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ABSTRACT

The decays of the SM-like Higgs boson & — Zy in the 3-3-1 model with inverse seesaw neutrino
masses (3311SS) proposed in T. Phong Nguyen, et al., Phys. Rev. D 97,0973003 (2018), are discussed.
They were using well-known general results in L.T. Hue, et al,, Eur. Phys. J. C 78, (2018) 885, analytic
formulas for one-loop contributions are constructed. We will show that new particles predicted
by the model under consideration may have significant effects on the above-mentioned decay
channel of the SM-like Higgs boson. From numerical investigation, some details and properties
of the decay are presented. They may be useful for comparing with the experimental results that

could be detected in the future.

Key words: Extensions of electroweak Higgs sector, Electroweak radiative corrections, Neutrino

mass, and mixing

INTRODUCTION

After the discovery of the standard model-like (SM-
like) Higgs boson particle at LHC in 20121, the stan-
dard model (SM) has been again confirmed its valid-
ity, although many problems are still unsolved in the
SM framework. Hence, models beyond the SM have
been introduced to explain them. The 3-3-1 models
predict new particles, including new gauge and Higgs
bosons; therefore the branching ratio (Br) of the SM-
like Higgs boson decay into Zy is strongly affected
by the above-mentioned particles. According to data
in Refs. %%, within a mass of the Higgs boson m;, =
125.09 GeV, the branching ratio predicted by the SM
is Br(h — Zy) = 1.54 x 1073 (£5.7%). Recent ex-
perimental data indicate that the SM-like Higgs boson
decay Br (h — 7y) is well consistent with the SM’s pre-
diction, hence contributions from new physics to the
above-mentioned decay must be small. In this work,
we will discuss on Br(h — Z7) in the 3-3-1 model
with inverse seesaw neutrino masses introduced re-
cently in Ref.#. Because the model under considera-
tion contains many new particles, which contribute to
the decay amplitude 7 — yy may be destructive, but
all of the contributions to the amplitude decay h — Zy
are constructive. The branching ratio can be large in
the limit of parameters in this model. Hence, these
particles may affect significantly on the second chan-
nel but still, satisfy the experimental bound on the first
one. In this work, the numerical results of the second
decay channel are presented.

The paper is organized as follows. In the section brief
review of the model, we present the overview of the
3-3-1 model with inverse seesaw neutrino masses. We
also present the vertexes and their couplings which are
relevant to the decay & — Zy. Numerical results are
discussed in the next section. Finally, the summary is
then given in the conclusions section.

BRIEF REVIEW OF THE MODEL

The model based on the gauge group SU(3), x
SU(3); x U(1)yx with inverse seesaw was introduced
in Ref.*. The electric charge operator of the model is
0=T5— %TS + X, where T3 g are diagonal SU(3),,
generators and X is the new charge of the group
U(1)y. Fermions, including leptons and quarks, are
assigned as follows: Firstly, leptons are under the
SU(3),, triplet yy;, = (va,ea,Na)Z ~ (3,7%) and a
right-handed charged lepton e, ~ (1,—1) with a =
1,2,3. Each left-handed neutrino N, = (Nyg)¢ im-
plies a new right-handed neutrino beyond the SM.
Secondly, the first two generations of quarks are un-
der antitriplet, while the third one is under the triplet

QaL = (d(ZL7_uOCL7DOtL){ ~ (3*/0)7 o= 1727
031 = (usr,d30, T)], ~ (3,3) (1)
DﬁrvdﬁR ~ (177%) sUaR, TR ~ (17 %) 7B = 17273'

There are totally nine electroweak (EW) gauge bosons,
included in the following covariant derivative

Dy =y — igWiT —igx T°XXy, a=1,2,...8, (2)
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where W and X, are the gauge bosons of SU(3) and

