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ABSTRACT: We present a computation of diboson production in the W= Z channel at the Large
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termediate gauge bosons with definite polarization states. The analysis includes contributions
from the Standard Model effective field theory (SMEFT) and is carried out at next-to-leading
order accuracy in QCD, matched to a parton-shower simulation. Our implementation allows
for the selection of specific helicity configurations, both in the Standard Model and in the
presence of dimension-six operators inducing anomalous triple-gauge-boson couplings. This
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analyses of diboson systems at the LHC within the SMEFT framework.
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1 Introduction

A key feature of diboson production is the polarization of the resulting electroweak (EW)
gauge bosons. The W and Z bosons can be produced in longitudinal, right-, or left-handed
states, with their relative fractions precisely predicted in the Standard Model (SM) by its
gauge structure and symmetry-breaking dynamics. The longitudinal modes, in particular, are
closely tied to the Higgs sector and EW symmetry breaking (EWSB), making them especially
sensitive to new physics. Deviations in their production rates or angular distributions may
signal physics beyond the SM (BSM). Indeed, many BSM scenarios — such as composite
Higgs models or theories with extra dimensions — predict enhancements of the longitudinal
polarization states. Within the SM effective field theory (SMEFT) [1-4], such effects can
be systematically analyzed via higher-dimensional operators that modify the triple- and
quartic-gauge-boson couplings.

Despite the inherent challenges, polarization fractions of the EW gauge bosons have
already been successfully extracted from LHC Run 2 data [5-11], with improved results



anticipated from LHC Run 3 and the high-luminosity phase of the LHC (HL-LHC). The
current analysis strategies rely on template fits to data, using separate templates for each
polarization component of the signal. This approach is made possible by defining polarized
cross section — i.e., those corresponding to fixed polarizations of the intermediate gauge bosons
— which can be compared to dedicated Monte Carlo (MC) simulations. This method enables
a detailed understanding of the dynamics of diboson processes, capturing effects such as
off-shell contributions and spin interference. Reaching the required level of precision demands
a detailed and reliable theoretical description of both the production and decay stages of
polarized gauge bosons. To address this issue, a gauge-invariant definition of polarized-boson
signals has been developed [12-15]. SM predictions within the pole approximation [16-22] and
the narrow-width approximation (NWA) [23-25] have been computed with increasing precision,
reaching next-to-leading order (NLO) [26, 27] and next-to-next-to-leading order (NNLO) QCD
accuracy [28], including NLO EW corrections [29-37], and NLO QCD calculations matched
to a parton shower (PS) [38, 39]. A very recent study [40] presents a detailed comparison
of state-of-the-art predictions from various MC tools for polarized Z-boson pair production,
achieving for the first time a combination of NNLO QCD and NLO EW corrections. Readers
interested in further details on SM calculations involving polarized diboson production at
the LHC are referred to this work.

The synergy between precise measurements and high-accuracy SM predictions makes
diboson processes a powerful probe of SMEFT effects. Consequently, numerous theoretical
studies have explored this potential [41-63], highlighting the sensitivity to both triple-gauge-
boson couplings and fermion-EW-boson interactions, the latter offering complementary insight
to that from EW precision measurements. One of the main challenges in this context is the
suppression of the interference between the SM and certain dimension-six SMEFT operators.
This is a result of helicity selection rules, which dictate that the SM and the SMEFT tree-
level amplitudes for 2 — 2 processes are dominated by different helicity configurations [64].
This has spurred the development of “interference-resurrecting” strategies, including the
use of chirality-sensitive azimuthal angles of decay products [46-48, 53], associated jet
production [46], NLO QCD corrections [47, 48, 53], fiducial lepton cuts [53], and off-shell
modeling beyond the NWA [44]. Motivated by the role of chirality-sensitive observables in
restoring the SM-SMEFT interference, also polarization-sensitive observables have recently
been studied [61] to enhance the sensitivity of diboson processes to SMEFT effects.

This work aims to extend and generalize the recent SMEFT analysis [61], which reached
NLO plus PS (NLO+PS) accuracy for two dimension-six SMEFT operators involving purely
gauge-boson interactions. In this article, we examine the complete set of eight CP-even and
-odd primary operators that modify both the gauge-boson self-interactions as well as the
Higgs-gauge-boson couplings. The required fixed-order SMEFT amplitudes are computed
using a modified version of the RECOLA 2 amplitude generator [65, 66], which allows for
the selection of specific helicity configurations of the intermediate gauge bosons. The PS
matching is performed within the POWHEG-BOX-RES framework [67-70], utilizing the pole
approximation. This approach enables a realistic and exclusive modeling of diboson production
and their leptonic decays at NLO QCD accuracy. We showcase the performance of our new
MC code through a computation of inclusive W*Z production at the LHC, accounting
for leptonic decays and polarized intermediate gauge bosons. Specifically, we conduct an



in-depth phenomenological analysis of polarized signals, both inclusively and with realistic
fiducial cuts, to quantify the magnitude of interference between the SMEFT and SM in
each case. Our study tries to identify the classes of observables in W*Z production most
sensitive to anomalous triple-gauge-boson interactions from the considered dimension-six
SMEFT operators. The obtained results offer valuable input for experimental efforts to reduce
modeling uncertainties in LHC Run 3 and HL-LHC polarization analyses of diboson processes.
In particular, template-based model-independent new-physics searches stand to benefit from
the new POWHEG-B0OX-RES implementation of SMEFT effects in diboson processes.

The structure of this article is as follows: section 2 outlines the main ingredients of
the SMEFT computation and their implementation within our NLO+PS event generator.
In section 3, we discuss the primary constraints on the relevant Wilson coefficients, which
motivate the SMEFT benchmark scenarios considered in this work. Section 4 presents a
phenomenological analysis of SMEFT corrections to W*Z production at the LHC, based on
realistic benchmark scenarios for the Wilson coefficients. We summarize our findings and
discuss future directions in section 5. The relevant input parameters needed to simulate
polarized-boson events in the SM and in the SMEFT with the new POWHEG-BOX-RES
implementation are listed in section A.

2 Details of the calculation

This section begins by defining the relevant SMEFT operators considered in our work. We
then review the definition of polarized signals in diboson production and decay at the LHC.
Next, we detail the technical modifications made to incorporate the SMEFT operators into
the REcoLA 2 amplitude generator. Finally, we outline the changes required to consistently
match fixed-order NLO QCD predictions to a PS within the POwWHEG-B0OX-RES framework,
in the context of polarized diboson production with leptonic decays.

2.1 SMEFT operators

To set our notation and conventions, we start by defining the SMEFT Lagrangian:

Ci(p)
A2

LSMEFT = Y Qi - (2.1)
(2

Here, C;(u) represents dimensionless Wilson coefficients evaluated at the renormalization
scale pu, which multiply the corresponding effective operators @);. Throughout this article, we
assume that all Wilson coefficients are real. The symbol A denotes the common new-physics
scale suppressing the operators.

The dimension-six operators we consider in this article are expressed in the Warsaw
operator basis [2] as follows:

Qup = H'HB,,B" Q,5=HHB,,B"
Quw = H HW, W | Qi =HHW. W, 2.9
Quwp = HI o' HW),, B" Qg =HIc"HW,, B" '
Qw = eiji WY WA WH | Qp = € Wi WA W



Here, H represents the SM Higgs doublet, while the field-strength tensors associated with
the U(1)y and SU(2)r, gauge fields are By, = 9,B, — 9, B, and W/, = 9, W} — d,W,, —
ggeijle{ WP, respectively. The corresponding gauge couplings are called g; and go. The
symbol o denotes the standard Pauli matrices, and €;;; represents the totally antisymmetric
Levi-Civita symbol, defined such that €193 = +1. The dual field-strength tensors are defined
as EW = eWApBAp/2 and W;y = eWApWi’)‘p/Q, where €,,,5, is the fully antisymmetric four-
dimensional Levi-Civita tensor with €pj23 = +1. Note that the operators in eq. (2.2) without
a tilde are CP-even, while those with a tilde are CP-odd. Since the gauge-boson interactions
in the SM conserve the CP symmetry, only the CP-even operators can interfere with the SM
contribution to diboson production, whereas the CP-odd operators do not. We note that
the recent work [61] has provided NLO-accurate results for fully leptonic W*Z and W+W
production at the LHC, focusing on the two triple-gauge-boson operators Qw and Q.

2.2 Definition of polarized signals

A gauge-invariant definition of polarized signals requires that intermediate gauge bosons be
constrained to their mass shell. Consequently, the simulation of polarized-boson production
and decay involves additional subtleties compared to a fully off-shell approach. In practical
terms, enabling a MC generator to simulate intermediate gauge bosons with fixed polarization
states demands two key elements: (i) the implementation of an on-shell projection to isolate the
gauge-invariant resonant contribution to the amplitude, and (i7) the extraction of individual
polarization states from the resonant amplitude.

We illustrate the approach using the tree-level contribution to W+ Z production as a
representative example. Sample SM diagrams are shown in figure 1. At a given perturbative
order, the full gauge-invariant set of diagrams includes both resonant and non-resonant
contributions. In this context, we retain only the resonant diagrams, discarding the non-
resonant ones. For diboson production, this corresponds to selecting diagrams that factorize
into two distinct production vertices, two s-channel gauge-boson propagators, and separate
decay vertices for each boson. Accordingly, the term “resonant” is understood to mean
“doubly-resonant”. This can be expressed schematically as:

Afull(xlv':cQ; k17 ceey k4) = Anon-res(xlal?; kla cee 7k4) + Ares($1a$2; kl) BRI k4) (2 3)
— Aves(@1, w25 k1, ..., k) .

Here, x1 and x9 denote the momentum fractions of the incoming partons, and ki,...,ky
correspond to the final-state four-momenta. In the 't Hooft-Feynman gauge, the resonant
contribution to the amplitude is given by

—igh —ig¥P

Aves(T1, 025 k1, .., ka) = P (21, 25 k12, k34) 5 DY (k1, ko) DF (ks, ka) ,

k%z - M%V k§4 A
(2.4)

where k; ., = ki + ...+ ky, and for V = W, Z, we defined
p =mi —ilymy, (2.5)

with my, mz and I'yy, I'z denoting the pole masses and total decay widths of the W and
Z bosons, respectively. The tensor P, (z1,x2; k12, ks4) encodes the sub-amplitude for the
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Figure 1. Example tree-level resonant (left) and non-resonant (right) diagrams contributing to W+Z
production and decay in proton-proton (pp) collisions. Further explanations can be found in the
main text.

production of the two gauge bosons, while DY (k1, k2) and Dg (ks, k4) represent the decay
sub-amplitudes of the relevant gauge boson.

