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Abstract The production of a Z boson in association with
a J/ψ meson in proton–proton collisions probes the produc-
tion mechanisms of quarkonium and heavy flavour in associa-
tion with vector bosons, and allows studies of multiple parton
scattering. Using 20.3 fb−1 of data collected with the ATLAS
experiment at the LHC in pp collisions at

√
s = 8 TeV, the

first measurement of associated Z + J/ψ production is pre-
sented for both prompt and non-prompt J/ψ production,
with both signatures having a significance in excess of 5σ .
The inclusive production cross-sections for Z boson produc-
tion (analysed in μ+μ− or e+e− decay modes) in association
with prompt and non-prompt J/ψ(→ μ+μ−) are measured
relative to the inclusive production rate of Z bosons in the
same fiducial volume to be (36.8 ± 6.7 ± 2.5) × 10−7 and
(65.8 ± 9.2 ± 4.2) × 10−7 respectively. Normalised differ-
ential production cross-section ratios are also determined as
a function of the J/ψ transverse momentum. The fraction of
signal events arising from single and double parton scattering
is estimated, and a lower limit of 5.3 (3.7) mb at 68 (95)%
confidence level is placed on the effective cross-section reg-
ulating double parton interactions.

1 Introduction

In the Standard Model, a single parton–parton interaction
can produce a J/ψ meson in association with a Z boson
either through a “prompt” QCD subprocess, or through the
production of a Z boson with a b-quark and its subsequent
decay into a J/ψ (“non-prompt” production). The same clas-
sification into prompt/non-prompt applies to any feed-down
into J/ψ production from the decays of excited charmonium
states (expected to be approximately 20–30 % of the total
inclusive rate), depending on the production mechanism for
those states. In addition, this final state may also result from
the production of a Z boson and a J/ψ (either promptly

� e-mail: atlas.publications@cern.ch

or non-promptly produced) from two distinct parton–parton
interactions within the same proton–proton collision. Pre-
vious searches for the related processes W + ϒ(1S) and
Z + ϒ(1S) by CDF saw no evidence for the associated-
production of vector-bosons and quarkonia and set limits on
the production rate [1,2]. The production of a prompt J/ψ
in association with a W boson was observed previously [3]
by the ATLAS experiment.

The mechanisms responsible for the production of prompt
J/ψ , and indeed all quarkonia, are not fully understood
in hadron collisions. While the rate of hadroproduction of
the J/ψ [4–7] and ψ(2S) [7–10], as a function of their
transverse momentum, pT, is now modelled well by predic-
tions in the non-relativistic QCD (NRQCD) [11–13] frame-
work up to transverse momenta of 100 GeV, predictions
of related observables such as charmonium spin-alignment
[14,15] remain challenging to model simultaneously with
the production rate, in part due to the number of free param-
eters which are not calculable and must be constrained from
data. The study of additional observables and new final states
provides further constraints on the contributions from colour-
singlet [16–22] and colour-octet production processes, and
their properties. The production of a gauge boson in asso-
ciation with a J/ψ sets a high energy scale for the scatter-
ing process and results in an improvement in the perturba-
tive convergence of the calculations [23,24] that has trou-
bled the accuracy of quarkonium production models in the
past [25]. Recent literature [24] has suggested that colour-
octet contributions should dominate the total production rate
and that next-to-leading-order (NLO) contributions enhance
the cross-section over leading-order (LO) predictions, while
other groups [23] state that colour-singlet processes may be
important.

Contributions to the total Z + J/ψ production rate can
come from non-prompt J/ψ originating from the decay of
a b-hadron. Measurement of this contribution provides a
new opportunity for studying heavy-flavour production in
association with a Z boson [26,27]. Beyond the study of
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quarkonium production mechanisms, measurement of the
Z + prompt J/ψ rate may be relevant for the study of Z Z∗
production in a kinematic regime complementary to that pre-
viously studied at the Large Hadron Collider (LHC) [28,29]
where one on-shell Z boson is produced along with a highly
virtual boson that fragments into a cc pair. Measurement of
Z + prompt J/ψ production also represents an important
background to the search for the rare Z → �+�− J/ψ three-
body decay [30–32]. In the future, Z + prompt J/ψ may
prove to be a compelling mode for the study of rare decays
of the Higgs boson in quarkonia and associated vector-boson
decay modes, proposed in Refs. [33,34] and more recently in
Refs. [35,36]. Such decays have received renewed attention
as a promising mode for the study of Higgs boson charm cou-
plings [37] and its CP properties [38], and also as a possible
background to H → Z Z∗ decay [39]. The production of a
Z boson in association with a J/ψ can also contribute to the
search for new physics [35,40–43].

In addition to the production of Z + J/ψ via single
parton scattering (SPS) processes, double parton scattering
(DPS) interactions [44–50] are expected to constitute a sig-
nificant proportion of the observed signal. While DPS pro-
cesses are not distinguishable event-by-event from SPS inter-
actions, azimuthal angular correlations between the Z and
the J/ψ are expected to be starkly different for the two pro-
cesses, allowing information on their relative contributions
to be extracted. These data can be used to tune the modelling
of multiple interactions in other high-energy hadron–hadron
processes.

This paper presents a measurement of the cross-section for
the associated-production of Z and J/ψ relative to inclusive
Z production. The results are shown as fiducial cross-section
ratios defined in a restricted phase-space of the muons from
J/ψ decay, and also as inclusive cross-section ratios after
correcting for the J/ψ kinematic acceptance of these muons,
for the range of J/ψ transverse momentum 8.5–100 GeV and
rapidity |yJψ | < 2.1. The contributions from prompt and
non-prompt J/ψ production are presented separately. The
cross-section ratio for single parton scattering is obtained
after estimating and subtracting the contribution due to dou-
ble parton scattering. A lower limit on the effective cross-
section regulating double parton interactions is presented.
Differential cross-section ratios as a function of the trans-
verse momentum pT of the J/ψ are shown for prompt and
non-prompt production, inclusive and DPS modes.

2 The ATLAS detector

The ATLAS detector [51] is a general-purpose detector with
a cylindrical geometry1 and forward–backward symmetric

1 ATLAS 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

coverage in pseudorapidity η. The detector consists of inner
tracking detectors, calorimeters and a muon spectrometer,
and has a three-level trigger system. The inner tracking detec-
tor (ID) is composed of a silicon pixel detector, a semicon-
ductor microstrip detector (SCT) and a transition radiation
tracker (TRT). The ID directly surrounds the beam pipe and is
immersed in a 2 T axial magnetic field generated by a super-
conducting solenoid.

The calorimeter system surrounds the solenoid and con-
sists of a highly granular liquid-argon electromagnetic
calorimeter (EM) and a steel/scintillator tile hadronic calori-
meter. The EM calorimeter has three layers: the first consists
of fine-grained strips in the η direction, the second collects
most of the energy deposited in the calorimeter by photon
and electron showers, and the third provides measurements
of energy deposited in the tails of these showers. Two comple-
mentary presampler detectors complete the EM, correcting
for energy lost in the material before the calorimeter. This fine
segmentation provides electron identification in conjunction
with the inner detector in the region |η| < 2.5.

