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I consider only models with ‘gravity mediated supersymmetry breaking’ without R parity violation.
There are two variants, which are often discussed in the literature and for which many experimen-
tal and cosmological constraints have been evaluated. The more general one, here called MSSM-6,
depends on 6 free parameters, the other one, MSSM-4, on 4 (plus a sign); we will discuss the corre-
sponding parameters below1. MSSM stands for ‘Minimal Supersymmetric Extension of the Standard
Model’; ‘minimal’ refers to the particle content.

1The nomenclature is not very uniform in the literature: the names CMSSM and MSUGRA are often used.
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Additional constraints from cosmology are often imposed: dark matter = LSP =χ̃0
1 ≡ χ̃1.

Even in the MSSM-4 (to be explored here) it takes a beginner some time to ‘understand’ the parameter
space. In order to move in this direction we will in the following:
a) start from two ‘benchmark scenarios’ (= two points in the MSSM-4 parameter space),
b) calculate the corresponding SUSY masses, and
c) explore the associated cross sections and branching fractions (as far as they are relevant for the
Tevatron/LHC).

But first of all we list the particle content of the minimal SUSY model2:

Particle Spin Susy-Partner Spin

νe 1/2 ν̃L
e 0

e− 1/2 ẽ−
L , ẽ−

R 0
u 1/2 ũL, ũR 0
d 1/2 d̃L, d̃R 0

γ, Z, h, H, A 1, 0 χ̃0
1, χ̃0

2, χ̃0
3, χ̃0

4 1/2

W±, H± 1,0 χ̃±
1 , χ̃±

2 1/2

g 1 g̃ 1/2

The number of degrees of freedom is the same on the left and on the right, line by line. Note that (at
least) five physical higgs fields,h, A, H, H± are required. While the lightest higgsh plays a central
role in SUSY searches, due to its theoretical mass constraint of≤ 130 GeV, we will focus here on
the particles with the quantum numberR parity= −1, while ‘normal’ particles and all higgs bosons
haveR = 1.

2.2.1 MSSM-parameters

In the MSSM-6 there are six parameters beyond the Standard Model parameters (however, the higgs
mass is now predicted as a function of the SUSY parameters). The parameters are:

• common scalar massm0 for all sfermions at GUT scale

• common gaugino massm1/2 for all gauginos at GUT scale

• higgs massmA

• higgsino mass parameterµ (at elw. scale)

• universal trilinear couplingA0 at GUT scale

• ratio of higgs vacuum expectation valuestan β (at elw. scale)

It is very important to realize at which energy scale these numbers are defined, see below.

2Probably right handed neutrinos need to be added. . .



7. PP TH 03/04 Supersymmetry I 3

Remarks:

• The masses andA are ‘soft supersymmetry breaking parameters’ - they are arbitrary constants
in an effective Lagrangian compatible with SUSY breaking - since we dont know more about
it!

• In SUSY at least two higgs doublets are required, the corresponding vacuum expectation va-
lues arevu andvd, where, as in the Standard Model,v2

u + v2
d ≡ v2 = 1/(

√
2GF ) =

(246 GeV)2 is fixed while their ratio(vu = v sin β)/(vd = v cos β) = tan β is a
free parameter.β appears in many formulae, since the higgs couplings determine masses and
radiative corrections as well as cross sections and decay rates.

• all higgs masses are fixed bymA andtan β. Example (lowest order):m2
H± = m2

W + m2
A

• the higgsino mass parameterµ determines the higgsino masses - however the situation is more
complicated due to the mixing with the gauginos.

• the ‘trilinear coupling’A describes the strength of the sfermion-higgs couplings, similar to the
Yukawa couplings in the fermion-higgs term in the SM. ThusA influences the sfermion masses,
see below.

The underlying assumptions in the MSSM-6 are:

• no CPV (beyond SM)

• grand unification of couplings at∼ 1016 GeV

• universal mass for sfermions and universal trilinear coupling at the GUT scale

• universal gaugino mass at the GUT scale→ GUT inspired relation between the gaugino masses
at elw. scale

The energy scale dependence of SUSY mass parameters is illustrated here (from R. Ehret):
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Here masses denoted by a capitalM are gaugino masses at the elw. scale. Running implies quantita-
tively for the SU(2) gaugino:

M2 = 0.82 m1/2 (1)

The beforementioned gaugino mass relations are:

M1 =
5

3
tan2 θW · M2 ≈ 0.4 · m1/2 (2)

M3 =
αs

α
sin2 θW · M2 ≈ 3 · m1/2 (3)

whereM1 andM3 = mg̃ are the U(1) and SU(3) gaugino masses.

Furthermore we constrain the parameter space by excluding all points where the lightest SUSY Par-
ticle (LSP) isnot neutral (charge and color), so that dark matter can be explained by SUSY. Since
sneutrinos tend to be relatively heavy, this implies LSP =χ̃1.

