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Abstract

We report on the measurement of inclusive, non-prompt, and prompt J/y-hadron correlations by the
ALICE Collaboration at the CERN Large Hadron Collider in pp collisions at a center-of-mass energy
of 13 TeV. The correlations are studied at midrapidity (|y| < 0.9) in the transverse momentum ranges
pr <40 GeV/c for the J/y and 0.15 < pr < 10 GeV/c and |n| < 0.9 for the associated hadrons.
The measurement is based on minimum bias and high multiplicity data samples corresponding to
integrated luminosities of Lj, = 34 nb~! and Ly = 6.9 pb™!, respectively. In addition, two more
data samples are employed, requiring, on top of the minimum bias condition, a threshold on the
tower energy of E =4 and 9 GeV in the ALICE electromagnetic calorimeters, which correspond to
integrated luminosities of Ly, = 0.9 pb~! and L;,, = 8.4 pb~! , respectively. The results are presented
as associated hadron yields per J/y trigger as a function of the azimuthal angle difference between
the associated hadrons and J/y mesons. The integrated near-side and away-side correlated yields
are also extracted as a function of the J/y transverse momentum. The measurements are discussed
in comparison to PYTHIA calculations.
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1 Introduction

Quarkonia, bound states of charm-anticharm or beauty-antibeauty pairs, are a robust system to test our
understanding of quantum chromodynamics (QCD) [1} 2]. Quarkonium physics involves several differ-
ent momentum or energy scales, the heavy-quark mass, the momentum of the quarks, as well as their
kinetic energy in the bound state rest frame. While the production of the heavy-quark pair can be ad-
dressed with perturbative QCD, the bound state formation proceeds via a non-perturbative process and
is subject to intense research, as summarized in Ref. [3]. For the production in pp collisions, a few
different approaches for the transition from the heavy-quark pair to the bound state are used, like the
color evaporation model [4}, S]], the color singlet model [6], and the effective field theory NRQCD [7-9].
Conceptually, these approaches differ in their view of the bound state formation. In particular at low
transverse momentum, observables such as production cross sections and polarization measurements
have not been sufficient to find a consensus on the most appropriate theoretical description. The mea-
surement of associated production with other hadrons can provide additional information to discriminate
between different scenarios.

The production of quarkonium in hadronic collisions is of particular interest to study this complex pro-
cess in a surrounding environment of strongly interacting degrees of freedom. In pp collisions at the
LHC, the production of a heavy quark pair requires a large momentum transfer, which is still very
small compared to the collision energy. Hence, multiple partonic interactions with a similar momentum
transfer as the one required for heavy-quark production may be present in the same hadronic collision.
Therefore, the measurement of heavy quarkonium as a function of charged hadrons multiplicity contains
information about the abundance of such multiple partonic interactions at these energy scales. Previ-
ous measurements of the J/y production at midrapidity as a function of the event activity revealed a
faster than linear increase of the J/y yields as a function of the charged-particle multiplicity [10]. These
measurements were described qualitatively by several model calculations implementing different physics
mechanisms [10].

In this context, the measurement of associated hadron yields to J/y can provide more differential in-
formation to discriminate between different quarkonium production scenarios [11]. In high-multiplicity
events, it can shed more light on the underlying mechanisms leading to the increase of the J/ y yields with
multiplicity. This type of measurement for J/y was pioneered by UA1 [12] and STAR [13]] collabora-
tions as a complementary observable for the study of J/y production. Similar correlation measurements
were previously reported by ALICE for D mesons in pp collisions at /s = 5 [14] and 13 TeV [15]], and
for heavy-flavour electrons in pp and p—Pb collisions at \/sxy = 5 TeV [16]. Additionally, J/y pro-
duction in association with charged jets was studied via the jet fragmentation functions into J/y in pp
collisions at /s =13 TeV by the LHCb and CMS collaborations [17-19]]. Together, the fragmentation
and the correlation functions, discussed in this work, provide important differential information on the
J/y hadronization phenomenology.

In this publication, the first measurement of the J/y-hadron correlation functions at the LHC in pp
collisions is reported using the ALICE Run 2 data. The correlated yields are presented for trigger J/y

mesons in the pr range pgr/ ¥ < 40 GeV/c and hadron pr in the range 0.15 < p}% < 10 GeV/c. In addition,
the correlated yields are measured in a sample of high-multiplicity events recorded using a special trigger
for the J/y pr range of pJT/ ¥ < 15 GeV/c. The correlated yields are reported separately for inclusive,
prompt, and non-prompt J/y. The prompt J/y are defined as the J/y originating from short-lived
sources that cannot be reconstructed separately from the primary collision vertex. This includes typically
directly produced J/y and feed-down from higher mass charmonium states. The non-prompt J/y are
products of the weak decay of beauty hadrons, and can be experimentally separated from the prompt

ones via the measurement of their secondary vertex [20]].
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2 The ALICE detector, dataset, and event selection

The J/w-hadron correlation functions are constructed using J/y mesons and charged hadrons, which are
both registered with the ALICE central barrel detectors. The J/y are reconstructed using the dielectron
decay channel. A comprehensive description of the ALICE detector and its performance is available in
Refs. [21} 122]].

