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Abstract
This paper presents the first measurement of ψ(2S) and χc1(3872) meson production
within fully reconstructed jets. Each quarkonium state (tag) is reconstructed via
its decay to the J/ψ(→µ+µ−)π+π− 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−1. The
fragmentation function, presented as the ratio of the quarkonium-tag transverse
momentum to the full jet transverse momentum (pT(tag)/pT(jet)), is measured
differentially in pT(jet) and pT(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 fragmentation
functions are in general well described by parton-shower predictions, the prompt
quarkonium distributions differ significantly from fixed-order non-relativistic QCD
(NRQCD) predictions followed by a QCD parton shower.
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1 Introduction

The production of quarkonium states, flavourless mesons composed of at least a c or b
quark and its corresponding antiquark, provides a unique probe for studying quantum
chromodynamics (QCD) [1]. The masses of the observed quarkonium states, ranging
from 3 to 11 GeV/c2, cover the transition 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 energies which are orders of magnitude larger than
their relatively low masses. Consequently, any model attempting to successfully predict
the production of quarkonia must span a wide range of energy scales.

Extensive differential cross-section measurements have been performed for the produc-
tion of the J/ψ meson, the lightest vector quarkonium state, in hadron-hadron collisions
at a variety of experiments [2–10] including those at the LHC [11–16]. Production
cross-sections for the heavier excited states such as the ψ(2S), ψ(3770), χc, Υ , and χb

resonances 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 perturbative (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/ψ and ψ(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/ψ mesons to be produced mostly isolated,
while jet fragmentation measurements at the LHC demonstrate that J/ψ mesons are
predominantly 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 impli-
cations 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 particle 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 underlying mechanisms involved in the production of these particles. Despite
these prospects, only a few measurements of jet fragmentation functions of identified
particles have been performed. Among them are studies of D0 [63,64], D∗± [65–69] and
B± mesons [70], and Λ+

c baryons [71]. The production of quarkonia as components of
jets remains largely unexplored and provides an important handle on understanding
the mechanisms behind quarkonia production in hadron-hadron collisions. To date,
measurements have been limited to the J/ψ state only [56, 58]. In this paper, for the
first time, measurements of fragmentation functions of ψ(2S) and χc1(3872) mesons are
presented. Both mesons (referred to as tags from here on) are reconstructed using the
J/ψ(→µ+µ−)π+π− decay channel. The fragmentation functions are measured through
the transverse momentum ratio z ≡ pT(tag)/pT(jet), with pT the component of the
momentum transverse to the beam. The fraction of prompt ψ(2S) states that are
produced from feed-down of higher-mass resonances is significantly smaller compared to
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the J/ψ meson [21, 72, 73], making it an ideal candidate for the theoretical interpretation
of quarkonium formation. These measurements are performed differentially in both the
transverse momentum of the quarkonium, pT(tag), and of the jet, pT(jet).

2 Detector and dataset

The LHCb detector [74, 75] is a single-arm forward spectrometer covering the
pseudorapidity range 2.0 < η < 5.0, designed for the study of particles containing b
and c quarks. The detector includes a high-precision tracking system consisting 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 4 T 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 a
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary pp collision vertex (PV), called the impact
parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT 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 identi-
fied by a calorimeter system consisting of scintillating-pad and preshower detectors, an
electromagnetic 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 = 13 TeV, and corresponds to an integrated luminosity of 1.64 fb−1 recorded

during 2016. The online event selection is performed 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 µ+µ− candidate reconstruction. The hardware stage
selects events with at least one µ+µ− candidate with

√
pT(µ+)pT(µ−) > 1.3 − 1.5 GeV/c,

where the threshold varied during the 2016 data taking period. In the software stage, two
oppositely charged muon candidates with pT(µ) > 0.5 GeV/c are required to form a µ+µ−

candidate with a mass within ± 120 MeV/c2 of the known J/ψ mass [78].
This analysis uses the same data-taking scheme that was first introduced in Ref. [56].

Here, offline-quality track reconstruction [79] is achieved in the online system through
real-time alignment and calibration [80]. All fully online reconstructed high-level objects
such as particle candidates are retained, while the lower-level detector information is
discarded. At the high-level trigger (HLT) stage, this strategy allows the online selection
of this analysis to record all events with a µ+µ− candidate consistent with a J/ψ meson,
but with no pT or displacement requirements on the µ+µ− candidate with respect to the
PV.

