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TheO(amt
2/mW

2 ) Yukawa corrections to bottom quark pair production via photon-photon fusion in TeV
e1e2 colliders are calculated in both the general two-Higgs-doublet model and minimal supersymmetric
model. We find that the corrections to the cross section of the subprocessgg→bb̄ can be a few percent. The
corrections to the total cross section of the processe1e2→gg→bb̄ in the beamstrahlung photon fusion mode
are rather small and can be ignored at the one-loop level; however, the corrections in the Compton backscatter-
ing photon fusion mode may approach 0.1% for favorable parameter values.@S0556-2821~96!04315-9#

PACS number~s!: 14.65.Fy, 12.38.Bx, 13.60.2r
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I. INTRODUCTION

The collisions of high energy photons produced at t
next-generation linear collider~NLC! provide a comprehen-
sive laboratory for testing the standard model~SM! and
probing new physics beyond the SM@1#. There are mainly
two options for the photon sources at the NLC: laser ba
scattering and beamstrahlung photons. These two kind
photon sources are the options of turning the electr
positron collider into a laser photon collider with high ener
and high luminosity. With the advent of the new collide
technique@2#, one can obtain the high energy and high i
tensity photon beams by using Compton laser photons s
tering off the colliding electron and positron beams. The
minosity and energy of colliding photons are expected to
comparable to that of the primarye1e2 collisions. This
mechanism is the so-called laser backscattering photon
lision mode, which can be employed in the NLC. The bea
strahlung is another way in obtaining photons. The stro
electromagnetic fields associated with the high charge d
sity in such bunches subject particles to very strong acce
ating forces just prior to or during the collision. As a resu
the so-called beamstrahlung photons@3# are radiated. It has
been shown that the first photon source may have a m
interesting physical potential. Actually with any of the ph
ton sources there are no known overwhelming obstacle
building such a machine. By means of such a collider a la
number of heavy quark pairs can be produced by beamstr
ung and Compton backscattering which will reach a cen
of-mass energy of 500–2000 GeV with a luminosity of t
order of 1033 cm22 s21. The photon energy spectrums in bo
modes@4,5# show that there are many relatively soft photo
especially in beamstrahlung mode and the production
heavy top quark will be suppressed for reduced collision
ergies. But no such suppression affects the relatively li
bottom quark. For instance, in beamstrahlung photon co
sion the bottom-quark pair are predominantly produced at
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energies with yields exceeding those calculated from the an
nihilation process by a factor 103 at 1 TeV@6#. We know that
sinceH0→bb̄ would be the main search channel for a stan-
dardH0 @or lightest minimal supersymmetric standard model
~MSSM! h0# with mass less than about 130 GeV, the precise
study of the main background processgg→bb̄ is very nec-
essary. In the SM this process have been calculated and th
QCD threshold effects of the process also have been exam
ined @7#. However, in a two-Higgs-doublet model~2HDM!,
the production of the bottom quark receives an additiona
correction arising from the Yukawa coupling of the bottom
to the top quark. Once the top quark mass is known pre
cisely, this effect could be used as an indirect test betwee
the SM and other models which include the 2HDM and the
MSSM.

Therefore it is worthy to investigate the production of the
bottom quark pairs ingg collisions produced by photon-
photon colliders. In this work, we present the calculation of
the O(amt

2/mW
2 ) Yukawa corrections in both 2HDM and

MSSM, which arise from the virtual effects of third family
~top and bottom! quarks, charged Higgs and charged Gold-
ston bosons~G6! in photon-photon collisions via both beam-
strahlung and Compton back-scattering modes. In Sec. II, w
present the analytical results in terms of the well-known
standard notations of one-loop Feynman integrals@8#. In Sec.
III, we present some numerical examples and discuss th
implication of our results, which involve the correction re-
sults in both photon collision modes. And in the Appendix
we list explicitly the form factors appeared in the cross sec
tion.

