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The study of double onia and associated onia production
offers new tests of Quantum Chromodynamics (QCD)

DPS not distinguishable on an event-by-event basis from SPS but expected to 
differ in overall kinematic features, such as angular correlations

Large uncertainties due to possible higher-order SPS contributions, feed-down 
and limited knowledge of the proton’s transverse profile

The production of two objects in the same pp collision can be due to

�DPS
A+B =

1

1 + �AB

�A�B

�e↵ �e↵ effective cross section

Single Parton Scattering (SPS):
the two objects are produced 
by some process in a single 
interaction of two partons

Double Parton Scattering (DPS): simultaneous interaction of two 
pairs of partons, each producing 
one of the two objects

independent and uncorrelated

assumed to be independent of the scattering process and 
p
s

Distinguish between production of a heavy quark system in 
colour-singlet (CS) and colour-octet (CO) states

�AB =

(
1, A = B

0, A 6= B
~(2 — 20) mb

LO CS

DPS

LO CO
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Measurement of the production cross section of prompt J/ψ mesons in association 

with a W± boson in pp collisions at       = 7 TeV with the ATLAS detector
p
s

Production of associated     and open charm hadrons in      collisions at      = 7 and 8 TeV 
via double parton scattering

⌥ pp
p
s

Observation of double charm production involving open charm in pp collisions 
at       = 7 TeV
p
s
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W template
multi-jets template

p
s = 7 TeV

L = 4.51 fb�1

fiducial phase space 8.5 < pJ/ T < 30 GeV |yJ/ | < 2.1

|⌘µ| < 2.5|⌘µ| < 1.3

|⌘µ| > 1.3

pµT > 3.5 GeV

pµT > 2.5 GeV

pµT > 4 GeVat least one

|⌘µ(W )| < 2.4pµ(W )
T > 25 GeV

including                from pile-up:1.8± 0.2

DPS yield: 10.8± 4.2

fit to the weighted W boson transverse mass

using templates to extract

assign weights with sPlot arXiv:physics/0402083

arXiv:1401.2831
J/ ! µ+µ�

W± ! µ⌫µ

⌧ ⌘
~L · ~pT J/ 

pJ/ T

mµ+µ�

pJ/ T

unbinned maximum likelihood (ML) fit

J/ prompt and non-prompt        and backgrounds

J/ invariant mass andin the

pseudo-proper time     to obtain yields for⌧

29.2+7.5
�6.5 5.1�signal yield:

assuming �e↵ = 15± 3 (stat) +5
�3 (syst) mb

arXiv:1104.3038and          from�J/ 

arXiv:1301.6872
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Prompt       in association with aJ/ W±

Fiducial        Inclusive   DPS-subtracted

dy
)

s
(W

+J
/

md  
(W

)
m

1
 ×) 

µ
µ

A
s

BR
(J

/

0

0.5

1

1.5

2

2.5

3
-610×

 WA + W : pps prompt J/App
-1 dt = 4.5 fbL0 = 7 TeV, s, ATLAS

  < 30 GeVsJ/ 
T

|<2.1, 8.5 < p
sJ/

0<|y

Data
Spin-alignment uncertainty

 feeddownrLO CS including 
NLO CO prediction

 Transverse Momentum [GeV]sJ/
10 15 20 25 30

 [1
/G

eV
]

T
dy

 d
p

)
s

(W
+J

/
m2 d  

(W
)

m
1

 ×) 
µ
µ

A
s

BR
(J

/ -910

-810

-710

-610
 WA + W : pps prompt J/App

-1 dt = 4.5 fbL0 = 7 TeV, s, ATLAS

Data
Spin-alignment uncertainty
Estimated DPS contribution
DPS uncertainty

Ratios of the           prompt        cross section to the inclusive        cross section W±W±+ J/ 
normalised to unit rapidity

corrected for the fiducial acceptance of the muons from J/ 

last uncertainty from variations with 5 extreme scenarios
isotropic spin-alignment assumed

