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• Introduction: quarkonium production in hadronic collisions 

• Motivation: puzzles with double(triple) production of J/ψ 

• Study of charmonium production using Pythia with color reconnection 

• Comparison with experimental data from LHC 
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Introduction: Tevatron data vs early theory
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• Color Singlet Model (CSM) did not describe the data 
from Tevatron 

• The main problem: color treatment 

• To produce J/ψ C-odd colorless state need three gluons 

•  process, too small and too little   gg → J/ψ + g pT
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FIG. 2. The product B(da/dPT) vs Pr for (a) J/y p+p

and (b) y(2S) p+p . The circles correspond to the data.
The solid curve corresponds to J/y's [y(2S)'s] produced from B
meson decays by using Refs. [6-9]. The dashed curve corre-
sponds to J/y's [y(2S)'s] from direct charmonium production
from the model of Ref. [I]. The dot-dashed curve is their sum.
Uncertainties in the theoretical curves are discussed in the text.

cates that (75—+411)% of our J/y's come from 8 decays.
This datum was added to the fit with a Poisson probabili-
ty distribution yielding g /NDF =14.9/15 and a BPM fac-
tor of 2.9+ 0.5 corresponding to -42% J/y's from 8
production. The 90% C.L. upper limit on the BPM con-
tribution is —60%. If future measurements exceed this
value, then one must conclude that not only the normali-
zation of BPM, but also the PT dependence of at least
one of the models, is wrong.
Figure 2(b) shows a similar set of curves for y(2S)

production. While the normalization and slope of the
BPM contribution seem to diff'er from those of the data in
the same way as those for J/y, the statistical significance
here does not allow any conclusion.
The products of the inclusive production cross section

times branching fraction in the kinematic range PT & 6
GeV/c and ~rl~ ~0.5 are
o(pp—J/yX)8(J/y —p+p )

=6.88 ~ 0.23(stat) -+rrrs(syst) nb,
rr(pp- y(2S)X)8(y(2S)—p+p )

=0.232+ 0.051(stat) -+rrj3z(syst) nb,
where an extrapolation of the cross sections for values of
PT & 14 GeV/c was carried out. We assign a 2% uncer-
tainty in the above values due to this extrapolation. Us-
ing the tabulated [13] branching fractions, 8(J/y
p+p ) =0.0597 ~ 0.0025 and 8(y(2S) p+p )

The sum of these two contributions (BPM and CPM) =0.0077~0.0017 we obtain
to J/y production is plotted in Fig. 2(a). We also fit (- J/ X) 1]5 2~ 3 9(stat)+15.6(syst)
these theoretical shapes to the data by summing the two
theoretical contributions with independent normalization 4.8(frac) nb,
factors. This assumes that there are no other significant &(pp y(2S)X)—30 1 ~ 6 6(stat) +3.s(syst)
contributions to J/y production. Systematic uncertain-
ties in the theoretical shapes were neglected. With no 6.6(frac) nb,
normalization constraints a good fit (g /NnF=9. 1/14) where (frac) is the uncertainty due to the branching frac-
was obtained with the CPM factor at -4.4 (-69% of tion error.
J/y production) and the BPM factor at -2.2 (-31%). In order to determine the b-quark cross section, we use
The fit suppresses the BPM contribution because of the the measurement of the J/y [y(2S)] inclusive production
difference in slope between the BPM curve and the data. cross sections, the ratio R of J/y [y(2S)] to b-quark
However, a previous CDF study [3) of 8 — J/yK — cross sections as determined by a Monte Carlo technique
showed that the BPM calculation underestimates the b- [6-9,14], the combined branching ratios B(B J/
quark cross section by a factor of 5.5+'2.8, which indi- y[y(2S)]X)8(J/ y[y(2S)) p+p ), and the fraction

frr of J/y's [y(2S)'s] from 8 meson decays:

