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Daohan Wang®,"" Jin-Hwan Cho®,>" Jinheung Kim®,"* Soojin Lee®,"*
Prasenjit Sanyal,l’” and Jeonghyeon Song
lDepartment of Physics, Konkuk University, Seoul 05029, Republic of Korea
*National Institute for Mathematical Sciences, Daejeon 34047, Republic of Korea

® (Received 2 November 2023; accepted 20 December 2023; published 19 January 2024)

In this study, we explore the phenomenological signatures associated with a light fermiophobic Higgs
boson, h¢, within the type-I two-Higgs-doublet model at the HL-LHC. Our meticulous parameter scan
illuminates an intriguing mass range for n1,,, spanning [1, 10] GeV. This mass range owes its viability to
substantial parameter points, largely due to the inherent challenges of detecting the soft decay products of /; at
contemporary high-energy colliders. Given that this light /; ensures Br(h¢ — yy) =~ 1, Br(H* — h;W) ~ 1,
and M+ <330 GeV, we propose a golden discovery channel: pp — hyH* — yyyy£*v, where £+ includes
e* and u*. However, a significant obstacle arises as the two photons from the &, decay mostly merge into a
single jet due to their proximity within AR < 0.4. This results in a final state characterized by two jets, rather
than four isolated photons, thus intensifying the QCD backgrounds. To tackle this, we devise a strategy within
DELPHES to identify jets with two leading subparticles as photons, termed diphoton jets. Our thorough
detector-level simulations across 18 benchmark points predominantly show signal significances exceeding the
56 threshold at an integrated luminosity of 3 ab™!. Furthermore, our approach facilitates accurate mass
reconstructions for both m,,. and M +. Notably, in the intricate scenarios with heavy charged Higgs bosons,

our application of machine learning techniques provides a significant boost in significance.
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I. INTRODUCTION

The discovery of the Higgs boson with a mass of
125 GeV at the LHC [1,2] was a pivotal moment in
validating the standard model (SM). Beyond this founda-
tional achievement, the Higgs boson holds an unparalleled
position, serving as a potential portal to probe theories of
particle physics beyond the SM (BSM). This perspective
emerges from numerous unresolved fundamental ques-
tions, such as the nature of dark matter [3,4], neutrino
masses, the metastability of the SM vacuum [5], and the
naturalness problem [6-8], all of which have deep ties to
the Higgs sector. Therefore, postulating an extended Higgs
sector is both logical and compelling. However, despite
great efforts, current explorations of the Higgs sector have
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not identified any significant deviations from the predic-
tions of the SM: the properties of the observed Higgs boson
align perfectly with SM expectations, and direct searches
for additional scalar bosons have so far yielded no new
findings. Nonetheless, the unwavering pursuit of BSM
theories persists. One promising avenue is to probe
scenarios where potential discovery channels for new
Higgs bosons may have been overlooked.

A charming example is a light fermiophobic Higgs
boson, h¢, with a mass below 125 GeV in the type-I
two-Higgs-doublet model (2HDM) [9-29]. This light mass
is rationalized in the inverted Higgs scenario [30-35],
where the heavier CP-even Higgs boson is the observed
one. The fermiophobic nature of h; stems from the
condition a = z/2 in type-1,' where all Yukawa couplings
of h; are proportional to cos a. At the LHC, the production
of h; is straightforward, primarily through the pp - W* —
h¢H* channel. Given the dominant decay modes h; — yy
and H* — hyW=* /7v, several studies have explored new
signatures such as 4y + V [14,15,23,36,37], 4y + VV' [38],
and vyy [27].

Yet, there remains an unexplored territory for the light /¢
within the mass range m,,_€[1, 10] GeV. Delving into this

'Here, a denotes the mixing angle between the two CP-even
Higgs bosons in the 2HDM.

Published by the American Physical Society


https://orcid.org/0000-0002-5115-7302
https://orcid.org/0009-0005-4471-7307
https://orcid.org/0000-0003-4356-7712
https://orcid.org/0000-0003-2255-3709
https://orcid.org/0000-0002-5555-6300
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.015017&domain=pdf&date_stamp=2024-01-19
https://doi.org/10.1103/PhysRevD.109.015017
https://doi.org/10.1103/PhysRevD.109.015017
https://doi.org/10.1103/PhysRevD.109.015017
https://doi.org/10.1103/PhysRevD.109.015017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

WANG, CHO, KIM, LEE, SANYAL, and SONG

PHYS. REV. D 109, 015017 (2024)

range is essential, as it encompasses numerous parameter
points that meet theoretical prerequisites, experimental con-
straints, and a cutoff scale surpassing 10 TeV. However, its
signals at the LHC remain elusive to traditional search
methodologies. This is primarily because the two photons
from the /; decay are highly collimated to merge into a single
jet, not manifesting as two isolated photons. Huge back-
grounds from QCD jets should obscure the A; signals.

To tackle this challenge, we propose investigating the
subparticles within the jet using EFlow objects in the
DELPHES framework [39]. This novel methodology allows
us to distinguish between QCD jets and signal jets housing
two leading subparticles as photons, termed “diphoton
jets”. Although diphoton jets have been studied in the
context of axionlike particles [40-44], no research has been
conducted regarding the light fermiophobic Higgs boson.
Our study addresses this gap for the first time.

Drawing from insights on diphoton jet studies, we will
execute a meticulous simulation at the detector level for the
signal-to-background analysis, spanning 18 benchmark
points to comprehensively represent the viable parameter
space. In the cut-based analysis, we will devise a strategy
aimed at maximizing significances. Moreover, we will
illustrate the potential for accurately reconstructing the
masses of m;_and M y-. For challenging scenarios involv-
ing heavy charged Higgs bosons, we will turn to machine
learning techniques [45-51], specifically employing one-
dimensional convolutional neural networks (CNN) [52].
The improvements achieved through this approach mark
significant contributions to the topic.

The structure of this paper is outlined as follows. In
Sec. II A, we offer a concise review of our model.
Section II B details the scanning methodology used to
determine the viable parameter space. We also explore the
defining characteristics of these allowed parameter points,
emphasizing the branching ratios of the BSM Higgs
bosons. In Sec. IIC, the unique feature that the two
photons from the /; decay appear as a single jet is clarified.
Section III is dedicated to discussing the phenomenologies
of the subparticles within the diphoton jet. We also provide
a new method to subtract the significant pileups anticipated
at the HL-LHC. In Sec. IV, we direct our focus toward the
signal-to-background analysis in a cut-based approach.
Section V sees us undertaking the task of mass
reconstruction for both m;, and M. For the challenging
cases involving heavy charged Higgs bosons, machine
learning techniques come into play. These are detailed in
Sec. VI. Finally, our conclusions are presented in Sec. VII.

II. FERMIOPHOBIC TYPE-I
WITH VERY LIGHT #h;
A. Review of the fermiophobic type-I

Let us briefly review the type-I 2HDM with a light
fermiophobic Higgs boson. The 2HDM introduces two

U(2), complex scalar doublet fields with hypercharge
=1 [53]:

+

Wl
D, = (v,-+pf+im> fori =1,2. (1)
V2

Here, v; and v, denote the vacuum expectation values of @,
and @,, respectively, defining tan f = v,/v,. The electro-

weak symmetry is spontaneously broken by v=+/v7 + 13 =
246 GeV. For the sake of simplicity in notation, we will use
s, = sinx, ¢, = cosx, and ¢, = tan x in what follows.

