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Abstract This paper presents the first measurement of
¥ (2S) and x.1(3872) meson production within fully recon-
structed jets. Each quarkonium state (tag) is reconstructed
via its decay to the J/(—utu ™) T~ final state in the
forward region using proton-proton collision data collected
by the LHCb experiment at the center-of-mass-energy of
13TeV in 2016, corresponding to an integrated luminosity
of 1.64 fb~!. The fragmentation function, presented as the
ratio of the quarkonium-tag transverse momentum to the full
jettransverse momentum (pr(tag)/pr(jet)), is measured dif-
ferentially in pt(jet) and pr(tag) bins. The distributions are
separated into promptly produced quarkonia from proton-
proton collisions and quarkonia produced from displaced
b-hadron decays. While the displaced quarkonia fragmenta-
tion functions are in general well described by parton-shower
predictions, the prompt quarkonium distributions differ sig-
nificantly from fixed-order non-relativistic QCD (NRQCD)
predictions followed by a QCD parton shower.

1 Introduction

The production of quarkonium states, flavourless mesons
composed of at least a ¢ or b quark and its corresponding anti-
quark, provides a unique probe for studying quantum chro-
modynamics (QCD) [1]. The masses of the observed quarko-
nium states, ranging from 3 to 11GeV/c?, cover the transi-
tion between the perturbative and nonperturbative regimes
of QCD. In proton-proton (pp) collisions at the LHC, these
quarkonium states can be produced at center-of-mass ener-
gies which are orders of magnitude larger than their relatively
low masses. Consequently, any model attempting to success-
fully predict the production of quarkonia must span a wide
range of energy scales.

Extensive differential cross-section measurements have
been performed for the production of the J/i meson, the
lightest vector quarkonium state, in hadron-hadron colli-
sions at a variety of experiments [2—10] including those at
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the LHC [11-16]. Production cross-sections for the heavier
excited states such as the ¥ (25), ¥ (3770), x¢, T, and yp res-
onances have also been measured at the LHC [17-32]. Many
of these measurements can be described by nonrelativistic
QCD (NRQCD) [33-35], an effective field theory where the
production of the quarkonium state is factorized into a pertur-
bative (short-distance) and nonperturbative (long-distance)
component.

However, most NRQCD-based calculations for quarkonia
production at the Tevatron and LHC [36—44] predict large
transverse polarization of the J/i and 1 (2S) mesons, which
is not observed in data [45-51], with similar results observed
at RHIC [52,53]. Indeed, NRQCD fails to simultaneously
describe all measured quarkonium observables [54,55].
Additionally, fixed-order NRQCD predicts J/3 mesons to
be produced mostly isolated, while jet fragmentation mea-
surements at the LHC demonstrate that J/3 mesons are pre-
dominantly produced surrounded by nearby particles, within
jet radii of R = 0.3 and R = 0.5 [56-58]. Developments
in calculating quarkonium fragmentation functions [59,60]
and quarkonium production in parton showers [61] may help
resolve these isolation discrepancies observed in jets while
also consistently describing other observables.

This incomplete knowledge about quarkonia production
mechanisms has wide implications on the study of the
medium formed in ultrarelativistic heavy-ion collisions [62].
Indeed, quarkonia not produced from particle decays are
commonly expected to form in the very early stages of parti-
cle collisions and so they are regularly used as probes of the
hot and dense medium created in heavy-ion collisions.

The reconstruction of identified particles within fully
reconstructed jets is a unique way to study the underly-
ing mechanisms involved in the production of these par-
ticles. Despite these prospects, only a few measurements
of jet fragmentation functions of identified particles have
been performed. Among them are studies of DY [63,64],
D** [65-69] and BT mesons [70], and Aj baryons [71].
The production of quarkonia as components of jets remains
largely unexplored and provides an important handle on
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understanding the mechanisms behind quarkonia production
in hadron-hadron collisions. To date, measurements have
been limited to the J/i state only [56,58]. In this paper,
for the first time, measurements of fragmentation functions
of ¥ (2S) and x.1 (3872) mesons are presented. Both mesons
(referred to as tags from here on) are reconstructed using
the J/(— u* ™) T~ decay channel. The fragmentation
functions are measured through the transverse momentum
ratio z = pr(tag)/pr(jet), with pt the component of the
momentum transverse to the beam. The fraction of prompt
¥ (2S) states that are produced from feed-down of higher-
mass resonances is significantly smaller compared to the
J/¥ meson [21,72,73], making it an ideal candidate for the
theoretical interpretation of quarkonium formation. These
measurements are performed differentially in both the trans-
verse momentum of the quarkonium, pr(tag), and of the jet,

pr(et).

