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Photoproduction of heavy quarkonium at the ILC
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We study the photoproduction of the heavy quarkonium at the future International Linear Collider (ILC)
within the nonrelativistic QCD theory. We focus on the production channel via the subprocess
yr = |[Q0'];(n)) + Q' + O, where Q and Q' stand for the heavy ¢ or b quark, respectively.
[[00Q'];(n)) stands for the color-singlet S-wave quarkonium, i.e., 7.(|[cE];(1S0))), J/w(|[cE];(*S1))).
B.(I[cBly ('So))). Bi([cBl;CS1))). np(|[6B];(1$,))). and Y(|[bB], (*S))). respectively. To improve the
calculation efficiency, we adopt the improved helicity amplitude approach to deal with the difficulty of
calculating the expressions for the yields when the quark masses cannot be neglected. Total and differential
photoproduction cross sections, together with their uncertainties, have been presented. It is noted that a
sizable number of |cc)-charmonium and |ch)-quarkonium events can be generated at the ILC. More
specifically, we predict (2.4708) x 10° 5., (4.75]%) x 10° J /w, (8.67%3) x 10° B,, (4.6533) x 10* B,
(6.6 +1.2) x 10° i, and (1.2 £ 0.2) x 10° T events to be generated in one operation year at the ILC
under the condition of v/S = 500 GeV and £ = 103 cm2s~!.
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I. INTRODUCTION

The International Linear Collider (ILC) [1,2] has been
proposed and regarded as the next generation of the e*e™
collider. It is designed to run at a rather high center-of-mass
energy from several hundred GeV to TeV together with a
high luminosity up to £ = 10°*73¢ cm=2s~!. At the high
energy e’ e collider, the photon beam can be generated by
bremsstrahlung and can be described by the Weizicker-
Williams approximation [3]. The laser backscattering
(LBS) from the incident electron and positron beams leads
to high luminosity photon beams; i.e., the LBS photons are
hard enough and carry a large fraction of energy of the
lepton beams. The density function of the incident photons
can be found in Ref. [4]. In the literature, the J/y
photoproduction in e*e™ at the LEP II energy has been
estimated within the color-singlet model [5] by two groups
[6,7]. Their results indicate large production rates for J/y
in the direct photon collision. In view of a higher collision
energy at the ILC, it is natural to expect that the ILC shall
also provide an important platform for studying the heavy
quarkonium properties. As the main purpose of the present
paper, we shall make a detailed study on the photo-
production of the S-wave heavy quarkonium at the ILC.

The leading-order color-singlet heavy quarkonium pho-
toproduction via the photon-photon collision based on the
e" e collider can be schematically described by a diagram
as shown in Fig. 1.' To deal with the production cross
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"It is noted that the 2 — 1 subprocess yy — |QQ') provides a
dominant total cross section for the quarkonium in the 'S, state;
however, it has no phase-space distributions. In the present paper,
we shall not take this special case into consideration.
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section, one needs the squared amplitudes, which are
usually derived by applying the conventional trace tech-
nique, in which the squared amplitudes are first trans-
formed into a trace form and then calculated. As will be
shown in the next section, there are in total 20 Feynman
diagrams for the subprocess yy — |QQ’) + Q' + Q, where
Q and Q' stand for the heavy c¢ or b quark, respectively. All
the quark lines of the subprocess are massive; thus the
results for its squared amplitudes are much too complex
and lengthy. One important way to solve this is to deal with
the process directly at the amplitude level. The helicity
amplitude approach suggested by Refs. [8,9] can be
adopted for such a purpose. Under the helicity amplitude
approach, all the amplitudes are expressed in terms of
helicity amplitudes, which are constant complex numbers
and are immediately calculated. In its original version, the

FIG. 1 (color online). The schematic Feynman diagram for the
photoproduction of the S-wave heavy quarkonium in e*e”
scattering via the subprocess yy — |QQ’) + Q' + Q, where Q
and Q' stand for the heavy ¢ or b quark, respectively. The black
box stands for the hard interaction kernel.
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helicity amplitude approach has been designed to deal with
the massless cases. Our present subprocesses contain non-
Abelian gluons and massive fermions; thus an improved
version has to be introduced. Several approaches for such
a purpose have been suggested in the literature, e.g.,
Refs. [10,11]. In the present paper, we shall adopt the
way suggested by Ref. [10] to do the calculation. The key
point of this suggestion is to convert the problem into an
equivalent “massless” one and to extend the “symmetries”
as much as possible to achieve the most simplified
amplitude.

