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Yukawa corrections to the bottom pair production in photon-photon collisions
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The O(am?/m3,) Yukawa corrections to bottom quark pair production via photon-photon fusion in TeV
e*e” 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 subprggessb can be a few percent. The
corrections to the total cross section of the pro@ss — yy—bb 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 vaR@556-282(196)04315-9

PACS numbeps): 14.65.Fy, 12.38.Bx, 13.66r

[. INTRODUCTION energies with yields exceeding those calculated from the an-
nihilation process by a factor #@t 1 TeV[6]. We know that
The collisions of high energy photons produced at thesinceH°—bb would be the main search channel for a stan-
next-generation linear collidéNLC) provide a comprehen- dardH° [or lightest minimal supersymmetric standard model
sive laboratory for testing the standard mod&M) and  (MSSM) h%] with mass less than about 130 GeV, the precise
probing new physics beyond the SMI|. There are mainly study of the main background procegg—bb is very nec-
two options for the photon sources at the NLC: laser backessary. In the SM this process have been calculated and the
scattering and beamstrahlung photons. These two kinds &CD threshold effects of the process also have been exam-
photon sources are the options of turning the electronined[7]. However, in a two-Higgs-doublet modé&HDM),
positron collider into a laser photon collider with high energythe production of the bottom quark receives an additional
and high luminosity. With the advent of the new collider correction arising from the Yukawa coupling of the bottom
technique[2], one can obtain the high energy and high in-to the top quark. Once the top quark mass is known pre-
tensity photon beams by using Compton laser photons scagisely, this effect could be used as an indirect test between
tering off the colliding electron and positron beams. The lu-the SM and other models which include the 2HDM and the
minosity and energy of colliding photons are expected to bdISSM.
Comparab|e to that of the primarg"’e_ collisions. This Therefore it is Worthy to investigate the production of the
mechanism is the so-called laser backscattering photon colottom quark pairs inyy collisions produced by photon-
lision mode, which can be employed in the NLC. The beam{hoton colliders. In this work, we present the calculation of
strahlung is another way in obtaining photons. The stronghe O(am{/m{) Yukawa corrections in both 2HDM and
electromagnetic fields associated with the high charge dedSSM, which arise from the virtual effects of third family
sity in such bunches subject particles to very strong acceleffop and bottomquarks, charged Higgs and charged Gold-
ating forces just prior to or during the collision. As a result Ston boson$G™) in photon-photon collisions via both beam-
the so-called beamstrahlung photdB$ are radiated. It has Strahlung and Compton back-scattering modes. In Sec. Il, we
been shown that the first photon source may have a moreresent the analytical results in terms of the well-known
interesting physical potential. Actually with any of the pho- Standard notations of one-loop Feynman integi@lsin Sec.
ton sources there are no known overwhelming obstacles iHl. we present some numerical examples and discuss the
bu||d|ng such a machine. By means of such a collider a |arg@”nplication of our I'ESURS, which involve the correction re-
number of heavy quark pairs can be produced by beamstrah$ults in both photon collision modes. And in the Appendix
ung and Compton backscattering which will reach a centerwe list explicitly the form factors appeared in the cross sec-
of-mass energy of 500-2000 GeV with a luminosity of thetion.
order of 182cm 2 s 1. The photon energy spectrums in both
moded 4,5] show that there are many relatively soft photons
especially in beamstrahlung mode and the production of
heavy top quark will be suppressed for reduced collision en- The relevant Feynman diagrams are shown in Fig. 1 and
ergies. But no such suppression affects the relatively lighthe Feynman rules can be found®. In our calculation, we
bottom quark. For instance, in beamstrahlung photon colliuse dimensional regularization to regulate all the ultraviolet
sion the bottom-quark pair are predominantly produced at alllivergences in the virtual loop corrections and we adopt the
on-mass-shell renormalization schefi®,11]. Taking into
account theO(am?/m3,) Yukawa corrections, the renor-
*Mailing address. malized amplitude foryy—bb is given by

