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We study the O(am?/m¥,) Yukawa corrections to the process eve™ — v - H*H ™ at the Next
Linear Collider. The analyses of the production rate are made in the framework of the two-Higgs-
doublet model for possible parameter values of the Higgs sector. We find that the corrections imply
a few to 22% reduction in the production cross section in ete™ colliders.
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L INTRODUCTION

Until now, all the precision data from the CERN Large
Electron-Positron Collider (LEP) and SLAC Linear Col-
lider (SLC) have confirmed the minimal standard model
(MSM) [1,2]. However, to completely establish the MSM
not only is the precise measurement of the parameters of
particle physics needed, but also the direct discovery of
the MSM predicted particles is needed. Direct evidence
for the top quark was recently presented by the Collider
Detector at Fermilab (CDF) Collaboration [3]. The ab-
sence of Higgs-boson signal events leads to a lower bound
myo > 63.5 GeV at 95% C.L. [4]. If these two particles
are directly verified, this will be a great success for the
standard model. Because of their large masses, the multi-
TeV hadron colliders such as the Fermilab Tevatron and
the CERN Large Hadron Collider (LHC) are expected to
be devoted to the precise characters of the Higgs sector
and top quark. In addition to providing the first evi-
dence for the top quark or Higgs boson, the multi-TeV
collider offers the possibility of carrying on the research
of other unknown particles in the hitherto unexplored
mass range. There has been a great deal of theoretical
and phenomenological interests in one such new particle:
i.e., the charged Higgs boson [5] appearing in the two-
Higgs-doublet model (THDM) [6]. 1t is because of this
that the extension of the MSM, which includes a second
Higgs doublet, is far from being ruled out experimentally
at present and is another strong motivation for extend-
ing the Higgs sector into two Higgs doublets; this comes
from the fact that it has a common feature of many exten-
sions of the MSM, such as the minimal supersymmetric
standard model (MSSM). The MSSM model requires two
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SU(2) doublets to give masses to up and down quarks [5].
Therefore one expects an observable signal throughout
the allowed range of the coupling parameter tang.

The Next Linear Collider (NLC) operating at a center-
of-mass energy of 500-2000 GeV with a luminosity of the
order of 10°® cm~2s~! may produce a charged Higgs bo-
son pair with an observable production rate, since the
events would be much cleaner than in pp and pF colliders
and the parameters of the charged Higgs boson would be
easier to extract. Nowadays, the new possibility of ~vy
collisions at the linear eTe™ collider deserves a lot of at-
tention. With the advent of the new collider technique
[7], the high energy and high intensity photon beams will
be obtained by using Compton laser photons scattering
off the colliding electron and positron beams. The lumi-
nosity and energy of colliding photons are expected to be
comparable to that of the primary e*e™ collisions. Thus
it offers another possible way to produce new particles
directly. This mechanism can be employed at the NLC,

The THDM contains six parameters: two scalar neu-
tral Higgs bosons masses mge and mype, one neutral
pseudoscalar Higgs boson mass m 40, one pair of charged
Higgs boson masses myz, and the additional mixing an-
gle o and 3. & describes the mixing angle of the scalar
Higgs bosons H® and h°. 8 is defined as the mixing pa-
rameter of charged and pseudoscalar Higgs bosons which
is related directly to the vacuum expectation values of
Higgs doublets. The definition of 8 is tanf = vy /vy [6].

In this paper we calculate the cross section of charged
Higgs boson pair production through 4+ collision in an
ete™ collider including the O(amZ/m¥,) Yukawa cor-
rections in a two-Higgs-doublet model. The lowest or-
der calculation for this process has been already done by
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Bowser-Chao et al. [8]. As we know, in the lowest order
this process is model independent because the yH+H~
coupling is universal. The calculation of this process
with Yukawa corrections however, is model dependent.
In our calculation, we keep the convention that the up-
type (down-type) quarks couple only to the vacuum ex-
pectation value va(v1), so that the model has the same
Yukawa coupling structure with the MSSM model.

The paper is organized as follows: The lowest order
cross section and the details of the O(am?/m;) Yukawa
corrections are given in Sec. II. In Sec. III there are nu-
merical results and discussion. Finally a short summary
is in Sec. IV.

