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We investigate production of J/¢ mesons in hadron-hadron collisions, defined as low invariant mass
cc singlets produced in a mixture of perturbative and nonperturbative mechanisms provided by the
PYTHIA Monte Carlo. We find that in this model the color reconnection mechanism, which breaks the
factorization, is essential to reasonably describe the experimental data.
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1. Introduction

The inclusive ]/ hadroproduction is a process of particular
sensitivity to color flow in Quantum Chromodynamics (QCD). The
straightforward approach to this process in QCD is based on the
exact correspondence between the color representation of the par-
tonic content of J/¢ and the meson itself. This framework — the
color singlet model (CSM) — fails badly in describing the mea-
sured cross sections, both in the overall magnitude and in the pr
dependence [1-5]. The color singlet model underestimates signifi-
cantly the data and gives a much too steep decrease with pr. At
the most general level the natural conclusion is that some of the
partonic states cc of the charmed quarks produced in the color
octet representation may form a color singlet state — a meson.
The question how it actually occurs that a partonic state with dif-
ferent color representation may form a color singlet hadron has
not been definitely answered from the first principles. Currently,
the most successful approach in describing the inclusive charmo-
nium hadroproduction data is the color octet model (COM) [6-8],
evaluated at the next-to-leading accuracy, see e.g. Refs. [9-12]. This
model originates from an effective field theory for Quantum Chro-
modynamics with heavy quarks — non-relativistic QCD (NRQCD)
[6,13,14]. It introduces non-zero amplitudes of transitions between
the partonic cc states and the meson states. In these transitions
color and spin quantum numbers may change. Within NRQCD this
mismatch is understood as a result of additional contributions to
color and spin coming from the gluonic degrees of freedom in the
hadron [6] or additional color exchanges and emissions with long
wavelengths [7,8]. Hence, in this model one makes the simplest as-
sumption, that the cc — quarkonium amplitudes are universal and
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do not depend on the environment in which the parton-hadron
transition occurs. Thus, the COM may be also viewed as a frag-
mentation process of cC partonic states into a charmonium, that
is factorized from other initial and final state processes including
hadronic remnant dynamics [15]. The phenomenological success
of this approach in describing the single particle inclusive distri-
butions of charmonia is a good justification of these assumptions.
In the primary formulation COM required a relatively large num-
ber of additional parameters that describe the Long Distance Ma-
trix Elements corresponding to transition amplitudes from various
partonic states to different quarkonia states, but recently within
NRQCD these matrix elements were expressed via universal gluon
condensates, which greatly enhanced the predictive power of the
model [16].

Along a similar line, the heavy quarkonia hadroproduction
can be also described within a simpler Color Evaporation Model
(CEM) [17-21], that also assumes a local transition between color
octet cc pair and a charmonium state. For reviews of all the de-
scribed quarkonia production mechanism see [22-24]. The above-
mentioned factorization (independence of the environment) of the
parton-hadron transition is, however, challenged by measurements
of inclusive hadroproduction of charmonia pairs, in particular the
J /¢ pair production.

The measurements of double heavy quarkonia hadroproduction
were performed at the Tevatron [25,26] and at the LHC [27-29].
The data were interpreted within the factorized double parton
scattering formulation. In this framework, the probability of the
double parton scattering was found to be significantly larger than
in all other processes. To be more specific, it is customary to ex-
press the double scattering cross section o4p as a product of single
scattering cross sections o4 and op divided by the double scatter-
ing parameter Oef,
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OAOB
OAB = SAB ,
Oeff

where the symmetry factor s4p =1/2 for A= B and sap =1 oth-
erwise. In the measurements of the double quarkonia production
[25-29] oeff Was determined to be in the range between 2 mb and
11 mb, while in other processes with double parton scattering the
typical value is 15-20 mb, for a comparison see e.g. Fig. 14 in [28].
Recently, also triple J/v production was observed by the CMS col-
laboration [30], and the extracted value of oef = 2.771° 715 mb is
again small. This discrepancy strongly indicates that in the case
of double and triple quarkonia production the assumption about
independent production does not work. There might be different
reasons for this. One of possibilities is a dependence of the tran-
sition amplitudes from the color octet cc states to J/i¢ on the
environment given by the complete event, e.g. by interactions of
the cc pair with the proton remnants. A certain hint that this
could take place comes from some tension between the COM pa-
rameters in J/y production in pp or pp collisions and in ete™
collisions reported in Refs. [31-33]. The leading COM coefficient for
J /v production at LEP was constrained to be significantly smaller
than in J/¢ hadroproduction. Note however, that in the analysis
of Ref. [34] this tension is seen as less pronounced.

