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Precision analysis required for

e Indirect tests of the MSSM

— 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)
(i)
(i)

standard particles
Higgs bosons, especially light Higgs h°

SUSY particles
— the chargino and neutralino sector
— the sfermion sector

recent review:
Heinemeyer, WH, Weiglein, hep-ph/0412214



(expected) experimental precision

error for LEP/Tev | Tev/LHC | LC GigaZ
My, [MeV] 33 15 15 7
Sin? Gesr 0.00017 0.00021 0.000013
miop [GeV] 4.3 2 0.2 0.13

together with

oMz, = 2.1 MeV (LEP)

0Gr/Gg =1-107° (p lifetime)




Detailed analysis for SPS1la benchmark scenario: potential

of LHC (300 fb~1!) alone and LHC + LC

LHC LHC+LC
Amg 4.8 0.05 (input)
Am; 4.8 0.05 (input)
Amgg 4.7 0.08
Amg, 8.7 4.9
Amg, 11.8 10.9
Amg 1.5 5.7
Am; 7.9 6.2
Am; 5.0 0.2 (input)
Amz 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



Comparison of electro-weak precision observables
with theory:

EW Precision data: Theory:
Ap, Ar, My, sin?0q | <> | SM, MSSM , . ..

Y

Test of theory at quantum level:

Sensitivity to loop corrections

sensitivity to internal particles (X)



Precision observables: My, sin? 0, myp, (g — 2)u, b physics, ...

1.) Theoretical prediction for My, in terms
of Mz, a, Gy, Ar:

12 1__&@% T« ( 1 )
v M%Z)  V2G,\1-Ar

)

loop corrections

. 1
Sln2 Qeff =

2.) Effective mixing angle:
) g ang Re g{;
41Q |

Reg£
Higher order contributions:
gé — g‘f/ + Agé, gff; — gffl + Agf;
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[Heinemeyer, Kraml, Porod, Weiglein]
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Models of SUSY breaking

generic MSSM: 105 parameters (masses, mixing angles, phases)

reduced to few parameters in specific models
mSUGRA:  mq, my /2, Ao, tan 3, sign(u)
GMSB: Mness; Nmess, tan §, sign ()

AMSB: Maux, Mo, tan g, sign(u)

— mass parameters at the electroweak scale
(Mla M27 M37 122 MfLR’ K )

Benchmark scenarios
“Snowmass points and slopes” (SPS),
hep-ph /0202233

examples (MSUGRA):

eSPSla: mg = 100 GeV, my /o = 250 GeV, Ay = —100,
tan 8 = 10, u > 0.

eSPS1b: mo = 200 GeV, my,, = 400 GeV, Ag = 0,
tan 8 = 30, p > 0.



Global fits in the MSSM

[de Boer, Dabelstein, WH, M0&sle, Schwickerath]
[de Boer, Sander]

SM: x°/d.o.f = 27.2/16
MSSM: x*/d.0.f = 16.4/12
s CMSSM: x°/d.0.f = 23.2/16

. ~in2nlept SRR
SLC:sin Geﬁ (A g) ——
a Susy
T 2‘

pulls=(data-theo)/error



The Higgs sector of the MSSM

H3
vi+ S5 +1F
H? = 7

The soft SUSY-breaking mass terms for HY and HS are
responsible for electroweak symmetry breaking (EWSB):

HY? HF
Two SU(2) x U(1) doublets: H; = < Hl_ ) , Ho = ( 2 )
1
tan g = v2
v1

Viree = (ml%ll + UQ) |Hg‘2 + (m%@ + ,uQ) |H§|2
1 2
+ B (H{H3 +hc)+ (9% +¢2) (HI]? - |H3P?)
Five physical states: h, H, A%, Ht,6 H~