II. CALCULATIONS

The relevant Feynman diagrams are shown in Fig. 1 an
the Feynman rules can be found in@9#. In our calculation, we
use dimensional regularization to regulate all the ultraviole
divergences in the virtual loop corrections and we adopt the
on-mass-shell renormalization scheme@10,11#. Taking into
account theO(amt

2/mW
2 ) Yukawa corrections, the renor-

malized amplitude forgg→bb̄ is given by
2363 © 1996 The American Physical Society
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M ren5M01dM1 loop5M01dM self1dM vertex1dMbox

1dM tr, ~1!

whereM0 is the amplitude at the tree level,dM self, dM vertex,
dMbox, and dM tr represent theO(amt

2/mW
2 ) Yukawa cor-

rections arising from the self-energy, vertex, box, and t
angle diagrams, respectively. Their explicit forms are giv
by

M05M0
t̂ 1M0

û , ~2!

dM self5dMs~ t̂ !1dMs~ û!, ~3!

dM vertex5dM v~ t̂ !1dM v~ û!, ~4!

dMbox5dMb~ t̂ !1dMb~ û!, ~5!

where

FIG. 1. Feynman diagrams contributing toO(amt
2/mW

2 )
Yukawa corrections togg→bb̄: ~a!,~b! tree-level diagrams;~c!–~e!
self-energy diagrams;~f!–~i! vertex diagrams;~j!–~l! box diagrams;
~m! triangle diagrams. Here we only plot the one-loop diagram
corresponding to the tree-level diagram~a!. The dashed lines rep-
resentH6, G6 for ~c!–~m!.
ri-
en

M0
t̂52 i

e2Qb
2

t̂2mb
2

em~p4!en~p3!ū~p2!

3gm~p” 22p” 41mb!g
nv~p1!, ~6!

M0
û5M0

t̂ ~p3↔p4 , t̂→û!, ~7!

dMs~ t̂ !5 i
e2Qb

2

~ t̂2mb
2!2

em~p4!en~p3!ū~p2!~ f 1
s~ t̂ !gmgn

1 f 2
s~ t̂ !p2

mgn1 f 3
s~ t̂ !p” 4g

mgn!v~p1!, ~8!

dMs~ û!5dMs~ t̂ !~p3↔p4 , t̂→û!, ~9!

dM v~ t̂ !52 i
e2Qb

t̂2mb
2

em~p4!en~p3!ū~p2!~ f 1
v~ t̂ !gmgn

1 f 2
v~ t̂ !p1

ngm1 f 3
v~ t̂ !p2

mgn1 f 4
v~ t̂ !p2

mp1
n1 f 5

v~ t̂ !p” 4g
mgn

1 f 6
v~ t̂ !p” 4p1

ngm1 f 7
v~ t̂ !p” 4p2

mgn!v~p1!, ~10!

dM v~ û!5dM v~ t̂ !~p3↔p4 , t̂→û!, ~11!

dMb~ t̂ !52 i
e2

16p2 em~p4!en~p3!ū~p2!@ f 1
b~ t̂ !gmgn

1 f 2
b~ t̂ !gngm1 f 3

b~ t̂ !p1
ngm1 f 4

b~ t̂ !p1
mgn1 f 5

b~ t̂ !p2
ngm

1 f 6
b~ t̂ !p2

mgn1 f 7
b~ t̂ !p1

mp1
n1 f 8

b~ t̂ !p1
mp2

n1 f 9
b~ t̂ !p2

mp1
n

1 f 10
b~ t̂ !p2

mp2
n1 f 11

b~ t̂ !p” 4g
mgn1 f 12

b~ t̂ !p” 4g
ngm

1 f 13
b~ t̂ !p” 4p1

ngm1 f 14
b~ t̂ !p” 4p1

mgn1 f 15
b~ t̂ !p” 4p2

ngm

1 f 16
b~ t̂ !p” 4p2

mgn1 f 17
b~ t̂ !p” 4p1

mp1
n1 f 18

b~ t̂ !p” 4p1
mp2

n

1 f 19
b~ t̂ !p” 4p2

mp1
n1 f 20

b~ t̂ !p” 4p2
mp2

n#v~p1!, ~12!

dMb~ û!5dMb~ t̂ !~p3↔p4 , t̂↔û!, ~13!

dM tr5 i
e2

16p2 f 1
tr2gmnem~p4!e

n~p3!ū~p2!v~p1!. ~14!

Here t̂5(p42p2)
2, û5(p12p4)

2, p3, and p4 denote the
momentum of the two incoming photons, andp2 andp1 are
momentum of the outgoing bottom quark and its antiparticle

The form factorsf i
s( t̂ ) , f i

v( t̂ ) , f i
b( t̂) , f i

tr are presented in Appen-
dix A.

The cross section of the subprocess for the unpolarize
photons is given by

ŝ~ ŝ!5
NC

16p ŝ2 Et̂2t̂
1

dt̂(
spins

¯
uM ren~ ŝ, t̂ !u2, ~15a!

where t̂65(mb
22 1

2 ŝ)6
1
2 ŝbb , bb5A124mb

2/ ŝ, andNC in
the above equation is the number of colors. The bar over th
sum recalls averaging over initial spins and

s



54 2365YUKAWA CORRECTIONS TO THE BOTTOM PAIR . . .
(
spins

¯
uM ren~ ŝ, t̂ !u25 (

spins

¯
uM0u212 ReS (

spins

¯
M0

†dM1 loopD .
~15b!

