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Abstract Radiative corrections to the decay h — Zy are
evaluated in the one-loop approximation. The unitary gauge
is used. The analytic result is expressed in terms of the
Passarino-Veltman functions. The calculations are applica-
ble for the Standard Model as well for a wide class of its
gauge extensions. In particular, the decay width of a charged
Higgs boson H* — W=y can be derived. The consistence
of our formulas and several specific earlier results is shown.

1 Introduction

After the discovery of the Higgs boson particle at LHC in
2012 [1,2], many improved measurements confirmed the
consistence of its quantum numbers and couplings with
the Standard Model (SM) predictions, including the loop-
induced coupling hyy [3,4]. Meanwhile, another loop-
induced coupling 1 Zy related to the decay & — Zy has not
been measured yet even so that the predicted decay rate is of
the same order as the one of 7 — yy in the SM case [5].
The partial decay width h — Zy was calculated within
the SM framework and its supersymmetric extension [6—14].
From the experimental side, this decay channel is now been
searched at the LHC by both CMS and ATLAS collabora-
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tions [15-17]. Many discussions concerning studies of this
channel are going also in planned experimental projects as
at the LHC as well as at future ete™ and even 100 TeV
proton-proton colliders [18, 19]. While the effective coupling
hyy isnow very strictly constrained experimentally, the cou-
pling hZy might be still significantly different from the
SM prediction in certain SM extensions because of the Z
boson couplings with new particles. Studies the decay of the
SM-like Higgs boson i — Zy affected by the presence of
new fermions and charged scalars were performed in several
models beyond the SM (BSM) having the same SM gauge
group [10,20-23].

At the one loop level, the amplitude of the decay h — Zy
contains also contributions from new gauge boson loops of
the BSM models constructed from larger electroweak gauge
groups such as the left-right (LR), 3-3-1, and 3-4-1 mod-
els [24-39]. Calculating these contributions is rather difficult
in the usual "t Hooft-Feynman gauge, because of the appear-
ance of many unphysical states, namely Goldstone bosons
and ghosts which always exist along with the gauge bosons.
They create a very large number of Feynman diagrams. In
addition, their couplings are indeed model dependent, there-
fore it is hard to construct general formulas determining vec-
tor loop contributions using the t* Hooft-Feynman gauge.
This problem has been mentioned recently [21] in a discus-
sion of the Georgi-Machacek model, where only new Higgs
multiplets are added to the SM. The reason is that the new
Higgs bosons will change the couplings of unphysical states
with the gauge bosons Z and W¥. In the left-right models
predicting new gauge bosons that contribute to the amplitude
of the decay h — Zy, previous calculations in this gauge
were also model dependent [40,41]. An approach introduced
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recently in Ref. [87] for calculating the decay h — Zy, with
the help of numerical computation packages, may be more
convenient.

The technical difficulties caused by unphysical states will
vanish if calculations have been done in the unitary gauge.
There the number of Feynman diagrams as well as the num-
ber of necessary couplings become minimum, namely only
those which contain physical states are needed. Then the
Lorentz structures of these couplings are well defined, and
hence the general analytic formulas of one-loop contribu-
tions from gauge boson loops can be constructed. But in
the unitary gauge we face complicated forms of the gauge
boson propagators, which generate many dangerous diver-
gent terms. Fortunately, many of them are excluded by the
condition of on-shell photon in the decay » — Zy. The
remaining ones will vanish systematically when loop inte-
grals are written in terms of the Passarino-Veltman (PV)
functions [42]. This situation will be demonstrated in this
work explicitly. Moreover, the choice of the unitary gauge
allows us to derive general analytic formulas for one-loop
contributions involving various gauge bosons to the ampli-
tude of the decay h — Zy. The formulas will be given in
terms of standard PV functions defined by Ref. [43] and in the
LoopTools library [44]. The analytic forms of these PV func-
tions are also presented so that our results can be compared
with the earlier results calculated independently in specific
cases. In addition, the analytic formulas can be implemented
into numerical stand-alone packages without dependence on
the LoopTools. Our results can be translated into the gen-
eral analytic form used to calculate the amplitudes of the
charged Higgs decay H¥ — W%y which is also an inter-
esting channel predicted in many BSM models. Our results
can be easily compared also with those given recently in [21],
which were calculated in the 't Hooft-Feynman gauge. More-
over, our results can be cross-checked with another one-loop
formula expressing new gauge boson contributions in the
gauge-Higgs unification (GHU) model [45].

Thedecay H — Zy of the new heavy neutral Higgs boson
H in the SM supersymmetric model was also mentioned in
[13]. The signal strength of this decay was shown to be very
sensitive with the parameters of the model, hence it may give
interesting information on the parameters once it is detected.
Many other BSM also contain heavy neutral Higgs bosons H,
and the one loop amplitudes of their decays H — Zy may
include many significant contributions that do not appear in
the case of the SM-like Higgs boson. Some of the compli-
cated contributions are usually ignored by qualitative esti-
mations. The analytic formulas introduced in this work are
enough to determine more quantitatively these approxima-
tions.

Apart from the above BSM with non-Abelian gauge group
extensions, there are BSM with additional Abelian gauge
groups [84,85]. These models predict new kinetic mixing
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parameters between Abelian gauge bosons, which appear in
the couplings of the neutral physical gauge bosons including
the SM-like one, for example see [88]. Our calculation in the
unitary gauge are also applicable with only condition that
couplings of physical states are determined.

Our paper is organized as follows. Section 2 will give
the general notations and Feynman rules necessary for cal-
culation of the width of the decay 7 — Zy in the unitary
gauge. In Sect. 3 we present important steps of the derivation
of the analytic formula for the total contribution of gauge
boson loops. We also introduce all other one-loop contribu-
tions from possible new scalars and fermions appearing in
BSM models. In Sect. 4, the comparison between our results
with previous ones will be discussed, including the case of
charged Higgs decays. We will emphasize the contributions
from gauge boson loops both in decays of neutral CP-even
and charged Higgs bosons. Our result will be applied to dis-
cuss on two particular models in Sect. 5. In Conclusions
we will highlight important points obtained in this work. In
the first Appendix, we review notations of the PV functions
given by LoopTools and their analytic forms used in other
popular numerical packages. Two other Appendices contain
detailed calculations of the one-loop fermion contributions
to the amplitude 7 — Zy and the relevant couplings in the
LR models discussed in our work.

2 Feynman diagrams and rules

The amplitude of the decay h — Zy is generally defined as

M (Z(pD). v(p2). h(p3)) €)™ (p)ey*(p2)
= M, 8] eb*, (1)

Mh—Zy)

where 8? and &) are the polarization vectors of the Z boson
and the photon y, respectively. The external momenta p1, pa,
and p3 satisfy the condition p3 = p; + p» with the direc-
tions denoted in Fig. 1 where one-loop Feynman diagrams
contributing to the decay are presented. Only diagrams which
are relevant in the unitary gauge are mentioned. The on-shell
conditions are p% = m%, p% =0, and p% = mi

The decay amplitude is generally written in the following
form [10]:

2
M;w = Foo guv + Z Fijpippjv + F5 X ie;wocﬂpllxpzﬂa
i,j=1

@)

where €,,,4p is the totally antisymmetric tensor with €123 =
—1 and €123 = 11 [46].

