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We study the O(am~/n&) Yukawa corrections to the process e+e- + yy -+ 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 e+e- colliders. 
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I. 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 
rnHo > 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 oftheir 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) (61. It 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 
corn 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 (51. 
Therefore one expects an observable signal throughout 
the allowed range of the coupling parameter tan& 

The Next Linear Collider (NLC) operating at a center- 
of-mass energy of 500-2000 GeV with a luminosity of the 
order of 10s3 crnM s-l may produce a charged Higgs bo- 
son pair with an observable production rate, since the 
events would be much cleaner than in pp and p$i colliders 
and the parameters of the charged Higgs boson would be 
easier to extract. Nowadays, the new possibility of ^(o/ 
collisions at the linear e+e- collider deserves a lot of at- 
tention. With the advent of the new collider technique 
(71, 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 Mao and mho, one neutral 
pseudoscalar Higgs boson mass TAO, one pair of charged 
Higgs boson masses mu+, and the additional mixing an- 
gle a and p. h describes the mixing angle of the scalar 
Higgs bosons Ho and ho. p is defined as the mixing pa- 
rameter of charged and pseudoscalar Higgs bosom which 
is related directly to the vacuum expectation values of 
Higgs doublets. The definition of 0 is tanp = uz/u, [6]. 

In this paper we calculate the cross section of charged 
Higgs boson pair production through yy collision in an 
e+e- collider including the O(am,2/m&) Yukawa car- 
r&ions in a two-Higgs-doublet model. The lowest or- 
der calculation for this process has been already done by 
1304 01996 The American Physical Society 
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Bower-Chao et al. [s]. 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 Q(Q), 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 7.y --t H’H-, 
which include the O(am,2/&,) 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 &oft-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 renorinal- 
ized in such a way that the residues of all renormalized 
propagators are equal to one: The renormalized ampli- 
tude for process -yr + H+H-’ is given by 

Mr.,, = Mo + cTM=” + 6Mvert + GMboX (1) 

where Mo is the amplitude at the tree level, 6MSe”, 
bMVert, and sMbox are the O(crm~/m&) Yukawa COT- 
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. [lo]. The 
corresponding amplitude at the lowest order for 77 -+ 
H+H- is given by 

Mo=M,t+M,u+M; (2) 

FIG. 1. The tree-level diagram of subprocess yy + H+H-. 
where &f; , M;, and Mo” represent the amplitudes of 
the t-channel, u-channel, and quartic coupling diagrams 
in Fig. 1, respectively. Their explicit expressions can be 
given as 

(3) 

Mo” = ^ -&’ 
u _ &* @1 - 2P4)p5sP1)(P1 + P3 - P4)“4& I 

(4) 

M; = 2ie2g’“e,(p&,(p~) . (5) 

The Mandelstam variables f and 6 are defined as i = 
(PZ -pd)‘, 0 = (PI - p#. As shown in Fig. 1, there 
pl and pz denote the momenta of incoming photons and 
ps and pd represent the momenta of the outgoing two 
charged Higgs bosons. 

(2) Self-energy corrections. The self-energy corrections 
at the O(c+/ mzw) level arising from the t-, x-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 CH+H+ 
arising from the diagram in Fig. 2(5,6) contributes to 
the one-loop amplitude with 

1 > (6) 

where the unrenormalized self-energy function of the 

charged Higgs boson CH’H’ represents only the part to 
the order O(am,2/m&). It has the form 

CH+H+(k2) = s{(g: + gt)[Ao(mf) - m$3o - k2B1] 

49: - amJm&)[~2,m,2,m,Zl 9 (7) 

where N, is the number of colors, and the definitions of 
one-point and two-point functions A0 and Bo are adopted 
from Ref. (111. The tiguments of B functions are written 
at the end of the formulas in parentheses. The g+ and 
& are defined in the coupling constant of H+tb as 

sJJf+ta = 9+ + s-75 

= 2;m, [(rn* tanp + ntcotp) 

+(mstanp - mtccq3)-cs] (8) 

The renormalization conditions allow to express the 
renormalization constants of bmx+ and 62~+ by the un- 
renormalized self-energies at special external momenta: 
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tEH+H+ (k2) 
6Z,* =- ak2 

P=m;* 
(9) 

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

mFt ‘= -ie%‘(pl)e”(pz) 

(10) 

