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The stringent constraints from the direct searches for exotic scalars at the LHC, as well as indirect
bounds from flavor physics measurements, have imposed severe restrictions on the parameter space of new
physics models featuring extended Higgs sectors. In the type-II two-Higgs-doublet model (2HDM), this
implies a lower bound on the charged Higgs masses of O(600 GeV). In this work we analyze the
phenomenology of a Z; symmetric three-Higgs-doublet model in the alignment limit focusing on the
impact of flavor physics constraints on its parameter space. We show that the couplings of the two charged
Higgs bosons in this model feature an additional suppression factor compared to type-Il 2HDM. This gives
rise to a significant relaxation of the flavor physics constraints in this model, allowing the charged Higgs
masses to be as low as O(200 GeV). We also consider the constraints coming from precision electroweak
observables and the observed diphoton decay rate of the 125 GeV Higgs boson at the LHC. The bounds
coming from the direct searches of nonstandard Higgs bosons at the LHC, particularly those from
resonance searches in the ditau channel, prove to be very effective in constraining this scenario further.
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I. INTRODUCTION

Two of the major tasks that will be undertaken in the
upcoming runs of the LHC and beyond comprise of the
precise determination of the properties of the 125 GeV
Higgs boson as well as direct searches for additional scalar
particles. The remarkable consistency between the predic-
tions from the standard model (SM) and the experimental
data from the LHC so far has posed strong challenges for
new physics (NP) scenarios beyond the standard model
(BSM). A complimentary pathway to explore NP is pro-
vided by the low energy precision measurements in flavor
physics. Measurements from dedicated flavor physics
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experiments like BELLE, BABAR, and LHCb have so far
been largely in agreement with the SM, providing stringent
constraints on most of the BSM scenarios.

Introduction of additional Higgs doublets has been one of
the most popular choices for new physics extensions beyond
the SM. The most minimal choice, the two-Higgs-doublet
model (2HDM) [1,2], has been discussed widely in the
literature from both theoretical and phenomenological
points of view. In the well-known alignment limit, the
lightest CP-even Higgs boson of the 2HDM can be SM-
like in its tree-level couplings to the fermions and vector
bosons and thus can serve as the 125 GeV scalar observed at
the LHC [3-8]. The additional (pseudo) scalar and charged
Higgs bosons can give rise to interesting signatures at the
LHC, as well as at various flavor physics experiments.
Consistency with the strong constraints from the LHC and
flavor observables often pushes the charged Higgs boson
mass in the 2HDM towards the heavier end of the spectrum.
It has been observed that a combination of flavor physics
measurements can exclude the charged Higgs masses below
O(600 GeV) in the 2HDM of type II [9], where up- and
down-type quarks obtain their masses from two different
Higgs doublets. This bound on the charged scalar masses
can be somewhat relaxed in type-1 2HDMs where a single

Published by the American Physical Society
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Higgs doublet is responsible for generating masses of the up-
and down-type quarks [10]. This is because in the type-I
2HDM all the fermionic couplings of the charged scalar are
proportional to cot 8, with tan  being the ratio of the two
vacuum expectation values (VEVs), as conventionally
defined in 2HDMs. Therefore, the constraints on the
nonstandard scalars can be easily evaded by choosing
tan > 1. In this work we investigate the possibility of
allowing lighter nonstandard scalars without compromising
the essential feature of the type-Il 2HDM, i.e., two different
doublets give masses to up and down quarks.

Moving beyond the 2HDM, the most natural step ahead is
to add one additional Higgs doublet, leading to the three-
Higgs-doublet model (3HDM) [11-16]. As in the 2HDM
case, it is possible to achieve an alignment limit correspond-
ing to a physical scalar resembling the properties of the
125 GeV SM-like Higgs boson [17,18]. In contrast to the
2HDM, the scalar spectrum is much broader here, offering a
rich phenomenology in both high and low energy experi-
ments. Most importantly, the presence of additional non-
standard Higgs bosons leads to significant modifications in
the flavor changing neutral and charged current processes
compared to the 2HDM. In Ref. [17], it was shown that the
conditions for alignment limit in the 3HDM can be para-
metrized by a set of simple equations closely mimicking
those of the CP conserving 2HDM. Using the example of
Z5-symmetric 3HDM (Z3HDM), it was observed that the
analytic conditions can be easily implemented in a realistic
scenario, making way for efficient numerical analysis. In the
present work we explore the phenomenological aspects of
the alignment limit in the Z3HDM with an empbhasis on the
effects of flavor physics constraints on its parameter space.
We show that the constraints on the parameter space
stemming from the interplay of various flavor physics data
are notably relaxed compared to those in the type-Il 2HDM.
Such a relaxation of constraints transpires from the presence
of an additional suppression in the couplings of the charged
Higgs bosons in the model compared to the type-II 2HDM.
We prescribe a simple analytical set up that automatically
guarantees agreement with the p-parameter constraints, as
well as bounds arising from the measurement of Higgs to
diphoton decay rate at the LHC. We also study the effect of
the bounds coming from direct searches for additional Higgs
bosons at the LHC on the parameter space of our interest.

Our paper is organized as follows. In Sec. II we describe
the scalar sector and Yukawa structure of Z3HDM. The
constraints from flavor physics observables are analyzed in
Sec. I1I. We calculate the diphoton decay rate for this model
in Sec. IV. The limits coming from the direct searches at the
LHC are discussed in Sec. V. Finally, we summarize our
results in Sec. VI. Additionally, the detailed analytical
expressions for the scalar couplings translation to the
physical mass and mixing parameters are given in
Appendix A while the Z3HDM contributions to the
B-physics flavor observables are presented in Appendix B.

TABLE 1.  All nonequivalent possibilities for models featuring
NFC. The first four types can be realized within 2HDMs, while
the last requires at least a 3HDM.

Fermion Typel Typell Type X TypeY Democratic
u b3 b3 b3 b3 b3
d ¢3 ¢ ¢s 23 23
4 ¢s ¢> (23 ¢s ¢

II. THE MODEL: 3HDM WITH Z; SYMMETRY

The study of nHDMs leads to a rich phenomenology, as
well as a sharp increase of the number of parameters, due to
the addition of a SM-like Yukawa structure for each doublet,
in general. Thus, the diagonalization of the mass matrices
will not lead to the simultaneous diagonalization of all the
associated Yukawa matrices, which will bring in flavor
changing neutral currents (FCNCs) at the tree level mediated
by the neutral scalars. Since experimental data suggest that
FCNCs are highly suppressed [19], one interesting path to
undertake is the study of models with natural flavor
conservation (NFC) [20]. In these cases, each type of
fermion is coupled to a single scalar doublet, ensuring the
simultaneous diagonalization of the Yukawa and mass
matrices, leading to the absence of FCNCs at tree level.

Within the framework of 2HDMs, there are four known
types of models featuring NFC, which amount to the
distinct possibilities of coupling each scalar to the fermions.
Contrary to what one might expect, enlarging the frame-
work to a 3HDM only adds one more nonequivalent
possibility, which ensures NFC. The different types of
models, characterized by their Yukawa structures, are
shown in Table I. In this work, we focus on the case
unique to models with more than two Higgs doublets,
sometimes referred to as democratic or type-Z 3HDM
[21-23]. However, such a democratic Yukawa structure can
be implemented in more than one way. Here, we make use
of the matching number of fermionic and scalar doublets
generations to endow the 3HDM with a Z; symmetry.' By
doing so, we are able to find suitable charge assignments
for both the fermions and the scalar doublets such that the
NFC model ensues.

