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Abstract

The exact one-loop contributions to the decay amplitudes of the Standard model-like Higgs boson decays
h = Zy,yy, as predicted by the simple 3-3-1 model, are presented in terms of using the Passarino-Veltman
notations. In the unitary gauge, all triple couplings related to the decay amplitudes are determined and
LoopTools package has been applied to the numerical investigation. The result shows that the 3-3-1
simple model predicts the largest value Dy, =tzy — 1< 15.5%, which defines the signal strength of the

decay channel h — Zy. This result is still outside the 10 range of the recent experimental constraint of
Auzyz 50%, therefore explaining why this signal is still invisible at LHC.
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1. Introduction

The 3-3-1 simple model (331S) was constructed [1], in the context that the lepton sector does not
contain new exotic leptons and only two Higgs triplets are required to generate all fermion and gauge
boson masses. Therefore, this model contains fewer Higgs triplets than the original minimal 3-3-1 model
[2]. As a result, the physical states of all Higgs boson and their masses can be determined accurately.
Consequently, allowing the easy identification of the standard model-like Higgs boson h can be
proceeded. This feature is particularly advantageous for studying loop-induced decays of this Higgs boson
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like h = Zy, yy, which are now being searched by experiments and the signal strength of these two decays
are Uz, =2.2+0.7 [3], [4] and u,, =0.99 £ 0.14 [S]. Although, the two decay channels were
previously discussed [1], our work will employ more general analytic formulas to construct one-loop
contributions to both decay amplitudes. Such method allows the addition of new contributions
from SVVand VSS diagrams to the h = Zy amplitude which contain both scalar S and gauge boson
propagators in the one-loop Feynman diagrams. The numerical investigation will estimate these two
contributions to the piz, predicted by the 331S. Furthermore, we will determine the allowed range of 1,

and gz, predicted by the 331S, then compare them with the recent experimental results.

2. Brief review of the model

2.1. Particle content and couplings

The 331S model was constructed based on the gauge group SU(3). X SU(3); X U(1)x. The electric
charge operator in this model is Q = T3 — 3Ty + X, where T5 and Ty are diagonal generators of the
SU(3);, and X is the charge of the U(1)x. As usual, the covariant derivative relating to this group are:

Dy =0y — igs X{-1 T6Gl — igs X1 T'Wyi — igx T°XX,, (1)
where
0o wH X,
PEC =Yl S T W = (W™ 0 ¥ 2)
Xyt oo
BN = T3W2 + TeW,2 + txT°XX,, = diag((11),, (22),, (33),.). 3)

and the physical states of the charged gauge bosons
WiFIW;

V2

+ _ WiFiwg
W =""z
The leptons and quarks in the model:

Var, dar
W, = ( €aL, >~(1,3,0), Qar = (—m) ~(3.3%-1/3).

(car)® Jar

- 67
yEF = WiETiwi
b

Rt )

L Xy =

Usy,
Q3L = <d3L> ~(3'3' 2/3);

3L
uaR~(3r1r 2/3): daR~(3r1J - 1/3):]11R~(3'1’ - 4/3)']3R~(3'1' 5/3)' )
where @ = 1,2, and a=1,2,3 is the family index.

The Higgs sector of the model consists of two Higgs triplets as follows

ny X1
n=|nz |~@130),x=(X2 |~(13,-1), (6)
n3 X3

with the following non-zero vacuum expectation values (VEV) of the neutral components: (n?) =
v / Nk )= / N3 These Higgs triplets generate masses of leptons and quarks as follows

u

— N — h&a —
—LY = hl3Qs x5k + héﬁQaLX*]BR + h3aQ31Nuar + %QaLnX]3R
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d
haa

+hgaQ_aL77*daR + TQ_?;LW*X* daR
+hg, (War) Wprn + SaTh ((War)n™)(Wpn™) + H.c. (7
All Higgs masses and Higgs self-couplings will be derived through the following Higgs potential:
2 2
Vo = wintn + uwbxtx + 1 (n™n)” + 22(x ") + As(ntn) (o) + A4 () (x ). (®)
Masses and mixing parameters relating to the Gauge bosons are determined from the kinetic part of
the Higgs triplets:
T T
Ly = (Dyn) (D) + (Dux) (D*x). Q)
The relation between the flavor basis (Wlf, W“B, X#) and the physical states (A“, Zy Z,;) are
w2 A, Sw Cw 0
We | =Cz| Zu ), Cr = —\/3sy, swV3ty J1-3t |,
X, Zy cwJ1=3t2, —sy1-3t2, 3ty

2 g (10)

mg = 0,mz = my, 3(1-3t%,)°
It also shown that the three charged gauge bosons introduced in Eq. (4) are physical, with the masses

2,2 2, .2 2,2
as follows: m3, =9 % /4, m% = g2 W +w )/4,and mz=9® /4. The gauge bosons Z and W are

identified with the SM counterparts, leading to the consequence that u = v =~ 246 GeV.