8(J/y[y(2S)] p+p )cr,'„~(PTc & 6 eGV/
c~ r~l& 0.5)Rfg

cr,„p PT & PT'" ly l & 1 28(B J/y[y(2S)]X)B(J/y[y(2S)] p+p )
where

rrBPM(PT & PT, ly'I & 1.0)
cTrrpM(PT & 6 GeV/c Irl'I & 0.5)

and the index c stands for J/y [y(2S)]. The rapidity of
the b quark is

E +Pf'
yb =—ln Eb pb

The Monte Carlo program is used to determine PT '"
which is chosen such that approximately 90% of the pro-
duced J/y [y(2S)] have PT & PT '"; we have set
PP'"=8.5 GeV/c for this analysis. The branching ratios
are taken as unity for the calculation of o.BpM in the
Monte Carlo program. The combined branching ratios
we use are B(B J/yX)B(J/y p+p ) =(7.7~1.3)
x 10 [15,16] and B(B y(2$)X)8(y(2S)
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using bg of the Jyc , and a correction factor Fcorr deter-
mined from Monte Carlo: ct ≠ LxysMJycyP

Jyc
T dyFcorr

[7]. We fit the ct distribution to the sum of two func-
tions, one associated with the xc signal and one asso-
ciated with its background. Each function is the sum
of a zero lifetime component, described by a Gauss-
ian plus symmetric exponential tails, and a long lived
component, described by a positive exponential smeared
with a Gaussian resolution function. The background
component is derived from the Monte Carlo described
previously and normalized to the estimated background
under the xc signal. The ct distribution is shown in
Fig. 1(c). The fit yields F

x
b ≠ 10.8% 6 3.1%, where

we have fixed the lifetime of the long lived component
to the average b lifetime of 438 mm [7]. Using the
method described in [1] we find F

Jyc
b ≠ 17.8% 6 0.45%

for P
Jyc
T . 4.0 GeVyc. The resulting correction fac-

tor is s1 2 F
x
b dys1 2 F

Jyc
b d ≠ 1.085 6 0.037. A Monte

Carlo calculation shows that this factor is independent of
P

Jyc
T . Therefore we use this correction for all PT bins.
We have also measured e

g
trk and eg

env using a sample
of prompt xc ! Jycg, g ! e1e2, requiring jLxyj ,
100 mm. The efficiencies for prompt xc are consistent
with the values obtained previously. The uncertainties
on F

Jyc
b and F

x
b increase the total systematic uncertainty

on FsbydJyc
x to 19.2%. The resulting fraction of Jyc

mesons from xc decays, not including contributions from
b’s, is FsbydJyc

x ≠ 29.7% 6 1.7%sstatd 6 5.7%ssystd and
is shown as a function of P

Jyc
T in Fig. 2.

To obtain the direct Jyc cross section, we subtract from
the prompt Jyc cross section [1] the contribution from xc
and cs2Sd decays. The first is obtained by multiplying
the prompt Jyc cross section with a parametrization of
FsbydJyc

x as a function of P
Jyc
T . The second is calculated

from the prompt cs2Sd cross section measured in [1] and
a Monte Carlo simulation of the decays cs2Sd ! JycX,
where X ≠ pp , h, p0. With this calculation we find
that the fraction of prompt Jyc’s from cs2Sd’s rises from

FIG. 2. The fraction of Jyc mesons from xc decays as a
function of P

Jyc
T with the contribution from b’s removed.

The error bars correspond to the statistical uncertainty. The
solid line is the parametrization of the fraction. The dashed
lines show the upper and lower bounds corresponding to the
statistical and systematic uncertainties combined.