The muon spectrometer (MS) surrounds the calorimeters
and consists of three large air-core superconducting magnets
(each with eight coils), which generate a toroidal magnetic
field. The MS is instrumented in three layers with detec-
tors (monitored drift tubes and cathode strip chambers) that
provide precision muon tracking covering |η| < 2.7 and
fast trigger detectors (resistive plate chambers and thin gap
chambers) covering the range |η| < 2.4.

The ATLAS trigger is a three-level system [52] (Level-1,
Level-2 and Event Filter) used to reduce the 20 MHz pro-
ton bunch collision rate to a several-hundred Hz event trans-
fer rate recorded to mass storage. The system consists of
a Level-1 trigger implemented in hardware and a software-
based two-stage High Level Trigger (HLT). The Level-1 sys-
tem provides a rough measurement of lepton candidate posi-
tion in “regions of interest” (RoI) with a spatial granularity
of �ϕ × �η ≈ 0.1 × 0.1. These RoI are used to seed HLT
algorithms that use higher precision MS, ID and EM mea-
surements to reconstruct lepton trigger objects.

3 Event selection and reconstruction

Events are collected by triggers requiring at least one lep-
ton with pT > 24 GeV. These triggers are highly efficient

Footnote 1 continued
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity η is defined in terms of the polar angle
θ as η = − ln tan(θ/2) and the transverse momentum pT is defined as
pT = p sin θ . The rapidity is defined as y = 0.5 ln((E+ pz)/(E− pz)),
where E and pz refer to energy and longitudinal momentum, respec-
tively. The η–φ distance between two particles is defined as �R =√

(�η)2 + (�φ)2.
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in collecting Z → �+�− decays and were not prescaled
during the 2012 data-taking period. Triggered events are
required to satisfy certain standardised data-quality require-
ments, which exclude events taken when temporary faults in
detector systems compromise the reconstruction. The total
integrated luminosity of proton–proton collisions used in this
measurement, after data-quality requirements are applied, is
20.3 fb−1.

The final state of this measurement is Z(→ �+�−) +
J/ψ(→ μ+μ−), where � = μ, e, and therefore candidate
events are required to have two pairs of leptons with opposite
charge. Each pair of leptons is then fitted to a common vertex,
with the invariant mass of the first pair required to be close
to the Z boson mass and that of the second pair to be near
the J/ψ mass. For events with more than four leptons, all
possible combinations of �+�− and μ+μ− pairs are consid-
ered. In rare cases where ambiguous solutions are found, the
pairings giving the dilepton combination with mass closest
to the particle (Z or J/ψ) world-average mass are chosen.

3.1 Lepton reconstruction

Muons are identified [53] by tracks (or track segments) recon-
structed in the MS, matched to tracks reconstructed in the ID.
Track reconstruction in the inner detector uses the measure-
ments from the pixel, SCT and TRT detectors. The “inside-
out” reconstruction strategy starts by finding a track candi-
date in the pixel and SCT detectors and then extends the
trajectories of successfully fitted tracks to the TRT to recon-
struct a full inner detector track. Outside of the TRT accep-
tance (|η| > 2.0) only pixel and SCT information is used.

The muon momentum is calculated by statistically com-
bining the information from the ID and the MS, applying a
parameterised correction for the energy loss in the calorime-
ter. Such muons are referred to as combined muons. In some
cases it is possible to match an ID track to a signal in the
MS, but not possible to perform the combination because
the MS track segment contains too few hits. In such cases,
the ID track is used as an identified muon candidate. Muons
that cross only the first layers of MS chambers, either due to
low transverse momentum or because they fall in an area of
reduced MS acceptance, can be identified in this less strin-
gent category. The inclusion of these segment-tagged muons
provides useful additional kinematic acceptance at low pT

for the reconstruction of particles with low invariant mass,
such as the J/ψ .

Muons originating from the Z boson are required to be
combined muons and have pT > 15 GeV and |η| < 2.5. For
the J/ψ muons, one must be combined and the other can
either be combined or segment-tagged. At least one of these
two muons must have pT > 4 GeV. Muons with |η| > 1.3
are required to have pT > 2.5 GeV and muons with |η| < 1.3
must have pT > 3.5 GeV.

Electrons are reconstructed [54] from energy deposits
in the electromagnetic calorimeter that are matched to a
track in the inner detector. Candidate electron tracks are
fitted using a dedicated tracking algorithm to account for
bremsstrahlung energy losses, and the track pattern recog-
nition and global χ2 fit take into account the electron track
hypothesis as an alternative to the default pion hypothesis.
Both electrons coming from the Z boson decay need to have
pT > 15 GeV, |η| < 2.47 and satisfy the loose identification
criteria described in Ref. [54].

In order to reject non-prompt leptons from the decay of
heavy quarks, electrons from conversions of bremsstrahlung
photons and fake electrons from misidentified jets, the lep-
tons that form the Z boson candidate must satisfy isolation
requirements based on tracking information. The scalar sum
of the transverse momenta of inner detector tracks inside an
η–φ cone of size �R = 0.2 around the lepton, excluding the
track associated with the lepton itself, is required to be no
more than 15 % of the lepton pT.

At least one of the Z boson candidate’s leptons must
have been responsible for firing the trigger. This criterion is
assessed by requiring one of the reconstructed muons (elec-
trons) from the boson to be less than �R < 0.1(0.15) from
a relevant muon (electron) trigger object. The offline recon-
structed pT of the candidate matching the trigger must sat-
isfy pT > 25 GeV. In addition, triggered muons must satisfy
|η| < 2.4 and electrons must satisfy the medium identifica-
tion criteria, as described in Ref. [54].

3.2 Z + J/ψ candidate selection

Same-flavour, opposite-sign lepton pairs are combined to
reconstruct the Z(→ �+�−) and J/ψ(→ μ+μ−) candi-
dates. Candidate Z + J/ψ events are retained if the J/ψ
invariant mass falls in the range 2.6–3.6 GeV and the Z boson
candidate has an invariant mass within 10 GeV of the Z mass
world-average value (mZ

PDG) [55]. In addition, the J/ψ can-
didate is required to satisfy pT > 8.5 GeV and |yJψ | < 2.1.
The measurements in the di-electron and di-muon decay
channels of the Z boson are performed in slightly differ-
ent phase spaces and combined into a common phase-space
for measurement of the fiducial production cross-sections as
summarised in Table 1. The inclusive phase-space definition
is identical except for the omission of requirements on the
leptons from the J/ψ decay.

The Z boson and J/ψ lepton pairs are used to build two
dilepton vertices. In the case of the J/ψ candidate the ID
tracks alone are used in this vertex fit, whereas for the Z →
μ+μ− the combined tracks (which are built from hits in both
the ID and the MS) are used. For Z → e+e− decays, ID
tracks corrected by a dedicated tracking algorithm are used,
as described above. To reduce contamination from pileup,
where a Z boson and a J/ψ are produced from two separate
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Table 1 Phase-space definition
of the measured fiducial
production cross-section
following the geometrical
acceptance of the ATLAS
detector

proton–proton collisions in the same proton–proton bunch
crossing, the candidate vertices must not be separated in the
z-direction by more than 10 mm.