In our current setup, only scalars and right-handed
fermionic fields may transform nontrivially under the Z;
symmetry. Namely, we require

b1 — 0y, by = @, (1a)
Cr = 0*Cp, ng — Wng, (1b)
where @ = ¢?*/3, and ny (£y) are the right-handed down-

type quarks (leptons), as to clearly distinguish between the

"It should be noted that a democratic 3HDM, which features a
similar Yukawa structure, can also be obtained by imposing a
Zy X Z, symmetry [22,23].
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flavor and mass eigenstates. By taking all other fields to
transform trivially under the Z; symmetry, it becomes clear
that ¢p; couples to the leptons, whereas ¢, and ¢; couple to
the down- and up-type quarks, respectively. As such, we
achieve a Yukawa structure, which ensures NFC and the
absence of FCNCs at tree level.

A. Scalar sector

While there are more than one way to achieve a
democratic Yukawa structure, the different choices will
lead to different scalar potentials. The most general scalar
potential for a Z3HDM obeying the symmetry in Eq. (1a) is
given by [24-26]

V =m} (¢]¢h) + md,(h3hs) + m(hibs) — (my(d]h) + m3s(Bihs) + mis(diehs) + Hoe)

($3h2)
+ (D112 + Ao (Biha)? + A3 (@iehs)?
) + 2s(

+ 2a( i) (Daa) + 25 (1)) (D3hs) + 26 (D3eha) (h3h3)
+ 27 (h2) (Bib1) + A (] 3) (Bib1) + Ao (hehs) (Bieba)
+ Mlo(‘f’wz)(‘ﬂ%) +311(¢;¢1)(¢;¢3) + ilz(ﬁbgfﬁl)(ﬁb;(ﬁz) +H.cl], (2)

where we allow the presence of the soft-breaking terms m%j,

i # j since they will be of some importance for regulating
the charged Higgs contribution to the diphoton decay
amplitude[27]. For simplicity, we take all the parameters
of the scalar potential to be real, so that the neutral scalars
can be easily classified as CP-even and CP-odd bosons.

After the electroweak symmetry breaking (EWSB),
the scalar doublets can be decomposed in terms of the
component fields as

1 dwi
¢k:< vV ) k=123, (3)
\/§ v + hy + iz

where v, denotes the VEV of the field ¢, ((¢;) = v4/V/2).
For notational convenience, the VEVs are expressed as

vy =vcos B cosfy, wvy=wsinf cosp,, v3=vsinp,,

4)

where v = /0% + v3 + 13 is the usual electroweak (EW)
VEV. The inclusion of three scalar doublets will give rise to
four charged scalar particles Hffz, three CP-even neutral
ones h, Hy 5, as well as two CP-odd neutral particles A ,,
where the remaining fields are the usual Goldstone bosons
w™, {. These physical particles can be obtained by rotating
the fields onto the mass basis. For the charged and
pseudoscalar sectors, we can obtain the physical scalars
by performing the following 3 x 3 rotations,

wt wi ¢ 2]
Hy =0,,05 w3 |. A =0,041 22 |, (5)
Hy wy Ay 23

where, the rotation matrices are defined as

1 0 0
O, =10 cosy; —siny; [,
0 siny; cosy;
1 0 0
O, =10 cosy, —siny, |, (6)
0 siny, cosy,
and
cos 3, cos 3 cosprsinff;  sinf,
Oy = —sin f3 cos f3 0 . (7
—cosfysinfl, —sinp;sinf, cosp,

For the CP-even sector, we can obtain the physical mass
basis through

h h
Hl = O(x h2 ’ (8)
H, hy
where
Oa = R.’s : RZ : Rlv (93')
with
cosaq; sina; O
R;=| —sinaq; cosa; O |,
0 0 1
cosa, 0 sinm
R, = 0 1 0 ,
—sina, 0 cosap
1 0 0
Ri=|0 cosa; sina; |. (9b)
0 —sinaz cosoy
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For more details on the analysis of the scalar potential, we
refer the reader to Appendix A.

The existence of nonstandard neutral CP-even scalars in
the Z3HDM, in general, leads to a deviation of the
couplings of the physical scalar & from the respective
SM predictions. However, the data obtained from the LHC
runs shows a good agreement of the experimental data to
the SM prediction for the Higgs signal strengths [28,29].
This motivates us to work in the alignment limit, which is a
set of conditions such that the lightest CP-even scalar
mimics the SM Higgs in its tree-level couplings, automati-
cally respecting the agreement between the experimental
data and the corresponding SM predictions for the Higgs
signal strengths. For our Z3HDM, the conditions for
alignment are given by [17]

ap = pi, a = f,. (10)
As more data accumulate in the future runs of the High-
Luminosity LHC, the possibility of deviating from the
alignment limit will become increasingly constrained, if no
BSM signals are detected.

B. Yukawa sector and charged Higgs couplings

The quark Yukawa Lagrangian of the Z3HDM can be
written as

L= —YdQL¢2”R - YuQL§Z3pR +H.c., (11)

where Q; = (p;,n;)T denotes the SU(2), left-handed
quark doublet field, py the up-type right-handed quarks,
and Y, are the respective 3 x 3 Yukawa matrices in flavor
space. After EWSB, the mass matrices of the down- and up-
type quarks are given by

(%) . V3
V2’ V2
As usual, we can redefine the quark fields to rotate into the
mass basis through

Md:Yd Mu:Yu (12)

dp =Dyny, dr = Dgng,

up =Urpr, ug = Urpg, (13)

which, in turn, will diagonalize the mass matrices through
the biunitary transformation

D, = D, M/D}, = diag(my. m;,m,),  (14a)
D, = U, MU}, = diag(m,, m,,m,). (14b)

Similar to the SM, the Cabbibo-Kobayashi-Maskawa
(CKM) matrix is defined as V :Z/{LDZ. As intended,

our model does not have any FCNC at the tree level,
and the Higgs signal strengths will also be compatible with
the corresponding SM expectations in the alignment limit.
However, the presence of charged scalars brings forth new
channels for loop contributions to several flavor observ-
ables, such as neutral meson oscillations and b — sy. In
fact, these processes are quite restricted from experiments
and thus are usually used to place lower bounds on the
nonstandard scalar masses, as their contributions must be
kept in check. Thus, it becomes important to study the
charged scalar couplings to the fermions, as these will
govern the vertices responsible for these processes at the
one-loop level.

Given its importance, we focus on the original
quark Yukawa Lagrangian containing the charged Higgs
couplings,

ECQ :_Ydl_?L nRW;——‘rYZ[_)R ny W;+HC (158.)