Simulation is required to model the effects of the detector response and the imposed
selection requirements on the µ+µ−π+π− 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] as described in Ref. [86].
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3 Event selection

The event selection requires two distinct objects, the quarkonium 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
ψ(2S) and χc1(3872) meson constituents are reconstructed using the µ+µ−π+π− final
state, which is expected to be produced primarily from the intermediate resonance decay
J/ψ → µ+µ− in association 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 without 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 < η < 4.5, their transverse
momenta to pT > 0.5 GeV/c, the momenta of the muons are limited to p(µ) > 6 GeV/c,
and the momenta of the pions to p(π) > 3 GeV/c.

The µ+µ− candidates that pass the online criteria should be consistent with a J/ψ
meson. Additionally, the two muons originating from the J/ψ 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/ψ candidate is located within 2.0 < η(J/ψ) < 4.5,
it is combined with two opposite-sign pion candidates to form a ψ(2S) or χc1(3872)
tag candidate. The DOCA between the J/ψ candidate and both pion candidates must
be less than 0.5 mm. In the first step, tag candidates with a mass > 4100 MeV/c2 are
discarded from further analysis. For the remaining candidates, the momentum vectors
of the four decay particles are fitted, constraining all four tracks to a common vertex
and the mass of the µ+µ− candidate to the known mass of the J/ψ 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) < 3730 MeV/c2, the tag is considered to be a
ψ(2S) candidate. Alternatively, if the mass is 3830 < m(tag) < 3920 MeV/c2 and the decay
energy release (Q-value), Q ≡ m(µ+µ−π+π−) −m(µ+µ−) −m(π+π−) < 150 MeV/c2, the
tag is considered a χc1(3872) candidate. Requiring this Q-value significantly improves the
signal-to-background ratio of the χc1(3872) selection [87]. The fiducial volume of the tags
is limited to 2.0 < η(tag) < 4.5 with pT(tag) > 2 GeV/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 informa-
tion, using a particle-flow algorithm [88]. The constituent µ+µ−π+π− 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 µ+µ−π+π− 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
particles in the particle flow for the full jet reconstruction. The anti-kT sequential cluster-
ing algorithm [89] with jet radius parameter R = 0.5, as implemented in the FastJet
package [90], is applied to this particle-flow input to produce jets. These jets are required
to fall within the fiducial region of 2.5 < η(jet) < 4.0 with pT(jet) > 5 GeV/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
reconstructed primary vertex per event. Unlike charged particle-flow inputs, neutral
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inputs cannot be associated with a primary 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 containing the tag, defined as

z ≡ pT(tag)

pT(jet)
. (1)

The distribution of this ratio is measured differentially in intervals of pT(tag) and pT(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 distri-
bution for each z–pT interval, where pT here means either pT(tag) or pT(jet). The signal
distribution is modelled by the sum of two Crystal Ball (CB) functions [91], which share
a common mean and power-law tail exponent, n. The parameter α, 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 α 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 ψ(2S) and χc1(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 ψ(2S) and χc1(3872) tags.

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

tz ≡ λ
m

pz
, (2)

where λ is the flight distance projected along the beam axis between the tag decay and
primary vertices, m is the nominal mass of the ψ(2S) or χc1(3872) meson [78], and pz is
the component of the tag momentum along the beam axis [13].

For the fit to the tz distribution the sample is restricted to the
m(µ+µ−π+π−) signal region (3678 < m(µ+µ−π+π−) < 3694 MeV/c2 for ψ(2S) and
3860 < m(µ+µ−π+π−) < 3884 MeV/c2 for χc1(3872)), to enhance the signal contribution.
These signal regions are shown in Figs. 1 and 2 as the regions between the vertical
dashed lines in the mass distributions. The background tz distribution is modelled from
the tz distribution in the mass sideband regions around the known ψ(2S) or χc1(3872)
meson mass [78], and is fit empirically with a Gaussian core and exponential tails. This
distribution 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 distribution with an exponential decay function. Both signal distributions are then
convolved with the same double-Gaussian resolution function to account for detector
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a single z–pT(jet) interval at mid z, superimposed with the results from unbinned maximum-
likelihood fits. The displaced ψ(2S) fraction in this interval is (56.4± 2.2)%.
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Figure 2: (Left) Invariant-mass distribution and (right) decay-time distribution for χc1(3872) in
a single z–pT(jet) interval at high z, superimposed with the results from unbinned maximum-
likelihood fits. The displaced χc1(3872) fraction in this interval is (3.5± 2.9)%.

effects. The five parameters extracted from the fit are the two Gaussian widths, the ratio
between the two Gaussian normalizations, an exponential decay constant of the displaced
signal yield, and the ratio of prompt and displaced signal contributions.