Since the subset of resonant diagrams is not gauge invariant by itself, we ensure gauge
invariance of the calculation by employing the double-pole approximation (DPA), as also
adopted for instance in refs. [26, 27, 29, 32, 36, 39, 71]. The first step in the DPA procedure
involves the following phase-space mapping

DPA_ = = =
Oy = {z1, 225 k1,.. ., ka} —— @y ={z1,m25k1,...,ks}, (2.6)
with k1o = m%v and ksy = m%. The mapping in eq. (2.6) is now applied to the resonant
part of the amplitude in eq. (2.3), such that the numerator is projected on shell, while the
propagator denominators retain the original off-shell kinematics. In schematic form, this
corresponds to the following replacement:

.Arcs(ltl,l'z; kl, e ,k4) — Ams(ﬂfl,l‘g; ];?1, ey ]~€4) = ’Pw,(xl,l‘g; ];712, ];}34)
—jgh —ig”ﬁ

X
Ky — 1y K3y — 1

DY (k1 k) Dﬁ(l%z, ka) -
(2.7)

In the production (P) and decay (D) terms present on the right-hand side of eq. (2.7) the
widths I'yy, I'z of the weak bosons are set to zero in order to ensure EW gauge invariance.
Note that the mappings in eq. (2.6) enforce a kinematic threshold, m3, = k%53, > (mw +mz)?,
on the invariant mass of the four-lepton final state to permit the production of on-shell W
and Z bosons. However, the mapping itself is not uniquely defined. For our purposes, we
adopt the on-shell mapping procedure from ref. [29], which preserves the following quantities:
(7) the total four-momentum of the diboson system, kj934; (i) the spatial direction of k12 (and
k34) in the diboson center-of-mass (CM) frame; (iii) the spatial direction of k1 (and k2)
in the rest frame of kj2; (iv) the spatial direction of k3 (and k4) in the rest frame of ksq;
(v) the initial-state parton momentum fractions, z1 and x9; and (vi) the four-momentum of
any additional jet radiation present at NLO in QCD. The choice in ref. [29] simplifies the
DPA implementation, particularly for subtracted-real corrections [26]. Notably, the on-shell
projection preserves initial-state energy fractions and decay angles, making it well-suited
for polarization studies. We note that alternative mappings have been explored in the



literature, but variations in their implementation have only a minor impact on numerical
results in practice [29, 40].

Squaring the DPA-evaluated resonant contributions from eq. (2.7), and multiplying by the
parton luminosities and phase-space weights, yields the unpolarized cross section (differential
in any observable). To isolate a specific boson polarization mode, the Lorentz-invariant tensor
structure in the propagator numerators is replaced with the corresponding polarization-vector
contributions. In the ’t Hooft-Feynman gauge, the replacement for a single gauge boson
with four-momentum k& takes the form

—gu = e (k) el (k) — eM(k)eN(k),  AN=L,+,—, (2.8)

K

where the labels L, +, and — denote the longitudinal, right-, and left-handed physical
polarization states, respectively. Note that on the left-hand side of eq. (2.8), the sum over x
runs over four polarization states: the three physical ones and an additional unphysical state.
This fourth polarization term is always cancelled by the associated would-be Goldstone-boson
contribution, regardless of the perturbative order. We also emphasize that the polarization
vectors in eq. (2.8) are frame-dependent, as they rely on the Lorentz frame in which the helicity
states of the gauge bosons are defined. Consequently, polarized signals are calculated in a
specific Lorentz frame. The most natural choice [27, 29-31] for inclusive diboson production
is the boson-pair CM frame, which is also the frame used in this work.

Before proceeding, we emphasize that to define a polarized signal beyond the LO, the
DPA and polarization selection must be applied to all cross-section contributions at NLO in
QCD, including the Born, the virtual, the real, and the subtraction-counterterm corrections.
Since polarization vectors are defined in the boson-pair CM frame, extra care is needed in the
case of the real contributions. In fact, in Born-like contributions, the diboson and partonic
CM frames align, but for real contributions, they differ by a boost. Therefore, real matrix
elements must be evaluated with their four-momenta boosted from the partonic CM frame
(the standard frame in the POWHEG-BOX-RES framework) to the diboson CM frame.

2.3 Recora 2 interface

For the purposes of this study, we adapted the RECOLA 2 amplitude generator to allow for the
selection of specific helicity states of the intermediate gauge bosons via the replacement defined
in eq. (2.8). Compared to refs. [26, 27, 29, 32, 36, 39, 71| which all rely on an interface to the
REcoLA 1 SM amplitudes [72], our approach is more general, as it allows for the computation
of polarized amplitudes in any model supported by RECOLA 2. Although fermions are treated
as unpolarized in the current implementation, extending the code to include polarized fermions
would be straightforward. To incorporate the SMEFT operators of eq. (2.2) in RECOLA 2, we
used the FEYNRULES package [73] to implement the model and produced the corresponding
UFro output [74]. The modified RECOLA 2 amplitude generator can calculate both tree-level
and one-loop SM and SMEFT amplitudes for diboson production with leptonic decays,
using the COLLIER library [75] for tensor-integral reduction and evaluation. The resulting
amplitudes are then passed to the POWHEG-BOX-RES package, which functions also as the
MC integrator, following the procedure described below in section 2.4.



The new RECOLA 2 interface underwent multiple validation steps. In particular, the
implementation of the operators Qw and Q; in eq. (2.2) within RECOLA 2 was validated
by comparing it to the results of ref. [49], which are based on the SM+ATGC model [76],
and found to be in complete agreement. We further validated our BSM model implemen-
tation of these operators by successfully comparing the cross-section predictions for W+ Z
production with those obtained using the updated version of SMEFT@QNLO [77], which relies
on Ma5_AMC@NLO [78] for MC generation. This combination of codes was also employed
in the recent article [61]. The differential and integrated results for this validation step are
shown later in section 4.3. The correctness of the polarization selection was confirmed through
two methods. First, by comparing the complex amplitudes involving polarized gauge bosons
with factorized expressions — specifically, by generating a pair of polarized gauge bosons and
multiplying their production amplitudes with the corresponding decay amplitudes. Second, by
applying a Legendre-projection procedure (see, for example, ref. [12] for details), which allows
for the extraction of the polarization fractions of the intermediate gauge bosons. Both tests
of the polarization selection in the new RECOLA 2 interface were successful. The differential
results obtained from the Legendre-projection procedure are presented below in section 4.4.

2.4 PowHEG-Box-REs implementation

In the POWHEG-BOX-RES framework, the QCD soft and collinear singularities are subtracted
using the Frixione-Kunszt-Signer (FKS) scheme [68, 70, 79]. It is therefore essential that the
DPA procedure maintains the local cancellation between real contributions and subtraction
counterterms in the radiative phase space ®,,q. This is accomplished by first applying
the FKS-subtraction mapping, followed by the DPA on-shell mapping, to evaluate the
subtracted-real kinematics. Schematically, one has for the final-state four-lepton phase space

FKS = _ _ = -
Oy ={x1,20:k1,..., ka} —= { P4, Praa}l = {Z1,Z2; k1, ..., ka, kraa }

— {@4, cI)md} = {.7}1, X2 kla ) k47 krad} s

(2.9)
where k;,q denotes the four-momentum of the radiation. Note that in the case of QCD
initial-state radiation — the only type of QCD radiation present in the processes considered —
the cancellation of infrared (IR) singularities in the real phase space is ensured by our specific
choice of DPA mapping (see the discussion following eq. (2.7)). This mapping preserves the
total momentum of the color-singlet system and thus commutes with the FKS mapping,
which applies a boost uniformly to all four final-state leptons. As a result, the subtraction
of IR singularities proceeds analogously to the full off-shell calculation.

The preceding discussion shows that, modulo minor technical modifications, the POWHEG-
Box-RES matching procedure can be implemented analogously to the off-shell computation
of diboson production with leptonic decays. In particular, the standard matching formula,
adapted to such processes within the DPA framework, takes the form:

(0) = /dc1>4B(<i>4) lO(@)A(tO)Jr d@rad(’)@,@rad)MA(t) - (2.10)

t>to B((i)4)



Here, the Sudakov form factor A(t) is given by

_ ) R(Ps, @)
A(t) = exp [— /t/>td<1>rad B(@d] , (2.11)

and the ordering variable ¢ is the transverse momentum of the radiation. The NLO-weighted
Born term B(®;) takes the form:

B(4) = B(d4) + Vieg(da) + / 0B yag [R(Ps, Do) — C(4, Bra)] (2.12)

Here, B(®4) denotes the squared Born-level matrix element, Vieg(®4) represents the finite
virtual corrections together with the integrated FKS subtraction counterterms (including
collinear remnants), R(®4, ®raq) corresponds to the real-emission matrix element squared,
and C(®y4, ®,.q) is the associated local subtraction counterterm. In eq. (2.10), it is understood
that the DPA-mapped kinematics — @4 for Born-like terms and {<f>4, ®,,q} for real-emission
contributions — are employed in the matrix-element numerators. In contrast, the original
off-shell kinematics — ®4 and {@4, .04}, respectively — are retained in the resonant matrix-
element denominators and phase-space weights. Likewise, any selection cuts are consistently
applied to the off-shell kinematics.

Compared to the off-shell computation, the main subtlety in the computation of the
resonant contributions lies in the kinematic constraint imposed by the DPA, which for W+ Z
production with leptonic decays requires the invariant mass of the final-state four-lepton
system to satisfy m3, = kiyss > (mw +myz)?. In the POWHEG-BOX-RES framework, where
real-emission kinematics is constructed from Born-like configurations, phase-space points that
violate this condition are simply rejected by assigning a zero MC Jacobian to them. This
guarantees numerical stability in computing the ratio R(®y, ®1aq)/B(®4) in the matching
formula eq. (2.10).

3 Anatomy of SMEFT effects

In this section, we motivate a set of simple SMEFT benchmark scenarios by examining the
leading experimental constraints on the Wilson coefficients associated with the dimension-six
operators defined in eq. (2.2). The analyses presented in sections 3.1 to 3.3 are performed
using the LEP scheme, in which the weak mixing angle 6,,, the gauge couplings g; and
g2, and the Higgs vacuum expectation value v are expressed in terms of the EW input
parameters «, Gg, and myz. Here, « is the electromagnetic coupling constant, Gg is the
Fermi constant extracted from muon decay, and my is the mass of the Z boson. Beginning
in section 3.4, we also introduce the G scheme, which is the convention adopted for the new
PowHEG-BOX-RES implementation. For additional technical details on EW input schemes
within the SMEFT framework, we refer the interested reader to refs. [3, 80-82].

3.1 W-boson mass

In the LEP scheme, the mass of the W boson is a predicted quantity. At tree level within
the SM, the relation my = ¢, mz holds, where ¢,, >~ 0.88 is the cosine of the weak mixing



angle, and mz ~ 91.2GeV. The relative modification of myy arising from the SMEFT
operators specified in eq. (2.2) is expressed as

) WSy V2 1 A?
omw  CwSw U {CHWB_O‘ CHB+CHW+360w}ln<2>}, (3.1)

mw 2 — 52 A2 AT Cy S 25w miyy,

where s,, ~ 0.48 is the sine of the weak mixing angle, v ~ 246 GeV, a ~ 1/128, and e = /47 .
The first term in eq. (3.1) reflects the tree-level contribution, while the subsequent terms
account for the logarithmically enhanced corrections generated by one-loop renormalization
group (RG) evolution in the SMEFT from the scale A down to myy. Accordingly, the Wilson
coefficients in eq. (3.1) are to be understood as evaluated at the scale A. It is important
to note that the logarithmically enhanced corrections can be obtained from the results in
ref. [83], whereas computing the finite contributions associated with Cyp, Cgyw, and Cy
necessitates a complete one-loop calculation [84, 85]. As we aim to illustrate the structure
of the SMEFT corrections to the W-boson mass resulting from eq. (2.2), it is sufficient to
focus solely on the leading logarithmic (LL) one-loop effects in eq. (3.1) as far as quantum
corrections are concerned. Similarly, the LL contribution proportional to Cgywyp is omitted
from eq. (3.1), since this Wilson coefficient already contributes at tree level.

