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Abstract

The constraints from the measurements of the B — X+ decay rate on the parameter space of 3-
Higgs Doublet Models (3HDMs), where all the doublets have non-zero vacuum expectation values,
are studied at the next-to-leading order in QCD. In order to naturally avoid the presence of flavour
changing neutral currents at the tree level, we impose two softly-broken discrete Zs symmetries.
This gives rise to five independent types of SHDMs that differ in their Yukawa couplings. We show
that in all these 3HDMs (including the case of type-II-like Yukawa interactions) both masses of the
two charged Higgs bosons m HE and m i can be smaller than the top mass m; while complying with
the constraints from B — X,v. As an interesting phenomenological consequence, the branching
ratios of the charged Higgs bosons decay into the ¢b final states can be as large as 80% when their
masses are taken to be below m; in two of the five 3HDMs (named as Type-Y and Type-Z). This
light charged Higgs boson scenario provides a hallmark 3HDM signature that cannot be realised
in Zs symmetric 2-Higgs doublet models. We find that in the Type-Y and Type-Z 3HDMs the

scenario with 90 GeV < m my . < my is ruled out by the direct searches at the LHC, but in
2

+
Hl

the Type-Y 3HDM 80 GeV < m 4 < 90 GeV and 90 GeV < mys < my is allowed by B — Xy
1 2

H
and direct searches at LEP2, Tevatron and LHC due to the reduced sensitivity of these searches
to the degenerate case m HE R My The cases where only one or both charged Higgs bosons are

above the top quark mass are also naturally allowed in the both Type-Y and Type-Z 3HDMs.
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I. INTRODUCTION

After the 7 and 8 TeV runs of the CERN Large Hadron Collider (LHC), it has been
clarified that a Higgs boson exists with a mass of about 125 GeV and that its measured
properties — such as the signal strengths of various production and decay channels — are
consistent with those of the Standard Model (SM) Higgs boson [1,12]. Although this suggests
the existence of an isospin doublet scalar field, there remains an open question: i.e., how
many doublets are there in the actual Higgs sector?

The existence of a second Higgs doublet is strongly expected when we consider physics
Beyond the SM (BSM). The most familiar example is the case of supersymmetric extensions
of the SM, in which at least two Higgs doublets are required to generate all the masses of
charged fermions and for anomaly cancellation [3]. In addition, extra sources of CP-violation
can be obtained from Higgs sectors with a multi-doublet structure, an ingredient which is
necessary to realise a successful scenario based on Electro-Weak (EW) baryogenesis .
Furthermore, the second doublet is often introduced in models for neutrino masses [7] and
dark matter ﬂg] Therefore, adopting a bottom-up approach while studying the phenomenol-
ogy of multi-Higgs-doublet models is important in order to access BSM physics.

One of the characteristic features of extended Higgs models is the appearance of charged
Higgs bosons, so that their detection can be taken as direct evidence of such structures. In
particular in multi-doublet models, singly charged Higgs bosons can affect various flavour
observables such as B-meson related processes. For example, B — X v data give a lower
limit on the mass and Yukawa couplings of charged Higgs bosons. In Refs. ], the
Branching Ratio (BR) of B — X,y has been calculated at the Next-to-Leading Order
(NLO) in QCD in the context of 2-Higgs Doublet Models (2HDMs) with a softly-broken Z,
symmetry. In Refs. [13, [14] the calculation has been extended to Next-to-NLO (NNLO).
From m, the lower limit on the mass of a charged Higgs boson m . is given to be about
480 GeV at 95% Confidence Level (CL) in the Type-I1 2HDM when tan 3, which is the ratio
of the Higgs Vacuum Expectation Values (VEVSs) of the two doublets, is taken to be larger
than 2. In contrast, a milder bound from B — X,7v is extracted in the Type-1 2HDM, e.g.,
mys 2, 100 and 200 GeV when tan 5 = 2.5 and 2, respectively B], with the lower bound
on my+ weakening with increasing tan f.

It is important to mention here that, in addition to Type-I and Type-1I 2HDMs, the Type-



X and Type-Y 2HDMs can also be defined depending on the Z; charge assignment B@]
and that the same bound on my, from B — X,y as in the Type-II (Type-I) 2HDM is
obtained in the Type-Y (Type-X) 2HDM because of the identical structure of the quark
Yukawa interactions. It is then interesting to consider a light charged Higgs boson scenario
with mpg+ < m; —my in which H* states can be produced via a top quark decay (¢t — H*b),
a channel which is being searched for at the LHC experiments. If we consider 2HDMs, such
a scenario is allowed in Type-I and Type-X for tan 8 2 3 and it has been shown that the
charged Higgs boson mainly decays into 7v in this parameter space B, E] However, if
we consider models with more than two Higgs doublets, one can find charged Higgs bosons
decaying copiously into different final states.

In this paper, we investigate the phenomenology of charged Higgs bosons in 3-Higgs
Doublet Models (3HDMs). Two softly-broken discrete Z; symmetries are imposed in order
to realise the Natural Flavour Conserving (NFC) scenario, where only one of the three
doublets couples to each type of fermion in order to avoid Flavour Changing Neutral Currents
(FCNCs) at the tree level. Under these Z, symmetries, we define five independent types of
Yukawa interactions in analogy with the four types of Yukawa interactions in Z5 symmetric
2HDMs. In 3HDMs there are two physical charged Higgs bosons (denoted by Hi and
HF, with m HE <M H;) and more parameters determine the phenomenology of the charged
Higgs sector than in 2HDMs. In Refs. [16, @, , ], the phenomenology of H li in 3SHDMs
has been studied with decoupled Hi in terms of effective Yukawa couplings for the down-
type quark, up-type quark and charged lepton, which are expressed by a function of four
independent parameters ] in the framework of NFC. It has been shown that Hi can be
lighter than the top quark while satisfying constraints from B — X, even for the case with
Type-II like Yukawa couplings. Moreover, it was shown in Refs. , B, @, ] that the
decay channel Hi — cb can have a large BR (up to 80%) in a 3HDM. Although such a value
is possible in the Type-Y 2HDM for my+ < m; — my, the constraint my+ > 480 GeV from
B — X,v rules out this scenario. Hence a large BR(H} — cb) is a distinctive signature of
3HDMs.