The statistical uncertainties on the signal yields are propagated from the uncertainties
of the mass and the tz fits. The fraction of prompt signal integrated over z is shown in
Fig. 3 as a function of the ψ(2S) and χc1(3872) pT, and is consistent with previous LHCb
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Figure 3: Fraction of prompt (blue circles) signal for (left) ψ(2S) and (right) χc1(3872) mesons
as a function of their pT integrated over all z values. The prompt single-particle jets (z = 1)
which are a subcomponent of the total prompt fraction are displayed separately (violet stars).
The results of this analysis are compared to previous LHCb results from 2019 using µ+µ− final
states [17] (green stars) and results from 2021 using µ+µ−π+π− final states [92] (red triangles),
both at

√
s = 13TeV.

results [17, 92]. The fraction of prompt fragmentation with z =1, which is not part of the
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–pT 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.

The online efficiency is the efficiency for a µ+µ− candidate to pass the online re-
construction and selection. The muon reconstruction efficiencies are determined from
simulation as a function of η(µ) and pT(µ). A tag-and-probe method using data is used
to calibrate the simulation to data [93]. The average muon reconstruction efficiency
is roughly 95% and is largely independent of the z–pT interval. The online selection
efficiency is determined directly from the data by using an independent set of triggers to
those used in this analysis [94]. This efficiency is evaluated as a function of η(µ+µ−) and√
pT(µ+)pT(µ−). The online selection efficiency rises with pT(jet) from roughly 50% for

5 < pT(jet) < 8 GeV/c, to 75% for 40 < pT(jet) < 60 GeV/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 reconstruction efficiency is determined using the same
method as the muon reconstruction efficiency, but with an additional hadronic-interaction
correction derived from control samples. This efficiency increases with pT(jet) and z. It
increases with z from 50% to 60% for 5 < pT(jet) < 8 GeV/c, and from 60% to 75% with z
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for 40 < pT(jet) < 60 GeV/c. Simulation is used to determine the pion selection efficiency
which corrects for the track-quality and particle-identification requirements. The efficiency
of this selection increases with both z and pT(jet). It increases with z from 35% to 50%
for 5 < pT(jet) < 8 GeV/c, and from 65% to 80% with z for 40 < pT(jet) < 60 GeV/c.

Finally, the tag efficiency is the efficiency for a reconstructed tag to pass either
the ψ(2S) or χc1(3872) selection requirements. The efficiency of the Q requirement for
χc1(3872) tags is determined from simulation to be 88% and found to be consistent over all
z–pT intervals. The efficiency of DOCA selection between the µ+µ− 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 tz values of 1 < tz < 5 ps
relative to tz = 0 ps. These corrections are applied to the tz distributions before the tz fit
is performed.

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

One final efficiency correction is applied after the unfolding, described in Sec. 6. This
is the jet reconstruction efficiency, which corrects for inefficiencies to reconstruct the
jet object given that the tag was reconstructed in the detector. The jet reconstruction
efficiency is largely constant as a function of z and pT. 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% to 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 candidates between z–pT intervals.
These migrations are primarily driven by the energy-scale shift and resolution of the
pT(jet), and consequently impact both z and pT(jet) but not pT(tag). This analysis
applies an iterative unfolding technique [95] based on the RooUnfold package [96]. The
detector response matrix maps the generator-level observables to the reconstructed-level
observables and is defined using simulation. Current prompt-tag simulations do not
provide an adequate description of basic jet properties in the data, such as the slope of the
pT(jet) distribution and the distribution of the number of constituents versus pT(jet). As
the number of constituents in jets in the prompt-tag simulation 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 ψ(2S) and χc1(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 K0

