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Abstract: The production of J/¢ originating from photoproduction processes in pp and pp collisions

at leading order is calculated. The color singlet and color octet mechanisms for heavy quarkonium

production are reviewed within nonrelativistic QCD, and be used to deal with the direct photon and

resolved photon processes respectively. Comparing with the leading order results of J/¢ produc-

tion, the numerical results show that the modification of photoproduction processes for J/¢ pro-

duction become obvious at large pr region.
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1 Introduction

Clarifying the production of heavy quarkonium
in various processes is interesting particularly for
the test on QCD and identifying the QGP sources.
Bodwin, Braaten, and Lepage'’! constructed a
rigorous progress on factorization between perturb-
ative on-shell parton level process and the quarko-
nium bound state dynamics. The earlier color sin-
glet model which could not explain all the results
observed at Fermilab Tevatron energies has been
superseded by the color octet mechanism based on
nonrelativistic QCD (NRQCD). Based on pertur-
bative QCD (pQCD) and NRQCD, the yields of
J/¢ in pp, pp. and ep collisions have been investi-
gated by many authors™ %,

The photoproduction processes play a funda-
mental role in the ep deep inelastic scattering at
Hadron Electron Ring Accelerator (HERA). In
photoproduction processes of the ep deep inelastic
scattering, a high energy photon emitted by the in-
cident electron interacts directly with the proton

via the interaction of yp— X. Besides, the uncer-
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tainty principle allows the high energy photon to
fluctuate into a quark-antiquark pair for a short
time, and then interacts with the partons of the
proton. In such interactions the resolved photon
can be interpreted as an extended object consisting
of quarks and gluons. The interactions are the so-
called resolved photoproduction processes.

We generalize the photoproduction mechanism
to the heavy quarkonium production in Nucleus-
Nucleus collisions. Charged partons of the incident
nucleon also can emit high energy photons (and re-
solved photons) in relativistic Nucleus-Nucleus
collisions. In relativistic heavy ion collisions, the
intense heavy-ion beams represent a prolific source
of quasi-real photons. Hence it is a wonderful la-
boratory for the extensive studies of the photopro-
duction physics.

In this paper, we study the direct and resolved
photoproduction processes for J/¢ production in pp
and pp collisions. In Sec. 2 we briefly review the
color singlet mechanism and the color octet mecha-

nism of J/¢ production. The direct and resolved
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photoproduction processes are presented in Sec. 3.

We discuss the p: distribution of the J/¢ produc-
tion at+s =7 TeV pp collisions and+/s =1. 8 TeV

and 1. 96 TeV pp collisions, and discuss the com-
parison between photoproduction data and the

leading order (LLO) results. Sec. 4 is the summary.

2 Formalism

Although a quark-antiquark pair in a color oc-
tet configuration repel each other, a quark-gluon
pair attract each other. A octet state of quarks can
bind to some gluons whose attraction to both
overcomes  the between

quarks repulsion

131 This picture can be derived clearly from

quarks
the NRQCD. Let us begin from the QCD Lagrang-
ian

Y= ‘f/';light -+ '(*/'/iwcavy ’ QD)

where Y, is the Lagrangian that describe gluons

and light quarks,

yjlight :7%“‘(;/”(}#» + E(;llpq’ (2)

ng

and Y., describes the heavy quarks,

Sy =YD, — MOV, (3)

where G** is the gluon field strength tensor, ¢ is
the Dirac spinor field for a light quark, n; is the
flavors of light quarks, the gauge-convariant deri-
vative D" = 9" + igA*, A* = (A,, A), M is the
heavy quark mass. Shifting the %, to a frame in
which the heavy quarks are almost rest via the
transformation

T —e MY, (4)

we have

Gy =Ty D, — MY — 1IN . (5)

After integrating out modes of momentum greater

than cutoff A that is much less than M and using

Foldy-Wouthuysen-Tani transformation"'"

the NRQCD Lagrangian

, we get

Dy = 4o + 07, (6)
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where

and the bilinear correction terms is

a'gﬁ‘jilincar - SMZ [S[} <D2) S[) X (DZ)ZX:I +
Y (D« gE—gE « D)y ]+
ﬁw(mx gE — gE X iD) « 6+
x'(iD X gE — gE X iD) « oy ]+
ﬁ[gb*(gB c0)p—y (gB + o)yl +
) (8)

where E, B are respectively the electric and mag-

‘1 G(J: B: — %eng_;l: .

