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Abstract:

Within the framework of the perturbative QCD approach, we calculate the time-like BcBc(Bj) form

factors F(Q?) and A2(Q?). We include relativistic corrections and QCD corrections, either of which can give about

20% correction to the leading-order contribution, but there are cancellation effects between them. We calculate

the cross sections of the eTe™ — BZBZI(B:") processes. The cross sections are enhanced at the Z pole to be
oPP(Q=mz)~1.3x10"°pb and 6"V (Q=mz)~2.5x10"°pb, which are still too small to be detected by proposed

et
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1 Introduction

The study of the B, meson is of special interest, since
it is the ground state of the doubly heavy-flavored (bc)
system, which is unique in the Standard Model. Both
production and decay processes of the B, meson contain
rich heavy quark dynamics, so they are worthy of system-
atic study. Experimentally, observations of B, mesons
are so far available only at hadron colliders [1]. Hadron
colliders only provide limited knowledge of the produc-
tion of B. mesons because the total collision energy can-
not be well controlled. For B, production in ete™ col-
liders, the total collision energy can be well controlled
and many meaningful observables, such as the angular
distributions of final states, could be measured. Despite
these advantages, the B, meson has not yet been ob-
served in ete™ colliders [2]. The production rate is too
small to have been observed at LEP. Nowadays, several
high luminosity ete™ facilities are proposed, such as the
International Linear Collider (ILC), Circular Electron
Positron Collider (CEPC), and Future Circular Collider
(FCC-ee). These ete™ colliders could provide us with
the opportunity to produce B. mesons, especially at the
Z-pole.

There are many studies of B, meson decays [3-18].
The semi-inclusive production of the B, meson has also
been investigated extensively [19-23]. However, the
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knowledge of B, production in exclusive processes is very
limited. To deal with hard exclusive processes involving
heavy quark-anti-quark systems, two kinds of factoriza-
tion approaches have been proposed in the literature.
One is the non-relativistic QCD (NRQCD) factorization
approach [24-27], in which the amplitude of the process
can be factorized into the product of the short-distance
coefficient and NRQCD matrix-element. In the other
approach (called collinear factorization) the amplitude of
the production process can be expressed as a convolution
of the hard-kernel and the universal light-cone distribu-
tion amplitude (LCDA) [28, 29]. The LCDA of a large
boosted B. meson is defined by sandwiching the gauge
invariant non-local quark bilinear operators between the
vacuum and the B, state. For the leading-twist LCDA,
we have:

(Be(" S0, P)|(BWe) (wiy )/ 4 35(W ) (0) (w)[0)

= *ifP”MP/O dxeiWL*PmdA)P(xEN)a (1)
(Be(*S1,P,e") | (BWe) (wny )/ + (W) (0) (w)]0)

1
= fomyne® [ daen 76l (o), (2)
0

(Be(*81,Pe”) | (0We) (wny )0/ 475 (W e) (0) (w)]0)

1
= f¢n+Ps*f/ dedze™+ P o (23 ), (3)
0
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where the Wilson-line

0
W, (x)=Pexp [igs/ ds n+A(x+sn+)], (4)
and ¢p(x), dy(x) and ¢i(z) are LCDAs of pseudo-
scalar, longitudinally polarized and transversely polar-
ized vector B. mesons, respectively. Using the “re-
factorization” scheme [30], the B.-meson LCDA has been
calculated to next-to-leading order with respect both to
the coupling constant and the velocity of the heavy quark
[31-34].

Collinear factorization breaks down if there exists an
endpoint singularity. A solution is to introduce a trans-
verse momentum to the parton, which is called &k factor-
ization. The PQCD approach based on kr factorization
has been employed to study a large number of exclu-
sive processes [35-39], including pair production of light
mesons [40-43]. In the present paper we will employ the
PQCD approach to study the exclusive B, meson pair
production processes, i.e. efe” =B BF(B!*). The am-
plitude can be divided into the leptonic part and the
hadronic part. The hadronic part is actually the time-
like B.B. or B.B form factors and evaluating these form
factors is the main object of this work. The form factors
will be calculated at the leading power in 1/Q (Q being
the energy of the ete™ pair in the center-of-mass frame),
while power corrections from higher-twist LCDAs and
quark mass effects will be considered in the future.