However, there are some important shortcomings in the previous approach where the
heavier charged Higgs boson is decoupled from the theory. If one takes the decoupling
limit of the heavier charged Higgs boson, then the mixing angle between the two charged

Higgs bosons asymptotically approaches zero because of the structure of the charged scalar



mass matrix. Eventually, this situation makes the predictions in 3HDMs identical to those in
2HDMs. In other words, the effective coupling approach 16,19, ,E] is implicitly assuming
that a cancellation is occurring between the contributions of the two charged Higgs bosons
to B — X,v, and the heavier charged Higgs boson should not be too heavy in order for
sufficient cancellation to occur. Thus in this paper, we clarify the 3SHDM phenomenology
with a non-decoupled HQjE and, consequently, the impact of HQjE on flavour physics and its
typical collider signatures have not been clarified either. We compute the BR of B — Xy
at NLO in QCD in 3HDMs by taking into account both Hi" and H3 loops, in which the
dependence of the relevant five independent parameters, i.e., m HEs Mg, tWO ratios of VEVs
and a mixing angle between Hi* and H3", is explicitly shown with a fixed type of Yukawa
interaction. We then discuss the phenomenology of Hi- and Hj at the LHC in the parameter
space allowed by B — X,v and by the direct searches for charged Higgs bosons via t — H*b
with H* — 7v/cs at the Tevatron and LHC as well as pair production H*H~ at LEP 2.
We draw attention to the fact that current LHC searches for H* do not have sensitivity to
the region 80 GeV < mpy= < 90 GeV provided that H* has a sizeable branching ratio to cs
and/or cb, and LEP2 searches did not rule out the possibility of a H* in this region. We
then interface these results to the standard hadro-production mode gg,¢q — tbH~ + c.c.
discussed in [24], where analytical formulae can be found.

This paper is organised as follows. In Sec. II, we define the 3HDMs. First, we give the
Higgs potential under the two softly-broken discrete Z; symmetries and then we construct
the Yukawa Lagrangian. Five types of Yukawa interactions are also defined. In Sec. III,
we discuss the constraints on the parameter space from B — X,y and the direct searches
for charged Higgs bosons at LEP2, Tevatron and LHC. In Sec. IV, we investigate the LHC
phenomenology of the charged Higgs bosons. Conclusions are given in Sec. V. In Appendix A,
we present the formulae for the mass matrices of the charged, CP-odd and CP-even Higgs
bosons. In Appendix B, we summarise all the SM input parameters which are used for the

numerical analysis of this paper.

II. MODELS

We discuss extensions of the SM Higgs sector with three isospin doublet Higgs fields ®;
(1 = 1-3), where all the Higgs fields have non-zero VEVs. In general, each of these Higgs



Dy | Dy | D3 | up | dp | en |Qu, Li||®u ®g .
Type-L||(+,4)| (+: =) | (= H) | (£, =) | (+: =) | (+, =) | (,4) | P2 P2 2
Type-IT|| (+, +) | (+, =) | (=, ) |(+, =) | (+ ) | (+, F) | (+,+) || P2 1 Oy
Type-X|| (4, +) | (4, =) | (=, F) [ (+ =) [(F =) | (F,+) | (F,+) || P2 P2 Oy
Type-Y || (+, +) | (+. =) | (=, ) |[(+, )|+ +H) | (+, =) | (+.4) || P2 1 Dy
Type-Z || (+,4+)|(+: =) | (= D) [(+, =) |(+: F) | (= D) | (+,4) | P2 P1 D3

TABLE I: Charge assignments under the Zy x Z, symmetry, e.g. (+,—) means Z-even and Zy-odd.

Factor for Hy, Ay and ]flli Factor for Hs, Ay and ﬁ;ﬁ

Ryo /Ryt |Rag/ Rai | Re2/ Re1 | Rus/Ru1 | Rasz/Ra Re3/Re1
Type-1|| cotp cot 3 cot 3 0 0 0
Type-II|| cot8 | —tanf | —tan 3 0 —tany/ cos B|— tany/ cos
Type-X|| cotf cotf | —tan 0 0 —tan~y/ cos
Type-Y| cotB |—tanp | cotf 0 —tany/ cos 0
Type-Z|| cotp | —tanf | —tanpf 0 —tan-y/cos 3| coty/cosf

TABLE II: Factors appearing in Eq. (I6) for each type of Yukawa interaction.

doublets would couple to all three types of fermions, i.e., up- and down-type quarks and
charged leptons. However, this structure causes FCNCs at the tree level, as is well known
in the general 2HDM without discrete Z5 symmetries. The easiest way to avoid FCNCs is
to consider a Yukawa Lagrangian where each of the three Higgs doublets couples to at most

one of the fermion types, and such a Lagrangian takes the following form:
—£y = YUQL(iUQ)q)ZUR -+ YdQL(I)ddR + Y;EL(I)QGR + h.C., (1)

where @, 4. are either ®;, @, or ®5.

We can naturally realise the above Lagrangian by imposing two discrete symmetries Z
and Z, on the Higgs sector. In general, we can also introduce soft-breaking Z, and Z,
terms in the Higgs potential without losing the key property of the absence of FCNCs at

tree level. Depending on the charge assignment of the Z, and Z, symmetries, we can define



five independent types of Yukawa interactions® as listed in Tab. [. We note that the Type-Z
corresponds to the Yukawa interaction of the 3HDM discussed in Ref. |21] which is named
therein as the ‘democratic 3SHDM’.

The most general Higgs potential under the SU(2), x U(1)y X Z3 X Zo symmetry is given
by

V (D, Dy, B3) = Z P01, — (12,81 ®y + 12,0105 + 42, 01D + hoc.)

3
1 1
+ 5 D N(RID)° + pr(D101)(R3 ) + pa| D] + 7 [pa(@]22)° + hic]
i=1

1
+ 01 (B D) (DLD3) 4 00| DT D4[ + 5[03@1@3)2 +h.c]
1
+ Ry (DI DY) (DI D) + ko | DL D) + 5[@(@;@3)2 +h.c], (2)

where the uy, 25 and p3; terms are the soft-breaking terms for Z, and Z,. In general, u?j,
p3, 03 and k3 are complex parameters but throughout the paper we take them to be real for
simplicity, thereby avoiding explicit CP violation. Of the 18 free parameters in the SHDM
scalar potential, two are fixed by the mass of the W boson and the mass of the discovered
neutral Higgs boson. There are theoretical constraints on the 16 remaining parameters
from requiring stability of the vacuum, absence of charge breaking minima, compliance with
unitarity of scattering processes etc. Such constraints are well-known in the 2HDM (e.g. see

J]. We do not impose these constraints because they only rule out certain regions of the

|) for a recent study) and have also been discussed for the scalar potential in 3HDMs

parameter space of 16 variables, which might not include the region what we are interested
in for the phenomenological study focusing on the charged Higgs sector. As we will see
below, the phenomenology in the charged Higgs sector depends on only 5 parameters (which
we take as unconstrained parameters), and we will assume that the freedom in the other
11 parameters can be used to comply with the above theoretical constraints. To justify
this approach we note that the analogous constraints on the scalar potential in 2HDMs do
not constrain the two parameters in the charged Higgs sector (my+ and tan ) due to the
freedom in the remaining four parameters (for the case of a 2HDM with a softly-broken Z

symmetry).

