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The significance of new physics appearing in the loop-induced decays of neutral Higgs bosons into pairs
of dibosons yy and Zy will be discussed in the framework of the 3-3-1 models based on a recent work [H.
Okada, N. Okada, Y. Orikasa, and K. Yagyu, Phys. Rev. D 94, 015002 (2016)], where the Higgs sector
becomes effectively the same as that in the two Higgs doublet models (2HDM) after the first symmetry
breaking from SU(3), scale into the electroweak scale. For large SU(3), scale v3 ~ 10 TeV, dominant
one-loop contributions to the two decay amplitudes arise from only the single charged Higgs boson
predicted by the 2HDM, leading to that experimental constraint on the signal strength yﬁfl of the Standard
Model-like Higgs boson decay & — yy will result in a strict upper bound on the signal strength ,u%i' of the
decay h — Zy. For a particular model with lower v; around 3 TeV, contributions from heavy charged gauge
and Higgs bosons may have the same order, therefore may give strong destructive or constructive
correlations. As a by-product, a deviation from the SM prediction [u7;" — 1| < 0.04 still allows [ — 1] to
reach values near 0.1. We also show that there exists an CP-even neutral Higgs boson 9 predicted by the
3-3-1 models, but beyond the 2HDM, has an interesting property that the branching ratio Br(h3 — yy) is

very sensitive to the parameter # used to distinguish different 3-3-1 models.

DOI: 10.1103/PhysRevD.100.075014

I. INTRODUCTION

One of the most important channels confirming the
existence of the standard model-like (SM-like) Higgs boson
is the loop-induced decay channel 7 — yy. Experimentally,
the respective signal strength s, = (6.Br)y,/(0.Br)gy,
which is the observed product of the Higgs boson pro-
duction cross section (o) and its branching ratio (Br) in
units of the corresponding values predicted by the standard
models (SM) [1], has been updated recently by ATLAS and
CMS [2-4]. There is another loop-induced decay h — Zy,
which the branching ratio (Br) predicted by the standard
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model (SM) is Br(h — Zy) = 1.54 x 107 (£5.7%) cor-
responding to the Higgs boson mass m;, = 125.09 GeV
[5,6]. This decay channel has not been observed exper-
imentally. The recent upper constraints of the signal
strength are uz, < 6.6 and uy, < 3.9 from ATLAS and
CMS [7,8], respectively. In the future project from LHC
with its High Luminosity (HL-LHC) and High Energy
(HE-LHC), precision measurements for the signal strengths
of the two decays h — Zy and h — yy can reach the
respective values of uz, =1+0.23 and p, =14 0.04
for both ATLAS and CMS [9]. In addition, the ATLAS
expected significance to the 4 — Zy channel is hoped to be
4.9¢ with 3000 fb~'.

In theoretical side, the loop-induced decays of the SM-
like Higgs boson mentioned above are important for
searching as well as constraining new physics predicted
by recent SM extensions, constructed to explain various
current experimental data beyond the SM predictions. In
the SM, leading contributions to the amplitudes of both
decays h — yy, Zy are at the one-loop level and relate with
W and fermion mediation. On the other hand, SM exten-
sions usually contain new charged particles including
scalar, fermions, and gauge bosons spin 1. If any of them

Published by the American Physical Society
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couple with the SM-like Higgs boson, they will contribute
to the decay amplitude & — yy from the one-loop level.
Normally, these particles also couple with the SM gauge
boson Z, hence give one-loop contributions to the decay
amplitude 7 — Zy too. It seems that the Br of the two
decays h — yy, Zy have certain relations so that the recent
experimental constraint of 4, may result in a respective
constraint on fiz,.

The theoretical studies of loop effects caused by new
particles on the SM-like Higgs decays including h —
vY,Zy have been done recently in many SM extensions
such as 2HDM [10-13], where a thorough investigation in
Ref. [10] concerned strong correlations between two signal
strengths u,, 7,. Hence, the experimental data of y,, can be
used as an efficient way to predict theoretically constraints
on the uz,. In left-right models, the decay channel & — yy
can be used to constrain new heavy charged gauge boson
masses [14]. On the other hand, it seems that the result one-
loop contribution to the decay amplitude h — Zy [15,16]
has not been discussed for further studying this decay
properties using the latest experimental data of the SM-like
Higgs boson such as the mass and decay 7 — yy. In a recent
scotogenic model, new singly and doubly charged Higgs
bosons contribute to both loop-induced decay amplitudes
h — yy,Zy [17]. But in this framework, the recent exper-
imental data of the decay & — yy predicts a very small a
very small deviation from the SM |u, — 1| < 4%. In Higgs
triplet models [18], the situation is the same where it
was pointed out that Br(h — Zy) is usually smaller than
Br(h — yy). Tiny values of |uz, — 1| have been shown
recently in other Higgs extensions of the SM [19].

In this work, we will focus on another class of the SM
extensions, called the 3-3-1 models, which are constructed
from the gauge group SU(3) x SU(3), x U(1)y [20-25].
These models have many interesting features which cannot
be explained in the SM framework, for example they can
give explanations of the existence of three fermion families,
the electric charge quantization [26], the sources of CP
violations [27,28], the strong CP-problem [29-32]. In
general, one of the most important parameters to distin-
guish different 3-3-1 models is denoted as /3, which defines
electric charges of new particles through the following
electric charge operator,

Q=T+ pTs + X, (1)

where T3 and Tg are two diagonal generators of the SU(3)
group, X is the U(1) charge. Apart from the popular 3-3-1
models with values of § = :t% , ++/3, other models with
p =0, i% , % have been discussed phenomenologically

[33-35]. Different phenomenological aspects in models
with arbitrary f were also discussed [36-43]. As we will
see, the model contains nine electroweak gauge bosons,
four of them are identified as the SM-like particles. The

remaining include one heavy neutral gauge boson Z’ and
the two pairs of heavy gauge bosons with electric charges
depending on Eq. (1), see a detailed pedagogical calcu-
lation in Ref. [44]. As usual, all particles get masses from
three Higgs SU(3), triplets, including a neutral CP-even
Higgs component with a large expectation vacuum value
(vev) vz that generates masses for heavy SU(3), particles.
The three Higgs triplets also contain new charged Higgs
bosons that may contribute to the amplitudes of the loop-
induced decays of neutral Higgs bosons, including the
SM-like one. Correlations among these Higgs and gauge
contributions will predict the allowed regions of the
parameter space satisfying the current experimental data
of h — yy. It is interesting to estimate how large of the
allowed values of yz, can be.

The decay h — yy was mentioned in some particular
3-3-1 models for constraining the parameter space [45,46].
Both h — yy, Zy were also mentioned previously in the
3-3-1 models [36,37], but some nontrivial contributions to
the amplitude of the decay h — Zy were not included. In
this work, we will study effects of heavy particles predicted
by the 3-3-1 models on the two signal strengths of the two
decays of the SM-like Higgs bosons h — yy, Zy, using
more general analytic formulas of one-loop contributions to
the decay amplitude & — Zy introduced recently [47,48].
For simplicity in calculating the physical states of the
neutral CP-even Higgs bosons, the Higgs potential of the
3-3-1 models will be considered as an effective 2HDM after
the first breaking step SU(3), xU(1)y > SU(2); xU(1)y.
This form of the Higgs potential was mentioned in detail in
Ref. [49] for studying a 3-3-1 model with # = —1/+/3. This
property of the 3-3-1 models was mentioned previously
[41]. The Higgs potential in this limit can be applied to a
general 3-3-1 model keeping S as a free parameter (33153).
This can be seen by the fact that the model contains two
SU(3), Higgs triplets having components the same as
those appear in the 2HDM. The physical states of neutral
Higgs bosons then can be determined exactly at the tree
level. Recent theoretical constraints on the Higgs sector
of 2HDM [50] can be used to constrain the allowed regions
of the parameter space relating with those included in
the 331p5.

On the other hand, the 331/ contains another heavy
neutral Higgs boson hg that does not couple with SM
particles, except the SM-like Higgs boson. Hence, if it is
the lightest among those beyond the SM particles, its main
decay channels are the tree level decay into a pair of
SM-like Higgs boson and loop-induced decays to pairs of
gluons and gauge bosons yy,Zy. An investigation to
determine which decay channels can be used to distinguish
different 3-3-1 models will also be presented.

Our work is arranged as follows. Section II summarizes
contents of the 3-3-1 models investigated in this work. All
couplings and analytic formulas needed for calculating the
Brs and signal strengths of the £, hg — yy, Zy are presented
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in Sec. IIl. Numerical results are shown in Sec. IV.
Important remarks and inclusions are pointed out in
Sec. V. Finally, there are three Appendxes listing more
detailed calculations on couplings, particular analytic for-
mulas for one-loop contributions to the decay amplitudes
h, hg — yy, Zy, and interesting numerical illustrations.

II. 3-3-1 MODEL WITH ARBITRARY p

A. The model review

In this section, we summarize the particle content of the
model 331f. Left- and right-handed leptons are assigned to
SU(3), antitriplets and singlets, respectively:

e
a 1 ﬂ
L; = _l/; ~ 1,3*,__"‘_)7 a=1,2,3,
L ( 2 2V3
E/
a L
1 3
e~ (L1=1), e~ (1,1,0), E;R~<L1’—§+Q>’
(2)

where in the parentheses present the representations and the
hypercharge X of the gauge groups SU(3)., SU(3),, and
U(1)y, respectively. The model includes three right handed
(RH) neutrinos v/, and heavy exotic leptons E'{ 4.

