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Fundamental questions of particle physics:
e constituents of matter?
e Structure of fundamental interactions?

e Structure of vacuum?

Current knowledge is based on the Standard Model



Outline

Electroweak precision observables — Standard Model
Theory versus data

Perspectives

Extensions of the SM — Supersymmetry

Outlook



Standard Model

® the symmetry group SU(2) x U(1) x SU(3)¢c

# the principle of local gauge invariance
—— fermion — vector boson interaction
—— vector boson self-interaction

# Higgs mechanism and Yukawa interactions
- MasSses Mw, MZ) Mfermion

renormalizable quantum field theory

accurate theoretical predictions

# detect deviations —  “new physics” ?
precise predictions required
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precision tests of a theory at the quantum level

example: QED

Lamb shift:

nucleus

a=3(g-2)
aexp = 1159652 180(+1)x10~12

atheo = 1159652 183(+8)x10 —12

requirement:
® precise measurements
® precise predictions — loop calculations



precision tests of the Standard Model through quantum loops

M

sensitivity to heavy internal particles (X)

Standard Model: X = Higgs, top

precision observables

» . lifetime: GF
® 7 observables: My, Ty, gv, ga, sin® Oug, ...
® LEP 2, Tevatron, LHC: My, my



Mw — M 5 correlation

Definition of Fermi constant Gg via muon lifetime:

—1 F%u Mme %
= FlTe) (1427 ) (142
T 10243 <m2>( Teag | (P A

I

Aq: QED corrections in Fermi Model,




with loop contributions

Gr T
V2 Mg, (1= My, /M)
(14 Ar)
Ar:  guantum correction

Ar = Ar(my, M)

determines W mass

MW — MW(O&, GF) M27mt7MH)

complete at 2-loop order

1-loop examples

e top quark

p W e
W

1%

' Z,y e

full structure of SM



2-loop examples
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o effective Z boson couplings with higher-order Agy 4

@ =g +A0gl, g g+ A

e effective ew mixing angle (for f = e):

1 5 Mz
sinQHfo:—(l—Reg—Z> :KJ°< ——MQ/)
4 9ga Mz



2-loop examples for Z couplings

complete 2-loop calculation available for sin? 6,



EW 2-loop calculations for Ar
Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

EW 2-loop calculations for sin? f.q
Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas

Hollik, Meier, Uccirati

universal terms beyond 2-loop order (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kilhn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schroder, Steinhauser

Chetyrkin, Faisst, Kiihn Chetyrkin, Faisst, Kiihn, Maierhofer, Sturm
Boughezal, Czakon






charge renormalization e +0e  involves

photon vacuum polarization
M

I(M2) —1I'(0) = Aa —  a(My) = —

1 — A«

Aa = A()5lep*l;_|_ACVhauda

Ajers = 0.031498 (3 —loop) |Steinhauser|
0.02758 = 0.00035

ACVhaud

significant source of parametric uncertainty
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iInput from experiments

LEP1/SLC: ete” -Z > ff
LEP1: ~ 4 x 10° events/experiment
4 experiments (1989 — 1995)

LEP2: ete™ - WTtw-—
@(10%) W pairs (1996 — 2000)

Tevatron: q¢ — W — v, qf
(pP) 7 —>tt, t—>WTb > ...

low-energy experiments (u decay, vN
scattering, ve scattering, atomic parity
violation, ... )



Theory versus Data

experimental results (selection)

Mz [GeV] =91.187540.0021  0.002%
,[GeV] = 2.495240.0023  0.09%
sin29 Pt =0.23148 4 0.00017  0.07%
My [GeV] = 80.398 £ 0.025 0.04%
my [GeV] =173.1+1.3 0.75%
Gg [GeV™2] =1.16637(1)10"° 0.001%

guantum effects at least one order of magnitude larger than
experimental uncertainties



LEP Electroweak Working Group

July 2010
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LEP Electroweak Working Group

March 2009
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development of precision

1990-1992
91.1904:+0.0065
1993-1994 ; ;
91.1882+0.0033 =
1995
91.1866+0.0024 o
average
91.1874+0.0021 L~

91.185 91.19 91.195
m,, [GeV]



Importance of two-loop calculations
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0. 232 T
CHS_) 0. 2315/ I e -
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W-palir production
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3

