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The weak currents
The charged current interactions can be written in terms of lowering
operator τ− = σ1−iσ2

2
as

j−µ = ēLγµνL = χ̄Lγµτ
−χL , χL =

(
νL
e

)

If there were another current jµ3 = χ̄Lγ
µτ3χL then one can show

that the charges constructed out of these current are invariant
under SUL(2)

[Qi ,Qj ] = iεijkQk , i , j , k ∈ 1, 2, 3 ,Qi =

∫
d3x J0i (x) .

However the neutral current is not equal to jµ3 → breaks SUL(2)
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Weak Isospin and hypercharge

The standard electromagnetic current also mixes the left and
right-handed states, for e.g.

jemµ = −ēγµe = −ēRγµeR − ēLγµeL .

Can we combine the EM and neutral currents in a way that
their linear superpositions are invariant under SU(2)L? Yes!

Using Q = I3 +
Y

2
formulate JYµ = 2Jemµ − 2J3µ .

You can show that hypercharge Y = −2 for the right handed
singlet eR and Y = −1 for the doublet χL.

jYµ = −2ēRγµeR − 1 χ̄LγµχL .

Thus the enlarged symmetry group is SU(2)L × UY (1).
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jYµ = −2ēRγµeR − 1 χ̄LγµχL .

Thus the enlarged symmetry group is SU(2)L × UY (1).

Sayantan Sharma IV ALICE-India School on QGP, 2021 Slide 3 of 13



SU(2)L × UY (1)
We know that currents couple to U(1) gauge �elds as
−ie jemµ Aµ. By analogy for the electroweak sector such a
coupling would be

LEW = −ig j
µ
i
W i

µ −
ig

′

2
j
µ
Y
Bµ , i = 1, 2, 3 .

In our present world the electroweak symmetry is broken! The
electromagnetic �eld and Zµ �elds are related to the Bµ and
W 3

µ as [Salam, Weinberg]

Aµ = Bµ cos θW+W 3
µ sin θW , Zµ = −Bµ sin θW+W 3

µ cos θW .

The electroweak current can be written in terms of the broken
�elds Aµ and Zµ

−iAµ

[
gj

µ
3
sin θW +

g
′

2
jYµ cos θW

]
−iZµ

[
gj

µ
3

cos θW −
g

′

2
jYµ sin θW

]
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SU(2)L × UY (1)

You can now identify

−iAµ

[
gj

µ
3
sin θW +

g
′

2
jYµ cos θW

]
− iZµ

[
gj

µ
3
cos θW −

g
′

2
jYµ sin θW

]
= −ie Aµ Jµem − igZµ J

µ
NC

.

This immediately tells us that g sin θW = g
′
cos θW = e. Thus

electroweak uni�cation cannot be merely achieved by g = e.

The neutral current turns out to be (by scaling out cos θW )

J
µ
NC

= j
µ
3
− sin2 θW Jµem .

NC are not maximally V-A except for neutrinos!
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Electroweak sector of SM

The electroweak theory has gauge bosons W±,Z . Experiments
have measured their masses MW = 80 GeV and MZ = 91 GeV.

However gauge invariance prevents terms like m2Z 2! What is the
origin of their masses?

This can be explained via spontaneous symmetry breaking also
known as Higgs mechanism.

The standard model has the SU(2)L × UY (1) gauge symmetry
however when we are sitting in the ground state this gauge
invariance is not apparent. Same can be understood in Ising model!
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Higgs mechanism in U(1) theory
Consider a simple qft of a charged scalar �eld in presence of a
Abelian U(1) �eld described by the Lagrangian

L = (Dµφ)∗(Dµφ) + µ2φ∗φ− λ(φ∗φ)2 − 1

4
F 2 .

Here the covariant derivative Dµ = ∂µ − ieAµ ensures gauge
invariance of the Lagrangian.

