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1 Introduction

Study of the production of W boson in association with a prompty meson offers new tests of
Quantum Chromodynamics (QCD) at the perturbative/notupestive boundary as well as devel-
oping the framework for future probes of the Higgs sectorlabnd-the-standard-model searches
in such final states.

Perturbative calculations of heavy quarkonium productiohadronic collisions distinguish
between terms that produce a heavy quark sysf@@ (n a colour-singlet (CS) or a colour-octet
(CO) state. The relative importance of these terms for 8ie&J /¢ production is a subject of
debate1-7]. In the case of prompld/( production in association with\&* boson, the relative
contributions of CS and CO processes differ from the ingkigirocess. Some theoretical stud-
ies [8, 9] suggesW= + promptJ/¢ production should be dominated by colour-octet processes,
and thus be a distinctive test of the non-relativistic QCR(MCD) framework 10, 11]. In contrast,
recent work 12] suggests that in 7 TeVp collisions, CO and CS (in particular, electromagnetic
WEy* —W*J/) contributions to th&V+ + promptJ /g cross section are comparable. Measure-
ments of the production cross sections can help distindhgsiveen these models. A search for the
related processa¥=+Y(1S) andZ + Y(1S) performed by the CDF experiment saw no excess of
events above the expected background and set upper limiteeg@roduction ratel[3].

Observation and measuremen¥gt + promptJ /(s production for the first time represents a
step in our understanding toward measurements of the Higggskin rare quarkonia and associated
vector boson decay modes, first proposed in Refl. [Recent phenomenological studié$] have
emphasised the value of these rare decay modes to providE@euprobe of the Higgs boson
charm couplings. Such final states can also be sensitiveeprobbeyond-the-standard-model



(BSM) frameworks. The presence of an anomalous raté/6fZ + promptJ/(//Y associated
production over standard model predictions can, for examip an indication of a signature of
a charged Higgs boson decay at low faim some supersymmetry modelsj, or explore the
possible existence of a new light scalar partidlg[ The complementarity of vector boson plus
quarkonia final state measurements to ongoing BSM seargragmmmes further emphasises the
need for a robust understanding of the QCD production modes.

In addition to the single parton scattering (SPS) reacttodied as a probe of quarkonium
production, double parton scattering (DPS) interactia8s22], where thew* boson andl/y
are produced in separate parton—parton collisions fronsémee proton—proton interaction, can
contribute to the total rate for production off&"+J/( final state. These processes are not dis-
tinguishable on an event-by-event basis from SPS procelsseare expected to differ in overall
kinematic features, such as angular correlations. Any mreagent of th&V* +J /¢ process will
include both SPS and DPS contributions, and provides uggfuimation on the DPS process as
well.

This paper reports the observationwf- + promptJ/y production in thenv* (— u*vy,) +
J/Y(— utu~) channel. Prompd/y candidates that are produced in decays of heavier char-
monium states (e.gXc — y+J/¢) are not distinguished from directly-producédy. W= +
promptJ/y events due to DPS are included in the measurement and theifibegion to the to-
tal rate is estimated. This production mechanism (inclydioth SPS and DPS contributions) is
separated from the backgroundwf + b-hadrons withb — J/ + X. An additional background
from misidentified multi-jets is also considered. The crssstion ratio ofV* + promptJ /(s pro-
duction to the inclusivaV* production is measured in the fiducial phase space ofthieboson
andJ/y. The cross-section ratio is also reported with diig rate corrected for the muons that
fall outside of the detector acceptance in transverse mameand pseudorapidity for a given
J/y transverse momentum. This correction depends on the (wrknspin-alignment ofl /Y
produced in association with\&* boson and so the results are provided for the full envelope
of possible spin-alignment scenarios as was previousle doninclusiveJ/y andY production
measurement2p, 24].

The data used in this analysis were collected using the ATldagctor during the 2011
proton—proton run of the Large Hadron Collider (LHC) at ceruf-mass energy 7 TeV and corre-
spond to an integrated luminosity 054+ 0.08 o~ [25].

