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1 Introduction

The measurement of quarkonium pair production in proton-proton (pp) collisions provides

insight into the underlying mechanism of particle production. The production mechanisms

of heavy-quarkonium pairs such as J/ψ and Υ are especially valuable as they probe these

interactions in both perturbative and nonperturbative regimes [1]. In this paper, the first

cross section measurement of Υ(1S) pair production, reconstructed in the four-muon final

state, in pp collisions from the CERN LHC at
√
s = 8 TeV is reported.

Proton collisions can be described by parton models [2] in quantum chromodynamics

(QCD). In this framework, each colliding hadron is characterized as a collection of free

elementary constituents. Because of the composite nature of hadrons, in a single hadron-

hadron collision two partons often undergo a single interaction (single-parton scattering,

SPS). However, it is also possible that multiple distinct interactions (multiple-parton in-

teractions, MPIs) occur, the simplest case being double-parton scattering (DPS). The SPS

mechanism for heavy-quarkonium pair production can be described by a nonrelativistic

effective theory [3] of QCD. However, contributions from the DPS mechanism are not ad-

dressed in a simple way within the framework of perturbative QCD [4], and DPS or MPIs

are widely invoked to account for the observations that cannot be explained otherwise,

such as the rates for multiple heavy-flavor production [5]. There are still large uncertain-

ties owing to possible higher-order SPS contributions and the limited knowledge of the

proton transverse profile [6]. Heavy-quarkonium final states are expected to probe the

distribution of gluons in a proton since their production is dominated by gluon-gluon (gg)
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interactions [7, 8]. Cross section measurements of quarkonium pair production are essential

in understanding SPS and DPS contributions and the parton structure of the proton.

The first quarkonium pair production measurement dates back to 1982 when the NA3

experiment at CERN observed direct production of two J/ψ mesons [9] in π−-platinum

interactions with beam energy of 150 GeV and 280 GeV, where the main contribution is

quark-antiquark annihilation. Early theoretical calculations of the pair production cross

section assumed only color-singlet states [10–12]. However, because of the high parton flux

and high center-of-mass energy at the LHC, DPS is expected to play a significant role in

quarkonium pair production [13].

Quarkonium pair production in pp collisions via DPS is assumed to result from two

independent SPS occurrences [7, 13]. Several DPS production processes, including final

states with associated jets, are commonly described by an effective cross section (σeff)

that characterizes the transverse area of the hard partonic interactions [14, 15]. It is

estimated as the product of single quarkonium production cross sections divided by the

corresponding DPS quarkonium pair cross section [16]. Assuming the parton distribution

functions are not correlated, σeff is expected to be independent of the final state and the

center-of-mass energy. Recent measurements of σeff in final states with jets are in the

range 12–20 mb [17–20]. However, measurements of J/ψ pair [21] and J/ψ +Υ(1S) [22]

production in pp collisions yield values of 4.8 and 2.2 mb, respectively. From a fit to

differential cross section measurements of J/ψ pair production with CMS [23], Lansberg

and Shao [24] estimate an effective cross section of 8.2 mb. In this paper, we report the

first observation of Υ(1S) pair production and estimate σeff using this result, along with

theoretical predictions.

2 The CMS detector and muon reconstruction

The central feature of the CMS apparatus is a 13 m long superconducting solenoid of 6 m

internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a

silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and

a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap

sections. Extensive forward calorimetry complements the coverage provided by the barrel

and endcap detectors. Muons are measured in gas-ionization detectors embedded in the

steel flux-return yoke outside the solenoid. The main subdetectors used for the present

analysis are the muon detection system and the silicon tracker.

Charged particle trajectories are reconstructed by the silicon tracker in the pseudora-

pidity range |η| < 2.5. The innermost component of the tracker consists of three cylindrical

layers of pixel detectors in the barrel region and two endcap disks at each end of the barrel.

