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Parton-shower and fixed-order QCD effects in Higgs-boson production in weak-boson
fusion and its decays to bottom quarks
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Recently, it was observed [1] that an aggressive cut on the b-jets’ transverse momenta applied to
Higgs-boson production in weak-boson fusion followed by the decay H — bb, leads to very large QCD
corrections to the fiducial cross section. In this paper we show that these corrections are caused by
soft and collinear QCD radiation and, therefore, can be efficiently treated by a parton shower. We
combine the parton-shower description of the decay H — bb with NNLO QCD corrections to Higgs
production in weak-boson fusion and its subsequent decay, and demonstrate that the quality of
the theoretical prediction is markedly improved even if b-jets with rather high transverse momenta
are selected. The remaining uncertainty of the theoretical prediction, mainly driven by imprecise
modelling of H — bb decay, is estimated to be of the order of O(5 — 7 %).

I. INTRODUCTION

Studies of Higgs-boson production in weak-boson fusion
(WBF) are an integral part of an effort to profile the
Higgs boson with the highest precision, including mea-
suring its couplings to electroweak gauge bosons and con-
straining its quantum numbers [2, 3]. To maximize the
number of available data samples, one considers Higgs-
boson decay to b-jets, and uses characteristic kinematic

features of the weak-boson fusion process to suppress
QCD backgrounds.

However, in order to do that, one has to impose fairly
aggressive cuts on the transverse momenta of the two
b-jets [4]. The analysis of Ref. [1], where such a fidu-
cial cross section was computed through next-to-next-
to-leading order (NNLO) in perturbative QCD, revealed
very sizeable, O(—40%), perturbative corrections. In
fact, the magnitude of QCD corrections was so large, and
the convergence of the perturbative expansion so poor,
that it was not clear how to assign a meaningful uncer-
tainty to the computed fiducial cross section.

As discussed in Ref. [1], one can identify multiple in-
dependent sources of perturbative corrections, which all
tend to reduce the fiducial cross section. However, a
particularly strong effect is related to the tendency of
b-jets to lose transverse momentum to QCD radiation,
which reduces the probability that a b-jet passes the high
transverse-momentum selection cut. Since the value of
the p,-cut is high, O(mpg/2), very little energy needs
to be radiated by a b-jet to lose enough transverse mo-
mentum to fail the cut, leading to a dramatic change in
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the cross section of this process at next-to-leading order,
when QCD radiation off b-jets is encountered for the first
time. This observation led to a conjecture [1] that these
large perturbative effects can be understood and properly
described by promoting a parton-shower-aided descrip-
tion of H — bb decay to the default “leading-order” pre-
diction, and that higher-order QCD corrections should
be computed on top of it. We note that, since the Higgs
boson is a color-neutral scalar particle, and since Ref. [1]
identifies the Higgs decay and the high value of the b-
jet transverse momentum cut as the main source of large
QCD effects, we may apply the parton shower to Higgs
decay, but still use the standard perturbative description
of the production process, where the QCD corrections
are known to be modest [5, 6]. In this sense, we use the
parton shower to resum large QCD effects caused by a
high p, -cut, rather than to generate unweighted events
in a complicated process.

The approach described above requires the NNLO QCD
corrections to Higgs-boson production in weak-boson fu-
sion, for which we use the calculation of Ref. [7]. We
also require the NNLO-accurate description of Higgs de-
cay to b-jets matched to a parton shower. The corre-
sponding generator was developed in Ref. [8]. It uses
Pythia8.3 [9], the POWHEG framework [10-12] and the
MiNLO method [13, 14] to reweight generated Higgs-boson
decay events to NNLO QCD accuracy.

The rest of the paper is organized as follows. In Section 11
we explain our setup in detail. In Section III we present
the results of the calculation. We conclude in Section IV.

II. TECHNICAL DETAILS

We work in the narrow-width approximation, and fac-
torize the Higgs-boson production in weak-boson fusion,
and its subsequent decay into a bb pair, H — bb. The
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differential cross section do of the combined process is
written as

do = dUWBF BrH—)bB d’)’l77 (1)
where Bry_,,; is the H — bb branching ratio

FH%bE (2)

Bry_p = T )
H ,tot

dowpr is the differential WBF production cross section,
and d-y is the ratio of differential and total H — bb decay
widths

dr’ 7
d")/ — H—bb ) (3)
| 7NN

We set the H — bb branching ratio to a fixed value
Bry_,,; = 0.5824 [15], and consider different approxima-
tions for the differential production cross section dowpg
and the normalized differential decay rate d~,.

