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In this work, the neutral Higgs boson pair production is analyzed at the Compact Linear Collider (CLIC)
to be operating at center of mass energies /s = 1400 GeV (stage 2) and /s = 3000 GeV (stage 3). The
Higgs bosons to be searched for are neutral CP even (H) and CP odd (A) within the framework of two
Higgs doublet model (2HDM) in the mass range 300 < my/, < 1000 GeV. All types of CP-conserving
models are studied and the signal observability is evaluated, taking into account the main SM background
processes like ZZ, 17, and the SM-like Higgs boson associated production (2Z). Results are presented for a
set of model parameters and Higgs boson masses in terms of signal distributions over the background as
well as the integrated luminosity needed for 5o discovery. It is shown that the heavy mass region is well
observable at CLIC in types 3 and 4 in the regions not excluded by LHC so far, while in type 1 the signal
observation is challenging due to the large jet multiplicity in the ¢7 final state.
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I. INTRODUCTION

Over the past few decades, the Standard Model (SM) of
particle physics has been the most reasonable theory of
subatomic interactions between elementary particles. The
underlying framework, which is based on quantum field
theory (QFT), describes the strong, electromagnetic and
weak interactions.

One of the biggest achievements of the Large Hadron
Collider (LHC) is the observation of a new boson that is
considered to be the candidate for the missing element of
SM, i.e., the Higgs boson introduced through the Higgs
mechanism [1-6]. The announcement by the two collab-
orations, CMS and ATLAS [7,8], at the LHC experiment
led to the Physics Nobel Prize in 2013.

The properties of the observed particle have been
verified in various analyses by CMS ([9-12]) and
ATLAS ([13-16]). Despite the overall agreement of the
measurements with SM predictions, there are still several
open problems that motivate theories beyond SM (BSM)
including matter-antimatter asymmetry [17], the origin of
dark matter that is not contained in the SM [18,19], the
sensitivity of the muon anomalous magnetic moment to
new physics and its current 3 to 4 standard deviation from
SM prediction [20], and the hierarchy problem, i.e., the
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large difference between the Higgs boson mass (125 GeV)
and the Planck mass (10" GeV), etc.

The stability of the observed hierarchy with respect to the
quantum corrections to the Higgs boson mass is a motivation
for below TeV-scale supersymmetry [21,22]. The theory of
supersymmetry provides a natural solution to the hierarchy
problem by introducing superparticles that contribute to
counterterms in the perturbative series of corrections to the
Higgs boson mass. In its minimal form, MSSM needs an
extended Higgs sector beyond the SM structure [22]. It turns
out that for a supersymmetric theory to work, at least two
Higgs doublets are needed to give masses to the particles and
their superpartners [23,24]. This is not, of course, the only
reason for extended Higgs sectors but is considered as one of
the main motivations for the two Higgs doublet model
(2HDM) [25,26], which was first introduced as a model
for CP violation and natural flavor conservation [27-29].
Because of the more degrees of freedom in the model,
2HDM describes the flavor physics observables [30,31]
and electroweak precision measurements [32] better than
the SM.

The building blocks of the Higgs sector of the two Higgs
doublet model consist of two complex scalar doublets @
and @, with their corresponding vacuum expectation
values v; and v, under the requirement of \/v? + v3 =
246 GeV [33,34]. This is a natural expansion of the SM
Higgs sector to two doublets. One of direct consequences
of having two complex doublets is the multiplicity of the
Higgs bosons: two CP-even scalars h, H, a CP-odd
pseudoscalar A and the charged Higgs bosons H*.

At the alignment limit [35-37], the 2HDM partially
aligns with the SM in the sense that one of the Higgs

Published by the American Physical Society
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bosons acquires the same properties as the SM Higgs
boson. This alignment is to confirm the observation of the
new boson at the LHC which is usually assumed to be the
lightest 2HDM scalar (hgy;), although there is the so-called
twisted scenario where the aligned boson is not the
lightest [38].

In a CP-conserving scenario, there are four types of the
model characterized by the Higgs boson couplings with
up/down-type quarks and leptons that are functions of the
ratio of the vacuum expectation values denoted by tan f.
Therefore tanf plays the key role in 2HDM pheno-
menology [39].

The SM Higgs boson studies are going on at the LHC
including pair production (hh) in different final states by
CMS [40-44] and ATLAS [45-48]. However, 2HDM
Higgs bosons are searched for in single production mode
by CMS [38,49-51] and ATLAS [52-54]. The above
scenarios are based on A - Zh, A - ZH, H — ZA, or
H — hh with the mother particle produced in proton-
proton collisions. The Higgs conversion modes studied
by both CMS and ATLAS are limited to the kinematic
requirement |m, — my | > mz. Therefore, there are
open regions in the 2HDM parameter space especially
along the equal masses line my = my favored by Ap
requirements [55-58].

