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Abstract. We study the production of a prompt J/1¢ meson in association with a prompt photon in ep
deep-inelastic scattering within the factorisation formalism of non-relativistic quantum chromodynamics
(NRQCD) and demonstrate that this process provides a clean probe of the colour-octet mechanism at DESY
HERA. Our analysis is based on an updated set of non-perturbative NRQCD matrix elements obtained
through a joint fit to data on charmonium inclusive hadroproduction from runs I and II at the Fermilab

Tevatron.

PACS. 12.38.-t; 12.38.Bx; 13.85.Fb; 14.40.Gx
1 Introduction

Since the discovery of the J/1 meson in 1974, charmo-
nium has provided a useful laboratory for quantitative
tests of quantum chromodynamics (QCD) and, in particu-
lar, of the interplay of perturbative and non-perturbative
phenomena. The factorisation formalism [1,2] of non-
relativistic QCD (NRQCD) [3] provides a rigorous theor-
etical framework for the description of heavy-quarkonium
production and decay. This formalism implies a separa-
tion of short-distance coefficients, which can be calculated
perturbatively as expansions in the strong-coupling con-
stant ag, from long-distance matrix elements (MEs), which
must be extracted from experiment. The relative impor-
tance of the latter can be estimated by means of velocity
scaling rules; i.e., the MEs are predicted to scale with a def-
inite power of the heavy-quark (Q) velocity v in the limit
v < 1. In this way, the theoretical predictions are organ-
ised as double expansions in ag and v. A crucial feature of
this formalism is that it takes into account the complete
structure of the Q@ Fock space, which is spanned by the
states n = 251 ;(%) with definite spin S, orbital angu-
lar momentum L, total angular momentum J, and colour
multiplicity a =1, 8. The hierarchy of the MEs predicted
by the velocity scaling rules is explained for the J/v, ¢/,
and x.; mesons in Table 1. In particular, this formalism
predicts the existence of colour-octet (CO) processes in
nature. This means that Q@ pairs are produced at short
distances in CO states and subsequently evolve into physi-
cal, colour-singlet (CS) quarkonia by the non-perturbative
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emission of soft gluons. In the limit v — 0, the traditional
CS model (CSM) [4-7] is recovered in the case of S-wave
quarkonia. The greatest triumph of this formalism was
that it was able to correctly describe [8—11] the cross sec-
tion of inclusive charmonium hadroproduction measured
in pp collisions at the Fermilab Tevatron [12,13], which
had turned out to be more than one order of magnitude
in excess of the theoretical prediction based on the CSM.
Apart from this phenomenological drawback, the CSM also
suffers from severe conceptual problems indicating that it
is incomplete. These include the presence of logarithmic
infrared singularities in the O(ag) corrections to P-wave
decays to light hadrons and in the relativistic corrections
to S-wave annihilation [14], and the lack of a general ar-
gument for its validity in higher orders of perturbation
theory.

In order to convincingly establish the phenomenological
significance of the CO processes, it is indispensable to iden-
tify them in other kinds of high-energy experiments as well.
Studies of charmonium production in ep photoproduction,
ep and vN deep-inelastic scattering (DIS), eTe™ annihila-
tion in the continuum, Z-boson decays, vy~ collisions, and
b-hadron decays may be found in the literature; for reviews,
see [15-18]. Furthermore, the polarisation of ¢’ mesons
produced directly and of J/v¢ mesons produced promptly,
i.e., either directly or via the feed-down from heavier char-
monia, which also provides a sensitive probe of CO pro-
cesses, was investigated [19-21]. Until recently, none of
these studies was able to prove or disprove the NRQCD
factorisation hypothesis. However, H1 data of e+p — e+
J/®¥+ X in DIS at the DESY Hadron Electron Ring Ac-
celerator (HERA) [22-24] and DELPHI data of v+ v —
J/¥+ X at the CERN Large Electron Positron Collider
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Table 1. Values of k in <(’)H[n]> x vk for
H= J/% 11[},7 XcJ

k I/, ¢ XeJ
3 35, (M) _
5 - 3p,(1) 3g,(8)
7 15,(8), 35,(8) 3p,(8) -

(LEP2) [25] provide first independent evidence for it by
agreeing with the respective NRQCD predictions [26-30].
In this paper, we identify the DIS process

