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Introduction

• Why is charmonia production unclear?
• First attempt to explain prompt J/ψ production at Tevatron on the basis of 

Color-Singlet (CS) model led to ∼order of magnitude discrepancy 
• Color-Octet (CO) model allowed to improve the description and lead to the 

prediction that J/ψ are transversely-polarized 
• Subsequent experimental studies didn’t confirm transverse polarization
• Large NLO-corrections gave strong enhancement to the CSM contribution 

and allowed the longitudinal polarization of J/ψ 
• Additional studies are needed to clarify the interplay between CS and CO models 
• Why is double charmonium production interesting?

• New test of CS and CO approaches in quarkonium production
• Is there new popular phenomenon - DPS contributing double charmonium 

production?
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First Experiment

• First observation of J/ψ pair production in hadronic experiment:
by NA3, Phys.Lett. B114 (1982) 457, 150 and 280 GeV πp-collisions

• 13 events observed, σ(J/ψJ/ψ) / σ(J/ψ) ~ 3·10−4
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New Experiment

• We already have a measured number:

• 2 < yJ/𝜓 < 4.5 and pTJ/𝜓 < 10 GeV.

• No cut on minimal pT – great advantage of LHCb
as pT-distributions are most model-dependent in all theoretical predictions

• What phenomena do contribute to this cross section?

�(2⇥ J/ )LHCb
exp. = 5.1± 1.0stat. ± 1.1syst. nb
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Single parton scattering

• First, there must be a contribution from single parton scattering (SPS) 
processes, mainly gluon fusion.

• The LO prediction was obtained:

• This accounts CS contribution only, which dominates in fiducial region.

• Theoretical uncertainties are due to the scale dependence mainly. 
Remember, it is an α(µ)4-process.

• qq̄ → J/ψ J/ψ — V.G. Kartvelishvili and Sh.M. Esakiya. Yad.Fiz., 38:722–726, 1983. 
gg → J/ψ J/ψ — B. Humpert and P. Mery. Z.Phys., C20:83, 1983. 

�(2⇥ J/ )LHCb
SPS = 4.1± 1.2 nb
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Double parton scattering

• It is also double parton scattering (DPS), which can contribute to the J/ψ pair 
production.

• The idea is simple: relatively large charm production cross section at LHC 
leads to occasional production of two charm particles in one pp-collision but 
in two partonic (gluon fusion mainly) interactions.

• The model is also simple (Phys.Rev., D56:3811–3832, 1997; Phys.Rev., D81:052012, 2010)

and leads to  

• The uncertainties are not well known

�(2⇥ J/ )LHCb
DPS ⇡ 4 nb
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What interplay is there between SPS an DPS?

• The question is if

• Exp(5.1nb) = SPS(4.1nb) or

• Exp(5.1nb) = SPS(4.1nb) + DPS(4nb) or

• Exp(5.1nb) = SPS(4.1nb) + NLO corrections, parameter variance, etc?

• Theoretical and experimental uncertainties allow all these 
possibilities.

• What signatures are expected for these contributions?
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LO CS model

• Formation of two cc ̄pair in color-singlet (1C) configuration 
with definite quantum numbers (1– – for J/ψ).

• Restriction on quantum numbers of quarkonia produced: 
CS selection rules.

4x
4x

4x8x

8x 2x
1x

All types of LO diagrams for gg → J/ψ J/ψ
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LO CS model – selection rules

• There are 36 Feynman diagrams of 2 types:

• The C-parity conservation forbids ψχc and ψηc exclusive 
production in gluon fusion:

Selection rules for double quarkonia
The C-parity conservation forbids  �c and  ⌘c exclusive production
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LO CS model – selection rules

• There are no LO diagrams contributing CS J/ψΥ production:

• This leads to “unnatural” ordering of the cross section values:

• For DPS (or NLO SPS) an “expected” ordering take place:

• Predicted numerical values for the quantities involved are:

All these values are for LHCb acceptance.
Color-octet J/ψΥ prediction from arXiv:1007.3095 [hep-ph] (P. Ko, Jungil Lee and Chaehyun Yua)
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LO CS vs. CO model

• CO model allow to produce whatever quarkonia in whatever combination in 
whatever diagram:

• Small (~10−2..−3) color-octet contribution to the quarkonia wave function

• But may dominate 

• In high-pT region, especially because of gluon fragmentation (type 3)

• For final states disallowed in the CS mechanism
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Одиночные партонные взаимодействия

Рождение в октетной по цвету модели:
Produce whatever quarkonium you want in whatever combination in
whatever diagram

J/ ,�, ⌘, ⌥...

