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A study of the production of prompt J/{p mesons contained in jets in proton-proton collisions at
/s =8 TeV is presented. The analysis is based on data corresponding to an integrated luminosity of
19.1 fb~! collected with the CMS detector at the LHC. For events with at least one observed jet, the
angular separation between the J/1p meson and the jet is used to test whether the J/1{p meson is part
of the jet. The analysis shows that most prompt J/1{p mesons having energy above 15 GeV and rapidity
|yl <1 are contained in jets with pseudorapidity |7je¢| < 1. The differential distributions of the probability
to have a J/1p meson contained in a jet as a function of jet energy for a fixed J/\p energy fraction are
compared to a theoretical model using the fragmenting jet function approach. The data agree best with
fragmenting jet function calculations that use a long-distance matrix element parameter set in which
prompt ]/ mesons are predicted to be unpolarized. This technique demonstrates a new way to test
predictions for prompt J/1b production using nonrelativistic quantum chromodynamics.
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1. Introduction

The mechanism for producing J/Ab mesons as bound states of
charm quark pairs (cc) in hadronic collisions has been under inten-
sive experimental and theoretical study since the 1974 discovery
of the J/Ab meson in proton-nucleon collisions [1] and in eTe™ an-
nihilations [2]. The early theoretical descriptions of the hadronic
production process considering only color-singlet production [3,4]
were at odds with the differential cross section measurements
as a function of the J/Ap transverse momentum pJT/w made by

experimenters at the Fermilab Tevatron [5] for pJTN’ >6 GeV. A
new theoretical approach, nonrelativistic quantum chromodynam-
ics (NRQCD), was used to address the problem [6-8]. The NRQCD
model includes both color-singlet and color-octet amplitudes for
the cc system that ultimately produces the J/Ab meson. It proved to
be capable of explaining the cross section data, using phenomeno-
logical parameters called long-distance matrix elements (LDMEs)
that are adjusted to describe J/Ab meson production data. Within
the NRQCD factorization assumption, the LDME parameters are
process independent. However, each determination of an LDME set
can choose a specific collection of J/Ab meson production data and
J/b meson kinematic requirements. Furthermore, different LDME
sets that describe the production data may have different pre-
dictions for the ]J/Ab meson polarization [9]. Experiments [10,11]
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have shown that the prompt J/Ab meson polarization at large pJTN)

(>12 GeV) is small. Recent NRQCD studies extend the range of
experimental input to include low-pr data and attempt to make
global fits to the full set of charmonium information. A review of
these studies can be found in Ref. [12].

A remaining theoretical problem is to determine the mecha-
nism by which a cc system in an angular momentum state and
quark color configuration 25t1L" hadronizes into a JAp meson.
Here, S, L, and ] are the spin, orbital, and total angular momen-
tum quantum numbers of the cC system. Its color state is labeled
by n, with n =1 or 8 referring to a color-singlet or color-octet con-
figuration, respectively. The JAb meson has J=S=1 and n=1.
The analysis described in this Letter combines the experimental
measurement of J/Ap mesons contained in jets with a theoretical
approach based on the fragmenting jet function (FJF) model [13].
The FJF model postulates that the cC pair is not produced directly
in the hard scattering, but is a fragmentation product of a high-pt
jet. The model uses the methodology of NRQCD to compute the
cross section contributions for all relevant 2S*1L" terms. Each cross
section term has a characteristic relation between the jet energy
Ejer and its fraction carried by the JAb meson: z = Ejuy /Ejet.

A study of JAp mesons contained in jets in the rapidity region
Yjp > 2, dominated by charm fragmentation for large z, has been
reported by the LHCb Collaboration [14]. The LHCb analysis, which
measured the z distribution integrated over jet energy, does not
have the sensitivity to LDME parameter sets that characterizes this
analysis.
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The data for this analysis were collected by the CMS detector in
proton-proton (pp) collisions from the CERN LHC, corresponding
to an integrated luminosity of 19.1 fb~! at /s =8 TeV. It is the
first experimental study of prompt J/Ab mesons contained in jets
produced in the gluon-dominated central rapidity region, where
the FJF theory for gluonic jet fragmentation applies.

