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Two decay channels 7 — yy, Zy of the Standard Model-like Higgs in a left-right symmetry
model are investigated using recent experimental data. We show that there exist one-loop
contributions that affect the 7 — Zy amplitude, but not the 7 — yy amplitude. From
numerical investigations, we show that the signal strength pz, of the decay i — Zy is
still constrained strictly by that of # — yy, namely |Au,,| < 38% results in maximum
[Apzy| < 46%. On the other hand, the future experimental sensitivity [Apu,, | = 4% still
allows |A iz, | to reach values larger than the expected sensitivity of |Auz, | = 23%.
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1. Introduction

The Standard Model-like (SM-like) Higgs decay &7 — Zy is one of the most important chan-
nels being researched experimentally [1]. Meanwhile, the experimental evidence of this loop-
induced decay relating to the effective coupling 27y has been reported by ATLAS and CMS
recently [2,3], in agreement with the SM prediction within 1.9 standard deviations. Experimen-
tal data show that the effective coupling sy y derived from & — yy decay rates is constrained
very strictly [4]. In contrast, the effective coupling 2Zy in many models beyond the SM (BSM)
might differ considerably from the SM prediction, because the Z couplings to new particles are
less strict than those of the photon. Hence, studying the effective #Zy couplings will be an indi-
rect channel to determine the properties of new particles. Controlled by the strict experimental
constraint of the decay 4 — yy, constraints of the SM-like Higgs decay 7 — Zy affected by
new fermions and charged scalars were studied in several BSMs such as 3-3-1 models [5,6],
only Higgs extended SM versions [7-10], U(1) gauge extensions from the SM [11,12], super-
symmetric models [13—-15], chiral extension of the SM [16], etc. Previous studies of # — Zy in
left-right symmetric models ignored one-loop contributions relating to the diagrams consisting
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Table 1. Baryon and lepton numbers of fermions in the

MLRSM.
f e’ /’Ls f, Ue, v[ta vl’ u: Ca ta N
L 1 0
B 0 !
3

of both virtual Higgs and gauge particles in the loops [17,18], where the ~-Higgs—gauge boson
couplings were assumed to be suppressed.

The experimental results have been updated for the loop-induced Higgs decays 7 — yy
[19-21] and & — Zy [22]. In the future of this project, the significant strength of the decay
h — Zy, denoted as uz,, can reach Auz, = uz, — 1 = £0.23, whereas that of the channel
h — yy can reach around Ap,, = p,, — 1 = £0.04, as determined from two CMS and AT-
LAS experiments [23]. In addition, the ATLAS expected significance at the High-Luminosity
Large Hadron Collider (HL-LHC) for the 4 — Zy channel will be 4.90 with 3000 fb~!,
Also, the Circular Electron Positron Collider (CEPC) [24] can reach a sensitivity of puz, =
1 +£0.22 [25].

One interesting extension of the BSM models is an extension of the lepton sector. Namely,
the minimal left-right symmetry model (MLRSM) is constructed based on the parity symmetry
SUR).RSUR)rQU(1)p _ 1 [26-28], which contains Higgs fields included in two SU(2) . triplets
denoted as Ay g and a bi-doublet field @ playing the SM Higgs role. Therefore, the MLRSM
allows us to solve the parity problem of the SM as well as the neutrino oscillation data through
the seesaw mechanism. Besides, it contains extended particles which may result in interesting
consequences for rare decays such as Higgs boson decay &7 — Zy .

This work is organized as follows. In Sect. 2, we present an overview of the MLRSM, in-
cluding the particle content and physical states. In Sect. 3, we present the necessary couplings
that generate one-loop contributions to the decays &7 — yy, Zy. We will also collect analytic
formulas to determine the decay rates, recapitulating some new contributions that were not dis-
cussed previously. Numerical results will be investigated in Sect. 4. Namely, we will investigate
the dependence of 4})*M on several important parameters in this model. Finally, a summary
is given in Sect. 5.

