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We show that there exists a theoretically well-motivated Higgs sector in which the conventional heavy-
Higgs production mechanisms are suppressed. In this limit, the b-associated production channel assumes
the role of the primary production mechanism. We demonstrate that the democratic three Higgs-doublet
model (3HDM) provides a viable beyond the SM framework in which this limit can be realized. We further
show that existing b-associated searches provide the most sensitive LHC probe of this 3HDM scenario in
the up-phobic limit and derive the corresponding constraints on its parameter space. We also present
projections for future collider searches, demonstrating their potential to probe further regions of the model’s

up-phobic parameter space.
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I. INTRODUCTION

Extensions of the Standard Model (SM) Higgs sector are
one of the most actively explored directions in physics beyond
the Standard Model which allude to the intriguing possibility
that the 125 GeV scalar found at the LHC might only be the
first one in a series of many others to follow. Among the
simplest and most extensively studied possibilities are models
containing multiple Higgs doublets for they keep the tree-level
value of the electroweak p-parameter unaltered. While two
Higgs-doublet models (2HDMs) [1,2] have been investigated
in considerable detail, models with three Higgs-doublets offer
a significantly richer phenomenology which are yet to be
explored. In particular, the democratic [3-5] or Type-Z three
Higgs-doublet model (3HDM) [6] possesses a unique Yukawa
structure in which each fermion sector receives its mass
exclusively from one Higgs doublet. Specifically, one scalar
doublet couples only to up-type quarks, another couples only
to down-type quarks, while the third couples exclusively to
charged leptons.1 Such a flavor assignment naturally avoids

“Contact author: d.das@iiti.ac.in

Contact author: ph24d009 @ smail.iitm.ac.in

*Contact author: ipsita@iitm.ac.in

"This differs from the class of models known as the “Private
Higgs” models [7,8], in which each individual massive fermion
obtains its mass from a distinct Higgs doublet, resulting in a total
of nine Higgs doublets for nine fermions.
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tree-level scalar mediated flavor-changing neutral currents
through the principle of natural flavor conservation (NFC) [9].

An intriguing consequence of this Yukawa structure is the
existence of special regions of parameter space where one
family of fermionic Yukawa couplings to a nonstandard
neutral scalar can vanish identically. Depending on the
values of the scalar mixing angles, one may realize an up-
phobic limit, where the nonstandard neutral scalar has no
couplings to up-type quarks, including the top quark; a
down-phobic limit, where couplings to down-type quarks
disappear; or a leptophobic limit, where couplings to
charged leptons are absent. These limits are unique to the
democratic Yukawa structure and do not possess direct
analogs in simpler Higgs-sector extensions such as 2HDMs.
They therefore provide an interesting laboratory for study-
ing collider signatures that differ substantially from the
conventional expectations for extended Higgs sectors.

In this work, we concentrate on the up-phobic limit. The
absence of couplings to up-type quarks has particularly
important phenomenological consequences because it
strongly suppresses the dominant production mechanism
for neutral heavy Higgs bosons at hadron colliders, namely,
gluon fusion mediated by top-quark loops. Consequently,
the production rates and decay patterns of the nonstandard
scalar become qualitatively different from those usually
considered in heavy-Higgs searches. Since many existing
LHC analyses have been designed assuming substantial
gluon-fusion production, it becomes important to reassess
the sensitivity of present searches in scenarios where this
production channel is substantially diminished.

A further simplification, and one that is well motivated
by current Higgs measurements, is provided by the 3HDM
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alignment limit [4]. The observed properties of the
125 GeV Higgs boson indicate that its couplings to gauge
bosons and fermions are very close to their SM values,
suggesting that the scalar sector lies near this alignment
regime. In this limit, the lightest CP-even Higgs possesses
SM-like interactions, while the heavier CP-even neutral
scalars lose their tree-level couplings to electroweak gauge
boson pairs, namely, WW and ZZ. Consequently, when
the alignment limit is combined with the up-phobic
Yukawa configuration, the heavy CP-even scalar becomes
simultaneously decoupled from the top quark and from the
massive electroweak gauge bosons. This curbs not only
gluon-fusion production but also eliminates vector-boson-
fusion and Higgs-strahlung or vector-boson associated
production channels, thereby suppressing the production
mechanisms that ordinarily dominate neutral Higgs
searches at the LHC.

This immediately raises a natural phenomenological
question: through which processes can such a scalar still
be produced efficiently at the LHC? The answer lies in its
couplings to down-type quarks and charged leptons, which
remain unsuppressed in the up-phobic limit. In particular,
production in association with bottom quarks, followed by
the decay of the heavy neutral scalar into a pair of tau
leptons, emerges as one of the most promising discovery
channels. Unlike in more generic Higgs-sector extensions,
where b-associated production often complements gluon-
fusion searches, in the present scenario, it effectively
becomes the primary, and in an important region of
parameter space the exclusive, probe of the nonstandard
neutral scalar (S). This observation substantially enhances
the phenomenological significance of dedicated (bbS)
searches performed by the LHC experiments.

Motivated by this observation, we investigate the
capability of existing b-associated heavy-Higgs searches
to constrain the parameter space of the democratic 3HDM
in the up-phobic regime. After briefly reviewing the model,
we identify the conditions under which the up-phobic limit
is realized and discuss its interplay with the alignment limit.
We then reinterpret the current LHC searches for
(pp — bbS), followed by (S — z777) [10], to quantify
the resulting bounds on the mass and couplings of the
nonstandard neutral scalar.

II. MODEL IN BRIEF

The Type-Z or democratic Yukawa structure is charac-
terized by the scenario when each type of charged fermions
receives their masses from its own dedicated scalar doublet,
conveniently denoted as ¢,,, ¢4, and ¢, respectively.2 Such
an arrangement of Yukawa couplings is usually ensured by

’In earlier works on Type-Z or democratic 3HDM, ¢, ¢4
and ¢, were denoted as ¢s, ¢h,, and ¢y, respectively [4,6]. Our
current notational alteration is intentional as it directly indicates
the type of fermion that a particular doublet gives mass to.