2. Theoretical framework

The hadronization process is nonperturbative. It is handled in
the FJF approach by an NRQCD expansion of the fragmentation
function for a jet initially produced in a hard scattering at high
energy. The observables are Ej and z. Following Ref. [13], the
differential cross section for dijet production, with one jet frag-
menting to a J/Ap meson, can be written symbolically as

d20 (Eiet; 2) _
ﬁ = Z fasp fByp doagij(ccX,n, J;)
Jet AB.ij

® Fs® 6 (Ejer 2R, ). (1)

In this expression, A and B are the partons in the colliding pro-
tons with fractional flavor content fa,,, fp/p, respectively, while i
and j are the outgoing partons. The symbolic hard-scattering cross
section dogjj(ccX,n, ;) produces the fragmenting jet from out-
going parton i and the recoil jet J; from outgoing parton j. The
fragmenting jet produces a cc system characterized by S, L, J,
and n quantum numbers, plus an inclusive hadronic state X that
represents the remainder of the jet. The function s controls the
evolution of the fragmenting system down to the energy scale
equal to the mass of the cc system, to allow the development of
jet structure from soft gluons. The nonperturbative fragmentation
of the cC system into the observed J/Ab meson is described by the

function Q{.N) (Ejet» zIR, j0), where Ejer is determined in a cone of
angular radius R.

The type of parton i that produces the fragmenting jet, and
ultimately the J/Ab meson, depends on the jet rapidity region. In
the central rapidity region covered by this analysis, gluon frag-

mentation dominates [15]. The FJF expression for Q:N’ sums over
all contributing partons, but the light flavor contributions are sup-
pressed and can be neglected. In Ref. [13], the small central charm
quark fragmentation contribution was absorbed into the 3S1 con-
tribution to gluon fragmentation, so G/¥ in this Letter represents
only gluon fragmentation.

In Ref. [16], the authors updated the work of Ref. [13] to
make an explicit computation of the perturbative dijet double-
differential cross section, followed by the fragmentation of one of
the jets to a J/\b meson. They integrated over the kinematic vari-
ables of the second jet to give an FJF expression for the absolute
differential cross section to produce a jet of energy Eje that frag-
ments into a J/Ab meson carrying energy fraction z of the parent
jet energy along with the remaining fragments. In the NRQCD de-
composition of G¥¥ for central Jp meson hadroproduction with
pr > 10 GeV, four FIF terms are relevant: >Sj, 'Sg, 3S§, and *Pj.

Only the 158 term has all angular momenta equal to zero in the
cc rest frame. If this NRQCD term were to dominate the jet frag-
mentation process, then the ]J/Ab meson would be produced unpo-
larized.

3. The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field
of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter, and a

brass and scintillator hadron calorimeter, each composed of a bar-
rel and two endcap sections. When combining information from
the entire detector, the jet energy resolution amounts typically to
15% at 10 GeV and 8% at 100 GeV [17]. Muons are detected in
gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid, covering the pseudorapidity range |n| < 2.4.
The silicon tracker measures charged particles within the pseu-
dorapidity range |n| < 2.5. It consists of 1440 silicon pixel and
15148 silicon strip detector modules. For nonisolated particles of
1 < pr <10 GeV and || < 1.4, the track resolutions are typically
1.5% in pt and 25-90 (45-150) um in the transverse (longitudi-
nal) impact parameter [18]. Matching muons to tracks measured
in the silicon tracker results in a relative transverse momentum
resolution, for muons with 20 < pt < 100 GeV, of 1.3-2.0% in the
barrel [19]. Events of interest are selected using a two-tiered trig-
ger system [20]. The first level, composed of custom hardware
processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a fixed
time interval of less than 4 us. The second level, known as the
high-level trigger (HLT), consists of a farm of processors running
a version of the full event reconstruction software optimized for
fast processing. This reduces the event rate to around 1 kHz be-
fore data storage. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [21].

4. Event selection and background subtraction

The experimental methods follow those used by previous CMS
analyses of inclusive JAp and Y(n S) production at /s =7 TeV [22-
26]. The event selection is based on a dimuon trigger involving
the silicon tracker and muon systems. The trigger requires two
oppositely charged muons with rapidity of the dimuon system
|yl <1.25 and its invariant mass range 2.7 <my, < 3.5 GeV. The
three-dimensional fit to the dimuon vertex must have a x? prob-
ability (the p-value of the x? returned by the fit) >0.5%. Only
dimuon pairs in which the muons bend away from each other in
the magnetic field are used to allow a precise dimuon efficiency
determination. The dimuon pr trigger threshold varied from 5 to
9 GeV during the data-taking period. The primary event vertex is
defined as the one with the largest summed pt of its associated
tracks.

The offline selection requires a dimuon pair with pt > 10 GeV,
|yl <1, energy E > 15 GeV, and vertex fit x2 probability >1%. In
order to guarantee agreement to within 3% between the single-
muon efficiencies from control samples and from simulation, each
muon must have p.? >6 GeV and |n,| < 2.1, or p{f > 5 GeV and
[n.| < 0.8. The muon candidate must satisfy the CMS “tight” muon
quality requirements on the number of tracker hits, the muon track
fit quality, and the distance along the beam line from the primary
event vertex [19]. No muon isolation requirements are applied, be-
cause we look for JAb + jet associations. The J/Ab signal invariant
mass range is 2.95 < my,, < 3.20 GeV. After the data selection, we
observe at most one J/p candidate per event.

