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One-loop W boson contributions to the decay H — Zy in the general R; gauge are presented.
The analytical results are expressed in terms of well-known Passarino—Veltman functions such
that their numerical evaluations can be generated using LoopTools. In the limit d — 4,
we have shown that these analytical results are independent of the unphysical parameter & and
consistent with previous results. The gauge parameter independence is also checked numerically
for consistence. Our results are also well stable with different values of & = 0, 1, 100 and
& — oo.

Subject Index B53, B59

1. Introduction

The decay process of the standard model-like (SM-like) Higgs boson H — Zy is of great interest
at the Large Hadron Collider (LHC) as well as future colliders [1-4]. Similar to the important loop-
induced decay H — yy, which is one of the key channels for finding the SM-like Higgs boson
at the LHC, the partial decay width of the decay H — Zy will provide important information on
the nature of the Higgs sector. Since the leading contributions to this decay amplitude are from
one-loop Feynman diagrams, it is sensitive to new physics predicted by many beyond the standard
models (BSM), i.e., new contributions of many new heavy charged particles that exchange in the
loop diagrams. Therefore, detailed calculations for one-loop and higher-loop contributions to the
decay channel H — Zy are necessary.

There have been many computations for one-loop contributions to the decay channel H — Zy
within SM and its extensions in Ref. [5-24], also in the references therein. In Ref. [25], the authors
proposed the dispersion theoretic evaluations for H — Zy . In addition, hypergeometric presentation
for one-loop contribution to the amplitude of the decay H — Zy has been presented in Ref. [26].
Most of the calculations were carried out in the unitary gauge because of the lesser number of the
Feynman diagrams in this gauge than in the other ones. However, the results may experience problems
relating to the large numerical cancellations, especially the higher-rank tensor one-loop integrals that
occur in the diagrams due to the W boson exchange. In our opinion, the derivation the one-loop W
boson contributions to the decay amplitude H — Zy in the general R¢ gauge is mandatory, even in
the SM framework. This helps to verify the correctness of the final results supposed to be independent
of the unphysical parameter £. Furthermore, one can obtain a good stability of the results by fixing
suitable values of £.
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Many recent BSMs are electroweak gauge extensions, such as the left-right models (LR) con-
structed from the SU(2); x SU(2)gr x U (1)y [27-29], the 3-3-1 models (SU(3)r x U(1)x) [30-36],
the 3-4-1 models (SU (4); x U(1)x) [35], etc. They all predict new charged gauge bosons which may
give considerable one-loop contributions to the decay amplitude H — Zy . Once their couplings and
the respective Goldstone bosons and ghosts particles are determined, their contributions to the decay
amplitude H — Zy can be presented analytically using the results given in this paper, although
it is limited in the standard model framework. They can be used to cross-check with other results
calculated in the unitary gauge [20]. This is another way to confirm the complicated properties of
the couplings related with new Goldstone bosons appearing in the BSM.

For the above reasons, detailed calculations for one-loop W boson contributions to H — Zy in
the R¢ gauge will be presented in this paper. The analytical results will be grouped in form factors
that are written in terms of the Passarino—Veltman functions so that their numerical evaluations can
be generated by LoopTools [37]. In the limit d — 4, the analytic results will be used to check for
the £-independence and confirm previous results. Numerical checks for the £-independence of the
form factors will be also discussed. The stability of results will be tested by varying £ = 0, 1, 100
and &€ — oo.

The layout of the paper is as follows: In Sect. 2, we briefly present the one-loop tensor reduction
method. Notations for one-loop form factors contributing to the amplitude of the SM-like Higgs
decay into a Z boson and a photon will be defined before listing all analytical results in that section.
Conclusions and outlook are given in Sect. 3. In the appendix, Feynman rules for the decay channel
are discussed.

2. Calculations

In general, one-loop decay amplitude is decomposed into one-loop tensor integrals which can be
reduced frequently to the final forms, which are sums of only scalar functions. Our calculation will
follow the tensor reduction method for one-loop integrals developed in Ref. [38]. This technique is
described briefly in the following.

