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The same-sign charged Higgs pair production via vector-boson scattering is a useful probe of the mass

spectrum among the heavier scalar, pseudoscalar, and charged Higgs bosons in two-Higgs-doublet models.
It has been shown that the production cross section scales as the square of the mass difference Am =
(mpo — myo) in the alignment limit (cos(f — a) = 0). We study the potential measurement of this same-
sign charged Higgs boson pair production at the high-luminosity LHC and the proposed 27 TeV pp
collider, with emphasis in the decay channel H* H* — (W+A%)(W*A?), which is in general the dominant
mode when the charged Higgs mass is above the W*A? threshold. We also examine the current allowed
parameter space taking into account the theoretical constraints on the model, the electroweak precision test
measurements, B decays, and direct searches in the H* — v, and H* — WHA? - (£%v,)(up).
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I. INTRODUCTION

Since the discovery of a Higgs-like particle at the CERN
Large Hadron Collider (LHC) in 2012, there have been
many theoretical and phenomenological studies dedicated
to nonminimal Higgs sector models that can explain the
observed Higgs-like particle and account for some weak-
ness of the Standard Model (SM). One common feature of
many extensions of the minimal Higgs sector is the
presence of extra neutral Higgs bosons as well as singly
charged Higgs bosons in the physical spectrum. Therefore,
the discovery of charged Higgs bosons would be an
unambiguous sign of physics beyond the SM. One of
the most popular models with extended Higgs sector is the
two-Higgs-doublet model (2HDM) [1,2] in which one
introduces two-Higgs-doublet fields to break the SU; (2) x
Uy(1) symmetry down to the U(1),,, symmetry. In order to
avoid tree-level flavor-changing neutral current (FCNC)
couplings, one can advocate a natural flavor conservation
imposed by a discrete Z, symmetry [3]. Depending on the
Higgs and fermion field transformations under the Z,, one
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can have a number of Yukawa textures for the fermion
sector, denoted by type-I, -II, -X, and -Y 2HDMs. After
electroweak symmetry breaking driven by the two Higgs
fields takes place, the physical spectrum of the model
consists of two CP-even Higgs bosons 4°, H? (one of them
could be identified as the observed 125 GeV Higgs-like
particle), a CP-odd Higgs boson A and a pair of charged
Higgs bosons H*.

At hadron colliders, charged Higgs bosons can be
produced in a number of channels. An important source
of light charged Higgs bosons is from ¢/ production,
followed by the top decay into a charged Higgs boson
and a bottom quark if kinematically allowed. Other impor-
tant mechanisms for singly charged Higgs boson production
are the QCD processes gb — tH™ and gg — thH~ [4]. We
refer to Ref. [5] for an extensive review on charged Higgs
phenomenology. Charged Higgs bosons have been searched
for in the past at both LEP [6] and Tevatron [7]. An upper
limit of the order of 80 GeV has been set at LEP experiments
both from fermionic and bosonic decays H* — W*A? [6].
While at the Tevatron, a search for the charged Higgs from
top decay had been performed in various decay channels of
H* and limits on B(t — H*b) have been set [7]. At the
LHC, one can search for light H* from top decay and for
heavy H* from gb — tH™ and gg — tbH~. Light charged
Higgs boson (< m,; — m;,) would decay dominantly into zv,,
¢35, or cb final states. In case of light pseudoscalar boson AY,
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H* can also decay into W*A°. However, aheavy H* can also
decay into th, W h°, W+A°, or W+ H' if kinematically open.
Both at the LHC Run-1 and Run-2, ATLAS and CMS had
already set exclusion limits on B(t —» bH') x B(H" —
7tv,) [8-13], which can be used to set limits on tan 8 for
a given charged Higgs mass less than < m, — m,,. Moreover,
from t = bH™, there has been also a search for H+ — ¢5
channel both by ATLAS and CMS [14] at 7 and 8 TeV. The
limit obtained on B(r — bH™") is rather weak compared to the
7v, mode. Both ATLAS and CMS also searched for H* — tb
decay, in which no H* signal was observed and upper limits
on the ¢(pp — thH*) x B(H* — tb) are set [15-18].

In the 2HDM, it has been shown [19-21] that the
charged Higgs boson can decay dominantly into the
bosonic final state H* — W*A° when kinematically open.
Other models beyond SM could also have similar features
such as 2HDM with singlet scalars [22] and also the next-
to-minimal supersymmetric Standard Model [23]. At LEPIL
[24], pair-produced charged Higgs bosons have been
searched in various final states, including v, 777,
cscs, cst v, WAW*A, and W*Az™ ., and an upper limit
of the order 80 GeV was set on the charged Higgs mass.
Recently, CMS also performed a search for such bosonic
decays of the charged Higgs [25]. The study was only
dedicated to light charged Higgs produced from top decay
followed by H* — W*A° where A° decays into a pair of
muons and W* decays into a charged lepton (e, ) and a
neutrino. Assuming that H* decays 100% into W*A? and
B(A® — pp) =3 x 107, CMS set a new and first limit
from bosonic decay of H* on B(t — bH™).

Recently, Ref. [26] proposed a new mechanism where a
pair of same-sign charged Higgs bosons is produced via
vector-boson fusion (VBF) at hadron colliders. Such a
process can shade some light on the global symmetry of the
underlying scalar potential. Assuming that the charged
Higgs bosons decay into zv, or tb, Ref. [26] evaluated the
signal and the SM backgrounds, and discussed the fea-
sibility of the new process both for the high-luminosity
LHC (HL-LHC) with 14 TeV center of mass energy and
also for the future high-energy LHC (HE-LHC) 27 TeV.

In this work, motivated by the recent CMS search for the
bosonic decay H* — W*A", we investigate same-sign
charged Higgs production from VBFE, followed by bosonic
decays of the charged Higgs boson,

pp = jiWEWE - jiHEH® - jj(WEAY)(WEA?) (1)

in type-I and type-X 2HDMs. We calculate the signal and
various SM backgrounds, and estimate the sensitivity at the
HL-LHC as well as for the future hadron collider HE-LHC
with 27 TeV center of mass energy. Another important
observation that motivates our work is because the fer-
mionic production modes for these new scalars are highly
suppressed by large tanf in both type-I and type-X
2HDMs, the discovery of these new scalars via fermionic

modes is indeed challenging at the LHC. Therefore, we are
exploring the bosonic decay mode of the charged scalar
H* — W*A® which dominates for tan > 5.

We should emphasize, instead of studying each new scalar
(or two of them) in different processes separately, the novel
process we consider here involves the effects of all new
scalar masses. It means that we have the chance to simulta-
neously test the whole mass spectrum in the 2HDM for some
specific mass relations via a single process. Finally, we show
that the mass spectrum of myo = 63-100 GeV and Am =
myo —myo = 200-250 GeV in type-I and type-X 2HDMs
can be explored at the HE-LHC in the future after the
accelerator and detector are further upgraded.

The strategy in this work is twofold. If any new scalar
has been discovered in the future, the signal process
considered here serves to confirm or rule out some specific
mass spectra in the 2HDMs. On the other hand, if we do not
find any positive evidence of new scalars in the future, the
signal process in this study can also help to clarify which
kind of mass spectra in 2HDMs is not preferred.

The organization is as follows. In the next section, we
describe briefly the 2HDMs and relevant interactions. In
Sec. III, we discuss the constraints on the model from
theoretical requirements, electroweak precision test mea-
surements, B decays, and direct searches. In Sec. IV, we
calculate the same-sign charged Higgs boson production
cross sections and perform the signal-background analysis.
We conclude in Sec. V.

II. BRIEF REVIEW OF TWO-HIGGS-DOUBLET
MODELS

Many beyond Standard Model process an extended
Higgs sector with more Higgs doublets, Higgs singlets,
Higgs triplets, or a mixture of all. One of the simplest,
popular, and well-motivated extensions of the SM is the
two-Higgs-doublet model. A variety of which can be used
in the minimal supersymmetric Standard Model (MSSM).
In 2HDM, two-Higgs-doublet fields @, , with hypercharge
Yo, , = 1/2 are introduced. The most general renormaliz-
able scalar potential, which respects the SU; (2) ® Uy(1)
gauge symmetry, has the following form:

V(®, ®,) = m},®|®, + m3,®) D, + (m?,d]d, + H.c.)

