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We consider the maximally symmetric two-Higgs doublet model (MS-2HDM) in which the so-called
Standard Model (SM) alignment can be achieved naturally by the virtue of an SO(5) symmetry imposed on
the 2HDM. We investigate the signature of the MS-2HDM via pp - HX — VV*X and pp - HHX —
VV*V'V'*X processes at the LHC for different values of tan . We perform our calculations with next-to-
leading-order (NLO) QCD accuracy, using the HERWIG7 multipurpose event generator at /s = 13 TeV

center-of-mass energy. We show that the production of single SM-like Higgs bosons via W+ /Z pairs is
completely aligned with the SM. Interestingly, the presence of the heavy Higgs states significantly

enhances the cross section for the W= /Z-quadruplet production channels in the low-p | regions. These vital
analyses may aid the future discovery of this minimal and very predictive extension of the SM and can be

generalized to other realizations of the 2HDM.
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I. INTRODUCTION

For many years, the Standard Model (SM) has been the
cornerstone for our understanding of the fundamental
interactions of particle physics [1-4]. This was brought
to its climax with the discovery of the Higgs boson at
CERN’s Large Hadron Collider (LHC) [5,6]. The data
collected from this discovery impose constraints over the
coupling strengths of the Higgs boson, primarily to the
electroweak (EW) gauge bosons (V = W=, Z), which are
very close to SM predictions [7,8]. Despite all these
achievements, the SM still falls short of answering some
of the most profound questions such as the origin of the
observed matter-antimatter asymmetry and the dark matter
relic abundance in the Universe. This has fueled numerous
theoretical and experimental scrutinize in the study of
theories beyond the SM (BSM), particularly for models
with extended Higgs sectors. These newborn theories
regardless of their motivational and structural differences
must restore those predictions of the SM that are consistent
with the LHC observations. This is only possible within the
so-called SM alignment limit [9—18].
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One of the simplest extensions of the SM is the two-
Higgs doublet model (2HDM), which enriches the SM
scalar sector by introducing a second complex scalar
doublet [9,10,19-21]. This extension can provide new
sources of CP violation [19,20], introduce stable scalar
DM candidates [22-24], and give rise to EW baryogene-
sis [25,26]. Interestingly, the potential of this model
contains the maximum number of 13 distinct SU(2),-
preserving accidental symmetries as subgroups of the
maximal symmetry Sp(4) ~SO(5) [27,28]. Thereby, the
most minimal version of the 2HDM is an SO(5)-invariant
potential, the so-called maximally symmetric 2HDM
(MS-2HDM) [13,27-35]. In MS-2HDM, the SM alignment
can emerge naturally as a consequence of an accidental
SO(5) symmetry in the Higgs sector. This symmetry can be
broken explicitly by the renormalization group (RG)
effects and softly by the bilinear scalar mass term m?,.
A remarkable feature of this model is that all quartic
couplings can unify at very large scales puy~10°—10°GeV,
for a wide range of tan f values and charged Higgs-boson
masses [30,31]. This unique feature aids to gain a minimal
and very predictive model which is governed only by three
parameters: the quartic coupling unification scale puy, the
mass of charged Higgs M- (or m?,) and the value of tan /3.
These three parameters allow one to determine the entire
Higgs-mass spectrum of the model.