Based on the latest world average of myy from the Particle Data Group (PDG) [86, 87],
excluding the CDF II measurement [88], and the most advanced SM prediction [89], we
obtain the following 95% confidence level (CL) limit

om

W e [-5.1,1.8] - 1074, (3.2)

mw
on the allowed relative shift of myy. This result imposes relevant constraints on the Wilson
coefficients appearing in eq. (3.1). As an example, for the operator Qgwp, we obtain the
following bound

Cuws
A2

if all other Wilson coefficients in eq. (3.1) are set to zero. The remaining Wilson coefficients are

€[-0.4,1.1] - 1072 TeV 2, (3.3)

subject to notably weaker limits owing to their loop-level suppression. For example, we find
Cun
A2

with the same (a slightly weaker) one-parameter bound applying to Cxw (Cw). This

€ [~1.1,0.4] TeV 2, (3.4)

constraint is derived by setting A = 2TeV in eq. (3.1).

3.2 Higgs-boson observables

The Wilson coefficients of the operators introduced in eq. (2.2) affect the Higgs signal
strengths in channels with two gauge bosons in the final state. The strongest constraints
comes from the h — v decay mode. The signal strength modification relative to the SM
in the h — ~7v decay takes the form:

02
Ghryy A2

A2
5M7W: [C%UCHB—i-S?UCHw—CwaCHWB-FageCWln <2>]

A7 sy miy

(3.5)

2
1 oot |, a 9e A?
VRO 120, — cwsnCy 4 S m [ )]
+9i21w A [Cw B T 5wy — CoswCyip o s W n<m2



Here, gp, ~ —1.88 - 103 characterizes the loop-induced hy~y coupling in the SM. Explicit
analytical expressions for gp can be found, for example, in ref. [80]. As in the case of eq. (3.1),
the expression in eq. (3.5) includes the tree-level contributions from the Higgs-gauge-boson
operators, as well as the LL one-loop effects associated to the triple-gauge-boson operators.
The logarithmically enhanced corrections can once again be computed using the one-loop
anomalous dimensions provided in ref. [83], while the full one-loop corrections proportional to
Cw have been calculated in ref. [90]. LL effects proportional to Wilson coefficients other than
Cw and Cf;; are omitted from eq. (3.5), since they already contribute at tree level. Finally,
note that the CP-even operators interfere with the SM, yielding contributions of O(v?/A?),
whereas the CP-odd operators do not interfere and thus contribute first at O(v*/A%).
At the 95% CL, the relative shift in the corresponding Higgs signal strength is

Sjiry € [—0.13,0.23] (3.6)

which represents an unofficial weighted average of the ATLAS [91] and CMS [92] measurements.
The strongest single-parameter bounds that derive from eq. (3.6) are

C C =
0P ¢ 1-4.6,2.6]- 1073 Tev 2, HB ¢ [_1.9,1.9]- 1072 TeV 2, (3.7)
A A2
while the weakest limits read
C C-
A—VQ" €[-1.5,0.8 - 107 TV 2, S €[-6.3,6.3]- 107 TV 2, (3.8)

owing to the loop suppression of the Qyw and QVT/ contributions. The loop-level bounds once
again use A = 2 TeV as the new-physics scale in the logarithmic terms. Slightly weaker bounds
than those presented in eq. (3.7) apply to Cgw and Crwp, and their CP-odd counterparts.
Also note that the bounds on the CP-conserving operators are generally stronger than those on
the CP-violating operators, since the latter do not interfere with the SM h — ~+ amplitude.

3.3 Electric dipole moments

The CP-violating operators in eq. (2.2) induce electric dipole moments (EDMs) for the SM
fermions at the loop level. The logarithmically enhanced corrections can again be determined
from refs. [83, 93] by analyzing the RG flow of the relevant operators within the SMEFT
framework. In the case of the electron EDM, we obtain (see also ref. [94])

d, 1 yev ( 3 > ( A2 )
e 3C, ~4+C > C ~ VIn|
e 1672 \/2A2 HB = “HW  2¢y,s,, HWB mi,

(3.9)
3 2 2 2
1 yev 3e’ (13¢5, + 3s3) O 2 ( A ) 7

_l’_

25674 /22 8¢2 53, mé,
where y. = v/2m./v represents the Yukawa coupling of the electron, with m, ~ 511keV
being the electron mass. Note that the Wilson coefficients C', 5, C ., and Cp, 5 appear in
eq. (3.9) at the one-loop level, while Cﬁ, contributes only at two loops. The expression shown
includes only the LL corrections, which, for instance, can be straightforwardly extracted from

,10,



the formulas given in ref. [95]. The single-logarithmic contributions to d./e arise from the

one-loop mixing of Q HB Q and @Q into the EW dipole operators

HW?® HWB

QeB = Lo"e)HB v Qew = LUiO'MVB HWi
1

pv

(3.10)

involving the left-handed first-generation lepton field L and the right-handed electron field e.
Here, 0., = i[yu,7v]/2 with 5, the usual Dirac matrices and the square brackets denoting
the commutator. In contrast, the double-logarithmic terms originate from the one-loop
mixing of QVT/ into these intermediate operators, which then mix into the dipole operators

C

eq. (3.10). Two-loop effects associated with the Wilson coefficients C i

HB and Cp g
are omitted from eq. (3.9).
The most stringent upper bound on the electron EDM has been established in ref. [96].

At the 90% CL, one has:
de

e

<4.1-107%cm. (3.11)

The strongest constraint on the CP-odd Wilson coefficients contributing to eq. (3.9) at the
one-loop level is given by
‘CHWB‘
A2
Slightly weaker bounds apply to the other CP-odd Higgs-gauge-boson operators. The 90% CL
bound on the Wilson coefficient of the operator @
level, instead reads:

<28-1075TevV—2. (3.12)

W which contributes at the two-loop
] -

The stated bounds assume a scale of A = 2TeV for the logarithmic terms in the expression

for d./e. Observe that the constraints in eqs. (3.12) and (3.13) are considerably stronger

than those on the CP-violating operators given in eqs. (3.7) and (3.8). However, as we

will discuss below, the latter bounds on the CP-odd operators are more robust than those

derived from light fermion EDMs.

3.4 Triple-gauge-boson interactions

The dimension-six operators defined in eq. (2.2) modify the triple-gauge-boson interaction
vertices. We parameterize these interactions with V = ~,Z following the conventions
introduced in ref. [97]:

Lwwv = igwwv {QY (W,ﬁ W — Wﬂ‘WFZ/) vy

A
ey WEW, VI 4 S W WPV

myy
(3.14)

- hy .
RV, VR 4 S WL Wy
w

+ gV EMVAIJ (le_a)\wy_ — W;@AWJ) ‘/p:| .
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The overall coupling strengths are given by gww~ = —e and gwwz = —cw/swe. The field-
strength tensors are defined as I/Vi =0y Wk -0, Wi and V,, = 9,V, — 0,V,,, where Wi
and V), denote the physical gauge- boson fields. The dual field-strength tensor is defined as
Vi = €urpV /2. Note that, in contrast to ref. [97], the Lorentz structures proportional
to gy are omitted from eq. (3.14) since they are not generated in our case. Additionally,
the couplings gg have been renamed to §~V

By defining gl =1+ Agl and ki = 1 + Aky, the shifts Ag]" and Ay, along with the
couplings Ay, Ky, )\V, and fv, can be directly related to the Wilson coefficients of the operators
introduced in eq. (2.2). For the CP-conserving couplings, we obtain the following results:

2
v
Ag] = —swchCHWB + 2 091+ 52 692,
VA 33 v? 2

Agl = A2 Cywn — 8 6g1 + (1 + Sw) égs ,
03 v2

Aky = Crws + ¢4, 091 + 55,092, (3.15)
Sw A2

02

Akyz = swch CrwB — 8 5g1+<1+sfu) dg2 ,

3e v?
A=Az = 25, A2
A few comments on the above results are in order. First, the relations eq. (3.15) are
independent of both the Wilson coefficients Cyp and Cgyy. This can be easily understood by
noting that, following EWSB, the operators Qg and Q gy generate v?/A? corrections to the
SM gauge-boson kinetic terms. Rescaling these kinetic terms to achieve properly normalized
gauge-boson propagators simultaneously eliminates the dependence on Cyp and Chyy in
all triple-gauge-boson vertices. Second, in addition to Crwp and Cyy, the expressions in
eq. (3.15) also depend on the SMEFT-induced shifts dg; and dgo in the U(1)y and SU(2).
gauge couplings, respectively. These shifts account for the SMEFT-induced modifications
to the EW input parameters and therefore depend on the chosen EW input scheme within
the SMEFT framework. For instance, in the LEP scheme used in section 3.1 — where «,
Gr, and my are taken as input parameters — one obtains, after omitting contributions
from operators not included in eq. (2.2):

Cw V?
Sy A2

On the other hand, in the G scheme [20] used below in section 4, where G, mz, and my

8g1 = — Cuwas, 0g2 =0, (LEP scheme) . (3.16)

are chosen as input parameters, the corresponding expressions are given by:

2 2
SwC v SwC v
og1 = CQW%AQ Cuwp, 092 = —%AQ Cuws (Gp scheme).  (3.17)
w w

Third, observe that in the combination Ag] — Aky, the contributions from §g; and dgo
cancel out. Moreover, EW gauge invariance implies the following relation:

v S Z
Ag] — Aky = 2 (Agl - Aliz) . (3.18)
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In our RECOLA 2 and POWHEG-BOX-RES implementations of NLO SMEFT effects in
diboson production, we adopt the Gy scheme as defined in eq. (3.17). This leads to the
following expressions for Agl” and Axy:

2

S v
Ag{ =0, Aglz:_%izCHWB;
cw (€2, —s2) A
; N (3.19)
Cyw U 285Cyw U
Ak, = 2__C Ak, = — 2w ~ .
ﬁ’y Sw A2 HWB , K/Z C,%U . S%U A2 HWB

The CP-odd shifts and couplings do not depend on the adopted EW input scheme. We
obtain the following relations:

~ 202 Cw V2 ~ 202 S V2
Fy==23Cw+ 5 a2 Cnim> kz==33%w — . a2 Cnis>
v Y (3.20)
~ ~ 3e v? ~ = 21}20
/\WZAZ:EE W év:fz:—p HW "

Before proceeding, we emphasize that egs. (3.15), (3.19), and (3.20) indicate that, at
first glance, the anomalous triple-gauge-boson interactions in eq. (3.14) are affected by five of
the eight dimension-six SMEFT operators introduced in eq. (2.2). However, the apparent

dependence on in eq. (3.20) is actually spurious. To see this, we note that the terms

C. ~
HW
in the Lagrangian eq. (3.14) involving the Wilson coefficient Cyi can be expressed in

momentum space as:
2

—igWwWV 2[\% CHW Euvp (pé)/ + ngJr + pﬁv_) . (3.21)
For simplicity, the polarization vectors of the external gauge bosons have been omitted here,
and all gauge-boson four-momenta are taken as incoming. Consequently, four-momentum
conservation ensures that eq. (3.21) vanishes algebraically, implying that the triple-gauge-
boson interactions eq. (3.14) effectively depend on only four of the eight dimension-six SMEFT
operators introduced in eq. (2.2). Note that the non-contribution of the operator @ v o
the Lagrangian Lywy can also be understood from the fact that it can be written as a
total derivative after EWSB. The results presented in this subsection were obtained using
the SMEFTsim 3.0 package [80] and independently verified by hand. Selected results were
also cross-checked using SMEFTFR v3 [98].

