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1 Introduction

Study of the production of a W boson in association with a prompt J/1¢ meson offers new
tests of Quantum Chromodynamics (QCD) at the perturbative/non-perturbative boundary
as well as developing the framework for future probes of the Higgs sector and beyond-the-
standard-model searches in such final states.

Perturbative calculations of heavy quarkonium production in hadronic collisions distin-
guish between terms that produce a heavy quark system (QQ) in a colour-singlet (CS) or a
colour-octet (CO) state. The relative importance of these terms for inclusive J/1 produc-
tion is a subject of debate [1-7]. In the case of prompt J/1 production in association with
a W boson, the relative contributions of CS and CO processes differ from the inclusive
process. Some theoretical studies [8, 9] suggest W+ + prompt .J/¢ production should be
dominated by colour-octet processes, and thus be a distinctive test of the non-relativistic
QCD (NRQCD) framework [10, 11]. In contrast, recent work [12] suggests that in 7 TeV
pp collisions, CO and CS (in particular, electromagnetic W*~* —W=.J/4)) contributions
to the W* + prompt J /1 cross section are comparable. Measurements of the production
cross sections can help distinguish between these models. A search for the related processes
W*4+Y(1S) and Z + T(15) performed by the CDF experiment saw no excess of events
above the expected background and set upper limits on the production rate [13].

Observation and measurement of W* + prompt .J/1 production for the first time
represents a step in our understanding toward measurements of the Higgs boson in rare
quarkonia and associated vector boson decay modes, first proposed in ref. [14]. Recent



phenomenological studies [15] have emphasised the value of these rare decay modes to
provide a unique probe of the Higgs boson charm couplings. Such final states can also
be sensitive probes of beyond-the-standard-model (BSM) frameworks. The presence of an
anomalous rate of W*/Z + prompt .J/1/Y associated production over standard model
predictions can, for example, be an indication of a signature of a charged Higgs boson
decay at low tan 8 in some supersymmetry models [16], or explore the possible existence of
a new light scalar particle [17]. The complementarity of vector boson plus quarkonia final
state measurements to ongoing BSM search programmes further emphasises the need for
a robust understanding of the QCD production modes.

In addition to the single parton scattering (SPS) reaction studied as a probe of quarko-
nium production, double parton scattering (DPS) interactions [18-22], where the W+ boson
and J/v are produced in separate parton-parton collisions from the same proton-proton
interaction, can contribute to the total rate for production of a W*+.J/4) final state. These
processes are not distinguishable on an event-by-event basis from SPS processes, but are
expected to differ in overall kinematic features, such as angular correlations. Any measure-
ment of the W* + J /4 process will include both SPS and DPS contributions, and provides
useful information on the DPS process as well.

This paper reports the observation of W= + prompt .J /¥ production in the W+ (=
pFv,) + J/(— ptp~) channel. Prompt J/i candidates that are produced in decays of
heavier charmonium states (e.g. X, — y+.J/1) are not distinguished from directly-produced
J/1. W* + prompt J/1 events due to DPS are included in the measurement and their
contribution to the total rate is estimated. This production mechanism (including both
SPS and DPS contributions) is separated from the background of W# 4 b-hadrons with
b — J/v+ X. An additional background from misidentified multi-jets is also considered.
The cross-section ratio of W + prompt .J/1) production to the inclusive W* production
is measured in the fiducial phase space of the W* boson and .J/1. The cross-section
ratio is also reported with the J/v rate corrected for the muons that fall outside of the
detector acceptance in transverse momentum and pseudorapidity for a given .J/v transverse
momentum. This correction depends on the (unknown) spin-alignment of J/1 produced
in association with a W* boson and so the results are provided for the full envelope of
possible spin-alignment scenarios as was previously done for inclusive J/¢ and Y production
measurements [23, 24].

The data used in this analysis were collected using the ATLAS detector during the
2011 proton-proton run of the Large Hadron Collider (LHC) at centre-of-mass energy 7 TeV
and correspond to an integrated luminosity of 4.51 + 0.08 fb=1 [25].