The production of the EW gauge vector boson pairs
and quadruplets have always been among the critical
observations in the on-going attempts to probe the SM
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and search for signs of BSM physics at the LHC, within its
high-energy hadronic scattering data. Also, these events
have played a key role in the LHC precision measurements
as well as the estimation of the irreducible backgrounds in
Higgs boson searches. Moreover, since these processes are
amongst the largest Higgs-tagged signatures at the current
LHC energies, observing a distinct deviation from the SM
theoretical predictions may be directly interpreted as a
signal for BSM physics [36,37]. Therefore, it would be
interesting to look for the possible signature of the MS-
2HDM at the LHC via W*/Z-pair and -quadruplet pro-
duction events. In this paper, first we ensure that the
predictions of the MS-2HDM for the pp —» HX —
VV*X production rates are aligned with their SM counter-
parts. Then, we evaluate the signature of the MS-2HDM via
pp = HHX — VV*V'V"*X events at the LHC for different
values of tan /. We calculate these production rates up to
one QCD loop and two jets, using HERWIG7 (v7.2.1) event
generator [38-41]. The corresponding amplitudes are
provided by MADGRAPHS5 (v2.7.3) [42] and matched to
the NLO corrections using MATCHBOX [43,44]. The pro-
duced underlying events are showered by an AO
MC@NLO matched QCD + QED + EW' parton shower
[45,46]. Finally, the results of these simulations have been
analyzed using RIVET (v3.1.1) [47].

The layout of the paper is as follows. After this
introductory section, Sec. II briefly reviews the basic
features of the 2HDM and the naturally aligned MS-
2HDM. We also outline the Higgs-mass spectrum and
our misalignment predictions for Higgs-boson couplings to
gauge bosons. Section III shows the dominant channels for
pp — HX - VV*X and pp - HHX — VV*V'V*X pro-
duction events at the LHC and highlights the subprocesses
where the new heavy Higgs bosons can substantially
modify these cross sections. This section also includes
the calculation setup for our analysis. In Sec. IV, we discuss
our numerical results for single and double Higgs produc-
tion events in the MS-2HDM. Particularly, we show that the
cross section of the pp - HHX — VV*V'V'*X processes
is significantly enhanced with respect to the SM. Finally,
Sec. V contains our conclusions.

II. TYPE-II 2HDM AND SM ALIGNMENT

The 2HDM contains two scalar isodoublets, ®; (i=1, 2),
with U(1)y hypercharges Yo = +1/2, as

o (%) 0

The most general renormalizable 2HDM potential in terms
of these doublets may be conveniently written as

"The QCD + QED + EW parton shower scheme is a new
addition to HERWIG7, which is introduced in [45] and will be
available to the public with the v7.3.0 release.
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where the mass terms 47 , and quartic couplings 4, 5 3 4 are
real parameters. Instead, the remaining mass term m3, and
the quartic couplings A5 are complex. Out of these 14
theoretical parameters, only 11 are physical, since three
parameters can be transformed away using a SU(2)
reparametrization of the Higgs doublets. Here, we restrict
our attention to CP conservation and to CP-conserving
vacua. In the Type-1I 2HDM, both scalar doublets receive
nonzero vacuum expectation values (VEVs), as (@) =
(0,v,/+/2)T and (®,) = (0, v,/v/2)". Following the stan-
dard linear expansion of the scalar doublets about their
VEVs, these can be reexpressed as

b
= (ﬁ(vwdﬁ i¢?)>' G)

Accordingly, the minimization conditions resulting from
the 2HDM potential in (2) take on the following forms:
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where A5 = A3 + A4 + As, As67 = Reds 7 and
m?, = Rem?,. Also, the combination of »; and v, form
the VEV of the SM doublet, v*> = v} + v3, and their ratio is
read t4 = tan # = v, /v,. Therefore, the mixing in the CP-
even, CP-odd, and charged scalar sectors can be individu-
ally governed by the same mixing angle f as

(1)-ou(2). (%)-on(s)
(©)-an(%)

where the rotation matrix may be defined as below,
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with ¢z = cos f and sz = sin 5.