The strip tracker has 10 barrel layers and 12 endcap disks at each end of the barrel. There

are 66 million 100 × 150µm2 silicon pixels and more than 9 million silicon strips. Strip

pitches vary between 80µm and 120µm in the inner barrel, while the inner disk sensors

have a pitch between 100µm and 141µm. For charged particles of transverse momentum

1 < pT < 10 GeV and |η| < 1.4, the relative track resolution is typically 1.5% in pT and

25–90 (45–50)µm in the transverse (longitudinal) impact parameter [25].
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The outermost part of the CMS detector is the muon system, which covers |η| < 2.4. It

consists of four layers of detection planes made of drift tubes, cathode strip chambers, and

resistive-plate chambers. Muon reconstruction and identification begins within the muon

system using hits in the muon chambers. A matching algorithm makes the best association

between a track segment in the muon system and a track segment in the inner tracker. A

track fit is performed combining all hits from both subsystems to select high-purity muon

candidates.

Data are collected with a two-level trigger system. The first level of the trigger system,

composed of custom hardware processors, uses information from the calorimeters and muon

detectors to select events that pass the trigger requirements in a fixed time interval of about

4µs, of which 1µs is available for data processing. The second stage, the high-level trigger

(HLT), is a processor farm that further reduces the event rate from around 100 kHz to

less than 1 kHz before data storage. The HLT has full access to all the event information,

including tracking, and therefore selections based on algorithms similar to those applied

offline are used.

A more detailed description of the CMS detector, together with a definition of the

coordinate system used and the relevant kinematic variables, can be found in ref. [26].

3 Data, simulation, and event selection

The data sample used in this analysis was collected with the CMS detector at the LHC

in proton-proton collisions at a center-of-mass energy of 8 TeV and corresponds to an

integrated luminosity of 20.7 fb−1. The average number of simultaneous pp collisions in a

bunch crossing (pileup) during this run was 16.

Two separate simulated samples that account for the different production mechanisms

of Υ(1S) meson pairs are used to validate the efficiency and acceptance correction methods

and parameterize the kinematic distributions of the data. Strongly correlated Υ(1S) meson

pairs produced via SPS are generated with the cascade 2.3.13 simulation program [27],

while less-correlated Υ(1S) meson pairs produced via DPS are generated with the pythia

8.1.58 package [28]. The cascade event simulation uses an off-shell matrix-element de-

scription of the g∗g∗ → Υ(1S)Υ(1S) production and includes the kT-dependent parton

distribution function JH-2013-set2 [29]. The parton evolution follows the CCFM prescrip-

tion [30–32], which forms a bridge between the DGLAP and BFKL parton resummation

models. The CMS detector response is simulated with the Geant4 toolkit [33]. These

samples are simulated with the appropriate conditions for the analysed data, including the

effects of alignment, efficiency, and pileup.

For the rest of the paper, the notation ΥΥ will be used to denote any pair-wise combi-

nation of Υ(1S), Υ(2S), and Υ(3S) mesons. Candidate ΥΥ events are required to have four

or more muons that pass the first-level muon trigger, of which at least three must be iden-

tified as muons by the HLT. There must be at least one pair of oppositely charged muons

that have an invariant mass Mµµ between 8.5 and 11 GeV, and a vertex fit chi-squared

(χ2) probability greater than 0.5%, as determined from a Kalman-filter algorithm [34].
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The offline selection of ΥΥ candidates begins with a search for four muons with the

sum of their charges equal to 0. Selected muons are further required to pass the following

quality criteria: tracks of muon candidates must have at least six hits in the silicon tracker,

at least one hit in the pixel detector, and they must match at least one muon segment

in the muon detector. Loose selection cuts are applied on the longitudinal and transverse

impact parameters of the muons to reject muons from cosmic rays and weakly decaying

hadrons. To ensure a nearly uniform single-muon acceptance and a well-defined kinematic

region, the muon candidates must have pµT > 3.5 GeV and |ηµ| < 2.4.

To reconstruct the Υ(1S)Υ(1S) → 4µ decay, a kinematic fit [35] is performed on

oppositely charged muon pairs and then on the four muons. The fit incorporates the decay

and production kinematic properties to reconstruct the full decay chain of the user-defined

process. To be compatible with the trigger requirements, each reconstructed Υ candidate

is required to have a vertex fit χ2 probability larger than 0.5%, as determined by kinematic

fitting, and an invariant mass between 8.5 and 11 GeV. To suppress contributions from

pileup events, all four muons are also required to be associated with a common vertex

having a fit χ2 probability larger than 5%.