7% 6 2% at P
Jyc
T ≠ 5 GeVyc to 15% 6 5% at P

Jyc
T ≠

18 GeVyc. The fraction of directly produced Jyc’s is
64% 6 6% and is approximately independent of P

Jyc
T be-

tween 5 and 18 GeVyc. Direct production is therefore the
largest source of prompt Jyc mesons. The resulting cross
sections are shown in Fig. 3. The curves correspond to the
theoretical predictions [8]. The calculation of the direct
Jyc cross section (dashed line) is below the experimental
measurement by a factor of 80 at P

Jyc
T ≠ 5 GeVyc, and

by a factor of 30 at PJyc
T ≠ 18 GeVyc. The solid curve in

Fig. 3 includes contributions from the CSM and the color
octet model (COM), where the color octet contribution is
based on early extractions [9] of the relevant nonpertur-
bative parameters from the branching ratios of b ! xcX
decays. The extension of the COM to the 3S1 states has
been proposed in [3]; the corresponding calculations have
been compared in [4] with our preliminary data showing
that agreement between theory and data can be obtained
by adjusting the nonperturbative parameters introduced in
the COM.
In conclusion, we have measured the fraction of Jyc’s

originating from xc’s and found that the majority of
prompt Jyc’s do not come from xc’s but are directly
produced. We have compared the data with the prediction
of the CSM and found that this model underestimates
direct Jyc production by a factor varying from 80 to 30.

FIG. 3. The differential cross sections of prompt Jyc !
m1m2 as a function of P

Jyc
T . The dashed curve is the color

singlet calculation for Jyc production. The solid curve is the
calculation of xc ! Jycg production and includes both color
singlet and color octet contributions. The error bars correspond
to the statistical and systematic uncertainties combined and
include the uncertainties common to all data points.
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Puzzle 1: Why does the color singlet mechanism fail?

Heavy vector quarkonia: the main issue is
the COLOR treatment
J/ a C -odd color singlet — in pQCD
one needs at least three gluons to make it
(for C -even, e.g. �c — two gluons)
Color Singlet Model: gluon emission:
gg ! J/ + g — the leading twist
partonic channel but too little pT given

Leszek Motyka — with Piotr Kotko and Anna Staśto On color reconnection effects in J/ hadroproduction



ECT* Trento, Synergies between LHC and EIC for quarkonium physics, July 9, 2024

Improvements in theory: Color Octet 
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FIG. 1: NLO NRQCD predictions of J/ψ hadro- and photoproduction resulting from the fit compared to the CDF [17] and
H1 [14, 15] input data. The coding of the lines in part (f) of the figure is the same as in part (c). The seeming singularity of

the 3P [8]
J contribution in part (c) is an artifact of the logarithmic scale on the vertical axis..

tions from H1 [14, 15] (c), with most of the data points
falling inside the yellow (shaded) error band. In all these
cases, inclusion of the NLO corrections tends to improve
the agreement. The NLO NRQCD prediction of the z
distribution (d) agrees with the H1 data in the inter-
mediate z range, but its slope appears to be somewhat
too steep at first sight. However, the contribution due
to resolved photoproduction, which is not yet included
here, is expected to fill the gap in the low-z range, pre-
cisely where it is peaked; the overshoot of the NRQCD
prediction in the upper endpoint region, which actually
turns into a breakdown at z = 1, is an artifact of the
fixed-order treatment and may be eliminated by invok-
ing soft collinear effective theory [21]. We conclude from
Figs. 1 and 2 that all experimental data sets considered
here significantly overshoot the NLO CSM predictions,
by many experimental standard deviations. Specifically,
the excess amounts to 1–2 orders of magnitude in the
case of hadroproduction [see Fig. 1(b)] and typically a
factor of 3 in the case of photoproduction [see Fig. 1(e)].
On the other hand, these data nicely agree with the NLO
NRQCD predictions, apart from well-understood devia-
tions in the case of the z distribution of photoproduction
[see Fig. 2(d)]. This constitutes the most rigorous evi-
dence for the existence of CO processes in nature and the
LDME universality since the introduction of the NRQCD

factorization formalism 15 years ago [1].

We should remark that our theoretical predictions refer
to direct J/ψ production, while the CDF and CMS data
include prompt events and the H1 and PHENIX data
even non-prompt ones, but the resulting error is small
against our theoretical uncertainties and has no effect
on our conclusions. In fact, the fraction of J/ψ events
originating from the feed-down of heavier charmonia only
amounts to about 30% [22] for hadroproduction and 15%
[15] for photopoprduction, and the fraction of J/ψ events
from B decays is negligible at HERA [15] and RHIC en-
ergies.