Scalar �elds are subjected to the Mexican hat potential
V (|φ|) = −µ2φ∗φ+ λ(φ∗φ)2. If we write φ = φ1 + iφ2 then we can
show that the ground state of the potential is given by

φ21 + φ22 = µ2

λ = v [image courtesy: www.wikipedia.org].
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Higgs mechanism in U(1) theory

We can choose the ground state to be characterized by
φ1 = v , φ2 = 0. If the system is very slightly perturbed from its
vacuum with tiny perturbations η(x), ζ(x)� v such that

φ1 = v + η(x) , φ2 = ζ(x) , φ = v + η + iζ= (v + η)eiζ/v

Here η(x) is the Higgs �eld. Since the scalar �eld acquires a phase,
in order to preserve local gauge invariance one has to ensure that
Aµ → Aµ + 1

ev
∂µζ. Substituting this the original Lagrangian very

close to the vacuum state looks like

L =
1

2
(∂µη)2−λv2η2+

e2v2

2
A2
µ−λvη3−

λ

4
η4+

e2

2
A2
µη

2+ve2A2
µη−

1

4
F 2 .

The gauge boson acquires a mass and interacts with the Higgs �eld
η(x).
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Spontaneous breaking of SU(2)L × UY (1)

If we couple a complex scalar �eld φ which is a doublet under
SU(2)L to the Wµ and Bµ in presence of a double well potential,
where,

φ =
1

2

(
φ1 + iφ2
φ3 + iφ4

)
, vacuum state is φ0 =

1

2

(
0
v

)
.

We want our vacuum to be Q = 0 state to preserve gauge
invariance. Hence Y = 2(Q− I3) = 2(0− (− 1

2
)) = 1 for the vacuum

state. To quantify the masses of the gauge bosons it is su�cient to
look at their coupling to the vacuum state in the kinetic term of the

Lagrangian |Dµφ|2 = |
(
∂µ − i g

2
τiW

i
µ − i g

′

2
YBµ

)
φ|2 which is

| − ig

2

(
W 3
µ W 1

µ − iW 2
µ

W 1
µ + iW 2

µ −W 3
µ

)(
0
v

)
− ig

′

2
Bµ

(
0
v

)
|2 .
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Salam-Weinberg Model

This can be simpli�ed to give

| − iv

(
g√
2
W−µ

g
′

2
Bµ − g

2
W 3
µ

)
|2

Indeed if we look at the upper term then we get an expression
g2v2

2
W µ+W−µ which tells us that mass of (W±) = gv . The lower

part of the column vector written in terms of Z ,A �elds gives us

−ivAµ
[
g sin θW − g

′
cos θW

]
− ivZµ

[
g cos θW + g

′
sin θW

]
.

Using g sin θW = g
′
cos θW indeed shows that mass term of photon

is identically zero. Also gives MZ = gv
cos θW

[ Assignment: Verify this].
Experimental measurements give MZ = 91 GeV and MW = 80 GeV.
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Fermion masses in Salam-Weinberg model

The fermion masses also arise from spontaneous symmetry breaking
from the terms in the Lagrangian which arise from coupling of
fermions with the Higgs �eld,

−Ye
(
ν̄eL
ēL

)
φ eR − Yd

(
ūL
d̄L

)
φ dR − Yu

(
ūL
d̄L

)
φc uR + h.c.−

One has to assign the Yukawa couplings to recover the masses of
fermions. For e.g. v = 246 GeV and to recover the electron mass
me ∼ Yev one needs Ye ∼ 10−6. Similarly Ytop � Yu > Ye .

The electroweak theory is renormalizable! [t'Hooft and Veltman]
There are no divergences in WW scatterings.
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Standard Model and beyond?

The Standard model Lagrangian consists of the Salam-Weinberg
model+ strong color interactions mediated by gluons (Quantum
Chromodynamics)

LSM = LSalam-Weinberg + LQCD

The Salam-Weinberg model with the Higgs is invariant under
SU(2)L × UY

1 whereas QCD is invariant under the symmetry group
SU(3)color.

Is there any larger symmetry group G whose subgroup is
SUc(3)× SU(2)L × UY

1 → Grand Uni�ed Theory?

Some of the candidate theories are G = SO(10), SU(5). There is no
consensus yet. Cannot explain many important observations like the
proton decay rates! However with exhaustive experimental tests the
Standard model is now established as a very successful e�ective
theory of particle physics.
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1 whereas QCD is invariant under the symmetry group
SU(3)color.
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1 → Grand Uni�ed Theory?

Some of the candidate theories are G = SO(10), SU(5). There is no
consensus yet. Cannot explain many important observations like the
proton decay rates! However with exhaustive experimental tests the
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