1 We can also define additional four types by interchanging ®;, <> ®;. However, these types are physically
identical to the last four types given in Tab.[ll



The three Higgs doublet fields can be parameterised by

o= 7| =13 3)

75 (hi +vi + 1)
where the v;’s are the VEVs of the ®;’s with the sum rule >, v? = v? = 1/(v2GF) ~ (246
GeV)?2. Tt is convenient to define the so-called Higgs basis in 3HDMs, in which only one of
the three doublets contains the VEV v and the Nambu-Goldstone (NG) bosons. This can

be defined by introducing the orthogonal 3 x 3 matrix R as

D, P
(I)Q =R \Ifl . (4)
0N vy

The R matrix is expressed in terms of the three VEVs:

vl _ Vvl _ V3 ol Q]

Lo cosy 0 —sinvy cos3 —sinf 0
R=|2 w 0 = 0O 1 0 sinf8 cosf 0

Y3 vtz U1 siny 0 cos~y 0 0 1

v V13V V13

cos fcosy —sinfcosy —sinvy
= sin /3 cos 3 0 : (5)

cos Bsiny —sinfsiny cos~y

where we introduced the two ratios of the VEVs as follows

v v .
tan f = —=, tany = —, with vy = /02 + 02, (6)
U1

V13

Using this notation, each of the VEVs is expressed by
V] = v13Cc0sy =vcosFcosy, vy =vsinf, wv3=wvizsiny = vcosSsin~y. (7)

We note that these definitions differ from those used in Ref. H] In the Higgs basis, the
three doublets ®, W, and ¥, are expressed by

Gt HF
o= — |, U= _" | with a=1,2, (8)
v+h+iGO Ho,+1Aq
V2 V2

where G* and G° are the NG bosons which are absorbed into the longitudinal components

of W and Z, respectively. In Eq. ([8), two singly-charged states lflai, two CP-odd states
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A, and three CP-even states h and H, are not in general the mass eigenstates. The mass
eigenstates for the singly-charged (Hi and Hjy) and the CP-odd states (A; and Ajy) are
defined by

]lei _ cosfc —sinbco Hli A, B cosfly —sinby Ay (0)

H Qi sinfc-  cosfc H Qi A, sinfly cosfy4 Ao
where the mixing angles 0~ and 6,4 are expressed in terms of the mass matrix elements for
the singly charged states (M2) and those for the CP-odd states (M%) in the Higgs basis

(see Appendix A):

2(MEha 2(M?)12
(M%‘>11 - (M2C)22’ (M?ax)ll - (M%)m'

The squared mass eigenvalues for the singly-charged and CP-odd Higgs bosons are given by

tan 20, = tan260, = (10)

mzli = (MZ)11 cos? O + (MZ ) sin? O + (MZ)12 sin 20¢, (11)
m?{; = (MZ)11sin? 0 + (M) g9 cos? e — (MZ)12 sin 20, (12)
m%, = (M3)11 cos” 04 + (M?%)aasin® 04 + (M?)12 5in 2604, (13)
miz = (M%) 11sin® 0y + (M?)2n cos? 04 — (M?)125i0 20 4. (14)

For the CP-even states, there are three physical states, so that we need to diagonalise the
3 X 3 mass matrix to obtain the mass eigenvalues. The mass eigenstates are defined by

introducing the 3 x 3 orthogonal matrix Ry as

h h
H |=Ru|H|. (15)
H, H,

Among the three mass eigenstates, one of them must be identified as the discovered Higgs

boson at the LHC with a mass of about 125 GeV, which in our case is the h state. The mass

matrix for the CP-even states in the Higgs basis (i~z, H, flg) is also given in Appendix A.
The Yukawa interaction terms can be expressed in the Higgs basis as

Mmyi -, Ryo R Rys Rys ;
— Ly = A R 2B, —or A A i
i fzzu;le 4 K R 1+Rf 2) f<Rf1 1Jerl 2) }f

27 . S 9~ 3~ ,
+ V2 [aﬂvjimdi (Rd2 Hi + Ras B ) Prd’ — @'m,:Vy; (R 2HY + i 3H2+) PLdJ] +he.

v Rd1 Rd1 Rul Rul
+ iﬂ Mei Rez Hi + Bes Hf | Pre' +h.c. (16)
Rel Rel
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FIC. 1: Branching ratios of Hi® (upper panels) and H3 (lower panels) as a function of tan ~y in the
Type-1, I1, X, Y and Z 3HDM from the left to right panels. We take Myt = 100 GeV, Myt = 150

GeV and 0 = —7/4. The value of tan 3 is taken to be 2 (5) for the solid (dotted) curves.

where Iy = +1/2(—1/2) for f = u (d, e) and Vj; is the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element. The ratios of the matrix elements R/ Ry and Rys/ Ry (f = u,d, e) are
given in Tab. [T for each of the five types of Yukawa interactions. Here, it is useful to show
the correspondence between the X,, Y, and Z, couplings used in Refs. @ l l l and
the above couplings. When we define these couplings by

2 . . . . . .
— Ly = V2 > (@ Vjima XoPrd' + @my VYo Pod' + 0'me Z,Pre’) Hf +he.,  (17)
v

a=1,2
we find
Rd2 Rd3 Ru2 Ru3 Re2 Re3
X Y = e Zy =22y ey 18
T RL TRy Se T TR 0T RSO T R, TR, e (18)
Rd2 R Ru2 Ru3 Re2 Re3
X, = — Yy = 2 Z es 19
2=~ t T pater o= Fhso = hico, L= —prsetpiee,  (19)

where s, = sinf and ¢, = cosfc. In this paper, we particularly focus on the physics
related to the charged Higgs bosons Hi and Hj, for which the number of relevant (new

physics) parameters is five, namely,

m m tan 5, tan-y, and O¢. (20)

+ +
H? Hy

A sixth parameter H], which is a complex phase ¢ of the mass matrix M2, is set to be zero

as we have already assumed the CP-invariance of the Higgs sector.



Type-l Type-ll Type-X Type-Y Type-Z
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FIC. 2: Branching ratios of H:X (upper panels) and Hy (lower panels) as a function of tan+ in the
Type-1, II, X, Y and Z 3HDM from the left to right panels. We take My = 200 GeV, My = 250
GeV and 0o = —n/4. The value of tan 3 is taken to be 2 (5) for the solid (dotted) curves.