2 Detector and dataset

The LHCDb detector [74,75] is a single-arm forward spec-
trometer covering the pseudorapidity range 2.0 < n < 5.0,
designed for the study of particles containing b and ¢ quarks.
The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector surrounding the pp
interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about
4T m, and three stations of silicon-strip detectors and straw
drift tubes placed downstream of the magnet. The tracking
system measures the momentum, p, of charged particles with
arelative uncertainty that varies from 0.5% at low momentum
to 1.0% at 200GeV/c. The minimum distance of a track to a
primary pp collision vertex (PV), called the impact parame-
ter (IP), is measured with a resolution of (15 4 29/pr) um,
where pr is in units of GeV/c. Different types of charged
hadrons are distinguished using information from two ring-
imaging Cherenkov detectors (RICH). Photons, electrons
and hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromag-
netic and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire
proportional chambers [76].

The data sample used in this analysis is collected from
pp collisions at a center-of-mass energy of /s = 13TeV,
and corresponds to an integrated luminosity of 1.64 fb~!
recorded during 2016. The online event selection is per-
formed by a trigger [77] that consists of a hardware stage
using information from the calorimeter and muon systems,
followed by a software stage that performs the 11~ candi-
date reconstruction. The hardware stage selects events with

at least one ™~ candidate with /pr(u™) pr(n=) > 1.3-
1.5 GeV/c, where the threshold varied during the 2016 data
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taking period. In the software stage, two oppositely charged
muon candidates with pr(n) > 0.5GeV/c are required to
form a ™ candidate with a mass within & 120MeV/c?
of the known J/i mass [78].

This analysis uses the same data-taking scheme that was
firstintroduced in Ref. [56]. Here, offline-quality track recon-
struction [79] is achieved in the online system through real-
time alignment and calibration [80]. All fully online recon-
structed high-level objects such as particle candidates are
retained, while the lower-level detector information is dis-
carded. At the high-level trigger (HLT) stage, this strategy
allows the online selection of this analysis to record all events
witha ™ candidate consistent with a J/y meson, but with
no pr or displacement requirements on the u+ = candidate
with respect to the PV.

Simulation is required to model the effects of the detec-
tor response and the imposed selection requirements on the
wtu~ 7T~ final state. In the simulation, pp collisions are
generated using PYTHIA 8.186 [81] with a specific LHCb
configuration [82]. Decays of unstable particles are described
by EVTGEN [83], in which final-state radiation is generated
using PHOTOS [84]. The interaction of the generated particles
with the detector, and its response, are implemented using the
GEANT4 toolkit [85,86] as described in Ref. [87].

3 Event selection

The event selection requires two distinct objects, the quarko-
nium tag and the jet associated with that tag. Because the tag
is a constituent of its associated jet, all possible tags in the
event must be selected prior to constructing the jets in the
event. Both the ¥ (25) and x.1(3872) meson constituents
are reconstructed using the ™7 7~ final state, which is
expected to be produced primarily from the intermediate res-
onance decay J/y — utu™ inassociation with two charged
pions. The muon and pion candidates are selected from well-
reconstructed charged tracks. Tracks matched with hits in the
muon stations downstream of the calorimeters that satisfy
additional muon-identification criteria from the calorimeters
and RICH are identified as muon candidates. Tracks with-
out muon station hits that fulfil pion-identification criteria
are taken as charged pion candidates. Both the muon and
pion candidates must be reconstructed within the fiducial
region of this analysis: their pseudorapidity range is limited to
2.0 < n < 4.5, their transverse momenta to pt > 0.5GeV/c,
the momenta of the muons are limited to p(n) > 6GeV/e,
and the momenta of the pions to p(;r) > 3GeV/c.

