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les



Pre
ision analysis required for� Indire
t tests of the MSSM! virtual SUSY e�e
ts in pre
ision observables� Pre
ision studies for SUSY parti
les! determination of masses & 
ouplings! re
onstru
tion of model parameters� Dire
t versus indire
t tests! pre
ision observables for pre
isely measuredSUSY parameters! 
onsisten
y 
he
kPro
esses with external(i) standard parti
les(ii) Higgs bosons, espe
ially light Higgs h0(iii) SUSY parti
les{ the 
hargino and neutralino se
tor{ the sfermion se
torre
ent review:Heinemeyer, WH, Weiglein, hep-ph/0412214



(expe
ted) experimental pre
ision
error for LEP/Tev Tev/LHC LC GigaZ
MW [MeV℄ 33 15 15 7
sin2 �e� 0.00017 0.00021 0.000013
mtop [GeV℄ 4.3 2 0.2 0.13
MHiggs [GeV℄ { 0.1 0.05 0.05
together withÆMZ = 2:1 MeV (LEP)ÆGF=GF = 1 � 10�5 (� lifetime)



Detailed analysis for SPS1a benchmark scenario: potential

of LHC (300 fb−1) alone and LHC + LC
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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



Pre
ision Observables (POs):Comparison of ele
tro-weak pre
ision observableswith theory:EW Pre
ision data: Theory:��;�r;MW ; sin2 �e� $ SM, MSSM , . . .
+Test of theory at quantum level:Sensitivity to loop 
orre
tionsX
+Very high a

ura
y of measurements andtheoreti
al predi
tions needed� Whi
h model �ts better?� Does the predi
tion of a model 
ontradi
t theexperimental data?S. Heinemeyer, High Energy Physi
s Seminar, 02/20/02 4

sensitivity to internal parti
les (X)



Precision observables: MW , sin2 θeff, mh, (g − 2)µ, b physics, . . .

1.) Theoretical prediction for MW in terms

of MZ, α, Gµ,∆r:
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Figure 3.11: The 
urrent experimental results for MW and sin2 �e� and the prospe
tivea

ura
ies at the next generation of 
olliders are shown in 
omparison with the SM predi
tion(medium-shaded and dark-shaded (red and blue) bands) and the MSSM predi
tion (light-shaded and dark-shaded (green and blue) bands).measurements.As mentioned above, another observable for whi
h the SM predi
tion shows a largedeviation by about 3� from the experimental value is the neutrino{nu
leon 
ross se
tionmeasured at NuTeV [230℄. Also in this 
ase loop e�e
ts of SUSY parti
les in the MSSM aretoo small to a

ount for a sizable fra
tion of the dis
repan
y (see e.g. Refs. [231,232℄).3.1.2 Intrinsi
 un
ertainty in MW and sin2 �e� from SUSY 
orre
-tionsThe remaining theoreti
al un
ertainties in the predi
tion forMW and sin2 �e� from unknownhigher-order 
orre
tions in the MSSM (i.e. loop 
orre
tions from SM parti
les and superpart-ners) are 
onsiderably larger than in the SM, sin
e the results for higher-order 
orre
tions inthe MSSM are not quite as advan
ed yet as in the SM. The 
urrent intrinsi
 un
ertaintiesin the MSSM 
an roughly be estimated by 
omparing the size of the known 
orre
tions in
80



[Heinemeyer, Kraml, Porod, Weiglein℄
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Models of SUSY breakinggeneri
 MSSM: 105 parameters (masses, mixing angles, phases)redu
ed to few parameters in spe
i�
 modelsmSUGRA: m0; m1=2; A0; tan�; sign(�)GMSB: Mmess; Nmess; tan�; sign(�)AMSB: maux; m0; tan�; sign(�)! mass parameters at the ele
troweak s
ale(M1; M2; M3; �; M ~fL;R; : : :)
Ben
hmark s
enarios\Snowmass points and slopes" (SPS),hep-ph/0202233examples (mSUGRA):�SPS1a: m0 = 100 GeV, m1=2 = 250 GeV, A0 = �100,tan � = 10, � > 0.�SPS1b: m0 = 200 GeV, m1=2 = 400 GeV, A0 = 0,tan � = 30, � > 0.