Tree—level mass matrix for the CP—even sector:

e [ AT (e
S pr—

— (m% + mi) s3Cg3 m% s% + m% c%
my and mpy are predicted in terms of myz, ms and tan g
Tree—level mass relation: m? < cos?28m?
Radiative corrections can push mj well above the tree—level

bound (e.g. m;, < 135 GeV for typical parameter choices)
and introduce a dependence on many MSSM parameters.



dressed Higgs propagators

1 q°> — m% + X p5(q?) > i (q?)
(Amiggs) ~ = = 2 2 2, & (.2
> mn(q®) > —m; + >,(q%)

— pole
e det = O — mp, o

e diagonalization —  effective couplings (aefr)

renormalized self-energies 3

1-loop: complete

2-loop: QCD corrections ~ asa;, asag

Yukawa corrections ~ a?

[— FeynHiggs]



1,0 prediction at different levels of accuracy:
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tan g = 3, MQZMA:1TeV, mg = 800 GeV

X; : top-squark mixing parameter

2 mt~2 mtXt
Xt = Ay —p cotpg, _/\/lfz mt)L(t .2
tr

present theoretical uncertainty: omp ~ 4 GeV
[Degrassi, Heinemeyer, WH, Slavich, Weiglein]
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SUSY particles

LHC will see SUSY if at low energy scale
LC and LHC@LC for precision studies

Reconstruction of fundamental SUSY theory
and breaking mechanism

from experiment:

precision analyses of masses and couplings including
higher orders

from theory:

accurate theoretical predictions to match exp. data

loop contributions Lagrangian param < observables

RGEs for extrapolation to high scales



chargino/neutralino sector

complete at one loop [Fritzsche,WH /Eberl,Majerotto,...]
renormalization and mass spectrum
pair production in ete~ collisions

sfermion sector

renormalization and mass spectrum
[WH, Rzehak]

m% + M7 + Mzeap(I7 — Qysiy) my(Af — pr)
m(Ar — pK) m? -+ MJ%R + MzcopQyss,

sfermion pair production in eTe~ 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, Sola]



Parameters
Ml! M21 ,u‘

(tan (3)
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low energy
DR parameters

OS parameters

phys. 1-loop
masses of
X1 x4 xS

OS parameters
My, M2, p

DR parameters
My, M2, p

f/:Slf‘ 0 1 176.013 + 8. 889 f/:Slf"cl’(S)s o
\p ~ 192 7 MCha(2) = 378.527 + 10.312 \p ~ 01, 56
_ ' 96.154 + 4.004 _ '
MJE = 352.4 MJE = 363. 06
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SUPERSYMMETRY PARAMETER ANALYSIS

The SPA project is a joint study of theorists and experimentalists working on LHC and Linear Ci
phenomenology. The study focuses on the supersymmetric extension of the Standard Model. T
targets are

® High-precision determination of the supersymmetry Lagrange parameters at the electrowe
® Extrapolation to a high scale to reconstruct the fundamental parameters and the mechanis
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 3, are given in the DR scheme and defined at the scale M = 1 TeV.

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

corresponding angles are defined in the DR scheme at M, 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 Gr, a,

Mz and ay—S(M z). All lepton masses are defined on-shell. The ¢ quark mass is
defined on-shell; the b, ¢ quark masses are introduced in M S 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 SPSla: conform with Q.4,,,, LE data

mSUGRA values:

My = 250 GeV  sign(p) = +1
Mo = 70 GeV tan 0 = 10
Ao = =300 GeV
LE/cosmic parameters: BR(b — sy) = 3.0 x 1074 micrOMEGAs
Alg, —2]/2=34x 10710 FeynHiggs

Qeamh?® = 0.10 micrOMEGASs




POLE MASSES:

m [GeV] m [GeV]

R® 1154 | ér  125.2
H° 431.1 | ér 190.1
A 4310 | D, 1728
H' 4386 | 71 107.4
¥ 9775 | 72 195.3
Xy 1844 | v, 170.7
X9 406.8 | g H47.7
X% 419.6 | ar 565.7
X+ 1842 | &1 368.9
X 4211 | £ 584.9

g 607.6 | b1 506.3

BR(7 — vx)) = 100% = © invis.