2 The ATLASdetector

ATLAS is a multi-purpose detecto2f],* designed to study a variety of phenomena at the LHC.
The inner detector (ID), which is surrounded by a supercotidg solenoid that produces a2 T
magnetic field, performs tracking of charged particlegfdr< 2.5. The calorimeter system covers
In| < 4.9 and detects energy deposits from electrons, photons, sraath hadrons. The muon
spectrometer (MS), outside the calorimeters, measures Mmamenta using air-core supercon-

IATLAS uses a right-handed coordinate system with its oraithe nominal interaction point (IP) in the centre of
the detector and theaxis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinatesg) are used in the transverse plageyeing the azimuthal angle around
the beam pipe, referred to theaxis. The pseudorapidity is defined in terms of the polatefgasn = —Intan(6/2).



ducting toroidal magnets. A typical muon traverses thr@&eipion position measurement stations
covering|n| < 2.7. Fast trigger chambers cover| < 2.4. The MS has a cylindrical barrel geom-
etry covering|n| < 1 and an endcap disk geometry coverjng > 1. The combination of ID and
MS tracking reconstructs muons with = 2.5 GeV with resolutiono(pr)/pr better than 3% in
the momentum range of interest$2100 GeV).

3 Event selection

The data were collected using a single-muon trigger thatired transverse momentupy >

18 GeV. Muon candidates are reconstructed either by contpinacks found separately in the 1D
and MS (“combined” muons) or by extrapolating ID tracks tolude hits in the MS (“segment-
tagged” muons). Muon tracks are required to satigfyy< 2.5 so as to lie within the angular
acceptance of both the ID and MS. Muon candidates wjth 3.5 (25) GeV for|n| < 1.3 (> 1.3)

are considered. The candidate hard scattgpimgollision vertex is chosen as the reconstructed ver-
tex with the highesy p? of associated tracks and the point of closest approach ohroandidate
tracks to this vertex is required to be within 10 mm along tearb axis %).

Events are required to have at least three identified muohe twnsidered for this analysis.
One pair of oppositely charged muons is required to fordy @ candidate, while an additional
muon must combine with the event’s missing transverse mame&!"'sSto form aw* candidate.
TheW* decay muon is required to match the muon reconstructed byritigeer algorithm used
to collect the events. The momentum imbalarE€®'ss is caused by particles, such as neutrinos
escaping detection, detector effects, or unaccountedgshyscesseL[7]. The E}“issis calculated
as the negative of the vector sum of the transverse momernftaihreconstructed physics objects
in the event, as well as all calorimeter energy clustersiwith| < 4.9 not associated with these
objects.

At least one of the muons forming tl¢y candidate must haver > 4 GeV and at least one
must be a “combined” inner detector plus muon spectromet@nmA vertex fit is performed to
constrain the twd /¢ muons to originate from a common point. The invariant maseeflimuon
system calculated with track parameters modified by theexdit must satisfy 5 < my+,- <
3.5 GeV. TheJ/y candidate is required to have transverse momemﬂr‘ﬁ and rapidityy;y =
tanh‘l(pg/‘p/EJ/‘l’) satisfying pi/w > 8.5 GeV andly;,y| < 2.1; this ensures high acceptance and
efficiency for theJ/¢ candidate. In addition, as the signal is expected to deertzster than
background with increasingi/ v pi/ Y <30GeVis required to improve the signal-to-background
ratio.

The remaining “combined” muons are considered\&sboson decay candidates. These are
required to havepr > 25 GeV andn| < 2.4 in order to be within the acceptance of the trigger.
The closest distance of th* decay muon track to the primary vertex must be within 1 mm in
z In order to reduce contamination from non-prompt muonslpeced in heavy flavour decays,
theW* decay muon is required to have a transverse impact parasigtgficancedy/ g (dg) < 3,
and it must be isolated. The impact parameigis defined as the distance of closest approach
of the muon helix to the primary vertex in thg-plane, ando(dp) is the expected resolution
on the measured value. The calorimetric and track isolatemables are defined as the sums
of calorimeter cellEr and trackpr, respectively, within a cone of siz¢/(An)?+ (Ag)? = 0.3



around the muon direction. The energy deposit of the muortisntiuded in the calorimetric
isolation and only tracks (excluding the muon itself) cotitga with originating at the primary
vertex and withpr > 1 GeV are considered for the track isolation. A correctiopeteling on the
number of reconstructed vertices is made to the calorimistlation to account for energy deposits
originating from additional proton—proton collisions tleacur in the same bunch crossing. For the
muon to be considered isolated, the two isolation variatslest both be less than 5% of the muon
pr. This tight selection discriminates against the multigatkground.

In order to select events with\&W* boson, EMSS must exceed 20 GeV, and thé* boson
transverse massr(W) must exceed 40 GeV. T boson transverse mass is defined as

Mr(W) = |/ 2pr (1) EFSS(1— cog( @ — %))

where ¢! and @'+ represent the azimuthal angles of the muon fromWhe boson decay and
the missing transverse momentum vector, respectivelyhdfitivariant mass of th&/* muon
candidate and th&/( candidate’s oppositely charged muon is within 10 GeV ofZltmson mass,
the event is vetoed. After the full selection, 149 eventsaiem78 with|y;,,| <1 and 71 with
1< lyyyl <2.1.

