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Abstract As indicated in our previous paper (Zhang and
Sun in Phys. Rev. D 96:034002, 2017), the existing literature
studying the J /v production in deeply inelastic scattering
(DIS) in collinear factorisation is on the basis of a formalism
that will lead to wrong results when the ranges of the trans-
verse momentum or the rapidity of the J /v in the laboratory
frame do not cover all values possible for them. In this paper,
we present the renewed results for the J/v production in
DIS at HERA within the nonrelativistic QCD framework at
QCD leading order (LO). Three different sets of the long-
distance matrix elements are employed for comparison. The
predictions via the colour-singlet (CS) model at QCD LO
are generally below the experimental data especially in the
regions where perturbation theory are expected to work well,
while the colour-octet contributions are of the same order of
magnitude as the CS ones, however, in general make the
agreement between theory and experiment better.

1 Introduction

Since the nonrelativistic QCD (NRQCD) framework was
proposed to solve the J /v and ¥ (2S5) surplus puzzle in 1994
[1], the J /4 production in various processes has been stud-
ied within this framework. For some of these processes, QCD
next-to-leading order (NLO) results have also been achieved,
including the J /v production in e*e™ annihilation [2-11],
the J /v photoproduction in eTe™ [12] and ep [13-20] colli-
sions, and the J /v hadroproduction [21-38]. The production
of some other species of charmonia, such as n. [39-42] and
Xc [43-47], was also investigated at QCD NLO level, which
provided an alternative phenomenological test of NRQCD.
Among the J /i production processes for which experimen-
tal data are available, deeply inelastic scattering (DIS) is an
interesting yet complicated one. Abundant data have been
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released by the H1 [48-50] and ZEUS [51] Collaborations,
however, only the QCD leading order (LO) results have been
given [52-58]. Even at QCD LO, the existing phenomeno-
logical results cannot coincide with each other (see e.g. [59]).
However, the J /¢ production in deeply inelastic scattering
is an excellent laboratory for the study of the J/y produc-
tion mechanism. For one thing, perturbation theory works
better and the resolved photon contributions are less impor-
tant in large Q2 region, relative to the J /v photoproduction.
For another, multiple distributions are measured, which can
provide reference to distinguish different models.

In Ref. [60] we pointed out that most of the existing calcu-
lations on the J /¢ production in DIS are based on a formal-
ism that is not valid when the ranges of the physical observ-
ables, such as the transverse momentum (p;) or the rapid-
ity yy of the J/, in the laboratory frame do not cover all
their possible values. Actually, In early 1980s, the azimuthal
dependence of the J /¢ production in DIS has already been
studied in both the colour-evaporation [61] and the colour-
singlet (CS) [53] models. Unfortunately, some of the suc-
ceeding investigations were not aware of this, and abused
the azimuthal symmetry under an unsuitable circumstance.
Besides, after the most recent phenomenological studies,
three independent measurements were published. All these
facts suggest that an up-to-date theoretical study of the J /v
production in DIS in the NRQCD framework is needed.

This paper is devoted to the phenomenological investiga-
tion of the J /¢ production in DIS within the NRQCD frame-
work at QCD LO. By exploiting the equations presented in
Ref. [60], we obtain the comprehensive analytical formal-
ism for the calculation of the J /v production in DIS, which
is also valid for calculating the p? and vy distributions of
the J /v production cross sections. One of the crucial issue
of the NRQCD research is the determination of the long-
distance matrix elements (LDMEs), of which there are sev-
eral independent extractions, with different strategy, having
obtained different results. In order to study the aftermath of
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the LDME uncertainties, three typical sets of these parame-
ters are employed to present our numerical results. The rest
of this paper is organised as follows. In Sect. 2, we briefly
describe the analytic formalism of our computation, follow-
ing which the numerical results are given in Sect. 3. At the
end of this paper is a concluding remark in Sect. 4.

2 Analytical framework

2.1 General formalism

In electron—proton (ep) DIS, the kinematics of the scattered
lepton can be described in terms of any two of the following
variables:

0? P.gq
pr— N :_’ 1
BTpg YT Pk W

where P, k, k" and q are, as illustrated in Fig. 1, the momenta
of the initial proton, the initial and final lepton, and the virtual
boson, respectively. Throughout this paper, we work in the
limit m; — 0 and m, — 0, where m; and m, are the mass
of the initial lepton and proton, respectively. To describe the
kinematics of the J /v, we need to introduce two additional
variables, namely the J /i transverse momentum (p;) and
the inelasticity coefficient,
=L )
P.q

where py is the momentum of the J /v meson.

In collinear factorisation, the J /¢ production cross sec-
tion at QCD LO in ep DIS can be expressed as

do(e+p—> J/¥v+e+X)
- /defa/p(x,uf)da(e—i—a — J/Yy+e+a), (3)

\pa

, o

Fig. 1 The illustrative diagram for the J /v production in DIS
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where a runs over all the species of partons, the mass of which
is below the c-quark mass, namely g, u, d, s and the corre-
sponding anti-quarks. f,,,(x, u r) is the parton distribution
function (PDF) evaluated at the factorisation scale u r, where
the momentum of the parton is p = x P. Note that only for
the inclusive DIS at QCD LO, when the invariant mass of the
hadronic final states is zero, x is identical to the Bjorken-x,
xp, defined in Eq. (1).