2 1 1
:\/_—ﬁ - W;(VDd)PR +_W%F(DL¢V)PL d
v S6,Cp, Spy
+H.c., (15b)

where, in the last step, we have rotated into the quark
mass basis. Our goal is to arrive at couplings among the
physical fields, as we further rewrite the Lagrangian in
the scalar mass basis. Using X = O;O;, Eq. (15b)
becomes

2 X X
e = £Hfa [ﬁ (D,V)P, ——= (VDd)PR} d
N Sp, Sp,Cp,
2 X X
- £H;a [ﬁ (D,V)P, ——= (VD[,)PR} d
v Sp, Sp,Cp,
+Hec., (16)

which describes the vertices between the physical charged
scalars to the physical quarks. The same process can be
repeated to obtain the leptonic couplings as follows:

2 X
Ll = —£H1+D 2 D,Ppt
v €pCp,
2 X
—£H§D B p,Pef+He, (17)
v Cp,Cp,
where, 7= (e.u.7)’, v=(v,.v,.v,)", and D, =

diag(m,,m,, m;). In the following, we will focus mostly
on the consequences of quark flavor observables. Hence, to
better grasp the model’s implications, it is helpful to
substitute the X;; elements explicitly following Egs. (6)
and (7), recasting the charged Higgs couplings to quarks as
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2
Egi = —\/T_Hlﬂ"t {cot p, sin y,(D, V)P, + tanﬁ2<
1

2

One noteworthy observation is the similarity between the
Z3HDM and the type-Il 2ZHDM. In fact, both are NFC
models, where the difference lies in the fact that, in the
Z3HDM, the lepton Yukawa couplings have a dedicated
doublet, whereas in the type-1I 2HDM the leptons share the
doublet responsible for the down-type quark masses. The
resemblance can be made more explicit by noting that due
to the Z; charge assignments of the scalar doublets, ¢ is
responsible for the lepton masses, which are generally
much lower than the quark masses. Combining this with the
relation between each individual VEV and the EWSB seen
in Eq. (4), it seems reasonable to assume v; < v,, v3,
which is achieved by taking large values of tanf;, while
still remaining in a perturbative regime for the z-Yukawa
coupling. In this regime, where cotf; < 1, the cotf,
dependency of the charged Higgs couplings of
Egs. (18a) and (18b) can be neglected, and the couplings
become similar to those of the type-Il 2HDM, relaxed by
either cos y, or siny,, which are always less than 1. Indeed,
by comparing with the corresponding couplings in the
type-I1 2HDM [1],

2HT
2ot = V2 o (D, V), + a0 iy (VD))

+ H.c., (19)

we can identify tanf of the 2HDM-II with tan 3, of the
Z3HDM since both control the ratio v, /v4, where v, are
the VEVs of the scalars that couple to the up (down)
quarks, respectively. If we further consider a scenario
where either Hf or Hi is relatively heavy (25 TeV),
while keeping the other relatively light (<1 TeV), then the
heavy particle decouples, and its contribution will be
negligible, and our effective theory becomes similar to a
type-II 2HDM scenario. The striking difference is that
while one of the scalars is decoupled, the effective
theory still retains some consequences of the full theory.
In order to exemplify, we consider a scenario where Hj is
decoupled and tan #; > 1. In this case the H{ couplings of
Eq. (18a) can be approximated as follows:

V2H{ _
” L [cot pyiig(D,V)dy,

Z3HDM :
LEZFPM ~ —siny, -

+ tan i, (VD,)dg) + H.c. (20)

2
L’gi = £H2+ﬁ [cot B> cos y,(D, V)P, — tan ﬁz(
v

cotfycosy, .

_— VD,)Pgr|d+ H.c., 18
sin B, +smy2)( a) R:| + H.c (18a)
) .

COLPLSING2 _ 6 y2> (VD,)Pyld + H.e. (18b)
sin f,

|

Comparing with Eq. (19), we notice the remarkable
similarity with the type-II 2HDM, except for the fact that
the couplings are reduced in strength by a factor of sin y,.
This will play an important role in diluting the constraints
from flavor data compared to those in the type-II 2HDM,
which we will discuss in the next section.

III. CONSTRAINTS FROM FLAVOR DATA

Since compliance with flavor data is continuously
pushing the lower bound on the mass of the charged
Higgs of the type-II 2HDM upwards, the relaxation due to
7, in this effective 2HDM can easily justify lower masses
for new charged particles, while still remaining within the
experimental limits for the NP contributions to the flavor
processes.

In order to make the discussion concrete, we analyze the
resulting bounds coming from flavor data. We restrict
ourselves to the analysis of the NP contributions to the
radiative decay b — sy, as well as the bounds coming from
the B meson oscillations AMp_ d‘z We make use of the
FlavorKit [30] functionalities within SPheno [31,32], com-
piled by SARAH [33], explicitly retaining contributions up
to one loop only. In order to gain some qualitative insights
into the processes and phenomenologies at hand, we refer
the reader to Appendix B, where we provide analytic
expressions for the relevant processes. It is, however, easy
to note that in models with no tree-level FCNCs, the only
one-loop NP contributions to both b — sy, as well as
AMp . will come from the charged Higgs couplings.
Therefore, these observables will be governed by a set
of five parameters, namely, (tan /3|, tan 3, y,, My, mH2+).

As we mentioned earlier, the Z3HDM, where one
charged Higgs is decoupled from EW scale dynamics,
becomes a relaxed type-II 2HDM effective scenario.
Namely, a remnant of the full theory survives as a damping
of the usual type-II 2HDM charged scalar couplings, which
will in turn result in a relaxation of the bounds that are
found for the type-II 2HDM. As such, we initially focus on
this case where one of the charged scalars is decoupled,
featuring the relaxation of the bounds.

Our point is clearly exemplified in Fig. 1 where we note
that the type-II 2HDM bounds coincide with the more
restrictive case of this Z3HDM limit (y, = z/2 for the

*The constraints from AMy are much weaker.
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FIG. 1.

0‘.0
Logio(tan(B2))

-1.0 -0.5

Experimentally allowed regions for the » — sy branching ratio (colored regions), as well as the boundaries placed by the

neutral meson oscillations AMp and AMj , shown by the solid lines. The allowed region for the meson oscillations lies within the
boundaries. The color labels denote the value of y, used in the analysis. The results are shown in the tan 8, vs the lighter charged Higgs
mass plane. Left: my; =5 TeV, tanf =10, y, = {/6,7/4,7/3,7/2}. The 2HDM-II limiting case is y, = z/2. Right:
my: =5 TeV, anf; =10, y, = {r/3,7/4,7/6,0}. The 2HDM-II limiting case is y, = 0. Notice the different arrangement of y,
values due to the difference between the trigonometric functions of Egs. (18a) and (18b).

bounds on Hi, and y, = 0 for H5). As we can see, for our
benchmark of tan f; = 10, the constraints on the charged
scalar masses are, at worst, comparable to the correspond-
ing bounds in the type-II 2HDM for appropriate values of
7», but the important point is that by changing the values of
7, the bounds can be considerably diluted. Even while
keeping away from the extremal cases, the bounds can be
easily relaxed by a factor of 2, by taking y, = z/4, as
clearly seen in the plots. From Fig. 1 we also note that there
is an asymmetry in the bounds on Hf and H5 when we are
away from the type-II 2HDM limit. This feature can be
attributed to the tan #; dependency of the charged Higgs
couplings. Moreover, considering the particular nature of
the tanf, dependence of both the b — sy and AMp
bounds, we see that for an intermediate range
2 <tan B, < 30, the bounds on the charged Higgs masses
are practically independent of tanf,. Thus, by choosing
tanf, in this range, we can lift the assumption of a
decoupled charged Higgs and, instead, analyze the inter-
play between both contributions to the flavor data, placing
the bounds on the Mys = My plane. The results can be

seen in Fig. 2, where we show the region compatible with
the b — sy constraints, on the charged Higgs mass plane,
while taking tan f, = 2 as a benchmark. We have checked
explicitly that the AMp_, constraints are also satisfied on
the region of interest of Fig. 2, i.e., they do not impose
additional restrictions in the m HY — Myt plane. The inter-

section point between all the different values of y,
coincides with the type-II 2HDM bound on its charged
Higgs mass. Evidently, considerably light charged scalars,
with masses as low as O(200 GeV), can be allowed from

flavor data by taking the other charged scalar to be heavier,
while still keeping away from extreme values of y,.
Now that we have established that relatively light
charged scalars can successfully pass through the stringent
constraints imposed by the flavor data, it will be interesting

tan(B,)=2
1400 : ! !
1
1
1
1200 |
1
1
1
1000 |
1
1
1 DE
S soof | 6
& I s
= 1 4
o i n
. D_
g 600 i 3
1
H
400p 1 ---hoyy
1
1
\
200F 4
N e e e e e e e e ]
Ok . . . . . . .
0 200 400 600 800 1000 1200 1400
myys (GeV)