Figure 1a shows a scatter plot of the masses of candidates
satisfying these selections. In total, 290 candidate events are
selected, of which 139 are observed with Z → μ+μ− decays
and 151 with Z → e+e− decays.

3.3 Inclusive Z candidate selection

An inclusive Z sample is formed by selecting all events that
satisfy the Z part of the Z + J/ψ selection, including the
trigger requirements. This sample is used in the measure-
ment of the ratio of the Z + J/ψ to Z cross-sections, and
in the estimates of double parton scattering and the pileup
background in the associated-production sample.

An estimate of the background in the inclusive Z sam-
ple is obtained using a mixture of Monte Carlo (MC) mod-
els and data-driven techniques. The NLO generator Powheg
(r1556) [56–58], interfaced to Pythia (8.160) [59], is used
to model the signal, as well as Drell–Yan contributions
away from the Z peak and Z → ττ or W → �ν back-
grounds. These samples use the CT10 PDF set [60] and the
ATLAS AU2 tune [61]. The LO multi-leg generator Sherpa
v1.4.1 [62] is used as an alternative signal model. Top quark
processes involving t t̄ or single top production are modelled
with the NLO generator MC@NLO (4.03) [63,64], inter-
faced toHerwig (6.52) [65] for parton showering and Jimmy
(4.31) [66] for the underlying-event modelling with the
ATLAS AUET2 tune [67] and the CT10 PDFs. The single-
top Wt process is modelled with the AcerMC (3.8) [68]
generator, using the CTEQ6L1 PDF set [69] and interfaced
toPythia (6.42) [70]. Diboson (WZ , WW and Z Z ) produc-
tion is modelled using the Herwig (6.52) and Jimmy gener-
ators with the ATLAS AUET2 tune and the CTEQ6L1 PDF
set. The detector response is modelled using the ATLAS sim-
ulation infrastructure [71] based on the Geant4 toolkit [72].
Background contributions arising from multi-jet events and
from misidentified leptons are obtained directly from the

data. This is achieved by inverting the isolation requirements
on the leptons, providing a multi-jet background template,
which can be used for comparison with the Z + J/ψ sample.
The total background in the mZ

PDG ± 10 GeV window is esti-
mated to be 0.4±0.4 % (including systematic uncertainties),
giving a sample of 16.15 million Z boson candidates after
background subtraction, of which 8.20 million are observed
with Z → μ+μ− and 7.95 million with Z → e+e−. The
di-muon to di-electron ratios of the associated-production
Z + J/ψ sample and the inclusive Z sample are compared
and found to be consistent within statistical uncertainties
(0.92 ± 0.11 and 1.03 ± 0.01, respectively).

4 Signal and background extraction

The selected Z + J/ψ candidates arise from a variety of
signal and background sources. In addition to associated Z
boson and J/ψ production from SPS and DPS, Z boson
and J/ψ candidates can be produced from pileup. Genuine
J/ψ may also be paired with fake Z boson candidates in
the same proton–proton collision, or vice-versa. Associated-
production candidates may also occur from the production
of a Z boson in association with b-quarks, where one of
the b-quarks hadronises into a b-hadron that subsequently
decays into a J/ψ . This section discusses the means by which
the contributions from the prompt and non-prompt signal
components are distinguished and separated from the prompt
and non-prompt background sources.

4.1 Separation of prompt and non-prompt J/ψ

The J/ψ → μ+μ− candidates originate from prompt and
non-prompt production sources, backgrounds with real and
fake muon combinations, and real muon pairs producing an
invariant mass in the continuum under the J/ψ peak. These
various components can be separated into categories using
the pseudo-proper time distribution of the J/ψ candidates in
combination with the J/ψ invariant mass distribution, where
the pseudo-proper time, τ , is defined by:
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Fig. 1 Selected Z + J/ψ
candidates in a Z boson mass
versus J/ψ boson mass, with
� = e, μ and b J/ψ
pseudo-proper time versus J/ψ
invariant mass, discussed in
Sect. 4.1. Z boson candidates
decaying to muons are shown
with full circles and to electrons
with empty circles. The
horizontal dotted lines indicate
the signal region considered in
the analysis

(a) (b)

τ := LxymJ/ψ

pJ/ψ
T

(1)

with Lxy defined as Lxy = L·pT
J/ψ/pJ/ψ

T ,L the vector from
the primary vertex to the J/ψ decay vertex, mJ/ψ the world-
average mass of the J/ψ meson [55], pT

J/ψ the transverse
momentum of the J/ψ and pJ/ψ

T = |pT
J/ψ | its magnitude.

The invariant mass and pseudo-proper time of the selected
J/ψ candidates produced in association with a Z boson are
shown in Fig. 1b.

Promptly produced J/ψ mesons, which are created
directly in the hard interaction or feed-down from prompt
excited charmonium states produced by the colliding protons,
have small pseudo-proper times (distributed around zero
due to detector resolution). Background from opposite-sign
muon pairs with invariant mass close to the J/ψ mass and
short reconstructed pseudo-proper times can mimic prompt
J/ψ mesons and forms the prompt background. The sec-
ond component of the background arises from non-prompt
muon pairs, with a vertex displacement that is related to b-
hadron decays. Similarly, the signal from non-prompt J/ψ
production exhibits a longer pseudo-proper time distribution
reflecting the lifetime ofb-hadrons, although the distributions
of non-prompt signal and background are not necessarily
equal. In total, four terms are used for signal and background
to fit the pseudo-proper time distribution simultaneously with
the invariant mass distribution of the muon pair. The mass
regions either side of the J/ψ mass peak are used to constrain
the background components.

The pseudo-proper time of the signal prompt component
is modelled by a double Gaussian distribution. For the back-
ground prompt component, a double-sided exponential con-
volved with the prompt signal function, accounting for res-
olution effects, is used. The non-prompt signal component
is modelled with a single-sided exponential convolved with
the prompt signal function and for the non-prompt back-
ground component the sum of a single-sided and a double-

sided exponential convolved with the signal function is used.
The dimuon invariant mass is modelled with a double Gaus-
sian distribution both for the prompt and non-prompt signal
components and exponential functions for the backgrounds
(again, prompt and non-prompt). The fit is performed in two
separate rapidity regions, the barrel (|yJ/ψ | < 1.0) and the
endcap (1.0 < |yJ/ψ | < 2.1). The mass resolution is dif-
ferent between the two regions, due to increased multiple
scattering and the decrease of the magnetic field integral at
high rapidity.

In order to improve the stability of the fit process, the
pseudo-proper time and invariant mass of the associated-
production J/ψ candidates are fitted simultaneously with
a sample of 100 k inclusive J/ψ candidates, selected with
the same requirements on the J/ψ and its daughter muons
as applied to the Z + J/ψ signal sample (see Table 1). The
parameters that determine the shape of the pseudo-proper
time and invariant mass distributions are linked between
the two samples in this fit, leaving only the normalisations
free between the two samples. Figure 2 shows the mass and
pseudo-proper time distributions of the J/ψ candidates, pro-
duced in association with a Z boson, with the signal and
background fits. Applying the fit model to the sample of Z
bosons produced in association with a J/ψ candidate results
in 56 ± 10 promptly produced J/ψ mesons and 95 ± 12
non-prompt.