All the central barrel detectors are placed in a uniform magnetic field of B = 0.5 T oriented along the
beam direction and produced by the L3 solenoid magnet. The track reconstruction is performed using
the Inner Tracking System (ITS) [23] and Time Projection Chamber (TPC) [24] detectors. The ITS is a
cylindrical silicon detector with layers of different designs: the two innermost layers are high-resolution
silicon pixel detectors (SPD), followed by two layers of silicon drift (SDD) and two layers of silicon
strip (SSD) detectors. It is placed around the beam pipe at radii between 3.9 and 43.0 cm and provides
full coverage in azimuth. The highly segmented SPD layers provide the spatial resolution required for
the reconstruction of the secondary vertices related to the weak decays of beauty hadrons, including, in
particular, those decaying via J/y decay channels. The TPC, a cylindrical gaseous detector, covers the
radial distance between 85 and 250 cm and extends to 250 cm in longitudinal direction on each side
of the nominal interaction point. It provides full coverage in azimuth and, combined with the ITS, a
pseudorapidity range of |n| < 0.9. In addition, the TPC provides a measurement of the track specific
energy loss (dE/dx) in the active gas, which is used for electron identification. The ElectroMagnetic
Calorimeter (EMCal) [25]] and the Di-Jet Calorimeter (DCAL) [26] are used for triggering on high-
energy electrons and for particle identification of the matched ITS-TPC tracks by using the ratio of the
calorimeter cluster energy to the matched track momentum. The EMCal covers a pseudorapidity interval
of [n| < 0.7 and a range of 80° < ¢ < 187° in azimuth while the DCal covers a pseudorapidity range of
0.22 < |n| < 0.7 in the azimuthal interval 260° < ¢ < 320° and |n| < 0.7 for 320° < ¢ < 327°. Both
calorimeters have an identical design, granularity, and energy resolution and will be referred to together
as EMCal throughout this paper.

In addition to the central barrel detectors, the VO detector [27], composed of two scintillator arrays
placed on either side of the interaction point at —90 and +340 cm and covering the pseudorapidity
ranges —3.7 <1 < —1.7and 2.8 < 1 < 5.1, respectively, is used for event triggering. Together with the
SPD detector, the VO is used to reject background from beam-gas and pileup collisions.

Multiple event triggers are employed in this analysis: minimum bias (MB), defined as the coincidence of
signals in both VO counters; high multiplicity (HM), corresponding to the 0.1% events with the highest
multiplicity in the VO detector; and an EMCal trigger, which selects on the sum of energy in a sliding
window of 4 x 4 towers above a given threshold (a tower is the smallest segmentation of the EMCal). The
EMCal trigger is activated by two different conditions, one with a threshold energy of 9 GeV (EG1DG1),
which inspects the entire available luminosity, and one with a 4 GeV threshold (EG2DG2), which was
downscaled by roughly a factor 10 with respect to EG1IDGI1. Both the EMCal and HM triggers include
the MB trigger condition in their definition. The analyzed samples include all data recorded by ALICE
during the LHC Run 2 in 2016, 2017, and 2018 for pp collisions at /s = 13 TeV. The maximum
interaction rate for the dataset was 260 kHz, with a maximum pileup probability of 0.5x 1073,

To ensure uniform detector acceptance, events selected for analysis are required to have a reconstructed
vertex within |zyx| < 10 cm of the nominal interaction point. Offline timing cuts based on information
from the VO detector are used to reject beam-gas events and pileup collisions occurring within the readout
time of the SPD. Pileup collisions occurring within the same LHC collision bunch crossing are rejected
using offline algorithms, which identify multiple vertices [22]. The remaining fraction of pileup events
surviving the selections is negligible for the MB and EMCal triggered samples and consist of at most
2% for the HM triggered sample [10]. However, the pileup events are not expected to affect the J/y-
hadron correlation function since pairs of J/y triggers and associated hadrons from different events are
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not correlated and only contribute to the baseline of the correlation function. The number of selected
events and the corresponding integrated luminosity [28] for the analyzed trigger samples are quoted in
Table[Il

The available datasets allowed the measurement of the J/y-hadron correlation function for J/y triggers
in the rapidity range |y| < 0.9 and pr ranges of 0 < pt < 8 GeV/c for MB, 0 < pr < 15 GeV/c for
HM, 8 < pr < 15 GeV/c for EG2DG2, and 15 < pr < 40 GeV/c for EG1DGI triggers. For the case
of the EMCal triggered events, the J/y pr intervals are selected such that both the EGIDG1 and the
EG2DG?2 triggers are fully efficient for J/y in the selected pr ranges. The event sample acquired using
the HM trigger enables the study of the correlation function in pp collisions with a significantly larger
charged-particle density than the ones selected by the MB and EMCal triggers. The average charged
particle multiplicity at midrapidity for the MB dataset is 6.46 + 0.19 [29]], while for the HM data set it is
approximately 4 times larger [10].

Table 1: Number of selected events and corresponding integrated luminosity for the analyzed triggered samples.

Trigger | MB HM EGIDG1 EG2DG2
Number of events 1.97 x 10° 1.09 x 10° 9.83 x 107 1.32 x 10®
Integrated luminosity | 34.04+1.7nb™! 6.940.4pb~! 84404pb~! 0940.1 pb~!

3 Data analysis

The correlation function of J/y (trigger) and charged hadrons (associated particles) are obtained by re-
constructing J/y mesons using the dielectron channel. It closely follows the procedure employed for
the measurement of the J/y production cross section at /s =5 and 13 TeV, published by ALICE in
Refs. [20, 30, 31]. The prompt and non-prompt J/y are separated by reconstructing the displaced sec-
ondary vertex of the decaying beauty hadron. The azimuthal correlation functions are constructed using
the difference in azimuth between the trigger dielectron and associated charged hadrons, as described
below.

