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1. Introduction

The study of heavy quarkonium production in general and specifically in association with a
vector boson offers the opportunity to investigate Quantum Chromodynamics (QCD) in both the
perturbative and non-perturbative regimes. Despite several measurements of cross sections and
polarizations of inclusively produced quarkonia (since the early 1990s, e.g. Refs. [1 – 10]), the
understanding of the underlying production mechanisms is rather limited and there is no clear
favourite among the various theoretical models (e.g. Colour Singlet Model (CSM) [11], non-
relativistic QCD (NRQCD) framework [12], Colour Evaporation Model (CEM) [13]) that is able
to consistently describe all observed properties. A subject of debate is in particular the relative
importance of the colour-singlet (CS) and the colour-octect (CO) production processes. The exis-
tence of CO processes is specifically predicted by the NRQCD formalism. Thus, the production
of a prompt J/ψ meson in association with a W± boson that is predicted to be dominated by CO
processes [14, 15] is well suited to test the NRQCD framework. This prediction is challenged by
recent studies [16] that indicate that in 7 TeV pp collisions the contribution of CS processes to
W±+ prompt J/ψ production is not negligible, but that it is comparable to the contribution of CO
processes. This especially applies for gluon-initiated processes given the large gluon density at
the Large Hadron Collider (LHC). Hence the measurement of the W±+ prompt J/ψ cross section
might help to distinguish between the different models. This presentation discusses the first ob-
servation of W±+ prompt J/ψ production in the W±→ µ±ν and J/ψ → µ+µ− decay modes1 as
well as the measurement of its cross section with respect to inclusive W± boson (→µ±ν) produc-
tion that was first reported in Ref. [17]. The analysis presented is based on data collected by the
ATLAS detector [18] in pp collisions at a centre-of-mass energy of 7 TeV at the LHC. The dataset
corresponds to an integrated luminosity of 4.51±0.08fb−1 [19].

2. Event Selection

The J/ψ candidates are formed from two oppositely charged muons reconstructed within
|ηµ |< 2.5 with a minimum transverse momentum of 4 GeV for the leading muon and 3.5 or 2.5 GeV
for the sub-leading muon, depending on the pseudo-rapidity region.

The candidate muons are required to originate from a common vertex and the invariant mass
of the selected muon pair has to be close to the nominal J/ψ mass: 2.5 < mµ+µ− < 3.5. The

reconstructed J/ψ candidates must have a transverse momentum of 8.5 GeV < pJ/ψ

T < 30 GeV
and satisfy |y| < 2.1. The W± boson candidates are reconstructed from an isolated muon with
pµ

T > 25 GeV and |ηµ | < 2.4 and missing transverse energy Emiss
T > 20 GeV and are required to

have a transverse mass2 larger than 40 GeV. Several background processes exhibit a similar or
identical signature as the signal process, such as W± bosons produced in association with b-quark
jets, top-pair production, Z production in association with jets, multijet production and also pile-up
and double parton scattering (DPS) interactions. In processes involving b quarks, the reconstructed
J/ψ candidates stem from non-prompt decays of b hadrons in which the b quarks hadronize. To

1Unless stated otherwise, the decay modes W±→ µ±ν and J/ψ → µ+µ− are implicit in the following.
2The transverse mass is defined as mW

T =
√

2pµ

T Emiss
T (1− cos(∆φ)), where ∆φ is the azimuthal angle between the

muon and Emiss
T directions.
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Figure 1: Projections in (a) the invariant mass of the dimuon system and (b) the pseudo-proper
time of the two-dimensional distribution including the total fit result and the results of the different
components. (c) Distribution of the azimuthal angle between the directions of flight of the W± bo-
son and the J/ψ meson for the W±+ prompt J/ψ component in data extracted using the sPlot
technique [20]. The DPS contribution, estimated as described in the text, is overlaid.

further suppress background events additional cuts are applied, such as impact parameter cuts to
the muon candidates, and also events where Z boson candidates can be formed from the muon
candidates are rejected. In total 149 candidate events pass the full selection.

3. Signal Extraction

The selected J/ψ candidates can be grouped into three categories: a prompt J/ψ component,
a non-prompt J/ψ component and combinatorial background.

In a first step, the separation of the three components and the selection of the prompt J/ψ com-
ponent is achieved by performing a two-dimensional unbinned maximum likelihood fit in the in-
variant mass of the J/ψ candidates mµ+µ− and the pseudo-proper time τ . The latter is defined
as

τ = Lxy ·
mµ+µ−

pJ/ψ

T

, (3.1)

where Lxy is the projection of the distance from the primary to the reconstructed J/ψ decay vertex
along the transverse momentum of the J/ψ meson. Figures 1(a) and 1(b) show the projections in
the invariant mass and the pseudo-proper time of the two-dimensional distribution. The invariant
mass distribution is exploited to separate the J/ψ component from the combinatorial background,
while the pseudo-proper time is used to separate the prompt and non-prompt components. Param-
eters that affect the shapes of the chosen fit functions, such as the mass and pseudo-proper time
resolution, are determined on a large inclusive sample of J/ψ events, selected in data following
the J/ψ candidate selection described in Section 2, and treated as nuisance parameters. The con-
tribution of the prompt J/ψ component is determined to be 29+8