In order to measure the cross section in a well-define kinematic region, both Υ candi-

dates must have |yΥ| < 2.0, where y is the rapidity. Some of the events containing more

than four muons result in multiple ΥΥ candidates per event since multiple dimuon pairs

can pass the trigger and selection requirements. These events constitute about 4% of the

selected events and are discarded from further analysis. After all selection criteria are

applied, a total of 313 ΥΥ candidates are found. The major contribution of background

comes from miscombined muons from Drell-Yan production and semileptonic b → µ + X

or c→ µ+ X decays that pass the trigger and selection requirements.

To extract the signal yield of Υ(1S)Υ(1S) events, a two-dimensional (2D) unbinned ex-

tended maximum-likelihood fit to the invariant masses of the two reconstructed µ+µ− com-

binations is used. Two kinematic variables are employed to discriminate the Υ(1S)Υ(1S)

signal from the background: the invariant mass of the higher-mass Υ candidate (M
(1)
µµ ) and

the invariant mass of the lower-mass Υ candidate (M
(2)
µµ ). This choice of variables helps to

resolve the ambiguity of having a dimuon pair in which an Υ(2S) candidate appears. There

is no visible signal for Υ(3S), which is not considered further in this study. Figure 1 shows

the distribution of M
(1)
µµ versus M

(2)
µµ after all selection criteria are applied. Five categories

of events are considered to represent the sample of events:

1. events containing a genuine Υ(1S)Υ(1S) pair (labeled signal),

2. events containing a genuine Υ(2S)Υ(1S) pair (labeled Υ(2S)–Υ(1S)),

3. events containing a genuine Υ(1S) and two unassociated muons that contribute to

the M
(2)
µµ distribution (labeled Υ(1S)-combinatorial),

4. events containing a genuine Υ(2S) and two unassociated muons that contribute to

the M
(2)
µµ distribution (labeled Υ(2S)-combinatorial), and

5. events containing four unassociated muons (labeled combinatorial).
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Figure 1. Two-dimensional distribution of M
(1)
µµ vs. M

(2)
µµ .

The contributions from other categories (combinatorial–Υ(1S) and combinatorial–Υ(2S)),

where two unassociated muons form the higher-mass Υ candidate, are found to be consis-

tent with zero. There is no indication of Υ(2S)Υ(2S) events.

Each opposite-sign dimuon invariant mass distribution contains the contributions from

Υ candidates and a nonresonant background. The Υ signal is modeled as a sum of two

Crystal Ball functions [36] with a common mean, labeled DCB, to capture the variation in

dimuon resolution as a function of yΥ. The DCB parameters are extracted from the signal

SPS simulated sample and fixed in the fit to the data. The combinatorial background

components are modeled with first-order Chebyshev polynomials (Poly). The distributions

of the complete combinatorial background are found to be compatible with those of like-sign

dimuon combinations. The yields of the five event categories and the two slope parameters

for the combinatorial background are the free parameters in the fit to data. The likelihood

function `k for an event k (ignoring the normalisation term for simplicity) is given as:

`k = Nsignal [ DCBΥ(1S)(M
(1)
µµ ) DCBΥ(1S)(M

(2)
µµ ) ]

+NΥ(2S)−Υ(1S) [ DCBΥ(2S)(M
(1)
µµ ) DCBΥ(1S)(M

(2)
µµ ) ]

+NΥ(1S)−combinatorial [ DCBΥ(1S)(M
(1)
µµ ) Poly(M (2)

µµ ) ]

+NΥ(2S)−combinatorial [ DCBΥ(2S)(M
(1)
µµ ) Poly(M (2)

µµ ) ]

+Ncombinatorial [ Poly(M (1)
µµ ) Poly(M (2)

µµ ) ].

