of the MSSM qualifies as such a WIMP, with its mass expected in the range of
tens to hundreds of GeV. In minimal SUGRA, which has a greatly reduced parameter space
compared with the MSSM, it is possible to have parameters agreeing with all data and satisfying
QCDM =0.3.

For a long time, most studies adopted as cosmologically acceptable the range

0.1 < Qusph® < 0.3, (169)

where h ~ 0.7 is the present Hubble expansion rate in units of 100kms~! Mpc~!. However,
measurements of fluctuations in the cosmic microwave background radiation in particular by
the Wilkinson microwave anisotropy probe (WMAP) [454] yield more accurate determinations
of the cosmological parameters. They quote a total matter density ©2,,4% = 0.13574%% and a



Supersymmetry facing experiment 3001

2000 © 500 1o|oo . 15|00 . 2o|oo . 25|00 . 3o|oo 300, o
v Post LEP ]
1800 * Benchmarks ] 1goo
1600 3 1600
m, = 123 GeV ]
1400 3 1400
” ]
* 4
— 2s A 5 E
~ 1200 o 0h* 2 0.129 3 1200
% 4
€ (000 . 4 1000
g 4
£

800 I 800

600 600

400 400

200 200

500 1000 1500 2000 2500 3000 3500
m, (GeV)

Figure 104. Illustration of the constrained MSUGRA regions for various constraints.

baryon density ;4% = 0.0224 £ 0.0009 from which the range of CDM density at 2 standard
deviations is derived as

0.094 < Q;gph® < 0.129 (170)

considerably narrowing the allowed range. The lower bound is optional since there could be
other sources of CDM besides the LSP. We will discuss in more detail the impact of these
constraints in section 12.2.3.

12.2.1. Constrained MSUGRA. There exist various versions of the constrained MSUGRA
(also called constrained MSSM in some papers), which differ by the constraints imposed.
Most of them assume mass universality at the GUT scale and impose radiative electroweak
symmetry breaking. They differ in the additional requirements whose effect is best viewed in
a plot of mg versus mj, for fixed tan 8 and a chosen sign of p. The parameter A is often
set to zero at the GUT scale. For further information, we refer, for example, to the lecture
notes [455,456].

Some constraints are illustrated in figure 104. The extension of the regions is qualitative
only, as their actual boundaries depend on tan 8, Ay and the top mass. Accurate plots, including
the tan 8 dependence, are found in section 12.2.3. Their gross features can be summarized as
follows.

Some regions are excluded by the model itself. In the lower right dark shaded (red) region
no correct electroweak symmetry breaking can be achieved, as we discussed in section 5.3.
The actual boundary of this region is quite sensitive to the details of the calculation and varies
considerably between different programs. In the upper left shaded (green) region the LSP
would be a 7.

Stringent constraints are provided by direct searches at LEP. In most of the parameter
space, the strongest constraint is from the Higgs mass bound m; > 114 GeV (section 8.6),
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Figure 105. Examples of diagrams contributing to neutralino annihilation.

which applies for most parameter choices as the light Higgs is almost always SM-like in the
MSUGRA. Since my, is sensitive to the stop mass via the radiative corrections, formula (127),
its bound implies a constraint, e.g. the dashed (red) line in figure 104, which affects mostly m .
The excluded region in the (o, m1,2) plane also depends on tan 8 and decreases withincreasing
tan 8. The sensitivity to my, is particularly important at large m1 2, say my,» > 500 GeV, where
a shift of 1 GeV on m, corresponds to several hundred GeV on m», as seen from the curves
at various Higgs masses (computed with ISASUGRA for tan 8 = 10). This constraint relies
on strict universality of all scalar masses. It is, therefore, useful to also display constraints
from other processes, which may be weaker but depend on different assumptions. One such
constraint comes from the bound M ( )Zli) > 103.5GeV (section 11.4), seen as a dash—dotted
(blue) contour in figure 104, at nearly fixed m/,. This constraint is only weakly dependent on
tan B and the sign of w. The selectron limit m; > 99 GeV also allows the exclusion of a small
region (not shown) in the plane for small values mo < ~100 and m,, < ~250 GeV.

Among the low energy measurements, an important constraint is due to the B(b — sy)
which, being compatible with the SM prediction (section 6.3), excludes low mass charginos
and charged Higgses and is shown as the dotted (blue) line. Its effect is typically stronger
for large than for low tan 8 and for u < 0 than for © > 0. The measured muon anomalous
magnetic moment (section 6.5), together with the new evaluation of the SM expectation, given
in equation (107), could also exclude the low mass corner of the mq/m > plane (not shown) at
the 20 level, provided the largest value is taken for the discrepancy. For u < 0, its exclusion
is slightly stronger than for v > 0.

Further constraints can be imposed under the assumption that the remnants of the lightest
neutralinos left over from the Big Bang form (or at least contribute to) the CDM of the universe,
see section 12.3, whose density is bounded by the ranges (169) or (170). The upper bound is
mandatory [456]: a larger value of the relic density would overclose the universe. The lower
bound is optional, since there could be contributions, other than the LSP, to the relic density.
The neutralino relic density is controlled by the annihilation cross-section of neutralinos and
without annihilation, the relic density would by far exceed the upper bound. Some contributing
diagrams are displayed in figure 105. In a vast area of the MSUGRA parameter space, the
LSP is bino-like and two neutralinos annihilate by t-channel exchange of sfermions, shown
in the top-left diagram. This forms the ‘bulk’ of the CDM region (light-shaded, yellow)
drawn in figure 104. Since the cross-section is sizeable only for light sfermions, this region is
restricted to low mg and m ;. The allowed region extends in the m/m/, plane along several
filaments. At larger m,, and low my the 7, is light, nearly degenerate with the neutralino, and
coannihilation of 7; x° (as well as the other right-handed sleptons which are also close in mass)
takes place due to s- and t-channel exchange depicted in the upper central and right diagrams.
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Another possibility arises at large mg, near the area where EWSB is no longer possible. In
this ‘focus point’ region and for intermediate to large tan g, the neutralinos have an important
higgsino component, giving rise to annihilation into gauge bosons according to the lower-left
diagram. Finally, there is a narrow region where M ( )Z{)) 2 Muiggs/2 Or M7z /2, the ‘funnel’
where rapid annihilation takes place via s-channel poles, an example being the lower-right
diagram. This process is only important for large tan 8, else the higgsino component is too
small.

Another constraint which is sometimes invoked is the ‘fine tuning’. It will not be discussed
here, as its significance is very debatable: there is no consensus on how large a fine tuning is
acceptable and the input variables, which are treated as independent, may well be correlated
in a more complete theory, hence modifying the value of the fine tuning measure.

It is interesting to see how the regions allowed by the DM constraint are affected by the
universality assumption. Such an exploratory analysis was made in [457] by allowing for
non-universal Higgs mass parameters (NUHM). Hence, i and m 4 become free parameters, in
addition to the usual CMSUGRA ones. A striking difference with the CMSUGRA scenario
is that there now exists a DM allowed strip from rapid annihilation via s-channel A and H
poles (the funnel), even for moderate tan 8, due to the increased higgsino content of the )Zlo.
Unlike in CMSUGRA, where the funnel follows approximately along the diagonal, it occurs
in NUHM around a fixed value of m >, corresponding to mgzo >~ m4/2 and reflecting the
fact that the CMSUGRA relation between m 4 and my is lost. By varying m 4 it becomes now
possible to sample different regions in the (i, m,2) plane.

12.2.2. LSP limits in a general MSSM. An obvious question is to know how light the LSP
can be in a more general context than the CMSUGRA. In [458] the authors consider a general
R-parity conserving MSSM. They only require that the LSP be the lightest neutralino, that it be
responsible for the observed relic density, which they take in the range 0.05 < Qh? <0.3,and
that the MSSM respect the LEP2 limits, summarized as all scalar leptons and charginos being
heavier than 103 GeV (a bit optimistic for sleptons). Actually, this implies an SU (2) relation
(91) between the mass of the left slepton and the sneutrino in each generation. Moreover, the
LEPI limit on the invisible Z° decay width, already used for bounding sneutrino masses in
section 11.3, strongly limits the higgsino component of a light )Zf), as this would couple to a
70 with gauge coupling strength. A light )Z? is thus expected to be dominantly gaugino-like,
its annihilation to proceed via the t-channel exchange of a slepton and the slepton to be light
enough to reach the required level of dark matter. Hence, the LEP2 exclusion of light sleptons,
combined with the CDM constraint, may exclude a very light LSP. Figure 106 shows the results
of a complete scan. If the relic density QA% = 0.2 is allowed to be reached, a minimal LSP
mass of ~18 GeV is obtained. However, if the WMAP central value of ~0.11 is taken, the
neutralino mass lower limit is much higher. On the other hand, a reduced slepton mass limit
m(T;) > 80GeV would only exclude an LSP mass < 10 GeV. The lowest value of the LSP
mass requires all sleptons and charginos to be just above the LEP2 limit.

A similar analysis was performed in [459], which imposes more realistic limits from
LEP2, in particular m(7;) > 86 GeV. It confirms that, for a relic density Qh? < 0.3, a lower
limit m( )210) 2 10GeV is obtained. However, when combined with the constraint from g,—2
(using 8a, > —21 x 10717), the lower bound is raised to m(x_) > 18 GeV for u > 0 and
about 2 GeV more for u < 0, both for tan g = 10.

12.2.3. LSP limits in constrained MSUGRA. An analysis [460] was made in the constrained
MSUGRA framework with the free parameters mg, mi,, tan 8, sign(u) and fixed values



3004 L Pape and D Treille

400

200

m(%}) [GeV] m(x%9) [GeV]

Figure 106. MSSM points in the plane of the neutralino LSP mass and either the relic density (left)
or the lighter chargino mass (right). In grey (green) are all points with 0.05 < ©k% < 0.3 and in
black the ones obeying the limit m(7;) > 103 GeV. The dashed lines are the experimental chargino

mass limit and a possibly improved limit on the relic density. Reprinted from [458]. Copyright
2003, with permission from Elsevier.
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Figure 107. Allowed regions in the (mo,m1/2) plane. See the text for explanations of the
constraints. Reprinted from [460]. Copyright 2003, with permission from Elsevier.

Ao = 0and m, = 175 GeV. The allowed regions are presented in figure 107. Indicated are the
regions excluded by the LEP2 lower limits on my, (red dash—dotted line), m( )Zli) (black dashed
line), m(e) (black dotted line, only visible in the tan 8 = 10, u > 0 panel), as well as those
ruled out by the 7;-LSP in dark grey (red), the b — sy decay in medium grey (green) and the
region favoured by g,,—2 at the 2—o level, assuming the SM value based on e*e™ data, in lighter
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Figure 108. Lower and upper bounds on m( f(?) compatible with the new cosmological constraint,
equation (170) and the experimental limits. The lower limit on m(;}?) is drawn as a fat (black)

continuous line. The upper limits on 72 ( f(?) are shown without (red solid line) and with (blue dotted
line) the g,—2 constraint. Also shown are the e;. and #%7T masses at the tips of the coannihilation
tails. Reprinted from [460]. Copyright 2003, with permission from Elsevier.

grey (pink). Also shown are the regions allowed by the older cosmological constraint (169)
in light shading (cyan) and by the newer one (170) in dark shading (blue). It is immediately
seen that the cosmological regions are much narrower and that the ‘bulk’ region has almost
disappeared once the experimental constraints from WMAP are imposed. The largest value
allowed for m >, and hence for the mass of the )210 , is reached in the coannihilation region for
low tan B and in the rapid annihilation funnel for large tan §, both of which have now a much
reduced extension in m ;. The position and extension of these strips varies with tan . They
lead to lower and upper bounds on the lightest neutralino mass displayed in figure 108, which
can be summarized as

108 < m()Z{)) < 500GeV foru > Oandtan 8 < 40
160 < m()Z,O) < 430 GeVforu < Oandtan 8 < 30. (171)

The upper bound weakens considerably for larger values of tan 8. If the g,—2 constraint is
included, the upper bound for > 0 becomes m ( X?) < 370 GeV. The lower bound is set at
large tan 8 by the b — sy constraint for both signs of . At lower tan g it is higher and is set
by the Higgs limit.

These new reduced upper bounds improve the prospects for discovering supersymmetry
at the LHC, assuming the validity of this rather restrictive model, discarding large values of
tan  and ignoring the focus point region. It should, however, be borne in mind that the allowed
bands may be shifted in the plane or broadened by several effects. For example the shift due
to a non-zero value of Ay can be very significant, especially at large tan 8 and was considered
in [281,461]. The uncertainty on the mass of the top quark also broadens the strips [281,462]:
e.g. the shift introduced by moving m, from 175 to 178 GeV is equivalent to changing tan j
from 35 to 40 for © < 0 and from 50 to 57 for © > 0. Significant shifts in the position
of the strips are also observed between the different SUSY programs available [463], due to
the different approximations made to compute the sparticle spectrum. Their magnitude often
amounts to values comparable to or even larger than the experimental uncertainty on the relic
density. Furthermore, in the NUHM scenario of section 12.2.1 larger values of m( )Z?) can be
reached for a suitable choice of the m 4 and p parameters, unless the g, —2 constraint is applied.
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12.3. Neutralino non-accelerator searches

Experiments show that, within the Milky Way, the amount of dark matter (DM) is
pom =~ (0.3-0.5GeV) cm . (172)

As we said, SUSY with R-parity conservation possesses a natural candidate for cold dark
matter, the lightest neutralino 5(?. We focus here more generally on the search for SUSY weak
interacting massive particles (WIMPS), of which the neutralino is a special case. See figure 1
of [464] for a broader point of view.

One may either perform direct searches for relic neutralinos through their interaction with
ordinary matter, in appropriate detectors, or indirect ones through their pair annihilations in
the halo or in celestial bodies (Earth or Sun) [465]. We discuss the former in section 12.3.1,
the latter in 12.3.2.