While LHC analyses continue to search for extra Higgs
bosons, other experimental scenarios are also under con-
sideration including LHC luminosity upgrade [59,60] and
future lepton colliders, CLIC [61,62], ILC [63], FCC [64],
and CEPC [65].

The lepton colliders are of interest due to the following:

(1) providing a cleaner collision event environment and
lower QCD background due to the less hadron
activity compared to hadron colliders,

(2) better knowledge of the effective center of mass
energy and the beam spectrum compared to hadron
collisions where parton distribution functions play
an important role and

(3) kinematic  constraints which make event
reconstruction easier. The latter is exploited in the
current analysis and will be described in more detail.

In recent works, several search scenarios were
introduced within type 1 [66-69], type 3 [70,71], and
type 4 [72-74]. These analyses are dedicated to lepton
colliders but do not cover the heavy neutral Higgs boson
masses beyond 500 GeV. In the current analysis, we
explore heavy neutral Higgs bosons with masses up to
1000 GeV at CLIC center of mass energies of 1400 and
3000 GeV known as stages 2 and 3, respectively. Details
of the analysis will be presented after a theoretical
introduction.

II. THEORETICAL FRAMEWORK

Consider the scalar Higgs sector of the SM Lagrangian
as described in the Higgs mechanism:

Ly = (D'0)'(D,®) — V(@) (1)

where D, is the covariant derivative and ® is the complex
scalar doublet in the spinor representation of SU(2),:

(b)

The renormalizable Higgs potential using one doublet takes
the form

VM = 20T ® + A(DTD)? (3)

with u and 4 as the free parameters of the model describing
the mass term and quartic self-interactions among scalars.
In this form, 4 is required to be positive for the vacuum
stability and a nonzero vacuum expectation value is
obtained provided that y> > 0.

Extensions of the SM have been extensively studied in
the literature, including the real scalar extension [75-81],
complex scalar extension [82-86], inert doublet model
[87-91], and inert doublet plus a complex scalar [92].
These scenarios try to address the two problems of the
nature of dark matter and the origin of the baryon
asymmetry. The two Higgs doublet model is also one of
the simplest SM extensions with an additional complex
scalar doublet:

¢ .
q)i:<(vi+pi+i77i)/\/§>’ = @

and the Lagrangian

CEDM = 3 (0,01 (D) - VM (5)
i=12

with a symmetric potential including mass terms and
Higgs-self interactions as follows:

)2HDM m%ld)}'d)l + mgzq’;‘bz - m%z(q)-qu)2 + q)gq)l)
1 1
+54 (@1®))* + 5/12(@;@2)2
+ 13 (D]@)) (D)D) + Ay (D] D,) (DLD))

4[] @) + (@], (6

The neutral Higgs bosons are obtained through a rotation
in the p; and #; spaces with mixing angles a/f for the
CP-even/odd Higgs bosons:
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h = —p;sina + p, cosa
H = pjcosa—+ p,sina

A = sinf + n,cosf
while the charged Higgs is related to the charged fields ¢*:
H* = ¢Fsinf + ¢35 cos f. (7)

The mixing angle S is also related to the ratio of vacuum
expectation values through

tanﬂzz. (8)

U1

The Yukawa Lagrangian for the Higgs-fermion interaction
with fermions follows the usual form for CP-even Higgs
bosons (h, H) while for CP-odd Higgs boson A takes

additional iy> in the vertex:

m -
Lo==L % Jfh+pH=ipir’A).  (9)
f=ud.,l

This is the form of Higgs-fermion interactions at the
alignment limit (f —a = z/2) where the light Higgs
coupling with fermions is equivalent with SM predictions.
The heavy Higgs boson coupling with fermions, however,

deviates from the SM form of m /v by the pj;l /A values. The

pJ,; takes the following forms for different types of the

model as presented in Table I. The p£ equals pﬁ, but takes
an extra minus sign for f = u. The Higgs-gauge couplings
scaled to their corresponding SM values are

HDM
VY — sin(f — )

gHSKAV = cos(f — a). (10)

The alignment limit requires sin(f — a) = 1, thus leading
to gaugophobic heavy Higgs bosons while the light 2HDM
Higgs boson fully coincides with the SM prediction in
terms of the couplings with fermions and gauge bosons.

TABLE L. Higgs-fermion couplings in different types of 2HDM
at the alignment limit.

Model type
Coupling 1 2 3 4
P cotf} cotf} cotf} cotf}
¢ cotf —tanf —tanf cot
p? cotf —tanf cotf —tanf

III. CROSS SECTION AND DECAY RATES

The signal process under study is e"e™ — Z* - HA in
the four fermion final state as shown in Fig. 1 with the
second vertex set to

—gsin(ff — a) (1

Jraz = 2 cos Oy

which is maximum at the alignment limit. The light Higgs
production, i.e., e"e” — Z* - hA, involves gpu; x
cos(ff — a) and vanishes due to suppression of the vertex
under the same circumstances.

