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FIG. 1: Allowed kinematical regions at LO in the triple di↵erential dijet inclusive cross section (in pb) at
p
s = 8 TeV in the

partonic fraction x1, x2 plane for the jet pT cuts of the CMS measurement.

di↵erential cross section for the six event topologies con-
sidered in the CMS study is shown. The CMS analysis [3]
also performs a detailed study of the constraints on PDFs
that can be derived from the measurement data. These
turn out to be inherently limited by the precision of the
theoretical description of the underlying hard scattering
processes available.

The theoretical predictions for the jet cross section are
obtained in perturbative QCD, as a convolution of the
parton distribution functions for the incoming particles
and the parton–parton hard scattering cross section. The
previous state of the art, as used in [3], were predictions
including next-to-leading order (NLO) QCD [1, 4–6] and
electroweak (EWK, [7–9]) corrections for the di-jet pro-
duction cross section. At this level of accuracy, scale
uncertainties and missing higher order corrections in the
theoretical calculation significantly limit the achievable
precision in the determination of the shape and normali-
sation of the triple di↵erential cross section. To improve
the perturbative QCD description of this process, we
present in this letter for the first time a computation
of the NNLO corrections to the triple-di↵erential di-jet
cross section at the LHC.

Our calculation is performed in the NNLOJET frame-
work, employing the antenna subtraction method [10–
12] to remove all unphysical infrared singularities from
the matrix elements, which we take at leading-colour in
all partonic subprocess at NNLO, while keeping the full
colour dependence at lower orders. The same setup was

used for the calculation of the NNLO corrections to in-
clusive jet [13, 14] and di-jet production [15]. We use
the MMHT2014 NNLO parton distribution functions [16]
with ↵s(MZ)=0.118 for all predictions at LO, NLO and
NNLO to emphasize the role of the perturbative correc-
tions at each successive order.

The combined non-perturbative (NP) contributions
from hadronization and the underlying event, modeled
through multiple parton interactions, are not included
in the predictions at parton-level, but have been de-
rived from parton shower predictions at NLO in Ref. [3].
The corresponding NP e↵ects have been found to be at
most 10% for the lowest pT,avg bins and negligible above
1 TeV. The contribution from EWK e↵ects from virtual
exchanges of massive W and Z bosons have been com-
puted in [7]. These are smaller than 3% below 1 TeV and
reach 8% for the highest pT,avg. A recent study [17] has
shown that for the R = 0.7 cone size, there is an excel-
lent agreement for the parton-level cross section between
fixed-order and NLO-matched results. For this reason,
we will take into acount the NP and EKW e↵ects ob-
tained in [3, 7], as a multiplicative factor in each bin of
the parton-level NNLO cross section and we label the
corresponding prediction NNLO⌦NP⌦EWK.

At any given fixed order in perturbation theory, the
predictions retain some dependence on the unphysical
renormalization and factorization scales. An assess-
ment of the scale uncertainty of the calculation at NLO
and NNLO is obtained from independent variations of

pT,avg = (pT,1 + pT,2)/2

y⇤ = |y1 � y2|/2
yb = |y1 + y2|/2
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xmin =
mmin

V+ j√
s

, (2)

which is relevant primarily for data where fiducial cuts are
symmetric in rapidity. Here mV+ j is the invariant mass of
the vector-boson-plus-jet final state at LO. In addition, we
have the combined kinematic constraint

x1x2 ≥ 1
s

(
mV,min

T + pT
j1,min

)2
, (3)

where mV,min
T and pT

j1,min are the minimum values of the
vector boson transverse mass and leading jet pT admitted by
the fiducial cuts. This constraint is particularly relevant in
phase-space regions that are asymmetric in rapidity, which
in turn probes more asymmetric values in x1, x2 and gives
rise to a more complex interplay between the kinematics and
the event selection cuts.