After the fit is performed in the J/ψ mass and pseudo-
proper time, the sPlot tool [73] is used to assign a weight
to each event for each of the components included in the
fit model (prompt signal, non-prompt signal, prompt back-
ground and non-prompt background). This technique allows
the determination of distributions of observables associated
with a specific contribution, e.g. prompt J/ψ , while remov-
ing the contamination from the other components. As the
sPlot technique relies on the assumption that the control vari-
able is uncorrelated with the discriminating variables, the
correlations between the J/ψ mass and pseudo-proper time,
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Fig. 2 Projections of the
unbinned mass and
pseudo-proper time
maximum-likelihood fit in a
invariant mass and b
pseudo-proper time of the
associated-production sample.
The fit is used to extract the
prompt and non-prompt signal
fractions and is performed in
two rapidity regions:
|yJ/ψ | < 1.0 and
1.0 < |yJ/ψ | < 2.1. The results
are combined, presenting the
mass and pseudo-proper time of
all candidates inside the analysis
phase-space

(a) (b)

on one side, and the variables that the weights will be applied
to, on the other, were checked, and found to be negligible.
The invariant mass distribution of Z boson candidates, after
application of the sPlot weights, is shown in Fig. 3a, b for
prompt J/ψ and non-prompt J/ψ events, respectively.

4.2 Properties of the Z boson candidates

Signal and multi-jet background templates for the dilep-
ton mass were extracted separately for Z → e+e− and
Z → μ+μ− from the Powheg MC generator described in
Sect. 3.3 and the data. The signal templates are parameterised
with a Gaussian distribution convolved with a Breit–Wigner
function, with an additional Gaussian, with smaller mean
value compared to the core Gaussian, to model the radiative
tails. The multi-jet templates are modelled with an exponen-
tial function. The normalisations of the two templates are
extracted from a fit to the sPlot-weighted Z invariant mass
distributions (Fig. 3). The numbers of background events esti-
mated in the Z signal region, defined as mZ

PDG ±10 GeV, are
0±4 (1±4) and 1±5 (0±5) for the Z → e+e−(μ+μ−) can-
didates associated with prompt and non-prompt J/ψ , respec-
tively, supporting the hypothesis that the sample is dominated
by genuine Z+ J/ψ events. The background estimation pro-
cedure was verified with toy MC simulation.

4.3 Pileup background

During the 2012 data-taking period the average number of pp
interactions per bunch crossing at ATLAS was 20.7. While
the most likely scenario is that all but one of these inelastic
collisions are low-pT background events, there is a certain
probability that two or more of these produce a hard scatter.
Of these cases, some produce a Z from one scatter, and a J/ψ
from another. To exclude as many as possible of these back-
ground events, the two dilepton vertices are required to be
separated along the z-axis by less than 10 mm. The remain-

ing contamination can be estimated using four ingredients:
the spread of the beam spot in z for the data-taking period
of relevance; the J/ψ production cross-sections (prompt or
non-prompt) from pp collisions at 8 TeV; the number of Z
candidates; and the mean number of inelastic interactions
per proton–proton bunch crossing, 〈μ〉. This latter quan-
tity is calculated from the instantaneous luminosity, L, as
〈μ〉 = Lσinel/nb fr, where σinel is the pp inelastic cross-
section (equal to 73 mb [74]), nb is the number of colliding
bunches and fr is the LHC revolution frequency.

To estimate the mean number of pileup collisions occur-
ring within 10 mm of a given Z vertex, an MC proce-
dure is used. A number of pileup vertices are sampled from
the luminosity-weighted distribution of 〈μ〉. These vertices
are distributed according to a Gaussian function with width
48 ± 3 mm, equal to the measured width of the proton beam
spread in the z-coordinate. The number of additional ver-
tices which lie within 10 mm of a randomly selected vertex,
is determined to be Nextra = 2.3 ± 0.2.

As it has been verified that the J/ψ reconstruction effi-
ciency is independent of the number of interactions per bunch
crossing, the probability for a J/ψ to be produced at a given
pileup vertex is

Pi j
J/ψ = σ

i j
J/ψ/σinel (2)

where σ
i j
J/ψ is the cross-section for J/ψ production in the

appropriate pT (i) and rapidity ( j) bin. Although σ
i j
J/ψ has not

been measured in the fiducial region used in this measure-
ment at centre-of-mass energies of

√
s = 8 TeV, it can be

estimated using an existing non-prompt J/ψ fraction mea-
surement at

√
s = 7 TeV [4] and the fixed-order next-to-

leading-logarithm [75,76] (FONLL) prediction for the non-
prompt J/ψ cross-section at

√
s = 8 TeV. This extrapolation

to 8 TeV is based on the observation [4] that the variation in
the ratio of non-prompt to prompt J/ψ production with pT

appears to be independent of the collision energy, and also on
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Fig. 3 Z → e+e− (left) and Z → μ+μ− (right) candidate invariant
mass distributions after the application of the sPlot weights coming from
the a prompt and b non-prompt J/ψ component of the fit. Projections
of the unbinned maximum likelihood template fit, for the signal and

background components derived from MC simulation and data respec-
tively, are overlaid on the sPlot-weighted distributions. The vertical
dot-dashed lines indicate the signal region considered in the analysis

the excellent agreement between the ATLAS measurement
and the FONLL predictions of the non-prompt cross-section.

The number of pileup candidates can be evaluated using
the number of Z candidates in the fiducial region, NZ ,
according to Ni j

pileup = NextraNZ P
i j
J/ψ , giving a total of

∑
i, j N

i j
pileup = 5.2+1.8

−1.3 and 2.7+0.9
−0.6 events in the prompt and

non-prompt samples, respectively. The uncertainty on the
final result includes contributions from the estimated J/ψ
cross-section at

√
s = 8 TeV, the number of inclusive Z

events and the number of extra vertices. The dependence of
〈μ〉 and PJ/ψ on σinel cancels in the determination of Npileup.

4.4 Double parton scattering

The DPS contribution to the Z + J/ψ sample is counted
as part of the signal. The effective cross-section for double
parton interactions σeff measured by ATLAS in W + 2-jet
events [77], and the pp → J/ψ prompt and non-prompt

cross-sections, are used to estimate the number of signal can-
didates from this source. Based on the assumptions that σeff

is process-independent, and that the two hard scatters are
uncorrelated, for a collision where a Z boson is produced,
the probability that a J/ψ is produced in addition due to a
second hard process is

Pi j
J/ψ |Z = σ

i j
J/ψ/σeff (3)

where σeff is taken to be σeff = 15 ± 3 (stat.)+5
−3 (sys.) mb

according to the ATLAS measurement. The estimated num-
bers of DPS events in the associated-production Z + J/ψ
sample are 11.1+5.7

−5.0 for the prompt component and 5.8+2.8
−2.6

for the non-prompt component. Uncertainties from the J/ψ
cross-section at

√
s = 8 TeV, the number of inclusive Z

events and the DPS effective cross-section contribute to the
total uncertainty.