2. The MLRSM
2.1.  Review of the model
All needed ingredients relevant to one-loop contributions to the decay amplitudes 2 — Zy, yy

will be collected in this section. Most generally, the electric charge operator can be written as
[29,30]:

B—L Y
0= T3R+T3L+T = T3L*R+3, (D

where Tl.L’R are the generators of the gauge groups SU(2). r; B (L) is the baryon (lepton)

number defining the U(1)g _ ; group in the MLRSM. The baryon and lepton numbers of the
fermions can be written as in Table 1.
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With this information, we can write down the lepton and fermion representations as follows:

/

VLi Vi
Ly={, |~@u-0 L=, |~a2-n @)
Li Ri
(Y <o) o= ()~ (12! 3
0= g, )~ (21:5)- 0= { |~ (125). )

where i = 1, 2, 3 is the flavor index.
Gauge boson and fermion masses are originated from the following scalar sector, consisting
of a bi-doublet and two triplet scalar fields A g satisfying

31 R
Ao\ LE
o= _ o | @=02®%00 ~(2,2,0), Apr= Pt ~(3,1,2). @&
¢1 ¢2 30 _ L,R
L,R \/z
The Higgs components develop vacuum expectation values (VEVs) defined as
() o0 0 0
= s (ALR) = , (5)
) B (T
where the neutral Higgs components are expanded as follows:
0 o Fitiai o ki ke
;= (P;) T ; =—, = ,i=1,2;
o=t g = 5 =
i@L R 7 ieL
Vi, Re FR +rp R+ 1ap R vpe VR

The symmetry-breaking pattern in MLRSM happens in the two following steps: SU(2); ®
SUR)r@U()p_1 BLeatlibion iy SUR2)LU)y Tl U(1)g, which corresponds to
the reasonable limits that vg > ki, k> > v,. Only new gauge bosons will be massive after the
first step. The second step is the SM symmetry-breaking generating masses for the SM parti-
cles. When the symmetry is broken in step two, only U(1), remains unbroken, where Q is the
quantifier. As a result, the photon 4,, has no mass. We stress that the MLRSM contains no
more than three scalar multiplets (¢, Ay, r). The physical spectrum and masses of all particles
in the model under consideration are summarized as follows.

2.2. Fermions

Physical fermion states and their masses always relate to the Yukawa interactions, which are
included in the following Lagrangian parts for leptons and quarks:

£l =T, (50 + 75®) Ly, — Y Yi, LyjoAxLy, +he.,
X=L,R

Ll = —Q_/Ll.< 1o+ l.‘;cB) Qk; +hc. (7
Then, the mass terms for leptons and quarks are computed. We will use the results for fermion
masses and mixing presented in Refs. [29,30], i.e. all the original and the physical states of

fermions are the same. They are identified with the SM ones and will be denoted as e,z g,
Uar, R, and d,; g in this work. The mass matrices M, and M, , for charged leptons and up and
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down quarks are

:klfe_i_sze _ k<Cﬂfe+S/3fe>

M, ,
14 \/z ﬁ
1+ kafr _ K (sS4 ")
Mu = = El
V2 V2
kif?+ ko f k<cﬂf‘1+s,gf‘1>
M, = = , (8)
V2 V2
where
k
R+, =L = )

Cp kz '
As we will show below, the matching condition to the SM leads to &k = 246 GeV and the
Yukawa couplings of quarks defined in the SM can be seen as follows: cgf¢ 4 sg fe e,
sgf9 4+ cﬂf‘f — y* and ki f9 + ko f4 — 9. Here, we fix @ = 0 so that the value of tg = splcg
can be small, namely 75 > 1.2 [31]. The three above fermion mass matrices are denoted as My
with f'= ¢, u, d and can be diagonalized by two unitary transformations VfL and VfR as follows:
VfLTMfoR = M, = diag (mys1, mya, my3). Here my ; with i =1, 2, 3 and f = €, u, d denotes
the physical masses of charged leptons and of up and down quarks. The transformation be-
tween the flavor basis /7, = (. /3, f3)](r, and the mass basis frr) = (fi, f2. f3)] (g, i
fi(R) = ij(R) Jrr)- As we will show below, the couplings of the SM-like Higgs boson with
charged leptons and quarks are the same as the SM results.