Global �ts in the MSSM[de Boer, Dabelstein, WH, M�osle, S
hwi
kerath℄[de Boer, Sander℄
LEP:
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The Higgs sector of the MSSM

• Two SU(2) × U(1) doublets: H1 =

(

H0
1

H−

1

)

, H2 =

(

H+
2

H0
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)

H0
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vi + Si + i Pi√
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• The soft SUSY-breaking mass terms for H0
1 and H0

2 are

responsible for electroweak symmetry breaking (EWSB):
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• Five physical states: h , H , A0 , H+ , H−

• Tree–level mass matrix for the CP–even sector:

(
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→ mh and mH are predicted in terms of mZ , mA and tan β

• Tree–level mass relation: m2
h ≤ cos2 2β m2

Z !!!

• Radiative corrections can push mh well above the tree–level

bound (e.g. mh ≤ 135 GeV for typical parameter choices)

and introduce a dependence on many MSSM parameters.



dressed Higgs propagators
(�Higgs)�1 =  q2 �m2H + �̂H(q2) �̂hH(q2)�̂Hh(q2) q2 �m2h + �̂h(q2) !
� det = 0 ! mpoleh;H� diagonalization ! e�e
tive 
ouplings (�e�)

renormalized self-energies �̂1-loop: 
omplete2-loop: QCD 
orre
tions � �s�t; �s�bYukawa 
orre
tions � �2t[! FeynHiggs℄



[ MSSM Higgs Mass ℄mh0 predi
tion at di�erent levels of a

ura
y:
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tan� = 3; M ~Q =MA = 1 TeV; m~g = 800 GeVXt : top-squark mixing parameterXt = At � � 
ot� ; M 2~t =  m 2~tL mtXtmtXt m 2~tR !
present theoreti
al un
ertainty: Æmh ' 4 GeV[Degrassi, Heinemeyer, WH, Slavi
h, Weiglein℄



[Heinemeyer et al.℄
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SUSY parti
les
� LHC will see SUSY if at low energy s
ale� LC and LHC�LC for pre
ision studies� Re
onstru
tion of fundamental SUSY theoryand breaking me
hanism

from experiment:! pre
ision analyses of masses and 
ouplings in
ludinghigher orders
from theory:! a

urate theoreti
al predi
tions to mat
h exp. data

! loop 
ontributions Lagrangian param$ observables
! RGEs for extrapolation to high s
ales




hargino/neutralino se
tor
omplete at one loop [Fritzs
he,WH/Eberl,Majerotto,...℄renormalization and mass spe
trumpair produ
tion in e+e� 
ollisions
sfermion se
torrenormalization and mass spe
trum[WH, Rzehak℄ m2f +M2L +M2Z
2�(I3f �Qfs2W) mf(Af � ��)mf(Af � ��) m2f +M2~fR +M2Z
2�Qfs2W!sfermion pair produ
tion in e+e� 
ollisions
omplete at one-loop[Arhrib, WH℄ squarks, sleptons[Kovarik, Weber, Eberl, Majerotto℄ squarks[Freitas, Miller, von Manteu�el, Zerwas℄ sleptons

sfermion de
ays into fermions and -inos
omplete at one-loop[Guas
h, WH, Sol�a℄



Importance

Parameters
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Prospects:



pole masses
[M~f = 300GeV; tan � = 10℄M�01 = 110GeV
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Renormalization schemes
DR scheme:

• Loop integrals:
2

ǫ
− γ + log 4π + log µ

2 → log µ
2

DR

+ easy to implement

– observables are scale dependent in finite order perturbation theory

+ natural choice for GUT-inspired parameter sets (mSUGRA)

OS scheme:

• renormalization constants fixed by physical conditions

– renormalization constants complicated

+ observables are scale independent

+ well suited for calculations of cross sections and decay rates

(e.g. pole masses→ correct kinematical thresholds)