II. CALCULATION

The Feynman diagrams for the process yy — HtH™,
which include the O(amZ/m¥%;) Yukawa corrections, are
depicted in Figs. 1-4. The tree-level diagrams are shown
in Fig. 1. The self-energy, vertex, and box correction
diagrams are in Figs. 2, 3, and 4, respectively. In our
calculation we used the 't Hooft-Feynman gauge. All
the ultraviolet divergences are eliminated by dimensional
regularization and the complete on-mass-shell {(COMS)
renormalization scheme [9]. In the COMS scheme, the
usual on-mass-shell condition and the coupling constant
renormalization are adopted and the fields are renormal-
ized in such a way that the residues of all renormalized
propagators are equal to one: The renormalized ampli-
tude for process yy — HtH ™ is given by

Mion = My + é'Mself + S Vet + 6Mb°x (1)

where My is the amplitude at the tree level, JM,
SMvet, and $MP°* are the O(am?/m¥,) Yukawa cor-
rections arising from the self-energy, vertex, and box di-
agrams, respectively. .

(1) The lowest order matrix elements. The relevant
Feynman diagrams at the tree level are shown in Fig. 1
and the Feynman rules can be found in Ref. [10]. The
corresponding amplitude at the lowest order for vy —
H*H~ is given by

My = M+ My + M§ (2)
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FIG. 1. The tree-level diagram of subprocess yy —+ HYH™.
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where M§, MY, and Mg represent the amplitudes of
the t-channel, u-channel, and quartic coupling diagrams
in Fig. 1, respectively. Their explicit expressions can be
given as :

]

ie

Mg = 7———(p2 — 2pa)" €, (p2) (P2 + s — pa)*cu(p1) ,
t—miy.

(3)

u _.ie2 v

Mg = ———5—(p1 — 2ps)*e,(p1){pr + p3 — pa) e (p2) »
U — mH*

(4)

Mg = 2ie*g*” e, (p1)e,(pa) - . (5)

The Mandelstam variables £ and 4 are defined as £ =
{(p2 — pa)®,% = (p1 — pa)®. As shown in Fig. 1, there
1 and py denote the momenta of incoming photons and
P3 and py represent the momenta of the cutgoing two
charged Higgs bosons.

(2) Self-energy corrections. The self-energy corrections
at the O(am? fm}y, ) level arising from the t-, u-channel,
and quartic interaction graphs are drawn in Fig. 2. In
the COMS scheme, the contributions from graphs with
external self-energies {shown in Figs. 2(1,2), 2(3,4), and
2(7,8)] are canceled by the corresponding counterterm

graphs. The internal charge Higgs self-energy SH #*

‘arising from the diagram in Fig. 2(5,6) contributes to

the one-loop amplitude with

+ gt
SArselt = —Mé I:EH Ii (i) - 6m§1’;&

t'—mHj:_

+ '5Z§;:tji

Y [EH**‘“ (@)

where the unrenormalized self-energy function of the

charged Higgs boson ¥ H™ represents only the part to
the order O(am?/m¥;). It has the form

~N,
B ) = 25 (6] + 92)[Ao(m]) — m}Bo ~ ¥ By]
“(gi —gi)mbmtBo}[kz,mf,mf] ) (7)

where N, is the number of colors, and the definitions of
one-point and two-point functions Ay and By are adopted
from Ref. [11]. The arguments of B functions are written
at the end of the formulas in parentheses. The g, and
g— are defined in the coupling constant of HTtb as

G+ = 9+ + §-s

= 5\/.—%;:[(7%5 tan 8 + mqcot)
+(mp tan 8 — mycotB)ys) . (8)

The renormalization conditions allow to express the
renormalization constants of §my+ and §Zg+ by the un-
renormalized self-energies at special external momenta:
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dmiy = ReEH+H+(miri) ,

32H+H+ (kZ)

§Zys = ~ ET%

(9)

22 am g 2
k =my

(3) Vertex corrections. The vertex corrections include the eight diagrams shown in Fig. 3. Their analytical
expressions are written as

e -2 +ps —
SMYert = —iete? (py)e” (p2) [(—P.z—ufi)g(.ﬁ + fs)u + Mﬁﬂ&(fs + frho
. t'—mHi t_mHi