3.1 Electron and hadron track selection

The electron candidates are good quality tracks selected in the central barrel acceptance (|n| < 0.9),
with a minimum pt of 1 GeV/c and matched between ITS and TPC. The selection criteria follow those
used in previous analyses reported in Refs. [20, 30, 31]]. Electrons are identified using the TPC dE /dx
measurement and are required to be within a band of [—1.5, 3] o relative to the expectation for electrons,
where o is the dE /dx resolution associated with each track. Proton and pion contamination is minimized
by rejecting tracks compatible with the proton or pion dE/dx expectation within 3.5¢. In the EMCal-
triggered data sample, at least one of the electrons of the J/y candidate pair is required to have a matched
cluster in the EMCal. If a cluster match is found, the pion rejection is replaced by a selection on E/p €
[0.8,1.3], where E is the energy of the cluster matched to the track and p is the track momentum. This
calorimeter-based particle identification improves the electron selection efficiency at large momentum
where the TPC pion rejection would otherwise remove most of the candidate electron tracks.

The associated charged hadrons are tracks reconstructed in both the ITS and TPC selected in an 1 range
of || < 0.9 and with a minimum pr of 150 MeV/c. A distance-of-closest approach (DCA) to the primary
vertex lower than 1 cm in the transverse direction and 3 cm along the beam axis is imposed. These
requirements select a sample of tracks containing less than 20% contamination from secondary particles,
falling with increasing transverse momentum. The contamination with secondaries in the measured
correlated yields is taken into account via the efficiency correction computed from a Monte Carlo (MC)
simulation reweighted to match the fraction of secondary tracks observed in data.
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Figure 1: Examples of the extraction of the per trigger correlated charged hadron yield (0.15 < pl‘r < 1.0 GeV/c)
for inclusive J/y in the pr ranges 0 < pJT/ ¥ < 3 GeV/c (left) and 8 < pJT/ ¥ < 15 GeV/e (right) for [An| < 1
and 0 < A@p < m/12. The top panels show the invariant mass distribution of the dielectrons with the signal and
background components as described in Sec.[3.2] The bottom panels show the invariant mass dependence of

the charged hadrons correlated yield. The total fit function (G, , ), the signal (Cjy,) and the total background

C+07
(Cbkg(meJref )) components as defined in Eq. [2|are also shown. The band around the total fit function in the bottom

panels shows the 10 confidence interval.

3.2 J/y yield measurement

Dielectrons are built from all possible opposite-sign (OS) electron pairs constructed using the selected
electron tracks within the same event (SE). The J/y signal is extracted from the invariant mass distri-
bution of these pairs by subtracting the combinatorial and correlated backgrounds. The combinatorial
background, pairs of electrons originating from uncorrelated processes, is estimated using the event-
mixing (ME), where dielectrons are constructed using electrons from different events. The mixing is
done in event pools with events belonging to the same data-taking run (a period of continuous data tak-
ing) and with a similar vertex position. Since an arbitrary number of ME pairs can be obtained with
this technique, the ME invariant mass distribution is normalized using the ratio between the like-sign
(LS) pairs from the SE to the one from the ME distributions, as described in Ref. [31]]. The correlated
background, originating mainly from semi-leptonic decays of heavy-flavor hadrons [32], is determined
by means of a fit of the invariant mass distribution after subtraction of the combinatorial background.
This fit includes a template obtained from a MC simulation, described below, for the J/y signal and an
empirical shape for the correlated background parameterized using a second-order polynomial function
for pair pt < 3 GeV/c and an exponential function for pr > 3 GeV/c. For high transverse momentum
pairs, pt > 5 GeV/c, the invariant mass distribution is fitted directly, without subtraction of the combina-
torial background. The upper panels of Fig. 1|illustrate the signal extraction procedure for inclusive J/y
candidates in a low (left panel) and a high (right panel) transverse momentum interval. For a given invari-
ant mass interval, the J/y signal yield is obtained by subtracting the background contribution estimated
from the fitting procedure.
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3.3 J/y- hadron correlation functions

. . . J . .
For a sample of electron-pairs in a transverse momentum interval pT/ ¥ and invariant mass e+, the

correlation function C with hadrons in a transverse momentum interval p% is calculated as
1 S(an,Ag)

C(An7A(p;ng/wame+e*ap}]l“) = Nt‘ ' B(An A(P) B(an) (1)
rig y

where Ny, is the number of J/y triggers, while An) and A are the difference in pseudorapidity and
azimuthal angle, respectively, between the dielectron trigger and associated hadron. The S and B are the
doubly-differential distributions of J/y-hadron pairs obtained using trigger J/y and associated hadrons
from the same event or different events, respectively. The distribution obtained by combining J/y and
hadrons from different events (also known as the mixed-event procedure) is used to correct for geometri-
cal acceptance effects and is normalized by its amplitude at An = A = 0, B(0,0), where the acceptance
for J/y-hadron pairs is maximal. In the mixed-event procedure, trigger dielectrons from one event are
mixed with associated hadrons from a different event with similar event vertex position and close in time
to ensure similar detector conditions. For the J/y candidates reconstructed in EMCal-triggered events,
the event mixing is performed using associated hadrons from MB-triggered events. This is necessary
to avoid fake correlations originating from trivial geometrical acceptance effects due to the azimuthal
coverage of the EMCal detector, which selects only events that contain a trigger J/y in the relatively
narrow EMCal acceptance and recoils in the opposite direction.

