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1 Introduction

The associated production of prompt J/ψ mesons with W± bosons provides a powerful

probe of the charmonium production mechanism in hadronic collisions, allowing tests of

quantum chromodynamics (QCD) at the boundary between the perturbative and non-

perturbative regimes. The ATLAS Collaboration has previously presented two analyses

of J/ψ mesons produced in conjunction with vector bosons: the associated production of

prompt J/ψ +W± in
√
s = 7 TeV data [1] and the production of prompt and non-prompt

J/ψ+Z in
√
s = 8 TeV data [2]. This paper presents a new measurement of the ratio of the

cross-section for associated production of prompt J/ψ + W± to the inclusive W± produc-

tion cross-section with W± → µν and J/ψ → µ+µ+ at a centre-of-mass energy of 8 TeV,

exploiting a four-fold increase in integrated luminosity over the previous measurement [1].

The analysis strategy closely follows the methods of the earlier papers. Prompt production

refers to a J/ψ meson that is produced directly in the proton-proton collision or indirectly
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from a heavier charmonium state, while non-prompt production occurs when the J/ψ meson

is produced in the decay of a b-hadron. The J/ψ events that are produced from radia-

tive decays of heavier charmonium states (such as χc → γJ/ψ) are not distinguished from

directly produced J/ψ mesons, as long as they are produced in the initial hard interaction.

Despite being studied for many decades [3–9], the production mechanism of J/ψ mesons

in hadronic collisions is not fully understood. The main models for perturbative calculations

of heavy quarkonium production (QQ̄) in hadronic collisions differ in whether the system is

produced in a colour singlet (CS) state or a colour octet (CO) state [10–14]. The CS model

requires two hard gluons in a colour singlet in the initial state, or one gluon splitting into

QQ̄ where one of the quarks radiates a hard gluon. The non-relativistic QCD (NRQCD)

framework allows the QQ̄ system to remain in a colour-octet state and then generates the

final colour-neutral meson via low-energy non-perturbative matrix elements; these matrix

elements are determined from fits to experimental data [11, 12, 14–16].

Associated prompt J/ψ + W± production has been presented as a clear signature

of CO processes [17], although other authors argue that higher-order CS processes will

dominate [18]. The process W± → W± + γ∗ → J/ψ + W± may contribute, but the

focus for this measurement is a comparison to the CO processes [19]. The production rate

measured by ATLAS at 7 TeV, while having large statistical uncertainties, was an order of

magnitude larger than the NRQCD prediction of ref. [17].

This paper reports a measurement of the ratio of fiducial and inclusive cross-sections for

associated prompt J/ψ + W± production to the cross-section of inclusive W± production

in the same W± kinematic region. The fiducial measurement for J/ψ + W± is defined in

a restricted kinematic range for the muons from J/ψ decay, and is specific to the ATLAS

detector, while the inclusive result is determined by correcting for the detector’s kinematic

acceptance to muons. These cross-section ratios are presented for J/ψ transverse momenta

in the range 8.5 < pT < 150 GeV and rapidities satisfying |yJ/ψ| < 2.1. The inclusive ratio

is also quoted differentially as a function of the J/ψ transverse momentum.

Single parton scattering (SPS) occurs in a given pp collision when the J/ψ meson and

W± boson are produced from one parton pair, while double parton scattering (DPS) occurs

when the J/ψ meson and W± boson are produced from two different parton pairs. The

cross-section ratio for SPS is obtained after subtracting the estimated DPS fraction, and is

compared with a theoretical prediction of the next-to-leading-order CO contribution [13].

2 ATLAS detector

The ATLAS detector [20] at the LHC is a multipurpose particle detector with a forward-

backward symmetric cylindrical geometry and a near 4π coverage in solid angle.1 It consists

of an inner tracking detector surrounded by a thin superconducting solenoid providing a

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre

of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ) are used in the transverse

plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar

angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡

√

(∆η)2 + (∆φ)2.
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2 T axial magnetic field, electromagnetic (EM) and hadron calorimeters, and a muon spec-

trometer. The inner tracking detector covers the pseudorapidity range |η| < 2.5. It consists

of silicon pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-

argon sampling calorimeters provide EM energy measurements with high granularity. A

steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range |η| < 1.7.

The endcap and forward regions are instrumented with liquid-argon calorimeters for both

EM and hadronic energy measurements up to |η| = 4.9. The muon spectrometer surrounds

the calorimeters and is based on three large air-core toroidal superconducting magnets with

eight coils each. The field integral of the toroids ranges between 2.0 and 6.0 T m across

most of the detector acceptance. The muon spectrometer includes a system of precision

tracking chambers and fast detectors for triggering.

A three-level trigger system was used to select events. The first-level trigger is imple-

mented in hardware and used a subset of the detector information to reduce the accepted

rate to at most 75 kHz. This was followed by two software-based trigger levels that to-

gether reduced the accepted event rate to 400 Hz on average depending on the data-taking

conditions during 2012 [21].

3 Event selection and reconstruction

The analysis uses 20.3 fb−1 of pp collision data at
√
s = 8 TeV collected during 2012. Events

were selected using a non-prescaled single-muon trigger that required at least one muon

with |η| < 2.4, transverse momentum pT > 24 GeV, stable beams, and fully operational

subdetectors.

The muon reconstruction begins by finding a track candidate independently in the

inner tracking detector and the muon spectrometer. The momentum of the muon can-

didate is calculated by statistically combining the information from the two subsystems

and correcting for parameterised energy loss in the calorimeter; these muon candidates are

referred to as combined muons.

In some cases a track in the inner detector is identified as a muon if the extrapolated

track is associated with at least one local track segment in the muon spectrometer. In

such cases the information from the inner tracking detector alone is used to determine

the momentum. For analyses studying low-mass objects, such as J/ψ mesons, the inclu-

sion of these segment-tagged muons provides additional efficiency for reconstructing low-pT
muons [22].

3.1 W± selection

An inclusive W± sample is defined by applying the W± boson selections listed in table 1.

Candidate muons from W± decays are required to be combined and to match the muon

reconstructed by the trigger algorithm. The primary vertex is chosen as the reconstructed

vertex with the highest Σp2T of associated tracks and must have a minimum of three asso-

ciated tracks with pT > 400 MeV.

Calorimetric and track isolation variables are defined by calculating the sum of trans-

verse energy (ET) deposits in the calorimeter cells and track pT, respectively, within a cone
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W± boson selection

At least one isolated muon that originates < 1 mm from primary vertex along z-axis

pT (trigger muon) > 25 GeV

|ηµ| < 2.4

Missing transverse momentum > 20 GeV

mT(W±) > 40 GeV

|d0|/σd0 < 3

Table 1. Selection criteria for the inclusive W± sample, where µ is the muon from the W± boson

decay.

J/ψ selection

2.4 < m(µ+µ−) < 3.8 GeV

8.5 < p
J/ψ
T < 150 GeV, |yJ/ψ| < 2.1

pµ1T > 4 GeV, |ηµ1 | < 2.5
{

either pµ2T > 2.5 GeV, 1.3 ≤ |ηµ2 | < 2.5
}

or pµ2T > 3.5 GeV, |ηµ2 | < 1.3

Table 2. Definition of the fiducial region for the J/ψ cross section measurement, where µ1 is the

highest-pT muon from the J/ψ decay, and µ2 is the second-highest-pT muon from the J/ψ decay.

size ∆R = 0.3 around the muon direction. The energy deposited by the muon is subtracted

from the calorimetric isolation variable, and only tracks compatible with originating from

the primary vertex and with pT > 1 GeV (excluding the muon itself) are considered for the

track isolation. A correction depending on the number of reconstructed vertices is made to

the calorimetric isolation to account for additional energy deposits due to pile-up vertices.2

For the muon to be considered isolated, the two isolation variables defined above must both

be less than 5% of the muon pT.

