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Abstract Jet production from hadronic Higgs decays at
future lepton colliders will have significantly different phe-
nomenological implications than jet production via off-shell
photon and Z-boson decays, owing to the fact that Higgs
bosons decay to both pairs of quarks and gluons. We com-
pute observables involving flavoured jets in hadronic Higgs
decays to three partons at Born level including next-to-
leading order corrections in QCD (i.e., up to O(az)). The
calculation is performed in the framework of an effective the-
ory in which the Higgs boson couples directly to gluons and
massless b-quarks retaining a non-vanishing Yukawa cou-
pling. For the energy of the leading and subleading flavoured
jet, the angular separation and the invariant mass of the
leading b—b pair, we contrast the results obtained in both
Higgs-decay categories and using either of the infrared-safe
flavoured jet algorithms flavour-kt and flavour-dressing.

1 Introduction

Precision studies of the Higgs boson discovered at LHC by
CMS and ATLAS [1,2] will become possible at future lepton
colliders such as [3,4], all aiming to operate as Higgs facto-
ries. In this clean experimental environment, where interac-
tions take place at well-defined centre-of-mass energies, it is
expected to enable model-independent measurements of the
Higgs couplings to gauge bosons and fermions at the level of
a few percent. At these future lepton colliders, in particular
it will become possible to have access to so-far unobserved
hadronic decay channels such as Higgs decays to gluons.
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The latter is currently inaccessible in hadron-collider envi-
ronments due to the presence of overwhelming QCD back-
grounds. Only the H — bb decay was observed to date
[5,6] in associated vector-boson production where the lep-
tonic decay signature of the vector boson helps to identify
the H — bb decay.

Hadronic Higgs decays to at least two hard final-state par-
tons proceed mainly via two decay modes; either as Yukawa-
induced decay to a bottom-quark pair, H — bb, or as a
heavy-quark-loop induced decay to two gluons, H — gg.
Within an effective theory, in which gluonic Higgs decays
proceed via a point-like Hgg vertex and bottom-quarks are
treated as massless but retain a non-vanishing Yukawa cou-
pling, the two decay categories can be treated separately.
This means that all interference effects between H — bb
and H — gg decays vanish in theoretical calculations.

So far these two categories of Higgs decay processes
have been considered in the computation of flavour-agnostic
event-shape observables, i.e., for three-jet-like final states in
[7-11] and for four jet-like final states in [12]. It was also
recently suggested to determine branching ratios in hadronic
Higgs decays via fractional energy correlators [13]. Flavour-
sensitive jet observables related to the presence of a flavoured
jet in the final state have so far been computed for the fol-
lowing LHC processes: VH production, with H — bb or
Z + b-jet and Z/ W + c-jet, with the vector boson decaying
leptonicallly in all cases. More precisely, parton-level predic-
tions including up to NNLO QCD corrections using mass-
less charm or bottom quarks at the origin of the flavoured jet
have been computed most recently for V H in [14-17], and
for Z/W + ¢/b in [18-23].

In a lepton collider environment, flavour-sensitive jet
observables associated to Z decays have been lately consid-
ered in [24,25] while colour-sensitive observables have been
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used to disentangle bottom quarks stemming from Higgs
decays against those stemming from QCD background in
[26].

These calculations commonly employ the so-called five-
flavour scheme (5FS), in which all light quarks, including
the bottom quark, are treated as massless. As a result, it
is necessary to employ an infrared-safe procedure to define
flavoured jets from massless partons. The latter procedure
requires the use of an infrared-safe recombination algorithm
to cluster flavourless and flavoured partons into final states
including well-defined flavoured jets. Up to very recently,
only the flavour-kt algorithm [27] was used in theoretical
computations at hadron colliders. Lately, a number of flavour-
sensitive jet algorithms have been designed [24,25,28,29],
with increased interest in providing modified versions of the
anti-kT algorithm [24,25,29], to improve the data versus the-
ory comparisons at LHC.

All of these algorithms share the principle that, at least up
to a certain order in the strong coupling, they can be proven
to be infrared flavour safe, i.e., that the flavour assignment
of a given jet is not spoilt by the emission of unresolved
(soft or collinear) massless partons. A detailed comparison
of currently available algorithms has been presented in [25].

In this paper, we compute a range of flavour-sensitive
three-jet-like observables in hadronic Higgs decays, includ-
ing NLO QCD corrections for both decay categories, i.e.,
related to H — bb and H — gg, as alluded to above. To
define flavour-sensitive observables we employ the flavour-
kt algorithm [27] and the flavour-dress-ing algorithm [24]
which can both be applied in a lepton collider environment.

