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Standard Model

the symmetry group SU(2) × U(1) × SU(3)C

the principle of local gauge invariance
−→ fermion – vector boson interaction
−→ vector boson self-interaction

Higgs mechanism and Yukawa interactions
−→ masses MW , MZ , mfermion

renormalizable quantum field theory

accurate theoretical predictions

detect deviations → “new physics” ?
precise predictions required
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Outline

Electroweak precision observables – Standard Model

Theory versus data

Perspectives

Extensions of the SM – Supersymmetry

Outlook
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electroweak precision tests through quantum loops

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 unknown particles (X)

X = Higgs [+ non-standard]

precision observables

µ lifetime: GF

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

LEP 2, Tevatron: MW , mt

low energies: (g − 2)µ
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MW – MZ correlation

Constraints on the Standard Model Higgs fromele
troweak pre
ision tests

Theoreti
al predi
tion for MW in the SM:

De�nition of Fermi 
onstant GF via muon lifetime:

��1� = G2Fm5�192�3 F
 m2em2�
!0�1+ 35
m2�M2W

1
A (1 +�q)

�q: QED 
orre
tions in Fermi Model,in
luded in de�nition[R. Behrends, R. Finkelstein, A. Sirlin '56℄[T. van Ritbergen, R. Stuart '99℄

Comparison with SM predi
tion for muon de
ay:

) M2W
 

1�M2WM2Z
!

= ��p2GF (1 +�r) ;
mloop 
orre
tions

) Theoreti
al predi
tion for MW in termsof MZ, �, G�
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with loop contributions

GF√
2

=
πα

M2
W

(
1 − M2

W /M2
Z

)

· (1 + ∆r)

∆r : quantum correction

∆r = ∆r(mt,MH)

determines W mass

MW = MW (α,GF ,MZ ,mt,MH)

complete at 2-loop order

1-loop examples

Loop 
ontributionsquantum 
orre
tions, of O(1%)

Relevan
e of quantum 
orre
tions

Order of magnitude� ��� : : : �� ln E2m2e��O(1)� [0:2% : : :6%℄�O(1) for E = 100GeV
ontain all details of the theory� top quarkW t
b W e�e���� Higgs bosonW H

W W e�e���� gauge-boson self-
ouplingsW W
Z; 
 W e�e��� � �

) allow for indire
t experimental testsof not dire
tly a

essible quantities

Ansgar Denner 28 24. June 2003full structure of SM
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Anhang DGeneris
heZwei-S
hleifen-Diagramme f�ur dieBere
hnung von �r in O(Nf�2)D.1 Ei
hboson-SelbstenergienIn den generis
hen Diagrammen werden ni
ht einzelne Teil
hen unters
hieden, sondern nurFermionen (F), Vektorbosonen (V), Skalarbosonen (S) und Geister (U). Die Anf�uhrungaller Diagramme mit Teil
heneinsetzungen w�urde den Umfang der Arbeit sprengen.Selbstenergie-Topologien mit zwei S
hleifen:
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D.3 Vertexkorrekturen 103D.3 VertexkorrekturenVertex-Topologien mit zwei S
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hleife und Counterterm-Einsetzung:

104 D Generis
he Zwei-S
hleifen-DiagrammeD.4 Box-KorrekturenBox-Topologien mit zwei S
hleifen:
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2-loop examples
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Z resonance
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• effective Z boson couplings with higher-order ∆gV,A

gf
V → gf

V + ∆gf
V , gf

A → gf
A + ∆gf

A

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

sin2 θeff =
1

4
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1 − Re
ge

V

ge
A

)