imposing an extra Z3 or Z, x Z) symmetry in addition to
the SU(2), x U(1), gauge symmetry. For the version with
Z5 symmetry, the different fermion and scalar fields are
assumed to be transforming as [4]

e — 0y, £y - o’y (la)

ba = ¢g.  dy — ody, (1b)
where @ = ¢**/3, and d% and ¢! denote the right-handed
down-type quark and charged lepton, respectively. The
other fields, including the third scalar doublet ¢, do not
transform under the Z; symmetry. The superscript O
emphasizes that the fermionic fields are in the gauge basis,
which should be distinguished from the fields in the
physical mass basis. As an alternative, one may also choose
to impose a Z, x Z, symmetry acting as follows [11-15]:

under Z,: ¢p — —p, If’?g - —?f’Om (2a)

under Z: ¢g — —a, db — —db,. (2b)
As before, the other fields do not transform under the
Z, x Z), symmetry. Both the symmetries in Egs. (1) and (2)
will lead to the following Yukawa Lagrangian:

3
Ly =— Z[ (L).iY‘iijgbdd%,j + Qg,iY?ijuu%.j
ij=1

+ L) Yot} ] +He, (3)
where Q9 (LY) and u% denote the left-handed quark
(Iepton) doublets and right-handed up-type quarks, respec-
tively, and ¢, = io ¢} with o, being the second Pauli
matrix. Y*4? are corresponding Yukawa matrices. Note
that the phenomenological discussions presented in this
article depend primarily on the above Yukawa Lagrangian
and not on the exact detail of the symmetry from which it
follows. In fact, the difference between the Z; and Z, x Z),
versions of the Type-Z 3HDM will arise solely from the
scalar potential [14,15] which will not be very relevant for
our current phenomenological analysis.

Now, we will establish the notations for the physical
Higgs bosons which will emerge from the scalar sector. For
a detailed discussion of the scalar sector of a democratic
3HDM, we refer the reader to Appendix, where we present
the detailed analysis of a 3HDM scalar potential with a
softly broken Z, x Z/, symmetry. Here, we will be brief and
discuss only those parts relevant for understanding the
Yukawa couplings introduced later, in a self-contained
manner.

After the electroweak symmetry breaking, the scalar
doublets are decomposed in terms of their component
fields as
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(4

~—

4y = 1 V2w}
/ \/i vf+hf+izf ’

where f =u,d,?¢ and v ¢ denotes the vacuum expectation
value (VEV) of the corresponding scalar doublet. The
VEVs are further parametrized as®

v, = vSsinfy; vg = vsinf; cos f,;

vp = v COS 3] COS By, (5)

where > = v2 + Uﬁ, + U%; denotes the square of the total

electroweak VEV. To obtain the physical scalars, it is
useful to define the following 3 x 3 orthogonal matrix,

cos /3, cos 3 cosfrsinf;  sinf,
Op = —sin f, cos 3, 0 . (6)
—cosfysinf, —sinfsinf, cosp,

The charged and the neutral Goldstone bosons, denoted by
G* and GY, respectively, are then obtained via the
following rotation:

G* 60;5 G° Zg
H’li = O/} a)jit s A/] = O/} Zd . (7)
HY Wy A, Zu

The physical charged scalars (H7,) and pseudoscalars
(A;,) are subsequently obtained through the following

rotations™:
<H?> _ <cosy2 —siny2)<H’li)
Hy siny,  cosy, H5 )
A cos —sin Al
()= o)) o
A, siny;  cosy A,
The physical CP-even scalars, on the other hand, are
directly obtained via a 3 x 3 rotation as’

3Throughout this paper, the subscripts in boldface denote the
type of fermions, whereas the subscripts in the normal font refer
to a particular fermion. For example, «,,, as introduced later, will
denote the common coupling modifier for all up-type quarks,
whereas k, denotes the same for the up quark alone.

We are implicitly assuming that all the parameters in the
scalar potentials are real so that the neutral scalars can be
categorized into CP-odd and CP-even sectors, respectively.

Note that our convention of a3 differs from that in Ref. [4] by
a minus sign.

h 1 0 0 cosa, 0 sina,
H, | =10 cosa; —sinmy 0 1 0
H, 0 sina; cosas —sina, 0 cosay
cosa; sina; 0 he
x | —sina; cosa; 0 hg |, 9)
0 0 1 hy

where i will be identified with the Higgs boson found at the
LHC with mass m;, = 125 GeV. For later use, it is useful to
first define the CP-even states in the Higgs basis as

Hgy he
H, | =0, ha |. (10)
H) hy,

where Hgy is the state that possesses SM-like couplings at
the tree level. Following Ref. [4] the 3HDM alignment limit
is defined by the relations,

ap=p; and, a =p,. (11)
In the alignment limit, Hg); will coincide with the physical
eigenstate /2 and the remaining CP-even states H,, will be

related to H , as follows:
H, cosa; —sinaz H'
= Y. 2
H, sinay  cosaz H,

Now that we have established our notation for the
nonstandard scalars, we can now proceed to write the
Yukawa couplings for these scalars. It is convenient to write
them first in terms of H' , and the A}, in the neutral scalar
sector as follows:

1
—;CH - ;[
+ aDdd(HSM + fldH'l + fzdﬂlz)

uD,u(Hgy + &1, HY + &y, HY)

+ €Dt (Hsy + E1oH) + EpHY)|. (13a)
i
L4 = ” [—aD,ysu(&,AL + &,A5)
+dDgysd(£14A} + ExqAb)
+ EDpysC(E10A] + ExpA))). (13b)

Here, u, d, and € denote the physical up-type, down-type
quarks, and charged leptons, respectively. The diagonal
mass matrices D, 4, are, therefore, given by

D, = diag{m,, m., m,}, D, = diag{my, mg;, m,},
Dy = diag{m,,m,,m,}. (14)

The dimensionless coupling modifiers, denoted by & in
Eqgs. (13), are given as
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1
élu =0; §2u = M’ (1521)
1 2
Elg = T; $g = —tanf,, (15b)
Elp = —tan m; & = —tanf,.  (15¢)

The Yukawa couplings of the neutral nonstandard physical
scalars H,, and A, can then be written as

1
~Lff = [aD,u(h + KIH + kP H,)
+dDyd(h + Kf‘Hl + Kszz)

+ €Dl (h+ K5 Hy + k02 H,)),  (16a)
L8 =L —aDysu(kl A, + xA,)

v

+ 3Ddy5d(K3'A1 + KQZAZ)

+EDyyst(Ky Ay + K7 Ay)). (16b)

The coupling modifiers for the physical nonstandard scalars
can be obtained in a straightforward manner using the
rotations in Eqgs. (12) and (8) as

H .
Kf‘ =&jpcosaz — &y sinas;
K;lz =&ipsinas + &y cosas, (17a)
A .
Kyt =&pcosy) — Eypsinyy;
Ay .
Ky = Eipsinyy + &y cosyy, (17b)

where f = u,d, €. It should be noted that we have assumed
the alignment limit to hold while writing Eq. (17a).