The study is organised as follows: In Sect. 2 we give a brief
overview of the definition of flavoured jets using either of the
two infrared flavour-safe jet algorithms before describing our
computational setup in Sect. 3. In Sect. 4, in a first part pre-
sented in Sect. 4.2 we compute the so-called “misidentified
cross section” to check the correctness of our implementa-
tion using both infrared-safe and flavour-safe jet algorithms.
In the second part of Sect. 4, 1i.e., in Sect. 4.3, we present theo-
retical predictions up to second order in QCD for four differ-
ent flavour-sensitive observables related to both Higgs-decay
categories and compare the results using both flavour-safe jet
algorithms. We conclude and give an outlook on future work
in Sect. 5.

2 Flavoured jets

In experimental analyses as well as theoretical calculations,
final-state particle configurations are often described by so-
called jets. While the definition of jets is fixed by the choice
of a sequential recombination algorithm, known as a jet algo-
rithm, in conjunction with a set of energy and rapidity thresh-
olds, the association of the jet with a given parton (or hadron)
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flavour is a more complicated endeavour. Naively, it may be
tempting to define the jet flavour as the sum of the constituent
flavours of each jet, i.e,

Jet flavour = f — f, (D

where f is the number of particles with a given a flavour
and f is the number of particles with the corresponding anti-
flavour. We note that this definition differs from the usual
experimental flavour definition, which refers to both flavours
and anti-flavours as flavoured [30-32]. This naive approach
violates an important property known as infrared flavour
safety [27], which describes whether an algorithm respects
physically meaningful flavour assignments when one or more
particles become unresolved. The property of infrared safety
is indispensable at parton level, because jet algorithms may in
general cluster the flavoured daughters of a soft wide-angle
gluon splitting g — ¢gq into different jets, changing their
flavour association. In effect, the flavours of the two jets,
and therefore of any flavour-dependent observables, become
explicitly dependent on the presence of a pair of unresolved
particles, in violation of infrared safety. It is thus mandatory
for a jet-flavour definition to respect infrared flavour safety,
meaning that the presence of a pair of unresolved flavoured
particles to an event must not change the flavours of the jets.

It is to be emphasised that the infrared safety constraint
on the flavoured jet algorithm pertains only to calculations
performed at the parton level, as hadrons are manifestly non-
perturbative objects.

As alluded to above, several approaches to infrared-safe
flavoured jet algorithms have been explored [24,25,27-29],
of which only the flavour-kT [27] and the flavour-dressing
algorithm [24] explicitly describe an implementation com-
patible with the use of the Durham (kt) algorithm.!

The flavour-kT algorithm [27] achieves infrared fla-vour
safety by modifying the Durham distance measure valid for
all unflavoured partons (i, j) [33] into two cases defined
depending whether the softer particles to be clustered are
flavoured or not. In the flavour-kT algorithm, the distance
measure is given by:

F_ 2(1 — cos ;)

Vi =
! Ey

min(E;, E;)* " max(E;, E))* ()

if the softer of i, j is flavoured, Instead the regular Durham
distance given by,

F 2(1 —cosb;;)

y.‘ =
! Ey

min(E;, E;)?, 3)

! Note that the proposal in [25] may in principle also be applied to the
Durham kt-algorithm.
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is kept if the softer of i, j is flavourless. Here, @ € (0, 2]
is an arbitrary parameter. In this study, the value o = 2 is
chosen everywhere. The distance measure in Eq.2 ensures
that soft pairs of flavoured particles are recombined first and
thus avoids the previously discussed infrared-safety problem
present in the standard (flavour-agnostic) Durham (kt) algo-
rithm. The main draw-back to the use of this algorithm is
that it requires the flavour information of all particles, thus
making it difficult to use in experimental analyses. Indeed,
so far, it has not be used in measurements of flavour-sensitive
jet observables.

The flavour-dressing algorithm [24] on the other hand does
not change the underlying jet algorithm but instead alters the
way flavours are assigned to jets. Instead of using the naive
jet-flavour definition, a more complex definition is invoked
which ensures infrared flavour safety of the jet algorithm at
hand. The basic idea is to first cluster an event into jets using
a flavour-agnostic jet algorithm of choice, and, in a second
step, cluster flavoured objects into so-called flavour clusters
using a technique akin to soft-drop grooming [34]. In the
final, “association” step the flavour clusters of step two are
assigned to the jets of step one.

A striking and important feature of the flavour-dressing
algorithm is its universality with respect to the choice of
jet algorithm. In particular, it can be used with the anti-kt
algorithm, which is commonly employed in experimental
analyses at LHC. Most importantly for the present study, it
can be used in combination with the Durham kt algorithm,
the most common choice in analyses pertaining to lepton-
collider experiments.

3 Computational setup

We perform the computation of flavoured observables related
to hadronic Higgs decays using the parton-level Monte-Carlo
generator EERAD3 [35,36], which was originally developed
to compute NNLO QCD corrections to event-shape observ-
ables in hadronic Z-decays. This generator was recently
extended to compute event sha-pes related to hadronic Higgs
decays with three- and four-jet configurations at Born level
in [7,12]. In both cases, the antenna subtraction method is
used to regulate infrared divergences related to real radiation
contributions.