12.3.1. Direct searches. Direct searches aim at the measurement of the energy released by a
% to a target nucleus. The detection rate is given by the x°-nucleus cross-section, convoluted
with the phase-space distribution function of the % in the galactic halo. The uncertainties
of the latter are substantial. The former can either be coherent (~A?) or spin-dependent. In
the case of a ¥ with coherent interaction with matter [466] the range of cross-section under
current exploration (called stage 1) is [467,468]

106 pb < gglucleon <2 5 1075 pb (173)

scalar

for a )ZO in the mass range 30-270 GeV, with the best limits obtained by CDMS [469],
EDELWEISS [470] and ZEPLIN1 [471]. The constant £ is a scaling parameter which accounts
for the fraction of DM to be attributed to the candidate ¥°. Let us note that a comparison of
results from experiments using different target nuclei is only meaningful under the assumption
that the interaction is dominantly coherent. Spin-dependent interactions require special nuclei
such as 2Na, 1271, Ge and '®Xe.

Experimental challenges for the detection of such nuclear recoils, which are expected to
be in the range 1-100keV, are the following.

e To reach conditions of ultra-low background (shielding, radiopurity of the detector).

e To use methods discriminating electron recoils (from radioactivity) from nuclear recoils
(from WIMPs). They can be either statistical (pulse shape analysis) or on an event-by-
event basis (for instance, by measuring simultaneously ionization and heat).

e To exploit kinematical features characteristic of the galactic WIMP signal, such as the
annual modulation of the rate and the front-back asymmetry of nuclear recoil, as well as
the nuclear target dependence of the rates.

The next round of experiments (stage 2), such as CRESST2 [472], CDMS2, EDELWEISS2
and ZEPLIN2, should have a reach of the order of 10~8 pb.

The various options for the future include the use of germanium detectors, Nal scintillators,
xenon scintillation detectors, time projection chambers, metastable particle detectors and
cryogenic particle detectors. The exploration of the coherent interaction cross-sections with the
required sensitivity is a far reaching goal, implying substantial improvements in all sectors:
nuclear recoil discrimination efficiency reaching 99.9%, improved radiopurity and shield,
lower E,; thresholds and the use of quite massive detectors. Future experiments (stage 3),
summarized in table 21 [467], are expected to reach cross-sections of 10~'°-10~'! pb and
could achieve the goal. Figure 109 summarizes the techniques involved in such searches and
illustrates the fact that generally two independent signatures are required to discriminate
signal from backgrounds.
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Table 21. Future experiments (>2003-2007) and their prospect for the detection of dark matter.

From [467].
Experiment Technique Sensitivity (pb)
CUORE [473] TeO, phonons 760 kg 5% 1078
GENIUS 100 [474]  Ge ioniz 100 kg 5x 10782 x 107°
GEDEON [475] Ge ioniz 28-112 kg 10-7-10-8
DRIFT 10 [476] Xe 10m? TPC 10-8
ZEPLIN-IV [477]  Xe Two-Phase 10710
GENIUS [478] Ge ioniz 1-10 Tons 1079-10~10
CryoArray [479] Ge ioniz+phonons 1 Ton 6 x 1010
DRIFT-1 ton [476]  Xe 1 Ton TPC 10-10_10- 1
" cDMms EE——
Cresst Il

LEDELWEISSJ ) __ Rosebud

/" Nuclear

_ Recoil

. Detection /

lonisation Scintillation
'HDMS .
. DAMA
GENIUS 'ZEPLIN LIl UKDMC Nal
IGEX DM ZEPLIN |

Figure 109. Reprinted from [480]. Copyright 2003, with permission from Elsevier.

Direct search signals depend also on the velocity distribution of the dark matter. In the
standard assumption of virialized DM, with gaussian velocity distribution and zero average
velocity, the earth motion around the sun produces an annual modulation. However, we have no
direct evidence for the DM velocity distribution and it could be quite different: co- or counter-
rotating DM around the centre of the galaxy or DM falling into the galaxy and oscillating in
and out [481], leading to an annual modulation phase opposite to the one usually expected.

Up to now, the only announced signal is a possible annual modulation seen in DAMA
(~100 kg of Nal in Gran Sasso) [482,483]. Such a result seems contradicted by further
experiments (CDMS, Edelweiss, ZEPLIN I), as seen in figure 110. However, this conclusion
should be taken with caution, in particular due to the very low threshold used by DAMA and
the different nuclei involved in the various experiments [480].

The important question is whether present sensitivities are enough to explore parts of
the SUSY parameter space. The authors of [484] consider an effective MSSM with a set of
assumptions implemented at the electroweak scale which reduces the number of parameters
to seven (M», u, tan B, m4, mg, mj, A). All existing experimental constraints are taken into
account. Figure 111 tells that present experiments (sensitivity between horizontal lines) explore
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Figure 110. Some selected spin-independent exclusion limits including the DAMA evidence
region. From [485].

significant regions of the parameter space, in particular in interesting relic neutralino sectors.
However, it is also clear that several orders of magnitude in sensitivity would be needed to
cover most of the expected domain.

In MSUGRA, as we have seen above, the allowed amount of dark matter restricts the SUSY
parameter space to a narrow band in the mo —m /, space, except at very large tan 8. Figure 112
(left) summarizes existing and expected bounds. Few GeV more on m;, will be decisive, as
well as the clarification of a, and the measurement of B; — puu. Concerning the direct
search, the authors of [487] have performed a most systematic scan of the parameter space.
Figure 112 (right) summarizes their findings, confirming the above statement. It is remarkable
that the region corresponding to the focus point scenario (see section 5.3) seems covered by the
third generation of searches. Dark matter detection cross-sections are > 107! pb and within
the range of the most ambitious planned detectors. Models with non-universal Higgs mass
parameters introduce new regions allowed by the DM constraint and can significantly increase
the DM cross-section [486].

12.3.2. Indirect neutralino detection. Cosmic rays as y, p and e* can be produced by
neutralino DM pair annihilation in the galaxy and may be observed by space or balloon-borne
experiments [488]. To estimate the flux one needs the density profile p of DM in our galaxy.
Various parametrizations exist, even distributions with a singular profile at the centre of the
galaxy. The DM pair annihilation rate is proportional to p? and the y ray flux for instance
from x x — y X is proportional to the integral of p? along the line of sight. If the integration
from 0 (galaxy centre) is infinite one admits that all DM particles in the region » < rg, have
already pair annihilated.

The y component consists of a continuum coming from y x annihilation into f f, WW,
ZZ etc and a monochromatic component from x x — yy, y Z radiative processes which are
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Figure 111. Scatter plot of o%1" versus Q, 4% in an effective MSSM model. Dots denote

gauginos, circles denote higgsinos and crosses denote mixed configurations. Reprinted from [484].
Copyright 2002, with permission from Elsevier.

however suppressed. The continuum would give a kink in the background spectrum. The
monochromatic signal, if any, is robust.

From EGRET [489] to GLAST [490] and ground based airshower Cerenkov telescopes,
the progress is described by table 22. For the continuum component (1040 low energy
photons per annihilation for m, = 500 GeV) from the centre of the galaxy, EGRET would
be sensitive to m, < 500GeV for one of the singular profiles [494]. An overview of the
sensitivity of the various detectors is displayed in figure 113 assuming a 5o signal from a
point source after one year data taking for the wide field detectors EGRET and GLAST and
with at least 10 events collected during 50h for the Cerenkov telescopes. In the future, the
GLAST [490] space telescope will be the most sensitive detector in the range of ~10~!'-10 GeV.
Larger point source sensitivity can be reached by ground based Cerenkov telescopes, at the
expense of a higher energy threshold. The intermediate range ~10-100 GeV will be covered
by MAGIC [491] and the upper range ~100 GeV-10 TeV by HESS [492] and, in the future, by
VERITAS [493].

Concerning the gamma line, the signal flux may be detectable for a wino-like (asin AMSB)
or higgsino-like neutralino. The pair cross-section for this is

2.2
ara;

My,

o(xx —2y)~ (174)
and does not have the usual 1/ m)Z( dependence (because the mass of the chargino in the loop
is about m ). For a complete evaluation of this, see [495].

Antiparticle searches are also improving. Antiprotons from the centre of the galaxy propa-
gate to our solar system without too much loss. On the other hand, positrons lose energy by syn-
chrotron radiation and inverse Compton scattering and can only come from nearby local clumps.
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Figure 112. Left: summary of expectations in the (1o, M1,2) plane for tan = 40 and u > 0.
Shown are the regions excluded by b — sy (green shaded), the isomass curves for the h°
(red full lines) and the branching ratios for By — puu (red dashed lines). The DM region is
defined by 0.07 < Qcpmh? < 0.21. The lower and upper short vertical lines correspond to
030p = 3 x 1078 pb and 1 x 10~? pb, respectively. From [486]?2. Right: spin independent cross
section as a function of the neutralino mass, from [487]. Points corresponding to the focus point
scenario follow an approximately horizontal line (HB/FP region). The regions delimited by a full, a

fat dashed and a thin dashed line are accessible by first, second and third generation of experiments,
respectively.

Table 22. EGRET compared with future experiments (>2003-2007) and their sensitivity. From

[488].

Point source EGRET GLAST MAGIC VERITAS, HESS
Sensitivity cm~2s~! 1078 > 10710 1012 10-13-10714

E, 0.01-30GeV  0.1-300GeV  10GeV-1TeV 50 GeV-10TeV
E or ang.resol. 0.4° Aey, ~ 10%

As past and future actors, let us quote HEAT [496] and the space experiment AMS which,
after the shuttle flight [497], will be installed on the international space station (ISS). The
balloon-borne experiment BESS [498] will move to Antartica, fly longer and be sensitive to p
with Ey, > 300 MeV but should offer long term operation.

Exploiting the existing results on gammas from EGRET, on positrons from AMS and
HEAT and on antiprotons from BESS, the authors of [499] claim that the observed spectra

22 We thank the authors of [486] for a recent update of this figure.
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Figure 113. Sensitivity of present and future detectors in the gamma-ray astrophysics. Reprinted
from [490]. Copyright 2002, with permission from Elsevier.

are better reproduced if one adds additional sources due to the annihilation of neutralinos
satisfying the WMAP constraint, with a typical mass of 50-100 GeV. Other authors [500] on
the contrary consider that the positron excess observed by HEAT would require very unlikely
conditions of local substructure to be accounted for by neutralino dark matter. A more mundane
explanation, namely a readjustment of the galactic average proton spectrum used in the cosmic
ray propagation model, was also found to fit the EGRET energy spectrum [501].

12.3.3. Conclusion on non accelerator searches. From our discussion on the direct and
indirect detection of WIMPS and for instance from figure 112 (right), we can conclude that it
may be possible, with some luck, to observe a signal, as advocated by [499]. In particular, itis
interesting that the focus point scenario, which may lead to a difficult situation at colliders [502]
(see figures 104 and 143) is on the contrary the most favourable one for non-accelerator
searches. On the other hand, if no signal is observed it will be impossible to falsify the
theory.

The special case of gravitino dark matter, as in GMSB and too weakly interacting to be
directly detectable, poses also some conceptual problems discussed in [488].

Let us recall that the universal extra dimensions scenario is also proposing a cold dark
matter candidate, the lightest Kaluza—Klein particle. Its non accelerator search is discussed
in [503].

Let us also quote for completeness another possible piece of evidence for ‘light’ (a few
to 100 MeV) dark matter [504] which a priori would have nothing to do with SUSY nor any
usually considered scenario. Their existence was conjectured as an explanation of the 511 keV
gamma ray line from the galactic bulge detected by the SPI spectrometer of the INTEGRAL
satellite [505].
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12.4. Search for LSP at future accelerators

This will be part of sections 15.2 and 15.3. In R-parity conserving scenarios the LHC, through
the missing transverse energy signal, will ‘discover’ the LSP. Under favourable conditions its
mass can be obtained with limited accuracy, see table 27.

A linear collider can obviously deal numerically with the standard scenarios. But it can
also certainly tackle quite peculiar and elaborate situations. An example is given in [S06]: the
authors examine the case of AMSB models with a neutral wino as LSP, nearly mass degenerate
with the lighter chargino, and pinpoint a special trigger topology providing a distinct and unique
signal.

13. Gauge mediated supersymmetry breaking

13.1. GMSB decays and signatures

Supersymmetric particles can decay to their SM partner and a gravitino through the diagrams
of figure 9. But as the coupling to the goldstino remains small compared with gauge
couplings, they will preferably decay first in the same way as for MSUGRA until they
reach the NLSP, which will then decay to a gravitino. The decay rate for the NLSP, called

X, to its SM partner X is

) i o \5 /100 TeV
F(X—)XG):KX< Mx )(00e

100 GeV F)

These decays give rise to quite distinctive signatures from the MSUGRA case.

4
) 2 x1073eV. (175)

13.1.1. Neutralino NLSP. When the neutralino is the NLSP, its dominant decay mode is
X = rG (176)

provided X? has non-vanishing photino component, its photino content being measured by «y
in formula (175). This is expected to be satisfied, as the value of || determined from the
electroweak symmetry breaking tends to be large and the neutralino is therefore mainly bino.
For a suitable composition of the X? other decays could also contribute, such as )Z{) — 7°G
and )Z{) — h°G. However, these decays have a strong phase space suppression factor 8%
which makes them practically irrelevant, unless the neutralino is very heavy or if it is mainly
bino-like (in which case kz/«;, = 0.3 but «p/k, is negligible). It is often assumed that the
neutralino decay into a photon has a branching ratio of 100%. The experimental signature
of the neutralino NLSP scenario with prompt decay consists of isolated photons with
missing energy.

