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Abstract We evaluate the LHC’s potential of observ-
ing Higgs boson decays into light elementary or com-
posite resonances through their hadronic decay chan-
nels. We focus on the Higgs boson production processes
with the largest cross sections, pp — h and pp — h+jet,
with subsequent decays h — ZA or h — Z 7., and com-
ment on the production process pp — hZ. By exploiting
track-based jet substructure observables and extrapo-
lating to 3000 fb~* we find BR(h — ZA) ~ BR(h —
Zne) < 0.02 at 95 % CL. We interpret this limit in
terms of the 2HDM Type 1. We find that searches for
h — Z A are complementary to existing measurements
and can constrain large parts of the currently allowed
parameter space.

1 Introduction

The greatly successful Run 1 of the large hadron col-
lider (LHC) culminated in the discovery of a state that
resembles the standard model (SM) Higgs boson [1, 2].
First measurements of its couplings to gauge bosons
and third-generation fermions are in good agreement
with SM predictions [3]. However, the current precision
of the measurement of Higgs boson couplings and prop-
erties cannot rule out Higgs boson decays into light res-
onances. In the SM, examples of such light resonances
include the composite unflavoured mesons and quarko-
nium states, e.g. the J/1.

Furthermore, Higgs boson decays into elementary
light resonances are predicted by many extensions of
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the SM [4]. They arise generically in scenarios with mul-
tiple Higgs fields or kinetic mixing between SM gauge
bosons and bosons of a dark U(1) gauge group. In the
NMSSM, Higgs boson decays into an additional light
CP-odd scalar can occur. Close to the alignment limit
of the Two-Higgs-Doublet Model (2HDM) of Type I or
IT, a light CP-odd scalar with mass of few GeV can also
be phenomenologically accommodated with a 125 GeV
SM-like Higgs boson h [5]. Higgs boson decays into vec-
tor bosons of the SM and an additional spontaneously
broken U(1)p [6] can arise through kinetic mixing in-
duced by heavy particles that carry hypercharge, e.g.
h — ZZD or h—)’)/ZD

Searches for light composite resonances have been
proposed to set a limit on the Higgs boson couplings to
first and second-generation quarks [7, 8]. However, for
SM couplings the branching ratios for exclusive Higgs
boson decays are generally of O(107°) or less [7, 9, 10],
eg. BR(h — Zn.) ~ 1.4 x 1075, BR(h — p%v) ~
1.68 x 107° or BR(h — J/v¢ ) ~ 2.95 x 107°, re-
sulting in small expected event yields. Nevertheless,
both general purpose experiments at the LHC have per-
formed searches for exclusive Higgs boson decays, focus-
ing on the dimuon decays of vector quarkonia. With
Run 1 data the ATLAS collaboration has set 95 %
confidence level (CL) upper limits of O(1072) on the
branching ratios for BR(h — J/¢ v) and BR(h —
Y(1S,2S,3S) «) [11], while the CMS collaboration ob-
tained a similar upper limit for BR(h — J/v¢ v) [12].
Recently, the ATLAS collaboration has also set a 95 %
CL upper limit of 1.4 x 1073 on BR(h — ¢ ~) [13].

Hence, rare decays of Higgs bosons into light ele-
mentary or composite resonances are of direct relevance
for the two most important tasks of the upcoming LHC
runs: (a) precision measurements of the Higgs boson
properties; and (b) searches for new physics.



While most existing search strategies rely upon res-
onance decays into leptons, i.e. muons, the total width
of most composite resonances and elementary scalars
is dominated by decays into hadronic final states, e.g.
BR (M. — hadrons) > 52 %* [14]. Instead of exploiting
only leptonic decay modes, we therefore propose that
the inclusive hadronic decays be considered. Light res-
onances X with masses of mx = 1 — 10 GeV produced
in decays of the Higgs boson with a mass of 125 GeV,
are highly boosted and their decay products are thus
confined within a small area of the detector. The angu-
lar separation of the decay products of the resonance
X scales like AR = \/An? + A¢p? ~ dmx /my,, where n)
is the pseudorapidity and ¢ the azimuthal angle. Sepa-
rating the decay products in the calorimeters of the de-
tector poses a challenge, as the typical size of hadronic
calorimeter cells is 0.1 x 0.1 in the (7, ¢) plane.