After the spontaneous symmetry breaking, the standard
W* and Z bosons acquire their masses from the three
would-be Goldstone bosons (Gi, GO) [1,48]. Thereafter,
the model remains with five physical scalar states: two
CP-even scalars (H and h), one CP-odd scalar (a), and
two charged bosons (h*). The masses of the h* =
—s/;gbf + ¢y and a = —sﬂqﬁ? + cﬂqbg scalars are given by

M2 m%2 1}2(& +ﬂ)+ 02 (/1 2+l 2)
= C S5),
I SﬁCﬁ 2 4 3 2Sﬁcﬁ 6%p ”p
2
v
MG =M. +3(/14—/15)- (8)

Moreover, the masses of the physical states H and & may be
obtained by diagonalizing the CP-even ¢b; and ¢, mass

matrix M%,
A C
w= (o ) o

which may be explicitly written in the following form:

A = MGsy + v*(2A¢5 + A58 + 2A655Cp),
B = M%ZC/ZJ + 1)2(2),25/23 +ASC§ + 217SﬁCﬁ),
C = —M%SﬁCﬁ + 1)2((&3 + l4)SﬁCﬁ +ﬂﬁc/23 + 275%).

The physical states 4 and H can be given in terms of the
mixing angles a as

(:) = O(“)@;) = O(a)(?(ﬁ)‘l(?f). (10)

Hence, the SM Higgs field may now be identified by the
following linear fields combination,

Hgy = ¢y cosfp+ ¢y sinfp
= Hcos(f — a) + hsin(f — a). (11)

Henceforth, the SM-normalized couplings of the CP-even
H and h scalars to the EW gauge bosons are given by
gyy = sin(f —a), guvy = cos(f—a). (12)
Thereby, there are two ways to realize exact SM align-
ment limit: (i) SM-like 4 scenario with sin(# —a) = 1 and
(ii) SM-like H scenario with cos(f —a) = 1. Here, we
consider the second realization with # = @ and assuming
the CP-even scalar partner / can be either lighter or heavier

than the observed scalar resonance at the LHC. As it can be
seen in (11), with this assumption, the SM-like Higgs
boson becomes aligned with one of the neutral eigenstates.
So, the CP-even mass matrix M3 takes on the form

A N

R A C
<m=owaw*=(ég) (13)
with

A =20 [chA1 + 5550345 + Sjda + 255¢5(chhe + 557)],
B = M% + /151]2

+ 207 [sjeg (A + A = Aaas) = spep(cs = 55) (A6 — A7),
C = 1?[s5c5(20 — Aaus) — c3s5(241 — A34s)

+ cj(1 —4s3)6 + s5(4cj — 1)A7]. (14)

From the above relations, we may observe that the SM
alignment limit, # = a, can be understood if either C-0
or (ii) M+ ~M, > v. However, these can be obtained
naturally by imposing the symmetries of model to con-
straint the certain parameters required for the SM alignment
limit. The 2HDM potential contains 13 accidental sym-
metries, which have been fully classified in [28,29,35]. Of
these, eight restrict the quartic couplings such that the
alignment condition C - 0 is met. However, only for three
symmetries exact alignment can be achieved naturally
without imposing any constraints on the values of tanf,
nor on the bilinear mass terms 47 , and m{, [30,32]. In the
simplest scenario, dubbed the MS-2HDM, the SM align-
ment can be naturally realized as a consequence of an
accidental SO(5) symmetry in the Higgs sector
[13,28,31,33]. In the MS-2HDM, the SO(5) symmetry
puts severe restrictions on the allowed form of the kin-
ematic parameters of the 2HDM potential in (2),

m%z :0, 12 :/117

/14:/15:/16:/17:0' (15)

i = 3,
/13 - 2].1,

These parameters produce one massive CP-even scalar
with M2 =2),v>. The other four physical scalars
(h,a, hi) become massless pseudo-Goldstone bosons,
which would participate in several Higgs decay channels
that are inconsistent with observation. To avoid these, we
consider that the SO(5) symmetry first explicitly breaks by
the RG effects due to nonzero values of the gauge coupling
¢ and Yukawa couplings and afterwards softly breaks by
the bilinear scalar mass term m%z [13,31,33]. Having the
soft SO(5)-breaking parameter Re m?, in the potential, the
scalar-boson masses to a very good approximation are
given by
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Taking the threshold scales y,;,, = Mf = 500 GeV, the
SO(5) symmetry rnay be realized at large RG scales with

two discrete values /4 ~ 10" GeV and ,u ~ 10" GeV.
Nonetheless, assuming the larger values for the threshold
scale, e.g., i, = M =1, 10, and 100 TeV the RG scales
Uy can reach to ~10?° GeV [31]. In this context, when this
symmetry breaks due to RG effect, giving rise to calculable
nonzero values for misalignment predictions of all Higgs
boson couplings to SM particles.