The equality £5* p2, = O for the external photon implies
that Fi222 do not contribute to the total amplitude (1). In
addition, the M, in Eq. (2) satisfies the Ward identity,
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Fig. 1 One-loop diagrams contributing to the decay & — Zy, where f; ;, S; j and V; ; are fermions, Higgs, and gauge bosons, respectively

Py M, = 0, resulting in F1; = 0 and [10]

2 2
(m7 —mj)

Foo = —(p1.p2) F21 = F. (3)

Hence the amplitude (1) can be calculated through the
form (2) via the following relations

M(h — Zy) = Myvel™ey*,
My = Far [=(p2.p)8guv + P2uP1y]
+ Fs X i€umap PSP o)

The partial decay width then can be presented in the form [11,
21]

3 2\ 3

m m

L= Zy) = 2 x (1——5) (1P +1F5).
32r m,

The above formula shows us that we need to find only two
scalar coefficients F»1 and Fs in Eq. (4). Because Fs arises
from only chiral fermion loops, it is enough to pay attention
to terms proportional to F21 py, p1y for gauge boson loops.
Therefore calculations will be simplified, especially in the
unitary gauge. Combining with notations of the PV func-
tions [42], we will determine explicitly which terms give
contributions to /1 p2, p1v, and hence exclude step by step
irrelevant terms throughout our calculations.

Calculation of the factor F> is very interesting because it
does not receive contributions from diagrams which contain
counterterm vertices. The Lorentz structures of the countert-
erm vertices are shown in Fig. 2. The first line represents
three additional counterterm vertices. The second line shows
two more diagrams. The total amplitude is the sum of three
diagrams 1, 4, and 5 in Fig. 2 and all diagrams shown in
Fig. 1. We can see in Fig. 2 that, the first diagram contributes
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only to Fpo. In the unitary gauge, the propagator of a gauge
boson is

AMY(k*,m?) = 22 <guv —— - (6)

m

The Lorentz structures of the two remaining counterterms
are

a o
- A4CT Y )
lM(4)Mv ~ 8pa <gaa - —2)

myz

X (8a'vC1zA + P2o P2vC2z4)

Ciza
= 8w Ciza + p2upav (szA -—— ]
mz

iM(CSIMv ~(p3+ P2y X (p2uCS,-A)
= (p1+2p2)uP2vCs; 4,

which contribute only to Fyg, F12, and F». The result for the

Lorentz structures is unchanged if the virtual gauge boson
Z in diagram 4 is replaced with the new ones in a gauge
extended versions of the SM. As the result, F>; is not affected
by counterterms, therefore we do not need to include them
in our calculation. In addition, F» is finite without including
the related counterterm diagrams. A similar situation in two
Higgs doublet models was discussed in [20]. Examples for
Lorentz structures of the counterterms were given also, e.g.,
in Refs. [43,47].

The Feynman rules used in our calculations are listed
in Table 1. We found them to appear commonly in many
gauge extensions of the SM, for example in the models con-
structed from the following electroweak gauge symmetries:
SUR2)1 x SUR)2 x Uy, SUR)L x SUR)r x U(1)y,
and SU(3)r x U(1)x [48-53], where an important relation
8zyv,; = e Q gzv,; is valid. It results in that many compli-
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cated terms containing dangerous divergences in two contri-
butions from diagrams 5 and 6 in Fig. 1 cancel each other
out.

Following LoopTools [44], Fig. 1 defines three internal
momenta ¢q, g1, g2 as follows

qg=q+ki=q—p1, @2=q+k=q—(pi+p2),
p1=—ki, p2=ki—ks. (7

Our formulas will be written in terms of common well-
defined PV functions. Moreover, we can compare our results
with previous works, as well as we can perform numeri-
cal estimates with the help of the LoopTools library. Def-
initions and notations for the PV functions are shown in
“Appendix A”.

As the result, we only need to calculate the coefficient F3;.
In the next section, we will present important steps of how
to get contributions from pure gauge boson loops to Fp.

3 Analytic formulas

3.1 Total contribution from diagrams with pure gauge
boson mediations

Here we will consider calculation of the contribution from
pure gauge boson loops to the decay amplitude of h — Zy.
All of them were performed using the FORM language [54,
55]. Other contributions from diagrams which contain only
one or two internal gauge boson lines are computed more
easily.

The contribution from diagram 5 from Fig. 1 reads

. d'q —i ( ww  4"9"
lM(s)lw :2X/W(lghvij gotﬂ)D_O <g - m%

X [=igzv; Tpar(=p1. 4. —q1)]
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Table 1 Couplings involving

the decay of CP even neutral Vertex

Coupling

Higgs h — Zy, in the unitary
gauge. A new notation is
Lpva(po, p+, p-) =

(Po — P+)r8uv + (P+ —
P-)p8vr + (P— — P0)v&ips
where all momenta are
incoming, and pg + are
respective momenta of /4 and
charged gauge and Higgs
bosons with electric charges
+Q, denoted as VliQ and Sf /Q,
respectively. The general case of
four-gauge-boson coupling is
2,—-1,—-1) — (a1, a2, a3) and
8zyvi; e Q8zvy;

Lf; fj
0¢—0 -0 ¢q0
nS2s; . hs; 0

AN VA
ART i, ARSP ST

AR PV (p)V % (p-)
Zrfi f

7082(p)S; %(po)
A T P
zr o)V (pov; P (po)
Zr Ay 2y

h(po)S; ¢ (p )V, h(po)SE(pyv; "

—i (Ynf;L PL + Yng R PR)

—ikns,s —ikis,

igns;v; (Po = p-)us —i8&s,v, (PO = P+
I8hV;j8uvs> L8hZZ 8uv

ie Qyu,ie Q(p+ — p-)u

—ieQT i (po, P+, p-)

i (82f;LYuPL + 82f; RV PR)

8725, (P+ — P-)u

187V 8uv- 187v,s, Guv

—igzv; Tva(po, p+. p-)

—ie Qgzv, (281v8up — 8ua8up — 8up&ua)

—i

X —_— —
D m%

X [—le Q vaa(_l’% q1, _q2)]

. 5 B

292
XD g )
2 m5

diq 1

B
——V Vi,
@m)d DoD Dy P2

=2e Q gnv,; 8zv;

3
where mj 2 = my, ;, Dy = q2 — m% Dy = qlz’2 — m%,
Viugr = gap | 8% — %q;/ Lo (=p1.q, —q1),
o q%gf
m3
x [Tups(—=p2.q1. —g)] | &% — ﬁ—"} EC)
2

We note that factor 2 appearing in the first line of Eq. (8) was
added in order to count two different diagrams with opposite
internal lines in the loops. It can be done because coupling
constants gnv;; and gzv,; are real numbers in all models that
we consider here. Based on the structure of the PV functions,
we know that F>1 py, p1, gets contributions from parts hav-
ing the following factors: q,.qv, g P1v, P2uqv, and pay piy.
This means that we can do the following replacements in the
calculation:

9ip = 9us  92u = 9u — P2us  42v = 4v — Plv = {1v,
kl[L — 0, kZ/L — —P2u, kiv, koy = —piv, 8uy — 0.
(10)

After some intermediate steps shown in “Appendix B”,
and combining with the relations g2 = Dg + m% and Dy =
q?, +m3, we have

diq 1

WMo = [e Qamy sz, ] | G

1 1
X [QV.QU |:_D2 Do +

8(d — 2)m%m% +2 (m% + m% + m%) (m% + m% — mzz)
DoD1 Dy

2 (m% — m% + m%)
DDy

(m} +m3+m})
DyD»>

+

2_ 2., 2
N Lo 2('”1_’"2‘“"2)
quP1v D> Do D1 Dy

2,2 2
_Smi +3m3 +m} 2(’"1+m2_mz)

DoDy Dy Dy

8(d — 2)m%m% +2 (m% + m% + m%) (m% + m% — mzz)

B DoD1 D>
4m% Zm% + 4m%

P2l | = DDy Dy D>

4 (m% - m%) (m% + m% - m2z)
- DoD1 Dy
. 4m?  2m? 4mi(m? +3m3 —m%) (11

PP\ b, T oDy DoD| D ’

The calculation to derive the needed contribution from
digram 6 in Fig. 1 are the same way applied to diagram 1,
see details in “Appendix B”. Diagram 7 does not give any
contributions. We can see that many divergent terms related
to g,,gy in two amplitudes (11) and (B7) of diagram 6 will

@ Springer
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cancel out each other when they are summed. Hence, the pure
gauge boson loops give the following total contribution:

diq 1
— X
G *

Mseyuv = € Q 8hviv; 8zv;v;

[ 2 (m} —m3 +m})
% i S
qdn9v D1D>
4 8(d — 2)m%m% +2 (m% + m% + mi) (m% + m% — mzz)
DoD; D>
[ 1 1 2(m%—m%+mzz)
tawrv 55t 5D, 1D,
_7(m%+m%)+mﬁ 2(m%+m%—mzz)
2DoDs DoD;
8(d = D +2 i + 3+ ) (3 + 3 — )
DoD\ D
RN B N T S s Rt
2uddy 2D, 2Dy DD, 2Dy D;
4 (m} — m3) (m} + m3 —m3)
DoD1 D>
4m% 4m% (m% + 3m% — m2Z)
. 12
+p2upiv |:Dl D, + DoD1 D> ( )

Based on “Appendix A”, expression (12) can be pre-
sented explicitly in terms of the PV functions M 546)u0 =
M 546)0 (B0 v v Copivpv) X 1/(167%). In addition, to
keep only the parts with factor py, pi, we can use the fol-
lowing replacements:

O 40 pO @ p® pa?)
AQ, AL BN, — 0. {a? B2, (P
(2)
B
2 2
- {Ag>,_B;>,—<>2 }p

1,2 1,2 12 (1,2)
N

(1,2) p(12) o By
—5". B} puv. B~ 2

P2uPlv,
C;L il O) P2us C,— —(C1 + CZ)plv» C;w

— (Ci2 4+ C22)p2upiv. (13)

Then, the total contribution from V; — V; — V; gauge boson
loops is

2e Q gnv;; 8zv;
P, =————5

1672
[, 3 4m34m3) (o 3= )
mim3

X (Ci2+ Copp 4+ C2)

L 20m3 = m3) (3 = m3)
i

(C1+C)

@ Springer

2 (m% + 3m% — m%) Co

2 9
nm;

(14)

where all PV functions having divergence completely disap-
peared, and therefore d = 4. We would like to emphasize
now that formula (14) is written in terms of PV functions
which are contained in LoopTools and hence it can be eas-
ily evaluated numerically. Moreover, analytic expressions for
the relevant PV functions have been constructed [10,48], that
is enough to implement our results in existing numerical pro-
grams or to write a new stand-alone code.

We would like comment here about a more general case
when couplings of gauge bosons and photon do not obey
the relation gz, v,;; = e Q gzv,;, which helps us to reduce
many divergent terms in M s46),,. The key point here is
that the condition of on-shell photon always cancels out
the most dangerous divergent terms in the last line of (B3).
As a by-product, the final form of M s4¢),, can contain
more PV functions with divergent parts. Fortunately, all of
them are well-determined and widely used for numerical
computation.

Before comparing our result with many well-known
expressions computed in specific models, we will introduce
analytic formulas for contributions from the remaining dia-
grams listed in Fig. 1 for completeness.

3.2 Contributions from other diagrams in Fig. 1

The contributions to £, from the first four diagrams in Fig. 1
are

X (C12+Cxn + C2)
+2 (KZL,RR - KZrR,RL + C-C-) (C1+C2)
+2(K7 i +0)Co]
e O N, _ _
Fs fy = _Tﬂzc [2 ( LL.rr ~ Kprrr = C~C) (C1+C)
~2(K}; pr — c.c.)Co] , (15)

eQ ()‘ZsjngSij + c.c.)

P, =By = — [4(C2 + Caa + Co)].
(16)
eQ (gZV,-S-gZViS' +c.c.)
Fyvss = Fy, = 16712 !
x |:2 (1 + # (Cia +Cp + Cr)
my
+4(C1 + Cr + C()):| s (17)



Eur. Phys. J. C (2018) 78:885

Page 7of 17 885

eQ (gthS,' g;vjsi +c.c)
1672

2 2

—m7 +m

X |:2 (1 + 12h> (Ci2+Cn+ (o)
nmy

4
P svy = F2(1) =

—4(C, + C2)i| , (18)

where m| 2 = my.y in the loop of F21 xyy, N, is the colour
factor coming from the SU (3) ¢ symmetry, and the abbrevi-
ation c.c. stands for the complex conjugated parts. The latter
are the contributions coming from diagrams having opposite
directions of internal lines with respect to the ones given in
Fig. 1. Other relevant notations are

+
K rr=m (Yhf,-,-L ng,-,L + Yafir g?f,-_,R) ’
+
Kigrrp =m2 <:|:Yhf,jL g%jR + Yigr g;fijL) : (19)

Details of calculating contributions from fermion loops
oy, fij; are shown in “Appendix B”. Formulas for levsijj
and F» yss are calculated easily. The F»y syy part was
computed based on the result of Vf MA in Eq. (B1). All steps
we presented here were performed using the FORM lan-
guage [54,55].