The explicit expressions of form factors R (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. [ll] and Eqs. (7)-(g). The following expressions km Ref. [ll] are used here: 

(12) 

(13) 

The self-energy parts concerned in our evolution, which contain only the contributions to the order O(am~/m&), 
can be extracted from their full expression in Re%. [11,12]. They have the expressions as 

-(k2 + 2m:)Bo[k2,m;,mf] + 2mfBc,[O,mf,m:] + ; 
> 

(kz-4m~~)B~[kZ,m~.,~~~]-4nl~r-Do[O;m~i,m~~]+~ 
‘) 

, 

-(k2 + 2m;)Bo[k2,m,2,m;] + 2m~Bo[O,m,2,n,Z] + ; 
> 

2 

(14) 

(15) 
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FIG. 3. The vertex diagrams of subprocess ~7 -+ H+H- 

to order O(am:/m&). 

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

bMb0” = Zie2g,“e’lpl)~v(pz) 

x fs + fm t fll + fl2 + fi3 + fl4 + 26-G 

+a* + (16) 

The form factors f< (i = 9-14) are given by the box di- 
agrams l-6 in Fig. 4, respectively. Their explicit expres- 
sions are also listed in the Appendix. The corresponding 
amplitude squared for subprocess 77 + H+H- can be 
written as 

+2Re~(6MSc” + GMVert + c5Mb”)M,t , 

(17) 

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

(18) 

FIG. 4. The box diagrams of subpracess 77 + H+H- to 
order O(am:/m2,). 
where i* = (rn;, - s/2) f i&+/2 and ox+ = 

&ii&j% The total cross section for the charged 

Higgs pair production in the e+e- collider can be ob- 
tained by folding the 6, the cross section of the subpro- 
cess ^(TY + H+H-, with the photon luminosity: 

Then a more precise value of mw and thus .sw are ob- 
tained and the lowest-order cross section depends on mt 

(19) 

where & and fi are the e+e- and cloy center-of-mass en- 
ergies respectively and the quantity dL.,,,/dz is the pho- 
ton luminosity, which is defined as 

!!!a =& 
dz 

For unpolarized initial electrons and a laser, the energy 
spectrum of the ba&scattered photon is given by [13] 

1 
%44 = o(E) 

[ 
1 - 3: + 

-___ 
1: I - ((I”- z) 

4x= 

+p(l - z)2 ’ 1 
where 

q$)= (I-q-~)ln(l+E)+~+~-2(1:E)2 ’ 

(274 

and c = 4Ec,w,,/m;, rn,, and E,, are the mass and en- 
ergy of the incident electron, respectively, and wg is the 
laser-photon energy. The dimensionless parameter z rep- 
resents the fraction of the energy of the incident electron 
carried by the backscattered photon. In our evaluation, 
we choose w. such that it maximizes the backscattered 
photon energy without spoiling the luminosity through 
e+e- pair creation. Then we can get [ = 2(1+v’?) N 4.8, 
zmax N 0.83, and D(t) N 1.8. That is a usual method 
which was used in Refs. [8,14]. 

III. 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, mBo, mho, rn*~, and rnHf are the 
physical masses. But those Massey 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 
G,: 

ma 

v’%41- Amm) 
(23) 
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and the Higgs boson masses. In the GF scheme, a, GF, 
and rnz are used as input parameters and rnw is deter- 
mined through Eq. (23), where A~THDM includes all the 
weak radiative corrections to muon decay in the THDM 
frame. The quantity of A~THDM can be expressed as [15] 

Awam = ATVSM + his , (24) 

where the ATMSM is the sum of the standard corrections 
[lS] and the nonstandard correction part A~NS has the 
quantitative equation [15] 

where the self-energy function C!$!$ represents the non- 

standard part of self-energy function CFw in THDM. 
In the numerical evaluation we use the GF scheme and 
take a set of independent input parameters which is 
known from current experiments (I?]. They are a = 
l/137.0359895, GF = 1.166392 x lo@’ GeV-Z, mz = 
91.1888 GeV, mt = 175 GeV, and ma = 4.7 GeV. 