This paper is organized as follows. In the next section
we calculate time-like B B.(B?) form factors and cross
sections of ete™ — BB (B:*) processes using PQCD
approach. Numerical analysis is presented in the third
section. The last section gives a summary.

2 Time-like form factors in the PQCD
approach

The differential cross section of et (k')e (k) —

72 —=BZ (P)BE(P)(B:F) is

do |kl 1
£ S5 1A+ AL
10~ sameqe 4 2 A AL

(5)

dof? 1
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{zl(Grae

1=
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QQ
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q=b,c

2
q _Zf(Q2_mQZ)> Rqu—l—meZFZIqu} } +{

where s and s’ are the spins of the ingoing electron and
positron respectively. The momentum transfer g=Fk+k'=
P+P’ and the energy scale Q=+/¢%. The amplitudes are

2.5

q=b,c
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cos20y,

—2e,sin 20w

APP =
A
2Z+1FZmZ

o(K")

‘IZ Q2

1 1
X [ —=+2sin Oy + =5 Ju(k)

2 2

qa“q” y
_ 491 yp-
mQZ—lpsz)(
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where T2 =—1/2 and T§=1/2. The time-like form fac-
tors which appear in the above amplitudes are defined
by:

(BS (P)B. (P)lgv,.ql0) = (P'=P), F*(Q*),

(B (P)B; (P)]37,4]0) = €upocrysr PP 7VHQ?),

(B (P)B. (P)|qv,.75910) = AT(Q*)(Q%e;,—€"-qq,)
+AL(Q*)e"q(P'—P),., (8)

where the equation of motion has been employed. Fur-
thermore, form factors V¢(Q?) and Af(Q?) vanish at
leading power at tree level, and will not be considered

in this work. Substituting the above amplitudes into
Eq. (5), we have

2
—mQZ)) Iqu—l—meZFZRqu] }

D

q=b,c

2
[Z3 (QZ—mQZ)Iqu—ngZFZRqu]}

(9)
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where
2Gpmyy, T§—2e,sin*0 :
Zf:\/_ em2, T 2eqsm 2VVQ(7_+2Sin20W)
cos2fy  (Q2—m%)24+m%l%" 2
and
2T o0y (QP—mZ ) mE T2 2

For the B.B} channel, we have

doPV 1 [Gpm?, 1
dsn? 3272

2
- cos? Oy, (QQ—mQZ)Q—l—m%FE}

X H Z [(QQ_mZZ)ImAg—szZReAg]Tg}

g=b,c

2
+ { > (@ —m3)ReAd+m, I ImAL T }

q=b,c

1
X (5 +4sin* 6, —2sin? HW)

XQ452in29< Qz _1>. (10)

dmzg.

In the proposed forthcoming accelerators, the colli-
sion energy in the center-of-mass frame is much larger
than the masses of the b quark and ¢ quark. In this pa-
per, we concentrate on the leading power result of the
relevant time-like form factors. Power suppressed con-
tributions, such as quark mass effects and corrections
from higher-twist LCDA, which may be important when
(Q? is not large enough, will be neglected in our calcu-
lations. In the PQCD approach, form factors are fac-
torized into a convolution of the transverse momentum
dependent (TMD) wave function and the hard scatter-
ing kernel. The tree-level hard kernel can be obtained
by computing the Feynman diagrams plotted in Fig. 1.
In the calculation, we choose the momentum fractions of
charm quarks in the B meson and Bf*) meson to be
and y respectively. For form factors F'¢, we have

2 2 C 1 oo
Fb(QQ) = MQQ/ dxdy/ bldblbgdbzas(t>
NC 0 0
[1mm] X [~ Ppr(2,01) Pprr(y,b2)]
[1mm] XH(Z,yaQablabQ)eXp[7S(x7yablabZaQ)]7
2 2 C 1 oo
FQ?) = %QQ / dady / bydbybydby (1)
c 0 0
X [=ZPp1(2,b1) Ppr1(y,02)]
[1mm] H(.’E,g,@,bl,bg)@XP[-S(.T,?J,bl,bQ,Q)], (11)

where Z=1—x. The hard function is:

7t

H(xvvaablalb) = <5) H(()l)(\/@QbQ)
X {e(bl—lh)H(()l)(\/Ele)Jo(\/Esz)

+0(bo—b1) H " (Vz Qba) Jo(VZ Qb | -
(12)

The TMD wave function is:
Pp(2,b) = dp(2)S(2,b), (13)

where X(x,b) is the transverse momentum dependent
part. The LCDAs can be expressed in the following ex-
pansions,

W (@) +6p " (2)+05 " (@),
O (@) +u " (2) +4 M (),

ép(ﬂ?)
P\ (x) =

(14a)
(14b)
where the superscript (¢,7) denotes the order of «, and

v?-expansion. In order to express the form factors in
terms of a, expansion, we write

P(z,b) = P(O)($,b)+P<1)(I,b)+..., (15a)
PO b) = (307 )+ (]S (),
PO (2,b) = ¢ (2)D(,b). (15b)
A typical value of x is © ~ zy = —=<—. We have

mp+me

xQ?>k2 when the energy scale @) is large, thus we can
drop the transverse momentum in the quark propagator.
Then form factors can then be simplified as

2 BCF s
F(bLO)(Q2) = —fc .l

/ dI‘dy/ dbbpp[ Pp[[( )
xexp[—SI(x,y,b,Q,u)]Hél)(\/@Qb),
(16)

2 f2 Cra, 1
F(CLO)(QQ) = fB—a()/ dzdy

/ AbPE) (2)PY, (4)

Xexp[fSI(x,y,b,Q,u)]Hél) (\/i'_ng) )
(17)

where Sl(xayvvavlj‘) = S(va,yavaali) and the Hankel
function H{"(x) = Jo(z)+iY(z). Form factors A
are related to F®° at tree level, as shown in Egs.
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(A18,A19): The QCD corrections to form factors are of great im-
) i portance in theoretical analysis. In the PQCD approach,
A Lo (Q%) = _ T fe fymy Cras (i) NLO corrections to the time-like pion electromagnetic
(o) Q>N. form factors have been calculated by Li et al [42]. In this
*° paper, we consider NLO corrections to the form factors
x . dzdy : dbbPpr () Pyiirr(y) Fa. The calculation of NLO corrections in the PQCD ap-
_ ) proach is tediously complicated. To simplify the PQCD
xexp[—Si(z,y,b,Q, 1) Hy ' (/zyQV), calculation, the hierarchy zQ? yQ?>> ryQ?* ~ k2 is pos-
tulated. As the quark masses have been neglected, the
A¢ (Q?) = 7 f. fymy Cra (1) NLO hard kernel can be borrowed directly from [42]:
2,(LO) - 2N
1 Q coo HIS‘NLO) (x7k1T7y7k2T7Q27:u>
X / dzdy / dbbPer(x)Pyiirr(y) = h(x,y,012,Q,u)H (@, k1p,y kor, Q%),  (19)
0 0
xexp[—Si(2,y,b,Q,w)]Hs" (VTGQD).  where
as(p)C 3 S
(%) h,y,612,Qu1) = % [—Zln%—zlnzx
27 13 31
—|—§lnxlny—glnx+1—61ny—ln2512
17 23 us
+<Xl r4+— 3 —|—127T) 1n512+12
1 53 .3m
In2+——-i— 2
_ oty ] (20)
b
and
kyrtkor | —2yQ?
Ind;,=In || l 25|2 7y ’+i7[@(|k1T+k2T|2—xil/Q2).
(21)
b Including the NLO hard kernel and performing a
Fig. 1. Feynman diagrams for ete” —B; BS ). Fourier transform of Eq. (19), we derive the TMD fac-

| torization formula of form factors F'9 at leading power,

Fz?/Lo(QQ = T[fBPCZ/ dx dy/ dbba?( 7)1(301)( )PPII( Yexp[—Si(x,y,b,Q, 1))