The quark sector is arranged to guarantee anomaly
cancellation, namely

/

u;

L_p
L= (i{ ~ 37 37 T =
S ( 6 2ﬁ>
Ji L
ds L
o= | —u ~ 3,3*,—+—>, 3
|| (37670 ®)
J3 L

2 -1
!~ 1.— !~ 1.—
Uyr (3’ ’3)’ aR <3’ ’ 3 )’

1 V3p 1 V3p
! __vr ! vy
Jie (3,1,6 5 ) Jig (3,1,6+ > ) (4)

where i =1, 2, a=1, 2, 3, and J,; p are exotic quarks
predicted by the 331/ model. There is another arrangement
that the model contains three left-handed lepton SU(3),
triplets, one quark SU(3), triplet, and two other quark
SU(3), antitriplets. But, it was shown that the two
arrangements are equivalent in the sense that they predict
the same physics [51,52].

To generate masses for gauge bosons and fermions, three
scalar triplets are introduced as follows

)(+A

p
/Y: /YJrB ~ (1737_ 5
7’ v3

pt
b 72 Zﬁ 9

pB
n°
"
A

SESEAR

where A, B denote electric charges defined in Eq. (1): A =
% and B = _I%M These Higgs bosons develop vevs
defined as (x°) = %, (p°) = \%, n®y = L\/]E’ leading to

0_v3+r3+ia3 <0>_02+r2+ia2
V2o V2o
0y _ Y1 +r +iay 6
() — (6)
The symmetry breaking happens in two steps:

V1,Up

SU3), ® U(1)y = SU2), ® U(l)y == U(1),. It is
therefore reasonable to assume that v; > vy, v,. At the
second breaking step, p and 5 play roles of the two SU(2),
doublets similar to 2HDM, except differences in coupling
with fermions. Masses and physical states of all particles
are summarized as follows.

B. Fermions

Masses and physical states of the fermions are derived
from the following Yukawa Lagrangian

£Y

_ _vye T/l 0 _yv Tl s« ! _yE T/ *
lepton — YL ar™ ey = Yoo L arp" Vg = Y g, L' ar X" Ejpg

+ H.c., (7)

ﬁgwk = —Y?aaiLPd;R - Yé’a@m*d;,e - Y?aaiL’?uaR
— Y40 s p U — Y{jaiL}(J}R
— Y403 " Jip + Hec., (8)

We note that depending on particular values of S,
additional Yukawa terms may appear but a Z, symmetry
can be imposed to exclude them, see an example given
in Ref. [49].

As mentioned above, the SM-like fermions get masses
from their couplings to two Higgs triplets # and p, similarly
to the 2HDM. On the other hand, the up (down) quarks
couple to both Higgs triplets, leading to a different feature
from four popular types of 2HDM, where all up (down)
quarks couple to the same Higgs doublet in order to avoid
tree level flavor changing neutral currents (FCNCs), see
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e.g., in Ref. [53]. As a result, many interesting properties
relating with the SM-like fermion couplings were pointed
out to distinguish 3-3-1 models and 2HDMs [49].

The exotic fermions couple to only the Higgs triplet y.
Accordingly, the neutral Higgs sector in Ref. [49] has a
property that the y° does not contribute to the SM-like
Higgs boson, it therefore decouples with all exotic
fermions. Hence, they do not contribute to the one-loop
decay amplitudes h — yy, Zy.

The SM-like fermion masses are determined based on
discussions in Refs. [38,44,49], where the mixing between
quarks are safely ignored in this work. Then all fermion
mass matrices are diagonal. Correspondingly, the original
fermion states are physical, hence they will be denoted by
el Ugr g> and d,; g. The fermion masses are given as
follows:

m — Yaa¥ _Yin my = Yiv)

e ’ u ’ - ’

a \/E i \/z i \/E

m = — Yg31J2 = Yg?,/ljl .= Yga/U:; (9)
“ V2 V2 “ 27

WhereY{:b =0Va#b,f=e,u,d F,and F = J, E. The
relations (9) will be used to determine Feynman rules of
Yukawa couplings in Lagrangians (7) and (8).

C. Gauge bosons

The model contains nine electroweak (EW) gauge
bosons corresponding to the 9 generators of the EW gauge
group SU ( ), ® U(l)y. The covariant derivative is
defined as' [36,38.,44],

D, =9, — igT*W% — igyXT°X,,, (10)

where T° = 1/1/6, g and gy are coupling constants of the
two groups SU(3), and U(1)y, respectively. The matrix
weTe, where T = 1,/2 corresponding to a triplet repre-
sentation, is

Wi+ 7 W V2W; V2Y;4
WaTe == | V2Wp =W+ Wi V2ViE
vy V2VE - W
(11)

where we have defined the mass eigenstates of the non-
diagonal gauge bosons as

"This definition is different from Ref. [49] by T°.

1 ) 1 .
Wi = WL F W) Vit = s (W F W),
1
VEB = — (WS F iW)), (12)

V2

and A, B are electric charges of the corresponding gauge
bosons calculated based on Eq. (1),

1 V3 1 V3
A=— — B=—- —_—. 1
2+'B 27 2+'B 2 (13)
We note that B is also the electric charge of the new
leptons E,.
The symmetry breaking happens in two

UB3), ® U(l)y = SU(2), ® U(1)y 5 U(1),, corre-
sponding to the following transformation of the neutral

gauge bosons form the original basis to the final physical

one: X,, W3, W8 B w3 22 A, 7 70 LA, 7,7,
After the first step, five gauge bosons will be massive and
the remaining four massless gauge bosons can be identified
with the before-symmetry-breaking SM gauge bosons. The
two physical states Z; , are mixed from the SM and heavy
gauge bosons Z, and Z,,.

It is well-known that

steps:

9

9 =gy ————
V6g* + Pk

92 =9 (14)

where g, and g; are the two couplings of the of the SM
gauge groups SU(2); and U(1)y, respectively. Using the
weak mixing angle defined as ty = tan6y = ¢,/¢, and
denoting sy = sinfy and cy = cos By, it is derived that

é_ 6s€v B 6s%v (15)
g 1= +)sy cy(1-p1)

which gives a constraint || < v/3 used in the numerical
analysis.
The masses of the gauge bosons given in (12) are

7 7
m%Em%&A —2(7%*”%)’ m%Em%/iB :Z(U%JFU%)»
7
my =my,. = Z(U +v3). (16)
The matching condition with the SM gives v = 13 + 13 ~

246[GeV?]. Based on Refs. [43,44], the ratios between vevs
are used to define three mixing parameters as follows
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Sij

V; 2
— c,-jE,/l—sij, t,-jztanﬁij::,
,/1}%4—1}3

Sij
ty

(17)

where i < jand i, j =1, 2, 3.

The model predicts three neutral gauge bosons including
the massless photon. Defining [44]
|

Xy s;31 0 ez cy —sw O
Wil=]10 1 0 Sw Cw
wh czr 0 —s33; 0 0
s331¢ws (—S3315wCo + €33150),
C= Sws CwCop,
cuicws  —(C3315wCo + $33150),

where in the limit v> < v3, the mixing angle 0 is deter-
mined as [43]

2 3
Ciy 5 +1 deyy

Sp=sinf = <

and M%, = ¢*v3/(3s35,) + O(v2).

To continue, the neutral gauge bosons will be identified
as Z, =7 and Z,=Z7', where Z is the one found
experimentally.

D. Higgs bosons

The scalar potential is

Vi =uin'n+mwp'p + w3 x 1 + 4 (') + 2 (p'p)?
+ 201" 2)* + 2 (') (p'p) + Aas(n'n) (" )
+223(0'p) (") + 22 (' p) (p'n) + Aa3 (0 2) (")
+ 30" 1) (x'p) — \/Ef(eijkr/ipj)(k +He). (21)

The minimum conditions of the Higgs potential can be
figured out easily [38,44]. After that, we can take ,uiz as
functions of other independent parameters. These functions
are inserted into the Higgs potential (21), which is used to
determine the masses and physical states of all Higgs
bosons.

The relations between original and mass eigenstates of
charged Higgs bosons are [38,44]:

¢i +
(Hviv) :R(ﬂ”)(ii)’ my, =0,

7 2
m2 _/112” fvs
L =
H 2 25126’12’

(22)

_ Yo _ g,
69" + g%

$331 = sinOs3

€331 = c08 331 = Py, (18)

the relation between the original and physical base of the
neutral gauge bosons are

10 0\ /A4, A,
0 Cop —Sp Z]” =C Zlﬂ N
0 So Co ZZ# ZZ#

(83315wSg + C331C0)
—59Cyy , (19)

(03315w36 - 533100>

+A +A
(52 =m0 man

Ay f
+B +B
1% X
<HiB> = (ﬂzs)( iB)’ my, =0,
Aoyt
= (2 40) 034 3), @4
U3

where we have define a rotation R(x) as

R(x) = (Cx _sx>. (25)

The massless states ¢, ¢F4, and ¢E8 are Goldstone
bosons absorbed by the physical gauge bosons.

