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Precise probing of the inert Higgs-doublet model at the LHC
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The inert Higgs-doublet model provides a simple framework to accommodate a viable Higgs portal
scalar dark matter candidate, together with other heavier scalars of mass 100 GeV or more. We study the
effect of next-to-leading order (NLO) QCD corrections in this scenario in the context of the Large Hadron
Collider. O(ay) corrections to the gluon-gluon-Higgs effective coupling have been taken into account in
this study wherever appropriate. We find such corrections have a significant impact on various kinematic
distributions and reduce scale uncertainties substantially. Fixed order NLO results are matched to the
PYTHIAS parton shower (PS) and the di-fatjet signal associated with the missing transverse momentum is
analyzed, as this channel has the ability to explore its entire parameter space during the next phase of the
LHC run. A closer look at the NLO + PS computation indicates a sizable NLO effect together with a
subdued contribution from associated production of the heavy scalar compared to the pair production,
thereby leading to a refined analysis strategy during the multivariate analysis of this signal.
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I. INTRODUCTION

The Standard Model (SM) of particle physics elegantly
describes three of the four fundamental interactions of the
Universe. As a major triumph of this model, the last piece,
i.e., the only scalar in the SM, the Higgs boson, was
discovered by the ATLAS [1] and CMS [2] Collaborations
in 2012. Certain drawbacks of the SM, either in terms of
theoretical consistency or due to the lack of explanation for
different fundamental observations, such as nonzero masses
of the neutrinos, existence of the dark matter, matter
antimatter asymmetry, etc., have prompted both theoretical
as well as experimental communities to look further into the
ideas and evidences beyond the Standard Model (BSM).
Different cosmological observations, namely, galactic rota-
tion curves, gravitational lensing, bullet cluster structure
formation, etc., already establish the existence of some
exotic nonluminous, weakly (to feebly) interacting matter,
known as dark matter (DM) and has shown its existence
almost at all length scales of the universe. Apart from
the fact that DM has gravitational interaction, precise
measurement of cosmic microwave background from the
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WMAP [3] and PLANCK [4-6] data, has established the
relic abundance corresponding to 26% of the present energy
budget of our universe. However, any microscopic nature of
the DM is yet unknown. Despite of considerable amount of
effort by the astroparticle and high energy physics com-
munities in order to detect and explain the microscopic
nature of the DM, no experiment has so far been able to
make any detection.

In the present study, we consider the inert Higgs doublet
model (IDM) [7,8] as a prospective BSM scenario that gives
a viable DM candidate. This model is renormalizable and
is constructed by a simple particle extension of the SM
containing an extra SU(2), scalar doublet, which is odd
under the discrete Z, symme‘[ry.1 In contrast, all SM
particles are even under the Z, and therefore such a
symmetry arrangement prevents any interaction between
the SM fermions and BSM scalars—this stabilizes the
lightest neutral scalar, which acts as a suitable DM
candidate. The parameter space of this model is constrained
[10-13] from the dark matter direct detection (DD)
experiment, LHC data, and various other astronomical
and cosmological observations. In its simplest form, the
present model can satisfy the whole amount of observed
relic density of the DM in some particular parameter space,
the so-called resonance region and degenerate region. In
the former case, the relic density of the DM is produced
thermally through the resonant Higgs portal annihilation.

'Promoting such Z, parity into a global U(1) symmetry is
possible that provides a heavily constrained DM model with
fewer model parameters [9].
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https://orcid.org/0000-0003-4163-4491
https://orcid.org/0000-0001-8796-1688
https://orcid.org/0000-0002-7792-977X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.115038&domain=pdf&date_stamp=2022-06-28
https://doi.org/10.1103/PhysRevD.105.115038
https://doi.org/10.1103/PhysRevD.105.115038
https://doi.org/10.1103/PhysRevD.105.115038
https://doi.org/10.1103/PhysRevD.105.115038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

GHOSH, KONAR, and SETH

PHYS. REV. D 105, 115038 (2022)

Hence, the DM mass is required to be nearly half of the
Higgs boson mass and other BSM scalars carry larger
masses. This region is also known as the hierarchical mass
region as DM is the lightest, while others are quite heavy.
On the other hand, DM and all other BSM scalars are nearly
of equal mass (~500 GeV or more) in the degenerate region
[14-16]. As expected, this region is harder to probe at the
LHC because of the kinematic suppression due to heavy
final state production, narrow mass gap, and poor detection
efficiency of the soft products coming from the decay of the
BSM scalars. In spite of these complexities, this region is
partially probed by the CMS Collaboration [17]. There are
two additional regions: (i) heavy DM, mpy ~ 550 GeV
with the hierarchical mass spectrum where the mass differ-
ence, AM ~ O(10—-100) GeV between DM and other
heavy BSM scalars, (ii) light DM, mpy < 80 GeV with
the degenerate mass spectrum, AM ~ O(1 —10) GeV.
However, these two regions gather only a few percent of
the observed relic density of the DM [18] and are hence less
exciting. The light DM degenerate scenario is known to be
satisfying only ~10% of the observed relic density [18] and
that can be probed at the LHC with the monojet search [19].
Several other search strategies focused on different final
states such as multilepton production with missing trans-
verse energy [20-23], dilepton with dijet [22], and dijet with
missing transverse momentum (£) [24].

In this study, we consider the hierarchical mass region
that satisfies the total observed relic density of the DM
and all other constraints. The significant mass difference
between BSM scalars and the DM leads to a very interesting
signal topology due to the boosted vector boson created
through heavy scalar decay. We focus on the associated
production and pair production of heavy scalars. Among
heavy scalar pair production channels, pseudoscalar pair
production is only possible through the Higgs boson
mediator. Another channel (charged-scalar pair production)
also gets contribution from the Higgs mediated diagrams.
The major contribution to such production comes from the
gluon fusion, which contains a loop at the leading order
(LO). We work in the heavy top mass limit and that reduces
the one loop diagram into an effective vertex. We consider
O(ay) corrections to that effective term which is known to
be as large as the LO alone. Therefore, the total Lagrangian
is the sum of the IDM Lagrangian and the gluon-Higgs
effective Lagrangian, and we consider O(a,) corrections to
the total Lagrangian. The pp — HH process does not
contribute to our phenomenological analysis, while loop
induced pp — AA process has a minimal contribution
compared to the other processes and we take this contri-
bution into account in the heavy top mass limit. So even in
the phase space regions where the heavy top mass limit is
not a reasonable assumption, we restrict ourselves to this
approximation as the effect coming from the above-
mentioned channels are considerably smaller. This hierar-
chical mass spectrum of the IDM is hard to probe at the

LHC because of its tiny cross section over an immense SM
background. We recognize in this study that the K factor
due to NLO correction for the associated production of
the heavy scalar ranges from 1.33 to 1.37. Vector boson
mediated diproduction channels get corrections ranging
from 1.35 to 1.56, while for the Higgs boson mediated
ones it varies from 1.7 to 1.9. Correct understanding of
signal distribution is important, where the signal is tiny
compared to the background. These corrections give precise
predictions improving the signal’s statistical significance
and lead us to change the analysis strategy based on
modified signal output.

It was already demonstrated that the dijet + £, signal
could barely give 20 statistical significance of the signal at
high luminosity LHC [24]. The mono-fatjet signal was
also studied in [25,26], which is not sufficient to achieve
discovery potential. Hybrid topology (admixture of the
mono-fatjet and di-fatjet+£; signal) was analyzed in
[18]. Fatjets originate from boosted W*/Z boson (denoted
as Jy later on) after the decay of heavy BSM scalars and
therefore possess a two-prong structure. Naturally, the
pruned fatjet mass (M;) and subjettiness (z,;) become
crucial variables to separate the tiny signal from the back-
ground. A sophisticated multivariate analysis (MVA) with
jet-substructure variables is adopted in this analysis. It is
demonstrated that di-fatjet detection from hybrid topology,
together with the full potential of jet substructure variables,
could effectively bring nearly the entire available parameter
space well within reach of the 14 TeV HL-LHC. In MVA,
we choose cuts on different variables optimally to increase
the signal to background ratio and perform the analysis at
NLO accuracy with jet substructure variables. Note that the
di-fatjet signature relies upon a particular phase space
region; hence the differential NLO K factor due to NLO
correction plays a vital role to get more accurate signal
efficiency. In this analysis, we find that NLO computation
reduces the contribution in the di-fatjet final state arising
from the associated production of the heavy scalar processes
compared to the pair production channels, leading to
rectified analysis strategies during MVA and that helps to
reach a higher discovery potential of the IDM.