2 The ATLAS detector

ATLAS is a multi-purpose detector [26],! designed to study a variety of phenomena at the
LHC. The inner detector (ID), which is surrounded by a superconducting solenoid that

LATLAS 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 z-axis points from the IP to the centre
of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,¢) are used in the transverse
plane, ¢ being the azimuthal angle around the beam pipe, referred to the z-axis. The pseudorapidity is
defined in terms of the polar angle § as n = — Intan(6/2).



produces a 2 T magnetic field, performs tracking of charged particles for |n| < 2.5. The
calorimeter system covers |n| < 4.9 and detects energy deposits from electrons, photons,
muons and hadrons. The muon spectrometer (MS), outside the calorimeters, measures
muon momenta using air-core superconducting toroidal magnets. A typical muon traverses
three precision position measurement stations covering || < 2.7. Fast trigger chambers
cover |n| < 2.4. The MS has a cylindrical barrel geometry covering || < 1 and an endcap
disk geometry covering |n| = 1. The combination of ID and MS tracking reconstructs
muons with pr 2 2.5 GeV with resolution o(pr)/pr better than 3% in the momentum

~

range of interest (2.5-100 GeV).

3 Event selection

The data were collected using a single-muon trigger that required transverse momentum
pr > 18 GeV. Muon candidates are reconstructed either by combining tracks found sep-
arately in the ID and MS (“combined” muons) or by extrapolating ID tracks to include
hits in the MS (“segment-tagged” muons). Muon tracks are required to satisfy |n| < 2.5
so as to lie within the angular acceptance of both the ID and MS. Muon candidates with
pr > 3.5 (2.5) GeV for |n| < 1.3 (> 1.3) are considered. The candidate hard scattering pp
collision vertex is chosen as the reconstructed vertex with the highest > p?r of associated
tracks and the point of closest approach of muon candidate tracks to this vertex is required
to be within 10 mm along the beam axis (z).

Events are required to have at least three identified muons to be considered for this
analysis. One pair of oppositely charged muons is required to form a J/1 candidate, while
an additional muon must combine with the event’s missing transverse momentum Efrniss to
form a W¥ candidate. The W¥ decay muon is required to match the muon reconstructed by
the trigger algorithm used to collect the events. The momentum imbalance, E%ﬂss, is caused
by particles, such as neutrinos escaping detection, detector effects, or unaccounted physics
processes [27]. The EJsS is calculated as the negative of the vector sum of the transverse
momentum of all reconstructed physics objects in the event, as well as all calorimeter
energy clusters within |n| < 4.9 not associated with these objects.

At least one of the muons forming the J/v candidate must have pr > 4 GeV and at
least one must be a “combined” inner detector plus muon spectrometer muon. A vertex
fit is performed to constrain the two J/v muons to originate from a common point. The
invariant mass of the dimuon system calculated with track parameters modified by the
vertex fit must satisfy 2.5 < m,+,- < 3.5 GeV. The J/¢ candidate is required to have
transverse momentum p%/ ¥ and rapidity y;., = tanh_l(pg/ v JE7/?¥) satisfying p%/ Vs
8.5 GeV and |y /| < 2.1; this ensures high acceptance and efficiency for the J/v candidate.
In addition, as the signal is expected to decrease faster than background with increasing
pr‘f/ ¢, pr‘é/ Y <30 GeV is required to improve the signal-to-background ratio.

The remaining “combined” muons are considered as W* boson decay candidates.
These are required to have pp > 25 GeV and || < 2.4 in order to be within the ac-
ceptance of the trigger. The closest distance of the W decay muon track to the primary
vertex must be within 1 mm in z. In order to reduce contamination from non-prompt



muons produced in heavy flavour decays, the W= decay muon is required to have a trans-
verse impact parameter significance do/o(dp) < 3, and it must be isolated. The impact
parameter dg is defined as the distance of closest approach of the muon helix to the primary
vertex in the xy-plane, and o(dp) is the expected resolution on the measured value. The
calorimetric and track isolation variables are defined as the sums of calorimeter cell E
and track pr, respectively, within a cone of size \/(An)? + (A¢)? = 0.3 around the muon
direction. The energy deposit of the muon is not included in the calorimetric isolation and
only tracks (excluding the muon itself) compatible with originating at the primary vertex
and with pt > 1 GeV are considered for the track isolation. A correction depending on the
number of reconstructed vertices is made to the calorimetric isolation to account for energy
deposits originating from additional proton-proton collisions that occur in the same bunch
crossing. For the muon to be considered isolated, the two isolation variables must both
be less than 5% of the muon pp. This tight selection discriminates against the multi-jet
background.

In order to select events with a W+ boson, El}“iss must exceed 20 GeV, and the W+
boson transverse mass m1 (W) must exceed 40 GeV. The W* boson transverse mass is
defined as

mr(W) = \/QpT(u)E%ﬁss (1 — cos(pH — ¢¥n))

where ¢* and ¢”» represent the azimuthal angles of the muon from the W boson decay
and the missing transverse momentum vector, respectively. If the invariant mass of the
W+ muon candidate and the .J/1¢ candidate’s oppositely charged muon is within 10 GeV
of the Z boson mass, the event is vetoed. After the full selection, 149 events remain, 78
with [y, <1 and 71 with 1 < [y/4| < 2.1.

