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For the first time full next-to-leading-order electroweak corrections to off-shell vector-boson scattering
are presented. The computation features the complete matrix elements, including all nonresonant and
off-shell contributions, to the electroweak process pp — ;ﬁyﬂeﬂ/e Jjj and is fully differential. We find
surprisingly large corrections, reaching —16% for the fiducial cross section, as an intrinsic feature of the
vector-boson-scattering processes. We elucidate the origin of these large electroweak corrections upon
using the double-pole approximation and the effective vector-boson approximation along with leading-

logarithmic corrections.
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Introduction.—Since the Higgs boson has been discov-
ered at the Large Hadron Collider (LHC), a significant
experimental program has been devoted to the study of the
electroweak (EW) sector of the standard model [1]. The
Higgs boson plays a crucial role in vector-boson scattering
(VBS) as it prevents the amplitude from violating unitarity
at high energies. VBS is thus a basic process to investigate
the mechanism of EW symmetry breaking. In addition,
VBS is a key testing ground for possible new interactions,
as it is particularly sensitive to small deviations from the
standard model, which can, for example, be parametrized
by anomalous quartic gauge-boson couplings. Hence,
precise predictions for this process will allow one to
impose more stringent exclusion limits on new physics
models or even trigger the discovery of new fundamental
mechanisms.

VBS at the LHC is an exclusive process where a
constituent of each colliding proton emits a weak vector
boson V = W, Z which then scatter off each other. The
emissions from the protons cause jets in the forward and
backward directions with large rapidity difference and dijet
invariant mass. The resulting VVj;j final state receives
contributions from both EW and QCD mediated processes,
referred to as EW and strong production that can be
separated in a gauge-invariant way. Strong production
can be suppressed by requiring the above-mentioned
tagging jets in the forward and backward directions. In
the following, we refer to the EW production mode of the
VVjj final state as the actual VBS process.

The present Letter focuses on the EW production of
two off-shell W bosons in association with two jets, i.e.,
pp — uy,ety,jj, which has been identified as the most
promising channel for the measurement of VBS [2] at the
LHC. For like-sign WW scattering, the strong production
mode does not dominate over the EW mode, in contrast to
most other VBS processes. Evidence for this process has
already been reported by both the ATLAS [3,4] and CMS
[5] Collaborations.
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Significant interest has been devoted in the past to the
computation of higher-order corrections to VBS and its
main irreducible background processes [6—13]. So far,
these computations have focused exclusively on next-to-
leading-order (NLO) QCD corrections, and no NLO EW
computation has been performed yet. As the impact of EW
corrections grows with the energy owing to the presence
of logarithms of the ratio of energy and EW gauge-boson
mass, so-called Sudakov logarithms, they have to be
calculated in view of the increasing energy and luminosity
of the LHC. In this Letter we present first results for the
full NLO EW corrections to the off-shell VBS process
pp = Hyety,jj.

The EW corrections to the integrated cross section turn
out to be surprisingly large compared to those for other
standard LHC processes. In order to elucidate the origin
of these enhanced corrections, we study results for EW
corrections also in two approximations, the double-pole
approximation and the effective vector-boson approxima-
tion (EVBA). Our results allow one to include these
corrections in precise measurements of VBS at the LHC.

Details of the calculation.—We consider the leading-
order EW process pp — u'v,ev,jj of order O(a®). The
dominant partonic channel uu — u*v,e*v,dd accounts for
about two-thirds of the cross section. The second largest
channel ud — /ﬁuﬂe*yedﬁ features a Higgs boson in the s
channel and makes up 16% of the cross section. The
remaining partonic channels sum up to 17% of the cross
section. The EW NLO corrections comprise all contribu-
tions of order O(a’). These include the complete EW
virtual one-loop amplitude and real photon radiation,
i.e., the process pp — utv,etv,jjy. At order O(a’), also
contributions of the type ¢,y = u*v,e"v,q,93G4 appear,
where ¢, are quarks of possibly different type. These real
corrections are suppressed owing to the photon distribution
function and therefore have been omitted in the present
computation.
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The resonant particles are treated within the complex-
mass scheme [14,15], ensuring gauge invariance. To
evaluate all one-loop amplitudes in the six-body phase
space, the computer code RECOLA [16,17] and the COLLIER
library [18,19] are employed. The phase-space integration
is carried out with two different Monte Carlo programs
that have been used in Refs. [20,21] and Refs. [22,23],
respectively. The infrared singularities are treated via the
Catani-Seymour dipole subtraction formalism [24,25]. The
collinear initial-state splittings are handled within the DIS
factorization scheme following Refs. [26,27].

