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Abstract We consider a simple extension of the Standard
Model with flavor-dependent U (1)’, that has been proposed
to explain some of B-meson anomalies recently reported at
LHCb. The U (1)’ charge is chosen as a linear combination
of anomaly-free B3 — L3 and L, — L. In this model, the fla-
vor structure in the SM is restricted due to flavor-dependent
U (1)’ charges, in particular, quark mixings are induced by
a small vacuum expectation value of the extra Higgs dou-
blet. As a result, it is natural to get sizable flavor-violating
Yukawa couplings of heavy Higgs bosons involving the bot-
tom quark. In this article, we focus on the phenomenology
of the Higgs sector of the model including extra Higgs dou-
blet and singlet scalars. We impose various bounds on the
extended Higgs sector from Higgs and electroweak preci-
sion data, B-meson mixings and decays as well as unitarity
and stability bounds, then discuss the productions and decays
of heavy Higgs bosons at the LHC.

1 Introduction

The observed fermion masses and mixing angles are well
parametrized by the Higgs Yukawa couplings in the Stan-
dard Model (SM). However, the neutrino masses and mixing
angles call for the addition of right-handed (RH) neutrinos or
physics beyond the SM and, moreover, the flavor structures
of quarks and leptons are not understood yet. As there is no
flavor changing neutral current at tree level in the SM due
to the GIM mechanism, the observation of flavor violation
is an important probe of new physics up to very high energy
scales and it can be complementary to direct searches at the
LHC. In particular, the violation of lepton flavor universality
would be a strong hint at new physics.
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Recently, there have been interesting reports on the
anomalies in rare semileptonic B-meson decays at LHCb
such as Rg [1], Rg* [2-4], P5’ [5,6]. The reported value of
Rk =BB — Kutu")/B(B— Kete™)is

Rx = 0.74510:097

e 1GeV? < g < 6GeV?,

(1.1
which deviates from the SM prediction by 2.60. On the other
hand for vector B-mesons, Rx+ = B(B — K*utu™)/B
(B — K*eTe)is

Ry = 0.6670 11 (stat) + 0.03(syst),
0.045GeV? < ¢ < 1.1GeV?,
Ry = 0.6970 1 (stat) + 0.05(syst),

1.1GeV? < ¢° < 6.0GeV?, (1.2)
which again differs from the SM prediction by 2.1-2.30 and
2.4-2.50, depending on the energy bins. Explaining the B-
meson anomalies would require new physics violating the
lepton flavor universality at a few 100 GeV up to a few
10 TeV, depending on the coupling strength of new parti-
cles to the SM. We also note that there have been inter-
esting anomalies in B — D™ <tv decays, the so called
Rpw = B(B — DWtv)/B(B — D®(v) with £ = e,
1, whose experimental values are deviated from the SM val-
ues by more than 2o [7-11].

Motivated by the B-anomalies R, some of the authors
recently proposed a simple extension of the SM with extra
U (1)’ gauge symmetry with flavor-dependent couplings [12].
The U(1) symmetry is taken as a linear combination of
UDyp,—r, and U(1)p,_1,, which might be a good symme-
try at low energy and originated from enhanced gauge sym-
metries such as in the U (1) clockwork framework [13]. In
this model, the quark mixings and neutrino masses/mixings
require an extended Higgs sector, which has one extra Higgs
doublet and multiple singlet scalars beyond the SM. As
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Table 1 U(1)’ charges of fermions and scalars

q3L U3R d3R 1533 VIR 1% e3R V3R

o %x %x %x y y —x—y —x—y —x =y
N H Hy o D3

Q' %x 0 —%x -y x+y X

a result, nonzero off-diagonal components of quark mass
matrices are obtained from the vacuum expectation value
(VEV) of the extra Higgs doublet and correct electroweak
symmetry breaking is ensured by the VEV of one of the sin-
glet scalars.

In this paper, we study the phenomenology of the heavy
Higgs bosons in the flavored U (1)’ model mentioned above.
We first show that the correct flavor structure of the SM is
well reproduced in the presence of the VEV of the extra
Higgs doublet. In particular, in the case with a small VEV
of the extra Higgs doublet or small tan 8, we find that the
heavy Higgs bosons have sizable flavor-violating couplings
to the bottom quark and reduced flavor-conserving Yukawa
couplings to the top quark such that LHC searches for heavy
Higgs bosons can be affected by extra or modified production
and decay channels. We also briefly mention the implication
of our extended Higgs sector for R () anomalies. We discuss
various constraints on the extended Higgs sector from Higgs
and electroweak precision data, flavor data such as the B-
meson mixings and decays, as well as unitarity and stability
bounds. For certain benchmark points that can evade such
bounds, we study the productions and decays of the heavy
Higgs bosons at the LHC and show distinct features of the
model with flavor-violating interactions in the Higgs sector.

This paper is organized as follows. First, we begin with a
summary of the U (1)’ model with the extended Higgs sector
and new interactions. The Higgs spectrum and Yukawa cou-
plings for heavy Higgs bosons are presented in Sect. 3. We
then discuss various theoretical and phenomenological con-
straints on the Higgs sector are studied in Sect. 4, and collider
signatures of the heavy Higgs bosons at the LHC are stud-
ied in Sect. 5. Finally, conclusions are drawn. There are four
appendices dealing with the extended Higgs sector, unitarity
bounds, quark Yukawa couplings, and the U (1)’ interactions.

2 Flavored U (1)’ model
We consider a simple extension of the SM with U (1)’, where
a new gauge boson Z’ couples specifically to heavy fla-

vors. It is taken as a linear combination of U (1) Ly—L. and
U(l)B37L3 with

Q'=y(Ly—Ly) +x(B3 — L3)

@ Springer

for real parameters x and y [12].! Introducing two Higgs
doublets Hj > is necessary to have right quark masses and
mixings. We add one complex singlet scalar S for a correct
vacuum to break electroweak symmetry and U (1)’. More-
over, in order to cancel the anomalies, the fermion sector is
required to include at least two RH neutrinos v;g (i = 2, 3).
One more RH neutrino vy g with zero U (1)’ charge as well as
extra singlet scalars, ®, (a = 1, 2, 3), with U (1)’ charges
of —y, x 4+ y, x, respectively, are also necessary for neutrino
masses and mixings. As L, — L. is extended to RH neutri-
nos, L, — L; and Ly — L3 can be used interchangeably in our
model. The U (1)’ charge assignments are given in Table 1.
The Lagrangian of the model is given as

1 1
L=—-7 7M1 _ 3 sing Z,,B"" 4+ Ls + Ly

i @2.1)

with

3
Ls = |DyHi*+|Dy Ho P+ Dy SP+ ) 1Dy ®al =V (g0),
a=1

2.2)

where Z),,, = 9, Z,, — 8, Z,, is the field strength of the U (1)’
gauge boson, sin & is the gauge kinetic mixing between U (1)’
and SM hypercharge, and D, ¢; = (9, — ingQ;)i ZL)d),- are
covariant derivatives. Here Q;Ji is the U (1)’ charge of ¢;,
gz 1s the extra gauge coupling. The scalar potential V (¢;)
is given by V = V| 4+ V, with

Vi = i H* + 31 Hal? — (uSH{ Hy +h.c.)
+ M H* 4 Ao Ho|* + 203 Hy P | Ho
+ 204 (H{ Hy)(Hy Hy)
+2ISP (k1 | Hi|* + k2| Ho|?) + m3|S|* + As] S|,
2.3)

3
Va= ) (15, 10i* + ko, |Pal*)

a=1

I We note that we can take two independent parameters for the Z’

couplings to be either (xgz/, ygz/) or (x/y, gz/) by absorbing y into
gz- Our following discussion does not depend on the choice of the Z’
couplings.
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+ (5383 DL + s @ D2 @] + hec)
3
+2 ) 1®@a*(Bar | I* + Bzl Hal* + Ba3lSI)

a=1

+2) hav|@al* Py

a<b

(2.4)

The extended Higgs sector is presented in the next section and
studied in more detail in Appendix A. For a set of quartic cou-
plings for S and H » that are relevant for electroweak sym-
metry and U (1)’ breaking, we have collected unitarity bounds
in Appendix B, which are used to constrain the parameter
space of the Higgs sector in Sect. 4.