Rfid
J/ = (51± 13± 4)⇥ 10�8fiducial
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J/ = (126± 32± 9+41

�25)⇥ 10�8inclusive

RDPS sub
J/ = (78± 32± 22+41

�25)⇥ 10�8DPS subtracted

compared to LO CS and NLO CO predictions

dominated by CS productionW + J/ 
Inclusive differential cross section ratio

)s(W,J/q6

0 0.5 1 1.5 2 2.5 3

Ev
en

ts
 / 

0.
5

0

5

10

15

20

 datasW + prompt J/
Estimated DPS contribution
DPS uncertainty

-1 dt = 4.5 fbL0 = 7 TeV, s, ATLAS Presence of both	
SPS and DPS 
contributions
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SPS is the dominant 
contribution to the 

arXiv:1401.2831
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Prompt and non-prompt       in association with aJ/ Z
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unbinned ML fit in        invariant massJ/ 

and pseudo-proper time to obtain yields for
prompt and non-prompt        and backgroundsJ/ 

assign weights with sPlot

signal and multi-jet background templates
for weighted Z mass used to extract signal yield
separately for                  and Z ! e+e�Z ! µ+µ�

56± 10± 5 (5�) 95± 12± 8 (9�)

non-promptprompt

from DPS 11.1+5.7
�5.0 5.8+2.8

�2.6

presence of both SPS and DPS contributions

arXiv:1412.6428

assuming �e↵ = 15± 3 (stat) +5
�3 (syst) mb

arXiv:1104.3038and          from�J/ 

arXiv:1301.6872

J/ ! µ+µ�

Yields:

assuming all observed signal in the first bin (<
⇡

5
)

is due to DPS, a lower limit is set on �e↵ > 5.3 mb
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The expected production rate from the sum of CO and CS is lower than the data by a factor of 2 to 5

a higher production rate predicted through CO than through CS, CO dominant at high transverse momentum

npfDPS = (8± 2)%pfDPS = (29± 9)%DPS fraction

arXiv:1412.6428

discrepancy increasing with transverse momentum
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Production of associated    and open charm hadrons⌥
p
s = 7 TeV

p
s = 8 TeV

L = 1 fb�1

L = 2 fb�1

fiducial phase space p⌥T < 15 GeV 2.0 < y⌥ < 4.5
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C = D0 (K�⇡+), D+ (K�⇡+⇡+), D+
s ((K+K�)�⇡

+), ⇤+
c (pK�⇡+)
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ΥD0 b)
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c)
LHCb
Υ(2S)D0 d)
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p
s = 7 TeV fiducial phase space

Production of associated       and open charm hadronsJ/ 

3 < pCT < 12 GeV

2 < yJ/ < 4

2 < yC < 4

Signal yield from an unbinned extended ML fit 

D0 D+ D+
s ⇤+

c

⌥(1S) 980± 50 556± 35 31± 7 11± 6
26� 19� 6� 2.5�

⌥(2S) 184± 27 116± 20 9± 5 1± 4
7.7� 6.4� 2.5� 0.9�

⌥(3S) 60± 22 55± 17 6± 4 1± 3
3.1� 4� 1.9� 0.9�

J/ 4875± 86 3323± 71 328± 22 116± 14
> 8� > 8� > 8� 7.3�

background subtracted (weights from sPlot)

arXiv:1510.05949

arXiv:1205.0975

L = 355 pb�1 pJ/ T < 15 GeV

J/ C⌥Cto the 2D        and            mass distributions:
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and           results⌥C J/ C
Model independent production cross sections in the fiducial volume

corrected for acceptance, trigger, reconstruction, selection and particle identification efficiencies
⌥C using trigger matched subsample (~20% yield reduction) J/ C corrected for efficiency of global event cuts

D0 D+ D+
s ⇤+

c

�J/ C [nb] 161.0± 3.7± 12.2 56.6± 1.7± 5.9 30.5± 2.6± 3.4 43.2± 7.0± 12.0
LO �gg [nb] 10± 6 5± 3 1± 0.8 0.8± 0.5
LO �gg [nb] 7.4± 3.7 2.6± 1.3 1.5± 0.7 0.9± 0.5
�DPS [nb] 146± 39 60± 17 24± 7 56± 22