We organize the paper as follows: Sec. II briefly describes
the IDM model and the Higgs-gluon effective Lagrangian
that we adopt in this computation. Section III points out
various constraints on the IDM model and lists benchmark
points accordingly in the hierarchical mass region. In
Sec. IV, we mainly discuss the computational setup and
show numerical results including the differential NLO K
factor and scale uncertainties. Section V presents the
distributions of different high-level kinematical variables
involving jets at LO and NLO for the associated and pair
production channels, demonstrating the importance of the
QCD corrections. Section VI explains the reason to consider
2Jy + F7 as the signal while dealing with a tiny IDM signal
over an immense background. We also discuss here the
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MVA, which uses a highly non-linear cut, and use the full
potential of NLO computation and jet-substructure variables
to separate this tiny signal from the large background.
Finally, we conclude in Sec. VIL

II. THEORETICAL FRAMEWORK

IDM has a new SU(2), doublet @, in addition to the SM
Higgs doublet, @, and a discrete Z, symmetry is being
imposed on it. All the fields of the SM are even under Z,
transformations. @, is odd under Z, transformation and
therefore the inert doublet cannot acquire vacuum expect-
ation value (vev), as vev cannot change sign under any
internal symmetry. As @, has no vev, we can write this
doublet in terms of physical fields. Z, symmetry also
prevents the interaction between inert scalars and SM
fermions at any order in the perturbation series, aiding
the lightest inert neutral scalar to act as a dark matter. The
doublet, ®@,, has hypercharge ¥ = % which is equal to the
hypercharge of ®,. These two doublets can be written in
the unitary gauge as

G* HT
@, = ol o= ]
! (%(v—i—h—i—zGO)) . (hﬁ) ()

where G and G° are the Goldstone bosons and the vev
v =246 GeV. H" is the charged BSM scalars. H and A are
both neutral scalars; one is CP even, and the other is CP
odd. Note that CP properties of the neutral scalars are
basis dependent. The most general potential [11] can be
written as

. A A
Vipm = 13@[ @) + 30D, + 31 (®]@) + 52 (®)D,)?

+ 13 (D]®)) (D)D) + Ay (PLD) ) (D] D,)

A
+2((@]0,)* + (010,)). @)

After electroweak symmetry breaking through SM Higgs
doublet, @, the masses of the BSM scalars at the tree level
can be expressed as

1
m% :ll,[}27 m%{i :,u%_’_il?’?}z,

1
my =pu3+=0%  (3)

m3 = uj + =A%, 5

2
All free parameters are real, so the scalar sector does not
contain any CP violations and A, = (43 + A4 & 4s).
Higgs portal coupling 4;, which can be positive or
negative, plays an important role in the DM sector as it
determines the annihilation rate of the DM in the hierar-
chical mass region. m,, is the SM Higgs boson mass, and
my+ 5 y are the masses of the BSM scalars. The parameters

Ay and uy can be written in terms of the mass of the Higgs
boson and vev. So, IDM has five parameters—three masses
of the inert scalars, self-coupling between inert scalars 4,
and Higgs portal coupling 4;. Self-coupling 4, does not
affect the scalar masses and their phenomenology. In our
study, we choose the inert scalar H as the dark matter
candidate, but one can also choose the A as the dark matter
without changing any phenomenology, just by flipping
the sign of A5 preserving the CP properties of the DM
candidate. The full IDM Lagrangian can be written as

Lipm = Lgm + (qu)2)T(D” ®,) + Vipwm, (4)

where the covariant derivative, D, = (d, — igyYB, —

ig% W}), and o' are the Pauli matrices; g and gy are the
coupling strength of the weak and hypercharge interactions,
respectively. In addition, we consider the following five-
dimensional effective term to take into account Higgs
interactions with gluons in the heavy top mass limit,

1
Lygrr = — 4 Ceith G, G (5)

Here, Gj, represents QCD field strength tensor and
Cett = 3= (1 +141%) = Co(1 +11%) contains terms up to
O(a?), that basically takes part in the one loop corrected
amplitude for Higgs boson mediated production channels.

III. CONSTRAINTS AND BENCHMARK POINTS

The parameter space of the IDM is very constrained
from theoretical calculations, various experimental data and
cosmological observations. We briefly demonstrate all
these constraints and then set few benchmark points that
will cover almost the entire hierarchical region of the IDM.
Further details are provided in [11,18].

The potential must be bounded from below for any
realistic model, and the vacuum should be neutral, which
leads to the following constraint [18]:

Ay +2y/ Ay > 0,

My > 0. (6)

A >0, A >0,

A3+ Ay + s +2

The condition 44 + 45 < O ensures the inert vacuum to
be charge neutral. Generically, depending on the nature of
additionally imposed symmetry, the electroweak symmetry
breaking pattern has the following possibilities:

v =0, v, = 0, inert vacuum,
v; =0, v, = v, pseudo-inert vacuum,
vy #0, v, # 0, mixed vacuum, (7)

where v, denotes the vev of the doublet ®,, and v,
is the vev of the ®,. v is the electroweak scale,
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(GpV/2)~'/2 =246 GeV. We want the inert vacuum
as the global minima, which leads to the following
constraint [27,28]:

2 2
M1 Ha

———=>0. 8
7N (8)

The eigenvalues of the 2 — 2 scalar scattering processes
[29] are given in Eq. (9), and each eigenvalue (|A;])
should be < 8z, coming from the perturbativity and
unitarity constraints:

Arp =43t Ay,

Ayqa=M3t2s, Asg=743+21,£34s,

Arg=—M—=ht/ (A —=A) 2+ A2,

Ngjo==34 =34 =+ \/9(’11 —2p)? + (223 +44)%,

A== =/ (4 —4)* + 22 )

The contribution that navigates from the BSM physics to
the electroweak radiative correction is parametrized by the
S, T, U parameters [30], known as oblique parameters. The
central values of the oblique parameters that we use in our
analysis are [31]
$=0.04+£0.11,

T=0.09£0.14, U=-0.02+0.11.

(10)

The following parameter space of the IDM is ruled out from
the neutralino search results at LEP-II [32,33]:

my <80GeV, my<100GeV, and (my—my)>8GeV.
(11)

The charged Higgs mass gets the following bound from
the chargino search results at LEP-II [34]:

my: > 70 GeV. (12)

More recently, analyzing a pair of boosted hadronically
decaying bosons together with MET from 13 TeV LHC
data, ATLAS gave constraints on the masses of the
charginos and neutralinos of the minimal supersymmetric
model [35]. Based on a similar production mechanism
from IDM, Ref. [36] carried out a recasting analysis to
show that the Higgs portal DM scenario and hierarchical
heavy scalars of mass 123 GeV or above are allowed from
this exclusion limit.