What are the allowed values for the six (four) parameters ? There is no exact answer! In order to avoid
the higgs mass hierarchy problem, one must have SUSY masses below1 TeV, thus the dimensionful
parameters likem0 cannot be much larger. Fortan β one chooses values betwen1 and∼ 35 =
mt/mb, since in models with a universal Yukawa coupling the quark masses are proportional tovu

andvd. So:

m0 0 − 2 TeV
m1/2 0 − 2 TeV
mA 0 − 2 TeV
|A| 0 − 2 TeV
|µ| 0 − 2 TeV

tan β 1 − 50

Low values of the mass parameters as well as the regimetan β < 3 are already excluded experi-
mentally.

So far we discussed the MSSM-6 model. Two additional constraints allow to calculatemA and|µ|
from the other parameters, thus bringing us to the MSSM-4:
a) also the higgs masses (scalar particles!) are determined bym0

b) electroweak (!) symmetry breaking occurs automatically via radiative corrections influencing the
higgs potential. This implies a relation fixingµ2.

Therefore, in the MSSM-4 there are four independent parameters (see figure above) and the sign of
µ3.

2.2.2 MSSM benchmark scenarios

Several groups have analysed the existing experimental (LEP,b → s γ, gµ−2 . . . ) and cosmological
constraints (WMAP:Ωdark h2 ∼ 0.1) and have calculated the remaining ‘allowed’ regions in the
MSSM-4 parameter space. Example (L. Roszkowski et al):

3Since mass terms in the Lagrangian are∼ m2 the value ofm may be negative. It turns out that only a relative sign
betweenm1/2 andµ matters; by conventionm1/2 > 0
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In both casesµ > 0 was assumed. We will restrict ourselves to this case, sinceµ < 0 is disfavored
by measurements ofgµ − 2. The limits shown here are not very sensitive toA, so this parameter was
set to0.

It must be stressed, that different authors arrive at different contours (calculations ofΩdark are dif-
ficult!) and that variations of standard model parameters (e.g.mtop = (175 ± 5) GeV) can have
dramatic effects on the contours in them0 − m1/2 plane, in particular at high values oftan β.

In some of those papers analyzing the MSSM-4 parameter space some ‘representative’ benchmark
scenarios have been proposed, typically 10, which are scattered over theallowedparameter region.
They are further investigated in view of the experimental possibilities at existing and future colliders.

We will pick up one proposal (M. Battaglia et al, table 2, reproduced in the appendix of this lecture
note) and have a closer look at the following two points in parameter space (terminology taken from
that table):

B’ L’
m0/GeV 57 303

m1/2/GeV 250 450
tan β 10 47

A/GeV 0 0

Note that low values oftan β are not considered, since they are already excluded.

2.2.3 SUSY masses

If we want to calculate masses, we need to computeµ andmA first. Since both are related to Higgs
masses, which ‘suffer’ heavily from radiative corrections, a simple tree level formula is not sufficient.
Instead one can use the following crude (±10%) approximations:

µ2 =

(
2100

tan2 β
− 1.0

)
· m2

0 +

( −60

tan2 β
+ 1.2

)
· m2

1/2 + 49000 GeV2 (4)
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m2
A =

(
5700

tan2 β
− 3.5

)
· m2

0 +

( −160

tan2 β
+ 1.3

)
· m2

1/2 + 18000 GeV2 (5)

yielding

B’ L’
µ/GeV 389 501

mA/GeV 416 427

Alternatively one can simply use the values from the appendix, as we will do for the following com-
putations.

2.2.3.1 Fermion masses

Sparticle masses at the electroweak scale are given by the general formula:

m2(f̃) − m2(f) = m2
0 + ∆gauge (6)

∆gauge decribes the running from GUT to ELW scales, determined by the coupling to the different
gauge fields:

∆gauge = ∆SU(3) + ∆SU(2) + ∆U(1) (7)

The individual terms are proportional to the corresponding gaugino mass squared and the sfermion-
gaugino coupling2. With GUT assumptions:

∆SU(3) = N2
C · 0.91 M2

2 (8)

∆SU(2) = T 2 · 2.96 M2
2 (9)

∆U(1) = Y 2 · 0.22 M2
2 (10)

Note the dependence on weak isospinT and weak hyperchargeY = Q − T3. Since left- and right
handed fermions differ in these quantum numbers, also the corresponding SUSY masses are different
from each other:

m2(ũL) − m2(u) = m2
0 + 8.95 M2

2 (11)

m2(d̃L) − m2(d) = m2
0 + 8.95 M2

2 (12)

m2(ν̃) = m2
0 + 0.80 M2

2 (13)

m2(ẽL) − m2(e) = m2
0 + 0.80 M2

2 (14)

m2(ũR) − m2(u) = m2
0 + 8.30 M2

2 (15)

m2(d̃R) − m2(d) = m2
0 + 8.22 M2

2 (16)

m2(ẽR) − m2(e) = m2
0 + 0.22 M2

2 (17)