3.5 Discussion

We are now ready to specify representative benchmark scenarios for the set of Wilson
coefficients associated with the operators in eq. (2.2). It is worth emphasizing that eq. (3.14)
does not depend on the Wilson coefficients Cyp and Cgy. On the other hand, the Wilson
coefficient Crwp influences the triple-gauge-boson interactions and is generally subject to
strong constraints from both the measured W-boson mass and the decay process h — 7.
Taking this into account, we adopt the following benchmark values for the Wilson coefficients
of the CP-even dimension-six operators:

C C
TF = 40107 Tev 2, fa = —12:107 TV 2,
c o (3.22)
HWB -2 -2 w _ -2
A2 =1.0-10 TeV s F =1TeV .
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Here, the values of Cp, Cxgw, and Cgwp are chosen such that they induce a shift in the
W-boson mass that remains experimentally viable, while keeping the Higgs signal strengths for
h—WW, h— ZZ,and h — 7 close to their SM expectations. Simultaneously, the h — vZ
decay rate is enhanced by approximately a factor of two compared to the SM. Notably, this
pattern of deviations in the Higgs decay rates is supported by LHC Run 2 data [91, 92, 99].
The chosen value of Cyy, on the other hand, aligns with that used in the recent analysis [61].

As discussed previously, the nominally strongest constraints on the CP-violating Wilson
coefficients originate from the light-fermion EDMs, particularly the electron one. In this
context, it is important to note that every term in eq. (3.9) is proportional to the SM
electron Yukawa coupling y.. Consequently, if y. is significantly suppressed or vanishes due
to new-physics effects, the bounds from d /e become much less stringent. Within the SMEFT
framework, such a cancellation can be readily realized by including the Yukawa-like operator

Qery = (LHe) H'H | (3.23)

and appropriately tuning the corresponding Wilson coefficient such that y, — v2/A% Cepr ~ 0.
While such a scenario requires considerable fine-tuning, it is phenomenologically permissible,
as current experimental limits allow for a vanishing electron Yukawa coupling without
conflict [100, 101]. A comparable argument holds for the neutron EDM, where light-quark
contributions can similarly be suppressed using the same mechanism. As a result, the
associated constraints are found to be rather weak [102]. This demonstrates that, in general,
the EDM constraints are more sensitive to SMEFT deformations than the bounds on CP-
violating operators that arise, for instance, from the h — ~~ decay. A similar observation holds
for the limits on anomalous triple-gauge-boson couplings derived from flavor physics [103],
which can also be relaxed by introducing new sources of flavor violation within the SMEFT.
Hence, in the following, we will not consider any constraints on the operators in eq. (2.2)
that may arise from low-energy measurements.

Since the CP-odd operators do not enter eq. (3.1) and contribute to eq. (3.5) in the
same form as their CP-even counterparts, the constraints from the W-boson mass and the
h — ~v decay on the CP-violating gauge-Higgs operators can effectively be avoided by
selecting, for example:

C ~ C, -~
HB — 4.0.1072TeV 2, HW — _192.107 ! TeV~2,
A2 A2
c c (3.24)
HWB _ -2 -2 W o_ -2
A2 = 10 . 10 TeV y F = 1 TeV .

With regard to the choice of Cj;;, we note that the same value was adopted in ref. [61],
allowing for a direct comparison between their results and ours.

4 Phenomenological analysis

Among the various diboson production channels, the W*Z process stands out as particularly
well-suited for polarization studies, as demonstrated by the recent measurements of polariza-
tion fractions by the ATLAS and CMS collaborations using LHC Run 2 data [5, 7, 8, 10].
Besides its relatively high production rate, the three-lepton decay channel provides excellent
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signal purity and enables the reconstruction of the final state via single-neutrino reconstruc-
tion. In this section, we present NLO-+PS accurate predictions for W Z production with
leptonic decays, based on the SMEFT benchmark scenarios involving the dimension-six
operators introduced in eq. (2.2).

4.1 Numerical input

All SM input parameters are taken from the most recent PDG review [87]. For the on-shell
masses and the total decay widths of the EW gauge bosons, we use the following values:

m$® =80.369GeV,  m95 =91.188GeV,  I'1® =2085GeV,  I'QS =24955GeV.

(4.1)
The on-shell masses are converted to pole masses via the relation [104]
08 ros
my = my : Iy = il (4.2)
ng 2 FSS 2
1+ <movs> 1+ <m§35>

with V. = W, Z, yielding

myy = 80.342 GeV , my = 91.154 GeV 'y = 2.084GeV , I'z =2.4946 GeV .
(4.3)
Within the Gg scheme, the EW input is defined by the pole masses of weak bosons together
with the Fermi constant:

Gp = 1.1663788 - 107> GeV 2. (4.4)

For off-shell calculations, we make use of the complex-mass scheme [21, 22, 105]. Con-
sequently, the electromagnetic coupling constant and the sine squared of the weak mixing
angle are determined as follows:

™ m% | 132.222°

[0 mW
2 (4.5)
$2=1-1W — 2232 — 0.00114,

Kz

where the complex squared masses u%v and % of the gauge bosons are defined in eq. (2.5).
It is important to note that the complex-valued definition of s2, guarantees gauge invariance
and ensures a consistent treatment of unstable particles at the loop level. However, when
evaluating the shifts Ag]” and Axy, as well as the couplings Ay, Ay, Av, and EV defined in
egs. (3.15) and (3.20), we explicitly use the real parts of the sine and cosine of the weak mixing
angle. This is motivated by the fact that the s, and ¢, terms in the Lagrangian eq. (3.14)
arise from the tree-level, real-valued rotation of the weak eigenstate fields in the operators
eq. (2.2) into the mass-eigenstate fields that enter the triple-gauge-boson interactions. This
approach ensures that the small imaginary component of s2 in the complex-mass scheme
does not induce mixing between CP-even and -odd interactions. In the DPA, all EW gauge

,15,



boson widths are neglected except for the two resonant s-channel bosons, ensuring that the
weak mixing angle and couplings are purely real.

In our MC simulations, all leptons are treated as massless, and the five-flavor scheme
is employed. Quark mixing between generations is neglected. The parton distribution
functions (PDFs) and the strong coupling constant «, are evaluated using the LHAPDF
interface [106], with the NNPDF31 NLO_AS 0118 set [107], corresponding to as(mz) =
0.118. The renormalization and factorization scales are set to the arithmetic mean of the
pole masses of the bosons involved in the process. For W*Z production, this means:

mw + myzg

5 = 85.T48GeV. (4.6)

4.2 Selection cuts

The signal process analyzed in this section is pp — WZ — ety ptu~ at a CM energy of
/s = 13TeV. Details on the event generation using the POWHEG-BOX-RES implementation
are provided in appendix A. Throughout this study, leptons are treated as dressed by including
photon radiation within a cone of resolution radius R = 0.1. As the analysis includes only
NLO QCD corrections, QED radiation is accounted for solely via the PS. Parton showering
is performed using PyYTHIA 8.2 [108], which incorporates QCD and QED shower effects,
hadronization, and multi-parton interactions (MPI).

We examine two experimental setups. The inclusive setup is defined by an invariant-mass
cut imposed on same-flavor, opposite-sign lepton pairs originating from the Z-boson decays.
In our analysis, we employ:

81 GeV < my+,- <101 GeV. (4.7)

For the fiducial setup, we adopt the selection criteria used in the recent ATLAS analysis [8],
which besides eq. (4.7) include the following selection requirements:

PTe > 20 GeV PT,u > 15GeV , |771‘ < 2.5,

4.8
AR, > 0.3, AR+, >0.2, mpw > 30 GeV . (4.8)

pwtp
Here, pr; refers to the transverse momentum of the relevant charged lepton, and 7; denotes its
pseudorapidity. The variables AR, and AR+, ,- represent the angular separations between
the corresponding lepton pairs. The transverse mass of the W boson is given by

mrw = \/2pT,epT,miss (1 — COS Agbemiss) ) (49)

where p7 miss is the missing transverse momentum — serving as a proxy for the neutrino —
and A@emiss represents the azimuthal angle between the electron and the missing transverse
momentum vector.

4.3 Off-shell results

As mentioned earlier in section 2.3, our new implementation of NLO SMEFT effects in diboson
production using RECOLA 2 and POWHEG-B0OX-RES has been validated by comparison with
the results of ref. [61], which utilized SMEFT@NLO in conjunction with Ma5__ AMC@NTLO.
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contribution | this work ref. [61]
SM 35.30(3)fb | 35.35(1) fb
Qw (lin.) | —0.996(3) fb | —0.997(2) fb
Qw (quad.) |  6.57(1)fb | 6.58(1) b
Qg (lin.) | —0.062(2)fb | —0.059(1) fb
Qi (quad) | 6.72(1)fb | 6.71(1)fb

Table 1. Fiducial NLO QCD cross sections for the off-shell W+ Z production process at /s = 13 TeV
within the ATLAS fiducial phase space, as defined in eq. (4.8). Results obtained using RECOLA 2
and POWHEG-BOX-RES are compared with those from ref. [61], which employed SMEFT@NLO
and Ma5_AMC@NLO. In the SMEFT cases, the label “lin” (“quad.”) refers to the size of
the linear (quadratic) BSM contribution of order 1/A% (1/A*). The values Cy /A% = 1TeV ™2 or
C’ﬁ/ /A2 =1 TeV 2 are employed for the Wilson coefficients. The uncertainties displayed in parentheses
correspond to MC-integration errors.

Table 1 presents the fiducial NLO QCD cross sections for full off-shell W' Z production
at /s = 13TeV, evaluated within the ATLAS fiducial phase space defined in eq. (4.8).
We compare the SM predictions as well as the BSM contributions linear and quadratic in
the Wilson coefficients, employing Cyy/A? = 1 TeV~2 and Cw /A% = 1TeV~2. Within the
statistical uncertainties from the MC integration, we observe excellent agreement between
the two approaches. The consistency between the two setups has also been verified at the
differential level. Figure 2 presents the validation results for the transverse momentum of
the Z boson (pr,z) and the distribution of the antimuon decay angle in the Z-boson rest
frame (<Z>Z+). Once again, very good agreement is seen for both the SM and all displayed
BSM distributions. It is important to note that the differences between the results from
the two setups remain within the MC-integration errors in each bin, not only in the bulk of
the distributions but also in regions where the differential cross section is suppressed, such
as the high-pr 7 tail illustrated in the left panel.