2.3.  Gauge bosons
The covariant derivative corresponding to the symmetry of the MLRSM is defined as [29]:

—5 B (10)

3 3
D, =08, —igLy TiW +igny TiWh, —ig 5

i=1 i=1
where g, g and g’ are the SU(2)., g and U(1)p _ 1 gauge couplings, respectively.
The Lagrangian for scalar kinetic parts is written as

L= > Ls

S=®,Ar g

= > T[(Ds) 0ms)]. (11

S=®,Ar R

The particular forms of covariant derivatives for the scalar multiplets are

b a
. O b . o a
Du.q) = 8/,L<I) - lgLTWLU(D + lgR¢7WR’
DyAy =8, Ay — z'g?X (0Ay — Aya®)We — ighB, Ay, (12)

where X = L, R, o is the Pauli matrix corresponding to the SU(2) doublet representation of
T} r with a = 1, 2, 3. Therefore, the mass terms of gauge bosons are derived from the VEVs of
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Higgs components as follows:

(L= Y (Ls)

S=®,Arr

1 1
=g (@ + D) W WS, = Jergek® W Wy,

+

O | —

(K + 4v%) e WR" Wi, — grg W " B* — grg viWR" B,

1, 1
+ Egz(vi +v2)B"B,, + ZgZL (kK +2v;) Wt WL,
1 . 1
— 581grkikae™™ W W, + Zg% (K> + 2v%) W W, (13)
where k is defined as in Eq. (9). The mass terms of the neutral and charged gauge bosons read:

1 .
- EngRklkzem W Wy,

1 1
R+ +4)g —qaerki+k)  —grgv
m _ 3n 3 1 1
Eg ass _ 5 (WL WR BH’> _ZngR(k% + k%) Z (k% + k% + 4V%)g§z —gRgV%2
—greVi —2rE Vi g2(vi +v%)
Vi l(kz—i-kz—i-sz)g2 grgrk1kye™ W
1 M1 2 L)SL T HSLSRNIN2
N e 3]
B, —58L8rkikye™ (k3 + k3 + 2v%) g% ) \Wk
(14)
1
where W, = 5 (W)}M ¥ iWA%M) with X = L, R. The mixing angle £ between two singly

charged gauge bosons WLi and Wlf is determined by the following formula:

—4gLgrkiky
. ‘ 15
tan 2& (& — &) (B +13) +2 (&% — £3) (15)

Using the approximation that tan 26 « 1=tan2& ~sin2& ~ 2sin& ~ 2&, and vy < ky, ky <
VR, the W — Wx mixing angle & is

2grkiks K y2 V]
2$=L212’_2%x<<1,—§%0,—§%)%<<1-
8RVR VR& VR k

(16)

The singly charged gauge bosons WLﬂfR can be written as functions of the mass basis
(WE, W;F) as follows:

WLﬂE Ce —S¢ e WljE
= ) , 17
ngt sge™ ' Ce WzjE (17)

where ¢; = cos& and s; = sin£. The respective charged gauge boson masses are found to be

1 1
wih e ROG i, < Sk

(18)
Identifying that W= = W* in the SM, we get k3 + k3 = k* = v* = (246 GeV)>.
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The original neutral gauge basis (W, Lu’ w3 .+ By 1s expressed in terms of the mass basis (4,,,
Z\y, Z>,) as follows:

3

WLM Au
3 T

Wi | =CT | 21 |, (19)

Bu Z2M

where
Sz, CRCz, Cz,SR
C = Cz,Czy —CRCz;Sz, — SRSz —Cz3 SRSz, + CRSzy (20)
—Cz,8z;  —C SR+ CRSz,Sz;  CRCzy + SRSz, Sz

and the mixing angles g, ,, t., are given by

Zys bzy

2 / /
g = g—R (.. = —gRgJ tr,, = _ngk \/gigz +g2Lg%2 +g2ng
¢ T e 2 (&t &)

21)

State synchronization with the SM is as follows: WEM = W,f, Z\, = Z, in the limits ¢, — 1,
then we also have

S;, = Sw, Co, =C =ty =1, = Sgt’. (22)

The Weinberg angle 6y is identified from the definition cosOy = ¢y = m—VZV A c.,. Then, the
1
neutral gauge boson masses of Z;, Z,, and the photon A are given by

2 Ngszz 2 g%e"%z

~ 2L ~— SRR andm? =0. 23
"4 MmN T (g ey g, 2y

In addition, Z, = Z and Z, = 7’ are, respectively, the SM gauge boson Z found experimentally,
and the heavy one appearing in the MLRSM.

6/19



PTEP 2024, 033B04 T. T. Hong et al.

