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Abstract We present a novel strategy for the simultane-
ous measurement of Higgs-boson branching ratios into glu-
ons and light quarks at a future lepton collider operating in
the Higgs-factory mode. Our method is based on template
fits to global event-shape observables, and in particular frac-
tional energy correlations, thereby exploiting differences in
the QCD radiation patterns of quarks and gluons. In a con-
strained fit of the deviations of the light-flavour hadronic
Higgs-boson branching ratios from their Standard Model
expectations, based on an integrated luminosity of 5ab™~!,
we obtain 68% confidence level limits of g, = 1 4 0.05
and (g < 21.

1 Introduction

Electron—positron colliders operating as Higgs-boson facto-
ries constitute one of the main options for future accelerator-
based high-energy experiments [1,2]. Similar to the LEP
experiments of the 1990s and their precision determination of
the Z-boson properties, the primary target of such a facility
will be the profound analysis of the Higgs-boson properties.
This encompasses in particular measuring its width, branch-
ing ratios, and kinematic distributions of its decay products
with unrivalled precision, searching for minute deviations
from Standard Model predictions, usually formulated in the
language of Effective Field Theories, see, e.g. [3-5]. One of
the observables that attracted considerable attention is the
branching ratio of the Higgs boson, and hence its coupling,
to gluons, which at a hadron collider such as the LHC can be
accessed only through its (dominant) gluon-fusion produc-
tion mode.

Due to the much cleaner final states produced in lepton—
lepton annihilation, at a future e*e™ collider this decay can
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be studied directly in events where the Higgs boson decays
into jets. Ignoring for the moment decays into intermedi-
ate W and Z-boson pairs, the gluon decay mode can be
extracted by vetoing QCD events with displaced vertices
which emerge in the weak decays of b and ¢ hadrons [6],
a technique also underpinning measurements of branching
ratios to heavy quarks at the LHC [7-10]. Having thus elim-
inated the two main competitor decay modes with similar
characteristics, the remaining QCD events are due to the
Higgs boson coupling to the light degrees of freedom. Real-
ising that the Yukawa coupling to the u, d, and s quarks is
negligible in the Standard Model yields the coupling of the
Higgs boson to gluons. Results based on this strategy indicate
branching ratio measurements at relative per-cent accuracy
[11,12].

In this study we will advocate an alternative approach
to this measurement, that is agnostic towards the presence
of displaced vertices and is underpinned by fits to event-
shape observables alone. This is in line with previous ideas
to use event- or jet shapes as theoretically well understood
taggers [13—15], but goes a step further by never explicitly
assigning a flavour to a given event. Such a strategy relies on
two well-established properties of QCD radiation patterns,
namely firstly that gluons carry two colours resulting in a
ratio C4/CF = 9/4 of colour charges with respect to quarks
and hence about twice as many emissions, and secondly that
the finite masses of the heavy quarks shield the collinear
divergence of gluon emission, thereby depleting their QCD
radiation in this region, a phenomenon also known as the
“dead cone” effect [16]. Combining both effects allows the
placement of direct constraints to the sum of the light-quark
Yukawa couplings.

In particular we will use fractional energy correlations [17]
which are geared towards a systematic study of the collinear
regions of the radiation pattern. Our studies here supplement
the existing strategy for the measurement of the Higgs-boson
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branching ratio to gluons, see also Ref. [ 18] for arecent study
using jet charge as a discriminating variable. They further-
more provide an alternative to first attempts to measure the
Yukawa coupling to light quarks through rare decays such as
H — ¢y at the LHC [19,20].

In relying on event-shape variables alone, hadronisation
effects constitute the dominant systematic uncertainty when
fitting Monte Carlo results to (synthetic) data. To account for
this we re-tune the new cluster-hadronisation model [21] of
the SHERPA event generator [22] to LEP data, and quantify
the resulting uncertainties through repeated tunes with vary-
ing input data. We refer to the resulting sets of alternative
hadronisation parameter values as replica tunes.