We thank G. Kramer for useful discussions and B. Ja-
cak and C. Luiz da Silva for help with the comparison
to the PHENIX data [18]. This work was supported in
part by BMBF Grant No. 05H09GUE, DFG Grant No.
KN 365/6–1, and HGF Grant No. HA 101.

Note added. At the final stage of preparing this
manuscript, after our results were presented at an in-
ternational conference [23], a preprint [24] appeared that
also reports on a NLO calculation of J/ψ hadroproduc-
tion in full NRQCD. Adopting their inputs, we find agree-

ment with their results for the 3S[1]
1 , 1S[8]

0 , 3S[8]
1 , and 3P [8]

J
contributions.

‘ 

Color Octet approach [Braaten, Yuan; 
Cho, Leibovich] 

Importance of gluon fragmentation 

Transition amplitudes of  states 
in octet representation into 
mesons 

Perturbative production of  
states followed by a universal - 
environment  independent - 
fragmentation process into mesons

cc̄

cc̄

Butenschoen, Kniehl PRL 106 (2011) 022003
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Puzzle remains: double  and triple production
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Puzzle 2: Double J/ hadroproduction

Double Parton
Scattering

�(DPS)
AB = sAB

�(1)
A �(1)

B

�eff

sAB = 1 for A 6= B

sAB = 1/2 for A = B

Typically measured:

�eff ' 15 � 20 mb

Smaller �eff
�! larger DPS

[ATLAS, 1612.02950]
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Double Parton Scattering 

 

 for  

 for  

Typical values:  

For double quarkonia smaller 
values measured 

Smaller  leads to larger DPS 

Triple  production 

σ(DPS)
AB = sAB

σ(1)
A σ(2)

B

σeff

sAB = 1 A ≠ B

sAB =
1
2

A = B

σeff ≃ 15 − 20 mb

σeff

J/ψ σeff ≃ 2.7 mb
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production is a golden channel to study DPS and TPS, with minimal SPS 
contamination. The largest contributors to the triple-J/ψ cross-section 
are σ3np

DPS

 and σ1 p 2np
DPS

, accounting for about 33% each, σ2p 1 np
TPS

 and σ1 p 2np
TPS

 
amounting to about 7% each, and σ3np

SPS

 representing about 4% of the 
total production. In terms of prompt and non-prompt contributions, 
the theoretical expectation for the production of three promptly pro-
duced J/ψ mesons is about 5% of the total yield, whereas the percentage 
expected for three non-prompt-J/ψ mesons is about 45%. The remaining 
half of the triple-J/ψ events are expected to be due to the combination 
of J/ψ mesons produced promptly and from beauty hadron decays. 
This result is consistent, within the large statistical uncertainties of the 
present dataset, with the combination of prompt and non-prompt-J/ψ 
mesons derived from the decay length of each dimuon candidate.

In Fig. 3, the σeff,DPS value extracted here (red circle) is compared 
with the world data on effective DPS cross-sections derived from midra-
pidity measurements with quarkonium final states22,22,24,24–26,50 (blue 
symbols), as well as from processes with jets, photons and/or W bos-
ons13–19,51–56 (black symbols). A few of the σeff,DPS values plotted have been 
derived by more advanced phenomenological studies57–60 of the experi-
mental quarkonium data. The effective cross-sections obtained from 
quarkonium measurements favour a smaller value of σeff,DPS ≈ 3–10 mb 
compared with the σeff,DPS ≈ 10–20 mb derived from harder or heavier 
final states. Such an apparent process-dependent σeff,DPS value is sug-
gestive of different parton transverse profiles, and/or correlations 
present, probed inside the proton at varying fractional momenta, given 
by x =

