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The Minimal Supersymmetric Standard Model
(MSSM)

Superpartners for Standard Model particles:
[
u, d, c, s, t, b

]
L,R

[
e, µ, τ

]
L,R

[
νe,µ,τ

]
L

Spin 1
2

[
ũ, d̃, c̃, s̃, t̃, b̃

]
L,R

[
ẽ, µ̃, τ̃

]
L,R

[
ν̃e,µ,τ

]
L

Spin 0

g W±, H±

︸ ︷︷ ︸ γ, Z,H0
1 , H

0
2︸ ︷︷ ︸ Spin 1 / Spin 0

g̃ χ̃±1,2 χ̃0
1,2,3,4 Spin

1

2

Enlarged Higgs sector: two Higgs doublets, physical states:
h0, H0, A0, H±

Renormalisation and Precision Physics, Georg Weiglein, Feldberg 10/2005 – p.67
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masses and mixing of SUSY particles through soft-breaking

model parameters

gaugino masses: M1,M2,M3

sfermion masses: ML,MũR
,M

d̃R

for each doublet of squarks and sleptons

trilinear coupling: A
f̃

for each f̃

→ L-R sfermion mixing

supersymmetric Higgsino mass parameter: µ

Higgs sector parameters: MA, tanβ = v2/v1
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chargino masses: mχ̃±

1,2
from M2, µ

(

M2

√
2MW sin β√

2MW cosβ µ

)

neutralino masses: mχ̃0

1,2,3,4
from M1,M2, µ











M1 0 −MZsW cosβ MZsW sin β

0 M2 MZcW cosβ −MZcW sin β

−MZsW cosβ MZcW cos β 0 −µ

MZsW sin β −MZcW sin β −µ 0










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sfermion masses: m
f̃1,2

from ML,M
f̃R

, Af

(

m2
f + M2

L + M2
Zc2β(I3

f −Qfs2
W ) mf (Af − µκ)

mf (Af − µκ) m2
f + M2

f̃R

+ M2
Zc2βQfs2

W

)

with
κ = {cot β; tan β} for f = {u, d}
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Precision analysis required for

indirect tests of SUSY through
→ virtual SUSY effects in precision observables

precision studies for SUSY particles
→ determination of masses & couplings
→ reconstruction of model parameters

direct versus indirect tests
→ precision observables for precisely measured

SUSY parameters
→ consistency check

Processes with external

(i) standard particles

(ii) Higgs bosons, especially light Higgs h0

(iii) SUSY particles
– p.9



Standard particles
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µ lifetime: MW , ∆r, GF

Z observables: gV , gA, sin2 θeff , ΓZ , . . .

[Heinemeyer, WH, Weiglein, Phys. Rep. 425 (2006) 265]

new: MW with 2-loop improvements O(ααs, α2
t , α2

b , αtαb)

and complex parameters

[Heinemeyer, WH, Stöckinger, A. Weber, Weiglein, hep-ph/0604147]

– p.10



MW – MZ correlation

W


e


µ


−


ν


ν


, d  
, d  





e
−


µ
−


GF√
2

=
πα

M2
W

(

1−M2
W /M2

Z

) (1 + ∆r)

∆r : quantum correction, ∆r = ∆r(mt, XSUSY)

→ MW = MW (α,GF ,MZ ,mt, XSUSY)

XSUSY = set of non-standard model parameters
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W
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]

mt = 172.5 GeV
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mt = (172.5 + 2.3) GeV

M W
exp

 = 80.404 ± 0.030 GeV 

tanβ = 10, MA = µ = M2 = Mg̃ = 300 GeV
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mt [GeV]
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MH
 = 114 GeV

MH
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Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’06

experimental errors 68% CL:

LEP2/Tevatron (today)
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Z resonance
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1
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Anomalous g-factor of the muon

Dirac theory: g = 2

QED, 1-loop order: g = 2 + α
π

Standard Model prediction
QED part: 4-loop (5-loop estimate)
Electroweak part: 2-loop

Experiment 2004: Brookhaven E821

aµ =
g − 2

2
= 11659208(6) · 10−10

above the SM prediction

– p.16



Theory versus experiment

160 170 180 190 200 210

aµ
SM × 1010 – 11659000

DEHZ (03) (e+e–)

HMNT (03b)

GJ (04)

TY (05)

including new π+π– data (CMD-2, KLOE, SND)

HMNT (06)

experiment

BNL

Hagiwara,Martin,Nomura,Teubner

e+e− data based SM prediction: 3.4 σ below exp. value

theory uncertainty from hadronic vacuum polarization

� �

� �
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�
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g − 2 with supersymmetry

new contributions from virtual SUSY partners of µ, νµ

and of W±, Z
Feynman diagrams for MSSM 1L corrections:

µ

γ

µ
χ̃i

ν̃µ

χ̃i

µ

γ

µ
µ̃a

χ̃0
j

µ̃b

− Diagrams with chargino/sneutrino exchange

− Diagrams with neutralino/smuon exchange

Enhancement factor as compared to SM:

µ− χ̃±i − ν̃µ : ∼ mµ tanβ

µ− χ̃0
j − µ̃a : ∼ mµ tanβ

SM, EW 1L: α
π

m2
µ

M2
W

MSSM, 1L: α
π

m2
µ

M2
SUSY

× tanβ

S. Heinemeyer, Theory seminar, university of Edinburgh, 01.10.2004 17

extra terms

+
α

π

m2

µ

M 2

SUSY

· v2

v1

can provide missing contribution for
MSUSY = 200− 600 GeV

2-loop calculation [Heinemeyer, Stöckinger, ...]
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scan over SUSY parameters compatible with
EW and b→ sγ constraints (tanβ = 50)

[Stöckinger]
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fits in SUGRA model:
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[Ellis, Heinemeyer, Olive, Weiglein]
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Higgs bosons in the MSSMHiggs potential of the MSSM

MSSM Higgs potential contains two Higgs doublets:

V = m2
1H1H̄1 +m2

2H2H̄2 −m2
12(εabH

a
1H

b
2 + h.c.)

