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In this letter we present results for next-to-leading-order electroweak corrections to doubly polarised WTW~
production at the LHC in the fully leptonic decay channel. We model the production and the decay of two
polarised W bosons in the double-pole approximation, including factorisable real and virtual electroweak
corrections, and separating polarisation states at amplitude level. We obtain integrated and differential
predictions for polarised signals in a realistic fiducial setup.

1. Introduction

Separating polarisation modes of W and Z bosons and extracting the
longitudinal one represents an important step towards the complete un-
derstanding of the interplay between the electroweak (EW) and Higgs
sector of the Standard Model (SM). Any deviation from the SM predic-
tion for the production rate of longitudinally polarised EW bosons in
LHC processes would signal the presence of new-physics effects point-
ing to a modified structure of the EW-symmetry-breaking mechanism
compared to the SM one.

Though challenging, the extraction of polarisation fractions of EW
bosons from LHC data has already been achieved with the Run-2
dataset [1-5], and more results are expected from the Run-3 and High-
Luminosity stages. The current analysis strategies for diboson inclusive
production [1,3-5] and scattering [2] are based on data fits performed
with independent templates for the various polarised signals. This is
made possible by the definition of polarised cross sections, i.e. cross sec-
tions for fixed polarisation of intermediate EW bosons, and their numer-
ical simulation with Monte Carlo codes. The recent theoretical progress
has led to accurate and precise SM predictions for inclusive polarised
diboson production in the fully leptonic decay channel, achieving next-
to-leading order (NLO) QCD accuracy for all diboson channels [6-9],
next-to-next-to-leading order (NNLO) QCD accuracy for WrW~ [10],
and NLO QCD+EW accuracy for ZZ [11] and WZ [12-14] production.

The inclusive production of a pair of leptonically decaying W bosons
at the LHC is the most challenging diboson channel from the experimen-
tal point of view, owing to the large top-quark backgrounds and the
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cumbersome reconstruction of the final state with two undetected neu-
trinos. The SM differential cross section for off-shell WTW~ production
is known up to NNLO QCD [15-17] and NLO EW [17-19] perturbative
accuracy, also matched to parton shower [20-22]. In the case of inter-
mediate polarised bosons, the NLO [6] and NNLO [10] QCD corrections
are known, and the matching of NLO QCD ones to a parton shower has
been achieved recently [23].

In this work we extend the SM modelling of doubly polarised WTW~
production to the inclusion of NLO EW corrections in the decay channel
with two charged leptons of different flavours. We stress that these cor-
rections represent the last missing building blocks for the SM modelling
at complete NLO EW+QCD accuracy of polarised boson-pair production
in all possible leptonic decay channels.

In our approach, polarised cross sections are defined after selecting
doubly resonant contributions (containing two resonant W bosons) and
projecting their momenta on shell (to guarantee gauge independence).
The difference between the doubly resonant contributions and the full
calculation (containing less than two resonant W bosons) is considered
as an irreducible background that should be fitted simultaneously with
the polarised cross sections. Similarly, the (doubly resonant) interfer-
ence contributions should be considered as a separate contribution to
be included in the fits if necessary. For more details of our approach we
refer to Refs. [6,11].

This letter is organised as follows. In Section 2 we describe the main
features of the NLO EW calculation. The setup for numerical simulations
is summarised in Section 3, and the corresponding results are discussed
in Section 4. In Section 5 we draw our conclusions.
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Fig. 1. Sample photon-radiation diagrams contributing to W*W~ production and decay at NLO EW.

2. Details of the calculation

We consider the production and decay of two W bosons at NLO EW
accuracy, specifically

pp—>e+ve/4_\7”+X. [€))

In the five-flavour scheme, the channels

qq,bb, yy > e*vouv,, @

(¢ =u,d,s,c) are present at LO, and at NLO EW accuracy the contribut-
ing real channels read

44, bb,yy —e*vouTv,y,

vqd = e ven v, q,
yb —>e+ve,u_\7ub. 3
In the full off-shell calculation, the complete set of real and virtual dia-
grams is taken into account.