PromptJ/ candidates are distinguished from those originating foemadron decays through
the separation of the primary vertex and &) decay vertex. The pseudo-proper time

T_E'pJT/w Myt p-
=3 ST
pT/W pT/l.U

is used, wherd is the separation vector from the primary vertex to ¥ decay vertex and
m,+ - is the invariant mass of thi/( candidate. Prompt/ decays have a pseudo-proper time
consistent with zero within resolution. Non-prompty decay vertices are displaced from the
primary vertex and have positive pseudo-proper time ore@esapart from resolution effects.

4 Signal extraction

The two-dimensional /¢ candidate mass and pseudo-proper time scatter distribigishown
in figure 1. These data are fit as follows: first, the two-dimensionaldgatibed below is applied
to separate the promgt/y component from the non-prompgy ¢y component and combinatorial
background. This is followed by a fit to th& boson transverse mass (W) to determine the
contributions ofV* and multi-jet background produced in association with anpl /(.

An unbinned maximum likelihood fit id /¢ candidate invariant mass and pseudo-proper time
is used to obtain yields for prompy ¢/, non-promptl/, and prompt/non-prompt combinatoric
backgrounds. In the dimuon mass variable, the probabitysdy functions are a Gaussian dis-
tribution for theJ/y signal and exponential functions for the combinatorialkgaounds. For
the pseudo-proper time distribution, the prondpty and prompt combinatoric background com-
ponents are modelled by the sum of a delta-function digidbuand a double-sided exponential
function convolved with a Gaussian resolution functionjlethe non-prompd /¢ and non-prompt
combinatorial background components are modelled by aarexqial function (truncated to zero
for T < 0) convolved with a Gaussian resolution function. The patans that set the shapes of



»

T I T T T ‘ T T T ‘ T T T ‘ T
ATLASNs =7 TeV, J'L dt=45fb?

& or .
2 C .
() L ]
g5 . .. :
= ]
5 A « o E
g . . ]
g Sp .o E
'8 Zi. ° ° o % e ,:
é E.. ° [ ] ..‘:. E
09-_ 1:L.0 e° $ .. * ° :.k ¢ ° E
” OE'% “ws’e 2 .o..°...w.:o' *e

-1+ ° . =

_2:‘|“\H.‘m L P

2.6 2.8 3 3.2 3.4
LY Invariant Mass [GeV]

Figure 1. Two-dimensional plot ofv+* +J/ ¢ candidates in pseudo-proper time vergdgi ~ invariant mass

in the considered region df/ ¢ rapidity (y;/y| < 2.1) and transverse momentum%8< pi/w < 30 GeV).
Many candidates fall near the' ¢y mass of 3.097 GeV28g] and pseudo-proper time near O ps, as expected
from promptJ/y production.

the fit functions, such as the mass and pseudo-proper tirokities), are considered nuisance pa-
rameters and are constrained as described below. Thedoatforms of the probability density
functions are:

)
Torompta/u () = G(1:0,07) @ (1~ a)3(1) +aCoe /%)
Toon-prompy/y(T) = G(1:0,07) @ (C,6(1)e /™)
Ilerompt bkg{muﬂr) = Coe THtu
Mnon-prompt bkd Mg+ i)
Toromptbkd T) = G(7;0,07) ® (1—b)6(r)+bC4e*|TVT°>
)

Thon-prompt bkd T) = G(7;0,07) ® <C59(1')e_T/T2) )

In the above G(x; u,0) is a Gaussian function of with meanu and widtho; 9 is the Dirac
delta function;6 is the step functiona, b, and thek; and1; are shape parameters, while Beare
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Figure2. Projections in (a) invariant mass and (b) pseudo-proper tif the two-dimensional mass—pseudo-
proper time fit used to extract the prompty candidates in the full rapidity regionyg,,| < 2.1). The
pseudo-proper time distribution is shown for thay mass peak region @< m(u*u~) < 3.2 GeV). Each
projection shows the sum of two fits, performed separatetywmregions inJ/y rapidity |y;,,| < 1 and
1< yyyl <2.1.