(3.1)

The yields Ni for the five categories are determined using the RooFit package [37] by mini-

mizing the quantity − lnL, where L =
∏
k `k is the total extended likelihood function. The

extracted yields with this procedure are Nsignal = 38±7 and NΥ(2S)−Υ(1S) = 13+6
−5. To evalu-

ate the significance of the Υ(1S)Υ(1S) signal, the consistency of the data is checked relative

to two hypotheses: a background-only hypothesis (the categories containing Υ(2S)–Υ(1S),

Υ(1S)-combinatorial, Υ(2S)–combinatorial, and combinatorial), and a signal hypothesis

(the categories containing background and signal). The maximum-likelihood values re-
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Figure 2. Invariant mass distributions of the higher-mass muon pair (left) and the lower-mass

muon pair (right). The data are shown by the points. The different curves show the contributions

of the various event categories from the fit.

turned from the fits to the signal and background-only hypotheses are denoted by LS
and L0, respectively. The resulting statistical significance of the signal is calculated as√
−2(LS/L0) [38], and is found to be well above five standard deviations. The statistical

significance of the Υ(2S)–Υ(1S) peak, evaluated using the same procedure, is 2.6 standard

deviations. The invariant mass distributions of the higher- and lower-mass muon pairs in

the data, with the result of the 2D fit superimposed, are shown in figure 2. The fit is

validated by applying it to simulated samples generated using the probability distribution

functions (pdf) that describe the data. No bias in the yields is found, and the likelihood

value from the fit to the data closely agrees with the mean likelihood value obtained from

the simulated samples.

4 Efficiency and acceptance

The muon acceptance is defined by the geometry of the CMS detector and the kine-

matic requirements of the analysis, which are established based on studies of simulated

Υ(1S)Υ(1S) events.

The kinematic variable distributions of the Υ(1S)Υ(1S) system change with the under-

lying production mechanism. Therefore, to minimize the model dependence, the acceptance

and efficiency corrections are calculated on an event-by-event basis using the measured Υ

meson and muon momenta. This method was utilized in a similar CMS analysis [23], and

is intended to minimize the model dependence of the correction factors.

The probability of an event passing the muon acceptance requirements is obtained by

repeatedly generating the four-momenta of the four decay muons of the measured Υ pairs

in the event. The acceptance correction for each selected event is calculated separately by

simulating a large sample of such decays. The acceptance correction factor, ai for an event

i, is defined as the number of times all four muons pass the acceptance criteria divided

by the total number of trials. The angular distribution of the decay muons with respect

to the direction of flight of the parent Υ(1S) meson, in the Υ(1S) meson rest frame, is

– 6 –
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assumed to be isotropic. Different polarization scenarios of Υ(1S) mesons are considered

and discussed later.

The efficiency correction for the four-muon system is determined with a data-

embedding method that repeatedly substitutes the measured muon four-momenta into

different simulated events, which are then subjected to the complete CMS detector sim-

ulation and reconstruction chain. Each event is simulated with the same pileup scenario

as in the corresponding data event. The efficiency correction factor εi for the ith event in

the data is the number of simulated events that pass the offline reconstruction and trigger

requirements, divided by the total number of simulated events. For each data event, 1000

different simulated events are generated. The number of efficiency-corrected signal events,

Ntrue, is then given as
∑

i 1/εi, where the summation is over the data events that satisfy

all the selection requirements.

Because of the finite µ+µ− mass resolution, typically near the kinematic acceptance

of the detector, the measured momenta of reconstructed Υ candidates will be distorted

from the original sample. To account for this, scaling factors are determined for both

the SPS and DPS simulated samples. First, an average efficiency using a data-embedding

method, ε1, is calculated as the number of events surviving the trigger and reconstruction

requirements, divided by the number of efficiency-corrected events Ntrue. Alternatively,

an average efficiency using the generator information, ε2, is determined as the number of

events satisfying the trigger and reconstruction criteria, divided by the number of events

generated within the muon and Υ meson acceptance of the detector. Compared to the first

method, the latter efficiency is based on the originally generated muon momenta. Then, the

scaling factor is defined as the ratio ε2 / ε1. Scaling factors of 98% and 96% are determined

for the SPS and DPS models, respectively. The average of these scaling factors is applied

to the data-embedding efficiency.

5 Systematic uncertainties

Several sources of systematic uncertainty in the cross section measurement are considered

and discussed below.

To estimate the uncertainty caused by the imperfect modeling of the data, several vari-

ations are checked: (i) the parameters for the Υ(1S) resonance shape that are fixed for the

maximum-likelihood fit are varied by their uncertainty, as determined from the simulated

samples; (ii) the Υ(1S) resonance shape is alternatively parameterized with a relativis-

tic Breit-Wigner convolved with a Gaussian function; (iii) Υ(1S) mesons are alternatively

parameterized using signal parameters obtained from the DPS simulation samples. The

largest difference in the signal yield among these fits of 7.9% is taken as the corresponding

systematic uncertainty.