e+tp—=J/Yv+y+X (1)

as a clean probe of the CO mechanism and propose its ex-
perimental study at HERA II. In fact, among the partonic
subprocesses contributing at LO,

e+7—>e+cc[351(1)}+7, (2)

e+g—>e—|—cc[3.5'1(8)}+7, (3)

the latter is by far dominant because, in the relevant range
of z and @2, the density of gluons in the proton is so much
higher than the one of photons that the O(v*) suppres-
sion of <(’)J/w [351(8)]> relative to <(’)J/¢’ [351(1)]> (see
Table 1) is inconsequential. The emission of photons off
the proton can happen either elastically or inelastically,
i.e., the proton stays intact or is destroyed. In both cases,
the parton density function (PDF') can be evaluated in the
Weizsicker—Williams approximation [31, 32]. Besides elec-
tromagnetic proton interaction, also diffractive scattering
off the proton, via pomeron exchange, allows for CS pro-
cesses. However, such events will be accumulated at the
border of the phase space, at z < 1, where z is the inelas-
ticity variable defined in Sect. 2. By the same token, they
can be eliminated from the experimental data set by apply-
ing an appropriate acceptance cut on z. In this paper, we
assume this to be done.

The potential of J/¢ plus photon associated produc-
tion to probe the CO mechanism was already investigated
for photoproduction in ep scattering [33]. In that case,
however, the bulk of the cross section, more than 2/3 for
J/ transverse momenta pr > 1 GeV (see Table II of [33]),
is due to the CS channel g+ g — cc [351(1)] + v in resolved
photoproduction. Specifically, the photoproduction ana-
logue of process (3), v+ g — cc [3.5'1(8)] + 7, only makes
up 1/5 of the total cross section [33]. On the other hand,
the probability of a photon to appear resolved rapidly de-
creases with its size 1/Q?, so that the situation encoun-
tered in [33] is subject to a dramatic change as one passes
from photoproduction to DIS.

In [34], prompt J/ plus photon associated photopro-
duction in vy collisions was studied in next-to-leading
order (NLO), and sizeable corrections to the cross sec-
tion were found. Since the present analysis is at an ex-
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ploratory level, considering process (1) for the first time,
we stay at LO. A NLO analysis of process (1) would be
more involved than in the case of [34], due to the presence
of @Q? as an additional mass scale, and is left for future
work.

This paper is organised as follows. In Sect. 2, we collect
the formulas from which the LO cross section of process (1)
can be evaluated. In Sect. 3, we update the extraction of
the NRQCD ME:s of the J/v, ¢, and x.s mesons in [19]
by including in the fit CDF data from Tevatron run II [35]
besides that from run I [12,13]. In Sect. 4, we then present
our predictions for the cross section of process (1) under
HERA II experimental conditions and demonstrate that
this is an excellent probe of the CO mechanism. Our con-
clusions are contained in Sect. 5.

2 Analytic results

We now present our analytic results for the cross section of
process (1). We work at LO in the parton model of QCD
with ny = 3 active quark flavours and employ the NRQCD
factorisation formalism [1,2] to describe the formation of
the J/v meson. We start by defining the kinematics. We
denote the four-momenta of the incoming lepton and pro-
ton and the outgoing lepton, J/¢ meson, and photon by
k, P, k', py, and p’, respectively. The parton a struck
by the virtual photon (¥*) carries four-momentum p =
zP. The virtual photon has four-momentum g =k —k’,
and it is customary to define Q?> = —¢®> >0, y =q- P/k-
P, and z=p, - P/q-P. In the proton rest frame, y and
z measure the relative lepton energy loss and the frac-
tion of the virtual-photon energy transferred to the J/v
meson, respectively. We neglect the masses of the pro-
ton, lepton, and light quarks, call the one of the J/v
meson My, and take the charm-quark mass to be m, =
M,y /2. In our approximation, the proton remnant X has
zero invariant mass, M% = (P —p)? = 0. The centre-of-
mass (CM) energy squares of the ep and +*p collision
are S = (k+ P)? and W2 = (¢ + P)? = yS — Q?, respec-
tively. As usual, we define the partonic Mandelstam vari-
ables as s = (¢+p)* = zyS — Q?, t = (¢—py)? = —zy(1 -
2)S, and u = (p —py)* = M} — xyzS. By four-momentum
conservation, we have s+t+u = Mi — Q2 In the v*p
CM frame, the J/1 meson has transverse momentum and

rapidity
\/ t <3u n Q?Mg)
pr = ) (4)
T s+ QQ
s(M2—u 2
1. W
Yy =, In ( v ) In ) (5)