700 |

m [GeV]

600 L

500

400 |

300 L

200 |

100 £

mSUGRA SPS 1a’/SPA
i—;
[ —
qr 132
L b
+ .
H, A — H B g )
=Xz
X3 —t
l Ty o0 -t
,;I; v Xa——Xi
RO g — -
T1 X(l]_




Measurements

— edge effects at LHC

— decay spectra at ILC

— cross sections/asymmetries at ILC

Mass || “LHC” [“LC” || “LHC+LC”
R° [115.4]| 0.25 | 0.05 0.05
H|431.1 1.5 1.5
5 197.75(] 4.8 |0.05 0.05
Yo (184.4| 4.7 | 1.2 0.08
41419.6]| 5.1 [3—5 2.5
Xi(184.2 0.55 0.55
ér(125.2|] 4.8 |0.05 0.05
ér, [190.1| 5.0 |0.18 0.18
711107.4|| 5—8 | 0.24 0.24
gr |5AT.7||7T— 12| — 5—11
dr, |565.7|| 8.7 — 4.9
t1 [368.9 1.9 1.9
b1 |506.3|| 7.5 | — 5.7
g |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 e o G

5 0 7 ~0 800"
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1 . 1 11 ” 500f
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400[
~0 +p—<0 i
Xo — £ X] 300
200f
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Reconstructing Lagrange param.

based on 82 simulated measurements at LHC and ILC

Parameter || SPSla’value | Fit error [exp]
M, 103.3 0.1
Mo 193.4 0.1
Ms 568.9 7.8
7 400.4 1.1
M, 181.3 0.2
M, 115.6 0.4
Ms, 179.5 1.2
Ma, 523.2 5.2
Ma,, 503.9 17.3
M;, 467.7 1.9
mAa 374.9 0.8
Ay -525.6 24.6
tan 3 10.0 0.3




High Scale Extrapolations

0.01 - — T
E L (
0.009 [ 300 |- 1 M 1 Ly
0.008 [ r
0.007 £ 200
0.006 F -
0.005 £ 100
0.004 £ F—
g o[
0.003 £ F
0.002 £ i
g —100 |-
0.001 £ r
O \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘
10> 10> 10° 10" 10'%10'® 102 100 100 10" 10™10'°

Fig. 1. Running of the gaugino and scalar mass parameters in SPS1d [SPheno2.2.2 . Only experimental errors are
taken into account; theoretical errors are assumed to be reduced to the same size in the future.

ERRORS spsia’: mSUGRA H Parameter, ideal | “LHCH+LC” errors

M 250. GeV 0.18 GeV
Mo ditto 0.26 GeV
M3 2.8 GeV
My, 70. GeV 41 GeV
Mp, ditto 7.9 GeV
Mg, 11. GeV
My, 31. GeV
M, ditto 7.5 GeV
My, 72. GeV
A || —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
My 2.47 - 1016 GeV 0.02 1016 GeV
ag 24.17 0.06
M% 250. GeV 0.2 GeV
My 70. GeV 0.2 GeV
Agp -300. GeV 13. GeV
" 402.9 GeV 0.3 GeV
tan 0 10. 0.3

General conclusion:

approach in non-colored sector very well

— universality can be tested in bottom-up

— colored sector needs improvement

— mSUGRA fit of high quality

)




Conclusions

Era of electroweak precision physics:
— quantum effects have been established
— strong indication for a light Higgs boson

The MSSM is competitive to the SM
— global fits of similar quality (slightly better)
— natural: light Higgs boson

mpo IS another precision observable
— dependent on all SUSY sectors

— accurate theoretical evaluation (dmp ~ 4 GeV),
to be further improved

one-loop studies for SUSY processes are underway,
many results and tools already available
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