U(l)y, respectively, = %

trices, T° = 6 and \1[ for triplets and smglets

are the Gell-Mann ma-

The symmetry breaking happens in two steps:
SUB)L@U(1)y = SU2),0U(1)y ~2 U(1)y,
leading to the limit v{ ; < @. To generate masses
for gauge bosons and fermions, three scalar triplets
are introduced as p = (pf’,po,p;)T ~ (3, %), n=
(m"n7,m) ~ (3,—3), and ¥ = (1,27 23) ~
(3, —%) The necessary vacuum expectation values

for generating all tree-level quark masses are

o vtRi+ihb o vit+Ry+iD

771 7P - ’
2
XO w+{+ll3 T]O R4+}£ 3)
2 N )
07R5+ll5
X =

It can be identified that

& 3V2sw

g:eSW7 - I
/ 2
3 —dsy,

where e and sy are the electric charge and sine of the

Il
—
N
=

Weinberg angle, 53, = 0.231, respectively. The model
includes two pairs of singly charged gauge bosons, de-
noted as W¥and Y, defined as

Wi Fiwg 2
Wi = S g = £ (343),

o V2 ) )
L Wty m%:g—<v2+w2>
n \ﬁ s 4 1

The bosons W= are identified with the SM ones, lead-
(246GeV)? . In the remainder

of the text, we will consider the simple case v; = vy =
v /2 mw
V2

ing to v%—i—v% =2 =

given in Refs.
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The most general Yukawa Lagrangian is given as fol-
lows?®

L = h Q31 Trx + hoap Qar D™ + h.c
=h (ﬁsLX? +dyxy; + TLXQ) Tr
+h2aﬁ <El(xLX?* - ljiocL)CQJr JrDochg*) DﬁRX*
+h.c.
L = 13,031 4arN + haaQordarit™ +h.c.
=h3, <l73L77? +d3 Nz + ng) UgR
+hiaa (?lam?* — gLy +DaLn§)*> dar
+h.c,
L= hSaaQSLdaRp + heaaQurtarP™ (6)
+GapfLlgp '
+Fup€ijk (]71,) “ (]f)b] (P*)k +h.c
= hsq (ﬁaLP]+ +dap) +Trpy > dar
+heaa <ZlaLp]’ —lgrpY* +DaLp§> Uar
+Gay (i +1LPS+ NP5 ) I
+Fap V] (( )" py — (NE)" p?)
+1; (V) o = ()" 07)

+N, ((VL) py— (1 L)bp]_>}+h'c'

All tree-level lepton mass terms come from the fol-
lowing Yukawa part®

L = —hiWarpesr

”izvzbe”k (War): (WoL)5 P% = Yab War X XbR ?)
_ c

-3 (1) pa <XaR> Xpr +h.c.,

In the basis v, = (ve,NL, (Xg)°)" and (er>C =
(), (NL) XR)"

mass term corresponding to a block form of the mass

, Lagrangian (7) gives a neutrino

matrix?, namely

1 \€
Lrnavs 7§VLMV+ (VL> +h.C.7 where

0 mp 0 (8)
M =m0 Mg|,

0 M py

where Mg is a 3 x 3 matrix (Mg),, = Yab%,
(mp) 4, = V2!, vy with a,b = 1,2,3. Neutrino sub-
bases are denoted as vg = ((VIL)C,(VZL)C,(V3L)C)T,
N = (M), (Na),(Nap))', and X =
(X1R)¢, (Xor)¢, (X3r))T.  In the model under
consideration, the Dirac neutrino mass matrix mp
must be antisymmetric. The matrix tx defined in
Eq. (7) is symmetric, and it can be diagonalized by a
transformation Uy:

U}?uXUX = diag (“Xl 7”LX27,UX3) . )
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The matrix Uy will be absorbed in the redefinitions
the neutral fermion states X,; hence we will consider
Ux as a diagonal matrix given in Eq. (9).

The mass matrix M” is diagonalized by a 9 x9 unitary

matrix UV,

UVTMVUV — MV

= diag (my, ,Mp,,...,Mp,) (10)
= dl(lg (mwMN> )
where m, (i=1,2,...,9) are masses of the
nine physical neutrinos states n;, namely
m, = diag(my, ,mp,,my,,) corresponding to

the three active neutrinos ng(a=1,2,3) and
My = diag (my,,mys,...mp,) corresponding the six
extra neutrinos nyy, (I =4,5,...,9). The ISS mecha-
nism leads to the following approximate solution of
U’

U —0 Upuns O
] v’

O R
Q=exp (RT V)

1

1— -RR' R
—Rf 1— ERRT

where

. -1
R* ~ (—m*DMfl,m*D (M;)) ,

(12)
M = Mjuy ' M},
—myM ' m}) ~ m, = U}*’MNS’?‘VU;MNS’ (13)
VMV~
My + lRTR*MN + 1MNRTR
2 2 ’ (14)

0 M
MNE < ¥ R> .
Mg ux

The relations between the flavor and mass eigenstates
are

Vv, =U"ny, and v; = U"ny, (15)

where n; = (nip,nop,..nor)’ and (n )¢ =
((n11)¢, (nar)< .., (nor )T The detailed cal-
culation has been shown in Ref.*.