Measurement Fit  |O™®-QMjgmeas
O 1 2
m, [GeV] 91.1875+0.0021 91.1874
r,[Gev]  2.4952+0.0023  2.4959
o4 [Nb]  41.540+0.037  41.478
R, 20.767 = 0.025 20.742
A 0.01714 + 0.00095 0.01643
A(P.) 0.1465 +0.0032  0.1480
R, 0.21629 + 0.00066 0.21579
R, 0.1721 £ 0.0030 0.1723
AQP 0.0992 +0.0016  0.1038
AdC 0.0707 +0.0035  0.0742
A, 0.923 £ 0.020 0.935
A, 0.670 = 0.027 0.668
A(SLD) 0.1513 +0.0021  0.1480
sin?0°P(Q,) 0.2324+0.0012  0.2314
m,, [GeV] 80.399 + 0.025 80.378
My [GeV] 2.098 £ 0.048 2.092
m, [GeV] 173.1+ 1.3 173.2
March 2009 O 1 2



6 July 2010 m imi = 158 GeV
0 ] of 3§

| 5 B Aay, =
S % i —0.02758+0.00035 )

1 % % -+0.02749+0.00012 : :
4 . % ver incl. low O data | blueband: theory uncertainty

= 3 {1 “Precision Calculations

) | atthe Z Resonance”

- CERN 95-03
14 7 . . .

] | [Bardin, Hollik, Passarino (eds.)]
0 Excluded s, Preliminary

30 100 300

M, [GeV]

My < 157 GeV  (95%C.L.)

with direct search My > 114 GeV:
My < 186 GeV  (95%C.L.)



experimental search

excluded

Mg < 114 GeV



Tevatron Run |1 Preliminary, <L>=5.9fb™
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— high mass 95% CL exclusion: 158 < mpg < 175 GeV
dominated by ¢gg — H — WW channel

— low mass sensitivity mainly by qq — WH — (v bb



Next experiments at high energy accelerators



Next experiments at high energy accelerators




Per spectives

2009: Future:
The Large Hadron Collider eT e~ Linear Collider

Internatiorxl\ﬁ\_‘__‘_Linear Collider




Higgs production at the LHC

e gluon fusion, g9 - H

e vector boson fusion, qq — qqH

q
W,
W, Z

—---H

e Higgs strahlung, q¢ — VH

t(b) q

100 T T LI | T T T T T T T T

o(pp — H + X) [pb]

Vs = 14 TeV
MRST/NLO
my = 178 GeV




Higgs production at the LHC

e gluon fusion, gg — H e gluon-gluon fusion:
f NNLO QCD |[Harlander, Kilgore]
:j> . NL EW  [Degrassi, Maltoni]
e vector boson fusion, qq — qqH ® WW (ZZ) fUSion:
g NLO QCD
Z:Z ----H [Figy, Oleari, Zeppenfeld]

e Higgs-strahlung processes:
NNLO QCD + NLO EW
[Brein et al.]

e radiation from heavy quarks:
o tEH (55H) production NLO QCD |Beenakker et al.,

g 10 g t:’) Dawson et al.]
0 B NLO EW [Denner et al.]
g #(b) q t(b)




expected precision

error for LEP/Tev | Tev/ILHC | ILC | ILC/GigaZ
My [MeV| 25 15 15 7

sin? O, 0.00017 | 0.00021 0.000013
Myop |GEV] 1.2 1 0.2 0.13
Miiggs |GeV] — 0.1 0.05 0.05

SMy =2.1MeV  (LEP)
5Gr/Gr=1-10"2 (u lifetime)

GigaZ ~ 10° Z bosons
MegaW ~ 10° W bosons



after the Higgs boson mass is measured
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[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]



Theoretical bounds on Higgs boson mass from

perturbativity — upper bound
unitarity — upper bound
triviality (Landau pole) — upper bound

vacuum stability — lower bound



combined effects, RGE in two-loop order:

d\ 1
gy (12\* =3g; +6Ag; +--+)
800
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> _
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Standard Model Higgs:
® )\ H*term ad hoc
® Higgs boson mass: free parameter ~ v\