Il. CALCULATIONS
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FIG. 1. Feynman diagrams contributing t0(am?Z/m3,) +f1§))p2 py+ 24! lé47 Y+ 1 by -
Yukawa corrections tayy—bb: (a),(b) tree-level diagramgic)—(e) ,
self-energy diagramsgf)—(i) vertex diagrams(j)—(I) box diagrams; b“)mpl i+ fb‘”b4p’f7”+ fll’é”mpzv"
(m) triangle diagrams. Here we only plot the one-loop diagrams bt bii bt
corresponding to the tree-level diagrdam). The dashed lines rep- ( b4p2 y'+ 1 ¢ )|b4p‘1‘pf ( )|b4p1 pz
resentH™, G* for (c)—(m). (o o)
()p4p2 pi+ 150 Bapsp3lv(Py), (12
M ren= Mo+ OM jo0p= Mg+ SM e SMVertexy s box ) .
SMPW = s\ PO 10), 13
+ M (1) (P3Pg,teu) (13
2
e _
whereM, is the amplitude at the tree leveiM s®f sMVverte SMU=i 162 f29#7e*(p4) €”(p3)u(pa)v(py). (14)
SMP% and SM" represent thed(am?/m2,) Yukawa cor- ™
rections arising from the self-energy, vertex, box, and tri- Here t=(ps— po)2 0=(p1—pa)% Ps, and p, denote the

angle diagrams, respectively. Their explicit forms are glve%oment

by
Mo=ML+ME, @
SMSSI— s\ S 1 s\ s 3
SMVerteT spet) 4 sped) (4)
SMP= VP 1 sV, 5
where

um of the two incoming photons, apglandp, are
momentum of the outgoing bottom quark and its antiparticle.
The form factorsf 3V, £2( PO ' are presented in Appen-
dix A.
The cross section of the subprocess for the unpolarized
photons is given by
-
!

wheret*=(m2-18)+158,, Bp=+1—4mZ/5, andN¢ in
the above equation is the number of colors. The bar over the
sum recalls averaging over initial spins and

Nc

a2

167s (153

a(s)=

dtS (M3 DI

spins



54 YUKAWA CORRECTIONS TO THE BOTTOM PAR.. .. 2365

where s and \/S are thee" e~ and yy center-of-mass ener-

> IMed8D)2=2) [Mg|2+2 Re{ > MIsM, |00p). gies, respectively, and the quantitt,,/dz is the photon
spins spins spins luminosity, which can be expressed as
(15b
The differential cross section at the tree level, which is con- dL,, B Xmax d_X f f 2/ 17)
tributed from the first term in the above equation, is given by dz %l X ye(X)f,e(Z°1X), (
(6]

2 2 wheref . is the photon structure function of the electron

2Mp(S—4mp) beam[6,4,13. For a TeV collider with elliptic beams with

(m2—1)(m2—0) o,/ 0,=25.5, the beamstrahlung photon structure function
can be represented 4]

doy 6ma’Qp [mi—0 mi—
- +
2_

b

t
at §? mi—t mi—a

2m3(m2+1)  2mi(mi+0)
- 7 2 7 2 (159 x 1|28
(mb—t) (mb_u) fbeam_ (225— 0 166)(—) for x<0.84,
= . X
The explicit expression of the interference term in Edpb) Ve 0 for x>0.84,
can be found in Appendix B. The total cross section for (18)

bottom quark pair production can be obtained by folding the
cross section for the subprocesses with the photon lumi- yherex is the relative momentum of the radiated photon and

nosity the parent electron.
If we operate NLC as a mother machine of photon-photon

o(s)= e dLyy &(yy—bb at §=z2s), (16)  collider in Compton backscattering photon fusion mode, the
2my 1\5 dz energy spectrum of the photons is given[by
|
1 [ 1-x— Sl o for x<0.83, x;=2(1+2)
Comp_ =Xt T - or x<0.83, x;= ,
fie™=1 18397 1=x X'(; ) xi(1=x) for x>0.83, (19
|

lIl. NUMERICAL EXAMPLES AND CONCLUSION that when tarB is slightly bigger than 1, the coupling

. . . trength from the term with bottom mass cannot overwhelm
. In the numerical gvaluatlon we take a set of mdep_ende at from the term with top mass. This status will keep un-
mput_parameters which are known from current eXpe”memSchanged until tayg>10. The relative correctios, which is
The input parameterfl3] are m,=4.5 GeV, m;=91.1887  gefined asy— &4/, is only about 0.5% at the point tg
GeV, 72an:80-2226 GeV, and Gg=1.166 3910 =10. Although the correction will be increased with the in-
(GeV) % @=1/137.036. The top quark mass is just fixed 10 crement of tang, it is not directly proportional to t&ng.

be the central Valumt:175 GeV. It is known that the cross In the MSSM, the neutral H|ggs sector masses armn
section for thee”e” — yy—bb at the tree level, is model pe computed by the input parametens, m,,, my=, and
independent, which has already calculated in B&f.but the

guantum corrections are model dependent. The correction
guantity is related to the additional parameters in 2HDM and

MSSM.