J/ ,�, ⌘, ⌥...

Type 1 (⇠ 1/p̂8
T ) Type 2 (⇠ 1/p̂6

T ) Type 3 (⇠ 1/p̂4
T )

Small (⇠ 10�2..�3) color-octet contribution to the quarkonia wave
function
But dominates

1 In high-pT region, especially because of gluon fragmentation (type 3)
which has d�̂

dp̂2
T

⇠ 1/p̂4
T

2 For final states disallowed in the CS mechanism.

Алексей Новоселов (ИФВЭ) Рождение пар тяжелых кваркониев сессия РАН, 13.11.2012 7 / 68

 d�̂/dp̂2T



LO CS model – Matrix Element
• δ-approximation: pc = pc ̄= pJ/ψ/2. Also mc = mJ/ψ/2.

• For gg → J/ψ J/ψ:
Matrix element squared

|M |2 =
8π4α4

sψ(0)
4

81m2s6 (m2 − t)4 (m2 − u)4
(

335s12 + 274s11(t + u)+

+ s10
(

−3393t2 + 6782tu − 3393u2
)

+

+ s9
(

−7124t3 + 7204t2u + 7204tu2 − 7124u3
)

+

+ s8
(

3290t4 − 24440t3u + 42684t2u2 − 24440tu3 + 3290u4
)

+

+ 4s7(t − u)2
(

5459t3 − 4631t2u − 4631tu2 + 5459u3
)

+

+ 2s6(t − u)2
(

7771t4 − 1016t3u − 13126t2u2 − 1016tu3 + 7771u4
)

−

− 16s5(t − u)4
(

778t3 − 821t2u − 821tu2 + 778u3
)

−

− s4(t − u)4
(

20405t4 − 18628t3u − 3938t2u2 − 18628tu3 + 20405u4
)

−

− 2s3(t − u)6
(

2647t3 − 1375t2u − 1375tu2 + 2647u3
)

+

+ 21s2(t − u)8
(

223t2 + 398tu + 223u2
)

+

+ 3780s(t − u)10(t + u) + 972(t − u)12
)

Alexey Novoselov (IHEP & MIPT) LbOniaPairs June 16, 2011 4 / 9
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• gg → J/ψ J/ψ:

14

LO CS model – Matrix Element



LO CS model – Polarization

• Solid, dashed, dotted and dot-dashed curves correspond to the total cross 
section, TT , TL and LL polarizations, respectively.

• Angular distribution is for √sgg = 10 GeV
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• Calculation for LHC conditions – implemented as an external process for 
Pythia 6.4. Works standalone on within LHCb software. We also have a working
code for Pythia 8.

• With ordinary collinear PDFs one can obtain realistic cross section for such 
experiment as LHCb (with no cut on minimal pT).

• But the pT-distribution of final particles (like dσ/d(pT2) ~ pT –8) has nothing in 
common with reality if the kT of initial gluons is neglected.

• So Pythia is also used to give initial kT to the gluons. This adds additional model-
dependence to distributions over the pT of single J/ψ and J/ψ pairs. But no 
significant influence on invariant mass and rapidity spectra.

• We also use Pythia (or EvtGen) to treat with ψ(2S) decays to J/ψ + X. 
J/ψ + ψ(2S) and 2×ψ(2S) is simulated analogously to 2×J/ψ.