The motivation for writing the cross section for the full
process pp — H(bb) + 2j as in Eq. (1), is that upon
integration over the entire decay phase space, the cross
section for the combined process reduces to the product
of the WBF cross section and the H — bb branching
ratio, regardless of the approximation used to model the
decay subprocess. Hence, the following equation holds

/ do = dUWBF BrHﬁbE . (4)

decay

Furthermore, because the numerator and the denomina-
tor in Eq. (3) are always calculated in the same approxi-
mation, 7, does not depend on the overall normalization
of the H — bb decay rate. As a result, the impact of
different approximations on the cross section of the com-
bined WBF process pp — H(bb) + 2j is exclusively due
to changes in the kinematics of decay events, and the
ensuing changes in their acceptance rate.

In Ref. [1] both the production and decay subprocesses
were treated at fixed order, and higher-order terms aris-
ing in the product dowpr X d7;, were dropped to main-
tain a strict fixed-order expansion. Such a strict fixed-
order treatment is however incompatible with the use
of a parton shower, which resums specific classes of
logarithmically-enhanced contributions to all orders in
the strong coupling constant a. For this reason, in this
paper we often work with the best approximation for the
decay d~p, which is a fixed-order description matched to
a parton shower, regardless of the approximation used to
describe the production process.

Since we know from the analysis of Ref. [1] that treat-
ing the Higgs-boson decay at leading order provides a
very poor approximation for the fiducial cross section,
we consider two distinct descriptions of the H — bb de-
cay: the leading-order approximation supplemented with

a parton shower (LO+PS) and an NNLO approximation
using the MiNLO method matched to a parton shower
(MiNNLO+PS). The reweighted MiNLO events are gen-
erated using POWHEG [10-12], starting with the process
H — bbg at NLO accuracy. The b-quarks are treated in
the massless approximation. The NLO calculation is then
upgraded with the inclusion of the MiNLO Sudakov form
factor, subtraction terms and the choice of the coupling
such that the resulting cross section is NLO accurate for
both H — bbg and H — bb processes. A reweighting
to the NNLO-accurate H — bb inclusive width is then
sufficient to guarantee the NNLO accuracy of the differ-
ential Higgs-boson decay rate in the massless approxi-
mation [8]. Finally, the reweighted events are showered
using Pythia8.3 [9)].

For each of the two approximations to the H — bb + X
decay rate, described in the previous paragraph, we pre-
pare a sample of 10° decay events, generated in the Higgs-
boson rest frame, which we use in the partonic integrator
for weak-boson fusion. We modified the Monte-Carlo in-
tegrator for this process developed in Refs. [1, 7] to ran-
domly sample one of these 106 Higgs-boson decay events
for each production event.! We emphasize that the de-
cay events are generated and showered in the Higgs-boson
rest frame, but then boosted to the laboratory frame us-
ing the information about Higgs-boson kinematics from
the production subprocess. The decay products are then
combined with the partons originating from the produc-
tion subprocess, and clustered using the standard anti-
k) jet algorithm [16]. The above-mentioned Monte-Carlo
simulations of the combined process pp — H (bb) +2j+ X
required approximately 3 x 10> CPU hours to produce the
final results that we report below.

We estimate that the use of only a finite number of
108 decay events introduces a sampling error of order
0(0.1%), which is negligible in comparison with other
uncertainties that we discuss below. We arrive at this es-
timate by using two independent samples of decay events
and comparing respective results for the fiducial cross
sections, defined below.

There are important differences in how b-quarks are
treated between the two approximations that we use to
describe the H — bb decay. Both in the leading-order
approximation to H — bb and in the parton shower,
the b-quarks are taken to be massive, with the mass
my = 4.78 GeV. On the contrary, the MiNLO implemen-
tation of the H — bb decay relies on massless matrix
elements. However, POWHEG, which is needed to gener-
ate reweighted MiNLO events, uses the bottom mass to
account for the so-called dead-cone effect around the b-
quarks. Hence, for the compatibility between MiNLO and

1 Here it is understood that one and the same rest-frame H — bb
event is used for each production event and all counter-events
that are required to make it infra-red finite.



