View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UNL | Libraries

University of Nebraska - Lincoln

Digital Commons@University of Nebraska - Lincoln

Kenneth Bloom Publications Research Papers in Physics and Astronomy

2016

Evidence for Simultaneous Production of J /v and

T Mesons

V.M. Abazov

Joint Institute for Nuclear Research, Dubna, Russia

Kenneth A. Bloom
University of Nebraska-Lincoln, kbloom2@unl.edu

Daniel R. Claes
University of Nebraska-Lincoln, dclaes@unl.edu

Kayle DeVaughan
University of Nebraska-Lincoln

Aaron Dominguez
University of Nebraska-Lincoln, aarond@unl.edu

See next page for additional authors

Follow this and additional works at: http://digitalcommons.unl.edu/physicsbloom

b Part of the Atomic, Molecular and Optical Physics Commons, and the Elementary Particles and
Fields and String Theory Commons

Abazov, V. M.; Bloom, Kenneth A.; Claes, Daniel R.; DeVaughan, Kayle; Dominguez, Aaron; Katsanos, Ioannis; Malik, Sudhir; Snow,
Gregory; and DO Collaboration, "Evidence for Simultaneous Production of ] /¥ and T Mesons" (2016). Kenneth Bloom Publications.
366.

http://digitalcommons.unl.edu/physicsbloom/366

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at Digital Commons@University of Nebraska -
Lincoln. It has been accepted for inclusion in Kenneth Bloom Publications by an authorized administrator of Digital Commons@ University of
Nebraska - Lincoln.


https://core.ac.uk/display/188139481?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsbloom?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsresearch?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsbloom?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/195?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/199?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/199?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/physicsbloom/366?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
V. M. Abazov, Kenneth A. Bloom, Daniel R. Claes, Kayle DeVaughan, Aaron Dominguez, Ioannis Katsanos,
Sudhir Malik, Gregory Snow, and DO Collaboration

This article is available at Digital Commons@University of Nebraska - Lincoln: http://digitalcommons.unl.edu/physicsbloom/366


http://digitalcommons.unl.edu/physicsbloom/366?utm_source=digitalcommons.unl.edu%2Fphysicsbloom%2F366&utm_medium=PDF&utm_campaign=PDFCoverPages

week ending

PRL 116, 082002 (2016) PHYSICAL REVIEW LETTERS 26 FEBRUARY 2016

Evidence for Simultaneous Production of J/y and Y Mesons

V.M. Abazov,”! B. Abbott,”” B.S. Acharya,” M. Adams,*® T. Adams,** J. P. Agnew,"" G.D. Alexeev,”' G. Alkhazov,”
A. Alton,”** A. Askew,* S. Atkins,” K. Augsten,” V. Aushev,” C. Avila,” F. Badaud,"’ L. Bagby,” B. Baldin,*”
D. V. Bandurin,74 S. Banerjee,25 E. Barberis,55 P. Baringer,53 J.E Bau“dett,“5 U. Bassler,15 V. Bazterra,46 A. Bean,53

M. Begalli,2 L. Bellantoni,45 S.B. Beri,23 G. Bernardi,14 R. Bemhard,19 I. Ber’tram,39 M. Besangon,15 R. Beuselinck,40

P.C. Bhat,45 S. Bhatia,58 V. Bhatnagar,23 G. Blazey,47 S. Blessing,44 K. Bloom,59 A. Boehnlein,45 D. Boline,64 E.E. Boos,33

G. Bon’ssov,39 M. Borysova,38" A. Brandt,71 0. Brandt,20 R. Brock,57 A. Bross,45 D. Brown,14 X.B. Bu,45 M. Buehler,45

V. Buescher,21 V. Bunichev,3 3. Burdin,”’b C.P Buszello,37 E. Camacho-Pérez,28 B.C.K. Casey,45 H. Castilla—Valdez,28

S. Caughron,”” S. Chakrabarti,”* K. M. Chan,”' A. Chandra,” E. Chapon,"” G. Chen,” S. W. Cho,”’ S. Choi,”

B. Choudhary,24 S. Cihangir,45 D. Claes,59 J. Clutter,53 M. Cooke,“’k W. E. Cooper,45 M. Corcoran,73 F. Couderc,15
M.-C. Cousinou,12 J. Cuth,21 D. Cutts,70 A. Das,72 G. Davies,40 S.J. de Jong,zg’30 E. De La Cruz-Burelo,28 F. Déliot,15
R. Demina,63 D. Denisov,45 S.P. Denisov,34 S. Desai,45 C. Deterre,‘”’C K. DeVaughan,59 H.T. Diehl,45 M. Diesburg,45
P.F Ding,“ A. Dominguez,59 A. Dubey,24 L.V. Dudko,33 A. Dupenrin,12 S. Dutt,23 M. Eads,47 D. Edmunds,57 J. Ellison,43
V.D. Elvira,” Y. Enari,"* H. Evans,” A. Evdokimov,*® V. N. Evdokimov,** A. Fauré," L. Feng,47 T. Ferbel,” F. Fiedler,”!