For unpolarised and doubly polarised signals, we carry out the calcu-
lation in the double-pole approximation (DPA) [24-27], including only
factorisable real and virtual EW corrections. The DPA approach has al-
ready been used for the simulation of polarised intermediate EW bosons
in diboson LHC processes at NLO QCD [6-8], NNLO QCD [10], and NLO
EW [11-13] accuracy.

The yb(yb) channels embed (anti)top quarks in the s channel,
and should therefore be regarded as an irreducible background to the
W*W~ EW production. Therefore, while included as a contribution to
the full off-shell calculation as a reference, these contributions are ex-
cluded from the DPA calculations (polarised and unpolarised), i.e. we
assume a perfect b-jet veto. Experimentally, this background could as
well be subtracted based on a template fit.

In the DPA, the Born-like contributions (Born, virtual, and sub-
traction counterterms) are characterised by two W bosons undergoing
two-body decays,

g, bb, yy = WH(Eetve) W (1™ 7,), “

where the notation W*(e*v,) denotes a W+ boson decaying into et v,.
The same holds for real corrections with an additional particle, a photon
or a quark, radiated off the production part of the process,

4q,bb, 7y = WH(etv ) W™ (u™v,)7,

vd > Wit W (1Y, 4,
yb — W ety W (1 7,) b . (5)
Following Ref. [11], these contributions are treated with the DPA(2,2)
mapping, i.e. a projection of the momenta for the processes g4, bb, yy —
e*ve 4"V, to momenta for the processes ¢d, bb, yy > WtW-—et Vel
with on-shell W bosons.! A photon can be also emitted off the decay

! The numbers in DPA(2,2) refer to the numbers of decay particles/momenta
of the two vector bosons.

products of a W boson, leading to a resonant structure with one two-
body and one three-body decay,

qq,bb,yy = WH(et v ) W™ (17 v,),

qq,bb,yy = WH(erve) W (1 7,7). (6)

According to the notation of Ref. [11], these contributions are treated
with the DPA(3,2) and DPA(2,3) mappings, respectively, ie. projec-
tions of the momenta for the processes ¢g, bb, yy — etv, WV, (with
an extra photon) to momenta for the processes gg, bb, yy - WHW~ —
etveu™ v,y with on-shell W bosons, where the first/second W boson de-
cays into two leptons and a photon and the second/first one into two
leptons.

The infrared singularities of QED origin are subtracted in the dipole
formalism [28-32]. Compared to the full off-shell calculation, where
emitters and spectators of the dipoles are charged massless particles in
the initial or final state, the DPA calculations require a tailored dipole
selection, owing to the separate treatment of the production and de-
cay of the resonances. This procedure is especially delicate for the
soft-photon singularities that arise from the emission of photons off
W bosons whose momenta have been projected on mass shell through a
DPA mapping. In order to further detail the DPA approach used for our
calculation, we consider the real partonic process g§ — etv, uV,r. The
contributing diagrams in the DPA can feature a photon that is radiated
off the production part of the amplitude, from a W-boson propaga-
tor, or from the decay part of the amplitude. Since diagrams like the
one depicted in Fig. 1(a) contain a photon radiated off initial-state (IS)
quarks or antiquarks, they only contribute to the production process
of two W bosons. These diagrams give rise to soft and collinear sin-
gularities, which in the dipole formalism are absorbed by IS-IS and
IS-FS dipoles, where either another quark or antiquark (IS-IS) or one
of the two W bosons (IS-FS) plays the role of the spectator. The sec-
ond class of diagrams [Fig. 1(b)] is characterised by a photon emitted
off an s-channel W boson and embeds singularities associated both
with the production side and with the decay side of the amplitude,
treated separately by means of a partial fractioning [33,34]. This gives
rise to FS-IS (W boson as emitter, incoming parton as spectator) and
FS-FS dipoles (one W boson is the emitter, the other W is the specta-
tor) to absorb production-level singularities, and a decay dipole for the
decay-level singularities. The last class of diagrams [Fig. 1(c)] contains
a photon emitted from a charged lepton, whose singularity is absorbed
by a decay dipole. Following the strategy proposed in Ref. [12], for the
production-level dipoles with a W boson as emitter and/or spectator
(FS-FS, FS-IS, IS-FS) the massive-fermion dipoles [30] are employed.
This is possible, since owing to the finite mass of the W boson no spin-
dependent collinear singularities are present in the photon radiation
from the W bosons. Compared to WZ inclusive production [12,13], the
novel structures needed for this calculation are the FS-FS dipoles with
equal masses (Myy) that we implemented as a simplified version of the
corresponding structures in Ref. [30]. For the W-boson decay, we have
devised a single dipole that reproduces the exact structure of the real
W — £v,y matrix element and that could be analytically integrated in
4 — 2¢ dimensions. This dipole absorbs the singularities related to pho-
ton emission both from the W boson and from the decay lepton.
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The sum of integrated counterterms for the production part (taken
from Ref. [30]) and decay (integrated version of our W-decay ker-
nel) has been proven to reproduce the explicit infrared poles of the
factorisable virtual corrections. The contribution of non-factorisable
soft-photon corrections of virtual origin is expected to be small and to
cancel to a large extent against the corresponding real corrections [35].
Therefore we exclude them from this work and leave them for future
investigation.