Within the NRQCD framework, the partonic cross sec-
tion can be further factorized, accordingly, the cross section
defined in Eq. (3) can be written as [1]

do(e+p— J/¥v+e+X)
- /defa/p(x,uf)da(eJra — ce[n]+e+a)

x (071 (), @)

where (07/V (n)) is the LDME, which describes the hadro-
nisation of a ¢¢ pair with quantum number n, and dé is
the corresponding short-distance coefficient (SDC). For the
J /¥ production, n can be 3551], 1S([)g], 3S£8] and 3P}8] up to
the order of v*, where v denotes the typical relative veloc-
ity of the cc pair inside the J/v meson. Taking advan-
tage of the relations (O’/‘/’(3P2[8])) = 5(01/¢(3P£8])), and
(OJ/‘”(3P1[8])) = 3(01/‘/’(3P(£8])), we can synthesise the
three SDCs for n =3 P(gg], n =3 Pl[8], and n =3 PZ[S] by
defining

do(e +a — cE[3PJ[8]] +e+a)
=do(e+a— CE[3P0[8]] +e+a)
+3do(e +a — cE[3P1[8]] +e+a)
+5d6 (e +a — PP+ e+ a). (5)
The corresponding LDME for this synthesised SDC thus

should be (07/¥ 3 P*)).
The partonic SDCs can in general be written as

do(e+a — e+ ccln]+a)
1 1 1

T 4xP -k NoN;, (02)?2
where 1/(N¢Ny) is the colour and spin average factor, L,

and H"V[n] are the leptonic and hadronic tensors, respec-
tively, and

d® = )" (p+q — py — pa)
LK &y d* pa
(2m)32k (2)32pyo (271)32pa0’

L,wH* [n]d®, (6)

(N

where p, is the momentum of the final state parton. Note that,
here, the LDMEs have been eliminated from the hadronic
tensors.

In the following subsections, we will present the explicit
form of the elements needed in our calculation in Eq. (6).
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2.2 The parameterisation of the physical variables

In this subsection, we provide the expressions for the physical
variables needed in our calculation.

The squared colliding energy at the lepto-hadronic level
and the partonic level are defined as

S={P+k?*>=2P -k, §=(p+q)> ®)

respectively. However, in most of the cases, § + Q2 emerges
as a unity, thus, we define

s=5§4+0%=2p-q. )

Our calculations are carried out in the virtual-boson—
proton (yp) centre-of-mass frame. All the quantities mea-
sured in this frame are labelled by a superscript = in this
paper. Assigning the J /¥ mass as M, the momenta involved
can be parameterised as

" __ * _ *
pr = (pr, 0, 0, pr),

g = (. 0. 0, E;),
w_ (WPAmP/z L W —mPe
px// - 2W ’ pt’ ) 2W ’
k" = (Ef, kicosy™, kfsiny*, kf'), (10)
where
oWt wr-0?
E = 5 qo =
P 2W 2W
Y 2 = _ 5
m; =4\/p;°+ M-, x= Wiy o2
S — Q2 1 , WP-0?
E* == 3 h = —S ’
k 2W ™ aw (Q Wi
. QO
k= =1—y. (1D
y

The momentum of the J /v can easily be obtained through
the following relation:

mre’v
w

z= , (12)
where yl’z is the rapidity of the J /iy measured in the y p rest
frame. Regarding the sign of the longitudinal component of g,
the forward z direction is defined as that of the incident virtual
photon, which is consistent with the HERA convention.

For some of the available data, the ranges of the transverse
momentum (p,) or the rapidity (yy ) of the J/ meson in the
laboratory frame are also specified, thus, we need to find
the relations between these two variables and ¥*.! In the

' The relation between p; and 1* can also be obtained in the proton rest
frame by applying a rotation. However, here we introduce an alternative
approach, which can avoid implementing the limit m, — 0.

laboratory frame, the rapidity of the J /¢ is calculated with
respect to the incident proton direction. Accordingly, we can
obtain the following equations:

4(P - py)(k - py)

mtzzptz—i-MZ: S =2yz(k - py),
2Epm, _y
= me )W’ (13)

where E , is the energy of the incident proton in the laboratory
frame. After a short calculation, we arrive at

1
k- py= 2_yz [m;z-i-(l —y)z2 QZ—ZZMQ[?;COSIP*:I .
(14)
Then we can obtain the following relations:

Pzz = P;z +22(1—y)0* —2z/1 - yOp;cosy™,

1 m;‘z +22(1 — y) 0% — 271 — yOpycosy™
Yy =3l 2,22 ’
4y°z E;

2
15)

where E; is the energy of the incident lepton in the laboratory
frame.

2.3 The calculation of the leptonic and hadronic tensors

In HERA experimental condition, Q is much smaller than the
mass of the Zy boson, thus, we can neglect the contributions
from the Z( propagator. The leptonic tensor can be obtained
as

Ay — 2k, gy — 2q,k
LW=87105Q2(—8M+ o é‘f & >

= 87a Q°l,,. (16)

The normalised leptonic tensor, /,,,,, can be decomposed into
the linear combination of four independent Lorentz invariant
structures as [60]

[y
"= A, (—g’“ 44 >+ALGZGZ

Q2
+ ALt (EZLE;{ + E#GZ) + AT€¥€¥, (17)
where?
1 202
a=g(o+5),

1
er = —(py — PP — 29),
Pt

*2 2
. m; /zs—i-zQ ’ (18)

2 We have replaced P in the formalism presented in Ref. [60] by p.
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and

pm 1 20202020 e

A =1+ 252 - D ey,

At = @MCOS(V/*),

Ap = =Y o). (19)

The leptonic tensor can be modified to be more convenient
for our computation as

p*py +pyp

" = Ci(=g"") + Cap"p” + C3 5

+Capypy. (20)

Table 1 Comparison of our results with those of Ref. [58]

where
Ci = A,
402 )
Co=—5(AL=2BALr + A7),
40
C3 = —(Arr — BAT),
Pt
1
Cs = —5Ar, 1)
Pt
with
*2 2
ﬁ:mt /2+z0 . 22)

2p; Q
Then the contraction of the leptonic tensor with the hadronic
one can be expressed as