A. Up-phobic limit

Quite clearly, H; and A; will be up phobic, i.e., H; and
A, would not couple to the up-type quarks at all in the limit,

Similarly, the down-phobic and leptophobic limits of H;
and A, should be obtained as

1

H, (A,
Ky ( >:0 = tana3(tany1) :—m, (18b)
1
t.
K?I(Al) =0 = tanas(tany;) = S?Eﬁl . (18c¢)
2

As complementary conditions, we can also obtain the limits
in which H, and A, will be up phobic, down phobic, and
leptophobic as follows:

H(Ay)

T

Ky =0 = a3()/1) = 5, (193)

ng(AZ) =0 = tanas(tany;) = tanp sinp,, (19b)

K24 — 0 = tana (tany,) = — Sin 2 (19¢)
¢ 3 ! tanf;

These limits are summarized in tabular form in Table I.
In Fig. 1, we have displayed these limits of Egs. (18)
and (19) explicitly with a benchmark choice of
tanf; = 10 and tanp, =2. In Fig. 2, we show the
allowed values of tanf;, from the requirement that
the Yukawa couplings are perturbative in nature which
essentially restricts the 5}?2 s, as can be understood from
Egs. (16) and (17). Consequently, the gray shaded region
is excluded from the requirements [16]

‘5;2%' < Var, (f =u,d,?). (20)

Accordingly, we choose our benchmarks of tanp,
throughout this paper within this limit and mark the
disallowed region in other cases. It is important to high-
light that, in the NFC versions of the 2HDM, the coupling
modifiers defined in the same way as in Egs. (18) and (19)
can at most be suppressed. In contrast, in a Type-Z or
democratic 3HDM, such coupling modifiers can vanish
identically, rendering the corresponding neutral scalars to
be truly up phobic, down phobic, or leptophobic as the

KA — 0 = ay(y,) = 0. (182)  case may be.
TABLE 1. Conditions corresponding to the up-phobic, down-phobic, and leptophobic limits of the neutral
nonstandard Higgs bosons. Definitions of ks are given in Eq. (17).
Condition S=H,(A)) S = H,(A,)
ks = 0 (up phobic) a3(y1) =0 as(r1) =3
x5 = 0 (down phobic) tanas(tany,) = —m tan a3 (tany;) = tan f3; sin 3,
xy = 0 (leptophobic) tan a3 (tan y;) = 500 tan o (tan ) = — 302
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FIG. 1.

The up-phobic, down-phobic, and leptophobic limits of H;, for a benchmark point of tan; = 10 and tanf, = 2. The

corresponding limits for A, , will exhibit the same pattern with a; replaced by y,.

Log,o(tanB,)

—2L
-3

-1 0o 1 2 3
Log,o(tang,)

FIG. 2. The constraints on the tanf8; vs tan /3, plane from the
requirement that all Yukawa couplings in the alignment and
up-phobic limit are perturbative in nature. The gray shaded region
is excluded.

-2

For completeness, we also display the charged Higgs
Yukawa Lagrangian as

c_ V2

_EY — 7

+7(Dpé1pPr)¥]
V2
3
+17(Df§2fPR)f} + H.C.,

H/1+[l_l(VDd§ldPR - DuvéluPL)d

+—H5" [a(VDy2yPr — D, Véy P )d

(1)

where V is the Cabibbo—Kobayashi-Maskawa matrix. The
physical charged Higgs coupling can be obtained from this
by applying the rotation in Eq. (8).

III. CONSTRAINTS AND PHENOMENOLOGICAL
IMPLICATIONS

For the phenomenological analysis, we will work in the

“theoretically safe” limit [5,17],

my :mA]:mH]i:Ml; mHZZmAzzmHzi:Mz;

(22)

1

Y1 =72=0a3 =0,
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M; =250 GeV, M,=5000GeV, a=0

100 g T A1 . v 13 v
/ 7 b-sy
/ [ZZ] Perturbativity

10 E

N

AN

i/

| A

0.01
0.001 10 30

tanp;

Current constraints in the M| — M, plane (left) and tan #; — tan /3, plane (right) from the » — sy observable [25]. The blue

shaded region is excluded at 95% C.L. The red hatched region in the left panel denotes the excluded parameter space from the current
Higgs to diphoton signal strength, u,, at 26 [26]. The gray hatched region in the right panel is excluded from the requirement of

perturbativity of the Yukawa couplings.

where M, M,, and a have been defined in Eq. (A3) in the
Appendix. We will also assume the alignment limit defined
by Eq. (11) to hold so that the constraints from Higgs signal
strength measurements are also fulfilled. As we argue after
Eq. (A25) in the Appendix that the constraints arising from
unitarity and Boundedness-From-Below [6,18-21] are
automatically satisfied in this limit. From the results of
Ref. [14], we can conclude that the constraints from the
electroweak T-parameter will also be obeyed in this limit.
We will focus particularly in the up-phobic limit of H; and
Ay;ie., we set a = 0.

For the numerical analysis, we implemented the model in
FeynRules2.3 [22], and the corresponding Universal FeynRules
Output model files [23] have been generated for use with
MadGraph5-v3.6.3 [24]. Using this implementation, the produc-
tion cross sections and branching ratios of the scalar particles
have been computed and subsequently employed for the
evaluation of the current direct search limit.

Before turning to the LHC phenomenology, we first
discuss the constraints from flavor observables and the
Higgs diphoton signal strength, summarized in Fig. 3.
Following the procedure of Ref. [5], we derive the flavor
constraints and, in particular, display the current 95% C.L.
bound on M, arising from b — sy [25]. A notable feature
emerges in the up-phobic limit, @ = 0, where the flavor
constraints on M, are substantially weakened. In particular,
for our chosen benchmark of tan g, ,, the b — sy bound on
M, in the up-phobic limit becomes essentially independent
of M, as shown in the left panel of Fig. 3, where the shaded
blue region indicates the excluded parameter space.
Furthermore, for M, in the TeV range, no constraint applies
to the region with tan;, > 1 even for a light M, at the
electroweak scale, as shown in the right panel of Fig. 3,
where the blue shaded region again marks the disallowed

parameter space. In the right panel, the parameter region
excluded by the requirement of perturbativity of the Yukawa
couplings is indicated by the gray hatched area.