The experiment constraints from LEP [lS], CP viola- 
tion, K and B physics 1191, and unitarity and perturba- 
tivity considerations [ZO] give the following limitations on 
the parameters of THDM: 

0.5 2 tan@ 5 100,O < m,,o,m~o 51 TeV, 

1 
mx+ > gnZ (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 b6 partial width of Z are combined with 
low energy constraints from I’(b --t sr), r(b --t CTD), 
and B” - 8” 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 ta@. The configurations of THDM where 
the charged Higgs boson is much heavier or much lighter 
than the neutral Higgs bosom are ruled out also [21]. We 
assume rnHo = 100 GeV, m,,o = nzAo = 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 77 + H+H- versus the angle between the 
incoming photons and the positive charged Higgs boson 
with rn.+ = 150 GeV. The curve for the differential cross 
section at the lowest level is relatively flat, but the results 
with the O(am~/m&) electroweak effects are strongly 
related to the angle 0. The figure shows there are large 
corrections near the positions when 6 have values, of zero 
and r. 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 ry + H+H-, when going from the lowest order 
calculation to including the Yukawa corrections, shows 
FIG. 5. The differential cross section as angular function 
between one of the incoming photons and the positive charged 
Higgs boson for subprocess yy --f H+X- when rnHi- = 150 
GeV. The full line is for the Born approximation. The 
long-dashed and short-dashed lines are the curves includ- 
ing O(am~/m2&) Yukawa corrections with tanp = 1 and 
tan/3 = 30, respectively. 

that for the charged Higgs boson with intermediate mass 
is most feasible for detecting the charged Higgs pair in 
the forward and backward regions. The corrections with 
tano = 1 are larger than with ta@ = 30. It is because 
all the Ynkawa correction form factors are directly pro- 
portional to a factor gt + g2 (see the equations in the 
Appendix) and when tanp = 1 that the coupling strength 
of H’tb is stronger than when tanp = 30 [see Eq. (S)]. 
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 & with 
mu* = 150 GeV. Their relative corrections 6 versus & 
are depicted in Fig. 6(b), where the relative correction S 
is defined as 

These relative corrections 6 as functions of the ratio of 
vacuum expectation values tano are shown in Fig. 6(c). 
The full line,.long-dashed line, and short-dashed line are 
for & = 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 yy + HI-H- 
when the center-of-mass energy & > 1 TeV, but de- 
creases the cross section when & < 1 TeV. As a con- 
sequence of the coupling strength, with the ratio of vat- 
uum values tanP = 1, the absolute corrections are larger 
than with tano = 30. One can read out from Fig. 6(b) 
that, for mH* = 150 GeV and tanp = 1, the effects of 
O(am:/m&) Yukawa corrections may make a 33% incre- 

ment in the cross section when &approaches 2 TeV, but 
only a 23% reduction when & is 400 GeV. Figure 6(c) 
shows that the corrections depends strongly on the value 
of tano when & is far away from the 1 TeV-energy re- 
gion, but the dependence on the tanp becomes weak and 
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FIG. 6. (a) The total cross section of subprocess 
~7 + H+H- versus center-of-mass energy & with 
rnHf = 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 tanp = 1 
and tano = 30, respectively. (b) The relative correction 6 
of subprocess ,y^l --t H+H- versus center-of-mass energy & 
with mx+ = 150 GeV. The full line is for tan@ = 1 and the 
dashed line is of tanp = 30. (c) The relative correction 6 
of subprocess 77 --t H+H- versus tano with mx* = 150 
GeV. The full line is for & = 1500 GeV and the long-dashed 
line and short-dashed line correspond to fi = 1000 GeV and 
& = 400 GeV, respectively. 
FIG. 7. The cross section including O(am:/&) Yukawa 
corrections of subprocess yy + H+H- versus the charged 
Higgs mass mH+. The full line is for & = 1000 GeV. The 
long-dashed and short-dashed lines correspond to & = 1500 
GeV and & = 2000 GeV, respectively. (tanp = 10.) 

FIG. 8. (a) The total cross ‘secti& of process 
t?+e- +y’y + H+H- versus center-of-mass energy fi with 
mu+ = 150 GeV. The full line is for the Born approximation. 
The long-dashed and short-dashed lines are the cross sections 
including O(am:/n&) Yukawa corrections with tan/3 = 1 
and tan/l = 30, respectively. (b) The relative correction 6 of 
process e+e- + -,T + H’H- versus center-of-mass energy 
& with mH* = 150 GeV. The full line is for tan@ = 1’ and 
the dashed line is for tano = 30. 
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the correction effects becomes smaller when & has val- 
ues around 1 TeV. This character is coincident with that 
in Figs. 6(a) and 6(b). 