Predictions from gluon-gluon fusion significantly smaller than observed
Better agreement with DPS models

p
s = 7 TeV

p
s = 8 TeV

Bµ+µ� ⇥ �⌥(1S)D0

= 155± 21± 7 pb Bµ+µ� ⇥ �⌥(1S)D0

= 250± 28± 11 pb

Bµ+µ� ⇥ �⌥(1S)D+

= 80± 16± 5 pbBµ+µ� ⇥ �⌥(1S)D+

= 82± 19± 5 pb

R⌥(1S)D0

= (6.3± 0.8± 0.2)%

R⌥(1S)D+

= (3.4± 0.8± 0.2)% R⌥(1S)D+

= (2.5± 0.5± 0.1)%

R⌥(1S)D0

= (7.8± 0.9± 0.3)%

R⌥(1S)cc̄ = (7.7± 1.0)% R⌥(1S)cc̄ = (8.0± 0.9)%

DPS expectations

206± 17 pb

86± 10 pb

in agreement

extrapolating down to             and using fragmentation functions measured atpCT = 0 ⌥(4S)

Significantly larger than SPS predictions:
RSPS = (0.1� 0.3)%

RSPS = (0.2� 0.6)% (LO NRQCD)

kT(    -factorisation approach)

RDPS ⇠ 10%

�e↵ = 14.5± 1.7+1.7
�2.3 mb

using�DPS

arXiv:1103.0423

Phys. Rev. D56 (1997) 3811

arXiv:1510.05949

arXiv:1205.0975

DPS expectation

⌥C

J/ C

Ratios to inclusive production

p
s = 7 TeV
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and           results⌥C J/ C

0 0.2 0.4 0.6 0.8 1
0

0.05

0.1

0.15

0.2

0.25

-2 -1 0 1 2
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

|��| /⇡ �y

d
l
n
�

⇤

d
|�

�
|
⇥

⇡

0
.
1

⇤

d
l
n
�

⇤

d
�
y

⇥
1

0
.
1
2
5

⇤

LHCb LHCb

a) b)l J/ D0

n J/ D+

s J/ D+
s

l J/ D0

n J/ D+

s J/ D+
s
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�2.7 18.0± 3.3± 2.1+2.8
�3.8

in good agreement with multi-jet production at the Tevatron �e↵ = 14.5± 1.7+1.7
�2.3 mb Phys. Rev. D56 (1997) 3811
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Figure 9: Background-subtracted and e�ciency-corrected distributions for |��| /⇡ (top) and
�y (bottom) for ⌥(1S)D0 (left) and ⌥(1S)D+ (right) events. Straight lines in the |��| /⇡ plots
show the result of the fit with a constant function. The SPS predictions [72] for the shapes of
�� distribution are shown with dashed (orange) and long-dashed (magenta) curves for calculations
based on the kT-factorization and the collinear approximation, respectively. The solid (blue)
curves in the �y plots show the spectra obtained using a simplified simulation based on data
from Refs. [38, 41]. The dashed (green) lines show the triangle function expected for totally
uncorrelated production of two particles, uniformly distributed in rapidity. All distributions are
normalized to unity.

limited sensitivity to the underlying production mechanism.
The distribution |��| is presented in Fig. 9(a,b). The DPS mechanism predicts a flat

distribution in ��, while for SPS a prominent enhancement at |��| ⇠ ⇡ is expected in
collinear approximation. The enhancement is partly reduced taking into account transverse
momenta of collinding partons [30, 74] and it is expected to be further smeared out at
next-to-leading order. The measured distributions for ⌥(1S)D0 and ⌥(1S)D+ events,
shown in Fig. 9(a,b) agree with a flat distribution. The fit result with a constant function
gives a p-value of 6% (12%) for the ⌥(1S)D0 (⌥(1S)D+) case, indicating that the SPS