F. Filthaut,””° W. Fisher,”’ H. E. Fisk,” M. Fortner,"’ H. Fox,” J. Franc,” S. Fuess,” P. H. Garbincius,”

A. Garcia—Bellido,63 J.A. Garcfa—Gonzailez,28 V. Gavrilov,32 W. Geng,lz’57 C.E. Gerber,46 Y. Gershtein,60 G. Ginther,45
0. Gogota,38 G. Golovanov,31 P.D. Grannis,64 S. Greder,16 H. Greenlee,45 G. Grenier,17 Ph. Gris,lo J.-F. Grivaz,13
A. Grohsjean,ls’c S. Grijnendahl,45 M. W. Grijnewald,26 T. Guillemin,13 G. Gutierrez,45 P. Gutierrez,67 J. Haley,68 L. Han,4
K. Halrdelr,41 A. Harel,63 J.M. Hauptman,52 J. Hays,40 T. Head,41 T. Hebbeker,18 D. Hedin,47 H. Hegab,68 A P Heinson,43
U. Heintz,70 C. Hensel,1 I. Heredia-De La Cruz,zg‘d K. Hemer,45 G. Hesketh,‘”’f M. D. Hildreth,5 'R Hirosky,74 T. Ho.amg,44
J.D. Hobbs,64 B. Hoeneisen,9 J. Hogan,73 M. Hohlfeld,21 J. L. Holzbauer,58 I Howley,71 Z. Hubacek,7’15 V. Hynek,7
I Iashvili,62 Y. Ilchenko,72 R. Illingworth,45 A.S. Ito,45 S.J abeen,45 M. ] affré,13 Al ayasinghe,67 M. S.J eong,27 R. Jesik,40
P. Jiang,4 K. Johns,42 E. Johnson,57 M. Johnson,45 A. Jonckheere,45 P. Jonsson,40 J. Joshi,43 A.W. Jung,45’0 A. Juste,36
E. Kajfasz,12 D. Karmanov,33 1. Katsanos,59 M. Kaur,23 R. Kehoe,72 S. Kermiche,12 N. Khalatyan,45 A. Khanov,68
A. Kharchilav.al,62 Y. N. Khalrzheev,31 I Kiselevich,32 J. M. Kohli,23 A. V. Kozelov,34 J. Kraus,58 A. Kumar,62 A. Kupco,8
T. Kur(:a,17 V. A. Kuzmin,z‘3 S. Lammers.,49 P. Lebrun,17 H.S. Lee,27 S. W. Lee,52 W. M. Lee,45 X. Lei,42 J. Lellouch,]4
D.Li,"*H.Li,”* L. Li,* Q. Z. Li,* J.K. Lim,”’ D. Lincoln,* J. Linnemann,”’ V. V. Lipaev,* R. Lipton,* H. Liu,”” Y. Liu,*
A. Lobodenko,35 M. Lokajicek,8 R. Lopes de Sa,45 R. Luna—Garcia,zg’g A.L. Lyon,45 A. K A. Maciel,l R. Madar,19
R. Magaﬁa—Villalba,28 S. Malik,59 V. L. Malyshev,31 J. Mansour,20 J. MartineZ—Ortega,28 R. McCarthy,64 C.L. McGivern,41
M. M. Meijer,29’30 A. Melnitchouk,45 D. Menezes,47 P.G. Mercadante,3 M. Merkin,33 A. Meyer,18 J. Meyer,zo’i F. Miconi,16
N. K. Mondal,25 M. Mulhearn,74 E. Nagy,12 M. Narain,70 R. Nayyar,42 H. A. Neal,56 J.P. Negret,5 P. Neustroev,35
H.T. Nguyen,74 T. Nunnem.amn,22 J. Orduna,73 N. Osman,12 J. Osta,51 A. Pal,71 N. Parashar,50 V. Pan'har,m S.K. Park,27
R. Par*[r1'dge,70’e N. Parua,”® A. Patwa,>’ B. Penning,40 M. Perfilov,” Y. Peters,*! K. Petridis,*' G. Petrillo,® P. Pétroff,"
M.-A. Pleier,”” V. M. Podstavkov,” A.V. Popov,™ M. Prewitt,”® D. Price,*' N. Prokopenko,** J. Qian,”® A. Quadt,*
B. Quinn,58 P.N. Ratoff,39 I. Razumov,34 I Ripp—Baudot,16 F. Rizatdinova,68 M. Rominsky,45 A. Ross,39 C. Royon,8
P. Rubinov,45 R. Ruchti,51 G. Sajot,11 A. S2’1nchez—Hernélndez,28 M. P. Salnders,22 A.S. Santos,l’h G. Savage,45
M. Salvitskyi,38 L. Sawyer,54 T. Scanlon,40 R.D. Schamberger,64 Y. Scheglov,35 H. Schellman,69’48 M. Schott,2]