The dielectron-pair distributions are corrected for acceptance and reconstruction efficiency by applying
a weight to each dielectron-hadron pair, which is the product of the corrections corresponding to the
candidate J/y and to the associated hadron. The number of J/y triggers, Nyig, is also corrected for the
dielectron acceptance and reconstruction efficiency which means that this correction largely cancels for
the correlation function. However, since the J/y efficiency depends on pr, especially for large pJT/ Y in-
tervals, this leads to a small correction of the correlation functions. The correction corresponding to the
associated hadrons takes into account the reconstruction efficiency of the primary charged hadrons, orig-
inating from the collision, and the contamination by secondary tracks originating from long-lived weak
decays and secondary interactions in the detector material. The hadron reconstruction efficiency, which
relies on a MC simulation, ranges between 85% and 90% for pt > 0.5 GeV/c and drops to approximately
70% below 0.5 GeV/c. Since the relative contribution of secondary hadrons is not properly simulated in
the MC sample, a data driven procedure is used, based on extracting the fraction of secondaries from
data and combining it with the primary and secondary-hadron efficiencies computed using the MC sam-
ple. The pr-dependent fraction of secondary hadrons is evaluated from fits to the measured distributions
of the DCA transverse projection for the selected charged hadrons with MC-generated templates corre-
sponding to primary and secondary tracks. The fraction of secondaries in the selected associated hadron
sample ranges from approximately 20% at the lowest hadron pt and goes down to approximately 3% at
pr = 10 GeV/e.

In any pJT/ ¥, pt and A interval, the correlation function is built for a given invariant mass, C(me+c-),

obtained as defined by Eq. [I]and averaged in the interval [An| < 1, C(me+.-). It is a weighted average of
the contributions from J/y, Cy , (independent of .+~ ), and from background dielectrons, Cokg (me+c- ),

C(””e*e*) = f(meﬁ:*) X CJ/I[I+ (1 _f(meﬂ:*)) X Cbkg(mf#e*)? (2)

with f being the fraction of J/y among the total number of dielectrons with invariant mass meg+.-. The
extraction of the correlation component Cjy, relies on fitting Eq. @ to the invariant mass dependent

associated yield C(me+.-) obtained for each combination of pJT/ v, ptT1 and A¢ intervals. The background

correlation component Cpyg (et ) is parameterized using a fifth-order polynomial for pJT/ Y <3 GeVie

and a third-order polynomial otherwise. The signal fraction f(me+.-) is obtained from the fit of the
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invariant mass distribution of dielectron pairs in the transverse momentum interval corresponding to
pJT/ ¥ as explained in Sec. and illustrated in the upper panels of Figure [1| The fit of the associated
yield is performed in the invariant mass interval 1.4 < mg+.- < 4.2 GéV/c? and is illustrated in the lower
panels of Fig. [I{ for inclusive J/y in the pJT/ ¥ ranges pJT/ V' < 3 GeV/e (left) and 8 < pJT/ Y <15 GeVie

(right).

3.4 Prompt and non-prompt J/y separation
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Figure 2: Simultaneous fit of the dielectron invariant mass and pseudo-proper decay length two-dimensional
distribution in the 8 < pJT/ ¥ < 15 GeV/c interval. Left: projection on the invariant mass axis. Right: Projection on
the pseudo-proper decay length axis. The various components of the fit are also shown. The vertical black line at

x ~100 pm shows the lower cut value selecting a non-prompt J/y sample with less than 10% contamination from
prompt J/y.

Prompt and non-prompt J/y are separated based on the pseudo-proper decay length (x) defined as

c-m'v

—7 3)
pJT/w

X=Lyy-

where L,y is the transverse projection of the distance between the secondary vertex (constructed using
the two electrons) and the primary vertex of the collision. Small values of x distributed symmetrically
around zero, with a spread determined by the ITS spatial resolution of ~ 50 pum, are characteristic of
prompt J/y, while large positive x values are characteristic of non-prompt J/y originating in the weak
decay of beauty hadrons. ALICE measured the non-prompt J /y cross section in proton-proton collisions
at /s = 13 TeV, as reported in Ref. [20], where the different shapes of the pseudo-proper decay length
distributions of prompt and non-prompt J/y were exploited. For a given J/y transverse momentum
interval pJT/ ¥ the correlation function for inclusive J /v, determined using Eq. [2} can be described with
two components, corresponding to the prompt and non-prompt J/y