Evaluation of the trigger and reconstruction efficiencies for Υ pair production rely

on detector simulation. To estimate the systematic uncertainty owing to the detector

simulation, the four-muon efficiency is also calculated from the single-muon efficiencies

measured in data with a “tag-and-probe” method [39] that utilizes data samples containing

a single J/ψ meson decaying into a muon pair. To calculate the four-muon efficiency using

– 7 –
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Component Uncertainty (%)

Resonance shape 7.9

Simulation 4.9

Efficiency 3.7

Acceptance 2.8

Integrated luminosity 2.6

Total 10.7

Table 1. Summary of the relative systematic uncertainties in the Υ(1S) pair production cross

section.

the tag-and-probe method, the correlations among the muons is separately derived from

the simulation. A total correlation factor, determined from simulation as a function of the

pT and rapidity of the four-muon system, is multiplied by the product of the four single-

muon efficiencies, also measured versus η and pT. The difference of the corrected signal

yield with the tag-and-probe method and the data-embedding method of 4.9% is taken as

the systematic uncertainty from the simulation.

The efficiency correction method is evaluated using the full detector simulation and

reconstruction event samples generated according to the two production mechanisms: SPS

and DPS. The systematic uncertainty from using the efficiency-correction method, a data-

embedding efficiency correction method is applied to obtain the per-event efficiency, εi.

The efficiency-corrected yield is compared to the number of generated events, and the

fractional difference between the two is used to estimate the uncertainty in the correction

method. This procedure is repeated for both simulated samples separately. The systematic

uncertainty is then taken to be the larger of the differences in the two samples and is found

to be 3.7%.

Signal SPS and DPS simulated samples are used to estimate the uncertainty in the

event-by-event acceptance correction method. A sample of Ngen simulated events are sub-

jected to the acceptance criteria. The event-based acceptance correction is then applied to

the events passing the full selection to arrive at a corrected yield, N ′gen. The uncertainty

is taken as the relative deviation of N ′gen from Ngen. The larger deviation of 2.8% between

the SPS and DPS samples is taken as a systematic uncertainty.

The luminosity delivered to CMS is measured based on cluster counting from the pixel

detector. The overall systematic uncertainty in the integrated luminosity is estimated to

be 2.6% [40].

Table 1 provides a summary of the individual systematic uncertainties. The total sys-

tematic uncertainty in the Υ(1S)Υ(1S) cross section measurement of 10.7% is calculated

as the sum in quadrature of the individual components. In this analysis, Υ(1S) mesons

are assumed to decay isotropically. To check the sensitivity of the fiducial cross section

measurement on the Υ(1S) meson decay angular distribution, studies are performed for

several extreme polarization scenarios. With θ∗ defined as the angle between the µ+ di-

rection in the Υ(1S) meson rest frame and the direction of the Υ(1S) in the lab frame, the

angular distribution is parameterized as 1 + λθ cos2(θ∗), where λθ is the polar anisotropic

– 8 –



J
H
E
P
0
5
(
2
0
1
7
)
0
1
3

λθ1 +1 +1 +0.5 −0.5 +0.5 −1 +1 −0.5 −0.5 −1

λθ2 +1 +0.5 +0.5 +0.5 −0.5 +1 −1 −0.5 −1 −1

Change (%) +36 +26 +18 −2 −3 −9 −9 −19 −29 −38

Table 2. Relative change in percent of the acceptance-corrected Υ(1S)Υ(1S) yield for different

polarization assumptions with respect to that for λθ1 = λθ2 = 0.

parameter [41]. The extreme cases λθ = 0 or λθ = +1 (−1) corresponds to an isotropic

Υ(1S) meson decay or 100% longitudinal (transverse) polarization. The polar anisotropic

parameter for each Υ(1S) candidate, labeled as λθ1 and λθ2, are varied simultaneously, and

table 2 shows a summary of this study. Compared to an isotropic Υ(1S) meson decay, the

corrected yield is 38% lower for λθ1 = λθ2 = −1 and 36% higher for λθ1 = λθ2 = +1. This

variation is not included in the total systematic uncertainty, but is quoted separately.