x| Ryb, Qo) HE (/5 QU)+ H" (/ayQb)|

Fino(@) = 5 [ anay [ abbaz )P )P ) explSi(r.0.0Q.m)
x [h(f,y,b,Q,MHé”(@Qb)+H£”” (Vamab)] (22)
where
h(z,y,b,Q,1) = —Zl %—%1 ngZ (171 +f2+7,;+15>1 5?;’2—%12 %mxmy
—<1—83 17ZE 127[)1 x+3—1ny—7+(1 2y )T+ = ln2+§—283715
—y§+i<%+%) . (23)
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3 Numerical analysis

The most important nonperturbative input is the
LCDA of the B, meson, which can be studied with non-
relativistic QCD effective theory as both internal quarks
are heavy. At tree level and at leading order in the ex-
pansion over the relative velocity, the quark and the an-
tiquark simply share the momentum of the meson ac-
cording to their masses,

00 = OO @)=t ()

If we include the gluon exchange effect and the power cor-
rection relevant to the quark velocity, the parton config-
uration will be changed. Explicit expressions of ¢V (z:)
are given by [33]

o1 e r2(1-2130) , Lo,
2o P g ] (29
(Zg\‘\/(o,n(x) _ q@é(o*l)(x)
2\ r2(1—220) -, Lo,
- [ﬁfg (2708 (r=z0)].

(26)

where M =m;+m, and (q?)p are the mean values of g?
in scalar and vector B, mesons respectively. For QCD
corrections to the LCDAs, we have

AEDLO)(Z';,LL) = Z_;[CF{gpl(xaxO)}v (27)
S (w30) = %;CF{¢1<x,xo>—4[§O9<wo—w>
R | S
+
with
B ‘LLQ - I:C()‘i’ffi B
b (x,2) = 2 |:<1n N2 (zg—2)? 1> <.’L’O—$ CL'OG(IO x)

+(fo,onfo))] L {(x;%)?] —

+ {4950360111@—&-2(2960—1)} 5 (z—20).  (29)
To

Here we adopt the NDR scheme of 75, as the NLO hard
kernel is also obtained in this scheme. The +-+4- and
+-distributions are defined as

/Old:r [f(x)} ++g(x) _ /1dxf(m)(g(x)_g(x0)

0

"(0)(z—20)),

-9 (30a)
| aa[r@] @) = [ ars@)ae=otw). Gov)

where g(x) is a smooth test function. Because LCDA
with v and «, corrections contains a Dirac-d function
or plus distribution, we need to integrate over the mo-
mentum fraction x first. The results are given in the

Appendix A.
For the TMD wave function, we use
b2
S(a,b) = exp(—4—62). (31)

The input parameters are listed in Table 1.

Table 1. Parameters used for numerical analysis.
parameter  value parameter value

mp 4.8 GeV Me 1.6 GeV

mw  80.425 GeV my 91.1876 GeV

mg, 6.2749 (a?) 1.59 GeV?

'y,  2.4952 GeV sin26y, 0.23129

ng 5 A 0.217 GeV

~vg  0.57721566 Gr 1.166391x107°% GeV~2
Jé] 2 GeV—1 fB. 0.48940.005 GeV

We are now ready to evaluate the numerical results of
the form factors and cross sections. We first concentrate
on the ) dependence of the time-like form factors. In
the PQCD approach the time-like form factors are com-
plex, as the internal quark line may be on-shell. The
absolute values of form factors F° and F° are plotted in
Fig. 2. We do not show form factors AS and A, since
they are related to F¢ and F°. From the left-hand plot,
we can see that the absolute value of form factor F¢ (the
dot-dashed blue curve) is about an order or magnitude
smaller than that of F® (the solid black curve) because
the wave function of B, meson is not symmetrical be-
tween charm quark and bottom quark, so the invariant
mass of the internal gluon propagator is much larger in
Fe. To illustrate the effects of relativity and the QCD
corrections we plot the form factor F® with these con-
tributions. As we can see from the right-hand plot, con-
tributions from both relativistic corrections (the dashed
blue curve) and NLO corrections (the dot-dashed red
curve) are about 20% of the LO contribution (the dot-
ted black curve). However, there is cancellation between
the two kinds of corrections and the total result is very
close to the leading order contribution. Power correc-
tions from higher-twist LCDAs and quark masses are
not included, but they are not very significant at large
Q.

