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Quarkonium production mechanism
ØHeavy quarkonium: ideal system to study hadronization mechanism
ØNon-relativistic QCD (NRQCD) provides the most successful description
ØYet not able to coherently describe prod.&pol. measurements in all collision systems
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LDMEs: extracted from measurements 
& process independent



/299/7/24 Liupan An 3

Associated Quarkonium production
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Single-parton scattering (SPS) Double-parton scattering (DPS)

üTo probe the quarkonium production 
mechanism puzzle

üGolden channel to probe gluon transverse 
momentum dependent (TMD) PDFs:
• ℎ#

$% 𝑥, 𝒌&' , 𝜇 ⇒ azimuthal asymmetry

• 𝑓#
% 𝑥, 𝒌&' , 𝜇 : affect 𝑝& spectrum

üTo search for fully heavy tetraquark states 

üTo provide information on parton 
transverse profile & correlations in 
colliding hadrons

üTo understand multiparticle 
background (𝑍 + 𝑏.𝑏, 𝑊(𝑊( etc.) 
in both SM measurements and 
search for New Physics

[EPJC 80 (2020) 87] 
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Double Parton Scattering

Assuming: 
ü factorization of trans. & long. components

Γ01 𝑥', 𝑥(, 𝒃', 𝒃( = 𝐷01 𝑥', 𝑥( 𝑇01(𝒃', 𝒃() 

ü no correlation between two sets of partons
𝐷01 𝑥', 𝑥( = 𝑓0 𝑥' 𝑓1 𝑥( , 𝑇01 𝒃', 𝒃( = 𝑇0 𝒃' 𝑇1(𝒃() 

Þ 	
𝜎!!!$ =
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𝜎)**

𝜎233 = 1/ )𝑑(𝒃𝐹 𝒃 ( , 𝐹 𝒃 = )𝑇 𝒃0 𝑇 𝒃0 − 𝒃 𝑑(𝒃0

expected to be universal under the given assumptions

Generalized double parton PDF
SPS parton-level cross-section 

𝜎!!!$
+,- = #

#(.%!%$
∑/,1,2,3 ∫d𝑥#d𝑥'd𝑥#4d𝑥'4d'𝐛𝟏d'𝐛𝟐d'𝐛 

                

           ×Γ/1 𝑥#, 𝑥', 𝐛𝟏, 𝐛𝟐 ×;𝜎/2
!! 𝑥#, 𝑥#4 ;𝜎13

!$ 𝑥', 𝑥'4 ×Γ23(𝑥#4 , 𝑥'4 , 𝐛𝟏 − 𝐛, 𝐛𝟐 − 𝐛)

[PoS (LHCP2020) 172; 
arXiv: 2009.12555]
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LHC experiments
üATLAS & CMS
→ central
→ muon mode

üLHCb
→ forward
→ excellent PID

üALICE
→ central+forward 
muon coverage
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Analysis strategy

𝜇4
𝜇5

𝑋Primary vertex

𝐽/𝜓

𝑱/𝝍-from-b

𝑋

Primary vertex Secondary vertex

𝜇4
𝜇5

𝐻!
𝐽/𝜓

𝐻!𝜇4
𝜇5

𝑋Primary vertex

𝜒6
𝐽/𝜓

prompt 𝑱/𝝍

[JHEP 10 (2015) 172] 
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di-𝐽/𝜓 @ 7	TeV
ØUsing 37.5	pb5' data at 𝑠 = 7	TeV

ØFiducial region: 2 < 𝑦7/8 < 4.5, 𝑝9
7/8 < 10	GeV/𝑐

ØObserved with significance > 6𝜎 (from-𝑏 contribution negligible)

Ø𝜎7/87/8 = 5.1 ± 1.0 ± 1.1	nb
ü𝜎*+* = 4.1 ± 1.2	nb
ü𝜎,+* ≈ 2.5	nb

ØNot enough events to disentangle
SPS and DPS contributions

Raw yield 
141 ± 19 

SPS, [PRD 84 (2011) 094023]