(p1+ps —p4) (P1 — 2pa)y
+—1§——_fn-2;fi_%(f2 + fo)u=5 = ™l (fa+ fa)o

1 st —cfy 1
+(M(§ + M&") (EZe + §5ZAA + W §6ZZA + 5ZH$: . (10)
The explicit expressions of form factors fi, (i = 1-8) are presented in the Appendix. They correspond to the correction

(parts 1-8) of the diagram in Fig. 3 respectively. The charge and wave-function renormalization constants can be
deduced from the formulas of Ref. [11] and Egs. (7)-(9). The following expressions from Ref. [11] are used here:

§7 = 1 w - ﬁ?ﬂ (11)
€2 ok? pr—o CW m% ‘
BEAA(kz) ’
8Z g4 = —— L~ , : 12
AA akz k20 ( )
v4Z(0
5254 = z_f;n# . (13)
Z

The self-energy parts concerned in our evolution, which contain only the contributions to the order O(am?fm¥;),
can be extracted from their full expression in Refs. [11,12]. They have the expressions as

_ RgZ 2
5702y = 2378 (o onn B2 m? md) + 2m? Bol0, m?,m] + S
3 GSWCW 3
2 _ .2 Y
iM ((k2 - 4m§{¢)Bo[k2,m§fi,m§#] - 4m§I¢BO[{],m§{i,m%i] + 2k—) 3 (14)
47 Gswew 3

4 i
E%Agkz) = __9_: (_(kz + 2m3) Bo[k?, mZ, m?] + 2mZ Bo[0, mZ, m]]| + —3“)

2k2
+1—;—ﬂ- ((la:2 — mys  Bolk? miys, mips] — 4mps Bo[0, mps, mipe] + T) ' (13)
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FIG. 3. The vertex diagrams of subprocess vy ~ HTH™
to order Q(am?/miy).

(4) Box corrections. The box graphs are shown in Fig.
4. They yield the correction amplitude expressed as

SMbox = Ziezgu,,e‘“' (p1)€” (p2)

X(fs"r fio+ fu+ fiz+ fia + fra + 202,

$6Zq+ I W
4dswc

°W W W 57y + 5zHi) . (16)

The form factors f; (i = 9-14) are given by the box di-
agrams 1-6 in Fig. 4, respectively. Their explicit expres-
sions are also listed in the Appendix. The corresponding
amplitude squared for subprocess vy — HTH™ can be
written as
E|Mren|2 IMOIZ

+2ReZ(5Mself+6Mvert + JMbox)Mg ;
(17)

where the bar over the summation recalls averaging over
initial spins., The total cross section is given by

1
56) = Tonz L

HY IMeeal®, D, (18)

v ) - HEH- 5 ¢ e
t t b b
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FIG. 4. The box diagrams of subprocess vy ~» HTH™ to
order O{am? fm¥;).

where t* = (m%. — s/2) * 30y+/2 and By =
N 4m§1i /8. The total cross section for the charged

Higgs pair production' in the ete™ collider can be ob-
tained by folding the &, the cross section of the subpro-
cess yy — HtH—, with the photon luminosity:

o(s) =/ d,'zdL"r
2my /8 dz

To(yy — HYHY at § = z%3) ,

(19)

where /s and /3 are the ete™ and vy center-of-mass en-
ergies respectively and the quantity dL.., /dz is the pho-
ton luminesity, which is defined as

dL. Fmex
771 =2z / - ,,/e(m)F.,/e(zz/w) . (20)

¥4 2./3““x

For unpolarized initial electrons and a laser, the energy

spectrum of the backscattered photon is given by [13]

() + 1 _ 4z
el D(e) TETI T i-w)
42
e )
where
1 8 1
DO = (1=~ ) H40+ 5+ £~ g

(22)

and § = 4Eqwo/m2, m., and E; are the mass and en-
ergy of the incident electron, respectively, and wo is the
laser-photon energy. The dimensionless parameter « rep-
resents the fraction of the energy of the incident electron
carried by the backscattered photon. In our evaluation,
we choose wg such that it maximizes the backscattered
photon energy without spoiling the luminosity through
eTe™ pair creation. Then we can get £ = 2(14++/2) ~ 4.8,
Tmax = 0.83, and D(€) ~ 1.8. That is a usual method
which was used in Refs. [8,14].