The hadronic Higgs-decay observables are computed in
the framework of an effective theory including two Higgs
decay categories. In the first category, the Higgs boson cou-
ples directly to gluons via an effective Higgs-gluon-gluon
vertex and in the other, Standard-Model-like category, the
Higgs boson decays into a massless b-quark pair retaining a
non-vanishing Yukawa coupling [7,12]. This can be recasted
into the following effective Lagrangian

A(M;, ur)
4

HGY, G 4 2R Al R)H&m. 4)

V2

In this context, the effective Higgs-gluon-gluon coupling is
given in terms of the Higgs vacuum expectation value v by

EHiggs = -

_ as(ur)C(My, ur)

)"(Ml’ MR) = 3 (5)
140
and the Hbb Yukawa coupling reads
ST N —— ©)
b =mp(UR) —F(=———.
ToUHR K \/EMW sin Gy

Both X and y,, are subject to renormalisation, which we per-
form at scale ugr in the MS scheme using Np = 5. The
top-quark Wilson coefficient is evaluated at first order in o
using the results of [37—43], and the running of the Yukawa
mass my, is performed using the results of [44].

As mentioned in the introduction, it is important to high-
light that the terms in Eq. 4 do not interfere under the assump-
tion of kinematically massless quarks. In particular, they do
not mix under renormalisation [9]. This allows to define two
separate Higgs-decay categories and to compute higher-order
corrections independently for each. Throughout, we there-
fore consider predictions for the H — bb and H — gg cat-
egories separately. All partonic contributions yielding three
hard partons in the final state at Born level and needed for
the computation presented in this paper, have been presented
in detail for both categories up to O(asz) in [7]. In particular,
it is worth mentioning that the Born-level partonic processes
contributing at O(w) are: H — bbg in the H — bb cate-
goryand H — ggg, H — gqq inthe H — gg category. In
the latter case, g stands for any quark with specific flavour,
including the bottom quark.

For any infrared-safe observables O, the parton-level gen-
erator EERAD3 calculates the LO coefficient A and the NLO
coefficient B in a perturbative expansion of the differential
decay width,

I dr <as(u§)) dA
I (u) 40 2n ) do

2 — _

as(ug) \ [ dB nd '\ dA
&8 polog [ ER ) E2)

+< o a0 TPle(3n ) 4o

N

Here, Fz(;’) is the partial two-body decay width to order n;
specifically, » = 0 at LO and n = 1 at NLO.

In Eq.7, the LO coefficient A involves only an integra-
tion over the three-particle phase space, while the NLO con-
tribution B involves an integration over the four-particle
phase space related to the real-radiation contribution and real
subtraction terms, and an integration over the three-particle
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phase space, pertaining to one-loop contributions and virtual
subtraction terms. Within this study, we employ the antenna
subtraction scheme to construct real and virtual subtraction
terms. Explicit expressions for the perturbative coefficients
A and B can be found in [7]. It suffices here to say that nei-
ther A nor B include any implicit powers of . This is true
because of the normalisation to the two-parton decay width
1’2(7) on the left-hand side of Eq.7.

In order to compute flavour-sensitive observables related
to hadronic Higgs decays, as in this paper, on top of the
ingredients needed to compute flavour-agnostic observables
as described above, a new flavour layer needs to be imple-
mented in the parton-level event generator EERAD3. This
parton-level flavour-tracking procedure implemented here in
EERAD?3 for the first time can be summarized as follows:
For each momentum configuration all contributing flavour
configurations are generated and matrix elements as well as
subtraction terms are evaluated separately for each flavoured
parton configuration. In particular, this means that the cal-
culation is split into different flavour contributions across
all layers in Eq.7. Because the subtraction terms involve
mapped configurations in which one parton is clustered into
a “reduced” particle configuration, this has the consequence
that the subtraction scheme is only viable if a flavour-safe jet
algorithm is used. For each flavour configuration, the flavour
layer then acts as an additional input to the jet algorithm and
parton-level contributions needed to be considered for the
evaluation of the observables.

To conclude this section, we wish to define the theoretical
framework in which our predictions are valid and numerically
stable. Fixed-order calculations are accurate only in phase-
space regions in which hard, well-separated jets dominate.
We therefore devise a resolution cut, yqy on the (flavoured)
jetalgorithm and define three-jet states to have three particles
withmin; ;(y;j) > Yeur, Where y;; denotes the distance mea-
sure of the respective jet algorithm. Similarly, four-jet states
are defined to have four particles with min; ;(y;;) > Yeut.
Furthermore, to avoid large numerical cancellations between
the real contribution and the corresponding real subtraction
term in unresolved phase-space regions, we implement a
technical cut-off of yo = 10~® on the smallest dimensionless
two-particle invariant y;; = 2p; p;/s in real configurations.
We have verified that our predictions are independent of the
choice of this theoretical cut-off.