appropriate normalization constants. The combined piibtyatlensity function used for the fit is:

pU Npromth/l,U X MJ/l,U(muﬂr) X Tpromth/w(T)
+ Nnon-prompﬂ/w X MJ/w(”‘u*u*) X Tnon-prompt]/w(r)
+ Nprompt bkg< Mprompt bkg(myﬂr) X Torompt bkg(T)

+ Nnon-prompt bkgX I\/lnor‘l-prompt bkg{lmu+u*) X Tnon-prompt bkér)-

To account for the differences in resolution between théraeand endcap detector regions,
the fitis performed separately in two regionsify rapidity, |y;/y| < 1 and 1< |y;/y| < 2.1. The
fit is initially made on a large inclusive sample bfy events, selected with the same procedure as
the J/ candidates in this analysis, and the results are used tdraonthe nuisance parameters
U, g, a b, k andt. The central values and uncertainties on the nuisance ptessnfrom the
inclusive fits are translated into Gaussian constraintherparameters during the fit to té" +
J/y candidates. The values of the nuisance parameters edifiate theW= + promptJ/y
fits agree well with those determined in the inclusiyey sample, and the resulting uncertainties
are similar to the uncertainty represented by the conssralFigure2(a) shows the mass fit in the
full rapidity region (y;,y| < 2.1), whereas in figur@(b) the pseudo-proper time fit in thi/y
mass peak region @< m(u*u~) < 3.2 GeV) is shown. Each projection shows the sum of two
fits, performed separately in two regionsJpy rapidity: |y;,,| <1 and 1< |y;/y| < 2.1. The
maximum likelihood fit permits the use of th&Plot procedure29] to assign weights to each
event for each component of the total probability densityction (prompt/y, non-promptl /Y,



prompt combinatoric background, non-prompt combinatbeckground). These weights can be
used to determine the spectra of variables in the praygt signal, removing the contribution
from the other sources. The procedure functions as a baskdrsubtraction technique that takes
advantage of the full information available from the fit, aadused to obtain various kinematic
distributions.

The robustness of the fit was tested by varying the signal acligiound parametrizations;
changes of at most a few percent in the prodj yield were observed and are taken as systematic
uncertainties (see Sectidl). Repeated fits to an ensemble of pseudo-experiments getavih
Poisson-distributed yields and Gaussian-distributedange parameters showed that the fit has no
significant statistical biases, and that the uncertaimépsrted by the fit are accurate.

5 Backgrounds

A number of possible background contributiond + promptJ /@ production are considered.
Production ofW* bosons in association with quarks, with subsequeiithadron decay td/y
and other particles, produces the desired signature, ettehel /(¢ mesons will not be prompt.
The fit will categorize these events into the non-prodyp background category and the effect
on the prompt signal yield is estimated to be negligible.nFeimulatedt events the prompt yield
in our dataset is predicted to be less than 0.28 events at 8&@ibiity level. The ratio ofV*+b

to W* production from ATLAS measurement(, 31] is found to be consistent (albeit with large
uncertainties) with the ratio 8= + non-prompt] /(s to W production in this analysis, when the
differing phase spaces of the analyses are considered.

Decays ofB; — J/yu*v,X produce al/i and an additional muon. As thg lifetime
is shorter than that of other weakly-decayiBchadrons, thesd/y¢ may be mistakenly taken as
prompt candidates. No candidate events are found to haveee-thuon invariant mass below
12 GeV, which is far above thB; mass of 6.277 GeV2g], hence this background is negligible.

The production o bosons, followed by the dec&/— u*u—, can produce the signal signa-
ture if an additional muon candidate aB#'SSdue to jet mismeasurements or neutrinos are found.
This background is eliminated by vetoing events where armpof oppositely charged muons has
an invariant mass within 10 GeV of ttleboson mass.

Multi-jet production, especially of heavy-quark jets, gamduce candidates with multiple
reconstructed muons anﬁ#l“ss due to either neutrinos or mismeasurement of the jet endiigig
contribution is separated from the réaf* + J/¢ component of the observed events using the
W boson transverse mass (W) as a discriminating variable. Ther(W) distribution of events
weighted by signal (prompt/() sPlot weight is fit to a sum of a multi-jet template and\&"
boson signal template (the templates are shown in fig(ap. The multi-jet background shape in
mr (W) is estimated using the distribution in events with nonased muons, which are dominated
by multi-jet production. Th&V* template is obtained from Monte Carlo simulation. Eventsewe
produced by the APGEN event generatoi3p)], interfaced to HERwIG [33] for parton showers and
hadronization, andigimy [34] for simulation of the underlying event. The detector rasmis
modelled using the 6aNT4-based ATLAS full simulation frameworl8p, 36].