Figure 4 shows the azimuthal angle between the Z boson
and the J/ψ momentum vectors, �φ, after the application of
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Fig. 4 Azimuthal angle between the Z boson and the J/ψ meson
after the application of the sPlot weights to separate the prompt (left)
and non-prompt (right) yield from background contributions. The esti-

mated DPS (yellow band) and pileup (cyan band) contributions to the
observed data are overlaid. The hashed region show the DPS and pileup
uncertainties added in quadrature

sPlot weights to separate the prompt and non-prompt J/ψ
signal components from each other and from background
sources. The estimated contributions of double parton scat-
tering and pileup to the observed signal yields for prompt
and non-prompt production are also overlaid. DPS events
are expected to be distributed uniformly in �φ because the
Z and the J/ψ are produced by two independent processes.
On the contrary, SPS events are expected to display a back-
to-back correlation of the Z and the J/ψ (�φ = π ) since the
two particles come from a single interaction of two partons.
This back-to-back behaviour is smeared by the presence of
additional gluons in the final state, radiation from the lep-
tons, detector effects and by the intrinsic properties of the
protons; the measured data are consistent with a combina-
tion of a smeared �φ = π peak from SPS and a flat DPS
contribution with σeff taken from the ATLAS W +2-jet mea-
surement.

4.5 Detector effects and acceptance corrections

The efficiency for reconstructing muons in the ATLAS detec-
tor is very high [53] and depends on the kinematics of the
muon. In order to correct the measurements for detector
effects, a per-event weight is applied, based on the pseu-
dorapidity and transverse momentum of both muons coming
from the J/ψ decay. These weights are extracted using large
inclusive J/ψ → μ+μ− and Z → μ+μ− data samples and
have been validated with MC simulation [53]. Small ineffi-
ciencies resulting from the requirement on separation of Z
and J/ψ vertices are corrected using MC simulations.

It was verified using MC simulation that detector reso-
lution effects causing reconstructed Z boson candidates to
migrate in and out of the phase space defined in Table 1 do
not produce visible effects on the measured relative produc-
tion rates.

In addition to corrections applied for reconstruction effi-
ciency (approximately 90 % depending on the pT of the
J/ψ), the detector acceptance needs to be taken into account.
The spin-alignment profile of the J/ψ meson produced in
association with a Z boson might be different from the known
profile of inclusive J/ψ mesons [78]. The modified angu-
lar distributions of muons from the decay of alternatively-
polarised J/ψ mesons can cause changes in acceptance in
the fiducial region defined by the selection requirements (see
Table 1). For various extreme polarisation states of the J/ψ
[79], the J/ψ rate is corrected for muons that fall outside the
detector acceptance in transverse momentum and pseudora-
pidity.

5 Systematic uncertainties

Systematic uncertainties coming from the fit are calculated
by varying the probability density functions for the J/ψ
mass and pseudo-proper time distributions. In addition to the
model described in Sect. 4, an alternative model was used,
changing the parameterisation for the mass and lifetime res-
olution and the shapes of the background components. This
model parameterised the mass with a Gaussian function for
the J/ψ signal and exponential (or polynomial) functions
for the combinatorial background, and parameterised the
pseudo-proper time with the sum of a Gaussian and a double-
sided exponential function convolved with a Gaussian reso-
lution function for the prompt J/ψ and prompt combina-
torial background component, and an exponential function
convolved with a Gaussian resolution function for the non-
prompt J/ψ and non-prompt combinatorial background. The
shape-related parameters are linked between the Z + J/ψ
sample and the inclusive J/ψ sample in the model used for
the signal extraction. This assumption neglects the possible
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Table 2 Summary of experimental systematic uncertainties

Source Prompt (%) Non-prompt (%)

|yJ/ψ | < 1.0 1.0 < |yJ/ψ | < 2.1 |yJ/ψ | < 1.0 1.0 < |yJ/ψ | < 2.1

Fit procedure 3 3 4 8

Z boson kinematics 1 1 1 1

μJ/ψ efficiency 1 1 1 1

Vertex separation 7 16 2 15

difference in kinematics between J/ψ mesons that are pro-
duced inclusively and J/ψ mesons produced in association
with a Z boson and needs to be taken into account. This effect
is evaluated by removing the link between the parameters and
repeating the fit, using the main fit model and the alternative
considered for the systematic study. The systematic uncer-
tainty associated with the fit procedure was determined with
a toy MC simulation technique. A large number of simulated
data samples were generated for the two rapidity bins and
then fitted with all the available fit procedures. The uncer-
tainties were evaluated from the maximal variation in mean
yield extracted from each of the three fit models, relative to
the nominal model. This uncertainty was found to be 3 % for
prompt production and 4–8 % (depending on the rapidity of
the J/ψ candidate) for non-prompt production.

In the measurement of the cross-section ratios, it is
assumed that the efficiency and acceptance for the Z boson
are the same when the Z is produced in association with
a J/ψ as when it is produced inclusively. In the absence
of reliable signal Monte Carlo samples for the SPS or
DPS processes, systematic uncertainties that arise from this
assumption are calculated using a data-driven approach.
The reconstruction and trigger efficiencies calculated for
the associated-production data sample and an inclusive Z
sample, re-weighted to match the observed Z + J/ψ pT

spectrum, are compared. The non-cancellation of efficien-
cies and acceptance between inclusively-produced Z bosons
and those produced in association with a J/ψ is found to be
(1 ± 1) %.

The reconstruction efficiencies of the J/ψ muons used for
the correction and calculation of the inclusive cross-section
are extracted from Z → μ+μ− and J/ψ → μ+μ− decays
using a tag-and-probe method [53]. These efficiencies and
their uncertainties depend on the muon pseudorapidity and
pT and are applied to the data in the form of two-dimensional
maps. In order to calculate the systematic uncertainty, each
bin of the efficiency map is allowed to vary within its uncer-
tainty and the effect on the extracted yield is examined. The
systematic uncertainty from the muon reconstruction effi-
ciency is of the order of 1 %.

In the selection requirements applied to the dataset, the
Z and J/ψ vertices are required to be within 10 mm along

the z-axis. This choice could cause a potential bias in the
measurement of the prompt and the non-prompt yield since
it affects the pseudo-proper time distribution of the J/ψ . This
cut is loosened to 20 mm and the difference in the extracted
yield, again assessed using data-driven pseudoexperiments,
determined after the pileup subtraction and correction for the
expected change in signal efficiency from MC simulations,
is taken as a systematic uncertainty. This variation is found
to be between 2 and 16 %, depending on the rapidity of the
J/ψ .

A possible contribution from the decay of Z → �+�− J/ψ
[30–32] might lead to an enhancement of the measured yields
over contributions from Z + J/ψ . This possible enhance-
ment is studied by considering the change in the prompt yield
after subtracting events for which the mass of the �+�− J/ψ
lies within 10 GeV of the world-average value of the Z boson
mass; the effect was found to be negligible.

The kinematic acceptance of Z bosons is dependent on
the average Z boson polarisation. Due to the high detector
acceptance for Z boson decays, the possible effect of modi-
fication of the average polarisation of the Z boson in associ-
ated production relative to inclusive production is considered
negligible in this study.