We now show the BRs of H li and HzjE in the Type-I, Type-II, Type-X, Type-Y and Type-Z
3HDMs. For simplicity, we take all the masses of extra neutral Higgs bosons (H; 2 and A; 1)
to be larger than those of the charged Higgs bosons and take the alignment limit Ry — [543,
where the CP-even states in the Higgs basis h and H 1,2 correspond to the mass eigenstates. In
this case, the decays of the charged Higgs bosons such as Hf — W®* A, /H,/h (a = 1,2)
do not appear nor do the HF — H{H,/h (a = 1,2) ones either?. As a result, only the
charged Higgs boson decays into fermion pairs need to be considered. The leading order

expressions for the partial widths of Hi" and H3 decaying to fermions are given by:

Am/2 quai
3GF|Vud|2mH;t
47/2
x [(MaX2+miY]) (1 =zl — af) — 4mmg /258X, Y,] M2 (2, 24), (22)

Grm 2\ 2
D(HE — (Fv) = — 272 (1—ﬂ> : (21)

[(HF — ud) =

where m, and my are the running quark masses evaluated at the scale of the mass of the

2 There is no HliH;F Z vertex at tree level because both charged Higgs bosons originate from Higgs fields
with identical SU(2);, x U(1)y charge. Thus, there is no Hf — HZ™) decay at the tree level either.
We also note that there is no H fEHQJF v vertex in any models with singly charged Higgs bosons at any order
of perturbation theory because of a Ward identity.
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charged Higgs bosons. When calculating the running masses we fix the scale to be 100 GeV,
since using the actual charged Higgs boson masses only leads to small numerical differences
from the values obtained when taking the scale to be 100 GeV. The parameters mP° and
mb*'® are the pole masses of quarks, and 2% = (mpo)?/ m?{g} and z% = (m5°)2/ m?ﬁ. The
values of all these quark masses are given in Appendix B. In the above expression, \ is the
two body phase space function given by A(z,y) = 1 + 22 + y? — 2z — 2y — 2xy.

In Fig. @, we show the BRs of Hj" (upper panels) and Hj (lower panels) as a function
of tan~. In these plots, we take My = 100 GeV, My = 150 GeV and 0o = —m/4. The
solid and dotted curves show the case for tan 5 = 2 and 5, respectively. We see that, in
the Type-I, Type-II and Type-X 3HDM, the decays of the charged Higgs bosons into 7v
pairs are dominant. In contrast, in the Type-Y and Type-Z 3HDM, the decay into cb can
be dominant in the large tan~ region. As shown in Lji@, ], the parameter space of a
large BR of the cb channel corresponds to | X,| > |Y,|, |Z,| (see Eq. [2I)) and Eq. (22))) and
we have shown that this condition can only be realised in the Type-Y and Type-Z 3HDM.

We show similar plots in Fig. 2, but we here take Myt = 200 GeV, Myt = 250 GeV and
Oc = —m/4. Except for the Type-X 3HDM, the decay of the charged Higgs bosons into tb
is dominant in wide regions of the parameter space. In the Type-Y and Type-Z 3HDM, the
BR of the ¢b mode can be at the few percent level in the large tan~ region.

From these results, it can be seen that the charged Higgs boson decay into c¢b can be
important in the Type-Y and Type-Z 3HDMs, especially when the charged Higgs boson
masses are below the top mass. We would finally like to emphasise that the H f2 — ¢b decay
can be a useful tool to distinguish 3HDMs from 2HDMs because of the following reason.
In practice, in the 2HDM with a softly-broken Z, symmetry, the H* — cb decay can be
dominant when m . < m; —m;, and tan 3 2 3 for the Type-Y case ,@] However, such
a light charged Higgs boson is excluded by the B — X,y data. In our model, the constraint
from B — X, is instead avoidable using a cancellation between the contributions from the

loops involving Hi* and H3 as we will clarify in the next section.

III. CONSTRAINTS FROM B — Xy AND DIRECT SEARCHES

In this section, we first discuss the constraints on the parameter space of the five types

of 3HDMs from measurements of B — X 7. Then we move on to consider constraints from

11



direct searches for Hi" and Hi at colliders.

A. Flavour sector limits

We calculate the branching fraction of the radiative B — X7y decay process at NLO
in QCD. In our model, in addition to the W¥ boson loop contribution, HljE and H2i also
contribute to this process at the same perturbative level. The decay rate of B — X v can be
written as a sum of the following three parts: i) the b quark decay process b — sy (I'y—4,);
ii) the gluon bremsstrahlung process b — svg (I'y—s44); iil) non-perturbative effects due to

the mesonic processes (I'nonpert.). Thus,
F(B — XsV) = Fb—)s'y + Fb—)s'yg + Fnon—port.- (23>

The first and the second contribution depend on the new physics parameters such as the
charged Higgs boson masses and their couplings to quarks, while the third contribution does

not. The decay rates I',_,5, and I'y_, 5,4 are calculated using the Wilson coefficients at a scale

1311

Cz‘eﬂ(,u>mHli>mH5E) = Cze,foM(:u) + Z [(X Y*)C XY(:uamHi) |Y| zYY(,u>mH;E)} ) (24)

a=1,2
where i = 1,...8 while X, and Y, (a = 1,2) are given in Eqs. (I8) and (I9). We note that
the results of the 2HDMs can be reproduced by taking the limit of 6o — 0 or m HE M-
The latter holds due to the sum rule:

XaYa:XY‘ , Y2 = Vi . 2
5 ml Y me=me| (25)

a=1,2 a=1,2

The structure of the quark Yukawa couplings are the same in Type-II, Type-Y and Type-
Z 3HDMs and so the same bound from B — X v applies equally to these three models.
Likewise, the bound from B — X,y applies equally to the Type-I and Type-X 3HDMs. To
obtain I'y, and I'y_, 44, we set the scale p1 appearing in Eq. ([24) to be the bottom quark
mass scale 14,. All the Wilson coefficients that are calculated at the matching scale p = juy,
have to be evaluated at p, by solving the renormalisation group equations. In Ref. [11], all
the relevant Wilson coefficients at © = p, at LO and NLO are given in terms of those at

i = jiy, and we adopt them for our numerical evaluations. Using the decay rate and BR of

12
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FIG. 3: Predictions for the branching ratio of the B — X7 process in the Type-I (left) and Type-II
2HDM (right) as a function of m .. We take tan 3 = 1 (solid), 2 (dashed) and 30 (dotted). The
red solid (dashed) lines are the 20 allowed region (central value) of the experimental result. The

blue dotted line is the SM prediction.

the semi-leptonic decay of the B meson, we can express the BR of the B — Xy process as

['(B — X)

BR(B = X9) = 55 x.0)

BR(B — X (v). (26)
The measured value of the BR is given @] as
BR(B — Xyv) = (3.4340.22) x 107*. (27)

All the SM input parameters for the numerical calculations are listed in Appendix B, and
we take g, = mP® and py = myp+.