• A.V. Berezhnoy, A.K. Likhoded, A.V. Luchinsky, A.A.N., Phys.Rev, D84 (2011), 094023, arXiv:1101.5881

• Alternative – kT-factorization, S.P. Baranov, Phys.Rev. D84 (2011) 054012, consistent results.
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LO CS model – MC calculation for LHC, LHCb
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LO CS model – MC calculation for LHC, LHCb
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Рождение пар J/ 

�LHCb(J/ J/ ) = 4.1 ± 1.2nb
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Solid curves were obtained with mJ/ 
T as the hard scale, dashed � 0.5 · mJ/ 

T and dotted �

2 · mJ/ 
T . For every scale choice upper curve corresponds to the CTEQ5L, lower � to the

CTEQ6LL pdf used.
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LO CS model – relative quark motion

• Distribution over the invariant mass of the J/ψ-meson pairs in the “duality” 
approach compared with the LHCb measurement. Solid curve was obtained with 
∆ = 0.5 GeV, dashed — with ∆ = 0.3 GeV and dotted — in the δ-approximation.
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Figure 1: Distribution over the invariant mass of the J/ -meson pairs compared with the LHCb

measurement. Solid curves were obtained with mJ/ 
T as the hard scale, dashed — at 0.5 ·mJ/ 

T and

dotted — 2 · mJ/ 
T . For every scale choice upper curve corresponds to the CTEQ5L, lower — to

the CTEQ6LL pdf used.

looks tilted to the bigger invariant mass values. We would like to notice that this fact can

be accounted for by the relative c-quarks motion in the J/ -meson. To study this e↵ect we

integrate cross section of four charm quarks production averaged by some “duality” region

of the cc̄ invariant masses5:

�̂

dual(gg ! J/ ( 0)J/ ( 0)) ⇡
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ZZ 2mD+�

2mc

d

2
�

�
gg ! (cc̄)S=1

1C
+ (cc̄)S=1

1C

�

dmcc̄1dmcc̄2

dmcc̄1dmcc̄2 , (4)

where mD is the D-meson mass. The lower limit in integration corresponds to the two

c-quark current masses, which are taken equal to

mc = 1.25 GeV.

This value is the same as adopted for QCD sum rules [52].

5 The calculations within framework of quark-hadron duality hypothesis were applied earlier for the rough

estimation of the cross section values of doubly heavy particle production in e+e� annihilation [47–51].
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• (Absence of) J/ψ azimuthal angle correlation

• Same conclusion in the work by the kT-factorization adepts
S.P. Baranov, A.M. Snigirev, N.P. Zotov, A. Szczurek, W. Schäfer, arXiv:1210.1806

LO CS model – signatures in LHCb
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• Correlation in rapidity – also visible in distribution over y of 
single J/ψ from a pair.
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LO CS model – signatures in LHCb
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• Just to recall:



• For double J/ψ production hadronic cross section is 103 larger than partonic 
one ⇒ enhancement due to the high low-x gluon luminosity.

• Double parton scattering:

• here i = 1 for identical subprocesses A and B, i = 2 – for different.
•                                  are (unknown) generalized pdfs.
• Cross sections can be estimated by a simple expression:

• Phys.Rev., D56:3811–3832, 1997; Phys.Rev., D81:052012, 2010
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Turn to DPS nowДвойные партонные взаимодействия

Адронное сечение рождения пар J/ в 103 раз больше партонного
) это усиление за счет большой светимости глюонов с малыми x .
Двойные партонные взаимодействия?

d�AB
DPS

=
i

2�eff
Fgg (x1, x2,Q2

1 ,Q
2
2 )Fgg (x 0

1, x
0
2,Q

2
1 ,Q

2
2 )d �̂

A(x1, x 0
1,Q

2
1 )d �̂

B(x2, x 0
2,Q

2
2 )

i = 1 для одинаковых A и B, i = 2 � для различных.
Fgg (x1, x2,Q2

1 ,Q2
2 ), двойные партонные функции распределения,

неизвестны. Простая модель:

�AB
DPS =

i
2
�A�B

�eff
,�eff = 14.5mb

[Phys.Rev., D56:3811–3832, 1997; Phys.Rev., D81:052012, 2010]
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• ATLAS Collaboration, CERN-PH-EP-2012-355, arXiv:1301.6872 [hep-ex]

σeff. measurements
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Hard double-parton interactions in W (→ !ν) + 2-jet events 21

 [GeV]s

210 310 410

 [m
b]

ef
f

σ

0
2
4
6
8

10
12
14
16
18
20
22 AFS (4 jets - no errors given)

UA2 (4 jets - lower limit)
CDF (4 jets)

 + 3 jets)γCDF (
 + 3 jets)γD0 (

ATLAS (W + 2 jets)

ATLAS

Figure 10. The centre-of-mass energy,
√
s, dependence of σeff extracted in different processes

in different experiments. An offset has been applied to the 1.8 TeV data points in order to
distinguish them. The error bars on the data points represent the statistical and systematic
uncertainties added in quadrature.