Prompt J/v candidates are distinguished from those originating from b-hadron decays
through the separation of the primary vertex and the J/v¢ decay vertex. The pseudo-proper
time
L 'ﬁ{“/w Myt -

p%/ ¥ p:;/w ’

\]
Il

is used, where L is the separation vector from the primary vertex to the J/1v decay vertex
and m,,+,- is the invariant mass of the J/v candidate. Prompt J/v> decays have a pseudo-
proper time consistent with zero within resolution. Non-prompt J/v¢ decay vertices are
displaced from the primary vertex and have positive pseudo-proper time on average apart
from resolution effects.

4 Signal extraction

The two-dimensional J/v candidate mass and pseudo-proper time scatter distribution is
shown in figure 1. These data are fit as follows: first, the two-dimensional fit described
below is applied to separate the prompt J/¢ component from the non-prompt J/¢ com-
ponent and combinatorial background. This is followed by a fit to the W boson transverse
mass mr(W) to determine the contributions of W+ and multi-jet background produced in
association with a prompt J/1).
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Figure 1. Two-dimensional plot of W* + .J/1 candidates in pseudo-proper time versus utpu~
invariant mass in the considered region of .J/1 rapidity (|y;/s| < 2.1) and transverse momentum

(8.5 < p’]/w < 30 GeV). Many candidates fall near the J/¢ mass of 3.097 GeV [28] and pseudo-
proper time near 0 ps, as expected from prompt J/% production.

An unbinned maximum likelihood fit in J/¢ candidate invariant mass and pseudo-
proper time is used to obtain yields for prompt J/v, non-prompt J/1, and prompt/non-
prompt combinatoric backgrounds. In the dimuon mass variable, the probability density
functions are a Gaussian distribution for the .J/v signal and exponential functions for the
combinatorial backgrounds. For the pseudo-proper time distribution, the prompt J/v and
prompt combinatoric background components are modelled by the sum of a delta-function
distribution and a double-sided exponential function convolved with a Gaussian resolution
function, while the non-prompt J/¢) and non-prompt combinatorial background compo-
nents are modelled by an exponential function (truncated to zero for 7 < 0) convolved with
a Gaussian resolution function. The parameters that set the shapes of the fit functions,
such as the mass and pseudo-proper time resolution, are considered nuisance parameters
and are constrained as described below. The functional forms of the probability density
functions are:

MJ/zp(m G( ;L*/;*7mj})1pG70—m)

G(r:0,0:) @ (1= a)o(7) + aCoe /™)
G(r:0,07) @ (C10(r)e ™™

Coe ™ Mutu~ /ko

wrp~

prompt J/p\T

(
T (

non-prompt J/p\T

) =
) =
) =
)

Mprompt bkg( utp—



—-m _/k
Mnon—prompt bkg(m#+ﬂ_) = Cge wtu /k1

Torompt bkg(7) = G(730,07) @ ((1 —b)d(r) + bC4e_|TVT0>

Tnon—prompt bkg(T) = G(T; 0, O'T) ® <C59(7)ef7'/72> .

In the above, G(z;u,0) is a Gaussian function of x with mean p and width o; § is the
Dirac delta function; 6 is the step function; a, b, and the k; and 7; are shape parameters,
while the C; are appropriate normalization constants. The combined probability density
function used for the fit is:

P X Norompt g/ X My (Mt =) X Torompt 7/4(7)
+Nuon-prompt J/p X MMyt -) X Thon-prompt J/4(T)
+Nprompt bkg X Mprompt bkg (M+ 4~ ) X Tprompt bkg(T)
+Nuon-prompt bkg X Mnon-prompt bkg (7 +4~) X Thon-prompt bkg (T)-