Formulas for F21,f;_;_,~ R FS,fi_;j ,and FZIvSiU are irrelevant for
the discussion of boson mediations. Similar general forms
can be found in many previous works, e.g., in [20-22]. All
of them are easy to check to be consistent with our result so
we will not present the comparison here. We just focus on
the most important formula /21y, i

4 Comparison with previous results
4.1 The standard model

The contribution of W bosons corresponds to (gpv; s 8ZVij»
Q) — (gmw, gcw, 1) withm; = my = my, where my
is the W boson mass, g is the gauge coupling of the SU (2),
group, sy = sin Oy with By being the Weinberg angle. Then
formula (14) is reduced to the simpler form:

2 2 2
SM egmwy cwy mh mZ
BT e H“ (“%)( %ﬂ

m2
X (Cla+Cn+C) +4 (4 -—£1)¢Co (20)
m

w
Oem & CW 2 2 2
= —2> " N5+ = —(14+= )ty | L, t
4nmwsw{[ +t2 ( +f2> W} 102 1)
— 43 — ) h(1a, tl)} , 21

where we have used oy, = ez/(4n), e = gsw, m%l/m%,v =
4/tr, m%/m3y, = 4/ty, m%/mY, = 1/ct, = 1 + 15, sw =
sinfy, and tw = sw/cw. We also used the well-known
functions I 2(#2, #1) giveninRef. [11] toidentify C12+Ca2+
C> = Ii(t, t1)/(4m3), and Cg = —h(tr, t1)/m3, . They
are proved in “Appendix A.2”. Formula (21) is consistent
with well-known result for the SM case given in [11,21],
which even has been confirmed using various approaches
[56].

The right hand side of Eq. (20) can be proved to be com-
pletely consistent with the W contribution to the amplitude
of the decay h — yy with gzww — gyww = e, and
in the limit mz — 0, equivalently #; = 4m%v / m2Z — 00.
The analytic form of this contribution is known [11,57,58],
namely

hyy,SM Oem § 2
R = Gy (2304300 —8)sw] @

where 1, = 4m%v / m%l and f(x) is the well-known func-
tion given in “Appendix A.2”. The partial decay width is

L'th— yy) = mfl/(64n)|F2th’SM|2, where thlyy’SM con-
tains thly%/v’SM. The above determination of F7; w depends

only on the diagrams with W boson, hence it should be the
same in both cases of photon and Z boson, except their
masses and couplings with the W boson. For the case of
photon we have

1 nf(t
Co=——7 lim L, t)=— 2f(22)’
mW H—>00 ZmW
1
Cio+Cxn+ Cy=—7 lim Ii(t2, 1)

4mW 11— 00

1
= [-n+drm]. 23)
8myy,

where the expression for Cy is the same as the one in [59]. By
inserting two equalities (23) into the right hand side of (20)
with mz = 0, we will obtain exactly Eq. (22).

Regarding the fermionic contribution in the SM, we verify
here the simple case of a single fermion without mixing and
color factors, where my = may =my and Yy, = Yppr =
emy/(2mw sw), leading to

+ — K+ — K" =K -
K ke = Kirre =K1 ke = KiprL = 2mwysw
xm?(ngL + gzfR)
and K, K; Kifre = Kigpe =

LL.RR — “LRRL — LL.RR LR.RL
m? (gzrL — &zrr)- Two formulas (15) for fermionic con-

! The function C in this special case is consistent with the one from [20,
21], but different from the one in [10] by the opposite sign.
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tributions are

2

M 9 x m2( + )
2. = 167 2mw sw 7(8zrL + 8zfR
x [8(Ci2 + Cx + C2) + 2C]
3L 2
_ Qem & —20 (Tf —2st>
B 47rmW Sw Cw
x [I1(t2, t1) — (12, 11)],
F5,fijj =0, 24

where g7¢1 +g7fR = (T;’L — 2QS2W> x g/cw, and Tf3L is
the fermion weak isospin. Formula (24) coincides with the
result given in [11].

At the one loop level, the effective coupling #yy can be
calculated using the 't Hooft-Feynman gauge [86], which
will be useful to crosscheck with our result when the decay
h — yy in a particular BSM is investigated.

4.2 Recent results

The one-loop contribution from new gauge bosons in the
GHU model was given in Ref. [45], where the unitary gauge
was mentioned without detailed explanations. We see that the
triple and quartic gauge boson couplings in this model also
obey the Feynman rules listed in Table 1, hence our formula
in Eq. (14) is also valid. Because the final result in Ref. [45]
was written in terms of only By and Cy functions, which are
independent on the choice of integration variable, it can be
compared with our result. Translated into our notation, the
most important relevant part in Ref. [45] is

GHU

F3iV = (m} +m3 + 10mim3) Ex(m1, mo)

+[(m +m3) (m], —m3)

my) +2my (mi +m3)] (Co + Cé)(,

— m%mzz] E_(my,my)

[4’”1’"2 (mh

25)

where function Cj) is determined by changing the roles of 1
and m>, and

Ei(my,mp) =1+

my z
<m2C0 + m1C0> (26)

z 2 (1)
P (Bo ) )

Formula (25) should be equivalent to our result, namely
to the sum Fyi, Vi T Fo, Vjii- In the special case where
Vi = Vj, corresponding to m; = my = m, Cj = Co =
—D(t2,11)/m?, and C12 + Cop + Co = I1 (1, 1) /(4m?). In

fact we find the agreement between eq. (3.18) of Ref. [45]

@ Springer

and our result, namely

5Fy = FSH 167 (Fory,, + Fory,)
21 = g1, V 2 Qghv,-,- gzv, 21,Vijj 21,Vjii

2.2 2 2

But two general results are not the same, i.e. they differ by
§Fy1 = —2 (m3Co + m5C})) m%.

Except F2i,v;;; in Eq. (14), our formulas are consistent
with the results given in Ref. [21], which were obtained
by calculating the decay amplitude of charged Higgs boson
h* — W%y in the 't Hooft—Feynman gauge for the Georgi-
Machacek model. In our notations, F2is;;, Fa1,s5vss,
and F>; syy correspond to scalar, vector-scalar-scalar, and
scalar-vector-vector loop diagrams mentioned in Ref. [21].
By using the same notations from LoopTools, our results and
those of Ref. [21] have the same form.

The consistency between our results and those in Ref. [21]
is explained by the same Lorentz structures in couplings of
the gauge bosons Z and W*. An important difference is
that the W* carry electric charges while the Z does not.
For a certain diagram with W* or W™ in the final state,
the directions of internal lines are fixed, hence the complex
conjugated terms are allowed in the amplitude of the decay
h — Zy, but not in that of H* — W%y Hence, except
the pure gauge boson loop diagrams, the contributions to
h — Zy can be translated into those to H* — W=y by
excluding all complex conjugated parts. Of course, the mass
mz and couplings of the Z boson must be replaced with those
of the W bosons. This explanation can be checked directly
based on our calculations given above.