A

+5 (@) + 32 (D]D,)* + 1P| P DID,
te T A5 ot )2

+ 14(D1q)2q)2q)] + 5 ((DI(I)Z) =+ H.c.

+ [(A6(®]®,) + 47 (D] D,)) (P]D2) + H.cl,
(2)
where m3,, m3,, and A, , 34 are real, while m3, and s

could be complex for CP violation purpose. If we require
that the potential to be invariant under a discrete Z,
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symmetry ®, - ®;, ®, - —®, which is needed for
natural flavor conservation in the Yukawa sector (see
discussion below), this would lead to 4g7; = 0. One can
still allow a soft violation of the discrete symmetry by a
dimension-two terms m?,. In what follows, we assume that
/16,7 =0 and m%z ?é 0.

Assuming that both ®; and ®, acquire a vacuum
expectation value (VEV) v, that can induce electroweak
symmetry breaking, the two complex scalar SU;(2)
doublets can be decomposed according to

o
d, = ' , = 1,2. 3
<<Ui+pi+i’7i)/\/§) l e

The mass eigenstates for the Higgs sector are obtained by

orthogonal transformations,
HO
()=o)
P2 h°

(3:) =)
() == (o) ®

with the generic form (6 = a, /),
( cos —sind )
Rg - . .
sind cosd

From the 8 degrees of freedom initially present in the two
scalar doublets, three of them, namely, the Goldstone bosons
G* and G, are eaten by the longitudinal component of W+
and Z°, respectively. The remaining 5 degrees of freedom
should manifest as physical Higgs bosons: two CP-even H°
and h°, one CP-odd A°, and a pair of charged scalars H*. In
the CP conserving case, the above potential contains ten
parameters (including the VEVs of the Higgs doublets). m?,
and m2, can be eliminated by the use of the two minimization
conditions. One of the VEVs can be traded from the W mass
as a function of the ratio tan § = v, /v;. We are then left with
seven independent parameters which can be taken as the four
physical masses my,, my, my, and my., CP-even mixing
angle a, tan 8, and m3,.

In the Yukawa sector, it is well known that if we assume
that both Higgs doublets couple to all fermions we will end
up with large FCNCs mediated by the neutral Higgs scalars
at tree level. In order to avoid such FCNCs, a discrete Z,
symmetry (where ®; — ®; and ®, — —®,) is imposed
[3]. Note that in the above potential, the Z, symmetry is
only violated by the dimension-two term involving m?,.
Depending on the Z, charge assignment to the lepton and
quark fields [2,27,28], one can have four different types of
Yukawa textures.' In the type-I model, only the second
doublet @, interacts with all the fermions like in the SM,

'Here we follow the same notation as in Ref. [27].

TABLE I. Yukawa coupling coefficients 5?0 to the up-quarks,
down-quarks, and the charged leptons (f = u, d, [) in the four
2HDM types.

Type 5 A0 30 5 1?0
u

1 cot —cotf —cotf

11 cot tan tan

X cot —cotf tan

Y cot tan —cotf

while in the type-II model @, interacts with the charged
leptons and down-type quarks and @, interacts with up-
type quarks. In the type-X (lepton-specific) model, charged
leptons couple to @, while all the quarks couple to @,.
Finally, in the type-Y (flipped) model, down-type quarks
acquire masses from their couplings to @, while charged
leptons and up-type quarks couple to ®,. The most general
Yukawa interaction can be written as follows [2]:

_‘CZYIIJIEé?\/Iva = QLYué)zuR + QLqu)ddR +ZLYf(I)ffR+H.C.,
(5)

where @, ; (d, Il = 1, 2) represent @ or @,, Y, (f = u, d or
?) stand for 3 x 3 Yukawa matrices, and ®, = io,®;.

Writing the Yukawa interactions Eq. (5) in terms of the
mass eigenstates of the neutral and charged Higgs bosons
yields

m - - 0=
~C¥RN = D LTI+ T — igf FrsfA)

f=udt

2V
+ {% a(m, &8P + myEA PR)dH*

2m e

INELL 7 Hc} (6)

v

where v = v + 13 = (2v/2G;)™'; Pg and P, are the
right- and left-handed projection operators, respectively.
The coefficients for cf?o (f = u, d, I) in the four 2HDM
types, which are relevant to this work, are given in Table I.

III. CONSTRAINTS

We consider both theoretical and experimental con-
straints on 2HDMs.

A. Theoretical and electroweak precision constraints

For theoretical constraints, we take into account all set of
tree-level perturbative unitarity conditions [29-31]. We use
the unitarity constraints from Ref. [31] and require that the
eigenvalues of the scattering amplitudes satisfy the original
Lee-Quigg-Thacker bound [29]. We also require that all 4;’s
remain perturbative. Moreover, we demand that the poten-
tial remains bounded from below when the Higgs fields
become large in any direction of the field space [2], which
results in the following set of constraints:
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FIG. 1. The allowed parameter space in the plane of (Am = mpyo — myo, my=) due to the constraints from the oblique S and T

parameters, and all theoretical constraints. The upper panels are for m, o = 65 GeV, while the lowers for m 0 = 100 GeV, in which

tan # = 2.6 (left), 5 (middle), and 10 (right) are shown. The green
points satisfy 0.97 < sin(ff — a) < 1 (near-alignment limit).

/11>O, 12>0’

\/11/12 + /13 + min(O, 14 —+ 15,14 — 15) > 0.

(7)

For experimental constraints, we can further divide them
into indirect and direct searches. The indirect searches
mainly arise from -electroweak precision observables
(EWPOs) and flavor physics. The EWPOs can be repre-
sented by a set of oblique parameters S, 7, and U. From
2018, Particles Data Group review [32] with a fixed U = 0,
the best fit of S, 7 parameters can be represented as
S =10.02+0.07 and T = 0.06 £ 0.06. We emphasize that
the 7' parameter, which is related to the amount of isospin
violation, is sensitive to the mass splitting among H*, H°,
and A°. It will restrict the allowed mass spectrum for the
scalars in our analysis below. In order to fulfill the T
constraint in the 2HDM, the spectrum should be chosen
close to the approximate custodial symmetry [33], which is
satisfied in one of the following limits: (1) my: = myo,
(i) mpy= =my together with sin(f—a)=1, or
(iii) my+ = mypo together with cos(f —a) = 1.

As mentioned before, the oblique parameter 7 is
highly sensitive to the mass splitting among H*, HO,

points are right at the alignment limit sin(f — @) = 1, while the red

and A% In order to obtain the allowed parameter space
for the mass of charged Higgs boson and the mass splitting
Am = mpyo — myo, we consider all the above theoretical
constraints and 3¢ allowed regions of the S and 7 param-
eters in Fig. 1 for tan # = 2.6, 5, and 10 with m 40 = 65 and
100 GeV, respectively. We also scan on m?, in the following
range [0,10°] GeV? in order to satisfy the perturbative
unitarity and vacuum stability constraints for a fixed set
of physical masses and mixings. We notice that, in our
parameter space, the S parameter is always within the best-fit
range while the T parameter severely constrains the splitting
between myo and my=, and also Am.