In order to prevent flavor changing neutral currents
(FCNCs) at the tree level, a discrete Z, symmetry is
imposed, under which ®; - ®; and ®, —» —®, [54,55].
Assuming CP-invariance and softly broken Z, symmetry,
the scalar potential is written as

Vo = m} @ @, + m3,®l0, -

PR Ay
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(q’;‘bz)z + 13(0] @) (D)

+ 24(P]D,) (PID)) + [(¢Tq)2) +Hcel]. (2)

Within this framework, five physical Higgs bosons
emerge: the lighter CP-even scalar 4, the heavier CP-even
scalar H, the CP-odd pseudoscalar A, and a pair of charged
Higgs bosons H*. These physical Higgs bosons are
related with the weak eigenstates in Eq. (1) through two
mixing angles, namely a and $ [32]. The SM Higgs boson
hgy 1s a linear combination of 4 and H, expressed as
hsm = sp_qh + cp_oH. Since the Higgs boson observed at
the LHC has shown remarkable alignment with the pre-
dicted behavior of hgy [56-70], we have two plausible
scenarios, the normal scenario where & ~ hgy and the
inverted scenario where H =~ hgy. To accommodate a light
fermiophobic Higgs boson, we focus on type-I within the
inverted Higgs scenario. In type-I, every Yukawa coupling
associated with A is proportional to c,. Therefore, by
merely setting @ = /2, h acquires fermiophobic character-
istics, which endure even when loop corrections are
considered [12,13]. For brevity in subsequent discussions,
we will denote the type-I 2HDM with a@ = z/2 in the
inverted Higgs scenario as the fermiophobic type-I and the
lighter CP-even Higgs boson with a = /2 as h;.

The Yukawa couplings of the SM fermions are para-
metrized by

EYuk:_Z< Enffhe + —KfffH lf?f?sz>
7
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where P, = (1 &°)/2. In the fermiophobic type-I, the
Yukawa coupling modifiers are given by

(3)

1
he H A A

=0, = 5‘—— == =—.
éf Ky s t 'S & t/}

To be consistent with the current best-fit results for the
Peskin-Takeuchi oblique parameters [71], an additional
assumption is introduced: My = My+ = M y=. In sum-
mary, the complete set of model parameters includes:

{mthA/Hi’m%z’tﬂ}' 4)

B. Viable parameter space for very light h;

In the quest to discover the light % at the LHC, our
preliminary task involves a systematic scan of the param-
eter space to identify viable candidates that comply with
both theoretical requirements and experimental constraints.
Our scan encompasses the following ranges:

my, €[1,30] GeV, M, €[80,900] GeV,
1,€[0.5,50],  m2, €[0,20000] GeV2. (5)

We consider only positive values for m%z since preliminary
scans indicate that parameter points with negative m?, fail
to meet the vacuum stability condition.

Within this extensive parameter space, we apply a
cumulative series of constraints, outlined as follows:?
Step A. Theoretical requirements and the low en-

ergy data

(1) We use the public code 2HDMC to ensure the
bounded-from-below condition for the Higgs poten-
tial [74], tree-level unitarity of scalar-scalar scatter-
ings [53,75], and perturbativity of the Higgs quartic
couplings [31]. Additionally, the vacuum stability
condition is enforced [76-78].

(2) We demand alignment with the FCNC data, par-
ticularly emphasizing the inclusive B-meson decay
measurements into X,y at the 95% C.L. [79-81].

(3) We require the cutoff scale A, to exceed 10 TeV.
To determine this, we run the model parameters
under the renormalization group equations using the
public 2HDME code [82,83]. The cutoff scale is
defined by the energy scale at which any of the
three conditions—tree-level unitarity, perturbativity,
or vacuum stability—is violated [27].

Step B. High energy collider data

(I) We examine direct search constraints from LEP,

Tevatron, and LHC experiments, excluding param-

*Due to our assumption M= = M, we disregard constraints
from the Peskin-Takeuchi oblique parameters, as the new con-
tributions from the BSM Higgs bosons become negligible [72,73].

eter points with a cross section above the observed 2o
band. We used the public code HiggsBounds-v5.10.2 [84].

(2) We assess alignment with Higgs precision data
utilizing HiggsSignals-v2.6.2 [85]. We mandate that
the cross section of a parameter point lies within
20 confidence levels in relation to the model’s
optimal fit point.

(3) We consider additional measurements sensitive to
the light fermiophobic Higgs boson. This includes
ete™ = hi(—yy)Z, ete™ — he(—yy)A(—=bb/hiZ)
[86], pp — heH* (—hiW*) — 4yX [87],and pp —
H — h¢hy — 4y [88]. Parameter points yielding a
cross section above the 26 bound are excluded.

Let us begin by examining the survival rates after each
constraint is applied. We use the parameter points that
satisfy Step A(1) as our reference dataset, from which all
subsequent survival rates are calculated. Upon implement-
ing the FCNC constraint in Step A(2), a respectable 73.3%
of points persist. The enforcement of A, > 10 TeV in
Step A(3) further refines our pool, leaving 26.6% of points
standing. Progressing to Step B(1), our selection tightens,
whittling down to a mere 2.03%. Upon assimilation of the
Higgs precision data in Step B(2), around 1.94% survive.
Ultimately, after accounting for Step B(3), 1.38% of the
parameter points from A(1) endure.

Now we investigate the characteristics of the parameter
points satisfying all imposed constraints. In Fig. 1, we present
M = versus m, with the color code of A (left panel), and #4
versus my, with the color code of m?, (right panel). For
visualization clarity, we have ordered the parameter points by
ascending values of A in the left panel and m?, in the right
panel. This stacking method ensures that points with lower
Ay (or m%z) are positioned underneath [89].

Turning to the M+ versus my, plot, we notice several
distinct features. First, the density of viable parameter
points varies noticeably with the m;, value. Specifically, the
number of viable parameter points per unit mass for the
intervals [1, 10] GeV, [10,20] GeV, and [20, 30] GeV has a
ratio of 1:0.71:0.0058. These significant variations arise
from the following direct search constraints:

(1) The measurement of pp — hgy — hehy — 4y by the
ATLAS Collaboration significantly constrains the
parameter space for m;, € [10,30] GeV [90].

(ii) The examination of ete™ — hZ — yyZ by the
ALEPH Collaboration eliminates nearly all param-
eter points in m,, € [20,30] GeV [91].

Considering the markedly higher survival percentages, the
mass range of m,, €[, 10] GeV warrants thorough inves-
tigation,3 an endeavor not yet undertaken in existing
literature. The second notable feature is the presence of

3A high survival percentage alone does not inherently validate
any model parameter, since nature chooses one parameter point.
But prioritizing parameter regions with a higher likelihood is a
prudent strategy.
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FIG. 1. M. versus m, with a color-code of A, in GeV (left panel), and #; versus m;, with a color-code of m?, in units of GeV?
(right panel). All depicted parameter points satisfy the complete set of theoretical and experimental constraints. The parameter points are
ordered by ascending values of A,y in the left panel and m%z in the right panel.

the upper bound on M, =, approximately at 330 GeV.
This upper bound exhibits a tendency to decrease as Ay
increases: when A, > 100 TeV, the upper threshold
reduces” to M a/n= < 280 GeV. These features hold prom-
ising implications for the HL-LHC, where the center-of-
mass energy of 14 TeV offers a favorable environment for
producing H*.

In the 7, versus my, plot, three significant features stand
out. First, lower bounds on 74 emerge, characterized by
tg 2 4. This happens because the Yukawa couplings of the
BSM Higgs bosons increase as 75 decreases, as illustrated
in Eq. (3). The second salient feature is an evident transition
at my,, =~ 10 GeV. Beneath this threshold, the distribution
of permissible parameter points uniformly spans the
t3 €[4,50] range. For m, > 10 GeV, however, there is
an upper limit on ¢4, progressively declining as m,
increases. This transition around m; = 10 GeV stems
from the notably light mass of ¢, leading to decay products
in high-energy colliders that are challenging to discern.
Finally, the m?, distribution primarily leans toward the
lower end, peaking around 26 GeV2. This small m7,
hints the approximate preservation of Z, parity in the
fermiophobic type-1, because only the m73, term breaks Z,
parity.

Given these characteristics of the fermiophobic type-I
model, we concentrate on the following mass range for A;:

my, €[1,10] GeV. (6)

“The inverse is not necessarily true: a smaller M+ does not
automatically imply a larger A.,. Note that the blue points are
positioned below the red ones.

In subsequent discussions and investigations, we will refer
to h; within this mass range as a “very light” A;.

Given the distinct characteristics of the fermiophobic
type-I model, our attention is directed toward the discovery
potential of the HL-LHC for the very light /;. Central to
this are its decay modes and production channels. The
decay pattern for this particle is unambiguous, with
Br(hy — yy) =~ 100%. Its primary production mechanisms
at the LHC occur in association with other BSM Higgs
bosons,’ specifically pp — W* = hH* and pp — Z* —
heA [27,38]. As a result, the final states arising from these
production avenues are intrinsically tied to the decay
patterns of H* and A.