Regarding F», Vijjo which presents the total vector loop
contribution to the decay amplitude H* — W%y, the
explicit expression derived from Eq. (14) reads

=0.

my=my

e O ghv;; 8wV
1672

T, ot 4w nt 3
i

H*W*y _
2L, Vijj

_m%v):|

(C1 +C)

X (C12+ Cxn + C2)
+2(m% — m%)(m% + m% — m%V)

2 2
myny

— m%V)Co } 27

+2(m% + 3m%
2

m3

where m p= is the charged Higgs boson mass, gwy;; is the
triple gauge coupling of the W boson, and Q is always the
electric charge of the gauge boson V; coupling with the pho-
ton. We note that the factor 2 in Eq. (14) is not counted any-
more. Now, we only need to focus on the part generated by
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the loop structures used to compare with the specific result
given in [21]. This case corresponds to m; = mz,my =
my = mzcw and my+ = ms for the decay hi — Wy.
Formula (27) now has the following form

HEW* 1 m3
FZIS\/.,, '~ <9 + > + _25) (Ci2+ Con+ ()
sy CW mW

1 1
+2<7—1> (C1+C2)+2<T+2> Co
‘w Cw
= 10(C12 + C22 + C2) 4+ 6Co
ms
+—5(Cr2+Cn+Co)
My
52
+ 2 (Cia+ Cn +2C1 +3C2 +2Cp),  (28)
Cw

which is different from the result given in Ref. [21] by the
coefficient 10 instead of 12 in front of the sum (Ci2 + Cos +
C»). We see that the two parts in our result with coefficients
m%/m%v and S%V/C%V are consistent with Sggg and Sxgg in
Ref. [21], respectively. The difference in the remaining part
might arise due to a missed sign of the ghost contribution
Sghost-

An approach using Feynman gauge was introduced in
Ref. [87], where the result must be implemented in some
numerical packages. The results can be used to crosscheck
with ours for consistence, but left for a further work.

5 Heavy charged boson effects on Higgs decays
h — Zy in BSM

Because new heavy charged gauge V* and Higgs bosons S*
appear in non-trivial gauge extensions of the SM, they may
contribute to loop-induced SM-like Higgs decays h — yy
and h — Zy. While the couplings 2V V and A S S consisting
of virtual identical charged particles always contribute to both
decay amplitudes, the couplings AWV and hW S of the SM-
like Higgs boson only contribute to the later. These couplings
may cause significant effects to Br(h — Zy) in the light of
the very strict experimental constraints of Br(h — yy) [3].
When mgf > m%v with X = §, V, the loop structures of
the form factors with at least one virtual W boson have an
interesting property that

;| Paiwxx + Faixww
FWX = 5
eQgnxwgzxw/(16m)
F 1
NF‘/,V = 2LW 3 ~0 —5 ]
egnww&zww/(16m=) my,

i.e., the same order with the W loop contribution.

0.1+ ]
100 500 1000 5000 104
my [GeV]

Fig. 3 fvm%//m%‘,, fw.s and fw v as functions of the SU(2) g scale
my

In contrast, the loop structure of a heavy gauge boson
Faryvy is

Fvvy
gnvvgzvv/(16m?)

F, ~ O(my?),

which is different from the SM contribution of the W boson
by a factor m%[, / m%, Numerical illustrations are shown in
Fig. 3 where fw x = Fy,/Fy, fv = F|,/Fy,,and mg =
my . Hence, the large coupling product gy w x gzw x may give
significant effects on the total amplitude of the decay h —
Zy . But the contributions arising from this part were omitted
in the literature, even with well known-models such as the
left-right models and the Higgs Triplet Models (HTM).

In the original LR models reviewed in [49], gzww’ ~
(mw /myw)?, lower bounds of few TeV for heavy gauge
boson mass my were concerned from recent experiments
at LHC [60]. As a result, its contributions may be small. In
contrast, recent versions introducing different assignments of
fermions representations to explain latest experimental data
of anomalies in B meson decays allow lower values of m
near 1 TeV [61,62].

Interesting studies on new charged gauge bosons W’
in left-right models [63-65] indicated that the couplings
W'Wh, W'WZ, W H* Z result in important decays of W%,
which are being hunted at LHC. These coupling also con-
tribute to the decay 7 — Zy. The gauge bosons of the gauge
groups SU(2)1 g and U(1)p—, are WZ’RM (a =1,2,3)
and Ag_j, [64], respectively. The Higgs sector consists of
one bidoublet X whose breaks the electroweak scale, and
a SU (2) g multiplet whose breaks the SU(2)g x U(1)p—_
scale. Apart from the SM-like gauge bosons Z,,, W;f, and
photon A, the left-right models predict new heavy gauge
bosons including W'* and Z’ with masses my» and m,
respectively. The bidoublet contributes mainly to the SM-
like Higgs boson, Goldstone bosons of Z and W, and a pair

@ Springer
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Table 2 Vertex facto.rs involved Vertex LR [63.65]
charged gauge and Higgs
bosons contributing to one loop 2 2 .
amplitude of the SM-like Higgs "W §ZWW gomwew gL mwew sin(f —a) .
decay h — Zy in the LR model 8hW'WEZWW' gLgR Mmw cos(B + a);’—;

with g = g7 and
Sp, ~tanf, = g—’z x sin(28)e2,
and € = mwy /my

EhwW' W' 8ZW'W’

Shw+H-8ZW-H+

Shw+rH-8ZW'-H+

2
2 . N
—grmw sin(f — Ol)%
2
—%R mwy cw sin(f + o) cos(2/3)592+

—% mw cw sin(f + o) cos(28)

of singly charged Higgs H™ that couple with the SM-like
Higgs boson.

Relevant vertex factors are summarized in Table 2. The
details of the models and calculations are given in “Appendix
C”. We have used the condition « = 8 — 7 /2 to guarantee
that the coupling AW W is the same as that in the SM. We
ignore all suppressed terms having factors with orders larger
than O(e?), where € = my /my» and my- is the new heavy
gauge boson mass, which can be considered as the breaking
scale of the SU(2)g group. The couplings of the SM-like
Higgs boson we discuss here are consistent with those in
Refs. [64—67]. The triple gauge couplings are also consis-
tent with Refs. [49,68]. Because they are not affected by the
fermion assignments, they can be considered in the general
case which does not depend on the recent experimental limit.

With the above assumptions, the couplings of the SM-like
Higgs boson are nearly the same as those in the SM. The
decay h — Zy has contributions associated with charged
gauge bosons estimated as follows,

LR LR 2.2
Biwww Fxtwrwwr  _SRSW 2
sSM_ SM 22 ¢
Bl Flw 81w
LR LR 2 .9
Etwww T Biwww  8gsin®(28) ,
SM YT o2z
B 8w
LR LR 2 9
Fatuww + Bollwun  8kcos” ) , 29)
FSM 242 ’
21,W 8L

where € = my/my and o >~ B — /2. We can see that
all quantities listed in (29) have the same order, although
some of them are affected by the tiny mixing parameter
so, = O(€?) between two charged gauge bosons. Hence all
of them must be taken into account. This argument is different
from previous treatment where only FZLII,{W’W’W/ was men-
tioned [40,41,69]. The recent lower bounds of the SU (2) g
scale give €2 < O(1073), implying that the heavy charged
Higg and gauge contributions discussed here are suppressed.
But the calculation is very useful for further investigation
in many other gauge extensions allowing lower new break-
ing scales, for example, the models belonging to the class of
breaking pattern I mentioned in Ref. [68], or recent models
with breaking pattern II [61,62].