To account for the differences in resolution between the central and endcap detector
regions, the fit is performed separately in two regions in J/1 rapidity, |y < 1 and
1 < |yj/p| < 2.1. The fit is initially made on a large inclusive sample of .J /¢ events, selected
with the same procedure as the J/v candidates in this analysis, and the results are used to
constrain the nuisance parameters u, o, a, b, k; and 7;. The central values and uncertainties
on the nuisance parameters from the inclusive fits are translated into Gaussian constraints
on the parameters during the fit to the W= + .J/1 candidates. The values of the nuisance
parameters estimated from the W+ + prompt J /1 fits agree well with those determined
in the inclusive J/v¢ sample, and the resulting uncertainties are similar to the uncertainty
represented by the constraints. Figure 2(a) shows the mass fit in the full rapidity region
(lys/pl < 2.1), whereas in figure 2(b) the pseudo-proper time fit in the J/1 mass peak
region (3.0 < m(uTp~) < 3.2 GeV) is shown. Each projection shows the sum of two fits,
performed separately in two regions in J/+ rapidity: |y;/4| <1and 1 < |y;/y| < 2.1. The
maximum likelihood fit permits the use of the sPlot procedure [29] to assign weights to
each event for each component of the total probability density function (prompt J/, non-
prompt J/1, prompt combinatoric background, non-prompt combinatoric background).
These weights can be used to determine the spectra of variables in the prompt J/v signal,
removing the contribution from the other sources. The procedure functions as a background
subtraction technique that takes advantage of the full information available from the fit,
and is used to obtain various kinematic distributions.

The robustness of the fit was tested by varying the signal and background parametriza-
tions; changes of at most a few percent in the prompt J/1 yield were observed and are
taken as systematic uncertainties (see section 7). Repeated fits to an ensemble of pseudo-
experiments generated with Poisson-distributed yields and Gaussian-distributed nuisance
parameters showed that the fit has no significant statistical biases, and that the uncertain-
ties reported by the fit are accurate.

5 Backgrounds

A number of possible background contributions to W* + prompt J /¥ production are con-
sidered. Production of W* bosons in association with b quarks, with subsequent b-hadron
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Figure 2. Projections in (a) invariant mass and (b) pseudo-proper time of the two-dimensional
mass-pseudo-proper time fit used to extract the prompt J/1 candidates in the full rapidity region
(1y/¢| < 2.1). The pseudo-proper time distribution is shown for the .J/¢) mass peak region (3.0 <
m(utp~) < 3.2 GeV). Each projection shows the sum of two fits, performed separately in two
regions in J/1 rapidity [y /,| < 1 and 1 < |y /] < 2.1.

decay to J/v¢ and other particles, produces the desired signature, except that the J/v
mesons will not be prompt. The fit will categorize these events into the non-prompt J/v
background category and the effect on the prompt signal yield is estimated to be negligible.
From simulated ¢t events the prompt yield in our dataset is predicted to be less than 0.28
events at 95% credibility level. The ratio of W*+4b to W+ production from ATLAS mea-
surements [30, 31] is found to be consistent (albeit with large uncertainties) with the ratio
of W* + non-prompt .J/1 to W* production in this analysis, when the differing phase
spaces of the analyses are considered.

Decays of B, — J/ l/Ju:tI/HX produce a J/1 and an additional muon. As the B, lifetime
is shorter than that of other weakly-decaying B hadrons, these J/i¢ may be mistakenly
taken as prompt candidates. No candidate events are found to have a three-muon invariant
mass below 12 GeV, which is far above the B, mass of 6.277 GeV [28], hence this background
is negligible.

The production of Z bosons, followed by the decay Z — ptp~, can produce the
signal signature if an additional muon candidate and E%iss due to jet mismeasurements or
neutrinos are found. This background is eliminated by vetoing events where a pairing of
oppositely charged muons has an invariant mass within 10 GeV of the Z boson mass.

Multi-jet production, especially of heavy-quark jets, can produce candidates with mul-
tiple reconstructed muons and Effniss due to either neutrinos or mismeasurement of the jet
energy. This contribution is separated from the real W 4 .J /1) component of the observed
events using the W¥ boson transverse mass mt(W) as a discriminating variable. The
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Figure 3. (a) Unit-normalized templates for W boson transverse mass m1(W) for multi-jet
background and W* boson signal. (b) sPlot-weighted W boson transverse mass distribution for
W+ + prompt J/v candidate events with a fit to the W boson and multi-jet components. The fit
is performed in the region 40-140,GeV in mr(W).

mr (W) distribution of events weighted by signal (prompt J/1) sPlot weight is fit to a
sum of a multi-jet template and a W= boson signal template (the templates are shown in
figure 3(a)). The multi-jet background shape in mr (W) is estimated using the distribution
in events with non-isolated muons, which are dominated by multi-jet production. The W=+
template is obtained from Monte Carlo simulation. Events were produced by the ALPGEN
event generator [32], interfaced to HERWIG [33] for parton showers and hadronization, and
JimMmy [34] for simulation of the underlying event. The detector response is modelled using
the GEANT4-based ATLAS full simulation framework [35, 36].
2+g.5

The total yield for prompt .J/v production, shown in table 1, is 29.2747 events. The
result of the x? fit is shown in figure 3(b). The estimate from the mr (W) fit is that there
are 0.1 £ 4.6 multi-jet events in the sample, providing strong support for the hypothesis
that the sample is dominated by W* 4 prompt J/v events. The fraction of multi-jet events
is smaller than 0.31 at 95% credibility level.