For neutral Higgs bosons, to avoid the tree level
contribution of SM-like Higgs bosons to the flavor chang-
ing neutral currents (FCNC) in the quark sector, we follow
the aligned limit introduced in Ref. [49], namely

Ap303
13P)

[ =izt = (26)

From this, we will choose f and 1,3 as functions of the
remaining, leading to the following form of the squared
mass matrix corresponding to the basis (ry, r,, r3):
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2/11.5‘%21)2 + /1131}% tlz(ﬂlzc%zvz - 1131%) 0
M; = | t2(Apctyv* = A303) 205,407 + 141303 0 . (27)
O 0 S%zﬂm’[}z + 2&3’[]%

As a result, r; = hg is a physical CP-even neutral Higgs
boson with mass m3, = 4;357,v> + 24303. The submatrix
3

2 x 2 in Eq. (27) is denoted as M'2. It is diagonalized as
follows [49],

R(a)M';R" (a) = diag(m; Mo io), (28)
where
T
aEﬁ12—§+5, (29)
2M2 2
tan 25 = 27122 ~ O (U_2> ) (30)
Ms, — My, U3
ho = M3, cos? 5 + M3, sin? § — M2, sin 26, (31)

miy 2, = M?3 sin’6+ M3,cos*5+ M3, sin26,
M7, =2(s1hA +cihdy +sirchAi) v = O(v?),

M12—[ ’113124”12512‘*‘/112( 6%2)]s12c1202:(’)(v2),

/113713

M3, =251, ¢ + A —Ap]v? + (32)

C12

)l o

To determine the SM-like Higgs boson, we first look at
the Eq. (30), which give 6 = O(%3) ~0 when v? < 3.
/3

M3, + v X O(U )~
M3, + 1 x (’)(;—Z) ~ M3,. Hence, h0 h is identified with
3

the SM-like Higgs boson found at LHC. Furthermore, in
the following calculation we will see more explicitly that
the couplings of this Higgs boson are the same as those
given in the SM in the limit 6 — 0.

Because the two mass matrices M?> given in Egs. (27)
and the one given in Eq. (28) differ from each other by the
unitary transformation R(a), their traces are equal, namely
Tr[M?] = Tr[R(a)M?*RT ()] = mi? + mig. Accordingly,

A13 can be written as

We also have

In this limit, m} = ~ M3, while th =

2
C
b =Ry + iy 20231 + )], (39
3 1

|
We will choose 6, My = my, and My as input parameters.
The 2,3, 415, and 4, are dependent parameters, namely

/12 — fllzﬂ]
—[c5(t1, = 1) + t1805my 4 [s5(1 = 13,) + 5251 12]m 22
2¢2,0? ’
(825 +2t15¢5)my 4 (=525 + 211255 )m3,
Ay ==202,0, + 5

2S12C121)2
(35)

and A3 was given in Eq. (34).

The Higgs self-couplings should satisfy all constraints
discussed recently to guarantee the vacuum stability of the
Higgs potential [54], the perturbative limits, and the
positive squared masses of all Higgs bosons. We note that
in the case of absence the relations in Eq. (26), the mixing
between SM-like Higgs bosons with other heavy neutral
Higgs still suppressed due to large v3 > 5 TeV enoungh to
cancel the FCNCs in 3-3-1 models [55].

III. COUPLINGS AND ANALYTIC FORMULAS
INVOLVED WITH LOOP-INDUCED
HIGGS DECAYS

A. Couplings

From the above discussion on the Higgs potential, we
can derive all Higgs self-couplings of the SM-like Higgs
boson relating to the decays & — Zy and i — yy, using the
interacting Lagrangian £,yy = —V,. The Feynman rules
are given in Table I, where each factor —id,,, corresponds
to a vertex hss, where s = H*, H* H*B,

Based on the Yukawa Lagrangians (7) and (8), the
couplings of the SM-like Higgs boson with SM fermions
can be determined, see also in table I, where we have used
the relation (29). The notation of the Feynman rule is
—i(Y,77.PL + Y7/ Pr) for each vertex hf f. For simplic-
ity, the Yukawa couplings of the SM-like fermions in this
case were identified with those in the SM, as discussed
before. Then, we have YﬁL = YJ-CfR, which are given in
Table II. Both neutral CP-even Higgs bosons 4 and /9 do
not couple to exotic fermion in the aligned limit (26). In
contrast, hg couples only to the exotic fermions, while it
does not couple to the SM ones.

The couplings of Higgs and gauge bosons are contained
in the covariant kinetic terms of the Higgs bosons
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TABLE 1. Feynman rules for the SM-like Higgs boson couplings with charged Higgs bosons.
Vertex Coupling: —id,
—iknnt b iv[2s12¢12(=A1C12¢0 + Aa81254) + (S4€1y = CasTy) A2 = Cohia)]

[ : 7 2fs, 3
~ gt s i3 {v[saC12(A12 + 113403) = €as12(241 + 133 (A43 + A13))] + 03113(% = Coh13)}
—iAppt s ic33{0[54¢12(222 + 133(Aa3 + 423)) = CaS12(Aia + 33413)] + V3123 (50403 — 2{):“)}
TABLE II. Yukawa couplings of the SM-like Higgs boson.

—i¥he e, LR =Y gL R =Y LR —iYyia1.R —iYpga,0r
—i"e (c5—22) —i (es = 12) —i7 (5 + 11255) —i% (c5 + 11285) —imE (c5 =22

L = (D x) (D x) + (Dyup)" (D*p) + (D,n)" (D)
= Zghwgﬂyhv_Q" v + Z[—ig};svv_Q”(s*Qaﬂh — hd,s9) + igys, v (s70,h — hd,s79)]

+ D 070,74 (5720,52 = 520,570) + Y ligz,, Z*v%s™0g,, + igy, v %s%,,]

s,v

+ > ieQA#(5720,5C — 520,57C) + -+ -,

where sums are taken over s = H*, H™ H*B and
v=W, Y, V. In addition, we only list the relevant
terms contributing to the decays h — Zy,yy and ignore
the remaining terms. The Feynman rules for particular
couplings in (36) are shown in Table III, where
d,h — —ipg,h and 9,579 - —ip,,s™? and the relation

3

(36)

|
(29) was used. The notations p,, py are incoming
momenta.

Similarity to the SM-like Higgs boson case, the Feynman
rules for the couplings of Z to charged Higgs and gauge
bosons in (36) are given in Table IV.

The couplings of Z and photon A, with fermions arise
from the covariant kinetic of fermions:

‘Ciin = Z(myﬂDyLaL + %yﬂayyaR + %yﬂDpeaR + E—aRyﬂDﬂEaR)

a=1

+

g

(Q—al,yﬂDﬂ QaL + m}/ﬂDﬂuaR + d_aRyMD;ldaR + myﬂDyJaR)

D Z @J}W(g{PL + g{ePR)ny + le]_CyﬂfA” ’ 7

f |:CW

where f runs over all fermions in the 331 model, O is the
electric charge of the fermion f. Values of g{ r are shown in
Table V.

TABLE III.  Feynman rules for couplings of the SM-like Higgs
boson to Higgs and gauge bosons.

Vertex Coupling: Vertex Coupling
Ghww- gmycCs Gny+tay-4 gmyCoS12
95
Gny+ey-s —gMy$eCio InH-w+ 5
InH-yA — ¥t Gni-5y" 2k

The triple couplings of three gauge bosons arise from the
covariant kinetic Lagrangian of the non-Abelian gauge
bosons:

1 8
LY = —ZZF;‘}UF‘W, (38)
a=1

where

8
Fo, = 0,We—0,Wa+g >  frewbwe, (39
b,c=1
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TABLE IV. Feynman rules of couplings with Z to charged Higgs and gauge bosons.

Vertex Coupling
N so[V3c3, (1-252))+3ps3 ]
9zH*H T (Cgczw + 43:; /‘__‘i]ﬁztz SW)
9zH HA g s0[V/3¢2,(s2,-2)+3B(V/3p+c2,) s> ])
2cy ( olsts = (1+V3p)siy] + “ 3 w1722, o

- i so[v3e}, (s3,=2)+3B(V3p=c3y)s3]
et 2w ( Cols3y + (V3P = Ds] + 2 i )
Yzw+H- _ gmw(2s12¢1280)

3(1-p75,)
2

gzyius 2 {coewlsin(1+ 2+ V3p))v + ti3(1 = V3pt5,)v3]
Jzy-2p T W [s12(v3 =382 + V3B)13,)v + V3115(1 + 36263, ) vs3]}
9zvBHB> (/ L” {CHCW[CIZ( 1 +( 2+\/_ﬂ)t2 )U—t23(1+\/§ﬂt%v)’l)3]
Jzv-tmt ti \/T [c12(vV/3 = 3B(=2 4+ V3p) ) v + V313 (1 + 3763, ) v3]}

TABLE V. Couplings of Z with fermions.

f gl Ik

e 1 tgew (1=V3p23,) 2 tof

a -3+ 5%+ H\;(—T 5%, 1—7% f—.‘l’_ﬁztzw

u; 120 toew(Py—v3) 2 (1w
2T T e s\l =i

u L 22 teew(B4V3) _22(1_ 19

3 N (T sl =i

d; 1, 1.2 4 teewBi=V3) 12 (1 tp

' BERE AUy swil =i

dy 112 lew(RVE) 1 2( P )
23w T swll =0 i

fe (a,b,c =1,2,...,8) are structure constants of the
SU(3) group. They are defined as

LY = =970, 2" (po)v 2 (p ) v (p_
—eQA"(po)v e (p v~ (p

) XF;M(PO, P+ p—)’

—) Xryvﬁ(p07p+7p—)’
(40)

where F;wﬂ<p0’p+’p—>Eg/,w(p()_p+)/l+gwl<p+_p—)ﬂ+
9u(P_—po);» and v = W, V, Y. The involved couplings
of Z are given in Table VI. These triple couplings were also
given in Refs. [36,56] in the limit 6 = 0.