+
g′2 + g2

8︸ ︷︷ ︸
(H1H̄1 −H2H̄2)

2 +
g2

2︸︷︷︸
|H1H̄2|2

gauge couplings, in contrast to SM

Five physical states: h0, H0, A0, H±

Input parameters: tan β = v2
v1

, MA

⇒ mh, mH, mixing angle α, mH± : no free parameters

Renormalisation and Precision Physics, Georg Weiglein, Feldberg 10/2005 – p.90
– p.21



Spectrum of Higgs bosons in the MSSM (example)
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determination of masses and couplings at higher order

physical states h, H, A, H±

conventional input: MA, tanβ = v2/v1

dressed h, H propagators, renormalized self-energies Σ̂

(

∆Higgs

)−1
=

(

q2 −m2
H + Σ̂H(q2) Σ̂hH(q2)

Σ̂Hh(q2) q2 −m2
h + Σ̂h(q2)

)

• det = 0 → mpole
h,H

• diagonalization → effective couplings (αeff)

– p.23



1-loop: complete

2-loop:

– QCD corrections ∼ αsαt, αsαb

– Yukawa corrections ∼ α2
t

present theoretical uncertainty:

δmh ' 3-4 GeV

[Degrassi, Heinemeyer, WH, Slavich,

Weiglein]

new version

FeynHiggs2.5
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[Heinemeyer, Kraml, Porod, Weiglein]
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m
h [G
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]

∆mh
exp

            mt = 175 GeV, tanβ = 5

theory prediction for mh

δmt
exp

 = 2.0 GeV

δmt
exp

 = 1.0 GeV

δmt
exp

 = 0.1 GeV

dependent on all SUSY particles and masses/mixings
through Higgs self-energies
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Recent developments:

1. Counterterms at two-loop order
ST identities valid in dimensional reduction (DR)
DR scheme consistent with symmetric counterterms

[WH, Stöckinger]

2. O(αsαb) beyond meff
b approximation

meff
b = mb

1+∆mb
in αb Yukawa coupling

∆mb = non-decoupling SUSY contribution ∼ αs µ tanβ
[Heinemeyer, WH, Rzehak, Weiglein]

small shifts ∼ few GeV, but stabilizes prediction

3. MSSM with complex parameters
tree level: CP conserving Higgs sector
loop level: CP violation← other sectors

[Frank, Heinemeyer, WH, Rzehak, Weiglein]
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The Higgs sector of the cMSSM at the loop-level:

Complex parameters enter via loop corrections:

− µ : Higgsino mass parameter

− At,b,τ : trilinear couplings ⇒ Xt,b,τ = At,b,τ − µ∗{cotβ , tanβ} complex

− M1,2 : gaugino mass parameter (one phase can be eliminated)

− M3 : gluino mass parameter

⇒ can induce CP-violating effects

Result:

(A, H, h) → (h3, h2, h1)

with

mh3
> mh2

> mh1

⇒ strong changes in Higgs couplings to SM gauge bosons and fermions

Sven Heinemeyer, Loops and Legs 2006, 25.04.2006 7
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2. Two-loop corrections in the cMSSM Higgs sector

Inclusion of higher-order corrections:

→ Feynman-diagrammatic approach

Propagator / mass matrix with higher-order corrections:



q2 − M2
A + Σ̂AA(q2) Σ̂AH(q2) Σ̂Ah(q

2)

Σ̂HA(q2) q2 − m2
H + Σ̂HH(q2) Σ̂Hh(q

2)

Σ̂hA(q2) Σ̂hH(q2) q2 − m2
h + Σ̂hh(q

2)




Σ̂ij(q
2) (i, j = h, H, A) : renormalized Higgs self-energies

Σ̂Ah, Σ̂AH 6= 0 ⇒ CPV, CP-even and CP-odd fields can mix

Our result for Σ̂ij:

− full 1-loop evaluation: dependence on all possible phases included

− New: O (αtαs) corrections in the FD approach

rMSSM: difference between FD and RGiEP approach O (few GeV)

Sven Heinemeyer, Loops and Legs 2006, 25.04.2006 9

propagator matrix ∆:

∆−1(q2) = q2
1−m

2
tree + Σ̂(q2)

– p.29



renormalized self energies:

Σ̂ = Σ + counter terms

renormalization of tadpoles:

Th + δTh = 0, TH + δTH = 0, TA + δTA = 0

renormalization of MH± : δM2

H± = ΣH±(M2

H±)

on-shell conditon for pole mass

renormalization of tan β:

tan β =
v2

v1

→
√

ZH2

ZH1

· v2 + δv2

v1 + δv1

=
v2

v1

(

1 + δZH2
− δZH1

+
δv2

v2

− δv1

v1

)

DR = 0

– p.30



propagator matrix ∆:

∆−1(p2) = p2
1−m

2
tree + Σ̂(p2)

Σ̂(p2) contain imaginary parts

Higgs boson masses are complex poles:
s0 = M2 − iMΓ

zeros of determinant: det[∆−1(s0)] = 0

p2 = 0 approximation: M
2 ' m

2
tree − Σ̂(0)

diagonalized by orthogonal matrix R

on-shell approximation: Σ̂ii(m
2
i ), Σ̂ij(

m2

i +m2

j

2 )

– p.31
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Figure 4: Mh1
and |gh1V V |2 are shown as a function of ϕXt

for |Xt| = 700 GeV, tan β = 5, 15
and the other parameters as given in Eq. (101).