The notations of one-loop one-, two- and three-point tensor integrals with rank P are given by

d%% F 2 L e

(4; B; Cyprmrir = - : (1)
(2m)* {D1; D1D2; D1 D2 D3}
In this formula, D; (j = 1,2, 3) are the inverse Feynman propagators
D; = (k +¢)> —m? +ip, 2)

J
g = > pi, pi are the external momenta, and m; are internal masses in the loops.
i=1
The explicit reduction formulas for one-loop one-, two- and three-points tensor integrals up to rank

P = 3 are written as follows [38]:

A" =0, 3)
A" = gh" Ao, 4)
AR =0, (%)
B =q¢"By, (6)
B"" = g""Boo + q"q" B, (7)
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B*P = {g,q}""Boo1 + ¢"q"q"B111, (8)
Ch=giCi+dbCr=)_ q'C, ©)
i=12
C =g"Co+ Y q'qCy. (10)
ij=12
2 2
P = "1g, g} Cooi + Y 4!'q)q} Cij. (11)
i=1 ijk=1

For convenience, the short notation [38] {g, ¢;}*"” will be used as follows: {g, ¢;}"* = gh’q" +
g"7q!" + g"Pq! . Following this approach, the scalar coefficients 4go, B1, - - - , C222 in the right-hand
sides of the above equations are so-called Passarino—Veltman functions [38]. Their analytic formulas
for numerical calculations are well-known. More conveniently, these functions can be calculated
numerically using the available package LoopTools [37].

The above notations will be used to evaluate the one-loop W contributions to the decay amplitude
H — Z({p1)y(p2). In the SM framework, these contributions come from the Feynman diagrams
given in Fig. A.1, where all W boson, Goldstone boson and ghost particles exchanging in the loop
must be considered in the general Rg gauge.

The total amplitude of the decay channel is then expressed in terms of the Lorentz invariant structure
as follows:

2
Anszy = A€ (pDes(p2) = 1 Awg™” + Y Aypl'p) t €1 (pDes (p2). (12)

ij=1

All kinematic invariant variables are relevant in this process:

P = M3, (13)
p3=0, (14)
Pr =@ +p) =M, (15)
which results in a consequence that
Mz — M?2
pipy=—1—~ 5 Z (16)

The Ward identity p3e’(p2) = 0 implies that the two form factors .4, and A5 do not contribute
to the amplitude given in Eq. (12). In addition, we have p5.A,,, = 0, leading to another zero form
factor, namely A;; = 0. Now, the amplitude has a very simple form:

Apzy = {Aoog’” + Azlpll)pg}éi(pl)é,f(pz)- (17)

The form factors Ago, A1 will be expressed in terms of the Passarino—Veltman functions mentioned
in the beginning of this section. The derivations are performed with the help of Package-X [39]
for handling all Dirac traces in d dimensions. One-loop form factors are presented in the standard
notation defined in LoopTools [37] on a diagram-by-diagram basis.
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2.1.  In the general R; gauge

We first carry out the calculations in the general R: gauge. To simplify the computations, the W
boson propagator is decomposed into the following form:

- [“” (1 -5k ]— B DT L T
K- |f 2| T e —mp \® R —M2 M

with MSZ = SM,%V. The first term in the right-hand side of Eq. (18) is nothing but the ¥ boson
propagator in the unitary gauge, while the second term relates to the propagators of Goldstone
bosons and ghost particles. In the convention of Eq. (18), each diagram with a /' boson exchanging
in the loop will be separated into several parts. For example, the Feynman amplitude for diagram
(a) in Fig. A.1 is divided into 8 terms as follows:

2
A@ = 3 A, (19)
ijk=1

The notation Al(;;c) corresponds to which term on the right-hand side of Eq. (18) is taken. In this
scheme, the amplitude in Eq. (17) is presented by means of

di di
Azy = Yoo AT@ g Y AT | PhpY | e enelp)0)
diag={a, - Jj} diag=({a,-- ,}

The terms .Aédiag) (§) and A(Tdiag) (&) will be collected on a diagram-by-diagram basis in the following

subsections. In this article, we show analytic results for Aghag)

(&) as examples.