In the hierarchical region, the decay channels,
['(Z - HA,H*H~) and I(W* — H*A, H*H) are kine-
matically forbidden. The signal strength of the Higgs boson
decay into the diphoton final state relative to SM prediction
is [37-39]

_ olpp = h—yy)
" e(pp = h = yr)sm

=1.101005.  (13)

The Higgs boson production rate is the same in both the
SM and IDM models, dominated by the gluon gluon fusion
channel, and so the signal strength turns out to be

N
Hy, = BR(h 77)1DM ) (14)
BR(h = 77)sm
A sufficiently large value of the A3 coupling and lighter
charged Higgs mass can lead to enhanced decay of & — yy,
thereby pushing the ratio beyond the experimental
limit and hence excluded. The upper limit of the Higgs
invisible decay branching ratio measured by the ATLAS
Collaboration [40] is 0.11 at 95% confidence level (CL).
This measurement puts stringent constraints on the Higgs
portal coupling (4;) and DM mass (mp) in the region
my < %t The Higgs invisible decay width in the IDM
model is given by
2 0? 4m?,
o

647m, my

(15)

1ﬂh—)HH =

Uyemn/(Csm + Tympy) < 0.11 must be satisfied in the
kinematically allowed region of the decay of the Higgs
boson into pair of the DM. Moreover, extremely precise
measurements from WMAP [3] and PLANCK [4-6] have
established that the relic abundance of the DM is Qpyh? =

0.120+0.001 [6] with } = flubblePymmeter  The dark

matter annihilates into SM particles and the relic density
of the DM is inversely proportional to this annihilation rate.
The observed relic density of DM sets a rigid constraint
on the parameter spaces of the IDM so as not to over-
produce the relic in the IDM. The spin-independent cross
section of the DM-nucleon scattering processes at leading
order mediated by the Higgs boson is given by [7]

LA e

4,2 °
dr m, My

(16)

where m,, is the mass of the nucleon and y = % fis
the Higgs-nucleon coupling strength and the allowed range
of fis 0.26-0.63 [41]. However, the recent study suggests
the value of f is 0.32 [42]. The upper bound of the DM-
nucleon scattering cross section from the DM DD experi-
ments like LUX [43] and XENONIT [44] poses a firm limit
on the allowed values of 1;. As already stated, we can
divide the entire parameter space of the IDM into four
distinct regions depending on the mass of the DM and the
mass splitting between DM and other scalars—among
these four, only the following two regions satisfy the
observed relic density of the DM entirely.
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TABLE 1.

Input parameters, masses of the BSM scalars (my+, my), and the self-coupling constant (4,) between

dark sector particles for several selected benchmark points that satisfy theoretical, DM relic density, DD data, and
collider constraints listed in the text. Three other parameters are DM mass, my = 53.71 GeV, Higgs portal
coupling, 4; = 5.4 x 1073, and Higgs boson mass m;, = 125 GeV.

Input parameters BP1 BP2 BP3 BP4 BPS BP6 BP7
my= (GeV) 2553 304.8 350.3 395.8 446.9 503.3 551.8
my (GeV) 253.9 302.9 347.4 395.1 442.4 500.7 549.63
Ay 1.27 1.07 0.135 0.106 3.10 0.693 0.285

The hierarchical mass region consists of a Higgs portal
mass region with mpy = my < 80 GeV, and the mass gap
with other BSM scalars as, AM = AM gyrgeq = AM peyiral ~
100 GeV or more, where AM hyrpeq = (my+ — mpy) and
AM eyirar = (my — mpyy). In this region, no bound on the
DM mass comes from the LEP Z-boson width measure-
ments. Since the DM mass is less than 80 GeV, the
annihilation of the DM into the pair of weak gauge bosons
is significantly suppressed. In this region, relic density of
DM is achieved only through the Higgs portal annihilation
channel. Since the mass differences between DM and other
BSM scalars are significant, the co-annihilation effects are
absent. As the annihilation cross section is proportional to
A1, any small value of 1; leads to overproduction of relic
density. We get the total observed relic density of the DM in
the range where the DM mass varies between 53 and
70 GeV for substantial A; values, constrained from DD
of DM.

The degenerate mass region consists of high mass
region, mpy > 500 GeV, with rather tiny mass gap
AM ~1 GeV. In this regime, the following annihilation
and co-annihilation processes open up:

o HH - WTW~ .
annihilation Ar sensitive,
H—- 77
HTH™ —» WTW~
co-annihilationqy AA - WTW~ A7 sensitive,
AA - 77

H*H — W*y gauge couplings.
H*A - Wty

(17)

co-annihilation {

The quartic coupling between DM and the longitudinal
gauge bosons in the annihilation processes HH — W; Wy
and HH — Z,Z; is (4mpyAM/v? + ;). In this degen-
erate mass spectrum AM — 0, and so this coupling remains
sensitive to 4; mostly. The relic density of DM increases
with the DM mass and decreases with the annihilation cross
section. Those combined effects set the correct relic density
of DM in this region for mpy; > 500 GeV. Although this
region is difficult to probe, with a charged long-lived Higgs
boson, one can explore this region at LHC with the charged
track signal [45].

The different benchmark points that we pick out for this
study are given in Table I, and all of them satisfy the
constraints discussed above.

IV. COMPUTATIONAL SETUP
AND NUMERICAL RESULTS

We implement the Lagrangian given in Eq. (4) together
with the leading term of Eq. (5) in FeynRules [46] and employ
NLOCT [47] to generate UV and R, counterterms of the SM
Lagrangian in order to have a NLO UFO model that we use
under the MG5_aMC@NLO environment [48]. Inside this
environment, real corrections are performed following the
FKS subtraction method [49], whereas the OPP technique
[50] is the one that is being used to take care of the virtual
contributions. Nevertheless, for AA, HH, and H"H™~ pair
production processes, gluon-gluon initiated processes medi-
ated by the Higgs propagator play a significant role and
we insert the corresponding analytic form of the one
loop amplitude in MadGraphS virtual routine and that in
the d = (4 — 2¢) dimension reads as

WR(MM]) = (;_ﬂ) () (”_2)€|V0|2

I'(1—-¢) \sp2
6 2b,
x [_6_2_7+ 11—1—371'2}, (18)

while setting the renormalization scale y> = s,, the par-
tonic center-of-mass (c.m.) energy. M, and M, represent
tree-level and one-loop amplitudes, respectively. The lead-
ing term of the QCD f function by = 1 C, —3n,Tp, where
ny represents the number of active quark flavors and
C, =3,Tr = 1/2. Note that the strong coupling is renor-
malized following the MS scheme and the O(a?) term of the
Lagrangian given in Eq. (5) is taken into account in the
above expression. The color and spin averaged tree level
squared amplitude in the d = (4 — 2¢) dimension can be
written as

272,22

CoN~v=s1,
VNS
(s10—mj)” + T

S 1
|M0‘2:ﬁ(1+€+€2) (19)

Here Cj = 5=, I', is the Higgs boson width, and A

corresponds to Ay ,.,3 as given in the Feynman rules
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FIG. 1. Parton level representative diagrams at LO of (a),(b)
associate production of heavy scalar, and (c),(d),(e) pair produc-
tion of heavy scalars. In our study, we consider one loop
correction in ag of all these diagrams.

furnished in the Appendix. Final state heavy scalar particles
are decayed via MadSpin [51], which retains spin information
at the tree level accuracy. NLO events thus obtained are then
matched to the PYTHIAS [52,53] parton shower following the
MC@NLO formalism [54] to avoid any double counting. For
the signal, we use in-built NN23LO1 and NN23NLO PDF
sets [55] for LO and NLO, respectively. We use DELPHES3
[56] to include the detector effects in our simulation, where
we use the default card of the CMS. Jets are formed by
clustering the particle-flow tower objects and particle-flow
tracks. We employ an anti-k; [57] clustering algorithm to
form jets, where we have set radius parameter R = 0.5.
Using Fastlet 3.2.2 [58] package, we reconstruct fatjets,
utilizing DELPHES tower objects as input for clustering.
The Cambridge-Achen (CA) [59] algorithm is hired for

TABLE II.

fatjets clustering where the radius parameter is set to
R = 0.8. Fatjets are characterized by the radius parameter,
R ~2my /Py (V= {W*,Z}), where Py is the transverse
momentum and my is the mass of the weak boson. We apply
minimum P = 180 GeV for each Fatet formation. MVA
analysis is done in the TMVA framework [60]. We implement
the boosted decision tree (BDT) algorithm in our MVA
analysis. A decision tree splits the high-level input data
recursively depending on a set of input features. The method
that combines many trees (weak learners) into a strong
classifier is called boosting. Figure 1 displays representative
LO Feynman diagrams of the associated production of the
heavy scalar and pair production of the heavy scalars, which
we ultimately decay hadronically.

