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Abstract. We present results for the polarisation of gauge bosons produced at the LHC. Polarisation effects
for W bosons manifest themselves in the angular distributions of the lepton and in the distributions of lepton
transverse momentum and missing transverse energy. The polarisation is discussed for a range of different
processes producing W bosons such as W+jets and W from top production. The relative contributions of
the different polarisation states vary from process to process, reflecting the dynamics of the underlying hard-
scattering process. We also calculate the polarisation of the Z boson produced in association with QCD jets at
the LHC.

1 Introduction

The production of vector bosons has been extensively
studied at past and present high-energy collider exper-
iments as it is important both for confirming Standard
Model (SM) electroweak predictions and in the search for
evidence of New Physics. Recent LHC analyses have stud-
ied many different processes involving W and Z bosons.

On the theory side W,Z+ jets production has been ex-
tensively studied in the literature, with NLO corrections
recently calculated for up to four associated jets [1, 2]. An-
other important tool in the search for New Physics is the
use of underlying properties to distinguish potential sig-
nals from the SM background. In particular, the use of
cross-section ratios is beneficial as these suffer less from
theoretical and experimental uncertainties. One such prop-
erty is the polarisation of gauge bosons and the resulting
distributions of lepton transverse momentum and missing
transverse energy.

Measurements of the polarisation of W bosons have
been undertaken by previous high-energy collider experi-
ments. The polarisation of W bosons from top pair produc-
tion and decay has been measured by the Tevatron experi-
ments [3, 4] and the results have been employed to set lim-
its on anomalous Wtb couplings [5]. The polarisation of
weak bosons produced in pairs has been extracted by LEP
experiments in [6, 7] and used to set limits on anomalous
triple gauge boson couplings in [8]. The angular distribu-
tions of the produced leptons and the corresponding angu-
lar coefficients have also been investigated experimentally
and phenomenologically, see for example [9–12].

At the LHC, new kinematical regions are accessible,
polarisation can be used as a probe of the underlying inter-
actions in regions never explored before. W bosons pro-
duced along the beam direction have long been known to
be predominantly left-handed at the LHC [13]. In this case
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the polarisation of the W is simply determined by the mo-
mentum of the colliding quark and antiquark. The W bo-
son is left-handed if the quark has more momentum than
the antiquark, and right-handed otherwise. The exact val-
ues of the fractions at zero transverse momentum therefore
depend on the relative values of the corresponding quark
and antiquark PDFs. At the LHC, quarks have on average
more momentum than antiquarks which explains the dif-
ference in values fL = 0.73 and fR = 0.27 for W+, while
the same arguments apply for W− leading to fL =0.68 and
fR = 0.32. At the Tevatron, quarks and antiquarks have on
average the same momentum and therefore we expect the
fractions to be closer to 0.5 for W+, calculated indeed to
be fL = 0.60 and fR =0.40. The fractions for W− are ex-
actly reversed, with W− being preferentially right-handed.
In [14] it was observed that W bosons produced at the
LHC in association with QCD jets are in general prefer-
entially left-handed. The dependence of the polarisation
on the number of jets and the NLO pQCD corrections has
also been investigated, with the results shown to be rather
stable. The CMS [15] and ATLAS [16] collaborations at
the LHC have measured the polarisation of W bosons pro-
duced in association with QCD jets at large transverse mo-
mentum, and demonstrated good agreement with the SM
predictions first presented in [14].

2 W polarisation in W+jets
The polarisation changes the lepton and missing energy
distributions in the leptonic W decays and it was this ob-
servation that led the authors of [14] to conclude that the
polarisation of W bosons at large transverse momentum is
predominantly left-landed. The characteristic shape of the
ratio of the charged lepton pT distribution to the missing
ET distribution is shown in Fig. 1 for the LHC at 7 TeV. In
this plot the predominantly left-handed polarisation trans-
lates into a decreasing ratio for W+ and an increasing ratio
for W−.
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Figure 1: Ratio of the differential distribution of the lep-
ton transverse momentum to the distribution of the missing
transverse energy for both W+ and W− at 7 TeV.