13.1.2. Stau NLSP. 'When the stau is the NLSP, it decays according to
> 1G 77

with kx = 1 in formula (175) and 100% branching ratio. Other sparticles will decay into T,
so for example )Z{) — T + t. The experimental signature of the 7 NLSP scenario consists
of multi-7 final states with missing energy carried away by the gravitino (and neutrinos
from the t decay).

In the co-NLSP scenario, each of the other sleptons decays preferably to its lepton partner
and a gravitino. The experimental signature for a prompt decay is then multi-lepton final states
with missing energy.
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Table 23. Search strategies for GMSB.

Decay / %P NLSP 7 NLSP

Production %) — y+G F>1+G
PROMPT y pointing Decay at vertex

G 1y (MSSM) 27

%0 2y (MSSM) 4t

Tre 2t +2y 27 (MSSM)

XX 2W* +2y 2t (MSSM)

INSIDE

Detector y not pointing  Impact Parametes or Kinks
xox? lor2y 27+1 or 2 IP/kinks
TheT 27t+lor2y 1 or 2 IP/kinks

X xy 2W*+lor2y 1 or 2 IP/kinks
OUTSIDE

Detector No y Heavy stable charged
)Z?)Z? - 27+1 or 2 heavy

The— 2 T (MSSM) 1 or 2 heavy

X xy XXy (MSSM) 1 or 2 heavy

13.1.3. Finite decay length. The decay length for the NLSP is obtained from equation (175)
as

1.76 x 1073 ) ms =5 rmg \?
Lem ===V (Ex/mp) =1 (foocev) (Tev) em
The decay length is fairly sensitive to the gravitino mass. A light gravitino gives rise to prompt
decays or to decays with an observable length in the detector. For mz > 1keV, the NLSP
will escape the detector before decaying. If the NLSP is the x!, the experimental signature
is missing energy, like in the case of MSUGRA. If the NLSP is a 7, it will appear as a heavy
charged particle, identifiable by its dE /dx or in RICH counters, without being accompanied
by missing energy.
It is seen from equation (175) that a measurement of the NLSP mass and lifetime allows
V'F to be determined directly.

(178)

13.1.4. GMSB search strategy. In order to cope with the various signatures of the GMSB
scenario, it is indispensable to design dedicated search strategies. An overview is sketched
in table 23. For some channels, flagged as ‘(MSSM)’, the results obtained in the SUGRA
searches can be directly reinterpreted in the GMSB scenario. The others, which need a
specifically designed analysis, have been covered to a varying degree by LEP experiments.
Some examples are given in later sections.

13.2. LEP results on GMSB with stau NLSP

The characteristic feature of this scenario is that the decay chain of sparticles will end in staus,
which themselves decay into t according to reaction (177) and lead to final states with several
taus and missing energy.

13.2.1. Stau pair production. The simplest case is the associated production

ete” — TT.

(179)
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Figure 114. Left: stau decay visible in the detector. Right: exclusion limit on the stau mass as
function of the stau lifetime, from [422]. The regions where different search methods are applied

are indicated.

The final state is expected to contain two acoplanar taus. As the stau mean decay length
depends strongly on the masses of the stau and of the gravitino, several searches have to be
conducted in parallel in order to cover all possible configurations.

When the stau mean decay length is short, the MSUGRA search results for prompt decays
can be reinterpreted in the GMSB framework. The GMSB limit corresponds to the situation
with m ( )Z?) = 0. In this region, the exclusion is rather poor, due to the irreducible background
from WW production followed by leptonic decays.

When the stau decay length is observable in the detector, specific search algorithms need

to be developed. The principle is sketched in figure 114. If the decay occurs inside the volume
of the tracking chambers, it is observable as a kink on the track or as a secondary decay
vertex. If it happens too early in the detector to allow the primary track to be reconstructed, the
extrapolation of the decay track may give rise to a measurable impact parameter with respect
to the interaction point. Most SM backgrounds from /Iy, yy — tt or 4-fermions as well
as cosmics background are strongly suppressed by cuts on missing transverse momentum,
acoplanarity, acollinearity and decay angle for kinks. The background remaining at the end
of the selection affects mostly the impact parameter search and amounts typically to one (or
a few) events. It is mostly of instrumental origin, being due to reconstruction problems or
hadronic interactions in the detector material.

Finally, if the decay takes place outside the tracking devices, the stau will appear as a
heavy charged particle. It can be recognized by the dE/dx in the central detectors or by
the non-emission of Cerenkov light in RICH counters. Also for this search, the remaining
background is of the order of one event.

These various analyses have been combined to obtain exclusion limits at 95% CL on the
mass of the sleptons over a large range of mean decay lengths or equivalently of gravitino
masses. The limits obtained for the stau after combining the LEP experiments in the LEP
SUSY Working Group [422] using data up to 208 GeV are exhibited in figure 114 (right). It
is seen that the weakest exclusion is in the region of prompt (MSUGRA-like) decays.
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The same experiments carried out similar analyses looking for associated production of
selectrons and smuons, to also cover the co-NLSP scenario. The results are comparable to the
ones from the stau analysis.

13.2.2. Neutralino pair production. Another clean signature could be observed from the
reaction

e'e” — X (180)
where the 5! decays via
-t (181)

giving rise to four-tau final states with missing energy. This topology, which has a very low
background, has been investigated by Delphi [507] and Aleph [508]. Both also studied the
possibility of co-NSLSP which could give rise to two pairs of leptons with the same or with
different flavours.

13.3. LEP results on GMSB with neutralino NLSP

An interesting aspect of GMSB is that the neutralino associated production could give rise
to observable final states, provided its lifetime is not too long. A neutralino as NLSP,
produced in the reaction

ete” — 17} (182)
appears as an event with two acoplanar photons. As the neutralino is expected to be gaugino-
like, its associated production proceeds through t-channel exchange of a selectron (see
section 10.1.3).

13.3.1. Promptneutralino decays. Therecoil mass spectrum to the di-photon system obtained
by combining the four LEP experiments and including the energies up to 208 GeV is presented
in figure 115. The figure shows a stage of preselection in the analysis based on loose cuts in
order to verify the SM modelling of the backgrounds. The background, consisting mainly of
e*e” — vvyy(y), exhibits clearly the radiative return peak to the Z° which decays into vi.
No anomalous production of acoplanar photon pairs is observed and combined exclusion limits,
shown in figure 116, are computed. The plot on the left gives the excluded cross-section limit
at 95% CL for a pure bino neutralino and two values of the selectron mass. As the neutralino
production is dominated by selectron exchange in the t-channel, the cross-section shows some
sensitivity to the selectron mass. This is displayed in the figure on the right as an exclusion
in the plane of the neutralino versus the selectron mass. The tooth-shaped area is the region
kinematically compatible with the CDF eeyy event [509]. The whole area is now excluded.

13.3.2. Delayed neutralino decays. Other analyses have been designed to look for long lived
neutralinos. As the requirements on the photon pointing to the primary vertex are not very
stringent in the acoplanar di-photon analysis, it can still be used in the region of moderate decay
length. For larger decay length, at least one of the neutralinos is likely to escape detection.
To obtain any sensitivity to the neutralino decay, the high SM background of single photon
events from initial state radiation is to be drastically reduced, which is achieved by requiring a
photon not pointing to the interaction region. Results from this search have been reported
by Delphi [510] and Aleph [508]. The complementarity between the two-photon and the non-
pointing single photon searches is illustrated by the excluded cross-section limit from Delphi
using data from 183 and 189 GeV, shown in figure 117. A considerable gain in sensitivity from
the single photon search is observed at long decay distances.
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Figure 115. Di-photon recoil mass spectrum, from the LEP SUSY Working Group [422].
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Figure 116. Exclusion limits on the neutralino cross-section (left) and in the neutralino versus
selectron mass plane (right), from the LEP SUSY Working Group [422].

13.3.3. Charginos with neutralino NLSP. 'The GMSB topologies are the same as for the
chargino search with isolated photons conducted in the MSUGRA framework. The presence
of additional photons makes these events more easy to separate from the SM backgrounds.
The reach is somewhat better (1-2 GeV) than in the MSUGRA search. The sensitivity extends
up to the kinematic limit and covers the whole range of AM > 1 GeV.

13.4. LEP combined results on GMSB

The LEP results on the neutralino NLSP and slepton NLSP can be combined to provide limits
on the GMSB parameter space. The results from the LEP SUSY Working Group are shown in
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Figure 117. Exclusion limits on the neutralino cross-section as function of the mean decay length,
from Delphi [510].

figure 118. The dark grey region is excluded by LEP1 searches and the regions excluded by
the slepton and acoplanar photon searches are shown separately. The grey regions to the right
are not excluded or kinematically not accessible at LEP2.

13.5. Tevatron results on GMSB with neutralino NLSP

The lightest neutralino decays into a photon and a gravitino. So any pair of produced sparticles
will yield a pair of photons and missing E7. A systematic search of events y y X [509,511] has
been performed for different photon energy thresholds. The number of observed events was
found in agreement with the SM. One can thus exclude a region of the M, versus tan § plane
for each sign of u: typically M, > 120-150 GeV. The bounds from CDF/DO are 65/77 GeV
for the neutralino and 120/150 GeV for the chargino.

Another example is the search for a superlight G, with all other sparticles heavy and
inaccessible to the Tevatron, leading to large missing E7 and high E7 jets performed by CDF.
Limits are set on the production of gravitino pairs (o (GG) o« 1/Mg  1/F), hence on the G
mass (Mg > 1.2 x 1075 eV) and on v/F(v/F > 221 GeV).

The future of GMSB searches at run II is described in detail in [512]. Interesting and
sometimes spectacular signatures for bino-like NLSP, higgsino-like NLSP and stau NLSP have
been identified. Besides photons in the final state, they may include in particular cascades to
and decay of )Z? NLSP including a 4° boson, ‘displaced’ objects and kinks, due to NLSP
macroscopic decay length and quasi-stable heavy particles. Some features of the upgraded
detectors (DO preradiator, CDF TOF, etc) are welcome to identify them.

14. R-parity violation

The notion of R-parity and the R, violating terms in the superpotential have been introduced
in section 3.6. Here, we will examine the main phenomenological consequences of and the
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Figure 118. Excluded regions in the (A, tan 8) plane for the parameter values N = 2, M = 250 TeV
and pu > 0, from [422].

existing limits on RPV. For an extensive discussion of R, violation, the reader can consult, for
example, the review [26].

14.1. Low energy limits on Rp violation

A wealth of low energy phenomena allows bounds to be put on the RPV couplings. They have
been summarized by Dreiner [513].

The low energy constraints allow bounds which are in most cases at the level of a few% or
worse to be obtained. Only the couplings X33 (from the v, mass) and A}, (from neutrinoless
double-8 decay) are at the level of per mille and )»/1/12 (from nucleon decay) and A},; (from
n — 7 oscillations) at 1076 and 107>, respectively. This leaves space for improvement by
high energy experiments. For reference, a coupling of electromagnetic strength, defined by
22 /47 = a,,, would correspond to A ~ 0.3.

Some products of couplings are, nevertheless, very strongly constrained by the low
energy results [514]. For example, tree level transitions which would induce proton decay
put a bound A}, A}, < 107%*. Other products, which enter only at the 1-loop level, are
limited to A}; A, < 107'°. The non-observation of the decay 4 — 3e yields the bound
)\,ljl)\.ljz <7x1077.

R-parity violation in the supersymmetric SM can be the source of neutrino Majorana
masses and mixing, through either bilinear or trilinear violation. In the former, the bilinear
terms induce sneutrino vacuum expectation values which allow the neutrinos to mix with
neutralinos. In the latter, products of trilinear A and/or A’ couplings generate a neutrino mass
matrix through one—loop self-energy graphs, like the one in figure 119. Conversely, information
onneutrino properties, like the one obtained from WMAP, can constrain R}, violating couplings.
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Figure 119. Example of R;, violating graph contributing to a neutrino Majorana mass.

When the WMAP limit Y m; < 0.71eV (95% CL) is saturated, m; < 0.24¢eV for each
neutrino mass. On the other hand, oscillation studies provide a lower bound on the heaviest
neutrino mass of 0.03 eV. The heaviest neutrino mass is thus known to an order of magnitude

0.03 <m3 < 0.24eV (95%CL). (183)

From such bounds the authors of [515] were able to deduce bounds on products of trilinear
couplings, like for instance

Mazhhigs < 3.6 x 1078 (184)

with heavy fermions inside the loops. The limits are more stringent than existing ones by an
order of magnitude. Similarly for the w; bilinear terms.

14.2. Phenomenologies

R-parity violation introduces new decay patterns and new production modes. Depending on
which is the LSP, two scenarios can be envisaged.

14.2.1. Indirect decays. 1f the LSP is the ¥, sparticles will preferably decay first to the %,

like in MSUGRA, as the RPV couplings are expected to be small compared with the gauge

couplings. At the end of the decay chain, the )Z? will decay by an RPV transition, as illustrated

in figure 5 (right) via the exchange of a virtual / or §. The following decays can take place:
=1+l = 1+1+v, (L)

1+l > l+q+q, (V)

> v+ —>v+l+1,(N)

- v+D > v+g+q, (L)

—>qg+§—>q+l+q,())

—>g+gd—>qg+v+gq,())

—q+q—>q+q+q, (), (185)
where particles and antiparticles are not explicitly distinguished to simplify the notation. The
purely leptonic decays always involve a neutrino, so that the missing energy signature is not
completely spoiled. Furthermore, the dilepton final states will most often contain lepton pairs

of the same family as well as from different families, the latter providing a useful experimental
signature.

14.2.2. Direct decays. 1If the LSP is a sfermion, it will predominantly decay directly via an
RPV transition. Some examples are displayed in figure 120. Direct decays of sleptons can
occur through a A or A’ coupling and squark direct decays via A’ or A" vertices. The direct
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l+(Q) li((j) Z.U(q”,)

Figure 120. Examples of R, violating direct decays.

decay of a neutralino or chargino can be mediated by an on-shell sfermion, the LSP in this
framework.