The total yield for prompd/ production, shown in Tablg, is 292:75:? events. The result of
the x? fit is shown in figure3(b). The estimate from then (W) fit is that there are .Q + 4.6 multi-
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Figure 3. (a) Unit-normalized templates faW boson transverse mass (W) for multi-jet background
andW+* boson signal. (byPlot-weightedW boson transverse mass distribution Yo + promptJ/¢

candidate events with a fit to tM#* boson and multi-jet components. The fit is performed in thgore
40-140 GeV img(W).

jet events in the sample, providing strong support for theotiyesis that the sample is dominated
by W* -+ promptJ /g events. The fraction of multi-jet events is smaller tharl@895% credibility
level.

The probability that av* candidate and &/ candidate are produced in different proton—
proton collisions that occur in the same bunch crossingdgtyp’”) is estimated as follows. Given
the beam conditions of the dataset, the mean number of ealiisians within 10 mm of the
primary vertex is calculated to bi¥eya = 0.8140.08; this value is computed from the mean
number of collisions per proton—proton bunch crossingnd the geometric parameters of the
interaction region. Herg is defined agu = £ Ginel/Np fr, With £ being the luminosityn, the
number of colliding bunch paird,; the accelerator revolution frequency, amgk the pp inelastic
cross section, assumed to be equal to 71.537h [For a(|y;,y|, pi/w)-bin, the probability for a
J/y to be produced in @p collision in that kinematic bin is determined as

dy dpr

o % 1 [ do(pp—I/¢X)
I bin

Oinel B Oinel dy dpr

using the double-differential / production cross sections as measug&sjiat /s= 7 TeV.
Since.Z is determined independently froagye using van der Meer scan calibratidb], Oinel

is a proportionality factor betweanand.Z, and therefor®exira [ Ginel. AS a result the dependence

ON Oinel cancels in the overlap probabilityexiraPs /- Multiplying the overlap probability by the

number ofW= candidates in the fiducial regioNpiieup = NextraP/y-Z 0w+, Yields an estimated

total of 1840.2 for such pileup overlap events in the sample. This backgtasisubtracted when



the cross-section ratios are calculated.

6 Double parton scattering

It is possible for theV+ andJ/ to originate from two different parton interactions in theere
proton—proton collision, in a double parton scatteringcpss. The standard ansat8][is adopted
that, for a collision in which a hard process (h& production) occurs, the probability of an
additional (distinguishable) process (here prodfap production) is parameterized as

Pyjgiws = 03/ / Oefr. (1)
The effective area parametes; accounts for the geometric size of the proton and transyenden
correlations, and is assumed to be independent of the sogtigrocess. It is taken to be #5
3 (stat.)fg (syst.) mb as measured usig™— (v, + 2—jet eventsB8]. The two interactions are
treated as independent and uncorrelated. This procedigs upon an assumption of factorization
between the longitudinal and transverse components ofathielel parton distribution function22,
3941]. Recent studiedl?] highlight that this assumption must fail at some level, tha current
data is not sufficiently precise to allow for investigatiohsoch effects. Studies of process and
scale dependencéd] of oy indicate that the uncertainty on the value used here cowiation
due to these effects. The prompty cross section from the ATLAS measureme2i][is used, as
in the pileup estimation, corrected to the fiducial phasespé this measurement, and accounting
for spin-alignment uncertainties that result from the ection. The total number of DPS events in
the signal yield is estimated to be.8@-4.2 events.

A uniform distribution in the azimuthal angle between Y& andJ/( momenta is expected
from DPS, under the assumption that the two interactiongnalependent. The flat DPS template
is verified usingPYTHIA8 [44] Monte Carlo simulation. Simulations in both the colounglet and
colour-octet models predict a distribution strongly pehkearAg = m for the SPS contribution
(with the exact shape dependent on kinematics and theseetatie of the underlying contributions).
ThesPlot-weighted distribution of this variable for the data has alpeearT and a tail extending
towards zero, as shown in figude This suggests that the obserwad + promptJ /¢ candidates
include both SPS and DPS events. However, this distribuamot used to separate SPS and
DPS events. Overlaid on figuekis an estimate of the DPS rate using the previously described
ansatz. The determined rate is compatible with the sizeeofltht component of the observéd
distribution.

