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Electroweak unification

Electroweak unification 
u Experimental facts

u SU(2)L Ä U(1)Y gauge theory

u Charged current interaction

u Neutral current interaction

u Gauge self-interactions
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Experimental facts

Phenomenology 2026
Standard Model (cont.)
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SU(2)L Ä U(1)Y
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Phenomenology 2026
Standard Model (cont.)

y! ® exp{i ⁄t⃗× a 2} exp{ ⁄𝑖𝑦!b 2}y!
,y! ® exp{ ⁄-𝑖t⃗× a 2} exp{ ⁄-𝑖𝑦!b 2} ,y!

y" ® exp{ ⁄𝑖𝑦"b 2}y" ,y" ® exp{ ⁄-𝑖𝑦"b 2} ,y"
y# ® exp{ ⁄𝑖𝑦#b 2}y# ,y# ® exp{ ⁄-𝑖𝑦#b 2} ,y#
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SU(2)L Ä U(1)Y
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Phenomenology 2026
Standard Model (cont.)

a = a 𝑥 , b = b(𝑥)

𝑊µ(x) º 3t⃗ 2 ×𝑊µ (𝑥) ; 𝑈 𝑥 º 𝑒𝑥𝑝{ ⁄𝑖t⃗ 2 × a(𝑥)}

g (g’) coupling connected to SU(2)L (U(1)Y) interaction  
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Charged currents

Phenomenology 2026
Standard Model (cont.)

1 − 𝛾!  takes only left-handed (right-handed) 
component of the fermion (antifermion) field 
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Neutral currents

Phenomenology 2026
Standard Model (cont.)

Impose condition: existence of QED with photon exchange

𝜃" ≡ Weinberg angle

Nobel prize in physics 1979: Glashow, Salam & Weinberg
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Neutral currents

!"#"$!%&'()*+'!","!%- ..-.
!!!"#!! $$%&$' =−= θ

Phenomenology 2026
Standard Model (cont.)
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Charged & neutral currents

!! "# θθ θθ !"##$% ==

Phenomenology 2026
Standard Model (cont.)



Kenneth Österberg III/9

Gauge self-interactions

Phenomenology 2026
Standard Model (cont.)
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Gauge self-interactions

!"" θ!"#$

!" θ!! "#$
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Phenomenology 2026
Standard Model (cont.)
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W pair production at LEP2

Phenomenology 2026
Standard Model (cont.)
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W pair production at LEP2

Phenomenology 2026
Standard Model (cont.)

→ only 𝛾𝑊𝑊 vertex
→ no 3-boson vertices

Br 𝑊 → 𝑞+𝑞  = (67.41 ± 0.27) % (PDG)
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Z pair production at LEP2

NB! No e+e- ® Z/g ® ZZ vertex in the Standard Model
Phenomenology 2026
Standard Model (cont.)
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Electroweak unification: summary

Phenomenology 2026
Standard Model (cont.)

Experimentally:
𝑚' = 80.37 GeV (PDG)
𝑚( = 91.19 GeV (PDG)
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Higgs mechanism

Higgs mechanism

u Spontaneous symmetry breaking

u Higgs mechanism

u The Higgs boson

u Fermion masses

u Fermion mixing

Phenomenology 2026
Standard Model (cont.)
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Spontaneous symmetry breaking

We have been able to generate electromagnetism and 
the strong interactions through local gauge invariance. 
We would like to do the same for the weak interactions, 
but we immediately face a problem. Unlike the photon
and the gluons, the W and Z have non-zero masses.    
A mass term in the Lagrangian, ½ m2AµAµ, would not be
gauge invariant.
Suppose we forget about gauge invariance and just put
it in anyway. Then theory becomes non-renormalizable, 
i.e. the counterterms required to cancel all divergences 
become infinite and theory looses all predictive power.

There is a more subtle way to generate a mass for the
W and Z, called spontaneous symmetry breaking.  
Let us first consider a real scalar field f with an arbitrary
”potential”.

L = ½ (¶µf)2 – V(f)

We require the L to be invariant under f ® f’.        
Then, if we expand V, it will have
only even values of f:

L = ½ (¶µf)2 

– ½ µ2 f2 – ¼l f4...

