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In the wake of new scalar searches at the LHC in various channels, it is interesting to investigate the
sacrosanctity of the constraints on the masses and couplings of the heavier scalars in a two-Higgs-doublet
model (2HDM). We consider the effects of new physics beyond a 2HDM encoded in terms of bosonic
dim-6 operators. Although these constraints are mostly immune to such new physics, we demonstrate that,
for a specific class of bosonic operators, the constraints on the masses of the exotic scalars from cascade
decays can get substantially relaxed. We present such effects for both degenerate and hierarchical mass
spectra of the heavier scalars in 2HDM. Some decay channels of the new scalars vanish at the alignment
limit in the tree-level 2HDM. But the inclusion of dim-6 terms can lead to significant cross sections for such
processes. It is also pointed out that the observation of such processes can no longer rule out the alignment

limit if such dim-6 operators are present.
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I. INTRODUCTION

Even after the discovery of a Higgs boson [1,2] whose
characteristics resemble that of the standard model (SM)
Higgs, the dynamics of electroweak symmetry breaking
and the structure of the scalar sector remains an open
question. The noncancellation of quadratic divergence of
Higgs mass under the framework of SM has motivated a
plethora of beyond-standard model (BSM) theories for
decades. The two-Higgs-doublet model (2HDM) is an
archetype of an extended scalar sector, theoretically well
motivated from the viewpoint of supersymmetry, composite
Higgs models, etc. For example, in supersymmetric models
[3] the motivation behind a second Higgs doublet is
twofold: first to cancel chiral anomalies created by the
superpartners of such scalars and second from the require-
ment of the superpotential to be holomorphic. 2HDMs
arising in the framework of composite Higgs [4,5], little
Higgs [6], and twin Higgs [7] have also been studied in the
literature. Even keeping the hierarchy problem aside, it is
often deployed to explain issues of electroweak baryogenesis
[8,9], flavor anomalies [10,11], neutrino mass [12,13], dark
matter [14], etc.

In light of measurements of the signal strengths of the
observed Higgs, any model with a scalar sector beyond the
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SM must contain a CP-even neutral scalar whose couplings
are aligned to that of the SM Higgs boson. Such an
alignment can be realized when the new scalars which
mix with the SM-like Higgs are decoupled from the mass
spectrum of SM a la Applequist-Carrazone [15,16]. The
“alignment without decoupling” scenario becomes viable
only for models with additional scalar doublets [16-22].
In such cases, the scalars can have masses below a TeV, i.e.,
well within the reach of the LHC. Thus, along with the
signal strengths of the SM-like Higgs, the direct bounds on
the masses of exotic scalars also play a pivotal role in
constraining the parameter space of the 2HDM. Such
bounds also depend on the specifications of the Yukawa
sector of the models. Nonobservation of such new scalars
rules out a significant region of parameter space in the
alignment without decoupling scenarios. Also, some decay
channels involving exotic scalars remain absent at the
alignment limit in a CP-conserving 2HDM [23]. If the
LHC discovers any new scalar state in one of these channels,
the interpretation involving a CP-conserving 2HDM would
readily imply a deviation from the alignment limit.

If new physics beyond 2HDM exists as a decoupled
sector from the mass scale of the 2HDM, the effects of such
new physics can be encoded in the higher-dimensional
operators in an effective theory where the fields of the
2HDM constitute the low-energy spectrum [24-26]. Such
an effective theory is dubbed as the two-Higgs-doublet
model effective field theory (2ZHDMEFT) in the literature.
Several aspects of such effective theories for various
extended scalar sectors have been addressed in the literature
[27-31]. A complete basis of the 6-dim operators in
2HDMEFT has been introduced only recently [26]. It has
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also been shown that such 6-dim operators are capable of
masking the true alignment limit in a 2HDM, by modifying
various decay channels of the SM-like Higgs boson [32].
In the present paper, we have investigated the role of such
6-dim terms while extracting the LHC constraints on the
masses of the new scalars in a 2HDM. We consider different
mass spectra of these new scalars allowed from the theoretical
constraints and measurements of the oblique parameters. The
constraints ensuing from different searches for the heavy
scalars at the LHC and possible deviations in the presence of
6-dim terms have been illustrated.

In Sec. II, we briefly review the theoretical framework of
a general 2HDM. In Sec. 111, we discuss the theoretical as
well as phenomenological constraints on the parameter
space of a 2HDM relevant to this work. In Sec. IV, we
introduce the 6-dim terms that have been considered in this
work, along with the modified couplings of the scalars.

II. 2HDM: A REVIEW

The two scalar doublets are defined as

B ( o7 > @
o= %(Ul"i_pl)""ml ’ .

with I = 1, 2. Here ¢7, p;, n;, and v; denote the charged,
neutral CP-even and neutral CP-odd degrees of freedom
(DOF), and the vacuum expectation value (VEV) of the Ith
doublet, respectively.

Before spontaneous symmetry breaking (SSB), the tree-
level 2HDM Lagrangian, augmented with 6-dim operators,
assumes the form

In Sec. V, we present the benchmark scenarios to illustrate L= Liin + Lyw = V(1. ¢2) + Le, (2.2)
the effect of such 6-dim terms on the parameter space of the
2HDM and eventually conclude in Sec. VI. where
|
1 _ .
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Here, c; is the Wilson coefficient of the 6-dim operator O, Here,
and f is the scale of new physics beyond the tree-level
2HDM. The terms proportional to Ag ; are called “hard-Z, cos@ sind
violating,” because they lead to a quadratically divergent R(0) = . : (2.5)
g Y 4 y g —sinf@ cosé

amplitude for ¢; <> ¢, transition [33] and they also lead to
CP violation in the scalar sector when they attain complex
values [34]. But it is possible to realize the CP-conserving
limit with nonzero values of ¢ 7 as well [23]. In this paper,
we contain our discussion to the CP-conserving 2HDM,
and we take Ag; = 0. The electroweak symmetry is broken
by the VEVs, namely, v; and v, corresponding to the two
doublets ¢ ,, respectively. This leads to the mixing of
similar types of degrees of freedom pertaining to ¢;,. In
the CP-conserving case, the mass matrices of the neutral
CP-even and -odd scalars and the charged scalars are
diagonalized by the following field rotations:

(1)-mo2) ()=l
() -m0(2)

h and H are the neutral CP-even physical DOF, whereas
A and H* are the neutral CP-odd and charged DOF,
respectively. As can be seen from Eq. (2.4), § is the mixing
angle of the charged and CP-odd sectors, and it is given
by = tan~!(v,/v,). @ is the mixing angle of the CP-even
neutral scalars and can be expressed as

1 l Miu
\/(le2)2 + (Min —m;)?