[PLB 707 (2012) 52-59]

Efficiency-corrected yield
672 ± 129

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.094023
https://arxiv.org/abs/1109.0963
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di-𝐽/𝜓 @ 13	TeV
Øℒ = 279	pbbc, 𝑝𝑝 collisions @ 𝑠 = 13	TeV
ØKinematic range of 𝐽/𝜓: 
𝑝& < 10	GeV/𝑐 for 2.0 < 𝑦 < 4.5

ØSignal yield determination
üResidual from-𝑏 component determined 

using simulation together with 
𝜎(𝑝𝑝 → 𝑏.𝑏) and 𝜎(prompt	𝐽/𝜓) 

Ø𝜎 𝐽/𝜓𝐽/𝜓 = 15.2 ± 1.0 stat ± 0.9 syst 	nb

[JHEP 06 (2017) 047]

https://arxiv.org/abs/1509.00771
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Comparison to theory

SPS

DPS: assuming 𝜎-.. = 14.5 ± 1.7/#.12".3	mb [PRD 56 (1997) 3811] 

ØLO Colour-octet : contribution very small
ØLO Colour-singlet/ NLO* Colour-singlet’ and LO 𝑘&: need DPS contribution
ØNLO* Colour-singlet’’ and NLO Colour-singlet : consistent with our 

measurement by itself; overestimated if there is DPS contribution

[JHEP 06 (2017) 047]

LO Colour-singlet
LO Colour-octet
LO 𝑘4
NLO* Colour-singlet’
NLO* Colour-singlet’’
NLO Colour-singlet

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.56.3811
https://arxiv.org/abs/1509.00771


/29

Differential cross-sections

0 0.5 1 1.5 2 2.5
0

5

10

15

20

25

d�
(J
/ 

J/
 
)

d
|�

y|
[n
b]

|�y|

LHCb 13TeV

DPS
SPS: LO kT
SPS: LO CS
SPS: NLO⇤CS00hkTi=0.5GeV/c

SPS: NLO⇤CS00hkTi=2GeV/c

SPS: LO COhkTi=0.5GeV/c

SPS: LO COhkTi=2GeV/c

⇥⇥⇥⇥⇥SPS: NLO CS

Ø Differential cross-sections of different variables compared to theory predictions
ü Most significant indication of DPS comes from Δ𝑦
ü DPS contribution essential for the region Δ𝑦 > 1.5
ü Also clear indication from 𝑚(𝐽/𝜓𝐽/𝜓)
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[JHEP 06 (2017) 047]
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https://arxiv.org/abs/1509.00771
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DPS extraction
Ø Template DPS+SPS fits performed for different variables using various models 

4

𝜎233: 8.8~12.5	mb 

[JHEP 06 (2017) 047]

[PoS (LHCP2020) 172; 
arXiv: 2009.12555]

https://arxiv.org/abs/1509.00771
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ØFiducial region: 2 < 𝑦 𝐽/𝜓 < 4.5, 𝑝& 𝐽/𝜓 < 14	GeV

𝜎 𝐽/𝜓 − 𝐽/𝜓 = 16.36 ± 0.28 stat ± 0.88 syst nb

𝑁 𝐽/𝜓 − 𝐽/𝜓 :;<=:> = 2.187 ± 0.020 ×10?

[JHEP 03 (2024) 088] 
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SPS and DPS separation
ØSPS & DPS separated assuming negligible 

SPS contribution in 1.8 < Δ𝑦 < 2.5 
according to NRQCD predictions

0 20 40 60 80 100

 [mb]
eff

σ

-3 jets) γCDF (

CDF (4 jets) 