Phenomenology 2026
Standard Model (cont.)
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Spontaneous symmetry breaking

But what happens if µ2 is allowed to be negative

The sign of the mass
term has changed
giving an imaginary
mass. This makes no 
sense. The potential
looks like in the
figure. The minimum
is now at f =±Ö-µ2/l.

Feynman diagrams represent a perturbation serie. The
serie would not converge if we expand about f = 0, 
since this is a local maximum. We need to expand
about the global minimum, say +Ö-µ2/l.  f(xµ) = 
+Ö-µ2/l + h(xµ), and then h = 0 corresponds to the
minimum. Then

L = ½[¶µ(Ö-µ2/l + h(xµ))]2 - ½µ2(Ö-µ2/l + h(xµ))2 -
¼l(Ö-µ2/l + h(xµ))4

L = ½(¶µh(xµ))2 + ¼µ4/l + ½µ2h2(xµ) - Ö-µ2l h3(xµ) -
¼lh4(xµ)

L = ½ (¶µf)2 - ½ µ2 f2 - ¼l f4...

= constant m = Ö-2µ2

Phenomenology 2026
Standard Model (cont.)
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Spontaneous symmetry breaking

The h and f fields are the same fields, but we now see
that the h has a mass of  Ö-µ2, and does not have
reflection symmetry h Û -h. This symmetry has been
”spontaneously broken”.

A more interesting case occurs, when we consider a 
complex field, f = (1/Ö2)(j1+ ij2)

L = (¶µ f)*(¶ µ f) - µ2 f*f - l(f*f)2

L = ½(¶µj1)2 + ½(¶µj2)2 - ½µ2(j1
2 + j2

2) - ¼l(j1
2 + j2

2)2

The minimum is now
a circle: j1

2 + j2
2 = - µ2/l

We choose to expand
about j1 =Ö - µ2/l, j2 = 0.

f(xµ) = (1/Ö2)
[Ö - µ2/l + h(xµ) + ix(xµ)]

We get: L = ½(¶µh(xµ))2 + ½(¶µ x(xµ))2 + ¼µ4/l
+ µ2h2(xµ) + Ö-µ2l [h3(xµ) + h(xµ)x2(xµ)] 
- ¼l[h4(xµ) + x4(xµ) + 2h2(xµ)x2(xµ)] 

The h field gets a mass Ö-µ2, as before, but the x field is 
massless. This always happens whenever a continuous
symmetry is spontaneously broken. The massless
particle is called a Goldstone boson.

Phenomenology 2026
Standard Model (cont.)
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Spontaneous symmetry breaking

Let us consider a complex scalar field which is invariant
under a local gauge transformation

f ® exp(ia(xµ)) f

¶µ ® Dµ º ¶µ - iqAµ Aµ ® Aµ + (1/q) ¶µa(xµ)

L = (¶ µ + iqAµ)f*(¶µ - iqAµ)f - µ2f*f - l(f*f)2 - ¼Fµn Fµn

As before f = (1/Ö2)(j1+ ij2), we choose
j1(xµ) = Ö-µ2/l + h(xµ);   j2(xµ) = x(xµ) and we get

L = ½(¶µh)2 + ½(¶µ x)2 + ¼µ4/l + µ2h2 - ¼Fµn Fµn

-½q2 (Ö-µ2/l)2AµAµ + q(Ö-µ2/l)(¶µ x)Aµ

(+ interaction terms in h, x and A.)

Note: (a) The A field has aquired a mass q(Ö-µ2/l)
(b) There is still a Goldstone boson, x.
(c) There is a strange term q(Ö-µ2/l)(¶µ x)Aµ

This indicates that we haven’t chosen the correct fields.

x A

Phenomenology 2026
Standard Model (cont.)
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Higgs mechanism

We can use our freedom to choose a gauge so that

f(xµ) ® (1/Ö2)[Ö-µ2/l + h(xµ)] exp{iq(xµ)/(Ö-µ2/l)}

(h(xµ) and q(xµ) are real)

Aµ ® Aµ + (1/q(Ö-µ2/l)) ¶µ q(xµ)

L = ½(¶µh(xµ))2 + µ2h2(xµ) + ¼µ4/l - ¼Fµn Fµn

- ½q2 (Ö-µ2/l) AµAµ + (Ö-µ2/l)q2h AµAµ + ½q2h2 AµAµ

- Ö-µ2/l h3 - ¼lh4

We have 1 massive scalar h and 1 massive vector A.
Note that we started with two scalars (h and x) or (h 
and q) and one massless vector A. This is 4 spin 
degrees of freedom, (2x1 + 1x2). We end with one 
scalar and one massive vector. This is still 4 spin 
degrees of freedom (1x1 + 1x3). The gauge field has 
eaten up the Goldstone boson. This is the 
Higgs mechanism, and h is called the Higgs boson.

h

A

A

A

A

h

h

etc..