The parameter tag is chosen to be varied in our calcu- 0.02
lation. As we know, the coupling strength of the charged
Higgs bosons with quarks is related to scalar and pseudosca-
lar parts, which have factorg\y+ and By+, respectiv-
ely. (The definitions ofA,,+ andB,~+ can be found in Ap-
pendix A) These two parts of Yukawa coupling yield the 0.01
crucial correction alternatively depending on variate fan
The coupling strength relies mostly on the factor with top
guark mass if tapp<1l, while the bottom mass part might
take the major role in case t#*»1. Because of the present

{7y — bB)

experiments, the small values of tgrare in disfavor both in 0.00 -t
2HDM and in MSSM. In the numerical calculation, we limit tan

its value to be in the range of 1 to 70. The correction result of

calculation is depicted in Fig. 2, on conditions ofy= FIG. 2. The relative correction of the subprocess—bb as a

=150 GeV andy/s=500 GeV. From the graph we can see function of tang, when $=500 GeV andmn,- =150 GeV.
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FIG. 3. The relative correction of the subprocas)sebbias a

_ h FIG. 5. The relative correction of the subprocqs;s—>bb7as a
function of tane, when 5=500 GeV andny-=150 GeV.

function of \/s, whenmy==150 GeV. The dashed line and solid
line are for tarB=10 and 30, respectively.

tan 8. The formulas are given as

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-ma&s with
my+=150 GeV. The solide curve is for tg#+=30, and the
dashed one for tag=10, respectively. Both of the curves
are rather flat in the low energy aré@<100 GeV}, and the
relative corrections approach to be zero. That is owing to the

: ean° : o large contribution of tree level,. The figure shows also
to be in the range of 0°90°. The curve is very similar to = 0 .
Fig. 2. g y each curve has a peak abof&=500 GeV for the different

Since the present experimental results give constraint opalues of tz_ir)B. -
the charged Higgs boson mass onlyras-= im,, we in- In studying the beamstrahlung photon collision for the
R ottom quark pair production, we find that the contribution

vestigate the effect coming from charged Higgs boson mas? .
in the range 50 to 600 GeV. The curve in Fig. 4 shows its °M the low energy range of the subprocess cross section,

correction results with/3=500 GeV. From that figure we will dominate over that from the high energy range during

: I consolution with the beamstrahlung luminosity E{.8).
gaen\/st?% (:S?vuegiz ;Z?r:z tls t?e ?Igta\:\llhﬁniupg 3V(\)IO Ge\</ 2a5r?d That is to say the beamstrahlung photons are relatively soft

the difference between the top of the mound and the botton"%lnd the Yukawa corrections rely mostly on the low energy

of the line is less than 7%. All of these imply that variance of

2_ —
M=M= — My,

ma -+ ma

tan 2= —— tan 28. 20
i 2N 2B (20

In Fig. 3 the relation between the relative correction with
the parameter tan in MSSM is plotted, in which we limitr
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FIG. 6. The relative correction of the processe” — yy—bb
in beamstrahlung photon mode as a function&f when mj,«
=150 GeV. The dashed line and solid line are for gan10 and 30,
respectively.

FIG. 4. The relative correction of the subproca&s—>bb7as a
function of my=, when5=500 GeV and taB=10.
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GeV. The dashed line and solid line are for #A10 and 30, 8 227
respectively.

where=P, sm,, and 629 are Yukawa contribution part of
the unrenormalized self-energy functidnquark mass, and
beamstrahlung photon. That will suppress the relative corregyave function renormalization constants, respectively. Their
tion for the procese“e™— yy—bb in beamstrahlung pho- expressions are listed as
ton mode rather heavily. All these can be seen in Fig. 6,
where the Yukawa corrections to the total cross section for 30(p?)=p[2o(p?) + y53R(p?) ]+ My 2(p?).
bottom pair production in beamstrahlung photon mode dur-
ing e"e~ collision, are plotted as the functions of center-of- Actually the 3% does not contribute to the form fact®¢,
massy/s with tan 8=10 and 30, respectively. The contribu- since the term witts % includesys:
tion is only about 10°%-10° However, by using

backscattering laser collision, the relative correction shows b, —a )

large enhancement compared to that by using beamstrahlung 2u(p)= S22, > (Mg m;
hoton collision. In Fig. 7 we plot out the relati ti TMWSW i=H* 6"

photon collision. In Fig. 7 we plot out the relative corrections

of the total cross section of the same process in backscatter- +m2y By (pZme,my),

ing laser collision mode, also as functions ¢8. From the
graph, the largest correction can reach the value>of® *,
nearly two order higher than the corresponding correction in gg(pz): — > (mt2,7i
beamstrahlung photon collision mode. This correction can be 8TMySw K7 6"

expected to reach the order of TOwith the tang larger than

2 -1 2 i
30 or the center of mass of the laser collision higher than 1.3 My7i *)Ba(P™, Mg, mi),