POWHEG, the momenta of decay events generated in the
massless approximation are “reshuffled” to provide a fi-
nite mass to b-quarks. This bottom-quark mass serves as
a collinear regulator in the parton shower.

In the LO+PS approximation the initial scale of the par-
ton shower is set to mpy/2 = 62.5GeV. On the other
hand, when events are matched to the parton shower
in the POWHEG methods, the starting scale of the shower
is set to the transverse momentum of the emitted par-
ton relative to the emitter. This achieves full coverage
of the phase space, and avoids double-counting, ensur-
ing that the parton shower does not spoil the accuracy
of the fixed-order calculation. Because of the reshuffling
procedure used to introduce a b-quark mass, there is an
ambiguity in the starting scale of the shower, which can
be computed either using massless or reshuffled massive
momenta. We find that this ambiguity leads to differ-
ences of the order of 0.5%, which are small compared
to other uncertainties discussed in the next section. In
the following we show results where the starting scale of
the shower is computed with the “massless” momenta,
according to Eq. (A.1) in Ref. [17]. Finally, we note that
top quarks are not included in the calculation, and up,
down, strange, and charm quarks are always treated as
massless.

Similarly to Ref. [1], we do not fully account for b-jets
originating in the production subprocess. Indeed, b-
quarks in the WBF process are treated as massless, and
are not tagged as b-flavored for the purpose of b-jet iden-
tification. This implies that in our simulation the b-jets
originate ezclusively from the decay subprocess. The ra-
tionale for this approximation, as well as its expected
(one percent) accuracy, was discussed in Ref. [1].

Finally, we note that we do not include any electroweak
corrections, which are known to reduce the WBF pro-
duction cross section by O(5 —7%) [18] and the H — bb
decay rate by O(0.5%) [19, 20]. Likewise, only QCD ra-
diation is included in the parton shower that we use in
this paper.

III. RESULTS

For the numerical modelling of the WBF subprocess
we employ the standard setup that has been used ear-
lier in several theoretical calculations [1, 5-7]. We con-
sider proton-proton collisions at the center-of-mass en-
ergy £ = 13TeV. The mass of the Higgs boson is
set to myg = 125GeV, the mass of the W-boson is
mwy = 80.398 GeV, and the mass of the Z-boson is
my = 91.1876 GeV. Although numerically insignificant,
for consistency with the previous calculations the widths
of the W- and Z-bosons are included in their propaga-
tors. Their numerical values are I'yy = 2.1054 GeV and
T'z = 2.4952 GeV. All electroweak couplings are derived
from the Fermi constant Gz = 1.6639x 107 GeV 2. The

Table I. Fiducial cross sections for the combined process
pp—H (bb)+2j computed using different approximations for
the production (rows) and for the decay (columns) subpro-
cesses. The renormalization and factorization scales are set
to their central values both for the production and decay sub-
processes, see text for further details. The Monte-Carlo inte-
gration uncertainty is shown, unless absolutely negligible. All
values are given in femtobarn.

o/tb  fixed order [1] LO+PS MiNNLO+PS
LO 75.6 46.6 45.2
NLO 52.4 43.6(1) 2.3
NNLO 44.6(1) 43.1(1) 41.4(1)

Cabibbo-Kobayashi-Maskawa (CKM) matrix is assumed
to be equal to the identity matrix; this approximation
does not introduce any noticeable uncertainty thanks to
the unitarity of the CKM matrix.

For the WBF simulation the strong coupling constant
«s, the parton distribution functions of the proton,
and their evolution are taken from the LHAPDF [21] set
NNPDF31 nnlo_as_ 0118 [22]. The central values of the
factorization and renormalization scales are

where p g is the transverse momentum of the Higgs bo-
son. We emphasize that these scales refer to the produc-
tion subprocess only and that the choice of the renormal-
ization scale for H — bb decay is different, as described
below.