Transverse impact parameter significance is defined as |d0|/σd0 , where d0 is the impact

parameter, defined as the distance of closest approach of the muon trajectory to the primary

vertex in the xy-plane, and σd0 is its uncertainty.

The W± boson transverse mass is defined as

mT(W±) ≡
√

2pT(µ)Emiss
T [1 − cos(φµ − φν)] ,

where the variables φµ and φν represent the azimuthal angles of the muon from the W±

boson decay and the missing transverse momentum Emiss
T , respectively. The Emiss

T is calcu-

lated as the magnitude of the negative vector sum of the transverse momenta of calibrated

electrons, photons, hadronically decaying τ -leptons, jets and muons, as well as additional

low-momentum tracks that are associated with the primary vertex but are not associated

with any other Emiss
T component [23].

2Pile-up arises from multiple proton-proton collisions that occur in the same bunch crossing.
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3.2 W± + J/ψ event selection

If an event has two additional muons then the J/ψ selections listed in table 2 are also

applied to define the associated J/ψ + W± sample. The J/ψ candidates are required to

have a vertex < 10 mm from the primary vertex along the z-axis and must be formed from

either two combined muons or from one combined muon and one segment-tagged muon,

and at least one muon must have pT > 4 GeV. A vertex fit is performed to constrain the

two muons to originate from a common point.

To distinguish prompt J/ψ candidates from those originating from b-hadron decay

(non-prompt), the pseudo proper decay time is used:

τ(µ+µ−) ≡
~L · ~p J/ψT

p
J/ψ
T

· m(µ+µ−)

p
J/ψ
T

,

where ~L is the 2-D displacement vector of the J/ψ decay vertex from the primary event

vertex, and ~p
J/ψ
T and m(µ+µ−) are the transverse momentum and invariant mass of the

J/ψ candidate, respectively. Prompt J/ψ candidates should have a pseudo proper decay

time consistent with zero (within resolution).

4 Signal and background extraction

4.1 Inclusive W± sample

A signal sample of W± → µν Monte Carlo (MC) was used to verify the overall modelling of

the signal+background in the inclusive W± sample. The backgrounds W± → τν, Z → µµ,

Z → ττ , diboson, tt̄ and single top were also modelled with MC simulations. Most of the

MC samples were generated using Powheg-Box [24–26] for the hard scatter and show-

ered using either Pythia 6 [27] or Pythia 8 [28]. Samples of W or Z bosons decaying

into electrons, muons or taus were generated with the Powheg-Box next-to-leading-order

(NLO) generator, interfaced to Pythia 8 with the AU2 set of tuned parameters [29] for

the underlying event and the CT10 leading-order (LO) parton distribution function (PDF)

set [30]. Processes involving tt̄ and single top were generated with Powheg-Box using the

CT10 PDFs, interfaced to Pythia 6.427 with the P2011C underlying-event tune [31] and

the CTEQ6L1 PDF set [32]. Diboson samples were produced with Herwig 6.520.2 [33]

with the ATLAS AUET2 underlying-event tune [34] and CTEQ6L1. Alternative samples

are used to evaluate the systematic uncertainties: Alpgen 2.13 [35] with Herwig 6.520.2

parton showering with CTEQ6L1 for W+jets and Z+jets, including Jimmy [36] for multi-

parton interactions, MC@NLO 4.06 [37] with Herwig 6.520 parton showering for tt̄, and

AcerMC [38] with Pythia 6.426 [27] and CTEQ6L1 for single top. All simulated samples

were processed through a Geant4-based detector simulation [39, 40] with the standard

ATLAS reconstruction software used for collision data.

For the multijet background, a standard data-driven technique called the ABCD

method [1] is used. Four independent regions (A, B, C, D) are defined in a two-dimensional

plane using mT(W±) and Emiss
T together with the uncorrelated muon isolation variable.

Regions A and B are required to have Emiss
T < 20 GeV and mT(W±) < 40 GeV, while
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regions C and D are required to have Emiss
T > 20 GeV and mT(W±) > 40 GeV. In regions

A and C (B and D) an isolated muon (non-isolated muon) is required. The multijet back-

ground in signal region C is determined from NC = NA × ND/NB, where NA, NB, NC ,

and ND are the background-subtracted event yields in regions A, B, C and D respectively.

After accounting for all background events (which contribute an estimated 12% of the

original yield, with Z → µ+µ− and W± → τ±ν making up 80% of the background), a total

W± yield of (6.446± 0.035)× 107 events is found. The uncertainty includes the statistical

uncertainty in the data sample and systematic uncertainties arising from the background

sample sizes, background cross-sections, the multijet estimation and the luminosity uncer-

tainty. The absolute luminosity scale is derived from beam-separation scans performed in

November 2012. The uncertainty in the integrated luminosity is 1.9% [41].

4.2 Separation of prompt and non-prompt J/ψ

The associated prompt J/ψ + W± yield is measured using a two-dimensional unbinned

maximum likelihood fit to the J/ψ mass and pseudo proper decay time in the region 2.4 GeV

< m(µ+µ−) < 3.8 GeV and −2 ps < τ(µ+µ−) < 10 ps. The pseudo proper decay time

for the prompt signal is modelled as a double Gaussian distribution while a single-sided

exponential function is used for the non-prompt signal. The prompt background component

is modelled as a double-sided exponential function and the non-prompt background is

the sum of a single-sided and a double-sided exponential function. The lifetime fit takes

into account resolution effects by convolving the exponential functions with a Gaussian

resolution function. The J/ψ mass distribution is modelled with a Gaussian distribution

for both the prompt and non-prompt signal and a third-order polynomial is used for both

the prompt and non-prompt combinatorial backgrounds. To improve the stability of the

fit, the mean and width of the J/ψ mass distribution are fixed to the values derived from

fitting a large inclusive J/ψ sample.

After the fit is performed, the sPlot tool [42] is used to extract per-event weights

according to the parameters of the fit model. These weights are used to generate prompt

signal distributions for other variables such as the W± transverse mass, the J/ψ transverse

momentum and the azimuthal opening angle between the W± and the J/ψ.

The results of applying the two-dimensional mass and lifetime fit to the J/ψ candidate

events are shown in figure 1, giving prompt signal yields of 93 ± 14 (stat) for |yJ/ψ| < 1 and

102 ± 17 (stat) for 1 < |yJ/ψ| < 2.1. Two rapidity ranges are used to account for the differ-

ence in muon momentum resolution between the barrel and endcap regions of the detector.

4.3 W± + J/ψ backgrounds

The same backgrounds considered for the inclusive W± sample are used for the associated

prompt J/ψ +W± sample. In addition, background from Bc → J/ψµν is also considered.

