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Electroweak (EW) phenomenology before the GSW model

Some phenomenological facts:

▶ discovery of the weak interaction via radioactive β-decay of nuclei:
n→ p+ e− + ν̄e, p→ n+ e+ + νe (not possible for free protons)

▶ terminology “weak”:
interaction at low energy has very short range
↪→ long life time of weakly decaying particles:

strong int.: ρ → 2π, τ ∼ 10−22s
elmg. int.: π → 2γ, τ ∼ 10−16s
weak int.: π− → µ− + ν̄µ τ ∼ 10−8s

µ− → e− + ν̄e + νµ, τ ∼ 10−6s

▶ lepton-number conservation: µ− /−→ e− + γ (BR <∼ 4 · 10−13)

⇒ Le, Lµ, Lτ individually conserved:
Le = +1 for e−, νe, Le = −1 for e+, ν̄e, etc.

(For massive ν’s with different Dirac masses, only Le+Lµ+Lτ is conserved.)

▶ parity violation (Wu et al. 1957):

e.g.: K+ → 2π, 3π︸ ︷︷ ︸
final states of different parity

60Co→ 60Ni∗ + e− + ν̄e
↪→ polarization inversion does not

yield inversion of spectra
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The Fermi model

(Fermi 1933, further developed by Feynman, Gell-Mann and others after 1958)

Lagrangian for “current–current interaction” of four fermions:

LFermi(x) = −2
√
2GµJ

†
ρ(x)J

ρ(x), Gµ = 1.16639× 10−5 GeV−2

with Jρ(x) = J lep
ρ (x) + Jhad

ρ (x) = charged weak current

▶ Leptonic part J lep
ρ of Jρ:

J lep
ρ = ψνeγρω−ψe+ψνµγρω−ψµ ω± = 1

2
(1±γ5) = chirality projectors

▶ only left-handed fermions (ω−ψ), right-handed anti-fermions (ψω+)
feel (charged-current) weak interactions ⇒ maximal P-violation

▶ doublet structure:

(
νe
e−

)
,

(
νµ
µ−

)
, later completed by

(
ντ
τ−

)
▶ (J lep,ρ)†J lep

ρ induces muon decay:

µ−

νµ

e−

ν̄e
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▶ Hadronic part Jhad
ρ of Jρ:

Relevant quarks for energies <∼ 1GeV: u, d, s, c
↪→ meson (qq̄) and baryon (qqq) spectra

Question: doublet structure

(
u
d

)
,

(
c
s

)
?

Problem: e.g. annihilation of us̄ pair would not be allowed,
but is observed: K+︸︷︷︸

us̄ pair in quark model

→ µ+νµ

Solution (Cabibbo 1963):

u-c-mixing and d-s-mixing in weak interaction

↪→ doublets

(
u
d′

)
,

(
c
s′

)
with

(
d′

s′

)
= UC

(
d
s

)
,

orthogonal Cabbibo matrix UC =

(
cos θC sin θC
− sin θC cos θC

)
,

empirical result: θC ≈ 13◦

Jhad
ρ = ψuγρω−ψd′ + ψcγρω−ψs′
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Remarks on the Fermi model:

▶ universal coupling Gµ for all transitions
(U†

CUC = 1 is part of universality)

▶ no (pseudo-)scalar or tensor couplings, such as (ψψ)(ψψ), (ψψ)(ψγ5ψ), etc.,
necessary to describe low-energy experiments (E <∼ 1GeV)

▶ Problems:

▶ cross sections for νµe→ νeµ, etc., grow for energy E →∞ as E 2

↪→ unitarity violation !

▶ no consistent evaluation of higher perturbative orders possible
(no cancellation of UV divergences)

↪→ non-renormalizability !
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“Intermediate-vector-boson (IVB) model”

Idea: “resolution” of four-fermion interaction by vector-boson exchange

Lagrangian:

LIVB = L0,ferm + L0,W + Lint,

L0,ferm = ψf (i/∂ −mf )ψf , (summation over f assumed)

L0,W = −1

2
(∂µW

+
ν − ∂νW+

µ )(∂µW−,ν − ∂νW−,µ) +M2
WW+

µ W−,µ,

with W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ), W i

µ real

W± are vector bosons with electric charge ±e and mass MW.