a = sin~

(2.6)

with M% being the mass-squared matrix in the neutral
CP-even sector. In this paper, we assume h to be the
SM-like Higgs with a mass of mj, ~125.09 GeV and
mpy > my,. The case of an additional CP-even scalar in a
2HDM with a mass lower than the SM-like Higgs has
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been explored in the literature as well [20]. It was shown
that the tree-level Higgs-mediated flavor-changing neutral
currents appear in models where more than one scalar
doublet gives mass to the same kind of SM fermions
[35,36]. Such a situation can be avoided under the
framework of various discrete symmetries, for example,
a Z, symmetry [35,36]. There are four possible ways in
which such a Z, charge assignment of the SM fermions can
be done, namely, the type-1 (Y = Y¢ = Y{ = 0), type-II
(Yt =Y§=Y5=0), type-Ill (Y¥=Y4=Y{=0), and

|

1

_ 1
—Lyu = NG (kpSp-a + PpCp_a)DDh + A (KpCpq

1

i
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+ DpLPRLH+ + H.C.),
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with x; = \/§Mf/v for f=U, D, L and pyp; are
defined in Table I. U, D, L, and v represent the up-type and
down-type quarks, charged leptons, and neutrinos in their
mass bases, respectively. The generation indices of the
fermionic fields have been suppressed in Eq. (2.7). As
mentioned earlier, the measurement of the signal strengths
of the SM-like Higgs at the LHC demands that the
properties of one of the neutral CP-even neutral scalars,
here h, should closely resemble that of the SM Higgs.
As Eq. (2.7) indicates, this is satisfied at the vicinity of the
so-called “alignment limit,” i.e., cos(f —a) — 0. Thus,
the current measurements of Higgs signal strengths have
pushed the 2HDMs close to the alignment limit [19,20,
37,38]. The measurements of the Higgs signal strengths
dictate that for type-II 2HDM, at tan # ~ 1, the constraint
on cos(f —a) is given by —0.05 < cos(ff —a) <0.15 at
95% C.L. The allowed region becomes even smaller for
higher values of tan 8. The situation for types III and IV are
quite similar to that of a type-Il 2HDM. This constraint is
comparably relaxed in a type-1 2HDM, where the allowed
range is | cos(f — a)| < 0.4. As we are working under the
assumption of a CP-even vacuum of the 2HDM potential,
vertices like AWW and AZZ are not present at the tree level.
Among the tree-level scalar-gauge couplings which are
important for the cascade decays of the new scalars, AZh

TABLE 1. Coupling multipliers for Yukawa interactions in
2HDM

Type 1 Type II Type III Type IV
Pp Kp cotfp —Kkptan —Kp tan Kp cotf
Pu Ky cotf Ky cotfp Ky cotf Ky cotf
oL K cotf —k tan K cotf —k tan

type-IV (Y] = Yf = Y4 = 0) cases. The type-II scenario
is also dubbed as the minimal supersymmetric standard
model-like case due to similarity in the Yukawa sectors.
Types III and IV are sometimes also referred to as flipped
and lepton-specific scenarios, respectively. Because of
the rotation in the scalar sector following Eq. (2.4), the
couplings of the SM gauge bosons and fermions to the
SM-like Higgs boson are rescaled compared to the corre-
sponding SM values. After SSB, the Yukawa sector of the
2HDM can be written as

_ 1 _

- pDSﬁ_a)DDH + ﬁ (KUSﬁ—a + ,OUC/j_a)UUh
_ 1 - 1 _

+ 7 (KyCpeq = PUSp—a)UUH + 7 (KLSp—o = PLCp—a) LLI + 7 (KLCpoo — PLSp—a) LLH

Lyspr LA + (U(VegmppPr — puVexmPr)DH ™

(2.7)

and H*hWT are proportional to cos(ff — ), whereas AZH
and H* HW are proportional to sin( — «). Itis possible to
realize an exact alignment in the multi-Higgs-doublet
models in the framework of certain additional symmetries
of the 2HDM potential [39-43].

It is evident from Eqgs. (2.7) that, when tan § 2 1, the hbb
coupling multiplier deviates significantly from unity in a
type-II 2HDM. For such values of tanf, the branching
ratio Br(h — bb) as well as the production of % in both gg
and bb fusion substantially increases. It is mainly due to
the measurement of the processes like gg — yy, bb, VV* and
Vh — bb, that the parameter space of a type-I 2HDM in the
cos(ff — a) — tan f# plane is quite strongly constrained. The
impact of the measurement of the Higgs signal strengths in
each individual search channel on the cos(f — a) — tan 8
plane has been discussed in Ref. [44]. It should be mentioned
that the coupling multipliers of the SM-like Higgs also
become close to unity when sin(f + a) =1, ie., at the
so-called “wrong-sign Yukawa” limit [45] for a type-II, -III,
and -IV 2HDM. Though, with better measurement of the
processes like Vh — bb, h — vy, Ty [46,47], the fate of the
wrong-sign Yukawa region will be decided in the near future.

It is also clear from Eq. (2.7) that, though the coupling
multipliers of the SM-like Higgs become unity at the align-
ment limit, the couplings of the exotic Higgses with SM
fermions can be nonzero. The HVV coupling becomes
identically zero at the alignment limit, protecting the align-
ment limit against measurements like gg - H - WW, ZZ.
Though the couplings of H and A with SM fermions do not
vanish at cos(f — @) = 0. Thus, it is possible to constrain
the parameter space of the type-Il 2HDM even at the
alignment limit from the nonobservation of the heavier
scalars [23] in processes like gg/bb — H/A — 17, yy,
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gg — H — hh, etc. Both ATLAS and CMS are involved in
numerous dedicated searches of these kinds, for instance,
Ref. [48-52], resulting in significant constraints on the
2HDM parameter space.

Different kinds of mass spectra of the new scalars in
a2HDM can lead to quite a rich phenomenology at the LHC.
In addition to the regular search channels consisting of a pair
of SM particles as mentioned earlier, exotic states decaying
into one another can also provide strong constraints on
2HDM parameter space. At this point, we define m, =
my = my= as the “degenerate” case and the case when any
of the three exotic scalars is more massive than the other two
as the “hierarchical” case. The constraints from the decay of
the new scalars into SM particles are significantly relaxed in
the hierarchical scenario compared to the degenerate case
[38]. But for the hierarchical spectrum of new scalars, the
channels like H(A) - ZA(H) dominate the total decay
width of such states, leading to new bounds on the parameter
space which are not applicable for the degenerate case.
A hierarchical spectrum such as m, > my ~ my= ~ v can
lead to a first-order electroweak phase transition providing
an explanation for the matter-antimatter asymmetry, with
A — ZH being its smoking gun signature at the LHC
[53,54]. In general, the importance of Higgs cascade decays
as the possible probes of an extended scalar sector have been
discussed in the literature [55-60], and A — ZH decay is
dubbed as a “golden channel” in this context [61].