As for the signal cross section, one can start from the
usual differential form of

do 1 py
="M, 12
dQ  647%s p; { f'| ) (12)

where in the center of mass frame, p; = /s/2 and p; =

5z VA(s.mp.m}) with 2 being the Killén function
defined as A(a,B.y) = a® + >+ y> = 2ap — 2ay — 2fy.
In this case one can write 1 as [s— (my + mpy)?]x
[s — (my — my)?]. The matrix element consists of the Z
boson propagator, vertex couplings, and the electroweak
coefficients (g, ~ —0.04 and ¢g§ = —0.5 according to the
Particle Data Group [93]) which lead to the following form
for the integrated total cross section as a function of the
collider center of mass energy /s and the Higgs boson
masses my and my:

_ 71 (gy + G)Ils = (ma + my)?][s = (my = mp )]
48s2sin* @y cos* Oy (s — m%)* + miI2]

(13)

According to the above form of Eq. (13), the cross section
is suppressed when the sum of the Higgs boson masses

f
f .
zZ* It f
. f
_ 14\ N N
f
f
FIG. 1. Feynman diagram of the Higgs boson pair production

in the four fermion final state. The fermion f is t-quark in type 1,
b-quark in types 2 and 3, and z-lepton in type 4.

035012-3



MAIJID HASHEMI and MARIEH MOLANAEI

PHYS. REV. D 108, 035012 (2023)

ma [GeV]

900

FIG. 2. The signal cross section as a function of the Higgs
boson masses for the two center of mass energies of 1400 and
3000 GeV, obtained using WHIZARD with unpolarized beams.

approaches the center of mass energy, receives enhance-
ment at the Z boson pole mass, and prefers equal masses for
the Higgs bosons due to the last term in the numerator. As
the result a symmetric distribution is expected in the Higgs
boson masses space.

The tree level values predicted in Eq. (13) are confirmed
by WHIZARD 3.1.2 [94,95]. As an example, with /s =
1400 GeV, my = 400 GeV, and m, = 600 GeV, Eq. (13)
yields ¢ = 2.2 fb, to be compared with WHIZARD result
of 0 = 2.1 fb with unpolarized beams. Including a polari-
zation of 80% (30%) for e~ (e*) enhances the above value
to 3.1 fb. A full scan over the Higgs boson masses in the
two regions of y/s = 1400 and 3000 GeV results in Fig. 2
where different color styles are used to distinguish the two
regions of center of mass energies.

The Higgs boson decay to fermion pairs can also be
calculated using the square of the matrix element which,
keeping the fermion masses, becomes

Z|MH/A—>f]|2 = 4\/§GFm§-(Pf)2[(Pf-Pf) + m]%] (14)

spins

where the subtraction (sum) on the right-hand side occurs
for CP-even (CP-odd) Higgs bosons, respectively. The four
momentum product is related to the particle masses through

s=mp 0= (ps+pp)* =2m; +2pp.p;. As a result,
CP-even and CP-odd Higgs bosons acquire different decay
rates through their matrix elements:

(h21) =236 {

which result in ([96,97]):

3\/§GFmH/AmJ% (p')?
8r
m2
(5"

H

}’l’l2 ’
(=)

A

T(H/A = ff) =

(16)

With equal Higgs boson masses and couplings, an
additional factor of 1—4m12c/ m% in CP-even H decay
with respect to the CP-odd A decay leads to suppression of
H — ff compared to A — ff as can be seen in all model
types. The consequence of this difference is that A — 77 is
less than H — 77 above the kinematic threshold of decay to
the top quark pair in type 4. This phenomenon is most
relevant when my 4 ~ 2my, otherwise the above term of
1 —4m7/mj, , tends to unity and the difference between

the rates of H — #f and A — tf becomes smaller as my 5
tends to 1 TeV.

In order to visualize the above statements and decide on
analysis channels, the Higgs boson decay rates are obtained
using 2HDMC 1.8.0 [98,99]. Since high tan  values are
excluded in most model types, we start from tan # = 7 and
10 inspired from the solutions of m, cotff = my, tan f and
m,cotff = m tanf to obtain open regions for analysis.
These tanf values are turning points above which
H — bb/rr in types 2, 3, and 4 start to overwhelm
H — tt when my 4 > 2m,. In type 4, the above argument
is only valid for moderate masses up to 500 GeV while for
heavier Higgs bosons, higher tan values are needed to
strengthen H/A — 7. In type 1, regardless of tanf, the
dominant channel is H — tf when kinematically allowed.
Figures 3 and 4 show branching ratio of decays for both
heavy neutral Higgs bosons in each type of the model at
tan f# = 7 and 10. Based on these figures the following final
states are considered for each type:

type 1 type 2
1.0 Lo
081 0.8
o 061 " o 0.6 N
m 0.4 0 o44
0.2 4 0.2 4 tan B =7
WO o= — Hou
400 600 800 1000 400 600 800 1000 | __ H—bb
mg [GeV] mpg [GeV] — H > 1
type 3 == Attt
101 == A—bb
0.8 == A—=71T
o 061
0 .41
0.2 1
0.0 1 T T T T T T T T
400 600 800 1000 400 600 800 1000
my [GeV] my [GeV]
FIG. 3. Branching ratio of Higgs boson decays to the main

channels at tan § = 7. All heavy Higgs boson masses are assumed
to be equal in this plot.
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type 1 type 2
1.0 10
0.8 0.8
| 4
o 067 1 o 06
0 g4 0 0.4+
0.2 021 tan 8 = 10
VUt : : : Bt : . d = H-tt
400 600 800 1000 400 600 800 1000 _ gy
mpy [GeV] my [GeV] — Herr
- At
type 3 type 4
Lo = 1.0 A=
O,S—K________ 08 TAmTT
o 06 o 061
0 g4 0 (4
0.2 0.2
0.0 0.0

T T T T T T T T
400 600 800 1000 400 600 800 1000

mpy [GeV] my [GeV]

FIG. 4. The same as Fig. 3 but with tan g = 10.

(i) type 1: H/A — bb well below the top quark pair
production threshold, i.e., my/y < 2m,and H/A — 1t
near or above the threshold. Since the current analysis
deals with my 4 > 300 GeV, the latter is chosen.

(i1) type 2: This is actually highly suppressed by exper-
imental searches for 2HDM and MSSM. A choice of
H/A = bb or H/A = 77 is fine. If H/A — (7 is
sizable (which is the case when m, cot f ~ m,, tan 3),
there is still preference in favor of H/A — bb due to
the lower final state particle multiplicity

(iii) type 3: H/A — bb is dominant as long as high tan j3
values are considered. The same argument as in type
2 is applied to H/A — ti.

(iv) type 4: H/A — 7t is dominant as long as high tan f
values are considered. In this case also H/A — ff
can be sizable (when m, cot § ~ m, tan §). However,
due to the same reasons as mentioned in type 2,
H/A — 7 is preferred.

The experimental exclusion regions are obtained
using HiggsTools-1 [100] which is a collection of
HiggsBounds-6 [101-105], HiggsSignals-3 [106—108], and
the new code HiggsPredictions-1. At the moment, results of
258 analyses from LEP to LHC are included in the code
database. The input data for obtaining excluded regions are
the scaled effective Higgs-fermion and Higgs-gauge cou-
plings relative to SM and the Higgs boson decay rates for
nonfermionic channels like H — hhand A — ZH which are
taken (borrowed) from 2HDMC.

Figures 5 and 6 show the resulting excluded regions for
tanf =7 and 10 together with the signal cross section
times branching ratio of decay to the relevant final state in
each type. The red line indicates the border of two scenarios
of the collider operation at /s = 1400 and 3000 GeV.
The excluded regions in type 1 (at tan f = 7) and type 3 at
mpy < 400 GeV refer to the LHC analysis of the Higgs
boson conversion reported in [109]. In type 3, at tan f = 10
there are two points of (my,my) = (470,490) and
(490, 470) GeV excluded by LHC [110]. The type 2 is

type 1, 0 x BR(H/A) — tt [fb]
1000

type 2, 0 x BR(H/A) — bb [f0]
1000

A N
< 5
Q
=" 800 A / A =" 800 A N N
T =X ] =
=, I =~ A = S
600 1= < 6001 _© N
< N <
g S 7 2T
400 4 ¢ 100 ¥,
vt | 2 2 .
400 600 800 1000 400 600 800 1000
mg [GeV] mg [GeV]
LooPe 3, 0 x BR(H/A) — bb [fb] Lope 4, 0 x BR(H/A) — 77 [fb]
N N
=" 800 A //> 4 =" 800 A / /
() —~—~———7 § N () \
O] ONa. S N (O] %
9, = § )
< 600 A < = 000 S
g & g
100 ¥ o S w2 / N
VAR —zvsS
400 600 800 1000 400 600 800 1000
my [GeV] mpy [GeV]
FIG. 5. The signal cross section times branching ratio of decay

to relevant final states in each type at tanf = 7. The current
excluded regions at 95% CL are shown in solid red.