Fig. 7 we show

Γi,τ := Γ(hi → τ+τ−) and Γ(hi → τ+τ−)R, Γ(hi → τ+τ−)U (102)

28

[Frank, Hahn, Heinemeyer, WH, Rzehak, Weiglein]
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Eq. (101). The upper row shows the results for ϕAt

= 0 with tan β = 5 (left) and tanβ = 15
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implications for couplings

example: hi → τ+ τ−
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Figure 7: The decay widths Γ(hi → τ+τ−), Γ(hi → τ+τ−)U and Γ(hi → τ+τ−)R (see
text) are shown for i = 1, 2, 3 (upper, middle, lower row) as a function of ϕXt

with |Xt| =
1000 GeV. The other parameters are chosen according to Eq. (101).

result. The remaining deviations stay below the level of 1 GeV. It should be noted in this
context that the sharp peaks displayed in Fig. 8 would get smoothened if the effects of finite
widths of the internal particles in the Higgs-boson self-energies were taken into account. A
precise prediction directly at threshold would require a dedicated analysis that is beyond the

31
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present status:

effective potential approximation + RGE
[Carena, Ellis, Pilaftsis, Wagner]

complete at one-loop order
[Frank, Hahn, Heinemeyer, WH, Rzehak, Weiglein]

leading two-loop contributions of O(αsαt)
[Rzehak, PhD thesis]

for Higgs phenomenology with CP violation see

CERN 2006-009, hep-ph/0608079 [S. Kraml et al. (Conv.)]
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:
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Sven Heinemeyer, Loops and Legs 2006, 25.04.2006 12
– p.36



3. Numerical results
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:

 90

 95

 100

 105

 110

 115

 120

 125

 0  0.5  1  1.5  2

PSfrag replacements

φAt
/π

m
h
1

[G
e
V
]

O (αt)
O (αtαs)

MSUSY = 1000 GeV

|At| = 2000 GeV

tanβ = 10

MH± = 150 GeV

OS renormalization

⇒ modified dependence

on φAt
at the 2-loop level

Sven Heinemeyer, Loops and Legs 2006, 25.04.2006 16
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mh1
as a function of φg̃:
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SUSY particles

from experiment:

→ precision analyses of masses and couplings LHC⊕ILC

from theory:

→ accurate theoretical predictions to match exp. data

→ loop contributions to Lagrangian param↔ observables

→ reconstruction of fundamental SUSY parameters and
breaking mechanism

→ RGEs for extrapolation to high scales

– p.39



chargino/neutralino sector
complete at one loop:
renormalization and mass spectrum
pair production and decay processes
[Fritzsche, WH] [Eberl, Majerotto, Öller]

sfermion sector
renormalization and mass spectrum
[WH, Rzehak]
sfermion pair production in e+e− collisions
complete at one-loop

[Arhrib, WH] squarks, sleptons
[Kovarik, Weber, Eberl, Majerotto] squarks
[Freitas, Miller, von Manteuffel, Zerwas] sleptons

sfermion decays into fermions and -inos
complete at one-loop
[Guasch, WH, Solà]

– p.40



Basis for precision calculations

complete Feynman rules→ FeynArts
[Hahn, Schappacher]

complete set of counter terms
automatic generation→ FeynArts [Fritzsche]

real photon bremsstrahlung

Renormalization schemes

on-shell scheme:
renormalization conditions for pole masses
[WH, Kraus, Roth, Rupp, Sibold, Stöckinger]

DR scheme:
CTs = singular parts in dimensional reduction

SUSY parameters different in DR and on-shell
– p.41



Automatic generation of CTs

complete set of

Born vertices

MATHEMATICA

PROGRAM

Xi → Xi + δXi

Φi →
[
δij + 1

2
δZij

]
Φj

counterterm

vertices

FeynArts/FormCalc

T. Hahn

http://www.feynarts.de

T. Fritzsche, LCWS04 - Paris – p.8
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example:
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RGE-given DR values in an intermediate step, and then performing calculations of phys-
ical observables including higher order quantum corrections based on that OS-parameter
set.

parameters
at the

GUT-scale

low-energy
DR-parameters

on-shell
paramaters

Γ
σ
mi

SPA-conventions︷ ︸︸ ︷

RGE

Figure 1: Schematic overview over the steps necessary to calculate physical observables
(Γ, σ, m) from model parameters given at the GUT-scale. The SPA-conventions guide
a certain part of the calculation-chain. In most cases it is convenient to deduce on-shell
parameter-values at an intermediate stage.

In order to achieve a translation between DR and OS parameters, the following two steps
are performed, specified here for the quantities µ, M2, M1 of the chargino/neutralino
sector and visualized in fig. 2.

1. Using µ, M2, and M1 in the DR scheme as a starting point, the pole masses of
three particles, e.g. both charginos and the lightest neutralino, are calculated at the
one-loop level.

2. From those three physical masses the corresponding parameters in the OS scheme
are deduced, using tree-level relations (which are left unaltered by construction in
the OS scheme).

DR
parameters

M1, M2, µ

phys.
1-loop-
masses
χ̃+

1 , χ̃+
2 ,

χ̃0
1

OS
parameters

M1, M2, µloop-calculation Born relations

Figure 2: Principle of deducing OS parameter-values from given DR parameters exempli-
fied by the case of the chargino/neutralino-mass parameters M1, M2 and µ. The connec-
tion between the two renormalization schemes are physical observables (here: masses).

13

pole masses ↔ on-shell parameters

� �� ��� � � � � ��� � 	 �
�� 
�� � 	 �
�� 
��� � �� � � � �� � ��� ��� � � � � � � 	 �
�� 
�� 	 �
�� 
�� �

� � ! "# � $ % � $'& ( )+* , -/. 0 % � $ & ( )+* , - # �$ 1 % $ . � $'& 2 $'3 45 687:9 ;=<

. 0 % $ . � $ & 5 6 $7:9 ;>< . �$ 6 ?7 9 ;>< # 6 @7:9 ;><
A

B " % � $C& D $C3 ( )+* , - # � $ % $ . 0 % $ . � $C& D $C3 5 6E7:9 ;=< . �$ 6 $7 9 ;F< # 6 ?7:9 ;F<
AG �

– p.44



DR parameters (SPS1a′)

tan β = 10 ; µ = 402.87 GeV
MA0 = 431.02 GeV ; M1 = 103.22 GeV
M3 = 572.33 GeV ; M2 = 193.31 GeV

Au,c = −784.7 GeV ; At = −535.4 GeV
Ad,s = −1025.7 GeV ; Ab = −938.5 GeV
Ae,µ = −449.0 GeV ; Aτ = −445.5 GeV

m1,2

l̃
= 181.3 GeV ; m3

l̃
= 179.5 GeV

mẽ,µ̃ = 115.6 GeV ; mτ̃ = 109.8 GeV

m1,2
q̃ = 526.9 GeV ; m3

q̃ = 471.3 GeV
mũ,c̃ = 507.7 GeV ; mt̃ = 384.6 GeV
md̃,s̃ = 505.5 GeV ; mt̃ = 501.3 GeV

. (56)

Except for tan β and MA0, the values displayed above have to be understood as DR-
parameters at the SPA1a′-scale M̃ = 1 TeV. MA0 denotes the pole-mass of the A0-Bosons
and has been taken from FeynHiggs 2.1 [6]. All other low-energy MSSM-parameters
shown in (56) have been calculated with the help of the program SPheno [7].

