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4 The Standard Model of electroweak interaction — flavour sector an d quantization

4.1 Fermion masses and Yukawa couplings

Ordinary Dirac mass terms mfψfψf = mf (ψL
fψ

R
f + ψR

f ψ
L
f ) not gauge invariant

→֒ introduce fermion masses by (gauge-invariant) Yukawa interaction

Lagrangian for Yukawa couplings:

LYuk = −ΨL
LGlψ

R
l Φ − ΨL

QGuψ
R
u Φ̃ − ΨL

QGdψ
R
d Φ + h.c.

• Gl, Gu, Gd = 3 × 3 matrices in 3-dim. space of generations (ν masses ignored)

• Φ̃ = iσ2Φ∗ =

(

φ0∗

−φ−

)

= charge conjugate Higgs doublet, YΦ̃ = −1

Fermion mass terms:
mass terms = bilinear terms in LYuk, obtained by setting Φ → Φ0:

Lmf
= − v√

2
ψL

l Glψ
R
l − v√

2
ψL

uGuψ
R
u − v√

2
ψL

dGdψ
R
d + h.c.

→֒ diagonalization by unitary field transformations (f = l, u, d)

ψ̂
L/R

f ≡ U
L/R

f ψ
L/R

f such that v√
2
UL

f Gf (UR
f )† = diag(mf )

⇒ standard form: Lmf
= −mf ψ̂L

f ψ̂
R
f + h.c. = −mf ψ̂f ψ̂f
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Quark mixing:

• ψf correspond to eigenstates of the gauge interaction

• ψ̂f correspond to mass eigenstates,
for massless neutrinos define ψ̂L

ν ≡ UL
l ψ

L
ν → no lepton-flavour changing

Yukawa and gauge interactions in terms of mass eigenstates:

LYuk = −
√

2ml

v

(

φ+ψ̂L
νl
ψ̂R

l + φ−ψ̂R
l ψ̂

L
νl

)

+

√
2mu

v

(

φ+ψ̂R
u V ψ̂

L
d + φ−ψ̂L

dV
†ψ̂R

u

)

−
√

2md

v

(

φ+ψ̂L
uV ψ̂

R
d + φ−ψ̂R

d V
†ψ̂L

u

)

− mf

v
i sgn(T 3

I,f )χ ψ̂fγ5ψ̂f

− mf

v
(v +H) ψ̂f ψ̂f ,

Lferm,YM =
e√
2sW

Ψ̂L
L

(

0 /W+

/W− 0

)

ψ̂L
L +

e√
2sW

Ψ̂L
Q

(

0 V /W+

V † /W− 0

)

ψ̂L
Q

+
e

2cWsW
Ψ̂L

Fσ
3 /ZΨ̂L

F − e
sW
cW

Qf ψ̂f /Zψ̂f − eQf ψ̂f /Aψ̂f

• only charged-current coupling of quarks modified by V = UL
u (UL

d )† = unitary
(Cabibbo–Kobayashi–Maskawa (CKM) matrix)

• Higgs–fermion coupling strength =
mf

v
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Features of the CKM mixing:

• V = 3-dim. generalization of Cabibbo matrix UC

• V is parametrized by 4 free parameters: 3 real angles, 1 complex phase
→֒ complex phase is the only source of CP violation in SM

counting:
(

#real d.o.f.
in V

)

−
(

#unitarity
relations

)

−
(

#phase diffs. of
u-type quarks

)

−
(

#phase diffs. of
d-type quarks

)

−
(

#phase diff. between
u- and d-type quarks

)

= 18 − 9 − 2 − 2 − 1 = 4
• no flavour-changing neutral currents in lowest order,

flavour-changing suppressed by factors Gµ(m2
q1 −m2

q2) in higher orders
(“Glashow–Iliopoulos–Maiani mechanism”)
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4.2 Quantization — gauge fixing and Faddeev–Popov sector

Gauge fields contain unphysical degrees of freedom that must not be quantized.