To obtain a quantitative measure of the polarisation we
use the angular distribution of the W+ decay products in
the W+ rest frame described by:

1
σ

dσ
dcosθ∗

=
3
8

(1−cosθ∗)2 fL +
3
8

(1+cosθ∗)2 fR +
3
4

sin2θ∗ f0,
(1)

where θ∗ is the angle in the W rest frame between the
charged lepton and the W flight direction in the lab frame,
and f0,L,R are the polarisation fractions. For W−, fR and
fL are interchanged. The normalisation is chosen so that
f0+ fL+ fR = 1 and any dependence on the azimuthal angle
has been integrated out. In [14] it is noted that σ in Eq. (1)
can be any differential cross section that does not depend
on the kinematics of the individual leptons.

Based on Eq. (1), in order to obtain the polarisation
fractions in the helicity frame we use the following ex-
pressions (for W+):

f0 = 2 − 5〈cos2θ∗〉, (2)

fL = −1
2
− 〈cosθ∗〉 + 5

2
〈cos2θ∗〉, (3)

fR = −1
2

+ 〈cosθ∗〉 + 5
2
〈cos2θ∗〉. (4)

These functions of θ∗ can be used on an event-by-event ba-
sis as projections to extract the polarisation fractions when
full acceptance for the leptons applies.

In [17] we obtained the polarisation fractions for W +1
jet with a simple jet pT cut of 30 GeV for the LHC at
7 TeV for both W+ and W−, shown in Fig. 2 as a function
of the W transverse momentum and rapidity. The small
difference between the W+ and W− polarisations is due to
the difference between the valence u− and d−quark PDFs
that forces the W+ to be slightly more left-handed. We
also see the longitudinal fraction falling to zero at large
transverse momentum, in agreement with the equivalence
theorem.

For comparison we show in Fig. 3 the results of the
polarisation fractions for 1, 2 and 3 jets with a jet trans-
verse momentum cut of 30 GeV obtained using MCFM
[18]. As already noted in [14], even though the kinemat-
ics quickly become more complicated with an increasing

fR

fL

f0

W−

dashed

W+
solid

.

-

p
W
T [GeV]

P
ol

ar
is

at
io

n
fr

ac
ti

on
s

50045040035030025020015010050

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

(a)

fR

fL

f0

W−

dashed

W+
solid

. .

-

yW

P
ol

ar
is

at
io

n
fr

ac
ti

on
s

43210-1-2-3-4

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

(b)

Figure 2: Polarisation fractions as a function of (a) pW
T and

(b) yW for 7 TeV and a jet pT (=pW
T for W + 1 jet) cut of

30 GeV for both W+ and W−.

number of jets the polarisation fractions are not very sen-
sitive to the number of jets, with changes only observed at
low W transverse momentum and the polarisation remain-
ing predominantly left-handed at large transverse momen-
tum.

In addition to the number of associated jets, the depen-
dence of the polarisation fractions on higher-order effects
can be investigated. NLO corrections are found to have no
sizable impact on the polarisation fractions. The definition
of the polarisation fractions as effectively ratios over the
total cross sections helps reduce the sensitivity to the NLO
corrections. In [14] it has been shown using SHERPA that
the results remain stable even when parton shower effects
are taken into account.

The polarisation fractions constitute the diagonal ele-
ments of the W spin-density matrix. One can study the
off diagonal elements by introducing the azimuthal angle.
The differential cross section is then written as:

1
σ

dσ
dcosθ∗dφ∗

=
3

16π
[(1 + cos2θ∗) + A4cosθ∗

+ A0
1
2

(1 − 3cos2θ∗) + A1sin2θ∗cosφ∗

+ A2
1
2

sin2θ∗cos2φ∗ + A3sinθ∗cosφ∗], (5)
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Figure 3: Polarisation fractions for W++1, 2 and 3 jets
with p j

T > 30 GeV at 7 TeV obtained using MCFM.

with the angle φ∗ defined as in [14]. At LO five coeffi-
cients are non-zero. At NLO two more appear but these
remain close to zero. One can relate the polarisation frac-
tions fL,R,0 to A0 and A4 by integrating Eq. (5) over φ∗. We
show the LO results obtained for W + 1 jet for W− and W+

in Fig. 4.
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Figure 4: Angular coefficients for W− and W+ plus one jet
with no imposed cuts in proton-proton collisions at 7 TeV.

