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1. Introduction

Searching for physics beyond the Standard Model (BSM) is one of the main tasks of the LHC.
Since the new physics (NP) can manifest itself in mild deviations from the Standard Model (SM)
background, high-precision measurements of SM processes represent a very important tool for the
NP searches. Being sensitive to the gauge-boson self interaction, diboson production processes are
used at the LHC to set limits on the anomalous (i.e. different from the SM) triple-gauge-boson
interactions.

In order to point out small deviations from the SM expectation for diboson production, pre-
cise theoretical predictions for this process are mandatory. Two-loop QCD calculations as well as
resummed predictions at NNLL+NNLO and NLO QCD+parton-shower results are available for
diboson production. On the electroweak (EW) side, the one-loop EW corrections to all the four-
lepton production processes have been computed. We refer to Ref. [1] for a detailed bibliography.

From an historical point of view, anomalous triple-gauge-boson interactions were first de-
scribed in terms of anomalous couplings. In this approach, the most-general interaction term
(compatible with a given set of symmetries) is added to the SM Lagrangian. From the result-
ing Lagrangian it is possible to derive the Feynman rules that can be employed in LO calculations.
However, this approach does not provide any prescription to perform loop calculations.

The modern way to describe the anomalous triple-gauge-boson interaction is the SM effec-
tive field theory (SMEFT). In this approach the SM is considered as the low-energy limit of a
UV-complete theory, whose Lagrangian L is in general unknown (different BSM models lead
to a different ansatz for L ). The UV-complete theory in general includes new heavy degrees of
freedom, however, they can be integrated out at low energies and L can be approximated by an
effective Lagrangian as

L eff. = L SM +∑
i

ci
6

Λ2 O i
6 +∑

i

ci
8

Λ4 O i
8 + · · · , (1.1)

where O i
D are the higher-dimensional operators describing the BSM interactions, ci

D are the corre-
sponding Wilson coefficients and Λ can be regarded as the NP scale.

As no significant deviation from the SM has been found so far at the LHC, the SMEFT pro-
vides a natural framework for the NP searches. Within the SMEFT it is possible to set limits on the
NP effects without assuming a specific BSM model. Another interesting aspect of the SMEFT is
the possibility to generalize this approach beyond the LO in the higher-dimensional operators.

In Ref. [1] we computed the processes pp→WW (→ e+νeµ−ν̄µ ), pp→WZ (→ e+νeµ+µ−),
and pp→ ZZ (→ e+e−µ+µ−) in the SMEFT framework at NLO QCD accuracy, but in the fol-
lowing we will focus on WZ production. We computed the NLO EW corrections to the processes
under consideration as well as the contribution of the loop-induced gg→WW and gg→ ZZ pro-
cesses in order to compare these corrections with the impact of the anomalous triple-gauge-boson
interactions. Our calculation relies on the code RECOLA2 [2, 3, 4] for the automated gener-
ation and the numerical evaluation of the tree-level and one-loop matrix elements. RECOLA2
uses the COLLIER [5] library for the tensor-integral reduction. We employed REPT1L [3] to
derive the RECOLA2 model file describing the SM Lagrangian including the higher-dimensional
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Setup LO [fb] NLO QCD [fb] NLO EW [fb]

W−Z ATLAS 12.6455(9)+5.5%
−6.8% 23.780(4)+5.5%

−4.6% 11.891(4)+5.6%
−6.9%

W−Z CMS 9.3251(8)+5.3%
−6.7% 17.215(4)+5.4%

−4.3% 8.870(2)+5.5%
−6.7%

W+Z ATLAS 18.875(1)+5.2%
−6.4% 34.253(6)+5.3%

−4.3% 17.748(8)+5.3%
−6.5%

W+Z CMS 14.307(1)+5.0%
−6.2% 26.357(6)+5.4%

−4.3% 13.600(4)+5.1%
−6.3%

Table 1: Integrated cross section for WZ production at
√

s = 13 TeV in the ATLAS and CMS setups. In
the first column W+Z (W−Z) is a short-hand notation for the process pp→ e+νeµ+µ− (pp→ e−νeµ+µ−).
The numbers in parentheses correspond to the statistical error on the last digit.

operators relevant for diboson production starting from a UFO [6] model file produced by FEYN-
RULES [7, 8].

2. Numerical results for WZ production

Our results at the fiducial cross-section level for WZ production are collected in Tab. 1. We
consider two event selections inspired by the ATLAS and CMS analyses of Refs. [9] and [10],
respectively. The precise setups can be found in Ref. [1]. The NLO EW corrections are negative
and moderate (of order−6%/−5%), while the NLO QCD corrections are enhanced by the opening
of new channels with initial-state gluons and reach the value of +80%/+90%.