= κ ·
(

1 − M 2
W

M 2
Z
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Irredu
ible 2-loop vertex diagrams

tribution to the Z`` vertex fun
tion with the two external lepton momenta p�,^�Z`` (2)� (P 2) = 
� �g(2)V � g(2)A 
5� ; P 2 = (p� + p+)2 ; (8)into two UV-�nite pie
es a

ording to^�Z`` (2)� (M2Z) = �Z`` (2)� (M2Z) + �CT�= ��Z`` (2)� (0) + �CT� �+ ��Z`` (2)� (M2Z)� �Z`` (2)� (0)� : (9)�Z`` (2)� (P 2) denotes the 
orresponding unrenormalized Z`` vertex, and �CT� is the two-loop
ounter term, whi
h is independent of P 2. The �rst term on the right hand side of (9)
ontains the 
omplete two-loop renormalization, but no genuine two-loop vertex diagramssin
e in absen
e of external momenta they redu
e to simpler va
uum integrals. All thegenuine two-loop vertex diagrams appear as subtra
ted quantities in the se
ond term onthe right hand side of (9).
a)

GW W
b)


, Z, W


)
W W

d)

, Z, W

Figure 2: Irredu
ible two-loop vertex diagrams 
ontaining fermion loops.4

Bosoni
 2-loop 
ontributions,Higgs-dependent partexamples for verti
es:

Z
e

e
�e

�e WHW W Z
e

eZH ZZ ee

Z eeH Z Z
Z e e Z eeH WW
Z �e �e

di�eren
e ��(MH)���(M0H) = ��subUV �nite2-loop examples for Z couplings

complete 2-loop calculation available for sin2 θeff
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EW 2-loop calculations for ∆r

Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

EW 2-loop calculations for sin2 θeff

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, Kühn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schröder, Steinhauser

Chetyrkin, Faisst, Kühn Chetyrkin, Faisst, Kühn, Maierhofer, Sturm

Boughezal, Czakon
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charge renormalization e + δe involvesphoton va
uum polarization

γ γ
−

Πγ(M 2
Z) − Πγ(0) ≡ ∆α → α(MZ) =

α

1 − ∆α

∆α = ∆αlept + ∆αhad,

∆αlept = 0.031498 (3 − loop)

∆αhad = 0.02758 ± 0.00035

significant source of parametric uncertainty

δMW

MW

∼ 0.23 δ∆α, δ sin2 θ
sin2 θ

∼ 1.54 δ∆α
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∆αhad = − α

3π
M 2

Z Re

∫
∞

4m2
π

ds′
Rhad(s

′)

s′(s′ − M 2
Z − iǫ)

Rhad =

σ(e+e−→ γ∗→ hadrons)
σ(e+e−→ γ∗→µ+µ−)

ρ,ω,φ Ψ’s Υ’s
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Bacci et al.
Cosme et al.
PLUTO
CESR, DORIS
MARK I
CRYSTAL BALL
MD-1 VEPP-4
VEPP-2M ND
DM2
BES 1999
BES 2001BES 2001
CMD-2 2004
KLOE 2005

Burkhardt, Pietrzyk 2005

15%  5.9%  6%  1.4% 0.9%

rel. err. cont.
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Rhad
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Lynn, Penso, Verzegnassi, ´87

Eidelman, Jegerlehner ´95

Burkhardt, Pietrzyk ´95

Martin, Zeppenfeld ´95

Swartz ´96

Alemany, Davier, Höcker ´97

Davier, Höcker ´97

Kühn, Steinhauser ´98

Groote et al. ´98

Erler ´98

Davier, Höcker ´98

∆αhad(M
2)     (× 10– 4 )

          Z

270 275 280 285 290 295
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input from experiments

Ele
troweak pre
ision experiments

� LEP1/SLC: e+e�! Z! f �fLEP1: � 4� 106 events/experiment4 experiments (1989 { 1995)� LEP2: e+e�!W+W�O(104) W pairs (1996 { 2000)� Tevatron: q�q0 !W! l�; q�q0(p�p) q�q0 ! t�t; t!W+b! : : :� low-energy experiments (� de
ay, �Ns
attering, �e s
attering, atomi
 parityviolation, : : : )exp. resultsMZ [GeV℄ = 91:1875� 0:0021 0:002%�Z[GeV℄ = 2:4952� 0:0023 0:09%sin2 �lepte� = 0:23148� 0:00017 0:07%MW [GeV℄ = 80:410� 0:032 0:04%mt [GeV℄ = 172:7� 2:9 1:7%GF [GeV�2℄ = 1:16637(1)10�5 0:001%Ansgar Denner 27-1 24. June 2003
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Theory versus Data

experimental results (selection)