netic components of G**,

g is the QCD coupling constant, ¢ is the Pauli spi-
nor field that annihilates a heavy quark, y is the
Pauli spinor field that creates a heavy antiquark,
D, and D are the time and space components of D*,
respectively. The effects of the high-energy modes
which have been integrated out were encoded into
the coefficients ¢; and new local interactions of the

NRQCD Lagrangian 8¢ "

L iermion = 2 f71(4>(/,,(A)a 9

where 0, are local four-fermion operators.

In Coulomb gauge ( V « A=0), dynamical
gluons are described by the vector potential A, the
Lagrangian Y,.., can be reorganized as an expan-
sion in powers of v by using the rescaling velocity-
(5161 The terms in Y% + 8% imen

scaling rules

which are of order v° are

Y o=¢ (G, — gA, + ;T/-[)‘ML

2

X (0, —gA, — LD (10)

the terms which are of order v' are

b =— Mgb (igA « V)¢+ Mtﬁ(VXgA)'a(/J



. 338 - B F Y BT R

% 29 %

-+ charge conjugate terms , (1D

and the terms which are of order v* are

N SRR SN YE v EATA
2M¢ (gA)¢+8M3</J(V)¢;

4M7¢<ng DX Vead+

2M¢ (igA X gA) « o +
charge conjugate terms . (12)

We can see that, the dynamical gluons enter into
the Lagrangian that are of order v' and higher or-
ders. The Fock state expansion of the S-wave or-

tho-charmonium state ¢, in Coulomb gauge"*/ is:

[g) =0 |ec[PSV ]y +
OW) |cc* PP Jgy +
OW) |ec[*S1 Y Jgg) +
OW*) [ee['S® Jg) +
OW*) [cc[*DS" ¥ Jgg ) + ---. (13)

The superscripts (1) and (8) represent the singlet
and octet state of the cc pair, respectively.

If we neglect the relativistic corrections in
which v is taken into account, we get the color-sin-

[17—18]

glet mechanism . The quark and antiquark fly
out from the initial collision point in nearly parallel
direction and eventually hadronize into a J/¢ bound
state by exchanging many soft gluons at a long dis-
tance. On the other hand, the relativistic correc-
tions are considered in the color-octet mecha-

[1=3. 19721 " The high energy collision creates a

nism
cc pair in a color-octet configuration by coupling
the dynamical gluons. Far away from the collision
point, the color octet | ccg *++) state transforms
into a color singlet J/¢ bound state by emitting
some long wavelength gluons which bleed off the
color of the state but carry away virtually no ener-
gy or momentum when the cc pair already expand-
ed to the charmonium size. Both of the color sin-
glet mechanism and color octet mechanism can be

The first is

factorized as proceeding in two parts.

the short-distance part which produces a cc pair
and can be described by pQCD. The second is the
binding of the cc pair into the J/¢ state which is
called the long-distance part and the effects are
consolidated into nonperturbative NRQCD matrix
elements (0| Y% (*"1L;)|0) whose values must be
determined from experiment or the lattice compu-
tation.

In general, the on-shell amplitude can be ex-

pressed as

Z<313]|1 8a)lla—+b—
(P - (P
¢(Fa)+e(f—a)+ro

:;(§+q, 5])(/}(P, q)u(?*Qe Szj. (14)

Therefore, the scattering amplitude of the proces-

ses ab—=>cc[*T'L{" % J4+d are given by
AMCa+b— cc[TLT (P +d) =

ra
ZZEJ (2n )206( BETv2Re

[[17

de, (@) X (s5135:1SS,) X
(LL,3SS,|JJ] ;»¢(3i3j]1, 8a) X

dla+b— c’(g‘f—ij—'—éj(g*QJ"‘d)

= L 0 \qz\

zézj (2n)32q06(q oM i, (g) X

(LL;3SS,|JJ »Htr[o(P, q)PssZ(P, q)]’
(15)

where P is the momentum of QQ, q is the relative
momentum of quark and antiquark, ¢, (g) is the
non-relativistic bound-state wave function in a
(5135, 1SS0,
(LL,3;SS,1J],> and <3i3ﬂ 1, 8a) are the Clebsch-