III. CONSTRAINTS ON 2HDM
PARAMETER SPACE

We work with the 2HDM parameters in the physical
basis which consists of {m,,, my,m4,my+,tanf, cos(f—a),
m%z,/lf,,/b,v}. Along with m;, =125.09GeV, v=246GeV,
and Ag; = 0, we are left with six free parameters. The
conversion between the generic and physical basis can be
found in, for instance, Refs. [16,59]. The theoretical
constraints are discussed below.

(1) Vacuum stability.—The stability of the electroweak

(EW) level is ensured if [16]

A >0, Ay > 0,

> Mha A+ Ay —|As| > =/

(3.1)

It can be shown that, at the alignment limit, the first
two conditions are satisfied if m?, = m3;s5c;. Along

with that, the last two criteria are satisfied if m3 +

m3,. —my; >0 and mj; + mj — mj; > 0, respectively.

This means that for degenerate masses of the new
scalars the last two criteria are automatically sat-
isfied if the first two are satisfied. For the hierar-
chical mass spectrum, the mass of the exotic scalars
cannot be arbitrarily different.

(ii) Perturbativity.—The perturbativity of the quartic
couplings is satisfied if |4;| < 4. At the alignment
limit, this implies that, for 15> 1, |m$, —m3;s5c 5| Sv7.

(iii) Unitarity.—Tree-level unitarity of the S matrix
requires the eigenvalues of the 2 — 2 scattering
matrix to be less than 8z. At the alignment limit
for m$, ~ m3;sscy, this implies that the differences
between the masses of the new scalars have to
be <wv.

(iv) Oblique parameters.—The new scalars in 2HDM
contribute to the oblique parameters through their
couplings to the massive gauge bosons [62-67].
At the alignment limit, such contributions to the T
parameter assume the form

2

g
AT:M(F(mzi,mﬁ)jLF(mi]i,m%{)
— F(m ). (32)
with
a+b ab a
F(a,b) = 7 _a—bl (Z) (a#Db)
=0 (a=0b)

As Eq. (3.2) suggests, this anomalous contribution
to the 7 parameter vanishes at the limit my: = m, or
my+ = my. However, substantially away from the align-
ment limit, this does not hold for the entire range
of my,. As mentioned earlier, the measurements of the
Higgs signal strengths imply that the maximum values
of cos(f—a) can be attained in a type-I 2HDM,
|cos(f—a)| <0.4. For the remaining three types of
Yukawa structure, |cos(ff — a)| < 0.1. We have checked
that the limits my = my= and m, = my= ensure that the
contribution to the 7 parameter remains in the experimen-
tally allowed range at 95% C.L. even when we consider
small deviations from the alignment limit, cos(f — a)<
0.1. For cos(f—a)~04, even for my=my: =
300 GeV, my = 480 GeV is ruled out from the measure-
ment of the T parameter.

LEP searches put a constraint on the mass of the charged
scalar as my+ 2 72 GeV (80 GeV) for a type-I (II) 2HDM
[68]. Also, the searches for Z — AH — 1777 lead to the
constraint my + my 2, 208 GeV [69]. The charged scalar
mediates flavor-violating processes such as B, — Xy,
B, — utu~, B} — ttu, etc., which in turn lead to con-
straints on m,ﬂ; [70-72]. The measurement of the width of
B, — X,y leads to the most stringent constraint on the
charged scalar mass for a type-1l 2HDM, my+ = 580 GeV,
almost independent of the value of tan # [72]. For a type-I
2HDM, the constraint from meson decays is comparatively
less stringent and depends rather strongly on tan /. For
tan  ~ 1.5, the constraintis my+ = 200 GeV [72]. Based on
the similarity in couplings of the scalars to the quarks,
the constraints on a charged scalar mass for a type-I
and -II 2HDM can also be used for type-IV and -III cases,
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respectively, though we do not consider this as a hard bound
for our purpose as it can be ameliorated in several extensions
of 2HDM [73]. Moreover, the mass differences of the three
exotic scalars are constrained from the measurement of the
oblique parameters [62]. For cos(ff — a) = 0, the contribu-
tions of the new scalars to the S and 7 parameters do not
depend upon m?, or tanf. For a fixed value of my, the
constraints from precision tests are satisfied only if my ~ my
or my ~ my=. As mentioned earlier, the measurements of
the signal strengths of the SM-like Higgs boson constrain
the value of cos(ff — a) to be close to zero, especially for a
type-11, -III, and -IV 2HDM. Thus, while working with the
hierarchical spectrum of the new scalars, we take cos(f — a)
to be close to zero. But for the degenerate spectrum of exotic
scalars, we consider a possible large deviation from the
alignment limit while we present the excluded region on the
cos(ff — a) — tan f§ plane. In this paper, we have considered
the constraints due to the nonobservation of the processes:
99— H — ZZ [48], g9 — H — hh [49], g9 —> H(A) —
A(H/h)Z [50], and gg/bb — H/A — 17 [51,52].

IV. COUPLINGS OF THE HEAVIER
SCALARS IN 2ZHDMEFT

We contain our discussion only to the bosonic operators
of 2HDMEFT for simplicity. The phenomenology of the
fermionic dim-6 terms will be reported elsewhere. As
discussed in Ref. [32], the measurement of EW oblique
parameters, triple gauge boson vertices, and Higgs signal
strengths constrains the bosonic operators other than type
¢*D?* at O(107%). Moreover, some of the ¢*D? type of
operators violate the 7 parameter at the tree level, and the
corresponding Wilson coefficients are rather small. Thus,
we have considered only the operators of type ¢*D? which
do not contribute to the T parameter in the tree level [26]:

Ouy = (8;4|€01|2)2,

O = (3u|¢2|2)2,

Opp = (3,4(404{% +H.c.))?,
Omm = 0|01 170" 92|
Ouinin = (9”\(.01\28”(@1-% +H.c.),

Omonin = 8;4\(.02\25”((/’%02 + HC) (4-1)

In the presence of such operators, the nondiagonal kinetic
terms arise after SSB [26]. In order to get rid of such terms,
one needs to rescale the neutral CP-even DOF, i.e., p; and
p>. This implies that the physical neutral CP-even scalars
in the presence of these operators are rescaled compared to
the tree-level 2HDM:

h— (1 =x))h+yH,

H — (1 —xy)H + yh. (4.2)

