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Abstract. In this paper, we present general one-loop form factors for H — y*y" in Rg gauge, con-
sidering all cases of two on-shell, one on-shell and two off-shell for final photons. Analytic results
for the form factors are shown in general forms which are expressed in terms of the Passarino-
Veltman functions. We also confirm the results in previous computations which are available for
the case of two on-shell photons. The &-independent of the result is also discussed. We find that
numerical results are good stability with varying & = 0,1 and & — o.
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I. INTRODUCTION

In the standard model of particle physics, the Higgs mechanism is proposed to explain for
electroweak symmetry breaking. In this mechanism, the Higgs field is introduced, gauge bosons
and all matter particles interact with Higgs boson causing of their masses. After the discovery
of the standard model-like Higgs boson, one of the main targets at future colliders such as High
Luminosity Large Hadron Collider (HL-LHC) [1,2] and future lepton colliders [3] is to measure
the properties of the Higgs boson (H) precisely. All the Higgs decay modes, Higgs boson produc-
tions and the couplings of Higgs to fermions, gauge bosons are measured as accurately as possible.
From these activities, one may explore the nature of the Higgs sector as well as search for new
physics.

Among Higgs decay modes, the decay of Higgs boson into two photons is the most im-
portant for several following reasons. First, this arises at first at one-loop diagrams. Therefore,
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it is sensitive with new physics in which many new heavy particles such as new gauge bosons,
heavy fermions and charged scalars may exchange in the loop diagrams of this decay process. As
a result, the calculations for one-loop and higher-loop contributions to the decay amplitudes of
H — vy play a key role in controlling the standard model background, constraining new physics
parameters. Secondly, one-loop form factors for H — yy*, v*v* (y* presents for a virtual pho-
ton) are useful for studying Higgs productions and its properties at Yy, ey colliders [4-10]. Last
but not least, the decay processes H — v*y — ffy,7"y* — 4 fermions provide a crucial tool for
controlling background for H — ffy,H — 4 fermions at future colliders.

Many calculations for one-loop contributions to H — Yy within the standard model (SM)
and its extensions have been presented in [11-25], also in the references therein. More recently, the
authors of Ref. [26] has argued that one-loop W boson contributions to H — vy lead to different
expressions in unitary and in general Rg gauges. Latter, the results in Ref. [27] confirm again
the gauge invariance of H — yy. On the other hand, the Higgs production in two-photon process
and one-loop transition form factor for H — yy* has been computed in Ref. [5]. Furthermore,
the Higgs production at e~ collision via the process e~y — e~ H — e~ bb has been considered
in Ref. [6]. To the best of our knowledge, there are not available one-loop form factors for decay
channel H — y*y*.

In this paper, the detailed calculations for one-loop form factors for H — y*y* in R¢ gauge
are presented, considering all cases of two on-shell, one on-shell and two off-shell for final pho-
tons. The analytical results for the form factors are expressed in terms of Passarino-Veltman
functions which are presented in standard forms of LoopTools [28]. Analytic formulas for these
functions are well-known and their numerical evaluations can be generated by using LoopTools.
In our present paper, analytic results are shown in Rg_; for H — y*y* and yy*. While one-loop
form factor formulas for H — yy are presented in both "t Hooft-Veltman and general Rg gauges.
We also verify the previous calculations in the case of two on-shell photons. The &-independent
of the result is also discussed. We show the numerical checks for one-loop form factors H — yy
with varying & = 0,1 and § — oo.

The rest of the paper is as follows: In Sec. II, we present briefly one-loop tensor reduction
method. We then present the evaluations in detail for one-loop form factors of Higgs decay into
two photons. Analytical results for the form factors with two real photons, one virtual photon,
two virtual photons are shown in this section. Conclusions and outlook are devoted in Sec. III. In
appendices, Feynman rules and one-loop amplitude for the decay channel are discussed.