The trigger does not use any information about jets in the
event. Jets are reconstructed from particle-flow objects [27], us-
ing an anti-kt algorithm with a distance parameter of 0.5 [28],
as implemented in the FASTJET package [29]. The jet response has
been corrected to the particle level [17]. Although the JAb candi-
date is not a particle-flow object, its decay muons are. This does
not exclude jets that consist only of a JAb meson. However, such
jets constitute less than 10~ of this sample and do not affect
the results presented here. The jet properties include the energy
Ejet, the transverse momentum magnitude pJTe ' the number of con-
stituents, and the number of included muons. Each bunch crossing
in the data produces, on average, 14 reconstructed pp vertices,



The CMS Collaboration / Physics Letters B 804 (2020) 135409 3

corresponding to 21 interactions per bunch crossing. The extra in-
teractions produce so-called pileup distortions, which are corrected
using the procedure described in Ref. [17]. For this analysis, the jet
selection requirements are pJTet > 25 GeV and |njer] < 1.

The JAb event candidates are classified as prompt, nonprompt,
or combinatorial. Nonprompt events include those J/Ab mesons that
come from decays of b hadrons. Combinatorial candidates are acci-
dental pairings of an identified u* and a w~ such that the dimuon
invariant mass falls within the signal mass interval. The nonprompt
background is strongly reduced by applying a selection on the vari-
able ¥tp, which is the sum of the squares of the significance (in
units of standard deviations) of the transverse distance of closest
approach of each muon track to the primary vertex. The Zrp dis-
tribution has a sharp peak near zero from prompt events and a
long tail at larger Xtp from nonprompt sources, which we fit with
an exponential function. From a prompt J/Ap meson Monte Carlo
(MC) sample, we find that >99% of the events have Ztp < 10. The
simulated Xrp shape agrees with that in data for this region, so
we require X1p < 10 to define the prompt dimuon events. In the
J/b data, the exponential function that describes the nonprompt
background is extrapolated into the range X7p < 10 to estimate
the fraction of nonprompt events in the prompt signal mass range.
This is (5.7 & 0.1)%. The events in the prompt signal mass range
also contain combinatorial background, which is determined by in-
terpolating the my,,, low (2.70-2.90 GeV) and high (3.25-3.50 GeV)
sideband regions. We find that the combinatorial background frac-
tion in the prompt signal mass range is (1.4 &+ 0.2)%. The quoted
uncertainties in the backgrounds are statistical only. All distribu-
tions shown in this Letter have the nonprompt and combinatorial
backgrounds subtracted. After background subtraction, there are
1.63 x 108 prompt JAp meson candidates.

5. Association of jets and J/1J» mesons

The analysis makes no restriction on the number of jets that
pass the jet selection requirements, which we term “observed jet-
s”. For jet requirements pJTer > 25 GeV and [njer| < 1, the frac-
tions of JAb meson events that have 0, 1, 2, or 3 observed jets
are (55.12 +0.06)%, (34.03 + 0.05)%, (9.58 +0.02)%, and (1.27 £
0.08)%, respectively, where the uncertainties are statistical only.
For events with at least one observed jet, the association of a
J/ meson with a jet is made using the angular separation AR =
Vet = 1p)? + Bjet — yup)?. Here, Mjer () and Gjer (P
are the pseudorapidity and azimuthal angle (modulo ), respec-
tively, of the jet (dimuon) direction. The AR distribution for the
best-matched jet is sharply peaked at zero, as seen for events with
one observed jet in Fig. 1 (upper). The J/Ap meson and the jet
are defined as associated if AR < 0.5. Furthermore, if both decay
muons from the J/Ap meson are among the objects that comprise
the jet, we say that the J/Ab meson is a constituent of the jet.

When there are two observed jets in the event, further evidence
that J/Ab meson production comes primarily from jets is shown in
Fig. 1 (lower). This plot shows AR for the J/Ab meson with respect
to each observed jet in two-jet events. The higher-energy (leading)
jet has ARj, the lower-energy (subleading) one ARg. Note that the
energy labels here play no role in the analysis; the jets need only
to pass the jet pr and |nje¢| requirements given above. The J/Ap me-
son is not required to come from either jet. The clusters of events
in Fig. 1 (lower), near (AR;, ARg) = (0,7) and (7, 0), show that
(94.1 £ 0.1)% of the time, the JAb meson is a constituent of one
of the two jets in the event. In events with a JAb meson and two
jets, the mean and RMS deviation of the distribution of the num-
ber of jet constituents, charged and neutral, for the fragmenting jet
(254+8) and the recoil jet (29+ 8) are similar. The shapes of the jet
energy spectra for the jet containing the J/Ab meson and the recoil
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Fig. 1. The distributions of (upper) AR (jet, J/\p) for one-jet events and (lower) AR;
(leading jet, J/Ab) vs. ARy (subleading jet, J/Ab ) for two-jet events.

jet are indistinguishable. The difference in the probability for the
J/b meson to be a jet constituent in the one- and two-jet cases,
along with a discussion of the small excess for 2.4 < AR < 3.5 in
Fig. 1 (upper), will be addressed in Section 12.

