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Jet Rates in Higgs Boson Decay at Third Order in QCD
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We compute the production rates for two, three, four, and five jets in the hadronic decay of a Higgs boson
in its two dominant decay modes to bottom quarks and gluons to third order in the QCD coupling constant.
The five-, four-, and three-jet rates are obtained from a next-to-next-to-leading order calculation of Higgs
decay to three jets, while the two-jet rate is inferred at next-to-next-to-next-to-leading order from the
inclusive decay rate. Our results show distinct differences in the dependence of the jet rates on the jet
resolution parameter between the two decay modes, supporting the aim of discriminating different Higgs

boson decay channels via classic QCD observables.
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Since the discovery of the Higgs boson in 2012 [1,2], its
properties have been extensively investigated at the LHC.
The understanding of the Higgs boson interactions with
other fundamental particles is crucial to shed light onto the
electroweak symmetry breaking, the flavor structure of the
standard model, and potential new physics phenomena.

The Higgs boson couplings to massive gauge bosons, top
quarks, tau leptons, and muons have already been extracted
from measurements of Higgs production and nonhadronic
decay cross sections [3.4]. On the other hand, the inves-
tigation of the hadronic decay modes that probe the
coupling of the Higgs boson to light quarks via the Yukawa
interaction and to gluons via a heavy quark loop is limited
at hadron colliders by the large QCD background. To date,
only the dominant decay mode to bottom quarks has been
observed [5,6].

Future lepton colliders such as the FCC-ee [7,8] or
the CEPC [9] are intended to operate as so-called “Higgs
factories” for the collection of a very large number of
events with a Higgs boson in the final state, via the
Higgsstrahlung process eTe™ — ZH and vector-boson-
fusion ete™ — £7H. Because of their significantly cleaner
environment, free from QCD initial-state radiation and
multiparton interactions, such colliders offer the possibility
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of reaching unprecedented resolution on the hadronic
decays of the Higgs boson.

While the inclusive branching fractions of Higgs bosons
to bottom quarks and to gluons are known to fourth order in
perturbative QCD [10-13], predictions for more differential
observables such as jet rates or event-shape distributions
are restricted to lower orders. Previous precision calcula-
tions focused on the decay to bottom quarks, where three-
jet production [14] is known to next-to-next-to-leading
order (NNLO) in QCD and two-jet production [15] to third
order (N’LO), with quark mass corrections known up to
NNLO [16]. Comprehensive studies of hadronic event-
shape distributions in both types of decay modes have been
performed at next-to-leading order (NLO) in QCD for
shape variables related to three-jet [17,18] and four-jet [19]
final states, indicating their potential for discriminating
different Higgs boson decay modes [17,20,21] in combi-
nation with final-state flavor identification [22].

In this Letter, we compute for the first time the QCD
predictions for the decay of a Higgs boson to three jets to
NNLO and to two jets to N*LO for all types of hadronic
decay modes. We study the phenomenological impact of
the corrections and expose the differences between the
decay modes, thereby preparing for future precision studies
of hadronic Higgs boson decays.

We consider the two dominant decay modes of Higgs
bosons to hadrons, displayed in Fig. 1. In the first case, the
Higgs boson couples to a quark-antiquark pair via Yukawa
interaction. Although we consider nonvanishing bottom-
quark Yukawa couplings, light quarks, including the b
quark, are treated as massless in the whole calculation.
In the second case, the Higgs boson decays into a pair of
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FIG. 1. Feynman diagrams of the two decay categories of a
Higgs boson decaying into two jets via the Yukawa interaction
(left) and the effective gluon vertex (right).

gluons via a heavy quark loop, which produces an effective
vertex in the limit of an infinite heavy-quark mass [23-25].
The Born-level two-parton decay process corresponds to a
for the Yukawa interaction mode and to a? for the effective
Higgs-to-gluons interaction mode. Perturbative higher-
order corrections are defined relative to the coupling order
of the Born process throughout. Because of their different
chirality structure, the two decay modes do not interfere at
any order in perturbation theory in the limit of vanishing
bottom-quark mass. We explicitly verified that the Born-
level interference contributions for massive bottom quarks
remain well below 1% for all observables considered here.