4 Results

We here focus on presenting theoretical predictions for the
following flavour-sensitive observables: the energy of the
leading and subleading flavoured jet, the angular separation
and invariant mass of the leading b-b pair. We shall present
results obtained in both Higgs-decay categories and using
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either of the infrared-safe flavoured jet algorithms flavour-kt
and flavour-dressing. After presenting the numerical set-up in
Sect. 4.1 we divide the discussion of our results into two sub-
sections. In Sect. 4.2 we validate the infrared flavour safety
of the flavour-kt and flavour-dressing algorithms before pre-
senting and comparing our predictions for flavour-sensitive
observables in Sect. 4.3.

4.1 Numerical set-up and scale-variation prescription

We consider on-shell Higgs decays with My = 125 GeV
and calculate all observables in the resonance centre-of-
mass frame. We use as(Mz) = 0.1179 with either one- or
two-loop running at LO and NLO, respectively. Electroweak
quantities are considered constant and we use the G ,-scheme
with

Gr = 1.20495 x 107> GeV 2,
My = 91.1876 GeV,
My = 80.385 GeV, (®)

corresponding to o = ﬁ. To estimate theoretical uncertain-
ties from missing higher-order corrections in our calculation,
we vary the renormalisation scale around the Higgs mass, i.e.,
consider ur = k, My with 0.5 <k, < 2.

4.2 Infrared flavour safety

To guarantee infrared flavour safety for flavour-sensitive
observables, the jet algorithms that are employed in the com-
putation need to correctly assign flavours to jets in the deep
infrared region. Correct flavour assignment is determined by
the underlying two parton process, i.e., by either two flavour-
less jets in the H — gg category or by one flavoured and
one anti-flavoured jet in the H — bb category.

The study of infrared-flavour safety was first condu-cted
for hadronic Z-decays in [27], in which it was highlighted
that the Durham algorithm violates infrared flavour safety
and a flavour-safe modification in terms of the flavour-kt
algorithm was suggested. As a measure of infrared flavour
safety, the so-called misidentified cross section was defined
in terms of the three-jet resolution variable y»3. The latter
variable, measures the departure from two-jet-like into three-
jet-like topologies.

In [24] the same criterion was used to validate the infrared
flavour safety of the flavour-dressing algorithm. As a valida-
tion of our implementation, we thus apply the same criterion
but here for hadronic Higgs decays. In this case, the misiden-
tified cross section collects two-jet like events for which the
flavour does not correspond to the flavour of the original
two parton like topology in either of the Higgs categories. In
Fig. 1, we present the NLO coefficient B differential in the



Eur. Phys. J. C (2024) 84:789

Page 5 of 14 789

Misidentified cross section

20

) L
2 r
2 - —— Durham
“g 15— Flavour-kr
5 r — Flavour dressing
E L H — bb, all q flavoured
"” 10 .
S
oty L
= =
>
o) Y
¥l\1‘ll\llll‘1ll‘lll\Jlll\lll\llll\‘
20 18 16 14 -12 -10 -8 -6 -4 2
log 3,
Misidentified cross section
o 20
= L
2 r
g S —— Durham
§ 15— Flavour-kr
5 C — Flavour dressing
E = H — bb, only b flavoured
~_ 10 -
L
a8 r
= [
5 —
o) L T e ]
k\\\‘\\\‘l\\‘\\\‘\\\\\\‘\\\l\\\‘\\\‘

20 48 16 -14 12 -10 8§ 6 4 -2
logy%

Misidentified cross section

g oF
& C —— Durham
g 40| —— Flavour-kt ‘
S F — Flavour dressing
= r H — gg, all q flavoured
2 30
2 |
a% 20—
= C
10 |—
Ol e ]
71\\‘11\ ll\‘lll‘lll‘llll
20 18 16 14 -12 -0 -8 -6 4 -2
log %
Misidentified cross section
= 12
=1 C
2 =
& 10 — — Durham
§ F —— Flavour-kt
5 8 -  — Flavour dressing
= r H — gg, only b flavoured
< 6L
= W
ag =
=
2
O e T ]
_27\\\‘\\\‘\\|‘\\\|\\\\\\‘\\\‘\I\‘\\I‘

20 48 6 14 12 10 8 .6 4 2
logy%

Fig. 1 Misidentified cross section in the H — bb (left) and H — gg (right) category, considering all quarks as flavoured (top row) and only
b-quarks as flavoured (bottom row). Both flavour-kt and flavour dressing use a = 2, as defined in the text

Durham resolution y]233 using jet definitions according to the
plain Durham, flavour-kt, and flavour-dressing algorithm.
We employ two different flavour definitions; in the top row
all quarks are counted as flavoured, in line with the defini-
tions used in [24,27], while in the bottom row only b-quarks
are treated as flavoured with all other quarks being flavour-
less. The former (in H — bb) can be used as a fundamental
cross-check of our implementation with the original papers
[24,27], whereas the latter is the flavour definition used in the
remainder of this paper. In Fig. 1, to probe the deep infrared
region, we have used the value of the theoretical cut yg to be
10713,