Within the perturbative approach, that describes the short-
distance part of the production process, long range correlations
in rapidity in the J/v pair production may be generated by per-
turbative multiple scattering effects, mostly exchanges of gluons
in the t-channel. These effects were investigated for single inclu-
sive J/v hadroproduction [35-37] and it was found that without
the COM contributions the perturbative rescattering effects are not
sufficient to describe the data. Additional gluon exchanges in J/vr
pair hadroproduction were also considered [38,39] and were found
not to explain the data in the color singlet approach.

Hence, in this paper we perform a study of another micro-
scopic mechanism of color redistribution in J/y production that
is not necessarily factorized. The approach which we take follows
pioneering studies of quarkonia hadroproduction due to possible
color reconnection by Edin, Ingelman and Rathsman [40] within
Soft Color Interaction model [41], see also [42]. The color recon-
nection effects were earlier studied for hadronic W+W ~ events in
ete™ collisions [43] and for rapidity gaps at HERA [44], for more
recent studies see Refs. [45,46]. Also /¢ production in proton-
proton collisions at the LHC was studied using PYTHIA with effects
of color reconnection included in the cluster collapse contribution
[47]. The color reconnection mechanism is assumed to occur be-
fore or at the transition between the partonic and hadronic phase
of the scattering event. The color redistribution in hadronic scat-
tering may have different sources. It can emerge from secondary
scatterings, exchange of semihard gluons or it could be a non-
perturbative phenomenon, related to color tunneling or a string
reconnection in the Lund string picture. As currently there is no
complete fundamental understanding of color redistribution be-
tween the partonic and hadronic phases, it is necessary to model
this phenomenon and confront the model predictions with the
data.

The framework for the current study is provided by PYTHIA
Monte Carlo event simulator [48]. The crucial ingredients of the
applied model for single inclusive J/v production are:

1. Generation of proton-proton collision events in which cc pairs
are created. In general, the charm (anti-)quarks may be created
in the primary hard scattering, subsequent scatterings, parton
showers interleaved with the multiple scatterings, or, finally,
by the beam remnant treatment.

2. Including color reconnection effects according to PYTHIA QCD-
based model [49], labeled as CR1. These effects reconnect the
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ends of Lund strings and may turn some of the cc pairs from
a color octet state to a color singlet state.

3. Imposing conditions for J/¢ formation from a cc pair: the
color singlet constraint and the requirement of the invariant
mass Mz of cC pair to be close to the /v mass Mjy. The
value of the invariant cc mass range AM_; that allows the /¢
formation is taken as the model parameter. A natural upper
limit AM <1 GeV is imposed by the open charm produc-
tion threshold. In fact one expects AM to fall below 0.5 GeV
that corresponds to the energy gap between the excited and
ground states in the charmonium system.

We stress that in our approach the COM and CSM mechanisms
are not explicitly included in generation of J/v mesons. The key
difference between the present approach and those models comes
from the fact that the present picture is more microscopic and
“non-local”. In contrast to COM we include the parton shower as
a source of ¢ or ¢ quarks that may eventually recombine into the
heavy quarkonia. Besides that, the probability of color reconnection
and, in consequence, forming cc color singlets, depends heavily
on the parton activity and total color flow in the whole event.
Clearly, this implies a strong environment dependence of quarkonia
production. This, in turn, could result with a long range rapidity
correlations in pair production of heavy quarkonia caused by an
influence of the same environment: the partons and the color flow
in a given event.

Let us stress that the J/¢ production model used in the
present work is rather basic. We use the default settings of PYTHIA,
without extra tuning; only the color reconnection model is set to
the QCD-based model, which is not the default setting. We intro-
duce only one additional free parameter, AM,z. The value of AMg
that is necessary for a good description of the data is found to be
0.3 GeV, well in the expected range. The obtained overall descrip-
tion of the J/v hadroproduction data is rather good already with
this simplest model. Both the magnitude and the shape of the dif-
ferential cross section do /dpt are very close to the data. Without
the color reconnection, the cross sections are too small by one or-
der of magnitude. It is remarkable, that the “hardness” of do /dpt
at large pr is naturally obtained within this approach, a feature
that is out of reach in the CSM. One expects that with dedicated
tunning of the color reconnection model the description of the
single inclusive charmonia hadroproduction could be further im-
proved. Conversely, one may use the process to constrain the color
reconnection mechanism. Finally, possible correlations of charmo-
nia formation in this model may lead to an improved description
of hadroproduction of quarkonia pairs. In this paper, however, we
focus on the single inclusive ]/ production only. This is because
we need to establish the details of the approach and understand
well the microscopic mechanisms included in the applied scheme
before addressing more subtle process of double quarkonia produc-
tion, also keeping in mind that the latter process requires much
higher statistics and numerical resources. Hence the double ]/
production is left for a future dedicated analysis.