The differential cross section at the tree level, which is co
tributed from the first term in the above equation, is given
@6#

]ŝ0

] t̂
5
6pa2Qb

4

ŝ2
Smb

22û

mb
22 t̂

1
mb
22 t̂

mb
22û

1
2mb

2~ ŝ24mb
2!

~mb
22 t̂ !~mb

22û!

2
2mb

2~mb
21 t̂ !

~mb
22 t̂ !2

2
2mb

2~mb
21û!

~mb
22û!2

D . ~15c!

The explicit expression of the interference term in Eq.~15b!
can be found in Appendix B. The total cross section f
bottom quark pair production can be obtained by folding t
cross sectionŝ for the subprocesses with the photon lum
nosity

s~s!5E
2mb /As

xmax
dz

dLgg

dz
ŝ~gg2bb̄ at ŝ5z2s!, ~16!
n-
by

or
he
i-

whereAs andAŝ are thee1e2 andgg center-of-mass ener-
gies, respectively, and the quantitydLgg/dz is the photon
luminosity, which can be expressed as

dLgg

dz
52zE

x2/xmax

xmax dx

x
f g/e~x! f g/e~z

2/x!, ~17!

where f g/e is the photon structure function of the electron
beam@6,4,12#. For a TeV collider with elliptic beams with
sx/sy525.5, the beamstrahlung photon structure function
can be represented as@4#

f g/e
beam5H S 2.252A x

0.166D S 12x

x D 2/3
0

for x,0.84,
for x.0.84,

~18!

wherex is the relative momentum of the radiated photon and
the parent electron.

If we operate NLC as a mother machine of photon-photon
collider in Compton backscattering photon fusion mode, the
energy spectrum of the photons is given by@5#
f g/e
Comp5H 1

1.8397S 12x1
1

12x
2

4x

xi~12x!
1

4x2

xi
2~12x!2

0
D for x,0.83, xi52~11A2!,

for x.0.83.
~19!
III. NUMERICAL EXAMPLES AND CONCLUSION

In the numerical evaluation we take a set of independe
input parameters which are known from current experimen
The input parameters@13# aremb54.5 GeV,mZ591.1887
GeV, mW580.2226 GeV, and GF51.166 39231025

~GeV!22; a51/137.036. The top quark mass is just fixed
be the central valuemt5175 GeV. It is known that the cross
section for thee1e2→gg→bb̄ at the tree level, is model
independent, which has already calculated in Ref.@6#, but the
quantum corrections are model dependent. The correc
quantity is related to the additional parameters in 2HDM a
MSSM.

The parameter tanb is chosen to be varied in our calcu
lation. As we know, the coupling strength of the charge
Higgs bosons with quarks is related to scalar and pseudo
lar parts, which have factorsAH1 and BH1, respectiv-
ely. ~The definitions ofAH1 andBH1 can be found in Ap-
pendix A.! These two parts of Yukawa coupling yield th
crucial correction alternatively depending on variate tanb.
The coupling strength relies mostly on the factor with to
quark mass if tanb!1, while the bottom mass part migh
take the major role in case tanb@1. Because of the presen
experiments, the small values of tanb are in disfavor both in
2HDM and in MSSM. In the numerical calculation, we limi
its value to be in the range of 1 to 70. The correction result
calculation is depicted in Fig. 2, on conditions ofmH6

5150 GeV andAŝ5500 GeV. From the graph we can se
nt
ts.
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that when tanb is slightly bigger than 1, the coupling
strength from the term with bottom mass cannot overwhelm
that from the term with top mass. This status will keep un-
changed until tanb.10. The relative correctiond, which is
defined asŝ2ŝ0/ŝ0 , is only about 0.5% at the point tanb
510. Although the correction will be increased with the in-
crement of tanb, it is not directly proportional to tan2 b.

In the MSSM, the neutral Higgs sector masses anda can
be computed by the input parametersmZ , mW , mH6, and

FIG. 2. The relative correction of the subprocessgg→bb̄ as a
function of tanb, whenAŝ5500 GeV andmH65150 GeV.
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tanb. The formulas are given as

mA
25mH6

2
2mW

2 ,

tan 2a5
mA
21mZ

2

mA2mZ
2 tan 2b. ~20!