The remaining parts of the paper are organized as
follows. In Sec. II, we present the formulation for dealing
with the subprocess 7y — |QQ') + Q' + Q, where the
improved helicity amplitude approach is adopted to sim-
plify the hard scattering amplitude. In Sec. III, we give the
numerical results. Section IV is reserved for a summary.

II. CALCULATION TECHNOLOGY

A. Differential cross section

The production rates of the heavy quarkonium can be
factorized into the short-distance and the long-distance
parts within the framework of the nonrelativistic quantum
chromodynamics (NRQCD) [12]. The short-distance coef-
ficients can be calculated perturbatively. The nonperturba-
tive but universal long-distance matrix elements can be
extracted from experimental measurements. The color-
singlet matrix elements can be related with the wave
function at zero and be computed with certain potential
models. Within the NRQCD framework, the differential
cross section is formulated as

dG—/dxldxzfy(xl)fy(xz)
x dé(ry = [(QQ")w[n]) + 0 + Q') (0% (n)), (1)

where (O (n)) is the long-distance matrix element with n
standing for the intermediate (QQ’)-pair state and H being

|(QQ [n])(p3)

PHYSICAL REVIEW D 90, 034004 (2014)

the final quarkonium state. Here, we will not consider the
spin-flip effect between the (QQ’) pair and the quarko-
nium. It may provide a sizable contribution for the
polarized cross sections, which, however, is model depen-
dent. A detailed discussion on the spin-flip effect for the
hadronic J/y production can be found in Ref. [13]. The
subscript (1) means the intermediate (QQ’) pair is in
the color-singlet state. In this paper, we shall concentrate
on the color-singlet S-wave heavy quarkonium production,
ie, H=n.J/y, B., B, n,, and T, respectively. Both the
productions for the heavy quarkonium in higher Fock
states, such as the color-singlet P-wave states and the
color-octet S-wave states, and the productions at the higher
perturbative orders are much more involved, which are in
progress [14]. f,(x) is the density function of the incident
photons [4]

1 1
fy(x)zﬁ[l—x+l_x—4r(1—r) , (2)
where r = x/[x,,(1 — x)] and the normalization factor
4 8 1 8 1
S (S . S 3
Here, y =1+ x,, and x,, = 4E EI cos??=4.83 [15] with

E, and E; being the energies of the mcident electron and
laser beams, respectively, and @ is the angle between those
two beams. The energy of the LBS photon is restricted by

Xm

0<x< = 0.83. (4)

1+x,

The 2 — 3 short-distance differential cross section do
can be written as

_ _ 1
dblyy = 10Q'In) + 0 + Q) = 55> | MPdes,

(5)

(k1)
Q(ZM

(1)

(11)

FIG. 2 (color online).

(13) (15) (17) (19)

Typical Feynman diagrams for the subprocess y(k,)y(ky) = [(Q0");[n])(p3) + Q'(ps) + O(ps). The

remaining ten diagrams can be obtained by exchanging the position of the incident photons.
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where VS is the collision energy of the ete™ collider,
>~ means we need to average over the spin states of the
incident photons and to sum over the color and spin of all
final particles. d®; is the three-body phase space,

dd, (2n)454<k1+k2 qu>

We present ten typical Feynman diagrams for the sub-
process y (ki )y (k2) = |(QQ"); [n]) (p3) +Q'(p4) +Q(ps) in
Fig. 2, where Q and Q' stand for the heavy ¢ or b quark,

|

3

0

(2x 32q
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respectively. The remaining ten Feynman diagrams can be
conveniently obtained by exchanging the position of the
incident photons. The total hard scattering amplitude is

20
M=) M,
i=1

in which the amplitudes M,,_; withn = (1, ..., 10) can be
directly read from Fig. 2, and M,,, can be obtained from
M., _; by exchanging the momenta of the incident two
photons. More explicitly, we have

(7)

My ) e e s T Gy a0 o
e S e pa? 09 Y
My =i (poets —mnf/g CErR Erad e o9 1)
M= G e O e D el 1 B ) o
e MR LALLM R
e el e i e S S
M = (e o= 2>+—an1;/ e e —pehp) "
My = el o e L T e ) "
Mo = iChelpr L S e o) 1o
Mo = G e e e e "
M ) e el e e e ra ) "
M O e G po s pep w0 (9
Mz = iy (py)yr —)_ e P =otio | KiZPs il (), (20)

(P4 + p3)?