9. Conclusions

The double-parton interaction rate f (D)DP in events with a W boson and exactly two jets in
the final state has been extracted in pp collisions at a centre-of-mass energy of

√
s = 7 TeV

using data corresponding to an integrated luminosity of 36 pb−1. For jets with transverse
momentum pT > 20 GeV and rapidity |y|< 2.8, in the ATLAS detector at the LHC, a central
value of

f (D)DP = 0.08±0.01 (stat.)±0.02 (sys.)

is obtained. In terms of measured rate and kinematics of the dijet system there is good
agreement with the predictions of the MC models studied in the analysis. The result for f (D)DP
is used to extract the parameter σeff through the production of W+2-jet events. The value
extracted from data is

σeff(7 TeV) = 15±3 (stat.) +5
−3 (sys.) mb.

This value is consistent with values previously measured in other experiments at lower centre-
of-mass energies.



σeff. measurements

• D0 Collaboration, Phys.Rev.D81:052012,2010, arXiv:0912.5104 [hep-ex]
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TABLE V: Systematic (δsyst), statistic (δstat) and total δtotal uncertainties (in %) for σeff in the three pjet2T bins.

pjet2T Systematic uncertainty sources δsyst δstat δtotal
(GeV) fDP fDI εDP/εDI JES Rcσhard (%) (%) (%)
15 – 20 7.9 17.1 5.6 5.5 2.0 20.5 3.1 20.7
20 – 25 6.0 20.9 6.2 2.0 2.0 22.8 2.5 22.9
25 – 30 10.9 29.4 6.5 3.0 2.0 32.2 2.7 32.3

The measured σeff values in the different pjet2T bins
agree with each other within their uncertainties, how-
ever a slow decrease with pjet2T can not be excluded. The

σeff value averaged over the three pjet2T bins is

σave
eff = 16.4± 0.3(stat)± 2.3(syst) mb. (16)
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FIG. 11: Effective cross section σeff (mb) measured in the
three pjet2T intervals.

B. Models of parton spatial density

In this section we study the limits that can be obtained
on the parameters of three phenomenological models of
parton spatial density using the measured effective cross
section (16). In the discussion below we follow a sim-
ple classical approach. For a given parton spatial density
inside the proton or antiproton ρ(r), one can define a
(time-integrated) overlap O(β) between the parton dis-
tributions of the colliding nucleons as a function of the
impact parameter β [10]. The larger the overlap (i.e.
smaller β), the more probable it is to have at least one
parton interaction in the colliding nucleons. The single
hard scattering cross sections (for example, γ+jets or di-
jet production) should be proportional to O(β) and the
cross section for the double parton scattering is propor-
tional to the squared overlap, both integrated over all
impact parameters β [28, 36]:

σeff =
[
∫

∞

0
O(β) 2πβ dβ]2

∫

∞

0
O(β)2 2πβ dβ

. (17)

First, we consider the “solid sphere” model with a con-
stant density inside the proton radius rp. In this model,
the total hard scattering cross section can be written

as σhard = 4πr2p and σeff = σhard/f . Here f is the
geometrical enhancement factor of the DP cross sec-
tion. It is obtained by solving Eq. (17) for two overlap-
ping spheres with a boundary conditions that the par-
ton density ρ(r) = constant for r ≤ rp and ρ(r) = 0
for r > rp and found to be f = 2.19. The role of
the enhancement factor can be seen better if we rewrite
Eq. (1) as σDP = fσAσB/σhard. The harder the single-
parton interaction is the more it is biased towards the
central hadron-hadron collision with a small impact pa-
rameter, where we have a larger overlap of parton den-
sities and, consequently, higher probability for a sec-
ond parton interaction [5]. Using the measured σeff ,
for the solid sphere model we extract the proton ra-
dius rp = 0.53 ± 0.06 fm and proton rms-radius Rrms =
0.41 ± 0.05 fm. The latter is obtained from averaging
r2 as R2

rms ≡
∫

∞

0
r24πr2ρ(r)dr = 4π

∫

∞

0
ρ(r)r4dr [37].