Thus, to discriminate two jets the angular separa-
tion of their axes has to be roughly AR 2> 0.2. If open-
ing angles are smaller, the total energy deposit of the
resonance decay products can still be measured, but the
substructure, i.e. the energy sharing between the decay
products, becomes opaque. To maintain the ability to
separate between signal and QCD-induced backgrounds
we propose to utilise track-based reconstruction. Tra-
jectories of charged particles as measured in the track-
ing detectors provide a much better spatial resolution
than the reconstructed calorimeter clusters. Recently, a
similar approach was advocated for highly boosted elec-
troweak scale resonances [15-18], for which dedicated
taggers have been developed.t

In this work, we use track-based reconstruction tech-
niques to evaluate the sensitivity of general purpose de-
tectors at hadron colliders, with characteristics similar
to those of ATLAS [19] and CMS [20], in measuring
rare Higgs boson decays into light hadronically decay-
ing resonances. Focusing on the High Luminosity LHC
(HL-LHC) regime, our analysis assumes a dataset cor-
responding to an integrated luminosity of 3000 fb=! col-
lected at center-of-mass energy /s = 13 TeV. We con-
sider two production channels for the Higgs boson: in-
clusive Higgs boson production and Higgs boson pro-
duction in association with a hard jet of transverse mo-
mentum pr > 150 GeV.

As two benchmark cases for rare Higgs boson decays
into light resonances we consider h — Z(— ££)+7, and
h — Z(— 0£)+ A, where A is assumed to be an elemen-
tary CP-odd scalar of mass 4 GeV which decays mostly
hadronically. The presence of two high-pT isolated lep-

*Based on a simple sum of the branching fractions for the
observed decays of the 7. into stable hadrons.

Thttp://www.ippp.dur.ac.uk/~mspannow/webippp/
HPTTaggers.html

tons from the Z boson decay, ensure an efficient trigger
strategy for HL-LHC environment. The characteristics
of the h — Z(— ¢£) + 7. benchmark are expected to
be representative of similar decays to vector charmonia
(e.g. h = Z(— £0) + J/4), due to similarities in their
hadronic decay patterns and small mass differences rel-
ative to the scale of the jet momenta relevant in the
decays of Higgs boson with a mass of 125 GeV.

The event generation is described in Sect. 2, while
Sect. 3 is devoted to the details of the reconstruction
of the Higgs boson decay products and event selec-
tion. The statistical analysis and expected sensitivity
are given in Sect. 4. In Sect. 5 the expected results are
interpreted in terms of 2HDM models. We offer a sum-
mary of our findings in Sect. 6.

2 Event generation

For the simulation of both the signal and the back-
ground contributions we employ a modified version of
Sherpa 2.2.0 [21] that was adapted in such a way as to
facilitate the simulation of Higgs decays into compos-
ite resonances. Parton shower effects, hadronisation, as
well as underlying event contributions are taken into
account throughout. Both Higgs boson production pro-
cesses, h + jet and inclusive h, are calculated at NLO
and matched to the parton shower. Finite top quark
mass effects in the gluon fusion production mechanism
are taken into account as described in Ref. [22]. The
Higgs boson decays h — Z 1., h — ZA as well as the
subsequent decay of the pseudoscalar and the Z bo-
son are calculated perturbatively at leading order using
the algorithm and methods described in Ref. [23]. Spin-
correlations are thus retained in all resonance decays.
The UFO model format, supported by Sherpa, was used
for the implementation of an elementary pseudoscalar
and its interactions [23, 24].

The Z +jets production is expected to represent the
dominant background in this search with other contri-
butions such as tf production being suppressed to a
negligible level by requiring an opposite-charge same-
flavour dilepton with an invariant mass consistent with
the Z boson mass. For inclusive Z boson production
(Z + jets), we take into account the full dilepton final
state in the matrix elements and calculate the core pro-
cess at NLO. We account for additional hard jet emis-
sions by means of multijet merging techniques [25] and
include leading order matrix elements with up to two
additional jets in the setup.

We process the generated events with the DELPHES
fast simulation framework [26], which uses parametrised
descriptions of the response of particle physics detectors
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to provide reconstructed physics objects, allowing a re-
alistic data analyses to be performed. As an example
of a general purpose LHC detector, the default ATLAS
configuration card included in DELPHES is used.

3 Reconstruction setup and selection
3.1 Leptonic Z boson decay reconstruction

The reconstruction of Z — ¢¢ decays begins with the
identification of isolated lepton (electron or muon) can-
didates. Reconstructed leptons are required to satisfy
pr > 8GeV and |n| < 2.5, one lepton is required to
fulfill a trigger requirement of pr > 25GeV. An isola-
tion requirement based on the presence of reconstructed
tracks and calorimeter deposits within AR < 0.2 of
a lepton is imposed. The sum of the transverse mo-
mentum of such objects is required to be less than
10 % of the pr of the lepton itself. Oppositely charged
pairs of isolated leptons, which satisfy 81 GeV < myy <
101 GeV are identified as Z boson candidates.