C. Schwanenberger,41 R. Schwienhorst,57 J. Sekaric,53 H. Severini,(’7 E. Shabalina,20 V. Shary,15 S. Shaw,41
A. A. Shchukin,* V. Simak,” P. Skubic,”’ P. Slattery,”> D. Smirnov,”’ G.R. Snow,” J. Snow,”® S. Snyder,”

S. Séildner—Rembold,41 L. Sonnenschein,18 K. Soustruznik,6 J. Stark,11 D.A. Stoyanova,34 M. Strauss,67 L. Suter,41
P. Svoisky,67 M. Titov,15 V. V. Tokmenin,31 Y.-T. Tsai,63 D. Tsybychev,64 B. Tuchming,15 C. Tully,61 L. Uvarov,35
S. Uvarov,35 S. Uzunyan,47 R. Van Kooten,49 W. M. van Leeuwe:n,29 N. Varelas,46 E. W. Varnes,42 I A. Vasilyev,34
AY. Verkheev,31 L.S. Velrtogradov,31 M. Verzocchi,45 M. Vesten'nen,41 D. Vilanova,15 P. Vokac,7 H.D. Wahl,44
M.H.L.S. Wang,45 J. Walrchol,51 G. Watts,75 M. Wayne,51 J. Weichert,21 L. Welty—Rieger,48 M.R.J. Williams,49’"
G. W. Wilson,™ M. Wobisch,” D.R. Wood,” T.R. Wyatt,*' Y. Xie,”” R. Yamada,” S. Yang,* T. Yasuda,®
Y. A. Yatsunenko,31 W. Ye,64 Z. Ye,45 H. Yin,45 K. Yip,65 S.W. Youn,45 J. M. Yu,56 J. Zennamo,62 T. G. Zhao,41 B. Zhou,56
J. Zhu,”® M. Zielinski,”® D. Zieminska,* and L. Zivkovic'*

(DO Collaboration)

0031-9007/16/116(8)/082002(8) 082002-1 Published by the American Physical Society