Type Cuts Reference [58] (pb) Our results I (pb) Our results II (pb)
CS 0% > 4 GeV? 107 103.4 103.4
CS 02, p? > 4GeV? 62 60.0 54.5
CS 0% > 4GeV?, p*? > 2GeV2, 7 < 0.8 24 23.5 23.5
CcO 0% > 4 GeV?, p;‘z >2GeV?, 7 <08 16 15 15
Table 2 Three sets of the
J/v (3 clll J/¥ (1 ¢l8] J/v (3 ¢l8l J/v (3 pl8l
LDMEs used in our calculation (0 3 S (0 2( So 3)) (0 2( Si 3?) (0 2( Py 5))
GeV- x107“ GeV- x107“ GeV x 107 GeV
Reference [30] 1.16 8.9+ 0.98 0.34+0.12 1.26 + 0.47
Reference [28] 1.32 3.04 £0.35 0.168 £ 0.046 —0.908 £0.161
Reference [41] 0.645 £ 0.405 0.785 £ 0.42 1.0+0.3 3.8+£1.1
100‘ 100 100
T o %o
3 3 3
= ! = ! = !
= s | msi0 0 ST =
I 0.1 N 0.1F N 0.1
= L <099 P51 Gev?  lmm=mmmm [ 03 < z<09,p; 2> GeV* [ . N
et B e
= 0.001F S0< W <225GeV = 0.001F W S 2Gey = 0.001 50< W <225GeV
F— s 1 20 50 F— 5 0 2 50 T s 0 2 50
P 2[GeV’] P ’[GeV’] P [GeV’]
—_ * Hldaa —_ . Hidaw —_ ¢ Hldaa
E 1p=ossecess - co E [y — E
S w besssssesessss S al =
= = =
> 3 <2<09.p;2>1 GV IS > 0. 03 <2<09,p2>1GeV? oo " Y N S ——
§‘ oot :‘; <o? 0:1(’)0 Gclv? Y e g oot 12 <0?< |:m GeVv? §‘ e :); :é jtg'lg[; ;:v?cv i
S oomf W eme £ oo} OV 5 oom| sew <mscev [
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Fig. 2 The differential cross sections for the J /v production in DIS with respect to ptz. The experimental data are taken from Ref. [49]. The Lh.s.,
middle, and r.h.s. plots correspond to the LDME:s taken in Refs. [28,30,41], respectively

@ Springer



Eur. Phys. J. C (2017) 77:744

Page 50f 18 744

LwH™ [n] = (4n)*@*a? Q*(C1 Hi[n)

+ CoHy[n] + C3H3[n] + C4Hy[n)),

where

Hi[n] = _glwh;w[n]y

p*py + pyp’
2

Hy[n] = py, pyhuln],

H3[n] =

and
Hyy[nl = 32730 (0.

T T T

= 100
o

3

=

o 1

—
~

* 03 < <09

,.2‘ 2< Q% <100 GeV?
E 0.01f 50<W <225GeV
=

—_
o
>
L
]
N
2
="
flam
~
*
_g- 03 < z<09,p?>64GeV?
E 12< Q7% <100 GeV?
= 50<W <225GeV
L L L
1 2 5 10
*2 2
P2GeV?]

Fig.

[pb/GeV?]

%2
t

do/dp

2[pb/GeV?]

*
t

do/dp

H[n] = P”thuu[n],

h;w = P”Plvph;w [n],

(23)

(24)

(25)

In the derivation of the above equations, we have exploited

the relations, ¢, H*" = 0 and H,, =

VL

The analytical results for H;[n] (i =1, 2, 3, 4) are pre-

sented in Appendix A.

2.4 Phase space

The only missing element for calculating the SDCs in Eq. (6)
is the expressions for the phase space in Eq. (7).
The phase space for the scattered lepton can be obtained

as

T T T T
100 & 100
>
()
Qo
=
1 2 1
—
G {
2 2 :
207 <100 Gev? "g. 2< Q% <100 GeV? g
0.01F 50<W <225GeV : 0.01 So<W <225Gev —-----q
=
1 2 5 10 20 1 2 5 10 20

03 < z<09,p?>64GeV*
12< Q7% <100 GeV?

50<W <225GeV

L L L

5 10 20
P [GeV?]

L.h.s., middle, and r.h.s. plots correspond to the LDMEs taken in Refs. [28,30,41], respectively

[pb/GeV’]

%2
t

* ZEUSdata

=% 02 <z<09,-16 <y <13 !_ _____________________________
3 001} 2<Q° <80 GeV? ]
[ 50<W <250 GeV
=
1 2 5 10 20 50
*2 2
p/ [GeV’]
T T T T
+ ZEUSdata
& 100
>
R
~
=2 |
f=T
~
* o
2
= W 2<0? <100 GeV?
~
5 o1 50<W <225GeV
= 3
L L L L
1 2 5 10 20
*2 2
P 1GeV]

72[pb/GeV?]

do/dp

[pb/GeV?]

%2
t

do/dp

S2[pb/GeV?]

do/dp

03 < z<09,p}>64GeV?
12< 07 <100 GeV?
50<W <225GeV

L L L L

2 5 10 20
P [GeV?]

3 The differential cross sections for the J/y production in DIS with respect to p,*z. The experimental data are taken from Ref. [49]. The

-
S
S
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Fig. 4 The differential cross sections for the J/y production in DIS with respect to p,*z. The experimental data are taken from Ref. [51]. The
L.h.s., middle, and r.h.s. plots correspond to the LDMEs taken in Refs. [28,30,41], respectively
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o = or 1 dO*dW2dy (26)
LT @k, T 32n0s ’
while that for the hadrons is
dspw d3pa0

doy = Cm)*s* (p+q — Py — Pa)

(27)32pyo (27)32pao

1 ,dz
——38(po+qo — pyo — Pa0)dp; = 27

167 pyo
Note that Eq. (27) is valid in any frame, thus, we do not
restrict it in the y p rest frame, and erase all the superscript .
To keep the Lorentz invariance of our formalism, we integrate
over dx to eliminate the last dimension of the § function and
obtain

Jasp(x, pyp)dxd®y
1

T 8T (W2t 00)z(1 -2 (28)

