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Abstract: We study the SM-like Higgs boson decays & — MZ in the triplet extended NMSSM (TNMSSM), where
M is a vector meson (p,w,¢,J/,Y). Compared to the minimal supersymmetric standard model (MSSM), the

TNMSSM includes two new SU(2) triplets with hypercharge =1 and an SM gauge singlet, which are coupled to

each other. The indirect contributions to the # — MZ decays are produced from the effective hyZ vertex, and they

are more important than the direct contributions. The results of this work could encourage a detection on & — Zy at

the future high energy colliders for exploring new physics beyond the SM.
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I. INTRODUCTION

Since the Higgs was discovered by the ATLAS and
CMS collaborations in 2012 [1, 2], many questions re-
garding its properties remain unanswered. According to
the latest experimental data, the measured mass of the
Higgs boson is [3]

my, =125.25+0.17 GeV.

As a new elementary particle, /4 is largely consistent with
the neutral Higgs boson predicted by the standard model
(SM). However many questions have been raised that
challenge the SM framework.

Weak scale supersymmetry (SUSY) is a promising
extension of the SM. It naturally explains why the elec-
troweak (EW) symmetry breaking scale is much smaller
than the Planck scale and solves the gauge hierarchy
problem [4, 5]. However, the minimum supersymmetric
SM (MSSM) cannot fully solve the hierarchy problem.
Moreover, it has another problem named "the i problem".
Hence, extensions of the MSSM have been proposed to
solve these problems. For example, an extension of the
MSSM by adding a (SM) gauge singlet that is coupled to
Higgs doublets (the NMSSM) has been proposed to solve
the 4 problem.

Unfortunately, the NMSSM with all the couplings be-
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ing perturbative up to the GUT scale also does not really
solve the little hierarchy problem [6—9]. If the little hier-
archy problem is taken seriously, then one should con-
sider another source of Higgs quadruple coupling, which
will not decouple in the large tang limit [10]. The model
that extends the MSSM by adding SU(2) triplets, the
triplet extended NMSSM (TMSSM) [11-13], possesses
such a Higgs quartic coupling naturally.

The combined advantages of NMSSM and TNMSSM
can solve each other's problems [10]. In the TNMSSM,
the singlet interactions do not play any important role in
raising the physical Higgs mass: one relies on triplets in-
stead of achieving this goal, and hence, one does not face
the usual little hierarchy problems of the NMSSM.

This work study the 125 GeV SM-like Higgs boson
decay h — MZ in the framework of TNMSSM, with M
representing the mesons p, w, ¢, J/¥, and Y. The h—
MZ decay has been shown in [14—20] via the effective
vertex hZy* and subsequent transition to y* — M. No hZy
coupling exists at tree level, but it can be contributed by
the loop diagram [14]. The first evidence for the 4 — yZ
process was presented by the ATLAS and CMS collabor-
ations. The obseved signal strength at the 68% confid-
ence level is pu=2.2*9 for the ATLAS analysis, u=
24719 for the CMS analysis, and u=2.2+0.7 for their
combination [21]. The h — yZ process has been ob-
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served, and the results are shifted from the SM. This pre-
supposes the existence of a new physics, whose contribu-
tion to the process may be able to explain the deviations
between the observed decays and SM predictions, and
thus the associated decay process deserves to be investig-
ated. This coupling is important for probing a new phys-
ics. In the TNMSSM, additional coupling exists of the
Higgs boson to additional charged scalars and charged
fermions. They contribute to the hZy coupling through
loop diagrams.

This paper is organized as follows. We briefly present
the main ingredients of the TNMSSM in Sec. II. We
present the Higgs boson decay h — Zy and h —» MZ for-
mulas in Sec. III. We show the input parameters and nu-
merical results in Sec. I'V. In the last section, we present
the discussion and conclusion. Finally, some related for-
mulas are included in the Appendix.

II. THE TRIPLET EXTENDED NMSSM
(TNMSSM)

Compared to the MSSM. the TNMSSM includes two

1
— Lo = E

new SU(2), triplet superfields 7, T with hypercharge +1
and an SM gauge singlet superfield §, which are coupled
to each other.

The superpotential of the TNMSSM can be written as
follows:

W= —Ydqud—YelHd+)( I:I TI:I‘['F/lFIuI:IdS‘\ XFI fﬁ

1 N
+ 3KS +ArSTT +Y,04H, .

Here, the triplet superfields with hypercharge Y = £1 are
defined as

T+/\/§ _TH+
T=T'0"=

e
o TN =T
T:Ta'“—< - —T/«/E)

The soft SUSY breaking terms are as follows:

(Ml/ll/ll + Mz/lz/lz + M3/13/l3 + hc) + milu|Hu|2 + mfid|Hd|2 + mszr(TﬁT) + m%Tr(TIT) + mg |S |2 + I’I’lelQ|2

. N _ T,
+maliigl* +m3ldg* + m3|IP + mp\eg? + (Tartr(TT)S + TyqHy - THy+ Ty H, - TH, + ?S +T,H,-H;S

+T,Hy Od" —T,H,-Ou* + T,Hy-Le" +h.c.),

where the respective definitions of the products between
the two SU(2); doublets and between the SU(_2);
doublets and SU(2),, triplet are given as follows:

H,-H;=H H;H’HY,
H,-TH,= V2H H'T~(H°*T° — (H})*T",
H, -TH, = N2HSH,T* - (H)*T® — (H; ’T*".