In Fig. 3 the relation between the relative correction wi
the parameter tana in MSSM is plotted, in which we limita
to be in the range of 0°;90°. The curve is very similar to
Fig. 2.

Since the present experimental results give constraint
the charged Higgs boson mass only asmH6> 1

2mZ , we in-
vestigate the effect coming from charged Higgs boson m
in the range 50 to 600 GeV. The curve in Fig. 4 shows
correction results withAŝ5500 GeV. From that figure we
can see, though there is a small mound whenmH6,250
GeV, the curve is going to be flat whenmH6.300 GeV, and
the difference between the top of the mound and the bott
of the line is less than 7%. All of these imply that variance

FIG. 3. The relative correction of the subprocessgg→bb̄ as a
function of tana, whenAŝ5500 GeV andmH65150 GeV.

FIG. 4. The relative correction of the subprocessgg→bb̄ as a
function ofmH6, whenAŝ5500 GeV and tanb510.
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the Yukawa corrections coming from the different Higgs bo
son mass values is rather small.

In Fig. 5 the relative Yukawa corrections for the cross
section of bottom pair production in photon-photon collision
are illustrated as functions of the center-of-massAŝ with
mH65150 GeV. The solide curve is for tanb530, and the
dashed one for tanb510, respectively. Both of the curves
are rather flat in the low energy area~Aŝ,100 GeV!, and the
relative corrections approach to be zero. That is owing to th
large contribution of tree levelŝ0. The figure shows also
each curve has a peak aboutAŝ5500 GeV for the different
values of tanb.

In studying the beamstrahlung photon collision for the
bottom quark pair production, we find that the contribution
from the low energy range of the subprocess cross sectio
will dominate over that from the high energy range during
consolution with the beamstrahlung luminosity Eq.~18!.
That is to say the beamstrahlung photons are relatively so
and the Yukawa corrections rely mostly on the low energ

FIG. 6. The relative correction of the processe1e2→gg→bb̄
in beamstrahlung photon mode as a function ofAs, whenmH6

5150 GeV. The dashed line and solid line are for tanb510 and 30,
respectively.

FIG. 5. The relative correction of the subprocessgg→bb̄ as a
function of Aŝ, whenmH65150 GeV. The dashed line and solid
line are for tanb510 and 30, respectively.
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beamstrahlung photon. That will suppress the relative cor
tion for the processe1e2→gg→bb̄ in beamstrahlung pho-
ton mode rather heavily. All these can be seen in Fig.
where the Yukawa corrections to the total cross section
bottom pair production in beamstrahlung photon mode d
ing e1e2 collision, are plotted as the functions of center-o
massAs with tanb510 and 30, respectively. The contribu
tion is only about 1026–1025. However, by using
backscattering laser collision, the relative correction sho
large enhancement compared to that by using beamstrah
photon collision. In Fig. 7 we plot out the relative correctio
of the total cross section of the same process in backsca
ing laser collision mode, also as functions ofAs. From the
graph, the largest correction can reach the value of 631024,
nearly two order higher than the corresponding correction
beamstrahlung photon collision mode. This correction can
expected to reach the order of 1023 with the tanb larger than
30 or the center of mass of the laser collision higher than
TeV.

In conclusion, we have calculated theO(amt
2/mW

2 )
Yukawa corrections to the process ofgg→bb̄. The correc-
tions are model dependent. For the favorable parameters
corrections give out a 1–3% increment of the cross sec
from tree level, when tanb is in the range of 1 to 70,
Aŝ5500 GeV andmH65150 GeV. The total cross section o
the processe1e2→gg→bb̄ are also calculated for both
beamstrahlung and backscattering laser beam collisions
the same mothere1e2 collider. To the beamstrahlung pho
ton source, because of the large contribution of the low p
ton energy range, the correction to the total cross sectio
the tree level is very small, and we can ignore it in one-lo
level. However, the backscattering laser collision mode
much promising, which implies near 0.1% correction to t
tree level.
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FIG. 7. The relative correction of the processe1e2→gg→bb̄
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APPENDIX A

The form factorsf i
s( t̂ ) can be expressed by

f 1
s~ t̂ !522mb~p2•p4!FSS

b~ t̂ !2
dmb

mb
2dZV

b G
22mb~p2•p4!@SV

b~ t̂ !1dZV
b #,

f 2
s~ t̂ !54mb

2FSS
b~ t̂ !2

dmb

mb
2dZV

b G
14~mb

22p2•p4!@SV
b~ t̂ !1dZV

b #,

f 3
s~ t̂ !5

1

2
f 2
s~ t̂ !,

where(b, dmb , anddZV
b are Yukawa contribution part of

the unrenormalized self-energy function,b-quark mass, and
wave function renormalization constants, respectively. The
expressions are listed as

Sb~p2!5p” @SV
b~p2!1g5SA

b~p2!#1mbSS
b~p2!.