It is important to realize that a single non-zero Yukawa coupling is at the origin of
several interaction vertices. For instance, the term A, jlili jE 1C with j = 2, 3 governs

ex — e +v,, e +r

Dy, U — eg +ef

e — eg +Vy,, eg + Vg

€x — Vet UL, Ve + T

AL, T, — eg + Ve

Ve —> eg + UL, eg + T (186)

as well as the time-reversed process, the s-channel production of sneutrinos

et +e” — Uy, Uy, (187)

where 1 is associated to the coupling X5 and 7 to A3;. This example illustrates clearly the
fact that, if an effect is detected in any given decay or production reaction, there should be
several other reactions also exhibiting a signal and allowing the discovery to be confirmed
(or contradicted).

14.2.3. Measurable decay lengths. So far, searches for RPV have only been carried out
assuming that the particles decay promptly. However, when the Yukawa couplings become
sufficiently small, the RPV decays may give rise to long decay lengths to which present searches
are blind. The mean decay length for a neutralino or chargino LSP is given by [516]

my: \*/1GeV\’ 1
L(cm)=0.3(ﬂy)<100éev> ( m; ) > (188)

where By = pjyo/mjo is a Lorentz factor for the LSP. For a crude estimate, it is assumed that
the efficiency is not violently affected for a decay length below about 1 cm. This implies a
sensitivity in the range |A| > 10~*if the LSPis a )ZIO and [A] > 1077 ifitisa f It also implies
that the analyses are not sensitive to neutralino masses below 10-15 GeV. Obviously, this range
could be extended by dedicated searches for long-lived particles, like the ones designed for
GMSB, in case the above limits were reached.

14.3. Types of analyses

14.3.1. Associated production. The sparticles are still expected to be pair produced via
R, conserving couplings, provided they are kinematically accessible. The cross-sections
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Table 24. Final states expected for various RPV couplings. Cascade decays like f — f + 3+ are

not included.

Topology i) % ik T v 4g
41 AP

6l AP

200+ F AP AP

A+ B AP APl AP A

6l + B A A A

20 +2j AP
20 +4j »P zP AP

20 +6j M A1 b
20+8j A

4] +4j b A

1U+2j+H AP
1U+4j+E P VPt Wb A
1+6j+H b g g
1+8j+E Y

20+4j+ K M A1 A1 A
20+6j+E AT

3l+4j+ K b g g

3l+6j+ K el

Al +2j+H A A
4l +4j+ B At

5142+ K A

4j P WD D
6 »P »P AP

8 b A
10; A

2j+H Ab
4j+F »P VPt Wb e

6j+5 Y w1 w
8j+H A1

are the same as in the MSUGRA scenario. The RPV interactions then only enter in the
sparticle decays. This implies that the rates are independent of the RPV coupling constants,
but the mass reach is kinematically limited by /s/2. Several such searches were conducted
by the LEP and the Tevatron experiments.

The effects of R, violation can here only be diagnosed by the distinct signatures that it
produces. As an illustration, the final states reached from various e*e™ initiated production
reactions are shown in table 24, assuming that only one RPV coupling is non-zero at a time
and that the decays occur either directly (D) or indirectly (I). It shows rather convincingly the
huge variety of topologies with anomalously large numbers of leptons and/or jets expected
if R-parity is not conserved. True or not, RPV SUSY is an excellent incentive to adopt
on what should be the right attitude, namely to explore all accessible topologies in a
systematic way.

14.3.2.  Single sparticle production.  Apart from the associated production, another
production mechanism is made possible by violation of R, namely the direct s-channel
or t-channel production of a single sparticle. Some types of transitions are listed in
table 25.



3022 L Pape and D Treille

Table 25. Single sparticle production reactions via R, violating vertices.

€+67—>\~)LJ’ Lleél LEP
e"uj—>drg L1Q;Dy HERA,LEP
e dy —ar; Li1Q;Dy HERA,LEP
ijdy — ér; L;Q;D;  Tevatron
djdy — Vi L;iQ;jDy  Tevatron
L_t[tzi — d~Rk U; Dj Dy Tevatron
djdy — L_?R,- l_],- Dj Dk Tevatron

et v, ;¥
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Figure 121. s-channel production of a sneutrino at LEP.
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Figure 122. RPV interactions leading to the same final state as in the SM.
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R, violation offers, for example, the possibility to produce the sneutrino as an s-channel
resonance at LEP, according to the graph of figure 121. The production of the sneutrino occurs
through a coupling A;;;, where j = 2,3 from the requirement of SU(2) conservation (see
section 4.2), hence leading to a V,, or a U;. The decay of the sneutrino can proceed via usual
MSUGRA-type gauge couplings, leading to final states with (3 °+v,, or v;) or the kinematically
less likely (3 +u7 or ). Because of its RPV coupling to the initial state, the production rate
is suppressed by a factor proportional to |1 |2, compared with typical associated production
rates, but the single production allows a larger mass range to be probed, limited only by /.
If it is assumed that only one Yukawa coupling is non-zero, the x° will decay leptonically and
the final state consists of two charged leptons (ee, eu or et) and two neutrinos.

There is also the possibility that by a double RPV vertex, the final state is the same as from
a SM reaction, an example being displayed in figure 122. For s-channel exchange, a single
non-zero A j; coupling yields e*e™ final states, while a pj final state can be obtained provided
both A3; and Aj3; differ from zero. With t-channel exchange, a single coupling allows the
production of either ee or pu final states: however the t- and u-channel contributions are
negligible compared with the s-channel for sneutrino masses and couplings consistent with
low energy data. The existence of RPV can only be observed in these final states by deviations
from the expectations of the SM. The rates are, however, suppressed by a factor proportional
to |A|*, so they are not expected to be large, except on resonance where the cross-section is
given by the unitarity limit.

More recently, the possibility was suggested of studying single sneutrino production in an
e*e™ collider by means of the ey interaction [517]. The contributing Feynman diagrams are
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Figure 123. Feynman diagrams for ye production of sneutrinos in e*e™ interactions.

Table 26. Correspondence between some leptoquarks and squarks. From [519].

LQ sQuark Q Decay BR Coupling
mode etj
eLu 12 8L
So dr —1/3  wvd 0 —gL
eru 1 R
S 1/2 a]_ +1/3 ULC? 0 gL
L —2/3  end 1 aL

drawn in figure 123. The interest of this production reaction is that it may probe A jx couplings
not accessible by means of the other s-channel sneutrino production processes.

14.4. Connection with leptoquarks

Leptoquarks (LQ) appear in all theories attempting to relate leptons and quarks. They carry
the quantum numbers of both objects. Their phenomenology is complex [518,519]. LQ can be
scalars or vectors. The search is limited to pure chiral couplings of the LQ, given the features of
pseudoscalar meson decays: there are 14 species of such chirally coupled LQ. Those accessible
to accelerators are assumed to couple only to one generation to avoid problems with FCNC
processes. LQ carry a fermion number O (in the case of eq, as in HERA e*g collisions) or 2
(in the case of e™q).

Actually, in the case where both production and decay occur through the same 1 ik
squarks and scalar leptoquarks behave similarly. The leptoquark interaction [—g—q is
derived from the R-parity violating L QD type of superpotential term. As table 26 shows,
the correspondence is for instance between the LQ 5’1 2 and a .. The results on leptoquark
searches [520] can then be interpreted in terms of R-parity violation production of squarks and
vice versa.

14.5. Limits from associated production at LEP

As in associated production the signal rate is independent of the Yukawa couplings, the
non-observation of a sparticle can be translated into the exclusion of a mass range. For
the latter to hold generally, all possible couplings for direct and indirect decays have to be
investigated. The mass exclusion is then determined by the worst limit. The LEP results based
on data taken up to 208 GeV have been reported by the four LEP experiments in [521, 522].
So far, not all earlier results of all experiments have been updated.
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14.5.1. Chargino and neutralino limits. It was seen in table 24 that the associated production
of charginos and of neutralinos at LEP can give rise to a vast number of topologies, involving
multi-lepton and multi-jet final states. If m is assumed to be large, the sleptons and squarks
will be heavy and only the )Z? is expected to give rise to three-body direct decays listed in
(185), with di-leptons, lepton+jets and multi-jet topologies. The heavier neutralinos and the
charginos will decay dominantly into Z* 3 and W* x? (indirect decays), respectively, followed
by the decay of the )??. They will lead to additional leptons and/or jets. The experiments at
LEP2 have designed searches to cover all such topologies.

At LEP1, the precision measurement of the Z° width yields a 95% exclusion for charginos
M (3*) > 45GeV, for any R-parity violating couplings. No similar exclusion can be derived
for neutralinos, as they may decouple from the Z°.

Based on data taken up to 208 GeV, the LEP experiments obtain a chargino mass exclusion
of about M (3x*) 2 103 GeV, reaching close to the kinematic limit. This exclusion limit is
independent of the type of Yukawa couplings considered. It is valid in the MSSM for any value
of tan B and my. For the lightest neutralino, the mass range M ( )Z? ) < 40GeV is excluded by
Delphi and L3 for A and A" couplings.

14.5.2. Sfermion limits. At LEPI, the precision measurement of the Z° width yields 95%
exclusions, applicable to any R-parity violating couplings, of M () > 38 GeV, M (¥) > 41 GeV
and M (qL) > 44 GeV.

The experiments at LEP2 have developed techniques to explore the kinematically
accessible mass range for pair produced sfermions. In the absence of a signal, the exclusion
of a sparticle at any given mass requires probing all possibilities of direct and indirect decays
with the different types of allowed couplings and family indices. Given the huge number of
final states involved, no attempt will be made here to cover them systematically. Rather, we
will concentrate on the example of sleptons with a A coupling. Pair produced charged leptons
will, as seen from (186), give rise through direct decays to a pair of charged leptons, possibly
from different families, and two neutrinos. The experimental topologies to investigate are ee,
up, TT, e, et and ut accompanied by missing energy. Indirect decays will, through the
decay of the neutralino (185), produce six leptons and missing energy.

The associated production of sneutrinos, which may be unobservable in the MSUGRA
scenario, can also be detected if R, is violated. The direct decay of V;D; gives e;ejere; with
j # i and k unrestricted. The expected signatures are eeee, eeLiL, €eTT, WU, HLTT and
trrt without missing energy. The leptons come in particle—antiparticle pairs, unless more
than one non-zero Yukawa coupling is invoked. Indirect decays of sneutrinos produce eight
final state leptons, of which four are neutrinos. The same charged lepton configurations are
found as for direct decays but with missing energy.

As an example, the cross-sections excluded by Aleph at 208 GeV [521] for the lll], litt
and T Tt final states are presented in figure 124 (left). The observed final states can be reached
via A couplings. The comparison with the expected signal cross-sections, also displayed in
the figure, allows the derivation of an excluded mass range for each case and the weakest limit
is retained. In figure 124 (right), the result of the search for indirect decays is shown. After
the same procedure is repeated for all couplings, the weakest of all exclusions determines the
final sneutrino mass limit. For V. the lower limits on the mass range from 89 to 100 GeV and
for ¥, ; from 70 to 90 GeV.

The limits obtained individually by the LEP experiments at 208 GeV for charged sfermions
are approximately the same as the corresponding limits in the R, conserving case. For example,
the lower mass limits for e range from 89 to 99 GeV (at tan 8 = 1.5 and © = —200 GeV) and
for 1 from 81 to 96 GeV, depending on the type of coupling.
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Figure 124. Exclusion plots at 95% CL from [521]. Left: excluded cross-section for direct decays.
Right: excluded mass range for indirect decays of sneutrinos.
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Figure 125. Limits at 95% CL on the A couplings as function of the 7 mass, (left) from the e*e™
final state analysis and (right) from the pu* 1~ final state analysis, both from Opal [523] at 189 GeV.

14.6. Limits from s-channel sparticle production

14.6.1. Limits from SM final states at LEP. At LEP2, the production e*e™ — v ; — [7[™ is
allowed by the L L E | operator, through s-channel and t-channel exchange, illustrated by the
diagrams in figure 122. Two examples of results are displayed in figure 125. The figure on the
left, from Opal [523], shows the results obtained from the study of the reaction ete™ — e*e~
at 189 GeV. This is sensitive to the couplings |A;1| with j = 2, 3. As the same final state is
produced by SM interactions, cuts on the production polar angle 8 are applied to reduce the
Bhabha background. The inclusion of events with initial state radiation allows a large range of
centre of mass energies to be scanned, after reconstructing the effective interaction energy v/s’.
The existence of a sneutrino would be observable as a peak at a value s’ = m% The comparison
of the spectrum of selected events with the expected SM background allows 95% CL limits to
be established on the signal cross-section and hence on the RPV couplings. The obtained limit
is more severe than the exclusion from low energy measurements mentioned in section 14.1.
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Figure 126. Limits at 95% CL on the couplings 1;; as function of the U mass, from [524].

The figure on the right shows the result of a similar analysis applied to the ete™ — u*u~
channel by Opal at 189 GeV [523]. The RPV interpretation of this reaction involves the product
of couplings |A131A232|. If the assumption is made that |A3;| = |A232|, the analysis of the s’
spectrum yields the 95% CL limit shown in the figure.

14.6.2. Sneutrino limits from SUSY decays at LEP.  Searches can also be conducted for
s-channel production of sparticles with non-standard model decays of the sparticles.

Assuming one of the couplings A;;; # 0 at a time allows the following sequence of
reactions to take place

_ A . - - v ew A
efe” — I —> Xovj, 70— Wy, U —> eI (189)

in the hypothesis that the x° is the LSP (indirect decays). If A2 # 0, the final states will be
ete”H or et uT H; if Aj3; # 0, they are ete™ K or e*t T F. The signature is events with two
acoplanar leptons and missing energy.