)fa/p(x» wp)dphdz,

where the value of x can be found in Eq. (11). Then we arrive
at the final expression of the phase space,

fa/p(x» Mf)dqu)
1
@m)4S(W2 + 0%)z(1 —

1 2
= , dxpdydp;dzdy.
@iz _Z)fa/p(x u f)dxpdydp;dzdyr

) fa/p(x, Mf)szdWdetzdzdljf

(29)

—_ —_ —_
o o &
% 10 > > Wb
3 r 3 CI
~ ~ ~
= = =
=%} =% =%
el 0.1 el el 0.1
o o o
¥ ¥ * o B
2 03 <z <09 | Ip— 2 03 <z <09 2 03 <2<09 ittt TN
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Fig. 5 The differential cross sections for the J/y production in DIS with respect to p,*z. The experimental data are taken from Ref. [50]. The
Lh.s., middle, and r.h.s. plots correspond to the LDME:s taken in Refs. [28,30,41], respectively
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2.5 The cross section

o’
The cross section for the J/iy leptoproduction can be = m
obtained by combining Egs. (4), (6), (23) and (29), and s

reduces to

i=1

do? dw? , dz

dote+p—e+J/¥v+X)

1
I/ _
E (@ (n)>x Saspx, pp)

dyr

4
x ZCiHi[n]

T T T T

100 + Hldata
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do/dQ*[pb/GeV?]
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Fig. 6 The differential cross sections for the J /v production in DIS with respect to Q2. The experimental data are taken from Ref. [49]. The Lh.s.,

middle, and r.h.s. plots correspond to the LDME:s taken in Refs. [28,30,41], respectively

— * ZEUSdata — ¢ ZEUSdata —_ * ZEUSdata
& 100 & 100 g & 100 cs 4
Z - - = CS + CO
] 2] 2]
< <] <]
~ 10 ~ 10 ~ 10
) ) o S N
& T 2 R S S,
= = —
< I S
S 1 S 1 S v
= ] e = t  feemmmmm =
~ ~ ~
b 0.1 02 <z2<09,-6<y<l3 4 b 0.1 02 <2<09,-16<y<l13 b 0.1 02<2<09,-16<y<l3
= 50 <W <250GeV = 50 < W <250GeV <= o<W <250Gey |====m==meoomeoood
2 5 10 20 50 2 5 10 20 50 2 5 10 20 50
0°[GeV’] 0°[GeV*] 0°[GeV?]

Fig. 7 The differential cross sections for the J /4 production in DIS with respect to Q2. The experimental data are taken from Ref. [51]. The Lh.s.,

middle, and r.h.s. plots correspond to the LDMEs taken in Refs. [28,30,41], respectively
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Fig. 8 The differential cross sections for the J /4 production in DIS with respect to Q2. The experimental data are taken from Ref. [50]. The Lh.s.,

middle, and r.h.s. plots correspond to the LDMEs taken in Refs. [28,30,41], respectively
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incompatible with each other. With the same leptonic ten-
sors, our results agree with those in Ref. [58]. However, as
we pointed out in Ref. [60], Ref. [58] used a form of the
leptonic tensor identical to

. _2—2y+y2(_g _quqv>
v — v
H® yz M QZ
6—6y+)* 1 0* 0?
+—————5let—r) (9a+—p) .
y 0 r-a /, P-q /y

€1y

which will lead to wrong results when p, or yy in the labo-
ratory frame do not cover all their possible values. Another
important issue to address is that, to calculate the polari-

sation of the J/v¢ meson, an additional momentum other
than g and p will also emerge in the hadronic tensor, thus,
with the leptonic tensor in Eq. (31), one will also obtain
wrong results. To illuminate the difference between Eqgs. (20)
and (31), we present the comparison of our results with
those in Table 1 of Ref. [58]. Applying the same param-
eter choices, namely, m, = 1.5GeV, E; = 27.5GeV,
E, = 820GeV,30GeV < W < 150GeV, o = 1/137,
W= wp = O+ M (OVES) = 11GeV?,
(07 (sl =1 x 1072 GeV?, (07/V 351y = 1.12 x
1072 GeV3, (07/V G P /m2 = 5 x 1073 GeV?, the LO
proton PDF given in Ref. [62], and the one-loop «; running
with ny = 4 and A® = 0.13 GeV, we present the corre-
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Fig. 16 The differential cross sections for the J /¢ production in DIS with respect to y;/. The experimental data are taken from Ref. [50]. The
Lh.s., middle, and r.h.s. plots correspond to the LDMEs taken in Refs. [28,30,41], respectively

sponding results in Table 1, where our results for employ-
ing the leptonic tensors presented in Eqgs. (31) and (20)
are labelled by I and II, respectively. The slight difference
between our results I and those in Ref. [58] might be due
to the difference in the precision of the parameter choices
kept in the two independent evaluations. However, when the
p,2 cut is applied, the difference between our result II and
that in Ref. [58] is significant, which manifests the necessity
of the inclusion of the azimuthal-asymmetric terms in the
calculation.

Now we are in a position to confront our phenomenolog-
ical results with the H1 [48-50] and ZEUS [51] data. In the
rest part of this paper, we take m, = 1.5 GeV, o = 1/137

and E; = 27.5 GeV. For the experimental conditions in Ref.
[48], E, = 820 GeV, while for those in Refs. [49-51], E, =
920 GeV. The one-loop «; running is employed, where its
value at the Zg boson mass is set to be oy (Mz) = 0.13. Cor-
respondingly, we employ CTEQG6L1 [63] as the PDF for the
proton. Our default set of the renormalisation and factorisa-
tion scales is u, = us = po = /0% + M2. To present
the uncertainties of our theoretical predictions, the bands
in the plots cover all the results for simultaneously varying
these two scales from 0.5 4 to 240. The NRQCD predictions
suffer severely from the uncertainties of the LDME:s, thus,
we will adopt three sets of the LDMEs on the market, the
detailed values of which can be found in Table 2, to present
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Fig. 17 The double differential cross sections for the J /v production in DIS with respect to p;‘z and z. The experimental data are taken from Ref.
[49]. The 1.h.s., middle, and r.h.s. plots correspond to the LDMEs taken in Refs. [28,30,41], respectively

our numerical results.> The other origin of the uncertainties
in our results is those arising from the LDMEs. Note that the
c-quark mass (m.) dependence of the SDCs can generally be
balanced out by that of the LDMEs (see e.g. [27]). In this
paper, we do not vary the value of m,.