TeV.
In conclusion, we have calculated tH®@(am?/m3,) b m? ) )
Yukawa corrections to the process gf—bb. The correc-  2s(P9)= Py ey [Bo(p?,my,my=) —Bo(p=,me,my) ],

tions are model dependent. For the favorable parameters, the
corrections give out a 1-3% increment of the cross section

— 2 b 2 b 2
from tree level, when tag is in the range of 1 to 70, oMy =mi[ X y(mp) +Zg(mp)],
\/§=500 GeV andny+ =150 GeV. The total cross section of
+ - r ’
the processe™e” — yy—bb are also calculated for both 5Z?,=—23(m§)—2m§[2{’,(m§)+2§ (mﬁ)],

beamstrahlung and backscattering laser beam collisions with
the same mothee" e~ collider. To the beamstrahlung pho- \yhere we denote
ton source, because of the large contribution of the low pho-

ton energy range, the correction to the total cross section at 93P (K?)
the tree level is very small, and we can ignore it in one-loop E{J,’S m3):#
level. However, the backscattering laser collision mode is ’ ak K2=m?2

much promising, which implies near 0.1% correction to the °

tree level. We defineg;"=(A?+B?) andg; =(A?—B?) (i=H"
andG™) where
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19 —19
By+=—— (M, tan 8—m, cot B), Bg+=——— (Mp+my).
Ht 2\/§mw( b :8 t B) Gt 2\/§mW( b t)
—ig p . .
Ag:= (My—my) We denote? 4b26 in thet followllng expressions. The
2my form factorsf’® | P andf" are given by
U(E)_ Qt +
f —W(pz'pzl) E (97 Mu{(Co+Cr)P2,—Pa,mi ;M ,M]+(Co+Cr)[ — Py, Pz, M, M M1}
i=Ht,G™T
+9; m{Col P2, —Pa,m;,m;,mJ+Co[ —p1,p3,m;, M, mcJ}H],
U(E) -1 +
f5 =272 (P2 Pa) Z L9 {Qu(C12t Coa)[ = p1, Pz, M M ,m ]+ (Cio+ Co3)[ Py, — P3, My, My, M1},

i=HT,G

: 1
=52 2 [6/{Qu(2=0d)Comi(Co+2C11+Con) = M{Co)l P2, ~ Pa,M; .My Mc]+2(Coq~ME(Cay+ Cz)
i=H*.G"

+(P2- Pa)(Ciot+ Co9))[ — P2, ParMe,M; ,Mi]+Qy((2—d) Cos—Mi(Co— Coy— 2C,p+ 2Co9) —M{Cy
+2(P1-P2=P1-Pa)(Co— C23) = 2(P2- Pa) (C1oF Co2))[ — P1,P3, My, My, M ]+ 2Co4 p1, — P3, My, m; ,m; ]}

+0; 2mymi{(Co+Cr)[ = P2,Pa, M, M; ;M= Qu(Co+ C1)[ P2, — Pa, M, My, M ] = Q:Col — p1,p3,Mi, My, M ]}]
+4Q,52Y,

- 1
fZ(t):EZ > . [97" Mu{Q«(C11+Co)[ —P1,P3,Mi, My, M]+(Cyy+Co)[P1,— Pz, My, My, M}

i=H*,G

+gi7mt{QtCl][_ P1,P3, My, M, !mt]_(CO+Cll)[p1!_p31mt M !mi]}]!

- 1
fill=—"0 > [0 {Q(2—d)Cp—mME(Co—Ca1) —MZCo—2(P2- Pa)(Ciz+ C3) P2, — Pa,M; , My, M;]
16 i—HT.G*

+Q((2—d)Cpy—MA(Co— Cypy— 2Cop+ 2C29) —MZCo+2(Py - Pa— P1- P4)(C2o— C9)
—2(p2-Pa)(Ciot Co))[ —P1,P3,Mi My ,M]+2Co  — P2, P4, Mg, M, M J+2Co Py, — P3,M;,M; ,m;}
—2g; mymQ{Col P2, —Pa,m;, M, M ]+ Co[ — Py, Pz, M, M ,mt]}]+2Qb5Z{)/,

~ 1 ~
fg(t):E fZ(t),
o(t) 1 +
f7 =82 > . [0 Mp{Qi(C11+Con) P2, — Pa,Mi My, M ]+ (Cyq+ Co)[ — P2, P4, Me, My ,mi 1}

i=H".G

+grmt{QtCll[p21_ Pa,m;, M, 1mt]_(CO+Cll)[_ P2,Ps, M, M; vmi]}]y



54 YUKAWA CORRECTIONS TO THE BOTTOM PAR.. .. 2369

fi¥= > [0/ {Q¥Amy(Dyr+ Dagy) —mi(Do+3D13— 2D 15+ 3D+ 2D 55~ 4D g5+ Dag— 2D g5+ 2D 7) + mymi(Dg
i=H",G