16

Neglecting the SPS contributions:

�e↵

p
s = 7 TeV

p
s = 8 TeV

�⌥(1S)D0

e↵ = 19.4± 2.6± 1.3 mb �⌥(1S)D0

e↵ = 17.2± 1.9± 1.2 mb

�⌥(1S)D+

e↵ = 22.3± 4.4± 2.2 mb�⌥(1S)D+

e↵ = 15.2± 3.6± 1.5 mb

�⌥(1S)D0,+

e↵ = 18.0± 2.4 mb �⌥(1S)D0,+

e↵ = 17.9± 2.1 mb

�⌥(1S)D0,+

e↵ = 18.0± 1.8 mb in agreement with multi-jet productionAverage

Differential distributions for p⌥(1S)
T , pJ/ T , pCT , y

⌥(1S), yC ,��, �y, p⌥(1S)C
T , y⌥(1S)C , m⌥(1S)C , A =

p⌥(1S)
T � pCT

p⌥(1S)
T + pCT

arXiv:1510.05949

arXiv:1205.0975

⌥C

J/ C

for

incl. cross sections from arXiv:1509.02372 arXiv:1302.2864

-factorisationkT
collinear approximation
DPS estimate from data

Good agreement with the DPS expectations as the main production mechanism



11

Double onia production

Observation of Υ(1S) pair production in proton-proton collisions at s√= 8 TeV

Accepted by JHEP arXiv:1610.07095 CMS

 Measurement of the prompt J/ψ pair production cross-section in pp 
collisions at √ s = 8 TeV with the ATLAS detector 

Eur. Phys. J. C77 (2017) 76 arXiv:1612.02950

Measurement of prompt J/ψ pair production in pp collisions at s√ = 7 TeV 

JHEP 09 (2014) 094 arXiv:1406.0484

arXiv:1612.07451Submitted to JHEP

CMS

ATLAS

LHCb

Measurement of the        pair production cross-section in      collisions at       = 13 TeV J/ pp
p
s
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pair productionJ/ 
p
s = 7 TeV
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Figure 1: Distributions of M(1)
µµ (top left), M(2)

µµ (top right), ctxy (bottom left), and distance signif-
icance dd (bottom right) for the candidate events and the projections of the fit results. The data
are shown as points with the vertical error bars representing the statistical uncertainty. The fit
result to the full sample is shown as a solid line. Individual contributions from the various cat-
egories are shown in different line styles: signal (short dashes), nonprompt background (long
dashes), J/y-combinatorial components (dots), and the pure combinatorial component (dashes
and dots).

deviation of the resulting cross section distribution is used as an estimate of the uncertainty in
the efficiency calculation (4.4%). The relative efficiency scaling factor is determined from SPS
and DPS MC simulation samples, representing very different scenarios of J/y pair kinematics.
The uncertainty due to model dependence of the scaling factor is defined as the difference in
the cross section between either model and the average of the two (0.2%). The small uncertainty
demonstrates that there is little overall model dependence.

The muon track reconstruction efficiency is derived from simulated events. The uncertainty is
estimated from data and simulation samples that contain at least one reconstructed J/y. For
each muon in an event, the tracking efficiency in data and simulation is obtained as a function
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ψUnpolarized J/

 phase space:ψJ/
 > 6.5 GeV/c for |y| < 1.2

T
p

4.5 GeV/c for 1.2 < |y| < 1.43→ > 6.5
T

p
 > 4.5 GeV/c for 1.43 < |y| < 2.2

T
p

Stat. unc.
Stat. and syst. unc.