Propagator: GWW
µν (k) =

−i
k2 −M2

W

(
gµν −

kµkν
M2

W

)
, k = momentum

Interaction Lagrangian: Lint =
gW√
2

(
JρW+

ρ + Jρ†W−
ρ

)
,

Jρ = charged weak current as in Fermi model
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Four-fermion interaction in process νµe
− → µ−νe

Fermi model: IVB model:

µ−νµ

e− ν̄e

µ−νµ

e− ν̄e

W

−i2
√
2Gµ gρσ

i
2
g 2
W

1

k2 −M2
W

(
gρσ −

kρkσ
M2

W

)
×
[
ūµ−γρω−uνµ

]
[ūνeγ

σω−ue− ] ×
[
ūµ−γρω−uνµ

]
[ūνeγ

σω−ue− ]

⇒ identification for |k| ≪ MW: 2
√
2Gµ =

g 2
W

2M2
W

Consequences for the high-energy behaviour:

▶ kρ terms: ūνe/kω−ue− = ūνe(/pe − /pνe)ω−ue− = meūνeω−ue−
↪→ no extra factors of scattering energy E

▶ propagator 1/(k2 −M2
W) ∼ 1/E 2 for |k| ∼ E ≫ MW

↪→ damping of amplitude in high-energy limit by factor 1/E 2

⇒ cross section
Ẽ→∞ const/E 2, ⇒ No unitarity violation !
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Comments on the IVB model:

▶ Formal similiarity with QED interaction: JρW+
ρ + h.c. ←→ jρelmgAρ

▶ Intermediate vector bosons can be produced, e.g.

ud̄︸︷︷︸
in pp collision

−→ W+ → f f̄ ′︸ ︷︷ ︸
W± unstable

(discovery 1983 at CERN)

▶ Problems:

▶ unitarity violations in cross sections with longitudinal W bosons, e.g.

νe

W

W

γ

W

W

▶ non-renormalizability
(no consistent treatment of higher perturbative orders)

↪→ Solution by spontaneously broken gauge theories !
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The principle of local gauge invariance

QED as U(1) gauge theory:

Lagrangian L0,ferm = ψf (i/∂ −mf )ψf has global phase symmetry:

ψf → ψ′
f = exp{−iQf eθ}ψf , ψf → ψ′

f = ψf exp{+iQf eθ}
with space-time-independent group parameter θ

“Gauging the symmetry”: demand local symmetry, θ → θ(x)

To maintain local symmetry, extend theory by “minimal substitution”:

∂µ → Dµ = ∂µ + iQf eA
µ(x) = “covariant derivative”,

Aµ(x) = spin-1 gauge field (photon).

Transformation property of photon Aµ(x)→ A′
µ(x) = Aµ(x) + ∂µθ(x) ensures

▶ Dµψf → (Dµψf )
′ = D ′

µψ
′
f = exp{−iQf eθ}(Dµψf )

▶ gauge invariance of field-strength tensor Fµν = ∂µAν − ∂νAµ

Gauge-invariant Lagrangian of QED:

LQED = ψf (i/∂ − Qf e /A−mf )ψf −
1

4
FµνF

µν
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Non-Abelian gauge theory (Yang–Mills theory):

Starting point:

Lagrangian LΦ(Φ, ∂µΦ) of free or self-interacting fields

with “internal symmetry”:

▶ Φ =

( ϕ1...
ϕn

)
= multiplet of a compact Lie group G:

Φ→ Φ′ = U(θ)Φ, U(θ) = exp{−igT aθa} = unitary,

T a = group generators, [T a,T b] = iC abcT c , Tr(T aT b) = 1
2
δab

▶ LΦ is invariant under G: LΦ(Φ, ∂µΦ) = LΦ(Φ
′, ∂µΦ

′)