Xi, Xp, and y can be written in terms of the Wilson
coefficients of the operators appearing in Eq. (4.1) and
the scale of new physics beyond the 2HDM. The analytical
forms of x;, x,, and y can be found in Appendix A. In
our convention, the Wilson coefficient of an operator O;
is given as c¢;, which includes the symmetry factors.
Equation (4.2) dictates that any coupling involving at least
one & or H field is modified compared to the 2HDM at the
tree level. For example,

K’hff = (1 =x))kppr + YKpgss (4.3)

K}{ff =(1- xz)KHff + YKnfgs (4.4)

Kpyy = (1 =x;)sin(f —a) + ycos(f —a), (4.5)
Kyyy = (1 = x3) cos(f — a) + ysin(f — a), (4.6)
Kizn = (L= X1)Kaz + YKazu, (4.7)

Kazn = (1 = X2)kazy + YKazn- (4.8)

Equations (4.4) and (4.6) affect decay processes like
H — 17 and H — ZZ, which are particularly important
in the degenerate case. Similarly, the decay widths H(A) —
ZA(H), which become relevant in the hierarchical scenar-
ios, are changed according to Eq. (4.8). What is more
interesting, processes, which apparently look unaffected
by the rescaling of fields, such as gg - A — 77, are also
changed. It is due to the fact that away from the alignment
limit, for a large range of values of m, and tan 3, Br(A —
Zh) is quite significant. The change in Br(A — Zh)
according to Eq. (4.7) in turn modifies Br(A — 7).
Even the change in 4 — ff can be important for bounds
on the heavier scalars. For example, the search for A — Zh
assumes that the Higgs in the final state further decays into
a pair of b-tagged jets [50]. Moreover, the coupling multi-
pliers of the SM-like Higgs also modify upon the inclusion
of dim-6 operators compared to the tree-level 2HDM
according to Egs. (4.3) and (4.5). Thus, the allowed param-
eter space changes in the cos(ff — a) — tan §§ plane [32].
Many of the sum rules involving various gauge cou-
plings, which hold in the 2HDM at the tree level, are no
longer valid in the presence of 6-dim operators [4]. These
sum rules can play an important role in deciphering new
physics beyond the 2HDM. For instance, in the 2HDM
at the tree level, the sum rule &3, + k%, = 1 holds true,
but in the presence of the dim-6 terms mentioned in Eq. (4.1),
Ky vy =1-2(xX15]_,+%2¢5_,+2YCp_aSp—q). If another
CP-even neutral scalar H is discovered after h(125), the
measurement of its decay width and Br(H - WW) will
facilitate the verification of such a sum rule. A deviation
from 7, + k%, = 1 will point to a departure from the
CP-conserving 2HDM. If &2, + k%, < 1, then it may
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indicate towards a CP-violating 2HDM or CP-conserving
N-Higgs-doublet-model (N > 2). But such an interpretation
does not hold if there are more than one neutral BSM scalars
with degenerate masses or masses the same as the SM-like
Higgs. Anyway, even the dim-6 operators in 2HDMEFT
can lead to k7, + &%,y < 1. On contrary, neither a
CP-violating 2HDM nor N-Higgs-doublet-model can lead
to k2., + K%y > 1, though such a scenario can be inter-
preted in terms of the dim-6 terms of 2HDMEFT. At the
CP-conserving limit with A¢ ;7 # 0, the similar argument for
atree-level 2HDM is valid in this context, whereas, in general,
467 # 0 will follow the argument for a CP-violating 2HDM.

V. BENCHMARK SCENARIOS

Following the discussions in Sec. III, in the context of
oblique parameters, for the hierarchical mass spectrum,
we consider either my = my+ or my = my+. The limit
my, = mpy is highly constrained from the measurement of S,
T parameters, and the decays of H and A into each other are
kinematically forbidden.

So the mass spectra under scrutiny for the hierarchical
case are [59]

Cl: my = my+ > my, C2: my > myg = my-=,

C3: my = myr < my, Ca: my <mpg =mpy-=.

(5.1)

For the hierarchical case, we have studied the bounds on
the my, = my plane for tanf = 1.5 and cos(ff —a) =0
with and without considering the dim-6 terms.

On the other hand, for the degenerate mass spectrum
(myg = my = mpy=), new scalars can no longer decay into
each other, thus making the SM decay channels of these
scalars H — ZZ, %, bb, A —» Zh, t% more important.
We have studied the change in the constraints due to the
inclusion of dim-6 operators on the cos(ff — ) — my plane.
We define the benchmark for the degenerate case as

C5: my = my = my-+, tanf=1.5. (5.2

As mentioned earlier, 457 = 0 for both degenerate and
hierarchical cases. Also, the quadratic mass parameter is
taken to be m{, = mf;sc; following the discussions on the
theoretical constraints in Sec. III. For both the hierarchical
and degenerate cases, the bounds on the 2HDM at the tree
level are compared with a specific case of 2HDMEFT with
the following values of the Wilson coeftficients and the new
physics scale [32]:

BP1: CH1 :—1, CH2:1.5,

CHI2 = CHim2 = Caia2 = Cmmiz = 0,
f=1TeV. (5.3)

The theoretical constraints such as perturbativity and
stability do not change upon the inclusion of bosonic

operators considered in this paper, as these operators do
not modify the 2HDM scalar potential. However, they can
lead to additional contributions in the S matrix for 2 — 2
scattering of bosonic states. Implementing these changes in
2HDMC-1.7.0 [74], we have checked that, for the 2HDMEFT
benchmark scenario BP1, there are no significant mod-
ifications of the allowed parameter space for v/ ~ few TeV
while f = 1 TeV. Similar conclusions were obtained for a
composite 2HDM based on SO(6)/S0O(4) x SO(2) [75].

The branching ratios of various scalars in the 2HDM at
the tree level, as well as in the presence of the 6-dim
operators, have been calculated with 2HDMC-1.7.0 [74] after
incorporating the modified couplings. The production cross
section of the neutral scalars has been computed up to next-
to-next-to-leading order in QCD using SusHi-1.6.1 [76]. As
mentioned earlier, the constraints on the cos(f — a) — tan
plane from the measurement of signal strengths of 1(125)
change in the presence of the dim-6 operators. For instance,
in a type-1I 2HDM for tan = 1.5, the allowed range of
cos(f — a) in the 2HDM is [—0.05, 0.12], which changes in
BP1 of 2HDMEFT to [-0.02,0.11] [32]. The allowed
range of cos(ff — @) changes for the other types of Yukawa
couplings as well, but the exact tree-level alignment limit
cos(ff — a) = O is allowed in all these cases for tan § = 1.5.

