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Abstract We investigate the potential of the channel mono-
Higgs + missing transverse energy (MET) in yielding signals
of dark matter at the high-luminosity Large Hadron Collider
(LHC). As illustration, a Higgs-portal scenario has been cho-
sen, where an extension of the Standard Model with a real
scalar gauge-singlet which serves as a dark matter candidate.
The phenomenological viability of this scenario has been
ensured by postulating the existence of dimension-6 opera-
tors that enable cancellation in certain amplitudes for elastic
scattering of dark matter in direct search experiments. These
operators are found to have non-negligible contribution to
the mono-Higgs signal. Thereafter, we carry out a detailed
analysis of this signal, with the accompanying MET provid-
ing a useful handle in suppressing backgrounds. Signals for
the Higgs decaying into both the diphoton and bb channels
have been studied. A cut-based simulation is presented first,
optimizing over various event selection criteria. This is fol-
lowed by a demonstration of how the statistical significance
can be improved through analyses based on boosted decision
trees and artificial neural networks.

1 Introduction

The Standard Model(SM) of particle physics has proven to be
an extremely successful theory so far. Experimental studies
have confirmed most of its predictions to impressive levels
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of accuracy [1-5]. It still remains an intense quest to look for
physics beyond the standard model. Perhaps the most con-
crete and persistent reason for this is the existence of dark
matter (DM) which constitutes to up to 23% of the energy
density of the universe, and the belief that DM owes its ori-
gin to some hitherto unseen elementary particle(s). In such a
situation, one would like to know if the DM particle interacts
with those in the SM, and if so, what the signatures of such
interactions will be. The literature is replete with ideas as
to the nature of DM, a frequently studied possibility being
one or more weakly interacting massive particle(s) (WIMP),
with the DM particle(s) interacting with those in SM parti-
cles coupling strength of the order of the weak interaction
strength.

The collider signal of a WIMP DM is commonly expected
to consist in MET. In addition, signals of the mono-X
type(where X = jet, y Z, h etc) are advocated as generic
probes of WIMP dark matter [6—12]. It may be asked whether
one can similarly have mono-Higgs DM signals [13,14],
accompanied by hard MET caused by DM pairs (assum-
ing that a Z, symmetry makes the DM stable). Such anal-
yses in the context of various supersymmetric [15,16] and
non-supersymmetric [17-20] models have been performed
in the past. However, the existing studies in this context
leave enough scope for refinement, including (a) thorough
analyses of the proposed signals as well as their SM back-
grounds at the Large Hadron Collider (LHC), and (b) the
viability of Higgs + DM-pair production, consistently with
already available direct search constraints. Such constraints
already disfavour so-called ‘Higgs-portal’ scenarios in their
simplest versions [21-25]. However, there exist theoretical
proposals [26-28] involving new physics, where the Higgs-
mediated contribution to spin-independent cross-section in
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direct search experiments undergo cancellations from addi-
tional contributing agents. Keeping this in mind, as also the
fact that LHC is not far from its high-luminosity phase, it is
desirable to sharpen search strategies for mono-Higgs + MET
signals anyway, especially because it relates to the appealing
idea that the Higgs sector is the gateway to new physics. How-
ever, such signals are understandably background-prone, and
refinement of the predictions in a realistic LHC environ-
ment is a necessity. Furthermore, it needs to be ascertained
how the additional terms in the low-energy theory cancelling
the Higgs contributions in direct search experiments affect
searches at the LHC. We address both issues in the current
study.

As for the additional terms cancelling the contributions of
the 125-GeV scalar to spin-independent inelastic scattering,
scenarios with an extended Higgs sector have been studied
earlier [27]. There is also a rich literature on Higgs-portal
models with fermionic dark matter, where different contri-
butions to the direct detection cross sections lead to cancel-
lations (so-called blind-spots) [29-32]. Here, however, we
take a model-independent approach, and postulate the new
physics effects to come from dimension-6 and-8 operators
which are suppressed by the scale of new physics. These
lead to the rather interesting possibility of partial cancel-
lation between the coefficients of dimension-4 and higher
dimension operators. Thus at the same time, one obeys direct
detection constraints, has not-so-small coupling between the
Higgs and the DM, and matches the observed relic density.

We consider for illustration the yy and bb decay modes
of the mono-Higgs, along with substantial MET. We have
started with rectangular cut-based analyses for both final
states. The di-photon events not only have the usual SM
backgrounds but also can be faked to a substantial degree
by ey-enriched di-jet events. Following up on a cut-based
analysis, we switch on to machine learning (ML) techniques
to improve the signal significance, going all the way to using
artificial neural networks (ANN) and boosted decision tree
(BDT) for both ¥y and bb final states.

We present the salient features of our present work in the
following:

— We have thoroughly studied the possibility of probing
mono-Higgs signature at the high-luminosity (HL)-LHC,
and at the same time asserted the viability of such scenar-
ios from the dark matter direct detection and relic density
constraints. We have found out that simple Higgs-portal
dark matter can satisfy all the relevant constraints in the
presence of high scale physics and it can be probed at
HL-LHC in the mono-Higgs final state. In this context,
our study contributes significantly beyond the analysis
of [13].

@ Springer

— We have gone beyond specific models [8,15,16,20] and
employed model-independent effective theory approach
to parametrize the high-scale physics.

— We have examined the cleanest final state (yy + Fr) as
well as the final state with maximum yield (bb + F/r) and
thus presented an exhaustive and comparative study.

— In the context of LHC, we have performed a thorough
background analysis following the experimental studies
in this direction, which was not done in such detail in
earlier theoretical studies.

— Lastly, we have predicted significant improvements com-
pared to the cut-based analysis by using advanced
machine-learning techniques.

The plan of our paper is as follows. In Sect. 2 we discuss
the outline of the model-independent scenario that we have
considered and we take into account all the relevant con-
straints on this scenario and find out viable and interesting
parameter space which can give rise to substantial mono-
Higgs signature at the high luminosity LHC. In Sect. 3 we
discuss in detail our signals and all the major background
processes. In Sect. 4 we present our results of a rectangular
cut-based analysis. In Sect. 5 we employ machine-learning
tools to gain improved signal significance over our cut-based
analysis. In Sect. 7 we summarize our results and conclude
the discussion.

2 Outline of the scenario and its constraints
2.1 The theoretical scenario

We illustrate our main results in the context of a scenario of a
scalar DM particle. Where scalar sector is augmented by the
gauge-singlet x, the potential can be generally written by

Y =V (D) + raoy® Dy? + 2, x* D

Here @ is the SM Higgs doublet and A, and A, are the
relevant quartic couplings. A Z, symmetry is imposed, under
which x is odd. This legitimizes the potential role of x as
DM candidate, and also prevents the mixing between ¢ and
X, which would otherwise bring in additional constraints on
the scenario.

It is clear from above that the simplest operator involv-
ing the Higgs boson and a scalar DM yx is the dimension-
4 renormalizable operator ®'®x 2. This operator gives rise
to the dominant contribution to the mono-Higgs + Fr final
state when Higgs is produced via gluon fusion, as can be seen
from Fig. 1. We have illustrated with reference to the gluon-
fusion channel because (a) it is the dominant Higgs pro-
duction mode, and (b) other widely studied modes involved
some additional associated particles, while our focus here
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Fig. 1 The contribution to mono-Higgs + F/r final state from dimen-
sion -4 operators
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Fig. 2 The contribution to x-nucleon elastic scattering cross-section
(left) and observed relic density of the universe (right) from the
dimension-4 operator

specifically on the mono-Higgs final state. Of course simi-
lar final states can arise from the same operators, in quark-
initiated processes as well, but their contribution will be neg-
ligible compared to the gluon-initiated ones. This operator
also takes part in the DM-nucleon elastic scattering through
t-channel Higgs exchange (see Fig. 2 (left)) and DM annihila-
tion diagram with s-channel Higgs mediation (Fig. 2 (right)).
The stand-alone presence of this operator makes it difficult
to satisfy both direct detection constraints and relic density
requirements simultaneously, as will be discussed in the next
section. However, one can go beyond dimension-4 terms
and construct higher-dimensional operators involving (anti-
)quarks, Higgs and a pair of DM particles, which contribute to
the mono-Higgs + Fr signal. At the same time such operators
add credence to such a Higgs-portal scenario by cancelling
the contribution to spin-independent cross-sections in direct
search experiments.

One can write two SU(2), x U(1)y gauge-invariant and
Lorentz invariant operators in this context, namely &1 and
0, which are of dimension-6 and-8 respectively, as follows:

1 . o

0) = F(QL<1>dR><2+ 01 Purx? )
1 . _ y

0 = F(QLDMq)dRXaMX + QL D*Qugxdux) 3)

0 is a dimension-6 operator involving a quark—antiquark
pair, the Higgs boson and a pair of DM particles. On the
other hand, 0, is of dimension-8, involving derivatives of
@ as well as x. Both of these operators are multiplied by
appropriate Wilson coefficients f; (i = 1, 2).