Actually theSA
b does not contribute to the form factorf i

s,
since the term withSA

b includesg5:

SV
b~p2!5

2a

8pmW
2 sW

2 (
i5H1,G1

~mt
2h i

1mb
2h i

21!B1~p
2,mt ,mi !,

SA
b~p2!5

a

8pmW
2 sW

2 (
i5H1,G1

~mt
2h i

2mb
2h i

21!B1~p
2,mt ,mi !,

SS
b~p2!5

amt
2

8pmW
2 sW

2 @B0~p
2,mt ,mH6!2B0~p

2,mt ,mW!#,

dmb5mb
2@SV

b~mb
2!1SS

b~mb
2!#,

dZV
b52SV

b~mb
2!22mb

2@SV
b8~mb

2!1SS
b8~mb

2!#,

where we denote

SV,S
b8 ~mb

3!5
]SV,S

b ~k2!

]k2
U
k25m

b
2
.

We defineg i
15(A i

21B i
2) and g i

25(A i
22B i

2) ~i5H1

andG1! where

AH15
ig

2A2mW

~mt cot b1mb tanb!,
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BH15
ig

2A2mW

~mb tanb2mt cot b!,

AG15
2 ig

2A2mW

~mb2mt!,
BG15
2 ig

2A2mW

~mb1mt!.

We denoted542e in the following expressions. The

form factorsf i
v( t̂ ) , f i

b( t̂ ) , and f i
tr are given by
f 1
v~ t̂ !5

Qt

8p2 ~p2•p4! (
i5H1,G1

@gi
1mb$~C01C11!@p2 ,2p4 ,mi ,mt ,mt#1~C01C11!@2p1 ,p3 ,mi ,mt ,mt#%

1gi
2mt$C0@p2 ,2p4 ,mi ,mt ,mt#1C0@2p1 ,p3 ,mi ,mt ,mt#%#,

f 2
v~ t̂ !5

21

4p2 ~p2•p4! (
i5H1,G1

gi
1$Qt~C121C23!@2p1 ,p3 ,mi ,mt ,mt#1~C121C23!@p1 ,2p3 ,mt ,mi ,mi #%,

f 3
v~ t̂ !5

1

8p2 (
i5H1,G1

@gi
1$Qt„~22d!C242mb

2~C012C111C21!2mt
2C0…@p2 ,2p4 ,mi ,mt ,mt#12„C242mb

2~C111C21!

1~p2•p4!~C121C23!…@2p2 ,p4 ,mt ,mi ,mi #1Qt„~22d!C242mb
2~C02C2122C2212C23!2mt

2C0

12~p1•p22p1•p4!~C222C23!22~p2•p4!~C121C22!…@2p1 ,p3 ,mi ,mt ,mt#12C24@p1 ,2p3 ,mt ,mi ,mi #%

1gi
22mbmt$~C01C11!@2p2 ,p4 ,mt ,mi ,mi #2Qt~C01C11!@p2 ,2p4 ,mi ,mt ,mt#2QtC0@2p1 ,p3 ,mi ,mt ,mt#%#

14QbdZV
b ,

f 4
v~ t̂ !5

1

4p2 (
i5H1,G1

@gi
1mb$Qt~C111C21!@2p1 ,p3 ,mi ,mt ,mt#1~C111C21!@p1 ,2p3 ,mt ,mi ,mi #%

1gi
2mt$QtC11@2p1 ,p3 ,mi ,mt ,mt#2~C01C11!@p1,2p3 ,mt ,mi ,mi #%#,

f 5
v~ t̂ !5

1

16p2 (
i5H1,G1

@gi
1$Qt„~22d!C242mb

2~C02C21!2mt
2C022~p2•p4!~C121C23!…@p2 ,2p4 ,mi ,mt ,mt#

1Qt„~22d!C242mb
2~C02C2122C2212C23!2mt

2C012~p1•p22p1•p4!~C222C23!