The Yukawa Lagrangian for quarks and leptons is given
by

—Ly = Gi(y};Hi + s Hpuj + §i (v, Hy + b, Ho)d,
+ yij‘Hlej + yivjz'[:]IVjR

+ iR) (Mjj + ®az vk + hec. 2.5)

with ﬁl,g = iong*z. After electroweak symmetry and
U(1)’ are broken by the VEVs of scalar fields, (Hi2) =
v1,2/+/2 with v} + v = v? = (246GeV)? , (S) = v,/+/2
and (®,) = wy/+/2, the quark and lepton mass terms are
given as

Ly = —iaMuu —dMyd — IMel — EMpvg — (Vg) Mgvg + h.c.
(2.6)

with the following flavor structure:

Y11(H ) )’12(H> 0
)’21(H ) }’22<H> 0 )

hg1< )h32<H ) )’§3<['~]l>

v (Hy) v (Hy) by (Hp)
v (Hi) v (Hy) hds(Hp) |,

M, = @.7)

2.8)

()

(2.9)

(2.10)

Mi 2{y (®1) 213 (®2)
Mg=|z5(@1) 0  z5(®3)
2 3

Z5)(@) 250 (®3) O

@2.11)

Since the mass matrix for charged leptons is already diago-
nal, the lepton mixings come from the mass matrix of RH
neutrinos. There are four other categories of neutrino mixing
matrices [14,15], that are compatible with neutrino data. In
all the cases, we need at least three complex scalar fields with
different U (1)’ charges, similarly to the case given in (2.11).
The quark Yukawa couplings to Higgs bosons are summa-
rized in Appendix C.
We find the Z-like (Z1) and Z’-like (Z») masses as

1
2 2 2
Mz12= 3 (mz +my F \/(mzz —my)? + 4’"‘112) ’

(2.12)
where mZ (g2 ~|—gY)v2/4 and

2 —1 ro2
ms, = mzswtg + mZ,/cg Cy egZ/Qszwtg/CE,

2 _ 2 1 -1 - / 2 2.13
mi, = mzswte — ECW Sy egZ/Qszz/cg (2.13)
with

1
m%, = g%, (§x2v2 + y a) + (x + y)2w2 ~|—x2w%)
(2.14)

Here s, = sing, ¢, = cos ¢, and , = tan ¢. The modified
Z boson mass can receive constraints from electroweak pre-
cision data, which is studied in Sect. 4. We note that for a
small mass mixing, the Z’-like mass is approximately given
by mZZ2 ~ mzz, and we can treat mz and gz to be inde-
pendent parameters due to the presence of nonzero w;’s. The

U (1)’ interactions are collected in Appendix D.

3 Higgs spectrum and Yukawa couplings

We here specify the Higgs spectrum of our model and
identify the quark and lepton Yukawa couplings of neutral
and charged Higgs bosons for studies in next sections. The
expressions are based on results in Appendices A and C .

3.1 The Higgs spectrum

The Higgs sector of our model has two Higgs doublets, which
are expressed in components as

oF .
H; = J =1, 2), 3.1
j <(v,~ +pj+in,-)/ﬁ> U ) 6D

and the complex singlet scalar decomposed into § =
(vs + S +iS7) /2.

@ Springer
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In the limit of negligible mixing with the C P-even sin-
glet scalar, the mass eigenstates of C P-even neutral Higgs
scalars, h and H, are given by

h = —sina p; + cosa p2,

H = cosa p; + sina p;. 3.2)
The general case where the C P-even part of the singlet
scalar S mixes with the Higgs counterpart is considered
in Appendix A. The mass eigenvalues of C P-even neutral
Higgs scalars are denoted as my,, , ; withmp, < mp, < mp,,
alternatively, mj, = my,, mg = mp, and my; = my,, and
there are three mixing angles, o1 23: @1 = o in the limit
of a decoupled C P-even singlet scalar, while oz and o3
are mixing angles between pj > and Sg, respectively. For
2k1v1vs A a/+/2 and 260005 A vy /+/2, the mixing
between p; 2 and Sg can be neglected. For a later discussion,
we focus mainly on this case.

The C P-odd parts of the singlet scalars, S and ®,, can mix
with the Higgs counterpart due to a nonzero U (1)’ charge of
the second Higgs H», but for a small x and small VEV of
H,, the mixing effect is negligible. In this case, the neutral
Goldstone boson G and the C P-odd Higgs scalar A” are
turned out to be

G’ = cos By +sin B na,

A% =sin B —cos B 3.3)
with tan 8 = vy /v;. The massless combination of 11 and 7,
is eaten by the Z boson, while a linear combination of S; and
other pseudoscalars of @, is eaten by the Z’ boson if the Z’
mass is determined dominantly by the VEV of S. The other
combination of the C P-odd scalars from two Higgs doublets
has the mass of

. 2

sin 8 cos v

’”i—u peosh <v2+ —— >
V2vs sin? B cos? B

On the other hand, the charged Goldstone bosons G and
charged Higgs scalar H™ identified as

(3.4)

G =cosB ¢ +sinp oy,

HT =sinp ¢, —cos o5 (3.5)
with nonzero mass eigenvalue given by
5 5 wsin B cos 8 ) ’
Mys =my — | ——————+Aq | V. (3.6)
Ht A ( ﬁvs
We remark that in the limit of vy > vZ, the heavy scalars
in the Higgs doublets become almost degenerate as mi ~

m% ~m3,. ~ pvg/(v/2sin B cos B) and m2 ~ 2sv? from

@ Springer

Egs. (3.4), (3.6) and (A.5). In this limit, the mixing angles
between the SM-like Higgs and extra scalars can be negligi-
bly small and the resulting Higgs spectrum is consistent with
Higgs data and electroweak precision tests (EWPT) as will
be discussed in Subsec 4.2. But, as vy is constrained by per-
turbativity and unitarity bounds on the quartic couplings with
Egs. (A.7) or (A.9), as will be discussed in Sect. 4, the extra
scalars in our model remain non-decoupled. Since it is suffi-
cient to take almost degenerate masses for two of m 4, mp,
and m g+ for EWPT, we henceforth consider more general
scalar masses but with small mixings between the SM-like
Higgs and the extra neutral scalars.

3.2 Quark mass matrices

We now consider the quark mass matrices and their diagonal-
ization. After two Higgs doublets develop VEVs, we obtain
the quark mass matrices from Eqgs. (2.7) and (2.8) as

iz 0
(Mu)ijZ%UCOS:B Y21 Y3 0
0 0 y3i
0 00
0 0 0],
h3y 3, 0

1
+ —vsinp

3.7
7 (3.7

d .d
YiYiz 0
(Md)~=ivcosﬁ yd o yd 0
AN 21 Y22
0 0y,
d
00 hds

1 ) d
+ —=vsin B | 00 A5,

3.8
7 (3-8)
00 0

The quark mass matrices can be diagonalized by

m, 0 O
0 m: 01,
0 0 my
mg 0 0
0 mg O],
0 0 my

UM, Ug = MP =

DjMyDg = MP = (3.9)

thus the CKM matrix is given as Vckm = UzDL. We
note that the Yukawa couplings of the second Higgs doublet
are sources of flavor violation, which could be important
in meson decays/mixings and collider searches for flavor-
violating top decays and/or heavy Higgs bosons [16-19].
The detailed derivation of flavor-violating Higgs couplings
is presented in the next section.
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Since A%, and h%, correspond to rotations of right-handed
up-type quarks, we can take Uy = 1, so Vckm = Dp. In
this case, we have an approximate relation for the down-
type quark mass matrix, My ~ VexkmMP, up to my s/mp
corrections. Then the Yukawa couplings between the third
and first two generations are given as follows.

_2my

d
Vib, - b3 = vsin B

d \/EI/I/lb
M= s Vop. (3.10)

For V,p, ~ 0.004 < V. =~ 0.04, we have h¢; < hd;. The
down-type Yukawa couplings are determined as

d _ ﬁmd v d _ \/Ems

= vcos B ud> V12 = veosf Y

d_\/imdv d_ﬁms d_ﬂmbv

o1 = vcos B cds Yo = veosB cos B cs, Y33 = Deos B cos B th-
3.11)

On the other hand, taking U; = 1 as above, we find
another approximate relation for the up-type quark mass
matrix: M, = MP U;;. Then the rotation mass matrix for

right-handed down-type quarks becomes U T = (MMD )_1 M,
which is given as

miucosﬂyl"l mlucos,By’l‘2 0
" 1
Up=—4

V2

v u v u

e COS B ¥y, s €08 B ¥ 0

v M u v : u v u
my SN Bh3y sin Bhy, 50 cos By

(3.12)

From the unitarity condition of Ug we further find the fol-
lowing constraints on the up-type quark Yukawa couplings:

2m?
u |2 u |2 u
=75, 3.13
Y1117+ 12l 2 cos? B ( )
2m?
u |2 u |2 c
== 3.14
[y21 17+ [y3;] 27 cos? B ( )
2m?
u |2 2 u 2 u |2 t
t h h = —_=, 3.15
|y33|7 + tan” B(|h3, 1" + |h3,]7) 2 cos? B ( )
YD+ Y (05)* =0, (3.16)
)’51 (hgl)* + yi‘z(hé‘z)* =0, (3.17)
yi ()™ + i, ()" =0. (3.18)

3.3 Quark Yukawa couplings

Using the results in Appendix C, we get the Yukawa interac-
tions for the SM-like Higgs boson / and heavy neutral Higgs
bosons H, A as

ey = S g a4 igson

V2cos B
h h
+ )L—bBRbL/’l + )\—tt_RtLh
V2 V2
sinfe — B) -~ Ny
4+ ——bp(h¥id;, + h5is))H
ﬁcosﬁ KL 27k
H H

)\.b - )\.l _
+ EbRbLH + EthLH
i - . -

— ———br(h%idy + hiisp)A

ﬁcosﬁ
i int
+ EbRbLA — EthLA + h.c. (3.19)
where
)LZ _ 2my, sina h§3 cos(a — ,3)’ (3.20)
vcosf cos B
ki’ _ _ﬁmt sin o fz§3 cos(a — ,3), 321)
vcosf cos B
cq
MI,{ _ V2myp cosa hSs sin(a — B) (3.22)
vcos B cos B
)\tH _ V2m; cosa l~l§3 sin(a — ) (3.23)
vcosf cos B
2myp t h4
A= VImptanp (3.24)
v cos B
jh o Y2manp b (3.25)
v cos B

We note that A9 = DZthR and h* = UZh“UR. Thus, by
taking Uy, = 1 we get h* = h"Ug and h? = VCTKMhd. In
this case, as compared to two-Higgs-doublet model type I,
extra Yukawa couplings are given by

5 = ;/i’:g (1 - % Iy§‘3|2> : (3.26)
t

hidy = 1.80 x 1072 (U::—r’iﬁ> , (3.27)

hdy =577 x 1072 (v:f—ﬁﬂ> , (3.28)

hdy =2.41 % 1073 (v ;’I’I’iﬂ) . (3.29)

We find that the flavor-violating couplings for light up-type
quarks vanish, while the top quark Yukawa can have a siz-
able modification due to nonzero ﬁg‘3. On the other hand, the
flavor-violating couplings for down-type quarks can be large
if tan B is small, even though the couplings have the sup-
pression factors of CKM mixing and smallness of bottom
quark mass. The couplings can be constrained by bounds

@ Springer
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from B-meson mixings and decays as is discussed in the
next section. We note that the flavor-violating interactions of
the SM-like Higgs boson are turned off in the alignment limit
where @ = 8 — /2.