Consequences:

• gauge-boson propagators ill-defined without gauge fixing,
e.g. for photon the (singular) operator (gµν� − ∂µ∂ν) would have to be inverted

• in path integral
∫

DAa
µ exp{i

∫

dxL}:
only one representative of each gauge orbit should contribute,
otherwise integral over gauge-equivalent fields diverges
→֒ fix gauge by δ-functions δ(F a[Aa

µ] − Ca) in path integral (Ca = const.)
→֒ by averaging over Ca, gauge fixing can be cast in terms of a

gauge-fixing Lagrangian Lgf

Gauge-fixing Lagrangian of general Rξ gauge:

Lgf = − 1

ξW
F+F− − 1

2ξZ
(FZ)2 − 1

2ξγ
(F γ)2

with the gauge-fixing functionals F a: (ξV = arbitrary gauge-fixing parameters)

F± = ∂W± ∓ iξWMWφ
±, FZ = ∂Z − ξZMZχ, F γ = ∂A
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Features of the Rξ gauge fixing:

• elimination of mixing terms (W±
µ ∂

µφ∓), (Zµ∂
µχ) in Lagrangian

→֒ decoupling of gauge and would-be Goldstone fields (no mix propagators)

• boson propagators:

k

V
GV V

µν (k) = −i

[

gµν − kµkν

k2

k2 −M2
V

+
kµkν

k2

ξV

k2 − ξV M2
V

]

, V = W,Z, γ

k

S
GSS(k) =

i

k2 − ξV M2
V

, S = φ, χ

• important special cases:
⋄ ξV = 1: ‘t Hooft–Feynman gauge

→֒ convenient gauge-boson propagators
−igµν

k2 −M2
V

⋄ ξW, ξZ → ∞: “unitary gauge”
→֒ elimination of would-be Goldstone bosons
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Faddeev–Popov ghosts

Consistent use of gauge fixing in path integral: Faddeev–Popov ansatz
∫

DAa
µ exp

{

i

∫

dxL
}

δ(F a[Aa
µ] − Ca) det

(

δF a

δθb

)

with the gauge variation of the functionals F a:
(

δF a(x)

δθb(y)

)

= Mab(x) δ(x− y),

MV V ′

(x) = δV V ′

(�x + ξV M
2
V ) + terms linear in vector and scalar fields

Functional determinant can be written as path integral over
Grassmann-valued auxiliary fields ua(x), ūa(x): (Faddeev–Popov ghost fields)

det

(

δF a

δθb

)

∝
∫

Dua

∫

Dūa exp

{

i

∫

dxLFP

}

LFP(x) = −ūa(x)Mab(x)ub(x) = −ūV (� + ξV M
2
V )uV + . . .

→֒ ghost propagators:
k

uV ūV i

k2 − ξV M2
V
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Features of the Faddeev–Popov ghost fields:

• ghosts do not correspond to physical states
(ghost propagators have poles at unphysical mass values ξV M

2
V )

→֒ appear only inside loops in diagrams for physical processes

• ghost fields have spin 0, but are anti-commuting
(would violate spin-statistics theorem as physical states)

→֒ signs as for fermions in Feynman rules

• ghost fields couple to gauge and scalar fields (not to fermions):
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5 Electroweak phenomenology

5.1 Brief overview

Features of the electroweak Standard Model

• Higgs boson not yet found, particle content verified otherwise

• No really significant contradictions of GSW model with experiment

• Input parameters:

α =
e2

4π
≈ 1/137, MW ≈ 80 GeV, MZ ≈ 91 GeV, MH

>∼ 100 GeV, mf , V

• GSW model = consistent quantum field theory
⋄ matrix elements respect unitarity

⋄ renormalizability

⇒ evaluation of higher perturbative orders possible
(and phenomenologically necessary !)
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Important electroweak experiments
• Muon decay: µ− → νµe−ν̄e

W

µ−

determination of the Fermi constant

Gµ =
παM2

Z√
2M2

W
(M2

Z
− M2

W
)

+ . . .

• Z production (LEP1/SLC): e+e− → Z → ff̄

γ, Z

e+

e−

various precision measurements at the
Z resonance: MZ,ΓZ, σhad, AFB, ALR, etc.