© (P31 —kp)* = mQ

2 Yo (kl ps)’? _mQ
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e II(p;) 2 D31 — K +mg k—ps+mg
My = lcus’(p )ya £ Vo g‘ : s(p ) (21)
. Y (pat p2)? M (pa — k)P - m "7 (ky = ps)* = :
e ,  (p3) D3+ pst+tmg 5 ki—ps+mg
Mis = iCRe (pa)y st 2l " (02 + pa) = 5" 2 Tk = ps)2 = i £ vs(ps). (22)
o o
e I(ps3) P3tpstmg  , K—ps+mg
Mg = iCity (pa)r” TE0 €12 0s(Ps), (23)
10 Y (patp) 7 (3 + pa) - my N (ky = ps)* — mj, ’
e ky — p3 + mQ’ 2 I1(ps3) ki —ps+ mQ pl
M7 = iCay(ps)y® ’ 57o £ 0,(ps), (24)
g Y5 (k= p)? - m, “ (ky = ps = p31)* "7 (ky — ps)* — m ’
e Ps— ki +my I(ps) n P31 — K+ mg
Mg = iCiig (ps)ey : : 7o0s(Ds). (25)
a Yk (Ps—Fki)* - (Ps—ki = p3)? © (P31 — ko) = mé ’
e Ps— Ky +my I(ps) ) D3 — ki +mg
Mg =iCuy(p £ 4 s YoUs(Ps), (26
. (P, (pa—ka)* =my " (pa—ky = p3)*" M (pay —ky)* = m, +(2s) )
e ki —pypt+my I(p;) ky—ps+my
My = iCity (pa)y” £ £3:05(ps) (27)
» Y7 (k= px)? - my " (ky = ps = p31)* "7 (ky = ps)* —mg © ’
|
Iy . L. 1
Here, ek (ek) is the polarization Vect'or' of the initial ui%( p) = (p +m)|gs). (29)
photon with momentum k; (k,) and helicity state 4,(4,). V2p-q
mg and my are the masses of the Q and 04 quarks, 1
respectively. C is the overall constant, C = 35 ¢? va(p) = p—m)|g), 30

where Q, equal —1 30r% 2 for b and ¢ quarks, respectlvely,
and a and b are color indices for the final outgoing
quarks. TI(p3) stands for the spin-projection operator
that depicts the (QQ') pair evolving into the heavy
quarkonium,

(py) = 5 37— Cir +Coes(pr + Mo, 03)

00
where C; =1 and C, =0 for the pseudoscalar state
1[001;(*Sy)), and C; =0 and C, =1 for the vector

state [[QQ'];(3S))). e(s,) is the polarization vector for
the vector state. The heavy quarkonium mass M5 =

mg + mg and the momenta of the constituent quarks in
the bound system can be expressed as

B. The improved helicity amplitude approach

In the present subsection, we adopt the improved helicity
amplitude approach [10] to deal with the hard scattering
amplitude. The key point is to transform the Dirac spinor
for the massive fermion (momentum p with mass m) into
the spinor of the massless fermions, i.e.,

where |g.) is a massless fermion spinor with an arbitrary
lightlike momentum ¢ and helicity 41, which satisfies

(31)
1+y°

where @, = . The polarization vector of the photon s}
with momentum k has the form related to the reference
lightlike momentum ¢ as follows:

4lq) =0, lq.) = wilq),

+ _ <ki|y/4|Qi>
ﬂ( 4 ) :t\/i<qq:|ki>v (32)
V2
£ (k.q) = im(“&ﬂ‘]ﬂ +1qo)(ks]),  (33)

where (g |k.) denotes the spinor inner product.

The amplitude M; with i = (1,...,20) can be factor-
ized into two parts. One part is the process with free final
quarks (all of which are on shell), i.e., yy = Q' + Q +
0 + @', and the other part is the free Q and Q' binding
into the required Fock state, Q + Q' — |(QQ’)[n]). With
the help of the introduction of massless fermion spinors
as defined in Egs. (29) and (30), the amplitude with
explicit helicity states for all the particles’ helicities can be
formulated as
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(/11 A2 AsAe)
i

Ao A
(kl’k27p317p327p47p5) :CZDIM;“I 273

i
A3y

M

where D; is the normalization factor from the transforma-
tion between massive and massless fermion spinor, which
is defined as

1 1 1 1
b V2P31-4V2p32 - qV2pa-q\2ps g
The amplitudes Mgg’m( P31, P3) for the bound state part
are simpler and can be expressed as

D (35)

13,4 pS +M N/
Mg (p31.ps2) =Dy(q,,|(ar’ +b5'(5z))27MQ_Q|%>’
o0
(36)
|
/Mo
MU (parpa) = V22 |5, , (8,0 + 65,
Cs1) 2\/@ 344\ 4

for the 1S, and S, states, respectively, & being the usual
Kronecker symbol.