The dependence of the subprocess yy -i H+H- 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 & goes up. 

The total cross section and relative corrections of pro- 
cess e+e- ‘yy --t H+H- versus the center-of-mass 
energy ,/Z with mx* = 150 GeV are depicted in Fig. 
8(a) and 8(b) respectively. We can see that all the 
O(amf/m&) Yukawa corrections decrease the produc- 
tion rate for both tan@ = 1 and tanp = 30. The COT- 
rections with tano = 1 are more significant than with 
tanfl = 30. The correction can make as large as 22% 
reduction of the total cross section when tano = 1. This 
means that, in the process of charged Higgs pair produc- 
tion via photon-photon collision, we have to consider the 
radiative corrections. 
IV. SUMMARY 

In conclusion, we have calculated the O(am~/m&) 
Yukawa corrections to the process of e+e- +yy + 
H+H- in the e+e- collider. In the Gp-scheme, the COT- 
rections imply typically a few to 22 percent reduction of 
the total cross section of the tree level when mu+ = 150 
GeV. The corrections to the subprocess of yy --t H’H-, 
though, can be positive or negative, depending on the 
center-of-mass energy &. The dependence of the car- 
rection effects on the ratio of the vacuum expectation 
values comes from the behavior of the coupling strength 

of SH+tb. 
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APPENDIX 

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

D 
f1r = g&9: +9z)(~-PwBo + (P-a -PaI -P4lA)~llKp2 -Ps - P4)“,4,41 

+{(mtzpw + (rn;* - 2p1 ‘p&L - m&L)C1l 

+rc$f* - dPzr + (4 - dr* + 2Pl P3)P3p + (4 - rn&* )P4plc12] 

x I(P4 - P2Y, (PZ - P3 - P4Y, mb”, mt,mfl) 1 

fi, = &Cd + g%[(pz,z - ~sp)Bo + (PZ, - PS~ - p&h][(ps +p4 - p#,mf,mf] 

+{(4f* (P3w - PZr) - 4P4JGl + [(Pal - PQJ(m$* - rn;) + p4,(m: - rn;, + 2p, p4)]C12} 

x[p~,(P3+P4-P1)2,m~,m:,m~l), 

fzv = $g; +g%[(pa, -~zu)Bo -pzc&][p;,mf,m,2] 

+wf*Pz” - (&* + mf)P,plC11 + [( d - &*)P2u + 2(Pl ~P3)P4vlC12}[p~rP~,m~,mS,m~]) , 

hv = &t+g:)(- [ps”Bo+~z”Bl][p~,m,2,m,2] 

+IM&* + rn,2 - 2Pl ‘P4) - P2”rnf]Cll 

1P2”(4 - &*I + 2Pl ~P4P3”lG2}[(PZ -P3y,P;,m;,mt,m:]) , 

fs, = 
D 

~(~~+~~)([(~~,-PZ,)BO+(P~,+P~~-P~/~)B~][(P~+P~-~~)~,~~,~~] 

++f(Pzr + Pa4 -P&k + [ 4f* (PZ, -Pd + m~Pa,lCI1 

+b,2 - &*)Pw + MI* - 4 - 2Pl ‘P3)P3p + (rn&* - m,2)p4,]CEz} 

XIp~,(PS+P4-Pp2)2,mf,mb2,m~l), 

D 
fe&l = - 16?rz (6 + g%k’do + (PQ +PQL -pz&%]((pz - pz - p4)2,m;,m;] 

+c4(Ps, -Pu - PdCo + baPal - Pd + (2Pl ‘P4 - &*)p,,]G 

+[h‘ - P3LJ(4 - 4*) + P&&i. - mf - 2p1 p4)]&} 

x KP3 - PZY> CP2 - P3 - P4)2,mf,m;, rn;]) , 
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D 
J-n, = 1$j.+? --(ST, +92)((P4”Bo +Pzy~l)lP;,m&m;] 