excluded mainly by the two LHC analyses reported
in [109,111]. The type 4 excluded regions refer to [111]
and [112,113]. In types 3 and 4, the higher the tan f3, the
more signal sensitivity due to the higher branching ratio of
Higgs boson decay. Therefore tan # = 10 is chosen for the
rest of the analysis. At this value, type 2 is already excluded
up to near 1 TeV. The LHC exclusion of type 2 parameter
space is in agreement with the prediction reported in [114]
where it was shown that MSSM Higgs boson masses up to
1 TeV at tan # = 10 can be excluded at HL-LHC integrated
luminosity of 300 fb~!. Higher masses up to several TeV
were analyzed in [115] for a hadron collider operating at
100 TeV (FCC-hh). These results and current LHC exper-
imental results shown in Figs. 5 and 6 (based on [109-113])

type 1, 0 x BR(H/A) — tt [fb] type 2, 0 x BR(H/A) — bb [f]
1000 S N 1000 =

A\ N
// A A
800 - ¢ 800 +——10~2 3

> N > N
e S Y B A

1S q . $
S 600 5 < = 600 /x@ <

5 Q = AN
= NEAS =

400 S w004 > N
- T 1[‘/Zl T T T T
400 600 800 1000 400 600 800 1000

mpy [GeV] mpy [GeV]

0Oi:ype 3, 0 x BR(H/A) — bb [fb] 00Sype 4,0 x BR(H/A) — 77 [fb]

10 - 1
- N 5 \<® s
— N — M
S 800 1021 / =" 800 s /
() ) 5
S o P S | N
600 130 S 600 PR
< Y00 N < S S.
g / R g P N
Q
400 / 100 7%, A 4
LS 2L S
400 600 800 1000 400 600 800 1000
mg [GeV] myg [GeV]

FIG. 6. The signal cross section times branching ratios with the
same descriptions as in Fig. 5 but with tan g = 10.
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show that the current open regions of the parameter space
are reasonable choices for CLIC studies.

IV. SIGNAL AND BACKGROUND GENERATION

The main background events are electroweak boson pair
production ZZ (including y) and top quark pair production
tt. The single boson production (Drell-Yan) does not
contribute as it contains fewer jets needed to fully recon-
struct events. The W W~ background contribution is also
negligible due to the presence of the light jets in the final
state and low fake rate.

Both signal and background processes are generated
starting from WHIZARD which produces LHEF files
containing the hard scattering [116]. These files are used
by PYTHIA 8.3.09 [117] which is called through
DELPHES [118-120] for fast detector simulation. The
jet reconstruction is performed using the Valencia algo-
rithm [121] as proposed by the CLIC Collaboration [122]
due to its robust performance in the non-negligible back-
ground environment, which is even better than the ky
algorithm [123].

The WHIZARD package performs bremsstrahlung and
initial state radiation from the beam particles using
CIRCE2 code [124] resulting in the beam spectrum as
shown in Fig. 7. The bremsstrahlung not only reduces the
beam energy but also results in radiated photon collisions
as the so-called overlay background [125]. These events
have been shown to be reducing the jet energy resolution in
preliminary studies and their effects are minimally included
as a source of jet energy smearing applied after
the jet reconstruction by DELPHES. The values imple-
mented for the two scenarios of 1400 and 3000 GeV are
shown in Table II where pseudorapidity is defined as
n = —Intan@/2 (0 is the polar angle with respect to the
beam axis).

0.12 7 /5 = 1400 GeV
/5 = 3000 GeV

Normalized to 1
<
R

0.02 1

0 500 1000 1500 2000

V3 [GeV]

2500 3000

FIG.7. Beam spectrum at /s = 1400 and 3000 GeV, simulated
by CIRCE2 and used for event generation by WHIZARD.

TABLEII. The jet energy smearing in percent applied on jets in
the two regions of pseudorapidity to mimic the yy — hadrons
overlay background.

V5 (GeV) 1400 3000
In < 0.76 1% 2%
In| >0.76 5% 10%

V. BENCHMARK POINTS

Figure 6 shows that the signal rates are higher around
the diagonal line of degenerate masses due to the cross
section symmetry. Therefore, the set of benchmark points
for the analysis are divided into two categories of
degenerate and nondegenerate masses. The set of my =
my, points are chosen with increments of 100 GeV starting
from 300 to 600 GeV for collider operation at /s =
1400 GeV and 700 to 1000 GeV for the scenario of
/s = 3000 GeV. The nondegenerate points are chosen
with the same CP-even heavy Higgs boson masses but
with my = my + 50 GeV for the two center of mass
energies. These points are relevant to types 1 and 3. In
type 4, my starts from 800 GeV as lower masses are
already excluded.

The Z, soft breaking mass parameter m,, is set through
the relation m?, = m3 sinfcos # which is suggested in
[126] as a consequence of natural SM alignment of the
model without requiring the decoupling or a fine-tuning.
For completeness, we recall other parameters of the model:
tan S = 10 and sin(ff —a) = 1.