In order to compare the predictions in 2HDMs with those in 3HDMs, we first show the
results in the former case where we have only one pair of charged Higgs bosons H*. In Fig.[3]
we show the prediction of the BR of B — X,v in the Type-I (left) and Type-II (right) 2HDM
as a function of the mass of the charged Higgs boson m .. The SM prediction is indicated
as the blue dotted line. The 20 bounds from the experimental data are shown as horizontal
red solid lines. The black curves show the results in 2HDMs with several fixed values of
tan 3. We can see that the H* contribution interferes destructively (constructively) with
the SM contribution in the Type-I (Type-I1I) 2HDM. In addition, in Type-I, when we take
a large tan 3 value, the H* contribution becomes quite small because all the H* couplings

to quarks are proportional to cot 8. In contrast, in the Type-II case, even if we take a large

tan 3 value, the H* loop effect does not vanish. This can be understood by noting that the
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FIG. 4: Prediction of the branching ratio of B — X,v in the Type-I 3HDM (black dashed curve)
with tan 8 = 2 and ¢ = 7/4 as a function of m HE As a comparison, we also show the results in
the Type-1 2HDM with tan § = 2 as the black solid curve. The left, centre and right panels show
the case for m gt —m HE = 20, 50 and 80 GeV, respectively. The same results are obtained in the

2

Type-X 3HDM.

coupling product X;Y}* with 6o — 0 appearing in the Wilson coefficient is equal to unity in
the Type-II 2HDM. Consequently, in Type-I, a severe lower limit on mpy+ is only obtained
for small values of tan 3, with the bound being about my+ > 1 TeV with tang = 1. In
Type-II, when tan 8 > 2, we obtain my+ > 450 GeV independently of tan 53

Next, we show the numerical results of BR(B — X,v) in 3HDMs. In Fig. @ the My
dependence of BR(B — X,7v) in the Type-I 3HDM is shown as the black dashed curve. The
prediction in the Type-I 2HDM is also shown as the solid curve for comparison. In these
plots, we take tan f = 2 and - = /4. The mass difference My — My is taken to be
20 (left panel), 50 (centre panel) and 80 GeV (right panel). We can see that the difference
between the prediction in the Type-I 3SHDM and the Type-I1 2HDM becomes slightly bigger
as the mass difference mpy+ — my+ increases, but, even for the case of my+ —my= = 80
GeV, these two results are almost the same. We note that BR(B — X,v) does not depend
on tan vy in the Type-I 3HDM, because tan v is not entering the quark Yukawa couplings as
shown in Tab. Il We also note that the prediction in the Type-I 3HDM does not depend on

the sign of 6¢.

3 In Ref. M], the calculation at NNLO in QCD has been evaluated in the Type-II 2HDM and the slightly
more stringent limit m g+ = 480 GeV has been derived at 95% CL.
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FIG. 5: Prediction of the branching ratio of B — X7 in the Type-II 3HDM with several values
of tan~y. We take tan 8 = 2 and §c = —n/4. As a comparison, we also show the results in the
Type-I1 2HDM with tan 8 = 2 as the black solid curve. The left, centre and right panels show the
case for m HE m HE = 20, 50 and 80 GeV, respectively. The same results are obtained in the
Type-Y and Type-Z 3HDM.

In Fig. Bl the M dependence of BR(B — X,v) in the Type-II 3HDM for several fixed
values of tan v is shown as black dashed curves. The prediction in the Type-11 2HDM is also
shown as the solid curve for comparison. In these plots, we take tan § = 2 and 0o = —7 /4.
The mass difference my+ — my+ is taken to be 20, 50 and 80 GeV in the left, centre and
right panel, respectively. It is clear that the prediction in the 3SHDM becomes smaller when
we take a larger value of tan~y. This tendency becomes more evident with larger mass
differences. As a result, we can find that cases where both charged Higgs boson masses of
O(100) GeV are allowed by taking appropriate values for tan~ and their mass difference.

We here comment on the constraint on the parameter space from the other observables
in flavour physics according to Ref. |21]]. We note that the constraints discussed in Ref. [21]
are based on a SHDM with ]’-[2jE decoupled, so that we cannot simply apply them to our case.
In the following, we apply these constraints to get the limit on each of the couplings for Hi"
and Hj, which means that we do not take into account the interference effect of the two
charged Higgs boson contributions.

From R, measured from the Z — bb decay, we obtain
My
100 GeV
under |X,| <50 (a = 1,2). This can be easily avoided by taking tan 3 2 1 for my+ = 100

Y| < 0.72 +0.24 ( ) at 95% CL, (28)

GeV. The bound on the charged lepton coupling Z; is obtained from the leptonic 7 decay
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as

Zy < 40 < at 95% CL. (29)

Hi )
100 GeV
This corresponds to the bound on tany < 32(15) for tan § = 2(5) with myz = 100 GeV
and 0 = —m/4 in the Type-11 and Type-X 3HDMs. For the other types, this does not set
an upper limit on tan+ unless we take tan /3 > 1 and/or myx < 100 GeV. Finally, from
the measurement of B — 7v, we obtain

XoZa| < 1080 [ —2
[ XaZal (100 GeV

2
) at 95% CL. (30)

This gives an important constraint on the parameters only in the Type-I11 3HDM, because
both X; and Z; are enhanced by increasing tan 8 and tan~y. For example, tan~y 2 22(11)
is excluded when tan3 = 2(5), my+ = 100 GeV and 6 = —7/4. We checked that all
these above constraints are satisfied in the numerical analysis presented in the succeeding

sections.

B. Collider limits

As discussed in the previous subsection, in 3HDMs, we can take the charged Higgs boson
masses to be O(100) GeV without conflict with the B — Xy data. In this subsection we
discuss this scenario at the LHC as a hallmark manifestation of a 3HDM, particularly for
the Type-Y and Type-Z cases, because the characteristic decay of the charged Higgs bosons
H fQ — ¢b can be dominant.

When we consider the case for mez < my — my, we need to take into account the
constraints from direct searches for H* states from the top quark decay t — HTb at the
LHC. In Ref. B], ATLAS carried out a search for the decay H* — 7v using the data
taken with 8 TeV of collision energy and 19.5 fb™! of integrated luminosity. From the
non-observation of an excess above the SM prediction, the 95% CL lower limit on BR(t —
H*b) x BR(H* — 7%v) has been given to be between 0.23% and 1.3% in the range 80 GeV
< mpy+ < 160 GeV. Similar limits are derived in the CMS search in [34]. The search for H*
with decay into cs has also been performed in [35] by CMS using 8 TeV data and 19.7 fb~!
of integrated luminosity. The 95% CL lower limit on BR(t — H*b) x BR(H* — ¢s) has
been given to be between 1.2% and 6.5% in the range 90 GeV < mpy= < 160 GeV. Similar
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constraints are obtained from the ATLAS search for H* — c¢s in @] We note that there
is a local excess of 2.40 around my+ = 150 GeV in the CMS search in [35], with a best-fit
branching fraction of t — H*b = 1.2 + 0.2%, assuming BR(H* — ¢s) = 100%.