In the EW scale, the H-boson couplings in terms of the
light-to-heavy scalar-mixing parameter may be expressed
by 05 = C/B. So, the approximate analytic expressions
may be given by [31]

92
grvy =1 —7‘9, (17a)
Gnvy =—0s
v2s4c,
= M% +ﬁv£/15 [Cé(Z/ll _1345) - S§(2ﬂz —/1345)]. (17b)

Given the narrow experimental limits on the deviation of
guyy from 1, one must have the parameter 05 < 1. In the
SM alignment limit, we have gg,, — 1 and ggz — 1.
To this extent, an approximate analytic expressions for the
h- and H-boson couplings to up- and down-type quarks are
given by

Gruu =1 + 15105, GHaa = 1 — Ostp,

Ghuu = —Os + 15, Ghaa = —bs — 1p. (18)

TABLE L.

Also, the trilinear Higgs couplings can be defined via the
light-to-heavy scalar-mixing parameter g, in the following

forms
3 3 .
~—|A 0>
XHHH = 20 [ +<2v sﬁcﬁ) }

9

(19)

Sﬁcﬂ} 20)

where the ;g coupling vanishes in the exact alignment
limit and xyyy converges to Its SM counterpart.

The MS-2HDM is a minimal and very predictive
extension of the SM governed by only three additional
parameters: the unification scale uy, the charged Higgs
mass M+ and tan 3, allowing one to determine the entire
Higgs sector of the model. Previously, we presented our
MS-2HDM benchmarks in terms of these input parameters,
for our misalignment predictions of the SM-like Higgs-
boson couplings to the W* and Z bosons [31]. These
benchmarks are given in Table I. Having considered the
running mass My(M,= =500) to obtain My(m,)~
125 GeV, the mass of heavy neutral Higgses are M) ~
498 GeV and M, ~ 495 GeV.

Here, we intend to calculate the rate of W+ /Z-pair and -
quadruplet productions through single and double SM-like
Higgs boson decay modes based on these benchmarks.

III. W=/Z-QUADRUPLET PRODUCTION AND
EVEN GENERATION FRAMEWORK

The W= /Z-pair and -quadruplet production events are
amongst the largest Higgs-tagged signatures at the current
LHC energies. However, the best processes for probing
the signs of an extended Higgs sector are the W*/Z-
quadruplet productions through double Higgs decays, i.e.,

Predicted values of the SM-like Higgs boson couplings to the Z boson and to top and bottom quarks in
the MS-2HDM for both scenarios with low- and high-scale quartic coupling unification,

assuming

M+ = 500 GeV. The corresponding central values for these couplings from ATLAS and CMS are also given,
including their uncertainties [49]. The ratio of the Higgs boson self-coupling to its SM value, gy, is constrained at
95% confidence level in observation (expectation) to —5.0 < gypy < 12.0(=5.8 < gyuy < 12.0) and —11.8 <
9unn < 18.8 (=7.1 < gy < 13.6) by ATLAS and CMS, respectively [50,51].