⇒ good knowledge of the Zff̄ sector

• W-pair production (LEP2/ILC): e+e− → WW → 4f(+γ)

e+

e−
γ, Z

W

W

e+

e−
νe

W

W

– measurement of MW

– γWW/ZWW couplings

– quartic couplings: γγWW, γZWW
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Important electroweak experiments (continued)
• W production (Tevatron/LHC): pp,pp̄ → W → lνl(+γ)

W

p

p, p̄

– measurement of MW

– bounds on γWW coupling

• top-quark production (Tevatron/LHC): pp,pp̄ → tt̄ → 6f

t

t̄

W

W

b

b̄

p

p, p̄

– measurement of mt

Theoretical predictions
parametrized by α(MZ), MW, MZ, mt, mf , αs(MZ) and MH

→֒ global fit of SM to data yields bounds on MH

But: high precision necessary,
since MH sensitivity weak ∼ α

π log(MH/MW)
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5.2 Z-boson physics at LEP1 and SLC

Precision study of the Z line shape

γ,Z

e+

e−

f

f̄

Unfolded resonance:

σres(s) = σ0 sΓ2
Z

∣

∣

∣
s − M2

Z + iMZΓZ
s

M2
Z

∣

∣

∣

2

Resonance observables:
• Z mass and width: MZ,ΓZ

• peak cross section: σ0
had

• various asymmetries: AFB, ALR, etc.

• ratios of decay widths: Rl = Γhad

Γl
, etc.

Ecm [GeV]

σ ha
d 

[n
b]

σ from fit
QED unfolded

measurements, error bars
increased by factor 10

ALEPH
DELPHI
L3
OPAL

σ0

ΓZ

MZ

10

20

30

40

86 88 90 92 94
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Number of light neutrinos

ΓZ = Γhad + Γe + Γµ + Γτ + Γinv

•• ΓZ measured from Z line shape

• Γhad and Γl=e,µ,τ from

Rl =
Γhad

Γl
and σ

0
had =

12π

M2
Z

ΓeΓhad

Γ2
Z

Fit of ΓZ, Rl, and σ0
had yields invisible Z-decay width: Γinv = Nν Γtheory

Z→νν̄

→֒ Nν = 2.9840 ± 0.0082
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Effective Z-boson–fermion couplings

f̄

f

Zµ = ieγµ(gV f − gAfγ5)

Leptonic couplings from LEP1
asymmetry measurements, e.g.:

A0,f
FB =

σ0
f,F − σ0

f,B

σ0
f,F + σ0

f,B

=
3

4
AeAf

(F/B = For/Backward hemisphere)

with Af =
2gV fgAf

g2
V f + g2

Af

Good agreement with SM
• lepton universality confirmed
• constraints on mt and MH

LEPEWWG ’05

-0.041

-0.038

-0.035

-0.032

-0.503 -0.502 -0.501 -0.5

gAl

g V
l

68% CL

l+l−

e+e−

µ+µ−

τ+τ−

mt

mH

mt= 178.0 ± 4.3 GeV
mH= 114...1000 GeV

∆α
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Translation of effective couplings into effective weak mixing angle

sin2 θlept
eff =

1

4

(

1 −
Re{gV l}

Re{gAl}

)

Important features:

• high sensitivity to MH

• combination of
very different observables

• ∼ 3σ difference between
A0,b

FB(LEP) and A0,l
LR(SLD)

with the initial-state pol. asymmetry

A0,l
LR

=
σ0
L − σ0

R

σ0
L

+ σ0
R

1

〈|Pe|〉

LEPEWWG ’05

10 2

10 3

0.23 0.232 0.234

sin2θ
lept

eff

m
H
  [

G
eV

]

χ2/d.o.f.: 11.8 / 5

A
0,l

fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A
0,b

fb 0.23221 ± 0.00029

A
0,c

fb 0.23220 ± 0.00081

Q
had

fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 178.0 ± 4.3 GeV
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Observables most sensitive to mt and MH

LEPEWWG ’05

130

150

170

190

210

10 10
2

10
3

mH  [GeV]

m
t  

[G
eV

]

68 % CL

sin2θleptsin2θeff

mW

prel.

Γ ll

Rb

∆α

main sensitivity to mt via

W

t

b

W Z

t

t b

W

b̄

main sensitivity to MH via

W

H

W

W Z

H

Z

Z
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Bounds on MH (95% C.L.)

0

1

2

3

4

5

6

10030 300

mH [GeV]

∆χ
2

Excluded

∆αhad =∆α(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q2 data

Theory uncertainty
– MH > 114.4GeV (LEPHIGGS ’02)

e+e− /−→ ZH at LEP2

– MH < 175GeV (LEPEWWG ’06)

fit to precision data,
i.e. via quantum corrections

W

H

W

W Z

H

Z

Z

Sensitivity via “high-precision observables”: mt, MW, sin2 θlept
eff , etc.