proyster2
Highlight

proyster2
Highlight

proyster2
Highlight

proyster2
Highlight

proyster2
Highlight

proyster2
Highlight

proyster2
Highlight


week ending

PRL 116, 082002 (2016) PHYSICAL REVIEW LETTERS 26 FEBRUARY 2016

lLAFEX, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
2Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
*Universidade Federal do ABC, Santo André, Brazil
*University of Science and Technology of China, Hefei, People’s Republic of China
>Universidad de los Andes, Bogotd, Colombia
SCharles University, Faculty of Mathematics and Physics, Center for Particle Physics, Prague, Czech Republic
"Czech Technical University in Prague, Prague, Czech Republic
8 Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
Universidad San Francisco de Quito, Quito, Ecuador
YLPC, Université Blaise Pascal, CNRS/IN2P3, Clermont, France
"LPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P3, Institut National Polytechnique de Grenoble, Grenoble, France
">CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
13lAL, Université Paris-Sud, CNRS/IN2P3, Orsay, France
"“LPNHE, Universités Paris VI and VII, CNRS/IN2P3, Paris, France
'SCEA, Irfu, SPP, Saclay, France
IPHC, Université de Strasbourg, CNRS/IN2P3, Strasbourg, France
YIPNL, Université Lyon I, CNRS/IN2P3, Villeurbanne, France and Université de Lyon, Lyon, France
81 Physikalisches Institut A, RWTH Aachen University, Aachen, Germany
19Physikalisches Institut, Universitdt Freiburg, Freiburg, Germany
/A Physikalisches Institut, Georg-August-Universitit Gottingen, Gottingen, Germany
 nstitut fiir Physik, Universitit Mainz, Mainz, Germany
22Ludwig-Maximilians-Universitc'il‘ Miinchen, Miinchen, Germany
23Panjab University, Chandigarh, India
2Delhi University, Delhi, India
BTata Institute of Fundamental Research, Mumbai, India
26Um'versity College Dublin, Dublin, Ireland
*"Korea Detector Laboratory, Korea University, Seoul, Korea
CINVESTAV, Mexico City, Mexico
29Nikheﬁ Science Park, Amsterdam, The Netherlands
Radboud University Nijmegen, Nijmegen, The Netherlands
3 Joint Institute for Nuclear Research, Dubna, Russia
2 nstitute for Theoretical and Experimental Physics, Moscow, Russia
BMoscow State University, Moscow, Russia
HInstitute for High Energy Physics, Protvino, Russia
35Petersburg Nuclear Physics Institute, St. Petersburg, Russia
3Institucié Catalana de Recerca i Estudis Avangats (ICREA) and Institut de Fisica d’Altes Energies (IFAE), Barcelona, Spain
37Uppsala University, Uppsala, Sweden
*Taras Shevchenko National University of Kyiv, Kiev, Ukraine
¥ Lancaster University, Lancaster LAl 4YB, United Kingdom
®Imperial College London, London SW7 2AZ, United Kingdom
“The University of Manchester, Manchester M13 9PL, United Kingdom
42University of Arizona, Tucson, Arizona 85721, USA
43University of California Riverside, Riverside, California 92521, USA
Florida State University, Tallahassee, Florida 32306, USA
BFermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
®University of Illinois at Chicago, Chicago, Illinois 60607, USA
"Northern Illinois University, DeKalb, Illinois 60115, USA
BNorthwestern University, Evanston, Illinois 60208, USA
YIndiana University, Bloomington, Indiana 47405, USA
O Purdue University Calumet, Hammond, Indiana 46323, USA
Wniversity of Notre Dame, Notre Dame, Indiana 46556, USA
2lowa State University, Ames, lowa 50011, USA
53University of Kansas, Lawrence, Kansas 66045, USA
3 ouisiana Tech University, Ruston, Louisiana 71272, USA
SNortheastern University, Boston, Massachusetts 02115, USA
56University of Michigan, Ann Arbor, Michigan 48109, USA
57Michigan State University, East Lansing, Michigan 48824, USA
58University of Mississippi, University, Mississippi 38677, USA
59University of Nebraska, Lincoln, Nebraska 68588, USA
60Rutgers University, Piscataway, New Jersey 08855, USA

082002-2


proyster2
Highlight


PRL 116, 082002 (2016)

PHYSICAL REVIEW LETTERS

week ending
26 FEBRUARY 2016

 princeton University, Princeton, New Jersey 08544, USA
2State University of New York, Buffalo, New York 14260, USA
63University of Rochester, Rochester, New York 14627, USA
State University of New York, Stony Brook, New York 11794, USA
8 Brookhaven National Laboratory, Upton, New York 11973, USA
66Langston University, Langston, Oklahoma 73050, USA
67University of Oklahoma, Norman, Oklahoma 73019, USA
BOklahoma State University, Stillwater, Oklahoma 74078, USA
69Oregon State University, Corvallis, Oregon 97331, USA
Brown University, Providence, Rhode Island 02912, USA
Wniversity of Texas, Arlington, Texas 76019, USA
"2Southern Methodist University, Dallas, Texas 75275, USA
BRice University, Houston, Texas 77005, USA
74University of Virginia, Charlottesville, Virginia 22904, USA
75University of Washington, Seattle, Washington 98195, USA
(Received 9 November 2015; published 25 February 2016)

We report evidence for the simultaneous production of J/y and Y mesons in 8.1 fb~! of data collected at
/s =1.96 TeV by the DO experiment at the Fermilab pp Tevatron Collider. Events with these
characteristics are expected to be produced predominantly by gluon-gluon interactions. In this analysis,

we extract the effective cross
Oer = 2.2 + 0.7(stat) £ 0.9(syst) mb.