S mesons and Λ baryons (V 0s), in these two simulation
samples. For example, some heavy-flavour decays include long-lived neutral hadrons that
cannot be reconstructed. Samples with larger V 0 fractions result in a downward shift of
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normalized difference in pT(jet) retrieved at reconstruction level (rec. lvl.) and at MC generator
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the jet energy scale. From simulation, the fraction of events with V 0 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 V 0 fractions, including the expected prompt and
displaced fraction, is shown in Fig. 4. The jet energy resolution is independent of the V 0

fraction and is roughly 15% for pT(jet) = 10 GeV/c and 13% for pT(jet) = 40 GeV/c.
Both the prompt and displaced response matrices are further corrected to match the

data using a momentum-balance technique applied to Z+ jet data [56,88]. Based on these
studies the pT(jet) value is shifted downwards by 4% and the pT(jet) resolution is increased
by 7%. Figure 5 shows the prompt response matrix for the ψ(2S) z–pT(jet) measurement.
Since the measurements of this analysis are doubly differential in z and pT(jet) or pT(tag),
we apply an iterative two-dimensional Bayesian unfolding procedure until the folding
result becomes stable. The lowest measured pT(jet) interval, 5 < pT(jet) < 8 GeV/c, and
the lowest measured pT(tag) interval, 2 < pT(tag) < 5 GeV/c, are only used as input for
the unfolding to stabilize the output of the second lowest pT interval.

7 Systematic uncertainties

There are two main sources of systematic uncertainties: those from the efficiency determi-
nation and those from the unfolding procedure (systematic uncertainties from the signal
fits are negligible).

The efficiency uncertainties are fully correlated between z–pT intervals and are deter-
mined by varying the efficiency corrections. For the corrections based on simulation, the
binning of the muon and pion efficiencies as a function of η and pT 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.
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Figure 5: Four-dimensional prompt response matrix for unfolding the ψ(2S) result differential
in z and pT(jet), assuming a percentage of events with V 0 content of 28%. The colour axis
represents the bin-to-bin migration probabilities between the generated observable and the
reconstructed observable.

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/ψ 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 corrections. For
low pT(jet) and pT(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–pT intervals, and are evaluated
by varying the unfolding procedure. They are determined by varying the unfolding
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regularization parameter and by changing the fraction of V 0s 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 distribution. To evaluate
this contribution, three variations are performed. First, a flat prior in z is used. Second,
the prompt prior for the displaced response matrix is used and the displaced 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 variations of the unfolding procedure quantify the same systematic 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 0 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–pT distributions after the efficiency cor-
rections of Sec. 5 and the unfolding of Sec. 6 are applied. All the provided distributions
contain the data together with the uncorrelated statistical uncertainties propagated from
the mass and tz fits (shown as black lines in the figures that follow), the correlated
uncertainties due to the efficiency corrections (empty blue boxes) and the uncorrelated
uncertainties from the unfolding procedure (shaded blue boxes). Where available, the
results are compared to predictions made with the Pythia 8.309 event generator1 [97],
with the majority of the uncertainties being too small to be visible. Pythia predictions
for the z distributions at low jet pT are omitted, as the 2 → 2 NRQCD cross-sections
diverge as pT → 0, so it is difficult to generate sufficient statistics with Pythia at this
pT regime when clustered in jets, leading to unreliable predictions. This is even more
exaggerated in the tag pT distributions, so Pythia predictions are omitted here also.

Figures 6 and 7 display the normalized z distributions in pT(jet) intervals for displaced
and prompt ψ(2S) meson production, respectively. Similarly, Figs. 8 and 9 provide the
same distributions for the χc1(3872) meson production. The z distribution for each interval
of pT(jet) is normalized to unity.

A complementary set of results shows the fragmentation function differential in the
pT(tag) of the quarkonium. Figures 10 and 11 show the results for prompt and displaced
ψ(2S) meson production, respectively, and Figs. 12 and 13 show the results for prompt and
displaced χc1(3872) meson production, respectively. In these complementary distributions,
the z numerator, pT(tag), effectively remains fixed while the denominator, pT(jet), is no
longer limited. This is in contrast to Figs. 6 to 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.