@ Springer

The effects of heavy charged Higgs boson mpy from
F>1. wss and F21 sww appear in simple models like the HTM,
for a review see [70]. They even appear in the simple HTM
models extended from the SM by adding only one Higgs
triplet A [71-73]. It contains one singly, another doubly
charged scalar components, and a neutral one with non-zero
expectation vacuum value (vev) denoted as va. As a result,
apart from the SM particles, the HTM predicts only new
Higgs bosons. The factors gpsw and gzws arise from cou-
plings of singly charged Higgs bosons S* with all gauge and
neutral bosons. The correlation of the two decays h — yy
and h — Zy were investigated previously, but the contri-
butions F>1 wss and F21 sww mentioned here were ignored
in [23] because of the small product gnswgzws. It is pro-
portional to the small ratio (va/ v)2 [74], where v = 246
GeV. The requirement that the parameter p = m%v / (mzzc%v)
is close to 1 at the tree level forces va to be small with largest
values of few GeV [23,75,76]. But the tree-level deviation
Ap = p — 1 predicted by this model is negative, in con-
trast with the recent experimental results [77]. Hence, loop
corrections should be included into this parameter, imply-
ing that small v, is no longer necessary [70,78]. Theoretical
prediction for vpo ~ O(10) GeV is still allowed [79]. The
recent experimental upper bound is va < 25 GeV [80].
As a result, contributions from F>; sww and F»| wss to
the SM-like Higgs boson decay i — Zy can reach value
of Fo1.w X (9(10_2), which is still far from the sensitiv-
ity of the recent experiments. Hence, previous investigations
[23,75,81] ignoring F>; sww and F»; wss in the one loop
amplitude of the SM-like Higgs decay i — Zy are still
accepted.

On the other hand, heavy neutral bosons H predicted by
many BSM may have large ggws gzws, for example the
HTM [74]. In this case, contributions of F21 sww, F21,wss
can reach the significant values of Fa1 www x O(va/v) =
1 www X O1071) in the decay Br(H — Zy) but they
were ignored in previous works [76,81,82]. The formulas we
introduced in this work should be used for improved calcu-
lations of the mentioned decay rates.
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6 Conclusions

The decay h — Zy attracts now a great interest from both
theoretical and experimental sides. It should be observed and
studied soon by the LHC experiments. If a deviation from
the SM prediction is found, it will be associated with new
physics implying additional contributions from exotic parti-
cles in many BSM models. In this paper, we have introduced
the general analytic formulas expressing one-loop contribu-
tions from scalars, fermions, and gauge bosons to the ampli-
tude of the decay 4 — Zy. In addition, we proved that our
results can be used to calculate the amplitude of the charged
Higgs decays H* — W<y which exist in many BSM mod-
els. Although some of these formulas were derived earlier by
other groups, the general forms were not concerned, in partic-
ular, the contributions related to new gauge boson loops. Our
formulas are applicable to many well-known gauge extended
versions of the SM, as we discussed in detail. We stress that all
one-loop contributions with gauge bosons involved are cal-
culated explicitly using the unitary gauge, so that the readers
can cross-check our results. Our final results are written in a
convenient form. Namely, they are presented in terms of the
standard Passarino-Veltman functions which can be evalu-
ated numerically with the help of the LoopTools library. The
analytic forms of these PV functions were also discussed, so
that our results can be identified with well known formulas
in several special cases as well as implemented into other
numerical packages. Our results were checked to be mainly
consistent with several recent calculations in some specific
BSM models, except the contributions from diagrams con-
taining two different virtual gauge bosons. We believe that
our results will be useful for further studies of loop-induced
decays of neutral and charged Higgs bosons H — Zy, Wy,
which have not been yet treated in many well-known BSM
models.
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Appendix A: PV functions in LoopTools
A.1: Definitions, notations and analytic formulas

We use the notations for the Passarino-Veltman functions
from the LoopTools library [44]:

(i) 2,2
Aol,u = Ao.u (ki ; mi+1>
~Q@rwtd d%q {1 g}
== ) , 1= 0’ 19 2’
i D;
(@) 2,2 2
Bol,u,;w = Bo.u (ki ) ml’mi+l)

7i:1725

(2 py*=4 / dq {1, qu. q.qv}
i7Z2 D()Dl'

2 .2 2, 2 2 2
Co v = Co v (Pl, p5, (p1 + p2)7; my, m5, m3)

(27 )4 / dq {1, qu. quq.}
in? DoD D,

; (AD)

where d = 4 — 2¢ (¢ — 0) is the integral dimension, D; =
(q +k)? —m? ko =0,k = —p1, ko = —(p1 + p2),
i =0, 1, 2. In our case, we always have m3 = mj.

Denoting A, = % + In(4m pu?) — yg, it is well-known
that [46,83]

AY =mi(Ac —Inm} + 1),
Ay =m3Ac —tnm3+ 1), AD =-Alk,. (A2)

Based on the LoopTools notations [44], functions B(giL v
and Cy, ;v are written as

i @)
B =B, ki,
BS) = BQ guv + BY kiyikiv,
C, =Cikyy + Cokoy,
Civ =Cooguv + Crikipkry + Cra(kiukoy + kopkiy)
+ C22k2uk2v~ (A3)

There is another case where we have to change the integration
variable ¢ — ¢’ = g + kj to get the standard form defined
by (Al):

12
B((),u),;w = BOA,ILMV(klz’ k%* m%’ m%)
_ (2ﬂﬂ)4_d / ddq {17 9us q;/.qv}
in? DD,

_ (277,';/6)47‘1 / ddq {1, qu _klu’ (q;L _klu) (qv _klv)}
in? (@*—m3)[(q+hk —k)r—m3]
(A4)
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,and Bl(]]z)

= _p29

Then we can use the scalar coefficients B(gl 2), Bf] 2
with the standard definitions, where k> — k;

Bosuun (ke = k)% 3, m3)

_ 2yt d/ dd {1 L CI;LCIV}
in? (q2 —m3) [(q + ko — k)2 —m3]’

12 12 12
= B(g ), —Bf )PZ;u B(go )g;w + Bfl P2uD2v- (AS)
Inserting these into (A4) we get with k; = —p; and p% =0
33(12) 23(12) B(lz) A¢ —In (m%) ,
a2 _m3 (12)
By, = 5 (1 + B, ) )
(12)
B, 12
B(? ==0—ps. + B piy,
2 (12)
m 12 B
B[(LlUZ) = 72 (1 + B(g )> guw + 3 P2uP2v
(12 0
+ 02 (P2upiv + Prupa) + By prupiv.
(A6)

For two other cases we get

1

(i) _ pU2)

By =By +2— E 1—— ) In(1-— ,
< xio) n( X5)

o=%

. 1 . .
0 _ O _ 40 _ (22 2\ )
B! :ﬂ[AO — A = (mi—m3+i2)B]. @D
L

where k% = mZ, k2 = mh, and x;, are the roots of the
equation m2x — (m2 mj +k2)x +k2 +ie = 0. The forms

of Béy)l used for numerical investigation are well-known, see
g. [83].
The Cy function with m3 = m» has a simple form [10]:

k2ZZ( 1) le

2 j=lo=%

2%} (A8)
X b
nE =+ R+ oA ()

where A(x, y, z) = x2 4 y>+2z2 —2xy —2yz —2xz. This for-
mula is also consistent with LoopTools and [48], where nota-
tions are changed as (m%, m%, m%,, m%) — (kz, k%, m%, m%).
The C;;; functions are found based on the reduction tech-
nique [83]. Their explicit forms used in this work are [48],