The results of an anaysis by Aleph [524] including all data taken from /s = 130-189 GeV
are displayed in figure 126. The exclusions (full line) are evaluated in the gaugino region at
u = —200GeV and tan § = 2. The obtained limits are stronger than from the electroweak
fits of previous section, shown as the dotted line, and stronger than from the low energy
measurements.

Results including the 208 GeV data have been published by Delphi [525].

14.6.3. Sneutrino limits from ey interactions at LEP.  Final states from ey production of single
sneutrinos at LEP have been investigated by Aleph [526] using data from 189 to 208 GeV. They
obtain upper limits on the couplings A2, A123, A132, A133, A231, Which are stronger than the
ones from the low energy measurements mentioned in section 14.1. A similar search for single
squark production mediated by a A’ coupling was carried out by Opal [527]. Limits at 95% CL
slightly less than 200 GeV on squark masses are derived for A’ couplings of electromagnetic
strength.
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Figure 127. Limits at 95% CL on the couplings A} j1as function of the ¢ mass, from H1 [528].

14.7. Squark limits from HERA

The HERA experiments are the ideal place to probe the direct production of squarks via
M\ jx # 0 couplings in the s-channel fusion reactions:

e+dk —> ﬁj,ﬂj —> C+dk,
e+12j —> dk,dk — C+12j, \_Jedj, (190)

for which the mass reach extends in principle to 1/s. Especially the first reaction with couplings
A j1 # 01is of interest, since it corresponds to scattering from valence quarks. Ane™ beam

would probe mainly e~ + u — dgg, produced via M1, couplings.

For direct decays, also given in (190), the signature consists of events with e* (V) + jet,
which look like charged current (CC) or neutral current (NC) deep inelastic scattering. Hence,
they are difficult to extract from the bulk of events and a mass dependent angular cut (cut on
y) is applied. If it is assumed that also the coupling A} i« 7 0, the signature can be T (V;) +jet,
which is more easily distinguished from the background.

Furthermore, there can be indirect decays where the g first decays via gauge couplings to a
q )Z,? state (or ¢ ¥ ¥). The neutralino will subsequently undergo the RPV decay )Z,? — etgqg’ or
)Z,? — vqq, with branching ratios depending on the SUSY parameters. The heavier neutralinos
and the charginos can either decay directly through an RPV coupling or indirectly into a )Z? by
emission of a gauge boson. The topologies consist of a high Pr lepton and multi-jets. They
are again difficult to distinguish from the CC and NC events, except the ‘wrong’ sign events
with an e~ which can be cleanly selected.

By combining the results from the searches for the direct and indirect decays, H1 [528]
derived limits, based on a luminosity of 37 pb_l, on the coupling constants A j1 s function
of the squark mass. As example, figure 127 shows the excluded regions for A}, and 1/,,.
They are comparable or more severe than the ones from the low energy results, based on
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atomic parity violation. On the contrary, the very stringent low energy limit on A}, from
neutrinoless double beta decay remains at least an order of magnitude better than obtained
from H1. Similar exclusions have been obtained by Zeus [529]. Squark masses less than
260 (H1) to 269 (ZEUS) GeV are excluded at the 95% CL for a coupling of electromagnetic
strength.

The reach in the above searches is limited to /s. This range can be extended to higher
masses by including both s-channel and u-channel exchange diagrams which can be probed in
contact interaction studies. The sensitivity is less but extends to about 400 GeV for 1’ < 1.

14.8. Limits from Tevatron
At a hadron machine, the p p interactions can give rise to the associated production:

88,99 — 49,88 (191)
with relative cross-sections to squark or gluons depending on their mass. These production
reactions were discussed in section 11.2.

In the scenario where a g is the LSP, the g first decays through strong interactions into
a g, followed by the RPV direct decay of the g. The eventuality where A},;, # 0 would
simultaneously allow the decays ¢; — e*dy, §; — Vedy, d~k — e ¢; and c?k — VS,
Assuming approximately equal masses for &, §. and dg would lead to equal production rates
for these squarks and thus branching ratios to e* and to v of 1/2 each. An interesting signature
comes from the production pp — gg, where both gluinos decay into ¢ — gg or both into
g — qq in 50% of the cases. Combined with the electron branching ratio squared, this yields
like-sign e*e™ + jets events 1/8 of the time, a topology affected by small SM backgrounds.

In the scenario where )Z{) is the LSP, indirect decays will take place withg — ¢ )N({) followed
by RPV decay of 3. Assuming again that A}, # 0 would give 3 — cde™, dce*, d5v and
sdv, through virtual exchange of squarks (¢, § or d) or of sleptons (¢ or ¥). The branching
ratios depend on the SUSY parameters, but for the analysis, they are assumed equal for e* and
for v. Since each )Z? decays, due to its Majorana nature, with equal probability to an e* and
an e~ the like-sign e¥e® > 2j events would then have a branching ratio of 1/8. To prevent
decays to charginos, which could dominate over the )Z? decays, the chargino is assumed to be
heavier than the squarks. Although the interpretation of these analyses introduces some model
dependence, the results are independent of the value of the A’ couplings, unlike the case of
HERA.

The CDF experiment has presented results from its like-sign dilepton search. The case
of associated production of stop with indirect decays of f; — ¢ )Z? is shown in figure 128
for neutralino masses in the range M ( )Z{) ) > M(f;)/2 to prevent stop decays into charginos.
The comparison with the theoretical expectation, which is independent of the size of the A|,,
coupling, leads to the constraint M (f;) > 120 GeV. Since the analysis does not distinguish
quark flavours, the results remain valid for any coupling A ik # Owhere jislor2andkis 1,
2 or 3. Under the same conditions as above, the mass limit for 5 degenerate squarks becomes
M(G) = 200 GeV.

Decays mediated by a A jx were also searched by the DO experiment, looking for events
with ee + jets, ev + jets and vv + jets [532], originating from direct decays. For squarks of
the type iy j, which can only decay to edgy, a mass limit of 204 GeV is derived. For dgy type
squarks, which have equal branching ratios to eiir ; and to vedy ;, the mass bound is 225 GeV.

Direct decays via a 1) jx coupling were also probed. They yield final states like in the
previous example with the electron replaced by a muon. From the ppu + jets search, CDF and
DO derive a lower limit on iy ; type squarks of 202 GeV and 200 GeV, respectively. Based on
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Figure 128. Limits at 95% CL on the branching ratio times the cross-section for the production of
stop as function of the 7 mass. Left: for indirect decays via A},, couplings from CDF. Reprinted
with permission from [530]. Copyright 1999 by the American Physical Society. Right: for direct
decays with A%,, coupling from CDF. Reprinted with permission from [531]. Copyright 2004 by
the American Physical Society.

the same final state, the CDF limit for di type squarks is 160 GeV. By including pv + jets and
vv + jets searches, DO improves this limit to 180 GeV.

Recently, CDF has presented results on a search for A}, , observable as 7 pair production
followed by the decay 7; — 1 +jet [531]. The search is based on events where one tau decays
leptonically, the other hadronically into 1 or 3 prongs. Their result, displayed in figure 128
(left) gives the constraint m(f;) > 122 GeV.

14.9. Summary

Some of the indirect limits from low energy measurements remain fully competitive, especially
on products of couplings.

The associated sparticle production at LEP is the only case allowing mass limits to be
derived for all three couplings, A, A’ and A’. Limits have been obtained for gauginos, sleptons
and squarks and are comparable to the ones for the R, conserving framework, or even stronger
in the case of sneutrinos.

The strongest mass bounds on squarks have been obtained at the Tevatron in the case of A’
couplings. But hadron machines have no sensitivity to the A or A’ couplings via direct decays.

HERA can, through direct production or contact interactions probe a large mass range for
squarks for A’ couplings. But, as the production itself depends on 1/, a mass range can only
be excluded as a function of the value of the coupling. An example of excluded regions in the
plane of the coupling A" versus the squark mass is shown in figure 129.

15. Future searches

We will not be able to cover exhaustively all future searches which have been studied for the
upgraded Tevatron, the LHC and a LC. There exist several rather complete reports for each of
these machines. We will present some of the major issues and refer to the literature for more
complete presentations.
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Figure 129. Limits at 95% CL on A’ couplings versus the squark mass (M) comparing different
experiments, from [520].

15.1. SUSY searches at the Tevatron run Il

The reach of the upgraded Tevatron CDF and DO experiments for run II has been extensively
described in [71]. We give a few examples.

One of the most promising SUSY search channels is and will still be the trilepton
plus 7, channel, mostly populated by pp — #9%;" with the decays 3 — 11~ % and
)”(li — [ty )Zf (with / = e or p). Assuming an (optimistic) integrated luminosity of about
20fb~!, charginos, for instance, could be discovered up to about 200 GeV. For large tan f3,
charginos and neutralinos preferentially decay to third generation fermions (taus) and possibly
sfermions. The rate for multilepton signals, in particular trileptons, is much reduced. New
signatures involving tau detection, have been studied extensively. The reach in the mg — m1,
plane is described by figure 130.

The first two generation squarks and the gluino can be probed by means of the £, + jets
channel up to 350 (to 400) GeV with an integrated luminosity of 2 (to 30) fo! [71]. For stop
pair production, the bl £ and at least 1 additional jet (from 7 — )Zlib), ccHy (from ¢ )Z?) and
JjlI*l” By (from blv or blD) event topologies will allow masses to be probed up to 185 GeV,
160 GeV, 190 GeV, respectively, for 2 fb~! already and 250 GeV for 20 fb~". Figure 131 givesa
summary of the combined SUSY reach in the MSUGRA framework. However, for tan § > 35,
the improvements due to the new signatures (see preceding figure) have to be included.

To keep SUSY hidden from the Tevatron when sparticles are light, one seems to need two
separate deviations from the canonical MSUGRA framework: one to suppress the & signal,
another one to reduce the cross-section for isolated multilepton events.

15.2. SUSY searches at the LHC

The first SUSY signal to look for at the LHC will be through an inclusive search relying on the
large production cross-sections for gluinos and squarks. Various topologies with K, jets with
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large pr and 1 to 4 leptons in the final state will allow the exploration, already after the first
year of running, of a region of the parameter space extending well beyond the Tevatron reach.
If SUSY is discovered, more detailed studies and cross checks will be made possible through
the analysis of specific signatures, several of which should be simultaneously observable. If
the squarks and gluinos decay through long enough cascade chains, it will also be possible
to reconstruct the sparticle masses from the measurement of end points in the effective mass
distributions.
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Figure 132. Production cross-sections at the LHC in the (0, m1,2) plan for squarks, except stop,
as full (red) lines labelled on the right and for gluinos as dashed (blue) lines labelled on the left.
The nearly diagonal (green) lines delimit the regions with the different mass hierarchies between
gluinos and squarks (see text).

15.2.1. Signatures based on H; and E3™. The most promising discovery channels
are related to squarks and gluinos which are copiously pair-produced through strong
interactions, as we saw in section 10.3 where values for the NLO cross-sections of various
subprocesses were quoted. The NLO cross-sections computed with PROSPINO are displayed
in figure 132 in the (mo, m,2) plane assuming the MSUGRA scenario. The numerical value
of the cross-sections obviously depends on the masses of g and g and is O(1 pb) at the TeV
level. For the third generation squarks, the amount of mixing is a crucial element. The lighter
squarks and gluinos will dominate the production. The heavier ones will mostly decay through
strong interactions, via g — gq for m(g) > m(q) or ¢ — gq for m(q) > m(g). This is
indicated in figure 132 by the nearly diagonal (green) lines which delimit three regions.
e Region 1: in this region, the gluinos are heavier than any of the squarks. The decay chains
of the produced sparticles are expected to be
§—499.94 = qx-
e Region 2: in this region some squarks are heavier, others are lighter than the gluino. Hence,
rather complicated decay chains are possible, for instance
gL — 8.8 — bb,b — by
as the g, of the first two generations are expected to be among the heaviest squarks and
the b; (and 7;) among the lightest.
e Region 3: in this region, the gluinos are lighter than any of the squarks. A typical decay
chain is then
q— 898 = 49x,
where the gluino gives rise to a three-body decay.
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Figure 133. Left: CMS sensitivity for squarks and gluinos for tan 8 = 35 from [535]. Full lines
show the 5o discovery regions, dot—dashed lines the isomass curves for squarks and gluinos. The
labels nl indicate the number of leptons in the topology, with SS for same sign and OS for opposite
sign dileptons. Right: CMS reach as function of luminosity for tan 8 = 35.

The expected reach for sparticles at LHC has been studied by simulation of the ATLAS
[371] and CMS [534,535] experiments. An example of the reach for the various topologies in
the plane of m, versus my is presented in figure 133 for the MSUGRA scenario.

For gluino decays, we saw in section 10.3 that the key point is whether the gluino is heavier
than any squark (the most frequent case in the benchmarks of [143] but by no means necessary)
or not. Anyway, a cascade will occur, down to the lightest sparticle, which in SUGRA is the
neutral and invisible LSP )Z?, leading to the missing E7 signature. As seen from figure 133,
the Z, signature would allow squarks and gluinos to be discovered up to 2.5 TeV with
an integrated luminosity of 300 fb~'. This would cover the whole region compatible with
WMAP for tan 8 < 40(u > 0) and tan 8 < 30( < 0), presented in section 12.2.3, provided
MSUGRA is the correct scenario. The LHC experiments are sensitive to squark and gluino
masses up to about 2 TeV with a luminosity of 100 fb~!. Already with ~1-10fb~"! (1 year of
LHC running) masses up to ~1.5TeV could be reached thanks to the large production cross
sections. As emphasized in [536], for such an early discovery of SUSY the prerequisites will
be a good understanding of the detector (calibrations, jet energy resolution, weak areas in the
detector) as well as of the numerous backgrounds. The latter require detailed studies of the data
and comparison with Monte Carlo simulation (in Z+jets, QCD multijet, ¢7, ...) in signal-free
regions, e.g. at low E, to predict the background in the signal region, e.g. at large . Crucial
to this will be the correct description of the physics by the Monte Carlo generator programs.