For tan # = 2.6, there is no significant difference in the
allowed region between the alignment limit sin(f — a) = 1

Here we assume the SM-like Higgs boson is the lightest CP-
even scalar (mgyo > myo). For the reversed case myo = 125 GeV
and myp < mpo, with another near-alignment limit of cos(f — a)
one can also consider another process

pp = jiWEWE > jiHEH® - jj(WERY)(WERP),

which is similar to the process considered in this work.
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and the near-alignment limit 0.97 < sin(f — @) < 1. In the
case where tan # = 5, one can see that Am is constrained to
be less than about 200 GeV in the exact alignment limit.
This cut on Am is in fact due to the vacuum stability
constraints in Eq. (7), where either 4, or the third constraint
in Eq. (7) becomes quickly negative. While in the case
near-alignment limit 0.97 < sin(f — a) < 1, which allows
the vacuum stability to be fulfilled and Am can reach up to
280 GeV. This correlation between vacuum stability and
sin(f —a) € [0.97, 1] is also observed in the case tanf =
10 and is even more pronounced where one can see that Am
can reach up to 600 GeV. The parameter space can be
divided into two parts. The first region of parameter space is
for light H*. Once my+ ~ m 0, the mass splitting Am can be
as large as 300450 GeV. The second region is for heavy
H*. When my- ~ myo, the mass splitting Am can be
extended to about 600 GeV for tan f = 10. While in the
case tan § = 5, the maximum mass splitting Am is less than
200 GeV in the alignment limit sin(f — a) = 1 and could be
extended to more than 250 GeV for 0.97 < sin(ff —a) < 1.
We stress that even in the case where Am is rather small, the
T parameter severely constrains the charged Higgs mass to
be less than about 200 GeV for tanf = 2.6, 5, and 10.

B. B-physics constraints

The most severe constraints in flavor physics are due to
the measurements of B(B — X,y), B(B,, — p'u~), and

2HDM-1 , MA=65 GeV

1 ‘ 6 1
09} ;;ﬁf?” B S
~ 0.8’ Ifig . b
2 07+ iif 2.5 |
A 06 N/
P0.57 A
+ Wy
T 04r L }gv:2.5
E 0.3r :2; Y
02} frsa\www
o1 /s
50 100 150 200 250 300
myy, (GeV)
2HDM-X , MA=65 GeV
1 T O L ——— 1)
09r ‘
/;\ 0.8’
% 0.7+
A 06
. 0.5F
£ 04}
= 03f
R 02t
0.1
0 i L
50 100 150 200 250 300

my, (GeV)

Amy of B mesons. For B(B — Xy), according to the latest
analysis by [34], we have the following:

(1) In type-1I and type-Y 2HDM, the b — sy constraint
forces the charged Higgs mass to be heavier than
580 GeV [34,35] for any value of tanf > 1.

(i1) In type-I and type-X 2HDM, charged Higgs with
mass as low as ~100-200 GeV [34,36] is still
allowed as long as tan f§ > 2.

For other B-physics observables, we refer to the recent
analysis [37], in which they also included Am; and B, —
utu~. For a light charged Higgs boson, 100 < my= <
200 GeV, of interest in this study, one can conclude from
[37] that tan # > 3 is allowed for 2HDM types I and X.

C. H* and A° branching ratios and direct searches

Before discussing the constraints coming from direct
searches, we first show the branching ratios of H* and A
in both 2HDM types I and X in the following subsection.
Calculations of these branching ratios are performed using
the public code 2HDMC [38].

1. Branching ratios of H* and A"

We illustrate in Fig. 2 the branching ratios of the charged
Higgs boson for both 2HDM types I and X. It is clear that
once the bosonic decay mode H* — W*A? is open, it can
be the dominant decay mode and both B(H* — tb) and
B(H* — t*v,) are highly suppressed.

2HDM-1 , MA=100 GeV

Br(H+ --> xy)
COOOO000O
oiwra o~

Br(H+ --> xy)

COOoOO0000
ovwbroyNoio—
:

100 150 200 250 300
my, (GeV)

[,
o

FIG. 2. Branching fractions of the charged Higgs boson versus my: for type-I 2HDM with m40 = 65 GeV (upper-left panel),
myo = 100 GeV (upper-right panel), and for type-X 2HDM with m, 0 = 65 GeV (lower-left panel), m = 100 GeV (lower-right

panel). The alignment limit sin(f — a) = 1 is assumed.
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2HDM-I , MA=65 GeV

bb
0.1+ T E
e
A
3 oor ]
S
m
0001}
uu
000015546 8 10 12 14 16
tanf

FIG. 3.
2HDM (right panel).

In type I, one can see that the full dominance of the
bosonic decay needs tan 8 > 5 which reduces the H* —
v, and H* — tb channels. The decay channel H* —
W=*h? is vanishing because H*WTh° coupling is propor-
tional to cos(f — a) ~ 0. In 2HDM type X, the coupling
H*7¥Fy, is proportional to tan 3 and since we assume that
tan f > 2.5, the 7v, channel is slightly larger than in the
2HDM type L. It is clear from the lower panels of Fig. 2 that
before the W*A? threshold, H* — 7*v, is the dominant
decay mode and it is amplified by taking large tan $. In fact,
such a large tan f not only enhances the zv, channel but also
reduces H* — cb, cs, th modes, which are all proportional
to cotf. After crossing W*A? threshold, H* — W*A?
becomes the dominant decay mode and taking large tan /8
can further suppress H* — tb and makes H* — W*A°
even larger. Note that in the alignment limit cos(ff — a) = 0,
the coupling H*W¥h vanishes while H*W¥H? is maxi-
mal and becomes similar to H*WFA? = ¢/2. Therefore, if
H* - WTHC is kinematically open, it will compete on
equal footing with H* — W*AO,

If tan 8 increases beyond 20 (45), the zv mode could
become comparable to the WA mode for my= 2 200 GeV
and m4 = 100(65) GeV in type X. In such a case, the
model would be subject to the current charged Higgs
searches via the zv mode. In the following, we will
concentrate on a scenario in which the WA is the dominant
mode.

The branching fractions for A? are depicted in Fig. 3
as a function of tan 8 for m4 = 65 GeV in 2HDM type 1
(left panel) and type X (right panel). In 2HDM type I,
all couplings A°ff are proportional to cot /. Therefore,
the tanf factorizes out in the branching ratio calcula-
tion leading to constant B(A® — bb,t" 77, utu") as a
function of tanp. In the case of type X, the branching
ratios B(A® — ¢77~, utu~) are enhanced for large tanp
while B(A° — bb) is suppressed. Note for myo =
100 GeV, none of A° — Z*h? and A° — WT*H™* are open,
we observe similar behavior for B(A® — ff) in both types I
and X.

2HDM-X , MA=65 GeV

s T
_ 0.1¢ %
[ L] S
7001 m
;% o001l # )
0.0001F *
10554 6 & 10 12 14 16

tanf

Branching fractions of the CP-odd Higgs boson A® versus tan  for m,0 = 65 GeV in type-I 2HDM (left panel) and type-X

2. LHC constraint from t - bH* — by,

For direct searches, the LEP Collaborations [6] had
searched for charged Higgs pair production via the Drell-
Yan process ete” — Z/y - H"H™, excluding M. <
80 GeV (type II) and Mpy: <725 GeV (type I) at
95% confidence level. The LHC Collaborations also
reported their charged Higgs search results for various
mass regions. In the low mass region, the main decay mode
is viat — bH™ followed by H* — 7+, from CMS [11,12]
and ATLAS [8.,9]. In the high mass region, the main decay
mode is H* — tb from CMS [11,17] and ATLAS [39].

When the charged Higgs mass is below m, — m,, it can
be abundantly produced in top-quark decays, t - bH™,
followed by charged Higgs decay H' — tu, or
H* — W+A®. The CMS search for t —» bH* — b(tv,)
[11-13] set limits on B(t - bH") x B(H" - 77v,). We
rescale their limits to the type-I and type-X 2HDMs and
show the exclusions in (my=,tan ) plane. We note that in
types I and X the decay width of t — bH™ scales as cot f3,

['(t—bH")
_ Gp |Vzb|2/11/2< my m?ﬁ)
8\/§ﬂ' m; th th
x [(m} 4+ mj) cot? f(m? + mj —m?,. ) — 4mims cot® f],

(8)

where 2'/2(1,x2,y%) = /[1 = (x + y)?][1 = (x = »)?.
Interpretation of the CMS exclusion region [11-13] in
the framework of 2HDM types I and X in (tanf, my-)
plane is illustrated in Fig. 4 for both cases: H* — W*A®
closed and H* — W*A® open.’ It is clear that for charged
Higgs mass < 120 GeV with the W*A° channel closed,
tanff < 12 is excluded. This exclusion is reduced for
my+ > 120 GeV due to the fact that B(HY — ttv,) is

*Here the results presented in Fig. 4 are consistent with Fig. 3
of Ref. [40], in which the WA mode was not considered.