The calculation strategy described above for real and virtual contri-
butions as well as for the local and integrated counterterms has been
applied to the unpolarised process and to the doubly polarised ones.
This allows the selection of individual polarisation contributions in the
two W-propagator numerators, following the general strategy proposed
in Ref. [6] and already applied at NLO EW to ZZ [11] and WZ inclusive
production [12-14].

At variance with the choice made in other fixed-order results in the
literature [6,10], the polarisation states for the two W bosons are de-
fined in the diboson centre-of-mass (CM) frame, which is regarded as
the most natural Lorentz frame for the definition of vector-boson polar-
isations in diboson processes [7,11-14].

The calculation has been performed independently with the BBMC
and MOCANLO Monte Carlo codes, both of which have already been
used for the simulation of intermediate polarised bosons at NLO ac-
curacy [6-8,11]. The two codes have been interfaced with the latest
release (1.4.4) of the RECOLA library [36,37] that enables the calcula-
tion of tree-level and one-loop amplitudes with fixed polarisation states
for intermediate resonances. The reduction and integration of one-loop
amplitudes in RECOLA is achieved through the COLLIER library [38].
A number of checks have been performed to verify the correctness of
fixed-helicity amplitudes by means of variations of the UV regulator
in RECOLA, comparisons against analytic results, and independent nu-
merical results obtained with MADLoOP [39]. All integrated and differ-
ential results provided in this letter are computed with MOCANLO and
have been checked against BBMC, finding agreement within numerical-
integration uncertainties.

3. Setup

The simulations are performed at a centre-of-mass energy of \/_ =
13.6 TeV for proton-proton collisions at the LHC. The on-shell masses
and widths of the EW bosons have been set to the values [40],

M5 =91.1876 GeV, % =2.4952GeV,

MG’ =80.377GeV, 9% =2.085GeV, @

and then converted to their corresponding pole values [41]. The top-
quark and Higgs-boson mass and width are fixed as [40],

m, = 172.69GeV, T, =1.42GeV,

My =125.25GeV, I'y =0.0041GeV. ®

The Gu scheme [27,42] is employed to determine the EW coupling. In
formulas,

o2
a=—G, |M - — 9
14 w D
T MZ

for the full off-shell calculation in the complex-mass scheme [34,43,44],
where ]\7[12, = MI2, —iMy, Iy (V =W, Z), while

M2
a:‘gGﬂM&, (1——‘”) (10)

2
MZ

for the DPA calculations. The Fermi constant is set to

G, =1.16638x 107 GeV ™2, an
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and My, My, and I'yy,I"; represent the pole values for the weak-boson
masses and widths, respectively.

We perform the calculation in the five-flavour scheme, including
partonic channels induced by bottom (anti)quarks and photons. The
PDF set NNPDF31 nnlo_as_ 0118 luxged [45,46] has been utilised
through the LHAPDF interface [47]. The renormalisation and factorisa-
tion scales are both set to the W pole mass,

UR = Hp = My . 12)

The selections used throughout this paper mimic those of a recent
CMS measurement [48] (dubbed sequential-cut selections therein). The
charged leptons are dressed with photon radiation according to anti-kp
clustering algorithm [49] with resolution radius R = 0.1. The final state
must satisfy

pre, >25GeV, prg, >20GeV,

er| <25, In,-| <24,

DPrety= > 30GeV, M+, > 20GeV,
PT,miss >20GeV . (13)

where 7| , are the leading and subleading charged leptons ordered ac-
cording to their transverse momenta.