® no a-priori reason for a light Higgs boson

the question for New Physics




Beyond the Standard Model

further substructure

effects from new
strong Interaction

new strong dynamics
at high enery scale

elementary fundamental
fields

Interactions remain weak

Grand Unified
Theories

new symmetry
supersymmetry




supersymmetry in particle physics

Julius Wess
Institut fir Theoretische Physik
Karlsruhe, 1968 — 1990

supersymmetric relativistic QFT

Wess, Zumino 1974

— SUSY Standard Model




o o o o

Standard particles SUSY particles

Quarks ° Leptons . Force particles

gauge coupling unification
stabilization of the electroweak scale
dark matter candidate (lightest SUSY particle)

lightest Higgs boson 1" < 135GeV
physical Higgs bosons: »', HY, A", H*



Standard Model Higgs: V=->2®24+)\0% d=0v+H
® )\ H*term ad hoc
® Higgs boson mass: free parameter ~ v\

® no a-priori reason for a light Higgs boson

SUSY Standard Model: light Higgs is natural

H vy + HY
Hy = ? , | Hi= : - :
couples to u couples to d

e SUSY gauge interaction — H* terms
e self coupling remains weak

2 doublets: minimal model, MSSM




Spectrum of Higgs bosons in the MSSM (example)
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100§ -
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large M 4: h" like SM Higgs boson ~ decoupling regime

m} strongly influenced by quantum effects, e.g.

~

q q

L2 A
X
£



1-loop: complete

2-loop:
— QCD corrections ~ agay, asoy
— Yukawa corrections ~ a?,

theoretical uncertainty:
5mh ~ 3 GeV

public code FeynHi ggs
latest version:

FeynH ggs2. 7
arXiv:1007.0956

m, [GeV]

mjo prediction at different levels of accuracy:

150 E| T T | T T T T | T T T T | T T T T | T T T T | T T I:
140 =
130 =

120 =
100 =

50 z— — tree-level —;
40 f_ full 1L _f

30 ;_ —— 2L (FeynHiggs) _;

11 | 111 1 | L1 1 1 | 111 1 | L1 1 1 | |
-2000 -1000 0 1000 2000

X, [GeV]
tan g = 3, MQ =My,=1TeV, mz=3800 GeV

G =

X; : top-squark mixing parameter

Xy =A{—pcotp



T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. Weiglein

FeynHiggs, the Swiss Army Knife for Higgs Physic



2

3-loop contributions ~ o oy

AM, 0 (GeV)

%)

S

[Harlander, Kant, Mihaila, Steinhauser]

e+ ]-loop
= = = 2-loop
—— 3-loop
n=M,

~ 500 Me

T

<
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MSUSY (GeV)

1300 2000



135|||||||||||||||||||||||||||II|IIII
exp

m, =175 GeV, tanf =5

130 —

125

m, [GeV]

theory prediction for m_

ex
7] E')mt P=20GeV
exp _

5m. " = 1.0 Gev

émteXp =0.1 GeV

120

115IIII|IIII|IIII|IIII|IIII|IIII|IIII
150 200 250 300 350 400 450 500

M, [GeV]

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



Indirect access to SUSY particles through quantum loops

X = Higgs bosons, SUSY particles

o U lifetime: My «— M, Gr

® 7 observables: gy, gu, sin? 0., Tz, M,

2-loop terms O(aay, o?, ozg, Q)
and complex parameters

[Heinemeyer, WH, Stockinger, A. Weber, Weiglein 06]
[Heinemeyer, WH, A. Weber, Weiglein 07]



Mw — M 5 correlation

Cr _ = (1+ Ar)

V2 MG (1= Mg /M)

Ar: quantum correction, Ar = Ar(my, Xsusy)
— MW — MW(&yGF7M27mt7XSUSY)

Xgqusy = set of non-standard model parameters
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effective Z boson couplings
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M,, [GeV]
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experimental errors 68% CL:
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Heinemeyer, Hollik, Stockinger, Weber, Weiglein '097
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Ag ] 0.23099 + 0.00053
A(P) . 0.23159 + 0.00041
0,b
As —v— 0.23221 + 0.00029
Al * 0.23220 + 0.00081
Q" X 0.2324 + 0.0012
Average nliy 0.23153 = 0.00016
10 3 _ X’/d.0f.:11.8/5
>
v
O,
I
= 192 @ Aa® = 0.02758 + 0.00035
B m=172.7+29 GeV