The probability that a W* candidate and a J/v candidate are produced in different
proton-proton collisions that occur in the same bunch crossing (“pileup”) is estimated as
follows. Given the beam conditions of the dataset, the mean number of extra collisions
within 10 mm of the primary vertex is calculated to be Nextra = 0.81 £ 0.08; this value
is computed from the mean number of collisions per proton-proton bunch crossing p and
the geometric parameters of the interaction region. Here u is defined as u = Loinel/mp fr,
with £ being the luminosity, n;, the number of colliding bunch pairs, f, the accelerator
revolution frequency, anc}d)amd the pp inelastic cross section, assumed to be equal to 71.5

)

mb [37]. For a ([y/yl, p% -bin, the probability for a J/¢ to be produced in a pp collision



in that kinematic bin is determined as

bin
o5 _ 1 / Pa(pp = J/¢ X)
Oinel Oinel Jbin dy dpr

Py = dy dpr
using the double-differential .J/v¢ production cross sections as measured [23] at /s = 7 TeV.
Since L is determined independently from oy, using van der Meer scan calibration [25],
Oinel 18 @ proportionality factor between p and £, and therefore Nextra X Oinel. As a result
the dependence on oy, cancels in the overlap probability NextraPy/qp- Multiplying the
overlap probability by the number of W* candidates in the fiducial region, Npilewp =
NextraPjyjypLow=, yields an estimated total of 1.8 £ 0.2 for such pileup overlap events in
the sample. This background is subtracted when the cross-section ratios are calculated.

6 Double parton scattering

It is possible for the W+ and J/1 to originate from two different parton interactions in
the same proton-proton collision, in a double parton scattering process. The standard
ansatz [18] is adopted that, for a collision in which a hard process (here W=+ produc-
tion) occurs, the probability of an additional (distinguishable) process (here prompt .J/v
production) is parameterized as

Py \w = 050/ Oeft- (1)

The effective area parameter oo accounts for the geometric size of the proton and trans-
verse parton correlations, and is assumed to be independent of the scattering process. It
is taken to be 15+ 3 (stat.)fg (syst.) mb as measured using W*— fv, + 2—jet events [38].
The two interactions are treated as independent and uncorrelated. This procedure relies
upon an assumption of factorization between the longitudinal and transverse components
of the double parton distribution functions [22, 39-41]. Recent studies [42] highlight that
this assumption must fail at some level, but the current data is not sufficiently precise to
allow for investigation of such effects. Studies of process and scale dependence [43] of oo
indicate that the uncertainty on the value used here covers variation due to these effects.
The prompt J/1 cross section from the ATLAS measurement [23] is used, as in the pileup
estimation, corrected to the fiducial phase space of this measurement, and accounting for
spin-alignment uncertainties that result from the correction. The total number of DPS
events in the signal yield is estimated to be 10.8 & 4.2 events.

A uniform distribution in the azimuthal angle between the W* and .J/¢) momenta
is expected from DPS, under the assumption that the two interactions are independent.
The flat DPS template is verified using PYTHIAS [44] Monte Carlo simulation. Simulations
in both the colour-singlet and colour-octet models predict a distribution strongly peaked
near A¢ = 7 for the SPS contribution (with the exact shape dependent on kinematics and
the relative size of the underlying contributions). The sPlot-weighted distribution of this
variable for the data has a peak near m and a tail extending towards zero, as shown in
figure 4. This suggests that the observed W¥ + prompt .J/¢ candidates include both SPS
and DPS events. However, this distribution is not used to separate SPS and DPS events.
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Figure 4. The sPlot-weighted azimuthal angle between the W* and the .J/¢ is shown for W +
prompt J/1 candidates. No efficiency or acceptance corrections are applied. The determined DPS
contribution (with systematic uncertainties) is overlaid, using a flat DPS template validated using
PYTHIAS [44] Monte Carlo simulation and normalized to the total rate as estimated using the DPS
ansatz in eq. (1). The hashed region shows the uncertainty on the DPS estimate.

Overlaid on figure 4 is an estimate of the DPS rate using the previously described ansatz.
The determined rate is compatible with the size of the flat component of the observed A¢
distribution.