The ™~ candidates that pass the online criteria should
be consistent with a J/y meson. Additionally, the two muons
originating from the J/¥ candidate must form a good-quality
vertex with a distance-of-closest approach (DOCA) between
the muon candidates less than 0.2 mm. If the J/i candi-
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date is located within 2.0 < n(J/Y) < 4.5, it is combined
with two opposite-sign pion candidates to form a ¥ (2S) or
Xc1(3872) tag candidate. The DOCA between the J/Y can-
didate and both pion candidates must be less than 0.5 mm.
In the first step, tag candidates with a mass > 4100MeV/c?
are discarded from further analysis. For the remaining can-
didates, the momentum vectors of the four decay particles
are fitted, constraining all four tracks to a common vertex
and the mass of the ™~ candidate to the known mass of
the J/iy meson [78]. This significantly improves the mass
resolution of the tag candidates. If the refitted mass of a tag
candidate, m(tag), is 3635 < m(tag) < 3730MeV/c?, the
tag is considered to be a ¥ (2S) candidate. Alternatively,
if the mass is 3830 < m(tag) < 3920MeV/c? and the
decay energy release (Q-value), Q = m(utpu" 7w m™) —
m(utu™)—m@@tr ™) < 150MeV/c?, the tag is considered
a x.1(3872) candidate. Requiring this Q-value significantly
improves the signal-to-background ratio of the x.1(3872)
selection [88]. The fiducial volume of the tags is limited to
2.0 < n(tag) < 4.5 with pr(tag) > 2GeV/c.

After all possible tag candidates are selected in the event,
jets are built using charged and neutral particle candidates, all
reconstructed online with the full detector information, using
a particle-flow algorithm [89]. The constituent ™~ 7 7~
tracks of the tag candidates are excluded from this particle-
flow input, and instead the tag candidate is considered a single
object. If more than one ™ 4~ ¥ 7w ~ combination within the
jet radius can form a viable tag candidate, one combination
is pseudo-randomly selected and substituted for a single tag
object, while the other combinations are left as individual par-
ticles in the particle flow for the full jet reconstruction. The
anti-kt sequential clustering algorithm [90] with jet radius
parameter R = 0.5, as implemented in the FASTJET pack-
age [91], is applied to this particle-flow input to produce jets.
These jets are required to fall within the fiducial region of
2.5 < n(jet) < 4.0 with pr(jet) > 5GeV/c.

For events that contain a jet with one tag constituent,
where the tag and the jet fulfil all the selection requirements,
a final selection is applied that requires exactly one recon-
structed primary vertex per event. Unlike charged particle-
flow inputs, neutral inputs cannot be associated with a pri-
mary vertex. By requiring a single vertex, the jet candidate is
not contaminated with neutral particle-flow input from other
pp interactions. This significantly improves the jet energy
resolution and reduces systematic uncertainties arising from
modelling the detector response.

4 Signal determination

This analysis relies on the reconstruction of the transverse-
momentum fraction of the tag with respect to the jet contain-

ing the tag, defined as

_ pr(tag)

= . 1
pr(jet) %

The distribution of this ratio is measured differentially in
intervals of pr(tag) and prt(jet), and the distributions are
presented separately for tags originating from the primary
vertex of the event (prompt) and tags produced from a b-
hadron decay (displaced).

The signal yields are determined from unbinned fits to
the tag invariant-mass distribution for each z—pr interval,
where pt here means either pr(tag) or pr(jet). The signal
distribution is modelled by the sum of two Crystal Ball (CB)
functions [92], which share a common mean and power-law
tail exponent, n. The parameter -, which determines the onset
of the power-law tail, is fixed to an equal value but with
opposite sign for the two CBs. The start values for the «
and n parameters are taken from fits to simulation and the
uncertainty from these fits are used to limit their parameter
ranges. The background distribution is modelled with a first-
degree polynomial. The left panels of Figs. 1 and 2 show
the full mass range including signal and sideband regions
overlayed with sample fits for {(2S) and x.1(3872) mass
distributions in two particular kinematic bins. The signal-
to-background ratio increases significantly as z increases,
with an almost background-free signal for isolated v (2S5)
and y.1(3872) tags.

After performing the mass fits for a given z—pr interval,
the prompt and nonprompt signal fractions are determined
with an unbinned fit to the pseudo decay-time distribution of
the tag,

L= @)
Pz

where A is the flight distance projected along the beam axis
between the tag decay and primary vertices, m is the nominal
mass of the ¥ (25) or x.1(3872) meson [78], and p; is the
component of the tag momentum along the beam axis [13].