J J
Cinclusive (AQ) = fB (PT/W) X Cy )y (Ap)+(1—1B (PT/W)) X Cprompt (AQ), “4)
where f5( pJT/ ¥ is the fraction of non-prompt J/y mesons in the transverse momentum interval corre-
I/

sponding to py ¥ Since fg is an increasing function of pr, leading to significant variations within the
pJT/ ¥ intervals employed in this analysis, an interpolation procedure is used to obtain a continuous depen-

dence of fg on pJT/ Y. The interpolation is done using a fit of existing measurements at midrapidity in pp
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collisions by ALICE at /s =5, 7 and 13 TeV [20,33]], CMS at /s =5 and 7 TeV [34,[35] and ATLAS at
v/s =7 and 8 TeV [36]. The measurements at midrapidity in pp collisions at y/s = 1.96 TeV by CDF [37]],
and those at forward-rapidity by LHCb in pp collisions at 1/s = 13 TeV [38] were also used. In order to
account for the energy or rapidity dependence of the pr-dependent fp ratios from the various datasets,
each measured fg distribution is scaled by a constant factor, which is obtained by fitting the ratio of the
ALICE measurement at 13 TeV to the given measurement in the overlapping pr interval. The resulting
set of experimental data points is fitted with a universal curve, which is obtained as the ratio between the
non-prompt J/y cross section obtained using a FONLL calculation [39, |40] and a power-law function
for the inclusive J/y cross section, as described in Ref. [41]]. Systematic uncertainties due to the intrinsic
scales of the FONLL calculation and residual variations of the pt dependence with energy or rapidity are
calculated and reported in the last row of Table [2] The largest uncertainty contributions originate from
the FONLL calculations and the scaling of the forward LHCb measurement.

A two-step approach is used in order to extract the prompt and non-prompt J/y-hadron correlation
functions. First, the correlation function for non-prompt J/y is obtained using the procedure described
in Sec. but applying a lower threshold on x such that a high purity non-prompt J/y sample is
selected. The threshold value is determined based on templates of the prompt and non-prompt J/y x
distributions, with a relative normalization corresponding to the fB(pJT/ ¥) value obtained from the fit
procedure explained above, and allowing a maximum of 10% contamination with prompt J/y. The
template shapes depend mainly on the J/y pt and on the number of pixel hits in the SPD layers, which
drive the spatial resolution of the secondary vertexing. The templates, as described in detail in Ref. [20],
are obtained based on a MC simulation tuned to match the vertexing resolution observed in data. An
illustration of these, corresponding to the pr interval 8 < pJT/ ¥ <15 GeV/e, is shown in Fig. [2| where
these templates, together with a background template obtained as explained in Ref. [20} 33], are used to
fit the x distribution seen in data. The low-x threshold corresponding to a non-prompt J/y sample with
a 10% contamination with prompt J/y is indicated with a vertical black line. Second, the prompt J/y
correlation function is estimated using Eq. |4} once the inclusive and non-prompt J/y components are
known.

3.5 Monte Carlo simulations

In order to compute efficiency corrections for both the J/y triggers and the associated hadrons, and
to construct the prompt and non-prompt J/y pseudoproper decay length templates, two sets of Monte
Carlo simulations are employed. The first one, used to compute the associated-hadron efficiency, is
a sample of minimum bias pp collisions simulated with PYTHIAS and the Monash 2013 tune [42].
The second one is a set of minimum bias pp collisions simulated with PYTHIA6 and the Perugia 2011
tune [43] with injected prompt and non-prompt J/y. The non-prompt J/y kinematics is generated using
the Perugia 2011 PYTHIA tune, while for the prompt J/y, a spectrum based on a phenomenological
interpolation of measurements at RHIC, CDF, and the LHC [41] and a uniform distribution in rapidity
is used. The J/y are forced to decay via the dielectron channel using the EvtGen package [44] with
the PHOTOS model [45]. The generated particles are transported through a detailed simulation of the
ALICE apparatus using GEANT3 [46]]. Detector responses and calibrations in MC simulations are tuned
to data and consider the time-dependent conditions of all detectors included in the data acquisition. In
particular, the track parameters from the simulations are tuned to minimize the residual discrepancy of
the DCA distributions between data and MC, as described in Ref. [47]].

4 Systematic uncertainties

Several sources of systematic uncertainty affecting the J/y correlation functions are considered, includ-
ing the reconstruction efficiency of charged hadrons, the fraction of J/y signal (f(me+.-)) used in Eq.
the parameterization of the background correlation function Cpyg (11¢+¢- ), the contamination with prompt
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Table 2: Summary of the systematic uncertainties on the correlated-hadron yields from all the sources mentioned
in the text. The degree of correlation over A, trigger-pt and associated-hadron-pr is also quoted. Uncertainties
are provided as ranges to keep the table compact.

Source Uncertainty Correlation

A trigger pr  associated pr
Charged-hadron efficiency 2-3% correlated correlated correlated
J/y efficiency negligible correlated correlated correlated
f(mete-) 1-10% correlated  uncorrelated  correlated

Cokg (Mete-) 1-9% uncorrelated uncorrelated  uncorrelated
prompt J/y contamination 0-4% correlated  uncorrelated  correlated
/B 1-8% correlated correlated correlated

J/y in the selected non-prompt J/y sample, and the fraction of J/y originating from beauty hadron
decays (fp). A summary with all the systematic uncertainties is given in Table[2]and in the following we
provide a detailed description.

The systematic uncertainty on the associated hadron yield ranges between 2% and 3% and is dominated
by the uncertainties on the ITS-TPC track matching efficiency, with a smaller contribution originating
from the contamination with secondary particles. The uncertainty on the ITS-TPC matching is deter-
mined based on residual differences observed between data and MC simulations [48]. The uncertainty
due to the contamination with secondary particles is estimated by alternatively using the longitudinal
DCA component for extracting the fraction of secondaries, instead of the standard approach employing
the transverse DCA. This uncertainty is considered fully correlated over A, pJT/ ¥ and p}%. The uncer-
tainty on the J/y efficiency correction largely cancels due to the per-trigger normalization. Residual
effects are checked by repeating the analysis with variations of the electron candidate quality criteria and
are found to be negligible.