Tables III and IV show the signal and background cross
sections as a numeric reference. It should be noted that the
background processes are generated in a fully hadronic
final state to reduce the statistics. Therefore, ZZ and ¢

TABLE III.  Signal cross section at benchmark points. Higgs
boson masses are in GeV.

Vs (GeV) Higgs boson masses and cross sections
1400 Mmy =my = 300 400 500 600
o(fb) 4.8 2.8 1.3 0.37
my=my+50= 350 450 550 650
o(fb) 4.3 2.4 1.1 0.22
3000 My =my = 700 800 900 1000
o(fb) 0.84 0.64 048 034
my=my+50= 750 850 950 1050
o(fb) 079 06 044 031
TABLE IV. Background cross sections.
Vs (GeV) zZZ 1t hZ
1400 o(fb) 142 145 13.5
3000 o(fb) 58 53 4.7
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backgrounds undergo Z — ¢gg and W — qq, respectively,
with branching ratios of 0.69 and 0.68 [93]. The hZ process
is also analyzed in the four b-jet final state in type 3 with
BR(h — bb) = 0.55. In type 4, this background has no
sizable contribution in the signal region.

VI. ANALYSIS, TYPE 1

The type 1 events are predominantly in the four top
quark final state above the kinematic threshold. Events are
therefore produced with high particle multiplicity if top
quarks decay hadronically. With a normal cone size of 0.5
one would expect to have three jets from each top quark in
its fully hadronic final state resulting in a total of 12 jets.
In this case the top tagging algorithm [127-130] can be
used to identify the highly boosted top quarks based on the
jet substructure [131-134]. There are several top tagging
algorithms, two of which are used in this analysis, namely,
HEPTopTagger2 [135,136] and JohnHopkins [137]. The
external codes for these algorithms are linked to the
FastJetFinder jet reconstruction module inside DELPHES.
The performance of the algorithm is expected to increase
with increasing Higgs boson masses thus producing highly
boosted top quarks. The jet reconstruction cone is set to 0.8
with the Cambridge-Aachen algorithm used for the jet
reconstruction [138]. This choice of the jet cone gives, on
average, four identified jets to be used as input by the top
tagging algorithm.

The identified top jets from Higgs bosons with my =
my = 700 GeV at /s = 3000 GeV result in the multiplic-
ity distribution as shown in Fig. 8. As seen, the jet
multiplicity has a peak at four, while identified top jets
have no sizable contribution in the four top bins for
both algorithms. Therefore, with the choice of the top
tagging algorithms examined here, the signal cannot be

B Al Jets

061 B Top tagged (HTT2)
0] B Top tagged (JHT)
0.4 1

0.3 1

0.2 1

0.1 1

0.0 - 7 u .I - T

0 1 2 3

4 5 6 7 8
Number of jets

Normalized to 1

FIG. 8. Number of identified top jets in the signal events at
/s = 3000 GeV using two top tagging algorithms, HEPTop-
Tagger2 (labeled HTT2) and JohnHopkins (labeled JHT).

TABLE V. Branching ratio of CP-even and CP-odd Higgs
boson decay to bb in types 2 and 3 for the two points outside the
current excluded area.

Higgs Boson Masses Model Channels

my/a = 500 GeV H - bb A — bb
Type 2 0.49 0.36
Type 3 0.53 0.39

my/a = 900 GeV H - bb A — bb
Type 2 0.35 0.33
Type 3 0.38 0.35

reconstructed unless a detailed study of this type with more
sophisticated top tagging algorithms based on machine
learning is performed.

VII. ANALYSIS, TYPE 2

Although type 2 is very limited at tan # = 10, which is
the base for the analysis, one point worthy to mention is
that the signal topology and kinematics of the final state
make no difference between types 2 and 3 with the same
Higgs boson masses and decay channels. Therefore, taking
into account branching ratio of Higgs boson decays in two
types, the signal sensitivity in type 3 can easily be
normalized to get the corresponding results in type 2.

As an example, at tanf =7, two scenarios of
my = my = 500 GeV and my = my = 900 GeV, which
are not yet excluded, lead to the following BRs for the four
b-jet final state as shown in Table V. Because of the
similarity of figures, one would expect to get similar results
in type 2 by translating an analysis in the same final state in
type 3.

VIII. ANALYSIS, TYPE 3

The type 3 events are analyzed in the four b-jet final state
using the b-tagging algorithm optimized for the CLIC
detector environment [139]. The kinematic acceptance for
the jet reconstruction is py > 10 GeV and || < 2. The ZZ
background shows less efficiency of four jet reconstruction
compared to other backgrounds due to the electroweak
nature of these events and wide pseudorapidity distribution
of the jets as shown in Fig. 9. The kinematic acceptance
has, therefore, lower efficiency of selection at higher center
of mass energies for this background.