Our discussion is structured as follows: in Sect. 2 we detail
the setup of our analysis, and in particular the event-shape
observables we use. This is followed by Sect. 3 where we
describe our simulations with SHERPA and we put special
emphasis on the re-tuning of its fragmentation model. In
Sect. 4 we discuss the results emerging from fits to various
event-shape distributions, with and without soft-drop groom-
ing the hadronic final state, which we present as allowed two-
dimensional regions of values for the deviations 14, and 1ty
of the Higgs boson branching ratios into gluons and light
quarks. We conclude and summarise our study in Sect. 5.

2 Analysis of event shapes in ete™ — ZH

We here propose an analysis at a future lepton collider operat-
ing at the working point for Higgs-strahlung production, i.e.
/s 2 mpy + mz. Our goal is to consider hadronic Higgs-
boson decays, where we separate the branchings to gluons,
light (up, down and strange) quarks, charm quarks and bot-
tom quarks. Experimentally, those will at first all be seen
as hadronic channels. However, due to the difference in the
QCD radiation pattern between quarks and gluons, and the
imprints of finite quark masses, one can expect differences
in observables such as the well-studied event shapes.

Following the selection cuts of Ref. [6], we identify Z-
boson candidates as pairs of opposite-sign leptons within
£5 GeV of the nominal Z mass. The reconstructed Z-boson
is required to have at least a transverse momentum of pr 7 >
10 GeV and a longitudinal momentum of at most 50 GeV.
To suppress irreducible backgrounds from ZZ events, we
require for the opening angle between the two leptons 6;+;- <
100°. We additionally ask for a total hadronic mass of all
other particles to be at least mp,q > 75 GeV. In order to select
events where the hadronic final state is likely to originate
from a decaying Higgs-boson, we constrain the recoil mass
of the lepton pair, defined as

Mieoit = 8 +my — 2/s(Epe + E-) | 2.1)
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see also [2], to be similar to the Higgs-boson mass. In practice
we use 120 GeV < mypecoil < 130GeV.

We base the calculation of event-shape observables on
charged-particle tracks' and consider the family of fractional
energy correlations [17]

- _ZEiEj|sin9ij|"(1—|c039,-j|)1_"
tE (i En?

x@[(gi -fir)(g;j - nir)], 2.2

with x = 0.5, 1, 1.5. The sums run over all charged tracks i
and j with respective energies E; ; and three-momenta g; ;.
All energies and angles are evaluated in the Higgs-boson
rest frame, which we reconstruct as the full charged final
state, excluding the two leptons from the Z-boson decay.
We can analyse the behaviour of this class of observables in
response to a single soft-gluon emission off a hard parton
from the hadronic decay as commonly done in the context
of resummation calculations [17]. In terms of the soft-gluon
transverse momentum k; and rapidity 7 relative to the hard
parton, the fractional energy observables scale like
EC ki by ; —

c~ —=e’l, with b=1—x. 2.3)

0

Hence x = 1 corresponds to a purely transverse-
momentum like scaling; larger (smaller) values of x will give
a higher weight for pairs of particles with smaller (larger)
opening angles. The fractional energy correlations are very
similar to jet angularities that are studied at the LHC in the
context of quark and gluon tagging, see for example [23—
27]. The choice x = 1.5 corresponds to the Les-Houches
angularity [28]. By the Heaviside function in Eq. (2.2), the
fractional energy correlations are implemented as sum over
the contributions from two hemispheres defined by the axis
nr. We follow the original definition and use the thrust vari-
able to define the reference axis, and hence the hemispheres.
There are further standard observables that are written in this
way, for example total hemisphere broadening,

G x iir|© [&g; - iir]