2 2 (€8] (12) 2 (2) (12)
(my +m%) (Bo - By ) — 2mj, (Bo - By )

C =
1 (m2 — m2)*
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f2Co
Ty
mZ — mh

o 2 (55— 55 o, (5" )

2
(5, =m3)

C) =

__hHGo
my —mj’

C [/ (=3m}, +m3, — 4momp) + 4m§ — 4m7ym; ] B(()Z)
0 =

2m (m? — m3)’
3AimyByY [+ f+2md —md)] B
3 2
(m7 —m3) 2 (my — my)
(fl +2m2mZ)C0
(m% —m3)*
(3 +m?) (A - A7) w2
2m? (m% — m3)’ (m% —m3)*
[f2 (5m% + m}) +m7 —mj] By"
3
2 (m3 — mj)
+ [f1 (5m} +m}) +mf —m%] B
2(m% —m3)’
(Zm% — Zm% + m2Z + m%) B(()lz)
2(m% —m3)’
[ m3 (mF +mp)] Co
(m% —m3)*
AP =AY mL+m]

2 2°
(m% —mp)"  2(m% —m})

Cp=—

(A9)

where f; = m% — m% +k,.2. Some combinations which appear
commonly in our calculations are

Bél) _ Béz)
C1+C2=—ﬁ—C0,
mz —my

(=m? +md +m2) (B — B
2(m3 —m)’
[(m3 = m3) @i} —m3) = mZm2] (B — B§™)

2
2mj, (m3, = mj)

Co+Cn+C=

222 21 (2 2
m3Co  mi—mj3+mj —min(mi/m3)
R 2 (2 —m2 :
mz —my, 2mj; (m7, — m})

(A10)

A.2: Analytic formulas in special case of m; = my =m

In the case of equal masses, we can use the following well-
known functions [10,20,21]
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) Vx = larcsin\/I x >1, (ALD)
x) = ,
¢ @( m—}—ln}i/@) x <1
P arcsinz\/g x> 1,
.x) = )
i( ln+ln}+\/@> x <1
(A12)
, oy x2y?
1(x,y)—2(x_y)+2(x 2 [f () = F()]
2
+ ﬁ [8(0) — g1, (A13)
Bx,y) = = 5 [F0) = FO]. (Al4)

Defining 1| = t, = 4m2/7712Z and h = 1, = 4m2/m%l, the
PV functions involved with this work can be written as

BY =BY'? +2 - 2g(), (A15)
L(t, t
cp=— 21, (Al6)
m
B(l) B(Z)
Ci1+C = o — Cop,
myz _mh
(1) 2 2
m2 (B -B%y w2,
Cio+Cn+Cr=—% 202 2 2
2(m; mz —mj) mz —my
1 Ii(tp, t
, _ 1(221). (A17)
2(m7 — mj) 4m

The B(gi) in Eq. (A15) is derived from the general well-know
form, namely

. 1
BY = B{"? —/ dxIn 1447 x(x = 1]
0

1
2
=B\ —f Cdxin[47 1]

-2

More intermediate steps, including integration by parts, are

1

2
/ Cdxin [47 41—

2

as follows
_1] f% 8t~ x2 dx
= -
! B RN

=—2+42g().

Appendix B: Details of amplitude calculation

For completeness, we present some more detailed steps to
obtain the formulas of Ms),, and M(5.46),, in Egs. (11)

and (12). Also, the contribution from diagram 1 in Fig. 1 will
be discussed.

Using the replacements in Eq. (10) to calculate the F3;
factor in M(s),,,, we get

/

qpq9”
d 5 ) [(@ +q1)p8un
my

Viugr = 8ap (gg -

—(q + PDr8au — (@1 — PV 8ur]

=(q +q)ugpr — (q + prgup — (@1 — P1)pgur
(@ +9D)u9p9.
mi
n (g + PllACIﬁ‘I/L n (g1 — p])zqq,agm
mj mj
— 2qu8p1 — (@ + p1)r&up — (g1 — P1)B&ur
q
+ 2 = auan. + @} = m3gu]
my
1
= Viiugr + —5 X Vi2ugs, (B1)
nmy
where we have used p% = mzz, p% =0,qg.(q1 — p1) =

(g1 + pD-(q1 = p1) = qi — P1. 4192 — p2) = g; etc. The
arrow means that replacements (10) have been applied. And
we will apply them automatically from now on. Similarly,
we can prove that

1 1
Var = VI A+ = x VIS + — x VS (B2)
mz m2
where
VIt = —(q1 + p2)P8l — (g2 — p2)*8P + 2q1,87
A
Vzﬂzv =q (35512 +q1v(q1 + p2)f — 2611%1{3)
+qb (336112 — g — qwq%) :
— q}88q3 + a5 shal — 2q104}4.
V2ﬂ,3v = _(QIOPZ)qqu pav — 0. (B3)
Now the part we need is written as follows
(V1.1V2,2)
le.ﬂ)\vzﬂvk - ViaVa, ) + —zuv
m;
Vi,V Vi,V
+( 1.2 i,l);w ( 1222;);1,11’ (B4)
ml m m2

where

Vi1 Vo, D =2@2d — 3)quqy + (—4d + T)qu p1v
— P2uqv + SpP2,Piv,

V1,1V2.2) v =quqy [q2 + g} +mj — ZmZZ]
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2 2 2
+qupiv [—q2—3q12+q22—m%+2m22] +ponds | — B 1 3my —m5 +my,
) ) ) wav 2D, 2Dy 2DyD»
+ Poudy [—Zq +ar + 2’"2]
—Zm% B7
T [2q2 gk 2m22] ’ +pP2u Py DD, | (B7)
_ _ 2
Vi2V2. 0w =4u [ q10(q-q2) + qqu] Contribution from the diagram 1 of Fig. 1 is
+ (g7 — m%) (qudv — 24up1v + 2P2u40) p
2 2 m2—2m2 iMg :(—l)xf—q
—qua |~ L i 2 T (D 2m)?
2 2 2 .
. (g2 +m2)
> 2 2 4 a2 x Tr | =i (Yag; PL+ Yagyr PR) ——F——
+ q_ — 2, 2 + 61_2 + M D,
Qubrv| 5 =21 ™5 2 id1+m) . [,
— [1 (ng,-jLVM Pr

+ Poudy [26112 - 2m22] :
V12V22)uw = — 4u4v P43 + 4uq1v(q.q2) [ZP% - 6112]
= qudv [—M%qzz + %(q2 +q5 —mj)
X (—qlz + 2m22)]
- %pw%(qz +q5 —mj) (—qf + 2’”22) :

(BS)

From this, it is easy to derive the Eq. (11).
The amplitude corresponding to diagram 6 from Fig. 1 is