Gordan coefficients for spin angular momentum,

given angular momentum state.

total angular momentum and color SU(3) respec-

tively. Pss, (P, ¢) is the spin projection opera-
tOrLZZ*ZSJ

PSSZ(P’ (]),'j -
2<5‘1;52‘SSZ> U,(§+qj;1(§iq) 0 (16)

Expanding tr[ O(P, q)PSSZ (P, ¢)] to zeroth and

first order in ¢ respectively, and treating q to be
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small, we get the S-wave and P-wave ampli-

tudest? 2"

. After integrating over ¢, we have

MCa b — cc[PTSI 8T+ d)
=./Cs tr[ (P, 0)Ps, (P, 0) ], an

and
MCa—+b = cc[PFME ] 4 d) =
I‘ZSZ
JCo DJel (LCLL 58S ,1TT 2> X
tr[(—/japssz + (J\"P‘ﬂsszl,:o s (18)
where

J
dq°

) N d
0" =-—0(P, ¢)» P, =3(?Psgz<1?, P .

(19
C,.(L=S, P) is the remaining factor after the inte-
gration over q:

(0

0L 0)
C.(2J]+1D

CL - ’ (20)

where C,=2N. for color singlet and N?—1 for col-
or octet.

For 2—2 subprocesses,

%:16162 2l Matb
CE(ZS\lL;l.Sel))+d)‘Z. (21)

3 Calculation and discussions

In direct single photoproduction processes,
the parton a of the incident nucleon A can emit a
high energy photon, then the high energy photon
interacts with the parton b of another incident nu-

cleon B via the interactions™ %,

Y+ g, > cc[PS{V, IS, S, PP ]+ g,
Y+ ay(ap) = e[SV, PSP, PP I+ qlq),
(22)
where | =0, 1, 2. The pr distribution for J/¢
photoproduction of direct single photon subpro-

cesses is given by:

E

do : -
dp3(A+B /¢ +X) =

%J dl';‘dxl).] (I;\v XhLe Zae X1 e Iz)(}“,/’/\(l';.s Qz) ><

_f}’,"qﬂ (za )Gb,f'B (171) ’ QZ ) ><

%(v b ™ P X0, Y, (23)
where do/dt(y +b— cc"" ¥ 4+ X) are the partonic
cross sections, Q' = pi, Guya(x.s Q) and Gy (xy »
Q*) are the parton distributions of nucleons,

fuq (2.0 is the photon spectrum from the charged

parton. J(x,s, 2+ 2.5 X1, x2) is the Jacobi factor,

T LAk
J(xus Ths Zas T1s xp) =—2250 0 (24)

Xy Ly — Tap

x, and x, are the momentum fractions of the par-
tons, z, is the momentum ratio of the photon ener-

gy and the energy of the quark,

2, = XTpX1 — T , (25)

XXy, 7 TaX2

where t=M?*/s, x, = (2% +40)"" e, 2, = (2% +
40 e ¥, 1 =2ps/\s» M is the mass of cc, and
(Y% are the long-distance matrix elements.

In resolved single photoproduction processes,
the parton a of the incident nucleon A can emit a
resolved photon, then the parton a’ of the resolved
photon interacts with the parton b of another inci-

dent nucleon B via the interactions - %%,

T T RN NN N EaP
g T aCay) > e[S, S, PP T+ qlq) »
d Cq) + gy = e[!SV TSIV PP ]+ ale)
Qo ay el SO S PP g s
qr +a, > cc['SV, S, PP T4 gL (26)
The pr distribution for J/¢ photoproduction of re-

solved single photon subprocesses is given by:

do

E

(A+B—> /¢ +X) =

9 (
— dxadxbdza’] (xav Ths Zas Zd s X 1‘2>
T

Gon e @) fry (2) X
Gy (x, s Q )Gp”, (2o Q) X

© b 0. @D
where do/dt (py +b—> cc™® +X) are the partonic

cross sections, ps =dq.» gv. G,y (zv» Q) is the

parton distribution of theresolved photon. The Ja-
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cobi factor is

ZaRa Ly Xy

J(Iu’ Ths Zas Za s 1191‘2): .
X X p 2y — LaTo Ty

(28)
The momentum ratio of the photon energy and the
energy of the quark,

JOp— S \ (29)

LRy Xy — LaZa' X2

and z, is the momentum ratio of the parton energy
and the energy of the resolved photon.