6 Results

The fiducial cross section of Υ(1S) pair production, σfid, is measured for events in which

both Υ(1S) mesons have |yΥ| < 2.0. It is derived from the measured Υ(1S) pair yield,

Nsignal, using the expression:

σfid =
Nsignal ω

L [B(Υ(1S)→ µ+µ−)]2
, (6.1)

where ω is the average correction factor that accounts for the inefficiencies stemming from

reconstruction, identification, and trigger requirements, as well as the fraction of events lost

because of the muon acceptance criteria, L is the integrated luminosity, and B(Υ(1S) →
µ+µ−) = (2.48 ± 0.05)% is the world-average branching fraction of the Υ(1S) to µ+µ− [42].

The factor ω is the inverse product of per-event efficiencies, εi, and acceptances, ai,

averaged over the events that pass selection cuts. For the calculation of the total cross

section, values of L = 20.7 fb−1, Nsignal = 38 ± 7, and ω = 23.06 are used. Under the

assumption that both Υ(1S) mesons decay isotropically, the total cross section for Υ(1S)

pair production is measured to be σfid = 68.8± 12.7 (stat) ± 7.4 (syst) ± 2.8 (B) pb, where

the uncertainties are statistical, systematic, and related to the Υ(1S) → µ+µ− branching

fraction, respectively.

In quarkonium pair production, the measurement of the effective cross section σeff

depends on the fraction of DPS, which is usually estimated either as a residual to the SPS

prediction or as the result of a fit to the rapidity or azimuthal angle difference between

quarkonia pairs. To estimate σeff using the fiducial Υ(1S) pair production cross section

σfid, the following formula is used [7]:

σeff =
[σ(Υ)]2

2 fDPS σfid [B(Υ(1S)→ µ+µ−)]2
, (6.2)

where σ(Υ) is the cross section for single-Υ(1S) production [43] extrapolated to the fiducial

region (|yΥ| < 2.0) and fDPS is the fraction of the DPS contribution. To estimate the
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effective cross section, we use σ(Υ) = 7.5 ± 0.6 nb and a value of fDPS ≈ 10% [8], which

gives σeff ≈ 6.6 mb. The cross section for Υ(1S) pair production, assuming SPS with feed-

down from higher Υ states, is 48 pb [8]. This result, combined with our measurement, gives

fDPS ' 30%, and with this estimation, σeff is calculated to be ≈2.2 mb. These two estimates

of σeff are consistent with the range of values from the heavy-quarkonium measurements

(2–8 mb) [21, 22], but are smaller than that from multijet studies (12–20 mb) [17–20].

The quarkonium final states are dominantly produced from gluon-gluon interactions, while

the jet-related channels that correspond to higher values of σeff are produced by quark-

antiquark and quark-gluon parton interactions. The trend in the measured effective cross

section might indicate that the average transverse distance between gluons in the proton

is smaller than between quarks, or between quarks and gluons.

7 Summary

The first observation of Υ(1S) pair production has been performed with the CMS detector

in proton-proton collisions at
√
s = 8 TeV from a sample corresponding to an integrated

luminosity of 20.7 fb−1. A signal yield of 38 ± 7 Υ(1S)Υ(1S) events is measured with a

significance exceeding five standard deviations. Using the measured muon kinematic prop-

erties in the data, an event-based acceptance and efficiency-correction method is applied,

minimizing the model dependence of the cross section measurement. The fiducial cross

section of Υ(1S) pair production measured within the single-Υ acceptance |yΥ| < 2.0 is

found to be σfid = 68.8 ± 12.7 (stat) ± 7.4 (syst) ± 2.8 (B) pb, where the Υ(1S) decay into

muons is assumed to be isotropic. Assuming instead that the Υ(1S) mesons are produced

with different polarizations leads to variations in the measured cross section in the range

from −38% to +36%. An effective cross section is also estimated using our result that is

in agreement with the values from heavy-quarkonium measurements, but is smaller than

that from multijet studies.
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correlations in the production of J/ψ pairs in proton-proton collisions, Phys. Rev. D 87

(2013) 034035 [arXiv:1210.1806] [INSPIRE].

[8] A.V. Berezhnoy, A.K. Likhoded and A.A. Novoselov, Υ-meson pair production at LHC,

Phys. Rev. D 87 (2013) 054023 [arXiv:1210.5754] [INSPIRE].

