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Focus: The W boson

Mediator of weak interactions (chiral nature)

Massive gauge boson having spin ±1 (mass ≈ 80 GeV)

Unlike photon and gluon (on-shell), it has three polarization states

On-shell W: two transverse (λ = ±1), one longitudinal (λ = 0)

Off-shell W: scalar polarization (extra polarization state)
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Big Motivation

Helicity polarization of gauge bosons directly influences the kinematics and
angular distributions of their decay products
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Source: ATLAS Collaboration, arXiv:2402.16365.

Study of helicity polarized vector boson production is an important probe
to understand the gauge theory and EWSB

3

https://arxiv.org/abs/2402.16365


Motivation

−iMunpol. = Σλ

ΠV λ
µν (q)G

µ
out · · Gν

in

Vλ(q)

Assumption in theory prediction: Interference between different helicity
polarized states is negligible

Amplitude involving unpolarized weak bosons (λ = boson helicity),

Mfull =
∑

λ=0,±1,S

Mλ =
∑

λ=0,±1,S

Jµ
in ΠλJ

ν
out (1)

|Mfull|2 =
∑

λ=0,±1,s

|Mλ|2︸ ︷︷ ︸
polarized MEs

+
∑
λ̸=λ′

MλM′
λ︸ ︷︷ ︸

interference terms

(2)

In general, interference is not guaranteed to be negligible
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Goal

Our main goal:

1 Investigate how large the interference term is in the theoretical prediction of
the total and differential cross sections

2 Identify when interference effects can be considered negligible

Selected processes for investigation:

1 Example 1: ud̄ → W ∗ → τν

2 Example 2: ud̄ → W ∗g → τνg

3 Example 3: t → W ∗b → τνb
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Recap of Gauge Symmetry

Lagrangian of photon field:

L = −1

4
FµνFµν where Fµν = ∂µAν − ∂νAµ (3)

Gauge transformation:

Aµ → A′
µ = Aµ + ∂µα(x) (4)

Gauge symmetry:

F ′
µν =∂µ(Aν + ∂να)− ∂ν(Aµ + ∂µα) = Fµν (5)

Lagrangian is invariant under this transformation for different choices of α

Gauge invariance: Redundancy of the sysmtem
=⇒ each choice of α←→ same physical state

Gauge fixing is needed to define a physically meaningful propagator
=⇒ It introduces an unphysical parameter(s), e.g., ξ in Rξ gauge
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Propagators for W boson in Rξ gauge

Full (unpolarized) propagator: 2

Πµν =
−i

q2 −m2
W

(
gµν −

1− ξ

q2 −m2
W

qµqν

)
=

i

q2 −m2
W

∑
λ=0,±1,s

ηλϵµϵ
∗
ν

(6)

Transverse propagator sum (λ = ±1):

Πt
µν =

−i
q2 −m2

W

∑
λ=±1

ηλϵµϵ
∗
ν =

i

q2 −m2
W

(−gµν −Θµν) (7)

Longitudinal propagator (λ = 0):

Π0
µν =

i

q2 −m2
W

(
Θµν +

qµqν
q2

)
(8)

Scalar propagator(λ = s):

Πs
µν =

i

q2 −m2
W

(
qµqν
q2

+
ξ − 1

q2 − ξm2
W

qµqν

)
(9)

2η0 = η±1 = 1, ηs = −1
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Interference terms

Full (unpolarized) matrix element squared,

|Mfull|2 =
∑

λ=0,±1,s

|Mλ|2︸ ︷︷ ︸
polarized MEs

+
∑
λ̸=λ′

MλM′
λ︸ ︷︷ ︸

interference terms

Interference =|Mfull|2 −
∑
λ=±1

|Mλ|2 − |M0|2 − |MS |2 (10)

Interference ∝ −O
[
|Θµν |2

]
−O [Re(gµν ,Θµν)]−O [Re(qµqν ,Θµν)]

−O
[
(q2 −m2)Re(qµqν , gµν)

]
(11)

The term Θµν cancels out in the full propagator, but appears in the
interference terms of the unpolarized matrix element squared
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Interference terms (continued...)