Uncertainties linked with the luminosity measurement
and the Z trigger efficiencies cancel in the ratio of Z +
J/ψ to inclusive Z cross-sections. The contributions of all
non-negligible systematic uncertainties are summarised in
Table 2.

6 Results

The results of the two-dimensional maximum likelihood fit
are shown in Table 3 for the two rapidity regions.

The signal significances for both the prompt and non-
prompt final states were calculated by performing pseudo-
experiments and taking into account the pileup background
contribution. Events were generated with a di-muon invariant
mass and a pseudo-proper time according to the background-
only hypothesis, then fitted with the background-only and
signal+background hypotheses, which allowed the likeli-
hood ratio of the two hypotheses to be calculated and
compared with the likelihood ratio of the data. Using this

123



229 Page 10 of 29 Eur. Phys. J. C (2015) 75 :229

Table 3 Results of the fit with statistical (first) and systematic (second)
uncertainties. The total number of background events is measured in the
2.6 < mμμ < 3.6 GeV window. The last column presents the expected

number of pileup events for the prompt and non-prompt component,
and their statistical uncertainty

Process |yJ/ψ | < 1.0 1.0 < |yJ/ψ | < 2.1 Total

Events found From pileup

Prompt signal 24 ± 6 ± 2 32 ± 8 ± 5 56 ± 10 ± 5 5.2+1.8
−1.3

Non-prompt signal 54 ± 9 ± 3 41 ± 8 ± 7 95 ± 12 ± 8 2.7+0.9
−0.6

Background 61 ± 11 ± 6 77 ± 13 ± 7 138 ± 17 ± 9

method, the background-only hypothesis for both the prompt
and non-prompt final states was excluded at 5 σ signifi-
cance. To allow for an assessment of the significance beyond
that possible using pseudoexperiments, the significance was
extracted as

√−2 × lnL, where L is the likelihood ratio of
the background-only and signal plus background hypothe-
ses. Both methods yielded consistent results, the outcome
being that the background-only hypothesis is excluded at
5 σ significance for the Z + prompt J/ψ final state, and 9 σ

significance for the non-prompt J/ψ signature.
After background subtraction, significant signals for the

associated-production of Z + prompt J/ψ and Z + non-
prompt J/ψ are observed. The background-subtracted Z +
prompt J/ψ and Z + non-prompt J/ψ candidate yields
are corrected for detector efficiency effects, and produc-
tion cross-sections are determined in a restricted fiducial
volume given by the criteria in Table 1. The measured
Z + J/ψ cross-sections are normalised by the inclusive Z
production cross-section determined in the same Z boson
fiducial volume as the Z + J/ψ measurement, benefit-
ing from the cancellation of some systematic uncertainties
to allow a more precise determination of production cross-
sections.

6.1 Fiducial cross-section ratio measurements

The fiducial cross-section ratio, as described in Table 1 (nor-
malised to the inclusive Z boson cross-section), Rfid

Z + J/ψ ,
is measured without applying corrections for the incomplete
geometric acceptance for the J/ψ decay muons, nor for the
Z boson acceptance and is defined as2:

Rfid
Z + J/ψ = B(J/ψ → μ+μ−)

σfid(pp → Z + J/ψ)

σfid(pp → Z)

= 1

N (Z)

∑

pT bins

[N ec(Z + J/ψ) − N ec
pileup],

whereB(J/ψ → μ+μ−) is the branching ratio for the decay
J/ψ → μ+μ− [55], N ec(Z + J/ψ) is the yield of Z +

2 The equation used is slightly different to that used in the W + J/ψ
analysis [3], which was normalised to unit rapidity.

(prompt/non-prompt) J/ψ events after corrections for J/ψ
muon reconstruction efficiency, N (Z) is the background-
subtracted yield of inclusive Z events and N ec

pileup is the
efficiency-corrected expected pileup background contribu-
tion in the fiducial J/ψ acceptance. For prompt and non-
prompt production, the cross-section ratios were measured
to be:

prompt: pRfid
Z + J/ψ = (36.8 ± 6.7 ± 2.5) × 10−7

non-prompt: npRfid
Z + J/ψ = (65.8 ± 9.2 ± 4.2) × 10−7

for 8.5 GeV < pJ/ψ
T < 100 GeV and |yJ/ψ | < 2.1, where

the first uncertainty is statistical and the second is systematic
in origin. The results are summarised in Fig. 5. Production of
a J/ψ → μ+μ− meson in association with a Z boson occurs
approximately ten times per million Z bosons produced in
the fiducial volume defined in Table 1.

The differential fiducial cross-section ratios dRfid
Z+J/ψ/dy

for prompt and non-prompt Z + J/ψ production are also
determined in two bins, for central J/ψ rapidities (|yJ/ψ | <

1) and forward J/ψ rapidities (1 < |yJ/ψ | < 2.1), and are
reported in Table 4.

6.2 Inclusive cross-section ratio measurements

Theoretical predictions for the production rates of J/ψ are
often presented within a limited J/ψ phase-space, but with-
out any kinematic requirements on the decay products. To
allow comparison of theoretical and experimentally mea-
sured production rates, corrections derived from simulation
are applied to the measured fiducial cross-sections to account
for the geometrical acceptance loss due to the muon pT and
η requirements detailed in Table 1. These corrections are
dependent on the pT and rapidity of the J/ψ meson and
on the angular distribution of the dilepton system in the
decay of prompt J/ψ . The angular distribution is dependent
on the spin-alignment state of the produced J/ψ mesons.
While the spin-alignment has been measured for inclusive
prompt J/ψ production [78] and found to be consistent with
an isotropic angular distribution hypothesis, J/ψ produced
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Fig. 5 Production cross-sections ratios of J/ψ in association with a Z
boson, relative to inclusive Z production, for prompt and non-prompt
J/ψ production. The first point indicates the total integrated cross-
section ratio measured in the defined fiducial volume, the second point
shows the same quantity corrected for detector acceptance effects on
the J/ψ reconstruction, and the third point illustrates the corrected

cross-section ratio after subtraction of the double parton scattering con-
tribution as discussed in the text. The inner error bars represent sta-
tistical uncertainties and the outer error bars represent statistical and
systematic uncertainties added in quadrature. Also shown are LO [23]
and NLO [24] predictions for the inclusive SPS production rates in the
colour-singlet (CS) and colour-octet (CO) formalisms

Table 4 The fiducial, inclusive (SPS + DPS) and DPS-subtracted differential cross-section ratio dRZ+J/ψ/dy as a function of yJ/ψ for prompt
and non-prompt J/ψ

yJ/ψ Fiducial (×10−7) Inclusive (×10−7) DPS-subtracted (×10−7)

value ± (stat) ± (syst) value ± (stat) ± (syst) ± (spin) value ± (stat) ± (syst) ± (spin)