2.1.1. Diagrams a and a’

We first calculate the topologies (a + a’) having only W boson in the loop diagrams (see the two
diagrams a and ¢’ in Fig. A.1). The respective form factors denoted in Eq. (20) are split into 8 pieces,
namely

A0 &) = S EEEEI AL @) + AT @) + A 6) + AL @) + ATp©)
My,
+ AL (®) + ALy ) + A ©)}. @1

All terms in the above equation are presented in terms of the Passarino—Veltman functions as follows:
AT 1(6) = QMF, + 4ME) By + By | (MF, My, M) + 4MF, Bo(MF, My, M7)
+ 8M3, (M3, — M2)Co(M7, M2,0, M3, M7,, M7,)
+2[2M @M, — M3) +8(d — DM} — 4M7 M3

x [Cay + Cra + C2I(M2,0, M7, M3, M3, M2),  (22)

Al 12 (&) = =AM, Bo(Mjy, M, ME) + (6Mjj; M — 8My,) Co(M3, 0, Mfy, My, My, M7)
+ 2Mi MZC1L (M3, 0, My, My, M, M) + [Mfy — M (5 — 1)]
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x {3MZ — aMf)| Coa + Cia | V3,0, M7, M, My, M)
— 2811 (Mf, My, MD) | + [MF = M3, (6 = 3)]

X [ — 2By(M7, M}y, MP) — (4M, — 3M)C2(M3,0, ME,,M%V,MfV,Mg)], (23)

ATy (§) = M (M3 — M| Coz + Ciz + C2 | (M3,0, M, My, M2, M)

+ 4MF, (M3 = M) Coa + Cia + o + Cy + Co | (M, 0,MF, M, M2 M), 24)

AL &) = M (6 + 1) — M7
X {2Bl(M£,,M§,M5V) + (@M2 — 3M2)Cy (M,g,Mg,o,Mg,MgV,MgV>}
+ 4Mj, My, — MZ)Ci(M7,0, Mf, M2, Mj;, M)
+ [Mj — My (¢ — 1] (25)

x | 3M3 = 4M3) | Coz + Cia | M3,0, MF, M2, My, M3y) — 211 (M7, M2 M3 |,

ATy(&) = MM (& — 1) = MBI Cua + Cu | (M7, M3, 0, M M2 MD)
2302 2 2 2 2 2
- ZMZMW[CZ + Co](MH,MZ, 0, M3, M2, M?)

— MZ[Mj; — My (6 — 3)IC1(Mf;, M5,0, M, MZ, M), (26)

AT 2(6) = 2M7, = 2MD) | Buy + B | (M, M2, MD)

+2(M, — MYMF — 2MD)| Coz + Cua + Co | (MF, 0, M7, ME MG MD), 27)

A (€) = MZIMy (€ + 1) — ME1Ca (M7, 0, Mfy, MZ, ME, M)

+ MZIM(E = 1) = ME1 Caa + Ciz | (M3,0, M, M2, M2, M), (28)

AL, @) =o. (29)

2.1.2. Diagram b
We next consider the topology & which has two W boson internal lines. The one-loop form factors
read as

AT (&) = [MEB1 + 2Booy + (M7, = Mi)Bur + Boo — Miy(By + Bo) | (M, M7y, M), (30)

ATy (&) = [ M, (Bo + B) = Boo = M (Br1 + Bi1y) — 2Boor | (M7, My, MD), (1)
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AL ©) = [IMf (1 = §) = ME1B1 — M2By — M} Bin — Boo — 2Boot | (MG, M2 M3, (32)

ALy () = | (M7, + MDB1y + M2By + MEBu11 + Boo + 2Boo | (MF, MZ, MD). (33)

2.1.3.  Diagrams c and ¢’
The form factors due to the triangle diagrams that have two W bosons and a Goldstone boson in the
loop are considered next. They are expressed in the same scheme:

AFTO@) = Afio(®) + ATy () + ATy &) + A ©). (34

The related terms in the above equation are shown:

EHWXEZWW &AWX

Alp() =
8m2Mj,

{2M§V(2M5V — MZ)Co(M3,0, M, My, M, M7)
— 2Mjy M C1 (M, 0, My, M, My, M)
+ M}, = MPIMF, — M3y (& = D[ Crz + Caa | (M3, 0, M, My, My, MD)

+ @My, — MM — M (€ — 3)1Ca(M7, o,M,%(,MEV,Mﬁy,M@}

SHWXEAWwW 8ZWX
872Mj,

{4M;‘VCO(M£,,M§,0,M5V,M§,M5V)
+ 2M3 M7, — M3y (& — DI[Cra + Cur | (MG, MZ,0, M5, MZ, M)
+ 2M7 MG, — My (€ = DIC (MF, M3, 0, M7, ME M3 |, (35)