The differential distributions as a function of the transverse momentum of the Z boson (pT,µ+µ−)
and of the WZ transverse mass (M3lν

T ) are shown in Fig. 1. The corrections follow the same pattern
found at the cross-section level. The NLO EW corrections are enhanced at high pT and/or MT by
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Figure 1: Differential distribution in the transverse momentum of the muon–antimuon pair (pT,µ+µ−) and in
the WZ transverse mass (M3lν

T ) for the process pp→ e+νeµ+µ− at
√

s= 13 TeV. The NLO QCD predictions
have been divided by a factor 10 (2) in the ratio NLOQCD/LO as a function of pT,µ+µ− (M3lν

T ).
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the Sudakov logarithms. The NLO QCD corrections are positive and very large, in particular as a
function of the Z boson pT.

The anomalous triple-gauge-boson interaction is parametrized in terms of dimension-six (Dim-
6) operators [11]:

OWWW =−g3
w

4
εi jkW i

µνW νρ jW µ k
ρ ,

OW =−igw(DµΦ)† τk

2
W µν k(DνΦ),

OB =+i
g1

2
(DµΦ)†Bµν(DνΦ),

OW̃WW =+
g3

w

4
εi jkW̃ i

µνW νρ jW µ k
ρ ,

OW̃ =+igw(DµΦ)† τk

2
W̃ µν k(DνΦ),

(2.1)

where gw = e/sw, g1 = e/cw, τ are the Pauli matrices and Φ stands for the Higgs doublet. For the
corresponding Wilson coefficients we consider values

c+W
Λ2 = 3×10−6 GeV−2,

c+B
Λ2 = 1.5×10−5 GeV−2,

c+WWW
Λ2 = 3×10−6 GeV−2,

c̃+W
Λ2 = 1×10−6 GeV−2,

c̃+WWW
Λ2 = 3×10−6 GeV−2. (2.2)

The values in Eq. (2.2) are in agreement with the current limits from the LHC.
According to Eq. (1.1), the cross sections and/or the differential distributions have the form

σ = σSM2 +σSM×EFT6 +σEFT62 +σSM×EFT8 +σEFT82 + . . . , (2.3)

with

σSM×EFT6 ∝
c6

Λ2 , σEFT62 ∝
c2

6
Λ4 , σSM×EFT8 ∝

c8

Λ4 , σEFT82 ∝
c2

8
Λ8 . (2.4)

From Eqs. (2.3)–(2.4) it follows that in general it is not consistent to include the quadratic con-
tributions in the Dim-6 operators if the Dim-8 operators are neglected. On the other hand, there
are models (such as the strongly interacting ones) where the σSM×EFT8 terms are subleading with
respect to the σEFT62 ones. For these reasons we show results for WZ production both with and
without the contribution of the σEFT62 term.

Figure 2 shows the ratios

RLO(NLO)
lin =

d
(

σSM2 +σSM×EFT

)LO(NLO)QCD
/dX

dσ
LO(NLO)QCD
SM2 /dX

,

RLO(NLO)
quad =

d
(

σSM2 +σSM×EFT +σEFT2

)LO(NLO)QCD
/dX

dσ
LO(NLO)QCD
SM2 /dX

,

(2.5)

with X = pT,µ+µ− . Each line in the plots corresponds to a setup where only one of the Wilson
coefficients is different from zero. The upper panels in the plots contain only the interference
terms, while in the lower panels the quadratic contribution in the Dim-6 operators is included as
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Figure 2: Ratio RLO(NLO)
lin(quad) as a function of the transverse momentum of the Z boson for the process pp→

e+νeµ+µ−. Each line corresponds to a setup where only one of the Wilson coefficients is different from
zero. The black lines in the right plot correspond to the NLO EW corrections in the SM. In order to improve
the plot readability, in the RLO

lin ratio (upper panel, left plot) the curve labeled with c+W/4 corresponds to our
predictions where the c+W coefficient has been divided by a factor 4.

well. The two main results are shown in Fig. 2: on the one hand, the largest contribution comes
in general from the quadratic term and, on the other hand, the sensitivity to the Dim-6 operators
decreases at NLO QCD. The reduction in the sensitivity can be traced back to the fact that the
contribution of the Dim-6 operators increases with the centre-of-mass energy of the WZ system,
while the real QCD radiation tends to reduce the centre-of-mass energy of the diboson system.
As pointed out in Ref. [12] for on-shell vector bosons, the contribution of the OWWW operator is
suppressed at LO, but not at NLO QCD.

3. Conclusions

In Ref. [1] we computed WW, WZ, and ZZ production (including the leptonic decays of the
vector bosons) in the SMEFT framework at NLO QCD accuracy. The anomalous WWγ and WWZ
interaction was described in terms of Dim-6 operators, while Dim-8 operators were used for the
parametrization of the neutral triple-gauge-boson interactions. For all these processes we found
that the sensitivity to the higher-dimensional operators is reduced at NLO QCD. We also found
that the largest contributions come in general from the quadratic terms in the Dim-6 operators
(Dim-8 operators for ZZ production).
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