In order to estimate the bound from these LHC direct searches in our 3HDMs, we require

the following conditions as the strongest bound of which meaning is explained below:

> BR(t — H,'b) x BR(H; — 7%v) < 0.23%, (31)
a=1,2
> BR(t — Hb) x [BR(HF — ¢s) + BR(HF — cb)] < 1.2%, (32)
a=1,2

where these constraints can be applied to the case of 90 GeV < m HE, < 160 GeV. Regarding
the second equation, we include the cb mode because no flavour tagging was employed in
Ref. @], see also , Q] We note that the two charged Higgs boson contributions should
not be summed if the mass difference between H;" and Hj is taken to be larger than the
detector resolution. If we do not sum these two contributions, then we should get a milder
bound than that obtained from Eqs. [B1]) and (B2]). Thus, the meaning of “strongest bound”
is choosing the strongest limit on the product of two branching fractions (the top decay and
the charged Higgs boson decay) in the given mass range and summing two charged Higgs
boson contributions.

In Fig. 6l we show the allowed parameter space on the m My plane in the Type-Y
3HDM with tan f = 2 and 6 = —m/4. The green shaded region is allowed from B — Xy
data and the right region from the purple and the black curve satisfies the requirement
given in Eqs. (3I)) and (B2)), respectively. The value of tan+ is taken to be 3, 5, 10, 15, 20
and 30 as indicated in each panel of the figure. We note that the region below the dashed
curve, m. > My, is excluded by definition. It is seen that the constraint from H fQ —qq
becomes stronger as compared to that from H fQ — 7v when we take a larger value of tan -y,
because of the enhancement of BR(H;, — cb/cs), as we already saw in Fig. [l Consequently,
the case with m E < Mg —my, and My < My — My is highly constrained from B — X v and
the direct search at the LHC. However, we can find allowed regions with m E < My — My
and My > My — My and also those with My > My — My and My > My — My, The former
case is phenomenologically very interesting, because the lighter charged Higgs boson Hi" can
mainly decay into the cb final state. The BR of the H¥ — cb mode is shown in the caption

of Fig. [6l and is essentially determined only by the value of tan~y for a fixed value of tan 3
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FIG. 6: Green shaded regions indicate the 20 allowed region by the B — X v data in the Type-Y
3HDM with tan 8 = 2 and 6o = —n/4. The value of tan~ is taken to be 3, 5, 10, 15, 20 and
30 from the upper left to lower right panel. The right region from the black and purple curve is
allowed by the bound from the ¢t — Hfob — q@'b (cs and c¢b) and t — Hfob — Tvb processes at
the LHC. The branching ratio of Hi¥ — cb is about 43%, 68%, 82%, 84%, 85% and 86% for the

case with tany = 3, 5, 10, 15, 20 and 30, respectively, and Myt < My

and O¢ when m g+ <my.

In Fig. [, we also show a similar plot for the Type-Z 3HDM, where the constraint from
B — X7 is exactly the same as that in the Type-Y 3HDM because of the same structure
of the quark Yukawa couplings. The difference can be seen in the relative strength of the
constraint from Eqgs. ([BI) and (32)) as compared to the Type-Y case. In analogy with the
Type-Y case, the scenario with both charged Higgs boson masses smaller than m; — my is
highly constrained by B — X,y and LHC direct searches, but at least one of the charged
Higgs bosons can be lighter than the top quark. Similarly to Fig. [6l we give the value of the
BR of H — cb in the caption of this figure.

It is particularly interesting to investigate the case with a charged Higgs boson mass
between 80 GeV and 90 GeV, and H* decaying dominantly to cs/cb. In this situation,

the bound from direct searches at the LHC cannot be applied to exclude any parameter
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FIG. 7: Same as Fig.[6] but for the case of Type-Z 3HDM. The branching ratio of H fc — ¢b is about
4%, 16%, 50%, 67%, 75% and 81% for the case with tan~y = 3, 5, 10, 15, 20 and 30, respectively,

and My < mg.

space because no sensitivity exists in this mass region. This is because the background from
t — W¥b is overwhelming in this region and the invariant mass cut on the jets originating
from H* would lose its effect of greatly suppressing the background when my=+ is close to
my. However, searches for H* from LEP2 and the Tevatron have some sensitivity to this
region of charged Higgs boson mass between 80 GeV and 90 GeV and we include these bounds
in our analysis. In Ref. [38], the excluded region in the my+-BR(H* — 7v) plane has been
given by using the combined LEP2 data from all four experiments. If we take m HE = 83
GeV, we can extract the bound BR(H} — 7v) < 0.45 at the 95% CL, with the exact bound
depending on the choice of m HE i.e. there is a sizeable region of unexcluded parameter space
where BR(H}" — cs/cb) is sizeable and 80 GeV < myz < 90 GeV. We note that the results
of the LEP2 search in Ref. [38] show that there are some regions of BR(H{" — ¢s/cb) and
80GeV < m E < 90 GeV where there are fluctuations in excess of 20 above the background.
In Ref. @], we can also extract the bound BR(t — H*b) x BR(H — ¢¢') < 0.2 at the 95%
CL from the data collected at the Tevatron with 1.0 fb~!. The reason why this Tevatron

search has sensitivity to charged Higgs masses between 80 GeV and 90 GeV is because no
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FIG. 8: Allowed parameter space by several constraints on the tan S-tany plane in the Type-Y
(left) and Type-Z (right) 3HDM with mg, = 83 GeV, mpx =160 GeV and 0 = —m/4. The right
region from the blue, black and red curve is excluded by Eq. (3I)), Eq. (82)) and the Tevatron data,
respectively. The region below the magenta curve is also excluded by the LEP2 data. The green

shaded region is allowed by the measurement of B — Xgv.

invariant mass cut is used, and instead a disappearance search is carried out. So far the
LHC searches have not used this search strategy.

By imposing these two constraints (from LEP2 and Tevatron) for Hf and those from
Egs. B1) and B2) for HF, we obtain the excluded region on the tan S-tan~y plane shown in
Fig. B In this figure, we take My = 83 GeV, My = 160 GeV and 6o = —m /4. The left
and right panel show the case in the Type-Y and Type-Z 3HDM, respectively. The green
shaded region is allowed by the B — X,y data. As we can see, in the Type-Z 3HDM, there
is no region satisfying all the constraints mentioned above. In contrast, we can find allowed

regions in the Type-Y case, namely, when 4 < tanvy < 6 and tan 3 < 10-18.