Couplings ATLAS CMS tanf=2 tanff=>5 tanff =50
low_scale [0.86, 1.00] [0.90, 1.00] 0.9999 0.9999 0.9999

9y
highescale 0.9981 0.9998 0.9999

IHzz ‘

g 1315633 1.45:08 10049 1.0014 1.0000
igh-scale 1.0987 1.0179 1.0001
Htt ‘

| glow-seale | 0.4979-26 0.57+016 0.9803 0.9649 0.9590
pigh-scale 0.8810 0.9264 0.9427

| glow—scale| [-5.1, 12.0] [—11.8, 18.8] 0.9968 0.9968 0.9968
pigh-scale 0.9394 0.9936 0.9968
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pp = HH — VV*V'V'*_ This is since, as we have shown
in Sec. II, the SM-like Higgs boson in the MS-2HDM
couples to the EW gauge bosons with coupling strength
exactly as that of the SM Higgs boson, while the other
neutral heavy states do not couple to them at all [31]. On the
other hand, because of the mixing between the light and the
heavy states, the W*/Z-quadruplet production through
double Higgs decays may be enhanced. Henceforth, we
calculate these processes within the MS-2HDM, which can
include Higgs trilinear decay modes H/h — HH. The
prediction for the relative trilinear Higgs self-coupling to
its SM value, gy, for different values of tan # which are
allowed by the observed (expected) data are summarized in
Table I. The gy gzy is constrained at 95% confidence level in
observation (expectation) to —5.0 < gypy < 12.0 (=5.8 <
gurn < 12.0) and —11.8 < gypy < 18.8(=7.1 < gyuyy <
13.6) by ATLAS and CMS, respectively [50,51].
Additionally, the nonzero values for misalignment predic-
tions giving rise to the sensitive BSM decay mode
h — HH. The observed upper limit on the resonant
production cross section times the branching fraction of
h — HH with ATLAS detector ranges between 40 and
6.1 pb, while the expected limit ranges between 17.6 pb and
4.4 pb, for a hypothetical resonance with a mass in the
range of 260-500 GeV [52]. Our prediction for the resonant
production 6(gg — h) x Br(h - HH) for tan # = 2, 5, and
50 are ranged between 4.3 and 4.0 pb.

Note that there are several interesting channels that
can be considered when looking for the signal of the
MS-2HDM model at the LHC, namely single and double
Higgs production events through H — bb, H — W+ W-,
H — ZZ,and H — 7 decay channels. Indeed, the H — bb
decay has the largest branching ratio of ~57%, but they are
generally difficult to observe due to their large back-
grounds. On the other hand, the H - W*W~ and H —
ZZ decays have the combined branching ratio of ~25% and
are very likely to produce clean experimental signatures via
their leptonic decay channels WTW~ — [Ty, + " vy
and ZZ — It~ + '],

Before delving into the details of this section, we check
the W*/Z-pair production events through single Higgs
decays to ensure the MS-2HDM predictions are aligned
with those of the SM. The exclusive production of the EW
gauge boson pairs and quadruplets via single and double
Higgs decays can be given as

p(p1) +p(p2) = H(py) + X
= W (pw+) + W (py-) + X
- Iy, + Ly, + X, (21)

p(p1) +p(p2) = H(py) + X
= Z(p1z) + Z(prz) +X
I+ 55+ X, (22)

p(p1) +p(p2) > H(piu) + H(pow) + X
= W (prw+) + W (prw-) + W (pow+)
+ W (pow-) + X,
= Iy, + Ly, + u, + Ly, + X, (23)

p(p1) +p(p2) = H(p1u) + H(pow) + X
= Z(p1.z) + Z(p2z) + Z(p3z)
+Z(psz) + X,
ST+ +05E+0+X. (24)

In the above processes, the Higgs boson production
mechanism is dominated by the gluon fusion channels
gg — H and gg — HH, which account for ~95% of the
Higgs production rate at the LHC? [36,53]. Figure 1
displays all dominant subprocesses up to two jets that
are mediated through the exchange of a heavy virtual top/
bottom quark. Figures 1(a) and 1(b) show the dominant
single and double Higgs production channels, respectively.
Figure 1(c) showcases the contributions of the light and
heavy Higgs bosons through the trilinear Higgs vertices,
where the signature of new physics would rise. Also, the
leptonic decay channels WW~ — [Ty, + " vy and ZZ —
ITI” + I'"I'" have been considered to ensure a clean
observable signature and to prevent the reconstruction of
H — VV* resonances.