For W momentum qµ = (EV , |q⃗| sin θV cosϕV , |q⃗| sin θV sinϕV , |q⃗| cos θV ),
Θµν(θV , ϕV ) is given by

Θµν =


−1 0 0 0
0 cos2 ϕV sin2 θV cosϕV sin2 θV sinϕV cos θV cosϕV sin θV
0 cosϕV sin2 θV sinϕV sin2 θV sin2 ϕV cos θV sinϕV sin θV
0 cos θV cosϕV sin θV cos θV sinϕV sin θV cos2 θV


Also Θµν has a nice structure (in Rξ and axial gauges),

Θµν =
(n · q)

(n · q)2 − q2n2

[
−nµqν − qµnν +

q2

(n · q)nµnν +
n2

(n · q)qµqν
]
(12)

where the choices of n are frame dependent,
n = (1, 0⃗) (time-like) or
n = (0,−q̂)(space-like) or
n = (1,−q̂)(light-like)

We are interested in knowing how this Θ interacts with vector currents
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Example 1: ud̄ → W+∗ → τ+ντ

u

d̄
W+∗ ν

τ+

Polarized matrix element: Mλ = Jµ
udΠ

λ
µνJ

ν
τν

Currents:

Jµ
ud = v̄L(pd)

(
− ig√

2
γµPL

)
vL(pu) Jν

τν = ūL(pν)

(
− ig√

2
γνPL

)
vL(pτ )

(13)

Rest frame of W ∗: |q⃗| = 0, θV = ϕV = 0 =⇒ qµ = (Q, 0⃗), q̂ = (0, 0, 1)
Momentum conservation: qµ = pµ

u + pµ
d = pµ

τ + pµ
ν ,

Choosing n spacelike: nµ = (0,−q̂) = (0, 0, 0,−1)
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Example 1: ud̄ → W+∗ → τ+ντ (continued...)

For massless quarks, Jµ
ud = − ig√

2
[v̄R(pd)γ

µPLuL(pu)] = (0,Q,−iQ, 0)

=⇒ Jµ
udqµ = − ig√

2
[v̄R(pd)(mdPL +muPR)uL(pu)] = 0 [from Dirac eqn]

=⇒ Jµ
udnµ = −J3

ud = 0

Jµ
udΘµνJ

ν
τν ∼ Jµ

ud

[
−nµqν − qµnν +

q2

(n · q)nµnν +
n2

(n · q)qµqν
]
Jν
τν = 0

(14)

For two body scattering for massless incoming particles, the interference is
zero

Interference ∝ −�����:0
O

[
|Θµν |2

]
−
��������:0
O [Re(gµν ,Θµν)]−

��������:0

O [Re(qµqν ,Θµν)]

−
��������:0

O [Re(qµqν , gµν)]
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Example 2: ud̄ → W+∗g → τ+νg

u

d̄
W+∗ ν

τ+

g
u

d̄
W+∗ ν

τ+

g

Polarized matrix element:

Mλ =Mλ
u +Mλ

d Mλ
u = Jµ

udΠ
λ
µνJ

ν
τν (15)

Currents:

Jµ
ud =v̄R(pd)

(
− ig√

2
γµPL

)
︸ ︷︷ ︸

W-u-d vertex

(
i/pa

p2
a

)
︸ ︷︷ ︸

Fermion propagator

(
−igγρT a

ij

)︸ ︷︷ ︸
Quark-gluon vertex

ϵ∗ρ(k)uL(pu) (16)

Jν
τν =ūL(pν)

(
− ig√

2
γνPL

)
vL(pτ ) (17)

This scattering process is sensitive to the Θµν term: non-zero interference
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Example 2: Plots of |M|2 vs q

Figure: (a)

For all polarization states, peak is
at 80 GeV (as expected)

|M|2 ∼ 1

(q2 −m2
W )2 + (ΓWmW )2

Interference terms

=|MFull|2 − |MT|2 − |ML|2

∼O(|Θµν |2)
∼O(10%) [From the plot (a)]

Scalar polarization contribution
vanishes between two diagrams for
each helicity configuration
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Example 2:Plots of |M|2 vs q(continued...)

Figure: (b)

Interference terms

=|MFull|2 − |MT|2 − |ML|2

∼O(|Θµν |2)
∼O(5%) [From the plot (b)]

Interference effect varies with
phase space points
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Example 3: Top quark decay t → bW+∗ → bτ+ν

t

b

W+∗

ν

τ+

This decay process is sensitive to scalar polarization as here top, bottom
and tau are massive

Total matrix element, Mfull =M±1 +M0 +MS +Mϕ

Matrix element for scalar polarization in Rξ gauge:

Ms = Jµ
tbΠ

s
µνJ

ν
τν =Jµ

tb

[
i

q2 −m2
W

(
1

q2
+

ξ − 1

q2 − ξm2
W

)
qµqν

]
Jν
τν

=O
(

1

q2

)
term +O(ξ) term︸ ︷︷ ︸

Msξ

(18)
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Example 3: Top quark decay (continued...)