+Dy11) +Mp2(P1- P2) (D13~ Dozt 2D 25+ Das— D3g) = 2Mp(P1- Pa) (D13~ Dogt+ Dost DogtDaig— D7)
+2my(P2- P4)(D11+ Do~ 2D 3+ Doyt Dogt+ 2D 54—~ 3D 25— D g~ D3ggt D3s— D3stDsy)

X[P2,= P4, =Pz, M, M, My, My +2M D3] —P2,P4,P3, My, Mi My, Mi]+2mMpQ(D 315~ D27~ D31y~ Daia)

X[ =Pyt P3,P1,— P+ Pa,Mi, My, My, M} +g; M{QF (2D g7~ M(Dg+ 2D 13— 2D 15+ Doy + 2D 25— 2D 55) + M Dy
+2(p1-P2) (D13 D23+ Dos) = 2(P1- Pa) (D13~ Dozt Dag) +2(P2- Pa) (D11t D 1= 2D 13+ Dozt Doy— Dos—Doe))
X[P2,=Pa,— Pz, M, My, My,M] = 2D —p2.Pa. Pz, M, M; My, My ]

—2QDod —p1+P3,P1,— Pt Pa, My, M, M ,myJ}],

f5V=2 > [g"my{Darl —P2,Ps.Ps, M, m;,m;,m]— QD47+ D31 P2, — Pa, — Pg,M; My ,my,m;]
i=Ht,G"

+Qi(D31~ D7— D313~ D31z [ —P1+ P3.P1,— P1+ Pg, My ,me,my ,my ]} — g MdDod — P2, P4, Pz, My, M, m;,my]

+Qt2D27[p21_p41_p3!mi vmt1mt=mt]+QtD27[_pl+p3!p11_pl+p4!mi My, M 1mt]}]1

fg(t)zz Z . giJr{QtZ(GD313_2D27_4D31l+m%(Dll_D13+2D21+2D23_4D25+DSl_2D33_3D35+4D37)_mt2(D11
i=H",G

—D12) +2(p1-P2)(D 23— D25~ D33g— D35t 2D37) = 2(P1- Pa) (D23~ Das— D310~ Dagt Dzt D3g) —2(P2- P4) (2D 23
+D 24— 2D 5~ D= 2D 310~ D33t D3s— D35t 2D 37+ D3g))[ P2, — Pa, — P3, My, My, My ,m ]+ Qi(4D 315~ 2D 57—~ 4Dy
+Mg(D 13— Dot 2D 5~ 2D o4+ Dy + 2D 35— 2D 310~ D3y~ Dyt Dt Dgz— Dg) +M{(D 1~ D1y)
+2(p1-P2)(D2s— D2y~ Dast Dot D3yot Dag—Das—D3g) +2(P1-Pa) (Do~ DogtDos—Dog— D3t DastDsg

— D37~ D3gtD3sg) +2(P2- P4)(D2g— D2yt Dos—Dog—~ D31~ Daigt Dagt D3s))

X[=p1+P3,P1,— P1F Pa,Mi, Mg, My ;M ] —2(D o7+ D31 [ — P2, P4, P3, M, My, my ,mi I},

fa¥=2 Z . {9 {Q?(M}(2D 33— D13+ D 35— 2D 37) — 4D 315~ MZD 13+ 2(Py - P2) (D 33— D7) — 2(P1- P4) (D33~ Do)
i=H",G

+2(p2-P4)(D23— D5~ D319~ D3zt Dazt D3g))[ P2, — Pa, — P, My My ,Me,My]— 2D 314 — P2, P4, P3, My, M ,my ,my; ]

+2Qy(D3y3— D31 — P1+P3,P1,— Pa+ Pa. My ,me,my ,mJ}— 9 QE2mymD14 P2, — Pa, — Pz, M; , My, m, M1},

. 1
fol'=4 Z N i { (D311~ D319[ — P2.,P4, Pz, M, My ,m; ,m; ]+ > Q4D 313+ M}(2D 39— D13~ 2D p5— D33~ D3s— D)
i=HT.G
+mD 5+ 2(P1 - P2) (D23~ Dos— Daggt Daz) +2(Py- Pa) (Dasg— Doa+ Dot Dag— Daz— Dag) +2(P2- Pa)(Dos— Dos