Prompt cross-section ratio

|yJ/ψ | < 1.0

1.0 < |yJ/ψ | < 2.1

7.6 ± 2.1 ±0.5

9.8 ± 2.2 ±1.3

13.9 ± 4.6 ±0.8 ±3.4

15.8 ± 4.5 ±2.1 ±3.5

9.4 ± 4.6 ±1.1 ±3.4

12.0 ± 4.5 ±2.7 ±3.5

Non-prompt cross-section ratio

|yJ/ψ | < 1.0

1.0 < |yJ/ψ | < 2.1

18.0 ± 3.3 ±0.6

13.5 ± 2.9 ±1.9

29.9 ± 5.0 ±0.9 ±1.1

19.3 ± 5.0 ±2.1 ±0.8

27.8 ± 5.0 ±1.0 ±1.1

17.5 ± 5.0 ±2.1 ±0.8

in association with a Z boson may have a different polar-
isation, leading to different decay kinematics. The central
value is determined assuming unpolarised decays, with the
effect of the most extreme polarisation scenarios assigned as
a systematic uncertainty. The largest change in acceptance
obtained considering the extreme polarisation scenarios is
used as an additional systematic uncertainty in the determi-
nation of inclusive production cross-section for prompt J/ψ
production, and is equal to ±24 % for |yJ/ψ | < 1.0 and
±23 % for 1.0 < |yJ/ψ | < 2.1. The range of variation for
non-prompt production was reduced to about 10 % of the full
range as suggested by the measurement of the J/ψ polari-
sation in b-decays [80] and the uncertainty was found to be
±3 % for |yJ/ψ | < 1.0 and ±2 % for 1.0 < |yJ/ψ | < 2.1.

The acceptance-corrected inclusive production cross-
section ratio, Rincl

Z + J/ψ , is defined as:

Rincl
Z + J/ψ = B(J/ψ → μ+μ−)

σincl(pp → Z + J/ψ)

σincl(pp → Z)

= 1

N (Z)

∑

pT bins

[N ec+ac(Z + J/ψ) − N ec+ac
pileup],

where N ec+ac(Z + J/ψ) is the yield of Z + (prompt/non-
prompt) J/ψ events after J/ψ acceptance corrections and
efficiency corrections for both muons from the J/ψ decay,
N ec+ac

pileup is the expected pileup contribution in the full J/ψ
decay phase-space, and other variables are the same as for
Rfid
Z + J/ψ . The production cross-section ratio is measured to

be:

prompt: pRincl
Z + J/ψ = (63 ± 13 ± 5 ± 10) × 10−7

non-prompt: npRincl
Z + J/ψ = (102 ± 15 ± 5 ± 3) × 10−7

for 8.5 GeV < pJ/ψ
T < 100 GeV and |yJ/ψ | < 2.1, where

the first uncertainty is statistical, the second uncertainty is
systematic, and the third uncertainty is due to the unknown
J/ψ spin-alignment in Z + J/ψ production.

The differential fiducial cross-section ratios dRincl
Z+J/ψ/dy

for prompt and non-prompt Z + J/ψ production are also
determined in two bins, for central J/ψ rapidities (|yJ/ψ | <

1) and forward J/ψ rapidities (1 < |yJ/ψ | < 2.1), and are
reported in Table 4.
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6.3 Comparison with theoretical calculations and double
parton scattering contributions

Double parton scattering interactions are expected to con-
tribute significantly to the measured inclusive production
cross-sections. Using the relation in Eq. 3 and a σeff value of
15 ± 3 (stat.)+5

−3 (syst.) mb, an estimate of the double parton
scattering component of the observed signal for both prompt
and non-prompt production can be derived in any kinematic
interval of the measurement. Subtracting this DPS contribu-
tion from Rincl

Z + J/ψ gives an estimate RDPS sub
Z + J/ψ of the single

parton scattering cross-section ratio for prompt J/ψ produc-
tion:

pRDPS sub
Z + J/ψ = (45 ± 13 ± 6 ± 10) × 10−7

and non-prompt J/ψ production:

npRDPS sub
Z + J/ψ = (94 ± 15 ± 5 ± 3) × 10−7

for 8.5 GeV < pJ/ψ
T < 100 GeV and |yJ/ψ | < 2.1, where

the first uncertainty is statistical, the second uncertainty is
systematic, taking into account uncertainties from the DPS
estimate, and the third uncertainty is due to the unknown
J/ψ spin-alignment in Z + J/ψ production. Figure 5 sum-
marises the fiducial, inclusive and DPS-subtracted cross-
section ratios for prompt and non-prompt production and
Table 4 presents the differential cross-section ratios in the
central and forward J/ψ rapidity intervals. The DPS frac-
tion is (29±9) % for the Z+ prompt J/ψ signal and (8±2) %
for the non-prompt signal, in the kinematic region studied in
this measurement.

The production cross-section ratios for Z + prompt J/ψ
production are compared to LO colour-singlet [23] predic-
tions, as well as the contributions from colour-singlet (CS)
and colour-octet (CO) processes in the non-relativistic QCD
(NRQCD) formalism [24].

All theoretical calculations consider only single parton
scattering processes in which the J/ψ mesons are produced
directly from the parton interaction, without any feed-down
from excited charmonium states. To allow direct compar-
ison to the measured DPS-subtracted cross-section ratios,
these predictions are normalised to NNLO calculations of the
Z boson fiducial production cross-section (533.4 pb), deter-
mined using fewz [81,82].

LO colour-singlet mechanism (CSM) predictions for the
production cross-section (normalised to the inclusive Z pro-
duction rate) vary between (11.6 ± 3.2) × 10−8 (from
Ref. [23]) and (46.2+6.0

−6.5) × 10−8 (from Ref. [24]). The
NLO NRQCD prediction [24] for the colour-singlet rate
is (45.7+10.5

−9.6 ) × 10−8. NRQCD colour-octet contributions
to the normalised production rate (that should be added to
the corresponding colour-singlet rates to provide the total
NRQCD prediction) shown in Fig. 5 are predicted to be

(25.1+3.3
−3.5) × 10−8 at LO and (86+20

−18) × 10−8 at NLO accu-
racy, approximately a factor of two larger than the contri-
bution from colour-singlet production at the same order in
the perturbative expansion. Uncertainties in the predictions
arise from a variation of the renormalisation and factorisa-
tion scales up and down by a factor of two from their nomi-
nal values, and uncertainties on the charm quark mass. The
variation in the predictions for the colour-singlet rate at LO
from different groups arises from a different choice of scale
for the central prediction, either taking the Z mass, mZ , or

the J/ψ transverse mass, mJ/ψ
T =

√
(mJ/ψ)2 + (pJ/ψ

T )2,
the appropriateness of which is the subject of some discus-
sion [23,24]. The CO predictions presented here use the val-
ues for the NRQCD long-distance matrix elements as dis-
cussed in Ref. [24], but do not include uncertainties related
to the determination of these matrix elements [83].

The effective cross-section regulating multiple parton
interactions is expected to be a dynamical quantity depen-
dent on the probed scale of the interactions, and thus should
be x-dependent (where x ≡ pparton/pbeam) [84]. Recent the-
oretical studies [85] have suggested that vector-boson pro-
duction in association with jets may have σeff values as high
as 15–25 mb. In this paper, the ATLAS W + 2-jet measure-
ment of σeff = 15 ± 3 (stat.)+5

−3 (sys.) mb is used to estimate
the DPS contribution, and is found to be consistent, within
the still sizeable uncertainties, with the observed rates and
the plateau observed at small azimuthal separations between
the produced Z bosons and J/ψ , illustrated in Fig. 4.