2. Color reconnection

In this section we shall briefly overview the color reconnection
(CR) model used in our computations with PYTHIA, focusing on
aspects that are essential to understand the observed effect on the
J /¥ production cross section. For a comprehensive description of
the model see [49].

The main problem addressed by color reconnection models is
to determine a realistic, consistent with QCD, color topology of the
whole event, including the nonperturbative components of the cal-
culation. The main complication arises due to the Multiple Parton
Interactions (MPI). A naive expectation, that the color flow lines of
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subsequent hard processes are disconnected and always hadronize
separately is in disagreement with the experimental data. It is im-
portant to stress, that the concept of the MPI in Monte Carlo event
generators is quite different than for e.g. the hard double parton
scattering, where for sufficiently inclusive observables the QCD fac-
torization holds (see [50-55] and an overview in [56]). The soft
MPI modeled in event generators are nonperturbative phenomena,
thus existence of rather strong color correlations between different
subsystems is a natural expectation. Obviously, the color correla-
tions between MPI subsystems occur also perturbatively, see e.g.
[57], but they seem not strong enough. Thus, although basing on
the perturbative QCD one can determine the possible color flows
for the hard part of the event, including the showers, there is still
a large degree of ambiguity. For example, a color flow line from
one MPI subsystem, instead of a beam remnant, can be connected
to another MPI subsystem; there is no perturbative way of telling
to which subsystem, however. In PYTHIA event generator, this am-
biguity is resolved by the hadronization model. The possible color
reconnections are those that minimize the measure given by

A= Zln[(pi + pit1)?/mdl. )

where the sum goes over all partons that constitute a “string” (mq
being a hadron mass scale), i.e. an object that next fragments into
hadrons, in the spirit of the Lund model [58].

In MC event generators the color quantum numbers are techni-
cally implemented in terms of color tags, which are not bounded
from above, in the spirit of the leading color approximation.
Quarks and anti-quarks carry a single tag, for either color or anti-
color, while gluons carry a pair of tags. The planar topologies given
by the lines with specified color or anti-color tags provide the
leading color flow diagrams. In the new QCD-based CR model in
PYTHIA, the simplified SU(3) QCD rules are used to determine the
possible color topologies. Whether a non-leading color topology is
realized is determined by the string length rule - preferred topolo-
gies are those that decrease the A measure.

As the CR model is driven by the minimization of the string
length, it should often color-reconnect partons that - if not for
color-anti-color mismatch - could form a hadron. Such partons are
more likely to originate in a single mother. As we shall see in the
next Section, this is exactly what drives the production of low in-
variant mass cc singlets.

3. Results

We have performed our computations using PYTHIA version
8.307 with the default tune and most parameters set to their de-
fault values. As already mentioned, the only exception is that we
use the QCD-based color reconnection model in our study, which is
not a default setting at present. We stop the event generation just
before the hadronization stage, either with, or without the color
reconnection mechanism switched on. We shall define the J/y
state as the cc color singlet state with the invariant mass within
the range 3.0 < M < 3.3 GeV. We will discuss the invariant mass
window dependence later in this Section. The color singlet is de-
fined here as a pair of partons with matching color and anti-color
tags.

Before we focus on the J/v cross section, let us first discuss
the possible sources of cc pairs in the color singlet state. The core
hard process in PYTHIA is provided by the leading order 2 — 2
partonic process, which, obviously, cannot generate a cc singlet.
Perturbative corrections are provided by the parton showers. These
give both the collinear logarithm resummation, as well as part
of the NLO correction. This second mechanism of the cc produc-
tion can in principle produce singlet states, however, the c-quarks
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Fig. 1. Study of the origin of the low invariant mass singlet cc pairs in PYTHIA. The
histogram shows the event number for different classes of processes, normalized
to the total number of events (CR on and off are normalized independently). The
classes A,B and D,E correspond to cc singlet coming from a gluon. We distinguish
then whether the singlets come from a single mother or different mothers (class A
and B respectively), through the showers, or directly through the hard process or
subsequent hard processes (class D for a single mother and E for different moth-
ers). Classes C and F correspond to a non-gluon origin in either the shower or hard
processes. The three plots correspond to different pr cuts on the transverse mo-
mentum of the singlet, starting from pr > 5 GeV (top), pr > 20 GeV (middle) and
pr > 40 GeV (bottom). Notice, that the vertical scale is logarithmic. The actual cross
section for the color reconnection (CR) turned on scenario is much higher then the
CR off result; the plot shows only relative contributions in each scenario.