In order to make a comparison, we calculate
the LO processes of J/¢ production in pp and pp

collisions via the interactions

gt g— C6[3sl<1>’ 1588)’ 35(18), SP}S)]—Fg s
g+ ql(q) = cc['SP, *S®, s P® T4+ qlq)
q+q—>=cc['S, TS, PP T+ g (30)

The pr distribution for LO subprocesses of J/¢
production is given by:

do

E 4

(A+B—>1/¢ +X) =
2 dr g G as s 206G G @) X

Gys(ay,, Q %(a +b e E X)),

(3D
where do/dt (a +b—> cc™® +X) are the partonic
cross sections, a, b=g, q. q. The Jacobi factor is

Xy L

(32)

J(x,s 2y X150 x2) =
Xy T X

We now describe our theoretical input and the
kinematic conditions for our numerical analysis.
The values of m,. a, the branching ratios B(J/—
ee) and B(J/¢—>pp) are adopted from the Particle
Data Group?’. We set the strong coupling con-

stant

127

(33 — Zm)ln(%)

with the number of quark flavors n;=5 and A=0. 2
GeV.

In this paper, we use the
NRQCD matrix elements:

a, =

(33)

long-distance

010, ¢S)[0) =1.16 GeV?,
0] (?S,)]0) =1.06 X 10 % GeV”.

The dominated processes of heavy quarkonium
photoproduction are a+b—>cc ('S, *P;® ) +d—
J/¢ +X, where J=0, 1, 2. Therefore, the values
of the color octet matrix elements (0]0Y¢ (1S,)[0)
and (0|0}* C*P,)[0) are important in inelastic J/¢
photoproduction. However, their values are not

well determined from the experiment. The authors

of Ref.[3] determined.

00" (*S» 0y + 0" C PO

3 me
(2.2+0.5) X107° GeV?,
and we have
0 << <0|0s"¥(*S,)0)
< (6.6+1.5) X10* GeV’

0 < <O|(ngJ'/¢(zPo)\O>

m:

< (2.240.5) X 107% GeV?,
In this paper, we follow Refs. [28, 29] and set

O[O (1S [0) =3.0 X 10 * GeV?
(0[O C Py 0)

me.

=1.2 X107 GeV?,

At leading order, the matrix elements are related

by heavy-quark spin symmetry as

OIOY*C P00 = (2] +1C010YYC Py |0).
We use the photon spectrum from the charged

parton-*”

e g E0=0, (@

2% 2 Q3

where ¢, is the charge of the quark, « is the elec-

), 34

tromagnetic coupling parameter, z is the momen-
tum ratio of the photon energy and the energy of
the quark, Q! and Q} stand for the maximum and
minimum value of the momentum transfer respec-
tively. Q! is given by (s/4—m?) P71, Q% is de-
termined by (m,z)?/(1—=2)""%! 50 that the pho-
ton is close to being in its mass shell, m, is the
mass of the quark., We use the parton distribution
of protons"*

Gz, Q) =R(x, Q)plzx, Q), (35)
where R(x, Q%) is the nuclear modification of the

structure function®™, p(x, Q) is the parton dis-
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tribution of proton. We use the parton distribution and E’ can be found in Ref. [33].

of the resolved photon G,y (z,» Q%) Figs. 1~2 give the contrast between photopro-
0 o duction results (dir. +res.) and LO data (LO).
Gy oy (zes Q) = “In (0.204 GeV)? X Fig. 1(a) and 1(b) are the results in pp collisions,

4t 2,
others are for pp collisions. The dash line shows

Jsl, /s, m
[Fzi (A4 Byzs + G+ the LO result, the dot line represents the photo-

Y exp(—E+ [E't'In 1 Y11 — 20", (36) production data which is the sum of the direct and
2

resolved subprocesses, and the solid line gives out

where factors t, j» j'» ks L» ms Ay B, C, D, E, the sum of them.