7 Results

Table 1 shows the yields resulting from the two-dimensional fit in each of the two detec-
tor regions, barrel (|y;/,| < 1.0) and endcap (1 < [y;/y| < 2.1), including the statistical
uncertainty from the fit for the prompt J/¢, non-prompt J/¢, and combinatoric back-
ground components. The signal significance is calculated using pseudo-experiments in
which events conforming with the background-only hypothesis are generated and then fit
with the background-only hypothesis and the signal+background hypothesis to extract the
likelihood ratio of the two hypotheses. The p-value shown in the table is the probability for
background-only pseudo-experiments to yield a likelihood ratio value larger than the value
obtained in data. The combination of the two y;/, regions rejects the background-only
hypothesis at 5.1c.

To determine the ratio of the W= +prompt J /1 cross section to the W cross section,
the number of inclusive W* events is determined from data. A sample of W+ candidates
is formed by selecting all events that satisfy the W= part of the W + prompt .J/¢ re-
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Yields from two-dimensional fit
Process Barrel Endcap Total
Prompt .J /1) 10.0057  19.2738%  29.2713(x)
Non-prompt J/4) 27. 9t§-g 13.9752 418733
Prompt background 20. 4fg Sf 18.8J_rg:§ 39. 2f§g
Non-prompt background 19.8f4:9 19.2”:?:% 39. 0Jr8 4
p-value 80x1073 14x107% 21x1077
Significance (o) 24 4.7 5.1

(*) of which 1.8 4 0.2 originate from pileup

Table 1. The event yields for the prompt J/v, non-prompt J/v, and combinatorial background
are shown. The errors shown include the statistical uncertainties and the systematic uncertainties
from the nuisance parameters of the fit. The significance, in standard deviations, is calculated using
the p-value from pseudo-experiments.

quirements. The Z+jets, tt, and diboson backgrounds to inclusive W* production are
estimated from Monte Carlo simulation (ALPGEN [32], MCQNLO [45] and HERWIG [33],
respectively). The multi-jet contribution is estimated using the same technique as used for
deriving the multi-jet template for the W= + prompt .J/1 signal, except that the normal-
ization is also determined by that method instead of being fit to data. The number of W=+
boson candidates is found to be 1.48 x 107, consistent with next-to-next-to-leading-order
(NNLO) pQCD predictions [46, 47] taking into account the ATLAS detector performance.
First the fiducial cross-section ratio

pid _ BRU/Y = ptp7) doga(pp = W=+ J/¢)
I oa(pp — W) dy
_ONC(WE+J/Y) 1
- (Wi) Iy - Rplleup7

is defined, where N (W + J/+) is the yield of W= 4 prompt .J /1) events after correction
for the J/1) muon reconstruction efficiencies, N(W¥) is the background—subtracted yield

of inclusive W¥ events, Ay = 4.2 is the size of the fiducial region in ¥ 7/ and Rid g

ileu

the expected pileup background contribution in the fiducial J/v acceptance. Fof Rj/ w
corrections are not applied for the incomplete acceptance for J/1 decay muons, nor for the
W¥ acceptance. Also, it is noted that only the cross section for 8.5 < pJ/ Y < 30 GeV is
considered.

The statistical uncertainties associated with the fit are calculated by fixing the nuisance
parameters and performing the fit again. When the nuisance parameters are allowed to
float within the Gaussian constraint, the total uncertainty on each yield is the quadratic
sum of the statistical and systematic uncertainties.

The J/v transverse momentum distribution may be different in inclusive J/1¢ events
and W+ + prompt J /¥ events. Since the fit nuisance parameters from the inclusive fit

are used during the W= 4 prompt J/4 fit, as described in section 4, this can affect the
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extracted yields, due to the different .J/v p spectrum of the inclusive .J/+¢» and W* +.J /4
processes. This is estimated to have an effect of < 1% on the prompt J/¢ yields extracted
by the fit, by performing the fits with unconstrained nuisance parameters in different J /1)
pr ranges and comparing the yields with those from the constrained fits in the nominal
J/¢ pr range. Changing the functional forms of the fit, for example by changing the single
Gaussian to a double Gaussian for the signal, or the exponential function to a polynomial
function for the background, results in changes in the yields of up to 4%, which is taken as
a systematic uncertainty.

The efficiency and acceptance of the W boson are assumed to be the same for inclusive
W* events and W= + J/v events when calculating the ratio. The uncertainty due to
this assumption is estimated by reweighting the W+ transverse momentum spectrum in
the simulated inclusive sample to match the observed spectrum from W+ + J/v events
and noting the change in efficiency, which is (2-5)%. The low-pr muon efficiencies are
determined from data and cross-checked with efficiencies measured from .J/v simulation
using PYTHIAS [44], with the difference interpreted as a systematic uncertainty of (3-5)%,
while the uncertainty due to the muon momentum scale is found to be negligible.