6. Experimental application of the FJF approach

The authors of Refs. [13,16] emphasize that experimental sensi-
tivity to the FJF terms in jet fragmentation comes from measuring
the jet energy dependence of the function G in Eq. (1) at fixed z.
In the FJF framework, the dependence of the fragmenting jet dif-
ferential cross section on the ]Ap properties comes solely through
the z variable. Integrating Eq. (1) over z gives the single-jet differ-
ential cross section for the production of J/Ab mesons contained in
jets, as a function of Eje. This is used as a normalization term in
Ref. [16], where the differential cross section for a jet to fragment
to a JAb meson with the energy fraction z is calculated for jets

having pJTet > 25 GeV and pseudorapidity |njet| < 1.2. The resulting
J/b meson is required to have energy above 15 GeV and rapidity
|¥jwp | < 1. The jet fragmentation cross section is normalized by in-
tegrating over the z range 0.3-0.8. The authors showed that the
jet energy dependence of the normalized FJF terms is insensitive
to the exact z range used. At a fixed z value, called zi, the ratio
of the fragmenting jet differential cross section due to a single FJF
term i to the sum of the cross section integrals for 0.3 <z < 0.8
for all FJF terms is termed (dJ;j/dEje; dz)|z, in Ref. [16]. The sum of
this ratio over all four FJF terms is denoted as (d6 /dEje; d2)|,. For
a given LDME parameter set, each of the four FJF terms is different.
Also, changing the LDME parameter set changes the FJF predictions
for the four terms.

The authors of Ref. [16] cite next-to-leading order (NLO) cal-
culations [30-33] to argue that the pJT/lb range for the three

z1 values used in this analysis is large enough that the 3S]



4 The CMS Collaboration / Physics Letters B 804 (2020) 135409

NRQCD term cannot contribute to the sum. Therefore, in com-
puting (d6 /dEje; dz)|;; to compare to these data, only the three
color-octet terms are included. However, in the low-z region in-
cluded in the normalizing integral, the 35} NRQCD term can play
a role and is included in their calculation for 0.3 <z < 0.8.

The experimental proxy for (d6 /dEje; dz)|;,, evaluated for a jet
energy bin centered at E, is called E(E¢; z1):

N(Ec; z1)

B(Ecz1)= —gg——— .
03 N(Ec;2) dz

(2)

where N(Ec; z1) is the number of events having a J/Ab meson con-
tained in a jet for a z interval A, centered on z; in that Eje bin.
The number of events is weighted to correct for the J/Ab meson
efficiency and acceptance, as described in Section 7, as well as
corrected for jet efficiency and jet energy resolution, as described
in Section 8. We use a z interval A, = #0.025 around z;, which

is small enough to be insensitive to z variations in E and large
enough to provide a reasonable number of events in each Eje bin.

7. Efficiency corrections for J/\p mesons

Measuring the properties of events when a J/Ab meson is a jet
constituent requires an event-by-event ]J/Ab meson efficiency cor-
rection. Each entry in the signal or background event distributions
has an event weight, defined as 1/€j,,. The dimuon acceptance
times efficiency €j,, is determined using a simulated sample of
unpolarized J/Ap meson events, uniformly distributed in 1 GeV wide
pr bins and uniformly distributed over |yjx,| < 1.5. Only the JAp
meson is simulated; studies [25,26] show that using a complete
PYTHIA [34] event simulation does not change the efficiency results.
The JAb — uTu~ decay is simulated using EVIGEN [35]; radiative
effects are treated by pHoTOs [36]; and the detector response to
the two muons is simulated using the GEANT4-based [37] CMS
simulation program. The simulated J/Ab meson must pass the qual-
ity requirements listed in Section 4. The total efficiency €, varies
with the rapidity and transverse momentum of the J/Ab meson be-
cause the muon reconstruction, dimuon vertex reconstruction, and
dimuon trigger efficiencies depend on these variables. There is also
an HLT trigger inefficiency if two muons in the event have a small
angular separation. This is also taken from simulation and checked
against data taken using a single-muon trigger.