Precision QCD predictions for the production of a vector
boson in association with a jet have advanced considerably
in recent years with the completion of fixed-order next-to-
next-to-leading (NNLO) QCD calculations [17–26], which
are now being matched to resummation results [27,28] to
extend their validity across a wider kinematic range. These
are complemented by NLO electroweak corrections [29–31],
which are particularly relevant at large transverse momenta.
There is a strong experimental motivation for precise predic-
tions for these processes due to the high statistics and clean
decay channels observed at the LHC, and their relevance to
determinations of Standard Model parameters and as back-
grounds for new physics searches [32]. Fitting procedures for
PDFs also benefit greatly from improved predictions, due to
the increased sensitivity to the gluon and quark content of
the proton [33,34]. Owing to the large gluon luminosity at
the LHC, the dominant initial state for vector-boson-plus-jet
production is quark–gluon scattering, with different quark
flavour combinations probed by the different bosons.

In this paper, we perform a comparison between NNLO
QCD predictions for vector-boson-plus-jet (VJ) production
and measurements by the LHCb [16] and ATLAS [8] exper-
iments. These measurements are highly complementary,
allowing one to probe a much larger kinematic region than if
either of them were taken alone due to the different rapidity
coverages of the two detectors. The region of the (x , Q2)
plane which is probed at LO in QCD in ZJ production is
shown in Fig. 1, where one can see that LHCb covers two dis-
tinct sectors corresponding to the x values of the two beams.
The corresponding plot for the (x1, x2) plane is shown in
Fig. 2, where the asymmetry of the LHCb region preferen-
tially probes large x1 and small x2 values in contrast to the
symmetric (x1, x2) coverage of the ATLAS fiducial region.
The kinematic constraints on the LHCb region are relaxed
beyond LO as the presence of radiation permits larger Q2 and

Fig. 1 The regions of the (x , Q2) plane accessible for the LHCb [16]
and ATLAS [8] ZJ selection criteria at LO. Here Q2 is the invariant
mass of the full final state including both charged leptons and QCD
radiation and x is the Bjorken-x from either of the incoming beams

Fig. 2 The regions of the (x1, x2) plane accessible for the LHCb [16]
and ATLAS [8] ZJ selection criteria at LO. Here x1 and x2 are the
Bjorken-x values from beams 1 and 2 respectively

x2 values, unlike on the ATLAS region where LO kinematics
already fully cover the kinematic region accessible at higher
orders. The LO kinematics dominates in the contribution to
the total cross section however, and gives a good indication
of where the sensitivities of the two experiments lie.

The theoretical predictions are obtained using the
NNLOJET framework [18,26], which implements the rele-
vant NNLO VJ matrix elements [35–42] and uses the antenna
subtraction method [43–45] to extract and combine infrared
singularities from partonic subprocesses with different mul-
tiplicity.
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Throughout this work, the theoretical predictions employ
a diagonal CKM matrix. The electroweak parameters are set
according to theGµ scheme with the following input param-
eters:

MZ = 91.1876 GeV, MW = 80.385 GeV,

! Z = 2.4952 GeV, ! W = 2.085 GeV,

GF = 1.1663787! 10" 5 GeV" 2, (4)

and the PDF set used at all perturbative orders is the central
replica ofNNPDF31_nnlo [33] with " s(MZ) = 0.118.

2 LHCb 8 TeV boosted cuts

At the protonÐproton centre-of-mass energy of 8 TeV, the
LHCb experiment has measured both W- and Z-boson pro-
duction in association with a jet with the vector bosons decay-
ing in the muon channel [16]. The acceptance in the forward
region of the LHCb experiment allows it to reliably probe
PDFs at both much higher and lower momentum fractionsx
than the general-purpose detectors at the LHC. This sensitiv-
ity arises from kinematic conÞgurations that are asymmetric
in x1 andx2, which in turn means that the event is boosted
into the forward region. PDF uncertainties at largex and
Q2 are generally driven by uncertainties in thed content of
the proton, which these measurements have the capacity to
constrain due to their ßavour sensitivity, particularly in the
charged-current channels. This provides a strong motivation
to use the state-of-the-art NNLO QCD results to test the quan-
titative agreement of the predictions with the experimental
data.