For the fit to the ¢, distribution the sample is restricted to
the m(u™ =+ ~) signal region (3678 < m(utu~w ™)
< 3694 MeV/c? for ¥ (2S) and 3860 < m(u*tpu~ntn~) <
3884 MeV/c? for Xc1(3872)), to enhance the signal contri-
bution. These signal regions are shown in Figs. 1 and 2 as the
regions between the vertical dashed lines in the mass distri-
butions. The background ¢, distribution is modelled from the
t, distribution in the mass sideband regions around the known
¥ (2S5) or x.1(3872) meson mass [78], and is fit empirically
with a Gaussian core and exponential tails. This distribu-
tion is normalized using the background fraction contribution
from the mass fit. The prompt signal distribution is modelled
with a Dirac delta function and the displaced signal distribu-
tion with an exponential decay function. Both signal distri-
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Fig. 1 (Left) Invariant-mass distribution and (right) decay-time distribution for ¥ (2S5) in a single z—pr(jet) interval at mid z, superimposed with
the results from unbinned maximum-likelihood fits. The displaced v (2S5) fraction in this interval is (56.4 +2.2)%
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Fig. 2 (Left) Invariant-mass distribution and (right) decay-time distribution for y.;(3872) in a single z—pr(jet) interval at high z, superimposed
with the results from unbinned maximum-likelihood fits. The displaced x.1(3872) fraction in this interval is (3.5 £ 2.9)%

butions are then convolved with the same double-Gaussian
resolution function to account for detector effects. The five
parameters extracted from the fit are the two Gaussian widths,
the ratio between the two Gaussian normalizations, an expo-
nential decay constant of the displaced signal yield, and the
ratio of prompt and displaced signal contributions.

The statistical uncertainties on the signal yields are prop-
agated from the uncertainties of the mass and the 7, fits. The
fraction of prompt signal integrated over z is shown in Fig.
3 as a function of the ¥ (2S5) and x.1(3872) pr, and is con-
sistent with previous LHCb results [17,93]. The fraction of
prompt fragmentation with z =1, which is not part of the
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reported fragmentation functions, is shown as well. These
single-particle jets comprise only a tiny fraction of the total
tag production.

5 Signal efficiencies

The efficiency correction adjusts the signal yield in each z—pr
interval for inefficiencies in the reconstruction and selection
procedure of the tag candidates and the jets. The total signal
efficiency for the tags is factorized into the product of three
efficiencies: online, pion, and tag.
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Fig. 3 Fraction of prompt (blue circles) signal for (left) ¥(2S) and
(right) x.1(3872) mesons as a function of their pr integrated over all z
values. The prompt single-particle jets (z = 1) which are a subcompo-
nent of the total prompt fraction are displayed separately (violet stars).

The online efficiency is the efficiency for a u™u™ can-
didate to pass the online reconstruction and selection. The
muon reconstruction efficiencies are determined from sim-
ulation as a function of n(un) and pr(wn). A tag-and-probe
method using data is used to calibrate the simulation to
data [94]. The average muon reconstruction efficiency is
roughly 95% and is largely independent of the z—pr interval.
The online selection efficiency is determined directly from
the data by using an independent set of triggers to those used
in this analysis [95]. This efficiency is evaluated as a func-
tion of n(u* ™) and /pr(ut) pr(u=). The online selec-
tion efficiency rises with pr(jet) from roughly 50% for 5 <
pr(et) < 8GeV/e, to 75% for 40 < pr(jet) < 60GeV/c,
and is largely independent of z.

The pion efficiency is the efficiency for a pion to both be
reconstructed and pass the analysis selection. The pion recon-
struction efficiency is determined using the same method as
the muon reconstruction efficiency, but with an additional
hadronic-interaction correction derived from control sam-
ples. This efficiency increases with pr(jet) and z. It increases
with z from 50 to 60% for 5 < pr(jet) < 8GeV/c, and from
60% to 75% with z for 40 < pr(jet) < 60GeV/c. Simulation
is used to determine the pion selection efficiency which cor-
rects for the track-quality and particle-identification require-
ments. The efficiency of this selection increases with both
z and pr(jet). It increases with z from 35 to 50% for
5 < pr(et) < 8GeV/c, and from 65 to 80% with z for
40 < pr(jet) < 60GeV/e.