Pas
N
Q)

/ q q

Fig. 3 Generic diagrams for annihilation of DM pair into SM
states (left) and DM-nucleon elastic scattering (right) with contribu-
tions from dimension-6 and -8 operators

Fig. 4 Generic diagram for mono-Higgs + F/r signal with contribu-
tions from dimension-6 and -8 operators

Our main purpose in this paper is to bring out the potential
of mono-Higgs signals for dark matter. With this in view,
we have chosen a smallest set of operators guided by the
requirement to satisfy the dark matter constraints and yet have
arespectable collider signature. This is achieved by choosing
a pair of operators that interfere destructively with the Higgs-
mediated amplitude in direct search experiment and choosing
a collider channel that does not suffer this interference. For
appropriate values of the Wilson coefficient a sizable collider
signature can be obtained without violating the constraints.

Once the higher dimensional operators are introduced,
they contribute to both spin-independent cross-section in
direct searches and annihilation of y before freeze-out. The
appropriate Feynman diagrams are shown in Fig. 3. One
should note that contributions in Fig. 3 arises when &
acquires a VEV. Such contributions will interfere with those
coming from the diagrams shown in Fig. 2.

Let us also mention the operators ¢'; and &, contribute
only to the spin-independent cross-section in direct search
due to the absence of y5 in them. And finally, the presence of
higher dimensional operators also opens up additional pro-
duction channels leading to the mono-Higgs signals via quark
induced diagrams, whose generic representation can be found
in Fig. 4.

@ Springer
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2.2 Constraints from the dark matter sector and allowed
parameter space

As the scenario under consideration treats x as a weakly
interacting thermal dark matter candidate, it should satisfy
the following constraints:

— The thermal relic density of x should be consistent with
the latest Planck limits at the 95% confidence level [33].

— The yx-nucleon cross-section should be below the upper
bound given by XENONIT experiment [34] and any
other data as and when they come up.

— Indirect detection constraints coming from both isotropic
gamma-ray data and the gamma ray observations from
dwarf spheroidal galaxies [35] should be satisfied at the
95% confidence level. This in turn puts an upper limit on
the velocity-averaged x -annihilation cross-section [36].

— The invisible decay of the 125-GeV scalar Higgs h has
tobe < 19% [41].

It has been already mentioned that the simplest models
using the SM Higgs as the dark matter portal is subject to
severe constraints. The constraints are two-fold: from the
direct search results, especially those from Xenon-1T [34],
and from the estimates of relic density, the most recent one
coming from Planck [33]. While the simultaneous satisfac-
tion of both constraints restricts SM Higgs-portal scenar-
ios rather strongly, the same restrictions apply to additional
terms in the Lagrangian as well. In our case, the coefficient of
o xz, restricted to be ultra-small from direct search data,
cannot ensure the requisite annihilation rate in the dominant
modes such as ff and WHW~ (see Eq. (4) where the s-
channel annihilation cross-sections are given in the centre of
mass frame [42]).

- 3/2
)‘gbxm%fN"‘f'Bf/

2By [(s —m3)? + Tim3]
)‘%Dx Bw (s — 4m%vs + 12m“1,v)
drs By [(s —mP? +Tim?]

olxx — ff)=

olxx > Ww™) =

“

where 84 = /1 — 4m124 /s. It is thus imperative to have

additional terms that might bring out cancellation of the
Higgs contribution in direct search and thus make the quar-
tic term less constrained. The signs of the tri-linear coupling
Ahyx (which is basically Ao, v) and the Wilson coefficients
fis have to be appropriately positive or negative to ensure
destructive interference. It will become clearer if we look at
the analytical expression for spin-independent DM-nucleon
scattering cross-section [43], in the presence of Higgs-portal

@ Springer

6;(-N(pb)

1007 ¢

1072

-13 L L
10 10 100 1000

mx(GeV)

Fig. 5 Parameter space (yellow points) allowed by the relic density
observation. The black line is the upper limit on the spin-independent
x — N scattering cross-section from XENONIT experiment. Region
below the black line is allowed by direct detection bound from the
XENONIT experiment. For this plot, we varied A, in the full range
—4m to4m,5GeV <my <1TeV,4TeV < A <50TeV, f1, L ~1

as well as dimension-6 operator ¢}, given below.!

4 2
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Here my is the mass of the nucleon and fy is the effec-
tive Higgs-nucleon coupling. A cancellation at the ampli-
tude level will certainly produce small DM-nucleon scatter-
ing cross-section. While such cancellation may apparently be
inexplicable, it is important to phenomenologically examine
its implication, in a model-independent approach if possible.
A similar approach has been taken in a number of recent
works [26-28]. The higher-dimensional operators listed in
the previous subsection are introduced in this spirit.

In Fig. 5, we show regions of the parameter space con-
sistent with the observed relic density (yellow points) as a
function of dark matter mass m,. The black line in the fig-
ure represents the upper limit from Xenon-1T on the spin-
independent DM-nucleon elastic scattering cross-section as
a function of the mass of the DM particle. The region below
this curve is our allowed parameter space. It is clearly seen
from the figure that larger DM mass regions satisfy the direct
detection bound easily, primarily because of the fact that the
DM-nucleon scattering cross-section decreases with increas-
ing DM mass (see Eq. (5)) and also the experimental limit
becomes weaker for larger DM mass.

! The spin-independent cross-section in direct search, however receives
considerably lower contributions from ¢, because of velocity suppres-
sion for a non-relativistic DM candidate. We have included both the
contributions from ¢ and &5 in mono-Higgs production at the LHC.
However the estimates pertain to f; = f> which may not be valid in
some theoretical scenarios.
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Fig. 6 Region allowed by the relic density and direct detection obser-
vation in the parameter space spanned by the coefficients of dimension-4
and dimension-6 operators for scalar DM. The mass of the DM has been
scanned in the range 5 GeV < m, < 1 TeV for this plot. The mass of
the dark matter is shown as the color-axis

In Fig. 6, we show the region of parameter space in the
%)»h xx — ﬁ plane, which is consistent with both relic den-
sity and direct detection upper bound. One can see that only a
narrow region is allowed, where the aforementioned cancel-
lation in the DM-nucleon scattering amplitude takes place.
As the trilinear coupling decreases, the high scale gets pushed
to a higher value, as expected. The broadness of the red curve
owes itself to the 20" band of the relic density as well as the the
direct detection limit and most importantly, to the specified
range of dark matter mass as described in Fig. 6. As dis-
cussed earlier, we can see from Eq. (5), the spin-independent
scattering cross-section decreases with increasing DM mass
m, . Also, from Fig. 5, it is clear that the upper limit on DM-
nucleon scattering cross-section becomes weaker as one goes
higher in DM mass. Therefore, it follows that if one varies
DM mass to larger values, the direct detection limit will be
less stringent and larger band will be allowed. One can see
that looking at the color-axis in Fig. 6. All the relevant quan-
tities in Figs. 5 and 6, such as relic density(QA?), spin-
independent DM-neucleon scattering cross-section (o)
have been calculated using MicrOMEGASs-5.0.8 [44], where
we have implemented our model via Feynrules-2.3 [45].

We use MicrOMEGA-5.0.8 to also estimate the indirect
detection cross-section for the benchmark points chosen in
the upcoming sections. We find (ov) to be in the vicinity
of 1072% ¢cm? for all six benchmark points we have chosen.
These indirect detection cross-sections are way below the
bound report from Fermi-LAT [35-37] ({(ov) > 10726 cm?)
and AMS [38] ((ov) > 10728 cm?).

We present in the next section, the collider analysis for a
few benchmark points which satisfy all the aforementioned
dark matter constraints. We mention here that our choice of
benchmarks will be strongly guided by the phenomenolog-
ical aspiration to probe the maximally achievable collider

sensitivity. However, we have checked that all our bench-
marks satisfy tree-level unitarity and vacuum stability using
SARAH [39] and our own modification of 2HDME [40].

3 Signals and backgrounds

Having identified the regions of allowed parameter space we
proceed towards developing strategies to probe such scenar-
ios at the high luminosity LHC. Our study is based on a
scalar DM x as mentioned earlier. One should note that a
corresponding fermionic DM will not allow the production
channels in Fig. 1 purely driven by dimension-4 operator.
Therefore one will have to depend on higher-dimensional
operators with the production rate considerably suppressed.
As has been discussed earlier, we are looking for the mono-
Higgs + Hr final state. Since the process will lead to substan-
tial number of events with missing energy, the decay products
of the Higgs constitute the visible system recoiling against
the missing transverse momenta. The main contribution to
production comes from the top two diagrams in Fig. 1.