We need to consider the goldstone contribution to remove the gauge
dependence in Rξ gauge

t

b

W+∗

ν

τ+ t

b

ν

τ+

φ+

(Mϕ+

+Ms) ∼
(

1

q2 − ξm2
W

)(
1

m2
W

− ξ − 1

q2 −m2
W

)
− 1

q2

(
1

q2 −m2
W

)
=

1

m2
W q2

̸= 0 (19)

Scalar polarization has a survival physical contribution to the matrix
element when W is off-shell

ξ dependence is cancelled out between scalar polarization and goldstone
boson
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Conclusion and future outlook

1 Study of helicity polarized vector boson production is an important probe
to understand the gauge theory and EWSB

2 Theory predictions for experiments assume that interference between
helicity polarizations is negligible (not guaranteed)

3 Our main goal:
Investigate how large the interference term is in the theoretical prediction of
the total cross section
Identify when interference effects can be considered negligible

4 In a simple two body scattering with massless incoming particles, the
interference terms vanish

5 In W + 1g production, interference effects are non-zero and can reach
O(5%− 10%) at the squared matrix element level, depending on the
phase-space point

6 Further investigation of interference effects in several other processes and
their gauge dependence
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Thank You



Back up slides



Why Scalar Polarization is zero?

u

d̄
W+∗ ν

τ+

g

Figure

For internal u-diagrams:

Jµ

ud̄
=v̄R(pd)

(
− ig√

2
γµPL

)(
i/pa

p2
a

)(
−igγρT a

ij

)
ϵ∗ρ(k)uL(pu)

Jµ

ud̄
qµ ∼− i v̄R(pd)γ

µPL/pa
γρϵ∗ρ(k)uL(pu)qµ

1

p2
a

=− i v̄R(pd)γ
µ(paµ + pdµ)PL/pa

γρϵ∗ρ(k)uL(pu)
1

p2
a

[v̄R(pd)γ
µpdµ = md v̄R ]

=− i v̄R(pd)γ
µpaµPL/pa

γρϵ∗ρ(k)uL(pu)
1

p2
a

=− i v̄R(pd)PRγ
ρϵ∗ρ(k)uL(pu) [/p

2

a
= p2

a I ]
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u

d̄
W+∗ ν

τ+

g

Figure

For internal d-diagrams:

Jµ

ud̄
=v̄R(pd)

(
−igγρT a

ij

)(−i/pb

p2
b

)(
− ig√

2
γµPL

)
ϵ∗ρ(k)uL(pu)

Jµ

ud̄
qµ ∼i v̄R(pd)γρϵ∗ρ(k)/pb

γµPLuL(pu)qµ
1

p2
b

=i v̄R(pd)γ
ρϵ∗ρ(k)/pb

PRγ
µ(pbµ + puµ)uL(pu)

1

p2
b

=i v̄R(pd)PRγ
ρϵ∗ρ(k)uL(pu) [/p

2

b
= p2

bI]

For scalar polarization, currents for internal u and d diagrams are exactly
equal and opposite so they cancel each other (specially for massless
quarks)
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Top quark decay (through goldstone boson)

In Rξ gauge, goldstone boson diagram will come into play

Currents for goldstone-fermions vertices:

Jµ
tbϕ =ūL(p2)

[
ig√
2

(
mb

mW
PL −

mt

mW
PR

)]
uL(p1)

Jν
τνϕ =ūL(p3)

[
−ig√

2

mτ

mW

]
vL(p3)

Goldstone boson propagator:

Πϕ+

µν =
i

q2 − ξm2
W
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Top quark decay (through goldstone boson)

Gauge dependent term in scalar polarized matrix element:

Msξ =
ig 2mτ

2

(
1

q2 −m2
W

)(
1− ξ

q2 − ξm2
W

)
× [ūL(p2)(mtPR −mbPL)uL(p1)][ūL(p3)PRvL(p4)]

Matrix element for goldstone diagram:

Mϕ+ =Jµ
tbϕΠ

ϕ+

µν J
ν
τνϕ

=
−ig 2mτ

2

(
1

m2
W

)(
1

q2 − ξm2
W

)
[ūL(p2)(mtPR −mbPL)uL(p1)]

× [ūL(p3)PRvR(p4)]
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Polarized cross section measurement template used in LHC

Mdecay
λ = ϵλµJ

µ, Mdecay
0 = ig

√
2E sin θ, Mdecay

R/L = igE(1± cos θ)e±iϕ

(20)

At the LHC, polarization fractions are measured by template fitting the angular
distribution of the decay products

1

σ

dσ

d cos θ
∝ 3

8
(1± cos θ)2fR +

3

8
(1∓ cos θ)2fL +

3

4
sin θ2f0 (21)

fL + fR + f0 = 1 (22)
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