II. CALCULATION

In this calculation, we apply the technique for the reduction of one-loop tensor integrals
developed in Ref. [29]. In the following section, we describe briefly this approach. In general,
one-loop one-, two- and three-point tensor integrals with rank P are defined as:

d%% JHLfH2 L e

A:B;C\ Mttt — . 1
{ } (27[3)d {Dl;DlDz;D1D2D3} ( )

In this formula, D; for j = 1,2,3 are the inverse Feynman propagators which are given:

Dj = (k+q;)* —mj+ip. 2)
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J
Where ¢g; are defined as g; = Y. p;, p; are external momenta; m; are internal masses. The reduc-
=

tion formulas for one-loop one-, two-, three-points tensor integrals up to rank P = 3 are written
explicitly as follows [29]:

AR =0, 3)
ARY = gV A, 4
ARYP =0, &)
BIJ = qlJBlv (6)
B = g""By+4¢"¢" By, @)
B*YP = {g.q}*"PBooi +4"¢"¢"Bi1i (8)
and
' = 4iCi+dC =Y 4'C )
i=1,2
c* = MCo+ Y, 4i'q}Ci (10)
ij=1.2
2 2
P = Y {g,q:}""PCooit+ Y. 4!'q]q;Cip- (11)

i=1 ijk=1

Here we use the short notation {g,q;}*"P = g“vqf +g"P ¢! +gPgY. In this method, scalar coef-
ficients Ago, B1,- -+, Co2o in right hand side of the above relations are so-called Passarino-Veltman
functions [28,29]. The analytical results for these functions are well-known and implemented into
computer program named LoopTools [28] for numerical evaluations.

We turn our attention to apply the above approach for evaluating the decay process H —
Y"v*. Within the standard model, the decay channel in R¢ consists of fermion loop diagrams (as
shown in Fig. 1) and W boson, Goldstone boson, Ghost particles exchanging in the loop diagrams
(seen Fig. 2). In theories beyond the standard model, we also consider the charged scalar particles
in the one-loop diagrams (described in Fig. 3).

Fig. 1. Fermion loop Feynman diagrams of H — yy in R¢ gauge.
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Fig. 2. W boson, Goldstone boson, Ghost particles exchanging in the loop diagrams of
H — yyin Rg gauge.

In general, the total amplitude of the decay H — y*y" is presented in terms of the Lorentz

invariant structure as follows:
2

e‘g .
=97H—>y*y* = m (%Og#v +$Z{21P5P‘1/>€Z (P1)€y(p2)- (12)
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Fig. 3. Charged scalar §; exchanged in one-loop Feynman diagrams of H — Yy in R gauge.

The kinematic invariant variables involving the decay channel are

p*=(pi+p)? =Mz, pi and p3. (13)

In this paper, the form factors 2%, .25 are expressed in terms of Passarino-Veltman functions
mentioned in the beginning of this section.

In general Ry gauge, in order to simplify the calculations, W boson propagator is decom-
posed into the following form with a short notation Mg =EMZ,,

i HpY i KHEY .
: g“”—(l—é)pp]— ’(g”— >+ l L a4

p*—Mj, pPP-M;|  pP-My M ) p*—M; My,

The first term in the right hand side of this equation is nothing but it is W boson propagator in
unitary gauge. While the second term relates to Goldstone boson and Ghost particles.

The calculations are performed with the help of Package-X [30] for handling all Dirac
traces in d dimensions. The one-loop form factors are then written in terms of Passarino-Veltman
functions in standard notations of LoopTools [28] on a diagram-by-diagram basis.