In Fig. 7, we show the dependence of o (pp — hx x) on
my for Aoy ~ 4w and —A— ~ 5 TeV. It is clear from this

1 f12]

figure that a resonance takes place in the vicinity of %, a
behavior which can be intuitively understood from Fig. 1,
where we have seen that, the first two diagrams make domi-
nant contribution to the final state. It is worth mentioning that
the effective operator &1 contributes close to 10% as much as
the gluon fusion channel in £ x x production, the contribution
of 0, is about half of that of ¢'j. Here also the assumption
f1 = f> is made. While the choice of parameters in Fig. 7,
as justified in the caption is on the optimistic side form the

100000

10000

1000 [

o(pp -> ()

0 20 40 60 80 100 120 140 160 180 200

mX(GeV)

Fig. 7 Production cross-section of pp — hy x at 13 TeV as a func-
tion of dark matter mass, Ao, ~ 47 (perturbative upper limit) and
A = 5 TeV (the corresponding approximate lower limit derived from
Fig. 6). The cross-sections are calculated at parton level using Mad-
graph@MCNLO [46]
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view-point of signals, they qualitatively capture the features
of this scenario.

The next important task is to identify suitable visible final
states which will recoil against the invisible x x system. The
largest branching ratio of the 125 GeV scalar is seen in the bb
channel. However, while this assures one of a copious event
rate, one is also deterred by the very large QCD backgrounds,
whose tail poses a threat to the signal significance. While
we keep the bb channel within the purview of this study,
we start with a relatively cleaner final state, namely a di-
photon pair. Its branching ratio (2.27x1073) considerably
exceeds that of the four-lepton channel (7.2 x 1073) which too
is otherwise clean. As compared to the bb channel, di-photon
offers not only better four-momentum reconstruction but also
a cleaner MET identification. We suggest in the discussion
below, some strategies to overcome this disadvantage largely
making use of one feature of the signal, namely a substantial
missing F/r generated by the x x system.

3.1 yy + Hr channel

The di-photon channel is apparently one of the cleanest of
Higgs signals. The absence of hadronic products is perceived
as the main source of its cleanliness, together with the fact that
there is a branching ratio suppression (though rather strong)
at a single level only as opposed to the four-lepton final state.
This channel has been under scrutiny from the earliest days
of Higgs-related studies at the LHC. In the present context
we are focussing on events with at least two energetic pho-
tons and substantial F/7. Searches for such events have been
carried out by both CMS [47-51] and ATLAS [52-54].

As can be seen in Fig. 7, this channel is usable for m, <
100 GeV, and particularly in the resonant region. Moreover,
the upper limit on the invisible decay of the Higgs prompts
us to those benchmarks where m, > my/2. A set of such
benchmark points, satisfying also all constraints related to
dark matter, are listed in Table 1.

BP2 corresponds to the best possible scenario in terms of
signal cross-section, with mass of the dark matter close to
% and Lo, coupling satisfying the perturbativity limit. We
move up in m, in BPI, to illustrate the reach of yy + Hr
signal for higher DM masses. BP3, on the other hand, has
been chosen to explore the reach of the signal in terms of the
quartic coupling Agy.

The apparent cleanliness of the signal, however, can be
misleading. Various backgrounds as well as possibilities of
misidentification or mismeasurement tend to vitiate the sig-
nal. In order to meet such challenges, the first step is to under-
stand the backgrounds.

Backgrounds Contamination to the di-photon final state
comes mainly from prompt photons that originate from the
hard scattering process of the partonic system (e.g.qgg — vy

@ Springer

Table1 The benchmark points for y y 4+ Fr final state. We have chosen
f1 = f» = 1 for all the benchmarks

Benchmarks my Ay A

BP1 70.0 12.0 5TeV
BP2 64.0 12.0 5TeV
BP3 64.0 9.0 6 TeV

through Born process or gg — vy through a one-loop pro-
cess represented by “box diagram’) or non-prompt photons,
that originate within a hadronic jet, either from hadrons that
decay to photons or are created in the process of fragmen-
tation, governed through the quark to photon and gluon to
photon fragmentation function D} and D} [55-59]. Such
non-prompt photons are always present in a jet, and can
be misidentified as a prompt photon when most of the jet
energy is carried by one or more of these photons. We shall
refer to this effect as “jet faking photons”. Electrons with
energy deposit in the electromagnetic calorimeter (ECAL),
can be misidentified as a photon if the track reconstruction
process fails to reconstruct the trajectory of the electron in
the inner tracking volume, since both electron and photon
deposit energy in the ECAL by producing an electromagnetic
shower, with very similar energy deposit patterns (shower
shapes). Therefore processes with energetic electrons in the
final state can also contribute to the background. We shall
refer to this type of misidentification as “electron faking pho-
ton”. It may be noted that the “jet faking photons ” also has a
contribution from non-prompt electrons produced inside the
jet, that fake a photon due to track misreconstruction. In the
following we discuss the various SM processes that give rise
to prompt and non-prompt backgrounds ordered according
to their severity.

QCD multijet: Although the jet faking photon probability is
small in the high pr region of interest of this analysis(~
107> as estimated from our Monte-Carlo Analysis), the
sheer enormity of the cross-section (~ millibarns above
our pr thresholds) makes this the largest background to
the di-photon final state.

To estimate this background as accurately as possi-
ble, we have first generated an ey -enriched di-jet sam-
ple, which essentially means jets that contain photon-
like(EM) objects within themselves. We mention here
that, to achieve better statistics, we apply a generation
level cut pr > 30 GeV and || < 2.5 on both jets. The
most common source of jet faking a photon is through
70 inside the jet, which decays into two photons. Other
meson decays, electron faking photon and fragmentation
photons contribute a lesser but non-negligible amount.

We have considered all QCD multijet final states which
contain any one of the following objects: photon, elec-
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tron, ¥ or 7 mesons (namely the EM-objects). Then we

have categorized only those objects which have pr >
5 GeV and are within the rapidity-range || < 2.7, as
‘seeds’. Then energies and pr of all the EM-objects
within AR < 0.09 around the seed are added with the
energy and pr of the seed. Thus, out of all those EM-
objects within a jet, photon candidates are created. If in
a QCD multijet event, there are at least two photon can-
didates with pr = 30 GeV, those events can in principle
fake as a photon with high probability. However, one
should also demand a strong isolation around those pho-
ton candidates following the isolation criteria described
earlier to differentiate between these jet faking photons
and actual isolated hard photons.

y+ jets: This background already has an isolated photon
candidate. However, here too, the jets in the final state can
fake as photon with a rather small probability(~ 0.003
as estimated from our Monte-Carlo Analysis). But again
the large cross-section (&~ 10° pb) of this process makes
suppression of the background challenging. For correct
estimation of this background, we adopt the same method
that has been applied for the multijet background dis-
cussed earlier. Like QCD multi-jet, this background is
also generated with p7 > 30 GeV and |n| < 2.5 on the
photon and the jet for gaining better statistics.

tf + y: Another major background comes from ¢7 + y pro-
duction, when one or more of the leptons or jets from
top decay are mistagged as photon. Although the cross-
section is significantly lower compared to y + jets back-
ground, a real source of large F/7 in this case makes it
difficult to reduce this background. However, the isola-
tion criterion as discussed above as well as an invariant
mass cut help us suppress this background.

di-photon: As mentioned above, this background includes
production of two photons in the final state through
gluon-initiated box diagram, and also via quark-initiated
Born diagrams. Although this background gives rise to
two isolated hard photons, it does not contribute much
due to relatively low cross-section. Demanding a hard
Fr and using the fact that the invariant mass of the di-
photon pair should peak around the Higgs mass, one can
get rid of this background.

V + y: A minor background arises from W /Z + y channel,
when one or more leptons or jets from W or Z decay are
mistagged as photons. However, the F/r associated with
this process is not significant and one of the photons is
not isolated. Therefore, this process contributes only a
small amount to the total background.

Z(— vv)h(— yy): This is an irreducible background for
our signal process. This gives rise to sizeable Fr, with the
invariant mass of the di-photon pair peaking around m;,.
However, this process has small enough cross-section

compared to other backgrounds and proves to be incon-
sequential in the context of signal significance.

A few comments are in order before we delve deeper into
our analysis. Some studies in the recent past have consid-
ered, Higgs production through higher dimensional opera-
tors, based on the di-photon signal [13]. However, the role
of backgrounds from QCD multijets has not been fully stud-
ied there. Our analysis in this respect is more complete. Also,
pp — WTW~, too,in principle lead to substantial F/ + two
ECAL hits with electrons from both the W's being missed in
the tracker. We can neglect, such fakes because (a) the event
rate is double-suppressed by electronic branching ratios, (b)
demand on the invariant mass helps to reduce the number of
events and (c) two simultaneous fakes by energetic electrons
is relatively improbable.