TABLE VI. Feynman rules for triple gauge couplings relating
with the decay h — Zy,yy.

Vertex Coupling
~igzwrew- A —igcwcey
—1gzyay-4 Lleo(=cw + V3Bswiw) + sg\/3 = 3713
_igZVBY’B %g[(,'g((fw + \/gﬁSWtW) =+ So\/ 3 - 3/}21‘%]/]

B. Partial decay widths and signal strengths
of the decays h — Zy,yy

In the unitary gauge, the above couplings generate one-
loop three point Feynman diagrams which contribute to the
decay amplitude of the SM-like Higgs boson h — Zy, as
given in Fig. 1.

The partial decay width is [47,57]

m; my
=20 = gx (1-22) 1P, 1)

where the scalar factor F»; is determined from one-loop
contributions. More general formulas were given in
Ref. [48], leading the following expression

FR = SRR + S F + R
f K v
+ D (FRl +

{s.0}

F%?,l.wv)' (42)

We note that F37! =~ and F3}' =~ were not included in
previous works [36,37].

The detailed analytic formulas of particular notations in
(42) are given in Appendix B. The partial decay width of
the decay h — yy can be calculated as [47,48]

m3

L(h—yy) = h < |FRUP, (43)

where
FRL =3 FRL 4> FEL YRR (44)
f s v

see detailed analytic formulas in Appendix B. To determine
the Br of a SM-like Higgs decay, we need to know the total
decay width. In the SM, this quantity is [5,6]
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B

(4)

FIG. 1.
si.j — Hi,HiA, HiB, vi,j — W:t’ YiA, V:tB.

()

One-loop three-point Feynman diagrams contributing to the decay 4 — Zy in the unitary gauge, where f; ; are the SM leptons,

M =3"T™M(h = gg) + Y T™M(h = £5¢7) + TM(h > WW*) + TM(h — 2Z7)

q#t {=eut

+TM(h > yy) + TM(h — Zy) + TM(h - gg).

where the partial decay widths are well-known with Higgs
boson mass of 125.09 GeV found experimentally [1]. The Br
of a particular decay channel 7 — X, X = gq,yy, Zy, is

FSM(/’I N X)
BrSM(h - X) = 71_‘21\4

(46)
The numerical values are given in Table VII [5,6], where the
diphoton decay is consistent with that used in Ref. [4],
|

2
31 = 0.6725 <c5 - S—5> s
T2

2
+ 2 [0.2152 + <1 —otelw

There are three loop-induced decays i — yy, Zy, gg. The
SM-like Higgs boson does not couple with the exotic
quarks in the 331f, we can consider only the top quark

*This value gives the same numerical discussion with that
reported in [58,59].

T (= 1) + T = Z7) + T = g,

(45)

Br(h — yy) = (2.27 £0.07) x 1073, The recent global
signal strength found experimentally by ATLAS is u,, =
0.99 +0.14 [4].2

The total decay width of the SM-like Higgs boson
predicted by the 331/ is computed based on the deviations
of the Higgs couplings with fermions and gauge bosons
between the two models SM and 331, as given in Tables |
and III. The result is

$12Cq + C1284 2
(ﬁzﬁv + 7> ) 0.02641} M

\/§c,;
(47)

|
contribution to the loop contributing to the decay h — gg.

This results in
3 (h — gg) = (cs5+ t1255) TM(h — gg),  (48)

where the deviation comes from the /7 coupling listed in
Table 1. This is consistent with recent investigation for
h — yy in a 3-3-1 model [46].
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TABLE VII. Branching ratios of the SM Higgs boson decays with mass of 125.09 GeV.
bb T wtp cc g9 vy Zy ww 77 M (GeV)
0.5809 0.06256 2.171 x 1074 0.02884 0.0818 0.00227 0.001541 0.2152 0.02641 410 x 1073
In the 331/ framework, the branching ratio of the decay (L4 g5), f=e,u;ds
h — X with X =yy,Zy is n: 2
YiorrLr = L(=cstin+55), f=usd; -
33 = X 0, f=E,J,.
Br¥l(h - X) = (%31 ) (49) —
F}'z 0 f = €4, Uy, da
thffL,R = m_f f — Ea, Ja N (52)

Many experimental measurements relating to the SM-
like Higgs boson were reported in ref. [60]. We consider the
SM-like Higgs production through the gluon fusion process
ggF at LHC. The respective signal strength predicted by
331p is defined as:

63 (gg > h)

oM(gg - h)

331 —

Hygr = =~ (c5 + 11255)°, (50)

where the last value comes from our assumption that only
the main contribution from top quark in the loop is
considered. The signal strength of an individual loop-
induced decay channel is

Br¥!(h —
B V(7 = X)

331

pt = (cs + tiass)® % (51)

The recent signal strengths of the two loop-induced decay
h — Zy is puz, < 6.6(5.2) [1,7].

C. Decays of the neutral Higgs boson hg

In the above discussion we derived only couplings that
contribute to the one-loop amplitudes of the two SM-like
Higgs decay channels i — yy, Zy. Other interesting cou-
plings are listed in the Appendix A. Here we stress a very
interesting property of the heavy neutral Higgs boson h)
that it has only one nonzero coupling with two SM
particles, namely only 429 # 0. We have my > 2m;, then
if hg is lighter than all other exotic particles predicted by the
3315 model, only the tree level decay hY — hh appears.
Loop-induced decays such as hg — gg,vyy, Zy also appear,
as we will present below. Hence, the total decay width
of hg cannot satisfy the stable condition of a dark matter,
[ < 1.3 %27 x 107 GeV [61-64]. Anyway, DM can-
didates as scalar 3-3-1 Higgs bosons were pointed out
previously [65-67].

The couplings of neutral heavy Higgs bosons h8,3 to
fermions are

One interesting point is that 49 couples to only exotic
fermions, similar to the heavy neutral Higgs appeared in a
SU(2), x SU(2), x U(1)y model [68], where the partial
decay width h} — gg is [57,69],

Otzm3 3 2
T(h§ = g9) 2 (1=1)f ()] . (53)
where ¢, = 4mJ /mho,
arcsinzﬁ, x> 1
/i) = =i x< 34

In the limit r,>1V a=1, 2, 3, Eq. (53) can be
estimated as [68]

azmzo

I(h§ = gg) = W' (55)
3

Furthermore, the production cross section of this Higgs
boson through the gluon-gluon fusion can be estimated
from the two gluon decay channel [68].

The partial width of the tree level decay h9 — hh when
myy > 2my, is [49]

['(hY — hh)
_ | Anonnl? L 4m? _ 225303 . 4m? (56)
8rmyo mig 8rctymy 20’
where 4,3 was given in Eq. (34).
The total decay width of the hg is then
Ty =T(h — hh) +T(h§ - gg)
+ T (R = yy) + T(KY - Zy). (57)

The last two decays are calculated as follows,
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3

0 g mz\? 0
T = Zy) = —5 (1 - Fy (W) — Z)2. (58
08~ 20 - mh0>'21( S zpP
3
L(h§ —yr) = in X |F3N (R = yy) P2, (59)
where

FRUR = Zy) = > F3L(h - Zy)

F=E,.J,
+) FRL(1S - zy)
5

+ > FRL(W — Zy)
v=Y,V

+ D [R5 (1)~ Zy)
{s,v}
+ F3,, (08 = Zy)l,

= 3 8- 2)
F E(l ‘](l

+ ZF?% (hY — Zy)

FBU(RY - 1)

+ Y FBLS = Zy).  (60)
v=Y,V

where s = H*, H¥4 H*B, v = Y*4, VE8 and {s5,v} =
{H=A, Y*A)Y {H*B V+B} The explicit forms in (60)
were shown in Appendix B.

IV. NUMERICAL DISCUSSIONS

A. Signal of the decay h — Zy under recent
constraints of parameters and the decay k — yy

In this section, to express quantitative deviations
between predictions of the two models 331/ and the SM
for decays h — X (X = yy, Zy), we define a quantity ouy as
follows

Sy = (uB' = 1) x 100%. (61)

We also introduce a new quantity Ry, ,,, = |6uz,/ou,,| to
investigate the relative difference between the two signal
strengths, which have many similar properties. The recent
allowed values relating with the two photon decay is
—15% < ép,, < 13%, corresponding to the recent exper-
imental constraint y,, = 0.99 £ 0.14 [4]. The future sensi-
tivities obtained by experiments we accept here are
fy, =1£0.04 and py, =1+£0.23 [9], ie., |6u,| <4%
and |Suz,| < 23%, respectively.