In Fig. 2, we depict Br(H* — W*h;) versus m, (left
panel) and Br(A — Zhy) versus m,, (right panel) across all
the viable parameter points, with the color codes signifying
Ay values in GeV. Notably, H¥ — W*h; and A — heZ
surface as the predominant decay channels, with Br(H* —
W=*h;) and Br(A — Zh;) surpassing 88% and 96%, respec-
tively. A high cutoff scale, such as A, ~ 10'* GeV, results
in nearly 100% branching ratios for both H* — h;W* and
A — h;Z. Hence, two primary candidates for discovery
channels present themselves: pp — hyH*(—h;W?*) and
pp — htA(—h¢Z). Considering the dominant charged-
current production and the larger branching ratio of the
leptonic decays of W* compared to Z, we propose

°In the literature, the inclusive diphoton signal [23] has been
investigated for the fermiophobic Higgs boson by the ATLAS [92]
and CMS Collaborations [93,94]. However, these searches are
optimized for a heavier m,, than our targeted mass range of
[1,10] GeV. Notably, the ATLAS search range is [65, 600] GeV,
while CMS focused on m,, € [70,110] GeV.
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FIG. 2. Br(H* — h;W?*) versus my, (left panel) and Br(A — hyZ) versus m,,. (right panel). The color code denotes the cutoff scale

Ay 1n units of GeV.

the following as the golden channel to probe the very
light Ay:

pp = W* = heHE (e WE) — yy +yy + C5EPS, (7)

where £+ = e, u*. In our comprehensive analysis, we also
incorporate the decay mode W* — ¢y, which is sub-
sequently followed by 7% — £#*wv. The corresponding
Feynman diagram is depicted in Fig. 3.

C. Signature of the golden channel pp — hH*

Let us now present the parton-level cross section of
the proposed golden channel for A;. Initially, we gener-
ated the universal FeynRules output (UFO) [95] for the
fermiophobic type-I through FeynRules [96]. Incorporating

q
H* P
V[/i s
e
N
N
hf N
(I/
Y
J
FIG. 3. Feynman diagram for the signal process pp - W* —

heHE (—heW*) = yy + vy + £*v. As the two photons from the
h¢ decay are highly collimated, they are probed as a single jet J.

this UFO file into MadGraph5-aMC@NLO [97], we determined
the cross sections of pp — H*h; at the 14 TeV LHC. For
the parton distribution function, we adopted the
NNPDF31 LO AS 0118 set [98]. The branching ratios
of h; and H* were obtained from 2HDMC [99], and
subsequently multiplied by the cross sections.

In Fig. 4, the scatter plot shows the parton-level cross
sections for m;, =35 GeV against the charged Higgs
boson mass, spanning all viable parameter points.6 The
color code represents A.,. An expected correlation appears
between the cross section and M +: as M+ increases, oy
decreases. Additionally, for a given M =, the cross sections
across all viable parameter points are nearly constant, with
deviations of less than 10%. A compelling feature is the
substantial size of the signal cross section. Even the mini-
mum cross section, encountered when M- ~ 330 GeV,
reaches a significant ~7 fb.

Despite these considerable signal cross sections, distin-
guishing the signal from the background at the HL-LHC
remains a challenge. At first glance, a final state comprised
of four photons, a lepton, and missing transverse energy
might seem to suppress major QCD backgrounds. But the
reality is more intricate. When the h; decays into two
photons at high-energy colliders, the resulting photons are
not typically isolated because they are tightly collimated
within a radius of AR < 0.4. Here AR is the angular
distance, given by AR = \/(An)? + (A¢)%. Still, these
photons register an energy deposit in the calorimeters,
eventually being recognized and grouped as a jet. This
leads to substantial QCD backgrounds.

6According to our analysis, the cross sections for cases with
mp, =1 GeV and m;, = 10 GeV align closely with those for
my, =5 GeV, mostly deviating by about 1%.
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FIG. 4. Parton-level cross sections of pp — heH* (—h;W*) —
4yfiE‘}““ at the 14 TeV LHC, about My:. The color code
represents the cutoff scale Ag. Here, we set m;, =35 GeV.

To better elucidate how the detector processes photons,
let us briefly review the photon isolation criteria adopted by
the DELPHES. Consider a photon candidate P, a stable
particle that deposits its energy into the electromagnetic
calorimeter (ECAL), while leaving no trace in the tracker.
For P to be recognized as a photon, it should be sufficiently
isolated from neighboring particles. In DELPHES, this
isolation is determined using the criterion I(P) > I ;.
Here, the isolation variable I(P) is expressed as:

AR<R,
I(p) = Zitr P (8)
Pr

where the numerator represents the combined transverse
momenta of all particles (excluding P) that fall within a
cone of radius R, centered around P. In the delphes_
card HLLHC.tcl utilized in subsequent analysis, the
default settings are I, = 0.1 and R, = 0.3.

In DELPHES, the photon isolation is evaluated con-
currently with jet clustering. This procedure involves
clustering EflowPhoton, EflowNeutralHadrons, and
EflowChargedHadrons according to the energy flow algo-
rithm. Once this process concludes, the definitive identi-
fication for P is set. If P satisfies the photon isolation
criteria, it is recognized as a photon. Conversely, if P fail
the criteria, it is designated as a jet.

To demonstrate our claim that the two photons from
hy — yy are more likely to be recognized as a single jet,
we conducted a comprehensive detector simulation for
the signal with m; =35 GeV, M,y =150 GeV, and
Br(H* — hyW*) = Br(h; — yy) = 1. Parton showering
and hadronization were integrated using PYTHIA version

1 do

Signal : mp, =5 GeV, My= =150 GeV SaNdN,

FIG. 5. The distribution of photon multiplicity versus jet multi-
plicity for the signal process pp — hiH* — yyyy*E™S follow-
ing the detector simulation at the 14 TeV LHC. The color code
indicates the normalized number of events. Parameters are set
as my, =5 GeV, M+ = 150 GeV, and Br(H* — h;W*) =
Br(h —» yy) = 1.

8.309 [100]. We employed DELPHES high-luminosity card
delphes card HLLHC.tcl. For jet clustering, Fastlet
version 3.3.4 [101], deploying the anti-k; algorithm [102],
was utilized for the jet radius of R = 0.4. At this stage, we
opted not to consider pileup effects.

In Fig. 5, we present the photon multiplicity versus the
jet multiplicity for the signal process at the detector level,
using a color code to represent the normalized number of
events. These results are derived from 5 x 10° events at the
generation level. The findings in Fig. 5 are striking. The
signal event, which includes four photons at the parton
level, results in a markedly different outcome at the detector
level. Approximately 70% of events fall under N, =0,
while around 26% are categorized as N, = 1. Events with
N, =2 are scarce. Instead, the majority of signal events
manifest as two jets.

As the final state includes two jets, various backgrounds
arise. We take into account a total of ten background
processes: WE(—=L*v)jj, Z(=L*L7)jj, t{(=bbW, W };),
WE(=>L*v)jy, WW-, W*Z, Z(-L'L7)jy, ZZ,
W*(—>L*v)yy, and Z(—»L"L")yy. Here, L* represents
e*,u*, or v*. Given that our signal process includes
either one electron or one muon, we have incorporated
the leptonic decays of W* and Z into some dominant
backgrounds.

In Table I, we summarize the parton-level cross sections
for the ten background processes at the 14 TeV LHC,
applying generation-level cuts of pJ > 20 GeV, p%’y >
10 GeV, |n;| <5, |, | < 2.5,and ARy > 0.4 where i and
i’ include all the particles in the final state. Due to the
considerable differences in the cross sections among these
background processes, we produce different event counts at
the generation level, represented by ng., in Table I. Notably,
the background cross sections significantly exceed the
signal cross section. If the analysis only considers collec-
tive objects like jets in the final state, distinguishing the
signal from the backgrounds becomes almost infeasible.

015017-6



PROBING LIGHT FERMIOPHOBIC HIGGS BOSON VIA ...

PHYS. REV. D 109, 015017 (2024)

TABLE L.

Parton-level cross sections of the backgrounds at the 14 TeV LHC, where L* denotes e*, y*, or 7. The

number of generated events, denoted as ng,, is also provided.