To ensure the correctness of the results, a number of
checks has been performed. We have verified numerically
that the sum of all corrections is infrared finite. The
hadronic Born cross section has been compared against
the computer code MADGRAPH5_aMC@nlo [28], which has
also been used to check the tree-level matrix elements
squared (for Born and real radiation). Finally, for the
dominant partonic channels (uu and ud) a computation
in the double-pole approximation (based on an automatized
implementation following the one of Ref. [23]) has con-
firmed the NLO EW corrections obtained in the full
calculation within an accuracy below 1%.

Input parameters and event selections.—We present
theoretical predictions for the LHC at the center-of-mass
energy of 13 TeV. The on-shell values for the masses and
widths of the gauge bosons

M3 = 80.385 GeV,
M = 91.1876 GeV,

9% = 2.085 GeV,
9 =24952 GeV (1)

are converted into pole masses according to
My =My /cy, Iy =IV/cv,

cv =1+ (TP/MER, V=W.Z (2)

The Higgs-boson and top-quark masses and widths are
fixed to

My = 125 GeV,
m, = 173.21 GeV,

Iy =4.07 x 1073 GeV,
I', =0 GeV.

The top-quark width can be neglected since no resonant top
quarks appear in the matrix elements.

For the electromagnetic coupling a, the G, scheme is
used where « is obtained from the Fermi constant,

ag, = \/EGﬂMWZ(l - My*/Mz*)/x, 3)

with

G, = 1.16637 x 105 GeV~2, (4)

We have chosen the set of parton distribution functions
NNPDF3.0QED [29,30]. The renormalization and factori-
zation scales, p,., and pg,, are set equal to the pole mass of
the W boson, pren = fraet = My .

The event selection for VBS is based on the experimental
analyses of ATLAS [3] and CMS [5]. Quarks and gluons
are clustered using the anti-k; algorithm [31] with jet-
resolution parameter R = 0.4. The recombination of
photons with charged particles employs a resolution
parameter R = 0.1.

For each jet and charged lepton, a cut on its transverse
momentum and its rapidity is applied,

pr;>30GeV, |y <45, (5)

Prr > 20 GCV, |yf| < 25, (6)
and the missing energy has to fulfill

EMss > 40 GeV. (7)

For the pair of jets, an invariant mass cut and a cut on the
difference of the rapidities is applied,

Finally, the leptons are required to be isolated,
AR,, > 0.3, AR;, > 0.3, 9)

where

AR;; = \/(Ayij)2 + (Agy;)? (10)

is the rapidity-azimuthal-angle distance of the objects i
and j.

Numerical results.—The fiducial cross section for the
VBS event selection (5)—(9) and the corresponding NLO
EW corrections are reported in Table I. Strikingly, the EW
corrections turn out to be —16% and, thus, surprisingly
large for a fiducial cross section. For typical LHC proc-
esses, such large negative corrections originating from
Sudakov logarithms generically show up in the high-energy
tails of distributions which usually do not dominate the
integrated cross section.

TABLEI. LO and NLO cross section for pp — u*v,etv,jj at
13 TeV at the LHC. The corresponding EW corrections are given
in percent. The digit in parenthesis indicates the integration error.

-0 [fb] oNLO [fb] opw [%]
1.5348(2) 1.2895(6) —-16.0
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FIG. 1. Invariant-mass distribution of the four leptons in pp —

uyetu, jj including NLO EW corrections (upper panel) and
relative NLO EW corrections (lower panel).