22~p2•p4!~C121C22!…@2p1 ,p3 ,mi ,mt ,mt#12C24@2p2 ,p4 ,mt ,mi ,mi #12C24@p1 ,2p3 ,mt ,mi ,mi #%

22gi
2mbmtQt$C0@p2 ,2p4 ,mi ,mt ,mt#1C0@2p1 ,p3 ,mi ,mt ,mt#%#12QbdZV

b ,

f 6
v~ t̂ !5

1

2
f 4
v~ t̂ ! ,

f 7
v~ t̂ !5

1

8p2 (
i5H1,G1

@gi
1mb$Qt~C111C21!@p2 ,2p4 ,mi ,mt ,mt#1~C111C21!@2p2 ,p4 ,mt ,mi ,mi #%

1gi
2mt$QtC11@p2 ,2p4 ,mi ,mt ,mt#2~C01C11!@2p2 ,p4 ,mt ,mi ,mi #%#,
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f 1
b~ t̂ !5 (

i5H1,G1
@gi

1$Qt
2
„4mb~D271D311!2mb

3~D013D1122D1313D2112D2324D251D3122D3512D37!1mbmt
2~D0

1D11!1mb2~p1•p2!~D132D2312D251D352D37!22mb~p1•p4!~D132D231D251D261D3102D37!

12mb~p2•p4!~D111D1222D131D211D2312D2423D252D262D3101D342D351D37!…

3@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#12mbD311@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #12mbQt~D3122D272D3112D313!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%1gi
2mt$Qt

2
„2D272mb

2~D012D1122D131D2112D2322D25!1mt
2D0

12~p1•p2!~D132D231D25!22~p1•p4!~D132D231D26!12~p2•p4!~D111D1222D131D231D242D252D26!…

3@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#22D27@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #

22QtD27@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 2
b~ t̂ !52 (

i5H1,G1
@gi

1mb$D311@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #2Qt
2~D271D311!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#

1Qt~D3122D272D3112D313!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%2gi
2mt$D27@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #

1Qt
2D27@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1QtD27@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 3
b~ t̂ !52 (

i5H1,G1
gi

1$Qt
2
„6D31322D2724D3111mb

2~D112D1312D2112D2324D251D3122D3323D3514D37!2mt
2~D11

2D12!12~p1•p2!~D232D252D332D3512D37!22~p1•p4!~D232D252D3102D331D371D39!22~p2•p4!~2D23

1D2422D252D2622D3102D331D342D3512D371D39!…@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1Qt„4D31222D2724D311

1mb
2~D112D1212D2122D241D3112D3822D3102D322D341D361D372D39!1mt

2~D122D11!

12~p1•p2!~D242D222D251D261D3101D342D352D36!12~p1•p4!~D222D241D252D262D341D351D36

2D372D381D39!12~p2•p4!~D242D211D252D262D312D3101D341D35!…

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#22~D271D312!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #%,

f 4
b~ t̂!52 (

i5H1,G1
$gi

1$Qt
2
„mb

2~2D332D131D3522D37!24D3132mt
2D1312~p1•p2!~D332D37!22~p1•p4!~D332D39!

12~p2•p4!~D232D252D3102D331D371D39!…@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#22D313@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #

12Qt~D3132D312!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%2gi
2Qt

22mbmtD13@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#%,

f 5
b~ t̂ !54 (

i5H1,G1
gi

1H ~D3112D312!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1
1

2
Qt„4D3131mb

2~2D392D1322D252D332D352D38!

1mt
2D1312~p1•p2!~D232D262D3101D37!12~p1•p4!~D3102D231D261D332D372D39!12~p2•p4!~D252D23

1D352D37!…@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#J ,

f 6
b~ t̂ !52 (

i5H1,G1
$gi

1$Qt
2
„2~D3132D311!1mb

2~D012D1122D131D2122D25!1mt
2D012~p1•p4!~D252D26!…

3@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#12~D271D3112D313!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #22Qt~D271D311!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%1gi
2Qt

22mbmt~D01D112D13!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#%,
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f 7
b~ t̂ !54 (

i5H1,G1
@gi

1mb$Qt
2~D261D310!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1Qt~D222D241D252D262D322D341D3512D36

1D3712D382D3923D310!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#2~D251D310!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #%

1gi
2mt$Qt

2D26@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D131D26!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #

1Qt~D222D241D252D26!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 8
b~ t̂ !54 (

i5H1,G1
@gi

1mb$Qt
2~D261D3102D252D35!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1Qt~D262D232D332D372D3812D39

1D310!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#1~D352D310!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #%

1gi
2mt$Qt

2~D262D25!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D262D25!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #

1Qt~D262D23!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 9
b~ t̂ !54 (

i5H1,G1
@gi

1mb$Qt
2~D3102D1222D241D262D34!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1Qt~D122D1122D212D22

13D242D251D262D3112D342D352D361D310!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#1~D111D211D242D25

2D3101D34!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #%1gi
2mt$Qt

2~D262D122D24!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#

1~D132D02D112D122D241D26!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1Qt~D122D112D211D24!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 10
b~ t̂ !54 (

i5H1,G1
@gi

1mb$Qt
2~D1112D212D251D312D352D1222D241D261D3102D34!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#

1Qt~D131D2312D252D261D351D372D310!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#1~D242D212D311D34

1D352D310!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #%1gi
2mt$Qt

2~D111D212D252D122D241D26!