The model predicts three neutral gauge bosons: the
massless photon, Z boson, and 7! boson, where Z is
the SM’s Z boson which was found experimentally.
The relations between the original weak and physical

states of the neutral gauge boson are given in Ref.”. In
this case s331 = 1, cg = 1, we can write

()= =) )

The general Higgs potential has been discussed in

(16)

Ref. 10, and the simple Higgs potential of it has been
studied in Ref. 11, namely

Viiges = Ui (NN +pTp) +u3x " x
(M +ptp) + 2 (2t x)
+Aa (Nt n+p"p) (xx)

—V2f (gjmipjxe +hec.),

17)

where f is a mass parameter and is assumed to be
real. This simple potential has been used in our re-
search because it helps to reduce independent param-
eters in the Higgs potential. Relations between mass
eigenstates and the original states of the charged Higgs
bosons are

o\ 1 (-1 1) (G
nt) v2\1 1) \Hf)

p2:t _ L —Sp Co G;t
Xt V2\co so) \H)’
_Ca

_ ‘o s (18)
e V2 2 %) /&
ol | e Se
BRIl va v | R
h L, \B
V2 V2

where sg = %2, G‘f and G}j,[ are the Goldstone bosons
eaten by gauge bosons W, ¥ respectively, h(l] =his
identified with the SM-like Higgs boson found at the
LHC. The mixing parameters sq = Sing, Cq = COSg
depend on many free parameters, but sq — 0 and
co — 1, when SM-like Higgs couplings are identified
with those in the SM. The relevant couplings in the
first term of the Lagrangian (7) are

_ Mg8Co
—hy WaLpEpRr +h.c. D 2y

heqeq. (19)
The couplings of Higgs and gauge bosons are con-
tained in the kinetic terms of the Higgs bosons

Lgn = (DJ#X)T (Dul) .
+(Dup)’ (Dup) + (Dun)" (Dun)
- ghvvguvhviQ” VQV,

7ig*hst7Qu (S+Qa”h — h8”s+Q) s
igns V2" (s~ 9duh —hdus2),
ingsZIi (Siga‘uSQ —sQ8ﬂs*Q) ,
igZVSZ”vQ"s_QgW,

ieng,J (SiQaIJSQ — SQaleiQ) s

(20)
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where s = Hli,Hzi. From the second line in (20)
we get the relevant terms contributing to the de-
cays h — Zy. Similarly, for other vertices: the cou-
plings of three gauge bosons arise from the kinetic
term in Lagrangian of the non-Abelian gauge bosons,
the Higgs self-couplings of the SM-like Higgs bo-
All
these couplings and vertices are shown in Table 1.

son arise from the Lagrangian L,y = —Vj,.

Here we have used a notation I'y,3 (p(]?p*,p*) =
(P =P )8+ (P =p7) 8+ (17 = 1) gau
where all momenta are incoming and p®¥ are respec-
tive momenta of h and charged gauge and charged
Higgs bosons.

Based on the Yukawa Lagrangians (6) and (7), the
couplings of the SM-like Higgs boson with SM
fermions can be determined, see also in Table 2. The
notation of the Feynman rule is

—i (Yh]f P +Y, WF fe PR> for each vertex i f f. We note
that the couplings of u3d3 the same as the couplings of
uq and dg, respectively.

NUMERICAL DISCUSSIONS

In the unitary gauge, one-loop diagrams contributing
to the decay i — Zy are shown in Figure 1.