We notice that the data for the J/y leptoproduction at
HERA is plentiful. In some of the experimental conditions,
the perturbative calculation based on the collinear factorisa-

3 With the recent data of the hadroproduction of 5. from the LHCb Col-
laboration, the authors of Ref. [40] have imposed a strong upper limit
on (07/V (! S([)g]))A Since the values of their new set of LDMEs almost
coincide with the ones in Ref. [41], in our current paper, only the latter
set is adopted. For the same reason, the LDMESs presented in Ref. [64],
which is an update of Ref. [41] to adapt to the J /v polarisation mea-
surements, are also ignored in the presentation of our results. To under-
stand the J /4 polarisation puzzle, the authors of Ref. [30] proposed the
1 S([)S] dominance picture. There is some other work [31,38,65] studying
the J /v polarisation, which, although with different fitting strategies,
arrived at similar results, namely the IS([JS] LDME being almost one
order of magnitude larger than the other two. Applying these LDMEs,
the results for the J /v production in DIS at HERA do not differ sig-
nificantly from those obtained by employing the LDME:s in Ref. [30].
Therefore, we just adopt the three representative sets of the LDMEs
presenting our results.

@ Springer

tion is not expected to work well, therefore, we need first
to address the ranges of the variables for good perturbative
expansion. The cross sections diverge at Q> = 0, thus, when
Q? is too small, the results will suffer from a divergence fac-
tor, 1/ Q2. The newest HERA measurements applied the cut,
Q2 < 2.5GeV2Z, for photoproduction, according to which,
0% = 2.5 GeV? can be considered as a moderate boundary to
separate regions for good and bad perturbative calculations.
For a specific value of p*? and p?, the minimum values of
x are approximately [(m] + p,*)2 + 0%1/(W? + Q%) and
mt2 /[z(W? + Q?)], respectively. Thus, in small p, and Dy
regions, the gluon saturation effect might ruin our results.
The perturbation theory works better in the region, pt2 >
6.4 GeV? or p;‘Z > 6.4 GeV2, where the value of x is gener-
ally larger than 0.001. Since the selection rules do not forbid
the processes yg — c¢[n]forn =! S([)SI andn =3 P}gl, both
soft and collinear singularities will arise for the cc ! S([)g]] and
ce3 P}gl] production at z = 1. One will suffer from a diver-
gence factor, 1/(1 — z), in the region, z — 1, as a result,
only when z is much smaller than 1, the NRQCD predic-
tions are expected to be reliable. In the region, z > 0.6,
this divergence factor is larger than 2.5, which might sig-
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nificantly enhances the terms which ought to be small. For
this reason, we consider the perturbative calculation in the
region, z > 0.6, to be not reliable. In addition, around z = 1,
the diffractively produced J /¢ will dominate the prompt
J /¥ production, which, however, cannot be effectively elim-
inated from the J /1 inelastic production events. In the region
My > 10 GeV, the value of z can be as large as 0.997, thus,
we completely omit the data corresponding to this condition.

As follows, we give the results for the differential cross
sections with respect to p,z, p,*z, Q2, W, yy, yl*p, and z, and
the double differential cross sections with respect to p** and
z,and Q2 and z. The figures for each observed physical vari-
able are grouped according to the experiment papers that
the corresponding data are taken from. All these numerical
results are presented in Figs. 2, 3,4,5,6,7,8,9, 10, 11, 12,
13, 14, 15, 16, 17 and 18. For each experimental condition,
there are three plots, corresponding to the three sets of the
LDME:s given in Refs. [28,30,41].

One can easily find that the theoretical results via the CS
mechanism at LO are generally below the data. However,
the discrepancy is not so large as that in the J /v hadropro-
duction cases. The largest discrepancy emerges in high p?,

p;’z and Q2 regions, where the perturbative calculations are
credible. In these regions, the CS results are one order of
magnitude smaller than the data. According to Ref. [66], the
QCD corrections to the CS channel is minor, to this end, the
CO contributions are necessary for understanding the J /v
leptoproduction data.

To quantitatively investigate the agreement between the
theoretical results and data, we present the x 2 /d.o.f. for each
set of the LDME:s in Table 3, where two cut conditions are
considered. For the condition, z < 0.9, all the data points
calculated in this paper are included, while for z < 0.6, only
those satisfying z < 0.6 are counted. We can see that the
LDMEs given in Ref. [28] work equally well in both large z
and small z regions, while the other two sets fail in the region,
0.6 < z < 0.9, where a divergence factor 1/(1 — z) will
make the theoretical results larger than the data. In the region,
z < 0.6, the LDMEs given in Ref. [41] work best. However,
the differences of the x2/d.o.f. among the results obtained
by using the three sets of the LDMEs are not significant.
Besides, the small-x effects and threshold resummation are
not considered in our calculation. Therefore, it is too early to
judge which of the three is better. Once these two challenging
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Fig. 18 The double differential cross sections for the J /4 production in DIS with respect to Q% and z. The experimental data are taken from Ref.
[49]. The l.h.s., middle, and r.h.s. plots correspond to the LDMESs taken in Refs. [28,30,41], respectively
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Table 3 x2/d.o.f. for the LDMEs taken from Refs. [28,30], and [41],
respectively

Condition Reference [30] Reference [28] Reference [41]
<09 11.54 2.07 7.03
7<0.6 2.35 1.90 1.82

works are finished, the J /¢ production in DIS can provide
a good reference to distinguish the quarkonium production
mechanisms.