−7 events, where the uncertainties
are the combined statistical and systematic uncertainties due to the nuisance parameters from the
fit. The contributions of the non-prompt J/ψ component as well as the prompt and non-prompt
combinatorial backgrounds are of the same order.
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In a second step, the contribution of multijet events faking the W± boson decay signature is de-
termined by performing a template fit to the W± boson transverse mass distribution of the prompt
J/ψ component that has been extracted from data using the sPlot technique [20]. The esti-
mated number of multijet events is compatible with zero meaning the first step effectively extracts
W±+ prompt J/ψ events.

In a third and last step, the residual background contributions to the W±+ prompt J/ψ yield
are estimated and subtracted. It is found that only events due to pile-up and DPS interactions have
a non-negligible contribution, therefore only their estimation is described in the following. The
number of pile-up events, i.e. the number of events where the W± and the J/ψ candidates are
produced in different proton-proton collisions of the same bunch crossing, is estimated according
to NPU = Ncoll ·PJ/ψ ·NW± . Here Ncoll is the mean number of extra collisions, PJ/ψ is the probability
of producing a J/ψ meson which is determined from PJ/ψ = σJ/ψ/σinel , the ratio of the inclusive
J/ψ cross section [9] in the considered kinematic region and the proton-proton inelastic cross sec-
tion [21], and NW± is the number of W± boson candidates in the fiducial region (cf. Section 4). The
number of events due to pile-up interactions is estimated to be NPU = 1.8±0.2. After subtracting
the pile-up contribution, 27+8

−7 W±+ prompt J/ψ events are observed, corresponding to a statisti-
cal significance of 5.1 σ . The contribution to the W±+ prompt J/ψ yield due to DPS interactions,
where the W± and the J/ψ candidates originate from two separate parton-parton interactions of the
same proton-proton collision, is determined according to NDPS = PJ/ψ|W± ·NW± , a similar relation
as for the pile-up estimation. Here PJ/ψ|W± is the probability that in addition to a hard collision pro-
cess another distinguishable process occurs and NW± is again the number of W± boson candidates
in the fiducial region. Adopting the standard ansatz which is based on the assumption that the two
hard interactions can be treated as independent, PJ/ψ|W± can be expressed as PJ/ψ|W± = σJ/ψ/σeff

the ratio of the inclusive J/ψ cross section [9] and the effective area parameter that accounts for the
geometric size of the proton [22]. The number of events due to DPS contributions is estimated to
be NDPS = 11±4. Figure 1(c) shows the distribution of the azimuthal angle between the W± and
the J/ψ candidates for the W±+ prompt J/ψ component ∆φ(W,J/ψ) in data extracted using the
sPlot technique [20]. The distribution is peaking near π as expected for single parton scattering
(SPS) and has a tail towards zero for smaller angular separations suggesting that also a DPS con-
tribution, for which a flat distribution is expected (assuming independent production), is present.
Indeed, overlaying a flat template for the DPS component that is scaled to the estimated number
of DPS events shows good agreement with the distribution observed in data for small values of
∆φ(W,J/ψ).

4. Measurement of the Cross-Section Ratio Rfid
J/ψ

The ratio Rfid
J/ψ

of the W±+ prompt J/ψ and the inclusive W± cross section is determined in

the fiducial region defined by 8.5 GeV < pJ/ψ

T < 30 GeV and |yJ/ψ |< 2.1 from

Rfid
J/ψ

=
σ(W±+ J/ψ)

σ(W±)
=

N(W±+ J/ψ)

εJ/ψ ·N(W±)
. (4.1)

Here N(W±+ J/ψ) is the pile-up subtracted number of W±+ prompt J/ψ events as determined in
Section 3 (normalized to the fiducial region), εJ/ψ is the efficiency correction factor for the muons
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stemming from the J/ψ decay, and N(W±) is the number of events containing a W± boson in the
fiducial region. N(W±) is determined from data by applying the W± candidate selection described
in Section 2 and subtracting background contributions that are assessed using MC simulation, ex-
cept the multijet background contribution which is obtained with a data-driven method. Deriving
the cross-section ratio has the advantage that the luminosity, the W± boson branching ratio as
well as the W± boson reconstruction efficiency and acceptance corrections cancel and hence the
systematic uncertainties are reduced.