Moreover, the analysis of Ref. [5] shows that constraints
from neutral-meson mass differences, AM, do not signifi-
cantly restrict M, in the up-phobic regime, particularly for
tan, 2 1. The flavor observables therefore comfortably
accommodate a first tier of nonstandard scalars at the
electroweak scale, while the second tier remains at O(TeV)
masses.

We next turn to constraints from the loop-induced decay
h — yy, which receives additional contributions from the
charged Higgs bosons in the model. In the alignment limit
together with the limit of Eq. (22), the relevant hH{,H7,
couplings take a particularly simple form, independent of
tan 3 », as can be seen from Eq. (A26) in the Appendix. The
diphoton signal strength thus provides a complementary
constraint on the charged-scalar masses. In the left panel
of Fig. 3, the red hatched region is excluded at 26 by the latest
measurement, y,, = 1.031’8’83 [26]. This constraint is also
sufficiently mild that an electroweak-scale M remains viable.

Taken together, the flavor and Higgs signal-strength data
therefore permit a spectrum in which M, lies at the
electroweak scale while M, is of O(TeV), particularly in
the up-phobic limit of H;, A;. This provides a consistent
phenomenological basis for the benchmark scenarios con-
sidered in the remainder of this work. We consequently
focus on the LHC phenomenology of the Type-Z (demo-
cratic) 3HDM in this limit, where the unconventional
collider phenomenologies associated with the electro-
weak-scale first tier of nonstandard scalars can be inves-
tigated through direct searches at the LHC.

To assess the relevance of b-associated production of the
neutral scalars in the up-phobic limit, we first evaluate the
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FIG. 4. Branching ratios of H; (BRs of A, are similar in nature) and Hy for varying tan 8, tan 8, and the common mass M, in the
up-phobic limit. The inset in the lower right panel shows a enlarged view of the Hi — 7v branching ratio. The corresponding feature is
not visible in the main plot due to its small variation. A similar feature is also observed in the H; — uv mode.

branching ratios (BRs) of the neutral scalar H, (and A;) and
the charged scalar Hi, as shown in Fig. 4. In the three
panels, we study the dependence of the branching ratios on
tan 31, tan f3,, and the common mass M, respectively, while
keeping the remaining parameters fixed. The values of the
other parameters which are kept fixed at some benchmark
values are indicated in the corresponding figure legends. We
further assume M; <« M, and fix M, ~5 TeV, such that
the second tier of heavy nonstandard Higgses does not affect
the phenomenology at the O(1 TeV) scale.

For fixed tan f3;, the relative BRs of H; (A;) exhibit no
dependence on tanf,, owing to the structure of the
fermionic couplings in the up-phobic limit, given in
Eq. (15). Note that both the down-type quark and
charged-lepton Yukawa couplings of H; (A;) has same
tan 5, dependence which makes the relative BRs effectively
independent of tan f3,. Moreover, for the neutral scalars, the
absence of the top-quark decay mode in the up-phobic limit
renders their BRs largely insensitive to M; as well. It is
worth noting that, in the alignment limit, decay modes such
as A| —» Zh, Hf > W*h and H; - hh are absent.

Quite remarkably, in a very wide region of the 3HDM
parameter space, we obtain the decay hierarchy,

BR(H,,A; —» t+77) > BR(H,A, - bb)

> BR(H,A, - 1i). (23)

We wish to elaborate further on this point. Consider first
a neutral Higgs boson with flavor-universal Yukawa

couplings (modulo the fermion mass) as in the SM,

my -
E’{{uk:—jfffh, (f=u,d?). (24

Since m, > m,;, > m,, one naturally expects
BR(h — 1) > BR(h — bb) > BR(h — tt77)  (25)

when all three channels are kinematically open. A signifi-
cant departure from this “mass-driven” relative hierarchy
therefore points to a Higgs boson whose couplings can
distinguish among the different fermion sectors.

Such a distinction is limited in a NFC based 2HDM
variant. For example, consider the Type-II 2HDM where
the up-type quarks couple to one Higgs-doublet (usually
labeled as ¢, ), while down-type quarks and charged leptons
both couple to the other (usually denoted by ¢,). Notably,
the down-type quarks and charged leptons are still treated
on the same footing. Consequently,

BR(S? — bb) > BR(S? - 7777) (26)
is still maintained, and thus the hierarchy in Eq. (25) cannot
be completely reversed [27,28]. This follows from the fact
that two scalar doublets can distinguish at most two of the
three massive fermion sectors. In contrast, the democratic
3HDM assigns separate scalar doublets to up-type quarks,
down-type quarks, and charged leptons. Accordingly, in a
sizable region of parameter space in Fig. 4, we find the
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hierarchy as in Eq. (23) representing a complete reversal of
Eq. (25). Observation of such a hierarchy would therefore
provide a characteristic signature distinguishing the dem-
ocratic 3HDM from its 2HDM counterparts.

The generality of this hierarchy within the democratic
3HDM framework can be understood from the correspond-
ing Yukawa couplings. Note that, for Eq. (23) to hold, one
would only require the H;7"z~ Yukawa coupling to over-
shoot the H,bb Yukawa coupling which in turn needs to be
much larger than the H,;#f Yukawa coupling. This, in
essence, would require [from Eq. (16)]

H H
Ku](a3’ﬂ]7ﬁ2)mt < Kd](a?yvﬂlvﬂz)mh

< KI;I (a3vﬁlvﬁ2)m‘r’ (27)
so that the hierarchy is controlled only by a3, tanf;, and
tan #,. Once these are specified, the additional assump-
tions, such as Eq. (22), do not affect the relative hierarchy
of the H; Yukawa couplings or the hierarchies among its
fermionic branching fractions. Since a5 is fixed by the up-
phobic limit, the hierarchy is ultimately controlled by tan 3,
and tan f3,.

As evident from Fig 4, for tan ; > 2, the neutral scalars
predominantly decay into 7, whereas for tan 8, < 2, the
bb mode becomes dominant, making b-associated produc-
tion followed by 77z~ decay the most promising search
channel. In the lower panel of Fig. 4, we show the BRs of
the charged scalar Hi. As we can see, for fixed tan 8, = 2,
the dominant decay mode of H{ is t"v for large values of
tanf, > 1, while the tb mode dominates at small
tan #; < 2. Therefore, we also considered the current con-
straints from charged-scalar searches in the tb production
channel with subsequent decays H{ — t*v and H| — tb
for completeness. We discuss our findings in the following
paragraphs.
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FIG. 5.