2.4. Higgs bosons
The MLRSM scalar potential is written as [29]:

Vi= i3 Tr[0f0] - uf (Tr[013] + Tr[3T0]) - ud Y Tr[afax]
X=L,R

+ 2 (Tr[OF0]) + Ao ((Tr[@1])” + (Tr [0))" ) + 23 (Tr[013] Tr [3T o))
+ M Te[010] (Tr[01] + Tr [310]) + py (Tr [ATLALT +Tr [A%ART)

+p2 Y (Te[alal]Triaxan) + o (Tr[ala|Tr[afa])
X=L,R

+ ) p4(Tr[A}A}]Tr[AYAY])+°‘1Tr[qﬂq’] 2 (Tr[A}AX])
X#AY=LR Y=LR

+ {aze"‘sz 3 (Tr[cb*%]Tr[A}Ax])+h.c.}+ > (wTr[ooiayal])

X=L,R X=L.R

+ {uTr[ofaloar] +asTr[ oAl EAr] + acTr[ Al 0ar] +he ). @4

From the minimal conditions of the Higgs potential given in Eq. (24), three parameters 113,
wa, and pk are expressed as functions of other independent parameters. Inserting them into
the Higgs potential (24), we can determine all Higgs boson masses and physical states. Firstly,
the original and the mass base of neutral CP-even Higgs bosons are related to each other as
follows:

h° Sg g )

= . 25
Hl0 —Ccg 8B 5 (25)

We note that Eq. (25) does not use the the limit k| > k, mentioned in Ref. [29], which gives

k 1 1 1 .
g = da = > 1,05 = A — ~ e, s~ 1, and € = ki/vg, €2 = kalk;. Besides that,

o e g+1
from Eq. (25) we get the same result as in Ref. [29] in this limit. In this study, the SM-like Higgs
mass is calculated approximately to the order €? = v*/v%, namely

8 (2¢3 - 1)3\14

2

mio = [2)»1 + 8625}23 (2ry + A3) + 86555A4] V2 —
a3vp

x [4¢5 (20 + A3)* — 4spepha(2h + A3) — 45 (202 + 23)" — A5] . (26)
The SM-like Higgs property appears in Eq. (26) as mj, >~ v* x (9(:—22) ~ v? because O(e?) ~ 0
R
when v? < v%. In this limit, 2% = / can be identified with the SM-like Higgs boson with mass

my, = 125.38 GeV confirmed experimentally [1]. Then the Higgs self-coupling A; is expressed

7119
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as follows:

1
)\IZE

" 8¢p [s2c5(200 + A A
2 8 [s5¢8(200 4 A3) + Aqsg]

87 (263 - 1)3 [2c455 (202 + 23) + Aa]”
_ / . 27)
06311%{

We note that Eq. (26) for SM-like Higgs mass is consistent with Refs. [32-34], implying that
the my, value is still at the electroweak scale even in the case of large #4. Therefore, a value of
tg > 1.2 1s still allowed to get the SM-like Higgs mass consistent with the experiment.
Regarding the SM-like Higgs couplings with charged leptons and fermions, using Eq. (25)
for the Yukawa Lagrangian in Eq. (7), we derive easily that
V2

L= 3 ST M fph 4 He. = ) ﬁg M, frh+ He., (28)
f=tud =t N MW

where k = 246 = g/(~/2my ), and the transformation in Eq. (28) is based on discussion relating
to Eq. (8). Therefore, the SM-like Higgs couplings with charged fermions can be identified with
the SM results.

Similarly, the original and mass states of the singly charged Higgs bosons have the following
relations:

o —sp cg\ (G
o5 )\ o s\ HE)
Hy ~ 687, Gy, ~ 8, (29)

where G?,,E,Z is massless, corresponding to the Goldstone boson eaten up by W;*, and the remain-
ing squared masses of singly charged Higgs bosons are
2

o3V 1
my. = ——X m%,zi = —(p3 —2p1) V. (30)

‘ 2(2s§—1)’ 2

Besides that, two components (8], §3™) are also physical states with the following masses:
1
mi]]ii = EV%Q(,O}’ - 2,01), mzzﬂ = 2V§Q,02. (31)

3. Couplings and analytic formulas involved with loop-induced Higgs decays

3.1. Couplings

From the above Higgs potential and the discussion on the masses and mixing of Higgs bosons,
all Higgs self-couplings of 4 giving one-loop contributions to the decays 7 — yy, Zy can be
derived analytically. From the general notations in the interacting Lagrangian: — V), — L;ss =
> §,.5,= 1, Hlilzi(—)\,h S[k/.hSiQS S;QS + h.c.) + ..., the Feynman rule —i;gsg corresponds to the ver-
tex 1SS. All nonzero factors Ajggs are given in Table 2. We note that the vertex factors in Table 2
are derived following the general notation defined in Ref. [35], so that we can use the analytic
formulas to compute the partial decay widths of # — yy, Zy in the MLRSM mentioned in
this work.
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Table 2. Feynman rules for the SM-like Higgs boson couplings with

charged Higgs bosons.