8. Jet energy corrections and unfolding

A crucial part of the analysis is measuring the energy of the jet
that contains the JAb meson. To test whether there might be an
influence on the jet energy distribution due to the presence of the
J/b meson, we study the two-jet events shown in Fig. 1 (lower).
The energy distributions of the fragmenting jet and the recoil jet
are compared for 0.3 <z < 0.8 and for z ranges of 0.40-0.45,
0.50-0.55, and 0.60-0.65. The shapes of the measured energy dis-
tributions of the recoil and fragmenting jets for each sample are
indistinguishable. There is no evidence that having a J/Ab meson as
a constituent affects the jet energy distribution.

The jet energy distributions are compared to the FJF model pre-
dictions in bins of jet energy. Experimentally, the jet energy bin
width AEje is constrained by the finite jet energy resolution of the
CMS apparatus, which must be unfolded. We use AEje =8 GeV.
The D’Agostini unfolding method [38] from the RooUNFOLD pack-
age [39] is used to extract the unsmeared E distribution. The pro-
cedure uses an input generator-level jet energy distribution (truth
distribution) derived from pPYTHIA light-quark or gluon jets. Simu-
lation shows that for measured jet energy Eje; > 44 GeV, the jet
reconstruction efficiency exceeds 98.5% and is consistent with be-
ing energy independent. Thus, 44 GeV is the lowest jet energy

considered in the unfolding procedure. The unfolding procedure
uses the CMS jet energy resolution and jet finding efficiency [27]
to determine the unfolded jet energy matrix and the MISS ma-
trix. The latter is filled for events that fail the jet efficiency test
or fall outside the unfolded jet energy window 44-140 GeV. The
method was validated using several different simulated jet energy
input truth distributions, including a fit to the PYTHIA shape us-
ing the sum of exponentials and the raw data itself in a bootstrap
approach. There was no change in the unfolded distributions that
exceeded oy /4 for any jet energy bin. Based on unfolding studies
in simulation that used three to six iterations, we found that four
unfolding iterations gave stable matches to the simulation events
and showed no sensitivity to different choices for the input truth
distribution. Based on the simulation results, the unfolded jet en-
ergy range is 56 < Ejer < 120 GeV. This range is stable when the
input distribution is changed. Henceforth, Eje; will refer to the un-
folded quantity, unless otherwise noted.

The unfolded jet energy distributions for the E(E; z) functions
have bin-to-bin correlations that affect the statistical uncertainty
in E for each jet energy bin. The statistical uncertainties are eval-
uated by repeating the unfolding procedure 250 times, forming the
covariance matrix, and determining the uncertainty for each jet en-
ergy bin. The statistical uncertainties computed by this procedure
are 0.02 to 0.06%. The unfolding in z is dominated by the Eje; res-
olution. The changes in z from the unfolding procedure for the
region of interest (0.40-0.65) are less than 0.01 in z. Therefore, the
measured z values are used in the E(Ejer; z) determinations.

9. Systematic uncertainties

The systematic uncertainties arise from the determination of
the event weight, based on the J/Ab meson and muon properties,
and from a bias in the J/b-jet association, discussed below. The
systematic uncertainty in the jet energy scale is small compared to
the jet energy resolution used in the unfolding. Varying the jet en-
ergy by the jet energy scale systematic (< 2.2%) uncertainty before
the unfolding made no change in the E results.

The CMS studies at /s =8 TeV using a tag-and-probe method
[22,23] show that, for the offline requirements used in this analy-
sis, the ratio of the single-muon efficiency in data and MC simula-
tion is consistent with unity within <3%, independent of pé‘ [40].
The tracking efficiency in data and simulation agree to within 1%
per track. The dimuon vertex and trigger simulation also have
1% systematic uncertainties. The dimuon HLT trigger inefficiency

varies with pJTN) in the range 4.5-7.5%. For the few dimuons with
pr > 60 GeV, it can go up to 15%. The difference between unity
(no loss) and the simulated HLT trigger efficiency is assigned as the
HLT systematic uncertainty for each event. All of the above system-
atic uncertainties are added in quadrature to determine the total
systematic uncertainty in the weight for each event. To estimate
the impact of the weight systematic uncertainty on the E(Ejer; z1)
function, two additional E(Ejet; z1) functions are made for each z;.
One uses distributions in which the weight for each event is raised
by one standard deviation; in the other, the event weight is low-
ered by one standard deviation. The shifted E(Eje, z1) values are
compared to the unshifted value in each energy bin. The relative
systematic uncertainty in the event weight ranges from 0.2 to 0.9%
of the standard-weight E(Eje; z1) values.

