PHYSICAL REVIEW D 105, 014023 (2022)
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We combine the NNLO QCD description of Higgs boson production in association with an electroweak
vector boson V = W or Z with a similarly precise description of Higgs boson decays into a pair of massive
b quarks and with the anomalous couplings that modify interactions of the Higgs and electroweak vector
bosons. The resulting numerical code provides the most advanced theoretical tool to investigate such
anomalous couplings in the associated Higgs boson production process. We study the impact of anomalous
couplings on fiducial cross sections and differential distributions and argue that, with increased QCD
precision, smaller anomalous couplings become accessible in kinematic regions where the effects of
higher-dimensional operators in the Standard Model effective field theory remain small and the effective

field theory expansion is under control.
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I. INTRODUCTION

Studies of Higgs boson properties in experiments at the
Large Hadron Collider (LHC) have converged to the
conclusion [1] that the Standard Model of particle physics
describes Higgs couplings to gauge bosons and to (some)
matter fields with a precision between 10% and 30%. To
reach a higher precision, new experimental measurements
as well as refined theoretical descriptions of major Higgs
production processes are needed. The forthcoming Run III
of the LHC, as well as its high-luminosity phase, will play
an important role in achieving these goals.

From a theoretical perspective, some of the simplest but
also most interesting Higgs boson production processes are
those where Higgs bosons are produced in association with
vector bosons, i.e., pp - WH and pp — ZH. Indeed, at
lowest order in perturbative QCD, both of these processes
are of the Drell-Yan type pp — V* — VH, so that their
description through next-to-next-to-leading order (NNLO)
in perturbative QCD is quite straightforward. These
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production processes allow for a study of Higgs-gauge
interactions.

Associated production processes also provide an envi-
ronment in which the decay of the Higgs to a bb pair can be
observed [2-6], allowing the study of the Higgs coupling to
b quarks. Therefore, describing both the production pp —
VH and the decay H — bb processes with the same
precision is important. Moreover, it is important to consider
b quarks as massive since in this case one can apply
conventional jet algorithms to identify b jets and recon-
struct Higgs boson kinematics. Indeed, it was shown
recently in Ref. [7] that working with massless b quarks
may lead to sizeable differences in theoretical predictions
for the associated production process pp — WH.

The status of theoretical predictions for VH processes in
the Standard Model (SM) is quite advanced. Refined
predictions that include both QCD [8-23] and electroweak
[24-26] radiative corrections are available. Recently,
NNLO QCD corrections for WH production in association
with a hard jet were computed [27].

A major difference between the WH and ZH final states
is that, starting from NNLO QCD, the latter receives large
contributions from the gg — ZH process.' The O(a?)
contribution of this process has been known for a long
time [29,30]. Approximate results for the O(a}) contribu-
tions due to gg — ZH suggest that these can be quite

lApart from its relevance in exploring the Higgs sector, this
process can also provide insight into the Zbb interactions [28].
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large [31,32] and should be included for reliable predic-
tions despite being formally subleading. In the recent past,
significant effort went into their computation [33-36],
using either numerical methods or phenomenologically
motivated analytic approximations. Strategies to extract the
gg — ZH contribution from experimental data have been
investigated in Ref. [37]. Both the WH [38,39] and ZH
[39-41] processes have been matched to parton shower
Monte Carlo tools retaining NNLO QCD accuracy.
Reference [41] also includes NNLO QCD corrections to
the H — bb decay. Dedicated parton shower Monte Carlo
tools including both next-to-leading order (NLO) QCD and
electroweak corrections [42] and a refined treatment of the
gg — ZH contribution [43,44] also exist.

Similarly, advanced theoretical predictions for the H —
bb decay are available. The total rate is known up to N“LO
QCD in the limit of massless bottom quarks [45-53].
Electroweak corrections are also known [54-57] as are the
mixed QCD-electroweak corrections [58]. A comprehen-
sive review of computations of the H — bb inclusive
branching ratio and its uncertainties can be found in
Refs. [59,60]. At the differential level, QCD corrections
for massless b quarks are known at NNLO [22,61-63] and
NLO [64,65]. NNLO QCD results retaining the full
b-quark mass dependence have been presented in
Refs. [7,66-68]. Top-quark effects have been studied in
Refs. [69,70].

Given this level of sophistication, it is interesting to
extend the precise modeling of associated Higgs boson
production and H — bb decay to cases where Higgs
couplings to gauge and matter fields differ from the ones
in the Standard Model Lagrangian. A convenient way to do
this is provided by the Standard Model effective field
theory (SMEFT), see e.g., Ref. [71] for a review. In
principle, one may aim at the complete description of
the processes pp — VH(bb) in the SMEFT, taking into
account contributions of all dimension-six operators
present in the SMEFT Lagrangian. However, since in this
case the number of operators that one has to consider
becomes quite large, it makes sense to first restrict oneself
to a subset of operators. A particularly interesting choice is
those that modify the couplings of the Higgs boson to
electroweak gauge bosons (for a recent study, see e.g.,
Ref. [72]). Indeed, this approach has been adopted in
Ref. [73] where this process was studied with NLO QCD
accuracy. The main goal of this work is to promote this
analysis to full NNLO QCD.