Example: self-interacting (complex) boson multiplet

LΦ = (∂µΦ)
†(∂µΦ)−m2Φ†Φ+λ(Φ†Φ)2 (m = common boson mass, λ = coupling strength)

Gauging the symmetry by minimal substitution:

LΦ(Φ, ∂µΦ) → LΦ(Φ,DµΦ) with Dµ = ∂µ + igT aAa
µ(x),

g = gauge coupling,

T a = generator of G in Φ representation,

Aa
µ(x) = gauge fields
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Transformation property of gauge fields:

▶ LΦ(Φ,DµΦ) local invariant if DµΦ → (DµΦ)
′ = D ′

µΦ
′ = U(θ)(DµΦ)

⇒ T aA′a
µ = UT aAa

µU
† − i

g
U(∂µU

†), Aa
µA

a,µ = not gauge invariant

infinitesimal form: δAa
µ = gC abcδθbAc

µ + ∂µδθ
a

▶ covariant definition of field strength: [Dµ,Dν ] = igT aF a
µν

⇒ T aF a
µν → T aF ′a

µν = UT aF a
µνU

†, F a
µνF

a,µν = gauge invariant

explicit form: F a
µν = ∂µA

a
ν − ∂νAa

µ − gC abcAb
µA

c
ν

Yang–Mills Lagrangian for gauge and matter fields:

LYM = −1

4
F a
µνF

a,µν + LΦ(Φ,DµΦ)

▶ Lagrangian contains terms of order (∂A)A2, A4 in F 2 part

↪→ cubic and quartic gauge-boson self-interactions

▶ gauge coupling determines gauge-boson–matter and gauge-boson

self-interaction → unification of interactions

▶ mass term M2(Aa
µA

a,µ) for gauge bosons forbidden by gauge invariance

↪→ gauge bosons of unbroken Yang–Mills theory are massless
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Quantum chromodynamics — gauge theory of strong interactions

▶ Gauge group: SU(3)c , dim. = 8

structure constants f abc , gauge coupling gs, αs =
g 2
s

4π

▶ Gauge bosons: 8 massless gluons g with fields Aa
µ(x), a = 1, . . . , 8

▶ Matter fermions: quarks q (spin- 1
2
) with flavours q = d, u, s, c, b, t

in fundamental representation:

ψq(x) ≡ q(x) =

qr (x)
qg (x)
qb(x)

 = colour triplet

T a =
λa

2
, Gell-Mann matrices λ1 =

0 1 0
1 0 0
0 0 0

, etc.

▶ Lagrangian:

LQCD = − 1
4
F a
µνF

a,µν +
∑
q

ψq(i/D −mq)ψq

= − 1
4

(
∂µA

a
ν − ∂νAa

µ − gsf
abcAb

µA
c
ν

)2
+

∑
q

ψq

(
i/∂ − gs

λa

2
/Aa −mq

)
ψq

g g
g

g
g

g

g

g

g
q̄ q

q

q̄
g
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The Standard Model (SM) of electroweak interaction
(Glashow–Salam–Weinberg model)

The gauge group for EW interaction

Why unification of weak and elmg. interaction ?

▶ similiarity: spin-1 fields couple to matter currents formed by spin- 1
2
fields

▶ elmg. coupling of charged W± bosons

γ,W+,W− as gauge bosons of group SU(2) ? – No!

Reasons:

▶ charge operator Q cannot be SU(2) generator, since TrQ ̸= 0

for fermion doublets: Q =

(
0 0
0 −1

)
for

(
νe
e−

)
, etc.

Possible way out: additional heavy fermions like E+ as partner to e− ?
↪→ no experimental confirmation !