Events for the signals and most of the corresponding back-
grounds (excepting QCD multijet and y+jet) and have been
generated using Madgraph@MCNLO [46] and their cross-
sections have been calculated at the next-to-leading order
(NLO). We have used the nn23lol parton distribution func-
tion. The QCD multijet and y+ jet backgrounds are gen-
erated directly using PYTHIAS [60]. MLM matching with
xqcut = 30 GeV is performed for backgrounds with multiple
jets in the final state. PYTHIAS has been used for the show-
ering and hadronization and the detector simulation has been
taken care of by Delphes-3.4.1 [61]. Jets are formed by the
built-in Fastjet [62] of Delphes.

3.2 bb + Fr channel

Signal The bb+ F/r channel resulting in hadronic final states,
poses a seemingly tougher challenge, as compared to the di-
photon final state. However, the substantial rate in this chan-
nel creates an opportunity to probe the mono-Higgs+MET
signal, if backgrounds can be effectively handled. Searches
in this channel have been carried out by both CMS [49,63,64]
and ATLAS [65-67] experiments. We demand at least two
energetic b-tagged jets, along with considerable F/r.

It is clear from Fig. 7 that here too the resonance region
(m, 2 ) offers the best signal prospect, as in the y y case.
The enhancement in the resonant region enables one to probe
Aoy S 6in a cut-based analysis. We shall discuss later the
possible improvements using machine learning techniques.
This makes the bb channel more attractive prima facie, as
compared to the diphoton channel. the rates are large enough
for probing up to A &~ 8 TeV, or, alternatively, DM masses up
to 8 TeV. Although higherm , implies lower yield (see Fig. 7),
judicious demands on the /£ 1 lend discernibility to the final
state. One thus starts by expecting to probe larger regions in
the parameter space for the Higgs decaying into b-pairs. The
benchmark points listed in Table 2 are selected, satisfying all
the aforementioned constraints, by keeping this in mind. The
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Table 2 The benchmark points for bb+ F/r final state. We have chosen
f1 = f» = 1 for all the benchmarks

Benchmarks my Aoy A

BP4 120.0 12.0 5TeV
BP5 64.0 12.0 5TeV
BP6 64.0 6.0 8 TeV

prospect of detectability at the LHC is of course the other
guiding principle here. BP5 offers the best prospect, with
the dark matter mass in the resonant region and the quartic
coupling Ay, close toits perturbativity limit. One should note
that BP5 here has similar potential as BP2 in the case of the
diphoton channel. BP4 is more favorable for relatively heavy
dark matter particles for the same quartic coupling. On the
other hand, BP4 can be explored for smaller A4, compared
to BP4 and BP5, so long as m, continues to remain in the
resonant region.

Having chosen benchmark points for signal we proceed
to analyse the corresponding backgrounds. Here too, for
the backgrounds involving multiple jets in the final state,
the MLM matching procedure has been used with xqcut =
30 GeV.

Background We list the dominant backgrounds for this chan-
nel in the following.

ti+ single top: The major background for the b channel
comes from ¢7 production at the LHC when one of the
resulting W’s decays leptonically. It is commonly known
as semi-leptonic decay of 7 pair. This process has con-
siderable production rate and it is also source of substan-
tial 7. A minor contribution comes from the leptonic
decay of both W’s from ¢f. We call this leptonic decay
of tz. It also has Efy in the final state from two neutri-
nos coming from leptonic W decay. However, a veto on
pr of leptons > 10 GeV reduces this background at the
selection level itself, whereas the semileptonic 7 back-
ground is less affected by such veto. The hadronic back-
ground where both W’s from ¢7 decay hadronically, has
the largest cross-section among all 77 backgrounds. How-
ever, in this case the source of Hr is essentially mismea-
surement of jet energy. A full simulation shows that the
hadronic #f background plays a sub-dominant role. The
single top background is also taken into account, but its
contribution is rather small compared to the semileptonic
and leptonic ¢7 because of its much smaller cross-section.
V+ jets: The next largest contribution to the background,
in our signal region comes from V+ jets (V = W, Z)
production. These processes have large cross-sections
(=~ 10* pb) and also have significant sources of Fly
through the semileptonic decays of the weak gauge
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bosons. However, this background depends on the simul-
taneous mistagging of two light jets as b-jets. The double-
mistag probability is rather small for these backgrounds
(=~ 0.04% as estimated from our Monte-Carlo simula-
tion). It is worth mentioning here, that the contribution of
W +jets is found to be sub-dominant compared to Z-+jets.
The main reason behind this is the presence of larger F
in the latter case and also the suppression of the former
by the lepton veto.

QCD bb: One major drawback of the bb channel is the
presence of QCD bb production of events which has
large cross-section (= 10° pb). The nuisance value of
this background, however,depends largely on Er com-
ing from jet-energy mismeasurement. On applying a suit-
able strategy which we will discuss in the next section
(see Table 5), we find that this background becomes sub-
dominant to those from ¢7 and Z+jets processes. To gain
enough statistics, we have applied a generation level cut
on the b-jets, i.e. pr > 20 GeV and |n| < 4.7 on the
QCD bb events.

Diboson(WZ/ZZ): bb + Er final state can also come from
diboson production in the SM. However, the production
cross-section in this case (& 1.3 pb) is much smaller com-
pared to the aforementioned backgrounds. Moreover, a
hard lepton veto will significantly reduce W Z events and
finally, a strong E/r cut will help us control the ZZ as
well as W Z background.

Z(— vv)h(— bb): Similarto the yy case, this background
too is irreducible. The Er and invariant mass of the bb
system are also similar to the signal processes. However
the smallness of its cross-section (= 100 fb) makes this
background least significant among all the background
processes discussed here.

The signal and background events (except QCD bb) are
generated using Madgraph@MCNLO [46] and showered
through PYTHIAS [60]. The QCD bb background is gen-
erated directly using PYTHIAS. The detector simulation is
performed by Delphes-3.4.1 [61], the jet formation is taken
care of by the built-in Fastjet [62] of Delphes.

We have used the CMS card in Delphes for the b-tagging
procedure, which yields an average tagging-efficiency of
70% per b-jet approximately, in the pr range of our interest
(50-150 GeV). We have checked that this efficiency differs
by not more than 5% on using the ATLAS specifications.s

4 Collider analysis: cut-based
4.1 yy + Fr channel

The discussion in the foregoing section convinces us that it
is worthwhile to look at the yy 4+ F/r channel because of
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the ‘clean’ di-photon final state. Our analysis strategy goes
beyond the existing ones [13, 14] even at the level of rectangu-
lar cut-based studies, for example, we make the background
analysis more exhaustive, detector information particularly
that pertaining to the inner tracker is also studied in greater
detail and of course we have subsequently upgraded our anal-
ysis using the methods based on gradient boosting as well as
neural network. This will be described in detail in later sec-
tions.

We will discuss the results of our cut-based analysis for
a few benchmarks presented in Table 1 which are allowed
by all the constraints mentioned earlier. We will first identify
variables which give us desired separation between the signal
and backgrounds. We present in Fig. 8 the distribution of the
transverse momenta of the leading and sub-leading photon
for the signal and all the background processes. The signal
photons are recoiling against the dark matter and therefore
are boosted. On the other hand, in case of di-jet events the
photons are part of a jet, and it is unlikely that those photons
will carry significant energy and pr themselves. In case of
y + jet background at least one photon is isolated and it can
carry considerable pr. Therefore the pr distribution of the

leading photon is comparable with the signal in this case,
while for the sub-leading photon, which is expected to come
from a jet, it falls off faster as expected.

In Fig. 9 (left), we plot the F/r distribution for signal
and background processes. F/r distributions for di-jet, y +jet
and di-photon show that these background events will have
much less By compared to the signal and Zh background. In
the background events involving jets the source of missing
energy is via the mismeasurement of jet energy or from the
decay of some hadron inside the jet. y y background naturally
shows lowest F/r contribution owing to the absence of real
F/r or jets in the final state. On the other hand, the signal and
Zh background have real source of Fr. It is evident that Fr
observable will play a significant role in signal-background
discrimination. In Fig. 9 (right), we have shown the invariant
mass of the di-photon pair. In case of signal and Zh back-
ground the m,,,, distribution peaks at Higgs mass and for all
other backgrounds no such peak is observed. This distribu-
tion is also extremely important for background rejection.