The off-shell characterization of W*Z production at the LHC has been extensively
explored in the literature [45-63]. A leading-order (LO) comparison with the NWA was
performed in ref. [61], providing a qualitative insight into off-shell effects. The POWHEG-BoX-
RES implementation introduced in this work facilitates a comprehensive and quantitative
study of genuine off-shell effects at NLO QCD accuracy, through a comparison between
full off-shell predictions and those using the unpolarized DPA. In figure 3, we consider the
spectrum of the W-boson transverse mass (mr, ), which serves as a sensitive observable
for distinguishing between the two approaches. Our results for the inclusive and fiducial
experimental setups, defined in eqs. (4.7) and (4.8), are displayed in the left and right panels,
respectively. It is evident from the plots that below the W-boson mass threshold, where
mr,w < myw, the DPA provides an excellent approximation to the full off-shell results in the
SM as well as in the studied BSM scenario with Cy /A% = 1 TeV~2. Above the TW-boson mass
threshold, the discrepancy between the two methods increases with m7 y. This behavior arises
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NLO QCD, Cw/A?=1TeV~2 NLO QCD, Cw/A*>=1TeV~2
100) Solid: RECOLA2 + POWHEG-BOX-RES, dashed: SMEFTGNLO + MG5_aMCGNLO solid: RECOLA2 + POWHEG-BOX-RES, dashed: SMEFTGNLO + MG5_aMC@NLO
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Figure 2. Differential NLO QCD distributions in the Z-boson transverse momentum (pr z) in the
right panel, and in the antimuon decay angle in the Z-boson rest frame (¢Z+) in the left panel, within
the ATLAS fiducial phase space, as defined in eq. (4.8). A comparison is made between the /s = 13 TeV
results obtained with RECOLA 2 and POWHEG-BOX-RES (solid lines) and those using SMEFT@NLO and
Ma5_AMC@NLO (dashed lines), as presented in ref. [61]. In the left (right) panel the displayed BSM
results correspond to Cy /A? = 1TeV ™2 (C /A* = 1TeV~?). The notation SMEFTg (SMEFTj)
refers to the sum of the SM and SMEFT contributions, including terms up to order 1/A? (1/A*). The
lower sections of the panels show the ratios between the BSM and SM predictions.
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Figure 3. Transverse-mass distributions of the W boson (mrw) at /s = 13TeV are shown for
both the inclusive (left panel) and fiducial (right panel) setups, as defined in eqs. (4.7) and (4.8),
respectively. Solid lines represent the full off-shell predictions, while dashed lines correspond to the
unpolarized DPA results. Each panel is divided into two sections, with the absolute SM prediction in
the upper section and ratios of BSM to SM results in the lower section within the same approximation.
The BSM curves employ Cyy /A% =1 TeV 2, with SMEFTg and SMEFTg defined as in figure 2.
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Figure 4. Contributions from the dimension-six SMEFT operator Qy to the triple-gauge-boson
couplings WW Z (left) and WW+ (right) in W+ Z production with leptonic decays. The black boxes
represent the operator insertions. Both diagrams are included in the full off-shell calculation, whereas
only the left diagram is taken into account in the DPA.

because the DPA systematically underestimates the differential cross section by neglecting
singly-resonant and non-resonant contributions, which become increasingly important in
regions where mp s > my. The discrepancy becomes especially evident when SMEFT
contributions are included. In particular, the DPA yields a more accurate approximation
for the SM and SMEFT¢ case compared to SMEFTg. In the SM, the region of large mz y,
though suppressed, receives notable contributions from diagrams not captured by the DPA,
shown on the right side of figure 1. Despite this, -channel doubly-resonant diagrams continue
to provide a sizable contribution. Consequently, the full off-shell prediction exceeds the
DPA estimate by about 50% at mgw =~ 100 GeV. Owing to interference suppression in
the dominant helicity configurations [46], the behavior of the SMEFT¢ contributions closely
resembles that of the SM. For the squared SMEFT terms, only two diagrams contribute, both
involving an s-channel W boson. These diagrams differ by the nature of the second s-channel
propagator: one includes a Z boson, the other an off-shell photon. The Q- operator alters the
triple-gauge-boson couplings — specifically the WW Z and W W~ vertices — by introducing
a new Lorentz structure, as shown in egs. (3.14) and (3.15). The corresponding Feynman
diagrams are shown in figure 4. This modification leads to an amplitude that grows with
energy, a hallmark behavior in effective field theories, in both diagrams. In contrast, the
DPA captures only the partial off-shell contributions from the diagram involving the Z boson,
while neglecting the photon-mediated diagram. This provides a qualitative explanation for
the discrepancies seen in the SMEFTg case. Finally, we observe that the differences between
the full off-shell and unpolarized DPA predictions are sensitive to the selection cuts applied
in the experimental analysis, with slightly larger deviations observed in the fiducial phase
space compared to the inclusive case.

A comparison between the full off-shell calculation and the DPA with unpolarized bosons
has also been carried out at the integrated level, considering both inclusive and fiducial
configurations. In addition to the SM, this analysis includes the effects of the Qy and QVT/
operators. The corresponding cross sections are presented in table 2. Due to the effects
discussed in figure 3, the DPA reproduces the off-shell modeling of the linear contribution
from Qw to within 1%. However, when the quadratic term is included, the discrepancy
increases to about 4%. The CP-violating operator @y exhibits similar behavior at the
quadratic level but shows a notably different pattern at the linear level. In both experimental
configurations analyzed, off-shell effects, complete spin correlations, and the presence of
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o [tb], inclusive, eq. (4.7) o [tb], ATLAS fiducial, eq. (4.8)
full off-shell DPA unpolarized | full off-shell DPA unpolarized
SM 98.30(1) 97.28(1) 35.29(1) 34.64(1)
Qw (lin.) —1.392(1) —1.388(1) —0.9835(8) —0.9748(7)
Qw (quad.) | 12.430(2) 12.077(9) 6.563(2) 6.299(1)
Qp (lin.) 0.194(1) 0.007(1) 0.0644(9) —0.0130(7)
Qp (quad.) | 12.787(2) 12.419(1) 6.721(2) 6.443(1)

Table 2. Inclusive and fiducial NLO QCD cross sections in units of fb for W+Z production at
/s = 13TeV. The results of the full off-shell calculation are compared to the results assuming
unpolarized bosons within the DPA. The labelling and notation follow the conventions established in
table 1. The reported BSM cross sections correspond to a coupling value of Cy /A% = 1 TeV 2 and
Cp /A? =1TeV ™2,

real QCD radiation contribute to a non-vanishing interference between the CP-even SM
amplitude and the CP-odd SMEFT amplitude. In contrast, if both bosons were strictly
on-shell, this interference would be exactly zero at LO in QCD [61]. This explains why, in
the DPA — which retains partial off-shell effects and spin correlations between production
and decay — the linear term is strongly suppressed compared to the full off-shell calculation.
This suppression is no longer present in the fiducial setup, where kinematic cuts obstruct the
cancellation of interference terms between different polarization states.

Having validated our new POWHEG-B0OX-RES code for off-shell fiducial and differential
cross sections and examined the differences between full off-shell and unpolarized DPA
predictions, we now turn our attention to polarized signatures.

4.4 Singly-polarized signals

The validation of the polarization implementation in the case of the SM, already carried
out in the context of ref. [39], has been performed successfully for our new MC code as well.
To verify the correctness of the polarization selection in the case of SMEFT contributions,
figure 5 presents the distributions of the cosine of the polar decay angle of the positron
in the W-boson rest frame (cos 6, ). We consider W+ Z production involving a W boson
in a fixed polarization state (L,+,—) and an unpolarized Z boson in the inclusive setup
described in eq. (4.7). Solid curves correspond to direct simulations of singly-polarized
signals using the DPA, while dashed curves result from projecting the unpolarized DPA
output onto Legendre polynomials (see, for instance, ref. [12] for details). The left (right)
figure displays the linear (quadratic) SMEFT contributions. The BSM curves correspond
to the choice Cyy /A% = 1TeV~2. An analogous validation of the Z-boson polarizations was
conducted by examining the antimuon decay angle distributions, revealing good agreement
with the direct MC simulations involving a polarized Z boson produced in association with
an unpolarized W boson. For all presented results, there is excellent consistency between the
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Figure 5. Distributions of the cosine of the polar decay angle of the positron in the W-boson rest
frame (cos @) at /s = 13 TeV are shown for the inclusive setup defined in eq. (4.7). The analysis
considers a W boson with a fixed polarization state (L, +, —) and an unpolarized Z boson. Solid lines
represent the results of a direct simulation of singly-polarized signals in the DPA, while dashed lines
are obtained by projecting the unpolarized DPA results onto Legendre polynomials of degree up
to 2. The left and right figures show the linear and quadratic SMEFT contributions, respectively,
corresponding to the choice Cyy /A% = 1 TeV 2. Please note that the W, contribution in the quadratic
case, shown in the right plot, has been inflated by a factor of 10.

direct MC simulation and the Legendre-projection method. The observed agreement provides
a non-trivial validation of the modified RECOLA 2 interface. The polarization projection was
also successfully validated at the amplitude level using selected phase-space points for both
Born and real-emission kinematics, although the corresponding results are not shown here.

As shown in full off-shell calculations [46-48, 53, 54, 60, 61], including QCD corrections
“resurrects” the interference between the SM and dimension-six operators even for definite
helicities of the intermediate gauge bosons within the DPA — at a level of about 2% of the
SM cross section. As can already be seen in the left panel of figure 5, the insertion of the
Qw operator leads to a positive (negative) linear dimension-six contribution for longitudinal
(transverse) W bosons. Due to energy suppression, the squared term for the longitudinal mode
is smaller than the interference term, whereas the transverse mode, featuring an energy-growing
behavior, shows the opposite trend [46]. In the SM, the longitudinal polarization accounts
for roughly 20% of the total (unpolarized) cross section. In contrast, its contribution to the
squared SMEFT terms is below 2%, indicating that the Qw and Q5 operators predominantly
affect the transverse modes [46, 54]. Section 4.5 will clarify that a Qy operator insertion can
only produce a longitudinal W (Z) boson in association with a transverse Z (W) boson, a
consequence of the Lorentz structure introduced by Quw in the WW Z vertex. Although the
CP-o0dd linear contribution is suppressed due to the CP-even nature of the SM amplitude,
it is non-vanishing and exhibits opposite signs for the two polarization states. As also seen
for full off-shell W*Z production [61], this CP-odd interference would vanish in a 2 — 2
process [44, 64], but persists in the 2 — 4 case due to spin correlations between production
and decay stages, as well as the impact of selection cuts. Since in table 3 an unpolarized
Z boson is understood, the spin correlations related to the Z boson are retained in the
DPA modeling. In the transverse polarization case, partial spin correlations associated with
the W boson are taken into account, due to the coherent superposition of its right- and
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o [tb], inclusive, eq. (4.7) o [tb], ATLAS fiducial, eq. (4.8)

unpolarized Wi, W unpolarized Wi, W
SM 97.27(1) 17.660(3) 79.63(1) 34.64(3) 7.310(3) 27.15(2)
Qw (lin.) ~1.388(1)  0.2758(2) —1.6642(8) | —0.975(1)  0.1313(2) —1.152(1)
Qw (quad.) 12.076(2) 0.1870(0) 11.890(2) 6.300(2) 0.0803(0) 6.203(2)
Qg (lin.) 0.0071(9) —0.0081(1) 0.0160(7) | —0.013(1) —0.0041(1) 0.0157(9)
Qg (quad.) 12.419(2)  0.3013(0)  12.118(2) | 6.444(2)  0.1312(1)  6.293(2)

102 Quwp (lin) | —4.180(1)  —3.977(1) —0.2024(4) | —2.1102(7) —2.1172(6)  0.0124(3)

102 Quws (quad.) | 0.06683(1)  0.06053(1) 0.00630(0) | 0.03588(1) 0.03306(1) 0.00262(0)

10°-Q
10° - Q

lin.) 2.6(1 3.79(4) ~1.18(4) 8.2(1) 1.94(2) —0.60(3)

HWB (

)
aivp (quad) | 0.7119(1)  0.6001(1)  0.1118(1) | 0.3166(1)  0.2676(1)  0.04548(1)

Table 3. Inclusive and fiducial NLO QCD cross sections in units of fb for W+Z production at
/s = 13 TeV, considering (un)polarized W bosons and unpolarized Z. All predictions are obtained in
the DPA. The labelling and notation follow the conventions introduced in table 1. The quoted BSM
cross sections are obtained using Cyy /A2 = 1TeV ™2, C’V~V/A2 =1TeV 2 Cywp/A? =1-10"2TeV 2,
and C /A2 =1-10"2TeV 2. Note that, as indicated, all contributions from the Qgwp operator

HWB
are rescaled by a factor of 102, while those from the Q operator are rescaled by a factor of 10°.