Once the electroweak symmetry is spontaneously
broken, the neutral scalar fields can be defined as

Vu +¢u +i0—u Vd +¢d +i0—a’
(H)y = ——"=——=, (Hyy = —=—=,
V2 ‘ V2
VT+¢T+iO'T =0 ‘_)T+¢'f‘+i0—7"
(T = ——F——. T)y=—""F7—,
V2 V2
Vs + P +io
(§y= B0
V2
1 2 2
My, wye = EV;W

(1

We define the ratio v, to v, as tan3 = %, and the ratio vy
to v7 as tanf’ = :l ‘

Because we introduce a single state and two triplet
states, we have five minimization equations, including the
usual upper and lower Higgs. In general, the vacuum ex-
pectation value of the triplet states must be small to avoid
large p-parameter corrections [10].

In the basis (H;,H;*,T-,T**) and (H;",H,T~*,T"),
the definition of the mass squared matrix for a charged
Higgs is given by

* * *

mH H’»* mH+,* o m,f, H* mTh* H*

d>7d ] a Ha

. = My my My gy m;‘:H;; Mise s
My fos  Myreg-c MF-Foe My,

My, T+ Mgt My-7+ Mg+

@)

where

Lres oy 2 2,2 2 2 2, .2, .2 22 2
3 [gl(ZVT =2vp =V, +vy) + g5(=2v5 +2v; +vd+vu)] +v;lxal +my,,
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1 1
Myt = > [/l(—vdvu/l* +V2K = vrvp L) + \/EvsT,J + Zg%vdvu,

2

1 1
iz = VAP + 2 [(81+ 82V = (~g3 + 8D 2v; =27 +v] + Vil

my- 7-.
Hy T~

2 2
| +mH“9

1 1 ) .
= Tﬁgévd"f - %Vs(VdXdAT +vidx;),

1 1 *
mHI‘*T‘* = ﬁg%vau + %(_2VTVL¢XI + vdvs/l)X[ - VMTX,[*7

1 1
Mf-f-r = Ev3|AT|2 + 1 [2g§v27 + (g%ZvZT - 2v% - vi + vf,)] + vi[)(,l2 + mzf,

1

1
M-+ = ——=g3VaVr + —=
KR IV, Lo A/
1

VviXad* =va(V2vrlyal? + Ty,

1
2 * *
Myrege = ——=g5VV, — —=V(ATv, X +Vaxad),
Hy*T 2\/§gzd \/E(TXr aXad’)

1 1 * k *
M-+ = Eg%vTvT + = [AT(—vdvu/l +VI = vrvpAG) + \/EVXTAT] ,

2

1 1
Mrsors = EVS|AT|2 2 [2g3v7 +81(=2v7 +2v7 = vi +v)| +vilxal* +m7.

This matrix is diagonalized by Z*:
Ztmy ZW = mg,
with

H; =Y ZiH;, Hj=Y ZLH],
J J

T™ =Y ZyH;, T =Y Z,H;.
J J

The mass of the SM-like Higgs boson in the
TNMSSM can be written as

my = /(m)) > +Amj 3)
0

where mj, is the lightest tree-level Higgs boson mass, and
Am; is the radiative correction. The two-loop leading-log
radiative corrections can be given as

4 B 1. 1 2
Am? = 3y Kz‘+ fX,) + <3m’ —327ra3)

"™ 422 2 1672 \ 212
x(PX) .
4
M? . 2A? A?
F=log —, X:—’(l— ! > 5
%8 2 T T e 5

where «@; is the running strong coupling constant. M =

[
\mimz,, where mj,, are the stop masses. A, =A,—pcotB,
with A, =T, 33/Y,33.

III. ANALYTICAL FORMULA

In this section, we discuss the Higgs boson decay pro-
cesses h— Zy and h— MZ. The dominating Feynman
diagrams for h — MZ are shown in Fig. 1. The first two
diagrams in Fig. 1 are the direct contributions, and the
last two diagrams represent the indirect contributions. For
the indirect contribution, there is a process h — Zy* —
MZ, where y* is off-shell and changes into the final state
meson.

There is no contribution to hZy coupling at the tree
level in the TNMMSM, but it can be created by loop dia-
grams. The h — Zy* process can be used to probe for a
new physics. Thus, we will focus on discussing & — Zy*.
In the TNMSSM, the non-standard #%yZ vertex should be
taken into account. The effective Lagrangian for hyZ is
written as

Loy =

4nv

2C 2C ~
[07 < vZ hFﬂyZHV _ vZ hFHVZyV> , (6)
SwCw

SwCw
with sy = sinfy,cwy = cosfy. The decay width of h — Zy
deduced by the effective Lagrangian defined in Eq. (6) is

acm’ m2 } -
T(h— Zy) = e <1—§> (Cy2* +1Cyz). (7)

3,242
32m3vt sy o my,

The loop diagrams make additional contributions to
h— MZ decays in the new physics. The decay width of
h — MZ is given by

093101-3



Huai-Cong Hu, Zhao-Yang Zhang, Ning-Yu Zhu et al.

Chin. Phys. C 48, 093101 (2024)

$2

Fig. 1.
the one loop diagrams.