DOI: 10.1103/PhysRevLett.116.082002

The importance of multiple parton interactions (MPI) in
hadron-hadron collisions as a background to processes such
as Higgs production or various new phenomena has been
often underestimated in the past. For instance, in the
associated production of Higgs and weak bosons, where
the Higgs boson decays into bb, the MPI background, in
which one interaction produces the vector boson and
another produces a pair of jets, may exceed the size of
the Higgs signal even after the application of strict event
selections [1]. Recent data [2-9] examining various double
parton interactions have attracted considerable theoretical
attention [1,10-14].

In this Letter, we measure for the first time the cross
section for simultaneous production of J/w and Y
(1S5,28,3S) mesons in pp collisions at \/E = 1.96 TeV.
The production of two quarkonium states can be used to
probe the interplay of perturbative and nonperturbative
phenomena in quantum chromodynamics (QCD) and to
search for new bound states of hadronic matter such as
tetraquarks [10,15]. Here we focus on double quarkonium
production as a measure of the spatial distribution of
partons in the nucleon.

Unlike other quarkonium processes such as double J/y
production, or processes involving jets or vector bosons,
the production of J/w and Y mesons is expected to be
dominated by double parton (DP) interactions involving the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOIL.

section characterizing the

initial parton spatial distribution,

collisions of two independent pairs of partons within the
colliding beam particles. The simultaneous production
through single parton (SP) interactions is suppressed by
additional powers of «; and by the small size of the allowed
color octet matrix elements [11]. The DP process is
estimated in Ref. [13] to give the dominant contribution
to the total J/w + Y production at the Tevatron. In this
analysis, we assume that there is no SP contribution [16].
Because of the dominance of gg interactions in producing
heavy quarkonium states, the spatial distribution of gluons
in a proton [17-19] is directly probed by the DP scattering
rate, which represents simultaneous, independent parton
interactions. In contrast, the DP studies involving vector
bosons and jets probe the spatial distributions of quark-
quark or quark-gluon initial states [2—-6].

In pp collisions, there are three main production mech-
anisms for J/y mesons: prompt production; as a radiative
decay product of promptly produced heavier charmonium
states such as the 3P, state y,. and the 3P, state y,.; and
nonprompt B hadron decays. A particle is considered
produced promptly if it originates in the initial pp inter-
action or if it originates in either an electromagnetic or strong
force mediated decay and thus the tracks appear to be
produced at the pp interaction vertex. Y’ mesons are only
produced promptly, either directly or as decay products of
higher mass states, such as y;, or y,,. Prompt heavy
quarkonium production is described by three types of
models: the color-singlet (CS) model [20]; the color evapo-
ration model [21,22] with a subsequent soft color interaction
model [23]; and the color-octet (CO) model [24,25].

In this Letter, we present the first measurement of the
cross section of the simultaneous production of prompt

082002-3
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J/w and Y mesons, as well as a measurement of the single
prompt J/y production cross section. The Y cross section
was measured previously by DO [26]. The measurements
are based on a data sample collected by the DO experiment
at the Tevatron corresponding to an integrated luminosity of
8.1 £0.5 fb~! [27]. Assuming that the simultaneous pro-
duction of J/y and Y mesons is caused solely by DP
scattering, we extract the effective cross section (o), a
parameter related to an initial state parton spatial density
distribution within a nucleon (see, e.g., Ref. [19]):

o3t = / PHF(P) (1)

with F(B) = [ f(b)f(b— p)d*b, where f is the vector
impact parameter of the two colliding hadrons, and f(b) is
a function describing the transverse spatial distribution of
the partonic matter inside a hadron. The f(b) may depend
on the parton flavor.

The cross section for double parton scattering, opp, is
related to o for the production of J/y and Y mesons:

_ olU/w)a(Y)

Copp(J/w + ) @)

Oeff

Both the J/y and Y mesons are fully reconstructed via their
decay J/w(Y) — u'pu~, where the muons are required to
have transverse momenta p7 > 2 GeV/c and pseudora-
pidity |7#| < 2.0 [28]. The cross sections measured with
these kinematic requirements are referred to below as
“fiducial cross sections.”

The general purpose DO detector is described in detail
elsewhere [29,30]. The two subdetectors used to trigger and
reconstruct muon final states are the muon and the central
tracking systems. The central tracking system, used to
reconstruct charged particle tracks, consists of the inner
silicon microstrip tracker (SMT) [31] and outer central fiber
tracker (CFT) detector both placed inside a 1.9 T solenoidal
magnet. The solenoidal magnet is located inside the central
calorimeter. The muon detectors [32] surrounding the
calorimeters consist of three layers of drift tubes and three
layers of scintillation counters, one inside the 1.8 T iron
toroidal magnets and two outside. The luminosity is
measured using plastic scintillation counters surrounding
the beams at small polar angles [27].