The first measurement of the polarisation of the W bo-
son by CMS [15] introduced the variable Lp, defined as:

Lp =
~pT (l) · ~pT (W)
|~pT (W)|2 , (6)

where all quantities can in principle be reconstructed. In
the limit of very high W transverse momentum cos θ∗ =

2(Lp − 1/2). The results in [15] are obtained using the
template method to extract the distributions of Lp for pure
longitudinal, left- and right-handed samples and then fit-
ted to the data to obtain the polarisation fractions. This
accounts for the effect of the selection cuts. Similarly AT-
LAS introduces the angle:

cosθ2D =
~p∗T (l) · ~pT (W)
|~p∗T (l)||~pT (W)| , (7)

which is a 2D projection of the angle θ∗ and the analy-
sis uses the template method to extract the polarisation re-
sults. Both CMS and ATLAS have presented results for
the 2010 data set. The results show reasonable agreement
with the theoretical predictions given the uncertainties.

3 Z polarisation in Z+jets

The methods used for W bosons can in principle also be
used to measure the polarisation of Z bosons produced at
the LHC. For the Z bosons decaying to two charged lep-
tons, the shape of the positively and negatively charged
lepton distributions cannot be used as a direct probe of po-
larisation in the same way as for the W boson, because the
Z couples to both right- and left-handed fermions. There-
fore the SM leptonic couplings need to be taken into ac-
count and the equivalent of Eq. (1) for Z decay to a pair of
fermions is:

1
σ

dσ
dcosθ∗

=
3
8

(
1 + cos2θ∗ − 2(c2

L − c2
R)

(c2
L + c2

R)
cosθ∗

)
fL

+
3
8

(
1 + cos2θ∗ +

2(c2
L − c2

R)

(c2
L + c2

R)
cosθ∗

)
fR

+
3
4

sin2θ∗ f0, (8)

with cR and cL the right- and left-handed couplings of the
fermion to the Z and θ∗ the angle measured in the Z rest
frame between the antiparticle and the Z flight direction in
the lab frame. Based on Eq. (8) we can use appropriate
projections to obtain the polarisation fractions:

f0 = 2 − 5〈cos2θ∗〉, (9)

fL = −1
2
− (c2

L + c2
R)

(c2
L − c2

R)
〈cosθ∗〉 + 5

2
〈cos2θ∗〉, (10)

fR = −1
2

+
(c2

L + c2
R)

(c2
L − c2

R)
〈cosθ∗〉 + 5

2
〈cos2θ∗〉. (11)

For the decay to neutrinos the projections are identical to
those for W bosons, since cνR = 0. In contrast to the case of
W bosons, for which θ∗ cannot be extracted precisely due
to the unreconstructed longitudinal W momentum, for Z
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production θ∗ is unambiguously defined and reconstructed.
Therefore there is no need to use the variables Lp and θ2D

introduced earlier. The polarisation results are shown in
Fig. 5 for Z + 1 jet at 7 TeV with a jet pT cut of 30 GeV.
Evidently Z bosons are also predominantly left-handed at
non-zero transverse momentum. Comparing the results for
Z to those for W + 1 jet we note that while the Z is also
predominantly left-handed, the exact values of the frac-
tions differ, as they arise from a combination of the differ-
ent quark flavour combinations producing the Z boson and
the fact that the Z couples to both left- and right-handed
quarks. The analysing power for the Z polarisation is only
(c2

L − c2
R)/(c2

L + c2
R) =15%, which makes distinguishing left

and right polarisation more difficult than the W case where
the analysing power is 100%. A complication that arises
in Z boson studies is the small admixture of photon events.
In terms of the expressions given above, these apply only
to pure Z exchange. Experimentally this is limited by in-
troducing a cut constraining the lepton pair invariant mass
to be close to the Z mass.
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Figure 5: Z polarisation fractions from the electron decay
channel at 7 TeV for Z + 1 jet.

4 Polarisation of W in other processes

In addition to the production of W bosons in association
with QCD jets, the polarisation properties of W bosons
from other sources can be investigated. The polarisation
of W bosons from top pair production has been studied in
the literature. The projections used differ from those used
for W+ jets, as the angle θ∗ is defined in the W rest frame
relative to the W direction in the top rest frame.

Using this definition we find that for W+ bosons: f0 =

0.70 and fL = 0.30. These can be extracted from analytic
expressions involving the W and top masses (for massless
b−quarks):

f0 =
m2

t

m2
t + 2m2

W

and fL =
2m2

W

m2
t + 2m2

W

. (12)

In this case we find that the polarisation fractions have
no dependence on the W pT , which follows from the way
polarisation is defined using the top rest frame.