3@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D112D121D212D242D251D26!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1Qt~D321D25!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 11
b~ t̂ !5 (

i5H1,G1
@gi

1$Qt
2
„4~D3132D312!1mb

2~D01D122D132D2112D2422D2622D31022D331D342D3512D3712D39!

1mt
2~D02D121D13!12~p1•p2!~D252D262D3102D331D371D39!12~p1•p4!~D331D3822D39!12~p2•p4!~D33

2D222D2312D2612D3102D362D371D3822D39!…@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#

12~D3132D312!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #12Qt~D3112D313!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%

1gi
2Qt

22mbmtD0@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt##,

f 12
b~ t̂ !52 (

i5H1,G1
gi

1$Qt
2~D271D3122D313!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D3132D312!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #

1Qt~D271D3112D313!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%,

f 13
b~ t̂ !52Qt (

i5H1,G1
@gi

1mb$~D122D112D212D2212D242D251D26!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#2Qt~D12

1D24!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#%1gi
2mt$~D122D11!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#

2QtD12@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#%#,

f 14
b~ t̂ !52Qt

2 (
i5H1,G1

$gi
1mb~D131D25!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1gi

2mtD13@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#%,
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f 15
b~ t̂ !52Qt (

i5H1,G1
@gi

1mb$Qt~D112D121D212D24!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D131D231D252D26!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%1gi
2mt$Qt~D112D12!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#

1D13@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%#,

f 16
b~ t̂ !52Qt

2 (
i5H1,G1

$gi
1mb~D132D111D252D21!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1gi

2mt~D132D11!

3@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#%,

f 17
b~ t̂ !54 (

i5H1,G1
gi

1$Qt
2~D232D262D381D39!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D262D231D382D39!

3@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1Qt~D242D222D251D261D342D352D361D371D382D39!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%,

f 18
b~ t̂ !54 (

i5H1,G1
gi

1$Qt
2~D252D261D3102D371D392D38!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#

1~D371D382D392D310!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1Qt~D232D262D331D371D392D310!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mi #%,

f 19
b~ t̂ !54 (

i5H1,G1
gi

1$Qt
2~D221D232D252D261D362D381D392D310!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D132D122D22

2D232D241D2512D262D361D382D391D310!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1Qt~D212D242D251D261D312D34

2D351D310!@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%,

f 20
b~ t̂ !54 (

i5H1,G1
gi

1$Qt
2~D222D241D252D262D341D351D362D371D392D38!@p2 ,2p4 ,2p3 ,mi ,mt ,mt ,mt#1~D24

2D222D251D261D342D352D361D371D382D39!@2p2 ,p4 ,p3 ,mt ,mi ,mi ,mi #1Qt~D232D252D351D37!

3@2p11p3 ,p1 ,2p11p4 ,mi ,mt ,mi ,mt#%,

f 1
tr5 (

i5H1,G1
$gi

1mbC112gi
2mtC0%@2p2 ,p11p2 ,mt ,mi ,mi #,

where

~p32p1!
25 t̂, ŝ5~p11p2!

2,

2p1•p352p2•p45mb
22 t̂,

2p3•p45 ŝ, 2p1•p452p2•p35mb
22û,

2p1•p25 ŝ22mb
2, ŝ1 t̂1û52mb

2,

h i5 H cot2 b,
1,

i5H6,
i5G6.

APPENDIX B

The cross section of the subprocessgg→bb̄ can be calculated from Eqs.~1!–~15!. Then we summarize the interference
term with explicit form as
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2(
spins

¯
M0

†
•dM1 loop5

2e4Qb
2

2Aŝ H A1

Aŝ1Aŝ24mb
2 cosu

1
A2

Aŝ2Aŝ24mb
2 cosu

J ,
whereu is the angle between the outgoing bottom quark and one of the incoming photons in the center-of-mass system aA1
andA2 in the above equation are defined as

A15232mb
3~F11F2!132mb

4~F21F42F52F6!132mb
5~F81F92F72F10!116mbŝ~2F12F2!124mb

2ŝ~F112F12!