In addition, there is a selection bias in the J/Ab meson and jet
association that disfavors the configuration when the difference
Njet — M has the opposite sign to njer. The bias originates from
events that are lost in the section on |9jer — Ny, | and is evaluated
from data. The number of events per Eje; bin in the biased region
is rescaled to match the yield in the unbiased region. Half of the
difference between the measured and corrected number of events
in each Ejer bin is assigned as its bias systematic uncertainty. The
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Fig. 2. Comparison of E(Eje; z1) versus Eje from data with FJF predictions of the total differential cross section, each normalized to unit area, for the BCKL (squares), BK
(inverted triangles), and Chao (diamonds) LDME parameter sets. The three z; ranges are (upper left) z; = 0.425; (upper right) z; = 0.525; (lower) z; = 0.625. The curves
show the detailed energy dependence of the predictions. The vertical bars on the data points are the quadrature sum of the statistical and systematic uncertainties.

weight and bias systematic uncertainties are added in quadrature
to obtain the systematic uncertainty in Z(Ejec; 1), which ranges
from 0.3 to 1.0%. These uncertainties are then added in quadrature
with the uncertainty in the unfolding procedure discussed in the
previous section.

10. The FJF predictions of the jet energy spectrum

In this analysis, we use three z; values: 0.425, 0.525, and
0.625. These are the centers of three nonoverlapping z subre-
gions with Az =0.05 from the measurement region 0.3 <z < 0.8.
In these three z regions, the FJF terms have different jet en-
ergy distributions for a given LDME parameter set. The authors of
Ref. [16] supplied tables of the normalized differential cross sec-
tion terms (d6j/dEje dz)|z, computed for /s =8 TeV and jet
radius R = 0.5. The cone algorithm used for the theoretical cal-
culation does not introduce a systematic effect since there are no
background or pileup sources in the theory. As described in Sec-
tion 6, we compare the data to sum of the 'S§, 3S8, and 3P8
FJF functions for the LDME parameter sets from Bodwin, Chung,
Kim, and Lee (BCKL) [30], Butenschoen and Kniehl (BK) [41], and
Chao, et al. (Chao) [42]. The LDME parameter sets for these three
studies are derived from different selections of J/v/ meson pro-
duction measurements, e.g., the BK set includes electroproduction
data and uses a lower J/¢ meson pr limit than is used in the
hadroproduction-only selection of the BCKL and Chao sets. All
groups report that their LDME sets yield ]/ meson differential
cross sections that agree with the J/Ab meson production data on
which the extractions were based.

11. Comparison of data with FJF total cross section predictions

In this section we compare the data with the prediction for the
FJF total differential cross section from each of the three LDME
sets. Fig. 2 shows the normalized jet energy distributions for the
data and the FJF total cross section predictions for each LDME set

Table 1

The x2 value and the associated p-value (in parentheses) for 7
degrees of freedom from the comparison of the data and the pre-
dictions for the total FJF cross section shape at z; = 0.425, 0.525,
and 0.625, using the BCKL, the BK, and the Chao LDME parameter
sets.

0.425 0.525 0.625

BCKL 222 (0.23%) 11.0 (14%) 10.7 (15%)
BK 59.6 (<0.001%)  60.1 (<0.001%)  64.0 (<0.001%)
Chao 267 (<0.001%) 96 (<0.001%) 164 (<0.001%)

at each of the three z; values used in the analysis. The uncertain-
ties in the data include the statistical and systematic components
added in quadrature. For each z;, the bin-averaged FJF values are
used to calculate the x?2 for the comparison of the FJF total differ-
ential cross section prediction to the data. The LDME calculations
from Refs. [30,41,42] have normalization uncertainties, as shown
in Ref. [16]. The FJF calculations give the ratio of the cross sec-
tion in a small-z region to the cross section integral over a wide
z range. The uncertainty in the predicted FJF values due to the
theory normalization uncertainty is almost completely correlated
for the numerator and denominator of the ratio. The resulting
theoretical uncertainty is negligible compared to the experimen-
tal uncertainty in the Z(Ejet; z1) values. We therefore ignore it in
computing the x? values to match data and theory. The x? value
and the associated p-value for comparison of data to each LDME
set are given in Table 1. An a priori decision was made that a
model prediction is an acceptable match to the data only if the
x2 p-value is larger than 0.1% for seven degrees of freedom. Oth-
erwise, we say that the model does not match the data. For all
three z; ranges, the FJF predictions using the BCKL LDME parame-
ters match data. Neither the BK nor the Chao LDME parameter sets
describe these jet + constituent /A data for any z; value.