Production cross sections for these channels before
hadronic decay of the heavy scalars are given in Table II,
and Table III at 14 TeV LHC. We choose the renormaliza-
tion scale and the factorization scale as ur = (/51> and
W = CFpy/S12, respectively, where (g = {F = 1 represents
the central scale choice. We vary (p,(r = {1/2,1,2},
which has a total of nine datasets. All the cross sections
are given corresponding to the central scale where super-
scripts and subscripts denote the envelope of those nine
scale choices. The Monte Carlo uncertainties are also given
in Table II, and Table III. We get reduced scale uncertainty
in the total cross section at NLO than LO for both the
associated and pair production processes, except in a few
benchmark points for the associated production processes
and the reason could be the crossover of the envelopes
around the maximum differential LO cross section, unlike
NLO [see Figs. 3(a), bottom; 3(b), bottom]. Fractional scale
uncertainty is defined as the envelope of the ratios of the
differential cross sections at eight additional (g, ()
choices to the central one. Dashed and solid lines in the
fractional scale uncertainty subplot correspond to the lower
and upper envelope, respectively. Our study includes one

Cross sections for the associated production of heavy scalar at LO and NLO with integrated K factor are given in this table

at 14 TeV LHC before the decay of heavy scalars into DM and SM particles. The superscript and subscript denote the scale uncertainties
in the total cross section (the percentages are given in bracket), while the last entry is the Monte Carlo uncertainty. AH and H*H
channels are produced in five and four massless quark flavors, respectively.

o(pp — AH) (fb)

o(pp - HH) (fb)

BP NLO LO K-fac NLO LO K-fac
BPL 46,557 el i) £8.0x 1072 351270000 213 x 1070 133 82,407 200 400 % 1072 61677057050 £22x 1071 1.34
BP2 95347 50 ) £4.0x 1072 19.017050 00 £7.0x 1072 133452708000 8. 0% 102 33777037000 £1.0x 102 1.34
BP3 1550100 o) £3.0x 1072 1160105130 £4.0x 1072 134 27787 0406% 450102 20.69°07107 " £8.0x 102 1.34
BP4 968100l o) £20x 1072 70950005 1301072 135 17.867 505 £3.0x 1072 13231053040 £40x 102 135
BPS 63000 o) £1.0x 1072 46770508 £20x 1072 135 1134707000 120x 102 839707200 £3.0x 102 135
BPO 390100714 £6.5x 107 28770005 £ 1.0x 1072 136 71970000 £ 10102 53370000 £20x 102 135
BPT 2,69 oatton) 46107 19700000 +73x 107 137 501l 00 489107 3680200 £1.0x 102 1.36
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TABLE III.

Same as Table II but for the pair production of the heavy scalars. H*A is produced in four massless quark flavors, while

H"™H~ and the AA channels are produced in five massless quark flavors.

o(pp - H*A) (fb)

o(pp — H H™) (fb)

BP NLO LO K-fac NLO LO K-fac
BP1 160310081 1) £3.0x 1072 1253505070 £50x 102 135 1101208000 £20x 102 798 0800% £20x 102 138
BP2 g a1 i le) £20x 107 6215050000 £30x 102 135 6017077000 £85x 107 41750000 1 10x 102 144
BP3 478 01000 £83x 107 3487000 £ 1.0x 1072 13T 376 07000 458 x 107 257070060 £7.6x 1073 146
BP4 2 811 et £ 50X 107 204701050 £7.8 107 138 25070808 41510 1687 T 05e) £53x 107 149
BPS 169 0ot an) £3:0x 107 1227007000 £47 107 138 1es I £3.0 107 L1070 00 £3.0 < 1070 152
BPO 0,97 000 £ 17X 107 070700000 £2.4x 107 138 1 qam PB4 045107 07470 o) £22x 1073 154
BPT 0,631 laose) £ 11107 0457000070 16 x 107 139 08570 0000 £ 19 %107 0.55 0] +1.7x 107 1.56
a(pp — AA) (ib)
BP NLO LO K-fac
BP1 0.8870 3 1soe) & 3.3 x 1073 04670 173260 4 1.6 x 1073 1.92
BP2 0.7210 5 e 3e) £ 2.6 x 1073 0.38 0o 7e) + 14 % 1073 1.87
BP3 0.59 0 o0t 10r) £22% 1073 0.32 0 psoamy ) £ L1 x 1073 1.86
BP4 048 gtiasel 4 1.7 107 0.27 0y aan) £ 9.6 x 107* 1.80
BPS 04070 1re) £ 1.7 x 1073 0.2270 050 7et) £ 8 % 1074 1.78
BP6 031 0ot £ 1.1 1073 0.18" 0 i) £ 6.5 % 107 175
BP7 0.26 a0 93 x 107 0.15 0 o oares) 54 % 107 170

order in ag corrections to all these channels. The cross
section of the pp — HH channel at LO is 0.332 pb and at
NLO itis 0.617 pb (i.e., K factor = 1.858) at 14 TeV LHC,
independent of benchmark points since the cross section
depends only on my and 1;, and both remain the same for
chosen benchmark points. This channel has a larger cross
section than any other pair or associated production chan-
nels because of being less s-channel suppressed due to the
presence of an on-shell Higgs boson mediator. Total trans-
verse momentum distribution of the DM pair for BP2 of the
channel, pp — HH is shown in Fig. 2 for fixed order NLO
(dashed blue) and NLO matched with a parton shower (solid
red). It is clear from this figure that NLO + PS describes the
low Py region more vividly compared to a fixed order
estimation. Note that, although such calculation is essential
for a traditional monojet search, possible contributions of
pp — HH can only come in our di-fatjet study at the
NNLO level. Characteristically, this process is background
like and we find that much of the events will not pass the
event selection criteria even while starting from a reasonably
significant contribution. This channel is shown here for
completeness, but we would not add such a contribution to
our conservative estimate.

In the subsequent figures, on the left panel, we show the
improvement in NLO + PS results over the LO + PS ones

on the invariant mass distribution (top) along with the
differential K factor (middle) and fractional scale uncer-
tainties (bottom) for all remaining production channels. The
differential K factor is vital in extracting the correct signal

pp - HH

10—2 4

10—3 4

1074 4

o/bin(pb/0.05)

1075 4

05 1.0 15 2.0 25 3.0
log10[Pr(HH)/GeV]

FIG. 2. Differential distribution of the total transverse momen-
tum of the DM pair for the channel pp — HH at fixed order NLO
(dashed blue) and NLO + PS (solid red) accuracy.
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NLO effects on the associated production of heavy scalar channels, such as pp — AH [(a),(b)], pp — HTH [(c),(d)].

In each plot of the left panel, the top subplot shows the invariant mass distribution of the heavy scalar and DM pair at LO + PS (dashed
blue) and NLO + PS (solid red) accuracy. The middle subplot displays the differential NLO K factor, the ratio of the
NLO + PS cross section to the LO + PS one in each bin, while the bottom subplot presents the scale uncertainties for LO + PS
(blue) and NLO + PS (red). The right panel shows the differential distribution of the total transverse momentum of the heavy scalar and
DM pair for the respective channel at fixed order NLO (dashed blue) and NLO + PS (solid red) accuracy. All distributions are given for

sample benchmark point BP2.

efficiency, as most collider analyses usually do not cover
the entire phase space and apply various kinematical cuts to
distinguish signal from the background. Fractional scale
uncertainty denotes how stable the NLO result is as
compared to the LO under scale variation. On the right
panel, Sudakov suppression due to NLO + PS computation
is explicitly shown for each corresponding channel and that
ensures resummation of large logarithm terms in the low Py
region because of incorporating the parton shower effect on
top of the fixed order calculation. Note that, in these sets of
representative figures, hadronic decays of final state heavy
scalars are not considered for the time being. Figure 3
collects all the associated production channels of heavy
scalars, whereas Fig. 4 contains various pair production
channels of heavy scalars. In all these figures, BP2 is

considered as the representative benchmark point. The
invariant mass distributions for the associated production
channels peak around the same region, close to 485 GeV for
both pp — AH [Fig. 3(a), top] and pp — H*H [Fig. 3(c),
top]. However, among the pair production channels, vector
boson mediated processes viz. pp — H*A [Fig. 4(a), top]
and pp - HYH~ [Fig. 4(c), top] peak around 785 and
730 GeV, respectively, but the peak for the other one, i.e.,
pp — AA [Fig. 4(e), top] occurs near to 650 GeV, which is
solely scalar mediated. This indicates that the final state
particles coming from the associated production processes
would be softer compared to the pair production processes.
The K factor varies substantially, and in some kinematic
regions, it indicates correction up to 90%. The nature of
scale uncertainties for associated production processes is
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FIG. 4. Kinematic variables in the left and right panels are same as in Fig. 3, but these are for the pair production of the heavy scalar
channels, such as, pp — H*A [(a),(b)], pp = H H™ [(c),(d)], and pp — AA [(e),(D].