HI. NUMERICAL RESULTS AND DISCUSSION

In the one-loop calculation, the physical mass eigen-
states of the particles concerned and the renormalized
constants are fixed by the conditions that the input pa-
rameters mw, Mz, Myo, Mpo, Mao, and myx are the
physical masses. But those masses are not all indepen-
dent, mw can be determined if we specified the mz and
Higgs boson masses by the well-known p decay constant
Gu:

2 (1, mw) "o
v m V2Gr(1 — Arcupy)

Then a more precise value of my and thus sy are ob-
tained and the lowest-order cross section depends on my

(23)
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and the Higes boson masses. In the Gp scheme, o, Gr,
and mz are used as input parameters and myy is deter-
mined through Eq. (23), where Arpupm includes all the
weak radiative corrections to muon decay in the THDM
frame. The quantity of Arprgpy can be expressed as [15]

Arpgpm = Armsm + Arns , (24)
where the Arysy 1s the sum of the standard corrections

[16] and the nonstandard correction part Aryg has the
quantitative equation [15]

Arns = 2 [ET ns(0) — RE‘ET Ns( w}
5mz 5mW [0 2
—%(m% mw)—i_ml My 5

where the self-energy function LY NG represents the non-

standard part of self-energy function T¥" in THDM.
In the numerical evaluation we use the Gp scheme and
take a set of independent input parameters which is
known from current experiments [17]. They are «
1/137.0359895, Gp = 1.166392 x 10~° GeV~2, my
91.1888 GeV, m; = 175 GeV, and mp = 4.7 GeV.

The experiment constraints from LEP [18], CP viola-
tion, K and B physics [19] and unitarity and perturba-
tivity considerations [20] give the following hm1ta,t10ns on
the parameters of THDM:

0.5 < tan8 < 100,0 < mpo, myo < 1 TeV ,

M+ 2 Emz . (26)

The recent literature shows also that high energy con-
straints derived from the W mass, the full width of the Z
boson, and the b5 partial width of Z are combined with
low energy comstraints from I'(b — sv), T'(b — c7p),
and B® — B® mixing to determine the experimentally fa-
vored configurations of THDM. This combination of ob-
servables rules out small charged Higgs boson masses and
small values of tanB. The configurations of THDM where
the charged Higgs boson is much heavier or much lighter
than the neutral Higgs bosons are ruled out also [21]. We
assume mpyo = 100 GeV, mpo = myo = 150 GeV, and
choose the other parameters restrictly within the bounds
in Eq. (26) and the constraints of the literature [21]..

In Fig. 5 we present the plot of the differential cross
section of vy — HYH~ versus the angle between the
incoming photons and the positive charged Higgs boson
with mg+ = 150 GeV. The curve for the differential cross
section at the lowest level is relatively flat, but the results
with the O(am?/mZ,) electroweak effects are strongly
related to the angle 6. The figure shows there are large
corrections near the positions when & have values of zero
and w. That means the charged Higgs pairs are domi-
nantly produced in the forward and backward directions.
This very dramatic change of the differential cross sec-
tion of vy — HYH~, when going from the lowest order
calculation to including the Yukawa corrections, shows
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FIG. 5. The differential cross section as angular function
between one of the incoming photons and the positive charged
Higgs boson for subprocess vy — HYH™ when mp= = 150
GeV. The full line is for the Born approximation. The
long-dashed and short-dashed lines are the curves includ-
ing O(am}/m¥%} Yukawa corrections with tan@ = 1 and
tan3 = 30, respectively.

that for the charged Higgs boson with intermediate mass
iz most feasible for detecting the charged Higgs pair in
the forward and backward regions. The corrections with
tanB = 1 are larger than with tanf = 30. It is because
all the Yukawa correction form factors are directly pro-
portional to a factor g3 + g2 (see the equations in the
Appendix) and when tan@ = 1 that the coupling strength
of H*tb is stronger than when tan8 = 30 [see Eq. (8)].
In Fig. 6(a) the quantum corrections for a. cross sec-
tion for charged Higgs pair production in photon-photon
mode are plotted as functions of center-of-mass v/ with
mygz: = 150 GeV. Their relative corrections & versus v/3
are depicted in Fig. 6(b}, where the relative correction &
is defined as

These relative corrections § as functions of the ratio of
vacuum expectation values tan@ are shown in Fig. 6(c).
The full line, long-dashed line, and short-dashed line are
for v/3 = 1500, 1000, and 400 GeV respectively.