5. Results and Comparisons with Theoretical Predictions

The yield of 27+8
−7 events is obtained with a statistical significance of 5.1 σ constituting the first

observation of W±+ prompt J/ψ production. It is found that DPS has a significant contribution.
The ratio Rfid

J/ψ
of the W±+ prompt J/ψ and the inclusive W± cross section, defined in Eq. 4.1,

is determined to be
Rfid

J/ψ
= (51±13 (stat.)±4 (syst.))×10−8. (5.1)

The systematic uncertainty has three main sources that are of the same order: the correction of
the efficiencies of the muons forming the J/ψ candidate, the assumption that the reconstruction
efficiency and the acceptance of the W± boson is the same for W± boson produced inclusively and
in association with a J/ψ meson, and the choice of the functional forms of the different components
and the nuisance parameters in the two-dimensional fit (cf. Section 3).

In addition, the inclusive cross-section ratio Rincl
J/ψ

is obtained, where also the fiducial accep-
tance of the muons stemming from the J/ψ decay is corrected:

Rincl
J/ψ

= (126±32 (stat.)±9 (syst.)+41
−25 (spin-align.))×10−8. (5.2)

The acceptance correction depends on the angular distribution of the muons which in turn is de-
termined by the polarization or the spin alignment of the parent J/ψ meson. The spin alignment
that depends on the underlying production mechanism is not known [23]. Therefore five different
scenarios are considered: the isotropic spin alignment corresponding to an unpolarized J/ψ meson
is chosen to obtain the central result while the maximum difference in the resulting acceptance cor-
rections assuming longitudinal and transverse polarizations is assigned as systematic uncertainty.
Furthermore, the inclusive cross-section ratio is also obtained differentially dRincl

J/ψ
/dpT as func-

tion of the transverse momentum of the J/ψ candidate and the result is shown in Fig. 2(a). The
distribution expected from the DPS contribution is overlaid and both the uncertainties due to the
spin alignment and the DPS estimation are considered. One can conclude that SPS is the dominant
production mechanism at low pJ/ψ

T while DPS seems to be the dominant contribution for rising
pJ/ψ

T .
Finally, the estimated DPS contribution to Rincl

J/ψ
is subtracted from the result, giving an estimate

of the SPS rate of

RDPSsub
J/ψ

= (78±32 (stat.)±22 (syst.)+41
−25 (spin-align.))×10−8, (5.3)

which can be directly compared to theoretical predictions. The third bin in Fig. 2(b) shows a com-
parison of RDPSsub

J/ψ
and two predictions for the cross section of W±+ prompt J/ψ SPS production
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Figure 2: (a) Differential inclusive cross-section ratio dRincl
J/ψ

/dpT as function of the transverse mo-
mentum of the J/ψ candidate. The DPS contribution extracted from simulation and scaled to the
estimate (cf. Section 3) is overlaid. (b) Results of the cross-section ratios Rfid

J/ψ
, Rincl

J/ψ
and RDPSsub

J/ψ
.

The inner error bars represent the statistical uncertainties, the outer error bars the combined sta-
tistical and systematic uncertainties; the uncertainties due to different spin-alignment scenarios
are indicated separately. The DPS-subtracted ratio is compared to two theoretical predictions as
discussed in the text.

normalized to W± production (computed with FEWZ [24, 25]): a leading-order (LO) CS [16] and
a next-to-leading-order (NLO) CO prediction [15]. The LO CS contribution of (10−32)×10−8 is
about an order of magnitude larger than the NLO CO contribution of (4.6−6.2)×10−8. While the
LO CS prediction is consistent with the measured result within experimental and theoretical uncer-
tainties, i.e. considering the uncertainties due to the unknown spin alignment, both predictions are
compatible with the measured result within two sigma of the experimental uncertainties.

6. Conclusion

Based on data collected by the ATLAS experiment in pp collisions at
√

s = 7 TeV, the pro-
duction of W±+ prompt J/ψ has been observed with a statistical significance of 5.1 sigma in the
W± → µ±ν and J/ψ → µ+µ− decay modes. Furthermore, the measurement of the fiducial
W±+ prompt J/ψ cross section relative to the inclusive W± cross section has been performed.
The acceptance-corrected cross-section ratio suffers from large uncertainties due to the unknown
J/ψ spin alignment that affects the angular distribution of the muons stemming from the J/ψ de-
cay. The comparison of the acceptance-corrected cross-section ratio after subtraction of the con-
tribution of double parton scattering with the predictions of rates due to colour-singlet and colour-
octect production processes suggests that the W±+ prompt J/ψ production is not dominated by
colour-octet production and is therefore no clean probe of the non-relativistic QCD framework.
To improve the precision of the present result and its importance in testing different quarkonium
production mechanisms it is necessary both to reduce the statistical uncertainties and to improve
the knowledge of the J/ψ spin alignment. Furthermore, the results indicate that double parton

6



P
o
S
(
D
I
S
2
0
1
4
)
1
6
5

Measurement of the W±+ prompt J/ψ production at ATLAS Hannah Arnold

scattering contributes significantly to the W±+ prompt J/ψ production. The measurement of the
cross-section ratio differentially in the transverse momentum of the J/ψ meson suggests that single
parton scattering constitutes the dominant mechanism at low transverse momenta.
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