In Fig. 10 (left) we plot the distribution of AR between
the two photons for signal and background. We can see from
the figure that in case of di-jet and y +jet background there
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Table 3 Signal and background efficiencies in the yy + Fr final state after applying various cuts at 13 TeV. The cross-sections are calculated at

NLO
Datasets Xsec (pb) Cutl Cut2 Cut3 Cut4 Cut5 Cut6 Cut7

BP1 3.0x 1074 0.562 0.560 0.480 0.238 0.216 0.193 0.147

BP2 4.4 % 107 0.572 0.570 0.515 0.333 0.301 0.273 0.210

BP3 1.9 x 1074 0.572 0.570 0.515 0.333 0.301 0.273 0.210

jj 7.8 x 108 8.9 x 1076 7.0 x 1076 4.6 x 1076 3.6 x 1078 1.1x1078 1.5x 1077 1.2 x 10712
Vi 1.5 x 10° 9.0 x 1074 9.0 x 1074 7.0 x 1074 4.2 %1077 2.5%x 1077 1.6 x 1078 4.8 x 10710
ity 2.0 0.074 0.070 0.056 0.011 0.008 9.0 x 1074 2.8 x1073
vy 410 0.530 0.530 0.441 2.7 x 1076 2.7 x 107° 6.7 x 1077 6.0 x 1077
W4y 94.0 1.7 x 1073 1.7x 1073 14x1073 3.5 %1077 32x107° 2.0 x 107° 6.0 x 1078
Zy 64.0 24 %1073 2.4 %1073 1.8x 1073 2.1 x 1073 1.8 x 1073 1.0 x 107 3.1x 1078
Zh 27 %1074 0.442 0.442 0.405 0.145 0.136 0.131 0.116

is a peak at AR =~ 0, resulting from the cases where the
two photons have come from a single jet. However the di-
jet and y+jet events have a second peak too because of the
events where each photon is part of a single jet and there-
fore the two photons are back to back. However, we do not
really observe any peak in the AR distribution of the signal
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or Zh background because in these cases the di-photon sys-
tem is exactly opposite to the dark matter pair. Next we plot
the jet multiplicity distribution for signal and background in
Fig. 10 (right).

In Fig. 11 (left) and (right), we have plotted the A¢ dis-
tribution between the Fr and the leading and sub-leading
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photon respectively. We know that in case of signal and the
Zh background the di-photon system is exactly opposite to
the dark matter system. Therefore the photons from the Higgs
boson decay tend to be mostly opposite to the Er. On the
other hand in case of di-jet or y-jet events, the the F/r is
aligned with either of the jets for aforementioned reasons.
This behaviour is visible from the Fig. 11.

We would like to remind the reader that no special strategy
has been devised for the irreducible Zh background. This is
because of its low rates compared to both the signal and the
other background channels.

Results Having discussed the distributions of the relevant
kinematical variables, we go ahead to analyse the signal and
background events. Our basic event selection criteria here is,
at least two photons with pr > 10 GeV and || < 2.5. We
also impose veto on leptons (e, ) with pr > 10 GeV. For
our analysis, we further apply the following cuts in succes-
sion for the desired signal-background separation.

Cut 1: pr oftheleading(sub-leading) photon > 50(30) GeV

Cut 2: AR between two photons > 0.3

Cut 3: A¢ between leading(sub-leading) photon and F7 >
0.3(0.3)

Cut4: Fyp > 100 GeV

Cut 5: A¢ between leading(sub-leading) jet and Er >
0.4(0.4)

Cut 6: 115 GeV < my, < 135 GeV

A clarification is in order on the way in which we apply the
isolation requirement on each photon. We have imposed the
requirement that the total scalar sum of transverse momenta
of all the charged and neutral particles within AR < 0.5 of
the candidate photon can not be greater than 12% of the pr
M < 0.12. There-

after we have estimated the isolatioflTprobability of a photon,
defined by this criterion, as a function of pr. We have then
multiplied this pr-weighted isolation probability with all the
events surviving after applying the previously mentioned cuts
(up to Cut6). We call this criterion Cut7 which goes some-
what beyond the rectangular cut-based strategy.

Table 3, indicates the cut-efficiencies of various kinematic
observables. We can see from this table that £/7, m,,,, and the
isolation criterion turn out to be most important in the sepa-
ration of the signal from the background. Having optimized
cut values, we calculate the projected significance () for
each benchmark point for the 13 TeV LHC with 3000 fb~!
in Table 4. The significance .¥ is defined as

of the candidate photon i.e

S = \/2[(5 + B)Log (1 + %) — 5] (©6)

Table 4 The S/B ratio and BP S/B 7
signal significance for the
benchmark points at 13 TeV BP1 0.033 210

with £ = 3000 fb~! in the
yy + Hr channel, after using
the cuts listed in Table 3 BP3

BP2 0.068 430
0.030 190

Where S and B are the number of signal and background
events surviving the succession of cuts. This formula holds
under the assumption that the signal as well as the background
follow Poisson distribution, and the right-hand side reduces
to the familiar form \% in the limit (S + B) > l and S «
B (see Equation 97 of [68]).

From Table 4, one can see that our cuts have improved
the S/B ratio from 1072 to of the order 0.05. And with
our cut-based analysis it is possible to achieve 2 4o signifi-
cance for BP2 which has the largest production cross-section.
The other benchmarks with heavier dark matter mass or
small quartic coupling do not perform very well. One should
note that although we have identified the strongest classifier
observables through our cut-based analysis and used them,
it is possible to make use of the weaker classifiers too if we
go beyond cut-based set-up, which will precisely be our goal
with machine learning in the next section. We hope to achieve
some improvement over the results quoted in Table 4.

4.2 bb + Hr channel

We proceed to discuss the kinematic variables which yield
significant signal-background separation. In Fig. 12, we plot
the pr distribution of the leading and sub-leading b-jets for
the signal and all the background processes. We can see from
the figures that for the signal, the pr distribution of the b jets
peak at a higher value compared to the QCD bb and V +jets
background. This behaviour is expected since the bb system
is recoiling against a massive DM particle in case of signal.
The distribution of p7 of leading and sub-leading b-jets from
tf backgrounds however peak at a similar region as the signal.
The b-jets in those cases come from the decay of top quarks
and are therefore boosted. Guided by the distributions we put
appropriate cut on the transverse momenta of the leading and
sub-leading b-jets in our cut-based analysis.

In Fig. 13 (left) we plot the F/r distribution for signal and
background processes. We can see that the QCD background
produces the softest F/r spectrum. The reason behind this
is that there is no real source of F/y for this final state. It
is mainly the mismeasurement of the visible momenta of
the jets, which leads to Fr. Though large F/r arising from
such mismeasurement contributes mostly to the tail of the
distribution, the sheer magnitude of the cross-section can
still constitute a menace. However, a strong E/r cut helps
us reduce the bb background to a large extent, as will be
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clear from the cut-flow analysis in the next subsection. The
Fr peaks at much lower values in case of V+jets as well.
However, 17 and Zh background also produce large enough
Fr, although less than our signal. Therefore a hard F/y cut
enhances the signal background separation. In Fig. 13 (right),
we plot the invariant mass distribution of two b-jets. In case
of signal and Zh background it peaks at Higgs mass, whereas
for all other backgrounds it falls off rapidly. It is evident that
a suitable cut on the invariant mass of the b-jet pair will also
be effective in reducing the background.

In Fig. 14 (left) we show the jet multiplicity distribution of
the signal and background processes. Jet multiplicity distri-
bution here indicates the number of light jets in the process.
We know that in ¢ semileptonic case, which is one of the pri-
mary backgrounds, the number of light jets is expected to be
more than the signal and other backgrounds, because it has
two hard light jets coming from the W decay. This feature
can be used to distinguish this background from signal. We
also present the distribution of the invariant mass distribution
of the leading and sub-leading light jet pair in Fig. 14 (right).
In case of ¢7 semileptonic background, the two leading light
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jets come from W decay and therefore this m ;; distribution
peaks at W mass. An exclusion of the m j; ~ mw region in
the cut-based analysis as well as a suitable cut on the number
of light jets help us control the severe ¢7 background.

In Fig. 15 (left) and (right), we plot the A¢ distribu-
tion between the F/r and the leading and sub-leading b-jets
respectively. In case of signal and the Zh background the bb
system is exactly opposite to the dark matter system. There-
fore the b-jets from the Higgs boson decay tend to be mostly
opposite to the Fr. On the other hand in case of QCD bb
events, the the Fr is aligned with either of the b-jets because
the Fr arises mainly due to the mismeasurement of the b-jet
energy in this case. This behaviour is visible from the Fig. 15
(left) and (right).