The main question concerns the number of steps in the cascade and whether, besides the
EH 1, one or more distinctive features can be observed and measured. A step in the cascade like

§—>34q.G— qilor g —> qqx’ (192)

can give one or more high pr jets, allowing the transverse energy sum EF'™ (also called
‘effective mass’, M.¢) variable to be built:

4
Ef™=Hr+Y_ pr. (193)

i=1
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Figure 134. Left: distribution of E3'™ (called M.gr) for a point with squark and gluino masses of
about 700 GeV (red line) and the SM background (shaded) from ATLAS [388]. Right: correlation
between the peak value of EF'™ and the SUSY mass scale Msuysy, defined as min(mg, mg),
from [535].

computed from the missing energy and the four hardest jets. The study of its distribution is
usually sufficient in Rp-conserving scenarios to reveal the presence of SUSY particles in the
final state. The difference between the distribution in E3'™ for a signal with squark and gluino
masses of about 700 GeV and the SM background is shown in figure 134 (left) after multijet
and E; cuts. A clear excess due to SUSY events, about an order of magnitude above the
SM background, is observed at large E3'™. Moreover, the peak value of the E3'™ distribution
provides a first estimate of the SUSY mass scale, defined as min(mg, my), within the MSUGRA
scenario. This is seen in figure 134 (right) where the points represent the values obtained from
arandom scan over the MSUGRA parameters [535]. The E7'™ variable provides an excellent
illustration of the need of higher order QCD calculations in the Monte Carlo predictions of
multijet states at hadron colliders. The above figure was based on multijet production by means
of a shower Monte Carlo. More recently, the ALPGEN program was made available [537],
which includes the matrix elements for multi-parton emission. This exact calculation shows
that the production cross section is higher and that variables like E7'™ are strongly affected.
The E7™ distribution from Z(— vv + 4jets extends to much larger E'™ values and becomes
almost indistinguishable from the SUSY production [536,538]. The K, signature remains,
however, viable [538].

In conclusion, the missing E7 signature is certainly the first signal to be expected at the
LHC for the discovery of SUSY, thanks to the large production cross-sections for squarks
and gluinos. It does not, however, single out unambiguously SUSY as the origin and other
explanations, like universal extra dimensions, could equally be invoked. To distinguish
between the possible origins, a detailed reconstruction of the particles involved will be
indispensable. However, to separate the many different channels from SUSY cascade decays
and to get handles from which one can hope to evaluate the masses of the particles involved,
more specific features must be identified and measured.

15.2.2. Additional signatures. Useful signatures may result from the following electroweak
decay chains:

© g Xihqq' or %qq
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Figure 135. Left: regions of the (1,2, mg) plane where various decay modes of the f(g have
important branching ratios in the MSUGRA scenario for tan 8 = 10 and & > 0. Also shown as
heavy (green) lines are the kinematic relations between sparticle masses, as already discussed in
figure 74. Right: same for the )"(fE decay. The spectra were computed with ISASUGRA7.69.
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which lead to events with multi-jets+missing E7; multi-jets+missing E7 + (n = 1,2,3,4)
isolated leptons with large Pr, originating from cascade decays through charginos and
neutralinos; multi-jets+missing E7+lepton pairs of the same charge, a signature also used
at the Tevatron. The presence of high Pr isolated leptons and large missing E7 provides an
efficient veto against the main backgrounds from W*W~X — [*vI"vX, Z°WX — I*I7'vX
and t7 — W*W~bb — [*vI~pX. An example of the reach expected for the various inclusive
leptonic topologies is shown in figure 133 (left). The mass range up to about 1.5-2TeV is
covered by several topologies and will allow a detailed study of branching ratios from which
the decay chain can be inferred.

The most striking signatures are provided by the decay of f(g when it appears at the end
of the cascade decay chain. The type of signature which will dominate depends on the SUSY
parameters. This is illustrated for tan 8 = 10 and v > 0 in the (1,2, mo) plane in figure 135
(left). The following main regions can be identified.

e A triangular area, extending to the right of the region where the 7; would be the LSP,
where x5 — I1 (with [ = e or ) has a branching ratio > 15%. In the larger part of this
region, the I branching ratio is dominated by decays to left sleptons, which corresponds
to a gauge interaction coupling of a wino to a /[ pair and dominates in MSUGRA if it
is kinematically allowed. The invisible decays to vv and 7t decays have usually large
contributions and limit the maximum branching ratio achievable for the il decay. This
regionis accompanied by an area at small mq and m,» 2~ 200 GeV where >15% branching
ratio is reached for the decay to Ig.

o In the largest part of the plane the decays to sleptons are kinematically forbidden and m >
is sufficient to yield mass differences of )Zg and )ZP allowing the neutralino to decay into
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ho )Z?. This corresponds to a gaugino—higgsino transition and thus requires a non-zero
higgsino component in at least one of the two neutralinos. This decay easily reaches
branching ratios larger than 90%.

o For smaller values of m,, the decay to KO is kinematically forbidden, but in a narrow
area the Z° )Z? is possible, also leading to branching fractions above 90%. This decay is
suppressed compared with the 4° decay because it couples to the higssino component of
both neutralinos.

e At yet smaller values of m ,, the three-body decay (through an off-shell Z°) becomes
dominant and, for low m, the 3-body decay to I/ )Z? (mediated by an off-shell slepton)
may be important.

The exact boundaries delimiting these regions depend on tan 8 and on the sign of u, but the
gross features described above are rather generic, as they reflect the gauge couplings of the
theory. An exception to the above picture is a narrow range around tan 8 =~ 4 for u© < 0 where
the 1° decouples from the ¥J. In this case, the large area with dominant 3y — h°%? becomes
dominated by the decay %3 — Z°%;.

As seen in figure 135 (right), the chargino gives rise to leptonic decays )?g — [v or vl
with branching ratios totalling > 15% in the same triangular region where x5 — I1. As the
Higgs decay of the chargino would lead to a H* which is heavy in MSUGRA, this decay
mode is closed. Instead, the regions with dominant decay of )Zg into 4% or Z° correspond to
S+ =0
xi = Wx,.

Another striking signature may be provided by the gluino decay into a chargino. When
a gluino pair is produced, both gluinos may decay into charginos of the same charge, due to
the Majorana nature of the gluino. If the chargino decays leptonically, ¥ = — [*v )210 , this
yields events with two same sign leptons, a very clear signature with little SM background.
This signature is relevant in the whole region of figure 135 where m(g) < m(f;). It may even
extend to lower mg and higher m,, as seen from the same sign di-lepton reach of figure 133
(left). In this case, they occur mostly via the decay chain § — 717, 7} — x%b, x* — WEg!?
with a leptonic decay of the W=.

At the LHC, sleptons can also be directly pair produced by a Drell-Yan mechanism (by y
or Z" exchange) and by gauge boson fusion. The most interesting signature is from the decay
I -1+ X?, giving rise to two isolated leptons of the same flavour with opposite charge and
missing transverse momentum. The dominant backgrounds from 77 and WW + X production,
as well as from other SUSY processes, are partly vetoed by the requirement of no additional
jets. Simulation studies of the Drell-Yan production by CMS have shown [539] that, for a
luminosity of 100 fb~!, the mass reach extends from about 100 to 400 GeV. At low masses
the limitation comes from a low signal to background ratio and at the high mass end from the
small signal rate. This would correspond to a roughly circular region of radius < 400 GeV in
figure 133 (left). So far, the contribution from gauge boson fusion has not yet been included
and, as seen in section 10.3, it is expected to increase the reach to larger masses.

As yet another mechanism, it would be possible to look for the direct production of
)Zg )Zli, to be detected by means of its trilepton signature, like is currently done at the Tevatron.
The present conclusions from simulation studies [539] indicate that large statistics could be
accumulated at the LHC, allowing detailed analyses of their properties and that the accessible
mass range would cover the region m;,, < 200 GeV. As seen from figure 135 (left), for larger
my the )Zg decays into 1° (or Z9).

15.2.3. Sparticle mass reconstruction. Determining the sparticle masses on an event by event
basis is not feasible, the kinematical constraints being insufficient due to the presence of two
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Figure 136. Left: di-lepton mass distribution for events with a decay )"(g — [E[¥ after subtraction
of e* ;T masses. From ATLAS [388]. Right: distribution of the Ilq mass for the minimum mass
obtained by combining the di-lepton system of the left figure with a hard jet.

invisible neutralinos in every event. However, mass distributions of the leptons and/or quark
jets for specific final states will allow the measurement of sparticle masses [388,540]. Given
the complexity of the events, the search for a signature starts from the bottom of a decay chain.

As an example, we can take the decay chain ¢ — )qu — [F1Fq — X?l*l’q, for which
detailed analyses exist in [541,542]. The end point of the same flavour dilepton mass
distribution from the decay of )Zg carries useful information on the sparticle masses.
An example is provided in figure 136 for events with cuts on EM and the pr of jets and
leptons. In case the end point is blurred by other decays, e.g. from charginos or top, it can be
improved by using the flavour subtracted combination e*e™ + u*u~ — e* T which cancels
most backgrounds. For the three-body f(f decay, the end point measures directly the mass
difference between the parent f(g and the resulting )210 . For the two-body decay via a slepton,
it has a different shape with a very sharp edge. The triangular shape is a direct reflection of the
spin-zero nature of the intermediate state [ which decays isotropically. The end point position
also depends on the slepton mass and is given by

| Mg —mpGm} —m)
M = X . (194)

ms=
!

On its own, this equation does not allow the masses to be determined. Further constraints
can be derived, e.g. from the relative magnitude of the two lepton momenta, which allows the
mass of the LSP to be constrained from its effect on the decay kinematics. By combining
further with, for example, the quark jet from the squark decay, information on the masses of
all members of the decay chain can eventually be obtained. For example, the mass distribution
of (llg) also exhibits an end point, shown in figure 136 (right), which values constrains the
mass of the parent g. Moreover, end points are observable in the M (Iq) distribution. In this
case, two end points can be extracted, one for the lepton from the )?3 decay (/1) and one
for the lepton from the I decay (12). Together, these provide 4 end points which allow, in
principle, a model independent determination of the 4 unknown masses of the ¢, f(g ,land )Z?.
Expressions of the end points as a function of the sparticle masses are summarized, together
with the corresponding kinematical configurations in figure 137. To simplify the formulae, the
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following symbols are used for the masses: Mgy = mgz, Mx = mso, My = mj, My = mso.
Several difficulties are apparent from this figure. Some are related to the association of the
correct formula to a given end point. So far, this was frequently done based on the a priori
knowledge of the masses injected in the simulation, which introduces ‘model dependence’. An
alternative, used in [542], is to try all physically meaningful combinations and keep only those
which solutions give the correct sparticle mass hierarchy. Another possibility would be to look
at correlations between the effective masses, as the end points occur for specific kinematical
configurations. First, the two leptons from )Zg and from [ decays cannot be distinguished.
Nevertheless, the end points in M (/1q) and M (I2g) can in principle be distinguished thanks
to their different configurations and corresponding M (I]) regions to which they are related, as
seen in figure 137. Similarly, the correct formula for the M (Ilg) end point could be identified
by correlations with the M (I]) and M (lg) distributions.

Another difficulty is that the second and third formula for M (llg) are not independent
of the other ones. In this case the above four end points are not sufficient to determine the
sparticle masses. But additional end points can be measured, like from the M (I1q) + M (I2q)
distribution. In some cases it is also possible to observe an end point at the lower edge of the
mass distribution, for instance for the (//g) mass after selecting (//) masses near the end point.
If the only available leptonic two-body decay is )Zg - 77T —> )Z?rr, for instance at large
tan B, this most difficult case may nevertheless lead to measurements of masses, although less
precise than for e or u.

In conclusion, for long enough decay chains, the number of constraints from the end points
is sufficient to determine all masses involved. But as more end points can be determined, the
extraction of the mass values is most easily done by randomly generating the masses (or the
MSUGRA parameters) to compare the obtained end points to the experimental ones and, for
example, performing a x-squared minimization.

Apart from studying final states with leptons, there is a possibility to detect the Higgs
in the decay chain 1) — 7°%) — bbx?, which may have a substantial branching ratio.
The requirements of two b-tagged jets, not too separated (as my, is small) and large missing
E7 removes most of the SM backgrounds and a clear 42° mass peak can be observed, which
allows its mass to be reconstructed, as shown in figure 138 (left). Like the di-lepton signal,
the 4° can also be combined with additional jets and the end point in the M (h°¢) distribution,
shown in figure 138 (right), serves to constrain the g mass [388]. A similar approach can
be adopted for the decay ¥ — Z°%?, where the Z° is usually reconstructed from its di-
lepton decay. If, in these cases, the decay originates from a squark, the cascade is too short
to allow the determination of the masses involved, as only the M (h°q) mass distribution is
available. The masses can be reconstructed if the decay originates from a gluino, giving access
to additional mass distributions, or if other decay chains are simultaneously detectable (e.g. with
di-leptons).

It should be noted that several of these decay modes may be simultaneously present and
that the same decay may originate from a f(g as well as from a heavier neutralino state. In the
latter case, more than one end point may be observed in the same distribution.

Most end points can be measured with good accuracy, of order of a few GeV or less. A
model independent, apart from the assumed decay chain, calculation of the sparticle masses
is possible yielding uncertainties ranging from 1 to ~10% according to [541]. An example of
masses computed from the end points for the benchmark point SPS1A assuming an integrated
luminosity of 300 fb~! in ATLAS [543] is given in table 27.