For an infrared-safe flavour jet algorithm, one ex-pects the
probability for flavour misidentification to vanish as the vari-
able y3 tends to zero. In both Higgs-decay categories and
regardless of the flavour-definition, in Fig. 1 it is clearly visi-
ble that the Durham algorithm has a non-zero probability for
an incorrect flavour assignment in the deep infrared region,
whereas both the flavour-kt and flavour-dressing algorithm
yield a vanishing cross section for misidentified events. Con-
firming the findings in [24,27], both the flavour-kt and
flavour-dressing algorithms provide infrared-safe flavour jet
definitions in hadronic Higgs decays, whereas the flavour-

agnostic Durham algorithm does not. Thus, we shall present
predictions only using these two jet algorithms in the remain-
der of this section.

4.3 Flavour-sensitive observables

We consider flavour-sensitive observables in both Higgs
decay categories yielding three-jet-like configurations at
Born level. For a given experimental resolution parameter
yeur and for each pair of final state partons i, j (quark or
gluon), present in the partonic subprocesses at leading and
next-to-leading order, we impose that min; ;(y;j) > yeu in
the respective flavoured jet algorithm. We then calculate NLO
QCD,i.e ((9(053)), predictions for the following observables

(a) the energy of the leading flavoured jet, Ep, 1;

(b) the energy of the subleading flavoured jet, Ep 2;

(c) the angular separation of the leading b- and l;-jet, cos Opp;
(d) the invariant mass of the leading b- and b-jet, m bi-

Except for the angular separation, we only consider scaled
observables, normalised to the Higgs mass m g . In all cases,
we choose o = 2 in the flavour-kT and flavour-dressing algo-
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rithm and consider only b-quarks (b-quarks) as flavoured b
(anti-flavoured). IfI

Theoretical predictions for the four flavour-sensitive b g g

observables defined above are shown in Figs. 3, 4, 5 and 6 for
two different jet-algorithm resolution parameter, ycy = 0.1
(solidlines) and y¢,; = 0.01 (dashed lines). In all figures, pre-
dictions in the H — bb category are shown in the top row in
red, while predictions for the H — gg category are shown
in the bottom row in blue. Similarly, we show results using
the flavour-kT algorithm in the left-hand column and results
using the flavour-dressing algorithm in the right-hand col-
umn. Each plot consists of two panels, with the upper panel
showing the NLO distributions and the lower panels showing
the differential K-factor NLO/LO for the two values of the
jet-algorithm resolution parameter yey.

Scale variations are included by a lighter shaded band
around the central predictions.

Generally, we observe larger rates in the H — bb decay,
owing to the fact that events in this category always contain at
least one b—b pair, whereas most events in H — gg decays
contain only unflavoured partons. We find larger NLO K-
factors in the H — gg decay category, owing to the fact
that our calculation employs the HEFT coupling between
the Higgs and gluons, making it susceptible to large correc-
tions. This is also reflected in the larger uncertainty band in
predictions in the H — gg decay category. Away from the
kinematical endpoints of the Born configuration, the magni-
tude of the NLO corrections in both Higgs-decay categories
is comparable between the flavour-kt and flavour-dressing
algorithms, with somewhat larger corrections visible in the
latter. It can be seen that predictions calculated with larger
values of y., generally also receive larger NLO corrections.
This can be understood by studying the number of three- and
four-parton events, which at higher y.,,, will be interpreted as
two- and three-jet events, respectively, thus changing the K -
factor. In all cases, lowering y¢, leads to wider distributions,
owing to the larger kinematically allowed phase space.

Before moving on to discussing features specific to the
individual observables, we wish to highlight a peculiar
behaviour of the flavour-kT algorithm that results in some
interesting phenomenology. For all observables shown here,
distributions in the flavour-kt algorithm span a signifi-
cantly larger value range than predictions employing the
flavour-dressing algorithm. Although it might appear as if
the flavour-kt algorithm allows to probe phase-space regions
with infrared sensitive configurations, this is not the case. The
reason for the large allowed value range can be found in the
definition of the modified distance measure of the flavour-
kT algorithm, Eq. 2, which takes the maximum whenever the
softer of the two partons is flavoured. In three-parton con-
figurations bbg which contain a soft b-quark (or b-quark),
E, < Eg, Ej, cf. Fig.2, all distances involving this quark
involve the maximum of the energies, y,; o max(Ejp, E;).