Using MC, the expected yields are found to be consistent with zero (3.7+1.9
−3.4 events). A

significant background arises from simultaneous production of a W± and a J/ψ from dif-

ferent pp interactions in the same bunch crossing, where the two production vertices are

not distinguished. The probability that, when a W± is produced, a J/ψ is also produced

nearby, can be estimated statistically. The average number of pile-up collisions occurring

– 6 –
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Figure 1. (a) J/ψ candidate mass and (b) pseudo proper decay time for the rapidity range

|yJ/ψ| < 1 and pT range 8.5 < p
J/ψ
T < 150 GeV; (c) J/ψ candidate mass and (d) pseudo proper

decay time for the rapidity range 1 < |yJ/ψ| < 2.1 and pT range 8.5 < p
J/ψ
T < 150 GeV.

within 10 mm of a given interaction vertex is determined to be 2.3 ± 0.2 and is found by

sampling the luminosity-weighted distribution of the mean number of inelastic interactions

per proton-proton bunch crossing. This number is combined with the pp inelastic cross-

section and the prompt J/ψ cross-section [2] to give an estimate of the pile-up contribution

as a function of the pT and rapidity of the J/ψ in the associated production sample. The

fraction of pile-up events is determined to be (10.5 ± 1.2)% of the candidate events.

The desired signal topology is prompt J/ψ + W±, where the W± boson decays to

µ±ν. Production of prompt J/ψ + W± with a different decay of the W± boson, or of

prompt J/ψ + Z, are treated as backgrounds. Background from prompt J/ψ + W± with
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W± → τ±ν is determined using MC. An inclusive MC sample of W± → τ±ν events is

used to determine the probability of an event to pass the W± → µ±ν selection, yielding

a background of (2.3 ± 0.1)% of the candidate events. Background from prompt J/ψ + Z

events is calculated using the measured value of σ(pp→ J/ψ+Z)/σ(pp→ Z) in the 8 TeV

ATLAS data [2]. This ratio is scaled by the probability of Z → µ+µ− and Z → τ+τ− to

pass the W± → µ±ν selection in inclusive MC samples, giving a total background of (9.5

± 0.5)% events. The J/ψ + Z background is subtracted as a constant fraction in the pT
differential distribution since the measured ratio between σ(pp → J/ψ + Z)/σ(pp → Z)

and σ(pp→ J/ψ +W±)/σ(pp→W±) is consistent with being flat as a function of p
J/ψ
T .

4.4 Detector effects and acceptance corrections

The efficiency for reconstructing muons varies depending on the pT of the muon, with

efficiencies of 65% for 3 GeV muons increasing to a plateau efficiency of 99% for muons

above 10 GeV. The nominal relative momentum resolution for muons is < 3.5% up to

transverse momenta pT ∼ 200 GeV [43]. To correct the measurements for reconstruction

efficiency, a per-event weight is computed using muon efficiency measurements extracted

from large inclusive J/ψ → µ+µ− and Z → µ+µ− data samples and applied as a function

of the pseudorapidity and pT of each muon from the J/ψ decay [2]. In addition, a per-event

weight is applied to correct the J/ψ rate for muons that fall outside the detector acceptance.

The acceptance weight is given by the probability that both muons in a J/ψ → µ+µ−

candidate pass the kinematic requirements on pµT and |ηµ|, for a particular yJ/ψ and p
J/ψ
T .

These weights are determined using generator-level simulations. Although inclusive J/ψ

spin-alignment measurements find a near isotropic distribution [44–46], this may not apply

to the spin-alignment of J/ψ mesons produced in association with a W boson, due to the

different relative contributions of the J/ψ production modes. Consequently, a nominal

uniform spin-alignment is used and a variety of extreme polarisation states of the J/ψ are

considered for the acceptance correction, one with full longitudinal polarisation and three

with different transverse polarisations [2].

After correcting for the J/ψ daughter muon efficiency and acceptance, ratios of cross-

sections for associated prompt J/ψ + W± production to inclusive W± production are

measured in a single W± → µ±ν fiducial region defined as |ηµ| < 2.4, pT(µ±) > 25 GeV

and pT(ν) > 20 GeV, both differentially in p
J/ψ
T and also integrated over p

J/ψ
T . These

measurements will be discussed in section 6. Using MC, the efficiency for reconstructing

inclusive W± → µν is found to depend linearly on the pT of the W± boson (pWT ). A linear

correlation is also found between the values of p
J/ψ
T and pWT for the associated production

sample in data. These two effects lead to a correction to the differential cross-section ratio

based on the pT of the prompt J/ψ candidate. To apply the correction, the average value of

p
J/ψ
T is determined for each p

J/ψ
T bin in the differential distribution. The linear correlation

between p
J/ψ
T and pWT is used to derive the corresponding value for the average pWT within

the p
J/ψ
T bin. The ratio of the inclusive W± efficiency to the W± reconstruction efficiency

in each p
J/ψ
T bin gives the efficiency correction, which varies from 0.93 ± 0.02 at low p

J/ψ
T

to 0.78 ± 0.04 in the highest p
J/ψ
T bin.

– 8 –
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4.5 Double parton scattering

The measured yield of prompt J/ψ + W± includes contributions from SPS and DPS

processes. The DPS contribution can be estimated using the effective cross-section (σeff)

measured by the ATLAS Collaboration, as well as the double-differential cross-section for

pp → J/ψ prompt production (σJ/ψ) [2]. Based on the assumption that the two hard

scatters are uncorrelated, the probability that a J/ψ is produced by a second hard process

in an event containing a W± boson is given by

P ij
J/ψ|W± =

σijJ/ψ

σeff
,

where σijJ/ψ is the cross-section for J/ψ production in the appropriate pT (i) and rapidity

(j) interval and σeff is the effective transverse overlap area of the interacting partons. Since

σeff may not be process-independent, it is unclear which value of σeff to use for prompt J/ψ

+ W± production, so two different values are considered: σeff = 15 ± 3(stat.)+5
−3(sys.) mb

from W± + 2-jet events [47] and σeff = 6.3 ± 1.6(stat.) ± 1.0(sys.) mb from prompt J/ψ

pair production [48]. These two values of σeff are chosen since they are the two ATLAS

measurements closest to the J/ψ + W± final state. The latter value is close to those

inferred in refs. [49, 50] from the earlier ATLAS measurements of J/ψ + W± and J/ψ

+ Z production [1, 2]. With these assumptions, it is estimated that between (31+9
−12)%

(σeff = 15 mb) and (75 ± 23)% (σeff = 6.3 mb) of the inclusive signal yield is due to DPS

interactions, where the uncertainties in the inclusive W± yield, the J/ψ cross-section and

σeff are propagated to the DPS fraction.

The distribution of the azimuthal opening angle ∆φ(J/ψ,W±) between the directions

of the J/ψ and of the W± is sensitive to the contributions of SPS and DPS. The DPS

component should not have a preferred ∆φ value, while the SPS events are expected to peak

at ∆φ ≈ π due to momentum conservation. The estimated DPS yield can be validated

with data, assuming that the low ∆φ(J/ψ,W±) is exclusively due to DPS interactions.

Figure 2 shows the measured ∆φ distribution with the estimated DPS contribution using

the two different values of σeff . Both values of σeff are consistent with the data at low ∆φ.

The normalized ∆φ distributions with and without correcting for efficiency and acceptance

are consistent with each other within the statistical uncertainties

5 Systematic uncertainties

Almost all systematic uncertainties associated with the reconstruction of the W± boson

and the integrated luminosity cancel out in the ratio of the two processes, J/ψ + W± and

inclusive W± production, in the same fiducial region. The remaining relevant systematic

uncertainties are discussed below.