fId(P2v -P4”)co + [m:Ppz” + (2ppl ‘ps - m,a - m~*)p4,]C1* 

+k& - dP2” - ah .P3p&b}[(p2 - p4)“,p& rn;, ?$, m;]) , 

f8” = 
D 

m(& + !a( - fP3”BO +Pz”mP;,n~,m~l 

++f(2P3v - P2Y)G + b(&* + rn,2 - 2Pl 'P4) - n~p2v]C,, 

+b&4 - 44 + 2Pl 'P4P3"lG2}((P2 - Pd2,P%7n::,&rnf3) , 

fe=& cs;+ sf)( - 4fMP~,m”a,m;] + [(4mf + 4m2,* - 8 -2p, ‘p3)crJ 

+(3$ - 6~1 ‘PS - 4~1 .P&I + 2(2p1 .PJ +m .p&h + ~(2~1 .pg - 4 + 2~1 .p&%, 

-4h.P3 +Pl.P4)G3 +~Cx][(p* -ps -p4)2,p;,m;,m;,m;] 

+{(-4m,4 - Sm&&+ + SBrn, + 2p, psm; - 2p, p,n$)D,, 

+2(-m& - 7mf& + im,z + p, .pa& -PI. p&)Du 

+(s’d* + 3id - 2~1 ‘pdrn&* 7 3m:) - 4~1 ~p&n$+ + 2mf) + 4~1 psp, pa)012 

+%& + 57+p1 '~4 - 2~1 .psm,2 - 2~1 .psp, .p.,]D13 + (274 + 2mfn&+ - h&,)D~~ 

+21-h&* + hrL,z + 2(m&* - mf)pl ps + 2p1 . pan&* 

-2~1. P& - 2~1. PSPI P&& - 4~1. PSPI p&3 

+2@& - im; - 2~1 .pam;* + 2~1 p,m;)Da 

+4(p1 .ps&-t -p, .pd)Dx 

+4((d - & )PI PS - (& - m:)p, pa + 2p, pm pa)Dze 

+2(2& - 4d - *)Dz,HP:, (PI -PZ -p4)‘,~f,mf,m~,m~,m,2]) , 

fm = &(gf+gZ)(-2~ lP2 0 2,&m;] + [(am&* + 2,; - 23 -p* ‘p&l 

+@ - 2p1 ‘P3 - 3Pl ‘P&11 + (PI ‘P3 + 2Pl ‘P&G2 + (2Pl ‘PS - i + 2p, ‘p&h 

-2(Pl 'P3 +Pl 'P&23 + 4CZ4l[(PZ -PB -P4)",p;,m;,n;,& 

-{[4&&* + 2mt - $nS + ?$(P* ‘ps -p* .p4)]Do 

+(*m? - m$* - 7m$&5 -p, .psm: +p, .~&~)DII 

+($m”H* + $4 - 2p, pm&* - 4p1 . psmf - p, p&* 

f3~1. pd + 2~1. PSP, p4)Dn + [( rn;* + 57$)P, 'PS - 2Pl. P&f +'P* . P3)]D13 

+(m$* + rn+&* - $mg*)D2* 

+I:($ -m&k) + 2(7’& - ~)PI ‘PS + 2~1 .P&& - mf -PI .ps)]Dzz 

-~(PI P&PI. P&S + [+;-t - rn:) + 2~1. parn; - 2~1. pon;+]Dc~ 

+~(PI .PG& -p, .pd)Dzs 

+2bf - "$I* )P, ~3 + (m: - m$+ + 2~1 p&h . p&a 

+(2&e - 4d - 5)Dm)[p:, (pz -PS -~~)~,p~,m~,m~,rn~,rn~]) , 

fll = 3 D cs: +a - 4Bo[pf,m:,m:] + [(4&k -g-2p, .p$20 

+(3: - 6~1. PB - 4~1. P$& + (4~1. ~3 + 2~1. p&n 

+2(2Pl .P3 -g + 2Pl ~P&l - 4(Pl ‘P3 +Pl .P&23 

+~w[(Pl -PB -P4)2,P~,mZ.,m~,m:l 
+{(Sn+&, - 2w& - ;mZ: + 2~1 .psm& - 2~1 .pm,Z)Du 

+[g& - gm:: - 2(~1. PS + 2~1. P&& f 2(3mt + 2%~. PS)PI P&AZ 
+2(~1 .P& +PI .P&* - 2mfpl 'pa - 2~1 ‘PSPI .n)De 
+(2& + 2m,2m& - dm;+)Da 
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+2[&n,2 - hn$* + 2(7&* - d)(Pl ‘PB +Pl .P4) - qP1 ‘P3)(Pl ‘P4)]& 