1The production of prompt ψ(2S) is simulated using the Charmonium: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 χc1(3872) is produced using the same flag, except as the
χc1(3872) is not modelled directly in Pythia, the generated χc1 state has its mass replaced with the
mass of the χc1(3872), and these are selected as they both have the same quantum numbers.
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Figure 6: Distributions of the transverse momentum fraction z in intervals of jet pT for displaced
ψ(2S) 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.
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Figure 7: Distributions of the transverse momentum fraction z in intervals of jet pT for prompt
ψ(2S) 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.
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Figure 8: Distributions of the transverse momentum fraction z in intervals of jet pT for displaced
χc1(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.
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Figure 9: Distributions of the transverse momentum fraction z in intervals of jet pT for prompt
χc1(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.
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Figure 10: Distributions of the transverse momentum fraction z in intervals of ψ(2S) pT for
displaced ψ(2S) 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.
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Figure 11: Distributions of the transverse momentum fraction z in intervals of ψ(2S) pT for
prompt ψ(2S) 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.
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Figure 12: Distributions of the transverse momentum fraction z in intervals of χc1(3872) pT
for displaced χc1(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.
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Figure 13: Distributions of the transverse momentum fraction z in intervals of χc1(3872) pT for
prompt χc1(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.
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9 Conclusions

This paper reports the first study of ψ(2S) and χc1(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 13 TeV in 2016, corresponding to an integrated luminosity of 1.64 fb−1.
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 ψ(2S) and χc1(3872) mesons,
as shown in Figs. 6, 8, 10 and 12, fall off rapidly as z approaches one. This production 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/ψ meson production in jets [56, 58].

New insights can be gained from the z distributions for prompt production of ψ(2S)
and χc1(3872) mesons as they differ strikingly from predictions, as shown in Figs. 7, 9,
11 and 13. For distributions differential in both pT(jet) and pT(tag) two components
appear to be visible. This is particularly evident in the ψ(2S) meson case, which has a
larger sample size and thus finer binning than the χc1(3872) results. The prompt ψ(2S)
distributions reveal a distinct component with z ≈ 1 (isolated production) and another
component 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(ψ(2S)) intervals. Here, the component of nonisolated
ψ(2S) yield is strongest at low pT(ψ(2S)), while for the highest three pT(ψ(2S)) intervals,
the ratio of nonisolated yield and isolated yield appears to be roughly constant. Since
the composition of different production mechanisms of quarkonia is dependent on the
quarkonium pT, the representation of the fragmentation function in pT(jet) intervals is
driven by the quarkonium pT composition in each pT(jet) interval, e.g. the highest pT(jet)
interval shows no yield at high z as the kinematic reach does not allow measuring ψ(2S)
mesons above 40 GeV/c with sufficient abundance. The χc1(3872) results only hint at
similar trends, but the sample sizes are too small to make any conclusive statements.