-3 jets) γD0 (

) ψJ/-ψJ/D0 (

)* ϒ-ψJ/D0 (

-2 jets) ±WCMS (

-2 jets) ±WATLAS (

) 0
D-0

DLHCb (

)* 0
D-ψJ/LHCb (

)* ψJ/-ψJ/CMS (

)*±W-ψJ/ATLAS (

) 0
D)-S(1ϒLHCb (

) ψJ/-ψJ/ATLAS (

)* 0
Z-ψJ/ATLAS (

)) S(2ϒ-ψJ/LHCb (

)) S(1ϒ-ψJ/LHCb (

) ψJ/-ψJ/LHCb (

@1.8 TeVpp

@1.96 TeVpp

@7 TeVpp

@8 TeVpp

@13 TeVpp

𝜎 𝐽/𝜓 − 𝐽/𝜓 @AB = 8.6 ± 1.2 stat ± 1.0 syst nb

𝜎 𝐽/𝜓 − 𝐽/𝜓 BAB = 7.9 ± 1.2 stat ± 1.1 syst nb

𝜎233 = 13.1 ± 1.8 stat ± 2.3 syst mb

[PoS (LHCP2020) 172; 
arXiv: 2009.12555]

0 0.5 1 1.5 2 2.5

y∆

0

5

10

15

20

25

 [
n
b
]

y
∆

/d
σ

d

SPS+DPS

DPS

SPS

LHCb

1−4.2 fb

[JHEP 03 (2024) 088] 



/299/7/24 Liupan An 14

Differential 𝐽/𝜓 − 𝐽/𝜓 cross-section

ØSPS differential cross-sections are within uncertainties of the 
incomplete (no-loops) next-to-leading order (NLO*) color-
singlet (CS) NRQCD calculations

ØPRA+NRQCD overestimates SPS data at low mass and high 𝑝9 

[Comput. Phys. Commun. 184 (2013) 2562] [Comput. Phys. Commun. 198 (2016) 238] 

0 0.5 1 1.5 2 2.5

y∆

2−10

1−10

1

10

210

310

 [
n
b
]

y
∆

/d
σ

d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

0 5 10 15 20

]c [GeV/ψJ/di-

T
p

2−10

1−10

1

10

210

)]c
 [

n
b
/(

G
eV

/
ψ

J/
d

i-

T
p

/d
σ

d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

0 1 2 3

φ∆

1

10

210

 [
n
b
]

φ
∆

/d
σ

d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

0 0.2 0.4 0.6 0.8 1

TpA

1−10

1

10

210

310

410

 [
n
b
]

T
p

A
/d

σ
d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

10 15 20
]2c [GeV/

ψJ/di-m

3−10

2−10

1−10

1

10

210

310)]
2

c
 [

n
b
/(

G
eV

/
ψ

J
/

d
i-

m
/d

σ
d

SPS+DPS data

SPS data

PRA+NRQCD

NLO* CS

LHCb
1−4.2 fb

2 2.5 3 3.5 4 4.5

ψJ/di-
y

1

10

210

310

 [
n
b
]

ψ
J/

d
i-

y
/d

σ
d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

0 5 10

]c [GeV/ψJ/

T
p

2−10

1−10

1

10

210

)]c
 [

n
b
/(

G
eV

/
ψ

J/ T
p

/d
σ

d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

2 2.5 3 3.5 4 4.5

ψJ/
y

1

10

210

 [
n
b
]

ψ
J/y

/d
σ

d

SPS+DPS data

SPS data

NLO* CS

LHCb
1−4.2 fb

0 5 10

]c [GeV/ψJ/di-

T
p

1−10

1

10

)]c
 [

n
b
/(

G
eV

/
ψ

J/
d

i-

T
p

/d
σ

d

SPS+DPS data

SPS data

PRA+NRQCD

1−LHCb, 4.2 fb
2c < 24 GeV/

ψJ/di-
m9 < 
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[PRL 123 (2019) 162002] 