I'(h—> MZ)= /1'/2(1 rzrn) (1 =17 —ry)?
8r T, ~
MZ|? M’z MZ MZ
|17 m(m R @
. 2 my my
with ACey.0)=(x-y=2' ~dyerz =15 . =5, and

my is the mass of a vector meson. F"l‘gz and F¥* hrepres—
ent the CP-even longitudinal and transverse form factors,
respectively. FZ represents the CP-odd transverse form
factors. For the vector mesons considered in this work,
the mass ratio ry, is very small, but it can make signific-
ant contributions to the transverse polarization states. To
obtain better results, we maintain it in our study.

In Eq. (8), F|"#,FY%, and F}* could be divided into
direct and 1nd1rect parts. The indirect contributions are as
follows:

MZ _ a’s(mM)
Fllmdlrect rM/rZ ZfM Vq
> 9
l_rz_rMZfMQq ©)
s(mM)
Fﬁidlrect = 1— rM/rZ ZfM vq +CyZ 4
1 —rz—ry q
X— > Qs (10)
q
~ a(my) A'*(1,rz,ry)
Fﬁidlrect = C’/Z 47TM rMZ = Zf/g’ QQ’ (11)
q
where v, = = —Q,sin* 0y represents the vector coup-

lings of the Z boson to the quark q. «; is the ratio of the
coupling of the SM-like Higgs boson to Z boson to the
corresponding SM value. «; is the strong coupling con-
stant. The flavor-specific decay constants f, are defined

by

(M(k,©)lgy*ql0) = —ifymue™, q=u.d,s... (12)

Z v
- —— ho——— -
Z Z

Diagrams contributing to the decay » — MZ. The crossed circle in the last graph represents the effective vertex » — Zy* from

The calculations can be simplified by the following rela-
tionship:

ZfzngquMQM, Zf/\{flvq:fMVM- (13)

The vector meson decay constants fy;, Oy, vy are listed in
Table 1.

The concrete forms of C,, and C,; in Egs. (9)—(11)
can be written as [16, 17, 22]

Cyz=C'+Cly, Cz=C+ .
2N.Q,v.
Y= 3 —1 L A(1,,72)

q

2
+ Z Q3l l Ap(ty,1r7) —

1

C' =Y RN.Qv Br(tyor2)+ > KQiBy(Ti,r7),  (14)
!

q

*Aw (tw,72),

2

4m; .
where 7; = e Viare the vector couplings of the Z bo-

son to the 1épt0ns and Q, represents the charge of
leptons. C5)' and C5)' represent the SM contributions to
h— Zy. k, and &, represent the effective Higgs couplings
to the quarks and leptons, respectively. A;, B;, and A}y
are loop functions that can be found in Refs. [18, 23]. The
numerical values of C5)' and C5)' are taken as
CSY ~ ~2.395+0.001i, CS' ~ 0 in Ref. [16].

In the TNMSSM, the one loop diagrams contributing
to h — yZ are shown in Fig. 2, where F' represents the
charged Fermions and S represents the charged scalars.
The new contributions to C,; originate from the ex-
changed particles: charginos, sleptons, squarks, and
charged Higgs. B

The CP-odd coupling C,z is 0 in the SM. In the
TNMSSM, the hyZ coupling can be written as
F1i(A+ By>)F,h, where 4 is the CP-even part and B is the
CP-odd part [16, 17]. For the interaction F,i(C*Pg+

CLP,)Fh with P = —2°

and Pr = 7

1
part is A=§(CL+CR) and the CP-odd part is B=
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Table 1. Mesons decay constants fir, Qu, v used in the numerical analysis, where f;; and f{:" represent the transverse decay con-
stants and flavor-specific transverse decay constants, respectively.

Vector meson 3} P @ Jly Y
mp/GeV 0.782 0.77 1.02 3.097 9.46
fm/GeV 0.194 0.216 0.223 0.403 0.684

2 . .
sin” Oy L1 ., 1 sin®6 2sin%6 1 sin?6
vu — — (= —sin“Oy) _2 A ow 1_ w _- w
3V2 V22 HE T3 B
0 ! il 1 2 !
. 32 V2 3 3 3
Fil fu = £ 118 0.71 0.72 0.76 091 1.09
z NVAVAVAVAVE:
7
h h . o
- - F - - - = + S
N
A
2% N ~
, AVAVAVAVAVL
Fig. 2. One loop diagrams for h — yZ in the TNMSSM, with F = y*,y** denoting the charged fermions and S =iif,d;,S%,S* denot-

ing the squarks and charged scalars.

1 v v
—(CR-Ct g-=———CkR | g = ———CLR,
2( ). In the TNMSSM, 8ns+s ) hS+S 8hs++s T nS++S
_ YV LR 1
Cis+s- = Chsrs—» Chsrrg- = Chgurg- C, = Cllfff’ Enff = 2m2 Chff’ g”X X* ChX “xF
L R R

Ch)( X Ch)( X Ch)(”/\( Ch)(**,\/’ gZ)( % Cé;e)(,,, g;Llei1X;+ = ChXti FF
and only C, . #C%.  or CL.. . #C5.. . However, 8o o = Cérw**
Chy+Ch - >CE —CLi -, CZ(** +Czwx