ψy | between J/∆| 
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b)
∆

/d
|

σd

0

0.5

1
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2

2.5

extended ML fit to the two invariant masses,

signal weights with sPlot

NJ/ J/ = 446± 23

cross section assuming isotropic decays
after efficiency and acceptance corrections

The differential cross section in bins of        is sensitive to DPS|�y|

non-zero value measured in the bin between 2.6 and 4.4

predicted to be populated via DPS production

�J/ J/ = 1.49± 0.07± 0.13 nb

arXiv:1406.0484

extracted by Lansberg and Shao arXiv:1410.8822�e↵ = 8.2± 2.2 mb

ct
xy

J/ the separation significance      between the vertices of the two�d

the proper-transverse decay length        of the higher-pT J/ and
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Prompt       pair productionJ/ 
p
s = 8 TeV

L = 11.4 fb�1

fiducial phase space |yJ/ | < 2.1pJ/ T > 8.5 GeV
pµT > 2.5 GeV |⌘µ| < 2.3

unbinned ML fit to the two invariant masses to extract di-        signal J/ 

signal used to create prompt-prompt event weights from a 2D fit 
to the transverse decay length distributions of the two J/ 

cross sections reported for two rapidity regions based on the sub-leading         rapidityJ/ 

|yJ/ 2
| < 1.05 1.05 < |yJ/ 2

| < 2.1

NJ/ J/ = 3310± 330 NJ/ J/ = 3140± 370

�fid
J/ J/ = 13.5± 1.3± 1.1± 0.2 (B)± 0.3(L) pb�fid

J/ J/ = 15.6± 1.3± 1.2± 0.2 (B)± 0.3(L) pb

�J/ J/ = 82.2± 8.3± 6.3± 0.9 (B)± 1.6(L) pb �J/ J/ = 78.3± 9.2± 6.6± 0.9 (B)± 1.5(L) pb

after correcting for muon acceptance and assuming unpolarised production

the fraction of DPS events is determined by fitting DPS and SPS templates to the data |�y| vs |��|
assign DPS and SPS event weights

|�y|fDPS = (9.2± 2.1± 0.5)% from

�DPS
J/ J/ = 14.8± 3.5± 1.5± 0.2 (B)± 0.3(L) pb

�e↵ measured from prompt di-
lower than from other final states

J/ 

arXiv:1612.02950

�J/ J/ 
e↵ = 6.3± 1.6± 1.0(B)± 0.1(L) mb
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Prompt       pair productionJ/ 
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Differential cross sections as a function of the sub-leading           , the di-            and invariant mass J/ pTJ/ pT
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events produced together	
and back-to-back to a gluon

DPS estimate from data

central and forward         rapidity ranges J/ 2

Total and DPS cross sections (full rapidity range) 
in the muon fiducial volume:

compared to:
LO DPS normalised to measured

with a feed-down correction factorNLO* SPS

disagreement for large invariant mass, large �y

and in the low-     regionpT

Data largely in agreement with NLO* SPS + LO DPS

contributions from feed-down and/or intrinsic parton transverse momentum needed

J/ pT and invariant mass,       and ���ydi-
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pair productionJ/ 
p
s = 13 TeV

L = 279 pb�1

fiducial phase space pJ/ T < 10 GeV 2.0 < yJ/ < 4.5

2 < ⌘µ < 5pµT > 650 MeV 6 < pµ > 200 GeV

signal yield from an unbinned extended ML fit	
to the efficiency corrected 2D mass distribution 

J/ 1 J/ 2and         assigned randomly

fraction of candidates with a       from b-decays: 4.5%J/ 

�J/ J/ = 15.2± 1.0± 0.9 nb if±7% �0 = ±20%

N cor = (15.8± 1.1)⇥ 103

�J/ J/ 
e↵ = 7.3± 0.5± 1.0 mb

if all       pairs are produced through DPSJ/ 

LO CS LO CO LO kT NLO* CS
00

NLO CS DPS

1.3± 0.1+3.2
�0.1 0.45± 0.09+1.42+0.25

�0.36�0.34 6.3+3.8+3.8
�1.6�2.6 15.4± 2.2+51

�12 11.9+4.6
�3.2 8.1± 0.9+1.6

�1.3

�J/ J/ = 5.1± 1.0± 1.1 nb
p
s = 7 TeVatLHCb measurement of not precise enough to distinguish between DPS and SPS

arXiv:1612.07451

arXiv:1407.5973

compare measured               to theoretical predictions�J/ J/ 

corrected for acceptance, trigger, reconstruction, 
selection and particle identification efficiencies

assuming unpolarised production

arXiv:1509.00771and          from�J/ 

�e↵ = 14.5± 1.7+1.7
�2.3 mb

using�DPS

arXiv:1509.00771

CDF Phys Rev D56 (1997)
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pair productionJ/ 
Differential production cross sections:

Neither the DPS model, nor any of the SPS models can describe simultaneously	
the measured cross section and the differential shapes, however a sum can

A template fit to the differential distributions for the different SPS models 
is used to get the DPS fraction

All fits indicate a large DPS contribution: (42 — 88)%

including a CO component does not have a large effect on the determination of the DPS fraction

the CO contribution is significantly smaller than the CS one

arXiv:1612.07451

transverse momenta and rapidities of each       and the       pair,J/ J/ A =
pJ/ 1

T � pJ/ 2

T

pJ/ 1

T + pJ/ 2

T

��, �y and

DPS estimate from a large number of pseudo experiments hkT i = 0.5 GeV/c hkT i = 2 GeV/cLO CS and NLO* CS”: and

these translate into corresponding values for      : (10 — 12.5) mb�e↵ (          from arXiv:1509.00771)�J/ 

Smaller than the LHCb measurements in associated onia production

Slightly larger than the central production measurements by ATLAS and CMS

d�

dv
= �DPSFDPS(v) + �SPSFSPS(v)
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pair production⌥(1S)
p
s = 8 TeV

L = 20.7 fb�1

fiducial phase space |y⌥(1S)| < 2.0 |⌘µ| < 2.5pµT > 3.5 GeV
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 (8 TeV)-1L = 20.7 fbCMS

M (1)
µµ > M (2)

µµ

2D unbinned ML fit to         and M (2)
µµM (1)

µµ

N⌥(1S)⌥(1S) = 38± 7

N⌥(2S)⌥(1S) = 13+6
�5

cross section assuming isotropic decays

different polarisations lead to variations in the range -38% to +36%

after efficiency and acceptance corrections

Assuming a conservatively low value fDPS ⇡ 10% �e↵ ⇡ 6.6 mb

�e↵ ⇡ 2.2 mbfDPS ⇡ 30%

an SPS prediction for          pair production = 48 pb⌥(1S)

Consistent with the range of values from heavy-quarkonium measurements (2 — 8) mb
Smaller than multi-jet measurements (12 — 20) mb

�⌥(1S)⌥(1S) = 68.8± 12.7± 7.4± 2.8 (B) pb

arXiv:1610.07095

arXiv:1210.5754

DPS fraction estimated from and�⌥(1S)⌥(1S)

the cross section for           pair production,⌥(1S)
assuming SPS with feed-down = 48 pb
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Summary

18

Many results from the LHC experiments shedding light on double onia and associated onia production

�e↵ measured from prompt di-
generally lower than from other final states

J/ 

Data largely in agreement with NLO* SPS + LO DPS
contributions from feed-down and/or intrinsic 
parton transverse momentum may be needed

Theoretical predictions of the dependence of
�e↵ on the process and the centre-of-mass
energy are needed

Expect a lot more                    results
p
s = 13 TeV

arXiv:1612.02950
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Prompt       pair productionJ/ 
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Prompt       pair productionJ/ 
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pair productionJ/ 
arXiv:1612.07451

transverse momenta and rapidities of each       and the       pair,J/ J/ A =
pJ/ 1

T � pJ/ 2

T

pJ/ 1

T + pJ/ 2

T
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Differential production cross sections:
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 = 8 TeV)s, ψ + J/ψATLAS  (J/
 = 7 TeV)sATLAS (4 jets, 
 = 1.96 TeV)s + 2 jets, γD0 (2
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Figure 1: Summary of recent measurements of the e↵ective DPS cross-section �e↵ [1–16] When

two error bars are shown, the inner error bars indicate the statistical uncertainty whilst the outer

error bars indicate the sum in quadrature of the statistical and systematic uncertainties.
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