IV. PHENOMENOLOGY OF 3HDM CHARGED HIGGS BOSONS AT THE LHC

The collider phenomenology of a charged Higgs boson can be classified into two regimes
depending on its mass m.: (i) my= < my —my (light) and (ii) my= > my — my (heavy).
For case (i), charged Higgs bosons can be produced via the top quark decay, so that the
main production process at the LHC is gg,q7 — tt — H*'bt (see Fig. @l). For case (ii),

the main production mode is the top quark associated process, i.e., gb — H¥t + c.c. As
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(M= mp, tan7) || BR(H; = X)y | BR(Hy — X)y |BR(H; — X)z| BR(H; — X)z

BMI1: (83,160, 5) cb:68,¢cs:17 | cb:T7,¢cb:16 - -
BM2: (160, 250, 3) ch:43,7v 34 |tb:99.7,¢b : 0.17| 7 : 94,¢b : 4.0 [th: 99.7,ts : 0.17
BM3: (160, 225, 5) cb:68,cs: 17 |tb:99.6,¢b:0.21| Tv:80,¢b: 16 |tb:99.4,¢b: 0.21

BM4: (160, 200, 10) chb:82,¢cs:15 th:98,¢b:1.3 | cb:50,7v:41 | tb:98,¢b: 1.3

BM5: (160, 180, 20) ch:85,cs:14 | th:67,cb:28 |cb:75,7v:13 | tb:66,ch: 27

BM6:  (200,250,10) ||tb:99.0,cb : 0.89|th: 99.5,cb : 0.29|tb : 98, cb : 0.89 |tb : 99.4, cb : 0.29

TABLE III: Predictions of the biggest two values of BR(Hli’2 — X) in the Type-Y and Type-
Z 3HDM for the six benchmark points (BM1-BM6) which are allowed by B — Xy and direct
searches at LEP2, Tevatron and LHC. We take tan§ = 2 and - = —n/4. The values of Mg
and m HE are presented in GeV while those for the BRs are in %. For BM1, only the Type-Y is

allowed, so that we do not show the predictions in the Type-Z 3HDM.

FIG. 9: Topologies of the Feynman diagram for the gg — tbH 1+ 5 (left and middle) and ¢g — tbH 1+ 9
(right) processes. The charged Higgs bosons can be emitted from the final state quark current at
3 (left) and 2 (middle and right) different points. For the topology on the left, gluon permutations

are also required. In total, one has 8(2) diagrams for the gg(qq)-induced process (at fixed ¢ flavour).

intimated, See Fig. [, we will use the gg — tbH~ 4+ c.c. subprocess (at LO) in our Monte
Carlo (MC) analysis, which captures both (i) (limited to the gg channel) and (ii) as well as
their interference, which is important in the threshold region my+ ~ m; — my [40, ] (In
fact, we will also be emulating the subleading contribution from ¢g — tbH~ + c.c.) Recall
that, on the one hand, in the narrow width approximation of the top quark one has that
o(gg,qq — tbH™) = o(gg, q§ — tt) x BR(f — bH~) (limited to the diagrams in which the
H~ is emitted by the ¢ antiquark) and, on the other hand, the b-quark in the initial state
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comes from a gluon splitting inside the proton, as explained in M, M]

In order to encourage phenomenological studies for the charged Higgs bosons at the LHC,
we present six benchmark parameter sets, BM1-BM6, allowed by the B — X v data and
direct searches at LEP2, Tevatron and LHC in Tab. [IIl Herein, the biggest two values
of BRs for Hi and H3 are given in the Type-Y and Type-Z 3HDM for each of the six
benchmark points. We will particularly use BM1, BM4 and BM6 in the Type-Y case for
our forthcoming MC analysis, as illustrative of the three situations emerged so far: of a
light, mixed and heavy charged Higgs mass spectrum, respectively, with respect to the top
quark mass. While we refer to the Type-Y 3HDM case in the remainder of our analysis, we
confirm that the ensuing phenomenology is not dissimilar in the Type-Z 3HDM case (except
for BM1 which is not allowed herein).

For the MC study we have computed the following signal () and (irreducible) background

(B) processes, respectively:

a. gg,qq — tbHy, + c.c — thjj + c.c,

b. gg9,qq — tbW ™ + c.c. — tbjj + c.c.,

where the di-jet system jj is tagged through a single b-tag, as recommended in B] We
remind the reader here that applying such a b-tag would improve sensitivity to Hf2 — cb
decays greatly, as the background from W — ¢b has a very small rate. This is made explicit
by choosing a b-tagging efficiency ¢, = 0.5, a c-quark mistagging rate €. = 0.1 and a light
quark (u, d, s) mistagging rate ¢; = 0.01. It follows that the estimate gain in sensitivity with
respect to the case in which the di-jet system is untagged is then:
[S/\/E]btag - Eb\/§
[S/V/Blyag (€ +¢€)
Fig. [0 shows the di-jet mass distribution for S and B at 13 TeV in terms of cross section
for BM1, BM4 and BM6. Even before enforcing any selection cuts, it is clear the LHC

~ 2.13. (33)

potential in accessing these peculiar 3HDM signatures during Run 2. Two caveats should
be borne in mind here though. On the one hand, we have not allowed for full combinatorial
effects in the di-jet mass reconstruction, as we have assumed that each of the three b-jets
present in the final state can be correctly assigned to its parent heavy particle (i.e., ¢, ¢ and
HliQ) On the other hand, BM1, BM4 and BM6 are the very best points for our purposes,
those with highest BR, while one really ought to test the entire parameter space of 3SHDMs
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FIG. 10: Differential distributions in the di-jet invariant mass of processes a (red dashed) and b
(black solid) for the BM1 (top-left), BM4 (top-right) and BM6 (bottom) at the LHC with /s = 13
TeV. Tagging efficiencies are included as described in the text. CTEQ(4L) with Q = p = /3 is
used [42].

sampled over the inputs ¢, tan 5, tany, m i and My Nonetheless, we believe that the

very peculiar Hfz mass patterns that we have discussed deserve further investEjtion in

I

Finally, we briefly comment on the phenomenology of the additional neutral Higgs bosons

presence of parton shower, hadronisation, jet reconstruction and detector effects

Hy 5 and Ay in the 3HDMs. When we consider the case with the masses of Hf2 to be
O(100) GeV, the neutral Higgs bosons cannot be so heavy due to the constraints from
electroweak precision observables such as the S and T" parameters ] and from perturba-
tive unitarity [30]. If we consider the case where these neutral Higgs bosons are heavier
than the charged Higgs bosons, then there are no additional decay modes of the charged
Higgs bosons beyond those shown in this paper. However, in this case, the decay channels

His/A12— H f2W(*)¢ can be dominant depending on the mass difference between the neu-
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tral Higgs states and the charged Higgs states, and the numerical values of the X,, Y, and
Z, parameters defined in Eqs. ([I7)-(I3). These cascade decay channels would be additional
production modes of H f2 beyond those studied in this section, although they would require

a separate signal-background study in order to assess the detection prospects.