The paper is organized as follows. In Sec. II we briefly
describe the computation of NNLO QCD corrections to the
processes pp - VH (bl_)), with V = W, Z, in the Standard
Model. Such a computation for the WH final state was
discussed earlier in Ref. [7]; the results for ZH(bb) with
massive b quarks are new. In Sec. III we describe
calculations that include both anomalous couplings and
NNLO QCD corrections to Higgs boson associated

production and its decay into a bb pair. We consider
scenarios where anomalous couplings modify fiducial cross
sections only slightly so that the availability of highly
precise theoretical predictions for fiducial cross sections
and kinematic distributions becomes important. We con-
clude in Sec. IV.

II. ASSOCIATED PRODUCTION pp — VH (bb)
IN THE STANDARD MODEL

In this section, we briefly describe the computation of
NNLO QCD radiative corrections to the associated pro-
duction process pp — VH(bb) in the Standard Model,
keeping the b-quark masses nonzero. We note that the
WH (bb) final state was discussed recently in Ref. [7]. The
results for the ZH (bb) final state, which we mostly focus
on in this section, are new.

As we already mentioned in Sec. I, the computation of
NNLO QCD radiative corrections to pp — VH(bb)
involves two major ingredients: QCD corrections to the
production process pp — VH and QCD corrections to the
decay process H — bb. An earlier computation of NNLO
QCD corrections to pp — WH with the decay H — bb for
massless b quarks was described in Ref. [22]. This
computation was based on the nested soft-collinear sub-
traction scheme introduced in Ref. [74], and employed
simple analytic formulas derived for the production and
decay processes of color-singlet states in Refs. [63,75].

This earlier computation was recently extended by
including Higgs boson decays to massive b quarks [7],
using predictions for H — bb decay from Ref. [67] and
modifying the calculation of NNLO QCD corrections to the
production process in Ref. [22] to exclude b quarks from
being active partons in a proton. As we already mentioned
in Sec. I, working with massive quarks allows us to employ
conventional jet algorithms to describe b-flavored jets.

In this paper, we have extended the above computations
to the ZH final state. From the point of view of soft and
collinear subtractions, such an extension is straightforward
since the analytic formulas derived in Ref. [75] are
applicable to all color-singlet final states. For this reason,
a transition from the WH final state to the ZH final state
only requires us to change the relevant matrix elements and
adjust flavors of colliding partons. However, an important
difference between ZH and WH final states is the con-
tribution of the gg — ZH partonic process which only
exists in the former case. Thanks to a large gluon flux, this
contribution is significant; accounting for it in the theo-
retical prediction for the ZH final state is important,
especially for large values of ZH invariant masses. In
our calculation, we have included the exact O(a?) con-
tributions to the gg — ZH channel but we have neglected
higher-order terms which so far are not available. Apart
from corrections to the gg channel, there are other classes of
contributions proportional to the top Yukawa coupling for
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which the exact two-loop amplitudes are unknown. Here
we followed the approach of Ref. [20], which is based on
the analysis of Ref. [15]. In the notation of Ref. [15], we
have included the so-called Vj; contributions keeping only
the leading term in the m,, — oo expansion. We have also
included exact R; contributions, but discarded Ry terms
since they have been shown to be very small for phenom-
enologically relevant setups [15]. Similarly, we have
neglected effects of top quark loops in Drell-Yan type
diagrams pp — V*, V* — VH as they too have negligible
phenomenological impact [15].

As the first step in our discussion, we present Cross
sections and differential distributions for the two associated
production processes

pp = WHH — (v.e™)(bb). (1)

pp » ZH — (e_e+)(bb), (2)

at the 13 TeV LHC. We treat both decay processes
V — ¢¢ and H — bb in the narrow-width approximation.
Following Ref. [7], we write differential cross sections as

dFH—J)!_J (3)

s

dep—»VH(bl;) x Br(H — bl;) X do,,_ vy X T
H—-bb

and we do not perform an expansion of Br(H — bb) in a
series of aj, treating it as an input parameter.

For numerical computations we take Br(H — bb) =
0.5824 as recommended by the Higgs Cross Section
Working Group [76]. We set the Higgs boson mass to
My =125 GeV, the vector boson masses to My =
80.399 GeV and M, =91.1876 GeV, respectively, the
on-shell b-quark mass to m;, = 4.78 GeV, and the top
quark mass to m, = 173.2 GeV. We use the Fermi constant
Gr = 1.16639 x 107> GeV~2 and the weak mixing angle
sin? @y, = 0.2226459. The widths of vector bosons are
taken to be I'yy =2.1054 GeV and ', = 2.4952 GeV,
while the Higgs width is taken to be I'y = 4.165 MeV.
Finally, we take the CKM matrix to be diagonal.