Figures 6(a) and 6(b) show that the EW correction in-
creases the total cross section of subprocess vy — HTH~
when the center-of-mass energy V3 3 1 TeV, but de-
creases the cross section when v/3 < 1 TeV. As a con-
sequence of the coupling strength, with the ratio of vac-
uum values tan3 = 1, the absolute corrections are larger
than with tan8 = 30. One can read out from Fig. 6(b}
that, for my+ = 150 GeV and tanf = 1, the effects of
O(am? /m?,) Yukawa corrections may make a 33% incre-
ment in the cross section when /3 approaches 2 TeV, but
only a 23% reduction when /3 is 400 GeV. Figure 6(c)
shows that the corrections depends strongly on the value
of tanB when /5 is far away from the 1 TeV-energy re-
gion, but the dependence on the tanf becomes weak and
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and tan8 = 30, respectively. (b} The relative correction &
of subprocess vy - HTH™ versus center-of-mass energy +/3
with my. = 150 GeV. The full line is for tan8 = 1 and the
dashed line is of tan3 = 30. (c¢) The relative correction §
of subprocess vy — HVYH™ versus tan8 with mys = 150
GeV. The full line is for /3 = 1500 GeV and the long-dashed
line and short-dashed line correspond to +/3 = 1000 GeV and
+/8 =400 GeV, respectively.

ete™ —yy - HYH™ versus center-of-mass energy +/3 with
my+ = 150 GeV. The full line is for the Born approximation.
The long-dashed and short-dashed lines are the cross sections
including O(am{/m¥,) Yukawa corrections with tan8 = 1
and tan8 = 30, respectively. (b) The relative correction & of
process ete™ — vy «» H*H™ versus center-of-mass energy
V3 with my= = 150 GeV. The full line is for tan8 = 1 and
the dashed line is for tang = 30.
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the correction effects becomes smaller when /3 has val-
ues around 1 TeV. This character is coincident with that
in Figs. 6(a) and 6(b).

The dependence of the subprocess vy — H+tH™ cross
section with Yukawa corrections on the charged Higgs
boson masses are shown in Fig. 7. The production cross
sections decrease when the charged Higgs boson mass
becomes larger or the center-of-mass energy V4 goes up.

The total cross section and relative corrections of pro-
cess ete™ vy — HTH™ versus the center-of-mass
energy /s with my+ = 150 GeV are depicted in Fig.
8(a) and 8(b) respectively. We can see that all the
O(am?/m%;) Yukawa corrections decrease the produc-
tion rate for both tan8 = 1 and tanB = 30. The cor-
rections with tan3 = 1 are more significant than with
tan® = 30. The correction can make as large as 22%
reduction of the total cross section when tan@ = 1. This
means that, in the process of charged Higgs pair produc-
tion via photon-photon collision, we have to consider the
radiative corrections. :
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IV. SUMMARY

In conclusion, we have calculated the O(am?/m3,)
Yukaws corrections to the process of ete™ —7yy —
HtH~ in the ete™ collider. In the Gp-scheme, the cor-
rections imply typically a few to 22 percent reduction of
the total cross section of the tree level when my+ = 150
GeV. The corrections to the subprocess of vy — HTH ™,
though, can be positive or negative, depending on the
center-of-mass energy v/5. The dependence of the cor-
rection effects on the ratio of the vacuum expectation
values comes from the behavior of the coupling strength
of grr+1p-
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APPENDIX

The form factors corresponding to the loop diagrams in Figs. 3 and 4, are listed explicitly as