The constraints on the my —my plane from various
exotic Higgs search channels are elucidated in Figs. 14
corresponding to the mass spectra C1, C2, C3, and C4,
respectively. In Fig. 1, the appreciable change from the tree-
level 2HDM scenario takes place only for type-I and type-
IV Yukawa couplings. Moreover, it can be seen that the
characteristics of the type-I and -IV 2HDM are similar in
this context, as is the case for type II and type III. This
pattern can be attributed to the similarity in the couplings of
the new scalars with the SM quarks, following Eq. (2.7),
which dictate their production cross sections at the LHC.
The most significant search channel in the context of the
mass spectra C1 is A — ZH(bb). For all four Yukawa
types, the change in Br(H — bb) can be substantially
different in 2HDMEFT compared to a tree-level 2HDM,
though Br(A — ZH) does not change significantly. This
happens because a key decay channel of H,i.e., H > WW,
becomes viable in BP1 of 2HDMEFT, which is absent
in the tree-level 2HDM at cos(ff — @) = 0. For example,
with m, = 400 GeV and my = 300 GeV, Br(H — bb)
becomes ~0.45 in BP1 of 2HDMEFT compared to its
value ~0.73 in the tree-level 2HDM. Such a reduction in
Br(H — bb) is compensated by the newly viable channel
H — WW. This leads to a reduced value of A — ZH(bb)
and, eventually, to a more relaxed constraint on my.
Compared to type-I and -IV 2HDMs, Br(H — bb) is larger
for type-II and -III Yukawas even in the tree-level scenario.
Thus, the percentage change in Br(H — bb) is much lower
for types Il and III compared to types I and IV. So the change
in the excluded region from the nonobservation of A - ZH
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The effect of the ¢*D? type of operators for mass spectrum C1. Only the colored regions are kinematically viable. The gray

regions with the dashed and solid boundaries are ruled out from gg — A — ZH(bb) [50] in a 2HDM and BP1 of 2HDMEFT,
respectively. The brown regions with the dashed and solid boundaries are ruled out from gg - A — 77 [51] in a 2HDM and BP1 of
2HDMEFT, respectively. The meshed blue region is disfavored from the theoretical constraints, viz. stability, perturbativity, and

unitarity.

is larger in types I and IV compared to types [l and III. A — 77
rules out a region of parameter space where the on-shell decay
A — ZH is not allowed. As Eq. (2.7) suggests, Br(A — %)
attains the smallest value for the type-IlI case among all the
Yukawa types. In both types I and III, the Az7 coupling is
proportional to cot f as opposed to tan f# in types II and IV.
Br(A — 77) is even smaller in a type-IIl 2HDM compared to
a type-1 2HDM, because Br(A — bb) becomes larger in the
latter case. On the inclusion of the dim-6 operators, the region

excluded from gg — A — 77 is not significantly altered for
the type-1, -II, and -IV cases.

In the context of Yukawa types, a similar pattern in the
excluded region can be seen for mass spectra C2 as
depicted in Fig. 2. It can also be seen that the excluded
region from A — ZH is small in case C2 compared to C1.
For mass spectrum C2, the decay channel A — W*HT
becomes kinematically viable and has a branching ratio
almost similar to that of A — ZH. However, the branching
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FIG. 2. The effect of the ¢*D? type of operators for mass spectrum C2. Color coding is the same as in Fig. 1.

ratios of H are the same in cases C1 and C2. This, along
with Br(A — ZH)|¢q 2 2 X Br(A — ZH)|,, dictates that
the excluded region for C1 is larger than that in C2. As the
branching ratios of H in cases C1 and C2 are the same
in both a 2HDM and 2HDMEFT, the patterns of deviation
in terms of different Yukawa couplings are similar for C1
and C2. The changes in the branching ratios have been
illustrated in Figs. 8 and 9 in Appendix B.

H — ZA(bb) can rule out a significant area of parameter
space on the my, — my plane for cases C3 and C4. The
excluded region in case C4 does not show a substantial
change upon the inclusion of dim-6 terms as in C1 or C2.

This happens because Br(A — bb) remains almost the
same in a 2HDM and 2HDMEFT. It changes only by
<10% due to a small nonzero value of Br(A — Zh) in
BP1 of 2HDMEFT. As opposed to 2HDMEFT, for
cos(f—a) =0, A — Zh is absent in the 2HDM at the
tree level. So the constraints on m, from H — ZA can be
relaxed at most by ~19 GeV for types I and IV for C4
around mpy ~ 795 GeV, a region which is already disfa-
vored from the criteria of stability and unitarity. It can be
seen that a significant area is ruled out from H - WW for
my <350 GeV and mpy —my S90 GeV if the 6-dim
operators are included. H — WW is otherwise absent in
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FIG. 3. The effect of the p*D? type of operators for mass spectrum C3. The gray regions with the dashed and solid boundaries
are ruled out from gg — H — ZA(bb) [50] in a 2HDM and BP1 of 2HDMEFT, respectively. The brown regions with the dashed and
solid boundaries are ruled out from gg — H — 77 [51] in a 2HDM and BP1 of 2HDMEFT, respectively. The green region is disfavored
from the nonobservation of gg — H — ZZ [48] in BP1 of 2HDMEFT, which is absent in the 2HDM at the tree level for cos(ff — a) = 0.

The rest of the color coding is the same as in Fig. 1.

the alignment limit irrespective of the mass spectrum of
the new scalars. H — tf becomes dominant if my 2
2m, ~350 GeV. For my <350 GeV, Br(H — ZA)
becomes substantial if my — m, 2 90 GeV. Thus, the area
disfavored by H — WW is confined to a small strip close
to the my ~ my line as shown in Fig. 4. A similar effect can
be seen in Fig. 3 for the case C3. The appearance of such
an exclusion region originates from the fact that, in the
presence of the 6-dim terms, the coupling multiplier kyy
does not vanish at cos(f—a) =0 as opposed to the

tree-level 2HDM. The region ruled out from H — 77
overlaps with that for H - WW in 2HDMEFT in most
of the cases. However, for type-I and -III 2HDMs, the
constraint from H — 77 appears to be relaxed compared to
the two other types. It can also be seen that the region
excluded from H — ZA is smaller for C3 compared to C4
even in a 2HDM at tree level. This occurs because the
decay channel H — W*HT becomes kinematically viable
for C3 and Br(H — W*H¥) ~ Br(H — ZA). This leads to
a smaller cross section in the channel g9 - H — ZA and,
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FIG. 4. The effect of the ¢*D? type of operators for mass spectrum C4. Color coding is the same as in Fig. 3.

hence, a relaxed constraint on m, for C3 compared to the
case C4 even in a tree-level 2HDM.

Till now, we have discussed the changes in the excluded
region on the m, —my plane at a low value of tanp.
At large tanp, i.e., tanf 2 10, exotic decays such as
H — ZA,A — ZH become negligible even in the hierar-
chical scenarios, and gg/bb — H/A — 77 leads to the only
relevant constraint. This can be read off Eq. (2.7). In such
cases, for cos(ff — a) = 0, the constraints on my or m, are
altered at the most by ~5 GeV.