Results From the discussion on various kinematical observ-
ables, it is clear that we can choose suitable kinematical cuts
on them to enhance the signal-background separation. How-
ever, our basic event selection criteria in this case are, at
least two b-tagged jets with pr > 20 GeV and |n| < 4.7.
We also impose a veto on leptons (e, u) with pr > 10 GeV.
In addition, the following cuts are applied for our analysis.
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Cut 1: pr of leading b-jet > 50 GeV and pr of sub-leading
b-jet > 30 GeV

Cut 2: Fr > 200 GeV

Cut 3: 80 GeV < My,p, < 140 GeV

Cut 4: A¢(leadingb,
Fr) > 0.35 and A¢ (sub-leading b, Hr) > 0.35

Cut 5: Number of light jets (not b-tagged) < 3

Cut 6: Invariant mass of two leading light jet pair < 70 GeV
or > 90 GeV

Cut 7: AR between the leading b-jet and the leading light
jet> 1.5

We have applied these cuts on signal and background pro-
cesses in succession. The cut efficiencies of various cuts for
signal and backgrounds are given in Table 5.

From the cut-flow efficiencies quoted in Table 5 we can
see that Cut2 i.e. the F/r cut is most essential in eliminating
the major backgrounds such as r7 semileptonic and QCD bb.
The other severe background V +jets is under control after
applying the b-veto at the selection level. Having optimized
cut values, we calculate the projected significance () for

each benchmark point for the 13 TeV LHC with 3000 fb~! in
Table 6. The formula used for calculating signal significance
is given in Eq. (6).

From Table 6 one can see that our cuts have improved S/ B
ratio from 10~7-10~% to the order 0.01. And with our cut-
based analysis it is possible to achieve ~ 60 signal signifi-
cance for BP5 with the bb+ Fiy final state. As we have chosen
BPS5 to be exactly same as BP2 of the di-photon case, one can
compare the reach of the two channels with this benchmark.
At this level of analysis, we can see that bb + Fr clearly
performs better than yy + F/r channel in this regard. BP4
for which dark matter mass is 120 GeV, performs fairly well
even within the cut-based framework. We have used mainly
the strong classifiers in our cut based analysis. However, it
is well known in the machine learning literature that a large
number of weak classifiers can also lead to a good classifica-
tion scheme. To that end, we include a range of kinematical
variables (weak classifiers) along with our strong classifiers
to help us improve our reach in couplings and masses of the
dark matter.
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Table 5 Signal and background efficiencies in the bb + F/ final state after applying various cuts at 13 TeV. The cross-sections are calculated at

NLO
Datasets Xsec (pb) Cutl Cut2 Cut3 Cut4 Cut5 Cut6 Cut7

BP4 0.027 0.279 0.070 0.050 0.040 0.022 0.021 0.020

BP5 0.118 0.257 0.036 0.023 0.016 0.010 0.009 0.008

BP6 0.03 0.257 0.036 0.023 0.016 0.010 0.009 0.008

17 semileptonic 360 0.145 0.003 6.0x107*  50x10~* 1.6 x 1074 14x107%  8.0x107
17 leptonic 32 0.041 0.001 2.0x 1074 1.0x107*  40x107° 37x10°  20x107
Z+jets 1.7x10* 40x107% 20x107°  4.0x107° 4.0%x1076 3.0x107° 3.0x107° 2.0x107°
W+jets 2.4x10% 1.0x107%  8.1x1077 1.0x1077 1.0x1077 2.7x1078 2.7x1078 22x1078
QCD bb 10° 0.170 3.0x1078 3.0x1078 2.0x1078 2.0x1078 2.0x1078 1.0x1078
Diboson 1.33 0.060 2.4 %1073 1.6 x 1073 1.5%x 1073 1.3x 1073 1.3 x 1073 1.1 x 1073
Zh 0.07 0.189 0.016 0.013 0.012 0.011 0.011 9.0 x 1074
Table 6 The S/B ratio and BP S/B 2 with the cut-based analysis. The usefulness of BDT and ANN
signal significance for the has been widely demonstrated in [71-75] including studies
Sﬁ?ﬁgfgggénftsz is ;flzv BP4 0.007 340 inthe Higgs sector [27,76-81]. For ANN, we have used the
bb + B channel, after using the ~ BX2 0.012 590  toolkit Keras [82] with Tensorflow as backend [83]. For BDT,
cuts listed in Table 5 BP6 0.003 150 we have used the package TMVA [84]. Like the cut-based

5 Improved analysis through machine learning

Having performed the rectangular cut-based analysis in the
yy + Hr and bb + Ely channel, we found that it is possible
to achieve considerable signal significance at the HL-LHC
for certain regions of the parameter space. Those regions are
highly likely to be detected in the future runs. However, there
are some benchmarks, namely the ones with small quartic
coupling A, which predictrather poor signal significance in
a cut-based analysis. We will explore the possibility of prob-
ing those regions of parameter space with higher significance
with machine learning. As we discussed in the previous sec-
tion, we go beyond the rectangular cut-based approach here
and use more observables, even the weaker classifiers, and
take into account the correlation between the observables.

In cut-based analysis we apply rectangular cuts on the cho-
sen observables. Therefore, the shape of the selected signal
region is a n-dimensional rectangular hypervolume. How-
ever, the actual shape of the signal region might be more
complicated. In order to capture the relevant signal region, we
have to adopt a more intricate scheme of selecting regions of
the phase space. One such way is Boosted Decision Tree [69],
which iteratively partitions the rectangular volume to select
the relevant signal region. Alternatively, the Artificial Neu-
ral Network [70] attempts to encompass the relevant signal
region with a set of hyperplanes, to as good accuracy as pos-
sible.

We have performed the analysis with BDT as well as ANN
in order to make a comparison between the two as well as
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analysis here too, we present a comparison between the per-
formances of yy + Fr and bb + Er channels using ML.

5.1 yy + F/r channel

For our analysis in the yy + E/r channel, we have used 16
observables as feature variables. Those observables are listed
in Table 7. For our BDT analysis, we have used 100 trees.
A condition of minimum 2% events of the training sample
has been set for leaf formation. Maximum depth of decision
tree allowed is 2. An ANN has been constructed feeding
these 16 variables in the input layer followed by 4 hidden
layers with nodes 200, 150, 100 and 50 in them respectively.
We have used rectified linear unit (RELU) as the activation
function acting on the output of each layer. A regularization
has been applied using 20% dropout. Finally there is a fully
connected output layer with binary mode owing to softmax
activation function. Categorical cross-entropy was chosen as
the loss function with adam as the optimizer [85] for network
training with a batch-size 1000 for each epoch, and 100 such
epochs. For training we use 80% of the data, while rest 20%
was kept aside for test or validation of the algorithm.

We introduce a few new observables compared to the cut-
based analysis, namely Mz, M 1€, R [86] among others. These
variables are collectively called the Razor variables. The def-
initions are as follows.

Mg = J(Ey, + Ep) + (07, + pz,,)? %
My = Br(p} + p?) — Brp) cos(Ady, g,)
— Brpy cos(Agy,g,) ®)
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Table 7 Feature variables for

training in the ML analysis for Variable

Definition

the yy + FJr channel. The pn
observables which were used in r
the cut-based analysis have been
separated from the new ones by
a horizontal line

Py’
El;}iss
Myy
ARyy
Nj
Ady gy
Ady, gy
Adj
Adjy
M

Ny,
Agyy
Mg
Mk
R

Transverse momentum of the leading photon

Transverse momentum of the sub-leading photon
Missing transverse momentum

Invariant mass of the leading and sub-leading photons
AR between two photons

Number of jets in the event

Azimuthal separation between the leading photon and Fr
Azimuthal separation between the sub-leading photon and Fr
Azimuthal separation between the leading jet and Fr
Azimuthal separation between the sub-leading jet and Fr
Pseudo-rapidity of the leading photon

Pseudo-rapidity of the sub-leading photon

Azimuthal angle separation between two photons

Razor variable Mg

Razor variable M;

Razor variable R

signalm_ =64 GeV
signal m_ =70 GeV
diphoton
gamma-jet

—— dijet
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tty

Events (Normalized)
2

-
<
N

1073
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Fig. 16 Normalized distribution of Razor variable R for signal and
backgrounds

T
_ Mi

R=_R
Mg

©)

The Mp variable gives an estimate of the mass scale,
which in the limit of massless decay products equals the mass
of the parent particle. This variable contains both longitudinal
and transverse information. M g on the other hand, is derived
only from the transverse momenta of the visible final states
and F/y. The ratio R between Mg and M1€ captures the flow
of energy along the plane perpendicular to the beam and sep-
arating the visible and missing momenta. We show the distri-
bution of R for signal and background processes in Fig. 16,
which indicates the variable R and correspondingly all the
razor variables possess substantial discriminating power.