Many well-known quantities used in this section are
fixed from experiments [1], namely the SM-like Higgs
mass m;, = 125.09 GeV; the gauge boson masses myy, mz;

well-known charged fermion masses; the vev v~246 GeV;
and the SU(2), couplings g=~0.651, a,, = 1/137, e =
VAT Aoy, s%,v = 0.231.

The unknown independent parameters used as inputs are
B, t12, SU(3), scale v3, the neutral Higgs mixing ss, the
heavy neutral Higgs boson masses My, My, the triple

Higgs self couplings including A;, 15, 413, 4o3, and the
exotic fermion masses m E,» My,

The exotic fermion masses mg, , m; affect only the loop-
induced decays of h9. We can put mg = m; = mpg for
simplicity. There is a more general case that the mixing
between different exotic leptons appear, then the loop with
two distinguished fermions will contribute to the 49 — Zy
decay amplitude only.

The SU(3), scale depends strongly on the heavy neutral
gauge boson mass my, which the lower bound is con-
strained from experimental searches for decays to pairs of
SM leptons Z' — £Z, for 3-3-1 models see [70], where
decays into exotic lepton pairs were included. Accordingly,
at LHC@14 TeV, my < 4 TeV is excluded at the inte-
grated luminosity of 23 fb~! for # = —1/+/3. Recent works
have used the my >4 TeV for models with = —1/+/3
[71,72], based on the latest LHC search [73-75]. Because
v3 ~O(1) TeV, the m, is approximately calculated from

2 Fricy
Mz T - R
4 TeV corresponds to lower bounds of »3 > 10.6, 10.1, 8.2,
3.3 TeV with respective values of f = 0, il/\/g, iZ/\/g,
++/3. Recent discussion on 3-3-1 models with heavy right-
handed neutrinos where f = —1/+/3 and m, = 3 TeV is
allowed [76,77] because the decay of Z’ into a pair of light
exotic neutrinos is included. The respective lower bound of
the SU(3), scale is v3 > 7.6 TeV, which is still the same
mentioned bounds. On the other hand, a model with f =
/3 still allows rather low SU(3), scale, for example
my ~3.25 TeV, corresponding to wv;~2.7 TeV [78].
Because the numerical results does not change significantly
in the range 7.6 TeV < v3 < 14 TeV, we will fixed v =
14 TeV for |f] < V3 and v = 3 TeV for 1Bl = V3.

The perturbative limits require that the absolute values of
all Yukawa and Higgs self couplings should be less than

From this, the lower bound of m, >

V4r and 4z, respectively. This leads to an upper bound of
t, derived from the Yukawa coupling of the top quark in

Eq. (9), namely 7,5, < \/2zv/m, ~ 3.5. Other studies on the
2HDM suggest that t;, > 1/60 [9]. We will limit that
0.1 < 1, < 3, which is consistent with Ref. [49] and allows
large |sy| > 5 x 1073.

Considering My, Mp, My, 1o, and s4 as parameters of a
2HDM model menuoned in Ref. [11], an important con-
straint can be found as c¢5 > 0.99 for all 2HDMs, leading to
rather large range of |ss| < 0.14. But large s5 prefers that
t15 1s around 1 [79]. The recent global fit for 2HDM gives
the same result [80]. Lower masses of heavy Higgs bosons
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are around 1 TeV. As we will show, the recent signal
strength of the SM-like Higgs decay & — yy gives more
strict constraint on sy, hence we focus on the interesting
range |sy| < 0.05. The parameters 1, and 4, relating with
2HDM affect strongly on 1. Large |sg| results in small

allowed values of m, in order to keep 4, satisfying the

perturbative limit. In contrast, all other quantities relating
with the SU(3), symmetry are well allowed. The regions of
parameter space chosen here are consistent with the recent
works on 2HDM [81-83]. The recent experimental
searches for Higgs bosons predicted by 2HDM have been
paid much attentions [84]. The value of 300 GeV for lower
bounds of charged and CP-even neutral Higgs bosons
are accepted in recent studies on 2HDM [83]. Following
that, values of mj and my+ will be chosen to satisfy

mhg, mpeg+ > 300 GeV.

We will also consider the case of light charged Higgs
masses, which loop contributions to the decay & — yy, Zy
may be large. Accordingly, the Higgs self-couplings /~1,»j
relating with charged Higgs masses in Egs. (22), (23), and
(24), should be negative. Our investigation suggests that
[113.23] < O(1073) while |, can be reach order 1. We will
consider more details in particular numerical investigations.

Strict constraints of the Higgs self-couplings for a 3-3-1
model with right handed neutrino were discussed in
Ref. [54], where the Higgs potential is forced to satisfy
the vacuum stability condition. Accordingly, interesting
results can be applied to the 3-3-1 models with arbitrary f,
namely

)’i>0’ fle/,{lJ—Fz /1[/1j>0,

with i, j =1, 2, 3 and i < j. Note that the constraints
on the Higgs self-couplings A;,, correspond to the
particular cases of the 2HDM [1,11,85]. Because
(t1p + 173 + c12(v/v3)?) fv3 ~ m3 being the squared mass
of the CP-odd neutral Higgs boson, the requirement
mf‘ > 0 shows f > 0 [49,86]. The other conditions guar-
antee that all squared Higgs masses must be positive and
SM-like Higgs mass is identified with the experimental
value. It can be seen in Egs. (22)—(24) that all charged
Higgs squared masses are always positive if all 4, ;> 0, but
their values seem very large. More interesting cases
correspond to the existence of light charged Higgs bosons,
which may contribute significant contributions to loop-
induced decays of the SM-like Higgs bosons. Based on
Eq. (26), a first estimation suggests that f has the same
order with SU(3), scale v, leading to the requirement that
112.13,23 < 0 for the existence of light charged Higgs
bosons. Furthermore, the relation (34) results in a conse-
quence that 4,3 will be small for the case of our interest with

large v3 > 3 TeV and small My around 1 TeV. In this case

f is also small, as we realize in the numerical investigation
as well as it has been shown recently [87]. Taking this into
account to the charged Higgs masses in Egs. (23) and (24)
we derive that the absolute values of negative values of
113,23 seems very small. In contrast, the appearance of a
light charged Higgs H* allows negative 4,, and rather large
|1,| that satisfy the inequality f;, > 0 given in (62). We
will consider the two separate cases: /; ;= 0withalli > j,
i, j=1,2,3;and 1, < 0. The values of A1323 are always
chosen to get large absolute values of F3;., and/or
F%?,ISU = F%%.]Sl/"l) + F%%,IL'SS'

The above discussion allows us to choose the default
values of unknown independent parameters as follows:
p=1/V3, 55=001, 1, =1, 1;,=0.8, 1j =113 =43 =0.1,
my = 1.2 TeV, myo = 1 TeV, wv3=14TeV, mp =
m; =15 TeV. We choose the perturbative limit of
Higgs self couplings is 10, which is a bit more strict than
47.° In addition, depending on the particular discussions,
changing any numerical values will be noted.

1 Case 1: 2, >0

First, we focus on the 2HDM parameters. Figures 2 and 3
illustrate numerically Higgs self-couplings and f;; as
functions of my, and other independent parameters are
fixed as #,, = 0.8 and changing s; = £1072, £5 x 1072,
which are significantly large. For s; > 0, the #{, is chosen
large enough to satisfy fi, > 0 and myy > 1 TeV. The
parameters 4,, > 0 and negative ;113,23 — 0 do not affect the
quantities investigated in this figure. We conclude that the
vacuum stability requirement f;, > 0 gives strong upper
bound on my,, where larger s; gives smaller allowed M.

Figure 3 illustrates allowed regions for s5 < 0, where we
choose t;, = 0.1, enough small to allow 4, >0 and
my > 1 TeV. Again we derive that larger |ss| gives smaller
upper bound of M.

In general, our scan shows that allowed #{, and s4 are
affected the most strongly by m 0. As illustration, the Fig. 4
presents allowed regions of #, and sy with two fixed
myy = 1 TeV and 2.5 TeV. It can be seen that larger My
results in smaller allowed |sq|. The dashed black curves
presenting constant values of f;, will be helpful for the
discussion on the case of 1,, < 0. This is because the
constraint from f,z > 0 will be more strict than that from
f1» >0 when 1, <0, namely it will be equivalent to
f12 > |412|. Hence fy, plays a role as the upper bound
of |412].

The allowed regions also depend on 4;, see contour plots
in Fig. 5 corresponding to 4; = 0.5, 5. It can be seen that 4,

*We thank the referee for reminding us of this point.
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ss=1072 $5=5x1072
10 10
0.100 0.100
0.001 [ _ 0.001 [
———— )y e ————
s 2 [A13] fia .
10 10
— = A3 —-— ||| —-— £y
1000 2000 3000 4000
mhg[GeV]

FIG. 2. f;; and Higgs self-couplings as functions of m i with s5 > 0 and #;, = 0.8. The horizontal lines at the value of 10 correspond
to the perturbative limit of the Higgs self couplings.

ss=—1072 S5=—5x1072
fiv [A12] fi2
==== A2 === M| ---- fi3

100 +

0.001 | -
1 .—
-4 L.——"
1074 I
.- 1
10_5 — - . 1 N N
1000 2000 3000 4000
myo[GeV] myg[GeV]

FIG. 3. f;; and Higgs self-couplings as functions of m with s5 < 0 and 7, = 0.1.