√

p

2

T,V

+m

2

V

e

η

/

√

s, for V = J/ψ, ϒ, W, Z. At midrapidity (|η| < 2.5), 
quarkonia are produced mostly in gluon–gluon scatterings carrying a 
fraction x ≈ 5 × 10−4 of the proton momentum, whereas mostly quarks 

with x ≈ 10−2 participate in the production of electroweak bosons. The 
fact that LHCb measurements of double-quarkonia and 
quarkonia-plus-charm25,61 at forward rapidities (η ≈ 2–4.5), processes 
that originate in parton scatterings with asymmetric fractional 
momenta x1 ≈ 10−4 and x2 ≈ 10−2, lead to values of σeff,DPS ≈ 15 mb, larger 
than those measured at midrapidity for similar final states, seems to 
confirm the dependence of the effective DPS cross-section on the 
relevant parton species and x fractions probed.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41567-022-01838-y.
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Fig. 3 | Comparison of σeff,DPS parameters extracted in various processes. 
The result obtained here (top red circle) is compared with those derived in 
midrapidity measurements of double-quarkonium and electroweak-boson-
plus-quarkonium production22,24,25,57–60 (blue symbols), as well as in final 
states with jets19,51,52,62, γ + jets53–56, W + jets13,14 and same-sign W bosons18 (black 
symbols). The arrows indicate lower (or upper) limits at 95% (68%) confidence 
level. For the experimental results marked with a star, more recent theoretical 
reinterpretations based on more accurate calculations of the corresponding SPS 
cross-section are plotted. The original experimental results can be found in ref. 23 
(CMS), ref. 26 (D0) and refs. 50,63 (ATLAS).

ATLAS 2016

CMS 2023
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Color reconnection

6

• Fundamental problem in QCD: transition of colored partons to colorless 
hadrons 

• For quarks: they can pick  up the antiquarks from vacuum, related to the 
Lund string breaking 

• Hadronization occurs at large distances. In the presence of color fields, the 
color ordering of partons produced in short distance interaction may be 
changed 

Basic idea put forward some time ago by Edin, Ingelman, Rathsman. Proposed 
Soft Color Interaction model (SCI) was shown to describe quarkonium 
production  in hadronic collisions and rapidity gap processes in DIS 

•Allows to transform the color octets  to color singlets (similar to COM) 

•The effect of color reconnection depends on the color flow in the whole 
event: dependence on the environment (unlike in COM)

cc̄
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Color reconnection modeling in Pythia
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• Partons in fundamental representation have  color tags and anti-color tag. 
Color singlets made by partons with matching tags. 

• Gluons in the adjoint representation, pair of different tag and anti-tag 

• Before CR tags represent the leading color topology 

• Probabilities for non-leading color topologies are calculated. QCD tells which 
reconnections are allowed. 

• Color reconnection reshuffles the colors before the hadronization 

• Reshuffling to  non-leading color topology occurs if it minimizes the Lund 
string length, and then this configuration is passed to hadronization New colour reconnection model

Colour reconnection allows
us to reshu✏e the colours
before hadronization

New model relies on two
main principles

I SU(3) colour rules from
QCD - tells us which
reconnections are allowed

I minimize � measure - tells
us which reconnections
are preferred

Before colour reconnection

PP

q

q
q

q

After colour reconnection
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q

q
q

q
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From talk by Christiansen 

at MPI@LHC 2014

Christiansen, Skands
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Setup for selection of  pairs in PYTHIAcc̄

8

• Default Pythia 8.3, no tuning, with MPI and showers turned on 

• Hadronization turned off 

• We do not use COM or other models for charmonium production 

• Scan the even record to look for charm and anticharm quarks 

• Select on those pairs which have matching color and anti-color tags: these are 
J/ψ candidates 

• Apply the invariant mass cut window:  

•  is treated as a free parameter, fixed to  to obtain best 
description of data 

• Perform two tests: color reconnection on/off

3.0 ≤ M ≤ Mmax

Mmax M = 3.3 GeV
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Mass window for selection of  pairs in PYTHIAcc̄

9

[taken from CLEO, Phys. Rev.D 72 (2005) 092004] 

‘ 

Final invariant mass cut 
window:  

Lies in reasonable range and 
fully consistent with the 
spectrum of charmonium 
system

3.0 ≤ M ≤ 3.3 GeV
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J/ψ production comparison with ATLAS data
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Figure 2: Transverse momentum spectra of J/ obtained from the PYTHIA generator, where
the J/ state is constructed as the cc̄ color singlet with invariant mass 3.0 < M < 3.3 GeV, in
comparison with the ATLAS data [59]. The dot-dashed histograms 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 pT range).