We require events to pass at least one of a set of low-pr
dimuon triggers. The identification of muons starts with
requiring hits at least in the muon detector layer in front of
the toroids [33] and proceeds by matching the hits in the
muon system to a charged particle track reconstructed by
the central tracking system. The track is required to have at
least one hit in the SMT and at least two hits in the CFT
detectors. To suppress cosmic rays, the muon candidates
must satisfy strict timing requirements. Their distance of
the closest approach to the beam line has to be less than

0.5 cm and their matching tracks have to pass within 2 cm
of the primary pp interaction vertex along the beam axis.
We require two oppositely charged muons, isolated in the
calorimeter and tracking detectors [33], with good match-
ing of the tracks in the inner tracking and those in the muon
detector, and masses within the ranges 2.4 <M, <
42 GeV or 8 <M, <12 GeV for the J/y and Y
candidates, respectively. The mass windows are chosen
to be large enough to provide an estimate of backgrounds
on either side of the J/y or Y mass peaks. Events that have
a pair of such muons in each of the two invariant mass
windows are identified as J/w and Y simultaneous pro-
duction candidates. Background events are mainly due to
random combinations of muons from z*, K* decays
(decay background), continuous nonresonant ptu~ Drell-
Yan (DY) production, and B hadron decays into J/y + X.
In the case of J/y + Y production, there is also a back-
ground where one muon pair results from a genuine J/y or
Y decay and the other pair is a nonresonant combination of
muons [J/w(Y) + upl.

In our single quarkonium sample, the backgrounds from
7%, K* decays and DY events are estimated simultaneously
with the number of signal events by performing a fit to the
M, invariant mass distribution using a superposition of
Gaussian functions for signal and a quadratic function for
the background. The y(2S) events are included in the fitted
region but omitted for the single J/y cross section
calculation, while all three Y mass states (15,25, 3S) are
included in the Y cross section calculation. The number of
single J/y events found in the fit is 6.9 x 10°, while the
number of single Y events is 2.1 x 10°.

The single J/y trigger efficiency is estimated using
events with a reconstructed J/y which pass zero-bias (ZB)
triggers requiring only a beam crossing, or minimum bias
(MB) triggers which only require hits in the luminosity
detectors, and that do or do not satisfy the dimuon trigger
requirement. To estimate the trigger efficiency for the Y
selection, we use the Y(1S) cross section previously
measured by the DO experiment [26], extrapolated to our
fiducial region using events generated with the PYTHIA
[34] Monte Carlo (MC) event generator and increased to
include the Y'(2S, 3S) contributions. Using PYTHIA for the
extrapolation introduces a negligible bias because the
fiducial regions are similar and the DO muon system
acceptance outside both fiducial regions is low. The
trigger efficiencies for single J/yw mesons and for single
Y mesons in the fiducial region are 0.13 4 0.03(syst) and
0.29 + 0.05(syst), respectively, where the systematic
uncertainties are dominated by the small size of the ZB
and MB samples. The trigger efficiency for the J/y + Y
selection is estimated using the single J/y and Y trigger
efficiencies and MC samples of J/y + Y events generated
with the pyTHIA MC generator. The events are passed
through a GEANT based [35] simulation of the DO detector
and overlaid with data ZB events to mimic event pileup,
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and processed with the same reconstruction software as
data. We calculate the trigger efficiency for every possible
pairing of muons in DP J/y + Y MC events using the
parametrizations of the dimuon trigger efficiencies as a
function of pé/ Y and p) and obtain an efficiency of
0.77 £ 0.04(syst). The substantial increase in the trigger
efficiency is due to the presence of four muons in the
J/w + Y events.