7 Results

Table 1 shows the yields resulting from the two-dimensional fit icleaf the two detector re-
gions, barrel [f;,y| < 1.0) and endcap (¥ |yy/y| < 2.1), including the statistical uncertainty
from the fit for the prompt]/y, non-promptd/y, and combinatoric background components.
The signal significance is calculated using pseudo-expetisnin which events conforming with
the background-only hypothesis are generated and thentfitthé background-only hypothesis
and the signal+background hypothesis to extract the fikelil ratio of the two hypotheses. The
p—value shown in the Table is the probability for backgrowmdly pseudo-experiments to yield
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Figure 4. The sPlot-weighted azimuthal angle between tid¢" and theJ/y is shown forw=* +
promptJ/y candidates. No efficiency or acceptance corrections arkedppThe determined DPS con-
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Monte Carlo simulation and normalized to the total rate @sneted using the DPS ansatz in dq.The
hashed region shows the uncertainty on the DPS estimate.

a likelihood ratio value larger than the value obtained itada’he combination of the twg;
regions rejects the background-only hypothesis. &dr5

To determine the ratio of th&/* + promptJ/ cross section to th&/= cross section, the
number of inclusivéV* events is determined from data. A samplé\of candidates is formed by
selecting all events that satisfy ti¢* part of theWw= + promptJ/ requirements. Th&jets,
tt, and diboson backgrounds to inclusMé® production are estimated from Monte Carlo sim-
ulation (ALPGEN [32], MC@NLO [45] and HERwIG [33], respectively). The multi-jet contri-
bution is estimated using the same technique as used faiirdgethe multi-jet template for the
W= + promptJ/ signal, except that the normalization is also determinethaymethod instead
of being fit to data. The number Wf* boson candidates is found to b&&x 107, consistent with
next-to-next-to-leading-order (NNLO) pQCD predictiod§[47] taking into account the ATLAS
detector performance.

First the fiducial cross-section ratio

_ BRUJ/Y — ptpu) dosg(pp— W= +3/¢)

Rfld — .
v Oid (PP — W) dy
CONEWEHTI/Y) 1 gy
= TONWE) By — Rieup
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Yields from two-dimensional fit

Process Barrel Endcap Total
PromptJ/y 100%55 192738 292773(x)
Non-promptJ/ g 27978 139733 418733
Prompt background 2029 188723  392'8%
Non-prompt background 19738 192727 39081
p-value 80x10°% 14x10°% 21x107
Significance §¢) 2.4 4.7 5.1

(*) of which 1.8+ 0.2 originate from pileup

Table 1. The event yields for the prompy s, non-promptl/ ¢, and combinatorial background are shown.
The errors shown include the statistical uncertainties thedsystematic uncertainties from the nuisance
parameters of the fit. The significance, in standard deviatiis calculated using thevalue from pseudo-
experiments.

is defined, wherdN®(W= 4 J/¢) is the yield ofW* + promptJ/( events after correction for
the J/¢ muon reconstruction efficienciel(W=) is the background-subtracted yield of inclusive
W* events Ay = 4.2 is the size of the fiducial region ¥y,y, and R‘gﬁeup is the expected pileup
background contribution in the fiducid) ¢ acceptance. FcRﬁdw, corrections are not applied for
the incomplete acceptance fdfy decay muons, nor for tH&/= acceptance. Also, it is noted that
only the cross section for.8 < pi/w < 30 GeV is considered.

The statistical uncertainties associated with the fit al@ted by fixing the nuisance param-
eters and performing the fit again. When the nuisance paessnate allowed to float within the
Gaussian constraint, the total uncertainty on each yieldadsjuadratic sum of the statistical and
systematic uncertainties.

The J/¢ transverse momentum distribution may be different in isisle J /¥ events and
W= + promptJ /¢ events. Since the fit nuisance parameters from the incldisiaee used during
theW= + promptJ/y fit, as described in sectiof this can affect the extracted yields, due to the
different J/@ pr spectrum of the inclusivd/@ andW=* +J/y processes. This is estimated to
have an effect ok 1% on the prompd/y yields extracted by the fit, by performing the fits with
unconstrained nuisance parameters in diffedgigt pr ranges and comparing the yields with those
from the constrained fits in the nominly pr range. Changing the functional forms of the fit, for
example by changing the single Gaussian to a double Gaussi#ime signal, or the exponential
function to a polynomial function for the background, résuh changes in the yields of up to 4%,
which is taken as a systematic uncertainty.

The efficiency and acceptance of the" boson are assumed to be the same for inclugive
events andV* + J/¢ events when calculating the ratio. The uncertainty due io@ksumption
is estimated by reweighting th&* transverse momentum spectrum in the simulated inclusive
sample to match the observed spectrum fi+J/( events and noting the change in efficiency,
which is(2-5)%. The low-pr muon efficiencies are determined from data and cross-ctiegkb
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efficiencies measured frody ¢ simulation usingPYTHIA8 [44], with the difference interpreted as
a systematic uncertainty ¢B8-5%, while the uncertainty due to the muon momentum scale is
found to be negligible.