We note that the b-quark Yukawa coupling that
enters the H — bb decay rate is computed using the MS
b-quark mass calculated at y = My, m,(p=My) =
2.81 GeV [77,78]. However, since the physical cross
sections in Eq. (3) are proportional to the ratio
d'y_pi/THopp. the dependence on the Yukawa coupling
to a large extent cancels out in the results that are
presented below.

We define WHH and ZH final states using kinematic
selection criteria for charged leptons and b-flavored jets. To
this end, we require that an event contains at least two b jets
that are defined with the anti-k, jet algorithm [79,80] and
we choose the jet radius R = 0.4. Pseudorapidities and

transverse momenta of charged leptons and b jets should
satisfy the following constraints

Imi| <2.5, Pus > 25 GeV,

;| <2.5.  p.j, > 20 GeV. (4)

Finally, following experimental analyses, we may addi-
tionally require that the vector boson has large transverse
momentum, p,y > 150 GeV. We always state explicitly
when this cut is applied.

The fiducial cross sections are calculated with the
four-flavor parton distribution function (PDF) set
NNPDF31 nnlo as 0118 nf 4. We emphasize that
we employ NNLO PDFs to compute LO, NLO and NNLO
cross sections in what follows. Moreover, we use
a;(Mz) =0.118 and perform the running of the strong
coupling at three loops with five active flavors.

For all numerical results presented in this paper, the
central value of the renormalization and factorization scales
in the production process is set to one half of the invariant
mass of the VH system, i.e., y,:uf:ﬂ:%\/ (pv+pu)*
The renormalization scale for the decay process 1is
set to the Higgs boson mass, y, q.c = My; it is kept fixed
for all results reported in this paper. The uncertainty of the
cross sections is obtained by varying the scale in the
production process by a factor of two around the cen-
tral value.

We present fiducial cross sections for the above set of
cuts at leading order (LO), next-to-leading order (NLO) and
NNLO in QCD for the Wt H and ZH production processes
in Tables I and II. The contribution of the loop-induced
gluon-initiated process gg — ZH is reported separately
(this contribution does not include the Drell Yan-like gg —
ZH + X processes, which are included in the NNLO
results). As we already mentioned, this contribution is
rather large. Indeed, it follows from Tables I and II that it
increases the fiducial cross section by 15% if no cut on the
Z transverse momentum is applied, and by about 25% if the

TABLE 1. Fiducial cross sections for pp - W'H —
(voet)(bb) and pp — ZH — (e~e™)(bb) at the 13 TeV LHC
at various orders of QCD perturbation theory calculated with
massive b quarks. We set the factorization and renormalization
scales equal to each other, u, =pr=p. We use u=
%\/ (py + py)? for the central value and the uncertainties are
calculated by varying the scale ¢ by a factor of two in both
directions. See text for details.

Order ohy " (fb) ofil () org " (fb)
Lo 21.22%048 5134007

NLO 24.48%05 587000

Lo 23861517 5.691003 6.524033
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TABLE II. Fiducial cross sections in the boosted region
(p.y > 150 GeV) for pp - W*H — (v,e*)(bb) and pp —
ZH — (e"e*)(bb) at the 13 TeV LHC at various orders of
QCD perturbation theory calculated with massive b quarks. We
set the factorization and renormalization scales equal to each

other, y, = pu; = p. We use u = % V/ (py + py)? for the central
value and the uncertainties are calculated by varying the scale u
by a factor of two in both directions. See text for details.

Order ol H (fb) oty (fb) ogg " (fb)
LO 3.89 0.97

NLO 4791013 1202003

NNLO 4791002 122108 1525500

Z boson is required to have a transverse momentum in
excess of 150 GeV.?

We also see from Tables I and II that uncertainties of
quark-initiated contributions at NNLO are less than a
percent if no p,y cut is applied, and around 2% in the
presence of this cut. The inclusion of the gg — ZH
contribution increases the uncertainty significantly, to
about 4% without the additional p,, cut and to about
7% if we require p,y > 150 GeV. To reduce this uncer-
tainty, the gg — ZH contribution has to be computed at
NLO in perturbative QCD and, as we already mentioned in
Sec. I, a significant effort in this direction is currently
underway [33-36].

Before we turn to the discussion of anomalous couplings,
we show a few kinematic distributions in the Standard
Model. Since we have discussed the W H process in some
detail earlier [7], we focus exclusively on the distributions
for the pp — ZH process.

In Fig. 1 we display the invariant mass of the
Higgs boson and Z boson system. We note that the invariant
mass is reconstructed from the “true” Higgs boson
momentum py and the Z-boson momentum p,, i.e.,
MZ%, = (py + pz)?; however, to be included in the plot,
an event is required to pass the kinematic cuts described
above. We observe large changes in this distribution
starting at M 5 ~ 350 GeV where the gg — ZH contribu-
tion becomes significant. However, the NNLO QCD
corrections to the quark-initiated processes change the
NLO QCD distribution only slightly; they are about
—5% at low invariant masses and become slightly positive
at larger M, values.

The transverse momentum and rapidity distributions of
the Higgs boson are shown in Figs. 2 and 3, respectively.