The Yukawa terms of the charged Higgs boson are given
as

= =b0f" PL+ [l PRtH™
+o P+ A PRycH™

+A bPLuH™ +hec., (3.30)
where
- 2mpt Vermh?):
AfLI _ V/2my tan B Vi (Vekm )33’ 3.31)
v cos B
_ 2m, t h
M= (‘/_m’ anp_ I )v;;,, (3.32)
v cos B
- 2mp t Vermh®):
)»Z _ «/_mb an j V;;; _ (VekMm )23’ (3.33)
v cos B
- 2met
My = ——fmfj Py, (3.34)
- 2mpt Vermh)s
M \2my tan B v (Vermh®)t, (3.35)
v cos B
with
0 0 Vuah®y + Vishdy + Viphd,
Vekmh? = | 00 Veghty + Veshds + Vephds (3.36)

00 Vighly + Vish$y + Viphd,

If y3; = ylSM = +/2m, /v, the Higgs coupling to top quark
becomes

A = ySMcos(a — B), (3.37)

and At =017 =0.
3.4 Lepton Yukawa couplings

As seen in (2.9), the mass matrix for charged leptons e; is
already diagonal due to the U (1)’ symmetry. Thus, the lepton
Yukawa couplings are in a flavor-diagonal form given by

P Me; SINQ _
—Ly=——"——¢jejh+
vcosf
ime,; tan
J = 5 .40
——ejy’e; A

Me; COSQL _
ejej H
vcosf

v
ﬁmej tan 8
+ .

. (l_)jPReJ'H++h.C.)

(3.38)

@ Springer

4 Constraints on the Higgs sector

In this section we consider various phenomenological con-
straints on the model coming from B-meson mixings and
decays as well as Higgs and electroweak precision data on
top of unitarity and stability bounds on the Higgs sector.
We also show how to explain the deficits in Rx and Rg=+
in the B-meson decays at LHCb in our model, and discuss
the predictions for Rp and Rp+ through the charged Higgs
exchange.

4.1 Unitarity and stability bounds

Before considering the phenomenological constraints, we
consider unitarity and stability bounds for the Higgs sector.
As derived in Appendix B, the conditions for perturbativity
and unitarity are

[A1,2,3,5] < 4m,
[A3 £ Ag4| < 4,

VA3(h3 +2X4) < 4m,
M+ do £ /(v — 22+ 443 < 8n

ain3 < 8m,

k12| < 4,
A3 4+ 2A4| < 4m,

“.1)

where aj > 3 are the solutions to Eq. (B.7). The vacuum sta-
bility conditions of the scalar potential can be obtained by
considering the potential to be bounded from below along
the directions of large Higgs doublet and singlet scalar fields.
Following Refs. [20-22], we obtain the stability conditions
as follows:

A2,s >0
Vaihy + 2434 44 > 0,
VAiha 443 > 0,
\/m+lq > 0,
m+i<2 > 0,

\/(K12 - )\IKS)(KQZ — A2AS) + A3As > K1k2,

JOF = 1A = Aahe) + Oa +Aks > k2. (42)

The stability conditions along the other scalar fields @, can
be obtained in the similar way, but they are not relevant for our
study because ®,’s do not couple directly to Higgs doublets
as long as the extra quartic couplings for ®, are positive and
large enough.

The unitarity and stability bounds are depicted in Figs. 1
and 2 for the parameter space in terms of m, and tan j, or vy
and p, with assuming the alignment limit, cos(e¢— ) = 0.05,
and zero mixing between heavy C P-even scalars. In each
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a,=0.1,a3=0, cos(a—£)=0.05

10

0.1F

1072

1073 L

107

100 200 300 400 500 600 700

Mp2=Mgy [GeV]
Fig. 1 Parameter space in terms of mj, and tan 8. The gray regions

are excluded by unitarity and stability bounds. vy = 2mj, = 1TeV and
cos(e — B) = 0.05 with mj;, = m4 and mpy+ = 500 GeV in the left,

@;=0.1, a3=0, 1g=1, cos(a—3)=0.05
1000

800

600

ulGeV]

400

200

500 1000

vs[GeV]

1500 2000

a,=0.1, a3=0, cos(a—B)=0.05

0.1¢

1072

107

107

100 200 300 400 500

Mp,=m,:[GeV]

600 700

and mp, = mpy+ and my = 140 GeV in the right panel. The mixing
between heavy C P-even scalars is taken to be zero

@=0.1, a3=0, 15=0.5, cos(a—B)=0.05
500

400

300

u[GeV]

200

100

500 1000

vs[GeV]

1500 2000

Fig. 2 Parameter space in terms of vy and p for my; = my= = my, = 0.5 TeV and cos(a — B) = 0.05. The gray regions are excluded by unitarity
and stability bounds. tan 8 = 1 (0.5) in the left (right) panel. The mixing between heavy C P-even scalars is taken to be zero

figure, the gray region corresponds to the parameter space
excluded by the unitarity and stability conditions. In Fig. 1,
we have taken the different choices of Higgs masses: mj,, =
ma and mp+ = 500 GeV in the left, while m;, = mg=
and m4 = 140 GeV in the right panel. On the other hand,
the parameter space in terms of vy and u has been shown in
Fig. 2, with setting mp,, = my+ = my, = 0.5 TeV, but tak-
ing different values of tan 8. We note that the unitarity and
stability bounds are sensitive to the choice of tan 8, while

insensitive to the mixing angle of heavy C P-even scalars,
in constraining the mass parameters. The allowed parame-
ter space for mass parameters becomes narrower as tan f is
smaller.

4.2 Higgs and electroweak precision data

Provided that the Higgs mixings with the singlet scalar are
small, the mixing angle o between C P-even Higgs scalars

@ Springer
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u SM
A 3=0, y33 =Vt

-0.6

-0.4 -0.2 0.0

sa

Fig. 3 Parameter space for sino and tan 8 allowed by Higgs data
within 1o (green), 20 (yellow), and 3o (dark gray). The gray regions
corresponds to the unitarity and stability bounds. y3; = ytSM in the left

are constrained by Higgs precision data [23-32]. The param-
eter space for sin« and tan 8 allowed by the Higgs data is
shown in Fig. 3. We take the (33) component of the up-type
Higgs Yukawa coupling to be y3; = ytSM in the left, and
V33 = ySM/cos B in the right panel. For illustration, we
have also imposed unitarity and stability bounds discussed
in the previous subsection for my, = mpy+ = 450 GeV,
mag = 140 GeV and vy = 1 TeV. As a result, we find
a wide parameter space close to the line of the alignment,
o = B — /2, that is consistent with both the Higgs data
and unitarity/stability bounds for tan 8 2 0.1. Thus, hence-
forth, for the phenomenology of the extra Higgs scalars,
we focus on the parameter space near the alignment limit,
cos(ax — ) ~ 0.

To see bounds from electroweak precision data, we obtain
effective Lagrangian after integrating out W and Z bosons
as follows [33,34]:

4G
V282 sec? Oy
+2a0y T+ BTz )

Lof = (sec2 R Y L

“4.3)
where J, = Jj' — sin® 0, Jf; with 6, being the modified

Weinberg angle. Here the non-oblique terms, a and b, are
determined at tree level as

psin¢g secé @.4)

- cos¢ +sinfy tan& sin ¢’

@ Springer

az3=0

sa

and yy; = y,SM/cosﬂ in the right panel. mj, = my+ = 450 GeV,
my = 140 GeV and vy = 1 TeV has been taken in all panels

From the Z-boson like mass given in Eq. (D.6) and the Z—-Z’
mixing angle in Eq. (D.7), we find the correction to the p
parameter as

2

m

(cos ¢ + sin Oy tan & sin ;‘)2 -1
my, cos? Oy

2.2 2
Ow m 7\ 2
~ S Ow Mz (2Q’H gi) sin* B —sin2£ |, (4.5)
coE m2, [\" gy
where we assumed that tan2¢ =~ 2m3,/ mZZ2 <« 1. Taking
the limit of zero gauge kinetic mixing, i.e. sin§ = 0, we have

2
m
P mzzcoszew
2
<104 (E1Y o2 gint g ((F00GeV
~ 10 (0'05) g2, sin ,3( ) (4.6)

which is consistent with the result in Ref. [12]. Therefore,
fortanB ~ 1, gz >~ 1, and x >~ 0.05, Z’' with the mass
myz 2 400GeV is consistent with electroweak precision
data. The mass splittings between extra Higgs scalars can
also be constrained by the electroweak precision data, but it
can be easily satisfied if we take mp, = mpy+ ormp, = my,
and a small mixing between C P-even scalars.