Background Cross section [pb] Ngen Background Cross section [pb] Tgen
WE(—L*)jj 3.54 x 10° 5% 108 w=z 3.16 x 10 3 x 109
Z(=LTL7)jj 2.67 x 10? 5% 107 Z(=L*L7)jy 2.09 109
H(—=bbW,W;) 1.23 x 102 1.2 x 107 77 1.18 x 10 109
W (=L*v) jy 2.53 x 10 3% 109 WE(=>L*v)yy 3.28 x 1072 10°
Wiw- 8.22 x 10 9 x 10° Z(=L L )yy 1.12 x 1072 10°

Consequently, devising a strategy targeting diphoton jets is
pivotal for detecting the signal at the HL-LHC.

III. JET SUBPARTICLES AND PILEUPS

In the previous section, we illustrated that the four
photons in our signal process, pp — hehiW* — dyW=,
are predominantly tagged as two jets, not isolated photon
entities. Given that these photons exist as subparticles
within a jet, distinguishing this unique diphoton jet from a
standard QCD jet necessitates a thorough analysis of
the jet’s subparticles. To enable this differentiation, we
employ the EFlow objects within jets in the DELPHES
framework. These EFlow objects are divided into three
categories: EflowPhoton, EflowNeutralHadrons, and
EeflowChargedHadrons, with each type determined by
tracker and tower information. The tracker identifies
charged particles through their characteristic ionization
patterns within its system, while tower data focus on
energy deposits in the calorimeter.

To enhance our understanding, let us revisit the inter-
actions of particles within calorimeters. Photons, when
passing through the electromagnetic calorimeter (ECAL),
trigger an energy dispersion across its layers. Hadrons, on
the other hand, deposit energy differently depending on
their type. Neutral pions, for instance, decay promptly into
a pair of photons, largely concentrating their energy within
the ECAL. Meanwhile, stable hadrons like neutrons and
charged pions predominantly channel their energy to the
hadron calorimeter (HCAL). A notable scenario occurs
with long-lived hadrons, such as kaons and A baryons.
With a decay length around 10 mm, they interact with both
the ECAL and HCAL, resulting in a division of energy
deposit as frcar, = 0.3 and fycar = 0.7.

Yet, when it comes to utilizing jet subparticles, the issue
of pileup poses a formidable challenge. Pileup, a by-
product of the high luminosity in hadron colliders, results
from multiple proton-proton collisions within a single
bunch crossing. At the HL-LHC, where roughly 200 pileup
events are standard, discerning the diphoton jet from a
QCD jet becomes intricate due to the flood of pileup-
induced particles. Therefore, it is crucial to effectively
subtract pileups in our analysis.

Several methods for pileup subtraction have been
advanced, such as the jet vertex fraction [103], charged

hadron subtraction (CHS) [104,105], the Puppi method
[106], and the SoftKiller method [107]. In our exploration,
we cast a special focus on CHS and SoftKiller. The CHS
technique leverages the capability of the detector to
determine the vertex distance of charged tracks relative
to the primary vertex. In contrast, SoftKiller is a fast event-
level pileup subtraction tool, relying on a particle’s trans-
verse momentum to estimate the probability of being a
pileup [108,109].

Exploring the advantages of CHS and SoftKiller, we
propose an optimal combination: a hybrid strategy named
CHS + SK,. This method first uses CHS to eliminate
charged pileup particles, specifically targeting those with
a vertex distance greater than 0.1 mm. Following this,
SoftKiller comes into play, removing pileup photons and
neutral hadrons that fall below a certain transverse momen-
tum threshold. To avoid overcorrection, we have carefully
configured SoftKiller to bypass charged hadrons.

Before showcasing the impressive performance of
CHS + SK,, it is necessary to outline the crucial simulation
steps involved. We need to make two important changes to
the DELPHES settings: first, we remove the pileup sub-
tractors, and second, we turn off the unique object
finder module. (However, we ensure that calculations
for electron and muon isolation remain intact.) Following
these adjustments, the refined output from DELPHES is
directed to a pileup subtraction module. In the final phase,
jet clustering is executed.

We now turn our attention to demonstrating the excep-
tional performance of CHS + SK, utilizing jet images to
provide a visual representation of the p; distribution of jet
subparticles across a n x ¢ grid. In Fig. 6, jet images for the
leading jet from the W*jj background are presented,
derived from an extensive sample of 103 events.

Preprocessing involves translation and normalization
techniques, as outlined in Ref. [44]. We then sum the
transverse momenta of all the subparticles within the jet and
represent the intensity using log r, where r is the ratio of the
subparticle’s py to the mother jet’s py. The log r informa-
tion is distributed across the recalibrated # and ¢ coor-
dinates of each subparticle, which are now positioned
relative to their mother jet. Here, we have adopted a pixel
size of A x A¢p = 0.02 x 0.02, reflecting the resolution of
the simulated CMS electromagnetic calorimeter.
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Jet images of the W™ jj background, where the color scale indicates the logarithm of the ratio of subparticle p; to the mother

jet’s pr. We examine three pileup subtraction scenarios: no pileup (upper panels), 200 pileups using the CHS + SK, subtraction method
(middle panels), and 200 pileups using the softxiller (lower panels). The presentation spans four distinct jet image types: total jet images
(first column), EflowPhotons (second column), EflowNeutralHadrons (third column), and EflowChargedHadrons (fourth column).

Equipped with these jet images, we are ready to conduct
a comprehensive comparison between the CHS + SK,, and
SoftKiller subtraction methods. In Fig. 6, we explore three
scenarios of pileups. The top panels present jet images in
the absence of pileups, providing a reference for our pileup
subtraction efforts. The middle and bottom panels, on the
other hand, display jet images with 200 pileups, processed
using the CHS 4 SK; and SoftKiller subtraction methods,
respectively.

Further breaking down our analysis, we categorize it
into four distinct channels, each illustrated column-wise:
total jet, EflowPhotons, EflowChargedHadrons, and
EflowNeutralHadrons. As Fig. 6 vividly demonstrates,
the CHS + SK;, method significantly outperforms its
counterpart, particularly in the efficient removal of charged
pileup hadrons. This leads us to opt for the CHS + SK,
subtraction technique for our subsequent analyses, incor-
porating all 200 pileup events.

Finally, we establish clear definitions for our terminol-

ogy related to jets:

Jet (J): A jet encompasses all physical entities that
deposit energy in the calorimeters and undergo clus-
tering by a jet algorithm. It is represented as J.

Diphoton Jet (J,,): A clustered jet is termed a diphoton
jet if its two leading subparticles are EFlowPhotons.
We denote this as J,,.

QCD Jet (j): A QCD jet, stemming from quarks or
gluons, is represented as j.

Subparticle (s;;): Each EFlow object inside a jet is
referred to as a subparticle. The notation s;; denotes
the ith subparticle in the jth jet. Both jets and sub-
particles are arranged in descending order of their pr.

IV. CUT-BASED ANALYSIS

In this section, we perform a signal-to-background analy-
sis using the traditional cut-based approach. Our primary
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TABLE II. Benchmark points for the very light A;. All the
parameter points satisfy the theoretical and experimental conditions.

BP no. My, e Spoq m?, [GeV?] ty
BP-1 1 GeV 150 GeV  —0.123 0.0786 8.06
BP-2 175 GeV ~ —0.0909 0.0400 11.0
BP-3 200 GeV  —0.0929 0.0813 10.7
BP-4 250 GeV  —0.0941 0.0494 10.6
BP-5 300 GeV  —0.0985 0.0237 10.1
BP-6 331 GeV  —-0.0974 0.0634 10.2
BP-7 5GeV 150 GeV  —0.0737 0.305 13.5
BP-8 175 GeV  —0.0922 2.20 10.8
BP-9 200 GeV  —0.0983 1.93 10.1
BP-10 250 GeV  —-0.0907 1.99 11.0
BP-11 300 GeV  —-0.0984 1.84 10.1
BP-12 331 GeV  —0.0920 2.17 10.8
BP-13 10 GeV 150 GeV  —0.0748 1.17 133
BP-14 175 GeV ~ —0.0993 1.70 10.0
BP-15 200 GeV  —-0.0919 0.973 10.8
BP-16 250 GeV  —-0.0974 0.851 10.2
BP-17 300 GeV  —-0.0917 0.0396 10.9
BP-18 328.3 GeV  —0.0979 1.15 10.2

goal is to attain high signal significances across the entire
parameter space for the very light 4. To achieve this, we
analyze 18 benchmark parameter points, as listed in Table II.
For each signal benchmark point, we generate 3 x 10°
events. Additionally, we consider the ten background proc-
esses specified in Table I. All events are processed through
PYTHIAS and DELPHES, employing the DELPHES configuration
outlined in the preceding section.