▶ W± couplings parity violating, but γ coupling parity invariant
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Minimal solution: SU(2)I × U(1)Y

▶ SU(2)I → weak isospin group with gauge fields W+,W−,W 0

▶ U(1)Y → weak hypercharge with gauge field B

W 0 and B carry identical quantum numbers

↪→ two neutral gauge bosons γ, Z as mixed states

Experiment: 1973 discovery of neutral weak currents at CERN

↪→ indirect confirmation of Z exchange

1983 discovery of W± and Z bosons at CERN
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Fermion sector and minimal substitution

Multiplet structure:

Distinguish between left-/right-handed parts of fermions: ψL = ω−ψ, ψ
R = ω+ψ

▶ ψL couple to W± → group ψL into SU(2)I doublets, weak isospin T a
I = σa

2

▶ ψR do not couple to W± → ψR are SU(2)I singlets, weak isospin T a
I = 0

▶ ψL/R couple to γ in the same way

↪→ adjust coupling to U(1)Y (i.e. fix weak hypercharges Y L/R for ψL/R)

such that elmg. coupling results: Lint,QED = −Qf eψf /Aψf

Fermion content of the SM:
(ignoring possible right-handed neutrinos)

T 3
I Q

leptons: ΨL
L =

(
νLe
eL

)
,

(
νLµ
µL

)
,

(
νLτ
τL

)
,

+ 1
2

− 1
2

0
−1

ψR
ℓ = eR, µR, τR, 0 −1

quarks:
(Each quark exists
in 3 colours!)

ΨL
Q =

(
uL

dL

)
,

(
cL

sL

)
,

(
tL

bL

)
,

+ 1
2

− 1
2

+ 2
3

− 1
3

ψR
u = uR, cR, tR, 0 + 2

3

ψR
d = dR, sR, bR, 0 − 1

3
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Free Lagrangian of (still massless) fermions:

L0,ferm = iψf /∂ψf = iΨL
L /∂Ψ

L
L + iΨL

Q/∂Ψ
L
Q + iψR

ℓ /∂ψ
R
ℓ + iψR

u /∂ψ
R
u + iψR

d /∂ψ
R
d

Minimal substitution:

∂µ → Dµ = ∂µ − ig2T
a
I W

a
µ + ig1

1
2
YBµ = DL

µω− + DR
µ ω+,

DL
µ = ∂µ −

ig2√
2

(
0 W+

µ

W−
µ 0

)
− i

2

(
g2W

3
µ − g1Y

LBµ 0
0 −g2W 3

µ − g1Y
LBµ

)
,

DR
µ = ∂µ + ig1

1
2
YRBµ

Photon identification:

“Weinberg rotation”:

(
Zµ

Aµ

)
=

(
cW sW
−sW cW

)(
W 3

µ

Bµ

)
,

cW=cos θW, sW=sin θW,

θW = weak mixing angle

DL
µ

∣∣
Aµ

= − i

2
Aµ

(
−g2sW − g1cWY L 0

0 g2sW − g1cWY L

)
!
= ieAµ

(
Q1 0
0 Q2

)

▶ charged difference in doublet Q1 − Q2 = 1 → g2 =
e

sW

▶ normalize Y L/R such that g1 =
e

cW
↪→ Y fixed by “Gell-Mann–Nishijima relation”: Q = T 3

I +
Y

2
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Fermion–gauge-boson interaction:

Lferm,YM =
e√
2sW

ΨL
F

(
0 /W+

/W− 0

)
ΨL

F +
e

2cWsW
ΨL

Fσ
3 /ZΨL

F

− e
sW
cW

Qf ψf /Zψf − eQf ψf /Aψf (f = all fermions, F = all doublets)

Feynman rules:

f

f̄ ′

Wµ
ie√
2sW

γµω−

f

f̄

Aµ −iQf eγµ

f

f̄

Zµ ieγµ(g
+
f ω+ + g−

f ω−) = ieγµ(vf − af γ5)

with g+
f = − sW

cW
Qf , g−

f = − sW
cW

Qf +
T 3

I,f

cWsW
,

vf = −
sW
cW

Qf +
T 3

I,f

2cWsW
, af =

T 3
I,f

2cWsW
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Gauge-boson sector

Yang–Mills Lagrangian for gauge fields:

LYM = −1

4
W a

µνW
a,µν−1

4
BµνB

µν

Field-strength tensors:

W a
µν = ∂µW

a
ν − ∂νW a

µ + g2ϵ
abcW b

µW
c
ν , Bµν = ∂µBν − ∂νBµ

Lagrangian in terms of “physical” fields:

LYM = − 1

2
(∂µW

+
ν − ∂νW+

µ )(∂µW−,ν − ∂νW−,µ)

− 1

4
(∂µZν − ∂νZµ)(∂

µZν − ∂νZµ)− 1

4
(∂µAν − ∂νAµ)(∂

µAν − ∂νAµ)

+ (trilinear interaction terms involving AW+W−, ZW+W−)

+ (quadrilinear interaction terms involving

AAW+W−, AZW+W−, ZZW+W−, W+W−W+W−)
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Feynman rules for gauge-boson self-interactions:
(fields and momenta incoming)

W+
µ

W−
ν

Vρ
ieCWWV

[
gµν(k+ − k−)ρ + gνρ(k− − kV )µ

+ gρµ(kV − k+)ν
]

with CWWγ = 1, CWWZ = −cW
sW

W+
µ

W−
ν

Vρ

V ′
σ

ie2CWWVV ′
[
2gµνgρσ − gµρgσν − gµσgνρ

]
with CWWγγ = −1, CWWγZ =

cW
sW

,

CWWZZ = −c2W
s2W

, CWWWW =
1

s2W
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Higgs sector and spontaneous symmetry breaking

Idea: spontaneous breakdown of SU(2)I×U(1)Y symmetry → U(1)elmg symmetry

↪→ masses for W± and Z bosons, but γ remains massless

Note: choice of scalar extension of massless model involves freedom

GSW model:

Minimal scalar sector with complex scalar doublet Φ =

(
ϕ+

ϕ0

)
, YΦ = 1

Scalar self-interaction via Higgs potential: V

Re(ϕ0)

Im(ϕ0)

V (Φ) = −µ2Φ†Φ+
λ

4
(Φ†Φ)2, µ2, λ > 0,

= SU(2)I×U(1)Y symmetric

V (Φ) = minimal for |Φ| =
√

2µ2

λ
≡ v√

2
> 0

Ground state Φ0 (=vacuum expectation value of Φ) not unique,

specific choice Φ0 =

(
0
v√
2

)
not gauge invariant ⇒ spontaneous symmetry breaking!

Elmg. gauge invariance unbroken, since QΦ0 =

(
1 0
0 0

)
Φ0 = 0
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Field excitations in Φ:
Φ(x) =

(
ϕ+(x)

1√
2

(
v + H(x) + iχ(x)

))
Gauge-invariant Lagrangian of Higgs sector: (ϕ− = (ϕ+)†)

LH = (DµΦ)
†(DµΦ)− V (Φ) with Dµ = ∂µ − ig2

σa

2
W a

µ + i
g1
2
Bµ

= (∂µϕ
+)(∂µϕ−)− iev

2sW
(W+

µ ∂
µϕ− −W−

µ ∂
µϕ+) +

e2v 2

4s2W
W+

µ W−,µ

+
1

2
(∂χ)2 +

ev

2cWsW
Zµ∂

µχ+
e2v 2

4c2Ws2W
Z 2 +

1

2
(∂H)2 − µ2H2

+ (trilinear SSS , SSV , SVV interactions)

+ (quadrilinear SSSS , SSVV interactions)

Implications:

▶ gauge-boson masses: MW =
ev

2sW
, MZ =

ev

2cWsW
=

MW

cW
, Mγ = 0

▶ physical Higgs boson H: MH =
√

2µ2 = free parameter

▶ would-be Goldstone bosons ϕ±, χ: unphysical degrees of freedom
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Fermion masses and Yukawa couplings

Ordinary Dirac mass terms mf ψf ψf = mf (ψL
f ψ

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

u Guψ
R
u −

v√
2
ψL

d Gdψ
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 (U
R
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 ψ̂
R
ℓ + ϕ−ψ̂R