4.3 B-meson anomalies from Z’

Before considering constraints from B-meson mixings and
decays, we show how to explain the B-meson anomalies in
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our model and identify the relevant parameter space for that.
This section is based on the detailed results on U (1)’ interac-
tions presented in Appendix D and phenomenological find-
ings in Ref. [12].

From the relevant Z’ interactions for B-meson anomalies
and the Z’ mass term,

1 _ _
L, =gzZ, (gx ViV Sy* PLb +h.c. + yuy“,u)

Ly on
+§mZ’Z//u @.7
we get the classical equation of motion for Z’ as
/ gz (1 % _ _
zZ,=-=5 3 ViiVib SyuPLb +hoe. +yny ).
m7,
4.8)

Then, by integrating out the Z’ gauge boson, we obtain the
effective four-fermion interaction for b — sutu™ as fol-
lows.

2
Xy87 _ _
eff,b—sputp— — _:))m—ZZ V; Vib (SVMPLb)(MVuM) + h.c.
Z/

L

(4.9)

Consequently, as compared to the effective Hamiltonian with
the SM normalization,

4G
— L Vv =2 N o)

AHeff,ﬁ—)Eu*u* = «/5 4

(4.10)

with Og = (Sy*Prb)(fty,p) and aem being the electro-
magnetic coupling, we obtain new physics contribution to
the Wilson coefficient,

2
e __Sxyray ( v )
9 S ———

—_ 4.11)
3dem my

with oy = g%, /(4m), and vanishing contributions to other

operators, Cls™" = c*N' = ciNP = 0. We note that
xy > 0 is chosen for a negative sign of Céf , being consis-
tent with B-meson anomalies. Requiring the best-fit value,
ci-™ = —1.10 [35-41], (while taking [—1.27, —0.92] and
[—1.43, —0.74] within 1o and 20 errors), to explain the B-

meson anomalies yields

AN
my = 1.2TeV x (xy ) . 4.12)

Oem

Therefore, my >~ 1TeV for xy ~ 1 and a7 ~ ®em. For
values of xy less than unity or @z < @em, Z' can be even
lighter.

Various phenomenological constraints on the Z’ interac-
tions coming from dimuon resonance searches, other meson
decays and mixing, tau lepton decays and neutrino scattering
have been studied in Ref. [12], leading to the conclusion that
the region of xgz < 0.05 for ygz >~ landmyz < 1 TeVis
consistent with the parameter space for which the B-meson
anomalies can be explained.

4.4 Bounds from B-meson mixings and decays

We now consider the bounds from B-meson mixings and
decays. After integrating out the heavy Higgs bosons, the
effective Lagrangian for By — uT ™ from the flavor-
violating Yukawa interactions in (3.19) is

«/Emu sin(a — B) cos o

Aceff,Bs(d)ﬁlﬁM’ ==

Zm%,v cos B
x ((h33)*brsL + (h{3)*brdy +h.c.) (i)
ﬁmﬂ tan 8
2m%v cos B

x ((hd3)*brsy + (h3)*brdy, +h.c)(y’m).  (4.13)

The extra contributions to the effective Hamiltonian for
By — ptu are thus

G%m?
AHefr By ptp- = —%
< [C§MBPLs) () + CEMBPL) Ay )] (4.14)
with
CBSM _ _ 4 ﬁmu sin(a — ) cos & (i
S T T GEml 2 2 (h33)",
My 2my;v cos= B
m 2mytanf -
P = . - (hdy)*. (4.15)

G%m%‘, Zm%‘v cos B

In the alignment limit with « = 8 — /2 and m4 ~ mpy,
the Wilson coefficients become identical and suppressed for
a small tan 8. The effective Hamiltonian in the above leads
to the corrections of the branching ratio for By — u* ™ as
follows [42]:

1/2
G4 m4’ 4I’I’l2
BBy - utu )= -2V <1 - mzu mBsfzimi TB,

87 By
[|m2 (Cp — Cl) ?
X | |z2—————(Ca—=C))
2(mp + mg)my,
m} (Cs—Co > [ 4m?
B o — l——=]1
2(mp + ms)mu mp
(4.16)
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where mp_, fp,,and Tp_are mass, decay constant, and life-
time of Bs-meson, respectively. C( ), Cg), CI(D) are Wilson
coefficients of the effective operators, Og) = [l;yﬂ Prrys]
[y ul, OF) = [bPLryslliin] and Of) = [bPLr)s]
[ty "y i, respectively. We note that there is no contribu-
tion from Z’ interactions to By, — u ™ since the muon
couplings to Z’ are vector-like. On the other hand, in the
alignment limit the bounds obtained from B; 4 — w™ ™ in
Ref. [42] can be translated to our case as

- 2

7| <34 %1072 cos (524,
tan 8 500 GeV

~ 2

)h@’ <17 %102 (<8P ( H.A ) .
tan 8 / \500 GeV

From Eqgs. (3.27) and (3.28), we find that flavor constraints
are satisfied as far as

_ 500 GeV \ >
sinf < ./1—-0.033( —— | .
my A

This leads to tan 8 < 5.4 for mg 4 = 500 GeV.

The flavor-violating Yukawa couplings of heavy Higgs
bosons as well as Z’ interactions [12] can modify the By—B;
mixing. The additional effective Hamiltonian relevant for the
mixing is given by

AH.t p, B = C5(54 Prba) (55 Prbp)

4.17)

(4.18)

2
16 EvEE ( Vlb)2CVLL
X(saVMPLba)(EﬂVuPLbﬁ)a (4.19)
with
/ ﬁ%
2 2
4 cos? B my,
2 2 200 —
(_ZH _ sin?(a — p) — 1B ﬂ)) ,
A h
(4.20)
NP 1672 (xgz)2v*
VLL — 9 mzz/m%v
N2 (300GeV \?
- 0.27(ng ) vy . 4.21)
0.05 my
The mass difference in the By system becomes
2 2 ps
AMp, = gmBszSBlzz(ﬂ)
G2 2
X W vrv)? (e, + P ) + 1))
16722 ts Vb VLL VLL 21 |
(4.22)

@ Springer

where Bj,;(i4) is a combination of bag-parameters [43] and
C‘S}\f 1 = 4.95 [44]. The SM prediction and the experimental
values of A M; are given by (AMBS)SM = (17.442.6) ps_1
[44] and (AMp )®*P = (17.757 £ 0.021) ps—! [45], respec-
tively. Then, taking into account the SM uncertainties, we
obtain the bounds on AMp_ as 16 (13)ps™! < AMp <
21 (23)ps~! or (AMp)BM < 3.0(5.6)ps™! at 1o (20)
level for new physics. We also note that the most recent lat-
tice calculations show considerably large values for the bag
parameters, leading to (AMBS)SM = (20.01 £ 1.25) ps_1
[46]. It needs an independent confirmation, but if it is true,
the new physics contributions coming from the heavy Higgs
bosons and Z’ would be constrained more tightly.

Taking the SM prediction as (AMBS)SM = (174 £
2.6) ps_1 [44], from Eq. (4.22) with Egs. (4.20) and (4.21),
we get the bound on the flavor-violating Yukawa coupling in
the alignment limit of heavy Higgs bosons as

7d 2
|hos] |my
cos B mi

\2 [300GeV 2
x 1—0.1(0.06)(ng) ).
0.05 my

Here, since we need to choose xgz < 0.05formyz < 1TeV
to satisfy the B-meson anomalies and the LHC dimuon
bounds at the same time as discussed in the previous sec-
tion, we can safely ignore the contribution of Z’ interactions
to the By—B, mixing on the right-hand side of Eq. (4.23).
Furthermore, with the Z’ contribution ignored, the B;—By
mixing leads to a similar bound [43]:

| 172 /500 GeV
my

) < 4.6(6.4) x 1073

(4.23)

—12 my
(500Gev)'

(4.24)

2
)E‘fa’ <0.91(1.3) x 1073 cos B ‘m—gl —1
my

Comparing to the bounds from By — u™p™ in (4.17), the
B—-B mixings could lead to tighter constraints on the flavor-
violating Yukawa couplings for down-type quarks unless m g
and m 4 are almost degenerate. The upper frames of Fig. 4
show that a wide range of heavy Higgs masses up to 600—
700 GeV are allowed for mj, = m4 and tan = O(1).
On the other hand, for tan 8 = 0.5, the neutral Higgs boson
can be as heavy as 400 GeV, but the charged Higgs mass is
constrained as 240 GeV < mpy+ < 650 GeV. For illustration,
the case with mj, = m g+ has also been shown in the lower
frames of Fig. 4, where the narrower region is allowed as
compared with the case with m, = m4.