*We note that in the gg — ZH channel there is a strong
cancellation between the box and triangle diagrams, which
however is only active for SM couplings. If e.g., the top Yukawa
coupling were to be different, a very strong enhancement of this
contribution could be expected [81]. For example, if the top
Yukawa coupling had the opposite sign [44,82—84], the NNLO
cross section in Table I would increase to about 10 fb.

In these plots, the Higgs momentum is reconstructed from
two b jets as described earlier. We note that if more than
two b jets appear in the final state, we choose the pair
whose invariant mass is closest to the Higgs boson mass
My = 125 GeV. The corrections to the Higgs transverse
momentum distribution show a pattern that is similar to
what is seen in the ZH invariant mass distribution. Indeed,
in the case of quark-initiated ZH production, the NNLO
QCD corrections are negative and decrease NLO distribu-
tions by no more than 5%, whereas if gg — ZH is included
in the theoretical prediction, there are large modifications of
the p, y distribution starting at p, z ~ 150 GeV.

Kinematic distributions that are integrated over the
Higgs boson transverse momentum and ZH invariant
masses do not exhibit local enhancements due to the gg —
ZH process but, rather, show an overall increase similar to
fiducial cross sections. This is the case for e.g., the
(reconstructed) Higgs rapidity distribution shown in
Fig. 3; we observe there that with or without gg - ZH
contributions, the rapidity distribution is modified by an
almost constant K-factor.

Finally, we give an example of a kinematic distribution
that exhibits large NNLO QCD corrections that are not
related to the gg — ZH process. In Fig. 4 we display the
Higgs boson invariant mass distribution where the Higgs
boson is reconstructed from two b jets whose invariant
mass is the closest to Higgs boson mass. The gg - ZH
process contributes only to the M5 = My bin since it
has at most two b jets in the final state and the invariant
mass of these b jets is equal to M. However, similar to the
case of the WTH final state discussed in Ref. [7], we
observe very large NNLO QCD effects in the My,

distributions away from the peak at the true mass of the
Higgs boson due to initial- and final-state radiation.

II1. ASSOCIATED VH PRODUCTION WITH
ANOMALOUS COUPLINGS

Theoretical predictions for the associated production
processes can be modified by both higher-order QCD
effects and by contributions of physics beyond the
Standard Model (BSM). Under certain circumstances,
the latter can be described by an effective Lagrangian that
parametrizes possible deviations from the Standard Model
in terms of operators with increasing mass dimensions. A
convenient description is provided by the so-called
Standard Model effective field theory (SMEFT), see
Ref. [71] for a review.

The main aim of this paper is to study the interplay
between higher order QCD corrections and anomalous
Higgs interactions. For this reason, and with an eye on
comparing with and extending previous results in the
literature, we follow Ref. [73] which performs this analysis
at NLO in QCD. We therefore adopt the same formalism as
this reference by only considering operators that modify
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—
o
|

without ggZ H

H
9
L

H
bl
I

da/dp, gy [ th/GeV |

&= NNLO

H
bl
L

Ratio

P o W e i

L e e P ——

200 300 400 500

Pt H(bb) [GeV ]

0 100

— 107! with ggZH
>
@]
~
L2 1072
]
& 1073
=
~
S
= &S5 NNLO
1074 i
14}t
212}
<
o~
1.0
0 100 200 300 400 500

Pt H(bb) [GeV ]

FIG. 2. The transverse momentum distribution of the reconstructed Higgs boson at NLO (blue) and NNLO (red) at the 13 TeV LHC
with the fiducial cuts discussed in the text. We present the NNLO results without (left) and with (right) the gg — ZH contribution. We

display results for the central scale y = % \/(pv + pr)?. The lower panes show the ratio of the NNLO results to the NLO ones. See text

for details.

interactions of the Higgs boson to electroweak gauge
bosons. The part of the SMEFT Lagrangian that is relevant
to us

L vr L) st
‘Canom = _ﬂ hzzZﬂUZﬂ h ﬂghwwwﬂ WMVh
1 ) w0 @) weauyt
——022,0,2"h — — g WO Wi,h + H.c]
A A
1 I
_thzzzﬁwzﬂ h _ﬁghwwwﬂ W/Euh- (5)

The energy scale associated with this Lagrangian is
denoted by A; in what follows we will set A to 1 TeV
for definiteness. Parametrically, modifications of the

Standard Model predictions due to operators in Eq. (5)

are controlled by the quantities ggll‘),vv/ A where v =
246 GeV is the Higgs field vacuum expectation value.
In what follows, we will consider values of the couplings
that lead to relatively small deviations from Standard
Model predictions and discuss to what extent better quality
theoretical predictions for the associated production proc-
esses pp — VH may help with detecting and analyzing
such scenarios.

It is straightforward to incorporate effects of the anoma-
lous couplings into theoretical predictions for cross sections
and kinematic distributions. To this end, we note that the
above Lagrangian leads to the following HV(q,)V(q,)
interaction vertex

014023-5



BIZON, CAOLA, MELNIKOV, and RONTSCH

PHYS. REV. D 105, 014023 (2022)

without ggZH

2.0

do/dyyap [ D]

Ratio

—_—

1.0 1.5 2.0

0.0 0.5
YH (bb)

-20 -15 -1.0 -05

FIG. 3.