The exact nature of these two components in z for prompt ψ(2S) and χc1(3872)
production is not clear at this point. The data show, however, for the first time an isolated
prompt production of quarkonia as expected from the NRQCD description 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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E. Aslanides12 , R. Atáıde Da Silva48 , M. Atzeni63 , B. Audurier14 , D. Bacher62 ,
I. Bachiller Perea10 , S. Bachmann20 , M. Bachmayer48 , J.J. Back55 ,
P. Baladron Rodriguez45 , V. Balagura14 , W. Baldini24 , L. Balzani18 , H. Bao7 ,
J. Baptista de Souza Leite59 , C. Barbero Pretel45,82 , M. Barbetti25 , I. R. Barbosa68 ,
R.J. Barlow61 , M. Barnyakov23 , S. Barsuk13 , W. Barter57 , M. Bartolini54 ,
J. Bartz67 , J.M. Basels16 , S. Bashir38 , G. Bassi33,s , B. Batsukh5 , P. B. Battista13,
A. Bay48 , A. Beck55 , M. Becker18 , F. Bedeschi33 , I.B. Bediaga2 , N. A.
Behling18 , S. Belin45 , V. Bellee49 , K. Belous42 , I. Belov27 , I. Belyaev34 ,
G. Benane12 , G. Bencivenni26 , E. Ben-Haim15 , A. Berezhnoy42 , R. Bernet49 ,
S. Bernet Andres43 , A. Bertolin31 , C. Betancourt49 , F. Betti57 , J. Bex54 ,
Ia. Bezshyiko49 , J. Bhom39 , M.S. Bieker18 , N.V. Biesuz24 , P. Billoir15 ,
A. Biolchini36 , M. Birch60 , F.C.R. Bishop10 , A. Bitadze61 , A. Bizzeti , T. Blake55 ,
F. Blanc48 , J.E. Blank18 , S. Blusk67 , V. Bocharnikov42 , J.A. Boelhauve18 ,
O. Boente Garcia14 , T. Boettcher64 , A. Bohare57 , A. Boldyrev42 , C.S. Bolognani77 ,
R. Bolzonella24,m , N. Bondar42 , A. Bordelius47 , F. Borgato31,q , S. Borghi61 ,
M. Borsato29,p , J.T. Borsuk39 , S.A. Bouchiba48 , M. Bovill62 , T.J.V. Bowcock59 ,
A. Boyer47 , C. Bozzi24 , A. Brea Rodriguez48 , N. Breer18 , J. Brodzicka39 ,
A. Brossa Gonzalo45,55,44,† , J. Brown59 , D. Brundu30 , E. Buchanan57, A. Buonaura49 ,
L. Buonincontri31,q , A.T. Burke61 , C. Burr47 , J.S. Butter54 , J. Buytaert47 ,
W. Byczynski47 , S. Cadeddu30 , H. Cai72, A. C. Caillet15, R. Calabrese24,m ,
S. Calderon Ramirez9 , L. Calefice44 , S. Cali26 , M. Calvi29,p , M. Calvo Gomez43 ,
P. Camargo Magalhaes2,z , J. I. Cambon Bouzas45 , P. Campana26 ,
D.H. Campora Perez77 , A.F. Campoverde Quezada7 , S. Capelli29 , L. Capriotti24 ,
R. Caravaca-Mora9 , A. Carbone23,k , L. Carcedo Salgado45 , R. Cardinale27,n ,
A. Cardini30 , P. Carniti29,p , L. Carus20, A. Casais Vidal63 , R. Caspary20 ,
G. Casse59 , J. Castro Godinez9 , M. Cattaneo47 , G. Cavallero24,47 , V. Cavallini24,m ,
S. Celani20 , D. Cervenkov62 , S. Cesare28,o , A.J. Chadwick59 , I. Chahrour81 ,
M. Charles15 , Ph. Charpentier47 , E. Chatzianagnostou36 , M. Chefdeville10 ,
C. Chen12 , S. Chen5 , Z. Chen7 , A. Chernov39 , S. Chernyshenko51 , X.
Chiotopoulos77 , V. Chobanova79 , S. Cholak48 , M. Chrzaszcz39 , A. Chubykin42 ,
V. Chulikov42 , P. Ciambrone26 , X. Cid Vidal45 , G. Ciezarek47 , P. Cifra47 ,
P.E.L. Clarke57 , M. Clemencic47 , H.V. Cliff54 , J. Closier47 , C. Cocha Toapaxi20 ,
V. Coco47 , J. Cogan12 , E. Cogneras11 , L. Cojocariu41 , P. Collins47 ,
T. Colombo47 , M. C. Colonna18 , A. Comerma-Montells44 , L. Congedo22 ,
A. Contu30 , N. Cooke58 , I. Corredoira 45 , A. Correia15 , G. Corti47 ,
J.J. Cottee Meldrum53, B. Couturier47 , D.C. Craik49 , M. Cruz Torres2,h ,
E. Curras Rivera48 , R. Currie57 , C.L. Da Silva66 , S. Dadabaev42 , L. Dai69 ,
X. Dai6 , E. Dall’Occo18 , J. Dalseno45 , C. D’Ambrosio47 , J. Daniel11 ,
A. Danilina42 , P. d’Argent22 , A. Davidson55 , J.E. Davies61 , A. Davis61 ,
O. De Aguiar Francisco61 , C. De Angelis30,l , F. De Benedetti47 , J. de Boer36 ,