[JHEP 03 (2024) 088] 
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Gluon TMD PDFs study

d𝜎/d𝜙8- = 𝑎 + 𝑏×cos 2𝜙8- + 𝑐×cos(4𝜙8-)

cos 2𝜙CB = 𝑏/2𝑎
= −0.029 ± 0.050 ± 0.009

cos 4𝜙CB = 𝑐/2𝑎
= −0.087 ± 0.052 ± 0.013

Ø ℎ#
$% 𝑥, 𝒌&' , 𝜇 ⇒ azimuthal asymmetry

Ø 𝑓#
% 𝑥, 𝒌&' , 𝜇 : affect 𝑝& spectrum

ü𝑝9 shape shows no dependence on 𝑦
üNo obvious broadening of 𝑝9 spectrum wrt 

increasing 𝑚 given large uncertainties

[EPJC 80 (2020) 87] 
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𝐽/𝜓 − 𝜓(2𝑆) @ 13	TeV
ØFiducial region: 2 < 𝑦 𝜓 < 4.5, 𝑝& 𝜓 < 14	GeV

𝜎 𝐽/𝜓 − 𝜓 2𝑆 = 4.49 ± 0.71 stat ± 0.26 syst nb

𝑁 𝐽/𝜓 − 𝜓 2𝑆 567859 = 629 ± 50

𝜎233(lower	limit) =
𝜎 𝐽/𝜓 𝜎 𝜓 2𝑆
𝜎 𝐽/𝜓 − 𝜓 2𝑆

= 7.1 ± 1.1 stat ± 0.8 syst mb

3000 3050 3100 3150 3200
]2c[MeV/

1

−µ
1

+µ
m

0

100

200

300

400

500

600

700

800

9002
c

C
an

d
id

at
es

 p
er

 4
 M

eV
/

Data

Total fit

)S(2ψ+ψJ/

+bkgψJ/

)S(2ψBkg+

Bkg+bkg

LHCb

1−4.2 fb

3600 3650 3700 3750 3800
]2

c[MeV/
2

−µ
2

+µ
m

0

50

100

150

200

250

300

350

400

2
c

C
an

d
id

at
es

 p
er

 4
 M

eV
/

LHCb

1−4.2 fb

0 5 10

[ps]
ψJ/

zt

1

10

210

310

C
an

d
id

at
es

 p
er

 0
.2

4
 p

s

LHCb

1−4.2 fb

Data

Total fit

0 5 10

[ps]
)S(2ψ

zt

1

10

210

310

C
an

d
id

at
es

 p
er

 0
.2

4
 p

s

LHCb

1−4.2 fb

Prompt+prompt

Prompt+nonprompt

Nonprompt+prompt

Nonprompt+nonprompt

Wrong PV

[JHEP 05 (2024) 259] 
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Differential 𝐽/𝜓 − 𝜓(2𝑆) cross-section

ØResults consistent with NLO* CS NRQCD calculations albeit DPS is not subtracted

ØPRA+NRQCD overestimates SPS data at low mass 
[PRL 111 (2013) 122001] [Comput. Phys. Commun. 184 (2013) 2562] [Comput. Phys. Commun. 198 (2016) 238] 
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[PRL 123 (2019) 162002] 
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𝐽/𝜓 − 𝜓(2𝑆) vs. 𝐽/𝜓 − 𝐽/𝜓 
ØPredictions on the ratio between 𝜎 𝐽/𝜓 − 𝜓 2𝑆  and 𝜎 𝐽/𝜓 − 𝐽/𝜓  give

üSPS: 0.94 ± 0.030 
üDPS: 0.282 ± 0.027

⇒ it confirms a prominent DPS contribution to 𝐽/𝜓 − 𝐽/𝜓 production in a novel 
way, independent of the kinematic correlation of two 𝐽/𝜓 mesons

𝜎 𝐽/𝜓 − 𝜓(2𝑆)
𝜎 𝐽/𝜓 − 𝐽/𝜓 = 0.274 ± 0.044 stat ± 0.008 syst

[PLB 751 (2015) 479] 

[JHEP 10 (2015) 172] [EPJC 80 (2020) 185]

ØDifferential cross-section ratios are also measured, but more statistics needed
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di-𝐽/𝜓 @ 7	TeV
Øℒ = 4.7	fbbc, 𝑝𝑝 collisions @ 𝑠 = 7	TeV
ØKinematic range of 𝐽/𝜓: 
𝑝& > 6.5	GeV/𝑐 for 𝑦 < 1.2;
𝑝& > 6.5 − 4.5	GeV/𝑐 for 1.2 < 𝑦 < 1.43;
𝑝& > 4.5	GeV/𝑐 for 1.43 < 𝑦 < 2.2