2.0 with ggZ H
= 15
= 1.0
)
S
<
= 0.5

&= NNLO

0.0 i i i L i i i i
g 1t m
=
=

1.0

0.0 0.5 2.0

YH (bb)

-20 -15 -1.0 -05 1.0 1.5

The rapidity distribution of the reconstructed Higgs boson at NLO (blue) and NNLO (red) at the 13 TeV LHC with the fiducial

cuts discussed in the text. We present the NNLO results without (left) and with (right) the gg — ZH contribution. We display results for
the central scale y = % V/ (py + pu)?. The lower panes show the ratio of the NNLO results to the NLO ones. See text for details.
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FIG. 4. The invariant mass distribution of the reconstructed Higgs boson at NLO (blue) and NNLO (red) at the 13 TeV LHC. We
present the NNLO results including the gg — ZH contribution. The left plot includes the standard fiducial cuts described in the text, the
right plot includes the additional p,;, > 150 GeV cut. We display results for the central scale u = % V/ (py + pu)?. The lower panes
show the ratio of the NNLO results to the NLO ones. See text for details.

— g1+ g\ s + b)) + 3P qy a0

+culqiql + 42 45)- (6)
In Eq. (6) the coefficient c; is a first-degree polynomial in
43, g5 and g, q,, whereas coefficients ¢, 5 4 are independent
of the external momenta. Also, the coefficients c;
functions of the various couplings g,yy in the Lagrangian
Eq. (5); the exact relations between the coefficients c¢; 4 and
the various gpyy couplings can be found in Fig. 1 of
Ref. [73] and we do not reproduce them here.

We note that there has been tremendous progress in the
study of EFTs for the Standard Model. In particular, if one
is only interested in three-point interactions, it is possible to

obtain an exact closed-form expressions to all orders in
v/A [85]. However, as we mentioned previously, in this
paper we are primarily interested in the interplay between
radiative corrections and BSM effects that could modify the
shapes of distributions, rather than on the subtleties of
characterizing such BSM effects. We therefore defer the
NNLO-accurate study of anomalous Higgs couplings using
a more suitable EFT parametrization to future work.

As we already mentioned in Sec. II, analytic formulas for
the integrated subtraction terms required for the NNLO
QCD description of color-singlet production [75] are
generic. For this reason all that we need to do in order
to incorporate effects of the anomalous couplings into a
NNLO QCD description of the pp — VH process is to
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provide scattering amplitudes for hard processes gg’ —
Hl\l,, q7' = HI 1, +g, q7 — HI,l, + gg etc. that include
the anomalous couplings. Once these amplitudes are
available—and it is quite straightforward to calculate
them—they can be immediately included in a numerical
code for computing cross sections and kinematic distribu-
tions for the associated production processes through
NNLO in perturbative QCD.

In general, modifying the HV'V couplings will change the
Higgs width from its SM value. However, in the results
presented in this paper, we will keep the Higgs width fixed at
its SM value I'; = 4.165 MeV. There are two reasons for
doing so. First, on-shell measurements of the Higgs cou-
plings cannot disentangle the couplings and the width, and
can only extract the ratio of the couplings and the width.
Second, we are mainly interested in the interplay between
the effects of anomalous couplings and those arising from
NNLO corrections. As the Higgs width appears as an overall
rescaling factor, it does not impact either the k-factors or the
shape changes due to these corrections. We therefore stress
that, if one were to use our results in this section as absolute
predictions, one should rescale the numbers to account for
the modified Higgs decay width.

It is to be expected that generic choices of anomalous
couplings would lead to significant changes in cross
sections and kinematic distributions. For such cases an
extraction of the values of the anomalous couplings from
data, rather than the detection of anomalies, would benefit
from precise predictions for observables that include the
anomalous couplings. On the other hand, there are also
cases where, even with anomalous couplings, changes in
cross sections are marginal. In this situation, studies of
kinematic distributions and precise theoretical predictions
may be needed to both detect the presence of anomalies and
distinguish between different scenarios. In what follows we
present a few examples.

We have seen in the previous section that existing
predictions for the gg — ZH partonic process are insuffi-
ciently precise, leaving up to 6% uncertainty in predictions
for fiducial cross sections. Although this channel is
sensitive to the couplings of the Higgs [44,81,82,84], the
fact that it is not well controlled theoretically means that it
is not ideal for the kind of precision analysis that we are
performing. For this reason, it is desirable to reduce the
impact of this contribution. Since the relevance of the gg —
ZH channel grows at high invariant masses of the ZH
system, putting an upper kinematic cut on M, is useful to
increase the quality of theoretical predictions without
reducing fiducial cross sections. At the same time, an
upper kinematic cut on M,y has the additional benefit of
removing contributions of high-energy tails of distributions
where an EFT expansion may become unreliable. We note
that since it is not possible to impose such a cut on the
W™ H system, we also restrict the transverse momentum of
the vector boson following the experimental analysis [86].