With our simulated dataset ready, we implement the
basic selection criteria as follows:

— There must be exactly one lepton with p% > 20 GeV

and || < 2.5.

— The leading jet is required to satisfy p;' > 50 GeV

and [, | <2.5.

— The subleading jet should fulfill the conditions p? >

30 GeV and |n,,| < 2.5.
— The missing transverse energy should exceed ET'S >
10 GeV.

In pursuit of optimizing signal significances, we high-
light two distinguishing characteristics of our signal: (i) the
two leading subparticles in two leading jets are predomi-
nantly EFlowPhotons; (ii) these leading subparticles con-
tribute significantly to the transverse momentum of their
mother jet.

To highlight the first characteristic, we present the
probabilities P(h — J,,) and P(j — J,,) against the py
of the mother jet in Fig. 7. Results for the leading and
subleading jets are presented in the left and right panels,
respectively. P(h; — J,,) represents the probability of the
two photons from an /; decay being identified as a diphoton
jet, with the red, green, and orange lines corresponding to
benchmark points BP-1, BP-7, and BP-13, respectively.

On the other hand, P(j — J,,) denotes the rate at which a
QCD jet is misidentified as a diphoton jet in the W¥j;j
background.7

For the signal, the probability P(h; — J,,) remains
substantial, consistently surpassing 40% when p7 >
50 GeV. However, the relationship between this probability
and p7. varies with m,, . For BP-7 (m;, = 5 GeV) and BP-13
(my,, = 10 GeV), the probability rises with increasing Py,
reaching approximately 85%. In contrast, BP-1 (m; =
1 GeV) shows a distinct pattern: an initial increase, followed
by a peak, and then a decrease as p?. rises. This behavior
can be attributed to the small m;_value in BP-1. Since
R, ~2my, / pr, some of the two photons with high Py are so
collimated that they nearly merge into a single EFlowPhoton,
making them challenging to identify as a diphoton jet.
Nevertheless, the probability value even for BP-1 remains
sizable, hovering around 40%. On the other hand, the
mistagging rate P(j — J,,) is only a few percent, demon-
strating a clear distinction between signal and background.

The second salient feature of the signal is the large ratios
of pr of the two leading subparticles to the py of their
mother jet J. In the case of the signal, the diphoton jet is
mainly composed of two hard photons, resulting in the
leading and subleading subparticles holding a considerable
share of p7.. In contrast, a QCD jet consists of a diverse mix
of particles, numbering from tens to well over a hundred.
Consequently, it is rare for the two leading subparticles in a
QCD jet to occupy a significant portion of p7. To more
vividly illustrate this distinction, we define:
_ o7

ij—

Pr

r fori,j=1,2. 9)

To demonstrate this second feature, we present in Fig. 8
the normalized distributions of r;; for both the signal BP-7
(in red) and the W= jj background8 (in blue) after the basic
selection. The left panel showcases the p; ratio for the
leading subparticle, r|;, while the right panel focuses on the
subleading subparticle, 7,;. Solid lines depict results for J;,
and dashed lines correspond to J,.

A primary observation reveals that the r; value for the
signal consistently surpasses 0.5, indicating that the leading
subparticle of a diphoton jet contributes almost half of
its mother jet’s py. In contrast, the ratio for the W¥jj
background typically remains under 0.5. Nevertheless, a
noticeable peak around rj; ~ 0.9 in the W* jj background
suggests that merely imposing an upper bound on ry;
may not sufficiently differentiate the signal from the

’A thorough analysis reveals that P(j —J,,) in the Zjj
background is similar to that in the W*jj background, within
10%.

Sour analysis revealed that the r;; distributions in the Zjj
background closely resemble those of W*jj.
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FIG.7. P(h¢ — J,,) and P(j — J,,) as functions of p7, for the leading jet in the left panel and the subleading jet in the right panel.
P(hy — J,,) represents the probability of two photons from /; being identified as a diphoton jet, while P(j — J,,) is the rate of a QCD

jet tagged as a diphoton jet in the W= jj background. The red, green, and orange lines depict signal results for benchmark points BP-1,

BP-7, and BP-13, respectively.
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FIG. 8. Normalized distributions of r;; for the signal in BP-7 (red) and the W+ jj background (blue) after the basic selection. Here, rij
is the py ratio defined in Eq. (9). The left panel presents the results for the leading subparticle, while the right panel focuses on the
second-leading subparticle. Solid lines correspond to results for the leading jet, whereas dashed lines represent the subleading jet.

background. Consequently, we shift our focus to the ry;
distributions. While both the signal and background inher-
ently exhibit r,; < 0.5, the signal’s r,; is notably larger. By
imposing a condition of r,; > 0.25, which corresponds to
r; < 0.75, we adeptly avoid the subtle peak around ry; ~
0.9 in the W*j background.

Based on the aforementioned two characteristics of the
signal, we devise a strategy to optimize the signal signifi-
cance using a cut-based analysis. The cut-flow chart in
Table III outlines the cross sections for the signal and the
four main backgrounds—W=*jj, Zjj, tf, and W+ jy—at the
14 TeV LHC. We have selected BP-7 as the representative
benchmark point for detailed presentation, as it exemplifies
the common trends observed across 18 benchmarks. While
we have comprehensively analyzed other backgrounds of

Table I, they are omitted in Table III due to their negligible
impact.

The final column in Table III offers the signal signifi-
cance S, defined by [110]:

S= {Z(NS + NB)10g<(NS = No)(Ns + ‘5123)>

N3 + (Ns + Ng)&
S3Ns

2N <1+ )]”2
-——flo — 5> )
85 s Ng(Ng + 63)

Here, Ng denotes the number of signal events, Ny the
number of background events, and 65 = AgNy the back-
ground uncertainty yield. We take a 10% background
uncertainty (Ag = 10%).

(10)
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TABLEIII.  Cross-section cut-flow chart for BP-7 and the main backgrounds from W*jj, Zjj, tf, and W* jy at the
14 TeV LHC. The presented cross sections are in femtobarns (fb). The basic selection criteria and the ratio r;; are
detailed in the main text. For calculating the signal significance (S), we take into account a 10% background
uncertainty and assume an integrated luminosity (L) of 3 ab™!.

Cross sections in units of fb at the 14 TeV LHC with £, = 3 ab~!

Cut BP-7 wjj Zjj it Wy Skpey
Basic 34.8 372622 27727 32052 3047 1.09 x 1073
ETs > 50 GeV 29.7 318407 23274 27395 2610 9.01 x 1074
iy > 0.50 24.9 102 182 7843 4150 1214 2.15 % 1073
i > 0.50 18.7 36204 2853 692 541 456 x 107
ry > 0.25 7.06 4218 323 62.2 55.8 1.49 x 1072
ry > 0.25 2.40 840 61.3 8.61 10.1 2.56 x 1072
A 2.29 18.6 2.31 0.205 0.467 1.01
5=, 1.98 0.363 0.0589 0.00 0.00849 228

The results in Table III are remarkable. After the basic
selection, the four primary backgrounds overwhelm the
signal, yielding the significance to an order of magnitude of
1073. The cut on the missing transverse energy, pivotal for
neutrino tagging, fails to boost the significance due to the
presence of a neutrino in the dominant W+ jj background.
The differentiation becomes evident when applying the py
ratio cuts. By enforcing r;; > 0.5 and r|, > 0.5, we retain
approximately 63% of the signal events that survive the
ETTniss > 50 GeV cut, while the backgrounds are diminished
to O(1073). Further imposing p; ratio conditions of r,; >
0.25 effectively suppresses the backgrounds. Yet, the signal
significance remains relatively low, hovering around 2.6%.