The uncertainty due to the fraction of J/y, f(me+.-), used in Eq. 2| and determined from the invariant
mass distribution of dielectrons in a given pr range, is studied by repeating the analysis using different
electron PID selection criteria, which have a large impact on both the J/y efficiency and f(me+.- ). Both
the TPC and EMCal electron selection criteria are varied, which led to systematic variations ranging
between 1 and 10%. The fit range of the invariant mass distribution is also varied. For a given J/y
pr interval, these uncertainties are considered correlated over A@ and associated-hadron pr and fully
uncorrelated between the different J/y pr intervals.

The uncertainty related to the fit of the invariant mass dependent correlated yield, as described by Eq.[2]
is studied by varying both the lower and upper limits of the mass range in which the fit is performed by
200 MéV/c?. The assigned systematic uncertainty, which varies from 1 to 9%, is computed as the differ-
ence between the maximum and minimum value of the correlation yields divided by v/12, corresponding
to the ratio of the standard deviation and the full spread of a uniform distribution. It is considered to
be uncorrelated for all the studied kinematic intervals. The large number of associated yield extractions
required made impractical the use of a functional form other than a polynomial to parameterize the back-
ground correlation component, Cyyg (e +.- ). Therefore, the choice of the polynomial function order was
done such that the fit properly converges for all the considered cases. It is then considered that the sys-
tematic uncertainty obtained based on the fit range variations and the yield statistical uncertainty provide
a good estimation of the total uncertainty on the correlated yield extraction.

Since a completely pure sample of non-prompt J/y cannot be obtained with the available datasets, resid-
ual contamination is always present and considered as a systematic analysis uncertainty. This is estimated
by modifying the pseudoproper decay length selection to allow a smaller (5%) and a larger (20%) prompt
J/y contamination in the non-prompt sample. The difference obtained between the two cases, divided
by V12, is taken as a systematic uncertainty, ranging from 0 to 4%, and is considered to be uncorrelated
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over the trigger pt and correlated in associated hadron pt and A@.

Finally, the uncertainty corresponding to the determination of the fraction fg of J/y originating from
beauty-hadron decays is dominated by the uncertainties of the measurements used in the fg(pr) inter-
polation procedure described in the previous section. This uncertainty, which varies from 1 to 8%, is
considered to be correlated between all the considered trigger and associated pr intervals as well as A@.

5 Results

The corrected correlation functions, described in Sec. are obtained in A intervals of 7/12 for
several J/y pr intervals and three associated-hadron pr intervals. The main features of the correlation
functions, in a first-order hard scattering di-jet production picture, are the so called near-side (NS) peak
centered around A¢ = 0, which is related to the structure of the fragmenting jet containing the trigger
particle, and the away-side (AS) peak centered around A¢ = 7, which is related to the fragmenting recoil
jet. The near-side peak is relatively narrow for high-pr trigger particles due to the kinematic bias made
when a trigger particle is selected. In contrast, the away-side peak is typically wider due to the relatively
softer particles composing the recoil jet and to jet acoplanarity, predominantly originating from initial-
state and/or final-state radiation [49]. In addition, the shape of the correlation functions is sensitive to
the hadronization and particle decays which alter the kinematics of the detected jet particles relative to
the parent parton. While the peak structures of the correlation functions reflect the particle production
in the hard scattering leading to the production of the J/y, the absolute scale of the correlation function
includes also random combinatorics, which is proportional to the event multiplicity and is typically
independent of A@. Thus, it is convenient to look at the baseline subtracted correlation functions, with
the baseline b determined from a fit of the correlation function with a function of the form

(A9)? (Ap-m)2

C(A@) =b+ans X e 2% taps Xe s | &)

where ans(aas) and ons(Oas) are the amplitudes and widths of two Gaussians, corresponding to the near
and away sides as indicated by the parameter indices.

A few examples of the baseline-subtracted correlation functions, C(A¢), for each hardware trigger used
in this analysis are shown in Fig. 3| The plots refer to inclusive J/y production. From top to bottom the

rows correspond to the MB (0 < pJT/ V<3 GeV/c), HM (0 < pJT/ V<3 GeV/c), EG2DG2 (8 < pJT/ V<

15 GeV/c) and EGIDGI (20 < pJT/ ¥ < 40 GeV/c) triggers. From left to right, the panels correspond to
associated-hadrons in the pr ranges 0.15 < p% <1GeV/e, 1 < p}T1 <3 GeV/cand 3 < p}% < 10 GeV/e,
respectively. These correlation functions exhibit the characteristic features described above, particularly
for the EG2DG2 and EG1DG1 datasets, which select higher pr J/y (triggers). Even though this analysis
does not work on full reconstructed jets, some features can be naturally understood in the context of jets:
it can be observed that the near-side peak amplitude increases with increasing J/w pr, and the peak
becomes narrower [50]], which is due to the boosted kinematics of the jet components but also to the bias
imposed on the jet fragmentation by selecting a high pr trigger particle. The away-side peak is wider
compared to the near-side as mentioned above, and also displays a relatively smaller amplitude, possibly
due to the rapidity swing of the recoil jet and the limited experimental acceptance.