Moreover, these large corrections are not due to the VBS
event selections described above but are intrinsic to the
VBS process at the LHC [32]. Indeed, dropping the cuts (8)
on the two jets and on the missing energy (7) and relaxing
the requirements on the transverse momenta (5) and (6)
leave the corrections at the same level.

In Fig. 1, the distribution in the invariant mass of the four
leptons is displayed. The upper panel shows the LO and
NLO EW prediction and the lower panel the relative EW
corrections 6 = onp.opw/01.0 — 1 in percent. The cross
section drops by 1 order of magnitude only 500 GeV
above its maximum. For typical gauge-boson pair produc-
tion processes like WW or ZZ production the cross section
decreases more than twice as fast with increasing energy.
The negative EW corrections increase from —12% at
150 GeV to —32% at 1.6 TeV.

In Fig. 2, the rapidity distribution of the dijet system is
presented. In VBS the two jets are typically back to back,
and their joint rapidity tends to be close to zero. Near
Yj,j, = 0, the EW corrections are maximal and at the level
of —16% as for the integrated cross section. For large |y; ;|
the two jets tend to be in the same hemisphere, and the
kinematics is different from the one of VBS. In this
kinematic region, the EW corrections turn out to be smaller.
The variation of the EW corrections is weaker in other
rapidity distributions of the jets and practically absent in
those of the leptons.

In addition to the relative corrections, in the lower panel
also the expected statistical experimental uncertainty is
displayed. Here we assume 3000 fb~! which is the target
for a high-luminosity LHC. For each bin we have computed
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FIG. 2. Rapidity distribution of the leading jet pair in pp —
uyetu,jj including NLO EW corrections (upper panel) and
relative NLO EW corrections (lower panel). The yellow band
describes the expected statistical experimental uncertainty for a
high-luminosity LHC collecting 3000 tb~! and represents a
relative variation of +1/1/Ng,, where N, is the number of
observed events in each bin.

the number of expected events N, and the corresponding
relative uncertainty as +1/1/N,, in percent, which is
represented by the band. This clearly demonstrates that
the EW corrections are mandatory to describe VBS with
sufficient precision at a high luminosity LHC. Note that the
expected statistical experimental uncertainty for the total
cross section is 1.6%.

We follow the experimental analysis and do not include
real radiation of W and Z bosons. Including these con-
tributions with realistic experimental cuts would only
partially compensate the virtual corrections [33] and even
a fully inclusive treatment of massive gauge-boson radia-
tion would not yield a complete cancellation of the
Sudakov logarithms [34].

Origin of large electroweak corrections.—Upon split-
ting the EW corrections into the gauge-invariant subsets of
fermionic and bosonic parts, we could attribute the large
effects exclusively to the bosonic sector. We have further-
more verified at the level of distributions that the leading
behavior of the NLO EW corrections is dominated by the
virtual corrections. In order to get a feeling for the relevant
scales in the process, we calculated the average partonic
center-of-mass energy, the average invariant mass of the jet
pair, and the average invariant mass of the four-lepton
system and found (v/3) ~2.2 TeV, (mj;) ~ 1.6 TeV, and
(mgp) ~ 390 GeV, respectively.

In view of the complexity of the VBS process and
the appearance of many different scales, the study of
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FIG. 3. Schematic representation of the double-pole approxi-
mation for the VBS process. The black blobs represent the
factorized subprocesses while the gray gauge boson represents a
nonfactorizable correction.

approximations is useful in order to understand the origin
of the large corrections.

As a first step, we have evaluated the subtracted virtual
corrections to the VBS process in the double-pole approxi-
mation (DPA) [23,35]. In the DPA, two on-shell W bosons
are requested, and the matrix elements are split into those for
production and decay of the resonant W bosons. This is
illustrated in Fig. 3 where the blobs represent the production
and decay processes of the W bosons including the factor-
izable corrections, while the explicit neutral gauge boson
(Z, y) constitutes a typical nonfactorizable correction in this
framework. We found that the DPA reproduces the full
process within 1% and thus provides a sufficiently good
approximation for practical purposes. In the DPA, the
factorizable corrections constitute ~95% of the subtracted
virtual corrections and are thus responsible for the large EW
corrections. Moreover, the nonfactorizable corrections result
exclusively from photon exchange and are compensated
upon adding the corresponding real photonic corrections.