@ Springer

Fig. 2 Momentum-space diagram in the Higgs rest frame of a H —
bbg decay in which flavour-kt allows for an arbitrarily soft b-quark

As no singularity is associated with a single (anti-)quark
becoming soft, this definition allows for arbitrarily small
(anti-)quark energies, in principle below the order of the cut-
off ycut, while still retaining min; ;(yij) > ycu. In other
words, the flavour-kt algorithm counts three-particle config-
uration with a single arbitrarily soft quark as three-jet con-
figurations, in contrast to the naive expectation that a soft
particle, regardless of its flavour, does not constitute a jet.
We shall explore the consequence of this peculiar behaviour
of the application of the flavour-kt algorithm in analysing
thoroughly the shape and normalisation of the distributions
presented below.

The energy of the leading flavoured jet, £}, 1:

Figure 3 shows the energy of the leading flavoured jet. In
both decay categories and for both choices of the experi-
mental resolution parameter y.,, we observe similar results
in the distributions using the flavour-kt and flavour-dressing
algorithm at lower energies. Towards the kinematical limit
on the right-hand side of the plots, however, we find substan-
tial differences between the two jet algorithms: The flavour-
dressing algorithm assigns a vanishing probability to config-
urations with Ej, 1 &~ mpy /2, whereas such configurations
have a non-zero probability in the flavour-kT algorithm. This
is related to the treatment of three-particle configurations
containing a single soft quark in the flavour-kT algorithm.

Forthe H — bb category we find the following K -factors
for the two ycu: values: With a y¢, value of 0.1 we find
K -factors around 1.4-1.9 for flavour-kt and 1.3 to 1.9 for
flavour-dressing.

For ycut = 0.01, we find K -factors ranging from 1.1 (1.2)
to 1.3 (1.3) for flavour-kT (flavour-dressing). Inthe H — gg
category, we find higher NLO corrections, which are also
reflected in the K-factors. For flavour-kT and a yeu of 0.1,
we find K -factors from 1.5 to 2.5, where we start on the left
side with a small increase from 2.4 up to 2.5 at an energy of
Ep.1/myg = 0.34, followed by a decrease to 1.5 for higher
energies. The K -factors are more constant for a y. value of
0.01, varying around 1.4—1.7. Flavour-dressing with a ycy
of 0.1 starts with K-factors of around 2.2 and then rapidly
increases. A similar behaviour is observed for a yc value of
0.01, where the K -factors start at 1.7 and then diverge again.
Flavour-kt does not have these diverging NLO K -factors,
because of the previously discussed three-particle configu-
rations containing a single soft quark. Analysing the situa-
tion regarding the size of the QCD corrections observed with
both algorithms further, the following can be said: Already at
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flavour dressing (right column) algorithm
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LO, flavour-kt allows one quark to have large energies (and
thus the other quark has almost no energy), whereas flavour-
dressing does not allow for such configurations. Only at NLO,
flavoured jets are allowed to have large energies in flavour
dressing, and thus the K-factors receive large contributions
there, due to the division by the vanishing LO cross-section.

The energy of the subleading flavoured jet, E; »:

The distribution of the energy of the subleading flavoured
jet, shown in Fig.4 can be explained by a similar reasoning
as before for the leading flavoured jet distribution. Due to
the peculiar behaviour for pathological bbg configurations,
the flavour-kT algorithm has a non-vanishing probability to
find a flavoured jet with (almost) zero energy. As such how-
ever, the situation for the subleading flavoured jet is inverse
to the situation of the leading flavoured jet. Indeed the cor-
responding subleading jet distribution now extends all the
way to the maximum of E; | — mpg/2, while E, > — 0.
For this subleading jet distribution, the gluonic decay cate-
gory is subject to rather large NLO K -factors at higher ener-
gies. In the H — gg decay, the probability to find two hard
flavoured jets vanishes at LO, because flavoured quarks are
exclusively generated by secondary gluon decays. As such,
the NLO K -factors diverge towards the high-energy tail of
the subleading-energy distribution. The K-factors for the
fermionic decay category have a small increase for very low
energies in the flavour-kT algorithm and a decrease for high-
energies for both algorithms. The ranges are from 1.3 (1.2)
at to 2.0 (1.9) for flavour-kt with yey¢ = 0.1 (Yeur = 0.01).
For flavour-dressing the ranges are from 1.3 (1.3) to 1.5 (1.4)
with yeur = 0.1 (yeur = 0.01). The increase is for all algo-
rithms and y., values towards lower energies. The gluonic
channel has diverging K -factors for high energies, as alluded
to above. Otherwise, the K -factors range for a ycy of 0.1 from
2.1 to 3.0 for flavour-kT and 2.6 to 3.0 for flavour-dressing,
where for both the K -factor of 3.0 is obtained at an energy of
Epo/mpg = 0.3. For a yey of 0.01 the ranges are from 1.7
to 1.8 for flavour-kt and around 2.0-2.8 for flavour dress-
ing, where again the upper value is obtained at an energy
of Epp/mpy = 0.3. Afterwards the K-factors diverge, as
alluded to above.