Vertex Coupling: A;ss

)»hHrHl— 2{02)\1 +20/23S?3[)»1 —2(2)»2+)»3)]+)»1s§}v
Mttt b %(20{1 + o3 + Bancpsp)v

M by~ [or1 + sp(darcs + aszsp)lv

M+ b, [ar + sg(4aacg + azsp)]v

M+ H; (a6 + cacpsp)(— 1+ 253) -
Aty (6 + ctacpsp) (=1 + 255) -

The couplings of /2 with SM fermions can be determined using the Yukawa Lagrangians given
in Eq. (7), where the Feynman rule is —i (Yh/-.fLPL +Y,

1

J;]-RPR> for each vertex Af f. Because
this model does not have exotic charged fermions and the couplings of SM leptons to neutral
Higgs/gauge bosons (8h7 7 877 ) are defined as in the SM [36-38], we will use the SM results
for one-loop fermion contributions to the decay amplitudes of 1 — Zy, yy.

The Higgs—gauge boson couplings giving one-loop contributions to the decays 7 — Zy, yy
are derived from the kinetic Lagrangian of the Higgs bosons, namely

L =Lo+ Lo, + L,

2
= Z g/uwghW,-thI/Vi_M ijﬂ

i,j=1

" SZJ [ =iison, W, (5700 = 10,0572) + ignsw, W, (7 C0h = 1,5, 2) |

+ 3 igsss 2 (S;QaMSJ.Q - S].Qaus;Q>
NRY:

+ > [l'gZW,-SiZM WSy % + iy 5, 2" vaSnguv]
SinJ

+ Y ieQa" (579,52 - 520,57%) + . (32)
Si

where S;, S; = H;,, H{"5- denote charged Higgs bosons in the MLRSM. The Feynman rules
for the & couplings to at least one charged gauge boson are shown in Table 3. The momenta
appearing in the vertex factors are d,4 — —ipo,h and 9,S; ; — —ip,S; j, where pg, p+ are
incoming momenta.

The Feynman rules for Z couplings to charged Higgs and gauge bosons as in Eq. (32) are
given in Table 4. The couplings g, H s 2wy, AT€ ZETO in the MLRSM.

The triple gauge couplings of Z and photon to lefz are derived from the kinetic Lagrangian
of the non-Abelian gauge bosons

1 ; apny a apy
L= =3 Yo LFF + B ™). (33)
a=1
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Table 3. Feynman rules for couplings of the SM-like Higgs boson
to charged Higgs and gauge bosons.

Vertex Coupling

Shwitwy 3 | —4grgrspepsscs + (cigp + gpst)} v
gnw;w; 5 {4grgrspepsece + (5383 + gD} v
Enwitw; 3 {sece (g1 +gp) + 2g18rspcp(—c; + 5D} v
Ewww 3 {sece (g1 + ) + 2g18rspcp(—c; + 5D} v
8hHy %gRSg (cf8 - 5,23)

EhH; wit 58ree(ch — s3)

Table 4. Feynman rules of couplings of Z to charged Higgs and gauge bosons. Notations p, and p_ are
incoming momenta.

Vertex Coupling

Sz - 3P+ — Pz, 2,81 — gr(CRCz, Sz, + SRS:,)]

8zH; Hy g(p+ — p-)(—Czy5RSz, + CRSZ,)

8zH; H - (P++ — P—-)Cz 02,81 — C,8 SRSz, + CRE'S2,)

8zm; H; - (P++ — P—-)(CRC= 8RSz, + C2,8 SRSz, — CRE'Szy + ERSRS:,)
8zw,; H; %szt‘z;ngR(C,zg - S,zs)SsV

8zw, Hy %Cfczzcz3ngR(C/23 - sé)v

Table 5. Feynman rules for triple gauge couplings relating with the

decay h — Zy.
Vertex Coupling

—e 2 2 2
82w W o [crey (=, + 57) + SRSz, 52,57

e 22 2

Ezwyrw enes [crez, (sz —sz,) — SRSZSSZZCE]

=S [l R+ SRS=,S-,
gZW]*“ WZ—A 555 CRC: z3CR RPz39z;

— S [cc+sss]