In Fig. 5, we display the cross section for the b-associated
production of the neutral scalars, pp — bbH,/A, at the
LHC with a centre-of-mass energy of 13 TeV in the up-
phobic limit. In the left panel, we present the total production
cross section for different combinations of tan £, and tan j,.
In the right panel, we show the current ATLAS limits on the
effective cross section at /s = 13 TeV with an integrated
luminosity of 139 fb~! where the neutral scalar decays to
777~ mode. The different curves represent the corresponding
model predictions for different sets of tanf; and tanjf,
values.

Finally, to characterize the currently allowed parameter
space of the democratic 3HDM in terms of the three
relevant parameters, tan 3, , and M, we present the current
LHC constraints in Fig. 6. The left panel shows the
exclusion limit in the M;—tan 3, plane for a benchmark
value of tanf; = 10. The current ATLAS search in the
(pp — bbH /A, H;/A, — t777) channel already places
meaningful constraints on the up-phobic parameter space,
excluding a substantial region at large tan f3,. The sensi-
tivity is particularly pronounced for relatively light M|,
excluding tan 8, > 8 for M| ~ 200 GeV. To further illus-
trate the dependence of the search sensitivity on the two
tan /3, , parameters, the right panel presents the correspond-
ing constraint in the tan f;—tan 5, plane, fixing the light
scalar mass at M; = 250 GeV. In this case, large tan 3, are
disfavored when tanf; is small, while relatively bigger
tan 3, values become allowed when tan $; 2 10. The black
hatched region in both the figures are disfavored from the
requirement of perturbativity of Yukawa couplings.

For completeness, we also overlay in Fig. 6 the con-
straints from the ATLAS search for charged scalars in the
(pp — tbH{,H] — 77v) channel [30]. The correspond-
ing excluded region, shown in black shade, is considerably
smaller than that obtained from the neutral-scalar search.
This comparison highlights the comparatively stronger
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T T T

T T
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Left: the total production cross section pp — bbH,/A;, for different benchmark values of tan 8, and tan j3, in the up-phobic

limit. Right: the effective cross section for (pp — bbH, /A, H /A, — t777) is shown for several benchmark values of tan 3, and
tan , in the up-phobic limit. The gray shaded region indicates the current ATLAS limit on the effective cross-section at 13 TeV and

139 fb~! integrated luminosity [10].
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FIG. 6. The combined constraints in the M —tan /3, plane (left) and in tan ;- tan /3, plane (right) in the up-phobic limit are shown. The
shaded black and blue regions denote the excluded parameter space from current ATLAS searches for charged Higgs production,
(pp — thH| ,H| — t*v), and neutral Higgs production, (pp — bbH /A, H,/A; — t+77), respectively. The red shaded region
represents the projected constraint from b-associated neutral Higgs searches in the 777~ channel at the future HL-LHC [29]. The black
hatched region in both the figures are excluded from Yukawa perturbativity.

sensitivity of the b-associated neutral-scalar production
channel to the parameter space corresponding to the up-
phobic scenario. We have also shown the existing bounds
from the latest CMS result on pp — bbH,/A,, H| /A, —
bb [31] searches as indicated by the cyan shaded region.
However, this search is primarily sensitive to the region
with small tan#; <1 and exclude a narrow region in the
parameter space. To accentuate the effect, we keep the
horizontal axis in the right panel in log scale. Additionally,
we checked that the existing bounds from the ATLAS
searches for pp — thH|, H — tb [32] has no effect in
the tan #; > 1 region and thus is not included in the plot.
Hence, b-associated neutral-scalar production followed by
decay to t77~ remains the strongest probe of the up-
phobic limit over most of the parameter space.

Furthermore, we show in Fig. 6 the projected sensitivity
of the HL-LHC in the pp — bbH,/A,, H,/A, = tt7~
channel [29]. The future projection suggests a considerable
improvement over the current ATLAS sensitivity. The
enhanced sensitivity is particularly important for testing
the low-mass region and for probing smaller values of
tan f, which are currently inaccessible.

IV. CONCLUSIONS

To summarize, we have investigated the up-phobic limit
of the democratic Yukawa structure in the 3HDM, focusing
on the phenomenology of the nonstandard neutral scalar
sector. The up-phobic limit corresponds to the vanishing of
the coupling of the nonstandard neutral scalar to up-type
quarks. We have derived this limit analytically and shown
that it can be realized in the democratic 3HDM through a
specific choice of the scalar mixing parameters. Such an
up-phobic realization is intrinsically associated with the
multidoublet Yukawa structure of the 3HDM and does not

arise as an independent limit in the NFC versions of
2HDM. Therefore, this limit can distinguish the democratic
3HDM setup from its NFC-based 2HDM counterparts.

Motivated by the theoretical constraints from unitarity and
BFB, for the LHC phenomenological analysis, we work in
the limit of Eq. (22). Furthermore, we set a = 0, to make the
up-phobic limit manifest. The remaining unknown param-
eters, namely, M, M,, tan f3;, and tan f3, are treated as free.

The simultaneous imposition of the alignment and the
up-phobic limits is found to have important consequences
for the production of the nonstandard neutral scalars. The
couplings of the one tier of nonstandard neutral scalars to
up-type quarks vanish in the up-phobic limit, while align-
ment suppresses their couplings to the massive gauge
bosons. As a result, the conventional production mecha-
nisms that are particularly important for searches for heavy
neutral scalars, such as gluon fusion and vector-boson
fusion, become strongly suppressed. In contrast, the cou-
pling to bottom quarks can remain sizable and can be
enhanced in the relevant region of parameter space.
Consequently, b-associated production, pp — bbH,/A,,
followed by H,/A; — 7"7~, becomes a particularly impor-
tant search channel for this scenario. Thus, a channel that is
generally regarded as complementary to the conventional
neutral-scalar searches acquires a much more prominent
role in the up-phobic limit of the democratic 3HDM.

We have also examined the impact of indirect con-
straints, including those arising from b — sy and 7 — yy.
These constraints do not provide a strong restriction to the
up-phobic parameter space and therefore do not exclude
the regions with relatively light nonstandard scalars that
remain relevant for direct searches. The direct LHC
searches in the bbH,/A, production channel with
H,/A; — v77t~, on the other hand, lead to significant
constraints. For a representative benchmark choice of
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tanf; = 10, we find that for M; ~200 GeV values of
tan 5, 2 8 are excluded by the current searches. We further
investigate the impact of the LHC searches for a low-mass
benchmark of M| = 250 GeV in the tan 3, vs tan 5, plane.
These results demonstrate that the current b-associated
7t7~ searches already exclude a substantial fraction of
the parameter space that would otherwise remain difficult to
probe because of the suppression of the conventional
production modes.