The Þducial cuts applied to the charged leptons and the
jets, which we label as the LHCb cuts for both W± J and ZJ
production are given by:

pT
j > 20 GeV, 2.2 < #j < 4.2,

pT
µ > 20 GeV, 2 < yµ < 4.5,

$ Rµ, j > 0.5, (5)

where pT
j and pT

µ are the transverse momenta of the jets
and muons respectively,#j is the jet pseudorapidity,yµ is the
muon rapidity and$ Rµ, j is the angular separation between
the leading jet and the muon. In addition, the requirement
pT

µ+ j > 20 GeV is applied for W± J production, where
pT

µ+ j is the transverse component of the vector sum of
the charged lepton and jet momenta. For ZJ production, the
invariant mass of the dimuon systemmµµ is restricted to the
window 60 GeV< mµµ < 120 GeV around the Z-boson
resonance. The anti-kT jet algorithm [46] is used throughout,
with radius parameterR = 0.5. In the LHCb analysis [16],
the VJ data were compared to NLO theory predictions, which

Table 1 Fiducial cross sections for Þxed order theory predictions and
LHCb results from Ref. [16]. The errors quoted for NNLOJET corre-
spond to the scale uncertainty and the reported LHCb errors are statis-
tical, systematic and luminosity respectively

Process Fiducial%[pb]

W+ J LO 46.9+ 5.6
" 2.2

NLO 62.8+ 3.6
" 3.5

NNLO 63.1+ 0.4
" 0.5

LHCb 56.9 ± 0.2 ± 5.1 ± 0.7

W" J LO 27.2+ 3.2
" 2.6

NLO 36.7+ 2.2
" 2.1

NNLO 36.8+ 0.3
" 0.2

LHCb 33.1 ± 0.2 ± 3.5 ± 0.4

ZJ LO 4.59+ 0.53
" 0.43

NLO 6.04+ 0.32
" 3.1

NNLO 6.03+ 0.02
" 0.04

LHCb 5.71± 0.06± 0.27± 0.07

were observed to overshoot the data throughout, albeit being
consistent within the combined theoretical and experimental
uncertainties.

For the theoretical predictions presented in this section,
we set the central scale as in [16], i.e.,

µ R = µ F =

√
m2

V +
∑

i
( pi

T,j )
2 # µ 0, (6)

with scale variations performed independently for the fac-
torisation and renormalisation scalesµ F, µ R by factors of12
and 2 subject to the constraint1

2 < µ F/µ R < 2.
The predictions for the Þducial cross section are shown in

Table1 for LO, NLO and NNLO QCD and compared to the
results reported by the LHCb experiment for the individual
VJ channels. We see large corrections when going from LO
to NLO as observed in the NLO/LO K-factor of 1.34 for
W" , 1.35 for W+ and 1.32 for Z. On the other hand, going
from NLO to NNLO produces much smaller and more stable
corrections, with a NNLO/NLO K-factor of 1.006 for W" ,
1.003 for W+ and 0.998 for Z. The NNLO corrections lie
within the scale bands of the NLO results. We note that the
uncertainty bands overlap marginally between theory and
data in Table1 for W" and Z production, but not for W+

production.

2.1 Distributions differential in leading jetpT

Figures3, 4 and 5 show the distributions for transverse
momentum of the leading jet in W" , W+ and Z production
respectively. Similarly to the Þducial cross section, the scale
dependence of the differential distributions is considerably

123
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Fig. 10 Cross section differential in the pseudorapidityη of the lepton
for W+J production. See Fig.3 for details

Fig. 11 Cross section differential in the rapidity of the dilepton system
for ZJ production. See Fig.3 for details

pidity A±(ηℓ),

A±(ηℓ) =
dσW+ j / dηℓ ! dσW! j / dηℓ

dσW+ j / dηℓ + dσW! j / dηℓ

. (7)

The charge asymmetry is a valuable input to PDF Þts as many
systematic experimental errors cancel due to correlations in
luminosity and systematic errors between the measurements
of W+J and W! J, giving a higher level of precision than
for the total cross sections alone. This is also true for the
theory predictions, where many higher-order contributions

Fig. 12 W± asymmetry in WJ production differential in the pseudo-
rapidity η of the lepton produced from the W boson decay. See Fig.3
for details

cancel between W+J and W! J, and the similarity of the two
calculations justiÞes some correlation between scale errors.
A± directly provides information on the difference between
theu andd quark (as well as between thed̄ andū anti-quark)
content of the proton.