The NXLO Higgs boson decay rate in the two decay
modes reads

k
® 0 . (n)
FH—»bl_ﬂ - FH—>bE <1 + 2 as (MR)Cb;, ) (1)
® 0 : ()
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where pp is the renormalization scale,
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The coefficients Cé'}’) and C) up to N*LO are given for
example in [13].

Particles are clustered into jets using a jet algorithm with
some predefined resolution parameter. We employ the
Durham jet algorithm [26-30], which has been used most
widely in jet studies in e"e~ annihilation. The resulting
Higgs decay rates for different multiplicity then depend on
the value of the resolution parameter y.,, and jet multi-
plicities can be defined by normalizing the Higgs decay
rates to the total hadronic Higgs-boson decay rate. For both

decay categories, we consider a Born-level configuration
where the Higgs boson decays to three partons and we
compute the relative NNLO correction.

The n-jet decay rate at relative O(a!) depends on the

value of y., and is denoted by Fgf) (1, yeur)- Along with the
three-jet rate FS)(& Yeut)» byproducts of the NNLO three-
jet calculations are the four-jet rate at NLO, 1";3)(4, Veut)s

and the five-jet rate at LO, I“g?) (5, Yeur)- The normalized jet
rate (or jet fraction) is defined with respect to the inclusive
width at the same order,

k
T vew)
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such that the rates for all possible jet multiplicities at that
order sum to unity for any value of y,

k+2

SR (nyen) = 1. (7)
n=2

Since the Higgs-boson total decay rate to hadrons is
known up to N*LO [10-13] in either mode, we can infer
the two-jet fraction at N®LO as a function of yg,

R@(Z, Yeur)» from the knowledge of the three-, four-,
and five-jet fractions, as done in [31] in the context of
electron-positron annihilation and associated to Z decays.

The calculation involves matrix elements for the
decay of a Higgs boson to up to five partons at tree
level [14,15,32-34], up to four partons at one loop
[14,15,33-37] and three partons at two loops. The two-
loop Higgs-plus-three-parton amplitudes for an effective
Higgs-to-gluons coupling were derived in [38] and imple-
mented by a subset of the authors for the calculation of
NNLO corrections to the production of a Higgs boson and a
jet at hadron colliders [39,40]. The two-loop amplitudes for
H — bbg were originally derived in [14,41]. We recom-
puted them, obtaining full numerical agreement with [14].

The computation of higher-order QCD corrections
demands suitable techniques for the removal of infrared
(IR) divergences. After renormalization, loop amplitudes
contain explicit IR singularities, while the emission of
on-shell massless particles leads to the divergent behavior
of real-emission matrix elements in soft and collinear
limits. These divergences only cancel when virtual and
real corrections are combined in physical predictions.

We rely on the antenna subtraction method for NNLO
calculations in QCD [42,43], which employs ‘“antenna
functions” to assemble counterterms for the removal of
the divergent behavior of real-emission matrix elements in
infrared configurations. These counterterms are then ana-
lytically integrated over the inclusive phase space of the
radiation and combined with the virtual corrections, sub-
tracting their explicit infrared singularities. In particular,
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we implement the “generalized antenna functions” for
final-state radiation recently presented in [44], constructed
by the application of the algorithm described in [45,46] to
build antenna functions from a target set of infrared limits.
This newly proposed version of the antenna subtraction
method offers significant advantages in terms of simplicity
of the subtraction terms and computational efficiency. In
particular, the improvements given by the generalized
antenna functions scale with the number of external gluons,
meaning that we expect more than an order of magnitude of
computational speedup in the gluonic decay mode, with
respect to the traditional antenna subtraction method.