FIG. 2. Experimentally allowed regions at 95% C.L. from the
b — sy branching ratio (colored regions), where the region of
interest is already in agreement with AMp and AM . The color
labels denote the values of y, used in the analysis. The results are
shown in the Mpys = My plane, and tanpg; = 10, tanp, = 2,
v = {#/6,7/4,7/3}. In the dashed line we display the h — yy
bounds studied in Sec. IV, where we set Mpye =My, = my,
i =1, 2. The allowed region at 95% C.L. from the h — yy
constraint lies above the dashed line.
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if we can say something about the masses of the neutral
nonstandard scalars in relation to those of the charged
scalars. This is where the constraints from the electroweak
p parameter become useful. The neutral scalars are
expected to have masses such that the impact of NP on
the p parameter is minimized. Using the general expres-
sions in Refs. [34,35], we have calculated the NP con-
tribution to the p parameter in the alignment limit of our
model. The relevant expression is particularly clean and
intuitive in the limity; = y, = —a3 = a (say) as we display

below,
92 2 2
Aﬂzm{”mmv 4,) + F(m H+””A2)
+ F(mymyy,) + F(mp,. . mi,)
— F(mj ,mp,) — F(mg,,my,)}, (21)
where,
TN Int for x ,
Py ={ 7T
0 for x = y.

One easy way to circumvent the p-parameter constraint will
be to impose my+ ~my, X my =M, (say) and my: ~
my, & my, = M, (say) as Ap becomes zero in this limit.
Under this assumption, the scalar spectrum conveniently
breaks down into two degenerate tiers of nonstandard
masses. This spectrum of masses and mixings can be
easily achieved with a simplified scalar potential of the
following form, which has an enhanced symmetry in its
quartic part [36]:

V= mi, (¢1¢h1) + my ($32) + mis (i)
= (miy(p12) + m3s(d3ps) + miis (d1hs) + Hoc)
+APi¢1 + $ih2 + 1hs). (23)
In the above potential there are seven parameters which can
be traded in favor of the seven physical parameters,

(v, B1, Pa, my, My, M,, ). The relevant reparametrizations
are given below,

2m3,  2M?
S1p = Mo _ =20 — [——t ﬁz( Y ts? tanﬁ2>]
(%) v Cﬁz zﬂl ﬂz
2M3
-7 [ /52< 22 _ ca tan/}2>], (24a)
v ﬁz 524, Cp,
Zm%3

S13 =

2 CyS
=2 [ 32— 0 - 1) “an .
2
(24b)

U103

3 L . . S S e |

o o |

@ 1 i
< Cliyd <N4n
§7 0 1 |yb|<‘/E
— 1 Dyl <van

—1H i

-3 -2 -1 0 1 2 3

Log 10 (tanB,)

FIG. 3. Allowed regions from the perturbativity conditions of

the Yukawa couplings. The individual color labels denote the
regions allowed from the top, bottom and 7z Yukawa couplings
and the hatched region represents the combined perturbative
regime.

2m3, 2 CaS
Sy =—2 == |Misd + M3ch + (M} — M%) ——"—|,
23 Uy 03 1}2 1 2 ( 1 2) S/}Z tanﬂl
(24c)
2
m
=—=, 24d
202 (24d)

where ¢, and s, are shorthands for cosx and sinx,
respectively.

At this point, we wish to remark that the potential of
Eq. (23) contains only one quartic parameter, 4. Thus, both
unitarity and stability of the scalar potential can be ensured
by requiring 0 < 1 < 4r. Looking at Eq. (24d), we can
easily see that the potential of Eq. (23) is manifestly
compatible with the unitarity and vacuum stability con-
straints. Next, we extract the top, bottom, and 7 Yukawa
couplings as

V2m,
vsinf,’
V2m,

~ wcosfcosf,’

\/Emb

b= vsinf; cosf,’

Vi =
(25)

which follow from our convention that ¢s, ¢, and ¢,
couple to up-type quarks, down-type quarks, and charged
leptons, respectively. For the perturbativity of Yukawa
couplings, we should have |y,|.|y,|.|y.| < V4z. The
resulting constraint from perturbativity has been displayed
in Fig. 3. Throughout our paper, we have used values of
tan f3; ,, which are consistent with this perturbative region.

*For more general analysis of unitarity and boundedness from
below conditions for this model, please see Ref. [37].
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IV. IMPLICATIONS FOR DIPHOTON
DECAY RATE

At this point one might naturally wonder whether such
light charged scalars would leave observable imprints in
loop induced Higgs decays, such as h — yy. After the
13 TeV run of the LHC, updated constraints on the Higgs to
diphoton signal strength has been reported by both the
ATLAS [38] and CMS [39] collaborations at 139 fb~!
luminosity. It is thus important that we check whether such
light charged scalars can negotiate the bound arising from
the measurement of the Higgs to diphoton signal strength.
To do that, we need to calculate the hH; H; couplings
which, for the potential of Eq. (23) are given below,

m
GhHFH; = T 7

b (i=1.2). (26)

Using this, we can easily write down the expression for the
diphoton signal strength as follows:

| Fw(tw) +%F1(Tt) + 37 kiFi (i)

= N R T e
where, k; = —mh/2mH+, 7, = 2m/my)?, (x = W, t, H})
and the loop functions are given by [40],

Fy(x) =2+ 3x+3x(2 —x)f(x), (28a)
F,(x) = =2x[1 + (1 = x)f(x)], (28b)
Fiy(x) = —x[l = xf(x)]. (28¢)

with f(x) = [sin™!(y/1 /x for x > 1. It is interesting to
note that in the limiting potential of Eq. (23), the charged
Higgs couplings to the SM-like Higgs in Eq. (26) are
completely independent of any mixing angles and fixed to a
constant value. Therefore, the charged Higgs contribution
to the loop-induced Higgs to diphoton channel will always
be suppressed by the charged Higgs masses when the
charged Higgses are much larger than the SM-like Higgs.
We display our results in Fig. 2 in the (m He = m H2+) mass
plane, where we see that the current Higgs data mainly
discards the parameter space, where both or any one of the
charged Higgs masses are below O(200 GeV). In Fig. 2,
the region below the red dashed line is excluded by the
current data at 95% C.L [38].