8.2 Transition DR → on-shell (OS)

It has already been pointed out in the previous section, that the low-energy values (56) of
the MSSM-parameters, obtained by running down the mSUGRA parameter set (55) from
the GUT-scale down to the SPA1a’-scale using renormalization group equations (RGE)
techniques, naturally belong to the DR scheme.

In the DR scheme, divergent 1-loop quantities are renormalized by adding counterterms
that are proportional to the divergent parts,

2

ε
− γ + log 4π ,

of the 2- and 3-point vertex functions, regularized using the dimensional-reduction method.
As a consequence, physical observables depend on the scale µDR.

On the other hand, in the OS scheme the renormalization constants are fixed at physical
scales; observables are thus scale independent. The OS scheme is convenient for cal-
culations of cross sections and decay rates, because masses at Born level and in higher
order agree (with few exceptions), holding the correct phase-space kinematics already in
tree-level calculations.

For synergetically using the complementary advantages of these two renormalization
schemes, all calculations presented in this paper are guided by the principle depicted in
fig. 1. The main point of which is, first to infer OS values for the MSSM-parameters from

12

on-shell parameters
Using the 19 particle-masses of (59) which are marked by an • as input, the inversion of the
respective Born mass-relations allows one to deduce the gaugino-parameters M1, M2, M3,
the parameter µ of the superpotential as well as the sfermion-mass parameters mi

q̃,ũ,d̃,l̃,ẽ

with generation index i = 1, 2, 3. Thus, one gets the following set of MSSM-parameters
in the on-shell scheme:

tan β = 10 ; µ = 399.26 GeV
MA0 = 431.02 GeV ; M1 = 100.11 GeV
M3 = 612.85 GeV ; M2 = 197.55 GeV

Au,c = −784.7 GeV ; At = −535.4 GeV
Ad,s = −1025.7 GeV ; Ab = −938.5 GeV
Ae,µ = −449.0 GeV ; Aτ = −445.5 GeV

m1
l̃

= 184.12 GeV ; m2
l̃

= 184.11 GeV ; m3
l̃

= 182.18 GeV

mẽ = 118.02 GeV ; mµ̃ = 117.99 GeV ; mτ̃ = 111.29 GeV

m1
q̃ = 565.97 GeV ; m2

q̃ = 565.91 GeV ; m3
q̃ = 453.05 GeV

mũ = 546.78 GeV ; mc̃ = 546.84 GeV ; mt̃ = 460.52 GeV
md̃ = 544.95 GeV ; ms̃ = 544.97 GeV ; mt̃ = 538.13 GeV

(60)

Unless noted differently, all following calculations are based on the on-shell-SPA1a′ pa-
rameter set (60) displayed above.
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The SPA project is a joint study of theorists and experimentalists working on LHC and Linear Collider
phenomenology. The study focuses on the supersymmetric extension of the Standard Model. The main
targets are 

High-precision determination of the supersymmetry Lagrange parameters at the electroweak scale 
Extrapolation to a high scale to reconstruct the fundamental parameters and the mechanism for
supersymmetry breaking 

The SPA convention and the SPA Project are described in the report SPA.draft.ps. 

Coordinators

This list contains the coordinators from Europe only; for each sector, the coordinators from America
and Asia will be added soon. 

Chairpersons:
J. Kalinowski, H.-U. Martyn 
Theory:
G. Bélanger (dark matter, precision data), A. Djouadi (dark matter, precision data), A. Freitas
(sleptons), J. Guasch (masses/widths), J. Kalinowski (charginos/neutralinos), W. Majerotto
(charginos/neutralinos), W. Hollik (masses/widths), W. Porod (extrapolation to high scales), M.
Spira (squarks/gluinos), G. Weiglein (SUSY Higgs) 
Experiment:
G. Blair (extrapolation to high scales), K. Desch (SUSY Higgs), H.-U. Martyn (sparticle
properties, LC), G. Polesello (squarks/gluinos, LHC) 
Coordination Program Code:
W. Kilian 

Computer Programs

For this task, computer codes are needed which will be collected on this webpage. The common
standard for codes to communicate SUSY parameters is the SUSY Les Houches Accord SLHA (JHEP
0407:036,2004, arXiv:hep-ph/0311123, current draft). The standard provides support for the input
parameters of restricted MSSM versions (SUGRA, GMSB etc.), for generic MSSM parameters, spectra,
and SUSY particle decay parameters. A standard for more complex information (cross sections, in
particular) has not been specified, although some programs use a SLHA-conforming syntax to return

http://spa.desy.de/spa

P. Zerwas, J. Kalinowski, H.U. Martyn,
W. Hollik, W. Kilian, W. Majerotto, W. Porod, . . .

hep-ph/0511344, EPJC 46(2006)43
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SPS1a′ scenario
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SPA CONVENTION

• The masses of the SUSY particles and Higgs bosons are defined as pole

masses.

• All SUSY Lagrangian parameters, mass parameters and couplings, including

tan β, are given in the DR scheme and defined at the scale M̃ = 1 TeV.

• Gaugino/higgsino and scalar mass matrices, rotation matrices and the

corresponding angles are defined in the DR scheme at M̃ , except for the

Higgs system in which the mixing matrix is defined in the on-shell scheme,

the momentum scale chosen as the light Higgs mass.

• The Standard Model input parameters of the gauge sector are chosen as

GF , α, MZ and αMS
s (MZ). All lepton masses are defined on-shell. The

t quark mass is defined on-shell; the b, c quark masses are introduced in

MS at the scale of the masses themselves while taken at a renormalization

scale of 2 GeV for the light u, d, s quarks.