In addition to reporting Rg‘/i > results are presented after being corrected for the fiducial
acceptance of the muons from the J/¢ decay, but maintaining the J/¢ pr (8.5-30 GeV)
and rapidity (—2.1-2.1) range:

BR(J/Y — pFp~) do(pp — W=+ J/¢)

Rincl —
T oga(pp — W) dy
B Nec—l—aC(Wﬂ:'i‘J/w)i_R.
- N(Wi) Ay pileups

where NeHa¢(WW+ 4+ J/4)) is the yield of W* + prompt J/¢ events after .J/1) acceptance
corrections and efficiency corrections for both J/¢ decay muons, Rpieyp is the expected
pileup contribution in the full J/v¢ decay phase space, and other variables are as for Rg(/i v
The J/v spin-alignment, which determines the angular distribution of the muons from
the J/v¢ decay and thus modifies the acceptance for the J/1¢ to be detected within the
fiducial volume, is not known and is dependent on the underlying production mechanism.
Five extreme scenarios that bound the possible variation are considered for the acceptance
and the difference is assigned as a systematic uncertainty. These scenarios (isotropic,
longitudinal, transverse+, transverse— and transverse0) depend on the J/1 spin-alignment
angles, the angle between the direction of the positive muon momentum in the J/v¢ decay
frame and the J/v line of flight, and the angle between the J/1 production plane and the
decay plane formed by the direction of the J/¢ and the positive muon [23].

Table 2 summarizes the main sources of uncertainties for this analysis. Other un-
certainties related to the Efrniss scale, luminosity, and the W+ decay muon cancel in the
ratio.

The isotropic spin-alignment scenario is assumed for the central result, and the vari-
ations of the result with the different spin-alignment scenarios are also reported in HEP-

DATA [48]. The DPS contribution to R¥! is estimated to be (48 4+19) x 10~8. Subtracting

J/b
the DPS contribution from Rfjn/czlb gives an estimate R?};S sub of the single parton scatter-
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Source Barrel Endcap
J /v muon efficiency 35)% (3-5)%
W* boson kinematics 2% 5%
Fit procedure 3% 1%
Choice of fit nuisance parameters 1% 1%
Choice of fit functional forms 4% 4%
Muon momentum scale negligible

J /1 spin-alignment J_rgg% f%g%
Statistical % 0%

Table 2. Summary of the main sources of uncertainty for the measurements of Rﬁ‘/iw and RiJ“/ClL;
systematic, spin-alignment and statistical uncertainties are shown. Only uncertainties that do not
cancel in the ratio of W= 4 prompt J/1 to W rates are included. The spin-alignment uncertainty
is not present for the R measurement.

ing rate, which can be directly compared with leading-order (LO) colour-singlet pQCD
predictions [12] and next-to-leading-order (NLO) colour-octet predictions [9].
The values of the three measured ratios are shown in figure 5 and are:

RS, = (51 +£13+4) x 107°
Ry, = (126 £32+9731) x 107°
ROPP™P = (78 432 £2275]) x 1077,

where the first uncertainty is statistical, the second is systematic and the third (where
applicable) is the uncertainty due to spin-alignment. The systematic uncertainty on the
DPS-subtracted ratio includes the uncertainty on the estimated DPS contribution, which
itself includes a separate spin-alignment uncertainty.

Comparisons with theoretical expectations. For comparison of the DPS-subtracted
ratio to theory, the LO colour-singlet and NLO colour-octet predictions for W+ +
prompt J/v [9] are normalized to NNLO calculations of the W¥ production cross sec-
tion (5.08 nb), derived from FEWZ 3.1.B2 [46, 47]. The expected SPS cross-section ratio
R?}LS sub from normalized next-to-leading-order colour-octet calculations is (4.6-6.2) <1078,
with the range corresponding to different scales as explained below. These predictions as-
sume that pure CO contributions dominate this process, and hence do not include any
colour-singlet diagrams. The renormalization (ug) and factorization (up) scales are set
to the W* boson mass, ur = ur = my, and the NRQCD scale (up) is taken to be
BA = Meharm = 1.5 GeV. Two sets of colour-octet long-distance matrix elements are used
as input parameters to the theory, obtained from two different parameter fits to experimen-
tal data [49, 50], and the variation between the results obtained is assigned as a systematic
uncertainty.
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Figure 5. The W + prompt .J/+: W production cross-section ratio in the .J/1/ fiducial region
(Fiducial), after correction for J/v acceptance (Inclusive), and after subtraction of the double par-
ton scattering component (DPS-subtracted). The shaded band represents the envelope of variation
due to different possible spin-alignment configurations. Inner error bars represent statistical un-
certainties, outer error bars represent statistical and systematic uncertainties added in quadrature.
The LO colour-singlet (CS) and NLO colour-octet (CO) predictions for SPS production are shown
in comparison.