The last two selection criteria are decisive. We first
require that the leading jet must be a diphoton jet. While
this condition significantly reduces the Ng/Ny ratio, it is
not enough to markedly elevate the significance. The final
condition that the subleading jet also be a diphoton jet is
what truly drives up the significance. When accounting for
a 10% background uncertainty, the final significance
ascends to 22.8, affirming the discovery of a very light
fermiophobic Higgs boson.

Moving forward, we present the conclusive results for all
18 benchmark points. Table IV presents the signal cross
sections after the final selection and the corresponding

significance values at the 14 TeV LHC. These computa-
tions are based on a total integrated luminosity of 3 ab™!
and a 10% background uncertainty. The comprehensive
suite of cuts in Table III is uniformly applied across all
benchmark points, avoiding tailored adjustments for spe-
cific benchmark points in pursuit of unbiased analysis. The
significance values obtained are encouraging. With the
exception of BP-6, every benchmark point boasts signifi-
cance values surpassing 5. Even the notably challenging
BP-6 achieves a respectable significance of 4.09.

We observe distinct trends in significance depending on
the benchmark points. When holding m,, constant, the
significance tends to decrease as M+ increases, a reduc-
tion primarily due to the smaller signal cross section from
the limited kinematic phase space available at higher M =
values. Conversely, when fixing M=, scenarios with
my,. =5 GeV consistently yield the highest significances.
The slightly reduced significances observed in scenarios
with m;, = 10 GeV result from a subset of signal events
producing two photons with AR > 0.4, which fails to
satisfy the criteria for two diphoton jets. On the other
hand, scenarios featuring m;, = 1 GeV consistently exhibit
the lowest significance values. This small m,,_leads to two
collimated photons, causing a significant portion of signal
events to not satisfy the two diphoton-jet requirement.

TABLE IV. Signal cross sections and the significance values after the final selection at the 14 TeV LHC.
Calculations are based on a total integrated luminosity of 3 ab~! and a 10% background uncertainty.

Results in the cut-based analysis at the 14 TeV LHC with L, = 3 ab™!

Ofinal [fb] 810% Ofinal [fb] 810% Ofinal [fb] SIO%
BP-1 1.46 18.5 BP-7 1.98 22.8 BP-13 1.81 21.5
BP-2 1.19 16.1 BP-8 1.68 20.4 BP-14 1.56 19.4
BP-3 0.927 13.4 BP-9 1.37 17.7 BP-15 1.29 17.1
BP-4 0.529 8.71 BP-10 0.900 13.0 BP-16 0.857 12.7
BP-5 0.303 5.49 BP-11 0.582 9.40 BP-17 0.566 9.19
BP-6 0.216 4.09 BP-12 0.457 7.74 BP-18 0.456 7.72
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V. MASS RECONSTRUCTION FOR mj; AND M-

In the previous two sections, we underscored the efficacy
of our cut-based analysis strategy in achieving robust
significance values. Our next aim is to validate that the
observed signal indeed originates from the pp — hyH* —
h¢heW* process. Precisely identifying the source neces-
sitates the reconstruction of m;, and Mpy-. Since h¢
predominantly decays into two photons, m; can be
reconstructed using the invariant mass of the two photons
within a diphoton jet. To reconstruct the mass of the
charged Higgs boson, we focus on MZ", the transverse
mass of H* as it decays to yyZv.

To initiate the calculation of MHi, we first define the
four-momentum of the visible components, denoted as p’; .
A challenge arises due to the presence of an additional
diphoton jet in the full scattering process, leading to
ambiguity in determining which diphoton jet results from
the H* decay. To navigate this, we adopt a reasonable
assumption: the diphoton jet stemming from the decay of
H* is the subleading jet. This assumption is based on the
observation that the prompt diphoton jet generally exhibits
a higher p; than the one involved in the decay chain.’

Following this assumption, we establish:

pI\fis :p?12+p§tzz+p/;" (11)

The square of the transverse mass of the charged Higgs
boson is then defined as:

(MIF)? = m2 + 2ESERS — pys - EP™),  (12)

vis

where m2, = pyis- Pyis» EYS=y/m2 + (p3*)2, and EF™ =
— ", Pl with i covering all the observed particles after the
pileup subtraction.

In our endeavor to determine m,; and M| we are
confronted with a formidable challenge: obtaining accurate
background distributions after imposing the final selection.
While the final selection guarantees robust signal signifi-
cances through a drastic reduction in background events—
leaving only 51 events for the W*jj background and 4
events for Zj j—this scarcity of events impairs our ability to
acquire precise distributions for both m,, and M’TF.
However, abandoning the final selection is not an option,
as the second-to-last cut results in an unacceptably low
significance, falling below one. Furthermore, intensifying
event generation to amplify the number of background
events is impractical, as our computational resources are
already maximized, with 5 x 10% events generated for
W*jj and 5 x 107 for Zjj.

*Our preliminary simulations indicate an approximate 20%
contamination resulting from this assumption.

In tackling this challenge, we have developed a novel
approach that incorporates the mistagging probability
P(j = J,,) as a weighting factor, a method we term the
weighting factor method (WFM). To grasp the benefits of
WEM, it is instructive to examine the methodology of
traditional cut-based analyses. These analyses operate by
either retaining or discarding events based on selection
criteria, effectively assigning a binary weight of one or zero
to each event. While straightforward, this method proves
inefficient for analyzing background distributions when
the selection efficiency is exceedingly low. For instance,
the final selection efficiency for the W+ j j backgrounds, rel-
ative to the basic selection, is an astonishingly sparse 1077,

In contrast, our WFM strategically utilizes the continu-
ous nature of the weighting factor P(j — J,,). This
approach ensures the inclusion of nearly all pertinent
background events, ensuring a thorough representation
of the background. For a comprehensive explanation of
WEM, including a detailed discussion on how we model
P(j — J,,), please refer to Appendix.

In Fig. 9, we depict the distributions of m, . (left panel)
and my, . (right panel) for both signal and background
events at the 14 TeV LHC, adhering to the final selection
criteria detailed in Table III. We consider three signal
benchmark points with a heavy My-: BP-6 (blue), BP-12
(orange), and BP-18 (green). For the signal distributions,
we rely on the results from the traditional cut-based
analysis, justified by the ample number of signal events
remaining post final selection. In addition, we display the
results for the two primary backgrounds, W*jj and Zjj, in
the stacked format, using the WFM. We omit other back-
grounds here due to their inconsequential contributions
following the final selection.

A salient characteristic for the signal in Fig. 9 is a distinct
resonance peak, for both the leading and subleading jets.
This peak closely corresponds to the mass of the fermio-
phobic Higgs boson. Conversely, the background distribu-
tions exhibit two peaks: a sharp one and a more diffuse
secondary one. The acute peak, centered at m,, ~0, is
predominantly attributed to light mesons, such as z°, p, 7,
and 7/, which decay into two photons.10 Meanwhile, the
broader peak around m,, ~10 GeV emerges as back-
ground events increasingly mimic the signal after meeting
all selection criteria. Nevertheless, the resonance peaks in
the diphoton invariant mass distributions are clearly dis-
tinguishable from the backgrounds.

In Fig. 10, we show the transverse mass distribution of
the charged Higgs boson. For the signal, four benchmark
points are considered: BP-6 (red), BP-7 (blue), BP-10
(orange), and BP-12 (green). Additionally, we showcase

""We confirm this interpretation through our thorough analy-
sis, which demonstrates the absence of a sharp peak without the
diphoton jet criteria.
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Invariant mass distributions for the two leading subparticles in the leading jet (left panel) and the subleading jet (right panel) at

the 14 TeV LHC. All depicted events meet the final selection criteria. For the stacked W* jj and Zjj backgrounds, the WFM is utilized.
The expected signals for BP-6 (blue), BP-12 (orange), and BP-18 (green) are illustrated with solid lines.

the WFM results for the two primary backgrounds, W= j
and Zjj, in a stacked manner.