→֒ precise measurement is possible at future ILC !
⇒ stronger bounds on MH
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5.3 W-boson physics at LEP2

W-pair production e+e− → WW → 4f(+γ)

e+

e−
νe

W

W

diagram dominates near W-pair threshold

e+

e− γ, Z

W

W

diagram contains γWW/ZWW couplings

Physics issues:
• test of non-abelian structure of triple gauge-boson couplings (TGCs)

→֒ constraint on non-standard γWW/ZWW couplings
• precision measurement of W-pair cross section
• precision measurement of W mass MW

• first bounds on non-standard quartic gauge-boson couplings (QGCs)

⇒ Theoretical requirement:
precise understanding of 2 → 4 process (0.5% level for cross section)
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A typical 4-jet event observed at ALEPH

M
ade on 3-A

ug-1999 14:42:48 by lancon w
ith D

A
L

I_E
2.

Filenam
e: D

C
050662_019981_990803_1442.PS

DALI_E2     ECM=200   Pch=78.6 Efl=197. Ewi=126. Eha=41.3  lqqqq_ev                                       
            Nch=28    EV1=0    EV2=0    EV3=0    ThT=0              99−08−03  5:47           Detb=  E1FFFF

Run=50662   Evt=19981   
ALEPH
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(Non-)standard TGCs Gaemers, Gounaris ’79; Hagiwara, Hikasa, Peccei, Zeppenfeld ’87;
Bilenky, Kneur, Renard, Schildknecht ’93; etc.

General parametrization (C- and P-conserving):
W+

W−
V = γ,Z

LV WW = −iegV WW

{

gV
1 (W+

µνW
−,µV ν −W−,µνW+

µ Vν)

+ κVW
+
µ W

−
ν V

µν +
λV

M2
W

W+
ρµW

−,µ
ν V νρ

}

Meaning for static W+ bosons:

QW = egγ
1 = electric charge (= e by charge conservation)

µW =
e

2MW

(gγ
1 + κγ + λγ) = magnetic dipole moment

qW = − e

M2
W

(κγ − λγ) = electric quadrupole moment

Standard Model values:

gV
1 = κV = 1, λV = 0

Restriction to SU(2)×U(1)-symmetric dim-6 operators:

κZ = gZ
1 − (κγ − 1) tan2 θW, λZ = λγ
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LEP2 constraints on charged TGCs LEPEWWG ’04

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.9 1 1.1

g1
Z

λ γ

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

0.9 0.95 1 1.05 1.1

g1
Z

κ γ

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

-0.1 0 0.1

λγ

κ γ

95% c.l.

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.9 1 1.1

g1
Z

λ γ

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

0.9 0.95 1 1.05 1.1

g1
Z

κ γ

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

-0.1 0 0.1

λγ

κ γ

95% c.l.

68% c.l.

2d fit result

LEP charged TGC Combination 2003

LEP Preliminary

∆gZ
1 = −0.009+0.022

−0.021

∆κγ = −0.016+0.042
−0.047

λγ = −0.016+0.021
−0.023

Standard Model values verified
at the level of 2–4%

Note: TGC bounds ∼ O(EW corrections)
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Total WW cross section at LEP2

Status of 1999: (LEPEWWG ’99) Final (?) result: (LEPEWWG ’05)

√s


   [GeV]

 σ
(e

+ e− →
W

+ W
− (γ

))
   

[p
b]

LEP

νe exchange

no ZWW vertex

Standard Model

Data

√s


 ≥ 189 GeV: preliminary

0

10

20

160 170 180 190 200

GENTLE (Bardin et al.)

only universal EW corrections
→֒ theoretical uncertainty ∼ ±2%

√s (GeV)

σ W
W

 (
pb

)

YFSWW and RacoonWW

LEP PRELIMINARY

17/02/2005

0

10

20

160 180 200

16

17

18

190 195 200 205

YFSWW (Jadach et al.) / RacoonWW (Denner et al.)

non-universal corrections included
→֒ th. uncertainty ∼ ±0.5% for

√
s > 170 GeV
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5.4 Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

∝ MWH

W,Z

W,Z

∝ mfH

f̄

f

⇒ Higgs production mainly via coupling to W/Z bosons or top quarks
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5.4 Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