4 Summary

In this paper, we studied the J/y production within the
NRQCD framework at QCD LO. Although this process has
already been investigated in three previous papers [56-58],
their calculation employed a form of the leptonic tensor
which will lead to wrong results when pt2 and yy in the labo-
ratory frame do not cover all values possible for them. Since
many of the existing data are measured at specific values of
pt2 or yy, and even for the 0%, W, yl’/‘f and z distributions,
some measurements applied a p,2 cut, our renewed investiga-
tion is necessary. The calculation in this paper are based on a
formalism proposed in Ref. [60], which significantly reduces
the complexity of the computation by reducing the number
of the involved momenta.

We presented in this paper the numerical results compar-
ing with all the existing data released from the HERA Col-
laborations. Three representative sets of the LDMEs were
employed for comparison. We found that the CS contribu-
tions at QCD LO are generally below the data. In the regions
where the perturbative calculations are expected to work
well, the CS results are almost one order of magnitude smaller
than the HERA data. The NRQCD results obtained by using
the three sets of the LDMEs have their own advantages in the
description of the data in specific kinematical regions. In gen-
eral, the results using the LDMEs in Ref. [30] are the largest
among the three, while those for Ref. [28] are the smallest.
Since the gluon saturation effect might be important, and the
behaviour of the z distribution of the IS([)g] and 3P}8] SDCs
might be completely changed if the 1/(1 — z) singularities
are smeared, it is not proper to make definite conclusions
until these two works are accomplished. Besides, the LDMEs
employed in our calculation are all extracted with the QCD
NLO SDCs. When the QCD corrections to all the CO chan-
nels are achieved, the comparison of the theoretical results
to data can provide better references for the universality of
the LDME:s.

In any sense, the J /v production in DIS provides an alter-
native device for the study of the J /¢ production mechanism.
Benefiting from the various observables, they can provide

@ Springer

new references for the theoretical studies. They may also
help to fix the LDMEs for the J /v production when new
progress in the phenomenology are made, and new experi-
ments in the future colliders, such as the EIC, are carried out.
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Appendix A: Analytical expressions for H;, H,, H3 and
H,

In this appendix, we present the analytical expressions for H,
H;, H3 and Hy. The average on the initial spin and colour
are not implemented. To make the expression more compact,
we define

u=-2q" pq. (AD)

S=2P'6], f=—2P'Pa,

the relations between the variables defined in Eq. (A1) and
the ordinarily used Mandelstam variables,

=+ T=@q-py’ a=(p—py’ (A2
are

s=8§+0% t=1 u=i+ 0% (A3)
Thus we have

s+i4u=M+ Q% (A4)

which we have employed to eliminate M2 in our expressions.
In the following, e, denotes the fractional electric charge of
quark ¢.

The expressions are listed now:

e+q(q) — cc [3S{”] +e+q@):

Hy =H, = Hy3 = H; =0. (AS5)

e+q(q) = cc [1558]] +e+q(q):
32¢2

Hi— —— 2% 102 4 2 2

1 Mt(s+u)2(Q +5°+u”)
H 1663 (Q2t+ )

=< _ su),

2 M(s + u)?

H3; = Hy =0, (A6)

et+q@) — cc s +etq@:
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H;

Hy =

H; =

1662
C3M3(Q? — 5)2(Q% —u)?
x {20% —20%[s(2t + u) + t(t + 2u)]
+ Q2[s2(t + 2u) + 25(t> + 4tu + u®) + tu 2t + u))

— su(s2 + 25t + 217 4+ 2tu + uz)},
82

S 2
ot S0
862

T 3M3(02 — 5)(Q2 — u)?
X {Q4t2 + 0%t (s + st — 2tu)

(=531 — 2522 — s22(t — u) + 2u + u)]} ,
1662

Hy q

T 3M(Q% - 9)X(Q —u)?

X {—Q6t2 - %Q4t(s2 — 251 — 2tu 4 u?)
+ ta(s3 + 5%t — 3stu + tu® + u3)

- %t[s4 + 2531 + 521 (1 — 2u)

—2stu(t 4+ u) + u’(t + u)z]} , (A7)

eta@ —ci PP ] +e+q@

1

Hy =

Hy =

4 =

128¢2
M3t(s + u)*
x {24Q6t — 40*(3s% + 8st + 1202 + 8tu + 3u?)
+20%[85% + 52(9¢ + 8u) + 25(6¢ + Stu + 4u?)
+803 4+ 12¢%u 4 91u® 4 8u]
— (s 4 w)[7s> + 52121 + Tu) + s(8¢ + 16tu + Tu?)
+u(82 + 12tu + 7u2)]} ,
64e2

M3t(s +u)*
x {—4Q4t[—s2 st 4+ 12t +u)]
+ Q2[—2s4 — 453t — sz(St2 + 8tu + 2u2)
+ 25161 + tu — 2u®) + 12 (812 + 12tu + Tu?)]
+5(s 4 w)[257 + 252t + s(8t% + 5tu + 2u?)
(82 4 12tu + 7u2)]} ,

128¢2

Mt (s + u)*

x {—4Q4z2 +20%[sQ2t — u) + 462 + 2tu + u?)

+5(s + u)[s2 + 21 + M)z]} ,

128¢2
Mt (s + u)*

x {—8Q412 + 202152 + 252 — u) + 86 + 4tu + u?]