Another important bound comes from the inclusive radia-
tive decay, B — X y. The effective Hamiltonian relevant
for the b — sy transition is
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Fig. 4 Parameter space in terms of my, and m g+ (upper frames), and
m 4 (lower frames). tan § = 1 in the left and 0.5 in the right panels. We
have chosen vy = 2my, = 1 TeV, cos(e — B) = 0.05, and y¥; = yM

in all frames. The mixing between heavy C P-even scalars is taken to be

4G
Heft p—ssy = ——= Vip V/5(C707 + C3Og) (4.25)
V2
with
O7 = —5 _ my50" Prb F
7= 16j'[2 mpso R UV
Og = % mpy 56" PRT“b G, (4.26)

The charged Higgs contributions to the Wilson coefficients
are given by [19,47]

@,=0.1, @,=0, 13=0.5, cos(a—£)=0.05
800
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zero. The gray regions are excluded by unitarity and stability bounds.
The magenta regions are excluded by B — Xy, and cyan region is
excluded by By — w*u~. The yellow and orange regions are excluded
by By and B, mixings, respectively

v Ay

CBSM _
Vib Vt*;

(1)
= C; 7 (x
7 ) t2 7 ( I)

v2 (/\f{_)*)\ﬁ_
thV;;

(2)
C )
2m,my, 7 (xr)

H sy H™

CBSM _ v (Mg VA c

§ =3 o Cs (1)
2m, thV,S

v? (AZZ*)*)\Z*
thVtiI;

P (x) 4.27)

2mymy,
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Fig. 5 Parameter space for m y+ and tan 8 excluded by B — Xy within 20 (red) and unitarity bounds (gray) with y3; = ytSM forma = mp,

160 GeV (left panel) and m 4 = my, = 350 GeV (right panel)

with x; = (m,/mpy+)?*, and

o x | =83 +3x2 4 12x =7+ (18x% — 12) Inx
Cyi(x) =+ ,
72 (x — D
2
@, _ X —5x“4+8x -3+ (6x —4)Inx
G =1 (x—1)3 ’
3 2
M, . _ X )—x +6x°—3x —2—6xInx
=5 x — D ’
2
@, _X]—x +4x —3—2Inx
Ce(x) = 1 T . (4.28)
Here AfLI; are given by Eqgs. (3.31) and (3.32). The Wil-

son coefficients in the SM at one loop are given by C7SM =
3¢V m2/m?,) and CM = 3¢S" (m2/m?3,). CBSM mixes
into the C%BSM at the scale of w;, = my through the renormal-
ization group equations and contribute to B(B — X;y) [48].

The next-to-next-leading order SM prediction for B(B —
Xsy) is [49,50]

B(B — X,y) = (3.36 £0.23) x 107%, (4.29)

whereas the experimentally measured value of B(B — X;y)
from HFAG is [45]

BB — Xyy) = (3.43+£0.21 £0.07) x 107, (4.30)

As a result, the SM prediction for B — X,y is consistent
with experiments, so we obtain the bounds on the modified
Wilson coefficients as —0.032 < C?SM(M,) < 0.027 at 20
level [51]. This constrains tan 8 in terms of charged Higgs
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mass as shown in Fig. 5, where unitarity and stability bounds
are displayed as well. We also find that the case with y3; =
y,SM / cos B has been excluded by B — Xy, hence the case

with y3; = ytSM is considered in Figs. 4 and 5 and collider
studies in the next section.

4.5 Predictions for Rp and R p+

We briefly discuss the implications of flavor-violating cou-
plings with charged Higgs on Rp and Rp-. The effective

Hamiltonian relevant for B — D)t v in our model is given
as follows:

Hetr = CSoy(CLyubr) (FLy™vr) + C§ (GLbR)(TRVL)

+ CSP(erbr) (TRVL), 4.31)

where the Wilson coefficient in the SM is C gﬁ,[ =2Vy/ v2,

and the new Wilson coefficients generated by charged Higgs
exchanges are

cb _ﬁm, tan 8 )\Hf)*
R — 2 cr ’
Vs
2my t -
Czb — _M (H )*_ (4.32)
v 2:E R
H

See Egs. (3.33) and (3.34) for A

CL,R"
The ratios of the branching ratios for B — D®<tv to
B — D™ ¢y with £ = e, pu are defined by

B(B — D™z1v)

R * = —_— T~ .
DY = BB = D®iv)

(4.33)
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Fig. 6 The ratios of Rp/Rp sm and Rp+/Rp+ sm as the functions of
charged Higgs mass for given tan

The SM expectations are Rp = 0.300 £ 0.008 and Rp+ =
0.252 £ 0.003 [52], but the experimental results for R pe
are deviated from the SM values by more than 2o [7-11].
Including the additional contributions from charged Higgs
exchanges, we find the simplified forms for Rp and Rp=+ as
follows [47,53]:

. . . b 12
ch +ch CLb + ch
Rp=Rpsm|1+15Re R L R L s
’ Cch Cc‘b
SM SM
CCb _ ch
Rp+ = Rpesm | 1+0.12Re [ -B——L
’ CCb
SM
CCb _ CCb 2
+0.os‘% . (4.34)
CSM

As can be seen in Fig. 6, a light charged Higgs is neces-
sary to have large deviations of Rp and Rp+. However, it is
excluded by B — X,y. [See Fig. 5]. Therefore, our model
cannot explain the experimental results for R ) simultane-
ously with the other bounds.

5 Productions and decays of heavy Higgs bosons at the
LHC

We investigate the main production channels for heavy Higgs
bosons at the LHC, including the contributions from flavor-
violating interactions of quarks. The decay modes of the
heavy Higgs bosons for some benchmark points are also stud-
ied, and we discuss smoking gun signals for heavy Higgs
searches at the LHC. In this section, mixings with singlet
scalar have been neglected and the heavy neutral Higgs
boson H denotes hy. h = hj is the SM-like Higgs with
mp = 125 GeV.

5.1 Heavy neutral Higgs boson

The main channels for neutral Higgs productions are the
gluon fusion gg — H, bottom-quark fusion bb — H, and
additional productions through the flavor-violating interac-
tions for the bottom quark, bd; — H andd;b — H,whered;
denotes light down-type quarks, d; = d, s. There are bottom
quark associated productions, bg — bH and d;g — bH, as
well.

The leading-order cross section for the gluon fusion pro-
cess at parton level is

2.2
arm
~ H) = s""H
o(ss = H) = g2
2
3 cosa  vsin(a — f) -, H
X |— + h A7 (Ty)
4;(cosﬂ VImgcosp ) 12
x8(5§ —m3), (5.1)

where 7, = m%{ / (4m2). The loop function Afl/z(r) is given
in Ref. [54]. § is the partonic center-of-mass energy. Here
the contributions of only top and bottom quarks have been
taken into account. Note that the top quark contribution is
vanishing if one takes y3; = ytSM and the alignment limit as
can be seen in Eq. (3.37). The parton-level cross section for
bottom-quark fusion bb — H is

A(bl; S 7rm127 cosa  vsin(a — ﬂ)ﬁd 2
O" p—
18v% \cos B /2my cos B
4mi ]/2 2
my

There are other single Higgs production channels through the
flavor-violating interactions, bd; — H and d;b — H. The
corresponding cross section is given by

7 |h% % sin (o —
P s —p), o
72 cos? B

6(dib — H) = (5.3)

and 6 (bd; — H) = 6(d;b — H) at parton level.

The bottom quark associated production of the Higgs
boson can occur by initial states with a bottom quark, that
is, bg — bH, through the flavor-conserving interactions or
initial states with a light down-type quark, d;g — bH, via
the flavor-violating interactions. The former is nonvanishing
even if all the components of h¢ are zero. The diagrams of
the bottom quark associated production are shown in Fig. 7.
The differential cross section for bg — b H at parton level is

dé as(M? | 2F — F? —2G1G,
—(bg — bH) = —— b22 - 22A 5
dt 96(s —mj) (s —mp)(t —my)

54
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Fig. 7 Diagrams of the bottom quark associated productions of neutral Higgs bosons
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Fig. 8 Production cross sections of the heavy neutral Higgs H at 14 TeV proton-proton collisions. We have chosen tan § = 1 (left panel) and

tan 8 = 0.5 (right panel) with cos(a — ) = 0.05 and y3; = y,SM

where

F =§f—m2, F2=§~|—f—2m127,
2 2 2

2 2 _ a4
Gi=my—my—5, Gy=my—mj—1,

and A,‘;’ is given in (3.22). For the d;g — bH process, it is

~ ~d .
99 g — bH) = fes'fl”'z . sin’ (o — )
dt 9652(f —m3)  cos’f
2F, — F? —2G 1G>, 2m2G
y |: 1 2 1G2 4 M 22i|
S t—mh
(5.5)

with

A~

F| =5, P> =§+f—m}2,, G =m%_1—m}2)—§, Go =m12q—t.
And again, 6 (d;jg — bH) = 6(d;g — bH) at parton level.

We perform the integration by using the Monte Carlo
method to obtain the production cross sections at proton-

@ Springer

proton collisions of 14 TeV and employ the NNPDF2.3 par-
ton distribution function (PDF) set [55] via the LHAPDF
6 library [56]. The renormalization and factorization scales
are set to mp, and mj = 4.7 GeV. The resulting production
cross sections as a function of m g are shown in Fig. 8. In
all frames we set cos(a — ) = 0.05, close to the alignment
limit, and yj; = ytSM. A constant K -factor of 2.5 has been
multiplied to the gluon fusion production cross section, while
the leading-order expressions have been used for the other
production channels.

In the alignment limit, the neutral Higgs coupling to the
top quarks A7 is vanishing as can be seen in Eq. (3.37).
In this case, the single Higgs production through the gluon
fusion process is suppressed compared to the SM case,
though nonvanishing due to the bottom quarks in the loop.
Still, the gluon fusion production convoluted with PDF is
the most dominant channel for the single Higgs production
and bb — H is the subdominant one for tan B = O.1).
On the other hand, for smaller tan 8, the flavor-violating
Higgs couplings to light quarks become larger and contribu-
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tions from the initial states with the light down-type quarks
dﬂ; — H is subdominant, and become even the most dom-
inant channel in the case of very small tan 8 = (O(0.01).
However, since we find that such scenarios with very small
tan 8 have been excluded by bounds from the experimen-
tal results on B-meson mixings and decays, particularly by
B — Xy as seen in the previous section, we have cho-
sen tan 8 = 1 and 0.5 as benchmarks for this study. For
mp = 200 GeV and tan B = 1 (0.5), opppyg = 225.2
(110.5) fb, and (0,5, g + 044 p)/0ge—~n = 0.62%
(1.6%), while (0},5._, g + 045 1)/ Opp— yp = 1.6% (10.9%)
at the LHC. As the neutral Higgs gets heavier, the produc-
tion cross sections rapidly decreases. For mp = 400 GeV
and tan 8 = 1(0.5), 0)p» g > 38.4 (31.7) tb.