From the BDT analysis, we found out that the Fr and
my,, play the most important role in distinguishing between

signal and background, which was already expected from our
cut-based analysis. ARy, pr of the leading and sub-leading
photons and the Razor variables are also good discriminat-
ing variables in this regard. However, there can be significant
correlation between various important observables, which
should be taken into account. We have calculated such corre-
lations directly in BDT and used only those variables which
have < 25% correlation between them, in our final BDT
analysis. We have used the observable with highest ranking
among the correlated (= 75%) ones. For example, we found
that the razor variables (particularly M 1€) are correlated with
F/r. One should also note that the significant background
rejection (di-jet, y+ jet) happens while two isolated photons
are demanded as has been discussed in the cut-based analysis.

We apply the following cuts, after demanding at least two
photons and lepton-veto, and introduce the resulting training
sample for the BDT as well as ANN analysis:

— pr of the leading photon > 30 GeV,

pr of the sub-leading photon > 20 GeV,
Fr > 40 GeV,

- 50 GeV < my, < 200 GeV,

- AR,, > 0.1,

A¢(y1, Hr) > 0.1 and

A¢p(y2, Hr) > 0.1.

We emphasize that the cuts given above are weaker than
those used in the cut-based analysis. This allows our algo-
rithms to look at the larger phase-space, learn about the the
background features better and then use them to come up
with a better decision boundary that helps us cut down the
background even more strongly.
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Fig.

Table 8 The S/B ratio and
signal significance for the
benchmark points at 13 TeV
with # = 3000 fb~! in the

yy + Ffr final state, using ML.
A comparison between BDT,
ANN and cut-and-count(CC)
results are presented in last three
columns, in terms of the ratio of
respective signal significance

Table 9 Feature variables for
training in the ML analysis for
the bb + F/r channel. The
observables which were used in
the cut-based analysis have been
separated from the new ones by
a horizontal line
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17 ROC curves for two Dark matter masses in the yy + Fr final state with ANN(left) and BDT(right)

BP §/B (BDT) . (BDT) S/B(ANN) . (ANN) Rppr/cc  Rannycc  Rann/BpT
BP1  0.181 530 0.250 6.60 2.58 3.19 1.23
BP2  0.196 650 0.244 750 1.51 1.75 1.16
BP3  0.083 280 0.104 330 1.50 1.76 1.17
Variable Definition

szwl Transverse momentum of the leading b-jet

szwz Transverse momentum of the sub-leading b-jet

E’T”i 58 Missing transverse energy

Mpp Invariant mass of the b-jet pair

Njets Number of light jets in the event

mjj Invariant mass of the leading light and sub-leading light-jet

Ay, Azimuthal separation between leading b-jet and Fr

Adp, gy Azimuthal separation between sub-leading b-jet and Fr

ARy, j, AR between leading b-jet and leading light jet

ARpp AR between two leading b-jets

Adpp Azimuthal separation between two b-jets

Hy Scalar sum of pr of all visible final states

Fr significance Hr/V/Hr

Ay, jy Azimuthal separation between leading b-jet and leading light jet
Adp, j, Azimuthal separation between sub-leading b-jet and leading light jet
APy, jy Azimuthal separation between leading b-jet and sub-leading light jet
App, jy Azimuthal separation between sub-leading b-jet and sub-leading light jet
ARy, j, AR between sub-leading b-jet and leading light-jet

ARp, j, AR between leading b-jet and sub-leading light-jet

ARp, j, AR between sub-leading b-jet and sub-leading light jet

AP, gy Azimuthal separation between leading light-jet and Hr

A, gy Azimuthal separation between sub-leading light-jet and Fr




Eur. Phys. J. C (2022) 82:914

Page 17 of 22 914

signal mDM:64 GeV
signal m_' =120 GeV
1t semi leptonic
——— ttleptonic

1

N
<Q

Events (Normalized)

2

N
<

E\ L L PRI RIS | SRS SR SN | PRI R
0 2 4 6 8 10 12 14 16 18 20
MET significance (/GeV)

Fig. 18 Normalized distributions of F/y significance (left) and Hr (right) for signal and backgrounds
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Fig. 19 ROC curves for two Dark matter masses in the bb + F final state with ANN (left) and BDT(right)

In Fig. 17, we show the Receiver Operating Character-
istic (ROC) curves for two mass points m, = 64 GeV
and m, = 70 GeV from the ANN(left) and BDT(right)
analyses. We can see from Fig. 17, that with increase in
the dark matter mass, the discriminating power increases,
the ROC curve for m, = 70 GeV performs better than
my = 64 GeV. The area under the ROC curve is 0.994(0.993)
form, = 70GeV and 0.992(0.991) for m, = 64 GeV using
ANN(BDT). In Table 8, we present the S/B ratio, the sig-
nal significance for BP1, BP2 and BP3 using both ANN and
BDT. We have scanned along the ROC curves and presented
results for selected true positive (~ 0.55) and false negative
rates (~ 0.001) that will yield the best signal significance
for respective benchmark points. The signal significance is
calculated using the formula (6).

From Table 8, it is clear that machine learning improves
the results of our cut-based analysis to a large extent. We
notice that the S/ B ratio has improved 4 to 8 fold depending
upon the benchmark point and the machine learning methods
that lead to improved significance. We also notice that ANN
performs better than BDT in this case. With machine learning

techniques at our disposal, regions with weaker dark matter
couplings can be probed at the HL-LHC in the y y + F/r final
state, which was unattainable through an exclusive rectangu-
lar cut-based method.

5.2 bb + Fr channel

We proceed towards the analysis in bb + F7 channel with
ML in this subsection. Here we have used 22 observables as
feature variables which are listed in Table 9. Like the y y + Hr
case, here too, we have used 100 trees, minimum 2% events of
the training sample for leaf formation and maximum allowed
depth of decision tree 2, for BDT analysis. An ANN was
constructed with these 22 variables fed into the input layer
and then a similar structure of the network has been used as
described in the y y analysis. The input layer is followed by
4 hidden layers with nodes 200, 150, 100 and 50 respectively
using rectified linear unit (RELU) as the activation function
acted on the outputs of each layer. The final layer is a fully
connected binary output layer with softmax as the activation
function. A 20% dropout has been applied for regularization.

@ Springer



914 Page 18 of 22

Eur. Phys. J. C (2022) 82:914

Table 10 The S/B ratio and signal significance for the benchmark
points at 13 TeV with . = 3000 fb~! in the bb + Fr final state, using
ML. A comparison between BDT, ANN and cut-and-count(CC) results

are presented in last three columns, in terms of the ratio of respective
signal significance

BP S/B (BDT) < (BDT) S/B (ANN) < (ANN) Rppr/cc Rann/cc RANN/BDT
BP4 0.062 1230 0.083 1520 3.63 4.48 1.23
BP5 0.124 294 o 0.153 3550 4.94 5.97 1.21
BP6 0.032 7.6 0 0.039 920 5.03 6.09 1.21

For the loss function categorical cross-entropy was chosen
with adam as the optimizer [85] and the network was trained
with a batch-size 1000 for each epoch, and 100 such epochs.
For training, 90% of the data was used, while rest 10% was
used for test or validation of the algorithm.

We can see from Table 9, that a number of new observ-
ables have been introduced for the ML analysis, compared to
the cut-based approach. One such important addition is the
FHr significance which has been widely used in experimental
analyses for the mono-Higgs + DM search in the bb + Fr
final state [66]. The F/r significance is defined as the ratio of
F/r and the square-root of scalar sum of pr of all the visible
final states (v/Hr). This observable (albeit correlated with
Fr) is particularly useful in reducing the bb background as
pointed out in [87]. We can see the distribution of Fr sig-
nificance for signal and background from Fig. 18 (left). We
show the distribution of Hr for signal and backgrounds in
Fig. 18 (right).

BDT analysis ranks Fr, mpp, Hr, N j.s observables high-
est in terms of signal and background separation, reinforcing
our understanding from the cut-based analysis. Here too, the
correlated observables are identified in BDT and only the
most important ones among the correlated were retained for
an effective BDT performance.