2 2 2+2 s
S(Mw—t)—i—Q M2

respectively. Here and in the following, we denote the quan-
tities referring to the +*p CM frame by an asterisk. The
second term on the right-hand side of (5) originates from
the Lorentz boost from the v*a CM frame to the v*p one.
Here, yj, is taken to be positive in the direction of the
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three-momentum of the virtual photon, in accordance with
HERA conventions [22—24].

The cross sections of processes (2) and (3) may be con-
veniently calculated by applying the covariant-projector
method of [36]. They are related to the one of e+g — e+
cc[391®)] + g, given in (13) of [26], by

d3o 3
— S (1)} )
dydQ2dt (e” etee [ L )
_ 64 a?  dic
9 a2 dydQ?dt
d3o 30 (8
dydQ>dt <e+g et [ 51 )} 1)
a dic

27 i (0o e 50 +0)
0. dydQ2dt e+g—e+tcc 1 +g

<e+g—>e+cc {351(1)} —I—g) )

(6)

where the proportionality factors account for colour and
coupling adjustments.

According to the factorisation theorems of the parton
model and NRQCD, the cross section of process (1) is then
evaluated as

d2

o
dy sz(e—l-p—)e—l-J/w—l-’y—l-X)

dt

1 0
Y
(Q2+M3)/(ws) ~(s+Q2) (s-M3) /s
X Z fa/p(xa M) Z <OJ/w[n]>

n
d3c

xddeth(e+a—>e+cc[n]+’y), (7)

where the sums run over (a,n) = (7, 3.5'1(1)) , (g, 351(8)),
fayp(x, M) is the PDF of parton a in the proton at factori-

sation scale M, and (d3c/dydQ?dt) (e+a — e+cc[n] +
v) are given by (6). The kinematically allowed ranges
of y and Q? are Mi/5’<y< 1 and 0 < Q? <yS—M3)7
respectively.

Prompt J/1 production may be conveniently described
by inserting in (7) the effective MEs specified in (20) of [34].

3 Determination of the MEs

The recent CDF measurement of prompt J/v¢ inclusive
hadroproduction in run IT at the Tevatron (with v/S =
1.96 TeV and |y, | < 0.6) [35] allows us to update and im-
prove our knowledge of the CO MEs. Previous determi-
nations by one of us in collaboration with Kramer [37, 38]
and with Braaten and Lee [19] were only based on run I
data (with v/'S = 1.8 TeV and |yy| < 0.6) [12, 13]. However,
the latter data were more detailed because the prompt
J/v sample was explicitly broken down into direct J/4
mesons, feed-down from v’ mesons, and feed-down from
Xes mesons. In order to make maximum use of the avail-
able information, we perform a joint fit to the data from
runs I and II, which otherwise proceeds along the lines
of [19]. First, the CS MEs (O¥("%) [35, (D]} with n =
1,2, and <OX60 [3P0(1)] > are extracted from the measured
partial decay widths of ¥(nS) — It +1~ and xe. — v+
v [39], respectively. Then, the CO MEs <O’¢’(”S) [35’1(8)] )
<@w(nS) [150(8)]>’ <(f)w(nS) [3p0(8)]>7 and <OX¢O [351(8)]>
are fitted to the pr distributions of ¢(nS) and x.; in-
clusive hadroproduction [12,13,35] and the cross-section
ratio oy,,/0y,, [40] measured at the Tevatron. In con-
trast to the run I data [12,13], the run II data [35] reach
down to pr = 0. It turns out that the run II data in the
newly covered low-pT range are comparable to or below
the CSM prediction, so that their inclusion would spoil