R L

Corn CZX**X Thus, we can neglect the CP-odd coup- As discussed in Ref. [25], the QCD corrections to the

ling C)7 in the TNMSSM. The expression of CP-even
coupling C77 in the TNMSSM is

process h — Zy are approximately 0.1%, which indicates
that the QCD corrections can be neglected safely. In oth-
er words, we can safely neglect the QCD corrections be-
=5 2 _ o (M2 I s Aes cause they are very small.
Cz = 2 [%;(ZCW 1) gas-s-Gmzfms= Aol xse, s Compared to the indirect contributions, the direct
contributions are very different, and they can be calcu-
lated in a power series (m,/my)* or (Aqcp/my)*. For the
transversely polarized vector meson, the leading-twist
projections provide direct contributions. We can obtain
the direct contributions by the asymptotic function

+ Z (an/ - 1) g;,5++5-(m§/m§ﬁ)A0[xsn,/lsﬂ]

E=3

+ ) NQbrgni(ml [ mD)Aolx7, 4]
7

+ Z g/r:l)(i)(ig%)(i)(j' (2mw/m)(i )A1/2 [x)(i . A)(t] ¢i1 = 6'x(1 - .X) [26_28]

x*imn=L,R
3m, 1=r2+2r;Inry,

Xﬁ; . Rgh)(wxwgz/\/w)(ﬂ (sz/mXﬂ )A1/2 ['x)(*i’ /l)(ri]] FJA_/IlereC[ Zq: fff\/qkq 2m; (Zl — rZ)2 N (1 6)

(15)
3m, 1=r2+2rzInr
N FMZ = K 1 z iy 17
where x; = 4m?/m;, A; = 4m?/m3, V5 = (T{cos*0;,— Qys2)/ Ldirect Zf Va 42 (1=ry)2 (17)

¢y, and Pp = (T{ sin® 0 —Qps2)/cy. p; and D, represent
up and down-quark sectors. T is the weak isospin of fer-
mion f; 6; is the mixing angle of sfermions £ ,. The func-
tions Ag, A, can be found in [23, 24]. The concrete ex-
pressions of couplings are as follows:

In the calculations, it is found that the direct contribu-
tion is much smaller than the indirect contribution. This
indicates that the indirect contributions are more import-
ant than the direct contributions. The contributions for the
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decay width of h— MZ in the SM are presented in
Table 2.

Normalized to the SM expectation, the signal
strengths for the Higgs decay channels can be quantified
as

9gF one(ggF)Bryp(h — MZ)
Hymz = , (18)
osm(ggF)Brsw(h — MZ)
cor _ One(88F)Brap(h — yy) (19)

7 osm(ggF)Brsw(h — yy)’

where ggF stands for gluon-gluon fusion. The Higgs pro-
duction cross sections can be written as

onp(ggl) ~ Inp(h — gg)
osm(ggl) Tsm(h— gg)'

(20)

Through Egs. (18)—(20), the signal strengths for
h — MZ and h — yy can be quantified as

luggF ~ Inp(h — g@)lnp(h — MZ)/F}KJP
M2 Tsu(h — gg)lsm(h — MZ)/Ty
_ er(/’l - gg)er(l’l - MZ)FgM

= , 21
Csm(h — gg)lsm(h = MZ)TY, @h
cor . Tne(h = g2)lne(h = y) /T
7 Tsm(h — ge)lsm(h — yy) /Ty
_ Tp(h > g9)np(h — yy)Tly 22)

B Fsm(h — gg)lsm(h — VV)F}KIP ’

where I, and T%,, denote the total decay widths in the
NP model and SM, respectively.

IV. NUMERICAL ANALYSIS

In this section, we discuss the numerical results of the
Higgs boson decays & — MZ in the TNMSSM. The res-
ults are constrained by the SM-like Higgs boson mass in
the TNMSSM with 124.74 GeV <my, < 125.76 GeV,
where a 30~ experimental error is considered. For the SM
parameters, we take my = 80.385 GeV, mz =91.1876 GeV,
m, =2.16 MeV, my; =4.67 MeV, m; =93.4 MeV, m. =1.27
GeV, m,=4.18GeV, and m,=172.69GeV. For the
squark sector, we take mg = m; = mg = diag(My, My, My)

Table 2.

and T, , =Y, diag(Ag,Ap,A;) for simplicity. According to
the latest experimental data [3], we take M, =2 TeV and
Ap=15TeV, and for the slepton sector, we take
my=m, =2TeV, T, = Y,diag(A,,A,,A,), and A, = 1.5 TeV.
Then, we take u=1TeV, tanf =8, tanf = 10, 1 =0.95,
k=09, x, =04, Tp, = 1.5TeV, T, =700 GeV, T, = —700
GeV, and /v}+72=2GeV. We employ the following
parameters as variable parameters in the numerical ana-
lysis:

M2’ AT9 Xd>» At? T, T/\Q['

X2

In our next numerical analysis, the lightest chargino is
always of more than 800 GeV, and the masses of sleptons
and squarks are all of more than 1900 GeV.