In [44], the detailed validation of all the structures
needed for the computation of the NNLO correction to
three-jet production in electron-positron annihilation is
discussed, and an identical setup is employed here for
the Yukawa-mediated mode. The NNLO calculation in the
gluonic mode presented in this Letter completes this
implementation, now employing the full set of final-state
generalized antenna functions [44]. The IR-finite remain-
ders are numerically integrated with the Monte Carlo event
generator NNLOjet, suitably adapted for the implementation
of generalized antenna functions.

We validated our LO and NLO results for the production
of three and four jets against Eerad3 [17,19,47] and find very
good agreement. For the Yukawa-induced mode we repro-
duce the results of [14,15].

We consider the decay of an on-shell Higgs boson with a
mass of my = 125.09 GeV. We work in the G, scheme
with constant electroweak parameters,

Gr = 1.1664 x 107 GeV~2,
mz = 91.200 GeV,

yielding a Higgs vacuum expectation value of v =
246.22 GeV. The renormalization scale is chosen to be
Ur = mpy, and we assess theory uncertainties by varying g
in the range [my/2,2my]. The QCD coupling is set to

as(mz) = 0.11800 and its scale evolution is performed
with LHAPDFs6 [48], yielding a,(my) = 0.11263.

We specifically focus on the decay to bottom quarks and
gluons to expose their differences, but also consider the
combination of the two modes. To obtain phenomenologi-
cally viable results for the combination of the different
decay modes, we also include the Yukawa decay to charm
quarks, which is identical to the bottom Yukawa decay up
to its overall normalization. Moreover, we rescale A3(uz)
in (5) to account for the exact top, bottom, and charm mass
dependence of the one-loop Higgs-gluon-gluon vertex [49],
including interference contributions. The combined result
is normalized with respect to the total decay rate to hadrons
at NFLO,

k k
F;—[)—mad = F( )

RIS I o (8)

H—ct H—gg*

We take running MS bottom and charm quark masses
and Yukawa couplings y,(my) = my,(my)/v = 0.011309,
ye(my) = m.(my)/v = 0.0024629 and use the MS top
mass m;(my) = 166.48 GeV. The Yukawa couplings
and the top-quark mass are evolved to different scales
according to [50].

In the first two frames of Fig. 2, we present the NNLO
correction to the normalized three-jet rate for the two
different decay modes. To estimate theory uncertainties,
the renormalization scale is varied in a correlated manner
between numerator and denominator.

We observe that in both channels the NNLO correction is
small for large values of y.., but is significant and negative
in regions of lower y.,. The three-jet fraction attains a
maximum at a certain value of y.,. Upon inclusion of the
NNLO corrections, the height of this three-jet peak
decreases and its location is shifted to the right. For the
NNLO predictions, the three-jet peak lies at y., ~ 0.002
and at y., &~ 0.007 for the b quark and the gluonic decay
channel, respectively, showing a first significant difference
between the two modes.
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FIG. 2. Normalized three-jet decay rate at LO (green), NLO (blue), and NNLO (red) for Higgs decay to bottom quarks (left), Higgs to
gluons (center), and the weighted sum of the different decay modes (right). The corresponding inclusive decay rate is used as

normalization (see text).
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Fractional jet rates for the production of two (red), three (blue), four (green), and five (yellow) jets at third order in perturbative

QCD for Higgs decay to bottom quarks (left) and gluons (center). The right frame shows the contribution of the different decay modes to

the total hadronic two-jet fraction.

For values of y., to the right of the peak, the NNLO
result lies within the NLO band, indicating good perturba-
tive convergence, and the relative size of the theory
uncertainties is halved. On the other hand, to the left of
the peak, the NLO and NNLO uncertainty bands do not
overlap and the two curves exhibit sizeable differences.
Indeed, for low y., values one expects the emergence of
large logarithmic contributions at each order in «,, which
spoil the convergence of the perturbative series. In this
region, all-order logarithmic resummation is required to
obtain sensible predictions for the jet rates. One can
consider the location of the three-jet peak as a reasonable
estimate for the onset of resummation effects in the
respective channels. We observe that for the gluonic decay
mode, this happens at values of y ., about 3 times as large
as the ones for the Yukawa-induced channel.