28

https://orcid.org/0000-0003-0533-1952
https://orcid.org/0000-0001-7905-0542
https://orcid.org/0000-0002-6737-3528
https://orcid.org/0000-0002-5951-3498
https://orcid.org/0000-0003-2448-1550
https://orcid.org/0000-0001-9756-3712
https://orcid.org/0000-0002-1326-1264
https://orcid.org/0000-0001-6280-3851
https://orcid.org/0000-0002-2368-0147
https://orcid.org/0000-0001-9540-4988
https://orcid.org/0000-0003-0288-9694
https://orcid.org/0000-0002-6736-471X
https://orcid.org/0000-0001-6430-1038
https://orcid.org/0000-0001-8636-1621
https://orcid.org/0000-0001-5317-1098
https://orcid.org/0000-0002-8148-2392
https://orcid.org/0000-0003-0897-4160
https://orcid.org/0000-0003-1652-2834
https://orcid.org/0000-0003-4595-2729
https://orcid.org/0000-0002-3277-0662
https://orcid.org/0000-0002-2597-3808
https://orcid.org/0000-0003-4282-1512
https://orcid.org/0000-0002-3274-5627
https://orcid.org/0000-0001-6808-2418
https://orcid.org/0000-0003-3594-9163
https://orcid.org/0000-0002-6273-0506
https://orcid.org/0000-0002-3923-431X
https://orcid.org/0000-0003-2918-1311
https://orcid.org/0000-0001-6288-0558
https://orcid.org/0000-0002-6191-934X
https://orcid.org/0000-0003-1647-4238
https://orcid.org/0000-0002-1779-6813
https://orcid.org/0009-0006-3169-0077
https://orcid.org/0000-0003-4234-7005
https://orcid.org/0000-0002-2785-2233
https://orcid.org/0000-0002-5991-7273
https://orcid.org/0000-0003-3286-683X
https://orcid.org/0009-0005-1667-2666
https://orcid.org/0000-0002-3208-3336
https://orcid.org/0000-0001-9090-4254
https://orcid.org/0000-0002-1249-367X
https://orcid.org/0000-0002-3721-4876
https://orcid.org/0000-0002-1186-3894
https://orcid.org/0000-0001-5996-2747
https://orcid.org/0000-0001-7791-4490
https://orcid.org/0000-0003-4240-2094
https://orcid.org/0000-0002-1611-7188
https://orcid.org/0000-0001-7658-8777
https://orcid.org/0009-0006-5241-1452
https://orcid.org/0009-0002-7027-021X
https://orcid.org/0000-0002-4442-5372
https://orcid.org/0009-0001-1805-6219
https://orcid.org/0000-0002-6704-6914
https://orcid.org/0000-0002-3226-8672
https://orcid.org/0000-0002-8295-8612
https://orcid.org/0009-0000-0102-0482
https://orcid.org/0000-0002-0898-6551
https://orcid.org/0000-0002-9264-4799
https://orcid.org/0000-0002-8479-5802
https://orcid.org/0000-0002-2646-4124
https://orcid.org/0000-0001-5860-8770
https://orcid.org/0000-0001-9861-8922
https://orcid.org/0000-0002-2145-3805
https://orcid.org/0000-0003-1020-2549
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-4872-1213
https://orcid.org/0000-0002-7972-8760
https://orcid.org/0000-0002-8315-2119
https://orcid.org/0000-0001-7806-5283
https://orcid.org/0000-0003-4750-7872
https://orcid.org/0000-0001-7154-1304
https://orcid.org/0000-0001-5314-0953
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0003-1699-9202
https://orcid.org/0000-0002-7458-7030
https://orcid.org/0000-0002-8176-8315
https://orcid.org/0000-0002-5107-0610
https://orcid.org/0000-0002-9510-8414
https://orcid.org/0000-0002-4431-7582
https://orcid.org/0000-0002-4856-8063
https://orcid.org/0000-0002-4515-7541
https://orcid.org/0000-0003-1393-4315
https://orcid.org/0000-0001-9886-7427
https://orcid.org/0000-0002-2395-235X
https://orcid.org/0000-0002-2856-8074
https://orcid.org/0000-0002-4315-6414
https://orcid.org/0000-0002-9709-903X
https://orcid.org/0000-0001-7113-7862
https://orcid.org/0000-0003-3004-0946
https://orcid.org/0000-0001-5433-9876
https://orcid.org/0000-0001-6064-9993
https://orcid.org/0000-0001-9157-4461
https://orcid.org/0000-0002-0023-3897
https://orcid.org/0000-0001-7979-1092
https://orcid.org/0000-0001-5729-5530
https://orcid.org/0000-0002-0259-5891