A2, f, [A2], fr2, Ar=1, m g=1TeV A2, f, |A2], fr2, A1=1, mg=2.5 TeV
2 2
0.10 0.03
0.02
0.05
0.01
& 0.00 & 0.00
-0.01
-0.05
-0.02
oo e N N —0.03 | I N
0.0 05 1.0 15 2.0 25 3.0 0.0 05 1.0 15 2.0 25

t12

FIG. 4. Contour plots of 4,, f, |412], and f}, as functions of sy and f;,. The green, blue, orange, magenta regions are excluded by
requirements that 0 < 4, < 10, f > 0, |4;»| < 10, and f}, > 0, respectively. Dashed-black curves present constant values of f,.
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A2, 1, |Aq2], f12, A1=0.5, m,o= 1 TeV A2, f, |Aq2], fi2, A1=5, m,o= 1 TeV
2 2

0.05 0.05

R R

——--ge=

& 0.00 & 0.00 I,

S

-0.05

0.0 0.5 1.0 1.5 2.0 25 3.0
t2 to

FIG. 5. Contour plots of A, |4,] and f}, as functions of s5 and #;,. The green, blue, orange, magenta regions are excluded by
requirements that 0 < 4, < 10, f > 0, |4;;| < 10, and f;, > 0, respectively. Dashed-black curves presents constant values of f,.

should be large enough to allow large |s|, see illustrations ~ For small |ss| < 1072, the allowed values of myo and 115

in Fig. 12 for 4; = 0.1, 10 in Appendix C. will relax. But it will not result in much deviation from the
In the case of large [sy| = 0.02, the allowed values 4, and g prediction.

t15 are shown in Fig. 6. It can be seen that only pegative So The left panel of Fig. 7 illustrates the contour plots with

allows large f,. The case of larger |s,| = 0.05 is shownin  fixeq B = —1/+/3 for allowed values of 84z, corresponding

Fig. 13 of the Appendix C. We can choose mpg = L2 TeV {5 the noncolored regions that satisfy the constraints of
so that |sg| = 0.05 is still allowed. Both large [s;5| and mjy  parameters and the recent experimental bound on &y,,. The

give narrow allowed regions of #;, and A;, and small f1,.  right panel of Fig. 7 shows the contour plots of Rz,/,,,

A2, f, |A12], fl2, s5=0.02, mho=1 TeV A2, f, [A12], fi2, s5=-0.02, mh0=1 TeV
2 2
L 0:6 : : .
e
5. :
) S I
S
4fLqmmaaan- Fommm et
2 r ------------
0 B e
05 1.0 15 2.0 25
o t12

FIG. 6. Contour plots of 4,, |11»|, and f, as functions of 4, and #,, with some fixed M. The green, blue, orange, magenta regions are

excluded by requirements that 0 < 1, < 10, f > 0, |4, < 10, and f, > 0, respectively. Dashed-black curves present constant values
of f12.

075014-14



NEUTRAL HIGGS BOSON DECAYS H — Zy,yy ...

PHYS. REV. D 100, 075014 (2019)

0.06

0.04

0.02

-0.02

—0.04

—-0.06

FIG. 7.

-1

RZy/yy: Bz\/s—

0.02

0.01

S 0.00

-0.01

_0-02 1 1 1 1 M 1
0.5 1.0 1.5 2.0 2.5
b2

Contour plots showing allowed regions of s5 and 7,, (left) and Rz,,,, as a function of s5 and 7;,. The green, blue, orange,

magenta, and yellow regions are excluded by valid requirements of 4,, f, 412, f12, and Ju,,, respectively. The black and dotted black
curves show constant values of uz, and Ju,,, respectively. The noncolored region in the right panel corresponds to Ryz,/,, > 2.

where the noncolored region satisfies RZ;,/W > 2. In this
region, we can see that |ss| ~ O(1073) and negative. In
addition, éu,, < 0.04. Hence, the current constraints y,, =
0.99 £ 0.14 predicts |6uz,| < 0.15 which is still smaller
than the future sensitivity ouz, = £0.23 mentioned in
Ref. [9]. In addition, most of the allowed regions satisfy
0.8 < Rz,/,, <2, hence the approximation Br(h — yy) =~
Br(h — Zy) is accepted for simplicity in previous works.

For large v3 = 14 TeV and recent uncertainty of the
Opy,, our investigation shows generally that the above
discussions on the allowed regions as well as Rz,
illustrated in Fig. 7 depend weakly on f. The results are
also unchanged for lower bound of v; = 8 TeV which is
allowed for # = +2/+/3. This property can be explained by
the fact that, large vz ~ 10 TeV results in heavy charged
gauge bosons my, my having masses around 4 TeV, and the
charged Higgs masses being not less than 1 TeV. As a by-
product, one loop contributions from SU(3), particles to

F3i' and F33' are at least four orders smaller than the
corresponding SM amplitudes F gllvfw, illustrations are given
in Table VIII. Here we use the SM amplitudes predicted by
the SM, namely Re[F5M] = -5.6x107° [GeV~!] and
Re[FoM] = —=3.09 x 1075 [GeV~!], and ignore the tiny
imaginary parts. We can see that both duz, and 6y, depend
strongly on sg and #;,. In contrast, the one-loop contribu-
tions from new particles are suppressed, as shown in the last
line in Table VIII: suppressed s; results in [6uz,|=~
4|6u,,| = 0.8% < 4%, which is even much smaller than
the expected sensitivity of du,, = 4%. Anyway, it can be
noted that F3;! may significantly larger than F37!,, hence
both of them should be included simultaneously into the
decay amplitude &7 — Zy in general. Suppressed contribu-
tions of new particles to Suz,, are shown explicitly in the
left panel of Fig. 7, where three constant curves ss =
Opz, = 6p,, = 0 are very close together.

TABLE VIIL.  Numerical contributions of SU(3), particles to F3;' and F;;', see Egs. (42) and (44), where F33' = F3i' + F3}!
p 85 112 % Rep[%ié?"] R:[%?I] %%M} %%M} Opz, Oty
% 2 x 1072 1.5 -33x 107 3x 107 -1.6 x 10~* —-6x 10 5.5x 1074 4.4 6.5
NG -2x 1072 1.5 ~1076 3x107° -1.5x 107 ~107° 53 x 107 5.4 -6

% 2x 1072 0.5 1.3x10™* -9x 1073 5% 1073 23x 1074 22x 107 6.8 8.1
% —2x 1072 0.5 —4.2 %107 -9x 1073 -4 %1073 -7.5x 107 2.1x 1074 -7.5 7.4
% -107-3 1.5 -1.6 x 107 3x 107 -1.6 x 107 —-29x 10~ 54 x107* —-0.8 -0.2
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TABLE IX. Numerical contributions of SU(3), particles to F3;' and F;;' for large A;, =5 and small m;y = 600 GeV.

3 i 3L [ 3
s 12 Re[F3Y] Ro[ V] Re[FSY Re[FSM] Re[FSY Uz, Uy
ﬁ S t 21 21 21 5 5
% 1073 1.7 —1.46 x 1072 4% 1073 -1.7x10™* —2.64 x 1072 57 x 1074 -3.1 —4.7
% -1073 1.7 —1.44 x 1072 4x 1075 —1.7x 1074 —2.61 x 1072 57 x 1074 -3.6 -5.3
% 3 x 1072 1.5 —1.24x 1072 3x107° -1.6 x 107* -2.23x 1072 55%x 1074 4.4 52
% -3 x 1072 1.5 -9.6x 1073 3x 1075 —1.5x 107 —1.75x 1073 53 x 1074 -9.6 -12.3

For large and positive 4;, and small myy, one loop
contributions from H* to F3;' and F;3' are dominant but
still not large enough to give significant deviations to duz,,
see an illustration with suppressed s; = 1073 in the first
line of Table IX. Here we always force |du,,| < 4% being
the future sensitive of u,,. On the other hand, large
deviations can result from large |ss|. In this case, all
Opzy,,, and 55 have the same signs.

Regarding 8 = /3 corresponding to the model dis-
cussed in Ref. [78], where v3; = 3 TeV is still accepted,
the allowed regions change significantly, as illustrated in
Fig. 8. In particularly, the model gives more strict positive
s5 < 0.03. One-loop contributions from SU(3); particles
can give deviations up to few percent for both uz,, ou,,, as
shown in Fig. 8 that the two contours &z, = du,, =0
distinguish with the line sz = 0. Interesting numerical
values are illustrated in Table X. We emphasize two
important properties. First, one loop contributions from

0.02

0.00

Ss

-0.02

-0.04

-0.06

FIG. 8. Contour plots showing allowed regions of ss and 7,
with v3 = 3 TeV following Ref. [78]. The green, blue, orange,
magenta, and yellow regions are excluded by valid requirements
of A, f, 412, f12, and 6p,,, respectively. The black and dotted
black curves show constant values of 6y, and 6p,,, respectively.

gauge SU(3), bosons are dominant, which can give u,, to

reach the future sensitivity. Values of F3;! and F3;. can

have the same order of 10~ compared with the SM part,
but these contributions are not large enough to result in
large deviation of |uz,| > 23%.