Finally, the tag efficiency is the efficiency for a recon-
structed tag to pass either the ¥ (2S) or x.1(3872) selec-
tion requirements. The efficiency of the Q requirement for
Xc1(3872) tags is determined from simulation to be 88% and
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The results of this analysis are compared to previous LHCb results from
2019 using ™ final states [17] (green stars) and results from 2021
using T~ final states [93] (red triangles), both at /s = 13 TeV

found to be consistent over all z—pr intervals. The efficiency
of DOCA selection between the 1~ and pion candidates
is found from simulation to be consistent with 100%.

Since the efficiencies described above are calculated for
prompt tag candidates, an additional correction is applied for
displaced tag candidates. The decay-time-dependent tracking
correction is roughly 105% for tags at intermediate 7, values
of 1 <, < 5ps relative to t, = Ops. These corrections are
applied to the 7, distributions before the 7, fit is performed.

The total efficiency ranges between 8% and 25%, depend-
ing on the z—pr interval. In general, the efficiency increases
with both pr(jet) and z. Since the efficiencies are primarily
driven by the track reconstruction, when z—pr(tag) intervals
are used, the efficiency is mostly constant over z and increases
with pr(tag) from 5% for 2 < pr(tag) < 5GeV/c, to 28%
for 30 < pr(tag) < 40GeV/c.

One final efficiency correction is applied after the unfold-
ing, described in Sect. 6. This is the jet reconstruction effi-
ciency, which corrects for inefficiencies to reconstruct the
jet object given that the tag was reconstructed in the detec-
tor. The jet reconstruction efficiency is largely constant as a
function of z and pr. It falls off for low jet pt (outside the
reported ranges) and for large z values close to 1. At large z
values the reconstruction efficiencies drop by about 10-25%
as compared to values at mid-z ranges. The unfolded spectra
are corrected for these large-z inefficiencies.

6 Unfolding

Detector resolution effects result in the migration of can-
didates between z—pr intervals. These migrations are pri-
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Fig. 4 Jet energy scale for different Vs fraction variations, includ-
ing prompt (green) and displaced (blue) variations, as determined from
simulation. The percentage of events with VO content in these simula-
tions is denoted in brackets. The jet energy scale (JES) is defined as the
normalized difference in pt(jet) retrieved at reconstruction level (rec.
Ivl.) and at MC generator level (gen. 1vl.)

marily driven by the energy-scale shift and resolution of the
pr(jet), and consequently impact both z and pr(jet) but not
pr(tag). This analysis applies an iterative unfolding tech-
nique [96] based on the ROOUNFOLD package [97]. The
detector response matrix maps the generator-level observ-
ables to the reconstructed-level observables and is defined
using simulation. Current prompt-tag simulations do not pro-
vide an adequate description of basic jet properties in the
data, such as the slope of the pr(jet) distribution and the
distribution of the number of constituents versus pr(jet). As
the number of constituents in jets in the prompt-tag simula-
tion is significantly lower than in data, the simulation yields
higher z values and thus offers insufficient coverage for lower
z values. Hence, displaced-tag simulations of v (2S) and
Xc1(3872) meson production, which provide better coverage
of the data, are used to define the prompt response matrix.
The distinction between the displaced and prompt response
matrices is primarily driven by the expected difference in
the relative fraction of long-lived neutral hadrons which are
not reconstructed such as K g mesons and A baryons (V9%),
in these two simulation samples. For example, some heavy-
flavour decays include long-lived neutral hadrons that cannot
be reconstructed. Samples with larger V° fractions result in a
downward shift of the jet energy scale. From simulation, the
fraction of events with V? content is estimated to be 63% in
displaced tag production and 28% in prompt tag production.
The shift in the jet energy scale for a variety of VO frac-
tions, including the expected prompt and displaced fraction,
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is shown in Fig. 4. The jet energy resolution is independent of
the V0 fraction and is roughly 15% for pr(jet) = 10GeV/c
and 13% for pr(jet) = 40GeV/c.

Both the prompt and displaced response matrices are fur-
ther corrected to match the data using a momentum-balance
technique applied to Z + jet data [56,89]. Based on these
studies the pr(jet) value is shifted downwards by 4% and
the pr(jet) resolution is increased by 7%. Figure 5 shows the
prompt response matrix for the ¥ (2S) z—pr(jet) measure-
ment. Since the measurements of this analysis are doubly
differential in z and pr(jet) or pr(tag), we apply an itera-
tive two-dimensional Bayesian unfolding procedure until the
folding result becomes stable. The lowest measured pr(jet)
interval, 5 < pr(jet) < 8GeV/c, and the lowest measured
pr(tag) interval, 2 < pr(tag) < 5GeV/c, are only used as
input for the unfolding to stabilize the output of the second
lowest pr interval.