The amplitude MY (k) k. ps1, psas pas ps)
for the free quark part, y (ky, 4,) +7(k2, 42) = O(p31,43) +
Q' (pa2s24) + Q' (Pas2s) + O(ps. 46), can be written as

M Ao Aada D
MEV;' pEes 6>(k1,k27p317p32’P4’P5)

= X; x{q|(ps +mg) -Ty; - (P32 — mg)|q;,)

X (qy, (P31 +mg) - T - (ps —mg)la,,)- (40)
I'};»; are Dirac y-matrix strings related to the iy, diagram,
which include the momentums k, k, and the helicities 4,
A, of the initial photons. X; is the scalar product terms from
|
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AuAs 5.2
o 6)(k17k2’P31,P32,P4»P5) XM§3§ 4>(P31,P32)7 (34)

where D, is the normalization factor from the binding
system, and we have

1 1
2_\/21131‘61\/21932'61'

With the help of the relation p=|p_){p,|+|p_){p_|, the
amplitudes Mfg’lg‘14 (P31, P32) can easily be simplified as

VMop

D (37)

4)

(4. _
M(]gof (P31, P3) = W%M(%_ -84 (38)
and
MQQ/e(sz)-q> N < 1 ><q (5Pl >} )
P3-q 2ps - q) TEEIPLT |

|

all the propagators of the iy, diagram. Both I'}; »; and X; can
be read from M, as listed in Egs. (8)—(27). Every amplitude
M%"'lz”l"”h’i“’l")(kl, ky, P31» P32s P4, Ps) 1S constructed by
two fermion lines. It is found that those 20 amplitudes
can be constructed by six “basic functions” denoted by
E,ji(kiska, P31, paos Pas ps)(m=1,2,...,6;j = 1,....4).
The subscript k equals 2% = 64 possible helicity combi-
nations of (41, 4y, 43,44, 45, 4¢). Here j = (1,...,4) stands
for a specific type of interchange: j = 1 means identical
(without any interchange), j = 2 means interchange of the
two photons, j = 3 means interchange of the quark (Q) and
the antiquark (Q’), and j = 4 means interchange of the
photons and the quark and antiquark. The six basic
functions for j = 1 can be expressed as follows:

Ey ik = X1 [1(P32: Pas s 2s) - fa(kika, par. Ps. A1, g, 23, 46),
Ey ik = Xian - [1(P32: Pas s As) - f5(ki ko, par. ps. A1, 2o, 23, 46),
Es ik = X1 - [1(P32: Pas s 2s) - fo(kio ko, par. Ps. A1, Ao, 23, 46),
Eqr5 = X1 fo(ki. p31s Ps. A1s 430 d6) - [3(Kow P32y Pas Ay A As),
Esyx = Xio1 - [3(ki. pa1s Ps. Ais23. 46) - [3(Kkos P3os Pasdas Aas As),

E¢i1x= X171 'fz(kl»P317P5,/11,/137/16) 'fz(kz,P3z,P4,/12,/14,/15), (41)

where X; ; stands for the transformation of X; by doing the jy,-type of interchanges mentioned above. f(;, ¢ are basic
fermion lines corresponding to different types of Dirac-y structures

(g1 a2 4. 45) = (qx |(d1 + m)y, (42 — m)|qy)., (42)
Falk. g1, a2, 25,20, 25) = (| (g1 +m)y,(k =gy + m)e's (k, q) (g — m)|qy), (43)
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fa(k.q1.q2. 25, 21, 45)

falk, K g1, qo, 25, 4y, A7, 25)
fs(k’k/,611,512’/1/3’/1£1»/1/1v/1/2)
f6(k»kva1’CI2’ /3,/12;,/1'1,

where g} = ¢ =m? and ¢*> = k> = k> =
written as

= (qx (41 + m)es (k. q) (4 — K+ m)y, (4>
= (qu (g1 +m)y,(kK+ K — g, +m)es (k, q)(K' = g5 +m)e"s (K, q)(4>
= (qu (g1 + m)eb (k. q) (g1 =k +m)y, (K

b) = (au (g1 + m)es (k, q)(g) — k + m)eh (K,
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—m)|qy), (44)
—m)lqy), (45)
—m)lqy), (46)

m)lqy).  (47)