HWB
left-handed helicity states. Notably, the interference between longitudinal and transverse
modes — estimated by subtracting the individual longitudinal and transverse contributions
from the total unpolarized cross section — is found to be consistent with zero in the inclusive
setup. This behavior aligns with expectations based on decay-only amplitude arguments [12].
With the application of fiducial cuts, interference effects remain below the percent level —
relative to the unpolarized cross section — for both the SM and the squared dimension-six
contributions, independent of their CP properties. In contrast, the CP-even linear term
exhibits a more pronounced interference between longitudinal and transverse polarizations,
reaching approximately 4%. Remarkably, the interference between the SM amplitude and the
CP-odd BSM contribution results in polarization interference effects comparable in size to
the total unpolarized cross section. These significant shifts in the interference pattern become
even more evident when examining differential distributions of the azimuthal decay angles.

Figure 6 displays the differential distributions of the positron decay angle in the W-boson
rest frame (¢’ ) for both the inclusive and fiducial setups. This observable is particularly
important due to its ability to further “resurrect” dimension-six interference effects and its
pronounced sensitivity to CP-odd contributions [46, 47, 53, 54, 61]. In the inclusive setup,
the distributions for longitudinal W bosons are flat, reflecting the absence of azimuthal
dependence due to the helicity structure of both the SM and the dimension-six SMEFT
amplitudes. In contrast, the transverse polarization states exhibit interference between
left- and right-handed components, introducing a sin(2¢?, ) modulation in the SM with an
amplitude of around 7% of the mean value. The linear Qy term reduces the amplitude of the
modulation to about 3% relative to the SM. The corresponding quadratic term has little effect
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Figure 6. Differential NLO QCD distributions at /s = 13 TeV are shown for the positron azimuthal
decay angle in the W-boson rest frame (47, ), considering a longitudinal (L, red), transverse (7', blue),
or unpolarized (unp., gray) W boson, while the Z boson remains unpolarized. The left and right
panels correspond to the inclusive and fiducial setups, as defined in eqs. (4.7) and (4.8), respectively.
Each panel is divided into three sections. The upper section displays the absolute SM predictions,
while the lower two sections show the ratios of BSM to SM results. The BSM curves correspond to
Cw /A? = 1TeV~? (solid lines) and Cj /A% = 1TeV~? (dashed lines), with SMEFTg and SMEFTs
defined according to figure 2.

on the overall shape. The effects of @, closely resemble those observed for Qy, with the
main difference being that the modulation undergoes a phase shift of 7/4. It is immediately
apparent that fiducial cuts significantly distort the shape of the ¢7, distribution compared to
the inclusive case, affecting both the SM baseline and the angular modulations induced by
SMEFT operators. The most pronounced effects appear at ¢’ = 0, 7, which correspond
to the minima of the angular spectrum. It is important to note that the inclusive and
fiducial distributions shown in figure 6 are based on the reconstruction of the W-boson rest
frame using the neutrino momentum from MC truth-level information. In realistic scenarios,
the fiducial distributions would be further distorted by the challenges of single-neutrino
reconstruction [5]. Nevertheless, studies have shown that even when accounting for both
fiducial cuts and neutrino reconstruction, the sensitivity to CP-odd effects induced by the
insertion of the @ operator remains largely intact [61].

Besides the least constrained operators Qw and QVT/’ we have also examined singly-
polarized signals arising from insertions of the other operators listed in eq. (2.2), using the
SMEFT benchmarks defined in egs. (3.22) and (3.24). Our numerical analysis confirms that
the Wilson coefficient C i does not contribute to pp — W' Z production, consistent with
the discussion presented towards the end of section 3.4. The last four rows of table 3 display
the linear and quadratic corrections to W2 production from the contributions of Q gws

and @Q g O eq. (3.14). Note that the operator Qgwp also modifies the couplings ¢g; and
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g2 — see egs. (3.16) and (3.17) — and consequently affects the W- and Z-boson couplings to
leptons and quarks, which enter both the production and decay stages of diboson processes.
The associated scheme-dependent shifts are not incorporated in our new POWHEG-BOX-RES
implementation and are thus not included in the Qgwp results presented in table 3. As
anticipated from their structure after EWSB, the operators Qgpwp and Q HVB primarily
affects the longitudinal polarization of the final-state W boson, in contrast to Qw and Qﬁ/,
which predominantly impact its transverse polarization. The linear contributions from the
CP-even operator Qwp are suppressed by three orders of magnitude compared to the SM
predictions. The quadratic contributions are even more suppressed due to the smallness of the
corresponding Wilson coefficient, rendering them negligible from an experimental perspective.

Similarly, both the linear and quadratic contributions from the CP-odd operator e

~ . ar
HWB
suppressed by approximately six orders of magnitude relative to the SM cross sections. This

suggests that, given existing bounds on Qpwp and Q — for example, those derived

in section 3.2 from h — v — the effects of these opergtvgfs on diboson production at the
LHC are too small to be experimentally detectable. We therefore do not consider their
contributions further in this analysis.

We also examined the individual polarization states of the Z boson produced alongside
an unpolarized W boson. However, we do not present these results here, as they do not
reveal additional significant insights beyond those already demonstrated by signals involving

a polarized W boson.

4.5 Doubly-polarized signals

In this section, we address doubly-polarized signals, which constitute the primary modeling
inputs for polarization analyses performed by ATLAS and CMS using LHC Run 2 data [6, 8-
10]. As previously discussed, the operator Qs modifies the triple-gauge-boson vertices WW Z
and WW-~. Within the DPA, only the left diagram in figure 4 with an insertion of Qyw
contributes. By making the Lorentz structure of the SMEFT vertex explicit, the production-
level contribution can be analyzed for specific W and Z boson polarization states Ay and Az:

Cw s —m?2, —m2
A, (Qw) Az {gp,u l_m%plu + #mu
2 2
S—mi, —m
+ Gpv [Wézplu+m%/p2u]
4.1
s—m%v—i-mQZ s—i-m%/—m% ( 0)
+guu fplp - f}hp

+ P1vP2p P12, _plpp2up12u} PP(pr2) €}, (p1) €5, (p2) -

Here, p}' (p4) represents the four-momentum of the W (Z) boson, associated with the
polarization vector 65\LW (p1) (£, (p2)). The tensor PP(p12) is the amputated amplitude for
the production of an off-shell W boson with four-momentum pio = p1 + po.

In the diboson CM frame, where /s is the total energy of the system, the longitudinal
polarization vectors are expressed as linear combinations of the two boson momenta, with
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o [fb], inclusive, eq. (4.7)

contribution unpolarized Wiz, Wi Zr WrZy, WorZr
SM 97.28(2) 4.501(1) 13.161(3) 12.733(3) 66.89(1)
Qw (lin.) —1.388(1) 0 0.2760(2) 0.3344(3) —1.9982(7)
Qw (quad.) 12.077(2) 0 0.1870(0) 0.2405(0) 11.649(2)
Qy (lin.) 0.007(1) 0 —0.0082(1) 0.0121(1) 0.0032(7)
@y (quad.) 12.419(2) 0 0.3013(0) 0.3548(1) 11.763(2)

o [fb], ATLAS fiducial, eq. (4.8)

contribution unpolarized Wiz, Wi Zr WrZy, WrZr
SM 34.64(2) 1.968(1) 5.357(2) 5.100(2) 21.99(2)
Qw (lin.) —0.975(1) 0 0.1229(3) 0.1435(3) —1.264(1)
Qw (quad.) 6.299(2) 0 0.0803(0) 0.1001(0) 6.110(2)
Qg (lin.) —0.013(1) 0 —0.0039(1) 0.0056(1) 0.0102(9)
Qg (quad.) 6.443(2) 0 0.1312(1) 0.1661(1) 6.132(2)

Table 4. Inclusive and fiducial NLO QCD cross sections in units of fb for W+ Z production at
/s = 13TeV with doubly-polarized final states, computed within the DPA. The notation follows
that of table 3. The reported BSM cross sections are obtained using Cy/A? = 1TeV ™2 and
Ci /A? =1TeV 2,

coefficients that depend on my, mz, and s. For simplicity, we only present their expansions
in the high-energy limit s — co. We find:

1 2myy 2myy m> 2mw (M2, + m> 1
ei(p) = — i — ph+—52p - ( v 2) Ph+0(=),
3
mw s s s (4.11)
y 1, 2mz , 2mgzmi , 2mz(mi +m%) 1 .
7 (p2) = o P2 — P + 2 W ph — ( ;‘2/ 2) pi + O (s3> .

From egs. (4.10) and (4.11), one easily derives that the double-longitudinal SMEFT amplitude
with a single insertion of the CP-even operator Qyy vanishes at all energy scales, both at
tree level and with QCD corrections included:

Arr(Qw) =0. (4.12)

The same conclusion applies to an insertion of the CP-odd operator QVNV'

The above considerations suggest that the purely longitudinal signal receives contributions
solely from the SM, which is confirmed by direct simulations of the doubly-polarized signals
using our new combined RECOLA 2 and POWHEG-BOX-RES code. Table 4 presents the
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integrated cross sections for the doubly-polarized signals under both inclusive and fiducial
conditions eqgs. (4.7) and (4.8). In line with general expectations regarding the energy
dependence of 2 — 2 scattering amplitudes [46, 64], interference effects between the SM
and the Qy operator — amounting to approximately 3% relative to the SM — emerge for
both purely transverse polarization states and mixed polarization configurations (L7 and
TL), albeit with opposite signs. Relative to the linear term, the quadratic term yields a
substantial enhancement of the T'T signal — approximately 15% — due to the opening
of the SM-suppressed Wi Z. helicity contribution. In contrast, the mixed polarization
channels receive quadratic contributions that are nearly comparable in magnitude to the
linear ones. The linear CP-odd contributions from QVT/ are at the sub-percent level, while
the corresponding quadratic terms are comparable to the CP-even contributions for the T'T
state and somewhat larger for the mixed polarization channels.

In figure 7, we present differential distributions for two observables within the fiducial
ATLAS setup defined in eq. (4.8). The reconstructed invariant mass of the diboson system
mazgs,, shown in the left panel, illustrates how the energy dependence of different polarization
states evolves in the SM and in the presence of BSM effects. In particular, the contribution
from the operator Qw to the T'T amplitude exhibits a quadratic energy growth [46], which
dominates the high-mass region of the unpolarized BSM signal — both at the linear level
and when including the squared SMEFT term. A similar energy scaling appears at quadratic
order for the BSM prediction involving the CP-odd operator QVT/’ while its linear contribution
remains suppressed across the entire mass range. Mixed polarization states, which are
suppressed at high energies in the SM [109, 110], receive a linear-level enhancement from
the CP-even Qyy operator, owing to the linear growth of the dimension-six amplitude with
the energy of the diboson system relative to the SM.