+ (s + u)[s3 + s2u + s(4t2 + 8tu + u2) + 412y + u3)]} ,
(A8)
e+g— 05[35511]+e+g:
B 1024¢2
T 2TM (s +0)2(s + u)2(t + u)?
x ’—6Q6t2 +20% (s — 3u) + 41t + u)]

H,

— Q?[s%(31% — 4tu + 3u®) + 251 (1% — tu — 2u?)
+ 122 + 2tu + 3u?)]
+20s3 (1 + tu + u?) + 5%t +u)®
+stu(® + 3tu + u?) + 2ul (@ + u)]} :
3 2562
TO2TM (s 4+ )2 (s + u)2(r + u)?
x {2Q4z2(s2 —21%)

Hy

—20%(s* — 26%)(s(t — u) + t(t +u))
-i—s[s3(t2 + uz) + 252t2(t +u)
522 + 6tu +u?) + 48u( + u)]} ,
B 2562
T2TM(s + )2(s + )2t + u)?
x {4Q613 120215 = 35(t — u) — (51 + 3u)]

Hj

—20%[s3(t — u) + 2s%u(2t — u)

—st(41% = 3tu — 3u®) — 12(t + u) (3t + u)]

+s03G% +u?) + 52 +30%u — 2tu® + ud)

st (3 4 8%u + tu? — 2u®) + Pu(e + u) (51 + u)]} ,
3 256¢2
2TM (s + )2 (s + w)2(t + u)?

x {8Q6t3 +20%2(s2 — 65(1 — u) — 1062 — 6tu + u?)

Hy

+20%[s3 (=1 4+ u) + s2(t% = Tru + 4u?)

+ 5883 = 60%u — Ttu® + ud) + (1 + u)(61% + 2tu — u?)]

+ 1% 4+ u?) + 2533 + 20%u — 20u® + u)

+52a* + 1453 + 20202 — 40 +u?)

2522t 4+ u) (5t + 2u) + 12u?(t + u)z]} , (A9)
e+g— cE[lS([)S]]—l—e—l—g:
Hy = 384¢2

Mt (s + 02 (s + u)2(t + u)?

X IQZt[s4 + 2s3(t +u)+ 252(t + u)2

+ 25u(t +w)* + u? 1% + 2tu + u?)]
+su[s4 + 2s3(t +u) + 3s2(t + u)2
250t +u)® + (1% + tu + u2)2]} :
3 96¢2
T MG +02(s + w2t + u)?
X {2Q412u2 + 2Q2(s2tu(t +u) + stu(t2 +tu + 2142))

Hy
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Hj

Hy

+s2[s2(t + u)2 + 25(t + u)(t2 +tu + uz)
(2 i)+ 20 + 2u2)]] ,
96¢2

C

T MG+ 02 + 102t + u)?
X ’2Q4t2u2 — ta[s3(t +u) + sz(t —2u)(t 4+ u)

—sut® + tu 4 3u) + 11 (t + u)]

+5[31 + 1) + 52t + u) (22 + u?)

5t —u) (@ + 12u — u®) — tu(t +u)(t> + tu + uz)]} ,
B 96¢2
C M3+ 02(s + w2t + u)?

x {—2Q612(s2 +u?) +20%[s3Qr — u) + 2522 — u?)

—su2? + u?) 4+ 201> (t + )]

— Q%s* (3% — 2tu + u?) + 2532533t — u) (2 — u?)
— sz(—?Jt4 + 663u + 10.2u? + 6t — u4)

—2stu(t + u) (31 + u?) + 3t%u> (1 + u)?]

+ G+ 1+t +u?) + 2530+ 0@ — tu+u?)
—l—sz(t4 —263u — 21242 + u4) — 2st3u(t +u)

202 +u)2]}. (A10)
e+g— cE[3S£8]]—|—e—|—g:
1
mPSP = 2EPs G =1,2,3 4, (A1)

e+g—>c5[3P][8]]+e+g:

H =

1536¢2
C MB3t(s + D)3(s + WAt + u)?
x {24082 (s* — tu) (st — u?)
— 2001657 (1 + u) + 4s* (71> + 3u?)
+ 53198 + 25¢%u — 10tu® + 24u)
— 523t +318%u 4+ 106%u? 4 10tu° — 12u*)
+ su(=22t* = 318%u + 25¢%u® + 6u™)
—tu?(t + u)(3t* = 22tu — 6u?)]

+20* 2584t =3u) (t + u)+35° (98 + t2u + 4ru® — 4ud)

+s*@ar* + 115u — 192u® + 241> — 18u*)

+ 3S3(l‘5 —7t*u — 86%u® — 61°u> + 8ru* — 4u5)

— 5%(41° +397u + 761*u>

+ 24833 +1972u* — 1200° + 6u®)

+stu(—108° — 39¢*u — 2153 + 116747 + 3ru* + 20)
+ [2u2(_4[4 +38%u + 241%u% + 27t + 8144)]

+ Q%[s" (= (Tt — 16w))(t + u)

+59(=25¢3 + 97%u + 341u* + 48u°)

+52(=27t* 4 5¢%u 4 60*u® + 60tu> + 80u™)

+ 51 (=98 +471* u+12002u> +1341%u> + 78tu” + 80u°)

+ 531 + 51°u + 180t*u® + 18073 4>
+ 1341%u* + 60tu” + 48u®)
+ 527 + 19:% + 1122u% + 1801 + 12013 u*
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H

+60r%u> + 341u® + 16u”)

+stu2t® + 1965u + 51¢%u°

+4783u + 50%u* + 9t + 9u6)

+ 126 (t + u)(t* = 9r%u® — 181 — Tu*))

—(s+ u)[7s7u(t +u)+ s6u(2512 + 38tu + 21u2)
+5°(1 + u) (213 + 45t%u + 43tu” + 35u°)
+s*(@r° + 63r*u + 1326%u® + 1561%u° + 98tu™ + 35u°)
+53(t 4 u)(21° 4 45¢*u 4+ 911°u>

+99:2u3 + 57ru* + 21u°)

+ 52u(131% 4+ 7082u + 1361*u>

+1326%u> + 88t%u™ + 38tu” + 7u®)

+ stu? (t + u)(13t* + 3483 u + 291%u>

+180° + Tut) + 20%° (1 + w)*1}

768¢2

T MG+ 103G+ w0t +u)

x {4Q6t2(st — Uy (s* = 2522 + stult + u)

+ 12u(2t + u))

+stue® + 12u — tu® — u’) — 12U 21 + u)]

— Q411257 (t + u) + 45521% + u?)