Of course, much more information on the SUSY particles will be available than just the
end points, for example several branching ratios and cross-sections. They will also help in
testing the models.
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Figure 137. End point formulae and kinematical configurations. See text for explanations.

SUSY may lead to quite complex events [544]. In the MSUGRA region close to the focus
point boundary [143], with heavy squarks, the production of gg pairs dominates and the largest
g branching ratios are for g — Xi_tl;. The final state is certainly spectacular (12 to 16 jets
and/or leptons), but sorting out the combinatorial background is certainly challenging.

15.2.4. Beyond MSUGRA. Several MSUGRA points have been explored. However, another
question is to see what happens when one leaves the strict MSUGRA scenario and allows
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Figure 138. (left) Mass of b-jet pairs from a signal (open histogram) and sum of backgrounds
(shaded histogram). (right) The smaller of (bb j) masses for signal and background for events
with the (bb) mass selected in the peak of the figure on the left. From ATLAS. Reprinted with
permission from [540]. Copyright 1997 by the American Physical Society.

Table 27. Anticipated measurements and precision of sparticle masses at LHC, from [543]. The
generated mass quoted for gr is for g and for g, is the average of 1. and d..

Particle  Measurements + errors  Generated value

%P 96.16 +4.76 96.05
70 176.9 + 4.66 176.80
%0 377.9 £5.11 377.83
g 595.1 + 8.05 595.5
ar 5204 +11.8 520.5
qL 540.3 £ 8.79 540.14
b 491.9 +7.45 491.92
by 524.5 +17.93 521.
IR 143.1 +£4.75 143.00
I, 202.3 £ 5.03 202.12
7 132.5+6.25 133.39

for some degree of non-universality. An example is given by [545] describing models with
effective SUSY where the third generation of squarks is light, the first two are heavy and the
general case of non-universal gaugino masses is considered. The visibility of a SUSY signal
is found to depend strongly on the relation between LSP, )Zg , & and g masses and may turn
out to be quite low in some unfavourable scenarios, where the LSP mass is close to the third
generation squark masses.

Another example of a departure from MSUGRA is described in [407], which adopts a
case study based on a SUSY SO(10) GUT without universality within the generations. In this
scenario, the LHC would discover SUSY and distinguish it from MSUGRA. However, this
example illustrates the complementary role of a linear collider to obtain accurate estimates of
the masses.

We have seen that in the MSUGRA scenario the 1° can appear in cascade decays, resulting
from the )?g decay. The heavier Higgses are, however, quite heavy in MSUGRA and are not
expected to be produced from cascades. But they can be made lighter in a more general MSSM
and can be produced in cascades involving charginos and neutralinos. This may even become
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an interesting discovery channel for favourable SUSY parameter values [374], as we already
mentioned in section 8.9.

In GMSB models, in which the G is the LSP, the phenomenology depends on the nature of
the NLSP. Hard isolated photons or long-lived particles can provide further handles to isolate
and identify SUSY final states. Reference [546] examined signals for sparticle production at
LHC with alow SUSY breaking scale for four different models leading to different signatures.
Starting with the canonical Z; and multilepton channels, they consider special features related
to the nature of the NLSP, for instance the presence of hard isolated gammas or & — bb (but
with the conservative assumption that the NLSP decay is prompt), which could further enhance
the signal over background. They find that the SUSY reach measured in terms of m; is at least
as large as in the MSUGRA framework: in particular in the best case of the co-NLSP scenario,
the reach extends to mz > 3 TeV with 10 fb~!. The study [371] of a few points in the GMSB
parameter space has shown that, also in this case, the reconstruction of the sparticle masses
from end points in the effective mass distributions is possible.

Following other studies, [547] investigates the discovery potential for the minimal AMSB
scenario in which, as we said in section 5.1.4, a conformal anomaly in the auxiliary field of
the supergravity multiplet transmits SUSY breaking to the observable sector. The parameters
of minimal AMSB are m3,, (gravitino mass), mg (universal scalar mass introduced to cure the
slepton negative mass squared), tan 8 and sign(u). The classic AMSB prediction of a wino-
like LSP nearly mass degenerate with the lightest chargino means that the latter may have a
long lifetime. Reference [547] generates minimal AMSB spectra on a grid 100 GeV-5 TeV
in the mo—m3, plane for tan 8 = 10 and u > 0 and determines the reach of the LHC with
a realistic (ATLAS) detector simulation, optimized but generic SUSY cuts on 10 variables
and 100fb~!. The 50 (and > 10 events) discovery reach shows that the LHC will be able to
distinguish minimal AMSB from SM in various multi-lepton with £, channels over a large
range of parameters with the reach extending to m; ~ 2.8 TeV or mz ~ 2.1 TeV, whichever
is the lower. The Snowmass point SPSO lies well within the discovery region. The near
degeneracy of a )Z]i and LSP leading to a more or less long-lived chargino is a strong signature
for AMSB (even beyond the minimal version). In [547], a range of model points is defined
for the most difficult regime of shorter lifetimes (0.2 < AM zE =myE —myo < afew GeV),
with a decay before the first tracking layer and soft tracks, and explores methods to probe this
region. They conclude that selecting events with large &, and identifying tracks from chargino
decays the wino-like nature of the LSP can be determined and AM =+ can be measured over
a large range of parameters. Evidence for this class of models can be obtained even in cases
where the chargino is shorter lived than predicted in minimum AMSB.

With R-parity violation the large £, signature is lost but it provides multiple leptons
and/or very high jet multiplicities. The latter is, however, a signal difficult to extract from
the QCD background. The R-parity violation with x? — gggq, in particular ) — cds, is
another example of complex signature, with a few or no b-jet and small £, and with a QCD
background which is not well known. The searches for R-parity violation will be further
discussed in section 15.5.

15.3. SUSY searches at lepton colliders

If the machine energy is sufficient, superpartners may also be observed and their masses
measured at lepton colliders [548]. The fixed energy of the pair produced final state sparticles
is then very advantageous. It allows, for example, the measurement of both the lower and upper
edge of the energy distributions in two-body decays, see formula (165), which determine the
masses of the parent and of the )210 . Expected accuracies are of the order of a few 0.1%.
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Figure 139. (left) Muon energy distributions from fir pair production. (right) Minimum mass
distribution. The energy is supposed to be /s = 320 GeV, the integrated luminosity 160 fb~! and
the sparticle masses are m(fir) = 132 GeV and M()Z?) = 71.9 GeV. From [406].

Further improvements on the mass determination can be achieved through threshold scans.
As an example, figure 139 (left) gives the muon energy distribution from jig pair production,
as well as the backgrounds. The /i and X masses are determined by measuring the two end
points. Figure 139 (right) gives, for the same process, the minimum mass distribution [406],
defined as the minimum slepton mass compatible with the slepton momenta for a postulated
)Z? mass. It is sharply peaked at the actual i mass and allows an accurate determination of
the slepton mass, assuming that the )210 mass is well measured from another process, such as
chargino production.

Another advantage is the availability of beam polarization, which allows the determination
of the spin and coupling of the sleptons. It may select a specific process, €.g. an e beam selects
the production of firjir, suppressing the jipfir. and also suppressing the WW background.
This may help distinguishing nearly mass degenerate states.

Lepton colliders are, therefore, expected to provide more accurate measurements
than achievable at the LHC. On the other hand, it is easily seen from figure 133 that
a reach for squarks comparable to the one of LHC would require a very high energy
machine.

Charginos and neutralinos are among the lightest superpartners, so among the most likely
to appear at a LC. Focusing on chargino pair production, as an example, the flexibility of a LC
allows all the involved parameters to be disentangled by measuring

M (7). or, ARS, o1, APP, (195)

where L and R denote the left- and right-polarized e~ beam. The mass measured by kinematic
end points or threshold scans provides essentially a measurement of M, or |u|, whichever
is smaller. The right-polarized quantities provide complementary information on chargino
mixing. The left ones are sensitive to the mass of the exchanged sneutrino.

Figure 140 gives the two chargino mixing angles (entering the diagonalization matrices
for the chargino masses) obtained by exploiting some of the measurements quoted above.

A LC allows the dependence of various CP-conserving observables (cross-sections,
masses, decay distributions) on the phases of SUSY parameters © and M, to be measured.
This is illustrated in figure 141. As evident from the examples given, even if only a few
superpartners are accessible, the LC should provide model independent measurements
of several soft SUSY breaking parameters. We will see in section 16.2 how this information
can be extrapolated to high energy scales to get an idea of the scenario involved.

As an example, table 28 summarizes, for a MSUGRA point (slight modification of
Snowmass point SPSla [164]), a sample of masses and expected accuracies, where the
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Figure 140. Chargino mixing angles. Reprinted with permission from [549]. Copyright 1995 by
the American Physical Society.

160 . 0.08 . . .
6(6*{—)1‘]’2‘2’)[06\/] BR(X(Z’%X‘]‘CJ'{)[GCV] m(g)[GeV] 165 m(¥3)[GeV]
0.07 R 1 84 b o e
0. =m2"% o=m
T 160
0.06 SN ;
82 S
0.05 e
0.04 80 | 150 | 0= ™2
0.03 | 145 b4 _
78 | b
=0
0.02 O - 140 .
0 1 20 1 2 0 1 2
¢,/m o,/m ¢,/n

Figure 141. Dependence of various observables on CP-violating phases for the parameters w and
M, assuming MSUGRA with mo = 100GeV, m1,2 = 200GeV, A9 = 0, tan 8 = 4 and u > 0.
Reprinted with permission from [569]. Copyright 2001 by the American Physical Society.

contributions of LC, LHC and CLIC are added. LHC should discover all particles. For
this favourable scenario, the LC has access to six sparticles (plus naturally the 4°). Only CLIC
will give access to the heavy Higgses.

15.4. Post-LEP benchmarks

Benchmark points have often been used in the past to evaluate the potentialities of new machines
and experiments. An example is given by the benchmark points suggested by the LHC
Committee in 1996 and used by ATLAS [371] and CMS [535]. As the older ones often
fail to fulfil the LEP constraints from direct searches, in particular from the light Higgs, a
series of new post LEP benchmarks were proposed. One example is shown in figure 104,
the ‘Cern’ benchmarks (drawn as stars) originally proposed in [143] and recently updated to
comply with the WMAP results in [550]. Other examples, among several, are the ‘points
d’Aix’ from [166] or the Snowmass points and slopes (SPS) from [164], already mentioned
earlier. The principal aim of [143,550] was to choose points which are compatible with the
aforementioned constraints, including CDM, and which span a wide area of the allowed SUSY
parameter space. The proposed points range over tan 8 values from 5 to 50. Five are in the
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Table 28. Anticipated measurements and precision of sparticle masses, from [163].

Particle = Measurements + errors

it 183.05 £ 0.15 LC
bex 383.28 +0.28 LC
%P 97.86 +0.20 LC
70 184.65 & 0.30 LC
R 224.8240.15 LC
e 269.09 +0.28 LC
iR 572+ 10 LHC+CLIC
i 589 + 10 LHC+CLIC
g 598 + 10 LHC
h° 113.38 £ 0.05 LHC+LC
Al 4355415 CLIC
B I tan B =10 L tan 3 =50
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Figure 142. Decay branching ratios of )Zg along WMAP lines for tan § = 10 and 50 with u > 0.
From [550].

‘bulk’ region, four are spread along the coannihilation ‘tail’, two are in the ‘focus point’ region
and two are in the rapid annihilation ‘funnels’. The values for m,, are compatible with the LEP
limit, within uncertainties, but never more than ~10 GeV above it.

It is clear that by relaxing the model constraints, e.g. allowing non-universal Higgs mass
parameters, the forbidden region with €2, h* > 0.129 would become acceptable. However, it is
seen from figure 104 that the chosen points would still remain representative of a broad variety
of SUSY scenarios. It should, nevertheless, be emphasized that the points do not provide an
unbiased statistical sampling of the constrained MSUGRA parameter space.

Given the narrow region still allowed after imposing the CDM constraint from WMAP,
seen in figure 107, it is possible to define ‘lines’ for constant tan 8 in the (mg, m,,) plane
where all constraints are fulfilled. The idea is that, following the suggestion of the Snowmass
slopes [164], it may be interesting to check the observability of SUSY and the reconstruction
of the spectrum along these lines with increasing m,,. A parametrization of the lines is found
in [550]. The main decay branching ratios of the )Zg, the starting point for mass reconstruction,
are shown in figure 142 for tan 8 = 10 and 50. For low to intermediate tan 8 the decays of )Zg
to /] and to T are both important, whereas for large tan 8 the branching ratio to Tt approaches
100%, due to its increased Yukawa coupling. The decays to A° )Z? and Z° )Z{) never exceed
5-6% and 1%, respectively. The strong constraints forbid the region in parameter space where
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Figure 143. Summary of sensitivities for various accelerators. From [550].

large branching ratios to h° or Z° are reached. Again, this may be relaxed by allowing for
non-universality. But a lesson of this constrained MSUGRA is perhaps that the final states
with 77 will play a crucial role in the discovery of SUSY.

A crude estimation of the discovery potential of various accelerators for the benchmark
points of [550] was made. The results are summarized in figure 143.

The potentiality of the LHC experiments was estimated on the basis of existing studies
from CMS [534] and ATLAS [371]. The lightest Higgs, whose mass is below 125 GeV in all
scenarios, is always found. Also squarks and gluinos are usually discovered, although there
are some benchmark points where all sparticles are too heavy to be detected at the LHC, points
K’ and M’ located in the funnels. The weakly interacting sparticles are mostly observable only
as decay products of squarks and gluinos and are often missed. This is the case of charginos,
neutralinos, sleptons and heavier Higgses.