II.1. Two off-shell photons

We first present analytic results for one-loop form factors for the decay H — y*y*. The
notation ¥* is to one off-shell (or a virtual photon). We arrive at the contribution of fermion
loop diagrams. Analytic formulas for the form factors are written in terms of Passarino-Veltman
functions as

A = —AmENCO}H Bo (Mt m3) — 4Co0 (M, pi, phint m3, )
M2 — 2 — 2
+ AL o (M, phim mi ) (15)
%({) = 4m}NCQ?‘{4C12 (Ml%hp%ap%’m%am?%m}) +4Cyy (M]%hp%p%’m]z‘am%am;)
+4Cy (M7, pt, p3im3,mb,m%) + Co (MF, pi, pysm%,m%,m?) } (16)

Here N is a color factor (N¢ = 1 for leptons and N¢ = 3 for quarks) and Qe is electric charge of
fermions.
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We next consider W boson contributions for the form factors. In general Rg gauge, the con-
tributions include W boson, Goldstone boson and Ghost particles in one-loop diagrams. Summing
all these diagrams, we get the form factors which are functions of the unphysical parameter & and
the kinematic invariants p%, p%,M,zi,M‘%,. For illustrating, we only show here the analytic results in
't Hooft-Veltman gauge by taking & = 1:

Ay = My { = Bo (M7, M)+ Bo (p3: M3, M)
2 (=AM} + pt +4p3) Co (P, 3. M M3 M3y M) |
— [MF +2(d — )My ] x (7
X{Bo (M M3y, i) —4Coo (1, p3. Migs My, My, Miy) },
A 2Mv2v{4(d —-1) [sz (p1.p3, Mz My, My, My,
+Ciz (P 3. M3y M M5 M) |
+(4d +2)C (pT, p3, Mi: My My My ) +11Co (1, p3, Miy: My, My My )
+3C1 (. p3 M3 My M3y M3, ) |+ 45 { Con (1, 3. MG M M3y M)
+Ciz (P 3. M3 M3 My M3, + Ca (3, 3, M3y M3 M5 M) | (18)
For arbitrary extension of the standard models, we have the extra gauge bosons, new heavy
fermions and charged scalars which may exchange in the loop diagrams.We extend our calculation
directly for these cases by the generalization of coupling of new gauge bosons, heavy fermions and

charged scalars to Higgs boson and photons. For an example, by considering the charged scalar
particles S; exchanged in one-loop diagrams, the corresponding amplitude for H — y*7* is

o), - %

Si Si ® *
oy = it (A g+ A Y ) (P (o). (19)

Applying the same procedure, we derive one-loop form factors due to the contributions of the
charged scalar loop diagrams as follows:

Si
Ay = ~2{Bo (Mh: M3, M3) — 4Co0 (M7 p3. p3 M3, M3 M3 | (20)

Si
AR

8{C12 (Ml%l,p%ap%;Mz,-’szMéz‘i) +Cpy (Ml%bp%vp%;Mz,-?szMz,-)

+C1 (M, ph 3 M M3 M) | @1)

By taking the limit of p? — 0 or p3 — 0, we get the results for the case of one off-shell photon.
We refer analytic results for all form factors in which y(p;) is on-shell photon in appendix A.
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I1.2. Two on-shell photons

We change our topic to the case of two real photons in the final state of this channel. In this
case, on-shell conditions for these photons are implied as

pi=p3=0. (22)

We then have the relation p;p, = M,Z{ /2. Analytic formulas for the form factors are derived as:

A = —2mENcQ}{ 2By (Mt m3) —8Co0 (M, 0,0:m0%, m3, m?)

+MECo (M5,0,05m% 3, i) }, (23)
A = 4amiNQH 4] Cra (MF,0,0:m3,mid m3) + oy (M, 0,053, m3 )

+C1 (M, 0,0:%m3, m%) | + Co (M, 0,0 %, mikm3) |. (24)

From one-loop W boson contributions, the analytical results in both "t Hooft-Veltman and general
R gauges are shown. First, the form factors in Rg gauge read

4
w
Ay (&) = [20M3 (1 =)~ 20 — B [ B M M)
w
M4 2 2 2 2
[ M5 (1= &) | Bo(a M )
w
Mé] 2 2
(M +2MH>B1(MH9MW7MW)
w

M}
5 H 2. 1402 112
+(MH§ _ 2Mv2v> [2B1 +B0] (MF:MZ, M3)
My,
+ MT M (1= &) [Br (M3, M2) + By (M ME M) |
+[4M7; +8Mj, (d — 1)]Co0(0,0, Mz My, My, My, )