EHWXEZWW &AWX

Aly(€) =
82Mj,

{5, = MDHIME & = 3) = MAIC(MZ,0, M, My, M, MD)

+ (M3 = MM, — Mj (6 — 1| Caa + Cia | (M3, 0, M7, My, M, M2)

M2 (M2 — M%V)[Cl + Co](Mg, 0,M§,,M§V,M§,M§)}

SHWX ZAWW SZWX
872M ;‘V

(M 1M € = 3) = ME1CL MG, M3, 0, M7, M2, M2)

— MM}, — My (€ = DI[Cra + Crr | MG, M3,0, M3, M2, M)

- 2M;‘V[C2 + Co](M}{,Mg, o,MEV,Mg,Mg)}, (36)
SHWXEZWW EAWX
A io(6) = SEEEERERE (M2 — M)ty — M) (37)
w

x [Cor + Cia + C2 | V3,0, M7, M2 M3y, D) |

SHWXEAWw 8ZWX
872Mj,

{2 — i,
X [Clz + Ci1 + C1](M£1,M§,O,M§,M§,MV2V)},
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SHWXZZWW EAWX

Agz() (5) = 87‘[2M4
w

[MEaZ — Mo + Co + o] 13, 0,MF, M2, M2, MDY ). 39)

2.1.4. Diagrams d and d’

We are now going to consider one-loop two-point diagrams with exchanging a W boson and a
Goldstone boson in the loop (see diagrams d and d’ in Fig. A1). The form factors are divided into
two parts as follows:

AW &y = AT (&) + AL (). (39)

All components in the equation are given:

Al &) =0, (40)
SHZIWX 8AWX 2 2 a2
AL :—[B M B]O,M M
20(5) 87‘[2M§V 00 w0 ( w g)
gHAWXgZWX[ 2 ] 2 a2 g2
STATRSZTE | Boo — M2 By | (M2, M2, M3). 41
7y 00 — My Bo | (M7, Mg, My;) (41)

2.1.5. Diagrams e and ¢’
One-loop topologies with two Goldstone bosons and one W boson in internal lines are considered.
The form factors are written as

/ gruwx (8zwx gaxx + Sawx gzxx)
AFHO (€)= iy [ATo0® + Ap®)] (“2)
w
The related terms in the equation are decomposed as
Aloo®) = M + M7, (3 — £)1Co(M7,0, My, My, MZ, MZ) (43)

+ 2M5V[C0 + Cl](Mé,o,Mg,MgV,Mg,Mg)

+ (M7, + M (1 = €)1 Coa + Cra | (M3, 0, M7, M7, M2, M),

Af (&) = (M2 = M) Caz + Cra + €| (M3,0, M, M2 ME, M), (44)

2.1.6. Diagrams f and [’
Other topologies with two I bosons and one Goldstone in the loop are mentioned. The corresponding
form factors are presented in the form of

AU @) = gHWIVZiZZZ;(zAWX [A1T01 &) + Aloa (&) + Ay (§) + AJpy (€ )], (45)

where the relevant terms are expressed in terms of Passarino—Veltman functions. The results read in
detail as

A0y (&) = (MF +2M3) [ Caz + Ca + Co | (M3,0, M, My, M2 M)

+ 2M5V[co + Cl](Mg, 0, M3, Mpy, M2, M3), (46)
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Afp(®) = M7 (& = 1) = M| Coz + Cia | (M3, 0, M7, My, M2, MD)
_ 2MV2V[C0 + cl](Mg,o, M, ME, M2, MD)

+ [Mjj (5 — 3) — ME1Co (M7, 0, My, My, MZ, MZ),

Afy(§) = M7 (& — 1) = M| Coz + Cia | (M3, 0, M7, M, M2 M)

+ [Mj (€ + 1) — MF1Co(M7,0, My, MZ, M2, M),

AJpa(€) = (M — 2M§>{czz +Cin+ cz}<M§, 0, M7y, MZ, M2, M?).

2.1.7. Diagrams g and g’

(47)

(43)

(49)

Applying the same procedure, the form factors for diagrams g and g’ are shown in this subsection.