Hence, we will study fiducial cross sections and kine-
matic distributions of the associated production processes
pp — VH including the anomalous couplings by imposing
the kinematic cuts of Eq. (4) as well as the following
constraints:

ZH:75GeV < p, ;<250GeV, M,.,,;<320GeV, (7)
W*H: 150 GeV < p,y < 250 GeV. (8)

The notation M - ,; emphasizes the fact that the invariant
mass of the ZH system is calculated using the four-
momenta of the two charged leptons and the two b jets
used for the Higgs boson reconstruction.

A. ZH process

We begin with the discussion of the pp — ZH process
and consider the following four scenarios’:

Setup1: g\ =42.80, g¢” =-0.60, §..=+0.00,
Setup2: gl =+1.05, g2 =+0.00, §y..=-2.90,
Setup3: gL =+0.00, g ==1.00, §..=—3.30,
Setup4: g =+1.00, gL =—1.00, g..=+2.00.

Although these choices look quite random, the corre-
sponding scenarios were chosen to provide almost identical
cross sections both at leading and, especially, at next-to-
leading order in QCD, subject to the kinematic constraints
shown in Eq. (4) and Eq. (7). This can be clearly seen from
the results for fiducial cross sections summarized in
Table III. We observe that NNLO QCD corrections in
these cases are not insignificant; they lead to important
shifts compared to next-to-leading order predictions. Also,
the very strong degeneracy of the four scenarios at NLO is
lifted at NNLO. However, the differences between pre-
dictions for the different scenarios remain within a few
percent of each other, making NNLO QCD precision for
these cases essential. It also follows from Table III that for
such situations it is important to include higher-order QCD
corrections to the description of processes with anomalous
couplings since simply reweighting the leading order
predictions with Standard Model K-factors may be insuf-
ficient. At any rate, having high-precision predictions for
fiducial cross sections of processes with anomalous cou-
plings may help with analyzing cases where differences
between various scenarios are marginal.

Another way to lift the degeneracies of different scenar-
ios is to explore kinematic distributions. In many cases

*We emphasize that the anomalous couplings affect both the
DY-like ¢g — ZH + X channels and the gg — ZH channel, the
latter through their impact on triangle diagrams with a ZZH
vertex.

014023-7



BIZON, CAOLA, MELNIKOV, and RONTSCH PHYS. REV. D 105, 014023 (2022)

TABLE II.  Fiducial cross sections for pp — ZH — (e~e*t)(bb) at the 13 TeV LHC at various orders of QCD perturbation theory
calculated with massive b quarks. We show the results for various scenarios including anomalous couplings. We set the factorization and

renormalization scales equal to each other, p, = u; = u. We use u = % \/ (py + py)? for the central value and the uncertainties are
calculated by varying the scale u by a factor of two in both directions. See text for details.

cZH (fb) SM Setup 1 Setup 2 Setup 3 Setup 4

LO 0.894700%2 0.782700% 0.854- 503 0.7861 0927 0.7801 0%
NLO 1.289+9023 1.2661 5007 127319018 1.27679:0% 1.26979:00%
NNLO 135610009 1.42310003 137910014 14541003 1.44540004
NNLO(+ggZH) 1.41970:024 147670013 1.44310:028 1.499 5013 149010014

kinematic distributions offer more opportunities to detect  jet and the hardest lepton AR,,, and the transverse
the anomalous couplings since their effects can be quite =~ momentum distribution of the hardest lepton. The quantity

profound even if they are small in fiducial cross sections. AR, is defined as
However, for the four scenarios that we considered, the
situation is slightly more subtle, as we will illustrate now. AR, = \/ (yp—y f)z +(pp— f)z, 9)

In Fig. 5 we show distributions of the Higgs boson
transverse momentum, the transverse momentum of the  where y,(y,) and ¢,(¢,) are the rapidity and the azimuthal
hardest b jet, the angular separation between the hardest »  angle of the hardest b jet (the hardest lepton), respectively.
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FIG. 5. Kinematic distributions in the process pp — Z(e*e™)H(bb) at the 13 TeV LHC for various SMEFT scenarios. In the lower
panes, ratios of SMEFT to SM distributions are shown. We set the factorization and the renormalization scales in the production process
to half the invariant mass of the ZH system. See text for details.
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TABLE IV. Fiducial cross sections for pp = WTH — (v,e™)(bb) at the 13 TeV LHC at various orders of QCD perturbation theory
calculated with massive b quarks. We show the results for various scenarios including anomalous couplings. We set the factorization and

renormalization scales equal to each other, p, = u; = u. We use u = % \/ (py + py)? for the central value and the uncertainties are

calculated by varying the scale y by a factor of two in both directions. See main text for details.

ol ! (fb) SM Setup 1 Setup 2 Setup 3 Setup 4

LO 2.81310:023 2.657109)2 2.999 10907 2.8987002 2.9581 0907
NLO 3.4347008 3.41950040 3.466° 0070 3.501 70088 3.45870018
NNLO 3.4091 0054 3.4361 0058 3.3871 0% 3.46310047 3.390%001%