The choice of functions used to fit the mass and pseudo proper decay time is a source of

systematic uncertainty. Three alternative models for the mass fit are studied: introducing

a ψ(2S) mass peak into the fit model, letting the mean of the J/ψ mass peak float, and

using exponential functions to model the background. The maximum difference between the
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Figure 2. The sPlot-weighted opening angle ∆φ(J/ψ,W±) for prompt J/ψ + W± candidates,

uncorrected for efficiency or acceptance, compared with the sum of the expected pileup and DPS

contributions. The data are not corrected for J/ψ + V backgrounds which contribute ∼10% and

have a shape similar to the overall distribution. The DPS contribution is shown for two σeff values,

15 mb and 6.3 mb, as described in the text. The peak at ∆φ ≃ π is assumed to come primarily

from SPS events.

nominal model yield and the yields from the alternative fit models is taken as a systematic

uncertainty. An alternative pseudo proper decay time model which takes into account

resolution effects by convolving the lifetime with a double Gaussian resolution function

was found not to make a significant difference to the prompt J/ψ yield.

The reconstruction efficiencies used for the muons from J/ψ decay are derived from

data as a function of pT and η as discussed in the previous section. A systematic uncer-

tainty is determined by randomly varying the efficiency in each pT-η interval 100 times

using a Gaussian distribution of width equal to the uncertainty in the efficiency in that

interval. The RMS spread of the extracted yield is taken as the systematic uncertainty.

The uncertainty due to the pile-up background estimation is also considered.

The J/ψ vertex is required to be within 10 mm of the primary vertex along the z-axis,

which can affect the pseudo proper decay time distribution. The impact of this is deter-

mined by taking the difference in yields between the nominal value of 10 mm and a value of

20 mm, after correcting for pileup contributions, and included as a systematic uncertainty.

The uncertainty on the fractional background from prompt J/ψ+W± with W± → τ±ν

is determined by propagating the statistical and systematic uncertainties on the numbers of

selected W± → τ±ν and W± → µ±ν events in the inclusive MC samples. The background

correction for prompt J/ψ+Z contamination incorporates the uncertainties on the selected

Z → µ+µ−, Z → τ+τ− and W± → µ±ν events in the same way, and combines this with the

full uncertainty (statistical and systematic) from the σ(pp→ prompt J/ψ+Z)/σ(pp→ Z)

measurement [2].

The uncertainty on the difference in the reconstruction efficiency between the inclusive

W± sample and the prompt J/ψ+W± sample takes several effects into account: the spread
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Source of Uncertainty Uncertainty [%]

|yJ/ψ| < 1 1 < |yJ/ψ| < 2.1

J/ψ mass fit 8.7 4.9

Vertex separation 12 15

µJ/ψ efficiency 2.0 1.6

Pile-up 1.1 1.4

J/ψ + Z and J/ψ +W±(→ τ±ν) 3.5 4.8

Efficiency correction 2.3 2.3

Table 3. Summary of the systematic uncertainties, expressed as a percentage of the measured

inclusive cross-section ratio of J/ψ + W± to W±.

p
J/ψ
T range [GeV] Longitudinal Transverse 0 Transverse + Transverse −

(8.5, 10)

(10, 14)

(14, 18)

(18, 30)

(30, 60)

(60, 150)

11

8.9

12

8.1

2.3

5.2

−4.4

−3.1

−5.0

−3.3

−0.7

−2.2

40

33

24

18

11

4.0

−28

−25

−23

−18

−10

−8.0

Total 9.6 −3.7 31 −24

Table 4. Percentage variations on the differential distribution for four extreme cases of J/ψ spin

alignment of maximal polarisation relative to the nominal unpolarised assumption for |yJ/ψ| < 1 [2].

of p
J/ψ
T in each bin of the differential distribution; the uncertainties in the linear fit for the

reconstruction efficiency as a function of pWT ; and the uncertainties in the fit to determine

pWT as a function of p
J/ψ
T .

A nominal uniform spin-alignment is used; however, five different spin-alignment sce-

narios are considered, following the procedure adopted and described in detail in ref. [2],

leading to a systematic uncertainty due to the unknown spin-alignment. A summary of

the systematic uncertainties is given in table 3. The effects of the different spin-alignment

assumptions are shown in tables 4–6.

6 Results

After applying the selections described above to the data, the signal is extracted and the

cross-section ratio measurement is performed in the range of J/ψ transverse momentum

8.5–150 GeV and in two J/ψ rapidity intervals, |yJ/ψ| < 1 (central) and 1 < |yJ/ψ| < 2.1

(forward). Results are extracted in the two rapidity regions (due to the different dimuon

mass resolution) and also combined into a single rapidity range.
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p
J/ψ
T range [GeV] Longitudinal Transverse 0 Transverse + Transverse −

(8.5, 10)

(10, 14)

(14, 18)

(18, 30)

(30, 60)

(60, 150)

−19

−19

−15

−13

−7.9

−4.8

13

12

9.8

8.0

4.6

2.6

38

28

18

11

7.4

3.9

−5.4

0.03

2.5

4.6

1.8

1.3

Total −16 10 25 −0.5

Table 5. Percentage variations on the differential distribution for four extreme cases of J/ψ

spin alignment of maximal polarisation relative to the nominal unpolarised assumption for

1 < |yJ/ψ| < 2.1 [2].

p
J/ψ
T range [GeV] Longitudinal Transverse 0 Transverse + Transverse −

(8.5, 10)

(10, 14)

(14, 18)

(18, 30)

(30, 60)

(60, 150)

−0.8

−4.4

−1.9

−1.2

−3.7

−1.3

2.6

4.2

2.6

1.7

2.4

0.9

39

31

21

15

8.7

4.0

−19

−13

−10

−8.0

−3.1

−2.0

Total −2.3 2.9 28 −13

Table 6. Percentage variations on the differential distribution for four extreme cases of J/ψ

spin alignment of maximal polarisation relative to the nominal unpolarised assumption for

|yJ/ψ| < 2.1 [2].

The final prompt J/ψ +W± signal yields after the application of the J/ψ acceptance

and muon efficiency weights are 222± 37(stat) for the central region and 195± 33(stat) for

the forward region, where the estimated pile-up contributions are removed.

The total cross-section ratio is calculated for three different measurement types: fidu-

cial, inclusive and DPS-subtracted. The explanation of each of these methods follows, and

the corresponding cross-section results are presented below and in tables 7 and 8.

6.1 Fiducial, inclusive and DPS-subtracted cross-section ratio measurements

Due to the restrictive η and pT selection applied to the muons from the J/ψ, a fiducial

measurement is made that is independent of the unknown J/ψ spin-alignment or the effects

of the J/ψ acceptance corrections (see table 2) and is given by

Rfid
J/ψ =

σfid(pp→ J/ψ+W±)

σ(pp→W±)
·B(J/ψ→µµ) =

1

N(W±)

∑

pT bins

[N eff(J/ψ+W±)−Nfid
pile-up] ,
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where N eff(J/ψ + W±) is the background-subtracted yield of W± + prompt J/ψ events

after corrections for the J/ψ muon reconstruction efficiencies, N(W±) is the background-

subtracted yield of inclusive W± events and Nfid
pile-up is the expected number of pile-up

background events in the fiducial J/ψ acceptance. It has been verified that the efficiency

to reconstruct a W± is the same for the inclusive W± sample and for the associated

J/ψ +W± sample. The result is

Rfid
J/ψ = (2.2 ± 0.3 ± 0.7) × 10−6 ,

where the first uncertainty is statistical and the second is systematic.

The fully corrected inclusive production cross-section ratio, in which the J/ψ accep-

tance and the unknown J/ψ spin-alignment are taken into account, is given by

Rincl
J/ψ=

σincl(pp→J/ψ+W±)

σ(pp→W±)
·B(J/ψ→µµ)=

1

N(W±)

∑

pT bins

[N eff+acc(J/ψ+W±)−Npile-up],

where N eff+acc(J/ψ+W±) is the background subtracted yield of prompt J/ψ + W± events

after J/ψ acceptance corrections and efficiency corrections for the J/ψ decay muons, and

Npile-up is the expected number of pile-up events in the full range of J/ψ decay phase space.