The results read

SHXXSZWX EAWX

(848 ey _
Ap é) = 92 MVZV

[Aglo(f) + Agzo(é)]-
All terms in the equation are obtained:

Afg(®) = =[Coz + Cia + Co | (M3, 0, M7, M2 ME M),

2.1.8. Diagrams h and I’
We also have

h-l 8SHXX 8ZXX 8AXX
AP0 ) = SRESLEERX oy + Cop 4+ Co | (M3, 0. MF, M2 M, M.
2.1.9. Diagram i
We next have
AP @) =0.
2.1.10. Diagrams j and j
Finally, we obtain
A(/'Jrj/)(%_) — ¢ 8Hcc8Zcc8Acc Coy 4 Cir & C (M2 0 M2 M2 M2 M2)
T - 47_[2 22 12 2 VAR H> %', %‘9 f .

2.2.  In 't Hooft—Veltman gauge

(50)

(1)

(52)

(53)

(54)

(55)

Summing all of the contributions listed in the previous subsection, we obtain the analytic results of

the one-loop form factors needed to determine the decay amplitude H — Zy in the general Re. In

this subsection, we set & = 1 corresponding to the ’t Hooft—Veltman gauge. The form factors read

in a compact form as follows:

(167%) x Al = {4gZWW[(2d — 3)gaww &aww + Lawx uwx 1 — 484cc&Hee&7cc
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+ 8guxx (guwxg&zwx + gHXXgZXX)}[C22 + C2l(M2,0, M}y, Mi,, M7y, M7,)
+ {4gZWW[(2d — 3)gaww guww + 38awx guwx | — 484cc&HecLZcc
+ 8.0 Ggrmxgzmx + goxgznd) | Co(M3, 0,MF, My, My, M)

+ <2gAWWgHWWgZWW — 8guwwguwx gzwx + 16gAWXgHWXgZXX)
x Co(Mfy, M3,0, M, My, Mjy)
+ (10gAWWgHWWgZWW + 8guwx guwx gzww + 16gAXXgHWXgZWX>

x Co(M3,0, M}, M3, M3, M7)). (56)

2.3.  In the unitary gauge

(a+d")

In the unitary gauge, we only take A}}," ~ and AY? into account. The result reads

(327°M;) x Al = [2(M13 + 2M) gaww gaww gzww + 4(MF — Mﬁ/)gHWWgZAWW]

x B11 (M}, M}, M3))

+ AMj gww (gawwgzww — gzaww)Bo (MF, My, M}y)

+ ZgHWW[(M,%[ + 2M) gaww gzww — ZMpzngAWW]Bl(MI%[,MVZV,M%/)

+ 4guww gzaww [MéBm + By + 23001](M121,MVZV,MV2V) (57)
+ dganwgmw gz | 2Miy (Mf; — M) — MEMZ + 4(d — DM |

x [Cx + Ciz + C2l(M, 0, M7y, My, My, M)

+ 8M7, (4M7, — M2)gaww gaww zww Co(MPy, M3,0, My, My, M7,).

In the limit d — 4, the form factors in the three different gauges Rg, ’t Hooft-Veltam and unitary
are in the same simple form given as follows:

B eg? cos Oy
32m2MAM3, (MR — M2)?

X {Mg,/M;; — AMZME, [MF (2M}, — M3) + 12M;), — 2Mj,M3]
M}y — AMEME, + 2M3, — M,

2
2M},

[2p5P} — (M} — M©)g™]

X In

+ MEM}, [MF (MZ — 6M7,) + 12M;), + 6Mj M7 — 2M7]

VM — AMEMG, + 2MF, — M7,

2M3,

+ MA MG — AMEMZ [M7 (M2 — 2M3) + 2M3, (M2 — 6M3))]

9/14
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4 2 g2 2 2
JME — AME M2 + 2M7, — M2

2
2M3,

X In

— MEMG, [MF (MZ — 6M7,) + 12M;), + 6Mj, M7 — 2M7]

J | M2 — A M+ 2M, — M

x In 3
2Mj,

+2MEME, (ME — M2) + M (12M7 — MEM2) (M3 — M2) } (58)

By taking M% — 0 in Eq. (58), we then verify again many previous results for H — yy; see
Refs. [40,41] for examples. For W bosons exchanging in the loop, their masses are included in the
Feynman’s prescription as M, 5,, — ip. Therefore, all the above logarithmic functions are well-defined
in the complex plane.