The branching ratio of the decay h — Zy is deter-
mined by

1_331153' (/’l‘)ZY)
331ISS

Br3311SS (I’l N Z'}’) —_
331/53
(

h
2 2
hzy) = 35 (1- ") |FRUSS, 1)

where I'331/55 s the total decay width of the SM-like
Higgs boson h and F33 USS s the partial decay width
predict by the 3311ISS model. The form factor F3?1155

is written as

331188 — F33}IISS +FUSS )
BUSS | p33UISs | p31iss
s T Eiys, T sy,

where particular contributions are derived based on
the general formulas in Ref. 2, namely

eQ»fNEKLfZRR
, T ienz
[16 (C12 +Can +C2) +4C] F53f3115S —0,

F23]31HISS Kpys X [4(Cia+Cn+ )],

S= Hi HS,
F3z1zss K x[(Cia+Cn+Cy) x
MJF(E;JFMM)L

mg mg

3311SS _
F21 -

PSS = Koo 2 (1 ~2271)
(C12 +Cn+C) +4(Cy +C2 +C2)]

FEUS = Koo x 2 (1+ 2155 )
X (Cr2+C+Cy) —4(C1+Gy), (23)
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where G = W, Y are gauge bosons; K{;RR =

my (YhfL X &7 s+ Ynsr X g}fR). Here we use the
following notations: my is mass of fermion, while mp

is mass of the exotic quark. Other factors are

)Lthz X 8ZSi;
K, = 1ex?
ZeghG;j X gZGlj (24)
G= "7/
tor €8nG:S; X 82G:S;
Ks¢c=Kess=——>—

1672

Here Cy ; ;; with i, j = 1,2 are the Passarino-Veltman
functions (for analytic formulas, see Ref. 12 The sig-
nal strength of the decay when v> < @2, that means

O (é)—;) ;0 is defined as below

3311SS _
M7y =
G33[SS (pp _ h) BrBSISS (h N ZY)

oM (pp — h) BriM (b — Zy) (25)

F3311SS
_ | fad
SM
F21

Remind that in the SM, Br™ (h — Zy) =1.57x 1073
and I3M = 4.07 x 10> GeV with m, = 125.1 GeV.
In order to numerically investigate the decay of the
SM-like Higgs boson i — Z7, we will use the follow-
ing well-known experimental parameters as in Ref. 13
the mass of the W boson my = 80.385 GeV, the
charged lepton masses m, = 5 x 1074 GeV, my, =
0.105 GeV, and m; = 1.776 GeV, the SM-like Higgs
mass my, = 125.1 GeV, and the gauge coupling of the
SU(2), symmetry g = 0.651.

Combined with the discussion in Ref. %, the indepen-
dent parameters are the exotic quark mp = mr, the
heavy gauge boson mass my, the charged Higgs bo-
son mass .+, and the two Higgs selfcouplings A, j».
Other parameters can be calculated in terms of the
above free ones, namely,

\ﬁmw my 2mY
Vi =V = 5 59 = 5 o= ——
8 my/2 8co
2 2 (26)
SOy o M (0
f - 4my ’ n,lHlJr - (te + )

The Higgs self coupling A, is determined as in
Refs. 71!

2
mzi
5 A2 — 2(;2
o [ mp My 27)
=g\ e | T e
40 — L
vi

Combining with the discussion in Ref. 4 we will be in-
vestigated in the range of 5 x 10* > myx > 300 GeV,
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Table 1: Couplings related to the SM-like Higgs boson decay / — Zy in the 331ISS model. All momenta in the
Feynman rule corresponding to these vertices are incoming

Vertex Coupling
hézeq ’f::' E
i "
HlJrhYl; % (C(XCQ+\/§S(XS9) (pHr *Ph)
W W, —igmycag"’
hY/ij_ % <ﬂ.¥ac‘9 = casg) g
R i0 {sacha-+ 253 s ~ V2 (2euch + cacha) o+ LElsgsn |
hH) Hy AiV1<2x/§call+—ﬂﬂ3%%ilﬁ!)
ZuH}Y, Lieyico [ew+——2 g
Z HTH~ i ( L 7) 4\/§C§J‘%V+(2\/§s‘zv—3cw ms%
iy 8\ PH;" ~ PH; i 6\/37“‘2”
Z”W+VW71 igCWruvl (P07P+:P—)
Zyyty 2Ty (Po, P> P-)

Table 2: The couplings of the Z boson to fermion and antifermion.