The phenomenological picture therefore differs substan-
tially from that of standard heavy-neutral-scalar searches.
The absence of sizable couplings to up-type quarks and
massive vector bosons does not render the nonstandard
scalars inaccessible; rather, it shifts the dominant collider
sensitivity toward production mechanisms involving bot-
tom quarks. The future prospects for this channel are
equally promising. Improved sensitivity to b-associated
nonstandard scalar production with 777z~ final states can
further constrain the currently viable region in the tan f#; vs
tan 3, plane identified in this analysis and extend the LHC
reach across the up-phobic parameter space.

Our analysis thus demonstrates that, once the conventional
production channels are suppressed, the (pp — bbH,/A;,
H,/A| — 7"77) channel assumes a uniquely important role
in probing this otherwise elusive region of parameter space.

szxz/ = m11(¢f¢f) + m22
+ 01 (Pybe)? + 1y

(

(Biba)® + 23(Puchu)?
=+ /14(¢f¢f><¢d¢d)

)

Pa
$u
+

$a) + m3s(buchu) =
¢

More broadly, our results establish b-associated production as
a key experimental handle for testing the up-phobic limit of
the democratic 3HDM and for distinguishing this scenario
from the NFC versions of 2HDMs.
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APPENDIX: 3HDM SCALAR POTENTIAL WITH
A SOFTLY BROKEN Z, x Z, SYMMETRY

The general form of CP-conserving 3HDM scalar
potential with a softly broken Z, x Z/, symmetry is given
as [14,15]

(M3 (Ppba) + M3 (bhbu) + ms(Php,) + He.)

A5(Phtpe) (Pudba) + Ao Byda) (D)

+ 20 (Bba) (Dade) + s (Boba) (Dudbe) + 2o(dyh) (Bucba)

+ [hio(@pda)® + A (Bpda)? + hia(dypa)? + Heel,

(A1)

where ¢, (f = u,d, ¢) are the scalar doublets and the field transformation under the Z, x Z) is given in Eq. (2). After the
Electroweak Symmetry Breaking, the scalar fields can be expanded around their minima as in Eq. (4) with the
parametrization for the VEVs given in Eq. (5).

We assume all parameters of the scalar potential to be real, thereby ensuring CP conservation. Consequently, the neutral
scalar states in our case can be classified into CP-even and CP-odd states. This differs from the original Weinberg potential,
which accommodates spontaneous CP violation [33]. In addition, unlike the Weinberg potential [34,35], we include terms
proportional to m3,, m3;, and m?, that softly break the Z, x Z, symmetry. These soft-breaking terms are necessary to have
nonstandard scalars much heavier than the electroweak VEV, thereby ensuring decoupling of such heavy nonstandard
scalars [36-38].

Using the minimization conditions, the bilinear parameters m?,, m3,, and m3; can be expressed as

1 Uy
miy = —Avp = 5{(/14 + A+ 2210)vg + (A5 + A + 2411 v} + m12 vy L4 mdy - vy (A2a)
v
m22 = —/121)‘1 - = {(/14 + /17 + 2/110) (A6 + Ag + 2/112)’!},4} + m12 Vg + m23 Z, (A2b)
1 v,
m§3 = —/131J5 — z {(/15 + /18 + 2/111)1)),0 (26 + ﬂg + 2/112)’1)‘1} + mlg + m%3 d (AzC)

u
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We note that the scalar potential in Eq. (Al) contains 18
independent parameters. The three bilinear parameters m?,
m3,, and m3; can be traded in favor of the three VEVs,
(Vya.) as in Eq. (A2). The three VEVs are further para-
metrized in terms of the total VEV (v), #; and p, as in
Eq. (5). The 12 quartic couplings (4;_;,) can then be
exchanged in terms of the seven physical scalar masses
(my, my, ,, my ,, and mHli]) together with five mixing
angles, (a;,3 and y;,) which we define afterward.

Next, we introduce three new parameters, M, M,, and a,
which will replace the soft-breaking parameters, m3,, m3,
and, m3,, as [5]

mi, = sp,cp [(Micg + M3s3) — 55 (Misg + M3cy)]

where s,(c,) is the shorthand for the notation sin x(cos x).
The relevance of these newly defined parameters will
become apparent once we later write the expressions for
the self-couplings among the physical scalars.

In the following, we discuss in detail the mass matrices
that arise from the scalar potential and the resulting
physical mass eigenstates.

1. CP-odd scalar sector

Since, we considered a CP-conserving scalar potential,
the neutral mass eigenstates can be categorized into
CP-even and CP-odd states. The 3 x 3 mass-squared
matrix for the pseudoscalar sector (MI%) can be extracted
from the potential as

+ (M3 — M7)sp,CaS0Cap, (A3a)
miy = cp,[cp 55, (M3ch + Misk) — (M7 — M3)c,sp,54). ) M Z¢
Vet =ze 2 @)= |z |- (A4)
(A3b) 2
Zu
m3y = cp,[55,55,(M3ch + M3s%) + (M} — M3)cp,¢oS4),
(A3¢)  where
|
(Mz) 2( 2/1 4 2/1 ) +M%(Uvdca_vausa>2 M%(”f”uca+vvdsa)2 (ASa)
= — v v ’
P11 d’10 u’t11 112(1)574-1)3) UZ(U%,—F’U;)
> M3
(Mp) 12 = 2vpvadio — m [(vvacy — vevusa)(VVpC, + VaVuSy)]
¢ Y
M3
203+ 7 [(Vavucy — v0p54) (VeVuCa + V04S4)], (A5b)
¢ Va
5 M3s, M3c,
(M3) 13 = 20p0,411 + p (VV4Cq — VpUySy) — - (vpvuCq + VVgS,), (A5c)
(MZ) 2( 2/1 + 2/1 ) +M%(vaca+vdvusa)2 M%(Udvuca_vvfsa)z (A5d)
=-2(v v ,
P)22 M0 T Vw12 2 (13 + v3) v*(v3 + v3)
2 M%s(l M%Ca
(MP)23 = 21/,11)"/112 - 1]2 (vaca + Udvusa) + 7 (vasa - ’IJdUuC(I), (ASC)
2 2 2 (vz +v 2.2 2.2
(Mp)sz = =2(vpdir + vzhia) + —Z (Misz + M3cz). (ASf)
This mass-squared matrix can be block diagonalized as
0 0 0
By =0y M- O; =0 (Bin (Bi)s | (A6)
0 (Bp)y (Bp)ss

where Oy is defined in Eq. (6). The nonvanishing elements of B3 are given by
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2