The advantage of considering the charge asymmetry for
events where a jet is produced in association with the W
boson, which can be regarded as an exclusive asymmetry, as
opposed to the inclusiveA± is that the implicit constraint on
Bjorken-x is tightened due to the increase in partonic energy
required. Before comparing our predictions with LHCb data
for the exclusive charge asymmetry, it is instructive to recall
the status of measurements of its inclusive analogue. The
LHCb measurement of the inclusive charge asymmetry [47]
probes larger values ofx than at ATLAS or CMS. Currently
the main constraints onu andd content atx > 0.1 come pri-
marily from Þxed-target DIS experiments and the D0 inclu-
sive lepton charge asymmetry data [48]. The inclusion of the
latest Tevatron results in PDF Þts generally results in a harder
u/ d behaviour in this high-x region [49].

In Fig. 12, we show a comparison between our theo-
retical predictions forA± related to WJ production and
the LHCb data. Inside the numerator and the denominator
expressions, we fully correlate the scales between the W+

and W! cross sections, which amounts to taking the sum and
difference of the cross sections as independent physical quan-

tities
!
dσW+ ± dσW!

"
(µ F, µ R) instead of the W+ and W!

cross sections. The scale uncertainty shown is then obtained
by independently varying the factorisation(µ F) and renor-
malisation(µ R) scales of both the numerator and denomi-
nator by factors of12 and 2 around the central scale, while

123

A± (! l ) =
d" W + j

/ d! l ! d" W ! j
/ d! l

d" W + j / d! l + d " W ! j / d! l
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Figure 4: Differential Þducial cross section for Z(1b) production as a function of the leading
b jet pT (left), and the cross section ratio for Z(1b) and Z+jets production as a function of the
leading b/inclusive (j) jet pT (right), compared with the M AD GRAPH 5FS, MAD GRAPH 4FS,
M AD GRAPH 5 aMC@NLO, and POWHEG MINLO theoretical predictions (shaded bands), nor-
malized to the theoretical cross sections described in the text. For each data point the statistical
and the total (sum in quadrature of statistical and systematic) uncertainties are represented by
the double error bar. The width of the shaded bands represents the uncertainty in the theo-
retical predictions, and, for NLO calculations, the inner darker area represents the statistical
component only.

The 4FS-based prediction fails to describe the shape of the ratio as a function of the leading b
jet pT, and discrepancies in the shape are also observed for high values of the Z boson pT.

The production of a Z boson in association with two b jets is also investigated. In this case the
kinematic observables are the transverse momenta of the leading and subleading b jets, the pT

of the Z boson, the separations of the b jets both in azimuthal angle and in the ! -" plane, the
minimal distance in the ! -" plane between the Z boson and a b jet, the asymmetry between the
minimal and the maximal distances between the Z boson and a b jet, and the invariant masses
of the bb and the Zbb systems. The measured distributions are generally well reproduced by
the predictions.
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Figure 4 : An event conÞguration where beauty quarks (short red lines) originating from

a wide-angle, soft g! bøb splitting are clustered according to the anti-kt (??) or according

to the ßavour -kt (??) distance measures.
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a negative counting in determining the ßavour of the jet. Equivalently said, a jet is deemed

ßavoured if the number of ßavoured quarks and antiquarks are di" erent and unßavoured if

they are the same.

Using this ßavour-kt algorithm, the previously mentioned, large angle g! bøb soft

conÞguration thus will lead to unßavoured jets as illustrated in Figure (??). Indeed, in this

case, ßavour-kt would Þrst take care of this splitting and combine the b andøb quarks into

an unßavoured gluon proto-jet (??)3. Regardless of whether this soft gluon proto-jet gets

clustered with other partons in a jet or not, as net result, there will be no ßavoured Þnal

state jets, as wanted.

For more details regarding the ßavour-kt algorithm,see [REF].