3z w©
=3 Vs=18Tev (F \Vs=196Tev (b)
T | R 1<0.6
L ¥ <0.6 (¥ E
>
- Sum
VSR ---- LO I
,>i o N e Dir.+Res. k
ﬁ% L == Dir+Pho [X:.
G NS e Res+Pho f 3
§ N~ \. ~ F N
~ ~ e
T q02f N e
e N “« )
& N St = N e
= E h e N Tl
g3 .-
10-4 1 \n\. ! | . | N \'\1 N 1 .
8 12 16 20 4 8 12 16 20
P,/ GeV

Fig. 1 The numerical results in pp collisions at s =1.8 TeV and +s=1.96 TeV.

\s=7TeV o)
<12

Vs=7TeV  (a)
\y\ <0.75 102

Sum

----LO

------ Dir.+Res.

————— Dir.+Pho

---=--- Res +Pho

—_
S
<

WL e

10°

T T T

102 .\\_ B T

LEALLL e LLL e e L  all e L e

(pp=2>J/y+X) X B(J/y=>uW) / (nb/GeV)
=

4 8 12 16 20
5=7TeV © J5=7TeV (d)
100 20<y<25 100k 25<y<3.0
b‘ = E. 1005_
sl b R
;' 1072 F
3 3
10—4: 1 . 1 . I. . it 104 i . "
4 8 12 4 8 12
P,/ GeV

Fig. 2 The numerical results in pp collisions at s =7 TeV.
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The photoproduction corrections become ob-
vious along with the pr increases, this is because
that the QCD coupling constant a, reduces along
with the increase of pr such as a,20. 303 at pr=3
GeV and a,=0. 178 at pr =20 GeV, so the total
yield of J/¢ reduces along with the increase of pr.
But photoproduction is not just a pure QCD
process, the production process of the high energy
photons which participate in reaction are QED
processes, and QED coupling constant a=1/137
keeps invariant at pr =20 GeV. Hence, the de-
crease amplitude of the photoproduction processes
contribution along with the increase of pr is less
than the pure QCD processes such as g+g—> J/¢
+ Xs q(@+g>J/¢ + X, and qtq> J/¢ + X.

On the other hand, the resolved singlet pho-
ton contribution dominates the J/¢ photoproduc-
tion yield and becomes more obvious in the large
pr region. The reason is that, although the num-
ber of the inelastic scattering events reduce along
with the increase of pr and so the cross section of
the direct photoproduction reduces seriously in the
large pr region, the parton momentum distribu-
tions of the resolved photon are not mainly concen-
trated in a particular direction on pr interval, and
this furnishes a measured amount of inelastic scat-
tering events in the large pr region. It also can be
found in the parton distribution function of the re-
solved photon which is directly proportional to Q*
(= p%). Some authors set Q = 2p:-¥, but it
exerts very little influence on the results, because
the strong coupling constant reduces along with the
increase of Q, though the photon spectrum is di-
rectly proportional to the value of Q.

In addition, from Fig. 2 we can see the photo-

production corrections to LO results with the dif-

ferent rapidities at /sxy =7 TeV. We can find that

the correction becomes less evident when the rapid-

ity becomes larger at the same /sy and has the
maximum in central rapidity region. The definition
of rapidity means that longitudinal momentum can

be neglected comparing with particle energy in cen-

tral rapidity region, and the momentum transfer Q
attains the maximum value. Along with the in-
crease of rapidity, the momentum transfer be-
comes smaller, as the previous discussion, the cor-
rection becomes less evident.

Finally, we have not considered the fragmen-
tation processes such as g J/¢ and b(b)— J/¢,
moreover, we have not considered the direct doub-
le photon processes, the resolved double photon
processes, and the direct and resolved mixture

processes.

4 Summary

In this paper, we investigate the photoproduc-
tion of J/¢. After reviewing the color singlet
mechanism and color octet mechanism within
NRQCD, the singlet-direct and singlet-resolved
subprocesses have been calculated. We compare
the results between photoproduction and LO pro-
duction processes, the corrections become obvious
at the large pr region, on the other hand, exert

less influence when the rapidity becomes larger at

the same +/sxy . Both of them are just because that
in the high momentum transfer region, the contri-
bution of pure QCD processes reduce seriously as
the decrease of the QCD coupling constant, but the
decrease amplitude of the photoproduction is not
very obvious. This may imply that photoproduc-
tion physics which contains QED composition have

relatively obvious effect in the high py region.
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