Taking advantage of the form factors computed with
the PQCD approach, the total cross sections of ete™ —
B; B} are depicted in Fig. 3. The factorization scale x
is taken to be p=@ for the central value and u~[Q/2,2Q)]
for the error estimate. The solid black curves corre-
spond to central values and the dashed blue and dot-
dashed red lines represent the errors of the cross sec-
tions. Considering fp, only causes tiny errors because
of its high accuracy, the cross sections at our kinematic
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3.0F 1 4r 1
f —_ R e - F ] ——— Total e Lo
2.5} 1
i 1 <] NLO  ------- NR 1
_ 20} -
g I ]
&L 150 Ty T e ————
o F o
6 I <]
1.0f 1 T 1
o S 1 0
oob . . . . ‘ ‘ ‘ ‘ ‘
50 100 150 200 250 50 100 150 200 250
Q (GeV) Q (GeV)

Fig. 2. (color online) Shape of Q*|F§, | and Q?|Fg_ |. Left: the total results of F* and F* are presented by the
solid black curve and the dot-dashed blue curve respectively. Right: the solid black, dotted black, dot-dashed red
and dashed blue line are the total result, leading order results, NLO correction and relativistic correction of F,
respectively.

10—4,‘ T T T T 4 1'5,‘ 4
—— Central
_ o mmmme—— Upper
5[ — i N,
10 CLZJepnF:;a:I /" .\\ _______ - Lower
1076 Lower 1 —~
Qo
) et
£ 7 o
&_b 10 ER
[\N
Db
1078 5
107%¢ 1
10_10’w S S O S S M PR : L L L L L L L L
50 100 150 200 250 88 89 90 91 92 93 94 95
Q (GeV) Q (GeV)
10744 E 25¢ o 1
-5 —_— |
10 Central 20l ———— Central A
Upper [ i W\ mmmoem. Upper
1076 Lower { =~ [ /N e - Lower
= o 15¢ b
s 5
> 107 {2
o Eb 1.0
10-8 |
0.5
10-° |
10700 o S0 ‘ ‘ ‘ ‘ ‘ ‘ ]
50 100 150 200 250 88 89 90 91 92 93 94 95
Q (GeV) Q (GeV)

Fig. 3. (color online) Cross sections of e*e~™ —BZ B ) with errors from variations of the factorization scale y and
Bc-meson decay constant fg.. The solid black, dashed blue and dot-dashed red curves correspond to central, upper
and lower values of cross sections, respectively. The kinematic region of the left two diagrams is 50—250 GeV and
that of the right two diagrams is around the Z pole.
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region are not sensitive to the variation of factorization
scale. As expected, the cross section has a significant
peak at the Z pole (@ =my) and the maximum values
of the cross sections are o (Q=mz)~1.3x1075pb and
aPV(Q=my)~2.5x107°pb. They are so small that it
is almost hopeless to detect a B;BF*) pair in an efe~
collider at the Z pole. This result is quite different from
BB production, which is enhanced by a low energy res-
onance. For single B, production in semi-inclusive pro-
cesses, the cross section is much larger [23], and can be
reached by a high luminosity ete™ collider.

4 Summary

B. production processes are important because the
B. meson has unique properties and is worthy of a thor-
ough study. Within the framework of the PQCD ap-
proach, we calculated the time-like form factors F'?(Q?)

Appendix A
Results after momentum fraction integration
Tree level

Leading power in v

and A3(Q?) at leading power in 1/Q. The form factors
are factorized into a convolution of the transverse mo-
mentum dependent wave function and the hard kernel.
The wave functions employed in this work, including
QCD corrections and relativistic corrections, have re-
cently been studied using NRQCD. We evaluate the
effects of relativistic corrections and QCD corrections
of the form factors numerically. Both relativistic and
QCD corrections can give about 20% correction to the
LO contribution, but there are cancellation effects be-
tween them. We further worked out the cross sections
of efe™ =B B (B*T) processes. The cross sections are
enhanced at the Z pole, but they are still too small to
be detected in future accelerators such as the CEPC.