DR → OS

GUT
low energy

DR parameters
OS parameters

Γ

σ

mi
RGE

SPA conventions
︷ ︸︸ ︷

DR parameters

M1, M2, µ

phys. 1-loop

masses of

χ̃+
1 , χ̃+

2 , χ̃0
1

OS parameters

M1, M2, µLo
op

Tree

SPS1a

M1 = 99.1

M2 = 192.7

MUE = 352.4

MCha(1) = 176.013 + 8.889

MCha(2) = 378.527 + 10.312

MNeu(1) = 96.154 + 4.004

SPS1a-OS

M1 = 103.02

M2 = 201.56

MUE = 363.06



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. 

http://spa.desy.de/spa
P. Zerwas, J. Kalinowski, H.U. Martyn,W. Hollik, W. Kilian, W. Majerotto,W. Porod, : : :



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 scale

parameter 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.
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REFERENCE POINT SPS1a′

SPS1a′ deriv. of Snowmass Point SPS1a: conform with Ωcdm, LE data

mSUGRA values:

M1/2 = 250 GeV sign(µ) = +1

M0 = 70 GeV tan β = 10

A0 = −300 GeV

LE/cosmic parameters: BR(b → sγ) = 3.0 × 10−4 micrOMEGAs

∆[gµ − 2]/2 = 34 × 10−10 FeynHiggs

Ωcdmh2 = 0.10 micrOMEGAs



POLE MASSES:

m [GeV] m [GeV]

h0 115.4 ẽR 125.2

H0 431.1 ẽL 190.1

A0 431.0 ν̃e 172.8

H+ 438.6 τ̃1 107.4

χ̃0
1 97.75 τ̃2 195.3

χ̃0
2 184.4 ν̃τ 170.7

χ̃0
3 406.8 ũR 547.7

χ̃0
4 419.6 ũL 565.7

χ̃+

1 184.2 t̃1 368.9

χ̃+

2 421.1 t̃2 584.9

g̃ 607.6 b̃1 506.3

BR(ν̃ → νχ0

1
) = 100% ⇒ ν̃ invis.
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Measurements
{ edge e�e
ts at LHC{ de
ay spe
tra at ILC{ 
ross se
tions/asymmetries at ILC

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



Example: Determination of SUSY parameters at LHC / LC

[M. Chiorboli, B.K. Gjelsten, J. Hisano, K. Kawagoe, E. Lytken, U. Martyn,

D. Miller, M. Nojiri, P. Osland, G. Polesello, A. Tricomi ’03]

Cascade decays: complicated decay chains for squarks and
gluinos

q̃L χ̃0
2

q1 `�2
˜̀�
R

`�1
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1

Main tool: dilepton “edge” from
χ̃0

2 → ℓ+ℓ−χ̃0
1
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Physics Complementarity of LHC an LC, G. Weiglein, Denver 05/2004 – p.25

e+e� ! �02�02 e+e� ! �+1 ��1



Re
onstru
ting Lagrange param.
based on 82 simulated measurements at LHC and ILC

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



High S
ale Extrapolations

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.

ERRORS SPS1a
′: mSUGRA Parameter, ideal “LHC+LC” errors

M1 250. GeV 0.18 GeV

M2 ditto 0.26 GeV

M3 2.8 GeV

ML1
70. GeV 4.1 GeV

ME1
ditto 7.9 GeV

MQ1
11. GeV

MU1
31. GeV

MH1
ditto 7.5 GeV

MH2
72. GeV

At −300. GeV 44. GeV

CONCLUSION: – gauginos in excellent O[per-mille] condition

– scalar leptons in good O[per-cent] condition

– squarks in O[1] condition



mSUGRA Fit: Param,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. GeV

µ 402.9 GeV 0.3 GeV

tan β 10. 0.3

General conclusion: – universality can be tested in bottom-up

approach in non-colored sector very well;

– colored sector needs improvement

– mSUGRA fit of hi gh quality



Con
lusions
� Era of ele
troweak pre
ision physi
s:{ quantum e�e
ts have been established{ strong indi
ation for a light Higgs boson� The MSSM is 
ompetitive to the SM{ global �ts of similar quality (slightly better){ natural: light Higgs boson� mh0 is another pre
ision observable{ dependent on all SUSY se
tors{ a

urate theoreti
al evaluation (Æmh0 ' 4 GeV),to be further improved� one-loop studies for SUSY pro
esses are underway,many results and tools already available
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