As can be seen in Fig. 8, the production cross section
of the bottom quark associated process increases as tan
is smaller since the effect of the flavor-violating couplings
become larger. In particular, if mg < 200 GeV the produc-
tion cross section is (O(10) fb, so it can be served as a good
search channel at the LHC. Meanwhile, if myg 2> 2m;, the
cross section decreases down to < O(1) fb.

We now turn to the decay widths of the neutral Higgs
bosons and obtain their branching ratios. Ignoring the mixing
among the SM-like Higgs and singlet scalar, the partial decay
widths to quarks are

I'(H = bd;) =T(H — d;b)
~ 2
317%,)? sin?(« — B) m2
= mu|l—-—21,
327 cos? B m2
2 2\ 3/2
3008 1 4m;
mpg - 5 s
167 m%l

where g =1, b, c. Af and )LIH are given in (3.22) and (3.23),
and

I'(H — qq) =

jH = Y2mecosa 5.7)
¢ vcos B

On the other hand, the Higgs interactions to the charged lep-
tons are flavor-conserving and the corresponding decay width

is given as
3/2
. m? cos® 4m? /
'H—>1tt )= —S_mu|l—— . (5.8)
8mv? cos? B m3,

The partial widths to electroweak gauge bosons V = W,
Z are given as

Sym3, cos*(a — B)
32w v?

2\ /2 2 4

«[1= 4m_V 1— 4m_V + 12my
m2 m2 m4 ’

H H H

where 8y = 2anddz = 1. These partial widths are vanishing
in the alignment limit. If my > 2my/, the decay mode of
H — Z'Z' opens. Ignoring the small mixing with the Z
boson, the decay width is

C(H = VV) =

(5.9)

3.2 2\ /2
C(H > 27 = gZ,x My v sin® B sin” L 4m22/
2592nmz myy

2 4
x (1 _ 12’?’) . (5.10)
My My

However, we find that this decay mode is almost negligible
for small gz/x >~ O(0.05) and mz 2 400 GeV, which would
be necessary to evade constraints from the Z’ searches at the
LHC.

The neutral Higgs boson can also decay into yy and gg
through fermion or gauge boson loops. At leading order, the
decay widths are given as

H

At
Y 30;—2—Af(zy)
4=t b «/qu

o’m3,
FH = yy) = 256m3v?

cos o 2
OS,B 1/2(1}) + cos(o — ,B)Al (tw)
2
ot m3
P(H = gg) = =12 Z J_ L1 Al
(5.11)

where Q, is the electric charge of the quark and 7; =
m H/ (4m2) The loop functions A1 1 and A{i can be found
in Ref. [54].

If mg > 2my, the heavy neutral Higgs can decay into a
pair of SM-like Higgs bosons.” The triple interaction comes
from the scalar potential in (2.3),

HhhV
ViD g

Hhh, (5.12)

where
gunn = 3(Apsina cos B+ Az cosa sin B) sin(2w)

+ (A3 4+ Xg) [3cos(a + B) cos(Ra) — cos( — B)] .
(5.13)

2 If the singlet scalar i3 = S is light enough, additional decay modes

such as H — Sh can occur and become important channels (See, for
example, [57,58]). Here we assume that S is heavy, mg 2 0.5-1 TeV,
and the mixings with doublet Higgs bosons are negligible.
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Fig. 9 Branching ratios of the heavy neutral Higgs H. tan 8 = 1 and u = 200 GeV (left panel), and tan § = 0.5 and u = 50 GeV (right panel)

have been taken. vy = 1 TeV and cos(o — B) = 0.05 for both panels

The decay width for the H — hh process is given as

12
2 2 2
v dm
F(H—>hh)=M<1——h) .

2
327TmH my

(5.14)

The quartic couplings in the Higgs potential can be eval-
uated by choosing values of pvyg, tan 8, sine, and mpy if
mixing with the singlet scalar is negligible, oy >~ a3 =~ 0.
See Appendix A.

By combining all the decay widths, we obtain the branch-
ing ratio of each decay mode. Fig. 9 shows the branching
ratios of the neutral Higgs boson H for cos(a — ) = 0.05
and vy = 1 TeV, but with different values of u to sat-
isfy the unitary and stability bounds studied in Sect. 4.1.
We observe that H — bd;/d;b is the predominant decay
mode if my < 2myj,, whereas the di-Higgs mode H — hh
becomes the most important if the mode is kinematically
allowed, irrespective of tan §. In practice, the branching ratio
of di-Higgs mode B(H — hh) depends on the choice of
uvg value. If we take a smaller pvg value, for instance,
uw = 200 GeV and vy = 500 GeV with tan = 1, we
find that H — bd;/d;b is always the most dominant decay
mode. The dip near mg = 580 GeV in the left panel of
Fig. 9 is due to the accidental cancellation in the Higgs triple
coupling (5.13). The position of dip also depends on the
value of pvs for given tan 8 and cos(a — ). On the other
hand, the bb mode and diboson modes such as WW/ZZ are
subdominant.

From these observations, we expect that the search strate-
gies would be different depending on the mass of the heavy
Higgs boson. For myg < 2my, pp — H — bd;ld;D, i.e.,
dijet final states containing one b jet is the most important,
but for myg > 2my, the di-Higgs channel, and possibly in

@ Springer

conjunction with the dijet channel with one b jet, is important
to search the heavy neutral Higgs boson at the LHC. Thus,
the neutral Higgs boson with mpy < 250 GeV can receive
constraints from dijet searches [59-61]. Although the dijet
channel has typically been used to seek for heavy resonances
in a few TeV scales, it can probe lower scales if it is associ-
ated with a hard photon or jet from initial state radiations. The
ATLAS collaboration has searched light resonance with dijet
invariant mass down to 200 GeV in the final states of dijet in
association with a photon [62,63]. In our case, gluon fusion
production is the most dominant channel and it is not associ-
ated with a hard photon. It can have a hard jet from the gluons
in the initial states, but the mass region below 250 GeV has
not been searched yet in the final states of dijet in association
with a hard jet. For mg > 250 GeV, bounds from di-Higgs
searches can be imposed, but we find that they do not have
enough sensitivities for heavy neutral Higgs bosons in our
model yet [64-67].

5.2 Heavy charged Higgs boson

One of the conventional search channels for the heavy
charged Higgs with my+ > m, at hadron colliders is the
top quark associated production, bg — tH ", by the similar
diagrams as bg — bH. Since the charged Higgs boson can
have enhanced couplings with the light up-type quarks due
to nonzero components of 7, we can also have a sizable pro-
duction cross section of the bottom quark associated process
from the initial states with light up-type quarks, u;g — bH™
where u; = u, ¢’

3 We note that there have been collider studies on the production of
heavy Higgs bosons due to flavor-violating interactions for up-type
quarks. See, for instance, Refs. [17,18].
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Fig. 10 Production cross sections of the heavy charged Higgs H¥ at 14 TeV proton-proton collisions. We have chosen tan 8 = 1 (left panel) and

tan 8 = 0.5 (right panel) with y3; = yM

The differential cross section for bg — tH ™~ at parton
level is

do oy ( H- H-
— = —7= |7 + |x )
di  48(5 —m})? |: o 14 P |

2F — F? —2G1Gy  2miGy 2m*G,
° Y 2 + = 2\2 + = 2\2
(s —my)(t —m;) (s —my) (t —my)
4m;,mtm%_1i

+ (AH’ ATy T (H *) _ i
n i )7t g ) & —mp)(F —m3)

FF
<(1- 57— )| (5.15)
mi e (§ —my) (& —my)
where
Fi =§f —mim?, Fy=5§+41—mj —m?,
Gi=mys —m? =5, Gy=miy —mj—1i (5.16)

Since the diagrams contributing to bottom quark associ-
ated processes has the same Lorentz structure as those for
bg — tH™, we can obtain their parton-level cross sections
by replacing Ay}  withA[1 " myp, withm,, = 0,and m, with
myp. They are given as

as (M1 + 1)

dé :
—(ujg — bHT) = ~ Uik
a7 i ) 4852(7 — m2)
2F| — F2 —2G1G, 2m3G
x|: L Bk el it 22} (5.17)
S t—mb

The leading-order cross sections evaluated by convoluting
the partonic cross section with the PDFs at proton-proton
collisions of 14 TeV are shown in Fig. 10. In each figure,
o(pp > H*q) =0 (pp - H q) + o(pp - H q). The
production cross sections are quite sensitive to tan . For
tan 8 = 1, the top quark associated production, pp — H +,
is the dominant channel, while the bottom quark associated
production, pp — H £p, which is the characteristic channel
of our model, can also be served as a good channel to search
the charged Higgs boson at the LHC. On the other hand,
for smaller tan 8, the bottom quark associated production
becomes the dominant channel due to the enhanced charged-
Higgs couplings with light up-type quarks. The suppression
of top quark associated production is also due to the partial
cancellation of two terms in A{Z .