(Bp)» = _(M——HJZ)MIO(U%’ +03)* + (Anvg + Anvp)va] + Micg + Misg, (A7a)

¢ T Va

200,040 (M? — M3)s,

62 Yd%u ) 2 _ 1 2 a’ A7b
(B = oy et = )~ L (AT
B2)ar — — 20° o 4 A n2) - M2s2 4 M2 2 A7
( P)33 - (2)2 +1)2)( llvf"— 12”d)+ lsa+ 7Cq- ( C)

¢ T Va

The remaining 2 x 2 block of 3% can be assumed to be fully diagonalized by an orthogonal transformation as [see Eq. (8)]
cos —sin B2 B3 cos sin
< . 71 7’1) A g)zz ( 5)23 ' ( . 8| 71 ) = diag(m?, ). (A8)
siny;  cosy, (B3)y; (Bp)ss —siny; cosy 2

which entails the following relations:

mj cos?yy +mj sin®y; = (Bp)p. (A9a)
cosy sin Vl(mflz - m,qu) = (B3)as (A9b)
m3, sin’yy +mj, cos’y; = (B})s3. (A9¢)

Using Egs. (A7) and (A9) we can solve for 1y, 4;;, and 4, as

tan ﬂz ( b P

1
/110 N 21} |f‘ {M2 + M%S§ B (mi‘c}%l T mizs}%l)} + mAI - mAz)szJ’l - (M% - M%)s2a}
p

tan 2ﬁ1C/32
+ tanzﬁz{mA 52, + mA — (M35 + M5c2)}H (A10a)
1 tanﬂ1
A= oy [{Mzsz + M2 - (mils}%] + michl)} + 25, {(mf‘1 — mfxz)szyI - (M3 - M%)sza}], (A10Db)
2
1 cot 3
Ap = 77 [{Mzs,, + M3c2 - (milsfl + michl)} - 25, {(mi1 - mf‘z)szi,l - (M3 - M%)sza}} . (A10c)
2

2. Charged scalar sector
The mass term for the charged scalar sector can be extracted from the scalar potential as
wp
ymass — (a); wy a;;)/\/lzc w; | +He. (A11)

Wy

Similar to the pseudoscalar case, the elements of 3 x 3 charged sector mass matrix M2 are given as follows:

1 M2 (v04Cq — VpVuSa)* M3 (Vpvycy + V0454)?
(MZ),, = — = [03(A7 + 2410) + v2 (A5 + 24y;)] + — ‘ . (Al2a)
chn =3 203+ 13) (0% + 13)
VeUyg M%
M), = A+ 240) — 55— [(V0gCy — Vev,5,) (VVeCh + Vg, S,
( C)]Z ) ( 7 10) Uz(U§+U‘21) [( d 4 )( 14 d )]
M2
: [(Udvuca - vasa)(vauca + vvds(,)}, (AIZb)

1}2(1)3, + 1}‘21)
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Ve, M?s, Mic,
(M) = fz (Ag +2441) + Ulg (V0gCq = VpVySa) — ;2 (VpVuCy + VVgS ), (Al2c)
(Mz) 1 [ 2(/1 +21 >+ 2(/1 +22 )] +M%(vac(l+ydvus(l)2 M%(Udvuca_vvt’sa)z (Alzd)
=—=\v v ,
CcJ22 2 2\M 10 u\”9 12 Uz(ﬂ% n Us) 1}2(1)3; + 1)‘21>
2 Va Uy M%S(l M%cu
(M) = 2 (Ao +2212) — 2 (vvpcy + Vavysy) + 2 (VVpSy — Vg Cy), (Al2e)
2 _ 1 2 2 2 ) 2 (U%;-i—l}tzi) 2.2 2.2 Al12f
(ME)s3 = _E[Uf(’18+ An) + vg(Ao + 2412)] +T(Mlsa+M2ca)' ( )
This M2 can be block diagonalized using the Oy matrix of Eq. (6) as
0 0 0
Br=04- Mg-05 =0 (Bg)n (Be)y |, (Al3a)
0 (B2)y (Be)s

where

1
(BE)a = ) (7 4 2410) (vp + v3)* + vgva(As 4 2411) + vpva (Ao + 2412)] + Micg + M3s5,. (A13b)
2T Vg

VVpUVy (M2 — M3) s,
(BE)ss = 202 1 02 [=2g + A9 = 2411 + 2410] — 5 (Al3c)
2
(BE)ss = — 75—+ Wo(As + 2411) + v3(Ag + 2410)] + Misi + Mic;. (A13d)
2(vp + v3)
Further, the remaining 2 x 2 block can be completely diagonalized with the rotation [see Eq. (8)]
cos —sin B2 B2 cos sin
< ' 72 72) ) (Bt)n  (Be)a ) ( '7’2 72) =diag(mi,i,m§{i). (A14)
siny,  cosy, (B)y; (B%)ss —siny, cosy, i 2
Thus, we will have the following relations:
mlqui cos? y, + mi{; sin?y, = (B%),, (Al5a)
COs 5 sin 7’2(’"?1;: - méli) = (BZ)s. (A15b)
mz]i sin?y, + mzzi cos?y, = (BZ)s;. (Al5c¢)
These equations in conjunction with Eq. (A13) enable us to solve for 4;, 4g, and Ay as
1 (—3 + Cy )
I =— [{(M7 + M3) = (mi, + mj )} + 2 2 {(my, = m2)cry, = (M = M3)er,}
2
2tanf, 5 5 5 )
@n2picy, M = mHZi)s2y2 — (M} — M3)s24}] = 2410, (Al6a)
Iy = 2 | {M35% + M3 — (2,52, + 22} + 2P (2 — 2 sy, — (MR = M3)sya} | — 22 (Al6b)
8§~ 2 {Misz 2 = My Sy, T MGy, } 25, { My = My )S2p, 1 5)82q} 1>
2
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cot f;
2S/)72

2
Jo= 5 [{Misi, + M3G = (3.3, + i )} +

where the other three couplings 4;(, 417, and 4;, can be replaced using Eq. (A10).