We are grateful to Q. A. Zhang for useful discussions
and comments.

Flo) (@) = ifeP. /  dbbexpl—Si(w0,0,b,Q, 1) HS (20Qb) 5 (1), (A1)
Fito) (@) = P [~ dbbespl=Si(au.00.0.Qu S (30 Q1) (1), (A2)
A5 (10)(@) = —% Ooodbbexp[—SI(xo,zo,b,Q,u)]Hé”(onb)czf“T(b), (A3)
A5, 20)(Q%) = vmy P,  dbbexpl—Si(z0,0,b,Q, 1) HS (20Qb) 5 (1), (A4)

@ Jo

where P.=m fpCras(p)/Ne, To=1-x0, Si(x,y,b,Q,u)=S(x,b,y,b,Q,u) and H7(Ll>(:c):Jn (z)+iYn (z). We use the LQCD decay

constant [45] fp=0.489 GeV. The Sudakov factor is

S(l‘,bl,y,b2,Q7ﬂ) :S(val7Q)+S(Evb17Q)+286(val)+s(y7b27Q)+S(g7623Q)+256(N‘7b2)7

1 In(p?/A%)

se(ub) == 261 n[1/(b2A2)]’

AL
5(€7b):—q1

N AD L A®@
261 n(%)_gﬂl (4_b>+127§

_ {%—%h(ehsil)} ln<

(A5)
(Q_ )_ AMB, [1n(28)+1  In(29)+1
b 463 b q
6)) A
)+A85§ 2 [In®(24)~In*(20)], (A6)

083107-7



Chinese Physics C  Vol. 42, No. 8 (2018) 083107

where
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_ds(§,0,Q) 1 W (o G, 1, 270N AW B rIn(24)+1  In(20)+17 AP 1 1
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~[sp(Z0)—sp(z )1—H<”< 20b)+ 20 H§1><onb>}¢2T(b>,

2 oo
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6(mb
{spt0) sy (20) sy o 15 @)+ T 000
500 (20)-+ 0 (0) SV (20@0) s (70) 5 (w0)] % H{V (20 @)+ Qb H‘”<onb>}¢%<b>,
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A3 (@)= J;YTSZF”R”(Q%, (A18)
AT @)= R @ 19

dsp(€5,Q) 1 fAD [ In(e=71/2)) AYB, In(2g) | AP
sop(6:0:Q) == 46261{ e D, 2
[ i1 e2vE—1 AWM g, 1n(2q)+1 (28)_,’_1 4@ 11
{A (21n3+qln — )+ 5 | ; : |+ 5 (6 d) . (A20)

One-loop level

The NLO correction from the hard kernel is:

)@= P, 208 [t expli om0, Q1% 0) o0 @) 15 00+ 09 0 o)
(

3
A21)
c . s(w)Cr [ In?(ZoQb _
Fiduon(@)=ifo P 2008 [ dbbespl5i(z0.a0.0.0.0163 (0) e, 20:0.Qu) 15 (20@0)+ =2 P a0n) .
0
(A22)
We add the one-loop corrections from the two wave functions together. We rewrite the wave function as:
R a.Cp - R
b (@) =" 10" (@) 46" ()], (A23)
2 _
2T W To+T T
= 1 -1 = _
¢ (@) 2K " (motme)? (zo—z)? )960*96 1"00(330 m)L
2 - _
o Tot+x T 4xT
21(1 —1 —0 A24
2| (0 ) B )] H ey (424
o' (x)= {43;05:0111?”(2550—1)} 8 (z—w0). (A25)
0

The NLO corrections from ¢31 are:

) SC 1 e}
Fiillo)(@) = 2P 508 [ da [t expl8i(o.20,0,Quun) Y (VEZ0Qb) —expl S (zo,20,6, Q. HS (200
0 0

exp[—Sr(20,20,b,Q,1)]