It follows from Fig. 5 that there are kinematic regions
where the differences between the four scenarios are more
pronounced than in fiducial cross sections. For example, if
we look at the p, ) distribution, there are noticeable
differences at low transverse momenta, whereas in the peak
region all four distributions are similar. The same applies to
the other three distributions. For example, the AR, dis-
tributions peak at AR,; ~3; in that region the four
scenarios provide very similar results. The differences
become noticeable at AR;; ~ 1 but the number of events

150 GeV < prw <250 GeV

Setup 1
=== Setup 2
Setup 3

| B Setup 4 WHGNNLO

0 100 200 300 400 500

150 GeV < piyy < 250 GoV.

doJdARy [ b ]

EEER Setup 4

WH@NNLO

0.0 0.5 1.0 1.5 2.0 2.5 3.0

ARy

for such values of AR, is reduced by an order of
magnitude. Given the fact that we deal here with
O(1 fb) cross sections, losing an order of magnitude in
the number of events is not optimal. However, the avail-
ability of highly accurate NNLO QCD predictions in
peak regions of kinematic distributions and identifiable
differences between various scenarios in distribution
tails should allow one to optimize analysis strategies and
benefit from measurements across accessible kinematic
regions.

; 150 GeV < prw-< 250 GeV:
& 102
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T o =
E 107 g sm
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< 5= Setup 2
3 104 Setup 3
-g B Setup 4
1 i
2.0
o L5F
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0.5 H H H H
0 100 200 300 400 500
DPt,b—hard [ GeV ]
— 150 GeV < prw < 250 GeV
<
]
£
1072
=
E] = SM
\‘; #ZZ4  Setup 1
< f== Setup 2
3 Setup 3
< B Setup 4 WH@NNLO
10—3 1 L L L
1.5
2
= 1.0
ot
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FIG. 6. Kinematic distributions in the process pp — W+ (e*v)H(bb) at the 13 TeV LHC for various SMEFT scenarios. In lower
panes ratios of SMEFT to SM distributions are shown. We set the factorization and the renormalization scales in the production process
to half the invariant mass of the WH system. See text for details.
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B. W* H process

We repeat the analysis of the previous subsection for
WT*H production. We focus exclusively on the fiducial
region defined in Eq. (4) with additional restrictions on the
W-boson transverse momentum, shown in Eq. (8).

We consider four different scenarios of the anomalous
couplings and we choose them in a way that makes the
differences between fiducial cross sections marginal. The
four scenarios are:

(2)

Setup1: g\l =—120, g2 =-025. Gy, =-+0.00,
Setup2:  giy), =+1.00, gio, =+0.00, G, =+0.80,
Setup3: gy =+0.00, g ==0.10, Gy =—1.10.
Setup4: gﬁfﬁw =40.70, ggfgw =-0.05, G =—1.05.

The fiducial cross sections at various orders of pertur-
bation theory are reported in Table IV. We observe that the
NLO QCD predictions for cross sections for the four
scenarios agree to within a few percent. At variance with
ZH case, however, adding NNLO QCD corrections does
not change the situation in a significant way except that the
uncertainty on the theoretical predictions is reduced com-
pared to the NLO QCD case. However, we again observe

1.00}
0.10F 100t
000 050 F
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-0.10F
] g s
== -02F g 0.00 15, 0.00
= y
-0.30 F ool
-0.50
0.40 F
100} SM
-0.50 | NLO
W NNLO -1.00F . NNLO
0.60 L L R . . H . 150 . ; 1 H .
22.00 -1.00 0.00 1.00 0.50 0.00 0.50 1.00 1.50 2050 040 -0.30 -0.20 -0.10 0.00
(1) (1) (2
Ihww Ihww Ihww
0.10f 0.10 0.10F
0.08 | 0.08 1 0.08
0.05 0.05F 0.05F
0.03 0.03
3 H B
a: 2 0.00F 2 0.00F
=S IS SN
-0.02} -0.02}
-0.05 -0.05 -0.05
SM L 007k SM
-0.07F Mo -0.07 0.07 Lo
0.0+ EEN NNLO 0.10 010 fNNLO

that the NNLO QCD corrections are not constant across the
four scenarios.

In Fig. 6 we show kinematic distributions for the pp —
W*H process for the four scenarios considered above.
Overall, the situation is similar to what has been already
discussed in case of pp — ZH: in peak regions of all
distributions the different scenarios provide very similar
predictions; away from peak regions clear differences are
seen in some of them. These differences, as well as reduced
theoretical uncertainties in peak regions, should eventually
enable improved studies of the anomalous couplings in
W*H production.

Before concluding we would like to illustrate the
potential impact of the calculations described in this paper
on bounds on the anomalous couplings that can be obtained
from measurements of fiducial cross sections of pp — VH
processes. We consider a hypothetical measurement of a
fiducial W H cross section and find the allowed values for
various combinations of the anomalous couplings. We use
the same setup as described earlier in this section to
define the fiducial W*H cross section. We assume that

it has been measured and the value offy 1 = 3.40(14) fb

was obtained. We assigned a 4% uncertainty to the
measured cross section; this corresponds to projections
for the high-luminosity LHC that can be found in Ref. [87].