A. h—yy,h— VV*, and h — Zy in the TNMSSM

In this subsection, we calculate the signal strengths
for the h— yy, h— VV*, and h — Zyprocesses. Some
relevant formulas of 4 — yy and & — VV* can be found in
[23, 24]. First, we take the parameters M, = 1500 GeV,
Ar=0.8, A, =1500GeV, and T,, =—-800GeV. The sig-
nal strength of h — yy varying with y, is depicted in Fig.
3(a) for T,,=-800GeV (solid line), T, =-900GeV
(dashed line), and T, = —1000 GeV (dot dashed line). The
SM-like Higgs mass should satisfy the 30~ error of experi-
mental constraints, and thus, we let y, vary from 0.5 to 1.
In Fig. 3(a), all the three curves are 1.03 < u$$" < 1.16 and
they behave in a similar manner. These curves tend to de-
crease with the increase in y,. The solid line varies from
1.16 to 1.05, the dashed line varies from 1.15 to 1.045,
and the dot dashed line varies from 1.14 to 1.035. Our
results for the 7 — yy process satisfy the experiment con-
straints [3].

The signal strengths for the processes h — ZZ* and
h— WwW* are very close. Therefore, we take
WS = st = uss for simplicity, and we only show the
signal strength of h— ZZ*. We take the parameters
M, = 1500 GeV, T,,=-800GeV, T, =-800GeV, and
A, =1500GeV, and we display the signal strength of
h — VV* varying with y, in Fig. 3(b) for A7 =0.7 (solid
line), Ar =0.8 (dashed line), and A7y =0.9 (dot dashed
line). In Fig. 3(b), the signal strength of & — VV* de-
creases with the increase in y,. These curves are above
1.073 and below 1.171, and their behaviors are similar.
The experiment constraints [3] are usa? =1.01+0.07,

Contributions for the decay width of # — MZ in the SM, with C5)! ~ -2.43.

P [0}

@ Iy Y

—4 —4
FifZ 0.0423+4.3x1074C)"  ~0.0102+1.3x107*CS)!

MZ SM
Flisy 0.042+1.181Cyz

~0.01+0.343C5)
Yz 0.0037

Ldirect

—-0.00087

—4
-0.0392-2.1x107*C3)!
-0.039-0.327C5)!

0.041+7.5x107*C5)1  ~0.115-6.1x107*C)!

0.04+0.128C3)! -0.12-0.011C5)

-0.00257 —-0.00088 —0.00080
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1.20
115"
851,10
1.05 AR
05 06 07 08 09 10
(@) Xq
1.30
1.25
By
<120
1.15
0.6 0.7

Fig.3. (a) u8" varing with y, for T,, = —800 GeV (solid line), T\,

g8k
Hyy+

0.8
(©) Ar

0.9 1.0

=-900 GeV (dashed line), and 7,, = -1000 GeV (dot dashed line). (b)
varying with y, for A7 =0.7 (solid line), A7 =0.8 (dashed line), and A7 =0.9 (dot dashed line). (c) uiﬁF varying with Ay for

xa = 0.7 (solid line), y, = 0.8 (dashed line), and y, = 0.9 (dot dashed line).

P =1.1940.12. Thus, our calculated result 53 satis-
fies the experimental constraint where the error is 1o,
and 1555, satisfies the experimental constraint where the
error is 20

The new physics contributions to the decay h —» MZ
come from the effective coupling of hZy. Therefore, we
study the process & — Zy in this subsection. In the nu-
merical calculation of the process & — Zy, we take the
parameters M, = 1500 GeV, T,, =-800GeV, T, =-800
GeV, and A, =1500 GeV. In Fig. 3(c), these curves are
close to each other, and they vary from 1.164 to 1.248.
When 0.6 < Ay £0.9, all the lines have a smaller slope,
and when 0.9 < A7 <1, all the lines here have a larger
slope. The result agrees with the observed signal strength
with 1.50.

B. Processes h —» MZ

In this subsection, we will study the processes
h— MZ. The vector meson decay constants for w, p, ¢,
J/¥, and Y can be found in Table 1. The NP contribution
of the process h — MZ comes from the effective coup-
ling hZy. Thus, our calculated results of the 4 — MZ de-
cay for different mesons should be similar.

Now, we study the signal strengths of the process
h— MZ. First, we take the parameters 7,, = —800 GeV,
T, =-800GeV, and A, = 1500 GeV. We depict the sig-
nal strengths of the h — MZ processes in Fig. 4. In Fig. 4,
the solid line is obtained with y,=0.7, Ar=0.9; the
dashed line is obtained with y,=0.8, Ay =0.8; and the
dot dashed line is obtained with y,=0.9, A; =0.7. As

can be observed from Fig. 4, the signal strengths increase
with the increase in M, at 1000 GeV < M, <1100 GeV,
and the signal strengths decrease with the increase in M,
at 1100 GeV < M, <2000 GeV. The signal strengths of the
h — wZ processes are in the 1.18-1.223 region; the sig-
nal strengths of the h— pZ processes are in the
1.183—1.235 region; the signal strengths of the h — ¢Z
processes are in the 1.141-1.172 region; the signal
strengths of the h — JyZ processes are in the 1.147-
1.179 region; and the signal strengths of the & — YZ pro-
cesses are in the 1.108-1.138 region.