095026-6



SAME-SIGN CHARGED HIGGS BOSON PAIR PRODUCTION IN ...

PHYS. REV. D 102, 095026 (2020)

IWAlcloéed L]
A=65 GeV X

tanf3
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my, (GeV)

FIG. 4.

20

I WAI cloéed L
WA open:MA=65 GeV X T

tanf3

80 90 100 110 120 130 140 150 160
my, (GeV)

Interpretation of CMS exclusion regions [11-13] in the 2HDM type I (left panel) and type X (right panel) projected on the

plane of (my:=, tan ). The red points stand for the case the WA mode is closed, while the green points are for the case that the WA mode

is open, with m,0 = 65 GeV.

highly suppressed for 2HDM type I as tan f# increases. On
the other hand, when the WA mode is open, the exclusion
region in (tanf}, my:) plane is significantly reduced in
2HDM type L. In the case of 2HDM type X, one can see
from the right panel that tan # < 6 is excluded for any value
of charged Higgs mass provided that H* — W*A? is
closed. This limit on tanf is slightly more severe than
what we can get from flavor physics (see the above
discussion). When H* — W*A? is open, starting from
my+ > 145 GeV for my = 65 GeV, H* — v, mode is
suppressed leading to no exclusion for any tan 5. Below the
W*A? threshold, H* — 7v, channel is still the dominant
one, one can see that the green exclusion completely
overlaps with the red one in 2HDM X.

3. LHC constraint from
t—>bH* - bW*A' > bW*p*tp-
Recently, the CMS Collaboration [25] also reported the

direct search for light charged Higgs via t - bH™ —
b(WFA®) — b(ITv,)(uu~) with [ = e, u [25] assuming

10
t=bH* SbW* Ab (I* v)) (u* 17) Type-/2 HDM

8t my+=mp+85GeV
6 |

«Q

c

S
4+
2 |
0 — ‘ ‘ ‘ ‘
100 110 120 130 140 150 160

my+(GeV)
FIG. 5.

that H* decays 100% into W*A? and B(A° — putu~) =
3 x 107 and set a limit on B(t — bH™"). We rescale the
CMS limit and interpret it for 2HDM types I and X, which
are depicted in Fig. 5. It is clear that the exclusion based on
A® = p*pu~ also shows some differences between types I
and X. It is easy to see from Fig. 3 that B(A? — u*u~) is
only about 2 x 10~ in type I but is as large as 3 x 107 in
type X for tan § > 3. Therefore, the excluded region (blue
shaded) in Fig. 5 for type X is much larger than that of
type L

In the rest of this work, we focus on type-I and type-X
2HDMs, in which the charged Higgs mass is much less
restricted. In addition, we also focus on the currently
allowed parameter space region where H* decays domi-
nantly into W*¥A® via VBF production of same-sign
charged Higgs boson pair. This is complementary to the
study in Ref. [26].

Before moving to the next section, we make some
comments for direct searches of light H° and A° at the
LHC. In the (near)-alignment limit, only fermionic

20 : ; ‘
t-bH* 5bW* A-b (I v)) (U™ 17) Type—X 2 HDM
my+=mp+85 GeV
15F
e
& 10}
5 L
0 ; ™ ‘ . ‘
100 110 120 130 140 150 160
my+(GeV)

Exclusions in the parameter space of (m =, tan 8) for type I (left panel) and for type X (right panel) 2HDMs obtained by

rescaling the observed limits of the CMS results in Ref. [25] based on t —» bH™ — bWA — b(I'y)(up™).
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production channels gg— H°/A°, pp—tH°/A°, and pp —
bbH®/A° with decay modes H°/A® — bb, 7 7=, yu*y~, and
yy are possible to directly detect light H? and A° [41-44].* In
type-I and type-X 2HDMs, all of these production channels
are proportional to cot® 3. Therefore, it is rather challenging
to detect both of them for large tan f. Besides, it is also hard
to distinguish between the CP properties of light H#° and A°
at the LHC, even if we already observe two different
resonance peaks from their fermionic channels. Based on
these difficulties, we argue that the process in Eq. (1) can be
another way to double check the mass splitting Am between
H° and A°.

Note that the case of relatively light CP odd
(my < 60 GeV) is now rather severely constrained by
LHC searches. Several dedicated searches can be used to
constraint such scenario. The first search is pp — h® —
APAY — 4f [45-49] which is performed both by ATLAS
and CMS and the second one is pp - H’ — ZA? —
2bI71~ [50]. Even though the h°A°A° coupling can be
adjusted to be very small by tuning the parameter m%z, this
m?3, may also violate theoretical and EWPT constraints as
well, especially for large mass splitting between H° and A°.
In this regard, we perform a global scan for the benchmark
point myo € [15-60] GeV with 0.97 < sin(f —a) <1 by
using the public software 2HDMC, HiggsBounds [51], and
HiggsSignal [52]. For such light CP odd, h° can decay with a
significant branching ratio into A°A°. In addition, the heavy
CP-even H° can also decay dominantly into A°Z because
H°A%Z coupling being proportional to sin(f—a) ~ 1.
However, we found that the allowed parameter space
that survives to the theoretical and EWPT constraints
is now almost excluded either by pp — h® — A°A° —
{bbbb, "y~ bb,yu*p~ttr, bbr* 1t~} [45-49] or by pp —
HY - A%Z — bbiItI~ [50] searches.

IV. SAME-SIGN CHARGED HIGGS BOSON
PAIR PRODUCTION

A. The behavior of pp — H*H%jjr process

Recently, the novel process of same-sign charged Higgs
boson pair production was proposed in Ref. [26], and
especially this process is very sensitive to the mass splitting
Am = mpo — myo in the 2HDM s as it will be shown below.
The cross section is enhanced according to the large mass
splitting Am. This process can be generated via the same-
sign W boson fusion, pp - WHW*jpjr - HEH  jjp

“The most stringent constraint from the direct search of light
pseudoscalar A — 777~ at the LHC comes from Ref. [42].
If we take tan = 3 for type-I and type-X 2HDMs and compare
the constraints from Ref. [42] for the process pp — bbA®
with A® — 7777, then the cross sections for type I (type X)
are about 3 (2) orders smaller than the current constraints for
25 < myo < 70 GeV. Therefore, we will ignore these constraints
in our study.

at hadron colliders, where jr denotes the forward and
energetic jet directly from the initial parton.

The relation between the mass splitting Am and same-
sign charged Higgs boson pair production can be under-
stood in the 2 — 2 subprocess WTW*T — HYH™ at
amplitude level. This subprocess is induced by three
t-channel diagrams with h°, H, and A° exchange. In the
alignment limit, cos( — a) = 0, which is favored by the
current Higgs data, the scattering amplitude for

WH(p1)W*(p2) = H" (q1)H" (¢2)

is only mediated by H° and A° and is given by

1 1

iMITH = ig?q, - e(p))q, - e(pa) :
t—m2

2

t—mi,

+(q1 < gt < u)

mpygo + M yo
Am X . .
R e e A AR e
+ (g1 < 2.t < u), 9)

where 1 = (py — )2 and u = (p; — g)2 and ¢(p, ,) are
the polarization four-vectors of the incoming W+ bosons.
As it can be seen, the above amplitude is proportional
to Am.

As indicated by Eq. (9), the production cross section of
pp — H*H*jpjp scales as the square of the mass splitting
Am. We quantitatively show this relation by plotting the
production cross sections versus mp: in Fig. 6 with
Am = 100, 200, and 300 GeV at /s = 14 TeV (left panel)
and /s = 27 TeV (right panel). It is clear to observe that
the cross section is enhanced according to the large mass
splitting Am. Note that we have used the general two-
Higgs-doublet model the Universal FeynRules Output
(UFO) model file [53] and employ MadGraph5_aMC@NLO
[54] with VBF cut n; x5, <0 and |An;;| > 2.5 for the
minimum rapidity difference between the forward jet pair
to evaluate the cross sections. Furthermore, in order to
study the effects of the near-alignment limit on the
production cross sections, we list some benchmark points
for the relation of cross sections with sin(f — a) = 1, 0.95,
0.9 in Table II at /s =14 TeV and Table III at
/s =27 TeV, respectively.