(M M (1 €)]

x [2C00(0,0,3: M3y, M3, MZ) — 2C00 (0,0, M7 M, M3y M)
+Co0(0,0,M; M3y, MZ, MZ) — Coo (0,0, M ;Mg,Mg,M%,)}
MM Co(0,0, M7 M2, M, M)

~Co(0,0, M7 M, My M) — 4Co(0,0. M3 M3y M3y M3,
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and
A(E) = (4M+8AMF — 8M3,) | Coa + Cia+ C2 (0,0, M3 My, M3y, M)

[ M+ M (1-8)]
X [2C22(0,0,M2 My, M3y, M) — 2C22(0,0, M} M, M3y M7,
+2C12(0,0, Mp; My, My, Mz ) — 2C12(0, 0, Mj; M2, My, My )
+C22(0,0,Mzy; My, M2, MZ) — C(0,0, M7y Mz, ME, My )
+c12<o,o,Mz,;Mav,M§,Mg)—cu(o,o,M,g;Mg,Mg,Mm}
+2M€V[2C1(0,0,M,3;M§,M§V,MV2V)+C1(0,0,M§1;MV2V,M§,M§) (25)
—|—2C0(0,0,M2;M§,,MV2V,M§)+C0(O,0,M§,;MV2V,M§,M§)}

+ [ M+ M (3 €)]

X :2C2(O,O,M2 My, My, M2) + C2(0,0,M} ;M&V,Mg,Mg)]

+ M3 (1+8) — M3

% [2€2(0,0,M7: M2 M3y M3y + C2(0,0,M3 ;Mg,Mg,Mgv)]
+16M3,Co(0,0, M7y; Miy, , M3, M3,
By setting & = 1, we obtain the results in ’t Hooft-Veltman gauge

oy = — (M3 +2(d— 1)ME] [Bo (M7 ME, M) — 4C00 (0,0, M3 M3, M3, M3) |
—8Mj; My, Co (0,0,M7y: My, My, My ) (26)
2V = 2M$V{4(d— 1) [sz (0,0,M%: M3, M2, M%) + C13 (0,0, M%: M3 ,Mé,,Mﬁ,)}

+2(2d +1)C (0,0, Mfy; My, , My, My, ) + 11Co (0,0, M3 My, , My, , My, )
+3C, (0,0, M%: M3y, M2y, M3) } iy [sz (0,0, M%: M2 M2, M) 27)
+C1y (0,0, M2 M2, M3, M3,) + C, (o,o,M,g;Mgv,Mgv,Mgv)]

One-loop form factors for this process with the inclusion of charged scalars in the loop diagrams
are shown

Si
o = —2{Bo (MM M) —4Co0 (MF,0,0:M3, M3, M5) |, (28)

Si
AR

3{Cro (M3,0,0:M3, M3, M3 ) + Cyy (M7,0,0:M3, M3, M3)

+C1 (M,0,0:M3 M3 M3) |. (29)
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We find that all form factors in Rg_; in two on-shell photons case can be obtained by taking

p%, p% — 0 from the results in previous subsection.

Table 1. The numerical checks for the form factors in the case of & — 0, =1,& — oo
are shown. For this check, we set My = 125 GeV, My = 80.4 GeV, and p% = p% =0GeV.

diagrams/§ & —0 E=1 =100 £ oo

a —3.468876070276491 —4.882018101498933 —30.40120343875694 —2.777777777516398 - 10'!
+0.044696724580243 i

b 0.4359747855634294 0 22.87057225068166 2.777777777438721 - 1011
+1.1775870133864408 i

c —2.288315292217131 —2.345059943153266 —0.5672364405722673 —0.3888888890439217
—0.647907755004331 i

d 0 0 0 0

e —1.599294975435531 —1.591326628583693 —0.1930905308944328 —0.1666666666694787

—1.787032617316791 i

f 0.2615610107425627 0 0.04694802196574567 0.08333333330075746
+0.8935163086583953 i

g 0.3357098311660154 0 0.0003307252303052892  3.357186222008115- 104
+0.3191403256960426 i

h -2 0.6243029825430905 0.004041657968703369  4.028623466417146- 1013

i 0 0 0 0

j 0 —0.12913901976434381  —0.08360295607991542  —0.08333333333336019

Sum —8.323240710457146 —8.323240710457146 —8.323240710457146 —8.323240710457146

In the limit of d — 4, we confirm previous results, taking Ref. [18] as an example. In detail,
our results when d — 4 are presented