3. Numerical tests for the £-independence

Numerical illustrations of the form factors relating to the decay amplitude H — Zy in different
gauges are shown in Table 1. The last line of the table gives the numerical value of the form factors
after taking out the coefficient (eg?)/(1672). The related masses are fixed as follows: My = 125
GeV, M7z = 91.2 GeV and My = 80.4 GeV. We find that the results are well stable with different
values £ =0, 1, 100 and & — oo.

The numerical result of the form factor in Eq. (21) (as a example of a numerical cross-check) of
Ref. [20] is

2
Fa1 = 0.07245981549100559 <5 (59)
1672

We find a perfect agreement between the result in this paper with that in Ref. [20].

4. Conclusions

The analytical results for the form factors presenting one-loop contributions of the /" boson to the
decay amplitude H — Zy in the R: gauge have been collected. They are expressed as functions of
the Passarino—Veltman scalar coefficients such that numerical calculations are easily generated with
LoopTools. In the limit of d — 4, we have shown that these analytic results are independent of
the unphysical parameter £ and consistent with those given in previous works. Numerical checks
for the £-independence of the form factors have also been discussed. In addition, the results are in
good stability with varying & = 0, 1, 100 and & — oo. We emphasize that the results in this paper
will be applied to calculate one-loop contributions of new charged gauge bosons appearing in many
BSMs. They can be used to cross-check for consistency with well-known results given in the unitary
gauge. This is another indirect way to confirm the new Goldstone boson couplings which often have
complicated forms in the BSMs.
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Appendix A. Feynman rules and Feynman diagrams

In this Appendix, we list the Feynman rules needed for writing all one-loop integrals contributing
to the decay amplitude of the process H — Zy. All propagators and related couplings are shown in
Tables A.1 and A.2, respectively.

Feynman diagrams for one-loop contributions to the decay amplitude H — Zy in R; gauge are
plotted in Fig. A.1.

Table A.1. Feynman rules involving the decay H — Zy through # boson loops in the R; gauge.

Types Propagators
Goldstone boson ﬁ
pm = Mg
i
Ghost _
0s 7o M;
—i r'p
W boson pz——]W[ (1 —S) M2i|

Table A.2. All couplings involving the decay H — Zy through W boson loops in the R; gauge. The notations
defining these couplings in the SM are: gypw = gMw, guwx = /2, Euxx = ng,/(ZMW), Sree = My /2,

Sayw = €, Ezww = —gCOSOw, uapw = e’ Szamw = —egcosly, guyy = eMy, gzwxy = gM; sin’ Oy,
guxx = e, gzxy = —gcos20y /(2cosby), guaxx = 2%, Szaxx = —eg cos 20y /(cosOy), guawxy = eg/2,
Sy = g° sin® 0y /(2cosbOy), uee = €, Ezee = —gcosPy. The standard Lorentz tensors of the gauge

boson self couplings are I, (P1,22,03) = @1 — P2)s + @2 — P3)u + €03 — p1)v and S0 =
28,v8up — Zuau&vp — Sup&va-

Vertices Couplings

H- W/L -W,, H(py) - WM x@),H-x-x,H-c-c ISHww uvs —iguwx (2 —pl),“ —igHxx > —I&&Hee
Au() - WEp2) - Wy (p3), Zu(p1) - W (p2) - W, (p3) —igapw U s (01,02, 03)s —izww U o (P15 02, P3)
Ay AW W, Z, - A, - WS- Wy —184aww Spuv.aps —1Czaww Spv.ap

Ay Wy X2y - W, - X —igawx &uv> —18zwx 8uv

Ay - xP) - xP2), Z, - x (1) - x(p2) —iguxx P2 — P> —i8zxx (P2 — Py

Ay Ay XX Zy-Av- XX 1844xx8uv» 1874xx &puv

H 'A;L W, x, H'Zu W, x —igHawx &uvs —ICHZIWX v

Ap, +C-C, Z/, C- _igAccp/u _ichcpu
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Fig.A.1. Feynman diagrams of one-loop W boson contributions to H — Zy in Rs.
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