Ele
troweak pre
ision experiments

� LEP1/SLC: e+e�! Z! f �fLEP1: � 4� 106 events/experiment4 experiments (1989 { 1995)� LEP2: e+e�!W+W�O(104) W pairs (1996 { 2000)� Tevatron: q�q0 !W! l�; q�q0(p�p) q�q0 ! t�t; t!W+b! : : :� low-energy experiments (� de
ay, �Ns
attering, �e s
attering, atomi
 parityviolation, : : : )exp. resultsMZ [GeV℄ = 91:1875� 0:0021 0:002%�Z[GeV℄ = 2:4952� 0:0023 0:09%sin2 �lepte� = 0:23148� 0:00017 0:07%MW [GeV℄ = 80:398� 0:025 0:04%mt [GeV℄ = 173:1� 1:3 0:75%GF [GeV�2℄ = 1:16637(1)10�5 0:001%Ansgar Denner 27-1 24. June 2003quantum effects at least one order of magnitude larger than
experimental uncertainties
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]

MH [GeV]

experimental lower bound on MH = 114.4 GeV

M exp
W = (80.426 ± 0.034) GeV

SM prediction for MW

[Awramik, Czakon, Freitas, Weiglein] mt = 174.3 ± 5.1 GeV

δM theo
W ≃ 4 MeV

δ sin2 θ theo
eff ≃ 5 · 10−5
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LEP Electroweak Working Group
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LEP Electroweak Working Group
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importance of two-loop calculations

200 400 600 800 1000
MH@GeVD
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development of precision

1990-1992

91.1904±0.0065

1993-1994

91.1882±0.0033

1995

91.1866±0.0024

average

91.1874±0.0021

mZ [GeV]
91.185 91.19 91.195
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W-pair productionW-pair produ
tione+e� W+
W��e e+e� W+
W�
;Z

LEP2: O(104) events (1996-2000)study of W-pair produ
tion allows� pre
ise measurement of MW�MW � 40MeV, �MW=MW � 0:05%� measurement of triple-gauge-boson 
ouplingstotal 
ross-se
tion��WW = �WW � 1%triple-gauge-boson 
ouplings� 3%
Ansgar Denner 24 24. June 2003
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Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty
March 2009 mLimit = 163 GeV

blueband: theory uncertainty

“Precision Calculations

at the Z Resonance”

CERN 95-03

[Bardin, Hollik, Passarino (eds.)]

MH < 163 GeV (95%C.L.)

with renormalized probability for MH > 114 GeV:
MH < 191 GeV (95%C.L.)
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Perspectives

2008:

The Large Hadron Collider

Future:
e+e− Linear Collider
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Higgs production at the LHC

� Higgs Produ
tion at FutureColliders{ the lightest Higgs / SM HiggsProdu
tion Pro
esses at the LHC:

� gluon fusion, gg ! Hg
g H

� ve
tor boson fusion, qq ! qqH
Hq

q
W;ZW;Z [ Higgs Produ
tion, lightest Higgs ℄

� Higgs strahlung, q�q0 ! V HHW;Z W;Z

� t�tH (b�bH) produ
tiong
g

t(b)H�t(�b)
q

�q

t(b)H�t(�b)

t�tHZHWHHqq
gg! H mt = 178 GeVMRST/NLOps = 14 TeV�(pp! H +X) [pb℄

MH [GeV℄ 1000100
100

10
1

0.1
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(expected) experimental precision

error for LEP/Tev Tev/LHC LC LC/GigaZ

MW [MeV] 25 15 15 7

sin2 θeff 0.00017 0.00021 0.000013

mtop [GeV] 1.3 1 0.2 0.13

MHiggs [GeV] – 0.1 0.05 0.05

theory uncertainty:
∆MW = 4 MeV, ∆ sin2 θeff = 5 · 10−5

crucial parametric uncertainties for PO from
mtop and αem(MZ)