In Fig. 5(a), we have depicted the constraints on the
cos(ff —a) —my plane due to the nonobservation of H
and A in the degenerate mass scenario for a type-I1 2HDM.
As mentioned earlier, the exotic decay channels like

H(A) - A(H)Z, etc., are absent in such a case. It can
be seen from Eq. (2.7) that couplings like HVV, AZh,
etc., vanish at the exact alignment limit in a 2HDM at the
tree level [23]. Thus, the nonobservation of H — ZZ or
A — Zh cannot rule out cos(ff — a) = 0 irrespective of the
value of m,. This also implies that the discovery of a new
scalar in the V'V or Zh final states would rule out the exact
alignment limit in the framework of a CP-conserving
2HDM. Though it is not the case if the 6-dim terms are
also present, as those can lead to a nonvanishing contri-
bution to such decay channels. It can be seen from Fig. 5(a)
that, in a 2HDM augmented with the ¢*D? kind of
operators, the bounds from H — ZZ, A — 77, Zh modify
in comparison to a 2HDM at the tree level. H — ZZ can
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The effect of the ¢*D? type of operators for C5 in a type-Il 2HDM. (a) The blue regions with the dashed and solid boundaries

are ruled out from H — ZZ [48], the pink regions with the dashed and solid boundaries are ruled out from A — 77 [51], and the purple
regions with the dashed and solid boundaries are ruled out from A — Zh [50] in a 2HDM and BP1 of 2HDMEFT, respectively. (b) The
solid blue (red) line represents ¢ x Br for g9 - H — ZZ [48] (99 —» A — Zh [50]) at the alignment limit in the presence of the 6-dim
operators mentioned in BP1. The experimental upper limits to the ¢ x Br corresponding to the two processes are also shown as dotted

lines in the same color.

become nonvanishing, ruling out a range of values of
my even at cos(ff —a) = 0. There is an overall leftward
shift in the region ruled out by A — 77 which can be
followed from Eqgs. (2.7) and (4.2). For example, the values
my ~210-355 GeV and my ~300-340 GeV can be
excluded from H — ZZ and A — Zh, respectively, at
95% C.L. even in the alignment limit. In Fig. 5(b), we
have shown the cross section of H and A via the gluon
fusion times the branching ratios in the channels ZZ and
Zh at the alignment limit in the presence of the higher-
dimensional operators. The value of ¢ x Br for H —» ZZ
reaches ~0.30 pb in the range mpy = 200-344 GeV.
For A — Zh it can reach up to 1.5 pb in the range
my ~ 280-330 GeV. For a 2HDM at the tree level, such
processes would not at all exist in the alignment limit.

It is to be noted that, according to Eq. (2.7), for a
particular value of |cos(f—a)| and tanp > 1, the hbb
coupling multiplier is more pronounced in the negative
direction of cos(f — a), compared to the positive direction.
This effect also propagates in the gluon-fusion cross
section of H. Thus, the area on the cos(ff — a) — my plane
ruled out by g9 - H — ZZ is larger on the negative
cos(ff — ) direction. The relevant branching ratios of
the heavy scalars have been presented in Appendix B.

In Fig. 6, we have shown the change in the excluded region
from various searches of the new scalars on the my — tan f§
plane. Here, cos(ff —a) =0.1 and my = mpy= = my +
100 GeV. So, this is essentially a hierarchical mass scenario

cos(B - a) = 0.1
mAzmH+=mH + 100 GeV

tan B

500

my(GeV)

FIG. 6. The effect of the ¢*D? type of operators on the my —
tan f# plane in a type-Il 2HDM. The regions are excluded from
g9 - H — ZZ (gray) [48], gg > A — ZH (purple) [50], gg —
A — Zh (red) [50], gg = A — 77 (green) [51], bb — A — 1T
(brown) [51], and bb — H — 77 (blue) [51,52]. In the case of
2HDMEFT (dashed lines), the bounds from A — ZH and
H — ZZ are different compared to a 2HDM at tree level (solid
lines).
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FIG.7. The effect of 6-dim terms in a type-Il 2HDM on (a) 6(H*t)Br(H* — hW=*) for case C1, (b) 6(H*t)Br(H* - hW=*) for case
C4, () 6(H*1)Br(H* — HW?) for case C1, and (d) o(H*#)Br(H* — tb) for case C1. The solid and dotted lines correspond to the
same values of ¢ x Br in a 2HDM at tree level and in BP1 of 2HDMEFT, respectively. The density plots depict the values of the
corresponding ¢ x Br in the log scale at the LHC with /s = 14 TeV.

where the exotic decay channel A — ZH plays a significant
role at lower values of tan 8. For a type-Il 2HDM, both hbb
and htT couplings grow with increasing tan . Thus, in
Fig. 6, higher values of tan # are mostly ruled out from the
measurements of bb — H — 7. On introduction of the
6-dim terms, the region excluded from H — ZZ increases,
whereas that from A — ZH shrinks. For instance, in
2HDMEFT the values mpy ~ 464—686 GeV can be ruled
out for tan # < 1.5. Moreover, the excluded region becomes
larger in the direction of tan f for my ~ 254-464 GeV.

So far, we have considered the phenomenology of
only the neutral scalars. Now we comment on a few effects
of the 6-dim terms in 2HDMEFT on the decay modes of
the charged scalars. We calculate the production cross
section of the charged scalar following Ref. [77] as was
recommended in Ref. [78]. For my= > m;, the key pro-
duction channel of H* is through the process pp — H*t.
The H*tb coupling multiplier depends on the value of tan /3
and the top and bottom quark masses. Following the tan 3
dependence of 6(H*t), we rescale o(H*t) at tan 8 = 30
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with the appropriate numerical factor to obtain the cross
sections at tan # = 1.5 based on Figs. 3 and 10 of Ref. [77].
The traditional search channels of a charged Higgs boson
consider the decays H" — 7v,, th [79-81], etc. Pertaining
to different mass spectra of the 2HDM, the cascade decay
channels with other Higgses as intermediate states can be
interesting; the bounds on charged Higgs mass can be
relaxed significantly [58,82]. In Fig. 7, we have shown the
contours of ¢(H*1)Br(H* — hW*) in BP1 of 2HDMEFT
for the 2HDM mass spectrum corresponding to cases C1
and C4 as discussed earlier. Br(H* — HW®) can change
for the mass spectrum C1 and can be followed from
Fig. 7(c). The decay channels consisting of SM fermions,
such as Ht — b, Tv,, C§, etc., become quite important at
higher values of tan /3. In Fig. 7(d), we have shown the change
in 6 x Br with the decay channel H™ — tb, though the value
of o xBr in this channel is around one order smaller
compared to the current LHC bound on such a process.