In addition to reporting?‘]?w, results are presented after being corrected for the fidactzp-
tance of the muons from th¥ (¢ decay, but maintaining th&/ pr (8.5 — 30 GeV) and rapidity
(-2.1 - 2.1) range:

Ryt — BRO/W = Hp) do(pp—W=+3/y)

Tiig (PP — W) dy
Nec—i—aC(Wi "’J/(.U) 1

N (Wi) A_y - Rpileup>
whereN®ra(W= 4 J /1) is the yield ofW* -+ promptJ /g events afted /( acceptance corrections
and efficiency corrections for botly ¢ decay muonsRpiieyp is the expected pileup contribution in
the full J/¢ decay phase space, and other variables are a@]mr The J/y spin-alignment,
which determines the angular distribution of the muons fthed /¢ decay and thus modifies the
acceptance for thd/y to be detected within the fiducial volume, is not known andepehdent
on the underlying production mechanism. Five extreme s@nthat bound the possible variation
are considered for the acceptance and the difference gnaskas a systematic uncertainty. These
scenarios (isotropic, longitudinal, transversdransverse and transverse0) depend on thay
spin-alignment angles, the angle between the directioheppositive muon momentum in td¢y
decay frame and th&/y line of flight, and the angle between tlié¢y production plane and the
decay plane formed by the direction of thép and the positive muor2p).

Table 2 summarizes the main sources of uncertainties for this aigalyOther uncertainties

related to theE;niss scale, luminosity, and th&/* decay muon cancel in the ratio.

Source Barrel Endcap
J/@ muon efficiency (3-5% (3-H%
W= boson kinematics 2% 5%
Fit procedure 3% 2o
Choice of fit nuisance parameters 1% 1%
Choice of fit functional forms 4% 4%
Muon momentum scale negligible
J/ W spin-alignment 300 2l
Statistical % %%

Table 2. Summary of the main sources of uncertainty for the measemBmng?w and RiJ“/CLL; systematic,
spin-alignment and statistical uncertainties are showmy @ncertainties that do not cancel in the ratio of
W+ + promptJd/¢ to W* rates are included. The spin-alignment uncertainty is mesgnt for theRﬁ?w
measurement.

The isotropic spin-alignment scenario is assumed for tingraleresult, and the variations of
the result with the different spin-alignment scenariosase reported itHEPDATA [48]. The DPS
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Figure 5. TheW* + promptJ/¢ : W production cross-section ratio in tigy fiducial region (Fiducial),
after correction fod/ acceptance (Inclusive), and after subtraction of the dophtton scattering com-
ponent (DPS-subtracted). The shaded band representsu@ies of variation due to different possible
spin-alignment configurations. Inner error bars represetistical uncertainties, outer error bars represent
statistical and systematic uncertainties added in quaraiThe LO colour-singlet (CS) and NLO colour-
octet (CO) predictions for SPS production are shown in caiapa.

contribution toRiJ”/CLL is estimated to bé48+ 19) x 10-8. Subtracting the DPS contribution from
RiJ”/Cl'ﬂ gives an estimatJD/Fl’f subof the single parton scattering rate, which can be direaitppgared
with leading-order (LO) colour-singlet pQCD predictiod€] and next-to-leading-order (NLO)

colour-octet prediction®).

The values of the three measured ratios are shown in flganel are:

Rid — (51+13+4)x10°8

Iy =
RV, = (126+32+9'4%) < 10°°
ROMS S = (784324 225%) x 1078,

where the first uncertainty is statistical, the second isesyatic and the third (where applicable)
is the uncertainty due to spin-alignment. The systematterttainty on the DPS-subtracted ratio
includes the uncertainty on the estimated DPS contributidrich itself includes a separate spin-
alignment uncertainty.
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Comparisons with theoretical expectations

For comparison of the DPS-subtracted ratio to theory, thetlour-singlet and NLO colour-octet
predictions foW* + promptJ/¢ [9] are normalized to NNLO calculations of thé* production
cross section (5.08 nb), derived frarawz 3.1.82 [46, 47]. The expected SPS cross-section ratio
RE/'LS subfrom normalized next-to-leading-order colour-octet aétions is(4.6-6.2) x 108, with

the range corresponding to different scales as explaineavb&hese predictions assume that pure
CO contributions dominate this process, and hence do nlode@ny colour-singlet diagrams. The
renormalization fir) and factorization () scales are set to thW#* boson massyr = Ur = My,
and the NRQCD scaleaup) is taken to baupn = mgharm= 1.5 GeV. Two sets of colour-octet long-
distance matrix elements are used as input parameters thdabey, obtained from two different
parameter fits to experimental dad®]50], and the variation between the results obtained is as-
signed as a systematic uncertainty.