Btot:B++B_, B:t Z |é.| )
i 1qi

2.4
or total mass
- S5 2
2 2 2 2 (Zi 490 [iql‘ ”T])
m;, =m5, +m- , mi = — .
tot + + Z[ |%|
2.5)

! Note, the restriction to charged tracks is not strictly needed for our
particle-level analysis, but we expect that the experimental resolution
of angular separations improves when using charged-particle tracking
information.
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We also considered properties of individual hemispheres, for
example the mass of the heavier hemisphere and the broad-
ening of the wider one, but did not observe any notewor-
thy increase in performance and hence focus on the ones
described above. In terms of Eq. (2.3), the broadening scales
with b = 0 and behaves similar to FC while the mass would
correspond to FCy, i.e. b = 1, which we do not analyse here.

As an additional handle, we employ soft-drop grooming
[29] with the goal to reduce hadronisation corrections. While
the soft-drop grooming algorithm was originally developed
to mitigate the contamination of jets from effects that are
typically simulated as underlying event or multiple parton
interactions, it has been shown to be effective in mitigating
non-perturbative corrections to event-shape observables in
leptonic and hadronic collisions as well [30-32]. We apply
the algorithm individually to the two event hemispheres. To
this end, we recluster their respective constituents using the
Cambridge/Aachen jet algorithm [33,34], then undoing the
last clustering step between the subjets i, j and checking for
the soft-drop condition

min [E,', Ej]

2.6
LT E (2.6)

> Zcut-
If this condition is satisfied, the procedure terminates. Oth-
erwise, the softer of the subjets, with smaller energy, is dis-
carded and the procedure is repeated for the harder one. This
continues until Eq. (2.6) is true, or the remaining subjet con-
sists of only one track. Note that other references include an
angular dependence in the soft-drop condition, whereas we
here only consider the 8 = 0 case of [29], which is equivalent
to the modified mass drop tagger [35,36]. We also restrict our
study to the conventional case z¢yc = 0.1. The observables
are then calculated on the remaining particles after grooming,
however, normalised by the hadronic energy before groom-
ing. This treatment is necessary in order to define collinear
safe observables [31].

For our final results, histograms for the differential dis-
tribution of event shapes v are constructed as sums over the
individual decay channels

do do;

D Rl

dv Z Hi dv
ie{qq,cc,bb,gg, WW,ZZ}

dozz
dv ’

2.7)

where the sum runs over the hadronic decay modes of the
Higgs-boson, into light (¢g), charm (cc) and bottom (bb)
quarks, gluons (gg), as well as two hadronically decaying
vector bosons. In the last term we add the irreducible back-
ground from ZZ production. The factors p; parametrise
deviations from the Standard Model (SM) partial Higgs-
boson decay widths, with the SM corresponding to u; = 1
Vi. Ultimately, we aim for an experimental determination of
the coefficients ;. In the following, we explore the possibil-
ity to set limits on simultaneous deviations of g, tgg and

My from 1, while leaving the total cross section unchanged.
To achieve this, we scan different points in (14, and ji4q, fix-
ing e = pww = Mzz = 1, and imposing the constraint

g Ogg
My =1~ (tgg — 1)% — (1tqq — 1)#2. (2.8)

3 Simulation with SHERPA

To simulate particle-level events we use the SHERPA event
generator. The main physics aspects of the framework are
documented in [22], while we here work with a pre-release
version 3.08 [37]. We use SHERPA’s default dipole shower
based on Catani—Seymour factorisation [38], that supports
finite parton masses in the splitting kernels and branch-
ing kinematics. Parton-to-hadron transitions are described
by SHERPA’s built-in cluster-hadronisation model [21] and
hadron decays are treated by its internal decay package [22,
39]. We will comment below on a dedicated hadronisation-
parameter tune based on sensitive measurements from LEP
experiments. We analyse our simulated data with the RIVET
package [40] and use the CONTUR tool [41,42] for statistical
analyses and the calculation of exclusion limits.