. dq . —i [ ww  4%4%
lM(G)/J.u Z/ W(zghv,-j gaﬁ)D_O (gaa _ m%

x (—ie Q gzvi;) [28uw8ap — 8uv8a'p

. B B
—1 ’ 4, q
A <gﬂﬂ _ 2_22>

m;
dlqg 1
— [e 0 ghv;; gZVij] X Q27)4 DyD
1
X —— X [— 2m3 gy — 2m3quqy
mym;

+ (442 (@200 + ud22) |- (B6)

Then it is easy to derive that

diq 1

— X
e wins

1 n 1 m% + m% + mi
X — —_——_——_——
dndv D, Dy DoD»

2 2 2
3my —m2+mh]

iMe) — [e O gnv, ngfj]/

1 1

Py |:_2D2 20y T 2DuDs

@ Springer

x(ie Qyv) D

i(4+m1)}

+g§flij,u PR)] DO

Q/ dlq 1

= — X

¢“ ] @) ™ DoD\D;
STr [(flzyuql Vi + m%ym/u)
X (KZFL,RR - KL_L,RRVS)

+ (qZVvqu + Vvql)/qu)

+ —
X (KLR,RL + KLR,RLVS)] .

While the contribution of the corresponding diagram with
opposite internal directions is

ddq 1
.M/ - _
P uy "Q/ @m)? * DD D,

1 2
x5 Tr [(d2vvd 17 +m3vum)
N _
X (KLZ,RR + KLL*,RRV5)

+ (d2vvvud + vod1v.4) (KZ_;,RL - KL_;,RL%)] :

The sum of the two above diagrams gives the final result
of Fy, 1, and fs r.. where the complex conjugation corre-
sponds to the contribution from M;l v Using the properties
of the Dirac matrices, it is easy to find out the two expresions
given in Eq. (15).

Appendix C: Gauge bosons and couplings in the left-right
model SU(Z)L X SU(Z)R X U(l)B_L

The model used here was introduced in Refs. [64,65], where
many results we show here were introduced. The relations
between the original gauge boson states and the physical ones
(WE, W Ay, Zy, Z),) are

wo
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+
)2
WLM —Sg, Co, W;Lt ’

3 3 8r 2
W%M SW, CW»  —Cryg € Ay
WR,LL =~ | SRCw, —SRSW, CR Zu , (C1)
/
AB-Lp CRCW, —CRSW, —SR Z,
+ _ WII‘.R;L¥[W%.RM
where WL’RM =75
&R . 8y 8Ltw
so, = P sin2f, sp=-—= ,
8 &R 8R
my myy’
€= ——, my =—.
myy’ CR

We will keep the approximation up to the order O(e?),
which gives s§+ =0andcg, = 1.

Only the bidoublet Higgs ¥ ~ (2, 2, 0) contributes to the
SM-like Higgs boson, namely

0 s+ vgeg — <h, Hte
= (20 2)) = (P )
DIFED 4 H™ sg, vysg + J_afh

where only the SM-like Higgs / and charged Higgs bosons
are kept. The SM-like gauge boson W has mass my ~
gLVH /\/E

The respective covariant derivative is [49],

. Ogq . Oq

D, =09,% — lgLEWZMZ + lgRE?WI‘éﬂ,

l
= 9,3 — %PM,

(C3)

where g7 g and WZ,RM (a = 1,2, 3) are the gauge couplings

and bosons of the groups SU (2) 1, g, 0, are Pauli matrices.
The kinetic term of the X is

c =Te[(D,3)" (0"%)]
=Tr [auz* (") — i‘gTL 0,27 (Pr3)

, 2
—(P3)" (3/*2)] + ‘%L (P.x)' (P“E):| ()

which contains couplings of Higgs and gauge bosons. The
part of the Lagrangian (C4) giving couplings 7V V'~ is

2
cavEvE) = TL[(sPs) + 247 5)

2

+i g — L —

X (WL“WLM —+ 2WR”WRM>
8L

_98R

0% 50 7+ - 0k 520 17+ —
o (=P sgw, Wy, + 595 WR”WLM>]

2
— grmy sin(B — a)h <W“ W, + g—’jw’*“ W,Q)
8L
— grmw cos(B + a)h (WHHW™ + WHWT),
(C5)

where we keep only dominant contributions to the coeffi-
cients of the AV*V'~, i.e. we use the approximation W =~
Wi and W >~ Wg.

The couplings ZH* V¥ are

LZHEVT) = = grmuy cos(2B) x W}, (W H
4 WR_I‘«H+>

>~ — grewmy cos(2pB)
X Zy (s, WHH™ + W H™ + He.),
(C6)

where we used ¢y, = 1 and Wz“ — cwZ". This result is
consistent with [64]

The couplings h H*V T are
gL

v == B 5,57 (Prx) - (P3) 043)]

— %L cos(B — a) [(po —p )W, H ™ h
—(po — p+)MWL_MH+h]

n ‘%R sin(B + @) [(po — P W H R

~(po = p+)u W Hh], ()
where we have used 9, — —ip,; po,+ are momenta of the
Higgs boson i and H*. The first line of the final result in (C7)
contains the factor cos(8 — ) =~ cos(r/2) = 0, because the
matching condition with the SM coupling AW W~ lead to
B = o+ /2. Using W;etﬂ ~ W,’f + 5o W, the second line
is written in the physical gauge boson states as follows,

LhH*VF) =L sin(B + ) [(po = p-)e (W
+so W)Y H ™ h

—(po— pu (WH +s9WH)Hh].
(C8)

The triplet couplings of three gauge bosons ZVV’ are
contained in the kinetic term of the non-abelian gauge bosons,
namely [49]

1 1
kg paw 1 oa sapw
‘Cg_ 4 L;,LVFL 4FR;wFR ’
a _ a a abc yy7b c
Fp ruv = WL gy — WL g+ 8L.RET WL g, W Ry

(€9
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The triplet gauge couplings are derived as follows,

L3 =— gLeabC(au WZV)Wf“ Wi

— 8RB Wi, WR W'

=—igrew [ 2 (=0 Wi W, " + 0, WL, W)
+ZM @ WLWL = 0 WL, W)
0,70 (~W WL W )]

—igr(—=srsw) x (L - R), (C10)

where we pay attention to only Z couplings by replaced
W} — cwZ and W3 — —sgsw Z in the last row of (C10).

Now based on the Feynman rules, the vertex factor of the
coupling Z*WHHW =" defined as —igzw+w-auv(Po, P+,
p—) can be derived by taking the limit ch — W% Asa
result, we obtain gzw+w- =~ grcw. Similarly, the coupling
Z*W'THW'~Y with the vertex factor —igzy~+w— L (po,
P+, P-) gives gzwrw- X —gRSRSW = —&ySw =
—gLs% /cw.

Using W\, W, — —sp, co, W," W, +H.c.and W Wp,
— so, co, W," W, 4+ H.c., the couplings Z*W't*W~" and
ZOWTHW' ™Y give gzw+w- = gzwrrw- = —S9,Co, (8LCW
+ gRSRSW) = —gLSo, /cw, Tespectively.
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