In this process W+ and W− are exactly equivalent as
these are always produced in pairs from the decaying top–
anti-top pair, hence the polarisation fractions are related by
f +
0 = f −0 and f +

R = f −L . Due to the symmetric production
mechanism we have:

dσ(tt̄)/dpe+

T

dσ(tt̄)/dpm
T

=
dσ(tt̄)/dpe−

T

dσ(tt̄)/dpm
T
. (13)

Also, no asymmetry is expected between the number of
produced electrons and positrons.
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Figure 6: Polarisation fractions for W+ from top decays
with no imposed cuts using the two angle definitions.
Solid: top rest frame and dashed: lab frame.

To be consistent with our analysis for W+ jets we
should of course use the same projections with θ∗ defined
relative to the W direction in the lab frame. The com-
parison between the two definitions is shown in Fig. 6, to-
gether with the distribution for the W pT . For W− fR ⇔ fL.
It is clear from the plot that the polarisation fractions are
highly sensitive to the definition of the angle and therefore
frame dependent. Use of the lab frame in the definition
also introduces a dependence of the fractions on the pT of
the W boson.

In addition to W from top pair production, in [17] we
present results for other processes at the LHC such as
W + Z and W + H associated production, W pair produc-
tion, W from single top decay using the same projections
as for W+ jets. We select the available MCFM subpro-
cesses where the W+ decays to a positron and a neutrino
and the other particles produced in the event (W−, H, Z)
decay hadronically.

We find that the polarisation fractions of the produced
W+ boson vary from process. These processes are in gen-
eral a subdominant source of W bosons compared to QCD
W+ jets but it is still important to explore them both be-
cause they constitute a further set of backgrounds for New
Physics searches and also because they are interesting pro-
cesses in their own right. The cross-section results for a
range of processes at 7 TeV and the total polarisation frac-
tions are given in Table 1. The only cut imposed for the
results shown in Table 1 is a jet pT cut of 30 GeV for the
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W+ jets processes. As the cross sections for the non-QCD
processes are much smaller, the experimental determina-
tion of the polarisation fractions could well be impeded by
low statistics.

Table 1: Comparison of results for the different processes
leading to W+ production.

Process σ [fb] f0 fL fR
W + 1 jet(p j

T > 30 GeV) 6.11·105 0.20 0.56 0.24
W + 2 jets(p j

T > 30 GeV) 2.15·105 0.20 0.56 0.23
W + 3 jets(p j

T > 30 GeV) 0.74·105 0.21 0.56 0.23
t(→ bW+)t̄(→ b̄qq̄) 9320 0.46 0.37 0.17

Single top(t-channel) 4067 0.42 0.43 0.15
Single top(s-channel) 205 0.24 0.61 0.14

W + Z(Z → qq̄) 944 0.05 0.72 0.23
W + H(H → bb̄) 53 0.05 0.72 0.23

W pair(W− → qq̄) 2048 0.26 0.48 0.25

Plots of the polarisation fractions as a function of the
W pT for these processes are shown in [17]. It is clear from
the plots and from Table 1 that the polarisation properties
of W bosons depend strongly on the production process,
as they are determined by the underlying interaction.

5 Conclusions

We have studied the polarisation of electroweak gauge
bosons at the LHC. We have seen that W bosons produced
in association with QCD jets at non-zero transverse mo-
mentum are preferentially left-landed at the LHC. This
leads to asymmetries between the charged lepton and neu-
trino transverse momentum distributions.

We have compared the polarisation of W bosons pro-
duced with QCD jets to W bosons from top pair produc-
tion and decay, calculating the polarisation fractions. For
W from top pair production we have compared the polar-
isation fractions obtained in two different frames, to show
that the polarisation fractions are strongly frame depen-
dent. We remark that the f0 = 0.7, fL = 0.3 fractions often
mentioned in the literature are valid only when defining
the relevant angle in the top rest frame.

We have used the same procedure for other W produc-
ing processes at the LHC to study the polarisation of W
bosons as a function of the W transverse momentum. The
origin of the different results for different processes is re-
lated to the underlying physics of the interaction and the
helicities of the other particles involved. Therefore a study
of the polarisation properties can be used in conjunction
with kinematics to distinguish between different sources of
W bosons. This is also helpful for New Physics searches
where new interactions might give different polarisation

fractions and can therefore be used as a handle to disentan-
gle the signal from the SM background. Other processes
have lower cross sections but with increasing LHC lumi-
nosity, it should in the near future become possible to ex-
tract the W polarisation fractions. Similarly, we expect
the measurement of the Z polarisation to be feasible at the
LHC and have presented the relevant results.
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