The angular separation of the leading b- and b-jet, cos Opp:
Figure 5 shows the angular separation of the leading b- and
leading b-jet. We see that the peak of the distributions is
located at large angles (cos¢ — —1) in the H — bb cat-
egory, whereas it is located at small angles (cos¢ — 1)
in H — gg decays. The reason is that in Yukawa-induced
H — bb, the quark-antiquark pair directly stems from the
Higgs decay and is thus expected to favour a large angular
separation, whereas quark-antiquark pairs stem from gluon
decays in the H — gg category and, as such, are divergent
in the collinear limit. In H — gg decays, we see another
peak towards cos¢ = —1, which originates from decays

@ Springer

H — gg — bbbb, in which the leading b and leading b
originate from different gluons. Since this only happens at
NLO, the K -factors diverge, given that we divide by the van-
ishing LO cross-section. The same is not as pronounced in
H — bb decays, as the leading b—b pair almost exclusively
stems from the primary Higgs-decay vertex. The peculiar
behaviour of the flavour-kt algorithm for the three-parton
configurations with a single soft b-quark again allows the
distributions to span further into the infrared region, as is
visible by the numerically larger upper limit in the distribu-
tions obtained with flavour-kt. Except for the peak towards
cos¢ = —1, the K-factors for the H — bb channel are
ranging from 1.3 (0.8) to 1.7 (1.3) for flavour-kT and a ycyu¢
of 0.1 (0.01), while the range for flavour-dressing with a ycy;
of 0.1 is from 1.2 to 1.6, where the decrease is towards higher
cos ¢. The distribution ends in a sudden increase in the K-
factors. Flavour-dressing with a yc, of 0.01 starts around a
K -factor of 1.3 at low energies and then slowly decreases
to a K-factor of 1.0 for higher energies. For H — gg we
find the previously discussed divergence of NLO K -factors
towards cos¢ = — 1, due to the vanishing LO cross sec-
tion in flavour dressing as alluded to above. Away from this
region, we find K-factors in a range from 2.1 (1.5) to 2.2
(1.9) for a ycu value of 0.1 (0.01), where for ye, = 0.01
the minimal K -factor of 1.5 is obtained around cos¢ = 0
and possesses a steady increase of the NLO K-factors in
both directions. Flavour-dressing again features huge NLO
K -factors towards cos¢ = — 1. The descent for a ycy of
0.1 leads at cos ¢ = — 0.5 to a K-factor of 3.0, and yields at
cos ¢ = 0a K-factor of 2.4. It then falls further to around 2.2
followed by a sharp increase again. For a ycy; 0of 0.01, the K -
factors have a flatter distribution, where after the explosion
on the left-hand side, it reaches at cos ¢ = —0.5 a K-factor
of 2.3 and slowly decreases afterwards down to a K -factor
of 1.7 followed again by a sharp spike.

The invariant mass of the leading - and b-jet, m,

Figure 6 shows the invariant mass of the leading b- and
leading b-jet, my;. While Yukawa-induced decays favour
quarks with a high invariant mass, H — gg decays favour
quark-antiquark pairs with a small invariant mass. Again this
can be understood by noting that the quarks in H — bb
decays originate directly from the primary Higgs-decay ver-
tex, whereas they stem from secondary gluon splittings in
H — gg decays and will thus have a smaller invariant mass
myj, ~ (1 — cos6,;), due to the form of the g — gg split-
ting amplitude. The difference becomes more pronounced
for lower values of y.u, where the distribution shifts to larger
angles in Yukawa-induced decays and towards smaller angles
in gluonic decays. The main difference between the jet algo-
rithms is that the flavour-kt allows for smaller values of m,;,
which again is explained by the maximum in the distance
measure in Eq. (2). The K-factors for a ycy of 0.1 in the
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fermionic decay category start by a peak at low invariant
mass, where the peak for the flavour-dressing goes below a
K -factor of 1. Both algorithms then do not have too much
variation in the K-factors. For flavour-kt the values range
from 1.5, at higher invariant mass, to 1.6 at lower invari-
ant mass. In flavour-dressing the increase is in the oppo-
site direction with values ranging from 1.3, obtained around
m,j, = 0.4, to 1.5 for higher invariant mass. Both algorithms
then end the distributions with another peak. Lowering the
Yeut Value to 0.01 again flattens the distribution a bit. Flavour-
kt starts for low invariant mass at a K -factor of 1.1 and then
increases to a maximum of 1.4. Thereafter it slowly decreases
to a K-factor of 1.3 for higher invariant mass. The flavour-
dressing algorithm has a small K-factor of 0.2 for very low
invariant mass, but then quickly increases again until reach-
ing a K-factor of 1.2 around m,;/mp = 0.3 followed by
further increase to 1.3 for higher invariant mass.