∝ MWH

W,Z

W,Z

∝ mfH

f̄

f

⇒ Higgs production mainly via coupling to W/Z bosons or top quarks

Processes at hadron colliders (pp̄/pp):

H

t

t

t

H

W, Z

W, Z

H

q

q

W, Z

W, Z

H

t

t̄

t

t
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5.4 Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

∝ MWH

W,Z

W,Z

∝ mfH

f̄

f

⇒ Higgs production mainly via coupling to W/Z bosons or top quarks

Processes at hadron colliders (pp̄/pp):

H

t

t

t

H

W, Z

W, Z

H

q

q

W, Z

W, Z

H

t

t̄

t

t

Processes at e+e− colliders:

H

Z
Z

e+

e−

H

ν̄e

νe

W

W

e+

e−

t

H
γ, Z

t̄

e+

e−
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Cross sections and significance of the Higgs signal at the LHC

Spira et al. ’98 ATLAS ’03

σ(pp→H+X) [pb]
√s = 14 TeV
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 (no K-factors)

ATLAS

Physics goals:

– Higgs discovery, MH measurement, decay analyses
– ratios of couplings to W/Z bosons and quarks
– extended Higgs sectors (MSSM: h,H,A,H±)
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The issue of QCD radiative corrections — reduction of scale uncertainties

Two examples:
pp → H +X in NNLO: pp → tt̄H +X in NLO:
(MH/2 < µren = µfact < 2MH)

Harlander, Kilgore ’02
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Beenakker, Dittmaier, Krämer,
Plümper, Spira, Zerwas ’01

⇒ Reduction of scale uncertainties in LO → NLO → NNLO

∆σNNLO

σNNLO

∼ 15%
∆σNLO

σNLO

∼ 20%
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Higgs-boson production in e+e− annihilation

ZH production ("‘Higgs-strahlung"’) WW fusion

e−

e+

f

f̄

H

Z
Z

e−

e+

νe

ν̄e

H

W

W

WW fusion dominates
at high energies (

√
s≫MH):

σZH ∼ const / s

σWW ∼ const × ln(s/M2
W)

Physics issues:

– Higgs decay width
– quantum numbers (spin, P, CP)
– measurement of couplings
– extended Higgs sectors ?

TESLA-TDR ’01
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Examples for Higgs studies at the ILC:

A qualitative study – spin: Precision BR measurements:

Miller et al. ’01; TESLA-TDR ’01
Battaglia ’00; TESLA-TDR ’01

→֒ spin J from rise
of cross section

(assumed data versus theory error bands)

→֒ precision test of Higgs mechanism,
demarcation of SUSY Higgs bosons
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Channel for analyzing the top-Yukawa coupling:

Associated Higgs production: e+e− → tt̄H

t
t

H

t̄

γ, Z

tH

t̄

Z Z

expected accuracy:

∆gttH/gttH ∼ 5%

QCD-corrected cross section:
Dittmaier, Krämer, Liao, Spira, Zerwas ’98
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5.4 The role of precision at LHC and ILC

LHC: the discovery machine (Higgs & EWSB, SUSY, etc.?)

• QCD corrections (at least NLO) are substantial parts of predictions

typical LO uncertainties ∼ several 10%−100%

corrections needed for signals and many background processes

• EW corrections also important for many observables

(precision physics, searches at high scales, particle reconstruction, etc.)

ILC: the high-precision machine (precision → window to higher energy)

• old and new physics with high accuracy (typically δσ/σ <∼ 1%)

→֒ QCD and EW corrections required

• the ultimate precision at GigaZ/MegaW:

precision increases by factor ∼ 10 w.r.t. LEP/SLC

EXP: ∆ sin2 θlept

eff ∼ 0.00001, ∆MW ∼ 7 MeV

TH: go from a few 102 to a few 104 (more complicated) diagrams

⇒ Precision calculations mandatory for LHC and ILC !
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⋄ Z-boson production at LEP1/SLC:

“Z Physics at LEP1”, eds. G. Altarelli, R. Kleiss and C. Verzegnassi (CERN 89-08), Vol. 1;
“Reports of the Working Group on Precision Calculations for the Z Resonance”, eds. D. Bardin,
W. Hollik and G. Passarino (CERN 95-03);
D.Y. Bardin, M. Grünewald and G. Passarino, hep-ph/9902452.
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