Throughout the whole paper we use the labels L and T for longitu-
dinal and transverse polarisation, respectively. When discussing doubly
polarised states (LL, LT, TL, and TT), the first index refers to the W*
boson, the second one to the W~ boson.

4. Results

In this section we present integrated and differential results at NLO
EW order in the fiducial setup defined in Eq. (13). Since we are in-
terested in assessing the impact of EW radiative corrections, we do
not show QCD-scale uncertainties which in our calculation would only
come from factorisation-scale variations. A realistic estimate of QCD-
scale uncertainties would require at least the inclusion of NLO QCD
corrections, which has been recently carried out [23] in a similar setup
as the one considered in this work, finding 3-5% uncertainties with
mild differences among various polarised states.

In Table 1 we show fiducial cross sections at LO and NLO EW ac-
curacy for the full, unpolarised, and doubly polarised WrW~ signals.
The results are presented both with and without the bb channel. In the
case of the full calculation, we also assess the impact of the yb(yb)
channels, which differ from the corresponding ones with light quarks
by the presence of (anti)top-quark propagators in the s channel. Ex-
cluding all bottom-induced contributions, the TT state gives by far the
largest fraction to the unpolarised signal while the purely longitudi-
nal state amounts to 7.7% of the total at NLO EW. The differences
between the TL and LT polarisations originate from the differences in
PDFs between quarks and antiquarks. The off-shell effects, evaluated
from the difference between the full and unpolarised cross sections, are
at the 3.5% level, in agreement with the intrinsic uncertainty of the
DPA. The striking effect is the size of interferences among polarisation
states (—8%), evaluated from the difference between the unpolarised
and sum of polarised cross sections. This effect, already observed in
previous WTW~ calculations [6,10,23], comes from the application
of transverse-momentum cuts on the two charged leptons, which pre-
vents the interference between longitudinal and transverse modes of
both bosons from vanishing. It is especially large for W bosons, whose
left-chiral coupling to fermions induces a dramatic change in the decay-
angle shapes in the most populated region (anticollinear and collinear,
respectively for the W and W~ bosons), when applying fiducial cuts
(compared to a fully inclusive setup). The effect of the cuts is also visi-
ble in Fig. 2. The NLO EW corrections are negative and different for the
various polarised and unpolarised states. In particular, their size is max-
imal for the TT state (—2.4%), smaller for the LL one (—1.3%). Almost
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pp-etve u~ v, + X, Vs =13.6TeV: fiducial setup
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Fig. 2. Distributions in the polar decay angle of the positron in the W* rest frame for WYW~ production and decay at the LHC with NLO EW accuracy. The setup
detailed in Section 3 is understood. Polarisations are defined in the diboson CM reference frame. Colour key: full off-shell (black), unpolarised (gray), LL (red), LT
(yellow), TL (green), TT (blue), sum of doubly polarised (magenta), yb (yB) contributions (brown, dashed). Left panel: absolute differential distributions (top) and
normalised shapes (bottom) at NLO EW, including bb contributions. Right panel: ratios of NLO EW results over the LO ones, including bb contributions (top), ratios
of NLO EW cross sections with and without bb contributions included (middle), ratios of cross sections over the unpolarised ones at LO and NLO EW (bottom).

Table 1

Fiducial cross sections (in fb) at LO and NLO EW for full, unpo-
larised, and doubly polarised WYW~ production at the LHC in
the fully leptonic decay channel. Absolute numbers in parenthe-
ses are numerical integration uncertainties. The value gy (in
percentage) is computed as the EW correction relative to the LO
result. The values fy; opw are fractions of NLO EW cross sections
over the NLO EW unpolarised result. The yb, yb contributions
are only included in the full calculation (last row). The interfer-
ence (int.) is evaluated as the difference between the unpolarised
and the sum of polarised results.