The CS model described i) includes contributions fronsg — J/¢ +c+W andqq —
y*W — J/@W, and accounts for indirect production in & + promptJ/y rate through decays
of excited charmonium states of botf* + direct /(2S) and W= + direct x¢; production. The
normalized leading-order colour-singlet model predibts $PS ratio to bgl0-32 x 1078 for the
phase space region considered in this paper, with the rammgesponding to different scales as
explained below. The uncertainties on the colour-singtetljgtion arise from varying the charm
quark mass in the ranga:narm= (1.54+0.1) GeV and independently varying the factorization and
renormalization scales betweel7®x urr and 2x urr of their central valugir = Ur = my.

The leading-order CS contributions are nearly an order afmitade larger than the next-to-
leading-order CO contributions, with the CS predictionnigetonsistent with the measured DPS-
subtracted rate within the current experimental and thieateuncertainties. This emphasizes that
far from being a distinctive signature of CO productionstbiocess appears to be dominated by CS
production. This shortfall in the CO production predictimight be explained by the presence of
large higher-order contributiond9, 50] or a possible breakdown of NRQCD universalif}.[Fig-
ure 4 supports the hypothesis of DPS factorization (within auirexperimental uncertainties), but
possible modifications to this formalism may also modify BeS-subtracted rate. Nonetheless,
large uncertainties on the result imply that current prigalis for SPS production are compatible
with the measurement at ther2evel.

Figure6 shows the distribution of the differential cross-sectiatia d?iJ”/ClL /dpr as a function

of pi/w, with an estimate of the differential DPS contribution. Tdeta suggest that SPS is the
dominant contribution to the total rate at ldyy transverse momenta. The results are also shown
in Table3.
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yJ/L,,xp?r/““ Bin Inclusive (SPS+DPS) rati 'C'/de(xltrG) DPS (x107)

(0,2.1) x (8.5,10) 0.56 =+0.16(stat) +0.04(syst) "o2i(spin) Q13 +0.10
(0,2.1) x (10,14)  0.070 +0.039(stat) +0.006(syst) "0o1(spin) Q04 +0.03
(0,2.1) x (14,18)  0.011 +0.017(stat) £0.001(syst) "3933(spin) Q007 +0.004
(0,2.1) x (18,30)  0.0092+0.0067(staty-0.0006(systy 5 oo15(Spin)  Q0002+0.0006

Table 3. The inclusive (SPS+DPS) cross-section raﬁ@‘g/dm as a function ofl /Y transverse momen-
tum, along with the estimate of the DPS contribution.

8 Conclusions

In summary, the ATLAS Collaboration has obserV#d + promptJ /¢ production at 5l signif-
icance in 4.5 fb! of \/s= 7 TeV pp collisions at the LHC. Additionally, the fiducial cross-tea
ratio of W* + promptJ /g production relative to inclusive/* boson production in the same phase
space is measured to %7 (514 13+ 4) x 108, where the first uncertainty is statistical, and

the second systematic. The acceptance-corrected obsafi®i$R]f) = (126+32+9"53) x 107
where the central value is for the isotropic spin-alignmsegnario, and the third uncertainty
represents possible variation due to the unknown spimiaént. The contribution to the total

W= 4 promptJ/y rate arising from single parton scattering (double partattering subtracted
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data) is estimated to HRYf> 0= (78+32:+22"33) x 10°%, assuming that for DPS th&/™ and
promptJ/y production factorize completely. The distribution of thenauthal angle between the
producedV* andJ/y suggests the presence of both SPS and DPS contributiontatritle DPS
estimate accounts for a large fraction of the observed kigbamparing the two predictions, the
colour singlet mechanism is expected to be the dominantibation to the cross section.

Analysis of additional data will likely prove valuable instinguishing the contributions of
colour-singlet and colour-octet predictions to SPS, andetermine the relative rates of SPS and
DPS production. This final state may prove to be a compellbgeovable for study of double par-
ton scattering dynamics, as well as for the study of Higg®baharm couplings and for ongoing

BSM physics search programmes.
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