— 52t — 2u) (1% + tu + 4u?)

+s¥(=21¢* — 1383u — 18¢%u? + 2tu° + 4u®)
—253(60° + 10r*u + u® + 42w — 61u* — u®)

+ 252t (2 + 106%u + 11856 + 9670 + 61u® + 5u7)]
+ St2u(12t4 +260%u + 2020 + tu® + u4)

+ 3% (t 4 u) (2% — 8tu — Tu?))

+202[s8(> — u®) + 5733 + 1u® — 2u?)

—s0Qr* +20%u + 21%u* — 1id + 3ut)

—s2(126° + 166 u + 168°u> — 120> + tu® + 2u°)
—s*(10e° 4 28¢%u + 281*u? + 131343

—71%u* 4 30 + u6)

— s3t(t2 + 6tu — 142)(t4 +38%u + 2u® - 2tu° — 2u4)
+ 52028 + 7%u + 13¢1u° + 186703

+35:2u* + 24tu° + 6u®)

+s2u(t +u)2r* + 83u + 8t%u?

+ 12tu® + 7144) + téuz(t + u)z]

+s(s + w257 u(t + u) + 2s%u 3> + 3tu + 2u?)
+52(t + u) (58> + 100%u + 8tu’* + 6u?)

+ 54158 + 381 u + 5363u® + 40620 + 22tu* + 4ud)
+53(t + u)(152° + 37t u + 5163u°

+300%u® + 17t + 2u°)

+521(51° + 325u + 78t u” + 9013 u® + 6817u*
+34tu’ + 9u6)

+ stzu(t + u)(7t4 +2483u
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+236%u? + 1601 + Tu*) + 200U (1 + u)z]} ,
B 768¢?
OM3t(s +0)3(s + )t + u)3
x {8Q8t3(s2 — tu)(st — u?)

—20%%125°u + 25* (51> — tu + 3u?)

+ 31182 + 97%u — 4tu® + 10u°)

— sz(t4 +1303u + 81%u* + 4tu® — 4u4)

+ su(—12t* — 1363 + 1172u% + 2u®)

+ tu (=1 + 116%u + 121u% + 2u°)]

— 0%1257(t + u) + 2s°(2% + tu + 5u?)
+5°(=198 + 131%u — 8tu” + 20u°)
+s*(—421* — 1703 + 72u? — 18tu® + 24u™)
- 2s3(8t5 +5t%u — 563u® = 31203 + 4t — Tu’)
+5%(5t° + 5487 u + 761*u>

+308%u> + 37¢%u* + 4tu® + 6u®)

+ stu (228 + 60t u + 1263

=302 4+ 13tu* + 2u°)

+ 2u? (5t — 1063 — 361%u® — 25tu° — 4u™))
+ Q2[258(t2 —u?) + 65" (3 + Pu+ tu® — ud)
—2504* — 83u — 4r%u® — 91 + 5u™)
+59(=338° — 9t*u + 1173u?

+ 197243 + 30tu* — 10u°)

+54(=251% — 371%u + 7r*u?

+338%u> + 38t%u* + 261u° — 6u®)

+53 (=" + 3t% + 307 u® + 72¢%u3

+89%u* + 37¢%u> + 12tu® — 2u7)

+ 521317 + 271% + 76°u* + 102:*u°
+13363u* + 9112u° + 241u® + 4u7)

+ stzu(t + u)(6t5 +27t%u

+261%u? + 33t%u> + 281u* + 6u°)

+ 1Bt — 4w (1 + u)’]

+s(s + u)[2s7u(t +u) + 2s6u(3t2 + dtu + 3u2)
+$3G56* + 1185u + 2002u? + 16tu” + 10u™)
+ 54 (1505 + 241%u + 4013 u* + 341%u3
+21ru* + 10u°)

+ 53(15¢% + 326°u + 506*u>

+4863u® + 35¢%u* + 181u° + 6u)

+52(517 4 181% + 3507u® 4 34143

+3583u* + 28¢%u° + 111u® + 2u’)

+stu(t +u)(3t° + 6r*u — 267u?

+ 312 + Tru* + 2u7)

—203uP(t + u) (t + 2u)]} :

Hy

B 768¢2
CMBRt(s + )3 (s + w( + u)?
x {16Q8t3(s2 — tu)(st —u?)

— 4052 [s°(t + 2u) + s*(111% — tu + 5u?)

+ 53118 4+ 102u — 4ru® + 10u)

—s2(t* +130%u + 81%u? + 4tu® — 5u*)

+ su(—12:% = 1363 + 10.2u* — 1’ + 2u®)

+ 1 (=2 + 112 + 1ru® + u®)]

—20%[s7(t + u) + 2s%u(r + 4u)

+59(=226% + 13¢%u — 2tu® + 17u)

+ 54 (=39r* — 103 u + 220%2u* — 13tu® 4 24u™)

+ 53 (=136 + r*u 4 203 u?

+6:2u — 13ru* +17u°)

+52(5t° + 572 u + 761*u?

+208%u> + 22¢%u* — 2tu° + 8u®)

+su(221° + 570u + t*u* — 106343

+132%2u* + 2tu® + u®)

+ 11 (r + u)(5t* — 183u — 211%u® — tu® + u*)]
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+s*(=141% + 11°u + 706*u>
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+613u* +28:%u° + 15tu8 — 4u”)

+52(3% + 30t u + 76t%u* + 661 u*

+70%u* + 518307 + 166268 + 5tu” — u®)

+ stzu(t + u)(6t5 + 24t%u + 483

+7t%u® + 191u* + 6u°)

+ 12U (1 + )2 Br* — 4%u — 9% + 1’ + uh))

+ (s + u)[2s8u(t +u)+ 2s7u(3t2 + Stu + 4u2)
+50G56* + 73u + 29120 + 27t + 16ut)
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+ 833U + 706%u* + 3911 + 16u®)
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