• Decay widths/branching ratios and production cross sections are calculated

for the set of parameters specified above.
RGE-given DR values in an intermediate step, and then performing calculations of phys-
ical observables including higher order quantum corrections based on that OS-parameter
set.

parameters
at the

GUT-scale

low-energy
DR-parameters

on-shell
paramaters

Γ
σ
mi

SPA-conventions︷ ︸︸ ︷

RGE

Figure 1: Schematic overview over the steps necessary to calculate physical observables
(Γ, σ, m) from model parameters given at the GUT-scale. The SPA-conventions guide
a certain part of the calculation-chain. In most cases it is convenient to deduce on-shell
parameter-values at an intermediate stage.

In order to achieve a translation between DR and OS parameters, the following two steps
are performed, specified here for the quantities µ, M2, M1 of the chargino/neutralino
sector and visualized in fig. 2.

1. Using µ, M2, and M1 in the DR scheme as a starting point, the pole masses of
three particles, e.g. both charginos and the lightest neutralino, are calculated at the
one-loop level.

2. From those three physical masses the corresponding parameters in the OS scheme
are deduced, using tree-level relations (which are left unaltered by construction in
the OS scheme).

DR
parameters

M1, M2, µ

phys.
1-loop-
masses
χ̃+

1 , χ̃+
2 ,

χ̃0
1

OS
parameters

M1, M2, µloop-calculation Born relations

Figure 2: Principle of deducing OS parameter-values from given DR parameters exempli-
fied by the case of the chargino/neutralino-mass parameters M1, M2 and µ. The connec-
tion between the two renormalization schemes are physical observables (here: masses).
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DR masses→ pole masses (SPS1a′)

Field-theoretically, masses of particles are related to the real part of the momentum-
squared for which the appriopriate effective 2-point vertex-function develops a non-trivial
nullspace. Therefore, in order to calculate physical masses mphys at the 1-loop-level from
a given set of DR parameters we use the equations

det
[
R̃e Γ̂

(2)

DR
(m2

phys)
]

= 0 ; m2
phys = m2 + δm2 . (57)

In this context, Γ̂
(2)

DR
denotes the DR-renormalized 2-point vertex-function, whilst m is

the DR mass, directly obtained from the DR parameters using tree-level relations.

Solving the generic equations (57) for the 1-loop mass-shift δm gives rise to the tabular

mphys / m2
phys finite mass-shift

scalars m2 + δm2 δm2 = −R̃e Σ̂(m2)

fermions m+ δm δm = − 1
2
R̃e
[
m Σ̂L+R(m2) + Σ̂SL+SR(m2)

]

vector bosons m2 + δm2 δm2 = −R̃e Σ̂T(m2)

(58)

with the abbreviations Σ̂L+R = Σ̂L + Σ̂R and Σ̂SL+SR = Σ̂SL + Σ̂SR. In the case that
the DR-renormalized self-energy Σ̂ under consideration is matrix-valued, Σ̂(m2) has to be
regarded as the diagonal-entry Σ̂kk(m

2
k) belonging to the appropriate field k.

Using the SPA1a′-parameters (56) as starting-point, the calculation of 1-loop mass-shifts
at the scale M̃ = 1 TeV according to (58) yields the following values for the physical
1-loop-masses of the supersymmetric particles (all values in GeV)

m δm mphys m δm mphys

• mχ̃+
1

= 181.026 + 3.178 = 184.204 • mχ̃0
1

= 100.706 + (−2.958) = 97.748

• mχ̃+
2

= 423.420 + (−2.181) = 421.239 mχ̃0
2

= 181.404 + 3.022 = 184.425

mχ̃0
3

= 408.579 + (−1.626) = 406.952

• mg̃ = 572.330 + 40.524 = 612.854 mχ̃0
4

= 422.991 + (−3.310) = 419.681

• mν̃1
= 169.890 + 2.804 = 172.695 • mũ1

1
= 506.424 + 39.255 = 545.680

• mẽ1
1

= 123.574 + 1.878 = 125.452 • mũ2
1

= 524.275 + 39.157 = 563.433

mẽ2
1

= 186.905 + 3.082 = 189.986 • md̃1
1

= 506.097 + 39.409 = 545.506

md̃2
1

= 530.033 + 38.826 = 568.859

• mν̃2
= 169.884 + 2.804 = 172.688 • mũ1

2
= 506.410 + 39.254 = 545.664

• mẽ1
2

= 123.510 + 1.877 = 125.387 • mũ2
2

= 524.285 + 39.158 = 563.444

mẽ2
2

= 186.929 + 3.080 = 190.009 • md̃1
2

= 506.092 + 39.408 = 545.500

md̃2
2

= 530.034 + 38.825 = 568.859

• mν̃3
= 168.001 + 2.629 = 170.630 • mũ1

3
= 333.171 + 35.334 = 368.504

• mẽ1
3

= 106.080 + 1.595 = 107.674 • mũ2
3

= 549.649 + 34.223 = 583.872

mẽ2
3

= 192.418 + 2.786 = 195.203 md̃1
3

= 470.247 + 34.711 = 504.958

• md̃2
3

= 506.244 + 38.129 = 544.374

(59)
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“QED corrections”

Full calculation inevitable

separation of diagrams with virtual photons not UV-finite

soft-photon bremsstrahlung necessary for getting an
IR-finite result

hard bremsstrahlung needed for realistic treatments
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Reasonable separation (Le = log s
m2

e
, ∆E = Emax

γ soft):

σ(1− loop) = σQED + σMSSM ,

σQED = σhard +
α

π

[

(Le − 1) log
4 ∆E 2

s
+

3

2
Le

]

σ0

σMSSM = σv+s − α

π

[

(Le − 1) log
4 ∆E 2

s
+

3

2
Le

]

σ0

gauge invariant

σMSSM free of large soft and collinear photon terms
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SUSY particle decay rates
2-particle decays of χ̃±

1,2 and χ̃0
2,3,4

tree level (black) and 1-loop (red) [Fritzsche, WH]

χ̃−

1 decay modes (SPS1a′)

PSfrag replacements

τ̃ 1ντ
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1
W
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Figure 19: 2-body decay channels of χ̃+
1 : tree-level (black), 1-loop (red).