-4(~1 .PS)(PI .P~)Dzs + 2(.&+ - im,z + 2~1 .P& - 2p, .psrn&)D~ 

+4(~1. ~sd+ - PI ~mf)Dzs 

+4b,2 -“%.)(PI ‘PS +PI .~4) + 2(~1 .PS)(PI .PW~S 

+2(2&k - 4d - ~)=h)[p:, (PI -PS -~~)‘,pf,m~,m:,m~,m~]) , 

D 
fn = - 12n2 (4. + gT)( - =3[@2 -ps -P2,4,m:l 

+I@&* -~+Pl’P3)co +p, .p3c11+ ($+m ‘P4)ClZ 

f(2Pl ‘PB + 2Pl ‘P4 - wz, + 2(p* ‘P4 -PI ‘P3)C23 

+4GdP% cP2 -P3 -Pd=,mf,m~,m:l 
+{ (34&4 - m$, + +$-t - hf - m&+pl. pa + m:pl. p4)D11 

+[PI .p+‘d - &+) + PI .P&PI .PJ - mf)D~z 
+@(mf - &) +PI .P+&+ - 3mf) +P, .p&& - 2~1 .ps)]D~ 

+(m&+ + &m,z - $&)D~I - 2p, ‘pap1 .mDzz 

+[(i - 2~1 .ps)(mf -rn&) + 2~1 .i+& - m,Z -PI .p,))Dzs 

+2(7’&+~1 ‘PS - ~:PI .~@a + [+&+ -rn;) - 2&p1 ‘ps + 2m;pl .p4]Dx 

+2b1 .ps(mf -m&t) +PI .pa(m: -rn& + 2~1 .ps)]Dm 

+(2& - 4mf - Wh)b:,~;, (PZ --ps -~~)~,m:,mf,m:,m:]) , 

D 
fn = 4&2 -(cs; +st)( -4B&,&mf] + [(g- 2 4* - 4Pl ‘P&l + 4(i - 3Pl ‘P3 - 3p1 ‘P4)Cll 

+2(4pl ‘ps - wlzi~(~l -p3 -P~?,P:, &m&mfl+ {2$(2~1 ‘PS - 3~1 ‘p,)Do 

+(imt - 12mfm&+ + 4~1 psrn& - 6~1 p&)D11 

+[4Sd + 2~1 .~s(4d - $1 - 4~1 .n(mf -PI .p,)]D~z 

+[1277+$* - 5imt - (4& + 6m: - 29~1 .ps]D13 + (kn& - 2m;+ - 2m;m&)Dzl 

+2[s’& - Sm,2 - 2~1 P,(& - rn;) - 2(m$ - rn; - pl p&11 p,]Dzz 

+@&A - 2&k - 2m:m&)Dx + 2(%7x,2 - h& + 2p1. psrn;+ - 2pl. p4m,Z)DZ4 

+2(2& + 2+&t - @)Ds + 2(&n,2 - h$* - 2m,2pl ps + 2pl p4m&h)D26 

+2(4& - 27&+ + wd~:,(~~ -P$ -P4)‘,P~,mt2,,~,mb2,m~]) , 

fl4 = &(g: +st)( - 4B&:, 4, dl + I(: - 2m&* - 4Pl ‘P3)CO 

+4(5 - 3~1 ‘~3 - 3~1 .P&%I + 2(4pl ‘PS - +%z][(Ps +p, -p#,p~,m~,m~,m;] 

+{2(2~1 .~a&+ +PI .P~)DII - 2[( m,2 + :)PI ‘PB + hf - 2~1 .PZ)PI .p4lDu 
+2~1 .P& - 2& + i)Dn + (-2m$+ - 2m,2m& + im;+)D~l 

++4+ - smf + 2~1 .ps(mf -rn&+) + 2~1 .p&n; -rn;, fpl .pr,)]Dm 

+(s^++ - 2m& - 2m&&)D23 + (2imf - 2Sm$+ + 4~1. p&+ - 4p1 . p4m,Z)Dz4 

+2(2+ + 2m$& - im;)Dzs + 2(im; - s’m$+ - 2pl .p& + 2pl .p&+)Dzs 

+2(4m: - 2&* + wz?)b:, (P3 + P4 -Pl)2,P~,~~,~~,~~,~~]) , 

where D = 4 - 2~. The form factors fi (i = 1-8) correspond to the contributions of the diagrams in Figs. 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 
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