Concerning the decays of charged Higgs, the most impor-
tant fermionic decay mode is HT — tb. The decay width
is

I'(H" — th) =T(H  — bi)

) ) 1/2
3 (m; +mp) (m; —mp)
= Jmu |- — |\l - —=——
167 my . My

2 2
_ _ ms +m
x [(M{Z 2+ 12 ) (1——f ; b)

mHi

_ _ - - memp
) (A{j Gy ol )*) —m’z ]
H:t

(5.19)

By replacing m; with m or m, and A" with A" or

A{ZL > one can obtain the decay widths of H * — c¢b and
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Fig. 11 Branching ratios of the heavy charged Higgs H™. tan 8 = 1 (left panel) and tan 8 = 0.5 (right panel) have been taken. cos(a — B) = 0.05

u

and y33 = y,SM for both panels

H™T — ub. The other fermionic decay modes are HT — ¢§
and cd, whose decay widths are proportional to tan> 8| V,|?
and tan® B|V,4|?, respectively. The decay widths of leptonic
decay modes are given as

T(HY - ¢Tv) =T(H™ — {7D)

2
2 2 2
tan
_manh <1— " ) . (520

2 2
8mv My s

Meanwhile, if H™ — WTA and W H are kinematically
forbidden, the only non-fermionic decay mode is H* —
WTh. The decay width is

(H" > WTh)=T(H — W™ h)
_ g7cos(a — Pymyy,
- 2
647rmW

3/2
> 1Y

2
2 2 2
miy mj, dmiy,m;
o0 B e e -
mHi mHi mHi

By combining all the decay modes in the above we obtain
the branching ratios of the heavy charged Higgs, which are
shown in Fig. 11. Interestingly, the dominant decay mode of
the charged Higgs boson is HT — WTh if it is kinemati-
cally allowed, although we have taken the alignment limit.
HT — tb is subdominant. Together with the production,
we expect that pp — H¥b — W¥h + b can be served as
the important process to probe the charged Higgs boson at
the LHC and future hadron colliders. Most LHC searches for
W™ h have been dedicated to heavy resonances [68—70] that
decay directly into WA, so our model is not constrained
by W*h at the moment. On the other hand, the b mode is

(5.21)
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next-to-dominant and this is not constrained by the current
LHC data [71,72], because the production cross section for
the heavy charged Higgs in our model is less than 10 fb in
most of the parameter space.

6 Conclusions

We have considered an extra local U (1) with flavor-
dependent couplings as a linear combination of B3 — L3
and L, — L., that has been recently proposed to explain the
B-meson anomalies. In our model, we have reproduced the
correct flavor structure of the quark sector due to the VEV
of the second Higgs doublet, at the expense of new flavor
violating couplings for quarks and the violation of lepton
universality.

The extra gauge boson leads to flavor violating interac-
tions for down-type quarks appropriate for explaining B-
meson anomalies in R whereas heavy Higgs bosons ren-
der up-type quarks have modified flavor-conserving Yukawa
couplings and down-type quarks receive flavor-violating
Yukawa couplings. We also found that the B-meson anoma-
lies in R+ cannot be explained by the charged Higgs boson
in our model, due to small flavor-violating couplings.

We showed how the extended Higgs sector can be con-
strained by unitarity and stability, Higgs and electroweak
precision data, B-meson decays/mixings. Taking the align-
ment limit of heavy Higgs bosons from Higgs precision data,
we also investigated the production of heavy Higgs bosons
at the LHC. We found that there are reductions in the cross
sections of the usual production channels in 2HDM, such as
pp — H and pp — H%*r at the LHC. In addition, new
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production channels such as pp — Hb and pp — H*b
become important for tan 8 < 1. Decay products of heavy
Higgs bosons lead to interesting collider signatures due to
large branching fractions of bd + bs modes for neutral Higgs
bosons and W*/ mode for charged Higgs boson if kinemat-
ically allowed, thus requiring a more dedicated analysis for
the LHC.
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Appendix A: The extended Higgs sector

By using the minimization condition of the Higgs potential
given by

ﬁuvzvS — 2)»11}13 — 2)»31)11)% — 2)»41)11)% — 2K1v1v3
21)1

2
n1=

’

2
s

2 \/E/wlvx — 2)»31)%1)2 — 2)»41)%1)2 — 2)»2113 — 2KV

"2 2vp

2 \/Epwlvg — 2/{11)%1)5 — 2/{2v%vs — 2)»51)53
§ 2vg

, (A.D)

the mass matrix for C P-even scalars can be written as

2)\,]1}% + % 20102 (A3 + Ag) — BB 2pvjvy — 2
v

Vv V2 V2

. ) A4y — B 2p2 4 AU -
Mg = [ 201203 +44) — 77 205 + N K2U2Vs — 5
_ h _ 2 puv

2K vy vg 7 2K V9 Vg 72 2Asvy + o
(A.2)

We introduce a rotation matrix R to change the interaction
basis (p1, p2, Sr) to the physical mass eigenstates, hy, ha
and h3 as

hy P1
hay | =R | p2
h3 SR

The mass matrix Mg can be then diagonalized as

T_ 1 2 2 2
RMSR —dlag(mhl,mhz,th). (A3)
We use a convention such that the mass eigenstates are
ordered as my, < my, < my,. Here, the orthogonal matrix
R is parametrized in terms of the mixing angles o to o3 as

Cay Cay Sa1 Can San
R = _(C(xl SarSaz + Sa Ca;) CoyCaz — SaySapSaz CarSasz | »
_Cal S(xzcot3 + Sot| Sot3 _(C()ll SO(3 + SO{| sotzcot3) Cazcot3
(A4)

where so; = sin; and ¢,; = cos «;. Without loss of gener-
ality the angles can be chosen in the range of

T b4
—=— =123 < —.

2 2
In the text we focus mainly on the situation where mixings
between pj 2 and Sg are small.

The mass eigenvalues of CP-even neutral scalars are
given by

1
m3, :E(a—i-b—\/ﬁ)zmﬁ,

1
m%zzi(a—i—b—i—«/ﬁ)zm%{,

H1v2
m%” = ZASvSZ + m?

ﬁvs v

(A.5)

where

HV2V;

V2v

UV Vg

V20

aEZMU%—i- , bEZ)»zv%‘l‘ ., D=(a—b)*+4d*

(A.6)

withd = 2vjva(A3+Aq) — /ws/«/i. We can trade off quartic
couplings, A123.4 and k2, for mixing angles and Higgs
masses.

B 23, m%i Riz1 — 2v tan B

A

4v2 cos? B ’
N 23, mii Riz2 — V21, cot B
o 4v2sin? B '
ot — V2pv5 +23; mp RitRia
3T 402 sin 28 ’
205 ), mﬁi Riz3 — V2uv? sin B cos B
As = 493 ’
S
V2uvsin B +2 > m%i Ri1Ri3
= 4yvy cos B ’
V2pveos B +23; m: RiaRi3
Ky = ; ! . (A7)
4vvy sin B
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In the case when the Higgs mixings with the singlet scalar
are negligible, o ~ a3 =~ 0, the rotation matrix can be
simplified as

cosa sina 0
—sina cosa O],
0 0 1

R~ (A.8)

where o« = o1. Then the Higgs quartic couplings are given
by

2(m%l cos? o + m%i sin® &) — /2, tan B

492 cos? B ’
. 2(m;21 sin® o + m%i cos? o) — ~/2pvg cot B
? 4v2sin’ B '
(m%l — m%i) sin 2o 4+ ~/21vs
A3+ g & . A9
30 4v2sin 28 (A.9)

Here h = hy withmj, = 125GeV and H = h,. Thisrelations
show that the values of quartic couplings can be evaluated
solely by m g if one chooses a benchmark point in terms of
g, tan B, and sin .

Appendix B: Unitarity bounds

The initial scattering states can be classified by hyper-
charges and isospins [73-75]. In the basis of (q’)l+¢l_,
o3 by . /N2, p191 /N2, 22/ V2. p202/2, SRSR/V2,
S1S1/ ﬁ), the scattering amplitude is

whose eigenvalues are 241,242, A1 +AoE,/(A] — A2)% + 422,

and 2Ag.
In the basis of (¢; Sk, ¢; Sk. @, S, Sr), the submatrix
is given by

2k 0 0 O
0 2¢p 0 O
My = (B.2)
0 0 2« O
0 0 0 2«
with eigenvalues being 2k ».
In the basis of (o111, p21m2, Sk S), the matrix is
2A1 0 0
Msz=1 0 2x O (B.3)
0 0 2ig

with eigenvalues being 241 2 ;.

In the basis of (] ¢35, ¢35 b1, P12, P21, MiN2, P1P2),
we have

4xq 200+ A1) V2x V2 V223 V23 V21 V2K
2(A3 + A4) 4hr V233 V223 V22 V2ha V2 V2
V2 V223 3x1 Al A3t+Ay Az+As o K K1
M, = V21 V2A3 A 30 A4+ Azt Ag Kk K1 D)
V223 V2 A3+ Ay Azt Ay 3k A2 K2 kK |
V223 V2 A3+ A4 A3+ Ay A2 32 K2 K2
V2K V21 K1 K1 K2 K2 3As As
V2 V2 K1 K1 K2 K2 As 3ks
0 2A3 + 2A4 iAg —ilg A4 A4
203 + 204 0 —ilg iAg A A4
My = i).x4 —.l.)\.4 203 + 204 0 0 0 (B.4)
—iAg iAg 0 203 + 204 0 0
M4 A4 0 0 203 + 204 0
M4 A4 0 0 0 2X3 4+ 2A4
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with eigenvalues being 213, 2(A3 + A4), 2(A3 + 2A4), and
+2/33(23 + 204).