To finish the case of 4;; > 0 we mentioned above, we see
that in this case all of the charged Higgs boson masses are
order of O(1) TeV and they have small couplings with #.
For large 4, 4, and small m,;0 = 800 GeV, there may give
small ou,, but large Suz,, see examples in Table XI. We
stress here an interesting point that with the existence of
new Higgs and gauge bosons, their contributions F5% and
F33! to the decay amplitude 2 — yy may be destructive
and the same order, hence keep the respective signal
strength satisfying the small experimental constraint.
Simultaneously, all of the contributions to the decay
amplitude 7 — Zy are constructive so that the deviation
can be large. For the model with f = V/3 and v3 =3 TeV,
we can find this deviation can reach around —10, but this
values is still far from the expected sensitive 6uz, = +£23%
in the HL-LHC project. For the models with v; > 8 TeV,
heavy gauge contributions are suppressed, hence large
contribution from charged Higgs bosons is dominant.
Then, the constraint from 6u,, will give a more strict
constraint on oy, than that obtained from the experiments.

2. Case 2: A1 < 0

As we can see in Eq. (22), negative 1;, may result in
small charged Higgs mass m,,-. In addition, large |, may
give large coupling of this Higgs boson with the SM-like
one, leading to large |F37.| and |F;;L[. We will focus on
this interesting case. ~

One of the conditions given in (62), namely f1, > 0, will
automatically satisfy if £, > 0 and 4;, > 0. In the case of
J1p < 0, the inequality f;, > 0 is equivalent to the more
strict condition fi, > |[115] > 0 or —f}, < A1, < 0. This
helps us determine the allowed regions with large |15,
which give large one-loop contributions of charged Higgs
boson H* to the two decay amplitudes & — Zy, yy. Based
on the fact that allowed regions with large positive f, will
allow large 1,,, two Figs. 4 and 5 show that large 1,
corresponds to regions having negative s; and small (5.
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TABLE X. For model in Ref. [78], numerical contributions of SU(3), particles to F3;' and F33'. Notations are given from caption of

Table VIII.

LT i o Fiy Fip
p Ss I Re[F5M Re[FSV] Re[FSV] Re[F3M] Re[F3M] 5M2y 5/4yy
V3 1073 1.5 -1.8x 107 -1.6 x 1073 —4 %1073 -3.2x10™ 2.2 x 1072 -1.6 4.8
V3 -1073 1.5 -1.6 x 107 -1.7x 1073 -4 %1073 -29x107* 22x1072 -2 4.2

TABLEXI.  For model in Ref. [78], numerical contributions of SU(3), particles to F3;" and F}" with o = 800 GeV. Notations are

given from the caption of Table VIIIL

5 i L i, P Fio
A A2 Ss tio Re[F3Y] Re[F3M] Re[FSY] Re[FSM] Re[F3) Oz, Otyy
1.95 8 103 15 —122x1072 —-1.7x107° —-44x103 -221x102 22x102 —4. 04
1.95 8 -1073 1.5 —-121x10%2 —-1.7x1073 —-44x103 -219x107? 22x1072 —-45 =017
1. 5 —2x1072 195 —-1.6x103 -9.7x10™* —5x10% —-12x10% 24x10% =77 —4

Small s, allows small |1;,|. The Fig. 6 shows that values of
A, seems not affect allowed 4, in the regions of negative s;.
For large v3, large |;,| in this case does not affect
significantly on both duy,,, see illustration in Table XII.
Hence, the case of negative 1;, may results in light charged
Higgs boson H*, but it does not support large one-loop
contributions from charged Higgs mediation to decay
amplitudes 7 — Zy, yy.

Regarding the model with g =+/3 discussed in
Ref. [78], the main difference is the small v; = 3 TeV,
leading to a significant effect of heavy gauge bosons to
the one-loop contributions |F3}" /FS\[. [F31L, /F5)|.
F3L/FSNL |F3L PN, |F331 FSM) ~ O(1072). But with
J1» < 0, constructive contributions appear in the decay
amplitude /& — yy, while destructive contributions
appear in the decay amplitude 7 — Zy. Hence, the con-
straint from experimental data of the decay & — yy predicts
smaller deviation of the uz, than that corresponding to
J1p > 0.

To finish, from above discussion we emphasize that in
other gauge extensions of the SM such as the SU(2); ®
SU(2), ® U(1), models, which still allow low values of
new gauge and charged Higgs bosons masses [68,88-91],

the contributions like F, ;, may be as large as usual ones,
hence it should be included in the decay amplitude & — Zy.
In addition, these models may predict large duz,, which
also satisfies |du,,| < 0.04. This interesting topic deserves
to be paid attention more detailed.

B. hg decays as a signal of the 3314 model

Different contributions to loop-induced decays h} —
vy, Zy with small 5p=107, m;y=700GeV, 1,, = 0.8 are
illustrated in Fig. 9, where the ratios |Fy (h3—Zy)|/
|Fay(H=2Zp)| and |F,, () = Zp)|/|F,,(H)  Zy)| are
presented, x = f, s, v, sv. In addition, our scan shows that
the curves in the Fig. 9 do not sensitive with the changes of
ss5. We can conclude that contributions from heavy exotic
fermions are always dominant for large f. While F5; , is
suppressed. For the decay h3 — yy, the destructive correla-
tion between F,, , and F,, ; happens with small |f3|. This
results in two peaks in the figure, where |F,|<
|F77-f F}'r-v"

Individual branching ratios of 49 are shown in Fig. 10.
The most interesting property is that, the Br(h3 — yy) may
have large values and it is very sensitive with the change

’

TABLE XII. Numerical contributions of SU(3), particles to F3;' and F;;'. Numerical fixed values of unknown parameters are:

B=2/V3, 15, =01, 1, =—1.

F33| F33 1 F33 1

g g [TeV] ss ?s; f};%s?lh'd e i s Sz, Sy,

% 1 —1073 34 %1074 —1.4x10™* ~0 6.1 x 1073 9x 1073 -1.8 -1.2
% 0.6 —-1073 1.2 x 1073 —14x10™* ~0 -2.1x1073 9x 1073 -1.7 -0.9
% 1 -2 x 1072 —1.4x 1073 —1.4x10™* ~0 -2.6x 1073 9x 1073 -23.9 -23.9
% 0.6 —2x 1072 6.6 x 1074 -12x1073 ~0 -12x 1073 9x 1077 -23.7 -23.6

075014-17



HUNG, HONG, PHUONG, MAI, and HUE PHYS. REV. D 100, 075014 (2019)

h8—2Zy,s5= 1073 h—Zy,s5= 1073

10} ] ]
l...:..g.._.:._. ........
L \ 4
0.100 0.100 A
- ~ ~o
- N N~ ————
- Y] =1
- Y
0.001 0.001; - | 1
\‘ P ]
\"' }
1075 1075} = 1 ]
Fpf ====F -—F
=== P F21,sv I i s mwv
10—7 I I I I 10—7 I I I I I
15 10 -05 0.0 0.5 1.0 1.5 -15 -10 -05 00 0.5 1.0 1.5
FIG. 9. Different contributions to loop-induced decays hg — yy, Zy as functions of f.
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FIG. 10. Branching ratios of the h} decays as functions of f.

For mp > My the total decay width of the hg gets
dominant contribution from two gluons decay channel,
hence it is sensitive with only My and w3, as given in

Eq. (55). Itis a bit sensitive with f3, see illustrations in Fig. 11.

of . Hence this decay is a promising channel to fix the j
value once hJ exists. On the other hand, Br(h — hh) is
sensitive with s4: it increases significantly with large 53, but
the values is always small Br(h — hh) < 1%.

mo=1TeV m, o=0.8 TeV
Y h3
: 0.005
_ m,:=2m’78 — mF:mhg -_— mF=2mhg - mF=mh8
0.005 0.002 — mF=15mg — mF=0.5mg
3
> 0.001 }
[0
O
s 5.x1074
0.001
2.x1074F
5_)(10—4 L L L L L L L 1_)(10—4 L L L L L L I
-15 -10 -05 0.0 0.5 1.0 15 -15 -10 -05 00 0.5 1.0 1.5

FIG. 11. Total decay width of h} as functions of 5, where decays to exotic particle pairs do not included.
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V. CONCLUSIONS

The signals of new physics predicted by the 3-3-1
models from the loop-induced neutral Higgs decays
h, hg — vy, Zy have been discussed. For the general case
with arbitrary 5, we have derived that these decays of the
SM-like Higgs boson do not depend on the S, i.e., they
cannot be used to distinguish different models correspond-
ing to particular B values. This is because of the very large
vy with values around 10 TeV, leading to the suppressed
one-loop contributions from heavy gauge and charged
Higgs bosons, except the H*, which are also predicted
by the 2HDM and are irrelevant with . Hence, the large
deviations duz, ,, originate from the one-loop contribution
of the H* and large |ss|. In the region resulting in large
Opz,, the recent constraint on the u,, always gives more
strict upper bound on iz, than that obtained from recent
experiments. In particular, our numerical investigation
predicts |Suz,| < |ou,,| < 0.23, which is the sensitivity
of uz, given in HC-HL project.

On the other hand, in a model with # = v/3, where v; ~
3 TeV is still valid [78], 6uz, may be large in the allowed
region p,, =0.99 +0.14. For the near future HC-HL
project, where the experimental sensitivity for the decay
h — yy may reach |6u,,| = 0.04, this model still allows
|6pz,| to be close to 0.1. But it cannot reach the near future
sensitivity |6uz,| = 0.23.