quite similar. Among pair production processes, fractional
scale uncertainties for pp — H™H~ [Fig. 4(c), bottom] and
pp — AA [Fig. 4(e), bottom] are mostly stable in the high
invariant mass region, whereas for pp — H*A [Fig. 4(a),
bottom] such uncertainties are monotonically increasing.
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Although these results are metaphorical as hadronic decay
of the final state heavy scalars are not being considered here,
they show the importance of doing O(a,) corrections to all
the production channels to have a better estimation of the
production rate and reduced scale uncertainty.
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FIG. 5. Distributions of the various kinematic observables at LO (dashed black) and NLO (solid red) for the selected events with

Er,Pr(jo), Pr(j;) > 100 GeV from the channel pp — AH, where A decay hadronically. This demonstration is for the benchmark
point BP2. Plots (a) and (b) show distributions of the leading (j,) and subleading (j;) jet mass (M, M; ), respectively, (c) is the
distribution of the relative separation between these two leading jets AR(jg, j; ), while (d) and (e) are transverse momentum distribution
of j, and j;, respectively. Plot (f) shows the distribution of the total missing transverse energy; here the label MET represents E;.

V. QCD JETS FROM HEAVY SCALAR DECAY

Heavy scalars, after their creation through the associated
channel along with DM candidate H, or from a pair
production, primarily decay into H and a gauge boson,
which is further decayed hadronically. It is imperative to
look into their dominant hadronic decay channels as a
possible probe for IDM. We select the simulated events
including the parton shower and detector effect with a
minimum missing transverse energy, £y > 100 GeV, and
the minimum transverse momentum of the two leading jets
Pr(j;) > 100 GeV (for i = 0, 1). Particle-flow towers and
particle-flow tracks are used as input to cluster the jets of
radius parameter 0.5, where we use the anti-K; algorithm
for clustering. The jet mass is defined by M; = (3 ,c; P;)*,
where P; is the four-momentum of the ith constituent
within the jet. The missing transverse energy is defined as
the negative sum of the transverse momentum of all the

reconstructed constituents, £ = —> ; I_"T,,-. The angular
distance between two jets in the transverse plane is denoted

as AR(j;,j;). This section aims to examine relevant
distributions of the jets from the signal to motivate the
significance of NLO QCD calculation over the LO. In
addition to upward shift, NLO corrections can change the
shape of the distribution for a variety of kinematical
variables. This has a profound effect in constructing the
phenomenological study. These distributions also make a
case for large-radius jets (fatjets) originated from boosted
Z /W= boson decay, which comes naturally in probing the
hierarchical mass region of the IDM.

The distribution of the different high-level observables
for one of the associated production channels of heavy
scalar,” pp — AH, and vector boson mediated pair pro-
duction of the heavy scalars, pp - H*A and scalar
mediated pair production, pp — AA are shown in
Figs. 5, 6, and 7, respectively, displaying the LO (dashed

*Both pp - AH and pp — H*H channels follow similar
distributions, as both A and H* masses are nearly degenerate and
produced through a vector mediator.
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FIG. 6. Panels are the same as in Fig. 5, but for the pair production of the heavy scalars channel, such as pp — H* A, where both A,

H* decay hadronically.

black) and NLO (solid red) contributions considering a
sample benchmark point BP2. In each figure, the first two
plots (a) and (b) present distributions of the leading (j,) and
subleading (j;) jet mass, respectively. Plot (c) presents the
distribution of the relative separation between these leading
and subleading jets, whereas plots (d) and (e) exhibit their
transverse momentum distributions, respectively. Finally,
plot (f) shows the distribution of the total missing trans-
verse energy from such production.

The channel pp — AH at the partonic level produces
three hard jets, two from Z-boson decay, and the other is the
NLO radiation, while at LO, it has only two hard jets from
Z-boson decay. The first peak in the leading jet mass
distribution [Fig. 5(a)] is generated when a QCD hard
parton forms a jet after PS and detector simulation.
Interestingly, this same distribution points to a second peak
both for LO and NLO results. This occurs when the Z boson
is produced with enough boost to form a merged jet out of its
full decay products, resulting into a peak at Z-boson
mass. The second hard parton from the Z boson forms
the subleading jet, causing a peak near M; = 10 GeV
[Fig. 5(b)] but no other peak in the LO j; mass distribution.

However, the NLO distribution can have extra hard radia-
tion. Occasionally when that carries enough transverse
momentum to form a leading jet, Z-boson decay still forms
a merged subleading jet resulting in a second peak near
Z-boson mass [Fig. 5(b)] deviating from a leading order
estimate. Hence the NLO estimate predicts an upward trend
in the number of boosted dijet events even from such
associated production channels. One can also expect such
abundance in boosted jets for other benchmark points with
heavier scalars. Our previous argument is even more evident
in the next distribution plot of the relative separation
between two leading jets [Fig. 5(c)] for the same channel
pp — AH. The number of events with smaller jet separation
AR; ; < 1.0is 1 order larger than in the other region. For a
significant event sample, both leading and subleading jets
come from the Z boson’s decay and are closely separated.
Naturally, the construction of large-radius jets embeds them
together to form a single fatjet carrying properties of the
originating gauge boson. It is even more pronounced in
larger masses of scalar. The distribution of the transverse
momentum of the leading [Fig. 5(d)] and subleading
[Fig. 5(e)] jets and the total missing transverse energy
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FIG.7. Panels are the same as in Fig. 5, but for the pair production of the heavy scalar channel, such as pp — AA, where both A decay

hadronically.

[Fig. 5(f)] shows an upswing in NLO at larger PT. This is
significant in view of the final selection of events (or, during
multivariate analysis at the boosted decision tree) comes
with higher weightage from these distribution tails to deal
with a tiny signal over an overwhelmingly large background.

Similarly, one requires to follow distributions from pair
production channels of the heavy scalars. The leading
and subleading jet mass distributions for vector boson
mediated [Figs. 6(a), 6(b)] and scalar boson mediated
[Figs. 7(a), 7(b)] channels in pair production of heavy
scalars demonstrates two clear mass peaks both at LO and
NLO. In this case, pairs of heavy scalars produce two
boosted vector bosons, and as they have enough boost, it
results into the second peak in both cases. Again, with the
increase of scalar mass, the second peak rises, ensuring
enhancement of di-fatjet events. The distributions of the
relative separation for pair production of heavy scalars
shown in Figs. 6(c) and 7(c) contain two peaks. The second
peak at AR ~ & appears when two jets originate from two
different vector bosons. The first peak is when both the jets
arrive from the same vector boson, which gradually dimin-
ishes for heavier mass. Pair production channel pp — AA
has a significant shift between NLO and LO distributions in

comparison to the pp — H*A channel, as the former is
Higgs mediated and has a larger K factor. It is evident from
this discussion that the tagging of large-radius jets origi-
nating from boosted vector bosons can significantly
improve the efficiency of probing the hierarchical mass
spectrum of the IDM. In the next section, we will describe
the selection and properties of such boosted fatjets.

VI. BOOSTED FATJET AS A PROXY FOR
HEAVY SCALAR PRODUCTION

Our discussion in the previous section demonstrates that
the multijet + £ search is not sufficient to explore the
hierarchical mass region of IDM. Jet pair originated from
the vector bosons, which comes out as a boosted decay
product of heavy scalar, is already collimated as a merged
hadronic object. This process of getting a fatjet becomes
more and more evident while probing a heavier scalar
mass. A large radius fatjet can effectively identify this
combined hadronic yield from the boosted vector boson.
Moreover, it can carry a significant amount of information
hidden inside the internal structure of jet formation through
the orientation of fragmented hadrons and their energy
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deposits, revealing the properties and identity of the
originating particle.