3.2 Hadronic resonance reconstruction

The reconstruction of hadronically decaying resonances
within events begins with a search for anti-k; calorime-
ter jets with R = 0.4, seeded by clusters of calorimeter
energy deposits. Calorimeter jets are required to have
pr > 30GeV and |n| < 2.5. Any jets which are within
AR < 0.3 of leptons forming a Z — ¢¢ candidate are
rejected. Following the identification of such a jet, the
jet constituents are used to seed a search for an anti-k;
calorimeter jet with R = 0.2. The identification of an
R = 0.2 jet from the constituents of the initial R = 0.4
jet is required to be successful. This procedure, i.e. the
reconstruction of anti-k; R = 0.2 jets from the con-
stituents of identified R = 0.4 jets, is repeated for track
jets, seeded by reconstructed charged particles. Track
jets are associated to calorimeter jets by a simple spatial
matching, based on a requirement of AR < 0.4 between
the axes of the R = 0.4 calorimeter and track jets. Only
jets reconstructed with both calorimeter and track com-
ponents are considered for further analysis and at least
one such jet is required to be reconstructed.

To distinguish hadronically decaying charmonium
states or light scalars from the copious production of
low pr jets, a boosted decision tree (BDT) is used
through the TMVA package [27]. The following vari-
ables are used as input to the BDT:

— The pr of the R = 0.4 track and calorimeter jets,
as the Higgs boson decay products are expected to
have a harder jet pT spectrum.

— The masses of the R = 0.4 and R = 0.2 track and
calorimeter jets, as the jets in the signal are ex-
pected to be close to the mass of the light resonance.

— The number of track constituents associated with
the R = 0.4 and R = 0.2 track jets, as the signal is
expected to have a lower track multiplicity given the
upper bound imposed by the light resonance mass.

— The ratio of the R = 0.2 calorimeter (track) jets
pr to the pr of the associated R = 0.4 calorimeter
(track) jet, this quantity is expected to prefer values
more toward unity in the signal case where a narrow
boosted topology is expected, a wider distribution
expected from the QCD jet background.

— The spatial separation, AR, between the leading pp
track within the R = 0.4 track jet and the jet axis.

— The ratio of the highest track pr to the pr of the
R = 0.4 track jet.

The final variables are designed to exploit the fact that
in the signal we find on average fewer charged tracks
and, due to the very small resonance mass, a smaller
active area of the jet.

The performance of the BDT is summarised in Fig. 1,
where the background rejection is shown as a function
of the signal efficiency. Higgs decays into a composite
light resonance 7, and Higgs decays into an elementary
pseudoscalar A, which in turn decays hadronically, are
considered separately. For the elementary pseudoscalar,
individual curves for the case in which it decays into a
pair of quarks (c¢ taken as an example) and for the case
in which in decays into a pair of gluons are shown. These
pseudoscalar decay modes will be of relevance for the
interpretation of our results in the context of 2HDMs in
Sect. 5. Examples of the distributions of the variables
used to train the BDT are shown in Fig. 2. The most
important variables in terms of discrimination between
signal and background are found to be the jet masses,
followed by the number of track constituents associated
with the track jets.

3.3 Selection of h = ZA and h — Z 1. decays

Events containing at least one hadronic decay candidate
and one Z — /¢ candidate are considered for further
analysis. In the case of the h + jet production chan-
nel, an additional R = 0.4 anti-k; calorimeter jet with
pr > 150GeV and |n| < 2.5 is required (no substruc-
ture or matching track jet is required). The single Z
boson candidate with my, closest to the Z boson mass
is chosen to form the h — ZA(".) candidate. If mul-
tiple hadronic decay candidates are reconstructed, the
candidate which when paired with the Z — #¢ candi-
date has an invariant mass closest to my = 125 GeV is



chosen. Finally, the transverse momentum of the h can-
didate is required to exceed 20 GeV. The invariant mass
of the jet—dilepton system is shown for the inclusive and
h + jet production channels in Fig. 3.

The BDT response is shown for both the signal and
the background contributions to the inclusive and h+jet
production channels in Fig. 4.

4 Statistical analysis and results

The expected performance of the analysis is used to
evaluate expected 95 % CL limits on the branching frac-
tions BR (h — Z A), in the cases where BR (A — gg) =
1.0 or BR(A — c¢) = 1.0, and BR (h — Z7.). The
yields of signal and background events within 110 GeV <
mee; < 140GeV are used to evaluate the limits. To
exploit the additional sensitivity offered by the BDT,
a requirement on the BDT response is imposed. The
value of this requirement is optimised to provide the
best limit on the branching fractions of interest. The
expected 95 % CL limits on the branching fractions of
interest are shown Table 1. Branching fraction limits at
the 1 % level can be expected. The inclusive production
channel is found to be slightly more sensitive than the
h + jet channel.