Finally, in the basis of (p1¢}, p2¢,, mé7", mé}, P15,
p2¢; , mqb; , nqu; ), we obtain the matrix as

20 0 0 0 0 X4 0 ixg
0 2x3 O 0 X 0 —ixg O
0 0 2x O 0 —ixg 0 Mg
0 0 0 2x3 irxg O Ag
0 X4 0 —iXg2x3 O 0
M 0 ixg O 0 2x»n O

0 ixg 0 A O 0 2x O

—ixg 0 24 O O O 0 21

0
NE
0

(B.5)

with eigenvalues being 2X1, 212, 2A3, 2(A3 £ A4), and X1 +

A £ /(A — A2)2 + 423
The eigenvalues obtained in the above are constrained by
unitarity as

[2A1,2,3,5] <8m, [2Kk12| < 8,
203 £ Aa)] < 8w, [2(A3 + 2A4)| < 8,

[2¢/A3(A3 4+ 2X4)| < 87,
A+ Ao £/ (0 — A2)2 + 425 < 8,

ayn3 < 8. (B.6)

Here aj 2 3 are three other solutions of the following equa-
tion:

x> —2x2(3A; 4 342 + 215)
—4x (2/<12 + 262 — 91 Ay — 6AjAs
—6hahs + 422 + 4A3hs + Aﬁ)
+16 (3/<12A2 — 21Kk2 (203 + ha) + 3c3h

Tas ((2x3 +)% — 9% lxz)) —0. (B.7)

Appendix C: The quark Yukawa couplings

The quark Yukawa couplings in the interaction basis are given
by

I _ ) " . "
—L} = EML((/OI —in)y" + (o2 — in)h")ug

1 -
+ _2dL((/01 +in)y" + (o2 +in2)h")dg

V2
—dp (" (@) + h" (93 ur

+iaL (¢ +h'e3)dg +hec. (C.1)

In the basis of mass eigenstates the quark Yukawa interactions
of the C P-even neutral scalars are

—LY = @y Yjug +d Y dp)Hi +hee., (C2)
where primed fields are mass eigenstates, and
v _ _ Ri1 p  Rutang — Rpp P
H veosf ! V2 ’
vd — _ Ri1 Y Rijjtan B — Ryp id
) vecosfB  “ V2 ’
yeo— R21 uP Ryptan B — Ry i
H vcosp  “ V2 ’
yd — Ry MP 4 Ryjtan 8 — Rop i
H veosB ¢ V2 ’
ve o R3; MP 4 R3jtan f — Ry i
B ycosp V2 ’
yd — R31 Y Rsjtan B — Ry jd C.3)
Hs veosB ¢ V2 ’

Assuming the singlet scalars are decoupled and using
Egs. (3.2) to (3.5), the above quark Yukawa interactions
become

~Lgy = @Y} uly +d) Yid)h + @, Yy +dy Yidp) H

+ ity Yhulg +dy YddR) A°

+ @' (Yo g+ PR+ Y g+ PL)d HT +he., (C4)
where
" sinae 5 - cos(a —B) ~,
Y/’l = — u —h 3
vcos B V2cos B
YZIZ_ sin Mf.,.wﬁd’
UCOSﬁ \/ECOS,B
. cosa o osin(e—p) -,
Yy = by h",
vcos B V2cos B
cosa sin(a — ) -~
v = MP + R,
A= yeosp @ V2cos
t 1 ~
yu = 2B yp h",
v ﬁcosﬁ
tan 1 -
vd="LmP  —— _j
A v a V2cos B
V2tan 8 | S
Yi g+ = —( MP — (h")')VCKM,
v cos B
2 tan 1 -
Yy g+ = VCKM<uMdD - hd> (C.5)
’ v cos B
with
h*=Uln"Ug, h?= D}h?Dg. (C.6)
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For U, = 1, we have i = h*Ug. As a result,

iy = % Ve 5100DT + 151" =0,

ity = %msﬂ (R 4" + R (7)) =0,

ity = =L P 4 i P
i) e

where use is made of Eqgs. (3.15), (3.17), and (3.18). Other
components of h* are vanishing. Moreover, with 79 =
VCKMhd and using Eq. (3.10) for h¢ 13 and h23, we obtain
nonzero components of 7" as

~ \/—mb
Ry = V¥ Ry + ViR, = ﬁ( Vb + VE Vep)
—1.80 x 1072 ( b >
vsin B
~ «/_ mp
hg3 = V;shéli3 + V:;h ﬂ( ub + Vcs th)
=577 x 102 < b ) ,
vsin
. f mi,
h§y = Viyhiy + Vi hss /3( Vb + V3 Ve)
—2.41 %1073 <ﬂ) (C.8)
vsin g

Appendix D: U (1)’ interactions

The gauge kinetic terms and mass terms for U (1)’ and U (1)y
are

After diagonalizing the terms simultaneously with

BH cw —sw —lg 1 0 0 AM
Wﬁ =|sw cw O 0 c: s¢ Ziy
Z;; 0 0 I/ect 0 —s¢ ¢t Zoy
cw —swer +tgSe —SwSe — teCe Ay
= | sw cwee cwse Ziy |,
0 —S¢/ce cr/ce om
(D.3)

where ¢ is the mass mixing angle and sy = sinfy, cw =
cos By, etc, we obtain the mass eigenvalues for massive
gauge bosons:

1
mél,z = E(mZZ + m%z + \/(mzz - mg2)2 + 4m‘]‘2>, D.4)

Here mZ (> + gy)v2/4 and

2 2 —1 ro2
my, = mzswté + mZ,/cé Cy €8z Qp, Vile [k,

|
m12 = mzswtg — ECWISW engQ’sz%/Cg. (D.5)

We can rewrite the Z-boson like mass in terms of the heavy
Z' mass and the mixing angle ¢ as

2m22 sec2¢ + m%z(l —sec2¢)

2
= , D.6
"z 1+ sec2¢ D.6)
and the mixing angle as
2m? (m2 — m2)
tan2¢ = 2% 7 (D.7)

(m, —m3)* —mi,

We note that the modified Z-boson mass is constrained by

electroweak precision data, in particular, Ap or T parameter.
The current interactions including Z’ are given by

1 1 1 Lo=Buly+ Wil + 2,0, = Aydly+ 2
Lotin == 7 Buy B = 22/, 2" — S sinZ), B ¢ ’ EM
1 x (tgs;cWJEM + (c¢ — tesesw)Jy — s;JZ,/Cg)
—SVIMyVHE, (D.1) u “ "
2 + Zoy (—tgc;cWJEM—i-(s; —tscesw)dy +cc JZ,/C§)
D.8
where V,, = (B,,, W3 z )T (D-3)
1 _
m?s%, —m%cwsw zcwleng Oy, v3
1
2 _
M, = —mzzcwsw mZZC%V —Eswlegz/Q’szg (D.2)
1 _
Ecwlegzr Q/sz% — =Sy egz sz% m,
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with
Jim = efv" Qs f,
e _
Jﬂ — me3 2 2 i
7 ZCWSny (o Swa)f

Iy =gz fr" O} f.

D.9)

Here Q ; is the electric charge and Q/f is the U (1)’ charge
of fermion f. For a small gauge kinetic mixing and/or the
mass mixing ¢, the Z'-like gauge boson Z»,, couples to the
electromagnetic current with the overall coefficient of ¢ =
fececw.

Ignoring the Z—-Z' mixing, the interaction terms for Z’
interactions is

1 - 1 -
’CZ’ = gle;L <§X lj/u't =+ gx b)/Mb + y/l)/“/L

+y iy Py, — (x +y)Tyte
— (x +y) Ve y?* Prvr + y vory" Prv2g

—(x+y) 173RV“PRV3R). (D.10)

Now we change the basis into the one with mass eigenstates
by dR = DRd;g, UR = URM/R, dL = DLd/L and urp = UL“/L
such that Vegm = UzDL. Taking D = Uy = land Dy =
Vckwu, the above Z’ interactions become

1 2

| v2cos? Blys 1%

Ly =877, (—xt’ Pt 4 —x —— 7330 7 Py’

S A R 2m; v
1, o

_ updL R ) ’

3Xdi7/ I PLdj-i-SXbV Prb

+yaytu — &+ y) Tyt +yiyt PLoy,
—(x+y ]_)TVMPLV‘[

+ y ory" Prvor — (x +y) 173RV“PRV3R>,

(D.11)
where
000
I = Vi 1000 | Vekm
001
IVial? Vi Vis Vi Vi
= | ViVia |Vis* ViV (D.12)

ViVia Vi Vis [Vip|?

Considering the general mixing of C P-even scalars while
ignoring the Z—Z’ mixing, we obtain the interaction between
neutral massive electroweak gauge bosons (V = W, Z) and
Z' as

hy Zm%v . LY w
Ll = - (cos BR;1 + sin BR;2)h; + B it | W W

2
1
+ mz |:(COSﬂR11 + sin BRi2)h; + b h?] Z#«ZM'
v v

(D.13)

For a negligible mixing with the singlet scalar, the above
couplings become

2 2
i _ ﬂ[ — sin(a — B)h + cos(@ — f)H
v

+ %(h2 +H? + (AO)Z)] W, W
+ T|: — sin(w — B)h + cos(a — B)H

+ 2i(h2 + H> + (AO)Z)]ZMZ“. (D.14)
v

One can see that in the alignment limit with o = 8 — /2
the gauge interactions of / are the same as for the SM Higgs
while the triple couplings of heavy Higgs boson to gauge
bosons vanish.
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