Ezwsr syere;, LO7OR RSz39z)

where Fy'p,, = 0, W[ g, — W[ g, + gL,Re“b"W,f‘Rﬂ Wy &> and € (a,b,c=1,2,3) are the
SU(2) structure constants. The respective Z couplings to lefz are included in the following
part:
LAV —g e (9, WE) W W — gre™ (3, W8,) WRt W (34)
Then, the vertex factors corresponding to particular couplings are defined as
L5 = —gzww, 2 (po)W ™ (p )W (=) X Ty (po, p+> p-),

— eA"(po)W ' (p )W, (p-) X Tyuni(po, p+. p-), (35)
where T3P0, P+> P-) = &u(Po — p)s + &P+ — P-)p + &ulp— — pols, and i, j =1, 2. The
photon always couples to two identical particles as the consequence of the Ward Identity [39],
see the second line of Eq. (35). The nonzero factors for triple couplings of Z with charged gauge
bosons are collected in Table 5.

To end this section, we emphasize that all couplings determined in this section do not use the
assumption k1 3> kj, equivalently 75 > 1 as used in Refs. [29,30].
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Fig. 1. One-loop three-point Feynman diagrams contributing to the decay # — Zy in the unitary gauge,
where f; ; are the SM fermions, s; ; = HE, HZE, 7, i = =W, WﬁE

1,202
3.2.  Partial decay widths and signal strengths of the decays h — Zy, yy

In the MLRSM framework, one-loop three-point Feynman diagrams giving contributions to
the decay amplitude # — Zy are shown in Fig. 1, where the unitary gauge is applied to deter-
mine the gauge boson contributions. The fermion contributions to the amplitude of the decay
h — Zy coincide with the SM results calculated in Refs. [36,37]. Using the general calculation
introduced in Ref. [35], we can write these contributions as follows:

RS =FM= > EY, (36)
fletuzr

where all form factors Fff‘ff are written in terms of the Passarino—Veltman (PV) notations [40].
Similarly, the contribution from the charged Higgs bosons can be given as

les—le wt + B gy + gy, + By g

211

+ By uie + By wpr + By + By (37)
The charged gauge boson contributions Wli2 to the 4 — Zy amplitude are
By =Byl + By + Bl + Byl (38)

Similarly, the contribution from the charged Higgs and gauge bosons arising from diagrams 3
and 4 in Fig. 1 can be given as

FZ] Vs =By wss+ BSww- (39)

where

LR LR LR LR
le wss =1 |, W H} H}f + By Wit H; + By Wit H H +F W5 H HS (40)
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LR _ pLR LR LR LR
Bisww = F21,H1+W1+W1* + F21,H1+W2+W2+ + F21,H;W1+W1+ + le,H;W;W;' (41)

Now, the # — Zy partial decay width is [41,42]:

3
m; m> 2
M'h— zZyy=Lx(1-=%) |[BR, (42)
32 s
where the scalar factors KR are derived as follows [35]:
B = By + B + By + Biys. (43)

We note that Fz%’RV s were omitted in some previous works [5,17,18] because their contributions
were expected to be much smaller than the contributions from the SM and are still far from the
sensitivity of recent experiments. However, since collider sensitivities have recently been im-
proved and new scales have been established, these contributions are necessary. The branching
ratio Br'®R(h — Zy) in the MLRSM framework is

I'R(h — Zy)

BI‘LR(h — Z)/) = F}II“R

: (44)
where F,%R is the total decay width of the SM-like Higgs boson /i [41,42]. Although experi-
mental measurements of the SM-like Higgs boson productions and decays are available [43],
we focus only on the Higgs production through the gluon fusion process ggF at the LHC, in
which the respective signal strengths predicted by the two models SM and MLRSM are equal.
Then the signal strength corresponding to the decay mode &7 — Zy predicted by the MLRSM
is:

r_ Br*R(h— zy)

_or U= 2y) 45
277 BrM(h — Zy) )

where Br®M (i1 — Zy)is the SM branching ratio of the decay 4 — Zy. The recent ggF — h— Zy
signal strength is 1z, = 2.4 £ 0.9 at 2.70 (standard deviation) [2,3].
Similarly, the partial decay width and signal strength of the decay 4 — yy can be calculated
as [35.,42]:
3

LR m, LR|2
r (h—))/)/):mX}Fyyl,

LR _ FLR(h - yY)