In the right panel of figure 7, we examine the rapidity separation |Ay.+,| between
the positron originating from the W-boson decay and the Z boson, reconstructed from the
antimuon-muon pair. This observable has demonstrated excellent sensitivity to different
polarization states in the recent ATLAS analyses [8, 10], owing to its strong correlation with
the scattering angle between the two gauge bosons. At linear order, the mixed polarization
states receive a BSM correction from Qyy that is positive for |[Ay.+z| < 1.7 — the most
populated region — and thus counteracts the negative linear correction affecting the 77T state.
In the suppressed region with large rapidity separations, the linear contribution from Qyy to
the mixed states becomes negative. When including quadratic terms, the 7T contribution
receives a substantial correction in the central region, while BSM effects are significantly
reduced in the tails of the distribution. There, the negative linear correction to the LT and
TL states remains the dominant deviation from the SM.

The polarization fractions — defined as doubly-polarized cross sections normalized
to the unpolarized ones — are also influenced by the SMEFT insertions. These effects
are most pronounced not only in the kinematically suppressed tails of energy-dependent
distributions, but also in the central regions of angular and rapidity distributions. For example,
including both linear and quadratic Qw terms leads to a roughly 10% increase in the T'T
fraction at |Ay.+z| ~ 0 and for m%}, 2 700 GeV. Although the energy suppression in the
transverse-momentum and invariant-mass distributions hampers the sensitivity to individual
polarization states, the notable modifications in the angular distributions due to the SMEFT
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Figure 7. Differential NLO QCD distributions at /s = 13 TeV are presented for the reconstructed
invariant mass of the diboson system (m%}°) in the left panel, and in the rapidity separation between
the positron and the Z boson (|Aye+ Z\) in the right panel. The results are categorized by joint
polarization configurations: LL (red), LT (yellow), TL (green), and T'T (blue), where the first (second)
label denotes the polarization of the W (Z) boson. Unpolarized distributions (gray) are included
for comparison. The analysis is performed within the fiducial setup specified in eq. (4.8). The panel
layout matches that of figure 6 for the top three sections. In the bottom panels, joint polarization
fractions, defined as polarized cross sections normalized to the unpolarized ones, are shown. The BSM
curves correspond to the choices Cyy /A% = 1TeV ™2 (solid lines) and Cyw JA? = 1TeV 2 (dashed lines)
of Wilson coefficients, with SMEFTg and SMEFTg defined according to figure 2.

effects suggest that using template fits could enhance the precision of Wilson coefficient
constraints compared to standard LHC analyses. Moreover, SMEFT-based modeling of
polarized templates opens the door to a model-independent determination of polarization
fractions, an approach previously restricted to the SM.

4.6 Parton-shower effects

The presented POWHEG-BOX-RES implementation enables the matching of NLO QCD
predictions for polarized diboson processes with PS and hadronization effects, via a user-
friendly interface to PYTHIA 8.2, closely following the original SM setup described in ref. [39].
While the SMEFT contributions generally have a minimal impact on the low transverse
momentum (Sudakov) region and instead predominantly affect high-energy kinematic regions
described by the fixed-order calculation, their inclusion is exact. That is, SMEFT effects
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Figure 8. Differential distributions at /s = 13TeV are shown for the transverse momentum of
the diboson system (pr,wz) in the left panel, and the azimuthal angle between the antimuon and
muon (Ag,+,-) in the right panel. The observables are evaluated within the fiducial phase space
defined in eq. (4.8). Each panel is divided into four sections. The top section displays the absolute
SM predictions at fixed-order NLO QCD (dashed lines) and with NLO+PS corrections (solid lines).
The bottom three sections show the ratios of the NLO+PS to NLO results for both the SM and BSM
predictions. The color scheme follows that of figure 7. The displayed BSM predictions correspond to
the Wilson coefficient choice Cyy /A% = 1 TeV 2, with SMEFTg and SMEFTg defined as in figure 2.

are consistently incorporated into the computation — without any reweighting — through
their contribution to both the Sudakov form factor A(t) in eq. (2.11) and the NLO-accurate
event weights B(®4) in eq. (2.12).

In figure 8, we compare fixed-order and PS-matched predictions for two differential
observables, the transverse momentum of the diboson system (prz) and the azimuthal
angle between the antimuon and muon (A¢,+,-), incorporating BSM effects from the
CP-even operator Q. As shown in the figure, the overall impact of PS effects on the
SMEFTg predictions involving the Qyw operator closely resembles that observed in the
SM. The inclusion of quadratic SMEFT contributions modifies this behavior for certain
polarization configurations. This is illustrated in the left panel of figure 8, where PS effects
suppress the TT" signal in the most populated region of the pry 7z distribution. As a result,
PS effects similarly reduce the SMEFTg predictions for the unpolarized pr w7 distribution
relative to the SM. The SMEFT amplitude involving an insertion of the operator Qw allows
only left-left and right-right helicity states (with polarizations defined in the diboson rest
frame). Therefore, as in the case of the Higgs decays to two EW gauge bosons, the diboson
system predominantly forms a spin-singlet state, which is typically produced with negligible
transverse momentum [39]. Real QCD radiation, both at fixed order and after PS matching,
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introduces helicity configurations absent at LO, mainly due to the opening of the gluon-quark
partonic channel. This provides a qualitative understanding of the low-p7 w7 behavior of the
dominant 77T signal. A similar pattern was observed in the unpolarized process and confirmed
through comparison with the off-shell SMEFT@QNLO and MG5__AMCQ@NLO results presented
in [61]. However, fixed-order NLO predictions are clearly unreliable in the low-pr 7 region,
highlighting the need for higher-order QCD corrections, either via PS matching or through
an all-order resummed calculation. In contrast, for the azimuthal angle difference A¢,+,,~
displayed in the right panel, PS effects influence both the SMEFT and SM predictions
similarly, showing minimal variation across the four polarization configurations and exhibiting
negligible sensitivity to the SMEFT expansion order.

While not explicitly shown, we emphasize that PS-matched predictions have been
generated with the new MC code for all relevant operators contributing to the triple-gauge-
boson interactions defined in eq. (3.14). From a technical standpoint, we found that event
generation with SMEFT contributions is numerically more stable if the linear dimension-six
terms are included alongside the SM contributions, rather than handled separately. This arises
from the fact that the linear SMEFT terms are not positive definite, which can otherwise
cause instabilities at the level of unweighted-event generation.

4.7 Quantum tomography

The new calculation presented in this article enables a more precise determination of spin-
correlation coefficients associated with EW gauge bosons. These coefficients serve as essential
inputs for the analysis of spin entanglement and Bell non-locality observables in inclusive
diboson production processes [37, 59, 111-115]. Within the DPA approach, unpolarized
W+ Z production with opposite-flavor leptonic decays W+ — eTv, and Z — pupu~ can be
unambiguously described using standard tree-level quantum tomography [116], in the inclusive
setup defined by eq. (4.7) and in the presence of QCD radiative corrections. Adopting the
notation of ref. [37], the complete angular dependence of the diboson decay is expressed as:

o 1 1 2 A W)
= _ O Ym 0* , *
dQ:erQ:‘ﬁdO (4)2 + A Z Z W (O) Y (024, o)

=1 m=-1
1 & ¢ (2) x ik
* ar ; m;l im (O) Yim (9’”’ ¢ﬂ+)
2 l U do
+ Z Z Z Z Yimtrm! (O) Yim (9:+a¢:+) Yy (QZJH ¢:+) a0
I=1U=1m=—lm/'==U

(4.13)

Here, dQj, = dcos 0}, d¢,,, where 0 and ¢, denote the polar and azimuthal decay angles
of the positively charged leptons, respectively, defined in the rest frame of the corresponding
boson. The spin quantization axis of the EW gauge bosons is taken along the trajectory of
the diboson system in the laboratory frame. In eq. (4.13), Y},,(0, ¢) denote the real-valued
spherical harmonics, and O represents a generic observable that is independent of the four
decay angles — for example, the transverse momentum of the Z boson.
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Higher-order QCD corrections are known to significantly alter the LO values of the
angular coefficients, due to the emergence of new helicity configurations and polarization-
interference effects starting at NLO QCD [37]. Moreover, as recently shown [37, 115, 117],
the decomposition in eq. (4.13) becomes partially ambiguous when NLO EW corrections are
included, which complicates the interpretation of these coefficients in terms of spin correlations.
This ambiguity is primarily caused by loop-induced effects in the decays of the EW gauge
bosons, while photon radiation from final-state particles plays a comparatively minor role.
SMEFT effects in diboson processes have been previously studied within the framework of
quantum tomography, though such analyses have so far been limited to LO accuracy [59]. The
results presented below represent a significant advancement in the precision of spin-correlation
extraction, achieving for the first time NLO QCD accuracy matched to PS effects for both
the SM and the ((il/lilr)nen?é())n—six SMEFT operators affecting triple-gauge-boson couplings.

tm " Xm s
extracted by projecting eq. (4.13) onto spherical harmonics:

1 * *
= g /dQ /dQM+ dQ* dQ* }/lm(ge-‘ra ¢e+) )

The coefficients « and vy corresponding to the fully inclusive cross section are

1 * *
agy) Zg/dQ /dQ,ﬁ- i, dQ* Vi (03, 674) » (4.14)

1 * * * *
Vimtm = — /dQ /de a0, dQ* Yie (034, b2+ ) Yirme (0745 @t ) -

It is important to note that in the above expressions, the dependence on the Wilson coefficients
appears in both the numerators and denominators, potentially leading to more complex
effects than those typically observed in standard cross sections and kinematic distributions.
Moreover, the extraction of the coefficients from eq. (4.13), as defined in eq. (4.14), is only
well-defined in a fully inclusive setup, i.e., without applying selection cuts on individual
decay products [37]. Consequently, their determination is affected by systematic uncertainties
stemming from the extrapolation from the fiducial to the inclusive phase-space region. For
this reason, we present results within the inclusive setup specified in eq. (4.7).

A full analysis of all 80 independent coefficients in eq. (4.13) lies beyond the scope of this
work. Instead, we focus on a subset of coefficients that are phenomenologically relevant for
inclusive diboson processes. This selection corresponds to those presented in ref. [37], with
the addition of single-boson coefficients sensitive to CP-odd effects. Table 5 presents our
NLO QCD results for the inclusive spin-correlation coefficients of interest, shown at fixed order
(upper block) and after matching to the full PS effects using PyTHIA 8.2, including QCD and
QED showering, hadronization, and MPI (lower block). The quoted uncertainties stem from
the standard seven-point correlated variations of the QCD renormalization and factorization
scales, and are at the percent level. It is worth noting that in the SM, the coeflicients ag)
for V' = W, Z vanish identically. The linear contribution from the Qv operator significantly
alters ag‘i)z, while its quadratic contribution induces substantial deviations across all SM
coeflicients. In contrast, the linear and quadratic contribution from the QVT/ operator generates