— > +m)e (K q) (4>

qa)(g1 — k=K +m)y,(d> -

0. The amplitude for y (k)y (k) = [(QQ");[n])(p3) + Q'(p4) + Q(ps) can be

20
A s
MUE2A526) (ky Ky, pays Paas Pas Ps) = ZM,( 4590 (k) k. par. paz. Pas ps)

i=1

= CDle

6 2
(P31 p32) [Z Z Epji(ki.ka, P31, P32, Pas Ps)

) =1 j=1
4 4

+ZZEmjk kl,kz,P31’P32,P4,P5)] (48)
m=1 j=3

where the subscript k represents the indices (4, 4,, 43,
A4, A5, Ag), of which A3 and 44 should be summed over. All
the functions E,, ; x, with m and j fixed, are related to each
other by proper complex conjugation with or without
changing the overall sign. As a final step, what we need
is to numerically calculate those six basic fermion struc-
tures f; under specific helicities.

We take f,(qi,q2,+,+) as an explicit example to
explain how to do the simplification. By introducing
another lightlike momentum ¢} expressed in terms of g;
and the reference momentum ¢ as

-9 i=1,2), (49)

/_ .
Qi_ql 2qlq

we obtain

(gl {d\ vl ah)(d5-la-)
—m*(q.ly,lq4)- (50)

fi(q1 g2+, +) =

Using the definitions (31) together with the formulas

k}’l|Q+> = 'k1|p—>7

where 7 is an odd integer, we finally obtain

(p4lky - (q_|k, --

Fi(q1, g2+ +) = (g1 4l a5 ) (a5, 17,19 )

—m*(qlr,lay). (51)
Following similar procedures, one can simplify all basic
fermion lines f L2, 6)- There are 22 = 4 helicity combi-

nations for f7, 2 = 8 for f23, and 24 =16 for fa56 We
note that the basic fermion lines are finally transformed into

|
fundamental elements, i.e., the spinor products (¢ |¢|¢5, )
and inner products (p|g.). Terms like (g5, |y,|q}.) can
be expressed in terms of inner products after Lorentz-index
contracting with the help of the Fierz rearrangement
theorem. The basic spinor products and inner products
can be done numerically [10]. For self-consistency, we put
the evaluations of those basic elements in the Appendix.
As a cross-check of the improved helicity amplitude
approach, we also adopt the improved trace technology
[16-19] to deal with the hard scattering amplitude at the
amplitude level. Under the improved trace technology, the
hard-scattering amplitude can be directly written as a trace
form and can be expressed by dot products of the known
particle momenta as that of the squared amplitude. Thus,
we can also get the numerical results for the hard scattering
amplitudes at the amplitude level. Numerically, we find that
the results for the cross sections from those two approaches
are the same under the same input parameters.

III. NUMERICAL RESULTS

A. Input parameters

The b-quark mass is taken as m;, = 4.9 GeV and the
c-quark mass as m, = 1.5 GeV. The quarkonium mass
My is chosen as the sum of the constituent quark masses
so as to ensure the gauge invariance of the hard-scattering am-
plitude, e.g., M .; = 2m., M3 = 2m,;,, and M ., =m;,+m,.
The fine-structure constant is fixed as @ = 1/137. We set the
renormalization and factorization scales to be the transverse
mass of the final bound state, ie., u,=p;=
M, = MZQQ, + p?. The coupling constant is running at
the leading order. The Agcp is fixed by the measured
value of a (my) = 0.1184 with m, = 91.1876 GeV [20].
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TABLE 1. Total cross sections for the heavy quarkonium
photoproduction at the ILC. Three e'e™ collision energies,
VS =250 GeV, 500 GeV, 1 TeV, are adopted.