χ̃+
1 → Γborn/MeV Γborn/Γborn

total Γloop/MeV Γloop/Γloop
total

τ̃ 1ντ 39.295 51.30 % 40.275 51.37 %

ν̃τ τ 14.841 19.37 % 15.147 19.32 %

ν̃µµ 10.696 13.96 % 10.925 13.94 %

ν̃ee 10.682 13.95 % 10.915 13.92 %

χ̃0
1W 0.953 1.24 % 0.995 1.27 %

µ̃1νµ 0.134 0.17 % 0.137 0.17 %

ẽ1ν̃e 3.127 · 10−6 4.08 · 10−6 % 3.186 · 10−6 4.06 · 10−6 %

Table 1: Partial decay widths for the 2-body decay channels of χ̃+
1 in the SPA1a′ scenario.

The total Born decay width is Γborn
total = 76.6004MeV, the total decay width at the 1-loop-

level Γloop
total = 78.3939MeV.
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χ̃−

2 decay modes
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Figure 20: 2-body decay channels of χ̃+
2 : tree-level (black), 1-loop (red).

χ̃+
2 → Γborn/MeV Γborn/Γborn

total Γloop/MeV Γloop/Γloop
total

χ̃0
2W 871.782 26.64 % 884.856 27.47 %

χ̃+
1 Z 757.956 23.17 % 773.303 24.01 %

χ̃+
1 h

0 578.814 17.69 % 581.667 18.06 %

t̃1 b 283.904 8.68 % 193.882 6.02 %

χ̃0
1W 192.592 5.89 % 207.376 6.44 %

τ̃ 2 ντ 155.304 4.75 % 154.200 4.79 %

µ̃2 νµ 136.872 4.18 % 134.263 4.17 %

ẽ2 νe 136.805 4.18 % 134.191 4.17 %

ν̃τ τ 69.393 2.12 % 70.349 2.18 %

ν̃µ µ 43.666 1.33 % 42.644 1.32 %

ν̃e e 43.576 1.33 % 42.551 1.32 %

τ̃ 1 ντ 1.240 0.04 % 1.872 0.06 %

µ̃1 νµ 0.001 0.00 % 0.001 0.00 %

ẽ1νe 1.287 · 10−8 3.93 · 10−10 % 2.225 · 10−8 6.91 · 10−10 %

Table 2: Partial decay widths for the 2-body decay channels of χ̃+
2 in the SPA1a′ scenario.

The total Born decay width is Γborn
total = 3271.9MeV, the total decay width at the 1-loop-

level Γloop
total = 3221.16MeV.
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χ̃0
2 decay modes
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Figure 21: 2-body decay channels of χ̃0
2: tree-level (black), 1-loop (red).

χ̃0
2 → Γborn/MeV Γborn/Γborn

total Γloop/MeV Γloop/Γloop
total

τ̃ 1± τ∓ 44.821 55.26 % 46.295 55.29 %

ν̃τντ 13.380 16.50 % 13.645 16.30 %

ν̃µνµ 9.829 12.12 % 10.031 11.98 %

ν̃eνe 9.817 12.10 % 10.019 11.97 %

µ̃1± µ∓ 1.703 2.10 % 1.946 2.32 %

ẽ1± e∓ 1.555 1.92 % 1.794 2.14 %

χ̃0
1γ — — 9.55 · 10−8 0.00 %

Table 3: Partial decay widths for the 2-body decay channels of χ̃0
2 in the SPA1a′ scenario.

The total Born decay width is Γborn
total = 81.1053MeV, the total decay width at the 1-loop-

level Γloop
total = 83.7312MeV.
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important 3-body decay χ̃0
2 → χ̃0

1 `+`−

Hence its counterterm is directly related to the counterterms of the gauge boson masses,

δsW

sW

= −1

2

c2
W

s2
W

(

δm2
W

m2
W

− δm2
Z

m2
Z

)

. (19)

This completes our discussion of the renormalization conditions. We are now ready to
discuss the calculation of the χ̃0

2 decay width.

3 Tree-level calculations for χ̃0
2 → χ̃0

1l
−l+

The Born Feynman diagrams for χ̃0
2 −→ χ̃0

1l
−l+(l = e, µ, τ) are displayed in Fig. 1. The

propagators of the diagrams (a) and (b) have the structure as

1

k2 − m2
l̃s

, (20)

where k and ml̃s
denote the 4-momentum of the propagator and the slepton mass, re-

spectively. If the two-body decays χ̃0
2 → l̃±1 l∓ → χ̃0

1l
−l+ are kinematically allowed, i.e.

the sleptons l̃1 can be on shell at some points in the phase space, a finite width of l̃1 is
necessary. It arises from the imaginary part of the slepton self-energy. A finite width is
introduced via Dyson summation,

i

k2 − m2
l̃1

+
i

k2 − m2
l̃1

iΣ̂(k2)
i

k2 − m2
l̃1

+ · · · =
i

k2 − m2
l̃1

+ Σ̂(k2)
, (21)

where Σ̂(k2) is the renormalized l̃1 self-energy.
A gauge invariant matrix element is obtained by a Laurent expansion around the com-

plex pole [23]; in on-shell renormalization

1

k2 − m2
l̃1

+ Σ̂(k2)
' 1

k2 − m2
p

(

1 − ReΣ̂(k2)

k2 − m2
p

)

, (22)
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Figure 1: The Born Feynman diagrams for χ̃0
2 −→ χ̃0

1l
−l+(l = e, µ, τ). s = 1, 2 labels

the slepton mass eigenstates, φ denotes the MSSM neutral Higgs boson h0, H0, A0, and
the neutral Goldstone boson G0 which appears only together with the Z boson in using a
non-unitary gauge. Since the Yukawa coupling φl−l+ is proportional to the lepton mass,
the Higgs intermediate states are neglected when l = e and µ.
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Reconstructing Lagrangian parameters

based on 82 simulated measurements at LHC and ILC10 Authors: Supersymmetry Parameter Analysis: SPA Convention and Project

Particle Mass [GeV] δscale [GeV]

h0 115.4 1.3

H0 431.1 0.7

χ̃0
1 97.75 0.4

χ̃0
2 184.4 1.2

χ̃0
4 419.6 1.2

χ̃+
1 183.1 1.3

ẽR 125.2 1.2

ẽL 190.1 0.4

τ̃1 107.4 0.5

q̃R 547.7 9.4

q̃L 565.7 10.2

t̃1 368.9 5.4

b̃1 506.3 8.0

g̃ 607.6 1.4

Table 5. Supersymmetric masses for the SUSY scale M̃ =
1 TeV, and their variation if M̃ is shifted from 1 TeV down
to 100 GeV.Notation as in preceeding table.