The coupling multiplier &p=,,  (m,tan pP; + my,
cotfPg), and thus it reaches its minimum around
tan # ~ 6-8. Thus, the production cross section of H*
associated with a top quark becomes quite small for such
values of tan . So we work only in scenarios when tanf~ 1
and tanf ~ O(10). We have not considered the case of
my+ < m, when the key production mode of the charged
scalar is pp — tf with one of the tops in the final state
decaying through t — bW and another one via 7 — bH™.
For these values of my-, bosonic decay channels of H*,
such as H* — hW*, HW®, are kinematically forbidden,
unless one considers my < m;,, which is not the case for us.

As mentioned earlier, the coupling H*hW¥ vanishes
at the alignment limit in a 2HDM. But in the presence of
the 6-dim terms with the Wilson coefficients as in BP1 of
2HDMEFT, the channel H* — hW= can become significant
following Eqs. (4.2). For the mass spectrum in case C3,
the cross section in the channel 6(H*1)Br(H* — hW*) can
go up to ~25 fb for my: ~250 GeV at the LHC with
\/s = 14 TeV. The dependence of the cross section in this
channel on m ;- for all four hierarchical mass spectra can be
followed from Appendix C.

The couplings of h(125) will be even more precisely
measured in future experiments. For instance, the coupling
multipliers kj,, and k;yw are to be measured with an
accuracy of ~5%—7% and ~4%—6%, respectively, at the
HL-LHC with luminosity ~3 ab~! [83]. It can push a
2HDM, especially the ones with type-1I, -III, and -IV
Yukawa couplings, further close to cos(f—a) =0.
However, the contributions of dim-6 terms to the signal
strengths of /4(125) do not decrease with the same scale.
As was also discussed in Ref. [32], even at the exact limit
cos(ff — a) = 0, the effects of the dim-6 terms in masking
the true alignment limit can be rather significant. Thus,
even at the limit when the couplings of 4(125) are exactly
at par with the SM expectations, the heavier scalars are

not decoupled from the rest of the particle spectrum.
This remarkable feature can also be interpreted as the
violation of the sum rules involving the couplings of the
CP-even Higgses ina 2HDM extended with dim-6 operators.
In this paper, we have demonstrated several cases where
the cross sections of certain decay channels of the heavier
scalars are significant in the presence of 6-dim terms at
cos(ff —a) = 0. This leads to an interesting possibility of
detecting the heavier scalars in these channels at the
HL-LHC, even if h(125) exactly resembles the SM Higgs.

VI. SUMMARY AND DISCUSSIONS

In the context of the searches for new scalars at the
LHC, it is an interesting possibility that the exotic scalars
in a 2HDM exist below the TeV scale, pertaining to the
so-called alignment-without-decoupling scenario. A study
in 2HDMEFT becomes relevant in this case. Such an
approach is appealing, because it allows us to study the
constraints in the 2HDM parameter space while remaining
agnostic about any new physics beyond the 2HDM. In this
paper, we have confined our discussion to the bosonic
operators of 2HDMEFT. The changes in the constraints on
the masses of the exotic scalars of a 2HDM are studied in
the presence of 6-dim operators of type ¢*D?, because the
other bosonic operators are quite constrained from electro-
weak precision tests.

We consider both degenerate and hierarchical mass
spectra of the new scalars in this purpose and show the
changes in the constraints for all four Yukawa types. The
theoretical constraints, such as stability, perturbativity,
and unitarity, as well as the measurement of the oblique
parameters, restrict the mass differences of such scalars.
In light of that, one can narrow down four types of the mass
spectrum in the hierarchical case. We notice that in a couple
of such cases, dubbed as C1 and C2 in the text, the
constraints on the my —my plane can be significantly
relaxed in the presence of certain 6-dim operators of type
¢*D?. For example, in case C2 with cos(f—a) =0,
tanf = 1.5, and type-I Yukawa coupling, the upper limit
on my reduces to ~196 GeV in BP1 of 2HDMEFT from
~300 GeV, which is the case for a 2HDM at tree level.
Such changes are always more pronounced for type-I
and -IV 2HDMs compared to types II and III.

Atcos(ff —a) = 0, processes suchas H - ZZ, A — Zh,
etc., vanish for a 2HDM at the tree level, which is not the
case if dim-6 operators are present. A nonzero value for
Br(H — WW) reduces the value of Br(H — bb), which
brings down the cross section for the process pp - A —
ZH (bb), thus relaxing the constraint on m,;. Such changes
are not significant at higher values of tan 8 irrespective of
the mass spectrum under consideration. This happens
because the SM fermionic decay modes of the heavier
scalars dominate for higher values of tan $ and the appear-
ance of new bosonic decay channels cannot change the
key decay channels involving SM fermions significantly.
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For the degenerate case, we notice that, for our chosen
benchmark scenario, the region excluded from the non-
observation of H and A becomes larger in 2HDMEFT
compared to a 2HDM at the tree level. It is also seen that,
as was discussed above, a certain mass range for my (=my ) is
ruled out even for cos(f—a) =0 from processes like
H —- WW, A — Zh, which usually vanish in a 2HDM at
tree level. We have also shown in Fig. 7 the change in ¢ x Br
for various decay channels of the charged scalar in
2HDMEFT compared to a 2HDM at the tree level at the
LHC with /s = 14 TeV.

The key reason for the change in the constraints on
2HDM parameter space upon including dim-6 operators
of type ¢*D? lies in the redefinition of the CP-even
Higgs fields, i, and H. This way the coupling multipliers
involving the CP-even scalars are rescaled compared to
the 2HDM at the tree level and lead to a change in the
branching ratios of all the processes which involve & and H.
It leads to the departure of the “true” alignment limit from
its tree-level 2HDM counterpart, i.e., cos(f —a) = 0. As
the projected accuracy of the (125) coupling measurement
at a future version of the LHC, such as the HL-LHC, is at
the level <5%—6%, 2HDMs might get further pushed to the
alignment limit. Thus, in the presence of dim-6 operators,
even if the couplings of 4(125) turn out to be completely
aligned with the SM Higgs, the heavier scalars in a 2HDM
with masses <TeV still do not decouple from the SM
sector; i.e., their discovery might still be viable. As
mentioned earlier, some cascade-type decay channels of
the heavier scalars vanish at the alignment limit in the tree-
level 2HDM. It implies that the discovery of a new scalar
in such a channel would perhaps rule out the alignment
limit in a CP-conserving 2HDM. But if dim-6 operators are
|

present, even if a new scalar is discovered in such channels,
it will no longer rule out the alignment limit.