The small �φ(Z , J/ψ) region is sensitive to DPS con-
tributions and can be used to limit the maximum allowed
double parton scattering contribution to the observed sig-
nal, which corresponds to a lower limit on σeff, by conser-
vatively assuming that all observed signal in the first bin
(�φ(Z , J/ψ) < π/5 region) is due to DPS. As the esti-
mated relative signal contribution from DPS processes is
largest in prompt production, the data from Z + prompt J/ψ
provides the most stringent limit on the rate of DPS interac-
tions. The data uncertainties and uncertainties inherent in the
DPS estimate allow a lower limit σeff > 5.3 mb (3.7 mb) at
68 % (95 %) confidence level to be extracted from the Z +
prompt J/ψ data.

A model-independent upper limit on σeff cannot be
extracted from these data, as such a limit corresponds to a
minimum rate of DPS contribution at small �φ(Z , J/ψ).
While SPS contributions are largest at wide angles, a sig-
nificant SPS contribution is possible at low angles due to
high-order processes [86].

6.4 Differential production cross-section measurements

Extending upon the measurement of the total inclusive pro-
duction ratios Rincl

Z + J/ψ and determination of the DPS con-
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Fig. 6 Production cross-section of J/ψ in association with a Z boson
as a function of the pT of prompt J/ψ , and non-prompt J/ψ , normalised
to the inclusive Z cross-section. Overlaid on the measurement is the
contribution to the total signal originating from double parton scattering
(DPS) interactions. Theoretical predictions at NLO accuracy for the SPS
contributions from colour-singlet (CS) and colour-octet (CO) processes
are added to the DPS estimate and presented in comparison to the data
as solid bands

tribution, the differential cross-section ratio dRincl
Z + J/ψ/dpT

is measured as a function of the transverse momentum of
the J/ψ for both the prompt and non-prompt signals, using
the sPlot weights obtained from the fit procedure. The dif-
ferential DPS contribution (using σeff = 15 mb) is shown
together with the inclusive cross-section ratio in each kine-
matic interval in Fig. 6 and in Table 5. The observed pT

dependence is significantly harder than for inclusive J/ψ
production [4].

The measured differential production cross-section ratio
for prompt J/ψ production is compared to NLO colour-
singlet and colour-octet predictions. As these predictions are
for single parton scattering rates, the estimated DPS contri-
bution is added to the theoretical predictions to allow like-

for-like comparison between theory and data. Theory pre-
dicts that colour-octet contributions exceed the production
rate from singlet processes by approximately a factor of two,
with colour-octet processes becoming increasingly dominant
for higher pT of the J/ψ . The combination of DPS and
NLO NRQCD contributions tends to underestimate the pro-
duction rate observed in data, with the discrepancy increas-
ing with transverse momentum and reaching a factor of 4–5
at pJ/ψ

T > 18 GeV. A significant SPS contribution to Z +
non-prompt J/ψ production rate from Z +b-jet production,
where the jet contains a J/ψ meson, is expected but has not
been evaluated for this article. The data presented here offer
the opportunity to test Z +b-jet production at low transverse
momentum.

7 Conclusions

This paper documents the first observation and measurement
of both associated Z + prompt J/ψ and Z + non-prompt
J/ψ production, with the background-only hypothesis being
excluded at 5 σ significance for prompt Z + J/ψ produc-
tion and at 9 σ significance for non-prompt J/ψ production,
using 20.3 fb−1 of proton–proton collisions recorded in the
ATLAS detector at the LHC, at a centre-of-mass energy of
8 TeV.

Fiducial cross-sections of the production rate of the two
final states were measured as ratios to the inclusive Z boson
production rate in the same fiducial volume, and found to be
(36.8 ± 6.7 ± 2.5) × 10−7 and (65.8 ± 9.2 ± 4.2) × 10−7

for Z bosons produced in association with a prompt and non-
prompt J/ψ , respectively, where the first uncertainty is sta-
tistical and the second is systematic. Ratios, corrected for
the limited geometrical acceptance for the muons from the
J/ψ decay in the J/ψ fiducial volume, are also presented.
For prompt production this correction factor depends on the
spin-alignment state of J/ψ produced in association with a
Z boson, which may differ from the spin-alignment observed
in inclusive J/ψ production. The measured Z + prompt
J/ψ production rates are compared to theoretical predictions
at LO and NLO for colour-singlet and colour-octet prompt
production processes. A higher production rate is predicted
through colour-octet transitions than through colour-singlet
processes, but the expected production rate from the sum of
singlet and octet contributions is lower than the data by a
factor of 2 to 5 in the pJ/ψ

T range studied.
Measurements of the azimuthal angle between the Z

boson and J/ψ meson suggest that both single and double
parton scattering contributions may be present in the data.
Using the effective cross-section regulating double parton
scattering rates as measured by ATLAS in the W + 2-jet
final state, the fraction of the inclusive production rate aris-
ing from double parton scattering interactions is estimated to
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Table 5 The inclusive (SPS + DPS) cross-section ratio dRincl
Z+J/ψ/dpT for prompt and non-prompt J/ψ . Estimated DPS contributions for each

bin, based on the assumptions made in this study, are presented

pJ/ψ
T (GeV) Inclusive prompt ratio (×10−7/ GeV) Estimated DPS (×10−7/ GeV)

value ± (stat) ± (syst) ± (spin) assuming σeff = 15 mb

(8.5, 10)

(10, 14)

(14, 18)

(18, 30)

(30, 100)

10.8 ± 5.6 ±1.9 ±3.1

5.6 ± 1.9 ±0.8 ±1.2

1.9 ± 1.1 ±0.1 ±0.3

0.87 ± 0.37 ±0.12 ±0.09

0.090 ± 0.037 ±0.012 ±0.006

5.5 ± 2.1

1.7 ± 0.6

0.4 ± 0.1

0.05 ± 0.02

0.0004 ± 0.0002

pJ/ψ
T (GeV) Inclusive non-prompt ratio (×10−7/ GeV) Estimated DPS (×10−7/ GeV)

value ± (stat) ± (syst) ± (spin) assuming σeff = 15 mb

(8.5, 10)

(10, 14)

(14, 18)

(18, 30)

(30, 100)

5.1 ± 4.2 ±0.9 ±0.3

9.2 ± 2.5 ±1.2 ±0.3

3.3 ± 1.2 ±0.4 ±0.1

3.04 ± 0.59 ±0.04 ±0.04

0.115 ± 0.039 ±0.002 ±0.001

2.07 ± 0.77

0.85 ± 0.30

0.26 ± 0.09

0.05 ± 0.02

0.0015 ± 0.0005

be (29 ± 9) % for prompt production and (8 ± 2) % for non-
prompt production. An independent limit on the maximum
rate of double parton scattering contributing to the signal is
set, corresponding to a lower limit on the effective cross-
section of 5.3 mb (3.7 mb) at 68 % (95 %) confidence level.
The measured production cross-section ratios of inclusive
Z + prompt J/ψ and Z + non-prompt J/ψ production, and
the estimated contribution from double parton scattering, are
shown differentially in five intervals of the J/ψ pT, with the
differential production rates compared to NLO predictions
from colour-singlet and colour-octet processes.
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