R |
fip = @(91 + g2 ) ({—p3uBo + (P2u — Py — Paw) Bil[(p2 — b3 — pa)?, mi, mf)

+{(mIpa, + (M — 2p1 - P3)Pau — MEPau)Cra
+H(mEye ~ mi)pau + (M — mbys + 2p1 - pa)psy + (M — mips )pau|Cia}

X[(p4 - Pz)za {(p2 — p3 —p4)2,m§,mt2,mf]) ’

o .
fau = @(Qi + 93)([(292“ —Ps,u)Ba + (qu — P3p — P4u)31][(293 + pg - p2)2, mtza mf]

+{(m¥x (P3p — P2p) — MiPap)Cur + [(P2p ~ P3p)(Mppx — mE) + pap(mi — mEs + 2py - pa)|Cia}

X[p3, (p3 + pa — p1)% mi, mZ, ml]) ,

f3v

82

+{ [m%ﬁ: qu -

f4u

= 8n?

D
(9% + 2 ) ([(Pap — P2)Bo — p2v B [p3, mi, mi]

(ms +m)psu]Crr + [(m? — m¥s)pew + 2(p1 » p3)pan]Cra} [0}, pE, mE, m?, mi)) ,

D
(gi + gi)( - [p3VB0 +P2y31][P§;mt21m?]

+{[pav(mZs + mi = 2p1 - pa) — pa,m?i)Cny
[Pov(m? — m%a) + 2p1 * paps.)C12} (P2 — p3)?, P2, mi, m?, m?]) ,

D
fou = l—ﬁﬂ—z(gi + 9% ) ([(Pay — P2u)Bo + (P3n + Pa = P2u) Ball(ps + pa - p2)?,mp, mi]

+{mf (pau + P3u — Pau)Co + M+ (P24 — Pa) + MEpsu|Crr
+l(mi — My )2 + (mbe — mE — 2p1 - ps)psy + (Mmiye — mI)pe,]Ci2}

x [P%, (Ps +ps — pz)z,mf,mg, mg]) y

D
fou = ﬁ,ﬁ(gi + ¢2)([PapBo + Pz + Pan — p2u) Ba){(p2 — ps — pa)?, mi, mZ]

2
+{mi (psu — Pay — P2u)Co + [M{(Day — P2,) + (2p1 - Pa — iy )pay)Cra
+[(P2p — psu) (m] — M) + pap(mys — m? — 2ps - pg)|Cra}
x[(ps — p2)%, (p2 — p3 — pa)®, mZ, mZ, m]} ,
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fio=

YUKAWA CORRECTIONS TO CHARGED HIGGS-BOSON PAIR . ..

D
fo = T6n2 (62 + 92 ) ((pap Bo + por B1) 03, mE, mi]
+{mt2(P2u —pu)Co+ [mzZPZV +(2p1 - p3 - mf - miﬁ: )P4u]Cra

2 2 2 .2 2 2 2
+H(mez — mi)paw — 201 - Papa|Cia}(p2 ~ pa)*, P2 my, my, my])

fs» 1671'2 (g+ +g9- )( (P3yBO + ’pzuBl][pmmb,mb]

4—{’)102{?7]-; — P Y & [1a, (')’?’)--J_ —I-'rn —971 'nﬂ — M., 'nn ]

L\ o Fod T Ak U F =2l R o = S I o T . ¥ 2 ;rau]