ØSignal yield determination

Ø𝜎 𝐽/𝜓𝐽/𝜓 = 1.49 ± 0.07 stat ± 0.13 syst 	nb

 (cm)xy ctψ J/
T

high-p
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Ev
en

ts
 / 

0.
00

5 
cm

-110

1

10

210

310

 (cm)xy ctψ J/
T

high-p
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Ev
en

ts
 / 

0.
00

5 
cm

-110

1

10

210

310 CMS

-1 = 7 TeV, L = 4.7 fbs

Data
All components
Prompt
Nonprompt

-combinatorialψJ/
Purely combinatorial

)2 (GeV/c(1)
µµM

2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3 3.35

2
Ev

en
ts

 / 
0.

02
5 

G
eV

/c

0

50

100

150

200

250

300

350

)2 (GeV/c(1)
µµM

2.85 2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 3.3 3.35

2
Ev

en
ts

 / 
0.

02
5 

G
eV

/c

0

50

100

150

200

250

300

350
CMS

-1 = 7 TeV, L = 4.7 fbs

Data
All components
Prompt
Nonprompt

-combinatorialψJ/
Purely combinatorial

[JHEP 1409 (2014) 094]
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Differential cross-sections
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Ø SPS and DPS contributions determined by performing SPS+DPS templated 
fits to these differential cross-sections:
𝜎)** = 8.2 ± 2.0 stat ± 2.9 syst 	mb

J. P. Lansberg, H. S. Shao: [PLB 751 (2015) 479]
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tri-𝐽/𝜓 @ 13	TeV
ØFirst observation of triple 𝐽/𝜓 production

[Nat. Phys. 19 (2023) 338]
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ü Inclusive fiducial cross-section
σ 𝑝𝑝 → J/𝜓J/𝜓J/𝜓 + X = 2727#9:(#:#	(stat.) ± 17	(syst.)	ob	

• 1 event   → “3 non-prompt”
• 2 events → “2 non-prompt + 1 prompt”
• 1 event   → “1 non-prompt + 2 prompt”
• 1 event   → “3 prompt”
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𝜎!"" determination

ü SPS cross-sections taken from HELAC-ONIA at LO or NLO* (prompt) & 
MADGRAPH5_aMC@NLO + Pythia8 (non-prompt)

ü Taking 𝜎)**,&,- = 0.82 ± 0.11 	𝜎)**,+,-
⇒ 𝝈𝐞𝐟𝐟,𝐃𝐏𝐒 = 𝟐. 𝟕	5𝟏.𝟎4𝟏.𝟒 𝐞𝐱𝐩. 	5𝟏.𝟎4𝟏.𝟓	(th.)	mb

ü DPS and TPS dominate

[Nat. Phys. 19 (2023) 338]
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di-𝐽/𝜓 @ 8	TeV
Øℒ = 11.4	fbbc, 𝑝𝑝 collisions @ 𝑠 = 8	TeV
ØKinematic range of 𝐽/𝜓: 𝑝& > 8.5	GeV/𝑐 for |𝑦| < 2.1

ØSignal extraction
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[EPJC 77 (2017) 76]
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Cross-sections

ØFiducial cross-section measured in two 𝑦(𝐽/𝜓) regions due to 
different mass resolutions

ØWithin the muon kinematic acceptance: 𝑝&
; > 2.5	GeV/𝑐, |𝜂;| < 2.3

ØExtrapolating to the full fiducial region assuming zero polarisation 

[EPJC 77 (2017) 76]
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DPS extraction
ØData-driven DPS template

ü𝐽/𝜓 mesons taken from two random events of the di- 𝐽/𝜓 data sample
üNormalized to the data in the region Δ𝑦 > 1.8 and Δ𝜙 ≤ 𝜋/2, where there is negligible 