+D3s—D37))[—P1t+P3,P1,— Pt Pa, My, me,m;,me]p,

=2 > {0/ {Q¥&(Ds1y~Day) +Mi(Do+2D 15~ 2D 13+ Doy 2D29) + M{Do+2(Py- Pa) (D25~ D2o)
i=H",G

X[P2,=Pa,—P3,M;,My, Mg, M ]+ 2(D 27+ D311~ D319 — P2,P4, Pz, My, m; ,m; ,m; ] —2Q(D o7+ D3i9)

X[=p1t+P3,P1,—P1F Pa, M, Mg, M !mt]}+gi_Qt22mbmt(DO+ D11~ D13)[P2,—Pa,— Pz, M ,m;,me,mc]},
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fg(t):"f Z . [0 My{QF(D 26+ D310 P2, — Pa, — P3, M, My, My ,My]+ Qy(D 5~ D g4+ D ps— D g~ Dap— D g+ Das+ 2D 36
i=HT.G

+ D37+ 2D 35— D39~ 3D319[ — P11+ P3,P1, — P21+ Pg, M, My, My ;M ] — (Dos+ D3ig)[ — P2, P4, Pz, My, My ,m; ,m; ]}
+9; m{Q{Dd P2, — Pa,— P3,M;, My, My ,M]+ (D13+ Doe)[ — P, Pa,P3, My, My, My ,m;]
+Qi(D22—=D2atDs—Dog)[ — P11+ P3,P1, —P1t+ Pa, M, My, m; ,meJ} ],
fg(t):4 Z . [9;" My{QF(D 26+ D310~ D 25— D3s)[ P2, — Pa, — P3,M; My, My, M ]+ Qy(D 26— D3~ Daz— Dgy— Dag+ 2D g
i=H™,G
+ D310 — P17+ P3.P1,— P+ Pa,my ,me, My ,mM ]+ (D3s— D319 — P2,P4, Pz, My, My, m; ,mi ]}
+gfmt{Qt2(D26_ D2s)[P2,—Pa,— Pz, M ,my, My ,M ]+ (D 26— Dos)[ — P2, P4, Pz, My, My ,m; ,m; |
+Qi(D2g—Dag)[ —P1+P3,P1,— P21+ Pa, My, Mg, m; ,meJ}],
fg(t):Af Z . [grmb{Qtz(Dslo_D12_2D24+D26_D34)[p21_p41_psamivmtvmtamt]+Qt(D12_D11_2D21_D22
i=H",G
+3D 24— D5t D= D31+ 2D 34— D3s—D3gt D3ig[ —P1+P3,P1: = P1+Pa,Mi,me,m; ,mi ]+ (D134 Dyy+ Dyy—Dos
— D310t D3 — P2,P4,P3, M, M; ,m; 1mi]}+gi7mt{Qt2(D26_D12_D24)[p21_p41_p3ami ;Mg , Mg, my]
+(D13—Do—D13—D1y—Dost Do) — P2,P4, Pz, My, My ,my ,mM ]+ Qy(D1,—Dy3— Dy 4+ Dyy)
><|:_pil._i_p3!pll_p1+p4!mi !mtvmilmt]}]v
b(t =4 2 [0;"My{QF(D 11+ 2D 21— D5+ D3y— Das— D1p— 2D 24+ D g+ Daso— D3g)[ P2, — Pa, — P3, My ,my,my,my]
i=H'T,G"
+Qy(D 13+ Dozt 2D o5~ Dogt D35+ D3z~ Daig —P1+ P3.P1, = P1t+ Pa,mi,m,m; ,my ]+ (Doy— Dy — D3+ Day
+Das— D319 —P2.Pa. Pz, Me,m;, My ,m; 1} + g7 M{ QF(D 11+ Dy~ Dps— D1p— Dyt Do)
X[P2,=Pa,—Pz,M;,me, M, M ]+ (D 13— D1+ D21—Doa—=Dost Do) —P2,Pa, Pz, M, M ,mi ,mM; ]+ Qi(D3p+ Dos)
X[—=p1+P3,P1,— P1t Pa,Mi,me,m;,m},
= X [0/ {Q¥A4(Da1s~ Do) +Mi(Do+ Do~ Diy= Do+ 2D 34— 2D 26~ 2D310~ 2D g+ Doy~ Das+ 2D g7+ 2D 59)
i=H",G
+m{(Dg—D1p+ D1g) +2(Ps1- P2) (D 25— Dog— Dayg— Dast+ Dzt Dag) +2(ps1- Ps) (D 3zt Dag— 2D 39) + 2(Py- Pa)(Das
— D= D3t 2D e+ 2D 310~ D3g— D37+ D3g—2D39))[ P2, — P4, — P3,M; , My, My ,my]
+2(D313~ D31 — P2,P4, Pz, M, My ,m; ,m; [+ 2Q(D 311~ D31g)[ — P1+ P3.P1, — P2+ Pa, M, Mg, m; ,me]}
+gi_Qt22mbmtD0[p21_p4i_p3!mirmtimtimt]]!
b t)_ E 9, {Q¥(D 7+ Dayy—Da1d[ P2, — Pa, — P, My ,my, My ,my]+ (D33~ Do) — Pa, g, P3, My ,m; ,m; ,m;]
i=H",G"
+Qi(D27+ D311~ D31 [ — P11+ P3.P1, — P1+ Pa, M, My, m; ,m]},
2 t)_th 2 . [0 Mp{(D1= D 13— Dy1— Doyt 2D~ D o5+ Dog)[ — P1+ P3,P1, — P1+ Pa,Mi , My, m;,m]— Qy(D1y
i=H",G
+D24)[P2, = Pa,— Pz, M ;M , M, M ]} + g M{(D1,— D1y)[ —P1+P3,P1, — P1t+ Pa, M, Mg, m; ,my]
—QD1d P2, —Pa,—Pz,mi,m,m,mi 1},