Mass “LHC” “LC” “LHC+LC”

h0 115.4 0.25 0.05 0.05

H0 431.1 1.5 1.5

χ̃0
1 97.75 4.8 0.05 0.05

χ̃0
2 184.4 4.7 1.2 0.08

χ̃0
4 419.6 5.1 3 − 5 2.5

χ̃±
1 184.2 0.55 0.55

ẽR 125.2 4.8 0.05 0.05

ẽL 190.1 5.0 0.18 0.18

τ̃1 107.4 5 − 8 0.24 0.24

q̃R 547.7 7 − 12 − 5 − 11

q̃L 565.7 8.7 − 4.9

t̃1 368.9 1.9 1.9

b̃1 506.3 7.5 − 5.7

g̃ 607.6 8.0 − 6.5

Table 6. Accuracies for representative mass measure-
ments of SUSY particles in individual LHC, LC and co-
herent “LHC+LC” analyses for the reference point SPS1a′

[masses in GeV]. q̃R and q̃L represent the flavours q =
u, d, c, s. [Errors presently extrapolated from SPS1a simu-
lations.] Notation as in preceeding tables.

data, masses, cross sections, branching ratios etc, is
exploited coherently to extract the Lagrangian param-
eters in the optimal way after including the available
radiative corrections for masses and cross sections. The
present quality of such an analysis can be judged from
the results shown in Table 7. These errors are purely
experimental and do not include the theoretical coun-
terpart which must be improved considerably before
matching the experimental standards.

Extrapolation to the GUT scale

Based on the parameters extracted at the scale M̃ , we
can approach the reconstruction of the fundamental su-

Parameter SPS1a′value Fit error [exp]

M1 103.3 0.1

M2 193.4 0.1

M3 568.9 7.8

µ 400.4 1.1

MẽL
181.3 0.2

MẽR
115.6 0.4

Mτ̃L
179.5 1.2

MũL
523.2 5.2

MũR
503.9 17.3

Mt̃L
467.7 4.9

mA 374.9 0.8

At -525.6 24.6

tan β 10.0 0.3

Table 7. Excerpt of extracted SUSY Lagrangian mass and
Higgs parameters at the supersymmetry scale M̃ = 1 TeV
in the reference point SPS1a′ [mass units in GeV].

persymmetric theory and the related microscopic pic-
ture of the mechanism breaking supersymmetry. The
experimental information is exploited to the maximal
extent possible in the bottom-up approach [10] in which

the extrapolation from M̃ to the GUT/Planck scale
is performed by the renormalization group evolution
for all parameters. In this approach the calculation of
loops and β functions governing the extrapolation to
the high scale is based on nothing but experimentally
measured parameters. Typical examples for the evo-
lution of the gaugino and scalar mass parameters are
presented in Figure 1. While the determination of the
high-scale parameters in the gaugino/higgsino sector,
as well as in the non-colored slepton sector, is very pre-
cise, the picture of the colored scalar and Higgs sectors
is still coarse and strong efforts should be made to re-
fine it considerably.

On the other hand, if the structure of the theory at
the high scale were known a priori and merely the ex-
perimental determination of the high-scale parameters
were lacking, then the top-down approach would lead
to a very precise parametric picture at the high scale.
This is apparent from the fit of the mSUGRA param-
eters in SPS1a′ displayed in Table 8. A high-quality
fit of the parameters is a necessary condition of course
for the theory to be correct – however it is not a suf-
ficient condition; deviations from the theory may hide
in badly measured observables which do not spoil the
quality of the fit in the top-down approach but which
are manifest in the bottom-up approach.

Cold dark matter

Constraints on SUSY cold dark matter can be obtained
at LHC by analysing all data simultaneously within a
given benchmark model. From a study of the SPS1a
point, based on very large statistics [51], one may ex-
pect that the relic density can be determined to ∼ 6%
for the SPS1a’ scenario. In the coannihilation region,
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Accuracy of measurements

10 Authors: Supersymmetry Parameter Analysis: SPA Convention and Project
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1 TeV, and their variation if M̃ is shifted from 1 TeV down
to 100 GeV.Notation as in preceeding table.
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ẽR 125.2 4.8 0.05 0.05
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ments of SUSY particles in individual LHC, LC and co-
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[masses in GeV]. q̃R and q̃L represent the flavours q =
u, d, c, s. [Errors presently extrapolated from SPS1a simu-
lations.] Notation as in preceeding tables.

data, masses, cross sections, branching ratios etc, is
exploited coherently to extract the Lagrangian param-
eters in the optimal way after including the available
radiative corrections for masses and cross sections. The
present quality of such an analysis can be judged from
the results shown in Table 7. These errors are purely
experimental and do not include the theoretical coun-
terpart which must be improved considerably before
matching the experimental standards.

Extrapolation to the GUT scale

Based on the parameters extracted at the scale M̃ , we
can approach the reconstruction of the fundamental su-
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Table 7. Excerpt of extracted SUSY Lagrangian mass and
Higgs parameters at the supersymmetry scale M̃ = 1 TeV
in the reference point SPS1a′ [mass units in GeV].

persymmetric theory and the related microscopic pic-
ture of the mechanism breaking supersymmetry. The
experimental information is exploited to the maximal
extent possible in the bottom-up approach [10] in which

the extrapolation from M̃ to the GUT/Planck scale
is performed by the renormalization group evolution
for all parameters. In this approach the calculation of
loops and β functions governing the extrapolation to
the high scale is based on nothing but experimentally
measured parameters. Typical examples for the evo-
lution of the gaugino and scalar mass parameters are
presented in Figure 1. While the determination of the
high-scale parameters in the gaugino/higgsino sector,
as well as in the non-colored slepton sector, is very pre-
cise, the picture of the colored scalar and Higgs sectors
is still coarse and strong efforts should be made to re-
fine it considerably.