Studying the Higgs potential in Eq. (8), the physical states of the Higgs bosons and mixing parameters
are presented in the following formulas:

77? u+cgh+sgH+iGY X SgH™ -i_-_Cg Gy
=)= 2 ()= O (11)
= ni - GW X = 0 N w—55h+c§H+iG§ ’
3 C9H+ + Sp G; A3 A

Here, h, H, and H* are physical states predicted by the 331S model, in which h is identified with the SM-
like Higgs boson confirmed experimentally at LHC in 2012. All the remaining massless states including
G;—ri, Gwi,, G{,i, and G, are the Goldstone bosons absorbed by the respective gauge bosons appearing in

the 331S model. The two mixing parameters ¢ and 6 are:

—_fsuw | Asu _—
tag = Lw2-Lu? Ao’ ty = w’ (12)
The SM-like Higgs boson mass is:
_ 32
m = 188+ 19509 GeV. (13)
2
In the numerical investigation presented below, A,is determined as:
_ 2miAy+u?Al
A= BT (14)

The above results lead to the following Feynman rules to calculate the one-loop contribution to the
decay amplitude h — Zy as follows. First, we adopt the notations for vertex couplings introduced [6].
Every triple coupling of a photon always consists of two identical physical particles, as confirmed [7] and
[8], see Table 1 for the 331S. Excepting the triple gauge bosons, the results were derived [1] and confirmed
by our calculation. New notations can be determined through the following relations:
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g g
Itfaar = 30, 9V 94D 92fuun = 5, (97 — 94

The triple couplings of Z with charged gauge and Higgs bosons and fermions are shown in Table 2.
The triple gauge couplings were derived previously [9]-[11]. We also explain that the bold notations were
introduced [6]. Below each line with bold notations are the particular values of couplings provided in the
331S framework. The XHH and HXX diagrams relating to the coupling ZXH contribute to decay
amplitude h — Zy that were not mentioned previously. On the other hand, these diagrams do not
contribute to the amplitude h — yy. Therefore, the mentioned contributions appearing in the 331S may
give large deviation from the SM prediction.

Table 1. Triple couplings of photon in the unitary gauge, a = 1,2,3 and ¢ = 1,2 in the first line.

_ Vertex Coupling 3318
Arfifiifi = equg, dg, Jon )3 ieQsyy, 0 =_1g 145
d '3’ 3" 3’3
AL 0)S°(p.):S; = H* ieQ(P+—p)u Q=1
AV (p IV P (p): v, = WY ieQTy (Do, P+ P-) Q=112
The triple couplings of h with charged gauge and Higgs bosons and fermions are shown in Table 3
where
1
A= = 5520 (Sgu — cgw) + 55 (20255 — ucgdzy) + c§(wAzaSe — 2ucgly), (15)

and A3, = A3 + A4. The notations in this table is the same meaning mentioned for Table 2. We note also
that the non-zero coupling hH~X* are necessary for the appearance of two XHH and HXX diagrams we
discussed above.

Table 2. Triple couplings of Z in the unitary gauge.

Vertex Coupling 3318
YASHi iv, (82, 1P + 826,,rPr) {826, 826}
ZrEt {92zte1, 9zeer} i{l_ESZ _352}
cplz 37" 37
my 4 4
ASM P {gZ]a]aL‘gZ]alaR} i{gsﬁ/,gsa/}
2¥]3s {92131 9215150} i{—Esﬁ,,—Esﬁ,}
cy U 3 3
Zusl(l(p+)S]_Q(p_) igZSi]‘ (p+ - p—)u gZSi]'
ZFHYH™ 9zutu- i{sé + 252}
Cw
7rvR's 7, zhv s 182v,5;9uv 192v;5, v 8zvis;
ZHXTVX~ Izx+u- g—zuc
2cy 0
Z¢ (pO)ViQV (er)l/}_Q/1 (p) —igzv, Lwa(Po, P+, D-) 9zv;;
ZH ()W (p )W~ (p_) Izwrw= 9w
ZH(pe) XY (p )X (p2) 9zx*tx- _ g1+ 2sf)
2cy
Z*(po)Y T (p )Y " (p2) Gzytty—- g(1 — 4sfy)
2cy
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2.2. Analytical formulas for significant strength for the decay h = Zy
The partial decay widths for h —» Zy, yy are determined generally from the following formulas
[12]-[15]