VS 250 GeV 500 GeV 1 TeV
oy, (fb) 584 244 94.8
6y, (i) 1074 470 190
o5, (fb) 1.78 0.86 0.34
o (fb) 1.1 458 1.72
oy, (1b) 1.24 0.66 0.30
oy (fb) 2.12 1.16 0.54

As for the wave function at the origin |\II§Q/ 0)| =
|RgQ/(O)|/\/4_7T, we adopt [21]: |R$E(0))? = 0.810 GeV?,
IRSP(0)|* = 1.642 GeV?, and |R%(0)|> = 6.477 GeV? for
the S-wave |c¢), |cb), and |bb) bound states, respectively.

B. Basic results

Total cross sections for the heavy quarkonium photo-
production at the ILC are presented in Table I, where three
collision energies, VS =250 GeV, 500 GeV, and 1 TeV
are adopted. It is noted that total cross sections decrease
with the increment of /S, e.g.,

01cz) 1250 Gev  O1c2)|500 Gev * Olez) |1 Tev = 6221,

O\ch) [250 Gev *Olch) 1500 Gev  Olehy 1 Tev = 61211,

15y 1250 Gev - @By 500 Gev * O ppy |1 Tev =422 1,
where two S-wave states 'S, and S, have been summed up
for the heavy quarkonium photoproduction. In the follow-
ing, we adopt /S = 500 GeV for our discussion.

At /S = 500 GeV, when summing up both the 'S, and
38, states’ contributions together, we have o|cz) = 114 1b,

do/dp; (pb/GeV)

FIG. 3 (color online). Differential cross sections versus the
transverse momentum (p,) of the heavy quarkonium photo-
production at the ILC with VS =500 GeV.
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do/dy (pb)

FIG. 4 (color online). The rapidity distributions of the heavy
quarkonium photoproduction at the ILC with /S = 500 GeV.

0|5 = 544 fb, and o,; = 1.82 fb for the |cc), |cb),
and |bb) bound states, respectively. Thus, we obtain
0\ce) 10|chy - Oppy = 392:3:1. The charmonium photopro-
duction cross section is larger than that of the (cb)
quarkonium as well as the bottomonium by about 2 orders
of magnitude. If setting the integrated luminosity as
10* fb~!, we shall have 2.4 x 10°5,, 4.7 x 10° J/y,
8.6 x 10° B, 4.6x10*B}, 6.6 x 10% 5, and 1.2 x 10* T
events via the photoproduction channels. Thus, the photo-
production at ILC shall also be helpful for studying the
properties of the heavy quarkonium.

We present the p, distributions for the heavy quarkonium
photoproduction in Fig. 3. The p, distributions have a peak
for p, around several GeV and drop down logarithmically
in the large p, region. We draw rapidity (y) and pseudor-
apidity (y),) distributions in Figs. 4 and 5. There is a plateau

do/dy, (pb)

FIG. 5 (color online). The pseudorapidity distributions of the
heavy quarkonium photoproduction at the ILC with /S =500GeV.
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TABLE II. Total cross sections (in units fb) for the heavy
quarkonium photoproduction at the ILC with v/S = 500 GeV
under various p, cuts.

On. OJ/y OB, OB; Oy or
p, > 1GeV 199 394 0.82 442 0.64 1.14

p>2GeV 127 261 074 394 060 1.08
pi>3GeV 738 159 064 328 054 098

within |y| <4 for the charmonium photoproduction and
ly| $£3.5 for the bottomonium photoproduction. As a
difference with respect to the charmonium and bottomo-
nium cases, there is a little asymmetry for the (cb)-
quarkonium (pseudo)rapidity distributions. This is caused
by different ways the two incident photons attach to the
quark lines. More specifically, for the (cb)-quarkonium
photoproduction, its Feynman diagrams can be grouped
into three different subsets: the first one is the cc subset in
which both photons attach to the c-quark line; the second
one is the bb subset in which both photons attach to the
b-quark line; the third one is the cb subset in which one
photon attaches to the c-quark line and another photon
attaches to the b-quark line. The electric factors for those
subsets are different, i.e., 3, 3, and — for the cc, bb, and cb
subsets, respectively.

In a high energy collider, the heavy quarkonium events
with a small p, and/or a large rapidity y cannot be measured
directly. Therefore, events with proper kinematic cuts on p,
and y should be put in the estimates. Numerical results
under several p, cuts appear in Table II, and the results
under several y cuts appear in Table IIL

As a final remark, we present the differential cross
sections do/dz versus z in Fig. 6, where z=2(k; +k,)- ps
with § = x;x,S being the invariant mass of the initial
photons of the subprocess. In the subprocess center-of-mass
frame, z is simply twice the fraction of the total energy
carried by the heavy quarkonium and is experimentally
observable.