The correlation functions are compared to Monte Carlo simulations of inelastic pp collisions at /s = 13 TeV
using the PYTHIA 8.3 generator with the Monash 2013 tune [42]]. It should be noted that this PYTHIA
tune employs fragmentation functions tuned on measurements from e e~ and ep collisions, while hadroniza-
tion can be different in pp collisions as suggested by multiple recent experimental results [51]. For the
calculations compared to the HM triggered sample, one per mille of events with the highest charged
particle multiplicity in the VO detector acceptance were selected, analogously to the HM triggered ex-
perimental data. The calculations are shown in Figure 3] as dash-dotted black lines. In order to remove
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Figure 3: Baseline-subtracted inclusive J/y-hadron correlation functions corresponding, from top to bottom, to
the MB, HM, EG2DG?2, and EG1DGI event triggers. The differential correlated yields are normalized per radian
and per GeV/c. From left to right, the associated-hadron pr intervals are 0.15 < pl% <1GeV/e, 1< p}% <3 GeV/e
and 3 < pl% < 10 GeV/c. For better visibility, the middle and right panel correlation functions are scaled by a factor,
given in the lower right corner of each panel. The error bars on the data points indicate statistical uncertainties while
the boxes show the uncorrelated systematic uncertainties. The correlated systematic and the baseline uncertainties
are shown as filled boxes around 0. The fit of the data using Eq. [5]is indicated by the red solid line while the band
around the fit shows the 10 confidence interval. Calculations using PYTHIA are shown as black dash-dotted lines.
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Figure 4: Baseline subtracted non-prompt (top panels) and prompt (bottom panels) J/y-hadron correlation func-
tions obtained using the EG2DG2 (red), and HM (blue) triggers for J/y in the pr interval 8 < pJT/ V' <15 GeVle
and associated hadrons in the pt intervals 0.15 < p}% <1, 1< pl% <3and 3 < p‘% < 10 GeV/c. The differential
correlated yields are normalized per radian and per GeV/c. Baseline and correlated uncertainties are shown as
boxes around 0, while fits of the correlation functions with Eq. E] are shown as a dashed line with a colored band,
which represent the 10 fit uncertainties.

effects due to the different baselines seen in simulations, the PYTHIA correlation functions are also fitted
with the Eq.[5] and the corresponding baseline is subtracted.

Figure ] shows an example of a comparison of the baseline-subtracted correlation functions for non-
prompt and prompt J/y in EG2DG2 and HM triggered events. This comparison is chosen as enough data
were available for both triggers to extract the correlated yields, in the same J/y pr interval, 8 < pJT/ V<
15 GeV/c. The top panels correspond to the non-prompt J/y, while the bottom panels correspond to the
prompt J/y. Despite the significantly different baseline values, b, due to the much higher multiplicity
seen in the HM triggers, the two baseline-subtracted correlation functions show peak structures which
are compatible within uncertainties. Both the non-prompt (top panels) and prompt (bottom panels) J/y
correlation functions shown in Fig. 4] indicate correlation patterns on both the near and away sides,

although for the non-prompt J/y the statistical significance is stronger.

For a quantitative study of the charged particle production in association with J/y mesons, the NS and
AS yields integrated over A¢ are obtained from the fit of Eq. 5| to each correlation function using the
statistical and uncorrelated systematic uncertainties added in quadrature. The yields are computed by
integrating the corresponding NS and AS Gaussians. The statistical uncertainties on the correlated yields
are also obtained using the fit parameter covariance matrix. As a systematic check, the yields are obtained
also by using a bin counting method, as the number of counts above the baseline. In order to optimize
the significance, the counting is done by using only the bins found within one ¢ on either side of the NS
and AS Gaussian functions. A minimum of two A@ bins are used in the counting, in the cases where the
Gaussian width is smaller than a bin width. The total yield is obtained after accounting for the portion
of the Gaussian that covers the bins used in counting. In the following, the reported integrated yields are
the ones obtained from integrating the fitted Gaussians, while half of the difference between the fit and
the counting method is taken as a systematic uncertainty.