The result is

Rincl
J/ψ = (5.3 ± 0.7 ± 0.8+1.5

−0.7) × 10−6 ,

where the first uncertainty is statistical, the second systematic and the third is from the

spin-alignment scenario.

Additional measurements are made by subtracting the estimated DPS contribution in

each rapidity and pT interval from the inclusive cross-section ratio,

RDPSsub
J/ψ = (3.6 ± 0.7+1.1 +1.5

−1.0 −0.7) × 10−6 , [σeff = 15+5.8
−4.2 mb]

and

RDPSsub
J/ψ = (1.3 ± 0.7 ± 1.5+1.5

−0.7) × 10−6 , [σeff = 6.3 ± 1.9 mb]

where the first uncertainty is statistical, the second systematic and the third is from the

spin-alignment scenario. A comparison is made with J/ψ + W± theory predictions, ex-

tended from the original predictions at a centre-of-mass energy of 7 TeV [13] to the fiducial

region of this analysis at 8 TeV by the same authors. The predictions use a colour-octet

long-distance matrix element (CO LDME) model for J/ψ production, the parameters of

which are extracted by simultaneously fitting the differential cross-section and spin align-

ment of prompt J/ψ production at the Tevatron [14]. These theoretical calculations include

only SPS production. They are normalised to the W± boson production cross-section,

calculated at next-to-next-to-leading order using the FEWZ program [51] and corrected

for the ATLAS W± selection requirements in table 1 (5.511 nb). The predicted ratio is

(0.428 ± 0.017) × 10−6 [52, 53].

– 13 –



J
H
E
P
0
1
(
2
0
2
0
)
0
9
5

Fiducial [×10−6] Inclusive [×10−6]

yJ/ψ value ± (stat) ± (syst) value ± (stat) ± (syst) ± (spin)

|yJ/ψ| < 1.0

1.0 <|yJ/ψ| < 2.1

0.98 ± 0.22 ± 0.35

1.19 ± 0.25 ± 0.35

2.85 ± 0.52 ± 0.44 +0.87
−0.68

2.40 ± 0.47 ± 0.40 +0.59
−0.38

Table 7. The fiducial and inclusive (SPS+DPS) differential cross-section ratio in two regions of

yJ/ψ.

DPS-subtracted [×10−6] DPS-subtracted [×10−6]

with σeff = 15+5.8
−4.2 mb with σeff = 6.3±1.9 mb

yJ/ψ value ± (stat)± (syst)± (spin) value ± (stat)± (syst)± (spin)

|yJ/ψ|< 1.0

1.0<|yJ/ψ|< 2.1

2.05± 0.52 +0.54
−0.49

+0.87
−0.68

1.55± 0.47 +0.51
−0.46

+0.59
−0.38

0.94± 0.52 ± 0.72 +0.87
−0.68

0.38± 0.47 ± 0.73 +0.59
−0.38

Table 8. The DPS-subtracted differential cross-section ratio in two regions of yJ/ψ for two different

values of σeff .

6.2 Differential production cross-section measurements

The inclusive differential cross-section ratio, dRincl
J/ψ+W±/dpT, is measured for |yJ/ψ| <

2.1 in six J/ψ transverse momentum intervals across the entire range of 8.5 < p
J/ψ
T <

150 GeV, as shown in table 9 and figure 3. These measurements are compared with the

SPS theoretical values provided by the CO model in conjuction with the estimated DPS

contribution. For σeff = 15 mb, this combined prediction consistently underestimates

the measurement in all pT intervals, while for σeff = 6.3 mb, the summed SPS and DPS

contribution underestimates the measurement in the higher pT intervals, possibly because

colour-singlet processes are not included in the prediction.
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Figure 3. The inclusive (SPS+DPS) differential cross-section ratio measurements and theory pre-

dictions presented in six p
J/ψ
T regions for |yJ/ψ| < 2.1. NLO colour-octet SPS predictions are shown,

with LDMEs extracted from the differential cross-section and spin alignment of prompt J/ψ mesons

at the Tevatron [13, 14]. The DPS contribution is estimated using (a) σeff = 15+5.8
−4.2 mb and (b) σeff =

6.3± 1.9 mb and the method discussed in the text. The data points are identical in the two plots.

p
J/ψ
T [GeV] Inclusive prompt ratio [×10−7/GeV] Estimated DPS [×10−7/GeV]

value ± (stat)± (syst)± (spin) σeff = 15+5.8
−4.2mb σeff = 6.3±1.9mb

(8.5,10)

(10,14)

(14,18)

(18,30)

(30,60)

(60,150)

12.6± 3.3 ± 2.4 +5.0
−2.4

3.8± 1.0 ± 0.8 +1.2
−0.5

1.70± 0.50 ± 0.21 +0.35
−0.17

0.52± 0.17 ± 0.12 +0.08
−0.04

0.156± 0.054 ± 0.021 +0.013
−0.006

0.012± 0.006 ± 0.005 +0.0005
−0.0002

5.3+1.5
−2.1

1.64+0.46
−0.64

0.33+0.09
−0.13

0.048+0.013
−0.019

0.0021+0.0006
−0.0008

0.000032+0.000009
−0.000012

12.7± 3.8

3.9± 1.2

0.77± 0.23

0.114± 0.034

0.0049± 0.0015

0.000076± 0.000023

Table 9. The measured inclusive (SPS+DPS) cross-section ratio dRincl
J/ψ+W±/dpT for prompt J/ψ

for |yJ/ψ| < 2.1. The estimated DPS contributions in each interval are listed for two possible values

of σeff .
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7 Conclusion

The ratio of the associated prompt J/ψ plus W± production cross-section to the inclusive

W± boson production cross-section in the same fiducial region is measured using 20.3 fb−1

of proton-proton collisions recorded by the ATLAS detector at the LHC, at a centre-of-

mass energy of 8 TeV. The cross-section ratios are presented for J/ψ transverse momenta

in the range 8.5 < p
J/ψ
T < 150 GeV and rapidities satisfying |yJ/ψ| < 2.1. The results

are presented initially for muons from J/ψ decay in the fiducial volume of the ATLAS

detector and then corrected for the kinematic acceptance of the muons in the fiducial

region. This correction factor depends on the spin-alignment state of the J/ψ produced

in association with a W± boson, which may differ from the spin alignment observed in

inclusive J/ψ production. Measurements of the azimuthal angle between the W± boson

and J/ψ meson suggest that single- and double-parton-scattering contributions are both

present in data. The measured prompt J/ψ + W± production rates are compared with a

theoretical prediction at NLO for colour-octet prompt production processes. Due to the

uncertainty in the value of the effective double-parton-scattering cross-section σeff , two

different values are used for comparisons of theoretical predictions with data. A smaller

value of σeff brings the predicted cross-section ratio closer to the measured value; however,

neither value of σeff is able to correctly model the J/ψ pT dependence, possibly because

colour-singlet processes are not included in the prediction.
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[28] T. Sjöstrand, S. Mrenna and P.Z. Skands, A brief introduction to PYTHIA 8.1, Comput.

Phys. Commun. 178 (2008) 852 [arXiv:0710.3820] [INSPIRE].

[29] ATLAS collaboration, Summary of ATLAS PYTHIA 8 tunes, ATL-PHYS-PUB-2012-003,

CERN, Geneva, Switzerland (2012).