fb t) 2Qt E {gierb(D13+D25)[p21_p41_p31mi1mtvmtvmt]+gi7mtD13[p21_p41_p31mivmtimtimt]}v
i=H*,G*
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fkl)g)ZZQt 2 . [0 Mp{Qu(D 11— D1p+ D31—D2g)[ P2, — Pa,— Pz, M; ,My, My, M ]+ (D 13+ Dzt Dos— Do)
i=H",G
X[_p1+p31pl!_pl+p41mi Mg, M vmt]}+gi7mt{Qt(Dll_DlZ)[p21_p41_p31mi Mg, My vmt]
+Dl3[_pl+p31p1!_pl+p41miimt!milmt]}]!
bm =2Q¢ Z . {9 My(D 13~ D11+ Dys—D2)[ P2, — Pg,— P3.M;, My, My, m]+g; m(D13—Dyy)
i=H",G
X[P2,—Pa,— Pz, M;, M, M, m]},
b(t)_ E 0, {Qf(D 23— D~ D3g+Dag) P2, — Pa, — P3,M; My, My, My ]+ (D 26— D g+ D 3g— Do)
i=Ht,G™T
X[ =P2,Pa,P3, My, M ,m; ;M ]+ Q(Dos— Dop— Dost Dogt Dag—D3s—Dggt Dzt Dag—D3o)
X[_p1+p3!p11_pl+p4!mi!mtvmivmt]}!
t =4 2 0, {QF(D 25— D g+ D319~ Daz+ Dag— Dag)[ P2, — Pg, — P3,M; .My ,my,m;]
i=H'T,G"
+ (D37t D3g—D39—D319[ — P2,P4,P3, My, My ,m; ,mM; ]+ Qy(Dp3— Dyg— D33+ Dyt D3g— D3yg)
X[_pl+p31p11_pl+p4lmiimt!mi!mi]}l
b(t 4 2 gi+{Qt2(D22+ Dy3— D25 Dyt Dgg—Dagt D3g—D310[ P2, = Pas— Pz, M; ,m,my,mMi]+(D13—D15— Doy
— D33~ Dyst Dost 2D 26— D3gt D3g— Dot D31g[ —P2.P4,P3, My, My ,my ,mM; ]+ Q(Do3— Doy~ Dyt Dygt D33 —Day
—Dg3st+ D310 —P1+P3,P1, — P17+ Pa, M, my,my ,m]},

bm_ 2 0, {QF(D 22— D4+ D g5~ D g6~ D4+ Das+ Dag— Daz+ Dag— Dag)[ P2, — Pg, — P3,M; ;Mg ,my,m]+(Dog
i=H" G

—Dy;—Dyst Dogt D3gg—D3s—Dggt Daz+Dag—Dag)[ —P2,P4, Pz, My ,mi ,m; ,m; ]+ Qy(Dy3— Dys— D3st+ D3y)
X[=Pp1+P3.P1,—P1+ Pg, M, Mg, m;,m]},

- S

{9/ MyC11—9; MCo}[—P2,P1+ P2, My, m; ,m],
i=H',G"

where
(pz—pp)?=t, §=(p;+p,)?
2p;- Ps=2p,- Pa=mi—1,
2p3-Ps=S, 2p1-Pa=2pp-Pz=m;—1,

2p1-p,=85—2mz, S+it+0=2m?