A. Signal and background processes

Representative LO Feynman diagrams both for associate
production and pair production of heavy scalars are already
depicted in Fig. 1. Our primary focus is to analyze the NLO
accurate di-fatjet signal arising from heavy IDM scalar
decay using jet substructure variables. We do not discrimi-
nate W-jet or Z-jet and dub them as V-fatjet (/) since we
consider a suitable mass window to accommodate both in
our analysis. We will discuss the usefulness of the sophis-
ticated multivariate analysis that can make the signature of
2Jy + FE7 into the better discriminator in order to separate
out tiny signal from an overwhelmingly large SM back-
ground. However, a multivariate description creates a
highly performant nonlinear cut at the cost of blurring
the exact physical description of how different high-level
variables affect our analysis. Hence, to better understand
the kinematic variables that may affect LO and NLO
computations, we would analyze them first with the usual
cut-based method before moving on to the MVA analysis.
In passing, it is to be noted that the cross section of the di-
Higgs production while one Higgs boson decay into a pair
of bottom quarks (2 — bb) and the other decays into pair of
dark matter (h — HH)is 1.05 fb. Although this channel has
a sizable effect on the di-fatjet final state, we do not include
this in our analysis since this process drops sharply after
applying the b-veto.

All the significant backgrounds that contribute to the
2Jy + E signal are included in our analysis. We do two to
four additional jets merging using the MLM matching
[61,62] scheme for different background processes, and
normalize the cross section according to the available higher-
order QCD corrections. Inclusive Z-boson production is the
principal background where the Z boson decays invisibly
(pp = Z + jets > v + jets) and gives a large Fr together
with fatjets arising from QCD jets. This process is matched
to four extra partons using the MLM scheme. Second,
inclusive W= boson production has a significant contribution
when the lepton from the leptonic decay of the W boson
remains undetected (pp — W + jets — [, ,v + jets). The
neutrino from W decay gives a substantial amount of
and fatjets arise from QCD jets. This process is generated up
to four extra partons with MLM matching. Note that the
contribution from the above two background processes
counts only when the missing transverse momentum is
sufficiently large. We apply the generation level hard cut
FEr > 100 GeV, as the region with the lower missing
transverse energy is of no interest for this present analysis.
Additionally, di-boson production can offer a considerable
amount of contribution in the background. The three differ-
ent di-boson processes pp - WZ, WW, and ZZ, are pos-
sible, where the WZ process gives the most significant

contribution among these three. All three processes are
generated and merged up to two extra partons. One of the
vector bosons in all these processes decays hadronically,
giving rise to a Jy. Other vector boson decaying invisibly
(Z = w) or leptonically (W — [, ,v) with lepton being
undetected, gives a large F;. Another fatjet in all these
di-boson processes arises from the QCD jets. Single top
production is possible in SM through three different types of
process, S-channel (pp — tb), t-channel (pp — tj), and
associated production (pp — tW), where associated pro-
duction gives a considerable amount of contribution to the
background of our signal. This process is merged up to two
extra partons using the MLM scheme. Finally, top pair
production contributes to the background when one top
decays leptonically and the lepton is escaping detection.
Whereas the other top decays hadronically and that essen-
tially gives rise to a vectorlike fatjet Jy. Since such an event
comes with a couple of b-jets, b-veto can effectively reduce
this background. This process is generated to two extra
partons with MLM matching. The other fatjet aries from the
QCD jets or untagged b-jets. We found negligible contri-
butions to the background from the QCD multijet and tri-
boson processes compared to the processes mentioned
above. Therefore we do not include these processes into
our analysis. For our simulated backgrounds at 14 TeV LHC,
we normalize their cross section according to the available
higher-order QCD corrections, as tabulated in Table IV
of Ref. [18].

The associated production of heavy scalar with two jets
merging and pair production of the heavy scalars are
analyzed at LO [18] where it was found that the former
processes contribute dominantly in the di-fatjet final state
than the latter. A further estimate at NLO accuracy modifies
the contribution in two vital directions. First, both for the
associated production and pair production of heavy scalar
processes, the differential NLO K factor plays an important
role, as already described in the previous section. Second,
two jets merged associated production channels can mimic
the Higgs mediated pair production of heavy scalar proc-
esses, and therefore may contribute to double counting
in a particular phase space region. NLO estimate eliminates
such possibility giving nonoverlapping contributions from
all processes.

Now, along with both these effects, our estimate at NLO
predicts reduced contribution from associated production,
thereby enhancing the part from the pair production. This
has a profound significance in setting up the phenomeno-
logical analysis. On contrary to a more complex mixed-
signal region analysis by taking into account the admixture
of 1Jy and 2Jy, that has been carried out in Ref. [18], it is
tempting to concentrate only on the 2/ identification for a
significant gain. Demanding that both the fatjets have V-jet
like characteristics, one finds a more effective background
control and, as a result, a higher statistical significance.
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B. Construction of high level variables

The total energy of the fatjet originated from the hadronic
decay of boosted W, Z is distributed around two subject
axes. N-subjettiness ratio (z,;) and the jet mass (M) are two
potent variables to classify such fatjets Jy, from those that
arise from the fragmentation of QCD parton. The jet mass is
defined by M; = (>_,c, P;)?, where P; is the four-momen-
tum of the ith hit in the calorimeter. Large-radius jets are
prone to attract additional soft contributions from under-
lying QCD radiation, which needs to be eliminated to get
reliable estimates from the different high-level variables.
Pruning, filtering, and trimming [63-66] are different
grooming techniques prescribed to remove those soft and
wide-angle radiations. We consider pruned jet in our
analysis as discussed in Refs. [65,60].

We run the pruning algorithm repeatedly to remove the
soft and wide-angle emission and veto such recombina-
tions. One has to estimate two variables, the angular
separation of the two proto jets, AR;; and softness
parameter Z = min(Pr;, Pr;)/Pr(;j), at every recombina-
tion step. The recombination between ith and jth proto jets
is not performed dropping the softer one, if AR;; > Ry,
and Z < Z,,. We choose standard default values of
Riet = 0.5 and Z, = 0.1 [65]. The N subjettiness deter-
mines the jet shape of hadronically decaying boosted V
bosons. Considering that N number of subjets exist within
the jet, N subjettiness (zy) is defined by the angular
separation between constituents of the jet from their nearest
subjet axis as given below [67,68]:

1
™ = AT_OZPTJ min{ARM, ARi.Za ceey ARi,N}' (20)

The summation runs over all the constituents of the jet, and
Py, is the transverse momentum of the ith constituent.
Ny = >, Pr;R is the normalization factor, and R is the
jet radius. 7,; denotes the ratio of 7, and z;, which is an

excellent variable to tag a hadronically decaying boosted V
boson as it tends to zero (far from zero) for a correctly
identified two-prong (one-prong) jet.

To proceed further, we define the following preselection
criteria based on which signal and background event
samples are prepared: (i) each event has to have at least
two fatjets constructed by the Cambridge-Aachen (CA)
jet clustering algorithm with radius parameter R = 0.8,
and the minimum transverse momentum of each fatjet
Pr(J;) > 180 GeV, (ii) since a pair of DM particles are
produced in the signal, a minimum missing transverse
energy Fr > 100 GeV is applied to select the events,
(iii) we also impose a minimum azimuthal angle separation
between the identified fatjet and missing transverse
momentum direction, so that, |[A¢(J;, E£7)| > 0.2. This
minimizes any jet mismeasurement effect contributing to
E7, (iv) since no leptons are expected in the signal region,
backgrounds can be further suppressed by vetoing a lepton
tag. So, events are vetoed if they contain leptons that have
pseudorapidity |(/)| < 2.4 and transverse momentum
Pr(I) > 10 GeV.