+[paw(mi — m¥u) + 2p; - Pépau]Cm}[(pz — p3)?, P8, mp,m2, mil) ,

9671'2 (95 + 92 ) — 4Bofpd, mi, mi] + [(4mf + 4ms — 8 — 2p1 - 93)Ch

+(88 — 6py + p3 — 4p1 - pa)Cry + 2(2p1 - P3 + p1 - Pa)Cia + 2(2p1 - p3 — § + 2p1 - ps)Cn
—4(p1 - P3 + P1 - Ps)Cas + BCaall{pr — ps — pa)*, P2, mi,m2, mi)
+{{—4m} —- 8mimZ . + 35mZ 4+ 2p; - pam? — 2p; - pym?) Dy
+2(=ms — Tmim%s +5mZ 4+ py- Pam%{-.t — Py p4mf)Dn
+(8m%s + 38m2 — 2py - pa(m¥ys — 3m?) — 4p; - pa(mire + 2m3) + 4p1 - psp1 - pa) Di2
+2[(ms + 5mf)p1 - pa — 2p1 - psnf — 2p1 + psp1 - palDus + (2myx + 2mimis — dmipa ) Do
+2[—3mEs + 3m? + 2(mips — m])py - ps + 2p1 - pampre
—2py - pam ~ 2py - papy - Pa)Doz — 4py1 - P3p1 - PaDos
+2(3m3ps — $m2 — 2py - pam¥. + 2p1 - pami)Daa
+4(py - psm¥yz — p1 - pami) Das
+4((m] — miy2)p1 - pa — (Mirs —mi)p1 - Pa + 2p1 - Pspi - Pa)Dae
+2(2m§ii - 4mf - §)D27}[pi, (71 —ps —m){pf,mf,mf,mf,mf]) )

W(gi + g2 )( — 2Bo[p3, mp, mf) + [(2ms + 2m% ~ 38— p1 - pa)Co
+(%§ ~2py - ps — 3p1 - pa)Cr1 + (p1 - P3 + 2p1 - p4)Cr2 + (2p1 - P3 — § + 2py - p4)Cx
~2(p1 - Ps + p1 - pa)Cas + 4Ca4l[(pz — ps — p4)?, 55, m3, mi, m]
—{[4mimy. +2m? — §3m] + m¥{(p1 - ps — p1 - pa))Do
+(3mf —- m4H=t - 7m£2m§i’* "Pl Psmf +p1- quif:t)Dn
(IsmHt + 3 3"% —2py - p3de: —4py - P3mg p4m2H':|:
+3py + pamd + 2py - pap1 - pa) D1z + [(m%: + 5m] )p1 p3 — 2p1 - pa(mi + py - p3)| D1s
+(mbys + mims — 38mEe)Dn
+8(m? —mips) + 2(mge —mi)pL - ps + 201 P4(mH:i: ~mi — py - ps)| Daa
—2(p1 - p3)(P1 - Pa) D13 + [8(mEs — m) + 2py - pamf — 2py - pamB«1Daa
+2(p1 - pamys — p1 - pami)Das
+2[(m? —m%s)p1 - ps + (mf — mys +2p1 - p3)p1 - pa]D2e
+(@mEs — 4m? — §)Dar}pd, (p2 — p3 — pa). 03, mi, mZ, mi, mi]) ,

) fll = (9+ +g )( 430[p11mu ] + {(4mHi — 8- 2191 p.‘i)CO

D
2472
+(35 — 6py - p3 — 4py - pa)Ch1 + (4p1 - 3 + 2p1 - Pa)Clr2
+2(2p1 - p3 — 3+ 2p1 - ps)Cay — 4(p1 - p3 + p1 * Pa)Cos
+8C24)i(p1 — p3 — pa)?, P}, mi, mE, mi)
+{(6mt2m§m — Zm‘}ﬁ, — §mf + 2py 'Pam%t — 2p; -p4mt2)D11
+[smipa — 8m — 2(pi - pa + 2py - payMEs + 2(3my + 2py - ps)p1 - D12
+2(p1 - pam? + p1 - pamys — 2mip1 - pa — 2p1 - P3p1 - Pa)Dis
+(2m§ﬁ= + 2mfm§[,t - §m§1i)D21

1311
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where D = 4 — 2¢. The form factors f; (¢ = 1-8) correspond to the contributions of the diagrams in Figs.