The new contributions to the 7 — MZ decay come
from the effective coupling of hyZ. Thus, we can infer
that our results are consistent with the 4 — yZ process.
As can be observed in Fig. 3(¢c), the parameter Ay has ob-
vious influence on the signal strength ,U%F. Thereore, we
should research the signal strengths of the h — MZ pro-
cesses versus Ar. We take the parameters M, = 1500
GeV, T, =-800GeV, T, =-800GeV, and A, =1500
GeV. The Higgs mass should satisfy the 30~ error of the
experimental constraints, and hence, Ay is changed from
0.6 to 1 with y,=0.7,0.8,0.9. The results for signal
strengths of 155, versus Ay are plotted in Fig. 5. The u*%
values are in the 1.133-1.238 region, the ,LlﬁiF values are
in the 1.138-1.249 region, the ,uiiF values are in the
1.109-1.191 region, the 455, values are in the 1.112—
1.198 region, and the 15 values are in the 1.07-1.155
region. It can be observed that the signal strengths of
h— MZ are similar to the signal strength of 7 — Zy. In
Fig. 5, with solid lines, all the curves vary from 1.164 to

093101-7
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Fig. 4. Signal strengths versus M, for y, =0.7, A7 =0.9 (solid line), y; = 0.8, Ar = 0.8 (dashed line), and y, = 0.9, Ar = 0.7 (dot dashed
line).

1.248. When 0.6 <Ay <09, all the lines here have a
smaller slope. When 0.9 < A7 <1, all the lines here have
a larger slope. As can be observed, the signal strengths of
h — MZ decrease as y, increases.

We now study the effect of T, on the signal strengths
of h— MZ. We take the parameters M, = 1500 GeV,
Ar =08, x;=0.7, and T, =-800GeV. The SM-like
Higgs mass should satisfy the 30 error of the experiment-
al constraints, and thus, we let T,, vary from —1000 GeV
to 1000 GeV with A, = 1000, 1200, 1500 GeV. We plot the
signal strengths of the h — MZ processes in Fig. 6. In
Fig. 6, the solid lines are obtained with A, = 1000 GeV,
the dashed lines are obtained with A, = 1200 GeV, and the
dot dashed lines are obtained with A, = 1500 GeV. In Fig.
6, we can see that the signal strengths increase with the
increase in T,, . In Fig. 6(a) and Fig. 6(b), the signal
strengths of the 7 — wZ and h — pZ processes are in the
1.181-1.227 and 1.19-1.237 regions, respectively. In Fig.
6(c) and Fig. 6(d), the signal strengths of the 7 — ¢Z and
h— J/yZ processes are in the 1.138-1.178 and
1.145-1.186 regions, respectively. The meson Y is the

heaviest meson we have studied, and thus, the signal
strength of the 4 — TZ process is obviously lower than
the other results in Fig. 6. The signal strength of the
h — YZ process is in the 1.105-1.142 region. We can see
from Fig. 6 that A, has a great influence on the signal
strengths of 7 — MZ. The signal strengths of 7 — MZ in-
crease as A, increases.

Finally, we study the effect of A, on the signal
strengths of the & — MZprocesses. The coupling of Higgs
and third generation squarks include A,. We take the
parameters M, = 1500 GeV, T,, =-800GeV, and T,, =
—800 GeV. The SM-like Higgs mass should satisfy the
30 error of the experimental constrains, and thus, we let
A, vary from —1000GeV to 1000 GeV with (Ar=0.5,
xa=0.8), (Ar=0.6, x,=0.7), and (Ar=0.7, y,=0.6).
We plot the signal strengths of the 4 — MZ process in
Fig. 7. In Fig. 7, the solid lines are obtained with
Ar=0.5, y,=0.8, the dashed lines are obtained with
Ar =0.6, y,=0.7, and the dot dashed lines are obtained
with A; =0.7, x4 =0.6. In Fig. 7(a) and Fig. 7(b), the sig-
nal strengths of the h —» wZ and h — pZ processes are in
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the 1.165-1.253 and 1.174-1.265 regions, respectively.
The signal strengths of the h — ¢Z and h — J/YZ pro-
cesses are in the 1.125-1.205 and 1.132-1.213 regions.
For the heaviest meson Y we have studied, the signal
strength of 4 — YZ is obviously lower than the other res-
ults in Fig. 7. The lines in Fig. 7(e) are in the 1.095-1.169
region.

V. CONCLUSION

In this work, we study the decays h—yZ and
h— MZ in the TNMSSM, with M = w,p,¢,J/¥, Y. The
h — MZ decay has two types of contributions: direct and
indirect. For the indirect contributions, there is a process
h— Zy* — MZ, where y* is off-shell and changes into the
final state vector meson. No hyZ coupling exists at the
tree level, but it can be contributed by a loop diagram. In
the models beyond the SM, the coupling constant can be
divided into two parts: CP-even coupling constant C,,
and CP-odd coupling constant C,;. The CP-even coup-
ling constant C,; is more important than the CP-odd

0.8 0.9

(e) Ar
Signal strengths versus Ar plotted with a solid line (y, = 0.7), dashed line (v, = 0.8), and dot dashed line (y, = 0.9).

coupling constant C,.
. . F
The experiment results of the signal strengths ps

and p&5 are p5" =1.10+0.07 and 5y = 1.01+0.07. Our

numerical results of the signal strengths p$" and w8 are
in the 1.035-1.16 and 1.073—1.171 regions, which satisfy
the error of lo. Our numerical results of the signal
strength in the 1.164-1.248 region agree with the ob-
served signal strength with 1.5¢. The numerical results
show that the TNMSSM contributions to the 7 — wZ and
h— pZ processes are more significant. The signal
strengths ﬂingpz are approximately 1.13—1.26. The
TNMSSM corrections to the h — ¢Z and h — J/YZ pro-
cesses are 1.11-1.21, and to 4 — YZ they are approxim-
ately 1.07-1.17. The h —» MZ decays may be accessible
at future high energy colliders.