In [REF] we proposed a modiÞed version of ßavour-kt that excludes all jets from the

list of ßavour-tagged jets, in which the sum of b andøb quarks are even. For consistency,

this exclusion is also applied to proto-jets during the recombination procedure and not only

for Þnal state jets. The reasoning behind this exclusion is that we are trying to Þnd the

best compromise between the following two points:

1. Experiments do include double-tagged jets as identiÞed ßavoured jets, regardless of

whether these originate from bb,øbøb, or bøb double-tags.
3A proto-jet is deÞned as a jet present at an intermediate step of the recombination procedure
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Figure 1 : Possible event conÞgurations characterised by the presence of two hard b-jets

at LO in (a) and at NNLO in (b) where multiple b-jets and light jets can be emitted from

the production or the decay sides.

massless quarks. At NLO, the ßavour criterion of a pseudo-jet ensures that a collinear

splitting of the form g ! qøq is indistinguishable from a gluon (or ßavourless) jet. The

subtraction formalism presented in eq. (2.1) would already be spoiled without this criterion.

At NNLO, the ßavour-dependent distance measure in eq. (2.4) ensures that a pair of

ßavoured quarks originating from a wide-angle gluon splitting is clustered into a pseudo-

jet before being combined with any other (harder) pseudo-jets. This avoids the situation

where one of these soft quarks may be clustered with a hard pseudo-jet that carries zero

ßavour, which would lead to a deÞnition of jet ßavour sensitive to soft physics. These are

issues which are otherwise insurmountable for Þxed-order computations involving massless

quarks.

The ßavour-kt algorithm described above is available in the NNLOJET framework and

has been validated against an independent implementation using FastJet [43,44].

2.3 Jet clustering for the VH process

The discussion of ßavour dressing and the jet algorithm presented in this section are quite

general and are applicable to all processes implemented within NNLOJET. Here we discuss

a few speciÞc points related to the application of the jet algorithm to the VH process,

which will be relevant to the results presented in later sections of this paper.

The Þrst point is that we wish to apply the ßavour-kt algorithm to the partonic

processqøq ! VH ! ! ø! bøb, including NNLO QCD corrections which will be discussed

in section 3. When higher-order corrections are considered, additional light or b-quark

partons can be emitted from both production and the decay sides, as illustrated in Þgure 1b.
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Figure 3: MeasuredVH, V ! leptons reduced stage-1 simpliÞed template cross-sections times theH ! bøbbranching
ratio.

6 Constraints on anomalous Higgs boson interactions

The strength and tensor structure of the Higgs boson interactions are investigated using an e! ective
Lagrangian approach [22]. Extra terms of the formc(D )

i O(D )
i / ! D " 4, where! is the energy scale of the

new interactions,O(D )
i are dimension-D operators, andc(D )

i are numerical coe" cients, are added to the
SM Lagrangian to obtain an e! ective Lagrangian inspired by that in Ref. [45]. Only dimensionD = 6
operators are considered in this study, since dimensionD = 5 operators violate lepton or baryon number,
while dimensionD > 6 operators are further suppressed by powers of! .

The results presented in this paper focus on the coe" cients of the operators in the ÔStrongly Interacting
Light HiggsÕ formulation [46]. This formalism is deÞned as the e! ective theory of a strongly interacting
sector in which a light composite Higgs boson arises as a pseudo Goldstone boson, and is responsible for
EW symmetry breaking. Among such operators, four directly a! ect theVH cross-sections because they
introduce new Higgs boson interactions withW bosons (OHW , OW ) andZ bosons (all four operators):

¥ OHW = i (DµH)  ! a (D! H) Wa
µ! ,

¥ OHB = i (DµH)  (D! H) Bµ! ,

¥ OW = i
2

!
H  ! a

#
DµH

"
D! Wa

µ! ,

¥ OB = i
2

!
H 

#
DµH

"
" ! Bµ! .

The correspondingCP-odd operators÷OHW , ÷OHB , ÷OW , and ÷OB, are not considered.
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Figure 2 : Examples of Feynman diagrams entering the DrellÐYan type contributions

at (a) LO and at (b) NNLO. Production and decay parts have an additional Þnal state

gluon in (b) compared to case (a). Both vector bosons and the Higgs boson are treated in

an o! -shell manner, as explained in the main text.

3.2.1 Production parts

Up to order " s, only one type of contribution enters the associated Higgs production cross

section, which is given by DrellÐYan-like diagrams with a subsequent Higgs emission from

the gauge-boson leg. Starting fromO(" 2
s), additional quark-loop induced contributions

arise. These can be treated independently from the aforementioned DrellÐYan-type ones

as the relevant Feynman amplitudes are individually gauge invariant. In the following, we

describe these two production modes one after the other.