3 2\3
P(h— Zy) = T x (1= 22) [P+ IFs P,

m
mi 2
F(h*VV)=E><|Fyy| > (16)

where F,4, Fs, and F,, are loop contributions. In the framework of the 331S model, the one-loop contributions to
the decay h — yy are listed [1]. In our notations, the analytic formulas are

331S
Fosts = X, Fanle + Fovite + Yo-wxy Frpm - (17)

where f = ey, Uy, dg, J4, one-loop factors [16]

331S _ e2QfN,
R znz_(mfyhffL)[4x2 + Gol,

2
p331s, _ € AputH-

YrHY T T a2 2>
3315 _ €*Qfgn mg

Xy = Cyp + Cop + Cy,and Cy 4 = Co;4;(0,0,mf; mZ, mZ, m2) are Passarino-Veltman functions [17] with x =
f,s,v corresponding to the contribution from fermions, charged Higgs bosons and gauge bosons.

Table 3. Triple couplings of h in the unitary gauge.

Vertex Coupling 3318
hiifi —i (YhfijLPL — YhfinPR) {YhfijL’ Yhfin}
htt Yoo, Y, m;  m;
Mheers Yaeerd {7%‘?(;5}
WaJaya =123 Vaasarr Yasasar} {— Ma g, Mag }
o 5 5
hSiQSj_Q _Mhsij Ahsii
hH*H~ Apgty- Apgty-
h(po)Si_Q(p_)lGQ” ignsw;(Po = P-Du Insv;
- +
hH=(p_)X** InH-x+ %(CeC{ + Sgsf)
hVi_QuVj_QV ighVijguv ghVi]'
AW —FW+Y Ihw+w- g*u
2«
hX~RX*Y Inxtx- g
? (’U.Cf — (1)55)
hY THY TtV Ihy++ty—- gz
- 7(1)55

All couplings of h appearing in Eq. (18) are shown in Table 3. Based on LoopTools package [18],
particular forms given in Eq. (18) will be used for evaluating numerical values related to uz, and p,,,.
The one-loop contributions from the SM particles are consistent with the SM results in the limit of sz =
sg = 0.

Based on the general given in results [6], the analytical formulas of one-loop contributions to decay
amplitudes h — Zy are derived as follows
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331S _ 3318 331S 3315 331S 3318 3315 _
FEY =Y B P + Fyipe + Yomwxy Foiwe + Farxn+n+ + Foppexy and F&3% = 0. (19)
Analytic formulas of one-loop functions are:

F331S — leNf

(16K prxa +4Co),

2L, — 16772
F331S _ 2edpp+y—*X2
21L,HY — 4?2 >

3315 _ 2eQvgnyvdzvv [(8 + (2m12/+m?1)(2mt2/—m§)) X, + 2(4"1{2/—"1%)(30]
= 4 2 )

F.
21y 16m2 my mg

2 2
331S _ 29py-x+t9zxtH- “My+ My
FZl,XH+H+ - 1672 2 1 + m}( xz + 4‘x0 P’

2 2
331S _ 2e9uy-x+9zx+H~ “My+ My
F21,H+XX = ez 2(1+ mZ Xy —4x3|, (20)

where Kj pp = 9zrriYnrrr + 9zrrrYnprr » mew functions  x; = Cip + Gy + G and Gy =
Coj(m%,0,mf; m%, m2,m2) with x = f, H,V containing one type of virtual particle in the loop. For the
two functions F;E}(H+H+ and F;f},ﬂxx consisting of xo = Cy + C; + C,, and x3 = C; + C,, LoopTools
notations are
Coij = Coyj(m%,0,m%; mg, my+,mp+) and Co;; = Coij(mg, 0,mé; mpy+, ms2, m32),
F3318

respectively. We note that F2313 )15# y+ and F,;7 5 were not included in previous discussions [3]. They

are also neglected in many beyond the SM cases including the 3-3-1 models [19]-[22]. All Z and
h couplings appearing in Eq. (20) were collected in two Tables 2 and 3.