We apply the following cuts after demanding two b-jets
and lepton-veto, and introduce the resulting training sample
for the BDT as well as ANN analysis:

pr of the leading b-jet > 30 GeV,

— pr of the sub-leading b-jet > 20 GeV,
Fr > 50 GeV,

60 GeV < mpp < 170 GeV and
—mj; < 70GeV0rmjj > 90 GeV.

Like in the case of yy 4+ Hr channel, here too we use cuts
weaker than those used in the cut-based analysis to better esti-
mate the decision boundary in the phase-space. In Fig. 19,
we present the ROC curve for two mass points for the dark
matter particle x, m, = 64 GeV and m, = 120 GeV using
ANN(left) as well as BDT(right). We can see that as the
mass of the dark matter increases, the discriminating power
between signal and background increases. This can certainly
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be attributed to the larger F/r in case of heavier dark mat-
ter mass which is clear from Fig. 13 (left). The area under
the ROC curve is 0.95(0.93) in case of m, = 120 GeV
and 0.93(0.91) for m, = 64 GeV using ANN(BDT). We
have scanned along the ROC curves and presented results
for selected true positive (~ 0.20) and false negative rates
(~ 0.001) that will yield the best signal significance. In
Table 10, we present the S/B ratio, the signal significance
for the benchmark points given in Table 2, calculated using
Eq. 6. We note that both BDT and ANN models give us about
a factor 10 improvement in the S/B ratio and about 3 to 6
times improvement in the signal significance.

Table 10 shows that machine learning significantly improves
the prospect of the bb+ F/r channel, compared to the cut-and-
count analysis. Here too, ANN performs consistently better
than BDT. There are certain regions of the parameter space
in which the predictions for the bb + Ffr signal are more
optimistic owing to the large cross-sections and several per-
cent levels S/ B ratio. All three benchmark points, BP4, BP5
and BP6 can be probed at significances much larger than 5o.
This indicates that we can probe larger masses and/or smaller
couplings than the ones we have chosen for the benchmark
points. But we must take note that the large significance
reported in Table 10 are caused by a small statistical error
of order 0.5% which is significantly smaller than the best
estimates for systematic errors. Thus it becomes essential to
repeat the analysis in the presence of systematic errors, which
is done in the next section.

6 Analysis with systematic uncertainty

It is well-known that the proposed future HL-LHC will be
extremely prone to large amount of systematic uncertainty
coming from various sources. Therefore, it is imperative that
we study the effect of systematics on our analysis. In order to
check the effect of systematic uncertainty on our results, we
have repeated the analysis, using BDT as well as ANN, in
the presence of suitable chosen sets of values for systematic
uncertainty in Tables 11, 12, 13 and 14. The signal signif-
icance in the presence of systematic uncertainty is given in
Eq. (10) [68,88] below:
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Table 11 Signal significance for the benchmark points at 13 TeV with
£ =3000fb~!, in the yy 4 Ffr final state, using ANN with 1%, 2.5%
and 5% systematic uncertainty

BP x=1% x=2.5% X=5%
BP1 630 540 380
BP2 710 580 390
BP3 310 250 1.70

Table 12 Signal significance for the benchmark points at 13 TeV with
£ =3000fb~!, in the yy + F final state, using BDT with 1%, 2.5%
and 5% systematic uncertainty

BP x=1% x=2.5% x=5%
BP1 510 420 290
BP2 6.10 490 320
BP3 270 210 140

Table 13 The S/B ratio and signal significance for the benchmark
points at 13 TeV with .# = 3000 fb~!, in the bb 4 Ffr final state, using
ANN with 2.5%, 5%, 10% and 15% systematic uncertainty

BP S/B x=2.5% x=5% x=10% x=15%
BP4 0.147 530 280 l4o 0930
BPS 0.323 1100 580 290 200
BP6 0.082 300 160 0.80 o 0.50 o

Table 14 The S/B ratio and signal significance for the benchmark
points at 13 TeV with .% = 3000 fb~!, in the bb + Ffy final state, using
BDT with 2.5%, 5%, 10% and 15% systematic uncertainty

BP S/B x=2.5% x=5% x=10% x=15%
BP4 0.131 480 250 120 0.83 0
BP5 0.296 1020 530 270 180
BP6 0.074 270 l4o 070 048 o

(S+B) (B+A%)
B2+ (S+ B) A%,

y=ﬁ<(5+B)Log

B? A%S
——Log |1+

2
with Ap=xB.
A% ) )

B (B + A%
(10

Here x is the fractional systematic error. We note that the
expression for the significance given in Eq. 6 and Eq. 10
depend upon three fractions: the signal to background ratio
S/ B, the fractional statistical uncertainty 1/ /B and the frac-
tional systematic error x. To obtain a large significance, we
need to have S/B much larger than combined statistical and
systematic error.

For the yy + Er channel, one expects to have a sys-
tematic uncertainty of up to 2.5% on integrated luminos-
ity [90]. For this channel, we choose to repeat the analysis
with x = 1%, 2.5% and 5%. For these choices of systematic
uncertainty, we scan the ROC curve again looking for the best
operating point and found that the earlier point still gives the
best signal significance. These are presented in Tables 11 and
12. We see that BP1 and BP2 still remain above 5o for the
ANN case with 2.5% systematic errors while in the case of
BDT they remain above 4o

For the case of bb+ FEr channel, one has additional uncer-
tainty of about 15% coming from double b-tagging [89]. We
choose to repeat the analysis with x = 2.5%, 5%, 10% and
15% and present the results in Tables 13 and 14. All the
chosen values of systematic errors are about 5 to 30 times
larger than the corresponding fractional statistical error and
also comparable to or a few times larger than the S/ B ratio.
To improve the sensitivity with these choices of systematic
errors we scan the ROC curve and find that with a false neg-
ative rate ~ 0.0001 and true positive rate ~ 0.05 we get
maximum signal significance. We note that with the new
operating point the S/ B has almost doubled, reaching ~ 0.3
for BP5. This leads to signal significance for BP5 to ~ 2o
for both ANN and BDT models with 15% systematics. We
also note that one can improve the significance if one can
reduce the large systematic uncertainty coming from double
b-tagging along with the enhancement of S/ B ratio by possi-
bly choosing another operating point on the ROC curve. The
former will requires a better understanding of the b-tagging
while the latter requires a larger sample of the background
events.

7 Summary and conclusion

In this work, we concentrate on the collider search for dark
matter in the mono-Higgs + K final state. This channel
along with mono-jet, mono-photon, and mono-V final states
has garnered substantial interest among experimentalists and
theorists alike for dark matter hunting. We have chosen the
dark matter to be a WIMP-like scalar that interacts with
the SM particles via Higgs mediation. Using a Higgs portal
description and at the same time higher dimensional opera-
tors, we alleviate the tension between the constraints from
direct searches and relic density. One is thus guided to opti-
mal coupling strengths suitable to yield partial cancellation
in the direct detection experiments and still reproduce the
observed relic density. In addition, the presence of higher-
dimensional operators may enhance the production cross-
section for the i + x x state.

Accounting for all the constraints we identify benchmark
points that yield large production cross-sections for 2 + x x
state at the LHC. We would like to point out that the resonant
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Higgs mass region (m, ~ my/2) is the best possible region
to probe in the mono-Higgs final state because of the large
production cross-section. We choose the yy + Fy and bb +
Er final states.

For the di-photon channel, we go beyond the SM back-
grounds with prompt photons usually considered in the lit-
erature and estimate the fake/non-prompt photons coming
from QCD di-jet and y+ jets events. We find that the tail of
these backgrounds with large production cross-sections can
be detrimental for signal background separation in the di-
photon channel however strong isolation of photons along
with suitable cuts on kinematical observables enable us to
get considerable signal significance at the high luminos-
ity (3000 fb—!) LHC. For the bb channel we simulate full
backgrounds coming from QCD multi-jets, V +jets, and 77
final states. We find that the bb channel fares better than
the di-photon channel when the systematic uncertainties are
ignored.

We consider (almost) an exhaustive list of kinematical
variables to perform BDT- and ANN-based analysis of the
signal significance. We find that both these method leads
to a significant improvement in the signal significance for
all three benchmark points in the di-photon channel with
ANN performing better than BDT. For the bb channel the
improvement is even more exciting if we consider only the
statistical error.

Noting that the systematic uncertainties can be large [89,
90], we have also estimated their impact on our analysis.
The experimental analysis on bb 4+ 7 [89] demonstrates
that uncertainty in the double-b tagging has the highest
impact(® 15%) on the signal strength. For our analysis, we
have considered a similar impact on our signal strengths to
estimate its effect on the quoted significance and found out
that for the most optimistic benchmark choice (BP5) in our
bb + Fr analysis, considering the systematic uncertainty of
15% in the double-b tagging can reduce our signal signifi-
cance by up to 18 times. For yy + Fr analysis, a systematic
uncertainly of 2.5% on integrated luminosity [90] impacts
our signal significance by < 25%.

One can in principle extend this analysis to other Higgs
decay modes suchas WW, ZZ and tt. However, such chan-
nels are either prima facie beset with low rates for the viable
final states, or have challenges in the reconstruction of the
Higgs peak. It may be useful to try the Tt mode in particular
as a confirmatory channel. It remains a challenge to see how
much improvement occurs via neural network techniques.
We plan to take this up in a follow-up study.
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