V. CONCLUSIONS

We have discussed the phenomenology of charged Higgs bosons in fully active SHDMs
with two softly-broken discrete Z, symmetries which are imposed to avoid FCNCs at tree
level. Under these Z, symmetries, we have defined five types of Yukawa interactions. We
have then shown that the decay branching fractions of H 1i,2 — ¢b can be dominant in the
Type-Y and Type-Z 3HDM when the masses of the charged Higgs bosons are taken to be
below m; — my,. The H* — cb decay can also be dominant in the Type-Y 2HDM with
mpg+ < my —my, but such a light charged Higgs boson scenario is excluded by the constraint
from B — X v. In contrast, in 3HDMs, the scenario with masses of O(100) GeV for the
charged Higgs bosons is allowed by B — X+ because of a cancellation between the separate
contributions from the H:* and H3 loop diagrams. Therefore, the search for a light charged
Higgs boson decaying into c¢b is a means to distinguish 3HDMs from 2HDMs.

We then have calculated the branching fraction of the B — X v process at NLO in QCD
in 3HDMs in order to confirm how the cancellation takes place numerically. We found that
it happens especially in the Type-II, Type-Y and Type-Z 3HDMs when there is a non-zero
mixing and a mass difference between Hi* and Hjy . In the Type-I and Type-X 3HDMs, the
numerical values of BR(B — X,7v) are not much different from the predictions in Type-I
and Type-X 2HDMs.

We also have taken into account the constraints from direct searches at the LHC of
charged Higgs bosons from the top quark decays t — H*b — 7vb and t — H¥b — qq'b
with the 8 TeV data. We have found that, in the Type-Y and Type-Z 3HDM, the scenario
with both Hf and Hi lighter than m, — m, is highly constrained from B — X,y and
the LHC direct searches, while the scenario with only H:* lighter than m, — my is allowed.
However, the particular case m E R M= with m HE <My is allowed (also by Tevatron and
LEP2), albeit only in the Type-Y 3HDM. We drew attention to the fact that the region of
80 GeV < mp= < 90 GeV is not constrained by current LHC searches for ¢ — H b followed
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by dominant decay H* — cs/cb, and this parameter space is only weakly constrained from
LEP2 and Tevatron searches. Any future signal in this region could be readily accommodated
by H from a 3HDM

Finally, upon running a MC simulation to compare the yield of the H fz signals and W+
background through the production processes gg, qG — tbH 12 t c.cand gg,q7 — thW = +
c.c, respectively, followed by the corresponding di-jet decays H fQ — jj and W+ — jj, we
have shown that the aforementioned charged Higgs boson signals should be accessible at Run
2 of the LHC over a suitable region of the 3BHDM parameter space, provided that b-tagging is
enforced so as to single out the cb component above the c¢s one. Therefore, these (multiple)
charged Higgs boson signatures can be used not only to distinguish between 2HDMs and
3HDMs but also to identify the types realising the latter.
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Note added:

After this work was completed an explicit search for ¢ — H1b followed by the decay H — ¢b
was carried out by the CMS collaboration in CMS PAS HIG-16-030, with 19.7 fb~! of data
at /s = 8 TeV. Stronger upper limits on the branching ratio of ¢t — H*b have been probed
than for the CMS search for t — H*b, H* — cs in Ref. @] with the same data sample.
This result explicitly shows the increase in sensitivity that can be obtained by tagging a

third b quark.
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Appendix A: Mass matrix elements

We present here the analytic expressions for the mass matrices of the singly-charged
(MZ), CP-odd (M?) and CP-even (M%) scalar states in the Higgs basis of 3HDMs. The

matrix elements of MZ and M? are given by

2
Sy

v c
(Mg = 5 [(p2 4 p3)C + (Ko + K3)s2)| + ply—— + 33—, (A1)
SpCp SpCp
2
v
(MZ)gy = -3 [(p2 + p3)s3s> + (02 + 03)cG + (K2 + K3)s5C2 ]
2 e
+ [3gtpsaty + s + 133 = (A2)
8,Cy L
2\ _ _U_2 e 2 Sy 2 & A
(MG)i2 = 1 (P2 + p3 — Ko — K3)8pSay + fi1g— o — Moz e’ (A3)
c s
M) = =0 (ps® + k3s?) + pia—— + pi,——, A4
(M) v (P3 ~ T K3 'y) Has 55C N23SBCB (Ad)
S tac
(M?)2 = —0? (p33%53{ + 0'30% + H3S%C,2y) + ,ufztgs,ytfy + M%gﬁ + ugg%, (A5)
vCy v
v? S c
(Mi)w = ——(ps — “3)555%/ + M12 N%g . (A6)
2 Cg 5
Those for M3, are given by
2
v
(M%{)n = 5(2)\10%03 + 2)\28é -+ 2)\30%811/ + p1238§50,2y -+ 0'123045837 -+ /€1238368,2y), (A?)

2
v
(MF)22 = §(2)\15§ﬁc§ + 2X9535 + 2X355557 — 4p1asChSs, + 012355555, — AK12355457)

2 C“/ 2 S'\/ A8
+ g —Sﬁcﬁ + M23—Sﬁcﬁ> (A8)
2N\ _ v’ At Na — N13 2 Cyls A
(Miy)3s = ( 1+ A3 — 20193)C5 5, + fiigtasyty + — o T M2 (A9)
SyCy v
(M%) = —U—z [2)\1350 A — 283 cs + 2)\3856 st
5 6Cy 5 55y
— (CB + 035)8563/[)123 -+ 85628;/0'123 — (CB + 035)8583,‘{123} s (AlO)
2
v
(M%{)l?: = _Z (2)\1058276 2)\30582"/8 + 2p123850582fy 0’1230%847 — 2%1238%0582-\/) s
(A11)
(M2)o3 = S [AN15,65 — ddasde, — 2(prag — - v 29
)2 = [ 18465 — AXss5 ey — 2(pras — K123)Say — O12354,)55C5 + piy— it et
(A12)

In the above expressions, we used the shorthand notations cy = cos X, sy = sin X and

tx = tan X.
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Appendix B: Input parameters

For the numerical evaluations, we have used the following input values for the SM pa-

rameters ] :

my+ = 80.385 GeV, my = 91.1876 GeV, Gp = 1.1663787 x 107° GeV 2,
m, = 1.77684 GeV, m,, = 0.105658367 CeV,
as(my) = 0.1185, mb*® = 174.6 GeV, mP = 4.89 CeV, mP°¢ = 1.64 GeV,  (BI)

1 1 .
where my™, mP>® and mpP°'° are respectively the pole masses of the tobottom and charm

quark. For the MS masses of the quarks, we use the following values [43]:
mp(mp) = 4.18 GeV, m.(m.) = 1.275 GeV, m4(2 GeV) = 0.0935 GeV. (B2)

Using these MS masses, we obtain the running masses of the quarks at, e.g., u = 100 GeV
to be my, = 3.01 GeV, m. = 0.701 GeV and m, = 0.0489 GeV. As for the other inputs, we

use
[VisVis/Viu|* = 0.9626, BR(B — X lv) = 0.1065. (B3)

for the calculation of BR(B — Xv) and
V| = 0.0409 (B4)

for that of the charged Higgs boson decays.
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