V. DIRECT SEARCH CONSTRAINTS

The presence of two charged and four additional neutral
Higgs bosons places this model under the scrutiny of direct
searches for nonstandard Higgs bosons at the LHC. In the
parameter region favored by the flavor physics constraints
(m ", > Mep), the dominant production mode of a charged

Higgs boson at the LHC is in association with tb-quark
pairs. Both ATLAS and CMS collaborations have provided
model-independent upper bounds on the production cross
section times branching ratio for this mode with the charged
Higgs boson decaying to tb [41,42] and v [43,44] final
states.* On the other hand, the search for heavy scalar and
pseudoscalar resonances yields the most stringent con-
straints in the 77z~ final state. In this case model-
independent bounds are available for production via
gluon-gluon-fusion and in association with a b-quark pair
[45,46]. In the following, we discuss the impact of the
various bounds mentioned above on the parameter space of
the Z3HDM.

To elucidate the relevance of different direct search
constraints on the parameter region of our interest, we
plot in Fig. 4 the branching ratios of Hi, A,, and H, as a
function of tanf,. Keeping in mind the precision con-
straints from electroweak p parameter, we choose to
work in the limit Mye =My, = my, i=1, 2 and
y1 = y» = —a3. Furthermore, we consider the case of
one decoupled charged Higgs boson for simplicity, which,
in this case, we take to be H;S The branching ratios are
calculated for a fixed tan #; = 10 and two different values
of siny, shown as solid (y, = §) and dashed (y, = %) lines.
For tan 8, < 1 the leading decay mode of Hy is HY — tb
because of the dominance of the first term in Eq. (18a),
which is proportional to cotf,. As tanf, increases, the
terms proportional to tan 3, in Egs. (17) and (18a) promptly
take over. In the tan 8, > 1 region favored by the flavor
physics data, H{ — 7v becomes the dominant decay mode.
A somewhat similar pattern is observed in the branching
ratio of A, and H,, with A;/H, - "t~ being the
dominant decay mode in the tan 8, > 1 region.

The implications of various direct search constraints on
the parameter space of the Z3HDM becomes even clearer
by looking at Fig. 5, where we show the production cross
section times branching ratio of the Higgs bosons Hi, A,
and H, at the 13 TeV LHC as a function of their masses.
For this calculation, we implemented our model in FeynRules
[48,49] to generate files in the UFO format [50]. These files
are then used by MadGraph5 aMC@NLO [51] to compute
the signal cross section at the LHC. The gray-shaded region
denotes the parameter space excluded by the corresponding
bound from ATLAS. We consider a relatively small value
of tan f8,, namely, tan f, = 2, to comply with the stringent
bounds from the LHC. The value of tan f3; is kept fixed at

tan ﬁl = 10. As can be seen from Fig. 5(a), the value of
Hi

thi “ remains comfortably within the upper limit set by

“The vanishing HEWFh coupling in the alignment limit leads
to the absence of W*# final state in H li decay. Furthermore, the
decay to W*A, final state is klnematlcally disfavored as a result
of the assumed degeneracy between Hi and Al

>Similar bounds may be imposed on Hy in the case of a
decoupled Hi.
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tang, = 10.0, my;,- = 500 GeV

tang, = 10.0, m4, = 500 GeV

tang, = 10.0, my, = 500 GeV

FIG. 4. Figure shows the branchlng fractions of H7, A, and H, with tan j3, for fixed masses of m A, = My, = My = 500 GeV. Here

we choose, y| =y, = —az =

fractions can serve as distingulshlng features of Z3HDMs from other canonical 2HDMs [47].

tanB; = 10.0, y,=n/6

ATLAS limit
= S
= 0100} S,
k9 \\~~“~~
I 0010 Ry
mﬂ ~~~‘~
£ 0.001 B
g SNl
————— tanf,=2
1074
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my,+[GeV]
(2)
FIG. 5.

o—hBA|Al >TT [pb]

tanB; = 10.0, y,=n/6

~—e
~~

ATLAS limit
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~
~
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<
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Tggr™ 7 [pb]

% (solid lines) and % (dashed lines) and myu, = my, = =my; = 5 TeV ThlS hlerarchy of branching

tanB; = 10.0, y,=n/6
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my, [GeV]

(©)

1000

Figure shows the cross section times branching ratio of Hi and A; at the 13 TeV LHC as a function of their masses. The plots

correspond to the parameter choice tan f; = 10, tanf, =2,y =y, = —az = fand my, = my, = mys = 5 TeV. Note that 3, denotes
the production cross section times branching ratio for the production mode x and decay mode y of the corresponding Higgs boson.

The parameter space excluded by the latest bound from ATLAS is shown as a gray-shaded region.

the direct search for charged Higgs boson mass within the
region of interest. Thus, even the relatively low m HY region

allowed by the flavor physics constraints remains effec-
tively safe from the direct LHC constraints on charged
Higgs bosons. However, the bounds from scalar and
pseudoscalar resonance searches in the ditau channel can
be more constraining in this case, especially when taken
together with the indirect bounds from the precision
measurements of the electroweak p parameter and diphoton
decay rate of the 125 GeV Higgs boson, as discussed in
Sec. IV. It can be clearly seen from Fig. 5(b) that the
associated production of the pseudoscalar A; with b-quark
pairs does not impose any significant restrictions on the
relevant parameter space. However, the production cross
section via the gluon-gluon-fusion process, as shown in
Fig. 5(c), can be significantly larger in this case, allowing
only my, 2450 GeV. The similar LHC bounds on H,
comes out to be weaker than those on A; in most of the
parameter space for this scenario.

Before we conclude, it should be noted that this
seemingly strong constraint from the direct searches should
be interpreted with some caution. The strong constraints on
the neutral bosons are essentially due to relatively high

branching ratios (BRs) into the 7z channel, which, in turn,
may be attributed to our choice of tanf; > 1. But one
should also remember that we have been working in a
simplified limit of the Z3HDM, where the nonstandard
scalars come with two tiers of degenerate masses, which we
motivated from the p-parameter constraints. However, we
can lift the degeneracy and allow one of the neutral scalars
to have a different mass while still keeping the NP
contributions to the p parameter under control. In this
way, it will be possible to open up channels like A, - H,Z,
which will reduce BR(A; — 7). Moreover, there can be
additional decay modes in the scalar sector too. As an
example, if there is a dark singlet coupling to the other
scalars, then decay modes, such as H; — SS, where S is
the dark singlet, can open up. Keeping all these possibilities
in mind, we can say that the bounds from the direct
searches in our simplified analysis can be considerably
relaxed.

VI. SUMMARY

To summarize, we have analyzed a 3HDM with Z;
symmetry featuring NFC, where the Z; symmetry ensures a
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democratic Yukawa structure requiring each type of SM
fermion to be coupled to a particular Higgs scalar doublet,
thus eliminating FCNCs at tree level. We have discussed
the characteristics of the scalar and Yukawa sectors in
detail, focusing on the alignment limit where the lightest
CP-even Higgs boson of the model possesses SM-like
tree-level couplings and hence can serve as a candidate for
the 125 GeV scalar observed at the LHC. This alignment
limit can be characterized by a set of simple analytic
conditions closely resembling that of a 2HDM. The
alignment limit is also phenomenologically well motivated
in view of the increasingly precise measurements of the
signal strengths of the 125 GeV SM-like Higgs boson at
the LHC.