3.1 FCC-ee setup

We assume the operating conditions for a Future Circu-
lar Collider, FCC-ee, running at a centre-of-mass energy of
/5 = 240 GeV [1,2]. We simulate the processes eTe™ —
Z(— utu")H(— gq) at order aéwyg separately for g =
u,d, s, collectively referred to as light-quark decays, g = ¢
andg = b,andete™ — Z(— utu")H(— gg). We here
assume the one-loop decay H — gg in the heavy top-quark
limit, treating it through an effective gg H vertex [43-45].
We take into account the Higgs-boson decays to WW* and
ZZ* by generating a sample of eTe™ — Z(— utu)H
events where the Higgs is forced to decay into Wqg’ or Zgg
and the on-shell vector bosons likewise decay into quarks.
We rescale our leading-order results to the branching ratios
from [46], corresponding to

BR(H — bb) =56.81% BR(H — ¢¢) =2.82%

BR(H — gg) = 8.112%, 3.1)

by appropriately adjusting the event weights in the final sam-
ples. While we neglect contributions from ¢ = u, d, we esti-
mate the H — ss branching ratio by scaling the H — cc¢
result [47], i.e.

2
3" BR(H — ¢§) ~ BR(H — s§) ~ <ﬂ>
q=u,d,s,

BR(H — ¢¢) = (11.72) > BR(H — c?). (3.2)

@ Springer
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Note that we handle ¢ and b quarks as massive in the
parton-shower evolution [38]. Finally, we simulate a sam-
ple for resonant and non-resonant di-boson production, i.e.
ete™ — puTu~qq at order aéw, which we refer to as ZZ
background. We do not include any higher-order corrections
at this stage of the simulation.

The computed cross sections are scaled to an integrated
luminosity of £ = 5 ab™! to account for the full projected
statistics accumulated by the FCC-ee at this centre-of-mass
energy, and we include another factor of two to emulate the
use of both electron and muon channels. We construct his-
tograms for the considered set of observables according to
Eq. (2.7). The statistical errors are scaled accordingly with
the estimated number of entries for a given bin i, N;, as J/N;.
This is combined with a covariance matrix for the system-
atic variations of hadronisation-model parameters, see below,
derived as
Vij = (NiNj) — (Ni)(N;), (3.3)
where the average is taken over runs with different tuning
parameters.

In Fig. 1 we show example predictions for the frac-
tional energy correlations F C1 s and F Cp 5. We illustrate the
SM distribution obtained from our simulations with SHERPA
as well as the variations corresponding to two representa-
tive sampling points in the (g, tgg) plane, ie. {uge =
1, g =4} and {uge = 1.18, g5 = 1}. For completeness,
in Fig. 8 in Appendix B we show equivalent results for the
soft-drop groomed final state. The qualitative picture thereby
remains unchanged.

3.2 LEPI setup and tuning

For the present study we perform dedicated tunes of SHERPA’s
new cluster-fragmentation model AHADIC++ [21], focusing
on event-shape observables. We provide non-perturbative
(tuning) uncertainties through replica tunes.

Similar to previous tunes, we concentrate on observables
for hadronic final states in electron—positron annihilation
accurately measured at LEP1. Our simulations rely on next-
to-leading order (NLO) QCD matrix elements for ete™ —
qq +1{0, 1} j dressed by the parton shower, using the SHERPA
implementation of the MEPS @ NLO formalism [48]. The con-
tributing tree-level amplitudes are obtained from the built-in
matrix element generators COMIX [49] and AMEGIC++ [50],
while the required one-loop amplitudes are obtained from
OPENLOOPS [51]. For the hard-scattering amplitudes we con-
siderq = u, d, s, c massless and only take into account mass-
effects for ¢ = b, therefore adding explicitly the tree-level
contribution for the 4b final state. As jet-separation parame-
ter in the merging prescription we use log;, (Q2,/s) = —2
[52].