[9] NA3 collaboration, J. Badier et al., Evidence for ψψ Production in π− Interactions at

150 GeV/c and 280 GeV/c, Phys. Lett. B 114 (1982) 457 [INSPIRE].

[10] S.D. Ellis, M.B. Einhorn and C. Quigg, Comment on Hadronic Production of Psions, Phys.

Rev. Lett. 36 (1976) 1263 [INSPIRE].

[11] C.E. Carlson and R. Suaya, Hadronic Production of J/ψ Mesons, Phys. Rev. D 14 (1976)

3115 [INSPIRE].

[12] J.H. Kuhn, Hadronic Production of P Wave Charmonium States, Phys. Lett. B 89 (1980)

385 [INSPIRE].

– 12 –

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1140/epjc/s10052-015-3819-5
https://arxiv.org/abs/1506.03981
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03981
http://dx.doi.org/10.1103/PhysRevD.55.5853
https://arxiv.org/abs/hep-ph/9407339
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9407339
http://dx.doi.org/10.1007/JHEP01(2011)070
https://arxiv.org/abs/1007.3095
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.3095
http://dx.doi.org/10.1103/PhysRevD.81.014014
https://arxiv.org/abs/0911.5348
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.5348
http://dx.doi.org/10.1007/JHEP03(2012)089
https://arxiv.org/abs/1111.0910
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.0910
http://dx.doi.org/10.1103/PhysRevD.87.034035
http://dx.doi.org/10.1103/PhysRevD.87.034035
https://arxiv.org/abs/1210.1806
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.1806
http://dx.doi.org/10.1103/PhysRevD.87.054023
https://arxiv.org/abs/1210.5754
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5754
http://dx.doi.org/10.1016/0370-2693(82)90091-0
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B114,457%22
http://dx.doi.org/10.1103/PhysRevLett.36.1263
http://dx.doi.org/10.1103/PhysRevLett.36.1263
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,36,1263%22
http://dx.doi.org/10.1103/PhysRevD.14.3115
http://dx.doi.org/10.1103/PhysRevD.14.3115
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D14,3115%22
http://dx.doi.org/10.1016/0370-2693(80)90149-5
http://dx.doi.org/10.1016/0370-2693(80)90149-5
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B89,385%22


J
H
E
P
0
5
(
2
0
1
7
)
0
1
3

[13] S.P. Baranov, A.M. Snigirev and N.P. Zotov, Double heavy meson production through double

parton scattering in hadronic collisions, Phys. Lett. B 705 (2011) 116 [arXiv:1105.6276]

[INSPIRE].

[14] G. Calucci and D. Treleani, Proton structure in transverse space and the effective

cross-section, Phys. Rev. D 60 (1999) 054023 [hep-ph/9902479] [INSPIRE].

[15] G. Calucci and D. Treleani, Double parton scatterings in high-energy hadronic collisions,

Nucl. Phys. Proc. Suppl. 71 (1999) 392 [hep-ph/9711225] [INSPIRE].

[16] S.P. Baranov, A.V. Lipatov, M.A. Malyshev, A.M. Snigirev and N.P. Zotov, Associated

production of electroweak bosons and heavy mesons at LHCb and the prospects to observe

double parton interactions, Phys. Rev. D 93 (2016) 094013 [arXiv:1604.03025] [INSPIRE].

[17] CMS collaboration, Study of double parton scattering using W + 2-jet events in

proton-proton collisions at
√
s = 7 TeV, JHEP 03 (2014) 032 [arXiv:1312.5729] [INSPIRE].

[18] ATLAS collaboration, Measurement of hard double-parton interactions in W (→ lν) + 2 jet

events at
√
s = 7 TeV with the ATLAS detector, New J. Phys. 15 (2013) 033038

[arXiv:1301.6872] [INSPIRE].

[19] D0 collaboration, V.M. Abazov et al., Study of double parton interactions in diphoton +

dijet events in pp̄ collisions at
√
s = 1.96 TeV, Phys. Rev. D 93 (2016) 052008

[arXiv:1512.05291] [INSPIRE].

[20] D0 collaboration, V.M. Abazov et al., Double parton interactions in γ + 3 jet and

γ + b/cjet+ 2 jet events in pp̄ collisions at
√
s = 1.96 TeV, Phys. Rev. D 89 (2014) 072006

[arXiv:1402.1550] [INSPIRE].