The presence of two pairs of charged (Hfz) and addi-
tional two neutral CP-odd (A ;) and two neutral CP-even
(H,,) Higgs bosons in the model gives rise to distinctive
signatures in various experiments looking for direct or
indirect signals of BSM physics. From the phenomeno-
logical point of view, we have put an emphasis on
analyzing the effect of the flavor physics constraints on
the parameter space of Z3HDMs. The leading BSM
contribution to flavor observables like BR(b — sy) and
AMp , comes from the loops containing the charged Higgs

bosons Hi and H5. The Yukawa coupling structure of the
charged Higgs bosons in this model bears close likeness to
those of the type-II 2HDM. However, the key difference
from the type-1I 2HDM is that the fermionic couplings of
the charged Higgses feature an additional suppression
effect, which is essentially nondecoupling in nature.
Thus, even in the limit of an effective type-1I 2HDM, with
one of the charged Higgs bosons taken to be decoupled
from the spectrum, the couplings of the other charged
Higgs retains the suppression factor. This produces a
significant relaxation of the bounds coming from flavor
observables in this model compared to the type-II 2HDM. It
is observed that charged Higgs masses as low as 200 GeV
are allowed by the flavor data in the Z3HDM, whereas in
the case of the type-1I 2HDM the lower bound on charged
Higgs mass from the same flavor physics constraints stands
at O(600 GeV). We have discussed the combined contri-
bution of Hf and H5 to flavor observables when both of
them are taken to be light. We have also taken into account
the precision constraints from the EW p parameter, which
can be easily satisfied in a simple set up with two
sets of degenerate masses for the nonstandard scalars,
My = My, = My, i = 1, 2. We show that in this limiting
case, the couplings of the charged Higgs bosons to the
125 GeV SM-like Higgs assumes a constant value.
Therefore, the contribution to & — yy decay from the
charged Higgs loop, being suppressed by a factor of

m?/ mi]j’i =1, 2, does not produce any additional con-

straint on the relevant parameter space.

Finally, we have analyzed the constraints coming from
the direct searches of the nonstandard Higgs bosons at the
LHC. We show that the bounds from direct charged Higgs
boson searches can be satisfied relatively easily in most of
the parameter region satisfied by the flavor data. However,
the constraints on neutral CP-even and CP-odd Higgs
boson masses coming from ditau resonance searches put
somewhat stringent bounds on our parameter space.
We also note that the strong constraints from the ditau
resonance searches are a consequence of the particular
parameter choice we make to satisfy the bounds from the
EW p parameter. Some alternative choice of parameters
to satisfy the p-parameter constraint may lead to a signifi-
cant reduction in the branching ratios of the neutral
CP-even and CP-odd scalars to 7z final states. This, in
turn, may lead to a dilution of the LHC bounds by a
considerable amount.
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APPENDIX A: MASS-COUPLING RELATION
OF THE Z;HDM SCALAR SECTOR

In this Appendix we give a detailed description of the
scalar sector. It is to be noted that the scalar potential of
Eq. (2) contains 18 parameters including the three soft-
symmetry breaking terms m?3,, m3;, and m3;. Among all,
the bilinear parameters m?,, m3,, and m3, can be traded for
the three VEVs, vy, v,, and v5 or equivalently v, tan 3, and
tan f,. The remaining twelve quartic couplings will corre-
spond to the seven physical masses (three CP-even scalars,
two CP-odd scalars, and two pairs of charged scalars) and
five mixing angles (three in the CP-even sector, one in the
CP-odd sector, and one in the charged scalar sector).
Below, we demonstrate this relation by examining the
potential of Eq. (2) in more detail.

The minimization conditions used to replace the bilinear
parameters, in terms of the VEVs, are given below,
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mi; = —Avi — _{(/14 + A7)v3 + (As + Ag)v3 + 24190203}

U3
", = (A1102 + A1p03) +m12 ” +m,3 o (Ala)

1
m3, = —Av3 — _{(/14 + A7) 01 + (46 +ﬂ9)”% + 20103}

v ’[]3 U3
— o= (Aiov1 + Aiav3) + m12 Lpmdy =2, (Alb)
2’[)2 Uy 1253

1
miy = —A303 — _{(/15 + 4g) 01 + (46 +/19)”% + 21010, }

’Ul’Uz 1253
- (A1ov1 + Apva) + m13 L+ m3;—=. (Alc)
2”3 U3 U3

Now let us demonstrate the diagonalization of the mass matrices in different sectors following the same prescription as
in [17] but in the presence of the soft terms.

1. CP-odd scalar sector

The mass term for the pseudoscalar sector can be extracted from the scalar potential as,

21
MZ
V%‘SS:(Zl 2 Z3)TP 2 | (A2)
<3

where M3 is the 3 x 3 mass matrix that can be block diagonalized as follows:

0 O 0
(BP>2EO/)"M%‘O/§: 0 (Bp)n (B |- (A3a)
0 (BR)y (Bh)s

The elements of 3% are given by

U3 (Uz + 112>
(Bp)a = —m o1 (07 + 203)7 + 21102207 + 03)* + A3 (0] — 03)7 + M3 07 + mizv3] + mlzlvlivzz,
(A3Db)
v
(Bp)as = m [=210v1 (0] + 203) + A1 02 (207 + 03) + 241503 (v] = v3) — m3zv) + misvy), (A3c)
1 2
2 v’ 2 2 2 2
(Bp)ss = _m [21007v2 + 4110103 + 4412010203 — miyv) — M) (A3d)
3(07 2
The matrix B2 can be fully diagonalized by an orthogonal transformation,
O,, - (Bp)*- O} = diag(0,m3 ,m3 ), (A4)

where O, is given in Eq. (6), which entails the following relations:
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2 o2 2 G2 32
m3,cos’yy + my sin“y; = (Bp)x.

(A5a)
cosyy sin 7’1(’”3\2 - m/zal) = (B3)ass (A5Db)
mj sin®yy +mj cos’y; = (Bp)ss. (A5c)

Using Eqs. (A3) and (AS5) can be inverted to solve for Ao, 411, and 4;, as
2mi T s 255 €2 S35, C t
/110 —_ g] |: 2y =2hin + 361°71 5 +tanﬂ2sf]{ anﬁl _ 26'/}] COtﬂl}:|
v LepCp SpCh S5 CpCpy s,
2 2
m s Sy 8 t
-2 [(202/}, +3) 20 1 48T ) tan o2 {_an[;’1 — 2cp, cot B H
v € Cp, S8,€p, Cp,
4 omh, 4 mby 2 my (A6a)
9v?sgcp ey sz s vPcd el
PP P PP By BB
2 2
my [ 4dcger (=34 2c)
Iy = 91)2‘ {— p ﬂ‘C noy — a 52, 4 2(cot*fy 4 cot?f; — 2)sp, 57, tan B tan 5,
PP P P
mi [ 4cy sz (5+ cot?
+—A22 ——hn ( ) 52,55, + 2(cot*fy + cot?f; — 2)sp ¢2 tan fy tan S
v S8,Cp, g,
4 mp 2 omy 4 m (A6b)
9% sy 555 753 ch 9v?szch el
ProP2% P B p PEpL By
m5 [4s,; c2 Acyy s 52 my [4s,5 52 4cop s c2
b _36A,2|: 2/321 7 928192y, +(C4/;] _17) 71 :| 36A22|: 2/;] no 26,52y, +(C4/3] _17) i :|
v 5B, 5p, 5p.Cpy v 5p, 5p, 5p.Cpy
_ 2mi, 4 mis n 4 m3y (A6c)
Ov’sy vt sy spcp 907 cpspcp
2. Charged scalar sector
Similar to the pseudoscalar case, the 3 x 3 charged sector mass matrix M2 can also be block diagonalized as
0 0
(Be)* = Oy - Mzc : Oﬁ =10 (B%)zz (BZC)B , (AT7a)
0 (B2)y (BE)s
where
(BZ),, = - y) E((v2 +v3)? +v3) + 4 E((v2 +v3)? + o)+ 4 e (v} +13)
c)n 2007 + 43) 107, W9 2 2 e, W 2 1 125 oy 01 2
2 4 2)2 2 2
Faalof 3P+ A3 4 dgoded =y LIS 1208 g ), (A7)
i U102 U U2
(Bé)23 = m [—Ul U%ﬂlo + l”v%vz + ﬂ]ng.(U% - U%) — ﬂgU] VU3 + /191)] VU3 — m%3U1 + m%31)2], (A7C)
1 2
(B2) G 12 G N1 S PP S W S e SR R SR (A7d)
c)33 2000+ 3) | v 10 T 411 " 102412 + Ag V] 903 13, b
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Further, the charged scalar mass matrix can be completely diagonalized with the use of the rotation matrix O,, [given in