It is clear from our previous discussion on boosted fatjet
that several interesting variables can contribute to strengthen
the signal efficiency. We would demonstrate the distribution
of all such variables, but before that we point out some of
the significant changes that appeared due to NLO compu-
tation in the signal region. In Table IV, we show the
expected number of 2J, + Er final state events correspond-
ing to the central scale, originated from different pair
production of heavy scalar processes. Such numbers for
pp — H*A, and pp —» H"H™ at NLO (NY™©) level are
given for three sample benchmark points, together with LO
level numbers multiplied by overall NLO K factor (NY0*K)
for 3000 fb~!' integrated luminosity at 14 TeV LHC.
Superscripts and subscripts are the change in the corre-
sponding number of events due to the envelope of eight
different (up, ur) scale choices. In both cases, that makes
the overall cross section normalized to the NLO value.

TABLE IV. NY'O and N5k are shown to represent the expected number of the 2Jy, + [ final state events for different pair
production of heavy scalars channels, pp — H*A, and pp — HTH~. These two numbers coming from NLO computation and LO
with integrated NLO K-factor multiplication, respectively, at 14 TeV HL-LHC. Superscripts and subscripts are the change in
the corresponding number of events due to the envelope of eight different (ug, pr) scale choices. Additional cuts over existing
preselection (see text) are £7 > 200 GeV, b-veto, 65 GeV < M(Jy), M(J;) < 105 GeV, and 75, (Jy), 721 (J;) < 0.35. Relative change,
(NYLO — NLOXK) /NLOXK reflects the importance of the differential K factor in the present computation. Relative changes are given

corresponding to the central scale.

Preselection cuts + Er > 200 GeV, b-veto, 65 GeV < M(Jy), M(J,) < 105 GeV, 75,(Jy), 721 (J;) < 0.35

H*A H"H~
BP NALO NLO<K Relative change % N{LO NEO<K Relative change %
BP1 168.2128 119.5433 40.75% 121.2+4¢ 827139 46.55%
BP2 19073 1556737 22.56% 150455 11155 33.37%
BP3 202.8+42 162.8170 24.57% 153.874%8 122.5113% 25.55%
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TABLE V. Expected number of events from different signal and background processes at 14 TeV HL-LHC
corresponding to the central scale after applying the preselection cuts with leading and subleading fatjet mass

M;,.M; > 40 GeV and b-veto.

Topology BP1 BP2 BP3 BP4 BP5 BP6 BP7
Associated production ~ 452.29 377.73 327.56 266.9 217.53 176.9 138.11
Pair production 1677.13  1432.67 1184.16 969.0 785.63 622.99 516.62

Z + jets W +jets tW +jets tt+jets WZ4jets ZZ+jets WW 4 jets Total
652519 527312 46011.8 54635 36126.5 3689.51 12002.4 1.3323 x 10°

Signal region criteria in conjunction with preselection
cuts are described in Table IV.> Relative change, defined
as (NYLO — NLOXK) /NLOXK 'ig oiven for the central scale.
Relative change is independent of the luminosity and
ascertains the necessity of considering actual NLO events
instead of using LO events multiplied by a flat K factor. It is
evident that NLO and LO computations have different
efficiencies for the given kinematic cuts. Relative change
between these two estimations exhibits the role of the
differential NLO K factor by changing the L.O estimation
up to 40% for the process pp — H*A, and 46% for
pp — HTH~ for the given kinematic cuts mentioned at
the top of the Table IV.

In addition to the preselection cuts described above, final
event selection criteria for multivariate analysis includes a
very relaxed cut on pruned jet mass. All other variables are
kept free to provide the multivariate analysis with enough
scope to optimize the nonlinear cut based on suitable
variables. We select the signal and background events after
applying the following cuts: (i) both leading and subleading
fatjets have to have a minimum pruned jet mass of 40 GeV
to reduce the contribution of fatjets originated from QCD,
(i) b-veto is applied on the jets that are formed using anti-k;
algorithm with radius parameter R = 0.5 and this signifi-
cantly reduces the 7 background.

C. Multivariate analysis (MVA)

In Table V, we present the expected number of signal
events coming from the associated production and pair
production of the heavy scalar channels together with all
background processes at 14 TeV LHC with integrated
luminosity 3000 fb~!. From Table V, we see a contribution
in the 2Jy + 7 final state coming from the pair production
of the heavy scalars is always more prominent than the
associated production after these cuts. We construct
two independent event samples for our multivariate analy-
sis, one for the signal and another for the background.

3One can, in principle, use such stiff event selection criteria for
a realistic cut based analysis. Our purpose is purely for demon-
stration, as we would finally employ multivariate analysis to
construct the suitable optimization based on rather loosely set
criteria.

The entire dataset is split randomly—50% for the training
and the remaining for testing purposes for both samples.
We employ an adaptive BDT algorithm for MVA. We
generate different signal processes separately at NLO and
combine them according to their weights to get the
kinematic distributions of the combined signal. Similarly,
the different background processes are generated separately
at LO with two to four extra jet MLM matching and
combined thereafter according to their weights to get the
kinematic distributions of the combined background. A set
of kinematic variables is chosen from a bigger group of
variables employed in the MVA analysis depending on their
relative importance while discriminating the signal class
from the background class. We present in Fig. 8 the
normalized kinematic distributions of all nine input vari-
ables that are used in MVA. We obtain the signal distri-
butions using sample benchmark point BP2, including all
the associated production and pair production of the heavy
scalars at NLO. We do not include the process pp - HH
in our analysis although it has a larger cross section than
any other associated or pair-production channels, as b-veto
and cuts on the fatjet mass and N-subjettiness ratio 7,;
weaken its effect and the remaining events reside well away
from the maximum BDT response region. The background
comprises of all the processes discussed in Sec. VI A after
applying the cuts M; ,M; > 40 GeV and b-veto along
with the preselection cuts mentioned in Sec. VI B at 14 TeV
LHC. The distributions of the pruned jet mass M, of the
leading [Fig. 8(a)] and subleading [Fig. 8(c)] fatjets, have a
peak near 80-90 GeV for the signal close to the vector
boson mass, however, no such peak for the background
reflects that fatjets are predominantly formed from QCD
jets. The distributions of the N-subjettiness ratio, 7,1 (Jq 1)
of the leading [Fig. 8(c)] and subleading [Fig. 8(d)] fatjets
establish that both the fatjets of the signal have a two-prong
structure as they peak at a smaller value of 7,;. In contrast,
both the fatjets in the background has a characteristic one-
prong structure producing a larger value for this variable.
Hence these four jet substructure variables are crucial in
discriminating the signal from the background. The relative
separation between the leading (J,) and subleading (/)
fatjets AR(Jy, J) [Fig. 8(e)], azimuthal separation between
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FIG. 8. Normalized kinematic distributions of the different input variables used in MVA for the background (red) and the signal (blue).
Plot (a) and (b) represent the distribution of pruned jet mass of the leading and subleading fatjets, respectively, whereas plot (c) and (d)
are the distributions of the N-subjettiness ratio of the leading and subleading fatjets, respectively. Plot (e) shows distribution of the
relative separation between the two leading fatjets. Azimuthal separation distribution of the subleading fatjet from the missing energy

N

direction is depicted in plot (f). Plot (g) shows distribution of the global inclusive variable 4/S,,;, and distribution of the transverse

momentum of the subleading fatjet and total missing transverse momentum are presented in plot (h) and (i), respectively. We display the
signal distributions for BP2, including all contributions from the associated production of the heavy scalar and pair production of the
heavy scalars at NLO. The background comprises all the processes discussed in Sec. VI A after applying the cuts M; , > 40 GeV and

b-veto together with the preselection criteria mentioned in Sec. VI B.

Jy and Er is represented as A¢(Jy, Er) [Fig. 8(D)], and the  copstruct the reconstructed object-level /S, that dem-
inclusive global variable /S, [Fig. 8(g)] are effective onstrate better efficiency than the other inclusive variables
observables to separate the signal from the background.  H,, A, etc.

The inclusive variable +/ Smm, defined as the minimum c.m. A variable is considered to be more powerful discrimi-
energy required to satisfy all observed objects and f,  nator, if it possesses a larger separation between the
was proposed in [69—71] to find the new physics mass scale ~ signal and background. For different kinematic variables,
for the signals containing invisible particles like ours.  the method unspecific relative importance is shown in
All the reconstructed objects of the detectors are used to ~ lable VI, where we principally keep the variables that have

TABLE VI. Method unspecific relative importance (or separation power) of the different variables according to their rank before using
at MVA. We obtain the numbers for BP2 from the TMVA package during MVA. Those numbers can change modestly for different
benchmark points and different algorithms.