The event selection criteria used in this study are similar
to the ones employed in the ATLAS analysis in Ref. [4],
and are identical to the ones in Refs. [1, 7]. All jets are
defined using the standard anti-k; algorithm [16] with
the jet-radius parameter R = 0.4. A jet is considered
to be a b-jet if it contains at least one bottom quark or
antiquark. In the event analysis the pair of b-jets with
rapidities |yp| < 2.5 and the invariant mass closest to
my is presumed to originate from Higgs decay. Both of
these b-jets are required to have a transverse momentum
of p1p > 65GeV. No restrictions are imposed on the
transverse momentum p, p, of the selected b-jet pair.

In addition to the pair of b-jets we require that the event
contains a pair of WBF-tagging light jets. The leading
and subleading WBF jets are selected as the two non-b-
flavored jets with rapidities |y;| < 4.5, and the largest
and the second-largest transverse momenta py j,,p1 j,-
Both WBEF jets must have transverse momentum p; ; >
25 GeV, invariant mass m;, j, > 600 GeV, and a separa-
tion in rapidity |y;, — y;,| > 4.5. The combination of
rapidity requirements |y;| < 4.5 and |y;, — y;,| > 4.5
implies that the two WBF jets must lie in the opposite
hemispheres.
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Figure 1. Distributions of transverse momenta of the subleading b-jet (left) and the leading WBF jet (right) in the approximation
LO X (MiNNLO+-PS) for different choices of the renormalization scale in the decay subprocess, without the cuts on the transverse
momenta and rapidities of the b-jets. The bottom panels show relative deviations from the results at the central decay scale
1 = po. The dotted vertical line indicates the position of the pi 4, cut in our default setup, in which only events to the right
of the vertical line are accepted. The bands show Monte-Carlo uncertainty only.

The H — bb subprocess was modelled using the event
generator developed in Ref. [8]. The value of the b-
quark Yukawa coupling ¥, is derived from the Fermi con-
stant G and the MS b-quark mass mp(u = 125 GeV) =
2.81 GeV. The values of T, (1) at other scales p are cal-
culated by solving the two-loop evolution equation using
CRunDec [23-25].

As already mentioned in Sec. 11, the overall normalization
of the decay rate cancels between the numerator and the
denominator in Eq. (3) and has no impact on the cross
section of the combined WBF process pp — H (bb) + 27.
Nevertheless, it is instructive to compare the inclusive
decay width Fl}fiNNLO calculated using the generator of
Ref. [8] with the results reported in Ref. [1]. We find
Thsis = 243235051 MeV

MiNNLO __ —0.039
INNLO — 9 41175939 MeV

(6)

where the sub- and superscripts show the impact of the
renormalization-scale variation from the central value by
a factor two in both directions (down and up, respec-
tively). The central renormalization scale is © = myg
for the NNLO decay prediction and p = po = /yzmpu
for the MiNNLO result, where ys3 is the three-jet reso-
lution parameter in the Cambridge algorithm [8]. The
two results are compatible within the uncertainty, al-

though the central value of the MiNNLO result is lower
by about a percent. This difference is consistent with the
fact that the MINNLO calculation [8] employs massless
b-quarks and omits the ypy; contributions, that increase
the NNLO decay width by O(0.03) MeV.

The fiducial cross sections computed using the different
approximations for the WBF production and the H — bb
decay subprocesses are shown in Table I. One sees that it
is possible to use fixed-order description of the decay, ex-
tended to high perturbative orders, or the parton shower
to arrive at fairly consistent results. At the same time,
the use of parton shower for the description of the decay
already at leading order makes the stability of theoreti-
cal predictions manifest, demonstrating that once large
effects related to soft radiation are taken into account,
the remaining corrections play a minor role. This fol-
lows from the comparison of, e.g., NNLOx(LO+PS)?
approximation with NNLOx (MiNNLO+PS), which dif-
fer by less than five percent. If, on the other hand, we
keep the best description of the decay—which is provided
by MiNNLO+PS—and study corrections related to pro-

2 Here and in the following, the labels to the left and right of the
symbol “x” refer respectively to the approximations used for the
WBF production and the H — bb decay subprocesses.
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Figure 2. Distributions of the transverse momentum of the leading b-jet (left) and the reconstructed Higgs boson (right) in the
approximation LOX (MiNNLO+PS) for different choices of the renormalization scale in the decay subprocess, with the default
set of b-jet cuts. The bottom panels show relative deviations from the results at the central decay scale ;1 = po. The bands

show Monte-Carlo uncertainty only.

duction, the shift from leading order to next-to-next-to-
leading order is about ten percent, being fully consistent
with earlier fixed-order calculations [5-7] for the produc-
tion process.