7

• Comparison with ATLAS data [EPJC 76 
(2016) 283] 

• Overall, very good description when color 
reconnection is on: red histograms 

• Only one parameter tuned:  

• Transverse momentum dependence is 
well reproduced (some deviations at largest 
momenta, though large stat errors) 

• When color reconnection is off, the cross 
section drops by factor 30 (due to lack of 
statistics only low  range is shown) 

• Computation requires large statistics, used 
high performance supercomputer PLGrid 

Mmax

pT
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J/ψ production comparison with CMS data
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Figure 3: Same as in Fig. 2, but in comparison with CMS data [60].

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 o↵, the dominant origin for
the cc̄ singlets are di↵erent 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/ formation at larger pT exhibits
certain similarity to that in the color octet model and in the color evaporation model, where the
dominant production mechanism at high pT is a gluon to J/ transition. There is, however,
one main di↵erence: in the present model this transition may depend on the environment: the
beam remnants and other partons in the event, while in the other models this there is no such
dependence. This di↵erence is related to the very question of universality of fragmentation [64], in
our case of the gluon or a color octet cc̄ pair to J/ . As we already discussed in the Introduction,
the double J/ 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 e↵ects could be studied in more detail. For example, one could
ask how the cc̄ color octet to singlet 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/ production is a↵ected 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 J/ 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. Investigation 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/ . In principle the model may be extended
to obtain predictions for the meson polarization as well. A natural and simple extension that could

8

• Comparison with CMS data [JHEP 02 (2012) 011] 

• Similar conclusions as for ATLAS data 

• We emphasize that the only parameter is .  

• Tuning more parameters could likely improve description  

Mmax
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Origin of  pairs in PYTHIAcc̄
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Analyze the records with the  low invariant singlet   pairs 

Extract information on mother partons and production mechanism 

Look at the different  ranges 

Each plot is normalized by the total number of events, i.e. normalized independently for CR on/off

cc̄

pT

Note the logarithmic scale

Dominant mechanisms:  

CR on: A single gluon ‘mother’ 

CR off:  B different gluon ‘mothers’
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Origin of  pairs in PYTHIAcc̄
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• In the leading color, no perturbative mechanism can give contribution to class A(single 
gluon mother) 

• The very few events in A with CR off are (most likely) due to the color reshuffling in 
MPI and beam remnants, it dies out at large transverse momenta 

• Dominant contribution when CR is off, is with B ‘different gluon mothers’ in showers. 
It is very small  probability due to the small phase space overlap. 

• With color reconnection on, the class A dominates from showers, small angle quark pair 
is favored to produce the J/ψ

A: single gluon mother B: different gluon mothersc
c̄ cc̄
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Summary and outlook
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• The model for  hadroproduction with Color Reconnection in Pythia reproduces the 
experimental data well in normalization and  dependence. 

• No special tuning of Pythia. Just one parameter: cut on the invariant mass of the  
being in the expected range. 

• Color Reconnection is essential, without it the predictions are more than order of 
magnitude lower than the data. 

• The dominant source for  production are gluons from the showers 

• Color Reconnection correlates fragmentation in different regions. Question on the 
validity or limitation of universality of fragmentation. Environment dependent 
effects. 

Outlook: 

• Double, triple  production, would allow to test in detail environment effects. 
Need much more statistics, computationally intense. 

• Polarization ? Study with other MC generators, Herwig ? 

J/ψ
pT

cc̄

J/ψ

J/ψ