or anti-quarks will originate from different branchings, thus are
rather unlikely to form a state with a low invariant mass. The
next key ingredient of PYTHIA is the MPI treatment, which is in-
terleaved with the showers. PYTHIA also takes care of the beam
remnant, so that the quantum numbers, including the momentum
of the partons, are preserved. As mentioned in the preceding sec-
tion, when dealing with the color topologies, there are ambiguities
that are resolved by the CR mechanism. The following exercise is
useful to better understand how the CR affects the production of
the cc singlets within the different mechanisms.

In Fig. 1 we show the relative contributions of different mecha-
nisms that generated a singlet, with, and without the color recon-
nection for different pr cuts on the color singlet state. In the latter
case, the low invariant mass singlet is predominantly produced
through shower (and not the hard process) from gluons of different
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Fig. 2. Transverse momentum spectra of J/y obtained from the PYTHIA genera-
tor, where the ]/ state is constructed as the cc color singlet with invariant mass
3.0 < M < 3.3 GeV, in comparison with the ATLAS data [59]. The dot-dashed his-
tograms correspond to the scenario without the color reconnection model, which
significantly underestimates the cross section (due to the low statistics, we show
only the low pr range).

origin (i.e. different mothers — see the class B in the figure). Nat-
urally, production of singlets that way is combinatorically rather
unlikely, what reflects itself in a rather small cross sections for a
production of cc singlets (cf. Fig. 2 which we shall discuss in more
details further below). It is interesting to observe, that even with
the CR off, the class A, i.e. same mother gluon origin, is non-empty.
It is not possible in the pure leading color approximation, meaning
that these events were created due to the color reconnection pro-
vided by the MPI alone. This is confirmed by the observation that
these events are suppressed when increasing the pr, being com-
pletely eliminated above pr = 40 GeV. On the other hand, when
the color reconnection mechanism is turned on, the dominant pro-
duction of singlets is via shower from the same mother, which
most of the time is a gluon. Such configurations are apparently en-
hanced by the smallness of the string A-measure. This mechanism
seems somewhat similar in spirit to the COM, but one should re-
member that the enhancement of color configurations leading to
the low invariant mass cc singlets is possible mainly thanks to the
MPI mechanism. This non-perturbative mechanism is not explicitly
present in COM.

Let us now turn to our main results for the transverse momen-
tum spectra of the J/y at /7 TeV. As the efficiency of the c¢
singlets generation in PYTHIA is overall rather low, we have used
cluster computing to obtain a reasonable statistics in rapidity bins
of the interval 0 < |y| < 2.4, as defined by the ATLAS collaboration
in their measurement of the prompt J/vy [59]. The cc parton pair
invariant mass M cut for the J/v formation was tuned to obtain
good overall normalization of the cross-sections. The final choice
of 3.0 < M < 3.3 GeV is fully consistent with the energy spacing
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in charmonium system. In Fig. 2 we compare the data to our cal-
culations with, and without, the color reconnection. It is clear, that
the color reconnection model is essential to get the magnitude of
the cross section right. Overall, we obtain a rather good description
of the ATLAS data in all rapidity bins, especially at lower pr. We
also compute the differential cross sections for the kinematics of
the older CMS data [60] (Fig. 3). Here we find a similar agreement,
although for a very large rapidities |y| > 2.0, the model seems to
deviate more from the data. We stress that the PYTHIA parame-
ters were not tuned or modified in any way; the only parameter
is the invariant mass of the singlet, which however lies within the
reasonable range for the J/v. Likely, tuning the parameters would
improve the description even further.