– 18 –

https://doi.org/10.1088/0256-307X/30/9/091201
https://arxiv.org/abs/1304.4670
https://inspirehep.net/search?p=find+EPRINT+arXiv:1304.4670
https://doi.org/10.1103/PhysRevLett.108.242004
https://arxiv.org/abs/1201.2675
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.2675
https://doi.org/10.1103/PhysRevD.62.094005
https://doi.org/10.1103/PhysRevD.62.094005
https://arxiv.org/abs/hep-ph/9911436
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9911436
https://doi.org/10.1016/j.nuclphysBPS.2012.03.016
https://arxiv.org/abs/1201.3862
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.3862
https://doi.org/10.1103/PhysRevD.83.014001
https://arxiv.org/abs/1012.3798
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D83,014001%22
https://doi.org/10.1103/PhysRevD.66.114002
https://arxiv.org/abs/hep-ph/0208104
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0208104
https://doi.org/10.1016/j.physletb.2013.07.059
https://arxiv.org/abs/1303.5327
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5327
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://inspirehep.net/search?p=find+J+%22JINST,3,S08003%22
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://arxiv.org/abs/1110.1530
https://inspirehep.net/search?p=find+EPRINT+arXiv:1110.1530
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://arxiv.org/abs/1407.3935
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.3935
https://doi.org/10.1140/epjc/s10052-017-4780-2
https://doi.org/10.1140/epjc/s10052-017-4780-2
https://arxiv.org/abs/1609.09324
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.09324
https://doi.org/10.1088/1126-6708/2004/11/040
https://arxiv.org/abs/hep-ph/0409146
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0409146
https://doi.org/10.1088/1126-6708/2007/11/070
https://arxiv.org/abs/0709.2092
https://inspirehep.net/search?p=find+EPRINT+arXiv:0709.2092
https://doi.org/10.1007/JHEP06(2010)043
https://arxiv.org/abs/1002.2581
https://inspirehep.net/search?p=find+EPRINT+arXiv:1002.2581
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/hep-ph/0603175
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0603175
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://arxiv.org/abs/0710.3820
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.3820
http://cds.cern.ch/record/1474107


J
H
E
P
0
1
(
2
0
2
0
)
0
9
5

[30] H.-L. Lai et al., New parton distributions for collider physics, Phys. Rev. D 82 (2010) 074024

[arXiv:1007.2241] [INSPIRE].

[31] P.Z. Skands, Tuning Monte Carlo generators: the Perugia tunes, Phys. Rev. D 82 (2010)

074018 [arXiv:1005.3457] [INSPIRE].

[32] J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P.M. Nadolsky and W.K. Tung, New

generation of parton distributions with uncertainties from global QCD analysis, JHEP 07

(2002) 012 [hep-ph/0201195] [INSPIRE].

[33] G. Corcella et al., HERWIG 6: an event generator for hadron emission reactions with

interfering gluons (including supersymmetric processes), JHEP 01 (2001) 010

[hep-ph/0011363] [INSPIRE].

[34] ATLAS collaboration, New ATLAS event generator tunes to 2010 data,

ATL-PHYS-PUB-2011-008, CERN, Geneva, Switzerland (2011).

[35] M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A.D. Polosa, ALPGEN, a generator

for hard multiparton processes in hadronic collisions, JHEP 07 (2003) 001 [hep-ph/0206293]

[INSPIRE].

[36] ATLAS collaboration, First tuning of HERWIG/JIMMY to ATLAS data,

ATL-PHYS-PUB-2010-014, CERN, Geneva, Switzerland (2010).

[37] S. Frixione and B.R. Webber, Matching NLO QCD computations and parton shower

simulations, JHEP 06 (2002) 029 [hep-ph/0204244] [INSPIRE].

[38] B.P. Kersevan and E. Richter-Was, The Monte Carlo event generator AcerMC versions 2.0

to 3.8 with interfaces to PYTHIA 6.4, HERWIG 6.5 and ARIADNE 4.1, Comput. Phys.

Commun. 184 (2013) 919 [hep-ph/0405247] [INSPIRE].

[39] GEANT4 collaboration, GEANT4: a simulation toolkit, Nucl. Instrum. Meth. A 506 (2003)

250 [INSPIRE].

[40] ATLAS collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 (2010) 823

[arXiv:1005.4568] [INSPIRE].

[41] ATLAS collaboration, Luminosity determination in pp collisions at
√
s = 8TeV using the

ATLAS detector at the LHC, Eur. Phys. J. C 76 (2016) 653 [arXiv:1608.03953] [INSPIRE].

[42] M. Pivk and F.R. Le Diberder, SPlot: a statistical tool to unfold data distributions, Nucl.

Instrum. Meth. A 555 (2005) 356 [physics/0402083] [INSPIRE].

[43] ATLAS collaboration, Muon reconstruction efficiency and momentum resolution of the

ATLAS experiment in proton-proton collisions at
√
s = 7TeV in 2010, Eur. Phys. J. C 74

(2014) 3034 [arXiv:1404.4562] [INSPIRE].

[44] CMS collaboration, Measurement of the prompt J/ψ and ψ(2S) polarizations in pp collisions

at
√
s = 7TeV, Phys. Lett. B 727 (2013) 381 [arXiv:1307.6070] [INSPIRE].

[45] ALICE collaboration, J/ψ polarization in pp collisions at
√
s = 7TeV, Phys. Rev. Lett. 108

(2012) 082001 [arXiv:1111.1630] [INSPIRE].

[46] LHCb collaboration, Measurement of J/ψ polarization in pp collisions at
√
s = 7TeV, Eur.

Phys. J. C 73 (2013) 2631 [arXiv:1307.6379] [INSPIRE].

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

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

[arXiv:1301.6872] [INSPIRE].

– 19 –

https://doi.org/10.1103/PhysRevD.82.074024
https://arxiv.org/abs/1007.2241
https://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2241
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1103/PhysRevD.82.074018
https://arxiv.org/abs/1005.3457
https://inspirehep.net/search?p=find+EPRINT+arXiv:1005.3457
https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1088/1126-6708/2002/07/012
https://arxiv.org/abs/hep-ph/0201195
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0201195
https://doi.org/10.1088/1126-6708/2001/01/010
https://arxiv.org/abs/hep-ph/0011363
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0011363
http://cds.cern.ch/record/1345343
https://doi.org/10.1088/1126-6708/2003/07/001
https://arxiv.org/abs/hep-ph/0206293
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0206293
http://cds.cern.ch/record/1303025
https://doi.org/10.1088/1126-6708/2002/06/029
https://arxiv.org/abs/hep-ph/0204244
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0204244
https://doi.org/10.1016/j.cpc.2012.10.032
https://doi.org/10.1016/j.cpc.2012.10.032
https://arxiv.org/abs/hep-ph/0405247
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0405247
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://inspirehep.net/search?p=find+J+%22Nucl.Instrum.Meth.,A506,250%22
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://arxiv.org/abs/1005.4568
https://inspirehep.net/search?p=find+EPRINT+arXiv:1005.4568
https://doi.org/10.1140/epjc/s10052-016-4466-1
https://arxiv.org/abs/1608.03953
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.03953
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://arxiv.org/abs/physics/0402083
https://inspirehep.net/search?p=find+EPRINT+physics/0402083
https://doi.org/10.1140/epjc/s10052-014-3034-9
https://doi.org/10.1140/epjc/s10052-014-3034-9
https://arxiv.org/abs/1404.4562
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.4562
https://doi.org/10.1016/j.physletb.2013.10.055
https://arxiv.org/abs/1307.6070
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.6070
https://doi.org/10.1103/PhysRevLett.108.082001
https://doi.org/10.1103/PhysRevLett.108.082001
https://arxiv.org/abs/1111.1630
https://inspirehep.net/search?p=find+EPRINT+arXiv:1111.1630
https://doi.org/10.1140/epjc/s10052-013-2631-3
https://doi.org/10.1140/epjc/s10052-013-2631-3
https://arxiv.org/abs/1307.6379
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.6379
https://doi.org/10.1088/1367-2630/15/3/033038
https://arxiv.org/abs/1301.6872
https://inspirehep.net/search?p=find+EPRINT+arXiv:1301.6872


J
H
E
P
0
1
(
2
0
2
0
)
0
9
5

[48] ATLAS collaboration, Measurement of the prompt J/ψ pair production cross-section in pp

collisions at
√
s = 8TeV with the ATLAS detector, Eur. Phys. J. C 77 (2017) 76

[arXiv:1612.02950] [INSPIRE].