The observation that these new data on JAb meson produc-
tion as constituents of jets match the FJF predictions for the BCKL
LDME parameter set and reject two others validates the FJF ap-
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proach to treating jets as a major source of J/A\p production in the
gluon-rich central region in pp interactions. It also demonstrates
that the BCKL LDME parameter set can describe new features of

J/b hadronic production at large pJTN). The BCKL LDME param-
eters were developed from a completely different data set than
these J/Ab + jet data, so there is no a priori reason to expect them
to have predicted these measurements. The BCKL parameters are

known to predict small JAp polarization [30], in agreement with

experiment [10,11] for the range of pJTN) values selected in this

analysis (10-40 GeV). Because this analysis studies only high-pt
J/b meson production and shows that the BCKL LDME parameters
describe the process and other sets do not, it suggests a tension
between high-pt J/Ab results and global charmonium studies [12].

12. Total fraction of J/1\p mesons from jets

In this section, we determine whether jets are the major source
of prompt energetic /b mesons (Ejn, > 15 GeV) in the central re-
gion (|njer| < 1). Here, Eje; refers to the measured jet energy before
unfolding. As shown in Fig. 1 (upper), for events with a J/Ab meson
and only one observed jet, (84.0 = 0.1)% of the J/Ab candidates are
within AR < 0.5 of that jet. This is consistent with jets being the
dominant source of JAb production in this kinematic range when
there is at least one observed jet in the event. However, events
with one or more observed jets having pJT‘Et > 25 GeV account for
only (44.9 £ 0.1)% of the prompt J/Ap meson sample.

To understand the source of J/Ab meson events with no jets
passing the p!re 'S 25 Gev requirement, termed zero-jet events, we
note that a jet that has a constituent JAbp meson can fail the pJTEt
threshold even though the J/Ap meson is observed. For instance,

when the pjTEt threshold is raised from 25 to 30 GeV, the fraction of
zero-jet events with an identified J2Ab meson increases from 55 to

65%. For one-jet events in data with pJTEt thresholds of 30, 35, and
40 GeV, the observed jet is found within AR < 0.5 of the J/Ab me-
son in the event (84.0 £ 0.2)% of the time, i.e,, the probability of a
jet having a constituent J/Ab meson is independent of p’Tet. Only jets
with Ejer > 44 GeV pass the pj.l.Et > 25 GeV requirement with 100%
efficiency over the range 0 < |njec| < 1. Jets having Ejer < 44 GeV
can contain observed J/Ap mesons with Ejy, > 15 GeV, but some of

these jets will not pass the p!ret > 25 GeV requirement.

In order to correct for this effect, we fit the Eje distribution
for jets containing a J/Ab meson to the sum of two exponential
functions in the range 44 < Eje; < 150 GeV. We use the fit to ex-
trapolate the number of jets containing a JAp meson to lower Eje
values, in order to estimate the number of jets with a constituent
J/U meson that would be present in the lower-energy region for
full pr acceptance. Jet reconstruction efficiency corrections are not
applied at this stage. The FJF model is valid for z < 0.8 [13]. In
the data, only (1.3 & 0.1)% of jets having a constituent J/Ab meson
have z > 0.8; we truncate the model at z = 0.8, setting a limit
of Ejer > 19 GeV for the extrapolation. Some jets in the Ejer =
25-44 GeV range have sufficiently large polar angles to pass the
pJTEt > 25 GeV requirement. These are subtracted from the extrapo-
lation to avoid double counting. The number of jets from extrapo-
lation in each 1 GeV wide jet energy bin i is corrected for the jet
reconstruction efficiency €; to predict the total number N; of jets
with energy Ej.

In order to contribute to the data sample, a jet with energy
E; must produce a J/Ap meson with energy E;. The probability P;
for the J/Ap meson to have energy E; is taken from the results of
this analysis, normalized to unity for 55 bins covering the range
15 < Ejy < 70 GeV. The total number A; of jets with energy E;

that contain a J/Ap meson with energy fraction z;; = E;/E; in the
range 0.3-0.8 is

55
A;i = N;i ij w(zij). (3)

j=1

The function w(z;;) is the probability that a jet of energy E; will
contain a JAp meson having energy E;. To proceed, we need a
specific model for the jet and J/Ab kinematics. We use the jet frag-
mentation model in Ref. [13] for Ejee = 50 GeV. The probability is
zero for z > 0.8. The model predicts that (43 + 3 (stat))% of the J/
mesons should be accompanied by zero observed jets, compared to
55% found in the data.