Theoretically, we have found two very interesting
properties. First, F3;' may have order of F37!, in allowed
regions of the parameter space. This happens also in the
3-3-1 model with # = /3, where loop contributions from
gauge and Higgs bosons may be large and have the same
order. Hence, F3;', should not be ignored in previous
treatments for simplicity [36,37]. Second, in the model with
S = /3, one-loop contributions from gauge bosons can
reach the order of charged Higgs contributions, leading to
that there appear regions where different contributions to
the amplitude h — yy are destructive, while they are
constructive in contributing to the decay amplitude
h — Zy. This suggests that there may exist recent gauge
extensions of the SM that allow large |6uz,| while still
satisfy the future experimental data including |6u,,| < 0.04.

Finally, the 4} being the CP-even neutral Higgs boson
predicted by the SU(3), symmetry, not appear in the
effective 2HDM. This Higgs boson couples to only SM-
like Higgs through the Higgs self couplings, while decou-
ples to all other SM-like particles. If 4y is the lightest
among new particles, loop-induced decays 13 — vy, Zy, gg
are still allowed. Our investigation shows that the Br(h} —
yy) is very sensitive with the parameter f, hence it is a
promising channel to distinguish different 3-3-1 models.
Because of the strong Yukawa couplings with new heavy
fermions, hg can be produced through the gluon fusion in
the future project HL-LHC.

ACKNOWLEDGMENTS

This research is funded by the Ministry of Education and
Training of Vietnam under Grant No. B.2018-SP2-12.

APPENDIX A: HEAVY NEUTRAL
HIGGS COUPLINGS

From the Higgs potential and the aligned limit (26), the
triple Higgs couplings containing one heavy neutral Higgs
boson h9 are listed in Table XIII. We only mention the
couplings relating with discussion on the decays hg =y, Zy.

The nonzero couplings of heavy neutral Higgs bosons
with gauge bosons are listed in Table XIV. They are derived
from the Lagrangian given in (36), exactly the same way
used to calculate the similar couplings of the SM-like Higgs
boson. Hence, the notations for the couplings of these
heavy Higgs bosons are the replacements 7 — ho,hg in
those given in Eq. (36).

The couplings of Z to neutral Higgs bosons are given in
Table XV. The couplings of Z to two exotic fermions are
given in Table XVI.

TABLE XIII.  Triple Higgs couplings of h involving to the
decay h} — yy,Zy.

Vertex Coupling: —ilg s 5,

h3H"H~ —i[(1 4 s1,)A13 + 3%2%23}7]3
/’lgHAH_A —i[25%3/13 + 6%3/113 + %13}’[}3
thBH_B —i[2S%3A3 + C%3),23 + 123}U3

TABLE XIV. Heavy neutral Higgs boson couplings to charged
Higgs and gauge bosons.

Vertex Coupling Vertex Coupling
Ingw+w- gty Ss
2
ndy Ay gy S125q Indy 4y o
Guoy+sy-s gy C12Cq Guoy+sy-s 9221/'3
9
9w 5" I aW 0
9C1354 9513
IndH"yA -5 InH-Ay4 a5
923 €, 9523
InoH-EyE -5 I H-ByE 3

TABLE XV. h?ZZ couplings in the limit s(z, =0, cé =1

Vertex coupling g0,
hZZ gmy. |:C (1 + 2\/§56090W(1—2S%2—\/§f%/ﬁ)> _ 455CW5509512€|2i|
A 3/1-8, V302,
thZ q:n_%:v |:S[3(1 + ZﬁSHCH;‘;/;II:;iZZ_ﬁI%Vﬂ)) +4C§;{/(i€_¢;é;§3]2i|
W W
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TABLE XVI. Couplings of Z with exotic fermions.
F gk 9k
R (i

APPENDIX B: FORM FACTORS TO ONE-LOOP
AMPLITUDES OF THE NEUTRAL HIGGS
DECAYS h.hY - Zyyy

In the 3315 model, the explicit analytic formulas of
one-loop contributions to the anplitudes of the decay 7 —
vy, Zy will be presented in terms of the Passarino-Veltmann
(PV) functions [92], namely the one-loop three point PV
functions denoted as C; and C;; with i, j =0, 1, 2. The
particular forms for one-loop contributions to the decay
amplitudes h — Zy,yy were given in Ref. [48], which are
consistent with the previous formulas [47]. We have used
the LoopTools [93] to evaluate numerical results.

For the loop-induced decays of the heavy neutral Higgs
bosons A9, the calculation is the same way as those for the
SM-like Higgs boson h. Correspondingly, the mass and
couplings of & are replaced with those relating with hg. The
hY properties were discussed in Ref. [49], we do not
repeat again.

The contributions from the SM fermions corresponding
to the diagram 1 in Fig. 1 are

eQ N gco
F%?lf = mehffL 9{ "‘9{?
X [4(Cip + Cyp + Cz) + Col, (B1)
where Cy,;; = Co,;;;(m%.0, mh,mf,mf,mf) Qs N, and

my are respectively the electric charge, color factor, and

mass of the SM fermions. The factors Y7/, and g{ g are
listed in Tables I and V, respectively.

The contributions from the charged Higgs bosons s =
H*, H*4, H*B corresponding to the diagram 2 in Fig. 1 are

erﬂhsngss

F33l —
21.s 2”2

[C1a 4+ Cx + G5, (B2)

where s = H= H* H*8, Cy;,; = Cy,;;(m%.0,m};m3,
m?,m?), and the couplings A, gz, are listed in Table I
and IV.

The contributions from the diagrams containing both
charged Higgs and gauge bosons {v,s} = {W* H*},
{y*A, H¥4}, {v*B H*B} corresponding to the two dia-
grams 3 and 4 in Fig. | are

pon = €z Kl +M>
vss 4”2 m%
X (Cip+Copn+Cy) +2(C + C, + CO)] ,
(B3)
F331 €QGnvs9zvs 1 _m_% + m%l
dsve T T 42 +——
v

X (Cip + Cyp + Cy) = 2(Cy + Cz)} . (B4)

— 2 ) 2 .2 2
where Co’i’ij=Co’i,ij(mz,(),mh,mv,ms,ms) or Co,i’ij(mz, 0,

m?%; m?, m%,, m%) corresponding to Egs. (B3) or (B4). The
vertex factors are listed in Table IIT and IV.

The contributions from the charged gauge bosons v =
W, Y*4, V*B corresponding to the diagram 5 in Fig. 1 are

331 erghm;ngv
F2],17 - T
m, my
X< |8+ 2+W 2_W (Cip+ Cyy + Cy)
v v
m2
+2<4—m—§)c0}, (B5)
v
where v= Wi YiA ViB COllj = COllj(mZ’O mh,

m2,m2,m?). The vertex factors are listed in Table III

and VL

For the decay h — yy, analytic formulas of F3°! can be
derived from the F3;! by taking replacements gy,,, gz
%o g{ r = €Q,,eQ,, eQ; and the respective PV functions,
namely

331 eszz‘Nc
Fr=- 2 (msY )74 )[4(Cr2+ Cop + Cy) + Gy,
€ Q%Ahss
FJ%;IS T2 [Cla+Cn+Cyl,
e 2 v m2
Fira = %V—gh' x { <6+—§> (C12+C22+Cz)+4co},
T mV

(B6)
where Cy;;; = Cp (0,0, mj; m%, m2, m2) withx = f, s, v
corresponding to the contribution from fermions, charged
Higgs, and gauge bosons.

Regarding to hJ, we emphasize again that the only
nonzero coupling with SM particle is the triple couplings
with two SM-like Higgs bosons. Hence the fermion
contributions to the decay amplitudes hg — vy, Zy, gg are

only exotic fermions F' = E,, J,. These contributions are

33149 3314 3314
denotedas F,, p*, F, p*, F,, p . They are derived base on

Eq. (42) with the following replacement,
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F3Y(hS — Zy) = F3'.(f — F.h > 1),
FEL(0 = Zy) = FEY(f = F.h > hY). (B7)

The other contributions to the mentioned A3 decays
are calculated by simple replacements the mass and
couplings of the SM-like Higgs bosons with those of

A2, f, |Aq2], f12, A1=5, m,o= 1 TeV
2

the hY. We note that the W bosons are not included in
these amplitudes.

APPENDIX C: MORE NUMERICAL
ILLUSTRATIONS DISCUSSED IN SEC. IV

Contour plots with other numerical values of 1; (Fig. 12)
and |sg = 0.05| (Fig. 13).

A2,]A12], f12, A1=5, m g=1 TeV
2

FIG. 12. Contour plots of 4,, |1;,] and f, as functions of s5 and #,,. The green, orange, magenta regions are excluded by requirements

that 0 < 1, < 10, |1)5| < 10, and f, > 0, respectively.

A2, f, 14121, fr2, s6= 0.05, m g=1.2 TeV
2

A2, 1, 1A12], f12, 8= -0.05, m =1.2 TeV
2

[T) — — T T T T T

A

M

o1 "~ T T

t12

FIG. 13. Contour plots of A,, |4;,| and f/, as functions of 4, and 7;, with some fixed mg. The green, orange, magenta regions are
excluded by requirements that 0 < 4, < 10, |4;,| < 10, and f, > 0, respectively.
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