7 Systematic uncertainties

There are two main sources of systematic uncertainties: those
from the efficiency determination and those from the unfold-
ing procedure (systematic uncertainties from the signal fits
are negligible).

The efficiency uncertainties are fully correlated between
z—pr intervals and are determined by varying the efficiency
corrections. For the corrections based on simulation, the bin-
ning of the muon and pion efficiencies as a function of n
and pr is changed. Additionally, the default muon and pion
efficiencies are varied within their statistical uncertainties.
For the data-driven corrections, the statistical uncertainties
are used to vary the efficiencies. For the online (trigger)
efficiency, an additional correction is obtained to take into
account differences from the true online efficiency to the
efficiencies obtained using the independent set of triggers
method in this analysis. The sample used is an inclusive J/y
sample. The total efficiency uncertainty is the quadratic sum
of these contributions and is roughly 6%. This uncertainty
is dominated by the variations from the data-driven correc-
tions. For low pt(jet) and pr(tag) the efficiency uncertainty
increases to ~ 10% due to the online and pion reconstruction
efficiency uncertainties. All other uncertainties are below the
1% level.

The unfolding uncertainties are uncorrelated between z—
pr intervals, and are evaluated by varying the unfolding pro-
cedure. They are determined by varying the unfolding regu-
larization parameter and by changing the fraction of Vs in
the simulation that is used to define the response matrix and
thus effectively changing the jet energy scale. Another source
of uncertainty arises from the prior of the generator-level dis-
tribution. To evaluate this contribution, three variations are
performed. First, a flat prior in z is used. Second, the prompt
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prior for the displaced response matrix is used and the dis-
placed prior for the prompt response matrix is used. Third,
the prior is weighted to match the unfolded result and unfold
again with this adapted prior. The unfolding procedure is
repeated with all variations and the differences between the
results are assigned as systematic uncertainties. Since all vari-
ations of the unfolding procedure quantify the same system-
atic source of uncertainty, the combined uncertainty of the
unfolding is calculated by the variance of the differences and
is around 10%. Changing the prior to a flat distribution and
varying the V? content leads to the largest deviations to the
main result. Systematic uncertainties due to vertex confusion
from pile-up and from reconstruction efficiency variations in

dense jets are negligible due to requiring only one PV per
event.

8 Results

This section presents the double-differential z—pr distribu-
tions after the efficiency corrections of Sect. 5 and the unfold-
ing of Sect. 6 are applied. All the provided distributions
contain the data together with the uncorrelated statistical
uncertainties propagated from the mass and ¢, fits (shown as
black lines in the figures that follow), the correlated uncer-
tainties due to the efficiency corrections (empty blue boxes)
and the uncorrelated uncertainties from the unfolding pro-
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Fig. 8 Distributions of the transverse momentum fraction z in intervals of jet pt for displaced x.1(3872) production with statistical (black error
bars), correlated efficiency (empty blue boxes), and uncorrelated unfolding (shaded blue boxes) uncertainties, compared to predictions obtained

from PYTHIA 8.309

cedure (shaded blue boxes). Where available, the results are
compared to predictions made with the PYTHIA 8.309 event
generator! [98], with the majority of the uncertainties being
too small to be visible. PYTHIA predictions for the z distri-
butions at low jet pr are omitted, as the 2 — 2 NRQCD
cross-sections diverge as pt — 0, so it is difficult to gener-
ate sufficient statistics with PYTHIA at this pt regime when
clustered in jets, leading to unreliable predictions. This is
even more exaggerated in the tag pr distributions, so PYTHIA
predictions are omitted here also.

' The production of prompt ¥ (2S) is simulated using the Char-
monium:all=on flag with the default long-distance matrix element
(LDME) values. Further details of the generation are provided in the
supplementary material of Ref. [56]. The x.;(3872) is produced using
the same flag, except as the x.1(3872) is not modelled directly in
PYTHIA, the generated x.; state has its mass replaced with the mass
of the x.1(3872), and these are selected as they both have the same
quantum numbers.