M2
Ay = A x <—2”> = (30)
mANCO? —MZ +2m% + M}, — 4m*M,
_ mye¥y 2 2 a2\ 12 U fH
= = 4Mp; + (4ms — M) In 2
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and
MZ
A <_2H> _ 31)
2 2 4 2 Ag2
oM —M}, +2M3, 4 /MY, — AME MR,
= Mj+6My+ ( —~ —3My, | In?
H w M, w ) oM

These results agree with Ref. [18]. We note that the analytic results in different gauges give the
same result in Egs. (30, 31) in the limit d — 4.

Furthermore, we also have analytic results for the form factors due to the charged scalar in
the loop at d = 4. These factors read

2
S; S; M
oy = ) x (— 2”) - (32)
22 a5, Mw O3, M2 4 M2 I —Mj +2M5 + | My — AMEME,
= — In
gM%I H Si 2M§l

The £-independent of the result is also checked numerically. The numerical results are
generated by varying & — 0 (is so-called Coulomb gauge), & = 1 or 't Hooft-Veltman gauge and
& — oo (‘unitary gauge). In this Table 1, we show the numerical results of

(—2/Mp) x gy = . (33)

We find that numerical results show good stability in different gauges.

III. CONCLUSIONS

In this paper, we have presented one-loop form factors for H — y*y* in R gauge, consider-
ing all cases of two on-shell, one on-shell and two off-shell for final photons. Analytic results for
the form factors are shown in general forms which are expressed in terms of the Passarino-Veltman
functions in stadard notation of LoopTools. We have also confirmed the results in previous com-
putations which are available for the case of two on-shell photons. The &-independent of the result
has also been studied. We find that numerical results are in good stability with varying & = 0, 1
and & — oo,
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Appendix A: One-loop form factors for H — yy*

Analytical results for one oft-shell photon in the decay of H — yy* are reported in this
subsection. Due to the fermion loop contributions, the form factors are shown

%(({) — —4mfNCQf{B() (MH,mf,mj) 4C()() (MH7O pz,mj,mf,mj)
Mz, — p3
+ =G (M50, pRit i) b, (34)
) = AmNCQH{4|Cra (M7.0.p3:mi mim3) + Cu (M3, 0, i )
1 (M0, 3t mini) | +Co (M, 0, st mi i) }. (35)

Applying the same procedure, the form factors calculating from W boson loop diagrams are ex-
pressed as follows

o = M {Bo (P30, M5) +8 [p3 — M3y] Co (0,p3, M7 M5y M3y M3, ) }
— [ME+2(d - )M [Bo (M2 M2, M%) — 4C00(O,p%,M,2{;Mv2V,M‘%,,M‘%,)}
—M3Bo(0; M3, MZ) (36)
ety = 2M5{4(d — 1) | Caa (0,3, M3 M3y M3y M3y ) 4+ Coa (0. 3. M7 My M3 M) |
+2(2d +1)C5 (0, p3, My My, , My, , M3, ) + 11Co (0, p3, Miy; My, , My, , My, )
+3C, (0, p, M2 M2 M2, M3, }+41\4,2,{c22 (0, p2, M&: M2 M3 M3 (3T)

+C12 (07p%7M2 ,MI%MM‘%INMI%V) +C2 (Oap%7M2 7M$V=M%V7M‘%V) }

Further, one-loop form factors for this channel with contributing of charged scalars in the loop
diagrams are obtained

%(OSI) = _Z{BO (M M5, Mg,) — 4Coo (Mj,0, p3: M5, Mg, M3 } (38)

Si
AR

S{Clz (M7,0,p3: M3 M3, M2) + C11 (M0, p3: M2 M3, M2)

+C1 (M7,0, p3: M3 M3, M3) }. (39)

We find that all form factors in this subsection can be obtained by taking p% — 0 from the results
in two oftf-shell photons.