In our calculations for the production rates of the
pp — HX - VV* and pp - HHX — VV*V'V'* events,
we utilize the HERWIG7 (v7.2.1) event generator [38—41].
This will be done for both the SM and the MS-2HDM, in
the collinear factorization framework. The contributing
matrix elements are generated with MADGRAPH5 and
convoluted by MMHT2014 parton distribution function libra-
ries [55] via LHAPDF interface [56]. The underlying
events are enhanced by an AO QCD + QED + EW parton
shower scheme [44,45,57] and the cluster model hadroni-
zation [58]. The generated events are then analyzed with
RIVET, based on the existing analysis MC_WWINCC and
MC_zzINC, which are modified according to our needs.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present our results for W= /Z-pair and
-quadruplet production through the single and the double
Higgs bosons decays at /s = 13 TeV. In the first step, we

’In [53], it has been shown that one can simply enhance the
LO differential cross sections of Higgs production with the use of a
factorization-scale-dependant K factor and forget about the
higher-order and virtual corrections to these processes, e.g., via
the W /Z Higgs-Strahlung subprocesses [54]. Nevertheless, for the
sake of completeness, we are considering the full range of real and
virtual QCD and QED contributions to (21), (22), (23), and (24),
using the MATCHBOX merging functionality within HERWIG7.
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FIG. 1. Dominant subprocesses for W+ /Z-pair and -quadruplet productions through single and double Higgs boson decays at the
LHC up to 2 jets. (a) W* /Z-pair productions via single Higgs decay channels. (b) W* /Z-quadruplet productions through double Higgs
boson decays. (c) Double Higgs production channels via H/h — HH decays.

Transverse momentum for H — W W™ at Vs =13 TeV

L L L B B I B
-1 L
O B pp o Hey — W'W™ 3
F —4+— CMS data 3
E 102 =
< E
) 3
& A
T = -
<
S 10 % E
© E
P L b b by
o 50 100 150 200 250
P Gev]
Transverse momentum for H — ZZ at /s = 13 TeV Pseudorapidity for H — ZZ at /s = 13 TeV
—1
FrrmT T T 7T L T T 1T L LA I | 10 T T T T T T T T T T T T T T T T L
103 I I I I ] : I I I I ]
E== pp - Hgy — ZZ 3 L B pp = Hgy — 22 1
—4— CMS data ] —4— CMS data 1

_ 10t E -
= E ERr~ 4
3 E 1 =
S~
k) =5 —- L
g 10°E T S10°
m E SN
T B T st
T 10k
s 10 E 3
10 7 E
:1 11 1 1111 l 111 l ) I - l 111l l ) I - 4 10*3 1 1 1 1 l 1 1 1 1 l 1 1 11 l 1 1 11 1 1 11
0 100 200 300 400 500 600 o 0.5 1 1.5 2 2.5
H
p1 [GeV] Tn

FIG. 2. Differential cross section for single Higgs boson production as a function of its transverse momentum and pseudorapidity. The
calculations are in the colliner framewok, using HERWIG7 (v7.2.1) at /s = 13 TeV. The top panel corresponds to the pp - HX —
W+W~X channel while the bottom panels are for the pp — HX — ZZX channel. The data are from the CMS collaboration [59,60]. To
calculate the uncertainty region, we have manipulated the factorization hard scale by a factor of 2.
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check the efficiency of our calculation setup by evaluating
the single Higgs production results in the SM with the
existing experimental observations from the CMS collabo-
ration, including their statistical and systematic uncertain-
ties [37,59,60].