In the last frame in Fig. 2 we compare the impact of the
different decay modes on the total three-jet decay rate at
NNLO, obtained by the weighted sum of the bottom,
charm, and gluonic contributions normalized to (8). We
observe that the contribution of the gluonic decay mode
vanishes for y., =~ 0.001 and grows to up to 25% at
Veut = 0.1. Hard three-jet final states thus offer the highest
sensitivity to the gluonic Higgs-boson decay mode.

In the first two frames of Fig. 3, we present the jet
fractions for different multiplicities at third order in the
QCD coupling. The results expose clear differences
between the two decay modes. For the decay to bottom
quarks, the jet fractions exhibit similar features to the ones
observed in electron-positron annihilation [31]. Indeed, in
both cases the underlying Born-level event is given by a
color-singlet decaying to a fermion pair, resulting in an
identical structure of QCD corrections. On the other hand,
the gluonic mode presents significantly larger fractions of
higher-multiplicity jet final states for any value of y.,. The
intersection of the two-jet curve with the three- and four-jet
ones occurs for the gluonic decay mode at values of y.,
almost an order of magnitude larger than for the Yukawa-
induced mode.

In the right frame of Fig. 3, we study the impact of the
different decay modes on the total two-jet fraction at N°LO.
The contribution of the gluonic decay mode monotonically
decreases when smaller values of y,, are considered. For
yeut > 1/3 each event is classified as a two-jet event and the
different decay modes, respectively, stabilize at 84.7%
(bottom Yukawa), 11.3% (gluonic), and 4.0% (charm
Yukawa) of the total hadronic two-jet rate, in agreement
with their contribution to the inclusive hadronic branching
ratio [51]. By comparing to the right frame of Fig. 2, we
observe that by selecting hard three-jet final states, the
contribution of the gluonic decay mode is doubled com-
pared to a fully exclusive measurement.

In Fig. 4 we present the two-jet fractions in hadronic
decays of the Higgs at first, second, and third order in
perturbative QCD. The features one observes here are
similar to those for the Yukawa-induced mode that domi-
nates the weighted sum, shown in Fig. 3 (left). At higher
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FIG. 4. Fractional jet rates for final states containing two (red),
three (blue), four (green), and five (yellow) jets in the hadronic
decays of a Higgs boson at first (left), second (center), and third
(right) order in perturbative QCD.
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orders in perturbation theory, the inclusion of multiple
emissions yields nonvanishing four- and five-jet rates.
When these open up, the three-jet rate’s curve ceases to
increase at low y,, value and develops a peak. If even more
emissions were considered, one would observe the same
behavior for the four- and five-jet rates as well. Again, to
properly capture these effects at low y,, values, where the
sensitivity to multiple emissions is enhanced, all-order
resummation will be required.

In this Letter, we performed a fully exclusive calculation
of the hadronic decay of a Higgs boson to third perturbative
order in the strong coupling. Our calculation accounts for
the two dominant types of decay categories: Yukawa-
induced to bottom or charm quarks and heavy-quark-
loop-induced to gluons, with the latter not being considered
previously at this order. Our results allow us to determine
Higgs-boson decay rates into three-jet final states to NNLO
and into two-jet final states to N*LO. Our implementation
uses the recently proposed generalized antenna functions
[44], constructed by means of the designer antenna algo-
rithm [45,46], for final-state radiation, representing its first
application to a new process.

We observe substantial differences between the two
channels: for fixed jet resolution y., the gluonic mode
yields more frequently final states with higher jet multi-
plicity than the Yukawa-induced process. Consequently,
three-jet fraction peaks at larger values of y,,, in the gluonic
mode, as expected from the enhancement of radiation
patterns off gluons compared to quarks. Our results indicate
substantial differences in the phenomenology of hadronic
final states between different types of decay categories,
highlighting in particular the enhanced sensitivity on the
gluonic decay mode that can be obtained by selecting hard
three-jet final states, and provide accurate QCD predictions
to exploit these in future precision Higgs studies.
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