The near-side and away-side correlated yields obtained from data and PYTHIA simulations are shown in
Figs. |5| and @ respectively, as a function of the trigger J/y pr and separately for the inclusive, non-
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Figure 5: Near-side correlated particle yields as a function of the J/y trigger pr. The left, middle, and right
panels correspond to the inclusive, non-prompt, and prompt J/y, respectively. The top, middle, and bottom panels
correspond to the three associated pr intervals. Error bars on the data points represent statistical uncertainties,
while the boxes represent systematic uncertainties. The data points are plotted at the average J/y pr in each
particular trigger pt range, while the horizontal extent of the error bars indicate the pr interval width. The red
data points include the combination of the MB, EG2DG2, and EG1DGI triggered events (named MB in the figure
legend), while the blue data points represent the HM-triggered events. The data is compared to yields obtained
from PYTHIA simulations, represented with solid red (MB) and dashed-blue (HM) lines.
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Figure 6: Away-side correlated particle yields as a function of the J/y trigger pr. The left, middle, and right
panels correspond to the inclusive, non-prompt, and prompt J/y, respectively. The top, middle, and bottom panels
correspond to the three associated pr intervals. Error bars on the data points represent statistical uncertainties,
while the boxes represent systematic uncertainties. The data points are plotted at the average J/y pr in each
particular trigger pt range, while the horizontal extent of the error bars indicate the pr interval width. The red
data points include the combination of the MB, EG2DG2, and EG1DGI triggered events (named MB in the figure
legend), while the blue data points represent the HM-triggered events. The data is compared to yields obtained
from PYTHIA simulations, represented with solid red (MB) and dashed-blue lines (HM).
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prompt and prompt J/y. The systematic uncertainties shown on the data points are dominated by
the uncorrelated uncertainties discussed in Sec. ] The combined results from the MB, EG2DG2 and
EG1DGI triggered events are shown in red and denoted as "MB" in the figure legend, while the ones
from the HM-triggered events are shown in blue. For the case of prompt and non-prompt J/y in the
HM event sample, the results shown include three pJT/ ¥ intervals which have partial overlap, namely
1 < pr <7GeV/c,5 < pr <12 GeV/e, and 8 < pt < 15 GeV/e. This choice was made in order to have
overlap with the corresponding results from the MB and EG2DG2 triggered event samples, while the
interval 5 < pt < 12 GeV/c was included to provide an additional data point at an intermediate pgr/ v
For a given pl% interval, the NS associated yields shown in Figure |5 grow as a function of pJT/ Y for
inclusive, prompt and non-prompt J/y. The trend is significant for the hadrons with pr > 1 GeV/c, while
for the lowest pr the measurement precision does not allow to conclude. For J/y with pt > 15 GeV/c, the
NS per-trigger yield is about 1 for hadrons in the range 0.15 < pr < 1 GeV/c, dropping to 0.3-0.4 for 1 <
pt <3 GeV/c, and to about 0.05 for 3 < pr < 10 GeV/c. The near-side yields associated with non-prompt
J/y are larger than those associated to prompt J/y, with a statistical significance of 2.2, 3.4 and 1.7 & for
the associated pr intervals 0.15 < p% <1GeV/e, 1< p}T1 <3GeV/cand 3 < pl% < 10 GeV/c, respectively.
The significance evaluation includes both the statistical and uncorrelated systematic uncertainties. The
associated yields observed in the HM triggered events and in MB / EMCal triggered events show a good
agreement within uncertainties both for inclusive, non-prompt and prompt J/y. This is an indication that
the parton fragmentation into J/y, prompt or non-prompt, is not significantly modified in events with
high event activity relative to MB events. This is consistent with observations made in Ref. [[15] where
prompt D? meson-hadron correlations are compared across different VOM multiplicity classes, covering
also the current HM event sample, and revealing no appreciable change. The PYTHIA calculations, done
in the same kinematic intervals as the data, are generally in good qualitative agreement with NS results,
however, hadron yields with py > 1 GeV/c associated with non-prompt J/y are overestimated by the
model. The fragmentation functions for non-prompt J/y in fully reconstructed jets reported by LHCb
in Ref. [[17] are in good agreement with PYTHIA. Altogether, the results might point to hadronization
effects which are not well reproduced in PYTHIA.

The away-side yields, related to the recoil jet, are shown in Fig.[6] The PYTHIA calculations are in good
agreement with the results obtained for prompt J/y over the entire pJT/ ¥ range, while for inclusive and
in particular non-prompt J/y the model starts to diverge from the measurements for pr above 15 GeV/c,
overestimating the experimental yields. The associated yields obtained in HM triggered events are overall
statistically compatible with those obtained in MB/EMCal triggered events. However, in particular for
prompt J/y and in the 0.15 < p& < 1.0 GeV/c interval, there is a hint of lower correlated hadron yields
in HM triggered events than in MB events. The statistical significance is approximately 2.3¢ and a
difference in the yields for the two triggered samples is also observed in the PYTHIA calculations. As
also discussed in Ref. [52], the lower away-side yields are likely related to the definition of the HM
trigger, which requires a high threshold on charged-particle multiplicity in the VO detector acceptance.
This is introducing a bias towards events where the recoil jet is in the VO acceptance, hence lower away-
side yields would be seen at midrapidity.

6 Summary

The first J/y-hadron correlation analysis in pp collisions at the LHC is reported using four datasets at
/s = 13 TeV recorded with a minimum-bias (L;, = 34 nb~!), a high-multiplicity (Lip = 6.9 pb~!) and
an EMCal trigger used with a threshold on the tower energy of 4 GeV (Lip = 0.9 pb~!) and 9 GeV
(Line = 8.4 pb~!). For a given hadron pt range, the associated yields for inclusive, prompt and non-
prompt J/y in both the near- and away-side grow with the increase in pr of the trigger J/y. The yields
extracted in minimum-bias or EMCal-triggered events agree well within experimental uncertainties with
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those obtained in high-multiplicity events, hinting that the fragmentation of the jet producing the J/y
does not change with the event multiplicity. The PYTHIA calculations in general show a good agreement
with data, but some tension is observed. In the case of non-prompt J/y and for hadrons with pt >
1 GeV/c, PYTHIA overpredicts the measurements for the near-side, while in the away-side the correlated
yields are overestimated only for J/y pr above 15 GeV/c. This might indicate hadronization effects
in pp collisions which are not well described by PYTHIA. Neither the data nor PYTHIA calculations
exhibit differences in correlated yields between MB and HM-triggered events, with the exception of the
away-side correlated yield with hadrons of pt < 1 GeV/c. The lower AS correlated yields seen in high-
multiplicity events are interpreted as being related to the trigger bias introduced by the HM trigger. The
measurement of the J/y correlated hadron yields will be improved with the datasets collected during
the LHC Run 3, thanks to the increase in integrated luminosity but also to the higher precision of the
separation between prompt and non-prompt J/y of the upgraded ALICE detector [53]].
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