The M’T’i distributions for the signal exhibit a unique
wedge-shaped peak, marked by a sudden drop around
M’;’i ~ Mpy-. However, this peak is broader than the
well-known distribution shape of W* — #*v. This broad-
ening arises from two main factors. First, the long decay
chain of H* — h;W* — yy£v introduces inherent uncer-
tainties, especially when measuring the three momenta
of the two photons and one lepton. Second, there is
ambiguity in determining which diphoton jet origi-
nates from the H* decay. Despite the broadness, the
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FIG. 10. Distributions of the transverse mass of the charged
Higgs boson after the final selection at the 14 TeV LHC. The
results for the W*jj and Zjj backgrounds are displayed in a
stacked manner. The expected signals for BP-6 (red), BP-7 (blue),
BP-10 (orange), and BP-12 (green) are represented by solid lines.

characteristic shape of the transverse mass distribution is
evident in the signal.

On the other hand, the backgrounds show a single, broad
hill-shaped peak centered around 180 GeV. This shape
evolves as background events increasingly resemble the
signal after satisfying all selection criteria. One might
worry that the background peak around 180 GeV could
obscure the signal M?i peak when Mp: is close to
180 GeV. However, as indicated in Table IV, the signifi-

cance values for M+ = 175 GeV are so high that the M :
signal peaks remain distinct and easily distinguishable from
the background contributions.

In conclusion, the mass reconstruction of m,, and M is

feasible, signifying that the combined m,, and M?i

distributions effectively and distinctly pinpoint the origin
of our new signal.

VI. MACHINE LEARNING APPROACH
FOR HEAVY M-

In the previous two sections, we underscored the efficacy
of our cut-based analysis strategy in achieving robust
significance values as well as the mass reconstruction of
m,, and M. Yet, challenges manifested when addressing
the heavy charged Higgs boson. For instance, BP-6 reached
a significance of 4.09, which is not convincing enough
to confirm the presence of the very light fermiophobic
Higgs boson. Hence, in this section, we employ machine
learning techniques, with a keen focus on BP-6, BP-12,
and BP-18, aiming to enhance the significances. At the
parton-level, the total cross sections for these benchmarks
are 6, (BP—6) =9.62 fb, 0, (BP—12)=9.63fb, and
01 (BP—18) =9.83 fb.

Let us begin by discussing the preparation of input
features. We formulate two distinct features: the event
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feature and the subparticle feature. The event feature
comprises 21 elements, constructed as follows:

_ Jy J>
Vevent = [PT My By My DTNy gy My,

p?’ Nes ¢f7EI]I“IiSS’ ¢E‘¥‘i55, (13)
Alejza Alef, ARsz, ARJ] E?iss, AR‘IzErTniss,

ARfEryn_)iss,M;l,M;z}, (14)

with M;i (i =1, 2) representing the transverse mass in
Eq. (12) using p = p/; + pj. For normalization, the
feature elements with a mass dimension are divided by
500 GeV. This list includes the transverse momentum pr,
the invariant mass m,,, the missing transverse energy Eiss,

and the transverse mass MJT".

The subparticle feature is divided into two vectors
associated with J; and J,. Each J; category includes the
10 leading subparticles, each characterized by three attrib-
utes: pr, 77, and ¢. As a result, the total dimension of the
subparticle feature is 30 x 2. The coordinates # and ¢ of a
given subparticle are adjusted to be relative to their mother
jet. We divide the p; values by 100 GeV for normalization.
To emphasize the photons, other particles (hadrons) are
assigned a value of zero for all three attributes.

Our network architecture, illustrated in Fig. 11, consists
of three main components: a one-dimensional (1D) CNN
block and two multilayer perceptrons (MLP1 and MLP2).
The 1D CNN block is responsible for processing the
subparticle feature, whereas MLP1 handles the event
feature. MLP2 merges the outputs from both the 1D
CNN and MLP1 to produce the final model prediction.
For those interested in the datasets and the detailed
operation of the deep learning model, we have made them
available on our GitHub repository.”

Diving into the details, the 1D CNN block comprises
nine 1D convolutional layers. The first layer uses a kernel
size of 3 and its output goes through a sigmoid function,
which maps the values between O and 1. Functioning as
attention weights, these values are multiplied by each
subparticle input feature. This is a crucial step with a clear
purpose: it assigns varying weights to each element within
the input features, thereby enhancing the model’s ability to
focus on informative parts of the data. The next eight layers
are also 1D convolutions with a kernel size of 3, but they
include a ReLU activation function to add nonlinearity to
the model. Following these layers, an average pooling
operation and a fully connected layer condense the infor-
mation into a 128-dimensional feature vector.

MLPI1 primarily transforms the event input feature into
a 128-dimensional feature vector. This perceptron

"https://github.com/chofchof/light-hf-ml/.

comprises six fully connected layers, each containing
128 nodes. Following each layer, batch normalization, a
ReLU activation function, and a dropout layer with a 50%
probability are applied.

MLP?2 finally determines the probability that an event is
classified as a signal. Its architecture includes five fully
connected layers with node counts of 256, 256, 256, 64,
and 16, in succession. Each layer is followed by batch
normalization, a RelLU activation function, and a dropout
layer with a 50% probability. After these five layers, an
additional fully connected layer is set in place to produce an
one-dimensional feature vector. This vector then undergoes
processing via a sigmoid function, yielding the final
classification probability as the output.

For optimal model implementation and precision, we
utilize the renowned PyTorch deep learning framework
[111]. Both training and evaluation processes are expedited
using the NVIDIA Titan V GPU. We optimize model
parameters with the AdamW optimizer [112], which is set
with an initial learning rate of 0.002 and a weight decay of
0.01, based on mini-batches of 512 training samples.
Throughout the training phase, which spans 100 epochs,
we decrease the learning rate by half every 10 epochs to
enhance convergence.

Now let us describe the generation and assignment of our
dataset for training and evaluation. To leverage the unique
attributes that differentiate the signal from the backgrounds,
we enforce additional conditions pé‘ > 100 GeV and

p? > 80 GeV, after the basic selection. During the train-
ing phase, we employ training and validation datasets, each
brimming with 6 x 10° events. These datasets are evenly
split for signals and backgrounds. The signal events are
equally divided among BP-6, BP-12, and BP-18. For the
background events, which originate from ten processes,
allocation is proportionate to their respective cross sections.

Central to our training and evaluation processes is the
design of our loss function. Our primary goal of enhancing
detection significance necessitates efficient background
rejection. Accordingly, we have tailored the loss function
to inversely correlate with signal significance. For the sake
of computational efficiency, we employ 1/Z as the loss
function, where Z is a concise representation for the
significance:

Ns
VN + 63

where we take into account a 10% background uncertainty,
denoted as 65 = 0.1Np.

Upon concluding the training process, we extract the
model’s optimal parameters and apply them to our entire
test dataset—totaling 1.27 x 10% events, consisting of
9 x 10° signal events and an overwhelming 1.18 x 10%
background events. Subsequently, we apply a specified
selection threshold x., on the outputs of all the test

Z= (15)
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FIG. 11. Model architecture of 1D CNN.
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samples. Finally we then determine the comprehensive
significance metric S in Eq. (10).

Given two threshold options, x.; = 0.5 and x., = 0.9,
we present the signal significances for BP-6, BP-12, and
BP-18 as follows:

Xew=05: SW0% =90, SW0% =154, S0% —150;
X =0.9: SI0% =189, SW0% =332, S =324
(16)

The outcomes from our CNN machine learning approach
are indeed outstanding. Even with the conservative thresh-
old of x., = 0.5, BP-6 now reaches a significance of 9.0.
Furthermore, both BP-12 and BP-18 witness approximately
100% increases in their significances when compared to
the results from the cut-based analysis. Opting for the
more aggressive threshold of x., = 0.9 yields even more
enhanced significances. Collectively, these outcomes
emphatically demonstrate the effectiveness of our model
architecture.

VII. CONCLUSIONS

We have comprehensively studied the phenomenological
signatures associated with a very light fermiophobic
Higgs boson A with a mass range of m; € [1,10] GeV
at the 14 TeV LHC. The light A; is postulated under the
condition a = /2 within the inverted Higgs scenario of
the type-I two-Higgs-doublet model. Through an exhaus-
tive scan of the parameter space, taking into account
theoretical requirements, experimental constraints, and
the cutoff scale exceeding 10 TeV, we demonstrated that
the m,, € [1,10] GeV range retains a substantial number of
viable parameter points. This is largely attributed to the
experimental complexities of detecting the soft decay
products of h;. Importantly, this mass range results in
strictly defined parameter space, ensuring predictable
phenomenological signatures. Two standout features of
the viable parameter space are: (i) the BSM Higgs bosons
have a single dominant decay mode, such as h; — yy,
H* - heW*, and A — hZ; (ii) M+ and M , are relatively
light below <330 GeV. Building on these insights, we have
proposed a golden channel, pp — hH* — yyyyfv, for
exploration of &; at the HL-LHC.