) ) asCr 1 o 4z
i) W (@6 (@) =2ifp P25 [ e dbb(m—xo>

(onb)

x{ (50 (F0,6, Q) — 5y (@05, Q)] HSP (0 Qb) — Qb}¢T< ) (A26)

N ) SC 1 &) _ B
F(i0)(@) = 2ifpP. 5" / dz / dbb{ expl—Si(,20,b, Q) H{') (+/TT0Qb) —expl—Si (w0,20,b,Q ] " (20Q) |
0 0

exp[—Sr(20,20,b,Q,1)]

) ) asCr 1 o 4z
[imm] W@y @) =2ifr P 2E [ e [ b
M

x{ (50 (F0,6, Q) — 5y (0,5, Q)] HLP (20Qb)+ Qb}¢T< ) (A27)

o ro+T T ,u2 To+x T 4xT
U(x)=2(1 -1 —0 2( In —1 —0(z— .
() ( " (mp+me)?(zo—x)? ) To—T To (@o—z)+ < (mp+me)?(zo—x)? > T—xo To (w=z0)+ (zo—x)? (A28)
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The NLO corrections from (2)11 are:

sCr _ . To (@*)  2(1-220)] o.NRI 2
FIIT 2y _ & 4 nZ219(220—1 _ Fo o
(NLO)(Q ) = LoTo n:fo+ (220—1) (mo+me)?  3zoZo (LO) (@),

ea1r 2y _ @sCr _ X0 B o {e®) 200-220)] e v 2
Filih (@) = 2 [4xo:rolnj0+2(2:co 1)] / [ o gmea | Flioy (@),

The NLO corrections from the decay constant and Sudakov factor are:

Fil 1oy (@)=i(2f2"O) fp P / ~ dbbexpl—Si(z0,20,b,Q, ) HS (20Qb)63 (b)
(0]
—ifPPC/OOdbbexp[—sl(Io,woyb,Q,M)}SINLO(xo,wo,b,Q,M)Hél)($0Qb)¢2’r(b)a
(0]
Fiito) (@)= ) foPe /OwdbbeXp[—sI (w0,70,b,Q, )] HS" (20Qb) 7 (b)

—ifpP. / dbbexp[—Si(0,20,b,Q, 1) S O (w0, 20,b,Q, 1) HS (20 Qb)p % (b),
0
where SN (2,y,b,Q, 1) =SV O (2,b,y,b,Q, ).

om0 ()
T c

SNEO (2,b1,y,b2,Q, 1) =sn Lo (2,b1,Q)+snLo(F,b1,Q)+2senro(p,br)

+snro(y,b2,Q)+snro(F,b2,Q)+2senro(p,b2),

_ﬁ{lnln[l/(bQAQ)]+1 lnln(u2/A2)+1}

senvo(b) =555 T @A) T In(u2/A2)

In(2¢)+1 In(2b)+1

q b

AW By G—b -
BT [21n(2b)+1]

A(l)ﬁg e27-1
SNLQ(f,b)— 86% ln< 2 )

AP B2 G-b
43238 33

[91n2(2l;)+61n(2i))+2]

1604 b

_AWg, [21n(2<j)+3 _ 2In(20)+3
q b

A(2)ﬁ§
17283

181n°(24)+30In(24)+19  18In°(2b)+30In(2b)+19
G2 B2

)

b2 b b,NR,I , b,NR,IT | b,] b,IT b,II1 b, IV
FUQ)=FlroytF o) +Fio)  TF oyt NoytFinroyt (v Loy

2 JNR,I JNR,IT N I JIT Na%
FC(Q ):F(CLO)+F(CLO) +F(CLO) +F(CNLO)+F(CNLO)+F(CNLO)+F(CNLO)’

b2 b b,NR,I , zb,NR,II
A3(Q7)=As Loyt Ay Loy TA2 (1o

2 ,NR,I NR,II
A (Q7)=A5, Loy AT Loy TAS 1oy -
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