The signal strengths related to the dominant Higgs production channel at LHC, named as the ggH
fusion gg — h ,corresponding to the two above decay channels are:

2p..33 2p..3315
M3315 _ CgBr (h-2Zzy) 3315 _ CgBr (h=vy) (21)
Zy T BrSM(n-zy) 'YYY T BrSM(noyy)

where BrSM(h — Zy,yy) is the decay rates of the SM-like Higgs boson decay h — Zy in the SM
framework. In the next section, the above analytic formulas will be used to investigate numerically to
discussion the signals of decays h — Zy, yy under recent experimental searches.

3. Numerical discussions

In this investigation, numerical values of well-known parameters fixed by experiments will be taken
[23]. We will choose the following scanning range for free parameters:

w € [3.6TeV,5TeV]; 15,1, €0.01,8]; |A5] < Ay,
my, =my,m;, €[0.5TeV,2TeV]. (22)
Other dependent parameters like &, 6, and A; will be determined from Egs. (12), and (14),

respectively. The h(WW and hZZ couplings must be consistent with the experiments; hence we will use
the constraint |Sf| <0.1.

To express the differences from the SM, we define a quantity Auy, as[16]
Mz = (U3 — 1) x 100%, (23)
which is constrained by recent experiments Apz, = 1.2 £ 0.7 [3], [4], implying the 10 deviation is

50% < Au%f,ls < 190%. The 10 constraint from h — yy decay originating from ggF fusion is defined
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as A3 = (u33'S — 1) X 100%, leading to the following respective 1o deviation: —15% < Apt® <

13% corresponding to the experimental constraint Aw,, = 0.99 £ 0.14. [5]. The numerical results we

discuss in the following will always satisfy this constraint. The correlation between two signal strengths

are shown in Figure. 1. The ranges predicted by the 331S are 0 < Au;}f}ls <11.3%and 0 < Augf}ls <

15.5%.

D3y S1%]

3318

Figure 1. Correlations between Apiz,

and Auf,f,ls .

DSl o B S(%] ¢ A SO[%]

. ﬂ3315 H3315 ﬂ331$ .
Figure 2. Apy, A, and Apz,  as functions of w.

The two signal strengths depend strongly on the SU(3), scale w, as illustrated in Figure 2. We also

331S .
F217H+XX to estimate

331S
introduce a new quantity as Au;yo without contributions from F2313 )1(‘5# y+ and
331S 3318
qualitatively the contributions of A[lely . It is clearly shown that A[lely < 6.7, which is significantly

3318
smaller than max|Au§y | = 15.5%. Therefore, we conclude that the FSV contributions are important in

the total amplitude of h — Zy. Finally, the correlation between important parameters and Aptz,, are shown

in Figure 3. We can see that A,u%f}ls depends strongly on A4,Sg, and sg. Namely, large value of
Auz3™ requires large values of 1, = 8,55 = 0.068 , and s; = 0.034. Therefore, the future results from
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experiments for the signal strength uz, will provide interesting information for constraining the
parameters of the 331S model.

D3 S1%] A3 S1%]

©) ° s X S¢

D ST

Figure 3. Important parameters in the 331S model as functions of Auz3'®. a) Masses of heavy particles predicted

by the 331S model as functions of Auz3'%. b) Triple Higgs self couplings as functions of Au33'*. ¢) Sine of mixing

parameters ¢ and 6 as functions of Augf,ls .

4. Conclusions

We have established the analytic formulas for one-loop contributions to the decay amplitudes h —
Zy,yy in the 331S framework, employing the notations of PV-functions and LoopTools for numerical
investigation. Notably, we showed that the contributions from two diagrams HXX and XHH, which
consist of both Higgs and gauge boson propagators in the Feynman diagrams, strongly affect the A,u%f, ,
therefore, they must not be neglected in theoretical calculations. The numerical results showed that the
maximal values that the 331S model predicts for the two decay channels h — Zy,yy are Ay, =~ 11.3%
and Auz, = 15.5%. These results are consistent with the SM predictions. In addition, Ayz,, is smaller
than 1o range given by the recent experimental result. Finally, we emphasize that the future study this
decay channel may give interesting constraints on the parameters of the 331S model.
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