@ Springer

We employ the APPRENTICE tuning tool [53] in combi-
nation with analyses provided by RIVET [40]. We simulta-
neously tune all parameters listed in Table 2 in Appendix
C, starting from rather wide parameter ranges, decreasing
the intervals in a sequence of tunes. APPRENTICE uses actual
generator runs with varied hadronisation parameters to con-
struct a bin-wise polynomial surrogate of the Monte-Carlo
response for observables of interest. To narrow down the
tuning ranges in subsequent iterations, we construct multiple
such surrogates each with a different set of generator runs
and in this way find equivalent tunes, with results of simi-
lar quality. The outcome of such set of tunes is then used to
shrink the parameter ranges for the next iteration. After the
final iteration, the obtained family of equivalent tunes is used
to estimate the remaining non-perturbative uncertainties by
interpreting its members as replica tunes, i.e. by re-running
the Monte-Carlo simulation with the alternative parameter
values.

Our observable selection for the new generator tunes is
similar to the ones used for the initial AHADIC++ tunes pre-
sented in [21], as well as its predecessor [54]. It consists
mostly of mean and differential charged-particle multiplici-
ties [55], event shapes like thrust and its minor and major vari-
ants [56,57], as well as the b-quark fragmentation function
[58,59]. Furthermore, we consider jet-rates for the Durham
algorithm [60], and a selection of multiplicities of identified
hadrons [61], thereby aiming for a general tune suitable for
event-shape and jet observables. The complete list of analy-
ses and differential distributions can be found in Table 1 of
Appendix C.

Figure 2 shows exemplary results for observables used in
the tuning, including the final SHERPA prediction and the
corresponding non-perturbative tune uncertainty indicated
by the light-blue band. To allow for sufficient freedom in
the variations for all 16 parameters considered in the tun-
ing, we provide 50 replica tunes. They represent our tuning
uncertainties by having each replica tuned with a different,
random subset of Monte-Carlo runs. We extract the uncer-
tainty bands in Fig. 2 by re-running the simulation for each of
the replica tunes, and plot the envelope of the resulting devi-
ations. We find good agreement between our SHERPA pre-
dictions and data, with deviations of the central tune to the
data being largely covered by our estimated non-perturbative
uncertainties.

4 Results

Let us now turn to the statistical analysis of event shapes,
measured as described in Sect. 2. We add the histograms
corresponding to our analysis to the CONTUR framework [41],
and use its statistical analysis modules to compute confidence
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Fig. 2 Example results for the SHERPA hadronisation tune including
model parameter uncertainties in comparison to data from LEP taken
at v/s = 91.2GeV. Shown are the charged-particle multiplicity nch
measured by ALEPH [55] (left), thrust 7 as measured by DELPHI [57]

levels for the exclusion of different points in the (g, t1gg)
plane.

The two dimensional exclusion limits for pge versus 1145
based on the three fractional energy correlations F'Cy 5, FCy
and F Cy 5 are shown in Fig. 3, respectively. As already indi-
cated in the introduction, QCD radiation tends to mainly pop-
ulate the soft and collinear regions of phase space, where
the dead-cone effect associated to the finite and relatively
large masses of the ¢ and b quarks most visibly manifest
themselves, and where differences due to different colour
charges (the Cr of quarks versus the C4 of the gluons) lead
to directly observable differences in the numbers of parti-
cles emitted. Accordingly, the Les-Houches angularity FC s

X

(center), and the B-hadron energy fraction xg measured by OPAL [59]
(right). Each of the SHERPA predictions corresponds to 107 events, ensur-
ing that the statistical errors are negligible and the depicted uncertainties
are dominated by the variations of non-perturbative model parameters

tends to be the most sensitive observable, since it gives the
largest weight to collinear emissions. Nevertheless, all three
choices x = 1.5,1,0.5 are able to limit pg, to be within
1 £ 0.10 based on a 68% confidence limit. However, based
on F'Cy s one should be able to set a stronger limit on pge to
be within 1£0.07 and additionally limit ;45 < 33, while we
can only exclude 4 values larger than 45 based on FCj.
Finally, F'Co 5 appears to not be sensitive to 14 Within the
range we consider.