Variable 731(Jo) M(J,) 751 (J1) M(J,) AR(Jy,J1) V Smin Ap(Jy. Er) Er Pr(Jy)
Separation 16.58 15.71 13.71 11.57 11.27 9.039 3.011 2.451 1.324
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FIG. 9. The linear correlation coefficients among different kinematic variables used in MVA (in percentage) for the signal (left panel,
BP2) and background (right panel). The positive and negative signs signify the positive and negative correlations (anticorrelated) among

the two variables.

less (anti-)correlation among themselves both for the signal
and background. We notice four jet substructure variables
M, and 7,,(Jo,;) are very good discriminators. The
relative importance of the different kinematic variables
can change modestly for different benchmark points.
Although very high P; for both fatjets and large F; are
considered during event selection, transverse momentum of
the subleading fatjet, P;(J;) [Fig. 8(h)] and £ [Fig. 8(i)]
still can take a role in discriminating the signal from the
background in MVA. Note that P;(J,) and Py(J,) are
highly correlated (positively) both in signal and back-
ground classes, so we keep only P(J,) in the analysis as it
has more relative importance than Pr(Jy). Similarly,
Ap(Jo, Er) and A¢p(J, Fy) are highly anticorrelated,
but we keep A¢(Jy, Fr) because of its larger relative
importance. The linear correlation coefficients among
different kinematic variables used in MVA (in %) for the
signal and background are shown in Fig. 9. The positive
(negative) signs signify the positive (negative) correlation
(anti-correlation) among the two variables. Modestly large
anticorrelation between A¢(J, Er) and AR(Jy,J;) is
present, although we kept them both as they have large
relative importance.

Finally, we present the normalized BDT response for the
training and testing samples for both signal and background
classes in the left panel of Fig. 10. The signal distribution is
presented for BP2. The distributions of the BDT response
get well separated for the signal and background. Cut
efficiencies can be estimated by applying a cut BDT,, >
BDT,, on the BDT response. In the right panel of Fig. 10,
such cut efficiencies are demonstrated for the background
(red) and signal (blue), along with the statistical significance
of the signal over the background (green) as a function of
the cut value applied on the BDT response. We use the

L. - Ng . .. ‘o
prescription ¢ = —z=- for computing the statistical sig

nificance. Ng and Ny are, respectively, the expected number
of signal and background events after using the optimal cut
BDT,, at 3000 fb~! luminosity at 14 TeV LHC. Ng, Ng,
and o are shown in the right panel of Fig. 11 for different
benchmark points. We find more than a 50 discovery
potential for four different benchmark points. In the left
panel of Fig. 11, we summarize the result in terms of
statistical significance of the signal as a function of the
masses of the heavy BSM scalars (solid red) at 14 Tev LHC
with integrated luminosity 3000 fb~!. At the same time, the

2.5 B S feom i) ™ T T T Sl (g b T Signal efficiency [ 7777 %%%Z‘iE%Efé’ncy*pmit
17/ Background (test sample) » Background (training sample) 7 Background efficiency S/VS+B
2 :_Kolmogorov—Smirn9¥ test: signal (background) probability = 0.015 (04005_L: ’5 1.0 : _2 7 §
CRN 1E sf .~ N 16 5
~ oL = O
= 15F 4 & F \ 355
= f 1 . 06F \ 4, E
= 1F 4 & N '\}\ \ 1.0
N o ] (5] L \ = 3N
= o E b 0.4 N E
0.5F 1§ 0 Erormsmroma and 0 backsrounN \ |
Cp 1 “E t i S Bis S\ -1
N ] b Ty I !
06 04 02 0 02 04 06 08 06 04 02 0 02 04 06 08

BDT response

Cut value applied on BDT output

FIG. 10. The left panel shows the normalized BDT response for the training and testing samples for both signal (BP2) and background
classes. The right panel contains the cut efficiencies for the background (red) and the signal (blue) and the statistical significance of the
signal over the background (green) as a function of the cut value applied on the BDT response.
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FIG. 11. The upper panel shows the statistical significance of

the signal over the background as a function of masses of the
heavy BSM scalars (solid red line) at 14 TeV HL-LHC. The
dashed blue curve on the same plot exhibits the required
luminosity for two sigma (26) exclusion for different benchmark
points—the horizontal dotted red line to mark 5¢ discovery
potential. The lower panel demonstrates the corresponding
expected number of signal events (V' _bg") at NLO and background
events (Ngy) before applying the BDT cut, where Ny and Ny are
the expected number of signal and background events that survive
after applying the optimum BDT, cut, respectively.

dashed blue line exhibits the required luminosity for 2o
exclusion for different benchmark points.

VII. CONCLUSIONS

IDM is a simple extension of the SM where a new
SU(2), scalar doublet owning a discrete Z, symmetry
provides a viable DM candidate together with additional
heavy BSM scalars. This model offers two distinct param-
eter spaces, consisting of hierarchical mass spectrum and
degenerate mass spectrum of these scalars, that satisfy the
observed relic density of the dark matter and other theo-
retical and experimental constraints.

Despite of several studies being performed in exploring
this viable dark matter model at the LHC, in this paper we
initiate the effort of looking into a promising channel with
NLO QCD precision. This study focuses on the hierarchical
mass region and considers NLO QCD corrections on the
associated and pair production channels of heavy scalars.
We find that the effect of QCD correction is significant for

encrypting the correct search strategy at the LHC. Table I,
and Table III encapsulate the correction factors for different
benchmark points. We get an overall correction of about
33%-39% for the associated production processes and for
a gauge boson mediated pair production channel,
pp — HFA. Similarly, the pp — H*H~ process, which
encompasses both gauge boson and Higgs mediator, has the
correction factor in between 38% and 56%. In contrast,
pp — AA being scalar mediated, receives a correction
factor in the range of 70%-92%. Nevertheless, notable
improvement on scale uncertainties is achieved due to the
inclusion of NLO corrections. We also take into account the
parton shower effect and demonstrate its practicality at
the low transverse momentum region.

After jet clustering and detector simulation, we com-
pare distributions of various crucial kinematic observ-
ables at LO and NLO. Noted shifts in the shape of these
distributions over the LO computation can significantly
influence the construction of phenomenological analysis.
We notice a substantial relative change in the number of
survived signal events as an effect of the differential NLO
K factor. For example, this change is up to 46% for the
gauge mediated pair production of heavy scalar proc-
esses. We also emphasize that gauge boson mediated
decay products of hadronically decayed heavy scalars are
highly collimated in this signal region and therefore
large-radius fatjets come naturally in probing the hierar-
chical mass region. The internal structure and properties
of the fatjet are key ingredients to know about their
genesis. Fatjets originated from the QCD radiation of
partons pose different characteristics compared to the
fatjets generated from boosted vector boson. The jet
substructure is a powerful tool to get control over the
colossal SM background and identify the signal correctly.
We find jet-substructure observables M,  and 7,;(Jo )
are excellent discriminators in discriminating fatjets
originated from the boosted vector boson and the QCD
jets. We work with the parton shower matched NLO QCD
corrected signal and employ sophisticated multivariate
analysis to distinguish the signal using these powerful
jet-substructure variables. We discuss the set of nine
variables that are used in the MVA analysis and their
linear correlation coefficients are presented for the signal
at a sample benchmark point and for the background.

We observe that the discovery potential for different
benchmark points nearly up to 350 GeV of heavy scalar
mass in the hierarchical mass region has a statistical
significance above 5o at the HL-LHC. Hence, this param-
eter space of the hierarchical mass spectrum which is
well motivated having a dark matter candidate of mass
mpm ~ my/2, would be quite interesting to look into.
We also notice through this study that the heavy BSM
scalar mass falling in the range of 250-550 GeV can be
excluded with 1200 fb~! integrated luminosity at the
14 TeV LHC.
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APPENDIX: FEYNMAN RULES
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(A16) where §,, = (p; + p,)? and the black blob indicates to the
effective vertex arising from the Lagrangian Lygpr, given
in Eq. (5).
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