state o1 [fb] onLogw [fb] Spwl%] Snroew %]
bb, yb, yb excluded
full 254.79(2) 249.88(9) -1.93 103.5
unp.  245792)  241.48(2) ~1.75 100
LL 18.752(2) 18.510(2) —1.30 7.7
LT 32.084(3) 32.043(3) —0.13 13.3
TL 33.244(5) 33.155(5) —-0.27 13.7
TT 182.17(2) 177.83(2) —-2.38 73.6
int. —20.46(3) —20.1(1) —1.96 —-8.3
bb included, yb, yb excluded
full 259.02(2) 253.95(09) -1.96 103.4
unp. 249.97(2) 245.49(2) -1.79 100.0
LL 21.007(2) 20.663(2) —1.64 8.4
LT 33.190(3) 33.115(3) —0.23 13.5
TL 34.352(5) 34.230(5) —0.35 13.9
TT 182.56(2) 178.21(3) —-2.38 72.6
int. —21.14(5) —20.6(2) —2.45 —-8.4
bb, yb, yb included
full 259.02(2) 265.59(9) +2.54

negligible EW corrections are found for the mixed polarisation states
(LT, TL).

The inclusion of bb channels, which are PDF suppressed, though not
changing the size of the NLO EW corrections, gives a 12% increase to

the LL cross section. The corresponding contribution for mixed states is
at the 3% level, while it is completely negligible for the TT state. This
effect comes from the presence of a 7-channel top quark that leads to a
different helicity structure contributing to the LO amplitude, favouring
a longitudinal mode for the W bosons. Including the bb contributions
does not change the relative size of off-shell and interference effects.

For completeness, we have evaluated the full off-shell process in-
cluding also yb(yb) channels, which are characterised by (anti)top
quarks in the s channel. These photon-induced corrections account
for almost 5% of the full off-shell NLO EW cross section in the five-
flavour scheme. Dominated by the presence of (anti)top quarks, these
contributions constitute an irreducible background to EW production
of W¥W~. A similar reasoning holds for gb, gb and gg channels that
arise at NLO and NNLO in QCD, respectively. The combination of EW
and QCD corrections, although indispensable for a realistic and precise
SM modelling, falls outside the scope of this letter and is left for future
work.

In order to experimentally separate polarisation states for interme-
diate EW bosons, it is necessary to model precisely the polarised signals
in terms of differential observables, identifying those that provide the
highest discrimination power. We present differential results for three
kinematic variables: the first one relies on the use of neutrino momenta
from Monte Carlo truth, while the second and the third ones are LHC
observables. While we incorporate the bb channels in all distributions,
we do not include the yb, yb channels therein, but instead show their
contribution to the full off-shell results separately.

In Fig. 2 we present distributions in the cosine of the polar decay
angle of the positron in the W™ rest frame, which relies on the (unphysi-
cal) reconstruction of individual W bosons. As proven by the normalised
shapes, this quantity gives the highest sensitivity to the polarisation
state of the W* boson, while it is rather agnostic of the polarisation
state of the W~ boson. The NLO EW corrections for the various states
reflect those found at the integrated level (see Table 1), with some de-
viation from the flat behaviour just in the anticollinear regime, which
is the least populated one. In this regime, the TT and TL signals would
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pp-etve u~ v, + X, Vs =13.6 TeV: fiducial setup
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Fig. 3. Distributions in the cosine of the angular separation between the positron and the muon for WW~ production and decay at the LHC with NLO EW accuracy.

Same structure as Fig. 2.

have a maximum in the absence of cuts (driven by the favoured left-
handed polarisation), while the transverse-momentum selection on the
positron distorts dramatically the shape emptying this region. The im-
pact of bb channels, negligible for the TT state, increases towards the
collinear regime for the longitudinal W~ states (LL, TL). The off-shell
effects are flat in most of the angular range, while they increase up to
15% in the anticollinear regime. The interferences, already found to be
large for polarisations defined in the laboratory frame [6,10], are en-
hanced in the central region of the spectrum, i.e. GZ;CM ~ 7 /2, where
they amount to 13%. These large effects are known to come from the
application of py cuts on the kinematics of the positron, which prevents
the interference between longitudinal and transverse modes of the W*
boson from integrating to zero [50].