14mb
2ŝ~F42F32F51F6!18mb

2ŝ~2F1013F1423F1612F72F823F9!14ŝ2~F62F32F12!12mbŝ
2~2F92F10

2F132F142F152F715F16!1mb
2ŝ2~3F192F172F182F20!2 ŝ3F191Aŝ~ ŝ24mb

2!cosu@16mb~F122F2!

14mb
2~F51F62F32F412F1112F12!14mb

3~F72F82F91F1022F1322F1412F1512F16!18mb
4~F172F18

2F191F20!14ŝ~F62F3!22mbŝ~F71F1012F13!12mb
2ŝ~2F192F172F20!#1 ŝ cos2 u@216mb

2F1218mb
3~F13

2F142F151F16!14mb
4~F172F182F191F20!14ŝF1212mbŝ~F142F131F152F16!1mb

2ŝ~F182F1723F192F20!

1 ŝ2F19#,

A25232mb
3~F11F2!132mb

4~F31F42F52F6!132mb
5~F82F71F92F10!116mbŝ~2F22F1!14mb

2ŝ~F32F41F5

2F612F1122F12!18mb
3ŝ~2F723F82F912F1012F1313F1422F1523F16!14ŝ2~F52F412F122F11!

12mbŝ
2~2F82F72F102F1325F1412F151F16!1mb

2ŝ2~F1723F181F191F20!1 ŝ2F18

1Aŝ~ ŝ24mb
2!cosu@16mb~2F12F2!14mb

2~F31F42F52F612F1112F12!14mb
3~F82F71F92F1022F13

22F1412F1512F16!18mb
4~F172F182F191F20!14ŝ~F42F512F1122F12!12mbŝ~F71F1012F1314F14

24F15!12mb
2ŝ~2F182F172F20!#1 ŝ cos2 u@16mb

2F1118mb
3~F132F142F151F16!14mb

4~F182F171F192F20!

24ŝF1112mbŝ~F142F131F152F16!1mb
2ŝ~F1713F182F191F20!2 ŝ2F18#,
where the Lorentz invariant factorsFi used above are de-
fined to be expressed by the form factors which are shown
Eq. ~6!–~14!. Their explicit expressions are listed below:

F15 (
j5 t̂,û

F 2Qb
2

~ t̂2mb
2!2

f 1
s~ j !1

Qb

t̂2mb
2
f 1
v~ j !1

1

16p2
f 1
b~ j !G

2
1

16p2
f 1
tr ,

F25 (
j5 t̂,û

1

16p2 f 2
b~ j !2

1

16p2 f 1
tr ,

F35 (
j5 t̂,û

F Qb

t̂2mb
2
f 2
v~ j !1

1

16p2
f 3
b~ j !G ,

F45 (
j5 t̂,û

1

16p2 f 4
b~ j ! ,

F55 (
j5 t̂,û

1

16p2 f 5
b~ j ! ,

F65 (
j5 t̂,û

F 2Qb
2

~ t̂2mb
2!2

f 2
s~ j !1

Qb

t̂2mb
2
f 3
v~ j !1

1

16p2
f 6
b~ j !G ,
in F75 (
j5 t̂,û

1

16p2 f 7
b~ j ! ,

F85 (
j5 t̂,û

1

16p2 f 8
b~ j ! ,

F95 (
j5 t̂,û

F Qb

t̂2mb
2
f 4
v~ j !1

1

16p2
f 9
b~ j !G ,

F105 (
j5 t̂,û

1

16p2 f 10
b~ j ! ,

F115 (
j5 t̂,û

F 2Qb
2

~ t̂2mb
2!2

f 3
s~ j !1

Qb

t̂2mb
2
f 5
v~ j !1

1

16p2
f 11
b~ j !G ,

F125 (
j5 t̂,û

1

16p2 f 12
b~ j ! ,

F135 (
j5 t̂,û

F Qb

t̂2mb
2
f 6
v~ j !1

1

16p2
f 13
b~ j !G ,

F145 (
j5 t̂,û

1

16p2 f 14
b~ j ! ,
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F155 (
j5 t̂,û

1

16p2 f 15
b~ j ! ,

F165 (
j5 t̂,û

F Qb

t̂2mb
2
f 7
v~ j !1

1

16p2
f 16
b~ j !G ,

F175 (
j5 t̂,û

1

16p2 f 17
b~ j ! ,
F185 (
j5 t̂,û

1

16p2 f 18
b~ j ! ,

F195 (
j5 t̂,û

1

16p2 f 19
b~ j ! ,

F205 (
j5 t̂,û

1

16p2 f 20
b~ j ! .
.
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