It is conventional to estimate the uncertainty of theo-
retical predictions for fiducial cross sections by varying
the renormalization and factorization scales. This issue
was addressed in the fixed-order calculation of Ref. [1],
where it was shown that the scale uncertainty related
to the production subprocess is small and amounts to
about 2% at NNLO. In the present case the scale sensi-
tivity is even smaller because we do not neglect higher-
order terms in the combination of production and decay
corrections; which, however, does not imply that the per-
turbative uncertainty in the production subprocess is less

than O(2%).

We will now discuss the dependence of the theoretical
prediction on the renormalization scale choice for the de-
cay subprocess. It follows from Eq. (6) that the scale
uncertainties for the total decay width at NNLO are at
most two percent. Since they arise, primarily, from the
dependence of the Yukawa coupling on the scale choice,
and since the Yukawa coupling cancels in the calculation
of the fiducial cross section, it is natural to expect that
the dependence on the choice of the renormalization scale
in the decay is negligible. However, this expectation is
not correct [1]; in fact, we find that the residual uncer-

tainty from the choice of the renormalization scale in the
decay is about five percent. This (fairly strong) sensi-
tivity to the scale choice in the decay originates from
changes to kinematic distributions due to radiation, in
the presence of a high cut on the transverse momentum
distribution of b-jets.

To illustrate this effect, on the left-hand side of Fig. 1
we show the transverse-momentum distributions of the
subleading b-jet in a setup where restrictions on trans-
verse momenta and rapidities of b-jets are lifted. We
observe that corrections have a different sign above and
below the peak. In fact, from the sensitivity of the in-
clusive width to the scale choice shown in Eq. (6), we
know that they largely compensate each other. However,
they do shift the peaks of the b-jet transverse momen-
tum distributions, which has a noticeable impact on the
acceptance rate with the b-jet cuts. Interestingly, these
scale variations have a negligible impact on the rapidity
and light-jet distributions, as illustrated on the right side
of Fig. 1.

Figure 2 shows the impact of these decay-scale variations
on the b-jet distributions with our default event selection
criteria. We take the resulting changes in the predictions
as an estimate of the perturbative uncertainty in the de-
scription of the decay subprocess. This uncertainty is
of order O(5%) and, to a large extent, is uniform over
the entire kinematic range, except the low-p | 3, region
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i S 100 GeV, where the uncertainty rises to O(10 %).

As the next step we consider the impact of QCD correc-
tions on kinematic distributions with the central choice
of the renormalization and factorization scales. We
note that significant modifications of shapes of such
distributions were observed both in the pure produc-
tion case [5, 6] and also when corrections to the de-
cay in the presence of the aggressive p; cut on b-
jets are taken into account [1]. However, since the
use of the parton shower in leading-order computations
leads to stabilization of the perturbative expansion, and
since it is rather inexpensive to obtain results using
the LOx(LO+PS) approximation, we decided to com-
pare shapes of kinematic distributions calculated using
this approximation with the ones computed with the
NNLO x (MiNNLO+PS) setup. Therefore, we rescale the
LOx(LO+PS) and NLOx(MiNNLO+PS) distributions
by K factors such that their integral corresponds to the
NNLO X (MiNNLO + PS) fiducial cross section.

There are two types of distributions that we will con-
sider: distributions that are mostly determined by the
dynamics of H — bb decay, and distributions that are
mostly determined by the production process. We may
hope that the shapes of distributions of the first type
are well-described in the LOx(LO+PS) approximation,
while distributions of the second type should receive im-

portant (but not dramatic) corrections, consistent with
modifications observed in the studies of the production
process alone [5-7].