=— '’/ ° 46
77 TM(h > yy) (0
where
LR LR LR LR
F,, = ZFVVJ+ZFW,S+ZFW,V’ (47)
I K v
and
LR _ pSM _ SM
Fw,f - Fw,f - Z FVV,f;’
fz‘=£’i,uhdi
LR
Fys =Byt + Eyy oy + By i + Fpy e
LR
By = FVVst + FV%W;‘ (43)
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Here we have used notations to the effect that [6]:

e Q5 N,
SM _ Ji
ENy = ——25— (m Vi) B2 + GOl
e2 Q%)‘hss
oo = g
62 Q2 Ehvy ]%
Frpw= =5 x 64 o X, + 4G (49)

where X, = Cip + Cn + Gy and Gy ;5 = Gy 4,45(0, 0, mh m m mz) are PV functions [40] with
x = f, s, vimplying fermions, charged Higgs, and gauge bosons, respectively. Particular forms
given in Eq. (49) are defined precisely in Ref. [6]. In the following section, the numerical results
will be evaluated using LoopTools [44].

4. Numerical discussions
4.1.  Setup parameters

In this section, we use the following quantities fixed from experiments [45]: m;, = 125.38 GeV,
my, mz, well-known fermion masses, v >~ 246 GeV, the SU(2), gauge coupling g =~ 0.651, &tem
=1/137,e = «/4naem, 52, = 0. 231

aaaaa

pendent parameter 1 is given by Eq. (27). Some Higgs self-couphngs are expressed as functlons
of the heavy Higgs boson masses, namely

2 _ 2 _ .2 _ 2 _ VR
mH;‘_mHzi_mHlii_mAz_T(_zpl'i‘pS)a

2 2 2
mH? - 2101 VR’ mHzii = 2,02VR~ (50)

Choosing the masses of m s My and m HF+ as free parameters we get

2 2 2 2
2mH2+ tpmy 2 (Zﬂ - 1) My
9 =" ="~ 08=—7FT""< >
(7+1)v% (3+1)% (7+1) v
2 2
20 My 2my
g =———, = —>5 P3 =201+ —5 (51)
tg 2y VR
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The other free parameters are 134, p1 = m%{(, /(2v%) > 0, hence the mixing angle and the gauge
3

boson masses will be at the orders of O(v?/v3,):

e
gr=gL=g =c¢/sw, § = ——,
,/1—2S%V

2 4
SgcCpV v
Sé:—ﬂzﬂ <<1,C§=1+O<—4>21,
VR VR
J1—2s3,
SR =—"", CR= 1w,
Cw

SZ = SW’ CZZ = CW’

13, /1 — 25307 4
s23=W4€2—V2W<<1, cz3=1+(9<:—4)21. (52)
wVR R
We note here that the relations given in Eq. (52) are consistent with the SM because the two
couplings AW W~ and ZW* W~ are consistent with the SM predictions.
Apart from the limit g; = gg chosen in Eq. (52), in various discussions for the more general

case gr # g1, which showed that this ratio is allowed in the following range [46,47]:
0.65 < ggr < 1.6, (53)

where the lower bound v > 10 TeV.

A recent study showed a lower bound of my,, > 5.5 TeV is still allowed [31], which gives vg
> 17 TeV in this case. On the other hand, the constraint of zg > 1.2 is allowed, while no lower
bounds of charged Higgs masses were given; especially in the limit of the phase, o given in
Eq. (6) is zero. Various works discuss the constraints of Higgs masses indirectly [48], or directly
from the LHC for doubly charged Higgs bosons [49]. The lower bounds are my=+ > 1080 GeV.
Theoretical constraints were discussed in Ref. [33] for Higgs self-couplings satisfying unitarity
bounds and vacuum stability criteria, which will be applied in our numerical investigation.

Based on the above discussion for investigating the significant strengths of the two decays
h — yy, Zy, the values of unknown independent parameters that we choose here will be
scanned in the following ranges:

My, My, mys € [1, 20] TeV, vg € [20, 60] TeV, 14 € [1.2, 30],

A4 € [—10,10], (54)

where the Higgs self-couplings satisfy all theoretical constraints discussed in Ref. [33].

4.2.  Results and discussions
To express the differences of prediction between the SM and the MLRSM, we define a quantity
Az, asin Ref. [6]:

Ap,%f = (p,lél; — 1) x 100%, (55)

which is constrained by recent experiments as Auz, = 1.4 & 0.9 [2,3], implying the following
lo deviation:

50% < Apgzy < 230%. (56)
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Fig. 2. Correlations between Au and A /L R with g; = g&.
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Fig. 3. Correlations between Au and different values of ¢4 and vz with gg = g;.