-0.05

-0.10

0.‘00
(1)
Ihww

0.05 0.10

-0.10

-0.10 0.05 0.10

FIG. 7. Examples of contours (68% confidence level) of allowed combinations of anomalous couplings based on a hypothetical
measurement of the fiducial cross section of W H production at the 13 TeV LHC. Color coding describes NLO (lighter blue) and
NNLO (darker blue) calculations. The SM result is shown as an orange cross. Upper row: full contours of allowed couplings; lower row:
contours close to the SM configuration, i.e., for small anomalous couplings. A 4% experimental uncertainty was assumed. See text for

details.
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FIG. 8. As for Fig. 7 but with the experimental uncertainty removed. See text for details.

We would like to understand how regions of allowed
anomalous couplings change when we increase the accu-
racy of theoretical computations. We note that the fiducial
cross section ol f! = f (ggW)W, 9/(12w>w’ G 18 @ polynomial in
the couplings. For this reason, it is enough to sample it for
ten different points to determine the full function. We then
use these results to check which combinations of anoma-
lous couplings are compatible with the result of the
hypothetical measurement. The uncertainty in the exper-
imental cross section is fixed to 4% and the uncertainties in
the theoretical predictions is determined by varying the
scale by a factor of two around the central scale y =
My /2. We note that the factorization and the renormal-
ization scales are chosen to be equal.

Our results are presented in Fig. 7 where we show two-
dimensional projections of the ggjv)vw parameter space.
Shaded areas mark couplings that are compatible with
the results of the measurement at the 68% confidence level.
We note that NLO QCD corrections change the LO
predictions significantly; for this reason, we do not display
the latter. Changes are smaller when moving from NLO to
NNLO predictions; nevertheless, we observe some dis-
tortion of shapes of the allowed region. This effect is a
consequence of the fact that corrections do, in fact, depend
on the anomalous couplings, a feature that we have already
discussed when talking about Table I'V.

The thickness of the bands representing the allowed
regions is only marginally reduced when NNLO predic-
tions are used instead of NLO predictions. This is a

consequence of the fact that the experimental uncertainty
is fixed at 4% which is comparable to the scale uncertainty
of the theoretical prediction at NLO and is larger than that
of the NNLO prediction.

In order to highlight potential benefits of using NNLO
theory predictions, we display similar exclusion limits in
Fig. 8 but assume that the experimental uncertainty is
significantly reduced. For the sake of argument, we take
it to be zero. We can now clearly see the thickness of the
bands decreasing as we move from NLO to NNLO, as a
result of the decreased theoretical error. Of course, it is
unrealistic to assume no experimental uncertainty, but using
this assumption does allow us to highlight the benefits of
NNLO-accurate theoretical predictions. We note, in this
regard, that projections in Ref. [87] are only estimates and
that it is quite possible that the actual results will outperform
these projections. If this happens, we anticipate that fully
differential NNLO theoretical predictions will become not
only preferable but perhaps even necessary for studies of the
anomalous couplings in the pp — VH process.

IV. CONCLUSIONS

In this paper, we presented computations of NNLO QCD
corrections to Higgs boson production in association with a
W or Z boson. We included NNLO QCD corrections to
H — bb decays, retaining full b-quark mass dependence.
This allowed us to present our results in a setup which is
close to the actual experimental analyses.
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In addition to NNLO QCD corrections and the effects of
the b-quark masses, our computation also includes anoma-
lous couplings in the VVH interaction vertex. We have
shown that QCD corrections to fiducial cross sections
depend nontrivially on the anomalous couplings since they
change the relative importance of various kinematic regions
that contribute to the fiducial cross sections. We have
argued that the availability of NNLO QCD predictions may
allow one to search for the anomalous couplings in
kinematic regions where the EFT framework based on
the momentum expansion is more trustworthy than in the
high-energy tails of distributions. We have also shown how
the NNLO QCD theory predictions may be used to improve
exclusion limits for the anomalous couplings; this becomes
especially relevant if experimental uncertainties on fiducial
cross sections of pp — VH production measured at the
high-luminosity LHC reach the few percent level.

The computation reported in this paper describes the
most advanced and realistic way to simulate the associated
production process pp — VH at the LHC, but further
improvements are possible. On the SM side, it is definitely
important to refine the calculation of the gg — ZH

subprocess and to update the contributions to VH produc-
tion that depend on top loops since many of them are still
only known as expansions in the inverse mass of the
top quark.

On the EFT side, it would be interesting to repeat this
analysis using the exact EFT parametrization of Ref. [85].
One can also start including contributions of other
dimension-six operators, gradually moving toward a full
EFT analysis. Although some of these extensions of the
current computation are not trivial, they are clearly possible
given recent developments in both methods for loop
computations and subtraction technology. We look forward
to providing such refined predictions for VH associated
production in the future.
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