ℓ ψ̂
L
νℓ

)
+

√
2mu

v

(
ϕ+ψ̂R

u V ψ̂
L
d + ϕ−ψ̂L

d V
†ψ̂R

u

)
−
√
2md

v

(
ϕ+ψ̂L

u V ψ̂
R
d + ϕ−ψ̂R

d V
†ψ̂L

u

)
− mf

v
i sgn(T 3

I,f )χ ψ̂f γ5ψ̂f

− 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 /Z ψ̂f − eQf ψ̂f /Aψ̂f

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

L
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 of physical parameters:(
#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(m
2
q1 −m2

q2) in higher orders

(“Glashow–Iliopoulos–Maiani mechanism”)
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Quantization of the EW SM

▶ describes particle creation and annihilation

▶ requires gauge-fixing for perturbation theory (existence of propagators)

Common approach: Faddeev–Popov method with Rξ gauge-fixing

▶ Rξ gauge-fixing Lagrangian: (ξ
(′)
V = arbitrary gauge parameters)

Lfix = − 1
2ξA

(CA)2 − 1
2ξZ

(CZ )2 − 1
ξW

C+C−

C± = ∂µW±
µ ∓ iMWξ

′
Wϕ

±, CZ = ∂µZµ −MZξ
′
Zχ, CA = ∂µAµ

↪→ elimination of ϕW and χZ mixing for ξ′V = ξV (propagator decoupling),

simple vector propagators in ’t Hooft–Feynman gauge (ξ
(′)
V = 1):

k

Vµ V †
ν GVV†

µν (k) =
−igµν

k2 −M2
V

, V = W ,A,Z

▶ Faddeev–Popov Lagrangian with unphysical ghost fields ua, ūa (a = ±,A,Z)

LFP = −
∫

d4y ūa(x)
δC a(x)

δθb(y)
ub(y), (θa = gauge group parameters)

▶ Green functions obey Slavnov–Taylor identities (from BRS symmetry),
involving ghost contributions
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Perturbative evaluation of the EW SM

▶ Input parameters: α = e2/(4π),MW,MZ,MH,mf ,V

↪→ non-trivial issue to find

▶ appropriate field-theoretical definitions (“renormalization scheme”)
▶ appropriate phenomenological input (“input parameter scheme”)

▶ Renormalizability:

▶ UV finiteness guaranteed
▶ perturbative approximation controllable (all orders defined)

▶ Complications:

▶ almost all particles unstable
▶ many mass scales in amplitudes and loop integrals
▶ IR (soft and/or collinear) singularities

▶ EW corrections:

generic size O(α) ∼ O(α2
s) suggests NLO EW ∼ NNLO QCD,

but systematic enhancements possible, e.g.

▶ by photon emission
↪→ kinematical effects, mass-singular log’s ∝ α ln(mℓ/Q)

▶ at high energies
↪→ EW Sudakov log’s ∝ (α/s2W) ln2(MW/Q) and subleading log’s
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Electroweak precision physics before the LHC era
Key experiments for EW precision physics

▶ 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→ f f̄

γ,Z

e+

e−

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

⇒ good knowledge of the Zf f̄ sector

▶ W-pair production (LEP2): 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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Key experiments for EW precision physics (continued)

▶ W/Z production (Tevatron/LHC): pp, pp̄→W→ ℓνℓ(+γ)

pp, pp̄→ Z→ ℓ+ℓ−

W/Z

p

p, p̄

– measurement of MW

– bounds on γWW coupling

– measurement of sin2 θlepteff

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

t

t̄

W

W

b

b̄

p

p, p̄

– measurement of mt

▶ gauge-boson scattering (LHC)

W/Z/γ

W/Z/γ

p

p

– measurement of couplings

WWWW, ZZWW, etc.

– sensitivity to EW symmetry breaking

+ much more @ LHC ! (Higgs physics, WWW production, etc.)
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Precision study of the Z line shape

γ,Z

e+

e−

f

f̄

Unfolded resonance:

σres(s) = σ0 s Γ2
Z∣∣∣s −M2

Z + iMZΓZ
s

M2
Z

∣∣∣2
Resonance observables:

▶ Z massand width: MZ, ΓZ

▶ peak cross section: σ0
had

▶ various asymmetries: AFB,ALR, etc.