The 1o constraint from 2 — y y decay originating from ggF fusion is defined as A /,LLR =

1) x 100%, leading to the respective 20 deviation as follows:

—12% < ApLY < 38%. (57)

(7

The numerical results we discuss in the following will always satisfy this constraint. We have
checked numerically that the MLRSM always contains regions of the parameter space where
both values of Apz,, Aun,, — 0, implying consistency with the SM results. Considering the
special case of g; = ggr, we discuss firstly the dependence of A,uL on A/LW, which is illus-
trated in Fig. 2. We just focus on the region satisfying |AuY | > 5% in order to collect inter-
esting points that may support the 1o range given in Eq. (56). It can be seen that A[,LZV
constrained strictly by AulY, i.e. AulS < 18% in the range of 20 deviation given in Eq. (57).
It is noted that negative values of A u)]; < 0 can give larger A ,u R than the positive ones. The
largest values of A ,u?; are still much smaller than the 1o dev1at10n given by recent experimental
data.

We comment here to make the point that the future sensitivities are |Apu,,| < 4% and
[Apzy,| < 23%, respectively [23]. In the model under consideration, large values of Auz, >
23% are not allowed with g; = gg.

For completeness in the case of g; = gg, we discuss the dependence of AMLR on 7z and vg,
which are shown in Fig. 3. We can see that A/L 7, depends weakly on vg, but strongly on tg.
Namely, all values of vg can give large AuLR Zy,» While needing small 75 — 1.2.
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Fig. 4. Correlations between Auj% and charged Higgs boson masses with gz = g1.
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Fig. 5. Correlations between ApZX and ALY (gg) in the left (right) panel with 0.65 < gg < 1.6.

The correlations between AM% and charged Higgs boson masses are shown in Fig. 4. The
results show that all charged Higgs masses do not affect strongly the values of A M%‘;

Finally, we consider the general case of gz with allowed values given in Eq. (53). Numerical
results for important correlations of AulS with Apl R and gr are depicted in Fig. 5. It can be
seen clearly that large A ,u%f corresponds to large gg, which is consistent with the property that
new contributions consist of the factor gz in the Feynman rules shown in Sect. 3. We emphasize
that large g is necessary for large A /Lg}f that can reach a value of 46%, very close to the recent
experimental sensitivity. Furthermore, the expected sensitivity of Au3% = 4% does not affect
large values of A MIZI; that are visible for the incoming experimental sensitivity of 23%.

Finally, we focus on the correlations of AM%} with 74, vg, and all charged Higgs masses,
which are depicted in Fig. 6. It is seen again that large AM]Z]; requires small #5. In contrast,
A ,u%; depends weakly on charged Higgs boson masses and v as given in Eq. (54).

5. Conclusions

We have studied all one-loop contributions to the SM-like Higgs decays 7 — yy, Zy in the
MLRSM framework. Interesting properties of the new gauge and Higgs bosons were explored.
Namely, the SM-like Higgs couplings were identified with the SM prediction and experimental
data. All masses, physical states of gauge and Higgs bosons, and their mixing were presented
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Fig. 6. Correlations of AuZX with t4, vg, and charged Higgs masses with 0.65 < gg < 1.6.

clearly so that all couplings related to one-loop contributions to the decay amplitudes 47 — yy,
Zy are derived analytically. From this, the decays 7 — yy, Zy in the MLRSM have been
discussed using the relevant recent experimental results. The one-loop contributions from the

diagrams containing both gauge and Higgs mediation were included in the decay amplitude
h — Zy. These contributions were ignored in previous studies, although they may enhance
the i — Zy amplitude, but do not affect the 7 — yy one, leading to the possibility that large

Az, may be allowed under the strict experimental constraint of Apu,,,. We have shown that

the mentioned / decay rates depend weakly on 74, the SU(2) g vacuum scale vg. The 20 deviation
of f1,, results in a rather strict constraint | Az, | < 46%. On the other hand, large values of
Apz, > 23% can appear under the very strict constraint of |Au,, | < 4% corresponding to

the future experimental sensitivities, provided the two requirements of sufficiently small 75 and

large gg are met. Therefore, the future experimental searches of the two decays mentioned in
this work will be important to constrain the parameter space of the MLRSM.
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