A serious challenge surfaces as the two photons from /; —
yy fail to meet the photon isolation criteria, due to their high
collimation within AR < 0.4. As a result, the final state
(characterized by four photons) usually manifests as two jets,
thereby facing immense QCD backgrounds. To address this,
we shifted our focus to the subparticles within the jet,
identifiable as EFlow objects within the DELPHES framework.
This approach facilitates the extraction of information about
a subparticle’s type (EflowPhoton, EflowNeutralHadrons, or
EflowChargedHadrons), subsequently enabling the probing
of diphoton jets. The challenges posed by pronounced

pileups, which could blur the distinction between diphoton
jets and QCD jets, are effectively addressed by our innovative
pileup subtraction method—a hybrid solution combining
charged hadron subtraction with SofKiller.

With the method of probing diphoton jets, we performed
the full simulation for signal-to-background analysis at the
detector level across 18 benchmark points. A universal
strategy was articulated for the cut-based analysis, yielding
encouraging outcomes. Except for BP-6, characterized by
mp, =1 GeV and M= = 330 GeV, all benchmark points
exhibited signal significance considerably above 5. For the
mass reconstructions of the BSM Higgs bosons, we
analyzed both the invariant mass distribution of the two
leading subparticles and the transverse mass of the charged
Higgs boson, based on events post the final selection.
Distinct peaks correlating with m;, and My were promi-
nently discerned above the background signals. An inher-
ent challenge—securing reliable background distributions
with the scarce events post the final selection—is addressed
through our pioneering weighting factor method (WFM).

To cover the more challenging regions marked by a
heavy charged Higgs boson mass, we employed machine
learning techniques. A potent network structure was
designed, comprised of a one-dimensional (1D) CNN
block followed by two multilayer perceptrons. The efficacy
of this model was commendable. With the nominal thresh-
old of x,,=0.5, we managed to nearly double the
significances for the heavy My cases.

In this extensive research, we have explored uncharted
territories of a very light fermiophobic Higgs boson via
diphoton jets. Our approach, harmonizing traditional analy-
ses with innovative methodologies like hybrid pileup
subtraction, the WFM, and machine learning, offers novel
contributions to the field. We urge the community to
consider our findings in the quest for BSM signals.
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APPENDIX: WEIGHTING FACTOR METHOD

In this appendix, we elaborate on the weighting factor
method (WFM). Our focus sharpens on the modeling of
P(j = J,,) for background processes, where P(j — J,,)
represents the probability of a QCD jet misidentified as a
diphoton jet. The extreme scarcity of background events
that pass the final selection criteria makes this approach
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crucial for attaining reliable distributions of m,, and M H*
which necessitate a substantial number of events. Our
discussion in this Appendix focuses on the dominant
W*jj backgrounds, considering that the next dominant
Zjj backgrounds contribute to only about 10% of the W= j
events.

For clarity in our subsequent discussions, we elucidate
some terminologies. The expected number of events
corresponding to a specific luminosity is denoted by N.
In realistic simulations, however, the actual number of
generated background events is less than N. For distinction,
we denote it by n. To be more explicit, let us define E as
the set of events that fulfill a certain “cut”. The number of
events meeting this cut is determined by the cardinality of
the set E:

Neyy = #Ecut- (Al)
In the conventional cut-based analysis, the cross section
after the final selection is then given by

O n
cut-based __ tot _ ’‘final
Ofinal ~ — E Ix—= L Ot

¢ € Egpa Mgen gen

(A2)

where o, represents the total cross section at the parton
level.

Letusrevisit the cut-flow presented in Table I1I. Following
the basic selection, we have an accumulative sequence of
criteria: (i) EP > 50 GeV; (i) ry; > 0.5; (iii) 7, > 0.5;
(V) ry; > 0.25;(V) ryp > 0.25; (Vi) J| = J,; (Vi) I, = J,,.
The W=jj backgrounds register counts of n,, = 1.180 x

10° and ng,, = 51, where the condition r,, represents the
accumulated conditions leading up to ry, > 0.25.

Now we unpack how the WFM modifies ogutbased
Instead of focusing on the background events post the
final selection, we shift our attention to the more extensive
dataset refined by the r,, condition. For each background
event e within the set E, ,, we determine P,(j, — J,,) and
P,(j, = J,,) that serve as weight factors. To compute the
joint probability using these multipliers, we adopt an
assumption: the observation of j; as a diphoton jet remains
statistically decoupled from j,’s categorization. This
implies that scenarios in which both jets are tagged as
diphoton jets are derived from the multiplication of their
respective weighting factors. Therefore, the cross section
following the final selection, under the WFM framework,
becomes

WFM _
Ofinal —

. . Oio
Zpe(Jl_’Jyy)Pe(JZ_)‘]y;/)X [t' <A3)

e€k,,, ngen

20ur rigorous analysis affirmed that the performance of the
WFM for the Zjj backgrounds is similar to that for W¥ ;.

final selection
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FIG. 12. Comparison of the M#" distribution from the W=
background in the cut-based analysis with that in the WTM, after
the final selection.

It is important to reiterate: for o&tPaed in Bq. (A2), we
consider the ngy,, events, while for 6™ in Eq. (A3), we
employ the n,  events.

To model P, (j — J,,) in practice, we need to compute the
ratio of event counts after the j — J,, cut to those satisfying

the r,, cut. Recognizing that P,(j — J,,) would naturally

depend on event-specific characteristics like p7., it is perti-
nent to focus on the event counts within a defined kinematic
bin when calculating the ratio. Considering that the magni-
tude of P,(j — J,,) is on the order of a few percent, a
substantial volume of events that satisfy the r,, condition
must be collected in the reference set. Strategically, we adopt
two-dimensional kinematic bins."

For any specific event e, we introduce B, as the set of all
events within the bin containing e. Consequently, the
probability of a QCD jet being incorrectly identified as a
diphoton jet in event e is given by:

#(E'—VW n Be)

J
nB,)

Pe(j - JVY) = #(E

(A4)

22

where the criteria within E;_, J,, means the combination of
the j — J,, condition with the r;, cut.

The advantages of WFM become clear when analyzing
kinematic distributions. As an illustration, consider a case
where #(E,, N B,) = 1000. Using the traditional cut-
based method and implementing both j; —J,, and
J» = J,, conditions, most of the kinematic bins become

“The binning strategy for m,, and M’TF distributions varies.
For the invariant mass distribution of the two foremost sub-

particles in the QCD jet j, ,, we employ the scheme (m,, i, ., Pjr'),
with i taking values 1 or 2. In contrast, the M;’i distribution
utilizes the pair (ME", ph).
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empty since the joint probability is exceedingly low as
3.8 x 107*. It is not feasible to obtain a reliable kinematic
distribution in this case. In contrast, utilizing the WFM
method, we can expect a projection of roughly 0.38 events
post-final selection, enabling reliable distributions.
Finally, to confirm the effectiveness of the WFM, we
compare its resulting distributions with those from the
traditional cut-based analysis. This comparison is mean-
ingful when the cut-based analysis accurately reflects the
main features of the true distribution after applying the final
selection criteria. However, the my , ~distribution in the
W= jj background is not suitable for this comparison due to

its complexity. Therefore, we consider the M% * distribution

for the comparison, which enjoys a simple, smooth hill-like
shape.

In Fig. 12, we present side-by-side the M * distribution of
the W j j background from the traditional cut-based analysis
and its WEM counterpart. The results are post the final
selection. Despite the inherent constraints arising from the
limited data in the cut-based method, there is a clear resem-
blance between the two distributions. Both profiles exhibit a
smoothly contoured hill shape and almost the same peak
positions. This similarity underscores the capability of the
WEFM to properly represent the M4 * distribution. In con-
clusion, the WEM proves indispensable when tackling huge
backgrounds with particularly stringent selection criteria.
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