For lepton colliders, the potential was based on the assumption that the discovery of
sparticles required a cross-section time branching ratio into visible particles of >0.1fb,
corresponding to about 100 produced sparticles in the total data sample of lab~!. The
lightest Higgs is observable here as well, but in addition, a linear collider allows an accurate
determination of its mass and branching ratios. A 1 TeV linear collider would be able to discover
and study several weakly interacting sparticles in many scenarios and appears complementary
to the LHC in this respect. The y y option of the linear collider would also allow the s-channel
production of heavy Higgses via yy — H° or A°. However, there are some points where
neither a 1 TeV linear collider nor the LHC can discover supersymmetry. Only a multi-TeV
linear collider like CLIC, or a muon collider, seems able to cover all benchmark points.

The prospects for the direct detection of neutralinos from astrophysical origin through
their spin-independent elastic scattering have been studied in [551] for the benchmark points
of [143]. The conclusion is that the projected sensitivities of CDMS II, CRESST and
GENIUS would probably allow the detection of neutralinos for several of the benchmarks.
Unfortunately, the most difficult ones for LHC (K and M) would also remain undetectable by
these experiments.
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15.5. Searches for R-parity violation

R-parity violating SUSY will be searched for at future colliders.

At hadron colliders, as one can guess, this will not be an easy task. It will probably
be impossible to be exhaustive. The goal is to select the topologies which are likely to be
measurable and, in the case of a signal, to distinguish it from other possible sources.

The Tevatron [552] will study resonant single slepton production and resonant stop
production, under various conditions for their subsequent decay, either a direct RPV decay
or a cascade to a RPV decaying LSP. It will also study pair production of gluinos, squarks and
other MSSM particles, in particular cascading to the LSP which then has an RPV decay.

A relatively simple way is to focus on a well-defined experimental signature, such as the
rate of single leptons e and u in the final state in case of non-zero A couplings [553], the
flavour content of jets in case of baryon number RPV couplings 1" [554] or the details of the
production of p*u™ pairs [555]. Concerning the latter, the study of Drell-Yan at the LHC
could be a significant tool since RPV, through the presence of 1! x> can distort the differential
cross-section: )‘/2 .+ would lead to an additional u-channel d1agram for itju; — p*p~ with
d" exchange and a t-channel one for dyd; — p*u~ with i i exchange. Thls is one more
mcentlve to perform an accurate measurement of this ‘standard’ channel.

Many other possibilities can be thought of and should be explored, like single top (i.e. fc or
tb) production. The study of single top quark production at hadron colliders shows that the LHC
is better at probing the baryon violating coupling 1", whereas the Tevatron and the LHC have
similar sensitivity to A’ couplings. In [556] a feasibility study was carried out to detect single top
production through RPV at the LHC measuring the tb — [vbb final state (a high p7 lepton and
K ;) obtained by u-channel slepton exchange (1" # 0) or s-channel squark exchange (A" # 0).
The tf background is reduced by a strong jet veto on the third jet. At the chosen value of the
coupling constants (~10~") a significant signal over background ratio is obtained in the channel
considered if the exchanged sparticle is a squark with narrow width (~1 GeV). With 30 fb™!
)»/123)\/323 (5 exchange) combination can be probed down to 1072-1073 (the )L/HZ is already too
low to be relevant). In case of absence of signal after 30 fb~! one can lower the experimental
limit on the quadratic combination of 1’ couplings by an order of magnitude for narrow width
quarks In case of slepton exchange via L Q D couplings and for a ud partonic initial state, the
A, Cll A, 33 combination can be improved by a factor 2 compared with the current limit.

Reference [557] has studied the resonant productlon of sneutrinos at the LHC via A jx cou-
plings from pp — V; — X; £, X1 — Xoliv X1 — liu; dk, through the tri-lepton 51gnature
which has a small SM background and allows mass reconstruction of the full v decay chain.
This signature can be detected for a broad class of SUSY models and for a wide range of values
of several A, x coupling constants. In the framework of the MSUGRA model, for instance, a

significant part of the (mg, m;,,) plane will be accessible for )»/211 > 0.01. The same analysis
can bring interesting sensitivities on all couplings Xz j« and test most of the )\’1 jx couplings.

In [558] scenarios are studied where the decays in three quarks (A[ +)- The final state
has no I and a high jet multiplicity. Focusing on )‘212 #0,q. — qu — lqu - X O71q W1th
X1 — 3 jets as the experimentally most difficult case (no particular tag) they show that the Xl
and )Zg masses can be measured by 3-jet and 3-jet+lepton pair invariant mass combinations.
A typical MSUGRA point (near SUGRA point 5) with )\'2 12 = 0.005 is studied in detail and
the uncertainties on the 5, %9 I and g masses are given.

It is likely that one should build up a topological analysis identifying channels accessible
at the LHC from which one can tell which RPV couplings can be probed.

SUSY with RPV leads to a rich phenomenology at a LC, provided it exists within its
energy range. Examples among many others (the LEP program can be reconducted) include
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single chargino production ete™ — )”(li,tﬁ via Ajp; (with U, in s-channel or Vet in t-channel).
The RPV coupling is probed to a lower value than the existing low energy limits [559]. One
can also quote pair production of LSP which decay for instance through A"2,3 (6 jets signature
including 2 b-jets): the signal can be extracted and the LSP mass measured.

16. Connection with GUT scale physics

16.1. Reconstructing electroweak scale MSSM parameters

Once supersymmetric particles would be discovered, the question arises of whether it will be
possible to test the assumptions underlying the models and, above all, identify the mechanism
of supersymmetry breaking.

A first hint may come from the study of the sparticle decay modes. We have seen that
the MSUGRA (missing E7), GMSB (y, ...) or RPV (multi-jets, multi-leptons) scenarios
each have their specific decay modes, which would allow their identification. But the type of
spectra may also provide information on what happens at high energy scales [560], similarly
to the unification observed experimentally for the gauge couplings. This might be done by
performing a fit of the high scale parameters to the measured quantities. The results of such a fit
may, however, be misleading if the model possesses pseudo-fixed point structures or if there are
intermediate scales. A more promising approach may be a model independent determination
of the fundamental MSSM parameters at the electroweak scale and their extrapolation to the
high energy scales by means of their RGEs.

If sufficient measurements are available, it is possible to determine unambiguously the
parameters of the SUSY theory. For example [561], at an e*e™ collider with polarized beams,
the measurement of the production cross-sections and left-right asymmetries of x; x; ", xi x5
and x5 x, allow the mixing angles between the wino and higgsino components of the left and
right chirality charginos to be computed. These, together with the chargino masses, determine
the fundamental parameters tan 8, M, and u of the MSSM. Moreover, the mass of the lightest
neutralino (e.g. measured from the decay of the chargino) then allows M, to be computed. In
lepton colliders with polarized beams, all parameters can be measured even in CP non invariant
theories (i complex).

However, seeing the discovery potential illustrated in figure 143 for the benchmark points,
it seems more likely that, before long, only partial information will be available. Cases where
less information is available have also been considered [562,563]. But it is very difficult to
design a realistic strategy before at least some of the SUSY particles have been discovered.

Programs reconstructing the SUSY parameters from the sparticle masses have been
written. They can cope with partial information to determine the parameters of either
constrained models, such as MSUGRA, or of more general MSSM ones.

16.2. Reconstructing high energy scale MSSM parameters

Assuming that the fundamental MSSM parameters tan 8, M, M, and p, together with the
slepton and squark masses, have been determined, they may be extrapolated from low energy
to the high energy scales by means of their RGEs. This possibility was tested in [565] on an
MSUGRA point yielding a rather low mass spectrum, such that all sparticles are observable
at the LHC, as well as at a 1 TeV linear collider. Assuming the masses to be determined
with the precision quoted in table 28, the evolution of the gaugino mass parameters and of
the slepton and squark masses are shown in figure 144. In the two left most figures, the
extrapolation is based on the precision achieved by LHC only. The two rightmost figures
result from combining the LHC and the linear collider measurements. The gaugino mass
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Figure 144. Extrapolation to high energy scales ina MSUGRA scenario. The two left figures are for
LHC only, the two right figures are for LHC+LC. Reprinted with permission from [565]. Copyright
2001 by the American Physical Society. For an updated version of the LHC+LC figure, see [S66].

parameters meet at the GUT scale, as expected. The value of m; is mostly determined by M
and M, since the uncertainty is much larger for M3, reflecting the less precise measurement
of the gluino mass. In the scalar sector, the mass parameter m is mainly determined by the
left and right sleptons. The considerably larger errors on the squark mass extrapolation are
due to the large size of the coefficient multiplying 7, in the approximate equations (90) and
which magnify the uncertainty on m, in the solution for m,. The even larger uncertainties
in the extrapolation of the Higgs mass parameter m g, reflect its very weak dependence on my
(the “focus point’ behaviour mentioned earlier). In spite of the large uncertainties on some of
the extrapolations, it is found in an example of GMSB scenario that the non-universality of the
slepton and the squark masses remains clearly observable and would allow the two scenarios
to be distinguished. It is, however, clear that the detection of possibly small non-universalities
among the gaugino or the scalar masses requires very high precision data at the electroweak
scale. This puts very stringent requirements on the measurements but also highlights the need
for further improvements in the calculation of the supersymmetric spectra, compared
with the present status of the software, as noted in section 7.3.

16.3. String effective field theories

In a string effective field theory [567] based on the heterotic string, the expected evolution of
the gaugino masses is illustrated in figure 145 of [163]. The model also accounts for the small
deviations of the gauge couplings at the GUT scale from their universal value at the string scale.
An overall fit to masses and couplings gives the relevant parameters of the model. An exercise
has shown that the reconstructed values, starting from quantities measured at colliders, are
close to the ideal fundamental parameters.

17. Conclusions

We do not know presently whether supersymmetry has anything to do with reality, nor at
which scale it will manifest itself. In spite of its very attractive features, only indirect and not
fully conclusive indications exist in favour of light SUSY, such as the accurate convergence
of gauge couplings in a supersymmetric scenario. The best one can say is that, because of
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Figure 145. Extrapolation to high energy scales in an effective string scenario. From [163].

its discrete role in electroweak observables, no fact up to now contradicts the existence of a
supersymmetric world at or near the electroweak scale. As has been known for a long time,
the only outstanding prediction of SUSY, in its minimal version, is the existence of a light
and very likely standard model-like 4° boson. It is deeply regrettable that no resolute strategy
was developed at LEP200 to give an answer to this precisely defined question: the answer
will be delayed by a decade, waiting for the Tevatron or the LHC, while the MSSM is the
overwhelmingly dominant paradigm beyond the standard model in the prospective studies of
the LHC, as well as in the arguments put forward in favour of a next linear collider.

Besides this striking feature of the Higgs sector, the non-observation of SUSY partners
up to now does not carry any strong message. A general consensus is that the spectrum of
these, in order for SUSY to fulfil its main role, should be relatively light and accessible, at least
partly, to LHC and a TeV linear collider, if not to the Tevatron. This statement is, however,
vague and we have illustrated the large span of possible mass spectra. Some of the spartners
can still be ‘next door’ and within reach of the Tevatron. However, part of them could also be
heavy and out of reach of the most energetic machines foreseen.

Some low energy accurate measurements, such as EDM, (g —2),, and rare B decays, can
in principle constrain SUSY. However, if deviations are observed, one will still have to wait
for the next machines to bring the proof that these are due to SUSY. Also the discovery of a
light 2% < 130 GeV is a strong hint for but not a proof of SUSY.

If R-parity is conserved, SUSY offers a quite valuable candidate for cold dark matter, the
amount of which is more and more accurately determined through cosmic microwave back-
ground studies. LEP exclusion of an LSP neutralino up to several tens of GeV is valid only in
a restrictive set of parametrizations. Direct and indirect non-accelerator searches for WIMPS
may reveal a signal but cannot lead to a definitive exclusion, because of too many unknowns
in the distribution of cold dark matter and its exact nature. At colliders, the LSP provides
the most striking signature of missing energy, which should be the way to discover R-parity
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conserving SUSY. The hadron colliders should measure crudely the LSP mass, while a LC
would provide it accurately.

The Tevatron, LHC and next LC studies have explored in detail a set of predetermined
benchmark cases, thought to be representative. One can hope that in the case of SUSY
conspicuous signals will appear: missing energy, jacobian peaks in di-lepton distributions,
mass peaks of Z° and possibly 4° in the final states. However, the variety of possible scenarios
and, within a given class, the variety of possible sparticle spectra and of the corresponding
intracascade transitions are such that a more systematic approach, topology oriented, is
probably required as well: this implies that for a set of final states as large as possible,
the SM expectation as well as the various procedures, from trigger to analysis, are well
mastered, so that one can reliably detect any discrepancy.

The LHC has an excellent discovery potential for squarks and gluinos, up to about 2.5 TeV.
For neutralinos, charginos and sleptons the reach is ~0.5 TeV. An inspection of the various con-
strained MSUGRA benchmark points shows that LHC, besides the lightest Higgs boson, will
generally detect a substantial number of supersymmetric particles, except in a few cases corre-
sponding to the focus point region or to extreme cases allowed by the relic density constraints.

A TeV-scale linear collider has globally a more limited reach but may detect more sleptons
and gauginos, complementing the LHC information, and especially it will provide a greater
precision in the measurement of sparticle masses, decays and properties within its range of
accessibility. This high precision will be crucial for the reconstruction of the underlying model
and the identification of the SUSY breaking mechanism. The role of a multi-TeV collider like
CLIC would be either to discover SUSY in the most problematic cases or to complete the
spectrum and extend the accurate measurements, made at LHC and a TeV linear collider, to
squarks and heavier sparticles. A yy collider can also bring complementary information, for
instance on gluino mass and couplings, which will be difficult to get in e*e™ collisions, and
on Higgs bosons of the MSSM which it can produce in the s-channel.
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