Including soft-drop grooming of the hemispheres does not
result in any significant improvements, as shown in Fig. 4,
the equivalent of Fig. 3 but with grooming included. In fact,
the limits worsen slightly, which could to some extend have

@ Springer
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Fig. 4 Exclusion limits based on soft-drop groomed fractional energy correlations (from left to right) FCy 5, FCy, FCy s

been anticipated, since there are competing effects at work.
Grooming will remove some information from the radiation
pattern, but on the other hand has the potential to reduce the
impact of hadronisation corrections and hence the associ-
ated systematic uncertainty. Apparently, this reduction is not
sufficient to compensate for the loss in information, at least
with the grooming parameters we have considered here. One
could imagine that an optimisation of z¢y; and the inclusion
of angular dependence in the soft-drop condition could lead
to more competitive results. In addition it is certainly worth
stressing that the combination of probable future refinements
of the hadronisation models and the drastically increased data
set of a potential FCC-ee (10'2 events vs 107 at LEP-T) will
most likely significantly reduce the uncertainty related to the
modelling of the parton-to-hadron transition. To illustrate
this, we present in Appendix A Fig. 7 selected exclusion-
limit plots for the scenario of negligible non-perturbative
uncertainties. As anticipated, the limits improve, resulting
in pgg = 1£0.05 and pyg < 25 for plain FCy 5, and
Mgg = 1 £0.06 and g5 < 28 for its soft-drop groomed
variant.

One of the major differences of our procedures so far, com-
pared to traditional tagging methods, is that we effectively
tag any event as a whole. When individually tagging jets,
or hemispheres for that matter, one would want to include a

@ Springer

requirement that both tags are compatible with the desired
final state. To mimic this, we consider a measurement of
the fractional energy correlations but on each hemisphere
separately. We then derive exclusion limits based on the cor-
responding two-dimensional histograms. While we hope to
expose additional information in this way, it should be clear
that this is a more involved observable definition. In particu-
lar, joint resummed calculations of several observables are far
less advanced than what would be available for the distribu-
tions considered above. The resulting confidence levels can
be found in Fig. 5. They are somewhat improved compared
to the baseline in Fig. 3. In particular, for FCj 5 we obtain
Mg = 1 £0.05 and g < 21. This suggests that com-
bining individual results from the two hemispheres into one
measurement reduces the impact of systematic uncertainties
due to non-perturbative corrections, i.e. hadronization. This
is further highlighted in the Appendix, Fig. 7 where we eluci-
date the impact of vanishing hadronization uncertainties due
to the improved understanding and tuning of the correspond-
ing models.

Lastly, we analyse some examples of more traditional
event shapes that were measured by the LEP experiments
and enter our tuning. We focus on the sum of the hemi-
sphere masses and the total broadening. The hemisphere
masses would scale similar to F'C(, which we do not show, in
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the infrared limit, while total broadening is similar to F'C.
Correspondingly, the limits derived from the masses, shown
in the leftmost subplot of Fig. 6, is even weaker than that
obtained from F Cy s, consistent with the decline depending
on x. In the middle of Fig. 6 we show the same plot but for
total broadening, where we find a similar behaviour to FCy,
as expected. Finally, in the rightmost plot we show the limits
obtained from considering the two-dimensional distribution
of the broadening of both hemispheres. Again, we observe
slightly improved limits compared to the one-dimensional
distribution, in line with what was observed for FCj.