We begin with the distributions of the first type. The
QCD corrections to the transverse momentum distribu-
tions of the leading and next-to-leading b-jets are shown
in Fig. 3. As seen from the lower panes of the two figures
there, the shapes of both distributions are well-captured
by the LO x (LO+PS) approximation with deviations at a
few-percent level only. At the same time, a small shape
change in p, 3, distribution is visible, with the reduc-
tion of events at p; p, ~ 70 GeV and a slight increase at
around p| p, ~ 125GeV. Similarly, very small changes
in the shape of the transverse momentum distribution
of the reconstructed Higgs boson, p p, are observed in
Fig. 4, whereas the shape of its rapidity distribution re-
mains unchanged even at a few-percent level, except for
large rapidities. These corrections to the distributions of
the reconstructed Higgs bosons closely follow corrections
to distributions of Higgs bosons produced in simulation
of WBF without the decay subprocess [7].

Kinematic distributions of the second type include those
that are mostly determined by the production subpro-
cess. The examples are transverse momentum and ra-
pidity distributions of light WBF-tagging jets, which are
illustrated in Fig. 5. As can be seen in these figures, the
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LOx(LO+PS) setup provides a poor approximation in
this case, and changes in shapes of the two distributions
are consistent with expectations based on fixed-order cal-
culations without the Higgs decay [5-7], in particular,
the effect of higher-order corrections is to render the jets
softer.

IV. CONCLUSIONS

In this paper, we have studied QCD effects in Higgs pro-
duction in weak-boson fusion followed by the decay of the
Higgs boson into b-jets, focusing on a situation where b-
jets are selected using an aggressive high-p, cut [4]. Ear-
lier, it was observed in Ref. [1] that fiducial cross sections
in such a case receive very significant QCD corrections
that reduce the leading-order cross section by almost a
factor of two. It was conjectured in Ref. [1] that these
large QCD effects are connected to soft and collinear
QCD radiation and, thus, can be efficiently dealt with
by incorporating parton-shower description of H — bb
decay into a “leading-order” prediction. The goal of the
current paper is to explicitly check this conjecture us-
ing fixed-order description of H — bb matched to parton
shower within the MiNLO framework [13, 14].

We have found that if a parton-shower description of

H — bb decay is combined with fixed-order description
of Higgs production in WBF, the stability of the pertur-
bative expansion of the combined process improves dra-
matically. Furthermore, this improvement occurs inde-
pendently of which parton-shower-matched approxima-
tion is used for the decay (LO+PS vs. MiNNLO-+PS).
The change in the fiducial cross section from the (modi-
fied) leading-order prediction to the NNLO one, is about
ten percent, which should be compared with O(40 %) if
only fixed-order computations are used. Similarly, shapes
of kinematic distributions driven by the decay dynamics
are well-described by parton showers with only relatively
minor modifications from matching to fixed orders.

An important question is the remaining uncertainty of
the theoretical prediction for the pp — H(bb) + 2j pro-
cess, with a relatively high cut on the b-jet transverse
momentum. To estimate it, we can consider the various
results in the last row in Table I. The spread of these pre-
dictions is about five percent if one excludes the NNLO
fixed-order result. In addition, there is a two-percent
scale uncertainty related to the production subprocess
and about five-percent uncertainty related to the choice
of the renormalization scale in the decay process. As we
mentioned earlier, this uncertainty does not affect shapes
of the distributions in the fiducial region.

All in all one should associate a O(5 — 7 %) uncertainty
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with the NNLOx (MiNNLO+PS) estimate of the fidu-
cial cross section in Table I. To reduce it further, one
could perhaps make use of N°LO QCD computation of
H — bb decay reported in Ref. [26], although methods to
combine perturbative computations of such a high order
with parton showers do not exist yet. Given the im-
proved uncertainty estimate of the fiducial cross section,
the electroweak corrections to WBF', which are known to
reduce the cross section by O(5—7 %) [18], need to be ac-
counted for. Furthermore, other so-far neglected effects,
such as b-jets arising from the WBF production process,
will have to be investigated. Finally, a full matching in-
cluding parton-shower effects in production—using the

MiNNLO procedure on each fermion line—would be useful
for a better modelling of the tagging jets.
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