DrellÐYan-type: These contributions arise from the DrellÐYan-like production of a vir-

tual W ± or Z boson, which then splits into a real vector boson and a Higgs particle. In

our calculation we include them up to O(" 2
s) using o! -shell amplitudes that e! ectively

treat both the directly produced vector boson and the vector boson that decays leptonic-

ally as virtual particles. Representative Feynman diagrams for this production mode are

illustrated in Þgure 2 at LO (a) and NNLO (b).

These contributions only involve the square of DrellÐYan-like amplitudes and the in-

frared singularities are dealt with using the NNLO antenna subtraction formalism [31].

The subtraction terms can be readily constructed based on the NNLO calculation for the

DrellÐYan processes, which are available within the NNLOJET framework.

Top-quark-loop induced: Starting from O(" 2
s), new types of diagrams induced by

quark loops must be taken into account for theVH production process. Depending on

whether the gauge boson and/or the Higgs boson couple to the quark loop, these contri-
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(a)

(b) (c)

Figure 3 : Representative Feynman diagrams of the heavy-quark-loop-induced amplitudes

at O(! 2
s) included in our calculation. Figure (a) depicts an RI -type amplitude, which

is present for both ZH and WH production channels. Figures (b,c) illustrate represent-

ative gluonÐgluon induced heavy quark loop amplitudes, which are only present for ZH

production.

butions can be classiÞed into three categories:

(a) A class of amplitudes with no vector boson coupling to the quark loop. As such, this

class contributes to all Higgs Strahlung processes involving either Z or W± bosons.

(b) A second class of amplitudes that is only present for ZH production where the gauge

boson as well as the Higgs boson directly couple to the quark loop.

(c) Finally, the class of amplitudes where only the Z boson attaches to the quark loop

while the Higgs boson is emitted from the external massive gauge-boson leg.

Representative Feynman diagrams for each part are shown in Þgures 3(aÐc), respectively,

where we have omitted the Higgs decay for clarity. The contribution to the cross sec-

tion either arises through the square of these diagrams (e.g. for the gluonÐgluon-induced

channels) or though the interference with DrellÐYan-type amplitudes. Note that all quark-

loop-induced contributions are both infrared and ultraviolet Þnite and thus no subtraction

procedure is needed in their evaluation.

For cases (a) and (b) where the Higgs boson directly couples to the quark loop, we only

consider the top quark running inside the loop. They constitute the dominant contribution

in this class and are proportional to the second power of the top Yukawa couplingyt . The

omission of the light-quark Ñ including the bottom-quark Ñ amplitudes is justiÞed by

their much smaller Yukawa couplings.
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Figure 8: Bin-by-bin ratio between distributions that were calculated with the even-tag-

excluded and the original variants of the flavour-kt algorithm for three observables of W+H:

the p?,b, p?,bb, and �Rbb distributions at NNLO for central scale values.

the Higgs decay at the di↵erent orders had been scaled up to a fixed value of the accurately

known branching ratio of the H ! bb̄ process. Up to NNLO, the cross sections in this

formulation is assembled as follows:

d! scaled
LO = d! (0)

VH ⇥
⇣
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⌘
⇥K(0), (B.1)

d! scaled
NLO = d! (0)

VH ⇥
⇣
d! (0)

H!bb̄
+ d! (1)

H!bb̄

⌘
⇥K(1)

+ d! (1)
VH ⇥

⇣
d! (0)

H!bb̄

⌘
⇥K(0), (B.2)

d! scaled
NNLO = d! (0)

VH ⇥
⇣
d! (0)

H!bb̄
+ d! (1)

H!bb̄
+ d! (2)

H!bb̄

⌘
⇥K(2)

+ d! (1)
VH ⇥

⇣
d! (0)

H!bb̄
+ d! (1)

H!bb̄

⌘
⇥K(1)

+ d! (2)
VH ⇥

⇣
d! (0)

H!bb̄

⌘
⇥K(0). (B.3)

Here, the scaling factors K(i ) contain the branching ratio and are given by

K(i ) =
Br(H ! bb̄)�H

Pi
j =0 �

(j )
H!bb̄

. (B.4)
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