5 Conclusions

In this article we have presented a proposal for the extrac-
tion of hadronic branching ratios of the Higgs boson at a
future lepton collider operated as a Higgs factory. To sepa-
rate couplings of the Higgs boson to light degrees of freedom,
i.e. those to gluons and light quarks from the ones to mas-
sive charm and bottom quarks, our ansatz does not require
the reconstruction of displaced vertices from weak decays
of heavy flavour hadrons. Instead, we propose to instrument
event-shape observables that are sensitive to the differences
in the radiation patterns of light/heavy quarks and gluons. In
particular, we have focused on fractional energy correlations
with and without soft-drop grooming of the two event hemi-
spheres with respect to the thrust axis. Based on dedicated
simulations with the SHERPA event generator framework we
showed that stringent limits on the deviation of the Higgs-
boson branching ratios into light-quarks, gluons and bottom-
quarks can be obtained. Assuming the full projected lumi-
nosity of 5ab~! for the FCC-ee collider at /s = 240 GeV,
we were able to derive limits as tight as

Mge =1£0.05, pyg <21,

The best sensitivity we obtained for the fractional energy cor-
relation F (| 5 that is geared to explore the collinear region

while Eq. (2.8) has to hold.

of the hard shower initiator. To address the systematic uncer-
tainty from the non-perturbative fragmentation of partons to
hadrons we performed a dedicated tune to event-shape and
jet observables measured by the LEP experiments, thereby
deriving, for the first time, a whole family of replica tunes
that allow us to estimate the residual model-parameter uncer-
tainties of SHERPA’s cluster fragmentation.

Our results indicate the possibility to constrain the Higgs
boson-to-gluon coupling to about 5%, at particle level, to be
roughly compared with the 1.9% [2] and 1.7% [11], in two
studies of future lepton colliders at detector level. Although
they cannot be fully comparable due to the different level
of sophistication in the respective analyses and although our
results are not fully competitive, we observe that the inde-
pendent analysis strategy will offer welcome cross checks.
We believe that such a direct constraint represents an impor-
tant part in arriving at a fully understood picture of the Higgs
boson couplings to light strongly interacting degrees of free-
dom in the SM, which in previous studies have been con-
strained only indirectly, through a veto on their heavy coun-
terparts. In addition we note that a significant part of the the-
ory uncertainty stems from uncertainties in the modelling of
hadronization, which can only decrease at a high-luminosity
lepton collider, indicating possible future improvements. We
finally note that our direct limit on the Higgs boson-to-light-
quark coupling of about a factor of 20 is competitive with the
indirect limits on the individual light quark couplings quoted
in [11] within the « framework, with limits between about 10
(for s-quarks) and 100 (for u# and d quarks), again obtained
indirectly.

The obtained results motivate further studies and refine-
ments. In our study, we deliberately ignored any information
on potential secondary vertices that could in principle be used
for a better separation of the heavy-flavour contributions.
Furthermore, additional selection cuts could help to further
reduce the contribution from Higgs-boson decays to vector
bosons that subsequently decay hadronically, populating the
region of rather large event-shape values, thereby diluting
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Fig. 6 Exclusion limits based on (from left to right) the sum of the hemisphere masses, the total broadening, and the 2-dimensional distribution

of broadenings in the two hemispheres

the gluon signal. Similarly, the parameters of the grooming
algorithm can certainly be further optimised to better bal-
ance the reduction of non-perturbative corrections against
the imprints of the QCD radiation pattern in the hadronic
final states.