Eq. (6)] as
O,, - (Be)* - O = diag(0, mlzqr, m%];)
Thus, we will have the following relations:

2 oq? 2 G2, (12
My COS™ Yo & My SNy, = (Bc)aas

oS yasin pa(ml; —m2.) = (B2,

2 2 2 2, _ (1R2
My SNy, +mH2+cos 72 = (BE)s3-

These equations in conjunction with Eq. (A7) will enable us to solve for 4, Ag, and Ay as given below,

2 2 2 2
(mH]* - mH2+> Cyy, 4tanfp, sy, <mH1+ + mH2+> tan 3, tan f3, 2m3,
7= [(Btcy) 5+ i 3 = 4o —4n + pal
2v s, tan 2f3; Cp, v g, Cp, vSp,Cp, Cp,
2 2
m m 2
H So HY ) 2m
/18 = 21 —25%2 + tanﬂ1 ) 22 ZC%Z —+ tanﬁl ) /110.9[}[ cot ﬂz — /112 tan ﬂ] + 2—13,
v Sp, v Sty VCp S, Cp,
2 2
mi,.. mi,. 2 2
H N H S m
Ao = ——5—( 257, + cot B, 2 +—= | —2¢; + cot f; 22 — A1y, COLPy — Ay cot iy +——2—,
v ’ 5p, v ’ Sp, ‘ U7Sp,Sp,Cp,

where the other three couplings (4,9, 4;; & 412) can be replaced using Eq. (A6).

3. CP-even scalar sector

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

hy
M3
Vs = (hy hy h3)TS hy |,
hy

where M3 is the 3 x 3 symmetric mass matrix whose elements are given by

003(V2411 + V3412) 2 2+m2 U3
12 3>

2 ) 21 _
(M5)1 U4 20, ’ ’

v
(M3)15 = v1(02(47 + A4) + v3410) +?3 (202441 + v3412) — i,

v
(M3)13 = v1(v3(4g + 4s) + v2dy0) +52 (02411 + 203412) — mi,

v103(v1 410 + V3412)
21)2

Uy U3
+miy— 4 mi;—=,
) U

(M?s)zz = 2”%/12 -

v
(M3)a3 = v3(02(46 + Ag) + v1412) +?1 (202441 + v1419) — m3;,

0102(V1 410 + V24) V) vy
+m3,— + m3,

2 =2 2& _
(M5)s3 U343 205 Vs 73
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This mass matrix should be diagonalized via the following orthogonal transformation:

m: 0 0
Oa : M% ’ O(Y; = 0 mfqu 0 ’
0 0 m%iz
where O, has already been defined in Eq. (9). Inverting the above Eq. (A12), we get

m% 0 0
Mi=0OL-| 0 my O |.0,

0 0 m%,z

which enables us to solve for the remaining six lambdas as follows:

2 .2 .2 2 2
mi Cg, C m m
L ) H, 2 H, _ 2
/11 - 21}2 02 6‘2 ZUZCQ C2 (Calsazsaz + Sal Ca3) + 21)26‘2 62 (Cal Sazcas sal sas)
b P ) P b
tan 3, tan 3, m, tanf;  mi, tanf,
4c? (A1sp, + A tanfy) - 20222 2023 2
P PP PP
2 2 .2 2 2
ms Sq, C m m
_ thtamm H, _ 2 H, 2
/12 - 21}2 Sz 6'2 + 21]252 C2 (Cal Cay = Sy sazsag) + 21]2S2 C2 (cal Say + Sa, Sazca3)
PP ) P Pa
2 2
tan /3, P P miy, cotff; ms;tanf,
4s2 tan (iocp, + A tan i) - 202522 20783 2
P 1 i) P B
22 2 22 2 2 2 2 2
13 o mh Sﬂ i mch(12S113 + mHZC(l2ca3 + S2ﬂ] (/110Cﬂ + lllsﬂ ) _ m13 Cﬂl _ m23 Sﬂl
- 2 2 2.2 2.2 3 1 1 2 2 2 2
2v S5, 2v 55 2v 55 8tan” 3, 2v tanﬂzsﬁ2 2v tanﬁzsﬁ2
1
_ 2 2 2 2 2
/14 - 4’1]2S 02 [(mHl - mHZ){(_3 + CZaZ)SZal Coay — 4C2alsa2s2a3} - Z(mHl + mHz)SZ(ll C(lg]
25:%p,
2 2 2
my Srq, Cq,  tan i, m 1
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APPENDIX B: FLAVOR OBSERVABLES IN THE Z3HDM
1. Computing b — sy

(A12)

(A13)

(Al4a)

(A14b)

(Aldc)

(Al4d)

(Alde)

(A14f)

The nonstandard contributions to the one-loop b — sy amplitude in our Z3HDM scenario are shown in Fig. 6.
Since the one-loop contributions come from the charged scalar only, the NP amplitudes will depend only on the parameters
tan f;, tan f,, My, My, and y,. To find the amplitudes, we simply extend the analysis of a NFC 2HDM [52,53] for a
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FIG. 6. NP contributions to b — sy in the Z3HDM. H stands for both charged scalars (i = 1, 2).

scenario with two different H". Following Ref. [54], the branching ratio for 5 — sy is controlled by the CSf and C&if Wilson
coefficients,

BR(b > sy) _ 6a
BR(b — cet) 1B

V;Ks th

Ceff2 Ceff
o= G + |

I (B1)

where the normalization by Br(b — cer) helps canceling some of the hadronic uncertainties. The effective Wilson
coefficients read

8 8
Gl =12 Cyp 42 (/2 =) Cy + Y ™, (B2a)

=1
8
CEt = ylo/23Cyp + 3 (n"4/23 — 16/23)Cqp, (B2b)

where, as in the usual analysis of 2HDMs [54], the leading log QCD corrections in the SM are described by

ai= (3. 18 & —A. 04086, 04230, -0.8994, 0.1456), (B2c)
ho= (9588, -3 -3~ -0.6494, 00380, 00186, —0.0057). (B2d)

and n = ay,(My)/a,(u), where u is the QCD renormalization scale u &~ 221 MeV. Taking into account the absence of tree-
level FCNCs, the coefficients in Eqgs. (B2a) and (B2b) can be recast as