Phenomenology 2026
Standard Model (cont.)



Kenneth Österberg III/21

Higgs mechanism

Phenomenology 2026
Standard Model (cont.)

𝜐 º
vacuum
expectation
value
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Higgs mechanism

Phenomenology 2026
Standard Model (cont.)

𝑀!
" = ⁄𝑔"𝜐" 4 𝑀#

" = ⁄𝑔" + 𝑔′" 𝜐" 4
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Bosonic dof’s

Phenomenology 2026
Standard Model (cont.)
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The Higgs boson 

157158

(direct) (indirect)

Tevatron direct search: MH < 158 GeV or MH > 175 GeV

should exist !!!

LHC:
discovery of a Higgs-like particle 4.7.2012 !!!

mH = 125.20 ± 0.11 GeV (2025 CMS & ATLAS average by PDG)

Up to now all measurements of the newly discovered
particle consistent with the Standard Model Higgs boson !

Phenomenology 2026
Standard Model (cont.)
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Higgs-weak boson couplings

Phenomenology 2026
Standard Model (cont.)
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Fermion masses

Phenomenology 2026
Standard Model (cont.)
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Phenomenology 2026
Standard Model (cont.)
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Nature 607 (2022) 160
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Fermion generations

Phenomenology 2026
Standard Model (cont.)
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Fermion generations

Phenomenology 2026
Standard Model (cont.)
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Fermion mixing

Phenomenology 2026
Standard Model (cont.)
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Quark mixing

Phenomenology 2026
Standard Model (cont.)
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Quark mixing

Phenomenology 2026
Standard Model (cont.)

CKM = Cabibbo-Kobayashi-Maskawa

𝜆 ≈ 0.225 A ≈ 0.83, 𝜌̅ ≈ 0.16 𝜂̅ ≈ 0.35
with #r = r (1 − ⁄l( 2 + …) &.h = h (1 − ⁄l( 2 + …)
the CKM matrix becomes unitary to all orders of 𝜆.

𝑐)* ≡ 𝑐𝑜𝑠𝜃)* 𝑠)* ≡ 𝑠𝑖𝑛𝜃)* , where 𝑖, 𝑗 = 1, 2 or 3

𝜆 ≈ 𝑠𝑖𝑛𝜃#

Source: PDG review on the CKM matrix

𝜃#= Cabbibo angle

As observed for K0, D0 and B0 mesons:
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Unitarity triangle

Phenomenology 2026
Standard Model (cont.)

Unitary of the CKM matrix requires 6 vanishing combi-
nations to make a triangle in the complex plane e.g.

𝑉)*𝑉)+∗ + 𝑉-*𝑉-+∗ + 𝑉.*𝑉.+∗ = 0

Summary of 
measurement 
of CKM matrix 
elements,       
B-meson 
oscillation 
(∆𝑚𝑑 & ∆𝑚𝑠),   
& CP violation 
in B hadron 
(𝛼, 𝛽, 𝛾) and     
K meson (𝜀𝐾)
decays.

β = 22.58 ± 0.45 °, 𝛼 = 84.12#.456.7 °, γ = 65.7 ± 3.0 °

Tests of the 
unitary triangle 
at B-factories & 
LHC are sensi-
tive to beyond 
Standard Model 
physics

PDG CKM 
matrix review 



Kenneth Österberg III/34

Electroweak precision measurements

Electroweak precision 
measurement

u LEP and its experiments

u Electroweak radiative corrections

u Z precision measurements

u Global electroweak fit

Phenomenology 2026
Standard Model (cont.)
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OPALALEPH

The LEP collider

L3

DELPHI

An electron-positron collider
at CERN, European laboratory
for particle physics, in the same
tunnel that is now used by LHC. 