However, the situation is more complicated; the mass matrix contains also non diagonal terms. For
‘up’ type fermions: (

m2
L(f̃) mf · (A − µ cot β)

mf · (A − µ cot β) m2
R(f̃)

)
(18)
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Mass matrix for ‘down’ type fermions:(
m2

L(f̃) mf · (A − µ tan β)

mf · (A − µ tan β) m2
R(f̃)

)
(19)

The sfermion fields̃fR andf̃L mix into observable mass eigenstatesf̃1 < f̃2:

f̃1 = f̃L cos θ + f̃R sin θ (20)

f̃2 = −f̃L sin θ + f̃R cos θ (21)

Note: This ‘mixing’ is relevant only ifmf is large, i.e. for̃τ , b̃, t̃. The massesm1 andm2 and the
mixing angleθ can be calculated by diagonalizing the mass matrix:

m2
1,2 =

1

2
(m2

R + m2
L) ∓

√
(m2

L − m2
R)2/4 + (mf(A − µ cot β))2 (22)

for ‘up’ and similarly for ‘down’.

Applying the sfermion mass formulae to our benchmark scenario, we get

B’ L’
m(ν̃)/GeV 191 447
m(ẽL)/GeV 191 447
m(ẽR)/GeV 112 349
m(d̃L)/GeV 616 1145
m(d̃R)/GeV 591 1101
m(ũL)/GeV 616 1145
m(ũR)/GeV 593 1105
m(τ̃1)/GeV 105 316
m(τ̃2)/GeV 195 471
m(b̃1)/GeV 586 1066
m(b̃2)/GeV 621 1177
m(t̃1)/GeV 618 1119
m(t̃2)/GeV 641 1158

These numbers are in reasonable agreement with the expert’s results as given in the appendix.

In these examples the mixing between sfermionsfL andfR is small; for other parameters it can be
large and the lightest stop̃t1 might be the lightest squark!

2.2.3.2 Gaugino masses

Here ‘mixing’ has to be taken into account.

To determine the neutralino masses, we start with the fields

(B̃, W̃ 3, H̃0
u, H̃0

d) (23)

the corresponding mass matrix reads
M1 0 −MZ cos β sin θW MZ sin β sin θW

0 M2 MZ cos β cos θW −MZ sin β cos θW

−MZ cos β sin θW MZ cos β cos θW 0 −µ
MZ sin β sin θW −MZ sin β cos θW −µ 0

(24)
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The off diagonal elements are due to gaugino-higgs-higgsino couplings. With the GUT gaugino mass
relations andsin2 θW = 0.23:

0.4 m1/2 0 −0.48 cos β MZ 0.48 sin β MZ

0 0.8 m1/2 0.88 cos β MZ −0.88 sin β MZ

−0.48 cos β MZ 0.88 cos β MZ 0 −µ
0.48 sin β MZ −0.88 sin β, MZ −µ 0

 (25)

After diagonalization one obtains the mass eigenstates

χ̃0
1, χ̃0

2, χ̃0
3, χ̃0

4 (26)

and the rotation matrices, which tell us the composition of the neutralinos in terms of bino, wi-
no and higgsino fields. This is quite important, since the coupling (neutralino-particle-sparticle and
gaugeboson-neutralino-neutralino) is quite different for these fields. For example: a higgsino couples
preferrentially to heavy particles, the photino (mixture ofB̃ andW̃ , as in SM) does not couple to the
Z.

In the limit MZ � |µ ± M1|, |µ ± M2| the neutralino mass matrix is considerably simplified,
since the terms∼ MZ can be neglected. In that case the LSP massm(χ̃1) is 0.4 m1/2 if µ if
m1/2 � |µ|. If m1/2 � |µ| we have also the following nice approximate relation:m(χ̃2) ≈
m(χ̃±

1 ) = 2 m(χ̃1).

Similarly, to compute chargino masses and composition, the matrix(
M2

√
2MW sin β√

2MW cos β µ

)
(27)

must be diagonalized, giving4

m2(χ̃±
1 , χ̃±

2 ) = 0.5 ·
[
M2

2 + µ2 + 2M2
W (28)

∓
√

(M2
2 − µ2)2 + 4M4

W cos2(2β) + 4M2
W (M2

2 + µ2 + 2M2 µ sin(2β))
]

(29)

For the benchmark points we find with these formulae:

B’ L’
m(χ̃1)/GeV 99 184
m(χ̃2)/GeV 186 356
m(χ̃3)/GeV 345 568
m(χ̃4)/GeV 367 581
m(χ̃±

1 )/GeV 185 501
m(χ̃±

2 )/GeV 386 501

Example for composition: In model L’ the LSP is

χ̃1 = 0.995 B̃ − 0.014 W̃ 3 + 0.090 H̃0
u − 0.031 H̃0

d (30)

It is dominantly ‘gaugino’ (‘bino’), and not ‘higgsino’.

4The chargino mixing is a bit more involved, see article by S.P. Martin, section 7.3
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APPENDIX

from M. Battaglia et al, hep-ph/0306219