APPENDIX A: FORM FACTORS

The form factors are

093101-9
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Fig. 6. Signal strengths versus 7, plotted for A, = 1000 GeV (solid line), A; = 1200 GeV (dashed line), and A, = 1500 GeV (dot dashed
line).

Ao, ) = 11 (7, ), (A1) arcsin® /¥, x<l
A nl W} W
4 o
Aip(T, ) = Li(t,A) - L(1, ) (A2) 1-+1-1/x
with Vx—'' = Tarcsin VXx, x>1
EX=0 VITxT [ 1+ T=T/x .
I (e ) = T 222 » e 5 ln1 W—m’ , ox<1
1T, )—2(7_/1)+2(T_/1)2[f(7 )= f(A7)] - Vi=1/x
(A6)
2 O O
bl =g, (A3)
APPENDIX B: MASS OF HIGGS AND
L(r,) =~ i F@H=f@a ™l (A4) CHARGINOS
21

Here, f(x) and g(x) are as follows:

In the basis (¢4, d,, P, dr,d7), the definition of mass
squared matrix for neutral Higgs is given by

093101-10



Higgs boson decays ~—MZ in the TNMSSM

Chin. Phys. C 48, 093101 (2024)

1.30 1.30
1.25:3
w 1.20
iy
1.15
1.10 1.10
-1000 -500 0 500 1000 -1000 -500 0 500 1000
(@) A (b) A
1.30 1.30

1.10 1.10
-1000 -500 0 500 1000 -1000 -500 0 500 1000
(c) A (d) A
1.30
1.25
L n1.20
=1
1.150
1.10
-1000 -500 0 500 1000
(e) A
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m m m m m 1( 2442 ! R(T,)
bdPa () (2 () b7 P My, = — & VaVuy — —=Vs
i1ba d | Téd | ) 4 81 +82)Va \/E 1
1
My Moug, Mo, Morg, Moy, + EvTvT%(/lA’}) F Vvl AP = v Ry, AY)
1
My = | Mo, Mo, Moy, Mypo, Moy, (BI) —vorR(rad") - ivf%(’d*)’ (B3)
Myspr  Moupr  Moor Morgr  Myror
1
My,gr  Mygpr  Mygr  Mergr Mg, M, = My, — g(g? +8)(2v; =207 =3V, +1))
1
+ V20 R(T,,) + = (v + VDA
where V2urR(T,,) Z(Vd voldl
—vvr R AL + 7+ 3Dl (B4)
1
Mg,py = m?,d + g(gf +g%)(2v27 - 2v2T + 3v§ - vi)
1
AP =V VAP = —=v, R(T) — vy, R(kA"
+ V2u, R(T,,) + %(vf +12) Mpap = Vavsldl \/jv (T =y Bk
v R(Axy) = vivi R (i Ad") = vavr R(Azxy),
— v R (AL + (3v3 + 22yl (B2) (BS)
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1
my,¢, = VsVu|/l|2 - —=vR(T) —vavs R(AK")

V2
- VTVd‘R(/lX;) - VdVT‘R(/lX;) - VTVu%WtA;)’
(B6)
2 AP, .
m¢s¢s = mS + 2 (VT + VT) - vTVT%(KAT)
1
+ 3v§|/<|2 — Vv R(A) + E(VZ + v§)|/l|2,
+ V20, R(T), (B7)
] 2 2 1 *

My,pr = — E(gl +g2)Vqu + EVMVT%(/U\T)

v R + dvavrlyal + V2v,R(Ty,),

(B3)

1 *

My, ¢r = E(g% + g%)vdVT - vuvx‘R(ATXt)
1
—vavs R(Ax)) + EV‘[VT R(AAT), (B9)
2 l *
My gy = Vsvr|Al” — %VT‘})\(TA) —vr R(kAT)
* 1 *
v, R(Ax5) — Evﬁm;(,AT), (B10)
o Loy s 2 2,2
Myygr = My — 1(81 +8)2vz —6vy —v, +v,)
1

+2vt2,|,yd|2+§(v%+\/%)|/\7-|2, (B11)

1 2 2 1 *
My, 67 = 5(81 +g)vavy + EVTVM%(/IAT)

—vavs R(xaAT) — vy, Ry ), (B12)

1
Moy = = 5 (&1 + v+ Vv R(T,)

1
+5vavr RAAT) = vavs R + vyl

(B13)
2 1 *
My, 4; = VsVIAT]" = $V7‘R(TA) —vvr R(kAT)
1
- 5vf,?%(AT)(;;) v, R(AxD), (B14)

093101-12

2 2
My pp = — (gl +gz)VTvT -

1 1
— v, R(T)) = =V R(kA:
5 RT- READ
1 * 2
+ Evdv,,%(/lAT)+vTvT|AT| ,
(B15)
1
My gy = M3+ (81 + 83)(VG =V, = 2v7 + 6vr)
1
+ E(vf +VE)|AL[ + 2v§|x,|2. (B16)

This matrix is diagonalized by Z!:

H,27Hi _ . dia
Z"mpZ =mj),

0u= D Ziihy: b= Zihy 6:=) Zih,
j J J
j J

In the basis (W-,H;,T°), (W*,H!,T*), the definition
of mass matrix for charginos is given by