C. A discussion of theoretical uncertainties

When discussing the uncertainty from one parameter,
the other parameters shall be fixed to be their central values.
To estimate the theoretical uncertainties for the heavy
quarkonium photoproduction from the heavy quark

TABLE III. Total cross sections (in units fb) for the photo-
production of heavy quarkonium with v/S = 500 GeV under
various rapidity cuts.

Oy, Oy OB, op: Oy, oy
ly| <1 76.2 152.4 0.46 2.36 0.28 0.50

ly] <2 150 288 0.76 3.92 0.52 0.88
ly| <3 206 392 0.84 4.48 0.66 1.10
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do/dz (pb)

0 0.2 0.4 0.6 0.8 1
z

FIG. 6 (color online).  Differential cross sections do/dz versus z
for the heavy quarkonium photoproduction at the ILC with
VS =500 GeV.

masses, we take m,=15040.10GeV and m, =
494 0.20 GeV. As shown in Table IV, at the ILC
with \/3 = 500 GeV, the uncertainties for m, = 1.50 &
0.10 GeV are

0, = 24475 fb, (52)
61y = 4707184 fb, (53)
op = 0.86107 b, (54)
op = 4.581 4% tb. (55)

Similarly, as shown in Table V, the uncertainties for
my, = 4.9 £0.20 GeV are

TABLE IV. Variations for the total cross sections by taking
m. = 1.540.1 GeV with VS =500 GeV. my, = 4.9 GeV, and
Hr =M,

m, (GeV) 1.4 1.5 1.6
o,, (b) 328 244 186
657, (i) 634 470 356
o5, (fb) 1.08 0.86 0.68
o (fb) 5.76 458 3.74

TABLE V. Variations for the total cross sections by taking
m, = 4.9+ 0.2 GeV with v/§ = 500 GeV. m, = 1.5 GeV, and
wr=M,.

m, (GeV) 4.7 4.9 5.1
o5, (fb) 0.92 0.86 0.80
o (fb) 4.96 4.58 4.26
oy, (1b) 0.78 0.66 0.54
oy (fb) 1.40 1.16 0.98
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TABLE VI. Total cross sections (in units fb) for the heavy
quarkonium photoproduction under the conventional renormal-
ization scale setting for three scale choices y, = v/3, v/3/2, and
M,. V'S =500 GeV.

On. O1/w OB, OB; Ony oy

u, =3 948 176 038 222 034  0.60
u,=+/5/2 123 224 048 280 042 074

u =M, 244 470 086 458 0.66 1.16
o5 = 0.86 + 0.06 fb, (56)

op: = 4.581033 b, (57)

c,, = 0.66 £ 0.12 fb, (58)

oy = 116702 fb. (59)

Tables IV and V show that total cross sections decrease with
an increment of the c-quark or b-quark mass.

The renormalization scale in the process provides
another important source of theoretical uncertainty.
Under the conventional scale setting, in addition to the
choice of y, = M,, we take two other frequently adopted
choices y, = \/§ and \/§ /2 for our discussion on the scale
uncertainties. The results are presented in Table VI. From
Table VI, one can see that large uncertainties ~62% for
charmonium, ~52% for (ch) quarkonium, and ~48% for
bottomonium can be obtained under three different choices
of u,, i.e., u, = M,, V/5/2, and /3. The optimal renorm-
alization scale could be determined if we have known the
{p;} terms of the pQCD series [22]. For our present
leading-order estimation, we have no {f;} terms to deter-
mine the scale. To minimize the conventional scale uncer-
tainties, we adopt the improved conventional scale setting
proposed in Ref. [23] to do the calculation. Under such a
method, the next-to-leading order terms for the @, running
is included as a compensation for analyzing the scale
errors; i.e., we substitute the following formula into the
expressions:

(1) = 1) [ 1 = ) fm (f—)} ()

r

TABLE VII. Total cross sections (in units fb) for the heavy
quarkonium photoproduction under the improved conventional
renormalization scale setting for three scale choices u, = V3,
V/3/2, and M,. /'S = 500 GeV.

Oy, OJly OB, OB; Oy oy
=5 155 293 0.60 340 050  0.90
u=+3/2 179 337 068 380 056  1.00
u =M, 244 470 086 458 066  1.16
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Numerical results appear in Table VII, in which the above
three typical scales are adopted. Table VII shows that
the scale uncertainties are reduced to ~37% for charmo-
nium, ~26% for (ch) quarkonium, and ~23% for
bottomonium.