On the other hand, if the structure of the theory at
the high scale were known a priori and merely the ex-
perimental determination of the high-scale parameters
were lacking, then the top-down approach would lead
to a very precise parametric picture at the high scale.
This is apparent from the fit of the mSUGRA param-
eters in SPS1a′ displayed in Table 8. A high-quality
fit of the parameters is a necessary condition of course
for the theory to be correct – however it is not a suf-
ficient condition; deviations from the theory may hide
in badly measured observables which do not spoil the
quality of the fit in the top-down approach but which
are manifest in the bottom-up approach.

Cold dark matter

Constraints on SUSY cold dark matter can be obtained
at LHC by analysing all data simultaneously within a
given benchmark model. From a study of the SPS1a
point, based on very large statistics [51], one may ex-
pect that the relic density can be determined to ∼ 6%
for the SPS1a’ scenario. In the coannihilation region,
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High Scale Extrapolations

Authors: Supersymmetry Parameter Analysis: SPA Convention and Project 11

Fig. 1. Running of the gaugino and scalar mass parameters in SPS1a′ [SPheno 2.2.2 ]. Only experimental errors are
taken into account; theoretical errors are assumed to be reduced to the same size in the future.

Parameter, ideal Experimental error

MU 2.47 · 1016 GeV 0.02 · 1016 GeV

α−1

U 24.17 0.06

M 1
2

250 GeV 0.2 GeV

M0 70 GeV 0.2 GeV

A0 -300 GeV 13.0 GeV

µ 402.9 GeV 0.3 GeV

tan β 10 0.3

Table 8. Comparison of the ideal parameters with the ex-
perimental expectations in the top down approach.

the relic density is essentially given by the mass dif-
ference between the lightest slepton τ̃1 and the LSP
tildeχ0

1, which can be directly measured at the ILC.
Studies of τ̃1 production at threshold [52] and decay
spectra in the continuum [53] suggest that for SPS1a’
even with moderate luminosity a precision of ∼ 1.5%
on the cold dark matter abundance is achievable.

6 SUMMARY AND OUTLOOK

If supersymmetry is realized in Nature, future experi-
ments at LHC and LC will provide very precise mea-
surements of supersymmetric particle spectra and cou-
plings. On the theoretical side these measurements must
be matched by equally precise theoretical calculations
and numerical analysis tools. The SPA Project, a joint
theoretical and experimental effort, aims at providing

– a well defined framework for SUSY calculations and
data analyses

– all necessary theoretical and computational tools
– a testground scenario SPS1a’
– a platform for future extensions and developments

On this basis coherent analyses of experimental data
can be performed and the fundamental supersymmet-
ric Lagrangian parameters can be extracted. They can
serve as a firm base for extrapolations to high scales

so that the ultimate supersymmetric theory and the su-
persymmetry breaking mechanism can be reconstructed
from future data.

Much work is still needed on the experimental and
theoretical side to achieve these goals at the desired
level of accuracy. Some of the short- and long-term sub-
projects have been identified and should be pursued in
the near future.

The SPA Project is a dynamical system expected to
evolve continuously. The current status of the Project,
listing the conveners responsible for specific tasks as
well as the links to the available calculational tools, can
be found at the SPA home page: www://spa.desy.de/spa.

APPENDIX

(a) Decays of Higgs and SUSY particles in SPS1a′

The branching ratios of Higgs bosons and SUSY par-
ticles exceeding 3% are presented in Tables 9–12. The
complete listing including smaller branching ratios, is
available on the SPA web-site.

Higgs m, Γ [GeV] decay B decay B

h0 115.4 τ−τ+ 0.088 WW ∗ 0.076

3.2 × 10−3 bb̄ 0.739 gg 0.065

H0 431.1 τ−τ+ 0.092 χ̃0
1χ̃

0
2 0.048

0.97 bb̄ 0.696 χ̃0
2χ̃

0
2 0.024

tt̄ 0.059 χ̃+
1 χ̃−

1 0.058

A0 431.0 τ−τ+ 0.065 χ̃0
1χ̃

0
2 0.060

1.4 bb̄ 0.497 χ̃0
2χ̃

0
2 0.070

tt̄ 0.111 χ̃+
1 χ̃−

1 0.183

H+ 438.6 νττ+ 0.320 χ̃+
1 χ̃0

1 0.037

0.66 tb̄ 0.636

Table 9. Higgs masses and branching ratios B > 3% in
SPS1a′ from FeynHiggs 2.1β .
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Conclusions

precision calculations for SUSY (MSSM) are well
advanced

electroweak precision observables→ 2-loop level

global fits of similar quality as in standard model

indirect sensitivity to SUSY parameters

mh0 is another precision observable
– dependent on all SUSY sectors
– accurate theoretical evaluation (δmh0 ' 4 GeV),

to be further improved

progress for loop contributions to SUSY processes

future precision allows tests of breaking scenarios
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Detailed analysis for SPS1a benchmark scenario: potential

of LHC (300 fb−1) alone and LHC + LC

LHC LHC+LC
∆mχ̃0

1
4.8 0.05 (input)

∆m
l̃R

4.8 0.05 (input)
∆mχ̃0

2
4.7 0.08

∆mq̃L
8.7 4.9

∆mq̃R
11.8 10.9

∆mg̃ 8.0 6.4
∆m

b̃1
7.5 5.7

∆m
b̃2

7.9 6.2
∆m

l̃L
5.0 0.2 (input)

∆mχ̃0
4

5.1 2.23

LHC+LC accuracy lim-
ited by LHC jet energy
scale resolution

SPS 1a benchmark
scenario:

favorable scenario for
both LHC and LC

⇒ LC input improves accuracy significantly
Physics Complementarity of LHC an LC, G. Weiglein, Denver 05/2004 – p.27
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