@ Springer

Figures 6 and 7 display the normalized z distributions
in pr(jet) intervals for displaced and prompt ¥ (2S) meson
production, respectively. Similarly, Figs. 8 and 9 provide the
same distributions for the x.1(3872) meson production. The
z distribution for each interval of pr(jet) is normalized to
unity.

A complementary set of results shows the fragmentation
function differential in the pr(tag) of the quarkonium. Fig-
ures 10 and 11 show the results for prompt and displaced
¥ (2S) meson production, respectively, and Figs. 12 and 13
show the results for prompt and displaced x.;(3872) meson
production, respectively. In these complementary distribu-
tions, the z numerator, pr(tag), effectively remains fixed
while the denominator, pr(jet), is no longer limited. This
is in contrast to Figs. 6, 7, 8, 9, where the numerator is not
limited but the denominator is effectively fixed. This creates
a subset of different probed kinematic regimes, as jets softer
than the tag pt window are not present in this representation.
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bars), correlated efficiency (empty blue boxes), and uncorrelated unfolding (shaded blue boxes) uncertainties, compared to predictions obtained

from PYTHIA 8.309

9 Conclusions

This paper reports the first study of ¥ (2S5) and y.1(3872)
production in jets. The analysis is based on proton-proton
collision data collected by the LHCb experiment at the center-
of-mass-energy of 13TeV in 2016, corresponding to an inte-
grated luminosity of 1.64 fb~!. The differential distributions
of the transverse momentum ratio between the quarkonium
and the jet are measured with respect to both the jet and the
quarkonium pt. These distributions are further separated into
prompt and displaced quarkonium production.

The z distributions from the displaced production of the
¥ (2S) and x.1(3872) mesons, as shown in Figs. 6, 7, 8, 9,
10, 11, 12, fall off rapidly as z approaches one. This pro-
duction of quarkonia originates from the decay of b hadrons
and is consequently accompanied by other decay products,
which are typically clustered into the jet. The depleted yield
below z = 0.4 is in part due to the fiducial limitations of

this analysis. These distributions are well described by the
PYTHIA 8.309 event generator, similarly to the results for
displaced J/y¥ meson production in jets [56,58].

New insights can be gained from the z distributions for
prompt production of ¥ (25) and x.1(3872) mesons as they
differ strikingly from predictions, as shown in Figs. 7, §, 9,
10, 11, 12, 13. For distributions differential in both pt(jet)
and pr(tag) two components appear to be visible. This is
particularly evident in the ¥ (2S) meson case, which has a
larger sample size and thus finer binning than the y.1(3872)
results. The prompt v (25) distributions reveal a distinct com-
ponent with z & 1 (isolated production) and another com-
ponent centered around z & 0.7 (nonisolated production),
which is more similar in shape to the displaced production
in Fig. 6. The evolution of this pattern is best visible for the
normalized z distributions in pt(¥(2S5)) intervals. Here, the
component of nonisolated ¥ (2S) yield is strongest at low
pr(¥(25)), while for the highest three pt(¥(2S5)) intervals,
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Fig. 12 Distributions of the transverse momentum fraction z in intervals of x.;(3872) pr for displaced x.;(3872) production with statistical
(black error bars), correlated efficiency (empty blue boxes), and uncorrelated unfolding (shaded blue boxes) uncertainties, compared to predictions

obtained from PYTHIA 8.309

the ratio of nonisolated yield and isolated yield appears to be
roughly constant. Since the composition of different produc-
tion mechanisms of quarkonia is dependent on the quarko-
nium pr, the representation of the fragmentation function in
pr(jet) intervals is driven by the quarkonium pt composi-
tion in each pr(jet) interval, e.g. the highest pr(jet) interval
shows no yield at high z as the kinematic reach does not
allow measuring 1 (2S) mesons above 40GeV/c with suffi-
cient abundance. The y.1(3872) results only hint at similar
trends, but the sample sizes are too small to make any con-
clusive statements.

@ Springer

The exact nature of these two components in z for prompt
¥ (2S5) and x.1(3872) production is not clear at this point. The
data show, however, for the first time an isolated prompt pro-
duction of quarkonia as expected from the NRQCD descrip-
tion of quarkonia production in the initial hard scattering. To
explore the nature of the second component, which contains
a significant fraction of prompt quarkonia production, further
development of theoretical models is required.
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from PYTHIA 8.309
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