Total cross section for Higgs production via H — WTW™ at /5 = 13 TeV
I

10

—4-

o(pp — H) [pb]

== pp — Hgy - WHW~
—+— CMS data
2 |

13
Vs [TeV]

10

In Fig. 2, we exhibit the results of our analysis for single
Higgs bosons production via H — VV* decay channels.
The top panel demonstrates the kinematically reconstructed
transverse momentum distribution of the exchanged Higgs
boson from the H — W' W~ decay mode while the bottom

Total cross section for Higgs production via H — ZZ at /s = 13 TeV
I

111}

1T

o

o(pp — H) [pb]

B pp — Hoy — 27
—+— CMS data
—2 |

13
Vs [TeV]

10

FIG. 3. Feducial cross section for W*(Z)-pair productions through single SM Higgs boson decays at the LHC for /s = 13 TeV
displayed in left (right) panel. The data are from the CMS collaboration, including their statistical and systematic uncertainties [59,60].
To calculate the uncertainty region, we have manipulated the factorization hard scale by a factor of 2.
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panels correspond to the transverse momentum and
pseudo-rapidity from the H — ZZ decay mode. Figure 3
shows the fiducial cross sections of single Higgs production
through W+ pairs (left panel) and Z pairs (right panel). The
event selection criteria for these calculations have been
chosen in accordance with the reported conditions in
[59,60]. Despite the low precision of the experimental
data, in both figures one can readily observe that these
predictions are perfectly capable of describing the exper-
imental measurements.

In the next step, we calculate the single and the double
Higgs production events within the MS-2HDM. According
to our discussion in Sec. II, the MS-2HDM has two
conformally invariant quartic coupling unification points

,ug(l) (low scale) and ug) (high scale), for a given choice of
the charged Higgs-boson mass M+ and tanf [30,31].
Thus, we perform these analysis for both unification points.
In Figs. 4 and 5, we display the differential cross sections
for pp - H — VV* production as a function of pseudor-
apidity of the produced gauge bosons in the MS-2HDM.
The results for the low-scale and the high-scale points are
shown in the left and the right panels, respectively. The top
panels correspond to the kinematic properties of the EW
bosons while the bottom panels depict the behavior of
gauge boson pairs. The calculations have been done at
13 TeV center-of-mass energy for M ;== 500 GeV and the
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typical values of tan 3, such as tan # = 2, 5, and 50, relevant
to the benchmarks of Table I. By analogy, Figs. 6 and 7
show the transverse momentum distributions for W* and Z
bosons production through single SM-like Higgs bosons.

As expected, we observe that the results of pp — H —
W*TW~ and pp — H — ZZ for both lower- and higher-
scale quartic coupling unification points are in excellent
agreement with the SM and the experimental data.
Obviously, this is since the normalized couplings ggyvy
approaches the SM value gy vy =1 for both points.
However, the deviation of the MS-2HDM results from
the SM predictions is higher because the degree of
misalignment reaches its maximum value for tanf = 2,
while still remaining within their 1o uncertainty.

Now, let us turn our attention to the W /Z-quadruplet
production events through double Higgs decay channels,
ie.,, pp—> HH - VV*V'V'*, Here, the subprocesses
involving H/h — HH decays may have large contributions
into the pp — HH production rate, as shown in Fig. 1(c).
In Figs. 8 and 9, we exhibit our results for the production of
these events with tan f = 2, 5, and 50 at 13 TeV center-of-
mass energy. In both figures, the top panels represent the
reconstructed kinematics of the exchanged H scalars while
bottom plots show the rates of production as functions of
the pseudorapidity of the gauge bosons. These are shown
for both the low-scale and the high-scale unification points.
From these plots, we observe a substantial increase in the
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W pseudorapidity in HH — WWbb at /s = 13 TeV for HS
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FIG. 12. Differential cross section for the production of Higgs pairs with the subsequent HH — W+ W~bb decays. The differential cross
sections are plotted as functions of pseudorapidity (top panels) and transverse momentum (bottom panels) of the W= bosons (left panels)
and b-quarks (right panels) productions for higher-scale quartic coupling unification point. These are shown for different values of tan f at
\/s = 13 TeV. Note that these results are compared with relevant theoretical predictions in the SM within its uncertainty bounds.

production rate of the SM-like Higgs bosons compared to
their SM counterparts. This becomes more pronounced for
the smaller values of tan, which has a nearly twofold
increase compared to similar SM prediction. Despite the
fact that these processes have expectedly smaller cross
sections in comparison with the single Higgs production
events, they have substantial deviance from the SM and
may be directly observed at the LHC data.