There are three scenarios of b-tagging with the efficien-
cies of 90%, 70%, and 50% including a fake rate from
gluons and c-jets as a function of the jet energy and
pseudorapidity. These working points are examined for
the main background samples, 17, ZZ, and hZ with the
reconstructed jet multiplicities as well as those of b-jets
shown in Figs. 10-12.

The lower b-tagging efficiency, the higher suppression of
the background. However, even the loose b-tagging
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Vs = 380 GeV

140
-4 -2 0 2 4

Jet pseudorapidity

FIG. 9. The jet pseudorapidity distribution in the ZZ back-
ground as a function of the collider center of mass energy.

tt, /s = 1400 GeV
I All Jets
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B B-tagged (70%)
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0.2 I

0.0- .
0 1

FIG. 10. Number of identified b-jets with different b-tagging

efficiencies in 17 events at /s = 1400 GeV.

Normalized to 1

L

2 3 4
Number of b-jets

[

081 Z7,+/s = 1400 GeV
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0.3 1

0.2
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0.0 .
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Number of b-jets

FIG. 11. Number of identified b-jets with different b-tagging
efficiencies in ZZ events at /s = 1400 GeV.

hZ,\/s = 1400 GeV
0.8 W All Jets

I B-tagged (90%)
B B-tagged (70%)
]

061 B-tagged (50%)

Qlj;

Number of b-jets

Normalized to 1

FIG. 12. Number of identified b-jets with different b-tagging
efficiencies in hZ events at /s = 1400 GeV.

scenario with 90% efficiency allows a very small fraction of
background events to fill the four b-jet bin and is thus
chosen for the rest of the analysis.

In the next step, a kinematic fit is applied by imposing
energy and momentum conservation on events with four
reconstructed b-jets as proposed in the LEP (ALEPH)
analysis [140]. The idea is to apply correction factors to the
b-jets so that the set of four-momentum conservation
equations [Eq. (17)] are satisfied:

(17)

Despite the uncertainty in the center of mass energy due to
the beam spectrum, correction factors yield reasonable
results as will be seen soon. Figure 13 shows the distri-
bution of the correction factors c; with their average values
close to (but slightly above) unity for an example bench-
mark point of my = m, = 300 GeV at /s = 1400 GeV.

The b-jets are sorted in terms of their energies before
correction. The wider distributions for softer jets are due to
the more uncertainty in the jet reconstruction with lower
energy. Since all four-momentum components of each b-jet
is to be multiplied by the corresponding correction factor,
we require that all ¢; with j =1 to 4 are positive to avoid
negative energies after correction. The energy sorting is
repeated after correction and b-jets are labeled as b; with
i = 1 to 4 denoting the hardest to the softest b-jet in the list.

In the next step, b-jet pairing is performed as described
in [69] using invariant masses of b,b; and b, b, together in
one histogram. Although b, b5 pairs have proved to result in
better invariant mass distributions for the Higgs bosons, the
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FIG. 13. Distribution of the correction factors obtained by

solving Eq. (17).

two pairs are used to get double statistics. Figures 14(a)
(equal masses) and 14(b) (different masses) show the
reconstructed Higgs boson invariant masses on top of
the background at /s = 1400 GeV. Results of higher
masses at /s = 3000 GeV are shown in Figs. 15(a)
and 15(b). Signals are stacked on the background but
not on each other. As seen from Figs. 14(b) and 15(b) the
two Higgs bosons can be distinguished if their masses are
different.

In obtaining these distributions, the charged track
momentum smearing and ECAL/HCAL energy resolution
are included using the standard CLIC detector card imple-
mented in DELPHES.

2HDM type 3, /5 = 1400 GeV, £ = 1000 fb~!

. 7z

R

B hz

|| mp/a = 300 GeV

BN mp 4 = 400 GeV
mpya = 500 GeV

BN mp 4 = 600 GeV

30 1

251

Events/5 GeV

10 1

0 100 200 300 400 500 600 700 800
bb invariant mass [GeV]

(a) Equal masses

A mass window optimization is performed to get the
highest signal significance, S/v/B, and values exceeding
5S¢ are obtained in all benchmark points at integrated
luminosity of 1000 fb~!. Therefore, final results are pre-
sented in terms of the integrated luminosity needed for So
discovery as shown in Fig. 16. The lowest signal sensitivity
for my = 600 GeV is due to my + m, getting close to the
center of mass energy thus saturating the phase space. As a
result, the cross section is small and more data is needed for
the signal observation.