Table 2. NRQCD MEs of the J/1, ¢, and x.; mesons obtained as described in
the text using the MRST2001LO [41] and CTEQ6L1 [42] PDFs. The errors are

experimental only

(o [t
(07" [t

J/¢
M3 36

(o [5))
(o [5])
<@;<co [3p0(1)}>
(o [150])

MRST2001LO [41]
1.540.1 GeV3
(3.9+1.4) x 10~ 4 GeV?
(6.0+0.1) x 1072 GeV?
(6.7+0.5) x 1071 GeV?
(8.841.2) x 10~ GeV?
(1.14£0.1) x 1072 GeV?
(1.240.1) x 10~ GeV?®

(4.740.6) x 10~ GeV?

CTEQ6L1 [42]
1.440.1Gev3
(2.340.2) x 1073 GeV?
(7.3+0.2) x 1072 GeV?
(6.7+0.5) x 1071 GeV?3
(2.040.2) x 1073 GeV?
(1.040.2) x 1072 GeV?
(1.240.1) x 10~ GeV?®

(1.14£0.1) x 1073 GeV?
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the fit. Therefore, we only include the 14 data points with
pr > 4.25 GeV. Since the fit results for <(’)1/’(”S) [150(8)]>
and (O¥("9) [3P,(®)]) are strongly correlated, we consider
the linear combination

MPnS) = <@w<n5> [150(8>}>+ ’"2 <@w(n5> [3P0(8)}> ,

’ (8)

where the value of r is chosen so that the error on Mﬁp (n9)

is minimised. The minimisation in x? is performed exactly,
by solving a set of seven linear equations for the seven un-
known CO MEs.

The relevant partonic cross sections may be found
in [10,11]. We take the charm-quark mass to be m. =
(1.5£0.1) GeV and adopt the relevant feed-down and lep-
tonic decay branching fractions from [39]. As for the proton
PDFs, we use the latest LO sets by Martin, Roberts,
Stirling, and Thorne (MRST2001LO) [41] and the Co-
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ordinated Theoretical-Experimental Project on QCD
(CTEQ6L1) [42]. For consistency, we employ the one-loop

formula for a§3)(u) and choose the asymptotic scale pa-
rameter to be AS)CD = 253 MeV (246 MeV), appropriate

for the MRST2001LO (CTEQG6L1) PDFs. We identify the
renormalisation scale p and the factorisation scale M with

the charmonium transverse mass mr = \/ Py + M.

The sets of MEs thus obtained with the MRST2001LO
and CTEQ6L1 PDFs are summarised in Table 2. The re-
spective values of x? per degree of freedom are 49/52
and 50/52. The quoted errors are of experimental ori-
gin only. Comparing Table 2 with Table I of [19], where
previous MRST and CTEQ PDFs were used, we observe
that the MEs obtained with CTEQ PDFs are only mod-
erately changed. On the other hand, the MRST values of
(0¥(9) [36,®)]) and (OX<0 [35,®)]) in Table 2 are ap-
preciably smaller than in [19].

(=]

s
o 10 —
9 2
s =
=10 S
S = __] =10 B
S T Tt it M
o) I e S ]
o] = .
1 IIIIII| 1 1 Ll L L1l IIII|IIII|IIII|IIII|IIII|IIII
10" Q*[GeV?] 03 05 z 07 0.9

do/dp? [fb/GeV?]

1 1
10° 10' p? [GeV?] 2 2.8

3.6 y}“/w

do/dp?. [fb/GeV”]
3

||||||||||||||||L

IIII|IIII|IIII|I|:

Fig. 1. NRQCD (solid lines) and CSM (dashed
lines) predictions of the Q2, z, pAZ, Y pa, W,
and yy, distributions of prompt J/+ plus pho-
ton associated electroproduction at HERA II
in the kinematic region defined by 2 < Q2 <
100 GeV, 50 < W < 225 GeV, 0.3 < z< 0.9, and

10 IIIIIII| IIIIIIII| III_III
10° 10" p3IGeV?] 50 100 150 200
IIII|IIII|IIII|IIII|IIII|IIII W[Gev]
—_ 1
2 10 E
Z — NRQCD
2
> -— CSM
3 = - ]
[o) 0 o ——— — ]
T 10 F-—— —— ==
:IIII|IIII|IIII|IIII|IIII|IIII:

-1.5 -0.5 Y 0.5 1.5

plfpz > 1GeV2. The shaded bands indicate the
theoretical uncertainty
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4 Prompt J /1 plus photon
associated electroproduction

We are now in a position to present our theoretical predic-
tions for the cross section of process (1) under HERA II
experimental conditions. They are evaluated from the
formulas listed in Sect. 2 with the inputs and conven-
tions described in Sect. 3, except that we now set u=

M=¢ \/ Q2+ M 3) and vary the scale parameter £ between

1/2 and 2 about the default value 1. Since (7) is sen-
sitive to a linear combination of <(’)w("s) [150(8)]> and
<O’¢’(”S) [3P0(8)]> different from the one appearing in (8),
we write

<@w<n5> [150<8>}> = kMY™S)
ovm) [3p B = (1 k) mg MY 9)
r

and vary k between 0 and 1 about the default value 1/2.

In order to estimate the theoretical uncertainties in
our predictions, we vary the unphysical parameters £ and
K as indicated above, take into account the experimental
errors on m. and the default MEs, and switch from the
MRST2001LO PDFs [41], which we take as our default, to
the CTEQG6L1 ones [42], properly adjusting AS%D and the
MEs. We then combine the individual shifts in quadrature,
allowing for the upper and lower half errors to be different.

In the laboratory frame of HERA II, electrons or
positrons with energy F. = 27.5GeV collide on protons
with energy E, = 920 GeV, yielding a CM energy of v/S =
2\/ E.E, =318 GeV. For definiteness, we adopt the ex-
perimental acceptance cuts from the recent H1 analysis
of inclusive J/1¢ electroproduction [23], which include
2 < Q% <100GeV, 50 < W < 225 GeV, 0.3 < 2 < 0.9, and
P52 >1GeV2. We consider cross-section distributions in
Q2 W, z, pi2, y;z, p3., and Yy, where the last four variables
refer to the J/¢ meson, adopting the binning from [23].

Our results are displayed in Fig. 1, where the NRQCD
predictions (solid lines) are compared with the CSM ones
(dashed lines). In each case, the theoretical uncertainties
are indicated by the shaded bands. As expected from our
discussion in Sect. 1, the NRQCD predictions vastly exceed
the CSM ones, by almost one order of magnitude. The gaps
are considerably larger than the theoretical errors. On the
other hand, the shapes of the various cross-section distri-
butions come out very similar in both approaches, which
may be understood by observing that the partonic cross
sections of the CS and CO channels in (6) are proportional
to each other. From Fig. 1, we read off that the integrated
NRQCD cross section is of order 10 fb. Given that the in-
tegrated luminosity to be collected by the end of HERA
operation amounts to about 1 fb~!, one thus expects about
10 signal events.

5 Conclusions

We studied the electroproduction of prompt J/¢ mesons
in association with prompt photons in ep collisions under
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HERA II kinematic conditions to LO in the NRQCD [3]
factorisation formalism [1,2]. We considered cross-section
distributions in all variables of current interest [22—-24],
including Q%, W, z, pi?, yl’z, p3, and yy. As input for
our calculation, we used updated information on the
NRQCD MEs extracted from a combined fit to data on
inclusive charmonium hadroproduction collected by the
CDF collaboration in runs I [12,13] and II [35] at the
Tevatron.

As a result of our study, we could identify prompt J/1
plus photon associated electroproduction as a useful probe
of the CO mechanism. In fact the NRQCD predictions
turned out to exceed the CSM ones by almost one order
of magnitude. Unfortunately, the cross-section distribu-
tions in both theories have very similar shapes, so that the
NRQCD to CSM ratio cannot be further enhanced by spe-
cific acceptance cuts. Should this production process be ex-
perimentally observed with the rate predicted by NRQCD,
then this would provide strong evidence in favour of the ex-
istence of CO processes in nature. In view of the moderate
integrated cross section of order 10 fb, this is a challeng-
ing endeavour. This is an example of a study that would
benefit from the extension of HERA operation beyond the
summer of 2007.
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