Four experiments focused on 
studying the Standard Model
(electroweak measurements ~ W & Z, 
QCD measurement & Higgs searches)

LEPI - Ös » mZ (1989-95)

LEPII - Ös = 140-209 GeV (1995-2000)

Phenomenology 2026
Standard Model (cont.)
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Electron positron annihilation

Phenomenology 2026
Standard Model (cont.)
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Z physics at LEP

Phenomenology 2026
Standard Model (cont.)
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Luminosity determination

Phenomenology 2026
Standard Model (cont.)

systematic uncertainty < statistical uncertainty

“Bhabha scattering”
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Standard Model couplings

º af

º vf

Phenomenology 2026
Standard Model (cont.)
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Radiative corrections

QED ISR QCD FSR

Phenomenology 2026
Standard Model (cont.)

ISR/FSR = initial/final state radiation

𝑚!= Higgs boson mass, 𝑚"= top quark mass, 𝑚#= W boson mass 
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Radiative corrections

Phenomenology 2026
Standard Model (cont.)

a 𝑚8
" = ⁄1 137.035999177 21 a(𝑚9

") = ⁄1 127.93

∝ 𝑚$
% & ln𝑚&

%

Fermi constant
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Initial state radiation

Phenomenology 2026
Standard Model (cont.)
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Differential cross section

Phenomenology 2026
Standard Model (cont.)

(B) (-1)

(0)

@ 𝑍' pole
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Total cross section & partial widths

Phenomenology 2026
Standard Model (cont.)

= 2.9963 ± 0.0074
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Cross sections

Phenomenology 2026
Standard Model (cont.)
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Lepton forward-backward asymmetries

Phenomenology 2026
Standard Model (cont.)

In addition to Z & 𝛾 
exchange (“s-channel”), 
has for electrons also to 
take into account Bhabha 
scattering (“t-channel”) 
plus their interference. 
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Neutral current lepton universality

Phenomenology 2026
Standard Model (cont.)
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Global electroweak fit

remarkable consistency, the 
Standard Model works well !!

excluding mH

Inputs to
Measurements of W, Z, quark & H properties + coupling 
constants from LEP/CERN, SLD/SLAC (e+e- ® Z0) 
Tevatron/Fermilab, LHC/CERN & lower Ös e+e- colliders.

Phenomenology 2026
Standard Model (cont.)

Results & plots: Gfitter group, EPJC 78 (2018) 675, PoS 
ICHEP2022 (2023) 897, and PoS EPS-HEP2023 (2024) 304
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Global electroweak fit

including mH

Phenomenology 2026
Standard Model (cont.)
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mW (LEPII//LHC) = 80.369 ± 0.013 GeV

mtop (LHC) = 172.52 ± 0.33 GeV

2•10-4

Electroweak precision measurements:

since GF, aem, sinqW are known with high precision,   
precise measurements of mtop & mW constrain radiative 
corrections & Higgs mass (weakly due logarithmic dependence)

µ mtop
2 & ln(mH2)

Electroweak tests

2•10-3

Phenomenology 2026
Standard Model (cont.)

consistency between mW & mt from          
radiative corrections and direct measurements. 

current 
direct 
measure-
ments

ultimate Standard Model test: compare direct 
Higgs mass with radiative correction prediction.
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Global electroweak fit

Phenomenology 2026
Standard Model (cont.)

A measure of Standard Model success: mt from
radiative corrections vs mt direct measurement.

Consistency (with the exception of Tevatron
measurements) between mW & mt from radiative
corrections and various direct measurements. 

EPJC 78 (2018) 675
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Global electroweak fit

Prefered mH mass of  fit: 114 GeV (= lower limit from direct search)

NB! minimum of electroweak fit strongly correlated withmW & mt

152

Overall SM fit: 
c2 = 13.8 for 
ndof = 15 Þ
P-value = 0.55 
(August 2023)  

Ö SM still very 
reasonable !! 

Prefered minimum mH = 101+25
-21  GeV 

Direct measurement (ATLAS+CMS) mH = 125.20 ± 0.11 GeV

Phenomenology 2026
Standard Model (cont.)

EPJC 78 (2018) 675
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Standard Model parameters

Phenomenology 2026
Standard Model (cont.)