In addition to the channels described, Higgs boson
production in association with a leptonically decaying
Z boson was also considered as a possible channel to
gain additional sensitivity. Initial studies into this chan-
nel demonstrated improved signal-to-background ratios
when compared to the two channels constituting the
main study, though the substantially lower number of
signal events resulted in expected branching fraction
limits that were up to an order of magnitude higher
than the inclusive and h + jet channels.

Channel BR 95 % confidence level upper limit
h— ZA(—gg9) | h— ZA(—cc) | h— Z7.
Inclusive 2.0% 2.1% 2.0%
h+ jet 3.5% 3.9% 3.7%

Table 1 The expected 95 % CL limits on the branching frac-
tions of interest for both the inclusive and h + jet channels,
assuming 3000 fb~1! at /s = 13 TeV.

5 Constraints on the 2HDM parameter space

With a focus on the HL-LHC, we assume the Higgs
boson couplings to be tightly constrained to SM-like
values. Assuming no evidence for new physics in the
HL-LHC data, any 2HDM scenario compatible with the

observations would therefore necessarily be close to the
alignment limit. It has been pointed out in Ref. [5] that
a light pseudoscalar A with mass below 10GeV can
be accommodated in this limit, particularly in Type I
models, which we consider here. A pseudoscalar that
light can decay into pairs of fermions through tree-
level interactions or into pairs of gluons and photons
through loop-induced couplings. In Type I models, the
tree-level couplings to fermions are essentially given by
the fermion masses times a universal factor of cot(g).
A considerable hadronic branching fraction hence arises
from decays into quark pairs, gluon pairs, or indirectly
from decays into pairs of tau leptons that decay into
hadrons subsequently. As shown in Fig. 1, the perfor-
mance of our analysis is fairly insensitive to the details
of the hadronic decay mode of the pseudoscalar. The
results of our analysis can therefore directly be used
in order to constrain such models. To the best of our
knowledge, no detailed analysis of this final state has
been provided in the literature so far.

In order to assess the constraining power of our re-
sults, we perform a parameter scan for a fixed bench-
mark pseudoscalar mass of m4=4 GeV. For the chosen
benchmark value of m 4, decays into tau leptons and
charm quarks dominate. Decays into gluon pairs con-
tribute a branching fraction at the per cent level. Over-
all, we obtain BR(A — hadrons)~82 %.

In our parameter scan, we calculate the branch-
ing ratio relevant for the interpretation of our results,
BR(h — ZA), for each parameter point. The corre-
sponding partial decay width is given by

2 3
iz [P
(M(h— ZA)]? = hza | |2 (1)

[(h— z4) = P! 124 P
zZ

87rm,21

at tree level, where p is the three-momentum of either

of the two decay products in the rest frame of the Higgs

boson. The hZ A-coupling is given by
ecos(f — «)

2)

The partial decay width I'(h — ZA) therefore van-
ishes in the strict alignment limit with cos(f — a) =
0. The corresponding branching fraction, however, be-
comes sizable already for small cos(8 — «) if the de-
cay h — AA does not contribute substantially to the
Higgs boson total width. We therefore focus on the pa-
rameter region, where g, 44 = 0 at tree level, which
implies [28]

IhZA =5 o8 Oy sin Oy

mi, = (2m? 4+ m3)sin(23)/4.0. (3)

To ensure alignment, we perform a uniform scan with
sin(8 — «) € [0.99,1.0]. In this regime, we can assume
the production cross sections of the 125 GeV Higgs to



be SM-like and directly apply our previously obtained
limit on BR(h — ZA). Note, however, that the limit
must be applied to BR(h — ZA) x BR(A — hadrons),
since BR(A — hadrons) = 1 was assumed previously.
The remaining free parameters of the model are uni-
formly varied in the intervals my € [130,600]GeV,
mpy+ € [50,600]GeV, and tan 8 € [0.1,5.0]. We calcu-
late the physical spectrum and the relevant branching
fractions with 2HDMC version 1.7.0 [29)].