In the case of the discovery of the new Higgs(es), the
verification of the sum rules involving their coupling
multipliers can provide useful information about the nature
of the extended Higgs sector. In 2HDMEFT, the redefini-
tion of the CP-even Higgs fields due to ¢*D? operators
also implies that the sum rules involving these scalars are
modified in a certain way. We have discussed how the
measurement of sum rules can help distinguish between
various options beyond a CP-even 2HDM.

If new scalars are discovered at the LHC in the near
future, the correlation of their signal strengths in different
channels will be important to determine the exact nature
of the underlying scalar sector. In this context, 2HDMEFT
can be an efficient framework in quantifying the departure
from the tree-level 2HDM in various channels, providing
an opportunity to narrow down the possible UV-complete
scenarios.
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APPENDIX A: FIELD REDEFINITION

The redefinition of the physical CP-even neutral scalars
in 2HDMEFT compared to a 2HDM at the tree level is
given by Eq. (4.2) along with

2
v 1 1
X, = f_'2 (CHIC%S(% + CHZC%S% + _CHIHZSZQSZﬂ + CHI12 <C§C§ + S%Sé - ZS2QS2ﬂ>

8

1 1
+ CHIH12C4Sa (Sasﬁ - Ecacﬂ> + CH2H12CaSp (Cacﬁ - 55a5ﬁ> ) .

2

v 202 4 22+l + 22+22_1
X2 CH1CHCq T Ca2SaSy CHIH252a525 T CH12 | SaCp T CaSy $2a52p

o
=7 g
1

4

1
+ CH1H12C5Ca <Cas/3 ~3 Sac[)’) + CHIH125aSp <S(zc/} ~3 CaS/5> ) )

2

v (1 , 1 , 1 1 1
y:]Tz ECH1s2acﬁ_ECH2S2aSﬁ_chlHZCZaSZ/}_ECHU Czp’Sza‘Ficzasz/i

2y 1 2
+ ZCHIHIZ(SZaSZﬂ = C2aCf) — ZCHZHIZ(SZaSZH + €25p) |-

(A1)
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APPENDIX B: BRANCHING RATIOS IN
2HDM VS 2HDMEFT

The key branching ratios of H and A have been shown in
Figs. 8 and 9 with type-I and -II Yukawas for mass spectra
C1 and C2. When myy) 2 2m,, the channel A(H) — 7
becomes viable in all the cases. While showing the
branching ratios for A we assume my=my+=130GeV,
and while showing the same for H we take m, = mpy+
100 GeV. For both these cases, we take cos(ff —a) =0
and tanf = 1.5. Br(A — r7) attains values up to ~0.4
and ~0.19 for cases C1 and C2, respectively. In C2,
Br(A - H*WT) 2 0.8 for both type-I and -II 2HDMs,

Type -1, Case C1, my=130 GeV |

=
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08
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06 ZH

BR(A)

04rF

02f

00
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08
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BR(A)
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00

200 300 400 500 600 700 800
mp (GeV)

()

FIG. 8.

whereas this process is absent for the case C1. This leads to
much lower values of Br(A — ZH) in C2 compared to C1,
which can be seen from Figs. 8(a) and 8(b). Hence, the
nonobservation of A — ZH rules out a larger region of
parameter space in the case C1 compared to C2 even in a
tree-level 2HDM, which can be seen from Figs. 1 and 2.
From Figs. 8(a) and 8(c), it can be seen that Br(A — 77)
is larger for a type-II 2HDM compared to type I. Thus,
the nonobservation of A — 77 rules out a larger region
for a type-Il 2HDM, as can be seen from, for example,
Figs. 1(a) and 1(b). Figure 9(a) shows that Br(H — WW)
can attain values up to ~0.5 for a type-I1 2HDM for case C1
at cos(ff — a) = 0 in the presence of a 6-dim term, whereas

1.0

Type -1, Case C2, my=m,+=130 GeV

200 300 400 500 600 700 800
my (GeV)

(b)

Type -1I, Case C2, my=m,+=130 GeV

200 300 400 500 600 700 800
ma (GeV)

(d)

The branching ratios of A in various channels for the hierarchical cases for cos(f — @) = 0 and tan # = 1.5. Dashed and solid

lines represent the case of a 2HDM at tree level and BP1 of 2HDMEFT, respectively.
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solid lines represent the case of a 2HDM at tree level and BP1 of 2HDMEFT, respectively.
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FIG. 10. The branching ratios of H and A in various channels which constrain the parameter space on the cos(ff — a) — m, plane in the
degenerate case CS5 for a type-Il 2HDM. In all three figures, the solid and dashed lines represent the corresponding branching ratios in a

2HDM at the tree level and BP1 of 2HDMEFT, respectively.

it is vanishing in a tree-level 2HDM. In contrary, as can be
seen from Fig. 9(b), the corresponding value for a type-II
2HDM can only go up to ~0.3. The branching ratios of H
for case C2 are exactly the same as in the case C1. Such
nonzero branching ratios of H — WW lead to a low
value of Br(H — bb) and eventually a lower value of
A — ZH(bb) compared to a 2HDM at the tree level, which
explains the relaxed constraints on my as illustrated in
Figs. 1 and 2 on the m, — my plane. Such branching ratios
in type-lII and -IV 2HDMs can also be followed from
Figs. 8 and 9 along with Eq. (2.7), exploiting the patterns
of couplings across Yukawa types. It can be seen that the
constraints for a type-I Yukawa resemble that for type 1V,

whereas the constraints on a type-Il 2HDM are similar to
that in the type-IIl case. The branching ratios for H —
ZZ,77 and A — Zh in the degenerate benchmark scenario
CS has been shown in Fig. 10.

APPENDIX C: H* — hW* CROSS SECTION
AT cos (f—a)=0

The cross sections in the channel pp — H* — hW*
for different hierarchical mass spectra and type-II
Yukawa couplings have been presented in Fig. 11. For
cos(ff —a) = 0, in a 2HDM at the tree level, such a process
is absent. But in the presence of the 6-dim operators, the
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2HDM.

cross section for this process can go up to ~25 fb depend-
ing on the mass spectrum of heavy scalars in the 2HDM. It
can be noticed that the cross section in this channel attains
significantly higher values for the cases C1, C2, and C3

‘Case Cé

1+ cos(B-a)=0, tanB =15 -
) my =200 GeV
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=
< 05¢
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o(H*t)Br(H* — hW*) in the alignment limit, in the presence of the 6-dim terms at the LHC with /5 = 14 TeV in a type-II

compared to C4. For C4, the channel H* — AW= becomes
kinematically accessible, thus lowering the value of
Br(H* — hW¥), leading to a lesser cross section com-
pared to the other cases.
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