– p.26



photon va
uum polarization

γ γ
−

Πγ(M 2
Z) − Πγ(0) ≡ ∆α → α(MZ) =

α

1 − ∆α

∆αhad = 0.02758 ± 0.00035

0.02749 ± 0.00012 (QCD based)

significant source of parametric uncertainty

δMW

MW

∼ 0.23 δ∆α, δ sin2 θ
sin2 θ

∼ 1.54 δ∆α

δMW = 6 MeV δ sin2 θ = 0.00012

δMW = 2 MeV δ sin2 θ = 0.00004 (QCD based)

required for GigaZ precision: δ∆α = 5 · 10−5
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distribution of uncertainties
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MW from Drell-Yan at the LHC

qq̄′ → W+ → ℓ+ νℓ
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Fig. 1. Transverse mass distribution and O(α) relative correction.

[Carloni Calame et al.]

[Baur, Wackeroth]
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[Arbuzov et al. ]
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MW from threshold scan in e+e− annihilation
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MW from threshold e+e− → WW → 4 f

O
Denner, Dittmaier, Roth, Wieders ’05

e+e− → νττ
+µ−ν̄µ

√
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MW from threshold e+e− → WW → 4 f

Some Feynman diagrams...

...for LO:
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...for NLO: total number = O(1200)

40 hexagons
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+ graphs with reversed fermion-number flow in final state

+ 112 pentagons
+ 227 boxes (‘tHF gauge) + many vertex and self-energy corrections
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[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]
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0.23175

0.23200

0.23225
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si
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180 GeV
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68% CL:

LEP/SLC/Tevatron

LHC/LC

GigaZ
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Theoretical bounds on Higgs boson mass from

• perturbativity → upper bound

• unitarity → upper bound

• triviality (Landau pole) → upper bound

• vacuum stability → lower bound
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combined effects, RGE in two-loop order:

dλ

dt
=

1

16π2

(
12λ2 − 3 g4

t + 6λ g2
t + · · ·

)
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SM Higgs:

λH4 term ad hoc

Higgs boson mass: free parameter ∼
√

λ

no a-priori reason for a light Higgs boson

SUSY Standard Model avoids these questions

H2 =




H+

2

v2 + H0
2



 , H1 =




v1 + H0

1

H−

1





couples to u couples to d

• SUSY gauge interaction → H4 terms
• self coupling remains weak
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MSSM Higgs potential contains two Higgs doublets:

V = m2
1H1H̄1 + m2

2H2H̄2 − m2
12(ǫabH

a
1Hb

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
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coupling to vector bosons V = W,Z:

[h0, H0]V V = [sin(α − β), cos(α − β)] · [SM]

coupling to fermions (u → H2, d → H1):

[h0, H0]bb = [ sin α
cos β , cos α

cos β ][SM], [h0, H0]tt = [cos α
sin β , sin α

sin β ][SM]

Abb = tanβ [SM] A tt = cot β [SM]

large MA: h0 is SM-like

H0, A0 have non-standard couplings

mH ∼ mA ∼ mH± ≫ mZ , α → β − π
2

: ‘decoupling regime’

mh → MZ + ∆mh with large loop contributions ∆mh

– p.38



Spectrum of Higgs bosons in the MSSM (example)
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large MA: h0 like SM Higgs boson ∼ decoupling regime

m0
h strongly influenced by quantum effects, e.g.

� MSSM Higgs MassPredi
tionsThe tree-level predi
tion of the MSSM is al-ready ruled out by the present LEP data.But:� There are large quantum 
orre
tions tomh0

e.g. H H

q

q

H H

q

q � �t

� Even 2-loop 
orr. to mh0 are signi�
ant.

e.g. � �t�s H HH � �2t
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1-loop: complete

2-loop:

– QCD corrections ∼ αsαt, αsαb

– Yukawa corrections ∼ α2
t

theoretical uncertainty:

δmh ≃ 3-4 GeV

[Degrassi, Heinemeyer, WH, Slavich,

Weiglein]

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

ura
y:
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3-loop contributions to Mh ∼ α2
s αt

[Harlander, Kant, Mihaila, Steinhauser]
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[Heinemeyer et al.℄
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[Kraml et al.]

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

– p.44



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.