Vertex 8L 8R
Zydod 1 swhew S 7
urete 2 B(-a) 3(3-453)
Z;tlla.ulx _; _ S%VCW _ ZS%VCW
\/3(3-4s%) \/3(3-45%)
ZuDoDy _sew _swew
B0-4%) NEE=T)
Zy2uey S —her
\/3(3-4s%) \/3(3-4s%)
ZHT3T3 _ ZS%VCW _ ZS%VCW

(4) (5)

Figure 1: One-loop diagrams contributing to the decay 2 — Zy in the unitrary gauge. Here f;;,s;;and V; ;are
fermions, Higgs bosons and gauge bosons, respectively.
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Ar=1, App=—1

ﬂZy

mF=0.2, mY=0.5 TeV

0.98
mF=0.2, mY=1 TeV

----- mF=1,mY=0.5TeV

........ mF=1,mY=1TeV

0.96

05 1 5 10
Myt [TeV]

A1=1, A12=-0.5
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0.5 1 5 10
Myt [TeV]

Figure 2: The signal strength 113!/5S in the 3311SS as a function of my

my=0.5TeV, mg=2TeV

1.025

1.000f-----

0.975

0.950

N
&
0.925 Ap=0.1
A1=05
0.900
————— Ar=1
08751 e A=15
1.0 15 20 25 30

331ISS

Figure 3: The signal strength M7y

4.5>my >0.5TeV, A1 > 0,112 < 0. We will investi-
gate ,ug?,“ss case ] =1,Ap =—1land A, =1,A, =
—0.5. The signal strength ”%?/IISS as a function of
myy;-, the results are plotted in Figure 2.

From the numerical analysis, we see that the
Br(h — Zy) in the 331ISS is the same as the SM pre-
diction at large Mg On the other hand, small My
predicts “%73/1155
is about 0.126. In the SM, the branching ratio is
BrM (h— Zy) = 1.54 x 1073 4+ 5.7%]|m;, = 125.09
GeV 23, corresponding to the deviation from the SM
sy = 1£0.01 or 1.01 > p2)f > 0.99. The latest
constraints of the signal strength for the decay i —
Zyis pzy = 1.0040.23 in Ref. 13 Besides, the AT-
LAS expected significance to the SM-like Higgs boson
channel & — Zy is hoped to be 4.9 with 300fb~!.
The 331ISS (BSM) predicts the values u;?,”ss out-

side the range of SM, implying that there is a con-

< 1, namely the largest deviation,

tribution of new particles. Namely, one-loop con-
tribution from the new gauge and Higgs bosons to
the decay amplitude 7 — Z7, but this value is still far

2089

my=1TeV,mg=2TeV

1.000 =

0.975

0.950} "
N
Ry

0.925 Ay=0.1

A1=05
0.900
————— Ar=1
o875p mmmeee M=15
10 15 20 25 30

in the 331ISS as a function of A1,

from the expected sensitivity &y, = 4-0.23 in the HL-
LHC project. If §y,, can be detected at current col-
liders, they require the charged Higgs mass m 1y 1o
be smaller than a TeV. Besides, 5ﬂzywill only deviate
much from SM’s prediction if mf is small enough and
depends on the relationship of the Higgs self-coupling
A2

Let us consider the effect of self-couplings 41,1, on

the signal strength “%;uss in the 331ISS. The signal

3118S
Y

Figure 3, where my was chosen to be from 1 TeV to 2

TeV and my: = 0.5 TeV. The figure shows that there

are two important features of ,u%;” S5, Firstly, u%?,” 5§

strength [,L% as a function of 4; 17 is depicted in

always returns the constant value when |A;5] is large
enough. And secondly, u%;’,”ss depends very weakly
on the small values of A; and with large value of A will
allow [,L%’,HSS < 1 and the big difference compared to

that of the SM’s value.
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CONCLUSIONS

The signal strength of the decay i1 — Zy has been
investigated for the charged Higgs mass My var-
ied in the range from 100 GeV to O (10) TeV. The
Br(h — Zy) is the same as the SM prediction at

large my. On the other hand, small My predicts

3311
IJZ)/ SS <1,

tion of gauge bosons and charged Higgs bosons in the
decay amplitude 7 — Z7. This shows that there exists

implying that there is a new contribu-

an extension of the standard group for ”%;IISS which
takes the large values and still satisfies the experimen-
tal limit of fiyy.
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