We stress first that the production cross section pp —
H*H¥ jpjp is the same for both 2HDM types I and X. Only
the decay of the charged Higgs bosons will make the
process model dependent. The full signal process including
decays of H*, W*, A® is given by

pp— Wi*Wi*ijF - HiHiijF - (WiAO)(WiAO)ijF
— Py (bb) vy (bb) jr jr (10)

in type-I 2HDM and
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pp->H" H* jj(Solid)
pp->H" H jj(Dashed)

100 150 200 250 300
my+ (GeV)

pp->H" H' jj (Solid)
pp->H" H jj(Dashed) j

108 fs=277ev
5,

Am=300 GeV

______________ Am=200 GeV

100 150 200 250 300
My (GeV)

FIG. 6. The production cross sections of pp — H"H" jpjr (solid line) and pp — H™H™ jpjr (dashed line) versus my- at \/s =
14 TeV (left panel) and /s = 27 TeV (right panel), for Am = 100 GeV (black), 200 GeV (blue), and 300 GeV (red). Notice the VBF
cut n;, x ;, < 0 and |An;;| > 2.5 for the minimum rapidity difference between the forward jet pair are applied.

pp = WEWHjpjp > HEHE jpjp - (WHAY) (WA jjp

(11)

— Py (the) Py (the) jrjr

in type-X 2HDM. We advocate that the novel signatures
including the combination of a pair of same-sign dileptons
(I*1%), a forward and energetic jet pair (jpjp), and two
pairs of bottom quarks (bb) or tau leptons (z*7~) coming
from two light pseudoscalars A? can largely reduce the
possible SM backgrounds.

Even in case that the masses of H” and A° are separated
wide enough and they can be directly measured from other
production channels, the current VBF process is still
worthwhile to search for. First, the advantage of this
process is that it does not depend on Yukawa couplings,
in contrast to direct searches of H°, A°, or H*. The cross
section of this process is a function of mainly my=, AM in
the limit sin(f — a) = 1. Therefore, if no such process is
observed, it can exclude the charged Higgs mass or mass

TABLE II.

correlation between myo and m,o. Second, since H is
difficult to be discovered in the (near)-alignment limit
(sin(f —a) ~ 1) in type-I or type-X 2HDM, this process
can imply the mass of H°. Nevertheless, this is only true
in 2HDMs. If the light boson A° can be discovered in
the near future, the usefulness of this process is to tell
the mass difference between H? and A° even we do not
find the heavier boson H. On the other hand, if both H°
and A° have been discovered, the usefulness of this process
is to tell if the cross section matches the prediction
in 2HDM.

B. Signal-background analysis for type-1 2HDM

The signal process in Eq. (10) is unique with a signature
including the combination of a pair of same-sign dileptons
(I*[%), a pair of forward and energetic jets (jgjr), and two
pairs of bottom quarks (bb) coming from two light
pseudoscalar A°, There are a few SM backgrounds that

Sum of cross sections for 6(pp - HYH" jrjp) and 6(pp — H"H™ jpjr) (fb) at /s = 14 TeV for

sin(f — a) =1, 0.95, 0.9 with the benchmark points Am = 100, 200, 300 GeV and my: = 100, 200, 300 GeV.
Notice the VBF cut57;, x n;, < 0and [An;;| > 2.5 for the minimum rapidity difference between the forward jet pair
have been applied.

o(pp — H*H*jpjr) (fb)

Am (GeV) my+ (GeV) sin(f—a) =1 sin(f —a) = 0.95 sin(f—a) =0.9
100 100 5.84 x 107! 5.43 x 107! 5.03 x 107!
200 2.30 x 107! 2.11 x 107! 1.95 x 107!
300 8.57 x 1072 7.86 x 1072 7.21 x 1072
200 100 1.81 1.59 1.39
200 8.82 x 107! 7.66 x 107! 6.62 x 107!
300 3.85x 107! 3.33 x 107! 2.85 x 107!
300 100 3.14 2.70 2.32
200 1.75 1.49 1.26
300 8.54 x 107! 7.21 x 107! 6.05 x 107!
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TABLE III.

Sum of cross sections for 6(pp = H"H" jrjr) and 6(pp —» H H™ jpjr) (fb) at \/s = 27 TeV for

sin(f —a) = 1, 0.95, 0.9 with the benchmark points Am = 100, 200, 300 GeV and m: = 100, 200, 300 GeV.
Notice the VBF cut ;, x n;, < 0and |An;;| > 2.5 for the minimum rapidity difference between the forward jet pair

have been applied.

o(pp — H"H*jrjr) (fb)

Am (GeV) my: (GeV) sin(f—a) =1 sin(f — a) = 0.95 sin(f — a) = 0.9
100 100 1.64 1.52 1.41

200 7.46 x 107! 6.87 x 107! 6.34 x 107!

300 3.26 x 107! 2.99 x 107! 2.75 x 107!
200 100 5.24 4.59 4.00

200 291 2.53 2.18

300 1.47 1.27 1.09
300 100 9.35 8.04 6.87

200 5.84 4.97 4.20

300 3.29 277 233

can mimic this kind of final states. We consider the
following four processes as the main SM backgrounds:

pp — titt — (bW (bW™)(bWT)(DW™) — [*1F4b4j,
(12)

pp = thibl* I~ — (bWT)b(bW™)bITI~ — IF1T174b2j,
(13)

pp — tith — (bW*)(BW™)(bWH)b — [T 174b2;
or pp—tith — (bWH)(bW™)(bW™)b — I7174b2j, (14)

pp—tthbjj— (bWH)(BWH)bbjj— I11T4b2j
or pp —ttbbjj— (bW™)(bW™)bbjj— I7174b2j.  (15)

All signal and SM background events are simulated at
leading order (LO) using MadGraph5_aMC@NLO.” In the
following, we choose mg: =205 GeV and my =
65 GeV to illustrate the cut flow under a sequence of
selection cuts at /s = 14 TeV.

(1) We first identify the forward jet pair (jrjp) in

the VBF-type process and apply the VBF cut
n;, xn;, <0 and |An;;| > 2.5 for the minimum
rapidity difference between the forward jet pair in
MadGraphS_aMC@NLO at parton level for all signal and
SM background events. The cross sections for both
signal and background events after this preselection
cut are shown in the first row of Table IV.

>The NLO QCD corrections for the signal process in Eq. (10)
and background processes in Eq. (12) and (13) have been
checked with MadGraph5_aMC@NLO. We assume that the kin-

ematic distributions are only mildly affected by these higher order
QCD effects.

(2) Then we employ PYTHIAS [55] for parton showering
and hadronization. DELPHES3 [56] with default set-
tings is used for fast detector simulation.® Finally, all
events are analyzed with MadanAlysis5 [57]. We
require to see a pair of same-sign dileptons (/**)
and at least 3 in the event as the trigger with the
following sequence of event selection cuts:

N(b,I*)>3,2,
Pb > 20 GeV,

PL >20GeV, |"] <25,
In?| < 2.5. (16)

The b-jets are selected with the efficiency as a
function of Py as ¢, = 0.85 x tanh(0.0025 x P7) x
(25.0/(1 +0.063 x P;)) and the misidentification
rate from c-jets and light-jets to b-jets are P(c —
b) = 0.25 x tanh(0.018 x P7) x (1/(1 + 0.0013 x
P7)) and P(j — b) = 0.01 + 0.000038 x Py, sep-
arately. The cross sections for both signal and
background events are shown in the second row
of Table IV.