Appendix B: Feynman rules for # — yyin R; gauge

Feynman rules for H — Yy in Rz gauge devoted in this appendix.
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Table 2. Feynman rules involving the decay H — yy through fermion and W boson,

charged scalar loop diagrams in the Rg gauge.

Particle types Propagators
i(p+my
Fermions H
pr—my
—i pp"
W boson - 8" - (1-8) 55—
p*— Mg p*—M;
Goldstone boson ﬁ
p— Mg
i
Ghost ——
p*—M;
i
Charged scalar —_
p*—Mg

Table 3. Couplings involving the decay H — Yy through fermion and W boson, charged
scalar loops in the R gauge with the short notation for the standard Lorentz tensors
of the gauge boson self couplings 'y (p1, 2, p3) = guv(p1 — p2)a +&av(P2 — p3)u +
gua(p3—p1)v and Syy ap = 28uv8ap — 8ualvp — 8up8va-

Vertices Couplings
Auff ieQ Y
Hff —igmy/(2Mw)
H-W,-W, igMy guv
Au(p1) - WS (p2) - W, (p3) —iel'yya (p1.p2,p3)
Ap-Ay-Wy Wy —i€*Syv,ap

.8
H(p1) -Wu-x(p2) —i(P2=p1u
Ay -Wy-x —ieMwguy
H-x-x —igMj; /(2Mw)
A 2(p1)-x(p2) —ie(p2—p1)y
Ay-Av-x-x i2e2g,1v
H-Ay-Wy-x —ie=guv
H-c-c —i& EMW
Ap-c-c —iepy
AuSi(q1)Si(q2) ieQs, (92— q1)u
AyAySiS; 2ie* 05 guv

Appendix C: Amplitude H — yyin R; gauge

One-loop Feynman amplitudes for the process H — Yy in Rz gauge are shown in this ap-

pendix. For fermion loop diagrams, one has

dlk Te{(k+mp)y* (k—p1 +mp)y" (K—p+mp)} |

(fermion)
”Qf(1+2)

gmyQ7e’ /

My (Zﬂ)d

(k2 =m)[(k = p1)* = m3][(k - p)* = m}]

€,(p1)€y(p2)-

(40)
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We next show Feynman amplitude for W boson loop diagrams

Diagram a

The Feynman amplitude for W boson loop diagrams are decomposed into 8 terms as fol-

lows:

dVE) = (&) +An(E)+ (&) + i (E)
+12(&) + 12(E) + 921 (&) + 522 (). 41)

Where «711(€),- -+, 92,(&) are corresponding to which term in the right hand side of Eq. (14) is
taken. These terms are written

11(§)

12(8)

21(€)

h11(§)

122(§)

dk . \
zengW/(zn,)dgaﬁF,ur/l(_Plaka —k+p1)Lyps(—p2,k—p1,—k+p) eu(pl)ev(pZ)
84T kKT /MGy €4 — (k—p1)* (k—p1)P /MG, 8P° — (k—p)P (k—p)° /M5,
K2 — Mg, (k—p1)? — My, (k—p)* — My,

, (42)

dk .
2eZng/WgaﬁFm(—p1,k, —k+p1)Typs(—p2,k—p1,—k+p) ey (pr)ey(p2)
L8 — k%K /MGy g*P — (k— pi)* (k—p1)P /M§; (k—p)P (k—p)® /M5,

k2 — Mg, (k—p1)? — M5, (k—p2-m;

(43)

d?k . .
2e*gMy / 2n) 8apluea (=p1,k,—k+p1)Lyps(=pa2,k—p1,—k+p) e, (p1)ey(p2)