1
ﬁgzvd @Vs/l —VaXa (B17)
82Vt —VuXt %ATVS

This matrix is diagonalized by U and V'

* T ,dia
U m;(—V = m)?,

W= =3 U5, Hy=3Upd;, T~ =3 Upd;
J J J

Wr=3"viah, Hf=SV3Ah, Tr=3Vviar
J J J

APPENDIX C: TADPOLE EQUATION AND SOME
CORRESPONDING VERTEXES

The CP-even tree level part of the tadpole are given
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(%/d =+ % (gf + g%)vd (2V2T — 2v§ - vi + vj) + % (VT(( —2Vavexat+ vTv,,/l> A%

- 2vsvu/l)(;’) - va,,/lk* + (2vd (vf + vi)/l +v, (ATvTvT -V (2 (vf)(, + vT)(d> + VSK) ))/l*

+4vd( V2v, R (TM> + m%,d) - 2( \/Evsvu‘R(T,l) + (vd ( - 2(2va + vf,))(d + ATVSVT) + vsvTv,,/l))(Z» (C1)
27‘; =+ % (g% +g§>vu ( — 2R+ 205 v+ vﬁ) + % ((41}3 + 8v27vu) bl +vr ( —2vgv, Ay + ( =2V + vdvf/l)A’}>

+ (Z(Vfi +v§>v”/1+vd (ATvva —vs<2 (vf/\/, +VTXd) +VSK>>>/1*
+vu( —2Arvevry; +4< ﬁvfﬁ%(TX,) +m§))
+vd<—2\/§v5%<n> +/1(—2VSVTX:—V§K*))> (C2)

::7}/ = % (( — vf,vi)(d + v (ZAT (v% + vzf) — ZVTVTK) - vrvi)(,)A’} + ( —2vgvrv, A — ATVE,VT))(;
+ ( =2V Vv, A — ATvTvi))(f + ( —2Vvv, A+ 4V§K) K+ vy ( —2ArvrviK' + 4m§ )

+ 2( —VaVu (VT,\/, + VK + vT)(d) + vy (V(Z, + vi)/l) A"

+ \/E( —ZVqu‘R(TO —ZVTVT‘K(TAT) +17 (T; + TK))> (C3)
27‘; =+ % (g% + g%)vT ( - 2v2T + 2va - vj + vi) + % <4m§vT + (ZATvT (vf + v%) + ViV, A — vy <VSVTK+ vi)(,))/\’}

+ AT( —V2vpKt - vsvi)(;‘) +vy (2 (4vdvT)(d - vsvu/l))(; +v, ( —2vxa+ ATVT>/1*)

—Z\EVSVT%(TAT) +2\/§v§?%(T“)) (C4)
% =+ % (g% + g%)vi <2V2T -2Wi-v2+ vf,) + % <4vT <2v3|,(,|2 + m%)

+ (ZAT (v% + v%)vT + VvV, A — Vv (vf,/\/d + VSVTK) )A“} - AvavTK* + Vv, < —2vx:+ ATvT) A*

+ vs( - 2< V2v R (TAT) + vdvu/l)d“) - Arvf,/\/:,) + \/Evi (T)(,t* + TX,)> (C5)

Then, we can identify the mj, , mj, , m3, m7, and m}. by the minimum conditions of the scalar potential.

Here, we show some corresponding vertexes in this model. Their concrete forms are shown as

—_

ngm =5 (—2g15inOy U Us +2g2cos Oy Uy Uy +(—g1 sinfy + g2 c0s 0y) U, Uy ) (Co)
1 . * * . *

ngm =5 (—2g1sinOy V35 Via +2g,c08 0y Vi, Vi + (=g1 sin Oy + g2 cos )V, Via) (C7)

CZ(HX, = Cl’fx**x’ = (— g1sinfy + g, cos QW) (C¥)
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2

1 * * * * * * *
Chicy: = =5 (92U QVAZl+ V2VAZ) + Uiy (=2xaViZit + N2g: Vi Zi + N2V4Z[)

+ Uy (=20 VhZfh + 282V 2 + V2Ar Vi Z[)] (C9)
1 o *
kax;x; =73 [82Un(2VpZE + \/EVJQZZ) +Un(=2¥5ViZi + \/EngﬂZ,g + V224 VinZit)
+ Un(=2x;VZlh + 28V Zik + V2N VR Z0h)] (C10)
L 1 H
Chro- = @ATZB (C11)
R 1 * 7H
CthHX— = @ATZICS (Clz)

As the coupling between Higgs particles and charged scalar particles is very complicated, we calculate it by com-
puter.

1 a Lo b 1. 1
Vicatae = W, W't 5 Z g [H, %Hu +Hy = Ha+ THT ' o“T) + Tr(T'o"T)) g} {EH;HM - 5H;Hd +T'T

2

e e 1o 2 1~ - . e
-T'T + 6Q‘Q— 3 L— ga;aﬁ gdl’;dk+é;éR+Tr(T‘T)—Tr(T‘T)} + Veott
ow . )
where W; = 90, The coefficient C is as follows:
63 Vscalar
Chpis; = 7 — (23)
Ko ahk6¢16¢J <H2'u>:%,<S>:%,<T>:%,<T>:%,<theotherﬁelds>:0

where ¢; represents the scalar field: H*, H**, ii,, iig, d;, dg, €., and &.
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