In a similar fashion, Figs. 10 and 11 demonstrate the
transverse momentum distributions of the differential
cross section for the double Higgs production events.
Observe that the peaks in the Higgs and W*/Z bosons
p | distributions are increased by a factor ~3 with respect to
the SM for p; < 200 GeV. However, the p | distribution’s
tails converge to the SM predictions in the high-p | regions.
Therefore, the signature of the MS-2HDM may be
observed in the low-p, regions of the W*/Z-quadruplet
production events through double Higgs decay channels.
Our observations can be readily generalized to other
realizations of the 2HDM in their alignment limits.

As a final remark, it is also possible to look for the
signature of the MS-2HDM through other significant signals
like bbbb and W+ W~bb decay channel. In Fig. 12, we show
the differential cross section for the production of Higgs

pairs with the subsequent HH — WTW~bb decays. It is
noticeable that the resulting signals are expectedly larger
compared to their counterparts in the HH — VV*V'V’*
channels. This can be contributed to the larger branching
ratio of Br(H — bb) ~57% compared to Br(H —
WHW~/ZZ) ~25% as well as direct contributions of the
heavy neutral Higgs bosons through h — bb (a — bb)
decay mode with Br(h — bb) ~ 5% (Br(a — bb) ~2%).
However, these signals despite producing numerically larger
contributions are plagued with very large SM backgrounds.
In contrast, the VV*V'V'* decay channels with their leptonic
final states produce large and clean signatures for the
MS-2HDM that might be observed in the outcoming
LHC data.

V. CONCLUSIONS

The data collected from CERN’s LHC impose constraints
over the coupling strengths of the Higgs boson, primarily to
the EW gauge bosons (V = W+, Z), which are very close to
the SM predictions. This simple fact severely restricts the
form of possible scalar-sector extensions of the SM. In this
study, we have considered the MS-2HDM where the SM
alignment can be achieved naturally by the virtue of an SO(5)
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symmetry imposed on the 2HDM. The MS-2HDM is a
minimal and very predictive extension of the SM governed
by only three parameters: the unification scale uy, the
charged Higgs mass M,: and tanf, which allow one to
determine the entire Higgs sector of the model.

Given the remarkable features of the MS-2HDM [30,31],
we have investigated the possible signature of this model
via W*/Z-quadruplet productions at the LHC. We have
performed our calculations with NLO QCD accuracy
for pp > HX - VV*X and pp - HHX — VV*V'V"*X
processes for different values of tan /3, using the HERWIG7
multipurpose event generator at /s = 13 TeV center-of-
mass energy. The corresponding amplitudes are provided
by MADGRAPHS, up to one QCD loop and two jets. The
produced underlying events are showered by an angularly-
ordered (AO) MC@NLO matched QCD + QED + EW
parton shower and the results have been analyzed
using RIVET.

We have shown that the predictions for W*/Z-pair
productions through single SM-like Higgs boson events
are aligned with their SM counterparts, while the presence
of the heavy Higgs states significantly enhances the W*/Z-
quadruplet productions. Particularly, we have found that the
cross section for these events is increased by a factor ~3 in
p1 <200 GeV region with respect to the SM. However,

these distributions converge to the SM predictions in the
high-p | regions. Therefore, the signature of the MS-
2HDM may be observed in the low-p | regions of the
W / Z-quadruplet production events through double Higgs
decay channels. These observations are very helpful toward
the possible future discovery of this model.
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