We use PYTHIA-generated single J/y and Y events to
estimate the combined geometric and kinematic acceptance
and reconstruction efficiency. The generated and recon-
structed events are selected using the same muon selection
criteria. We correct the number of simulated reconstructed
events for the different reconstruction efficiencies in data
and MC events, calculated in ( p’T’, n*) bins. The product of
the acceptance and efficiency for single J/y events pro-
duced in the color singlet model is 0.19 + 0.01(syst). The
product of the acceptance and efficiency for single Y events
is 0.43 £ 0.05(syst). The systematic uncertainties are due to
muon identification efficiency mismodeling and to the
differences in the kinematic distributions between the data
and simulated J/y or Y events. The cosd* distribution,
where 0" is the polar angle of the decay muon in the Collins-
Soper frame [36], is sensitive to the J /y and Y polarizations
[37-41]. Data-to-MC reweighting factors based on the
observed cos@* distribution are used to recalculate the
acceptance, and lead to <1% difference with the default
acceptance value for single J/y events and ~11% for single
Y events, which we take as systematic uncertainties.

The vertex of a B hadron decay into the J/yw + X final
state is on average several hundred microns away from the
pp interaction vertex, while prompt J/y production occurs
directly at the interaction point. To identify promptly
produced J/y mesons, we examine the decay length from
the primary p p interaction vertex (in the plane transverse to
the beam) to the J/w production vertex, defined as
ct = Lymy,/ p;/ . where L, is calculated as the distance
between the intersection of the muon tracks and the pp
interaction vertex, m;,, is the world average J/w mass
[42], and pé/ ¥ is the J/y transverse momentum.

The fraction of prompt J/y mesons in the data sample is
estimated by performing a maximum likelihood fit of the cz
distribution. The fit uses templates for the prompt J/y
signal events, taken from the single J/yw MC sample, and
for nonprompt J/y events, taken from the bb MC sample.
Both are generated with PYTHIA. The prompt J/y fraction
obtained from the fit is 0.83 £ 0.03(syst). The systematic
uncertainty is dominated by the uncertainty in the MC
modeling of the cz. The fit result is shown in Fig. 1. By
applying the selection ¢z < 0.02(> 0.03) cm, we verify
that the pé/ ¥ spectra of the prompt (nonprompt) J/y events
in data are well described by MC simulations in the prompt
(B-decay) dominated regions.

The fiducial cross section of the prompt single J/y
production is calculated using the number of J/y
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FIG. 1. The cz distribution of background subtracted single
J/w events after all selection criteria. The distributions for the
signal and background templates are shown normalized to their
respective fitted fractions with y%>/Ndof = 1.6, Ndof = 6. The
shaded uncertainty band corresponds to the total systematic
uncertainty on the sum of signal and background events.

candidates in data, the fraction of prompt J/y events,
the trigger efficiency, the acceptance and selection effi-
ciencies, as well as the integrated luminosity. The fiducial
cross section is

o(J/w) =28 £+ 7(syst) nb. (3)

The systematic uncertainty in the single J/y cross section
mainly arises from the trigger efficiency. The statistical
uncertainty is negligible. The measured single J/y cross
section is in agreement with the measurement by DO [7]
[23.9 4 4.6(stat) == 3.7(syst) nb] in a similar fiducial
region and with the measurement by CDF [43] if an
interpolation to the CDF fiducial region is performed.

The cross section for single Y production is extrapolated
to our fiducial region from the previous DO measurement
[26]. Using the ratio of Y(1S) to Y (sum of 1S8,28,3S
states) of 0.73 + 0.03(syst), estimated in Y selection data,
we obtain the Y cross section (the statistical uncertainty is
negligible):

o(Y) = 2.1 +0.3(syst) nb. (4)

The systematic uncertainty in o(Y) includes that from
Ref. [26] as well as those from the Y(1S) fraction and the
extrapolation to the fiducial region.

In the data, 21 events pass the selection criteria for
J/w + Y pair production in the J/y mass window 2.88 <
M,, <3.36 GeV/c? and Y mass window 9.1 < M, <
10.2 GeV/c?. Figure 2 shows the distribution of the two
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FIG. 2. Dimuon invariant mass distribution in data for two
muon pairs, M, (J/w), M e (Y), divided by the bin area, after the
selection criteria. Also shown is the two-dimensional fit surface.
The factor AM (J/w) e AM(Y) ek is applied so that the height
of the peak bin is the number of observed events in that bin.