– p.45



indirect access to SUSY particles through quantum loops

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

X = Higgs bosons, SUSY particles

µ lifetime: MW ↔ MZ , GF

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

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

2-loop improvements O(ααs, α2
t , α2

b , αtαb)

and complex parameters

[Heinemeyer, WH, Stöckinger, A. Weber, Weiglein 06]
[Heinemeyer, WH, A. Weber, Weiglein 07]
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MW – MZ correlation
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ν
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GF√
2

=
πα
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(
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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Z resonance
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MW and sin2
θeff for varied SUSY-scale

200 400 600 800 1000 1200 1400
m t~1

 [GeV]

80.340

80.360

80.380

80.400

80.420

80.440

80.460

80.480

M
W

 [
G

e
V

]

  SPS1a’

  SPS1b

  SPS5

MW
exp

 = 80.398 ± 0.025 GeV 

200 400 600 800 1000 1200 1400
m t~1

 [GeV]

0.2309

0.2311

0.2313

0.2315

0.2317

0.2319

s
in

2
θ

e
ff

  SPS1a’

  SPS1b

  SPS5

   sin
2θeff = 0.23153 ± 0.00016
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also used in recent fits by AbdusSalam, Allanach, Quevedo, Feroz, Hobson,
arxiv:0904.2548
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SPS1a′ scenario
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Scatter plots for MW & sin2
θeff

SUSY parameters:

sleptons : MF̃ ,F̃ ′ = 100 . . . 2000 GeV

light squarks : MF̃ ,F̃ ′

up/down
= 100 . . . 2000 GeV

t̃/b̃ doublet : MF̃ ,F̃ ′

up/down
= 100 . . . 2000 GeV

At,b = −2000 . . . 2000 GeV

gauginos : M1,2 = 100 . . . 2000 GeV

mg̃ = 195 . . . 1500 GeV

µ = −2000 . . . 2000 GeV

Higgs : MA = 90 − 1000 GeV

tan β = 1.1 . . . 60

Unconstrained scan, only Higgs mass required to be in
agreement with LEP data.

– p.51



[Heinemeyer, Hollik, Stöckinger, Weber, Weiglein]
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Anomalous g-factor of the muon
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g − 2 with supersymmetry

new contributions from virtual SUSY partners of µ, νµ

and of W±, Z
µ

γ

µ
χ̃i

ν̃µ

χ̃i

µ

γ

µ
µ̃a

χ̃0
j

µ̃b

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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Variable Measurement Fit  

measσ|/fit-Omeas|O
0 1 2 3

)
Z

(Mhad

(5)α∆ 0.027740.02758± 0.00035
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lR 20.74420.767± 0.025
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)
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) 
FB

(Q
l

eff
θ2sin 0.23140.2324± 0.0012

 [GeV]WM 80.38280.398± 0.025

 [GeV]tm 170.8170.9± 1.8

)γs→BR(b 1.121.13± 0.12

]-810× [µ)µ→sBBR( 0.33< 8.00  N/A (upper limit)

]-910× [µaδ 2.952.95± 0.87
2hΩ 0.1130.113± 0.009

Variable Measurement Fit  

measσ|/fit-Omeas|O
0 1 2 3
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(5)α∆ 0.02758± 0.00035 0.02768
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 [nb]had
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lR 20.767± 0.025 20.744
0,l
FBA 0.01714± 0.00095 0.01645

)
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)
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CMSSM Standard Model

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

[O. Buchmueller, . . . , Weber, Weiglein]
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Outlook –Possible scenarios

a single light Higgs boson
– SM Higgs boson?
– SUSY light Higgs boson?

H, A, H± heavy (decoupling scenario) h ∼ HSM

a light Higgs boson + more (H,A,H±)
– SUSY Higgs?
– non-SUSY 2-Higgs-Doublet model?

a single heavy Higgs boson (≫ 200 GeV)
– SUSY ruled out
– SM + (?) strong interaction?

no Higgs boson
– strongly interacting weak interaction

new strong force ∼ TeV scale

– p.60



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 h0

future experiments at colliders
– discovery of Higgs and SUSY at LHC (?)
– precision studies at e+e− Linear Collider

– p.61
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