(V)

a NON-Zero vy ’, consistent with the sin(2¢7, ) modulation observed on the left-hand side

in figure 6. For the 041(3/ ) coefficients, the squared SMEFT contributions approximately
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fixed-order NLO QCD
coefficient SM | Qw (SMEFTg) Qw (SMEFTs) | Qg (SMEFTg) Qg (SMEFTSs)
oW | —0.047313 —0.047213 —0.041918 —0.047413 —0.0420*8
alp) 0.0287+6 0.0277+6 0.0313113 0.0287+7 0.0321113
sy 0 0 0 0.0067+4 0.0059+2
o) | —0.0120%3 —0.0053+7 —0.004617 —0.012113 —0.0109+3
al? 0.0040+4 0.00427+4 0.0038+3 0.0040+4 0.0035+4
s 0.02957% 0.0283*9 0.0318% {2 0.0295*8 0.0327%42
o) 0 0 0 0.0069* 0.0061+2
o?, | —0.0079+2 —0.0011+8 —0.0008+5 —0.0077+2 —0.0069+3
Y1010 —0.0053"2 —0.005619 —0.0036"3 —0.005372 —0.0033"3
Y2020 0.0013%] 0.0012F} 0.0015™} 0.0013%} 0.0016™9
NLO QCD + PS (QCD+QED) + hadronization + MPI
coefficient SM | Qw (SMEFTg) Quw (SMEFTs) | Qs (SMEFT,) Qg (SMEFTs)
o | —0.048313 —0.048212 ~0.042679 —0.0484%3 —0.0427%9
afl) 0.02987$ 0.028875 0.03241(3 0.02987$ 0.0333 112
aly” 0 0 0 0.0067+4 0.0059+2
o) | —0.0115%3 —0.004977 —0.0042*7 —0.011673 —0.010473
al? 0.0038"1 0.0041717 0.00367] 0.0038"1 0.003473
al? 0.0292+3 0.028079 0031512 0.0291+9 00323112
aly) 0 0 0 0.00694 0.0061+2
%, | —0.008112 —0.00126 —0.0010*8 —0.0079+2 —0.0071+3
vowo | —0.0052%9 —0.005619 —0.003674 —0.005219 —0.00331]
Y2020 0.0013*} 0.0012*} 0.0015"3 0.0013*} 0.0016™}

Table 5. Inclusive NLO QCD predictions for a set of relevant spin-correlation coefficients in W12
production at /s = 13 TeV, as defined in eq. (4.13). The upper and lower blocks present our results
at fixed order and matched to full PS effects, respectively. The BSM predictions are obtained using
Cw/A? =1 TeV~2 and CVT//A2 = 1TeV 2, with SMEFTs and SMEFTg defined as in figure 2.
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double the QCD scale uncertainties observed in the SM. In the PS-matched predictions, the

dominant effect arises from the QED shower, which resums higher-order photon emissions
(V)

from both initial-state and final-state particles. However, the o;,,

and Yy coefficients
show deviations from their fixed-order counterparts that are largely encompassed by the
QCD scale uncertainties. A complete characterization of the spin-density matrix for the
W+ Z system within the SMEFT framework will ultimately require the inclusion of full EW
radiative corrections, which have been shown to induce the most significant distortions to
the SM spin correlations in diboson processes [37, 115]. Such an extension goes beyond the

current state-of-the-art and is left for future work.

5 Conclusions

In this article, we have presented new SMEFT predictions for diboson production and
leptonic decays at the LHC. Specifically, we computed NLO QCD corrections for the full set
of eight CP-even and -odd primary dimension-six operators that impact both gauge-boson self-
interactions and Higgs-gauge-boson couplings. The necessary fixed-order SMEFT amplitudes
were obtained using a modified version of the RECOLA 2 amplitude generator [65, 66], which
enables the selection of specific helicity configurations of the intermediate gauge bosons. This
separation is achieved via a pole approximation, ensuring gauge-invariant results. The NLO
QCD corrections were matched to a PS using the POWHEG-BOX-RES method [67-70]. Our new
MC implementation therefore allows for a realistic and fully exclusive simulation of diboson
production and their leptonic decays at NLO QCD accuracy within the SM and beyond.

To motivate simplified SMEFT benchmark scenarios, we reviewed the leading constraints
on the Wilson coefficients of the dimension-six operators listed in eq. (2.2). In the case of the
effective Higgs-gauge-boson interactions governed by Qrp, Qrw, @mws, and their CP-odd
counterparts, we found that the combination of the measured W-boson mass and the Higgs
signal strength in h — vy imposes strong constraints on the associated Wilson coefficients.
To evade these constraints, we have introduced the SMEFT benchmark scenarios egs. (3.22)
and (3.24). The former predicts SM-like rates for h — WW, h — ZZ, and h — v, while
enhancing the h — ~Z rate by approximately a factor of two compared to the SM. This
pattern of deviations is favored by LHC Run 2 data [91, 92, 99]. For the two dimension-six
operators involving only gauge-boson interactions, the constraints from h — ~+ are relatively
weak, as the effects of Qy and Qﬁ/ only appear at the one-loop level. We also pointed
out that EDM measurements generally place very stringent constraints on all the CP-odd
operators considered. However, these bounds can be relaxed in the SMEFT realizations
where the Yukawa couplings of the light fermions vanish or are strongly suppressed. Given
this model dependence, we have not considered the constraints on the CP-odd operators in
eq. (2.2) that could result from low-energy measurements in our phenomenological analysis
of diboson production.

We then conducted a comprehensive phenomenological study of the pp — W*Z —
etv. ut ™ process to examine the influence of SMEFT contributions, based on the benchmark
scenarios outlined earlier. As a first step, we validated the individual components of our
new MC code by successfully reproducing the SMEFT results reported in refs. [49, 61],
and by employing a Legendre-projection technique to extract the polarization fractions of
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the intermediate gauge bosons. We then carried out a thorough analysis of both singly-
and doubly-polarized signals. For singly-polarized signals, we observed that the Qw and
QVT/ operators, relative to the SM, lead to a uniform shift (sin(2¢?,) modulation) in the
longitudinal (transverse) component of the azimuthal decay angle distribution of the positron
from the W decay. For the benchmark choices Cyyr/A? = 1 TeV~2 and Cw/ A% = 1TeV 2, the
modulation amplitude reaches a relative magnitude of approximately 3%. For the remaining
operators, we find that they either do not contribute to pp — W' Z production at all, as
is the case for Qup, Q@uw, and their CP-odd counterparts, or their contributions become
negligibly small once other constraints, such as those from h — 7, are taken into account,
as with Qpgws and @ g 1o the case of doubly-polarized signals, we found that the
operators Qy and QVT/ do not contribute to the double-longitudinal polarization amplitudes
in WTZ production. The interference between the SM and the operator Qy reaches 3% for
the LT and T'L polarization states, with opposite signs. The quadratic term boosts the 1T
signal by 15% via the SM-suppressed Wi Z helicities. In the mixed channels, linear and
quadratic contributions are comparable. For Qﬁ/, linear CP-odd effects are below 1%, while
the quadratic terms rival or exceed the CP-even ones. The Q operator leads to a quadratic
enhancement of the T"T" contribution in the high-energy region of the m3y, distribution, while
the |Ay,+z| observable reveals polarization-dependent BSM effects across both central and
forward regions. These effects can significantly modify the polarization fractions, increasing
the TT component by up to 10%. We have also shown that, in general, the impact of PS
effects on SMEFT predictions closely mirrors that in the SM. A notable exception is the
pr,wz spectrum for the 7T signal, where the inclusion of quadratic contributions from the
Qw operator leads to a significant reduction due to PS effects compared to the SM prediction.

Our MC implementation also enables, for the first time, a reliable quantum tomography
of diboson systems in the presence of SMEFT effects, as well as higher-order corrections
from QCD and PS matching. Specifically, we have computed fixed-order NLO QCD and
NLO+PS results within the DPA for the most relevant spin-correlation coefficients involving
one and two bosons. We observed that the coefficients al(n‘? and Yy remain largely
unchanged from their fixed-order values. A comprehensive analysis aimed at evaluating spin
entanglement and Bell non-locality markers for qutrits is an important future direction, but
lies beyond the scope of this work.

While the studies in this article are limited to W*Z production, we stress that our MC
code also supports the simulation of W+W ™ production with leptonic decays, including
the complete set of SMEFT operators listed in eq. (2.2). It could therefore be employed to
perform precision polarization analyses of W W~ inclusive production at the LHC, both
within the SM and in the presence of SMEFT effects. Moreover, the results presented
in this article provide valuable input for experimental efforts aimed at reducing modeling
uncertainties in diboson polarization analyses at LHC Run 3 and the HL-LHC. In particular,
template-based, model-independent searches for new physics can significantly benefit from
the new POWHEG-B0OX-RES implementation of SMEFT effects in diboson processes. Finally,
extending the code to compute SMEFT contributions to diboson production at NNLO+PS,
specifically for operators generating anomalous triple-gauge-boson couplings, is relatively
straightforward using the techniques and results reported in ref. [82]. We defer such an
extension to future work.
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Code availability

The code used to perform the MC simulations in this paper is publicly available in a dedicated
folder of the POWHEG-Box-REs GitLab repository:

The code used to perform the MC simulations in this paper will soon be made publicly
available in a dedicated folder of the POWHEG-BOX-RES GitLab repository:

https://gitlab.com/POWHEG-BOX/RES/User-Processes/VV_pol

The relevant input parameters for simulating polarized-boson events within the SM
and SMEFT frameworks, using the new POWHEG-BOX-RES implementation, are listed in
appendix A.
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A Event generation with PowHEG-Box-REs

The phenomenological studies presented in this work rely on simulations that utilize the
MC chain detailed in sections 2.3 and 2.4. The usage of our new POWHEG-BOX-RES
implementation is perhaps best illustrated through a concrete example. The package includes a
testrun directory containing a sample powheg. input file, which controls the event generation.

The block in the sample powheg. input file that defines the values of the Wilson coefficients
has the following form:

CHBD6 = 0.0

CHWD6 = 0.0

CHWBD6 = 0.0

CWwD6 = 0.0
CHBtildeD6 = 0.0
CHWtildeD6 = 0.0
CHWtildeBD6 = 0.0
CWtildeD6 = 1.0d-6

The correspondence between the keywords and the Wilson coefficients is given by, for example,
CHBD6 = (/A% with analogous definitions for the remaining seven operators in eq. (2.2).
The units of CHBD6 and the other keywords listed above are GeV 2. The above example
therefore assigns Cly, /A% = 1TeV~2, while all remaining Wilson coefficients are set to zero.
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Two other keywords related to the SMEFT part of the code are:

NP_POWER = 1
SUM_AMP = 1

The keyword NP_POWER specifies the power of 1/A? up to which SMEFT contributions are
included in the MC generation. Setting NP_POWER = 0 includes only the SM contribution,
while setting NP_POWER = 1, both the SM amplitude and its interference with the SMEFT
amplitude are computed. Finally, NP_POWER = 2 also calculates the squared SMEFT ampli-
tude. The keyword SUM_AMP determines whether the SM and SMEFT contributions — up
to the mass dimension specified by NP_POWER — are added together. Setting SUM_AMP = 1
enables the summation, while SUM_AMP = 0 only includes the contribution specified by the
keyword NP_POWER. In the example above, the choice of keywords results in the computation
of the sum of the SM amplitude and the SMEFT contribution linear in the Wilson coefficients,
while the quadratic SMEFT contribution is excluded.

The selection of the specific helicity configurations for the intermediate gauge bosons
is controlled by the following three keywords:

dpa =1
poll =1
pol2 =1

The keyword dpa can be set to 1 to activate the DPA, or to 0 to deactivate it. The keyword
poll specifies the polarization of the first intermediate gauge boson. It can take the values
0, —1, +1, 3, or 4, corresponding to longitudinal, left-, right-handed, transverse, or no
polarization, respectively. pol2 performs the same function for the second intermediate
gauge boson. The choices of the poll and pol2 keywords only influence the results when
dpa = 1. Otherwise, unpolarized predictions are generated. Except for the aforementioned,
our new code can be used as described in the various documents within the Docs directory
of the standard POWHEG-BOX-RES installation.

Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has associated code in a code repository.
Available at: https://gitlab.com/POWHEG-BOX/RES/User-Processes/VV_pol.
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