[21] D0 collaboration, V.M. Abazov et al., Observation and studies of double J/ψ production at

the Tevatron, Phys. Rev. D 90 (2014) 111101 [arXiv:1406.2380] [INSPIRE].

[22] D0 collaboration, V.M. Abazov et al., Evidence for simultaneous production of J/ψ and Υ

mesons, Phys. Rev. Lett. 116 (2016) 082002 [arXiv:1511.02428] [INSPIRE].

[23] CMS collaboration, Measurement of prompt J/ψ pair production in pp collisions at√
s = 7 TeV, JHEP 09 (2014) 094 [arXiv:1406.0484] [INSPIRE].

[24] J.-P. Lansberg and H.-S. Shao, J/ψ-pair production at large momenta: Indications for double

parton scatterings and large α5
s contributions, Phys. Lett. B 751 (2015) 479

[arXiv:1410.8822] [INSPIRE].

[25] CMS collaboration, Description and performance of track and primary-vertex reconstruction

with the CMS tracker, 2014 JINST 9 P10009 [arXiv:1405.6569] [INSPIRE].

[26] CMS collaboration, The CMS Experiment at the CERN LHC, 2008 JINST 3 S08004

[INSPIRE].

[27] H. Jung et al., The CCFM Monte Carlo generator CASCADE version 2.2.03, Eur. Phys. J.

C 70 (2010) 1237 [arXiv:1008.0152] [INSPIRE].
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T. Müller, A. Nehrkorn, A. Nowack, I.M. Nugent, C. Pistone, O. Pooth, A. Stahl15

Deutsches Elektronen-Synchrotron, Hamburg, Germany

M. Aldaya Martin, T. Arndt, C. Asawatangtrakuldee, K. Beernaert, O. Behnke,

U. Behrens, A.A. Bin Anuar, K. Borras16, A. Campbell, P. Connor, C. Contreras-Campana,

F. Costanza, C. Diez Pardos, G. Dolinska, G. Eckerlin, D. Eckstein, T. Eichhorn, E. Eren,

E. Gallo17, J. Garay Garcia, A. Geiser, A. Gizhko, J.M. Grados Luyando, P. Gunnellini,

A. Harb, J. Hauk, M. Hempel18, H. Jung, A. Kalogeropoulos, O. Karacheban18, M. Kase-

mann, J. Keaveney, C. Kleinwort, I. Korol, D. Krücker, W. Lange, A. Lelek, J. Leonard,
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R. Leonardia,b, G. Mantovania,b, M. Menichellia, A. Sahaa, A. Santocchiaa,b
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P. Piroué, D. Stickland, C. Tully, A. Zuranski

University of Puerto Rico, Mayaguez, U.S.A.

S. Malik

Purdue University, West Lafayette, U.S.A.

A. Barker, V.E. Barnes, S. Folgueras, L. Gutay, M.K. Jha, M. Jones, A.W. Jung,

D.H. Miller, N. Neumeister, J.F. Schulte, X. Shi, J. Sun, A. Svyatkovskiy, F. Wang, W. Xie,

L. Xu

Purdue University Calumet, Hammond, U.S.A.

N. Parashar, J. Stupak

– 30 –



J
H
E
P
0
5
(
2
0
1
7
)
0
1
3

Rice University, Houston, U.S.A.

A. Adair, B. Akgun, Z. Chen, K.M. Ecklund, F.J.M. Geurts, M. Guilbaud, W. Li,

B. Michlin, M. Northup, B.P. Padley, R. Redjimi, J. Roberts, J. Rorie, Z. Tu, J. Zabel

University of Rochester, Rochester, U.S.A.

B. Betchart, A. Bodek, P. de Barbaro, R. Demina, Y.t. Duh, T. Ferbel, M. Galanti,

A. Garcia-Bellido, J. Han, O. Hindrichs, A. Khukhunaishvili, K.H. Lo, P. Tan, M. Verzetti

Rutgers, The State University of New Jersey, Piscataway, U.S.A.

A. Agapitos, J.P. Chou, E. Contreras-Campana, Y. Gershtein, T.A. Gómez Espinosa,
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