dimuon masses [M,,(J/y,Y)] in these and surrounding
mass regions. We estimate the accidental and J/y (Y') + pp
backgrounds using the same technique of combining the
one-dimensional functional forms utilized in single J/y and
Y signal and background parametrizations as in Ref. [7]. We
fit a two-dimensional distribution of the M, (J/y, Y') with
the resulting two-dimensional functional form and estimate
the number of J/w+ Y events is 14.5 £ 4.6(stat)+
3.4(syst). This corresponds to a prompt J/w + Y signal
of 12.0 & 3.8(stat) & 2.8(syst) events. The probability of
the observed number of events to have arisen from the
background is 6.3 x 107*, corresponding to 3.2 standard
deviation evidence for the production of prompt J/y + Y.
The probability calculation includes the systematic uncer-
tainties in the background estimates. The distribution of the
azimuthal angle between the J/w and Y candidates
A¢p(J /y, X) after the subtraction of backgrounds is shown
in Fig. 3. The data distribution is consistent with the DP MC
model, which is uniform [11], substantiating our assumption
that the DP process is the dominant contribution to the
selected J/y + Y data sample.

We estimate the acceptance, reconstruction, and selec-
tion efficiencies for J /i + Y events using MC DP samples.
The product of the acceptance and the selection efficiency
for the DP events is found to be (Ae;) =0.071+
0.007(syst), where the systematic uncertainty is dominated
by the uncertainty in the modeling of the J/yw and Y
kinematics and muon identification efficiency for our
sample with low p; muons.

Using the numbers presented above, we obtain the cross
section of the simultaneous production of J/yw and Y
mesons:

st D@,L=8.11b" -=- Data
o -e- DP MC
7B SP MC x10°
5 6F
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< 5[
@
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K= ‘
g ‘: »—l—q
& 3E — —
2f |
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0 0.5 1 15 2 25 3
Ad(JIy-Y), rad.
FIG. 3. The distribution of the azimuthal angle between the

J/w and Y candidates, A¢(J/w,Y), in data after background
subtraction, in DP MC [34], and SP MC [44] results. MC events
are in arbitrary units.

opp(J/w + Y) =27 £ 9(stat) & 7(syst) fb.  (5)

From the measured cross sections of prompt single J/y,
DP J/yw + Y, and the estimate of the single Y cross section,
we calculate the effective cross section, o.y. The main
sources of systematic uncertainty in the o.; measurement
are the estimates of the trigger efficiency and combinatorial
background. Based on Eq. (2) and upon the assumption
[16] that J/w + Y production has a negligible SP con-
tribution, we obtain

Oefr = 2.2 £ 0.7(stat) £ 0.9(syst) mb. (6)

The measured o, agrees with the result reported by the
AFS Collaboration in the 4-jet final state [45] (=5 mb) and
DO in the double J/y final state [7] [4.8 £ 0.5(stat)+
2.5(syst) mb]. However, it is lower than the CDF results in
the 4-jet final state [46] [12.171%7 mb] and y/2" + 3-jet
final state [2] [14.5 4 1.7(stat)")(syst) mb]; the DO
[4] result in y+ 3-jet events [4] [12.7 £ 0.2(stat)+
1.3(syst) mb]; both ATLAS [3] [15 4 3(stat) 3 (syst) mb]
and CMS [5] [20.7 £ 0.8(stat) £ 6.6(syst) mb] results
in the W4 2-jet final state; and the LHCb [47]
[18.0 £ 1.3(stat) £ 1.2(syst) mb] result in Y+ open charm
events. The DP J/y + Y, double J/y, and 4-jet production
are dominated by gg initial states, whereas the y(W) + jets
events are produced predominantly by ¢g’, and gg proc-
esses. The values of o, measured in different final state
channels indicate that gluons occupy a smaller region of
space within the proton than quarks. The pion cloud model
[48] predicts a smaller average transverse size of the gluon
distribution in a nucleon than that for quarks.

In conclusion, we have presented the first evidence of
simultaneous production of prompt J/y and Y (1S, 2S5, 35)
mesons with a significance of 3.2 standard deviations. The
process is expected to be dominated by double parton
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scattering. The distribution of the azimuthal angle between
the J/y and Y’ candidates is consistent with the double parton
scattering predictions. Under the assumption of it being
entirely composed of double parton scattering, in the fiducial
region of p4 > 2 GeV and |7#| < 2 we measure the cross
section opp(J/yw+Y)=2749(stat)+7(syst)fb. We also
measure the single J/w and estimate the single Y
(15,28, 3S) production cross sections in the same fiducial
region as the J/y + Y cross section and find the effective
cross section for this gg dominated process to be
Oep = 2.2 £ 0.7(stat) + 0.9(syst) mb, lower than the values
found in the gg and gg dominated double parton processes.
This suggests that the spatial region occupied by gluons
within the proton is smaller than that occupied by quarks.
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