(3) The forward jet pair is also required to be energetic
with the following selection cuts:

N(j) =2,
In'| <5,

p§ > 30 GeV,

®Notice that we apply the DELPHES 3.4.1 in the MadGraphS_
aMC@NLO. Comparing with the HL-LHC DELPHES card in the
most current version DELPHES 3.4.2, they added the conditions
|7 < 2.5 and 10 < Py < 1000 GeV for the same r-tagging
efficiency and light-jet to tau-jet misidentification rate. On the
other hand, they also included the 7 dependence with similar Py
dependence settings compared with our default version. We
expect these changes will only make very mild modifications
of our conclusions.
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TABLE IV. Cut flow table for the type-I 2HDM signal pp — H*H¥ jpjp with my: = 205 GeV, m, = 65 GeV, Am = 200 GeV,
tan f = 5, and sin(f — a) = 0.97, and various backgrounds at /s = 14 TeV.

Cross section (fb) Signal titt Ibbl 1~ 3t1b 212b2j

Preselection 2.07 x 1072 4.94 x 1072 1.08 x 1072 7.74 x 1073 8.29 x 1073
N(b.1¥) > 3,2, Ph" > 20 GeV, |pb!] < 2.5 1.76 x 1073 6.17 x 1073 9.56 x 10~ 9.57 x 107° 9.81 x 107°
N(j) > 2, P} > 30 GeV, Mj; > 500 GeV 1.46 x 1073 515 x 1073 4.18 x 10~ 2.88 x 107° 4.05 x 107°
My cuts My,;: < 250 GeV 1.41 x 1073 3.50 x 1073 271 x 107 1.85x 10°° 2.62 x 107°
my cuts 50 < M, < 90 GeV 1.30 x 1073 1.68 x 1073 1.61 x 107 7.58 x 1077 1.14 x 107©

The cross sections after this step for both signal and
background events are shown in the third row of
Table IV.

(4) The kinematical distributions of M ;= and M, with
my+ = 205 GeV and myo = 65 GeV for the signal
and backgrounds are shown in Fig. 7. Note that we
have applied all the selection cuts except for mp-
and m o cuts in these two kinematical distributions.
The signal distribution of M,;+ tends to concentrate
in the region of M,,;: <250 GeV and decreases
more rapidly toward the higher M, ;:. On the other
hand, the background is relatively flat after 150—
500 GeV. It is also clear to observe the peak shape at
65 GeV in My, distribution for the signal from the
resonance of A?. These two behaviors can help us to
distinguish between the signal and the background.

(5) Finally, in order to further reduce the contributions
from SM backgrounds, the following selection cuts
are imposed on both signal and background events.
For my+ cuts, at least two bottom quarks and a
lepton have to satisfy

Mhhli S MHi +45 GeV (18)

< c — Signal ]
s  Back i
0] ackground

o L i
= 102 E
z E 3
":E E ]

3

(1/c)(do/dM
3

oo e by o by by by o by by 1y
50 100 150 200 250 300 350 400 450 500

M, (GeV)

FIG. 7.

For myo cuts, at least a pair of bottom quarks is
required to be around the mass of A°,

myo — 15 GeV < My, < myo +25 GeV. (19)

Again, the cross sections for both signal and back-

ground events after this sequence of event selection

cuts are shown in the last two rows of Table IV.
After all selection cuts, the signal-to-background ratio is
almost close to 1. With a luminosity of 3000 fb~!, we
expect about four signal and five background events.
The major background comes from ¢7¢f production, while
the other backgrounds listed in Table IV are much
suppressed.

Even though the signal-to-background ratio is close to
one for the analysis at the HL-LHC, the total number of
events is small and the fluctuations of SM backgrounds
may also be an issue. Since we cannot draw any concrete
conclusion for this situation, we further extend the signal-
background analysis to the proposed 27 TeV pp collider
(HE-LHC). The SM background cross sections grow faster
than the signal one from /s = 14 to 27 TeV. In order to
reduce the enhanced background cross sections, both m -
and m o cuts are tightened relative to those in Egs. (18) and

10 T T T

— Background|

1072

bb’

(1/c)(do/dM_) (1/5 GeV)

M, (GeV)

Invariant mass distributions of M+ (left panel) and M, (right panel) for the signal with my+ = 205 GeV, m4 = 65 GeV,

Am = 200 GeV, tan f = 5, and sin(ff — a) = 0.97, and the total background at /s = 14 TeV. Preselection cuts in Egs. (16) and (17)

are imposed.
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TABLE V. Cut flow table for the type-1 2HDM signal pp — H*H* jpjp with my+ = 205 GeV, m4 = 65 GeV,
Am =200 GeV, tanf = 5 and sin(f — a) = 0.97, and various backgrounds at /s = 27 TeV.

Cross section (fb)

Signal

11t Ibblt 1~ 3t1b 212b2j

Preselection

6.88 x 1072 5.67 x 10~' 5.60 x 1072 240 x 107* 6.76 x 10~*

N(b,I¥) > 3,2, PA" > 20 GeV, [P <2.5 515x 1073 5.67 x 1072 443 x 1073 2.44 x 107 6.42 x 10~

N(j) > 2, P} > 30 GeV, M;; > 500 GeV

myx cuts My, < 200 GeV
my cuts 50 < Mbb < 80 GeV

454 %1073 5.22%x 1072 249 x 107 9.67 x 107 3.27 x 1075

4.10x 1073 228 x 1072 1.08 x 1073 4.29 x 107° 1.45 x 107
3.76 x 1073

1.12x 1072 6.09 x 10™* 1.91x 107 7.15x 107

(19). For my= cuts, at least two bottom quarks and a lepton
have to satisfy

Mhbli S MHi - 5 GCV (20)

For m 4o cuts, at least a pair of bottom quarks is required to
be around the mass of A°,

|Mbb —mA| < 15 GeV. (21)

Other preselection cuts, given in Egs. (16) and (17), are the
same as before. On the other hand, the shape of kinematical
distributions for M ;= and M, with my+ = 205 GeV and
my = 65 GeV at /s =27 TeV for the signal and back-
grounds is similar to Fig. 7, so we do not repeat displaying
them here. We choose the same-signal benchmark point to
illustrate the cut flow under a sequence of selection cuts at
\/s =27 TeV in Table V.

Finally, we summarize our signal-background analysis
for type-I 2HDM at /s = 27 TeV with luminosity £ =
15 ab~! in Fig. 8. The preselection cuts in Egs. (16), (17),
(20), and (21) are imposed as before. We vary m 4o from 63
to 100 GeV with fixed sin(f —a) =1 and tanf =5 for
Am = mpyo — myo = 100 GeV (upper-left panel), 200 GeV
(upper-right panel), and 250 GeV (lower panel) in Fig. 8 as
the illustrative examples. The black lines are m+ = myo, the

|

blue lines are my+ = mgyo — 15 GeV, and the red lines are
my+ = mgo + 15 GeV. We first define the significance by

Z=+/2-[(s+b)-In(1+s/b) —s], (22)

where s and b represent the numbers of signal and back-
ground events, respectively. According to the production
cross sections of same-sign charged Higgs in the right panel of
Fig. 6, it is obvious that the cases with moderate mass
splittings Am are difficult to be detected even at HE-LHC
with high luminosities. The maximum significance is only
about Z = 1.2 for Am = 100 GeV. We need other charged
Higgs boson production channels to detect this kind of
moderate mass splitting Am cases. However, this same-sign
charged Higgs boson production channel is sensitive to the
cases with large mass splitting Am. The average significance
is about Z =3.5 for my from 63 to 100 GeV with
Am = 200 GeV, and its maximum can reach to more than
Z =44 at my = 63 GeV. Moreover, the average signifi-
cance can grow to about Z = 4.5 for m 40 from 63 to 100 GeV
with Am = 250 GeV, and its maximum can further reach to
Z = 5.8 for my <70 GeV.