For each point we check for vacuum stability of the
potential, tree-level unitarity using the corresponding
functionalities of 2HDMC. On the phenomenological
side, we check for compatibility of the resulting oblique
parameters S, T, U [30, 31], as calculated by 2HDMC,
with electroweak constraints [32]. Only points that can
be accommodated within these constraints are retained.
Points that are incompatible with exclusion limits set
by LEP, Tevatron, and LHC analyses are also rejected.
For this purpose, we employ numerical program Higgs-
Bounds [33-36] and include all analyses implemented
in version 4.3.1. Only parameter points for which none
of the scalars in the spectrum can be excluded at 95 %
CL are retained in our scan. In order to check the com-
patibility with the LHC and Tevatron Higgs boson sig-
nals in our scan, we employ the HiggsSignals program
[37, 38] version 1.4.0. We discard any points that are
excluded at 95 % confidence level based on the x? cal-
culated by HiggsSignals.

In Fig. 5, we illustrate the results of the parameter
scan. We display the distribution of all parameter points
that pass the applied theoretical and phenomenologi-
cal constraints in a two-dimensional parameter plane
spanned by cos?(8 — a) and BR(h — ZA) x BR(A —
hadrons) along with the tree-level functional depen-
dence of these quantities given by Eq. (1), assuming
for simplicity I}t = I7'$M. For large cos( — a), this
is assumption is violated due to the opening of further
decay channels. At small cos(8 — «), however, the cor-
responding approximation proves to be reasonable for
parameter points that pass the applied phenomenolog-
ical constraints. As illustrated in Fig. 5, the scanned
parameter space can effectively be constrained to very
small values of cos?(8 — «) by applying our expected
limit on BR(h — ZA). In fact, we find that no pa-
rameter point with cos?(8 — a) > 0.0035 survives the
limit set by the analysis presented above, translating to
sin(8 — «) 2 0.998 in the scanned subspace of param-
eters. Correspondingly, a mere 12% of the parameter
points displayed in Fig. 5 fall in the region of allowed
values for BR(h — ZA) x BR(A — hadrons) after ap-
plying the limit on BR(h — ZA) obtained above.
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'r': 014+ - - - Expected 95% CL upper limit
= 102 g
T 012+ a
< =
& 010} &
«Q 2
=1
X008 | 8
< &
™ 0.06 | 10t 2
! : 3
o004 4 g
%) o Z
O -
0.00 : : : 10°
0.000 0.005 0.010 0.015 0.020

cos?(f — a)

Fig. 5 Distribution of scanned parameter points in the
cos?(B — a) vs. BR(h — ZA) x BR(A — hadrons) plane.
The color-coding denotes the density of points in the re-
spective areas as indicated by the color bar. We also display
the tree-level functional relationship between cos?(8 —«) and
BR(h — ZA) x BR(A — hadrons), assuming ', = Iy,
The dashed line shows the expected 95 % CL upper limit on
the displayed branching fraction. All points above this line
are expected to be excluded by the analysis presented here.

6 Summary

Searches for rare and exclusive Higgs boson decays are
at the core of the program of the High Luminosity LHC.
The observation of Higgs boson decays into light ele-
mentary or composite resonances would be evidence for
the existence of physics beyond the Standard Model.

While previous experimental strategies to reconstruct
light resonances relied entirely on their leptonic decay
products, in this work, we evaluated the prospects for
their discovery in the often dominant hadronic decay
channels. We have focused on the Higgs boson produc-
tion processes with the largest cross sections, pp — h
and pp — h + jet, with subsequent decays h — ZA or
h — ZN.. The former is present in many multi-Higgs
extensions of the Standard Model, while observing the
latter at a branching ratio of BR(h — Z1.) > 1073
could indicate an enhanced Higgs-charm coupling.

The decay products of light resonances with masses
below a few GeV that arise from Higgs decays are highly
collimated, i.e. they get emitted into a small area of the
detector. In such scenarios jet substructure is an in-
dispensable tool to retain sensitivity in discriminating
signal from large QCD-induced backgrounds. In partic-
ular, by exploiting the improved angular resolution of
track-based observables, a good signal-to-background
discrimination can be achieved, which results in a limit
on the branching ratios of O(1) % for a data sample
corresponding to 3000 fb~! at /s = 13 TeV.
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Fig. 1 The background rejection as a function of signal efficiency for the low mass resonances considered for the inclusive
(left) and h + jet (right) production channels.
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Fig. 2 Distributions of eight of the variables used as input to the BDT training for jets from A — gg decays and jets produced

in association with Z bosons.
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production (left) and h+ jet production (right) is shown for A — gg (top), A — c¢ (middle) and 7. — hadrons (bottom) signals
in comparison to the background contribution. The signal contribution is multiplied by ten to improve visibility.
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Fig. 4 The normalised BDT response for the inclusive (left) and h + jet (right) production shown for A — gg (top), A — cc
(middle) and 7. — hadrons (right) in comparison to the background.
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