The results are summarized in the line “Solid Sphere”
of Table VI. The Gaussian model with ρ(r) ∝ e−r2/2a2

and exponential model with ρ(r) ∝ e−r/b have been also
tested. The relationships between the scale parameter
(rp, a or b) and rms-radius for all the models are given in
Table VI. The relationships between the effective cross
section σeff and parameters of the Gaussian and expo-
nential models are taken from [38], neglecting the terms
that represent correlations in the transverse space. The
scale parameters and rms-radii for both models are also
given in Table VI. In spite of differences in the models,
the proton rms-radii are in good agreement with each
other, with average values varied as 0.41− 0.47 and with
about 12% uncertainty. On the other hand, having ob-
tained rms-radius from other sources (for example, [39])
and using the measured σeff , the size of the transverse
correlations [38] can be estimated.

IX. SUMMARY

We have analyzed a sample of γ + 3 jets events col-
lected by the D0 experiment with an integrated lumi-
nosity of about 1 fb−1 and determined the fraction of
events with hard double parton scattering occurring in
a single pp̄ collision at

√
s = 1.96 TeV. These fractions

are measured in three intervals of the second (ordered
in pT ) jet transverse momentum pjet2T and vary from

0.466± 0.041 at 15 ≤ pjet2T ≤ 20 GeV to 0.235± 0.027 at

25 ≤ pjet2T ≤ 30 GeV.

In the same three pjet2T intervals, we calculate an ef-



4c-tetraquarks

• Mesons built from two quarks and two antiquarks, T = [q1q2][q3̄q4̄].
• If one assumes it is a bound state of two almost pointlike diquarks, non-

relativistic quantum mechanics can be used to calculate these states.
• Color structure:

•  

•  

• Kunihiko Terasaki, Prog.Theor.Phys.125:199-204,2011
• Schrodinger equations:

•  

•  
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(Q1Q2Q̄3Q̄4) = [Q1Q2]3̄c [Q̄3Q̄4]3c + [Q1Q2]6c[Q̄3Q̄4]6c

6c ⌦ 6c � repulsion

3c ⌦ ¯

3c � attraction

Тетракварки из четырех тяжелых кварков

Mesons built from two quarks and two antiquarks, T = [q1q2][q̄3q̄4]

Non-relativistic bound state of two almost pointlike diquarks
Color structure

(Q1Q2Q̄3Q̄4) = [Q1Q2]3̄c [Q̄3Q̄4]3c + [Q1Q2]6c [Q̄3Q̄4]6c

I 6c ⌦ 6c � repulsion
I 3c ⌦ 3̄c � attraction

Kunihiko Terasaki, Prog.Theor.Phys.125:199-204,2011
Schrodinger equations

I
h
� 1

2mQ
r2 + 1

2V (r)
i
 diq(r) = �Ediq diq(r)

I
h
� 1

2mdiq
r2 + V (r)

i
 T (r) = �ET T (r)
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4c-tetraquarks

• Tetraquark states can be characterized by total and diquark spins

• or total spin and P-, C -parities

•  
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Тетракварки из четырех тяжелых кварков

Tetraquark states can be characterized by total and diquark spins

|J; S1,2, S3,4i

or total spin and P-, C -parities
���JPC

E

I |0++i = |0; 0, 0i
I |0++‘i = |0; 1, 1i
I |1+±i = (|1; 0, 1i ± |1; 1, 0i)/

p
2

I |1+�‘i = |1; 1, 1i
I |2++i = |2; 1, 1i

Алексей Новоселов (ИФВЭ) Рождение пар тяжелых кваркониев сессия РАН, 13.11.2012 29 / 68

Тетракварки из четырех тяжелых кварков

Tetraquark states can be characterized by total and diquark spins

|J; S1,2, S3,4i

or total spin and P-, C -parities
���JPC

E

I |0++i = |0; 0, 0i
I |0++‘i = |0; 1, 1i
I |1+±i = (|1; 0, 1i ± |1; 1, 0i)/

p
2

I |1+�‘i = |1; 1, 1i
I |2++i = |2; 1, 1i

Алексей Новоселов (ИФВЭ) Рождение пар тяжелых кваркониев сессия РАН, 13.11.2012 29 / 68