We further consider a 5% systematic uncertainty in
estimation of the SM background. The significance of
the signal is modified to

where o, is the systematic uncertainty of the SM back-
ground b. We show the effect of including systematic
uncertainties as dashed lines in Fig. 8 for comparisons.
The reduction of the systematic uncertainty in future

"Notice that the 5% systematic uncertainty that we have
assumed in estimation of the SM background is an optimistic
choice. Even it is not trivial, this level of systematics might be still
achievable at HE-LHC with luminosity £ = 15 ab™!.

|

collider experiments is a long shot, but with better under-
standing of the SM backgrounds and theoretical calcula-
tions, a level of less than 10% systematic uncertainty is not
beyond reach. If we take the number of signal and back-
ground events with the cross sections shown in the last row
of Table V, s =156, b= 168 with 15 ab™! integrated
luminosity. The significance Z = 4.1 with 0% systematic
uncertainty, but reduces to 3.4, 2.4, 1.4 with 5%, 10%, 20%
systematic uncertainties. Therefore, one can see that a
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FIG. 8. The significance Z versus m o from 63 to 100 GeV in type-I 2HDM at /s = 27 TeV with luminosity £ = 15ab~'. We have
fixed sin(f —a) = 1 and tan f = 5 with Am = myo —my = 100 GeV (upper-left panel), 200 GeV (upper-right panel), and 250 GeV
(lower panel). The dashed lines correspond to additional 5% systematic uncertainties of the SM background events in Eq. (23).

systematic uncertainty better than 10% is needed to see a pp = 1tZjj > (bWﬂ(l}W‘)('ﬁr—)jj N li2b312j, (24)
significant excess. In order to preserve a significant excess,
it is better to achieve as good as 5% systematic uncertainty. _ -
g o Y pp = ttWEjj — (bW (bW™)(t5r,)jj — 152272,

C. Signal-background analysis for type-X 2HDM (25)

In type-X 2HDM, the major decay of the pseudoscalar
A% is A° > 77. Therefore, we modify the above signal-  pp = WEWFZjj — (IFv))(tFv,)(vh77)jj — [F372),
background analysis to two pairs of tau leptons, instead of (26)
two pairs of bottom quarks, in the final state. The decay
chain is shown in Eq. (11). Therefore, we consider the
following set of backgrounds at LO: pp—=>WZZjj— (Fv) (v )(c7e7)jj — F422). (27)

TABLE VI. Cut flow table for the type-X 2HDM signal pp — HY*H* jpjp with my= = 205 GeV, my = 65 GeV, Am = 200 GeV,
tanf = 5, and sin(f — a) = 0.97, and various backgrounds at /s = 14 TeV.

Cross section (fb) Signal (iZjj iW*jj WEWTZjj W*ZZjj

Preselection 2.98 x 1072 3.60 x 107! 2.44 x 107! 3.28 x 1072 1.87 x 1073
N(z, 1) > 3,2, P57 > 20 GeV, |5°!| <2.5 1.23 x 1073 742 x 1073 1.07 x 1073 3.89 x 107 9.61 x 107
N(j) 2 2, P} > 30 GeV, M; > 500 GeV 9.81 x 107 4.63 x 1073 6.19 x 107 197107 5.08x 107
b-jet veto 9.15x 107* 1.15x 1073 2.03x 107 1.71 x 107* 432 x 107
My cut M- < 250 GeV 8.24 x 107* 7.52 x 10~ 9.18 x 1073 1.15x 107* 2.98 x 1073
myo cut 40 < M.~ < 100 GeV 7.95 x 10~ 6.28 x 1074 5.81x107° 1.04 x 1074 2.73x 1073
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FIG. 9. Invariant mass distributions of M - (left panel) and M+, (right panel) for the signal with mpy= = 205 GeV,
mao = 65 GeV, Am =200 GeV, tanff =5, and sin(ff —a) = 0.97, and the total background at /s = 14 TeV. Preselection cuts

in Egs. (28)-(30) are imposed.

The extra same-sign charged leptons may come from some
cascade decays of the tau leptons, B mesons, or showering.
Similarly, the extra tau leptons can also come from B
meson cascade decays, showering, or jet misidentification.

Again, we choose my+= = 205 GeV and m, = 65 GeV

to illustrate the cut flow under a sequence of selection cuts.

(1) We apply the same VBF cut n; xn;, <0 and
|An;;| > 2.5 for the minimum rapidity difference
between the forward jet pair at parton level for all
signal and SM background events. Their cross
sections after this preselection cut are shown in
the first row of Table VI.

(2) After parton showering and hadronization with
PYTHIAS and detector simulation by DELPHES3, we
apply the selections cuts for a pair of same-sign
dileptons and at least 3r,

N(z,I¥) >3,2,  PL >20 GeV,
"] <25, PL>20GeV, |5f| <2.5.
(28)

Notice we take the hadronic decays of the tau
leptons. The tau tagging in DELPHES3 is encoded

3

“

with the origin of jets from hadronic decay modes of
the tau lepton with an efficiency 0.6 and the
misidentification rate from light-jet to tau-jet 0.01.
The charge of tau-jet can be determined and recon-
structed from the charged pions in the final state
according to the algorithm inside DELPHES3. The
cross sections for both signal and backgrounds are
shown in the second row of Table VI

The forward jet pair is also required to be energetic
with the following selection cuts:
N(j)>2,  ph>30Gev, || <5,

m;; > 500 GeV. (29)

The cross sections after this step for both signal and
backgrounds are shown in the third row of Table VI.
Since the major background comes from the 7
associated processes, we apply b-jet veto to suppress
background events,

N(b) =0 with P2 >20GeV, |’ <25.
(30)

TABLE VIL.  Cut flow table for the type-X 2HDM signal pp — HTH* jgjr with mgy: = 205 GeV, m4 = 65 GeV, Am = 200 GeV,
tan f = 5, and sin(f — a) = 0.97, and various backgrounds at /s = 27 TeV.

Cross section (fb) Signal fiZjj AW*jj WEWFZjj W*ZZjj

Preselection 9.93 x 1072 251 1.49 1.51 x 107! 8.62 x 1073
N IF) 23,2, P > 20 GeVl[y| <2.5  427x10°  496x 1072 6.14x10°  171x 10  4.04x 10~
N(j) 2 2, P} > 30 GeV,M;; > 500 GeV 371107 369102 450x 107 108x 107 267 x 10~
b-jet veto 3.40 x 1073 9.23 x 1073 1.41 x 1073 9.23 x 1074 2.19 x 1074
my= cut M - < 200 GeV 2.75 x 1073 4.04 x 1073 4.17 x 107 3.94 x 10~ 1.09 x 10~*
myo cut 40 < M+~ <70 GeV 2.35 x 1073 2.20 x 1073 1.96 x 104 229 x 1074 6.63 x 1073
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FIG. 10. The same as Fig. 8, but in type-X 2HDM.

The cross sections after this step for both signal and
background events are shown in the fourth row of
Table VI

The kinematical distributions of M+ +,- and M+ -
with my: = 205 GeV and myo = 65 GeV for the
signal and backgrounds are shown in Fig. 9. Note
that we have applied all the selection cuts except for
my= and myo cuts in these two kinematical distri-
butions. The signal and background distributions of
M s+~ are similar to M= in Fig. 7. However, the
peak shape at 65 GeV in M+~ distribution for the
signal from the resonance of A° is not so obvious
compared with M, distribution in Fig. 7. The
reason is that the 7z-tagging is not as effective as
b-tagging. On the other hand, since there are always
neutrinos in 7 lepton decays, the 7 lepton cannot be
fully reconstructed. This also explains why the shift
of fat peak shape from 65 GeV to a slightly
lower M .+ -.

Finally, in order to further reduce the contributions
from SM backgrounds, the following selection cuts
are imposed on both signal and background events.
For my- cuts, at least two opposite-sign tau leptons
and a lepton have to satisfy

MliT+T— < MHi + 45 GeV. (31)

For the m 4o cut, at least a pair of opposite-sign tau

leptons is required to around the mass of A°,

my —25 GeV < M+~ < myo + 35 GeV. (32)
The cross sections for both signal and background
events after this sequence of event selection cuts are
shown in the last two rows of Table VL.