. — —
0.23 0.232 0.234
lept

. 2
sin eeﬁ



0.2330

0.2325

0.2310

0.2305

0.2300

~ experimental errors 68% CL.:

. H 2 —_—
A, (SLD): sin“_, = 0.23098+0.00026

—m, =165 .. 175 GeV

! SM

MSSM
both models

Heinemeyer, Hollik, Weber, Weiglein '10

80.2

80.3

80.4 80.5
M,, [GeV]

80.6

0.2330

0.2325

0.2310

0.2305

0.2300

80.2

experimental errors 68% CL.:

A.g (LEP): sin°8_=0.23221+0.00029
m, = 165 .. 175 GeV

T SM
1 MSSM
both models

Heinemeyer, Hollik, Weber, Weiglein '10

80.3 80.4 80.5
M,, [GeV]
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Anomalous g-factor of the muon

:

HMNT (06) e
IN (09) o
Davier et al, T (09) l——-—i

i + _ wlo BaBar (09) —a—
Davier etal, e'e | | |
w/ BaBar (09) i

HLMNT (09) RSN
B =34 011111112 | e
BNL (new from shift in A) |—-—|

170 180 190 200 210
auSM x 10%° — 11659000

Hagiwara,Martin,Nomura,Teubner 2010

ete” data based SM prediction: almost 4 o below exp. value
theory uncertainty from hadronic vacuum polarization



g — 2 with supersymmetry

new contributions from virtual SUSY partners of 1, v
and of W+, Z

H -
< Pu
- | N M
}i
~ o

2
CV m UQ

,u
_|_

__.<__

extra terms

can provide missing contribution for
MSUSY — 200 — 600 GeV

2-loop calculation [Heinemeyer, Stockinger, ...]



CMSSM R —— Standard Model R
Variable Measurement Fit ? ! 2 3 Variable Measurement Fit ? L 2 3
M, [GeV] 91.187% 0.0021 91.1873 M, [GeV] 91.1875 0.0021 91.1875
r;[GeV] 2.4952+ 0.0023 2.4952 I, [GeV] 2.4952+ 0.0023 2.4957
Opag ND] 41.540+ 0.037 41.486 Opq [Nb] 41.540+ 0.037 41.477
R, 20.767+0.025 20.744 R, 20.767+0.025 20.744
A 0.01714+0.00095  0.01641 A% 0.01714+0.00095  0.01645
AlP) 0.1465+ 0.0032 0.1479 A(P) 0.1465+ 0.0032 0.1481
Ry, 0.21629 0.00066  0.21613 Ry 0.21629: 0.00066  0.21586
R. 0.1721 0.0030 0.1722 Re 0.1721 0.0030 0.1722
A 0.0992+ 0.0016 0.1037 A2 0.0992+ 0.0016 0.1038
A 0.0707 0.0035 0.0741 A 0.0707+ 0.0035 0.0742
A, 0.923+ 0.020 0.935 A, 0.923+ 0.020 0.935
Ac 0.670+ 0.027 0.668 Ac 0.670+ 0.027 0.668
A/(SLD) 0.1513+ 0.0021 0.1479 A((SLD) 0.1513: 0.0021 0.1481
since, (Q)  0.2324:0.0012 0.2314 sin’e., (Q)  0.2324:0.0012 0.2314
M,, [GeV] 80.398+ 0.025 80.382 M, [GeV] 80.398+ 0.025 80.374
m; [GeV] 170.9+ 1.8 170.8 m; [GeV] 170.9+ 1.8 171.3
BR(b-sy) 1.13+0.12 1.12 Iy [GeV] 2.140+ 0.060 2.091 ’—
BREB.-uW[x10%]  <8.00 0.33  |N/A (upper limit)
8a,[x10°] 2.95¢ 0.87 2.95
Qh? 0.113+0.009 0.113

global fit in the constrained MSSM including data
from g — 2, B physics, and cosmic relic density

[O. Buchmueller, ..., Weber, Weiglein, arXiv:0707.3447]
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Conclusions

Electroweak precision physics
— sensitive to quantum structure
— constraints on unknown parameters

precision tests of the Standard Model have established
the SM as a quantum field theory

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

future experiments at colliders
— discovery of Higgs and SUSY at LHC (?)
— precision studies at eTe~ Linear Collider
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