Тетракварки из четырех тяжелых кварков

Tetraquark states can be characterized by total and diquark spins

|J; S1,2, S3,4i

or total spin and P-, C -parities
���JPC

E

I |0++i = |0; 0, 0i
I |0++‘i = |0; 1, 1i
I |1+±i = (|1; 0, 1i ± |1; 1, 0i)/

p
2

I |1+�‘i = |1; 1, 1i
I |2++i = |2; 1, 1i

Алексей Новоселов (ИФВЭ) Рождение пар тяжелых кваркониев сессия РАН, 13.11.2012 29 / 68



4c-tetraquarks

• Spin-spin interaction Hamiltonian

• κij can be determined from wave function at origin R(0)

• [QQ]

• (QQ̄)

28

Тетракварки из четырех тяжелых кварков

Spin-spin interaction Hamiltonian

H = M0 + 2
X

i<j

ij (SiSj)

ij can be determined from wave function at origin R(0)
I [QQ]

ij =
1
2

4
9mQ1mQ2

↵s
��R[ij](0)

��2

R[QQ](0) from Schroedinger equation
I (QQ̄)

ij =
1
2

8
9mQ1mQ2

↵s
��R(ij)(0)

��2

R(QQ̄)(0) from �(V ! ee) or MV � MP
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4c-tetraquarks

• In the case of identical quarks only Sdiq = 1 is possible and

where
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Тетракварки из четырех тяжелых кварков

In the case of identical quarks only Sdiq = 1 is possible

M(0++‘) = M0 + 12 � 2+
M(1+�‘) = M0 + 12 � +

M(2++) = M0 + 12 + +

where
+ = 2(QQ̄)
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2[bc]- and 4b-tetraquarks
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4c-tetraquarks – production
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•  
•  Below 2×ΞQQ production threshold diquarks can hadronize into

• Light mesons 
• Quarkonia pair 
• Tetraquark (with subsequent decay into 2 quarkonia) 

• Duality relation:

with ε < 1
• Width of tetraquarks are small compared to the detector resolution ∆≈50MeV:

gg ! [QQ][Q̄Q̄]

Тетракварки из четырех тяжелых кварков

gg ! [QQ][Q̄Q̄]

Below 2⌅QQ production threshold diquarks can hadronize into
I Light mesons
I Quarkonia pair
I Tetraquark (with subsequent decay into 2 quarkonia)

Duality relation

ST =

2M⌅QQZ

2MQ

dmgg �̂[gg ! T ! 2Q] = ✏

2M⌅QQZ

2MQ

dmgg �̂(gg ! [Q1Q2] + [Q̄3Q̄4])

with ✏ < 1
Width of tetraquarks are small compared to the detector resolution �

�̂(gg ! T ! 2Q) =
STp
⇡�

exp

(
�(mgg � MT )

2

�2

)
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gg ￫ T4c ￫ 2×J/ψ

• For instance, with ε = 0.1:

326.5 7.0 7.5 8.0
m gg , GeV

5

10

15

20

25

Σ
"
! gg # 2 J" Ψ # , pb



Conclusion

• The SPS CS LO calculation gives reliable predictions for the J/ψ pair 
production. As was already mentioned yesterday, no free parameters, but 
irreducible uncertainties due to the scale choice.

• Selection rules suppress some feeddown channels – less mess than in 
inclusive production. Uncertainties from feeddown not exceed those from the 
scale choice.

• DPS estimation leads to comparable cross-section. Though SPS has validatable 
signatures and even LHCb rapidity window (2–4.5) is sufficient for rapidity 
correlation studies.

• It is worth looking for other quarkonia pairs, like ΥΥ, J/ψΥ or J/ψχc. First of them 
can be more accessible for ATLAS.

• Two J/ψ channel is interesting for looking for tetraquarks. Though, only upper 
limit on their production can be estimated.
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Thank you for attention!

Thanks to LAL and organizers for this charming 
workshop :)
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