To conclude this Section, let us stress that the production of
J/¢ in PYTHIA (defined as the cc singlet with the invariant mass
cut) is provided by a highly nontrivial mechanisms. First, there is
a perturbative mechanism, which is a hard process followed by
the parton showers (although this might be arguable, we regard
the showers as perturbative mechanisms here). As is known, this
mechanism itself, however, does not provide a realistic color flow
distribution in hadron-hadron collision. Thus, the subsequent hard
processes are needed, as well as the realistic way of picking up
enhanced color topologies — this is provided by the color recon-
nection mechanism tied together with the color string measure
prior to hadronization.

Naturally, the above picture should be considered as a model,
specific to PYTHIA event generator. However, a similar mechanisms
are implemented in other generators, including the Herwig pro-
gram [61-63]. Within this model, formation of the final J/y state
depends on the whole event color topology and kinematics, includ-
ing the beam remnants and parton showers. Taken at face value,
this introduces possible non-factorizable effects in the single J/¢
production. This picture is supported by a good description of data
obtained within this model. It is an interesting and open problem
how effects at the onset of non-perturbative phase, for instance the
hadronization effects, affect the proofs of factorization for fragmen-
tation functions [64]. We believe that further tests of the model
proposed in the present work with double J/v hadroproduction
may shed more light on this problem.

4. Summary and outlook

We have analyzed the production of the low invariant mass cc
singlets in PYTHIA, focusing on the impact of the color reconnec-
tion mechanism. Treating the cc singlet with a proper invariant
mass cut 3.0 GeV < Mg < 3.3 GeV as the /v, we found a very
good agreement with the experimental data for the transverse mo-
mentum spectra for single inclusive ]/ production, provided the
color reconnection mechanism is turned on. Both the normalization
and the shape in the transverse momentum are very well repro-
duced. We found that a similar computation without color recon-
nection fails drastically in describing the data. We have analyzed
the origins of the cc singlets in the two scenarios. In the presence
of the color reconnection mechanism, the dominant production of
singlets is from the same mother parton, which is a gluon, in a
shower or a beam remnant. On the other hand, in the case when
the color reconnection is switched off, the dominant origin for
the cc singlets are different mothers. Such parton configurations
are unlikely to create the low invariant mass singlet states; they
are created somewhat accidentally as there is no mechanism that
would give them any preference.

Let us point out that the emerging physics picture of the J/v
formation at larger pr exhibits certain similarity to that in the
color octet model and in the color evaporation model, where the
dominant production mechanism at high pr is a gluon to J/¢
transition. There is, however, one main difference: in the present
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Fig. 3. Same as in Fig. 2, but in

model this transition may depend on the environment: the beam
remnants and other partons in the event, while in the other mod-
els this there is no such dependence. This difference is related
to the very question of universality of fragmentation [64], in our
case of the gluon or a color octet cc pair to J/¢. As we already
discussed in the Introduction, the double J/v production data
suggest that there occur strong long distance rapidity correlations
that seem to contradict the picture of independent production. The
model presented in this work could, in principle, generate some
correlations of this kind.

The role of the environmental effects could be studied in more
detail. For example, one could ask how the cc color octet to sin-
glet transition rate depends on the beams used in the experiment,
or on the associated production of other particles. One could also
study how the double and triple J/y production is affected by
the color reconnection mechanism. The latter analysis would be
particularly interesting in light of the recent experimental data
from LHC. We note however that, the double /v production is
at present a rather challenging computation in PYTHIA. Currently
one would need a rather large scale cluster computing to produce
a reasonable statistics to make any meaningful conclusions. Inves-
tigation of that and other possibilities of enhancing the statistics is
left for future study.

In this paper we did not study the polarization of J/v. In prin-
ciple the model may be extended to obtain predictions for the
meson polarization as well. A natural and simple extension that
could be proposed, would follow the ideas presented in [65,66].
In these references the concept of parton-hadron duality is used
to associate the p meson polarization produced in diffractive y*-
proton scattering with the total angular momentum of the light
quark-antiquark pair produced in partonic scattering. A similar ap-
proach could be applied to the J/vy hadroproduction within our
model. For that, however, it is necessary to have an access to the
charmed quark spins in the event simulation and to make addi-
tional assumptions on spin effects of color reconnection. In the
simplest scenario one would assume that the color reconnection
does not change the spins of partons. Unfortunately, at present,
the polarization information on final state partons in PYTHIA is not
available. To our knowledge, the situation regarding spin is bet-
ter in Herwig Monte Carlo [67]. As a matter of fact, in future, we
would like to extend our study of J/v production in Herwig, and
then also the polarization can be considered.

40 50 60 70

comparison with CMS data [60].
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