f12=
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+2[8mf — dm¥rs + 2(mEyz — m)(p1 - ‘P +p1 - pa) = 2(P1 p3)(p1 - pa))D22
—4(p; - Ps)(Pl pa)Das + 2(8mis — §mZ + 2py - pami — 2?1 Psmirs )Dag
+4(p1 - pamys — p1 - Pamy)Das
+4{(mf —m%=)(P1-pa + 1 - pa) + 2(p1 - p3) (P1 - Pa)] Da2s
+2(2m’%fi - 47"’? - §)D27}[p§, {p1—ps — p4)2,p%,m§, mtz,mf,mf]) ’
D
155 (9% +92)(— 2Bol(pz — ps — pa)?, m, m])
+{(2ms — 84 p1 - ps)Co + p1-P3Cu1 + (38 + 11 P4)Ch2
+(2p1 - p3 + 2p1 - pa — §)Coa + 2(?1 Pa—p1-p3)Cas
+4C34][p3, (p2 ~Ps —P4) amumu mg].
+{(3mH¢mt — mHi + §SmHi — smf - quim ‘p3+ mfm - pa)Dyy
+[p1 - pa(2m? ~ m¥ L) +p1-pa(2p1 - p3 — mf)Dm
+[38(m] ~ mfys) + p1 - pa(2miye — 3mI) + p1 - pa(mys — 2p1 - ps)|Dis
+(mbe + mEam? — 13m%.) Doy — 2p1 - papy - paDaa
+[(3 — 2p1 - pa)(mE — mYys) +2p1 - P4(mH=|= —m} — p1-ps))Das
+2(mHiP1 Pz — mtm pa)Das + [s(de: - mt) 2mH¢P1 p3+ 2m¢p1 P4]D2s
+2[p1 - ps(mi — mix) + p1 - pa(mi — mbx + 2p1 - p3)) Dae
+(2m§,¢ — 4mf - §)D27}[P§’P§, (p2 —p3 —p4)2,mﬁ,mf,mf,m‘f}) '

fis= 48’%(9‘2" + g2 )( — 4Bo[p3, m§, mf] + [(§ — 2m¥e — 4p1 - p3)Co + 4(8 — 3p1 - p3 — 3p1 - pa)Ca
+2(4p1 - p3 — 8)Ci2|[(p1 — 13 — pq) ,p2,mE, mZ, m2) + {2m3(2p1 - p3 — 3p1 - pa) Do
+(smt 12mth¢ +4p1- p3mHi —6p1 - P4m:)D11
+[48m? + 2py - pa(4mf — §) — dp1 - pa(m} — p1 - p3)| D1z
+[12mfm§fi 5§mf (4m§fi +6m? — 28)p; - p3]D13 + (§m§ﬁ - 2mys — 2mfmﬁfi)D21
+2[8m3y — 3m? — 2py - Pa(mgx —m}) — 2(mys —mé —p1- P3)p1 P4] D32
+(SmH:t - 2mHi - th mHi )Dzs + 2(smt — smHi + 2py - pgmHi —2m -p4mt2)D24
+2(2mys + 2mim¥y — $m2)Dog + 2(8m? — dm¥. — 2mZpy - ps + 2py1 - pamPs ) Dag
+2(4mf — 2m§;i + 8)Dar}[ps, (91 — ps —p4)2,p§,mf,m§,m§,mf]) )

fia= 4:%(9’3. +g2)(~ 4Bo[pi, mf, mi} + [(3 — 2m}s — 4p1 - p3)Co

+4(3 — 3p1 - p3s — 3p1 - Pa)C11 + 2(4p1 - p3 — 5)C12][(ps + pa — p1)%, P2, mE, mZ, mi]
+{2(2p1 - pam¥yrs + p1 - pam}D1y — 2{(m] + 8)p1 - ps + (MF — 2p1 - ps)p1 - pa] D12
+2py - p3(m? — 2mips - §)Dis + (~2mbs — 2mZmi. + §my ) Dy

+2[8mirs — dm? + 2py - p3(mi ~ m¥ya) + 2p1 - pa(mi — mEs +p1 - ps)|Dae

+(8mEe — 2mys — 2mPmie)Dos + (25m7 — 28m¥ys + 4p1 - psmEs — 4dpy - pam?)Dyy
+2(2m§fi + ZmEm%i - émf)Dzs + 2(.§mf — §m§1¢ —-2p -p3mf +2m '?4?7&%{*)1)26
+2(4m§‘ - 2m§1* + §)D27}[pi, (ps +ps — pl)z,pg, mﬁ!mf%mfamg]) )

3 and the

fi (i = 9-14) to the diagrams in Fig. 4, respectively. The arguments of B, C, and D functions are written at the end
of formulas in parentheses. Their definitions can be found in Ref. [10].
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