In Fig. 3 we present the distributions in an angular observable that
can be fully accessed at the LHC, namely the angular separation be-
tween the two charged leptons, computed in the laboratory frame. The
shapes for the LL and mixed states clearly suggest that the two leptons
are preferably produced collinear to each other, with a sharp drop in the
rightmost bin that is motivated by the fiducial invariant-mass selection
(M o+ > 20 GeV), while the anticollinear regime is disfavoured. A dif-
ferent behaviour is found for the TT distribution, whose shape presents
two local maxima close to both the collinear (absolute maximum) and
to the anticollinear regimes. The NLO EW corrections for the LL state
increase from —5% to —0.1% towards the collinear regime, those for the
TT state are comparably flat. The mixed states are both characterised by
positive corrections (up to 6.5%) in the anticollinear region, but almost
negligible ones in the rest of the angular range. The relative impact of
bb contributions to the LL state is maximal in the anticollinear region
(more than 75% for Af.+ P x) and decreases monotonically towards
the collinear region (most populated one). A similar trend, though over-
all less sizeable, is found for the LT and TL states. While the off-shell
effects are flat, the interference pattern is strikingly interesting, with a
linear decrease from +5% to —17% towards the collinear region, and a
deviation from this constant slope just in the very last bins (up to 45%
effect). A similar interference pattern has been observed also in the dis-
tributions in the azimuthal-angle separation between the two charged
leptons.

In Fig. 4 we analyse the distributions in the invariant mass of the
positron-muon system. Similarly to the discussion of the previous ob-
servable, the normalised TT shape markedly deviates from the one
found for other doubly polarised states, with a different maximum po-
sition (Me+ - 50GeV for TT, ~ 65 GeV for other states). The TT state
dominates the unpolarised cross section with a decrease by 1.5 orders
of magnitude between its maximum position and 400GeV. The sup-
pression of the other states towards large invariant-mass values is more
marked, with a decrease by more than two orders of magnitude in the
same mass range. The LL distribution exceeds the mixed ones already at
a smaller invariant mass (~ 270GeV) than for polarised states defined
in the laboratory frame [6]. The NLO EW corrections are increasingly
negative for the LL and TT states towards large invariant mass, showing
the expected enhancement from large logarithms of EW origin. On the
contrary, the positively increasing EW corrections at moderate-to-large
mass found for the LT and TL distributions mostly come from a LO sup-
pression of these states, which results from unitarity cancellations and
is proportional to the energy of the longitudinal W boson [51]. The im-
pact of the bb channel becomes very large at moderate values of M+ =
(+50% at 200GeV for LL). The off-shell effects mildly vary between
3% and 8% in the considered range. The interferences vanish for larger
mass, while they rapidly increase approaching the minimum mass value
allowed by the selections (40% at the 20-GeV cut).

5. Conclusions

We have presented the first calculation of NLO EW corrections to
doubly polarised WTW~ production at the LHC in the decay channel
with two opposite-sign, different-flavour leptons. Using the double-pole
approximation to extract the WW-resonant contributions out of the full
off-shell cross section and selecting polarisation states for intermedi-
ate bosons in the tree-level and one-loop amplitudes, we have calcu-
lated integrated and differential cross sections for various polarised
states and drawn phenomenological consequences relevant for the LHC
Run-3 analysis programme. We have carried out the calculation in the
five-flavour scheme, finding non-negligible contributions from the bb-
induced partonic channel, especially for the purely longitudinal state.
The NLO EW corrections at integrated level for the doubly polarised
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Fig. 4. Distributions in the invariant mass of the positron-muon pair for W*W~ production and decay at the LHC with NLO EW accuracy. Same structure as Fig. 2.

states range from —0.3% for mixed states to —1.7% for the purely longi- COMETA COST Action CA22130. This work is supported by the German

tudinal one to —2.4% for the purely transverse one. Much larger EW cor- Federal Ministry for Education and Research (BMBF) under contract
rections characterise the tails of invariant-mass distributions, with typ- no. 05SH21WWCAA and by the German Research Foundation (DFG) un-
ical enhancement from EW logarithms in the same-polarisation states der reference number DFG 623/8-1.

and positively increasing corrections for the mixed states owing to a
LO suppression. Some observables, both angular and energy-dependent,
have been found to have a marked discrimination power among polar-
isations, and therefore to be suitable for polarised-template fits of LHC
data, even in a challenging process like WtW~—.
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