87T KK MGy (k— pi)t (k— p1)P /MGy gP° — (k= p)P (k— p)° /MG

k2 — M3, (k—pl)Z—Mg (k—p)2—M3, ’

(44)

dk " "
2e*gMy / 2n) 8apluea (=p1,k,—k+p1)Lyps(—p2,k— p1,—k+p) e, (p1)ey (p2)

kKT /M3, g% — (k— p1)* (k— p1)P /M3, gP% — (k— p)P (k— p)° /M},

k2 —M; (k—p1)>— Mg, (k—p)*> —Mj,

) dk i i}
2e ng/WgaﬁFm(—pl,k, —k+p)Typs(=p2,k—p1,—k+p)ey(pr)ey(p2)
L8 — k*k" /M, (k— p1)* (k— p1)P /M}, (k—p)P (k—p)° /M3,

k2 — M3, (k—pl)Z—Mg (k—p)Z—Mg ’

(45)

(46)
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h1(€)

0 (€)

Diagram b

where
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d?k . .
26> gMy / an) 8apluea (—p1.k,—k+ p1)Typs(—p2,k—p1,—k+p) ey (p1)ey (p2)

KOk /MG, 4P — (k— pi)t (k— p1)P /My (k— p)P (k—p)° /M

K2 —M; (k—p1)? — My, (k—p)>—mz

47

d?k . .
2e*gMy / 2n) 8apluea (=p1,k,—k+p1)Lyps(—p2,k—p1,—k+p) e, (p1)ey(p2)

KOk /MG, (k= p1)* (k= p1)P MGy 8P° — (k= p)P (k—p)° /My

R—M;  (k—pi)?—M; (k—p)? — My, ’

(48)

dk " "
2e*gMy / any 8apluea (=p1,k,—k+p1)Lyps(—p2,k— p1,—k+p) e, (p1)ey(p2)

KK M, (k= p)t (k= p1)? /M3, (k= p)P (k= p)? /M,

CoME (oM (ke pP M “
dO(E) = ohi(&)+ho (&) + ot (E) + o (E) (50)
d?k
&) = ey [ s 8upSuna (P63 (p2)
8™ — KK My 8PP — (k— p)P (k— p)P /MG 51)
kZ—MvZV (k—p)z—Mvzv ’
dk
() = —engw/WgaﬁSuv,a,)EZ(pl)e’C(pz)
al _ papd /a2 —\B(Lk— »\P /M2
g* — k%" IMy, (k—p)P (k—p)P /My,
TR, k—pr-ME ey
dk
() = My [ G gapSuvap (P (p2)
kO™ /MG, 8PP — (k— p)P (k— p)P /M, 53)
k2 — Mz (k—p)? — My, ’
dk
() = —engW/Wgaﬁsumpﬁ;(m)ﬁi(m)

kz—Mg (k—p)z—Mé2
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Diagram c

S NE) = A10(E) + Ha0(E) + h10(E) + () (55)

where

d’k Fo
() = 2engw/7d(k—2p)agvaufz(—p1,k,—k+p1)6u(m)6v(pz)

(27)
ar _ gt M2 Ap k— A k— p M2 1
8 /My 8" — (k—p1)*(k—p1)P /My, (56)
it k—pP—M3  (k—pp—MZ
dk . .
h(E) = 2828MW/(2n)d(k2P)agvprmx(l’1,k,k+P1)€u(P1)€v(P2)
8T kKT /MG, (k— p)* (k— p1)P /MG, ! 57)
N (R A S
d?k . .
(&) = 2328MW/(27r)d(k_2P)agvpr,u‘cl(_l?l>ka_k+P1)€u(Pl)€v(P2)
kakT/M‘%V glp B (k_pl)l(k_pl)p/M‘%V 1 (58)
k2 — M? k—p1)?—M? k—p)?2—M3?
& ( Pl) w ( P) &
d?k i} .
52{220(6) = 2628MW/(27L_)d(k_zp)agvpr,url(_plakv_k+Pl)€u(p1)6v(p2)
k*k® /M3, (k— p1)* (k—p1)P /M3, 1 59
k2 — M? k—p1)2—M? k—p)2—M?%
& ( Pl) & ( P) £
Diagram d
dDE) = o(E)+aho(E) (60)
where
d’k g — (k—p)* (k—p1)P /M, €, (p1)€y(p2)
¥ = —2e%gM, /7 W Cu 61
d’k (k—p)* (k= p1)P /M}, €u(P1)ey(p2)
o = —2e’gM, / WK , 62
Diagram e