Cy =AM+ AT, Cip = bASM + Ak (B3a)

Cy = ASM + A Csp = —ASM + A, (B3b)

gL>

where the A™ terms correspond to our NP (charged Higgs) contributions. These contributions can be further broken down
into

2
AjLR = oo , Z VasVab |:CIL rR(Vg) +3 3 Cor.r(¥g) |- (B4a)
sV g
AgL,R IR TR Z VisVarCarr(Vq)s (B4b)

ts Ibq u,c,t

with y, = m2/M3,., and

Ht?
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Culg) =21 (Fa00) = 7100 (222 430 ) 42XV, 3) = o)) (B50)

Caato) =2 (1720) - 7101 (22 32 = 2077, (Bb)

q

in which X and Y are the charged Higgs coupling to left- and right-handed quarks, respectively, and the loop functions are
given by

gy _
Folt) = [)ldxxj_l(l _)x)t_ (ki 1>[2F1(1,1;k+2;%>, (B6a)

_ 1 xk 1 r—1
= = FillLk+1;k+2,—— B6b
Filt) Adxx—l—(l—x)t (k+ 1) 1(’ Fhits— ) (B6b)

where ,F g (a, b; c; d) is the hypergeometric function. Finally, the SM amplitude is given by (keeping only the top contribution)

23

(2-3x) 23
36°

AEM: [ . (24 x;) —

2

(6—x,)

(2+ x;)
3

Fr(x) + Falo) + 3. Fo(x) + 3 Folw) - 0 () + ﬂ(x»} _B . (87

(2 + X;)

= [ao(o) - O ) + 222 (B7b)

W =

ZOIE

where x, = m?/M?,. So far, we have presented the analysis of the b — sy processes in a 2HDM where FCNCs are absent. To
extend these results to our model, we redefine Eqs. (B4) and (B5) to account for both charged Higgs contributions,

2
yL.R R T Z Vqqubz [ 1L.R (vg) +3 C2L R(yIJ) (B8a)
ts th g=u,c.t i=1.2
T D VasVar Y Ch (), (B8b)
’h q=u,c,t i=1,2
where now yi, = mz/Mm, and
2
l y m? _ _
o) =2 (300 = Fr000)] (7 4 X2) 4 211 0,) = Fal,)] ). (B9a)
q
2
i M s,
o) = (7200 = F100) (2 + 32 = 2X07 ) ) (BOD)
q

where we can see the X; and Y; couplings now carry an index, denoting the H{ and H; chiral (P, and Pg) couplings to quarks.
In the present model, these couplings can be extracted from Eqgs. (18a) and (18b),

X, = —cotp,siny,, (B10a)
cotficosy, .

Y, =—tanp,| ————=+siny, |, (B10b)
sin f3,

X, = cotf3, cosy,, (B10c)
" .

Y, = —tanf, (w — cos yz) . (B10d)
sin f3,
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We now have all the relevant information needed to 2. Neutral meson mixing: AMp,

compute the b — sy branching ratio in our model. As A very restrictive aspect of BSM models comes from
advertised, the only dependencies on the BSM degrees of  neutral meson oscillations. These processes, for models with-
freedom are through tanf3;, tan ), and y,, which control  out tree-level FCNCs, are forbidden at tree level, but may have
the couplings, the charged Higgs masses, my+ and mp;,  sizable one-loop contributions. The left panel in Fig. 7
which will affect the loop functions. Finally, the SM  represents the SM contribution for such processes, whereas
prediction for the b — sy branching ratio can be found  the other two diagrams represent the additional contributions
in Ref. [55] and the experimental values in [19]. in our Z3HDM scenario. To obtain some qualitative intuitions
we write the effective AF = 2 Lagrangian as follows:
|

_ GALM? S(Vey
LG~ = 1F6ﬂ2W Z ﬂaﬂbwawb(%'FXiaXib[ll(ya,yb,)’i)+Xjanb12(ya,yb,yi,)’j)]>OF- (B11)

a.h:i,r:.ri
i.j=H.H
LJ 11

The SM contribution is encoded in S(y,,y;), normalized  and y; stand for the ratios m2/M%, and mf#/ M3, respec-
by a factor of 4 to account for the summation on the '
charge.d nggi‘ The il 1(Ya» ¥, i) contributions are due to sideration are contained in the CKM elements 4, and the
the mixed W= — HF boxes, and I5(ya,yp, yi-¥;) are the  gimension-six operators Op. For a generic meson,
Hf — Hj[ boxes in Fig. 7. The above expression is validin  p — (4,, ¢,), these are defined as
the zero external momenta approximation, where the down-
type quark masses are taken to be zero. We use X;, to
denote the coupling between the charged Higgs Hi and the Ao = (Vig,Vag, ) Or = (§,7"PLq»)*. (B12)
up-quark a, which, as seen in Eq. (B10a), are flavor
universal, i.e., X1, = X; = —cotf,siny, and X5, = X, =
cot 3, cos y, for Hf and Hx, respectively. The quantities y, Finally, the loop functions are given by

|

tively. The specificities of the neutral meson under con-

(x> =8x+4)Inx +3(x—1) FOasyp)
fX - s S(.Ya’y):—? (B13a
) (x = 1) Y = )
x(x—4)Inx
s Vs - bl I as s Vi) — as ' Vi s YisYa i*Yar ) B13b
9(x.y.2) CEEDE 100 Y52 Vi) = 90ar Yor ¥i) + 9082 YisVa) + 9(i Yar ¥5). - (B13b)
x2Inx
h(x,y,w,z) = , B13c
) = w2 (B13c)
L(Yar Y6: Yir ¥i) = 0V ar Yir Yir ¥j) + 1V Yar Yir ¥j) + 0(Vis Yar Y5 ¥j) + 1Y 2 Yar Yo Vi) (B13d)

The limiting cases where, for instance, the same Higgs runs in the 7, box diagram should be carefully dealt with, as the
loop functions are only apparently divergent for x; = x;, but indeed have a well-defined limit.

s,d u,c,t b s,d u,c,t b s,d u,c,t b

Y
Y

y
Y
Y
Y

Y

w* wT HE HF

il
Sl
Sall
=
Gl

A0

o
8y

4, ¢, T 5,d @, ¢, T 5,d
< < < < < < <
< < < < < t t

<
<

FIG.7. Contributions to AM B, in the Z3HDM. H7 stands for both charged scalars (i = 1, 2). The first box diagram corresponds to the
SM amplitude. The diagrams with interchanged internal lines are not shown explicitly.
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Finally, we can obtain AMp from the effective Lagrangian,

AMp =2|M7,|,

- 2
(PIORIPY) =% F3M3 By,

P _
M]Z_

1 .
o (PUILE PO,

- Bl4
M, (Bl4a)

(B14b)

where Mp is the meson mass, fp its decay constant, and Bp is its bag parameter. The 2HDM limit (with no tree-level
FCNC:s) of Eq. (B11) can be easily extracted, taking some care on the symmetry factors. As in the b — sy computations, it
would be possible to parametrize these results to match numerical results with higher-order corrections. The experimental
values which will determine the experimentally allowed region are taken from [19], whereas the relevant hadronic

parameters can be found in [56].
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