[49] J.-P. Lansberg and H.-S. Shao, Associated production of a quarkonium and a Z boson at one

loop in a quark-hadron-duality approach, JHEP 10 (2016) 153 [arXiv:1608.03198]

[INSPIRE].

[50] J.-P. Lansberg, H.-S. Shao and N. Yamanaka, Indication for double parton scatterings in

W+ prompt J/ψ production at the LHC, Phys. Lett. B 781 (2018) 485 [arXiv:1707.04350]

[INSPIRE].

[51] C. Anastasiou, L.J. Dixon, K. Melnikov and F. Petriello, High precision QCD at hadron

colliders: electroweak gauge boson rapidity distributions at NNLO, Phys. Rev. D 69 (2004)

094008 [hep-ph/0312266] [INSPIRE].

[52] P.L. Cho and A.K. Leibovich, Color octet quarkonia production, Phys. Rev. D 53 (1996) 150

[hep-ph/9505329] [INSPIRE].

[53] P.L. Cho and A.K. Leibovich, Color octet quarkonia production. II, Phys. Rev. D 53 (1996)

6203 [hep-ph/9511315] [INSPIRE].

[54] ATLAS collaboration, ATLAS computing acknowledgements, ATL-GEN-PUB-2016-002,

CERN, Geneva, Switzerland (2016).

– 20 –

https://doi.org/10.1140/epjc/s10052-017-4644-9
https://arxiv.org/abs/1612.02950
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.02950
https://doi.org/10.1007/JHEP10(2016)153
https://arxiv.org/abs/1608.03198
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.03198
https://doi.org/10.1016/j.physletb.2018.04.020
https://arxiv.org/abs/1707.04350
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.04350
https://doi.org/10.1103/PhysRevD.69.094008
https://doi.org/10.1103/PhysRevD.69.094008
https://arxiv.org/abs/hep-ph/0312266
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0312266
https://doi.org/10.1103/PhysRevD.53.150
https://arxiv.org/abs/hep-ph/9505329
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9505329
https://doi.org/10.1103/PhysRevD.53.6203
https://doi.org/10.1103/PhysRevD.53.6203
https://arxiv.org/abs/hep-ph/9511315
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9511315
http://cds.cern.ch/record/2202407


J
H
E
P
0
1
(
2
0
2
0
)
0
9
5

The ATLAS collaboration

M. Aaboud35d, G. Aad100, B. Abbott127, D.C. Abbott101, O. Abdinov13,∗, B. Abeloos131,

D.K. Abhayasinghe92, S.H. Abidi166, O.S. AbouZeid40, N.L. Abraham155, H. Abramowicz160,

H. Abreu159, Y. Abulaiti6, B.S. Acharya65a,65b,o, S. Adachi162, L. Adam98,

C. Adam Bourdarios131, L. Adamczyk82a, L. Adamek166, J. Adelman119, M. Adersberger112,

A. Adiguzel12c,ah, T. Adye143, A.A. Affolder145, Y. Afik159, C. Agapopoulou131,

C. Agheorghiesei27c, J.A. Aguilar-Saavedra139f,139a, F. Ahmadov78,af , G. Aielli72a,72b,
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S. Carrá67a,67b, J.W.S. Carter166, M.P. Casado14,f , A.F. Casha166, D.W. Casper170,

R. Castelijn118, F.L. Castillo173, V. Castillo Gimenez173, N.F. Castro139a,139e, A. Catinaccio36,

J.R. Catmore133, A. Cattai36, J. Caudron24, V. Cavaliere29, E. Cavallaro14, D. Cavalli67a,

M. Cavalli-Sforza14, V. Cavasinni70a,70b, E. Celebi12b, F. Ceradini73a,73b, L. Cerda Alberich173,

A.S. Cerqueira79a, A. Cerri155, L. Cerrito72a,72b, F. Cerutti18, A. Cervelli23b,23a, S.A. Cetin12b,

A. Chafaq35a, D. Chakraborty119, S.K. Chan58, W.S. Chan118, W.Y. Chan89, J.D. Chapman32,

B. Chargeishvili158b, D.G. Charlton21, C.C. Chau34, C.A. Chavez Barajas155, S. Che125,

A. Chegwidden105, S. Chekanov6, S.V. Chekulaev167a, G.A. Chelkov78,au, M.A. Chelstowska36,

B. Chen77, C. Chen59a, C.H. Chen77, H. Chen29, J. Chen59a, J. Chen39, S. Chen136, S.J. Chen15c,

X. Chen15b,at, Y. Chen81, Y-H. Chen45, H.C. Cheng62a, H.J. Cheng15a, A. Cheplakov78,

E. Cheremushkina121, R. Cherkaoui El Moursli35e, E. Cheu7, K. Cheung63, T.J.A. Chevalérias144,

L. Chevalier144, V. Chiarella50, G. Chiarelli70a, G. Chiodini66a, A.S. Chisholm36,21, A. Chitan27b,

I. Chiu162, Y.H. Chiu175, M.V. Chizhov78, K. Choi64, A.R. Chomont131, S. Chouridou161,

Y.S. Chow118, V. Christodoulou93, M.C. Chu62a, J. Chudoba140, A.J. Chuinard102,

J.J. Chwastowski83, L. Chytka129, D. Cinca46, V. Cindro90, I.A. Cioară24, A. Ciocio18,
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S.J. Crawley56, R.A. Creager136, S. Crépé-Renaudin57, F. Crescioli135, M. Cristinziani24,

V. Croft123, G. Crosetti41b,41a, A. Cueto97, T. Cuhadar Donszelmann148, A.R. Cukierman152,

S. Czekierda83, P. Czodrowski36, M.J. Da Cunha Sargedas De Sousa59b, C. Da Via99,

W. Dabrowski82a, T. Dado28a, S. Dahbi35e, T. Dai104, F. Dallaire108, C. Dallapiccola101,

M. Dam40, G. D’amen23b,23a, J. Damp98, J.R. Dandoy136, M.F. Daneri30, N.P. Dang180,j,

N.S. Dann99, M. Danninger174, V. Dao36, G. Darbo54b, O. Dartsi5, A. Dattagupta130,

T. Daubney45, S. D’Auria67a,67b, W. Davey24, C. David45, T. Davidek142, D.R. Davis48,

E. Dawe103, I. Dawson148, K. De8, R. De Asmundis68a, A. De Benedetti127, M. De Beurs118,

S. De Castro23b,23a, S. De Cecco71a,71b, N. De Groot117, P. de Jong118, H. De la Torre105,

A. De Maria70a,70b, D. De Pedis71a, A. De Salvo71a, U. De Sanctis72a,72b, M. De Santis72a,72b,

A. De Santo155, K. De Vasconcelos Corga100, J.B. De Vivie De Regie131, C. Debenedetti145,

D.V. Dedovich78, A.M. Deiana42, M. Del Gaudio41b,41a, J. Del Peso97, Y. Delabat Diaz45,