A NE) = ioo(E)+ hoo(E) (63)



where

oo(§)

“00(E)

Diagram f

where

o1(8)

N02(8)

ah01(§)

hn(8)

Diagram g

ONE-LOOP FORM FACTORS FOR H — y*7* in Rz GAUGE

dk
= —232gMW/7gm(k—2p)a(—2k+2pl+P2)v

(2n)?
g‘”—kO‘kT/M%, 1 1 . )
TR, ke p P MI(k—p) M eu(P1)ey(p2)

d?k
= —2e2gMW/Wguf(k—Zp)a(—2k+2P1+P2)v

kKT /M3, 1 1
eu(pr)ey(p2).
K2—=Mg (k—p1)> =Mz (k—p)>—mz *7

dINE) = dhoi(&) + (&) + o1 (E) + o (E)

d‘k
= —26%M;, / {2y SeBSuz8vs eu(p1)ey(p2)

8% — KK/ My 1 g7 — (k—p)P(k—p)°/M},
R-Mp, (k—p1)P—M} (k—p)? — M5,
d“k . .
= —Zeng‘%V/Wgaﬁgurgvﬁfu(Pl)ev(PZ)
8% — KK /My 1 (k—p)P (k—p)° /M5,
R—My  (k—p)?-M;  (k—p)P-M;
d’k . .
= —ZengSV/Wgaﬁgurgwfu@l)ev(PZ)
KOKT /M3, 1 gP% — (k—p)P (k—p)° /M,
K2 =M (k—p1)? —M; (k—p)? — My, ’
2 3 ddk * *
= —2e gMW/Wgaﬁgurgv5€u(m)€v(p2)
KOKT /M3, 1 (k—p)P(k—p)° /M3,
k2—M§ (k—P1)2—M§ (k_p)z_Méz

A(E) = yo(E) + Ho(E)

)

)
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(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71
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where
2 2 ddk * *
Aoio§) = MMy [ g gasup (P16 (p2)
1 g —(k—p)*(k—p1)P/M}, 1

X )
el (kp)?-Mi  (k—p) M

(72)

dd * *
Hooo(§) = _engIZ-IMW/Wgulngeu(pl)ev(pZ)

1 (k—p)*(k—pi)P /M, 1

X .
—M;  (k—p1)*—M;  (k—p)*—M;

(73)

Diagram /

a0 = ettt [ S ot (24204,
My (27T)d K

1 1 1

* * . 74
M k= 2 =gz PP 74

Diagram

My [ d% 1 1
8 ; 5 (p2)- 75
“Euy | m)a i — M} (k—p)>— M} eu(P1)ey(p2) (75)

M(i)(é) =
Diagram j
d
dD(E) = —262gMW§/(;17rk)d(k—Pl)M(k_P)v

1 1 1 .
R MZ (k=) —MZ (k—py =M

(P1)ev(p2). (76)

Feynman amplitude due to the charged scalar particles exchanging in the loop diagrams

reads
d

. dk
«Sy((l?) e —zengilHS’_Si / W (—2k—|—[91)u(—2k—|—2p1 —|—p2)v

1 1 1

X e (p1)ey(p2), (77
k2= Mg, (k—p1)? = Mg, (k—p)2—Mg *7

d’k 1 1 .
8 €
Qm)d 2 — M3 (k—p)2—M; "

Ay = 2 Qs [ (). )
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