SPS contribution

ØData-driven SPS template
üSubtracting the DPS template from the Δ𝑦, Δ𝜙  distribution of the background-

subtracted data

ØEach candidate is assigned 𝑤+,- and 𝑤-,-
Ø𝑓+,- = 9.2 ± 2.1 ± 0.5 %
𝜎)** = 6.3 ± 1.6 stat ± 1.0 syst ± 0.1 BF ± 0.1 lumi 	mb
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Comparison to theory (I)

)ψ,J/ψ(J/φ∆

0 0.5 1 1.5 2 2.5 3

/8
)]

π
 [p

b/
(

φ
∆

/dσd

2−10

1−10

1

10

210  2.1%± = 9.5% DPSf
Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

)ψ,J/ψy(J/∆

0 0.5 1 1.5 2 2.5 3 3.5 4
y 

[p
b/

0.
3]

∆
/dσd

2−10

1−10

1

10
 2.1%± = 9.2% DPSf

Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

) [GeV]ψ J/ψm(J/
10 20 30 40 50 60 70 80

) [
pb

/5
 G

eV
]

ψ
 J

/
ψ

/d
m

(J
/

σd

3−10

2−10

1−10

1

10

210
 2.1%± = 9.5% DPSf

Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

) [GeV]ψ J/ψ(J/
T

p
0 10 20 30 40 50 60 70

) [
pb

/2
.5

 G
eV

]
ψ

 J
/

ψ
(J

/
T

/d
p

σd
2−10

1−10

1

10

210

 2.2%± = 9.5% DPSf
Data
DPS Estimate

.DPS Pred
NLO* SPS+DPS Pred.

ATLAS
-1 = 8 TeV, 11.4 fbs

Ø Compared to 
DPS + NLO* SPS
predictions

Ø DPS fraction fixed to 
measured 𝑓@AB

ü Some discrepancy for 
the total cross-section 
in regions of away 
topology

ü Maybe due to the 
constant factor for feed-
down in NLO* SPS

[EPJC 77 (2017) 76]
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Comparison to theory (II)
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Ø Compared to 
DPS + NLO* SPS
predictions

Ø DPS fraction fixed to 
measured 𝑓@AB

ü Large SPS contribution 
to events with towards 
topology

ü LO SPS predictions do 
not include towards 
topology

ü NLO SPS necessary to 
describe the data!

[EPJC 77 (2017) 76]
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di-𝐽/𝜓 @ 13	TeV
Øℒ = 24.11	pbbc, 𝑝𝑝 collisions @ 𝑠 = 13	TeV
ØKinematic range of 𝐽/𝜓: 𝑝� > 0	GeV/𝑐 for 2.5 < 𝑦 < 4
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ü𝜎 𝐽/𝜓 − 𝐽/𝜓 = 10.3 ± 2.3 stat. ± 1.3 syst. 	nb
ü𝜎prompt 𝐽/𝜓 − 𝐽/𝜓 = 7.3 ± 1.7 stat. 7'.#

(#.=(syst.)	nb
üAssuming only the DPS process contributes:

ü𝜎)** 𝐽/𝜓 − 𝐽/𝜓 = #
'

>:;<=:> ?/A $

>:;<=:> ?/A7?/A
  = 6.7 ± 1.6 stat. ± 2.7 syst. 	mb

[PRC 108 (2023) 045203]
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Summary and prospects
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[PoS (LHCP2020) 172; 
arXiv: 2009.12555]

u Double 𝑱/𝝍 production measured by all four LHC experiments
üLHCb: 7&13	TeV
üCMS: 7	TeV
üATLAS: 8	TeV
üALICE: 13	TeV

uWhat we have learned on DPS?
üSimilar-level 𝜎)**: a good starting point
üHow to further investigate the discrepancies?
üA unified way to separate SPS and DPS?

uWhat else we can learn from di-quarkonium prod.?
ügluon TMD
ü…

uOther di-quarkonium modes of interest?
ü𝐽/𝜓 + 𝜒B, 𝐽/𝜓 + 𝜂B…
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Back up
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Leading twist TMD PDFs

[PR12-09-014] 
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Sketch of CS frame