Concerning the theoretical predictions, for the consid-
ered event-shape variables all-orders analytical predictions
could be derived, for example at next-leading-logarithmic
accuracy based on the CAESAR formalism [17,31,62,63],
or at next-to-next-to-leading-logarithmic level through ARES
[64,65]. Alternatively, accurate resummed predictions for
event shapes have been obtained using effective field theory
techniques, see for example [66,67], which have also been
applied to jet observables closely related to the energy corre-
lations used here [68—72]. Furthermore, progress has recently
been made on including finite quark masses in resummed cal-
culations [73-76]. To further reduce non-perturbative uncer-
tainties we envisage dedicated analyses of hadronic final
states at the FCC-ee prior to attempts to measure Higgs-boson
couplings that should enter the tuning and help to further con-
strain the model-parameter uncertainties.
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Appendix A: Exclusion limits assuming vanishing non-
perturbative uncertainties

We highlight the effect of vanishing non-perturbative uncer-
tainties in Fig. 7, where we show exclusion plots for the
three procedural variants of the F'C1 5 observable considered
before.
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soft-drop grooming (left, middle) and measured individually on the two

Appendix B: Selected distributions for soft-drop groomed
observables

In this appendix we present the equivalent distributions to
Fig. 1, but with soft-drop grooming applied as described in
the main text (Fig. 8).

Appendix C: Central tune parameters and uncertainty
ranges

The re-tuning of SHERPA’s hadronisation model was based
on RIVET analyses of LEP 1 measurements and observables
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detailed in Table 1. We list the the initially considered param-
eter range, the central tune value and corresponding uncer-
tainty intervals, determined from 50 replica tunes, in Table 2.
For the full list of AHADIC++ model parameters and their phys-
ical interpretation we refer the reader to Ref. [21].
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Fig. 8 Predictions for soft-drop groomed fractional energy correlations F C 5 (left) and F Cy s (right) at the FCC-ee for the SM and two hypotheses
for modified couplings of the Higgs-boson to QCD partons. The bands indicate the combined statistical and systematic errors of the SM prediction
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Table 1 List of RIVET analyses and corresponding observables used for the tuning

RIVET analysis tag [reference] Observables

ALEPH_1991_S2435284 [55] Mean/total charged multiplicity

ALEPH_1999_S4193598 [77] Scaled energy of D** mesons

OPAL_2003_1599181 [59] b-quark fragmentation function

ALEPH_2004_S5765862 [56] Jet-mass difference, aplanarity, oblateness, C-parameter
DELPHI_1996_S3430090 [57] Thrust (major, minor), p; w.r.t. thrust axis, scaled momentum
JADE_OPAL_2000_S4300807 [60] Durham algorithm differential jet rate y;
PDG_HADRON_MULTIPLICITIES [61] Multiplicity of 7+, 7%, K+, K%, 5, 1, p, A hadrons

Table 2 List of AHADIC++

model parameters considered in Parameter tag Tuning range Central tune Uncertainty variation
the tunmg..Quoted are the initial KT 0 [0.5.1.5] 121 [1.15.1.35]
parameter interval, the
central-tune value, and the ALPHA G [—1.0,2.0] 0.96 [0.50, 1.01]
parameter uncertainties ALPHA_L [—1.0,5.0] 3.92 [3.88,4.27]
extracted from 50 replica tunes BETA L [0.0,0.5] 0.18 [0.05, 0.20]
GAMMA_L [0.1, 1.0] 0.47 [0.34,0.65]
ALPHA_D [—1.0,5.0] 3.41 [3.10,4.17]
BETA_D [0.0, 1.0] 0.72 [0.58,0.83]
GAMMA_D [0.0, 1.0] 0.77 [0.51,0.82]
ALPHA_H [—1.0,5.0] —0.60 [—0.70, —0.15]
BETA_H [0.1,2.0] 1.84 [1.53,1.90]
GAMMA_H [0.0,0.5] 0.024 [0.021, 0.049]
STRANGE_FRACTION [0.0, 1.0] 0.46 [0.43,0.48]
BARYON_FRACTION [0.0, 1.0] 0.17 [0.15,0.18]
P_QS_by_ P _QQ norm [0.0, 1.0] 0.57 [0.54,0.77]
P_SS_by_P_QQ norm [0.0,0.1] 0.056 [0.01, 0.08]
P_Q0Q1 by P_000 [0.0,2.0] 0.60 [0.53,0.71]
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