_[cof B, i=H",
7= 1,  i=G*.
APPENDIX B

The cross section of the subprocqsya—>b?can be calculated from Eqg&l)—(15). Then we summarize the interference
term with explicit form as
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S —e*Q} Ay A;
2> ML My 0= + :
s%;s 0T 55 | VE+5—4mZ cosd  5—\5—4mZ cos 6

whered is the angle between the outgoing bottom quark and one of the incoming photons in the center-of-mass sy&tem and
andA, in the above equation are defined as

A= —32m3(F,+F,)+ 32mp(F,+ F4— F5— Fg) + 32ma(Fg+ Fg— F7— F10) + 16m,8(2F ; — F) + 24mZ8(F 1~ F 1))
+4mZ8(F ;— F3— Fg+ Fg) + 8M2S(2F 19+ 3F 14— 3F 14+ 2F 7— Fg— 3F ) + 48%(Fg— F3— F 1) + 2m,82(2F g— F 1
~F13=F 14~ F 15~ F7+5F 19 + M5%(3F 19~ F 17—~ F 15 F 20 — §%F 19+ y/3(5— 4m7) cos ¢ 16my(F 1 — 2F )
+4mi(Fs+Fg—F3—Fy4+2F 13+ 2F 1) +4m3(F7— Fg— Fo+ F1g— 2F 13— 2F 14+ 2F 15+ 2F 19 + 8mp(F 17— F 1
—Fag+ F o) +48(Fg— F3) — 2mpS(F7+ F 1o+ 2F 13) + 2MZ8(2F 19— F 17— F20) ]+ § cof 6] — 16mZF 1o+ 8m3(F 15
—F 14— F 15t F19) +4My(F 17— F 15— F19t Foo) + 48F 15+ 2MpS(F 14— F1g+ F15— F1g) + MiS(F 15— F17—~ 3F 1~ F20)
+8%F ],

A2=—32m3(F+F,) +32mp(F3+F 4~ F5—Fg) + 32m3(Fg— F 7+ Fg— F10) + 16m,S(2F ,— F1) + 4m28(F3— F 4+ Fs
—Fg+2F 13— 2F )+ 8mE8(2F;— 3F g— Fo+ 2F 1+ 2F 15+ 3F 14— 2F 15— 3F 10 + 48%(Fs— F 4+ 2F ;,— F 1)
+2mp82(2Fg— F7— F 19— F13— 5F 14+ 2F 15+ F 16) + M3823(F 17— 3F 15+ F 19+ F o) + 8%F 14
+/3(5— 4m2)cos 6] 16My(2F ; — F ) + 4mZ(F g+ Fy— Fs— Fg+ 2F 1+ 2F 1) + 4mg(Fg— F7+ Fg— F1o— 2F 15
—2F 14+ 2F 15+ 2F 1) + 8Mp(F 17— F 15— F 19+ F o) + 48(F 4= Fs+ 2F 13— 2F 1) + 2my8(F 7+ F 1o+ 2F 15+ 4F 1
—4F 1) + 2Mg8(2F 15~ F17—~ F0)1+8 0§ 0[ 16MgF 13+ 8Mi(F15— F 14— F1st F1g) + 4my(F 15~ F17+ F1g— F 50)

— 48F 13+ 2MyS(F 14— F 13+ F 15— F 1) + M2S(F 17+ 3F 15— Fyg+ F0) — 8%F 1],

where the Lorentz invariant factofs; used above are de-

1 .
fined to be expressed by the form factors which are shown in F7=‘ZA 1672 fg(”,
Eq. (6)—(14). Their explicit expressions are listed below: J=tu
—02 1 b(i
F,= 2 AA fi(j)"'A Qs fli(j)+ 1 fli(i) F8:_z” 1672 fs(J),
= | (t=mp)? t—m? 1672 =t
_ 1 fr Fo= > AQb A ——. ()
16m2 ' = t-m?
1 . 1 1
= b(i) — tr Fio= >, £oU)
FZ ]=AL"U 16772 fZ 16’772 f11 10 J:t:u 16772 10
2
Qb iy, 1 % i, QB bi(j)
F.= - v(i) 4 00| Fu= 2> | = 30 4 fo) 4 £o0) |
’ JEL t-mZ ? " 16x? YSlEm?t m e
Fs= 2 2 fb(l), Fio Z 2 fg(zj),
[ 16770 S 16
Fo= >, = 5 f20), Fi= O @ PR — 0
= 167 e} t—m? 2 718
E b fslry 20 iy £00) Foe S 1 bl
° S| (t—m))2 2 t—m? 1672 ° |’ 14_j=”fu 1672 14



£b0)

1
F15=2 1677 15

j=tu

Qb f”

Fie= 2

j=tu

£bU)

1
I:17:2 1677 17

j=tu
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1 .
Fie= E 162 fb(”v
= 1672 18

Fio= E

j=tu

167 19 »
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