There are systematic uncertainties in this result. In a private
communication, the authors of Ref. [13] also provided a z proba-
bility calculation for Ejer = 20 GeV. The model prediction for the
number of zero-jet events using the 20 GeV z probability calcula-
tion differs by 3% from the 50 GeV result. This difference is taken
as the systematic uncertainty in the z fragmentation probability.
The uncertainty in the MC prediction of the low-energy jet effi-
ciency is 13%. We also made a closure test by using the model to
predict the number of observed jets lost when the jet pt thresh-
old was raised from 25 to 40 GeV. The model prediction agrees
with the actual number of lost jets to within (3.5 £ 0.1)%. How-
ever, there is a jet energy dependence in the matching between
the data and the prediction. Extrapolating the bin-by-bin jet en-
ergy dependence of that difference into the 19-44 GeV range, the
closure study gives a 7% systematic uncertainty in the predicted
number of zero-jet events having jet energies less than 44 GeV.
Adding the systematic uncertainties in quadrature, the predicted
fraction of zero-jet events with a JAb meson as a constituent of a
jet with pI* < 25 GeV is (43 & 3 (stat) + 7 (syst))%.

If we apply this reasoning to results from Section 5, the small
peak in the range 2.5 < AR < 3.4 in Fig. 1 (upper) is actually the
recoil jet in a dijet pair for which the parent jet of the J/Ab meson
was not observed. This increases the fraction of J/Ap mesons that
are constituents of a jet in the one-jet sample from (84.0 £ 0.1)%
to (94.3 £0.1)%. With this interpretation, and the results from Sec-
tion 5, we find that the one- and two-jet fractions for a jet to have
a constituent J/Ab meson are both essentially 94%. The overall frac-
tion of J/\b mesons that come from jets is, then, 0.94-45% = 42%
from events with one or more observed jets, plus 43% from the
zero-jet sample. While the zero-jet model is simple, it passes an
experimental closure test. Also, it follows the trend of the data as
the jet pr requirement is raised in steps from 25 to 40 GeV. Using
it, we conclude that (85 4 3 (stat) £ 7 (syst))% of the J/Ab mesons
within our kinematic acceptance, Ejq, > 15 GeV and |yjq, | < 1, are
constituents of jets with Ejer > 19 GeV and [nje| < 1.

13. Summary

The first analysis has been presented comparing data for
prompt J/Ab mesons produced as constituents of central gluonic
jets with a theoretical analysis based on the fragmenting jet func-
tion (FJF) approach. The term prompt means that the J/Ap meson is
consistent with originating from the primary vertex. In the FJF
model, the jet fragments into a cC system in an angular mo-
mentum state and quark color configuration ZS“L’}, plus other
hadrons. Here, S, L, and | are the spin, orbital, and total angu-
lar momentum quantum numbers of the cc system and n indi-
cates a color-singlet (n = 1) or color-octet (n = 8) configuration.
The FJF analysis uses the nonrelativistic quantum chromodynamics
(NRQCD) approach to compute the cross section for the formation
of a J/Ab meson from the cc system for four specific S, J, L, and n
configurations: 'S, 353, 35}, and 3 P§.
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The data were collected by the CMS Collaboration in proton-
proton collisions at /s = 8 TeV, corresponding to an integrated
luminosity of 19.1 fb~!. The kinematic selections for the analy-
sis are Ejnp, > 15 GeV, |y | < 1, p!ret > 25 GeV, and [nje] < 1.1In z
ranges 0.40-0.45, 0.50-0.55, and 0.60-0.65, where z is the J/Ap me-
son fraction of the jet energy, the shape of the masured differential
cross section as a function of Eje; for J/Ab meson production as a jet
constituent is compared to the FJF prediction for this quantity, us-
ing three different long-distance matrix element (LDME) parameter
sets. The FJF predictions using the Bodwin, Chung, Kim, and Lee
(BCKL) [30] LDME parameters match the data for all three z ranges.
In contrast, the FJF predictions for the LDME parameter sets from
Butenschoen and Kniehl (BK) [41] and Chao, et al., (Chao) [42] dis-
agree with the data for all three z ranges. This establishes the
ability of the FJF analysis to describe JAb meson production from
central gluonic jets and the ability of this kind of experiment to
distinguish among different sets of LDME parameters, all of which
describe inclusive J/Ap meson production for their choice of data.
The BCKL LDME set, constructed using inclusive hadronic produc-

tion data with pJT/'J) > 10 GeV, not only describes the production of
high-pt J/Ab mesons as constituents of jets but also predicts small
J/b meson polarization.

When a jet is observed in an event, the fraction of J/Ap mesons
that are jet constituents is (94.2 £ 0.1)%, averaged over one- and
two-jet events. Using a simple model to estimate the fraction of
J/b mesons that are constituents of jets that fail the analysis p’TEt
requirement, we find that jets are the source of (85 4 3 (stat) &
7 (syst))% of the JAb mesons produced in the kinematic region
probed in this study. Interpreting the results in the framework of
the FJF model, jet fragmentation accounts for almost all prompt

J/b mesons produced at large pJTN’. The data are consistent with
an NRQCD treatment of the FJF process using the BCKL parameter
set.
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