IX. ANALYSIS, TYPE 4

Type 4 prefers leptonic decays of the Higgs bosons
with Higgs-fermion couplings proportional to tanpf. At
tanff = 10, m,cotff ~ m tan f and the two decay modes
compete. The A — 7z is slightly smaller than H — 7z due
to what was said in Eq. (16). At higher tan g, H/A — 1z
supersedes H/A — tf and the signal rate is higher.
Therefore we take tanff = 10 as the bottom line above
which higher S/B is expected.

The r-tagging algorithm in the hadronic final state is
performed with efficiencies depending on p; and 7 of the z-
jet. The fake rate is assumed to be 3% with the z-tagging
efficiency around 60% for py > 50 GeV [141].

As seen from Fig. 6, the Higgs boson masses below
800 GeV are already excluded in type 4 at tanf = 10;
therefore, three scenarios of my = my = 800, 900,
1000 GeV and m, = my + 50 = 850, 950, 1050 GeV
are examined in the four z-jet final state. The kinematic
selection and procedure for z-jet pairing is the same as what
was described in the previous section. There is small
background left in the signal region in this case and the

2HDM type 3, /s = 1400 GeV, £ = 1000 fb~!

. 7z
20.0 i
B hz
17.5 B 7y, ma = 300,350 GeV
B my,ma = 400,450 GeV
15.0 A mpy, ma = 500,550 GeV
}o ’ B g, ma = 600,650 GeV
[©)
S 12.5 1
~~
wn
€ 10.0
[
]
7.5
5.0
2.5
0.0 -

0 100 200 300 400 500
bb invariant mass [GeV]

(b) Different masses

FIG. 14. The b-jet pair invariant mass distributions in signal and background events for type 3 with /s = 1400 GeV. The signals
containing my = m, = 300 and 400 GeV are divided by 5 and 2 and those with m, = my + 50 = 350 and 450 are divided by 3 and 2

to fit the window.
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2HDM type 3, /5 = 3000 GeV, £ = 1000 fb~! 2HDM type 3, /5 = 3000 GeV, £ = 1000 fb~!
84 ]
- 7z g -
N N
h -z -z
B, = 700 GeV 4 B gy, ma = 700,750 GeV
6 BN g4 = 800 GeV BN mp,ma = 800,850 GeV
B gy = 900 GeV B g, ma = 900,950 GeV
3 5 B s = 1000 GeV 2 B . ma = 1000,1050 GeV
U} O 31
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bb invariant mass [GeV] bb invariant mass [GeV]
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FIG. 15. The b-jet pair invariant mass distributions in signal and background events for type 3 with /s = 3000 GeV.
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FIG. 16. Integrated luminosity £ needed for 5¢ discovery in 2HDM type 3.

2HDM type 4, /5 = 3000 GeV, £ = 10 ab™* 2HDM type 4, /s = 3000 GeV, £ =10 ab~!
- 7z - 7z
0.35 - 0.25 R
B mpya = 800 GeV B my,ma = 800,850 GeV
0.50 1 B g = 900 GeV B g, ma = 900,950 GeV
’ B ) = 1000 GeV 0.20 4 Wy, ma = 1000,1050 GeV
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FIG. 17. The z-jet pair invariant mass distributions in signal and background events for type 4 with /s = 3000 GeV.
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FIG. 18. Integrated luminosity £ needed for 5¢ discovery in
2HDM type 4.

signal lies on an almost background free region as shown in
Figs. 17(a) and 17(b).

The signal distributions are sharper than the case of four
b-jet final state in type 3. However, due to the lower signal
rate and 7 tagging efficiencies, more data or integrated
luminosity are needed for the So discovery compared to the
case of type 3. Figure 18 shows the integrated luminosity in
fb~! needed for 5o discovery.

X. CONCLUSIONS

The heavy neutral 2HDM Higgs boson pair production
was studied in the mass range of 300 to 1000 GeV at two
stages of the CLIC operation, i.e., /s = 1400 and
3000 GeV. The signal was analyzed in the relevant final
states of each 2HDM type in the regions of the parameter
space not yet excluded by the current LHC 8 and 13 TeV
analyses.

Type 1, with its dominant final state of four top quarks,
shows poor top tagging performance with the two exploited
algorithms. A more sophisticated analysis using machine
learning algorithms is needed to obtain a reasonable signal
in this type. While type 2 with its similar decay rates to type
3 at tan f ~ 10 is almost fully excluded, type 3 shows a
promising signal on top of the background with distinct
signals for CP-even and CP-odd Higgs bosons in scenarios
with different masses. Type 4 shows a sharper but with less
statistics at high masses above 800 GeV which will be
accessible at /s = 3000 GeV. Overall results show that
the signal observation is possible at integrated luminosities
below 1000 fb~! in type 3, and 10 ab™! in type 4 in the
mass ranges under study within the limits of the analysis
performed in this work. A more detailed study with
possibly full detector simulation and more realistic collider
environment is needed for the final conclusions.
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