To further simplify the discussion, we use the EVBA,
depicted schematically in Fig. 4, where two W bosons are
radiated off the quark lines to scatter. In this picture, most of
the energy is transferred to the two back-to-back jets while
the rest of the energy goes into the scattering of the two W
bosons in the central region. The invariant masses of the
radiated W bosons are spacelike but of the order of the
W-boson mass to enhance the cross section [13,36,37].
While the EVBA constitutes a crude approximation valid
only in the very-high-energy limit [37,38], it is sufficient to
discuss the origin of the enhanced EW corrections.

To proceed, we combine the EVBA with the Sudakov
approximation in a similar way as pioneered in Ref. [38] for

u ®; > d
W+ Ve

e+

Vu

W+ wt
u o > d

FIG. 4. Schematic representation of the EVBA. The white blob
represents the VBS subprocess.

VBS in electron-positron annihilation. In the Sudakov
limit, where all invariants are large, the dominant EW
corrections result from double and single logarithms
involving ratios of the large invariants and the vector-
boson masses squared [39,40]. In the EVBA the large
logarithms in the factorizable corrections result only from
the vector-boson-scattering subprocess, WTW+ — WHw+,
To keep things simple, we only consider the double EW
logarithms, the collinear single EW logarithms, and the
single logarithms resulting from parameter renormaliza-
tion. Following Ref. [40], we obtain

a 0? a 0?

(11)

where the EW Casimir operator and the f-function coef-
ficient for W bosons read

Ew _ 2 ew _ 19
= M=o (12)
with the sine of the weak mixing angle s,,. Using (my,) ~
390 GeV as a typical scale Q for the VBS subprocess
leads to an EW correction of about —16%. Applying this
logarithmic approximation differentially to the distribution
in the invariant mass of the four leptons yields about —15%.
These numbers reproduce remarkably well the full
correction of —16% given the fact that they include only
logarithmic corrections resulting from the VBS subprocess,
neglecting even the angular-dependent leading logarithms.

The resulting EW corrections are by a factor of 3—4
larger compared to processes like vector-boson pair pro-
duction or top-quark pair production for the following
reasons. First, the EW Casimir operator CEW is larger for
vector bosons than for fermions. This enhances the double
logarithmic corrections by a factor of 1.5 for WW — WW
with respect to gg — WW. Second, the typical scale of the
hard scattering process Q is larger for WW — WW. For a
typical pair-production process the scale is more or less
of the order of the pair production threshold, i.e., Q ~
250 GeV for qqg — WW /ZZ, since the cross sections drop
with 1/§ above threshold. For WW — WW, on the other
hand, the cross section drops much slower (cf. Fig. 1)
owing to the massive #-channel vector-boson exchange
in these processes [41]. Without cuts, the cross section
would even approach a constant for high energies. The
scale Q = (my,) ~390 GeV enhances the double loga-
rithmic corrections by a factor of 1.9 with respect to a scale
O ~ 250 GeV. Third, the cancellation between single and
double logarithms is weaker for external vector bosons
than for external fermions.

Summary.—In summary, the NLO EW corrections to a
VBS process have been presented for the first time. The
fully differential computation includes the full EW NLO
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matrix elements with all nonresonant and off-shell con-
tributions and can be well reproduced by a double-pole
approximation. The EW corrections to the fiducial cross
section are with —16% surprisingly large and are an
intrinsic feature of VBS. Using the effective vector-boson
approximation combined with a high-energy logarithmic
approximation for the EW corrections, we have been able
to identify the source of these large corrections. They result
from large logarithms in the virtual EW corrections to the
VBS subprocess. They are enhanced with respect to other
LHC processes owing to the comparably large couplings of
the vector bosons, reduced cancellations within the loga-
rithmic corrections, and the massive ¢#-channel vector-boson
exchange contributions in VBS, which lead to sizable
contributions at large scales. The large EW corrections
presented here should be included in any precise analysis
of VBS.
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