3. CP-even scalar sector

The mass terms in the neutral scalar sector can be extracted from the potential as

he
vgs = (he h h>—M§ h
hy

where /\/l% is the 3 x 3 symmetric mass matrix whose elements are given by

M%(vvdca B /vausot)2 M%(vauca + Uvdsa)z
v?(v3 + v3) V2 (v3 +0v7)

s

(M3),, = 27%2:’/11 +

(M§)12 = vad(/lét + /17 + 2/‘LIO) - ) [(Uvdca - vausa)(vvfca + UdUuS(,)]

2
[ S
v (v3 + 03

M2
112(1127—2%112) [(VgVuCq — VVp8,) (Vv Cq + VVgS,)]s
? T V4

M?s M3c
(M%)B = vau(jg + ﬂg + 2/11]) + 1}12 “ (U’l)dca - vausa) - 1]22 “ (vt’vuca + ’UUdSa),

M%(vaca + vdvusa>2 M%(vdvuca - U'Ufsa)z
v?(v3 + v3) v} (03 + v3)

<M§>2z = 2”5’12 +

s

2 Mic,

Mys,
(M3)03 = vavu (e + Ao + 2415) — Ulz E(vvpcy + V40y8,) + # (VVpSq = VaVuCq)s

v5 + v3
(M5)33 = 2033 + % (M7sg + M5cz).
This mass matrix should be diagonalized via the orthogonal transformation
Oy - M5 - Of = diag(my, mf; ,my; ),

where O, is defined as [compare with Eq. (9)]

1 0 0 cosa, 0 sinap cosa; sina; 0
O,=10 cosa; —sinmy 0 1 0 —sina; cosa; O
0 sinaz cosaz —sina, 0 cosa, 0 0 1

Inverting Eq. (A19), we may write
M5 = OF - diag(my, my; ,my; ) - O,,

which facilitates the solution of the remaining six lambdas as follows:
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(A17)
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(A18b)
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(A18d)
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(A19)
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(A21)
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m;, c(le Crzrz 1 2 2 2 2
M= 202¢2 2 ' 202¢2 2 [mHl(S“‘ Cas = Cay Sa2s“3) - Ml(sﬂ] Ca— Cﬂlslizsa) ]
PP P~ b
1
2 2 2 2
+ 21)2C/2} C/2)’ [mH2<C“1 Say Cay T Salsaz) - M2(Cﬂ1 85p,Ca + sﬂlsa) ], (A22a)
1 2
2.2 2
my, Sy, Cq 1 5 ) ) 5
A = 2_1]2 5[2}] 622 21125[21 62 [mH1 (c‘ll Cas + salsazs”’.%) - Ml (Cﬁ] Ca + S, Sﬂzsd) ]
1 2 1 2
1
2 2 2 2
+ 2v2s% C/z} (M, (CaySay = SaySa,€ay)” — M3(Cp, S0 = Sp,5p,€a)’]s (A22b)
1 2
g_m_%i L[zzz 2 22 M2 2 M ] (A22¢)
3T 2 Sé - 21;2s/2, M, CarSas T M, Ca, Cay = M€, Sa = M3Cp, Cal, ¢
2 2
2 2
mj; $2¢,C 1
/14 =2 - ;2 2 2 [(m%-ll - m%-lz){(_?’ + C2(12)S2(l| Ca, + 402(11 s112s2a3}
v Sop,Cp, 4v7s,5 s,
— (M7 = M3){(=3 + c2p,)52p, Coa + 4C2p, 85,520} — 2{(mf;, + My )$24,C,
— (M3 + M3)s55, ¢ }] = A7 = 2410, (A22d)
2
m; Cq, S2q 1
dg = —h 20 m%, —m% )Sy CoSaq. — (M? — M3)s; cp. s
1)2 Cp,525, UzcﬂISZﬂz [( H, H2> a1 “ay” 203 ( 1 2) P PR 2a
— (miy, 53, + My, a,)CayS2a, + (Misg + M3cq)cp sap,] = Ag = 2411, (A22e)
2
th )
Ao = — —— [(mF;, = My )Ca, CayS2a; — (M5 — M7)cp, 524

V2 5,52, V25 S2p,
— (my, 55, + M, €a,)Sa, S2a, + (M55 + M3c3)sp 52, = Ao = 2215 (A22f)
In these expressions, 4;_;, can be replaced using Eqs. (A10) and (A16).

Having derived the expressions for all twelve quartic parameters (4,_;,) in terms of the physical masses and mixings, we can

now proceed to determine the scalar self-couplings involving the physical scalar fields. Of particular interest are the interactions
between the SM-like Higgs (/) and the charged scalar states (Hfz). In the alignment limit, these couplings are given as

1 .
Grir; == {2m?1li + m3 — 2M? cos?(y, — a) — 2M3 sin’(y, — @)}, (A23a)

1 .
Gnimy == {ijzlei + m3 — 2M3 cos*(y, — @) — 2M? sin(y, — a) }. (A23b)

We now consider the impact of the limit of Eq. (22) on the scalar potential, especially when applied in conjunction with
alignment limit. When Eq. (22) together with Eq. (11) are substituted into the expressions of Egs. (A10), (A16), and (A22),
the expressions for the lambdas get simplified as follows:

A A5 A m2
/11:/122/13:54:55—36_2—0"25/1@@), (A24a)

/17 - ﬂg = ﬂg - /110 - /111 - /112 - 0 (A24b)
Consequently, the scalar potential of Eq. (A1) assumes a much simpler form as given below [5]:

Vixz, = mi (@htve) + mdy(Dhba) + mis(didba) — (my(dpda) + m3s(dybu) + mis(dhh) + Hee)
+ Mphtbe + yba + dudba)*. (A25)
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This potential exhibits an Sp(6) symmetry [17] in the
quartic part, which is a much larger symmetry than the
Z, x Z), symmetry of Eq. (A1l). Moreover, the only quartic
parameter (4) in Eq. (A25) is determined as in Eq. (A24).
Since mj;, =125 GeV and v = 246 GeV, this quartic
coupling satisfies the limit 0 < A < 8z. In view of this,
we can conclude that the scalar potential of Eq. (A25) is
automatically consistent with the theoretical constraints

arising from unitarity and BFB. We also note that, in this
limit, the couplings of Eq. (A23) take a particularly simpler
form as

2
M

GnriHy = JnHjH; = T (A26)
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