The H — gg decay channel has big variations in the
K -factors and need a careful analysis. Starting with flavour-
kt and yoye = 0.1, we observe that the K-factors diverge
towards negative infinity for small invariant mass, leaving
thereby the region where the fixed order prediction can be
trusted. Increasing the invariant mass also increases the NLO
corrections, and the K -factor crosses a value of 1.0 around
m,;/mpy = 0.03 and further rapidly increases to 1.8 around
my;/mpg =0.1,24atm,;/mpy = 03,27 atmy;/my =
0.5 and further to 4.0 at m,;/mpy = 0.7, where it then starts
to diverge towards positive infinity, due to the vanishing LO
cross-section.

The distribution is similar for flavour-kt with a yc value
of 0.01 with the main difference, that after reaching a peak
in the K-factor of 2.3 around m,;/myg = 0.16, it starts
to decrease again to a K-factor of 1.7, before the NLO-
corrections get larger again for higher invariant mass. For
flavour-dressing the distributions are similar to flavour-kt,
where again for y.,; = 0.1, we start with very small K-
factors at low invariant mass followed by a quick increase and
a divergence towards positive infinity. Similarly for ycy =
0.01, the NLO-corrections are low at small invariant mass.
After arapid increase to a K -factor of 1.8 atm,;/my = 0.2,
the K -factors increase to 2.8 atm,;/m g = 0.6 and then start
to diverge again.

5 Summary and outlook

In this paper, for the first time, we have computed flavour-
sensitive observables related to hadronic Higgs decays
including both Higgs decay categories, i.e stemming from
the underlying processes H — bb and H — gg including
higher order corrections up to O(ag) in perturbative QCD.
The calculation was carried out in an effective theory in which
the Higgs couples directly to gluons, while massless b-quarks

retain a non-vanishing Yukawa coupling. Specifically, we
considered the following observables: the energy of the lead-
ing and subleading flavoured jet, the angular separation and
the invariant mass of the leading b—b pair at relative O(af) in
QCD. Using the antenna-subtraction framework, the compu-
tations were performed with the parton-level event generator
EERAD3, extended to account for hadronic Higgs decays.
A new flavour layer was implemented in EERAD?3 to allow
for the computation of observables with identified flavoured
jets. Flavoured jets were defined using both the flavour-kt
and flavour-dressing algorithm. For both algorithms, infrared
flavour safety was explicitly verified in Sect. 4.2. For each
observable, predictions obtained in both Higgs-decay cate-
gories, using both flavoured jet algorithms and for two values
of the experimental resolution parameter ycy, i.e., yeut = 0.1
and yoy, = 0.01 were compared. In all cases, lowering the
parameter y¢ leads to wider distributions, owing to the larger
kinematically allowed phase space.

Comparing the two Higgs decay modes, we observe larger
rates in the H — bb decay category. This is related to the
fact that events in this category always contain at least one
b—b pair, whereas most events in H — gg decays contain
only unflavoured partons. We find larger NLO K -factors in
the H — gg decay category, owing to the fact that our
calculation employs the HEFT coupling between the Higgs
and the gluons. Comparing the results obtained using the
two flavoured jet algorithms, it was highlighted that the use
of the flavour-kt algorithm introduces counter-intuitive phe-
nomenological implications, owing to its treatment of patho-
logical three-parton configurations containing a single soft
flavoured quark. While states with a single soft quark do not
correspond to infrared singularities in physical matrix ele-
ments, it has the effect that these configurations are identified
as three-jet like despite containing an, in principle, arbitrarily
soft quark.

Away from phase-space regions dominated by configura-
tions with a single soft flavoured quark, we find qualitatively
good agreement between the flavour-kt and the flavour-
dressing algorithm, with generally slightly larger NLO cor-
rections in the latter. Using the flavour dressing algorithm
in particular, the shape and normalisation of the individ-
ual distributions in both decay categories have characteristic
fixed-order behaviour over the whole kinematical range. In
particular the behaviour at the kinematical edges, i.e., the
drop or peak in the cross section, can be understood consid-
ering only hard final states in both Higgs decay categories.
It is worth mentioning though, that the drop or the peak of
the distributions seen at the kinematical edges are system-
atically exchanged in one or the other Higgs decay cate-
gories. This analysis demonstrates in particular the practi-
cal applicability of the flavour-dressing algorithm to com-
pute flavour-sensitive observables in hadronic Higgs decays
including both decay modes.
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Our study marks the first step towards a more com-
plete treatment of flavour-induced effects in hadronic Higgs
decays. Obtaining a solid theoretical understanding of these
effects will be vital for Higgs precision studies at future lep-
ton colliders. Among these efforts, two avenues for future
work are particularly worth mentioning: the study of flavour-
tagged event shapes and the analysis of the phenomenologi-
cal impact gained by the inclusion of NNLO-type corrections
to flavour-sensitive observables in hadronic Higgs decays.
We anticipate to return to both avenues in the future.
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