IV. SUMMARY

The photoproduction of heavy quarkonium in the future
eTe™ collider ILC has been studied within the NRQCD
framework. To improve the calculation efficiency, the
improved helicity amplitude approach has been adopted
in the calculation. Total and differential photoproduction
cross sections, together with their uncertainties, have been
presented. The quarkonium p, distributions drop down
logarithmically in the large p, region, and there is a
plateau within |y| <4 for the charmonium photoproduc-
tion and |y| < 3.5 for the bottomonium photoproduction.
Because of different electric factors for the (cb)-quarkonium
case, there is a little asymmetry for its (pseudo)rapi-
dity distribution. By taking m, = 1.50 & 0.10 GeV and
m;, = 4.9 £ 0.20 GeV, we shall have (2.4508) x 10 5,,
(4.7719)x 100 /yr, (8.6173)x10°B,, (4.6%)3) x 10* B,
(6.6 +1.2) x 10% i, and (1.2 +0.2) x 10* T events to be
generated in one operation year at the ILC under the
condition of v/S = 500 GeV and £ = 10%® cm™2s~!. This
shows that a sizable number of heavy quarkonium events
can be produced via the photoproduction channels at the
ILC. Thus, in addition to the hadronic experiments, the ILC
shall also provide a useful platform for studying the heavy
quarkonium properties.

In the present paper, we have concentrated on the
dominant color-singlet mechanism via the subprocess
vy = |[00];(n)) + Q' + Q. Within the NRQCD frame-
work, the color-octet mechanism may also provide sizable
contributions. Despite many successes of the NRQCD
factorization formalism, some problems still remain
unsolved. Among them is a crucial one where the approach
fails to predict the polarization of J /ys and y at the large p,
region measured at Tevatron. Thus it is helpful to find other
platforms to test the NRQCD theory, such as a recent
analysis of the polarized J/y photoproduction that has
been done at the DESY HERA [24]. Because a sizable
number of J/y events can be generated at the ILC, one may
predict the ILC can also be helpful for testing the color-
octet mechanisms.
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APPENDIX: BASIC ELEMENTS FOR THE
HELICITY AMPLITUDE APPROACH

For self-consistency, we present some basic definitions
and simplifications for the spinor product and the inner
product under the helicity amplitude approach. Detailed
ones can be found in Ref. [10].

PHYSICAL REVIEW D 90, 034004 (2014)

Then the basic elements in our calculation can be formu-
lated as follows:

(ki - ky) = (ki |kyy)

= v/ kl_k2+€i(pl — 4/ k1+k2_ei‘”2

In the Weyl representation, the notations k. and k| fora ks ki
lightlike momentum k* are defined as follows: =kiiy[7——koiy[7— (A3)
ki ko
kﬂ: :koikz, kJ_ :kx“‘lky = |kl|ei¢k: '\/kJrk_ei(pk.
For the spinor product, we have
(A1)
By choosing the suitable phase, the Weyl spinors can be (kiglkslky ) = (kiglhs) (ks |koy)
written as 1 (
= ——=(k1 kp k3_ — ki kp k3,
/ey 0 Vkiikyy
N 0 — ki ko ksy + ki ky ks ), (A4)
ki) = 0 : k_) = ik (A2)
and for the spinor product involving the polarization vector
0 —Vky of 38, state with momentum P,
‘I(zu
<k1+|e(sz)p|k2+> = P+€<sz)—QSL - (Pl)*CIo#(Sz)— - Pﬁre(sz)J_a + €(SZ>L(Pi)*Q(§L
+
6]01_

— Ple(s:)140. + qore(s:) 1 PL +e(s:) P

where P/ = P —

e'(P) =

P,P

5p.q; 40- The polarization vector of the 3S; bound state with momentum P(P?

| —=+e(s:) Plgpy, (AS)

ro

= M?) can be written as

P, PPO / PZ P.P,
P.M\ /P \/P2 P2 PY \/pz p—p )

\/P}—P? PP, >

y
e'(P) = (\/7132\/132 P2 - P2 \/P2 P2 — Pz\/ipz P3—p2—p?

1
€(P) = P_.0,0,P).
9] Z

P§— P?

which satisfy €/ - P =0, €' - ¢/ = =6Y(i,j = x,y,2).

(A6)
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