▶ ratios of decay widths: Rℓ =
Γhad
Γℓ

, etc.

E
cm

 [GeV]

σ
h

a
d
 [

n
b

]

σ from fit

QED unfolded

measurements, error bars
increased by factor 10

ALEPH

DELPHI

L3

OPAL

σ
0

Γ
Z

M
Z

10

20

30

40

86 88 90 92 94
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Effective Z-boson–fermion couplings

f̄

f

Zµ = ieγµ(gVf − gAf γ5)

LEPEWWG ’04

Leptonic couplings from

LEP1 asymmetry measurements:

e.g. A0,f
FB = 3

4
AeAf

Af =
2gVf gAf
g 2
Vf + g 2

Af

Good agreement with SM

▶ lepton universality confirmed

▶ constraints on mt and MH -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

∆α
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Translation of effective couplings into effective weak mixing angle

sin2 θlepteff =
1

4

(
1− Re

{
gVl
gAl

})

Important features:

▶ combination of

very different observables

▶ ∼ 3σ difference between

A0,b
FB(LEP) and Aℓ(SLD)

▶ high sensitivity to MH
10

2

10
3

0.23 0.232 0.234

Final

Preliminary

sin
2
θ

lept

eff

m
H
  

[G
e

V
]

χ
2
/d.o.f.: 10.5 / 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 0.23212 ± 0.00029

A
0,c

fb 0.23223 ± 0.00081

Q
had

fb 0.2324 ± 0.0012

Average 0.23150 ± 0.00016

∆αhad= 0.02761 ± 0.00036∆α
(5)

mt= 178.0 ± 4.3 GeV
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W-pair production e+e− →WW→ 4f (+γ)

e+

e−

νe

W

W

dominates near W-pair threshold

e+

e− γ,Z

W

W

contains γWW/ZWW couplings

Physics goals:

▶ non-abelian gauge-boson self-interactions

↪→ constrain non-standard γWW/ZWW couplings

▶ W-pair cross section σWW

▶ precision measurement of W mass MW

⇒ Theoretical requirement:

understand 2→ 4 process with 0.5% precision
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A typical 4-jet event observed at ALEPH
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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

 (
p

b
)

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 > 170GeV
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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

LVWW = −iegVWW

{
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

SM 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
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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

SM values verified
at the level of 2–4%
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Global status of the SM before Summer 2012

▶ SM fit yields very good agreement

(all “pulls” <∼ 2σ)

▶ Tension between Aℓ(SLD) = Aℓ
LR(SLD)

and A0,b
FB(LEP)

↪→ Aℓ
FB(LHC) will be interesting!

▶ SM fit predicts a light Higgs boson

with MH ∼ 100GeV
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Bounds on MH (95% C.L.) – a brief history LEPEWWG ’97–’12
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Higgs-boson discovery
in July 2012!
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Bounds on MH (95% C.L.) – a brief history LEPEWWG ’97–’12
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Bounds on MH (95% C.L.) – a brief history LEPEWWG ’97–’12
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Open window not excluded by the LHC:
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Higgs-boson discovery
in July 2012!
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Open window not excluded by the LHC:

122GeV < MH < 127GeV

Higgs-boson discovery
in July 2012!
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Open window not excluded by the LHC:

122GeV < MH < 127GeV

Higgs-boson discovery
in July 2012!
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Open window not excluded by the LHC:
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Higgs-boson discovery
in July 2012!
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Higgs-boson discovery
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Higgs-boson discovery
in July 2012!
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Status of the SM after 2012

▶ SM particle content experimentally completely established

▶ Collider data in very good agreement with SM predictions
(radiative corrections essential)

⇒ SM confirmed as Quantum Field Theory!

▶ Successful constraints of respective mass ranges
before top-quark and Higgs-boson discoveries

⇒ Major triumph of EW precision physics!

Upcoming lectures:

▶ theoretical background of EW higher-order calculations

▶ salient features of EW corrections

▶ EW phenomenology and EW precision physics at the LHC
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