The CS model described in [12] includes contributions from sg — J/¢+c+W and q7' —
YW — J/¢)W, and accounts for indirect production in the W* +prompt .J /1) rate through
decays of excited charmonium states of both W¥ + direct ¥(2S) and W+ + direct xs
production. The normalized leading-order colour-singlet model predicts the SPS ratio
to be (10-32) x 108 for the phase space region considered in this paper, with the range
corresponding to different scales as explained below. The uncertainties on the colour-singlet
prediction arise from varying the charm quark mass in the range meharm = (1.5 +£0.1) GeV
and independently varying the factorization and renormalization scales between 0.75 X g
and 2 x upr p of their central value g = purp = myy.

The leading-order CS contributions are nearly an order of magnitude larger than the
next-to-leading-order CO contributions, with the CS prediction being consistent with the
measured DPS-subtracted rate within the current experimental and theoretical uncertain-
ties. This emphasizes that far from being a distinctive signature of CO production, this
process appears to be dominated by CS production. This shortfall in the CO production
prediction might be explained by the presence of large higher-order contributions [49, 50]
or a possible breakdown of NRQCD universality [5]. Figure 4 supports the hypothesis of
DPS factorization (within current experimental uncertainties), but possible modifications
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Figure 6. The inclusive (SPS+DPS) cross-section ratio de}ﬁ /dpr is shown as a function of J/¢
transverse momentum. The shaded uncertainty corresponds to the variations due to the various
spin-alignment scenarios. The DPS estimate is overlaid, with the uncertainty again shown by a
shaded region.

Y/ X pr Bin  Inclusive (SPS+DPS) ratio dRiJn/C}b/de (x107%)  DPS (x1079)
(0,2.1) x (8.5,10) 0.56 40.16(stat) =+0.04(syst) F53](spin) 0.13 +0.10
(0,2.1) x (10,14)  0.070 40.039(stat) 40.006(syst) T9-01%(spin) 0.04 40.03
(0,2.1) x (14,18)  0.011 40.017(stat) 40.001(syst) 5003 (spin) 0.007 40.004
(0,2.1) x (18,30)  0.009240.0067(stat)+0.0006(syst) 5003 (spin)  0.0009-+0.0006

Table 3. The inclusive (SPS+DPS) cross-section ratio dRiJn/Cfp /dp as a function of J/1 transverse

momentum, along with the estimate of the DPS contribution.

to this formalism may also modify the DPS-subtracted rate. Nonetheless, large uncertain-
ties on the result imply that current predictions for SPS production are compatible with
the measurement at the 20 level.

Figure 6 shows the distribution of the differential cross-section ratio de}ﬁ) /dpr as a

function of p%/ w, with an estimate of the differential DPS contribution. The data suggest

that SPS is the dominant contribution to the total rate at low J/¢ transverse momenta.

The results are also shown in table 3.

8 Conclusions

In summary, the ATLAS Collaboration has observed W= + prompt J /¥ production at
5.1c significance in 4.5 fb~! of \/s = 7TeV pp collisions at the LHC. Additionally, the
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fiducial cross-section ratio of W+ + prompt J /1 production relative to inclusive W= boson
production in the same phase space is measured to be R%‘/i w = (51 £13+4) x 1078, where
the first uncertainty is statistical, and the second systematic. The acceptance-corrected
observed ratio is Rf]n/cllb = (126:&32i9f§é) x 1078 where the central value is for the isotropic
spin-alignment scenario, and the third uncertainty represents possible variation due to the
unknown spin-alignment. The contribution to the total W + prompt .J/1 rate arising
from single parton scattering (double parton scattering subtracted data) is estimated to
be RI}/}:DS sub — (78 £ 32 + 221“2%) x 1078, assuming that for DPS the W* and prompt
J /1 production factorize completely. The distribution of the azimuthal angle between the
produced W+ and J/4 suggests the presence of both SPS and DPS contributions, and that
the DPS estimate accounts for a large fraction of the observed signal. Comparing the two
predictions, the colour singlet mechanism is expected to be the dominant contribution to
the cross section.

Analysis of additional data will likely prove valuable in distinguishing the contributions
of colour-singlet and colour-octet predictions to SPS, and to determine the relative rates
of SPS and DPS production. This final state may prove to be a compelling observable for
study of double parton scattering dynamics, as well as for the study of Higgs boson charm
couplings and for ongoing BSM physics search programmes.
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