Again, even we can get a good signal-to-background
ratio, the total number of events is still small. We further
extend the signal-background analysis to the proposed
27 TeV pp collider (HE-LHC). Similar as before, we
tighten both m g+ and m 4o cuts relative to those in Eqs. (31)
and (32). For my= cuts, at least two tau leptons and a lepton
have to satisfy

M, -pp < My —5 GeV. (33)
For m 4o cuts, at least a pair of opposite-sign tau leptons is
required to around the mass of A0®

My —25GeV < M, <myu+5GeV. (34)

*Here we apply an asymmetric mass window cut for M« -
based on the shift of peak shape in the right panel of Fig. 9 and in
order to veto the pair of opposite-sign tau leptons from the Z-pole.
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Other preselection cuts in Egs. (28)—(30) are imposed, as
before. We choose the same-signal benchmark point to
illustrate the cut flow under a sequence of selection cuts at
/s =27 TeV in Table VIL

Finally, we summarize the results for signal-background
analysis of type-X 2HDM at /s = 27 TeV with luminosity
L =15 ab™! in Fig. 10. The preselection cuts in Egs. (28),
(29), (33), and (34) are imposed as before. We vary m 4o
from 63 to 100 GeV with fixed sin(ff — a) = 1 and tan § =
5 for Am = mpyo —myo = 100 GeV (upper-left panel),
200 GeV (upper-right panel), and 250 GeV (lower panel)
in Fig. 10 as the illustrative examples. The black lines are
mpy+ = mypo, the blue lines are my= = myo — 15 GeV, and
the red lines are my+ = myo + 15 GeV. The maximum
significance can reach to about Z = 1.7 at mo = 80 GeV
for Am = 100 GeV. Notice that the mass spectrum with
Am =100 GeV and mpy: = mpyo — 15 GeV in type-X
2HDM will produce sizable B(H* — 7v,) and suppress
B(H* — W*A"). That makes reduction of the significance
for the blue line in the upper-left panel in Fig. 10. On the
other hand, the significance can reach to more than Z = 3
for m 4o from 63 to 100 GeV with Am = 200 GeV, and its
maximum is about Z = 4.5 at m,0 = 63 GeV. Moreover,
the significance can grow to more than Z = 4 for m 4o from
63 to 100 GeV with Am = 250 GeV, and its maximum can
further reach to Z = 5.4 at m4 = 63 GeV. Again, the 5%
systematic errors of the SM background events in Eq. (23)
are shown as dashed lines in Fig. 10 for comparisons.

V. CONCLUSIONS

Extending the minimal Higgs sector is one of the
approaches to address some weakness of the SM. Such
extensions can give rise to rich phenomenology. The
2HDM is one of the most popular extended models in
literature. Exploring the whole mass spectrum in 2HDM is
undoubtedly an important mission to help us understand
the mystery of electroweak symmetry breaking. There are
only a few examples that can cover the effects of all new
scalar masses in a single process. We have studied a novel
process—production of same-sign charged Higgs boson
production shown in Eq. (1), which was first proposed in
Ref. [26]. It allows one to probe the whole mass spectrum
in the 2HDM for some specific mass relations.

We have investigated same-sign charged Higgs boson
production via vector-boson fusion at the HL-LHC and HE-
LHC (27 TeV) in type-I and type-X 2HDMs. The depend-
ence of the production cross section on the mass difference
Am = my0 — m o between the heavier scalar boson H° and
the pseudoscalar boson A° is studied. The scattering
amplitude of the key subprocess WTW* — HYH™ is
proportional to Am as shown in Eq. (9), such that the
production cross section nearly vanishes in the limit
Am — 0. As we mentioned before, even if the mass
splitting Am can be determined by separately measuring

mpyo and m 4 from other production channels of H° and A°,
the measurement of same-sign charged Higgs boson
production cross section can be used to understand the
mass spectrum of the heavier scalar and pseudoscalar
bosons in the 2HDMs.

Given the constraints from electroweak precision, B
physics, and direct searches at colliders, we have explored
the allowed parameter space in my-,tan , Am. Then we
investigated the sensitivity to the allowed parameter space
at the HL-LHC and HE-LHC, especially we have made use
of the bosonic channel W*A? of the charged Higgs boson,
which is complementary to the study in Ref. [26].

In type-1 2HDM, we used the decay channel H*H* —
(WEAD) (W*A®) — (I*ubb)(I*vbb) together with a pair of
forward jets to perform the signal-background analysis.
At the end, we found about four signal events versus
five background events at HL-LHC with luminosity of
3000 fb~! for a typical benchmark point. At the HE-LHC,
significance level of 2.6-5.8 can be achieved for
Am = 200-250 GeV.

On the other hand, in type-X 2HDM, we used the
decay channel H*H* — (WFA%)(W*A%) - (IFurte)x
(IFvrt™) together with a pair of forward jets to perform
the signal-background analysis. At the HL-LHC, we can
achieve the signal-to-background ratio equal to 1, and the
number of signal events is about two for a luminosity of
3000 fb~!. Nevertheless, at the HE-LHC, the significance
can rise to the level of 3.2-5.4 for Am = 200-250 GeV.

The main purpose of this study focuses on the search for
a possible large mass splitting between the neutral scalar
and pseudoscalar through same-sign charged Higgs boson
production in 2HDMs via the vector-boson fusion. It is
easy to see that this is not the discovery mode of the
charged Higgs because the event rate is much lower
than other direct processes, for example, gb — tH~ or
gg — thH~. According to Refs. [12,40] for the search of
gb — tH™ or gg — tbH~ with H~ — 7”1, the constrained
region is tanf < 2(4) in type-I (type-X) 2HDM for the
mass range 160 < My+ < 180 GeV and there is no con-
straint for My > 180 GeV.

Notice that the process in Eq. (1) can be used to
distinguish between the charged Higgs boson from a
doublet and a triplet. Here, we take the Y = 2 triplet model
(type-II seesaw) as an example. In this model, the triplet
VEV is highly constrained from electroweak precision
measurement to be less than a few GeV [58-60]. On the
other hand, both my+ and m 4o in this model are close to
degenerate; therefore, H* — W*A? is very suppressed.
The observation of such decay would exclude type-II
seesaw model.

For the VEV of triplet around 1 GeV and mpy: <
400 GeV, the three dominant H* decay modes, H* —
{W*h,W*Z,tb}, are competitive [58]. If one can recon-
struct the Z/h invariant mass in the final state, it would be
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viewed as a clear signal beyond 2HDMs in the alignment
limit. In the process in Eq. (1), besides the t-channel Z
boson exchange and s-channel doubly charged Higgs
contributions for the same-sign charged Higgs boson pair
production would also show the differences between the
triplet model and 2HDMs.

However, in the case of tiny triplet VEV and high triplet
mass scale, H* — {W*h,W*Z} and also H**WTWT
couplings would be very suppressed. Therefore, the dom-
inant decay mode of H* turns out to be H* — [y, and the
doubly charged Higgs contribution in same-sign charged
Higgs boson pair production would be small. Besides,
because of the mass degeneracy between A” and H* in the
Y =2 triplet model, we would not have H* — W*A°
decay mode. In the end, for the case of tiny triplet VEV,
even the triplet model can mimic the same-sign charged
Higgs boson pair production with H* — 7v, in 2HDMs as
shown in Ref. [26]. The H* — W*A® decay mode in this
work can help us to distinguish 2HDMs from the trip-
let model.

One can also advocate H* — W*A? decay channel to
distinguish the 2HDM from the MSSM which is a 2HDM
of type II. However, because of the MSSM sum rules [61],

2 2 2 whi
we have my, = m?, + my, which makes the decay chan-

nel H* — W*A° not open very often and turns out to be
rather small. In fact, in the MSSM, Br(H* — W*A?) is
very suppressed (less than 1072) while Br(H* — W*h0) is

of the order of a few percent [62]. Therefore, the dominant
decay of H* are v for low charged Higgs mass and tb for
my+ > m; + my,. In this case also, the MSSM will mimic
the same-sign charged Higgs boson pair production with
H* — {tv,,tb} in 2HDMs as shown in Ref. [26].

In summary, the process in Eq. (1) can be an additional
check of the mass relation between same-sign charged
Higgs boson production and Am, especially, if the 2HDM
mass spectrum has the following relations:

(i) One light (pseudo)scalar, say A°.

(i) A large mass splitting between two neutral sca-

lars, Am = (myo — myo).
(iii) The charged Higgs mass is above the W*A?
threshold.
Then this scenario in the 2HDMs can be either pinned
down or ruled out in the future.
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