D. Delgove131, F. Deliot144, C.M. Delitzsch7, M. Della Pietra68a,68b, D. Della Volpe53,

A. Dell’Acqua36, L. Dell’Asta25, M. Delmastro5, C. Delporte131, P.A. Delsart57,

D.A. DeMarco166, S. Demers182, M. Demichev78, S.P. Denisov121, D. Denysiuk118, L. D’Eramo135,

D. Derendarz83, J.E. Derkaoui35d, F. Derue135, P. Dervan89, K. Desch24, C. Deterre45,

K. Dette166, M.R. Devesa30, P.O. Deviveiros36, A. Dewhurst143, S. Dhaliwal26, F.A. Di Bello53,

A. Di Ciaccio72a,72b, L. Di Ciaccio5, W.K. Di Clemente136, C. Di Donato68a,68b, A. Di Girolamo36,

G. Di Gregorio70a,70b, B. Di Micco73a,73b, R. Di Nardo101, K.F. Di Petrillo58, R. Di Sipio166,

D. Di Valentino34, C. Diaconu100, M. Diamond166, F.A. Dias40, T. Dias Do Vale139a,

M.A. Diaz146a, J. Dickinson18, E.B. Diehl104, J. Dietrich19, S. Dı́ez Cornell45, A. Dimitrievska18,

J. Dingfelder24, F. Dittus36, F. Djama100, T. Djobava158b, J.I. Djuvsland17, M.A.B. Do Vale79c,

M. Dobre27b, D. Dodsworth26, C. Doglioni95, J. Dolejsi142, Z. Dolezal142, M. Donadelli79d,

J. Donini38, A. D’onofrio91, M. D’Onofrio89, J. Dopke143, A. Doria68a, M.T. Dova87, A.T. Doyle56,

E. Drechsler151, E. Dreyer151, T. Dreyer52, Y. Du59b, F. Dubinin109, M. Dubovsky28a,

A. Dubreuil53, E. Duchovni179, G. Duckeck112, A. Ducourthial135, O.A. Ducu108,x, D. Duda113,

A. Dudarev36, A.C. Dudder98, E.M. Duffield18, L. Duflot131, M. Dührssen36, C. Dülsen181,
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G. Jäkel181, K.B. Jakobi98, K. Jakobs51, S. Jakobsen75, T. Jakoubek140, D.O. Jamin128,

R. Jansky53, J. Janssen24, M. Janus52, P.A. Janus82a, G. Jarlskog95, N. Javadov78,af ,

T. Jav̊urek36, M. Javurkova51, F. Jeanneau144, L. Jeanty130, J. Jejelava158a,ag, A. Jelinskas177,
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R. Konoplich123,am, V. Konstantinides93, N. Konstantinidis93, B. Konya95, R. Kopeliansky64,

S. Koperny82a, K. Korcyl83, K. Kordas161, G. Koren160, A. Korn93, I. Korolkov14,

E.V. Korolkova148, N. Korotkova111, O. Kortner113, S. Kortner113, T. Kosek142,

V.V. Kostyukhin24, A. Kotwal48, A. Koulouris10, A. Kourkoumeli-Charalampidi69a,69b,

– 25 –



J
H
E
P
0
1
(
2
0
2
0
)
0
9
5

C. Kourkoumelis9, E. Kourlitis148, V. Kouskoura29, A.B. Kowalewska83, R. Kowalewski175,

C. Kozakai162, W. Kozanecki144, A.S. Kozhin121, V.A. Kramarenko111, G. Kramberger90,

D. Krasnopevtsev59a, M.W. Krasny135, A. Krasznahorkay36, D. Krauss113, J.A. Kremer82a,

J. Kretzschmar89, P. Krieger166, K. Krizka18, K. Kroeninger46, H. Kroha113, J. Kroll140,

J. Kroll136, J. Krstic16, U. Kruchonak78, H. Krüger24, N. Krumnack77, M.C. Kruse48,
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X. Ruan33d, F. Rubbo152, F. Rühr51, A. Ruiz-Martinez173, Z. Rurikova51, N.A. Rusakovich78,

H.L. Russell102, J.P. Rutherfoord7, E.M. Rüttinger45,k, Y.F. Ryabov137,∗, M. Rybar39,

G. Rybkin131, S. Ryu6, A. Ryzhov121, G.F. Rzehorz52, P. Sabatini52, G. Sabato118,

S. Sacerdoti131, H.F-W. Sadrozinski145, R. Sadykov78, F. Safai Tehrani71a, P. Saha119,

M. Sahinsoy60a, A. Sahu181, M. Saimpert45, M. Saito162, T. Saito162, H. Sakamoto162,

– 28 –



J
H
E
P
0
1
(
2
0
2
0
)
0
9
5

A. Sakharov123,am, D. Salamani53, G. Salamanna73a,73b, J.E. Salazar Loyola146c,

P.H. Sales De Bruin171, D. Salihagic113,∗, A. Salnikov152, J. Salt173, D. Salvatore41b,41a,

F. Salvatore155, A. Salvucci62a,62b,62c, A. Salzburger36, J. Samarati36, D. Sammel51,

D. Sampsonidis161, D. Sampsonidou161, J. Sánchez173, A. Sanchez Pineda65a,65c, H. Sandaker133,

C.O. Sander45, M. Sandhoff181, C. Sandoval22, D.P.C. Sankey143, M. Sannino54b,54a, Y. Sano115,

A. Sansoni50, C. Santoni38, H. Santos139a, A. Santra173, A. Sapronov78, J.G. Saraiva139a,139d,

O. Sasaki80, K. Sato168, E. Sauvan5, P. Savard166,av, N. Savic113, R. Sawada162, C. Sawyer143,

L. Sawyer94,ak, C. Sbarra23b, A. Sbrizzi23a, T. Scanlon93, J. Schaarschmidt147, P. Schacht113,

B.M. Schachtner112, D. Schaefer37, L. Schaefer136, J. Schaeffer98, S. Schaepe36, U. Schäfer98,
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M. Trovatelli175, F. Trovato155, L. Truong33b, M. Trzebinski83, A. Trzupek83, F. Tsai45,

J.C-L. Tseng134, P.V. Tsiareshka106,ai, A. Tsirigotis161, N. Tsirintanis9, V. Tsiskaridze154,

E.G. Tskhadadze158a, I.I. Tsukerman122, V. Tsulaia18, S. Tsuno80, D. Tsybychev154, Y. Tu62b,

A. Tudorache27b, V. Tudorache27b, T.T. Tulbure27a, A.N. Tuna58, S. Turchikhin78,

D. Turgeman179, I. Turk Cakir4b,u, R.J. Turner21, R.T. Turra67a, P.M. Tuts39, S. Tzamarias161,

E. Tzovara98, G. Ucchielli46, I. Ueda80, M. Ughetto44a,44b, F. Ukegawa168, G. Unal36,

A. Undrus29, G. Unel170, F.C. Ungaro103, Y. Unno80, K. Uno162, J. Urban28b, P. Urquijo103,

G. Usai8, J. Usui80, L. Vacavant100, V. Vacek141, B. Vachon102, K.O.H. Vadla133, A. Vaidya93,

C. Valderanis112, E. Valdes Santurio44a,44b, M. Valente53, S. Valentinetti23b,23a, A. Valero173,
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