https://orcid.org/0000-0001-5775-3132
https://orcid.org/0000-0002-6546-5605
https://orcid.org/0000-0001-9170-684X
https://orcid.org/0000-0003-1048-7732
https://orcid.org/0000-0002-3543-9959
https://orcid.org/0000-0003-0261-8085
https://orcid.org/0000-0002-2439-9955
https://orcid.org/0000-0003-1077-8046
https://orcid.org/0000-0002-7872-6819
https://orcid.org/0000-0003-3752-6789
https://orcid.org/0000-0002-0055-0577
https://orcid.org/0000-0003-2714-9879
https://orcid.org/0009-0002-3529-8524
https://orcid.org/0000-0002-3149-6710
https://orcid.org/0000-0001-5135-1511
https://orcid.org/0000-0001-5760-2924
https://orcid.org/0000-0002-9065-9030
https://orcid.org/0000-0002-0044-6470
https://orcid.org/0009-0006-2494-8287
https://orcid.org/0000-0002-3505-6915
https://orcid.org/0000-0002-9909-0186
https://orcid.org/0000-0001-6782-3982
https://orcid.org/0000-0001-5650-445X
https://orcid.org/0000-0003-0307-3662
https://orcid.org/0000-0002-8556-0597
https://orcid.org/0000-0002-4442-1048
https://orcid.org/0000-0001-9846-9672
https://orcid.org/0000-0003-4457-5896
https://orcid.org/0000-0003-4907-6463
https://orcid.org/0000-0002-1480-454X
https://orcid.org/0000-0003-0243-0517
https://orcid.org/0000-0002-5155-1094
https://orcid.org/0000-0002-1816-536X
https://orcid.org/0000-0002-7958-6790
https://orcid.org/0009-0008-0187-3395
https://orcid.org/0000-0002-7763-500X
https://orcid.org/0000-0002-1354-5400
https://orcid.org/0000-0001-9993-4388
https://orcid.org/0000-0001-6401-1583
https://orcid.org/0000-0001-9056-0711
https://orcid.org/0000-0002-8797-1357
https://orcid.org/0000-0001-5588-1448
https://orcid.org/0000-0003-3641-8110
https://orcid.org/0000-0002-2952-3118
https://orcid.org/0000-0001-8233-1951
https://orcid.org/0000-0001-8998-9975
https://orcid.org/0000-0003-1968-1216
https://orcid.org/0000-0002-8444-4498
https://orcid.org/0000-0003-4899-0587
https://orcid.org/0000-0001-8010-0447
https://orcid.org/0000-0002-7045-2243
https://orcid.org/0000-0003-3101-3528
https://orcid.org/0000-0002-7835-7638
https://orcid.org/0000-0002-6649-0298
https://orcid.org/0000-0002-7820-2732
https://orcid.org/0000-0003-0469-2588
https://orcid.org/0000-0002-1449-1619
https://orcid.org/0000-0002-8516-237X
https://orcid.org/0000-0003-4808-4904
https://orcid.org/0000-0001-7707-169X
https://orcid.org/0000-0002-8342-7047
https://orcid.org/0000-0001-7601-129X
https://orcid.org/0000-0003-4715-7622
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0003-0886-7111
https://orcid.org/0000-0003-3537-9404
https://orcid.org/0000-0002-1472-0987
https://orcid.org/0000-0003-4795-498X
https://orcid.org/0000-0001-9295-8635
https://orcid.org/0009-0009-3781-1820
https://orcid.org/0000-0002-6553-6493
https://orcid.org/0000-0002-3400-5489
https://orcid.org/0000-0002-8647-1828
https://orcid.org/0000-0002-0215-7269
https://orcid.org/0000-0003-0232-6808
https://orcid.org/0000-0002-2546-6080
https://orcid.org/0009-0006-5762-6559
https://orcid.org/0000-0002-1353-6002
https://orcid.org/0000-0001-8091-4766
https://orcid.org/0000-0001-7901-8710
https://orcid.org/0000-0003-1061-9643
https://orcid.org/0000-0002-7767-9117
https://orcid.org/0000-0003-0253-9846
https://orcid.org/0000-0002-0468-541X
https://orcid.org/0000-0003-1002-8368
https://orcid.org/0000-0003-3068-7029
https://orcid.org/0000-0003-3746-0732
https://orcid.org/0000-0003-1710-6824
https://orcid.org/0000-0003-0531-0916
https://orcid.org/0000-0002-0228-9130
https://orcid.org/0000-0001-5812-8611
https://orcid.org/0000-0002-5310-6808
https://orcid.org/0000-0001-7194-7566
https://orcid.org/0000-0002-8933-9427
https://orcid.org/0000-0002-1281-5923
https://orcid.org/0000-0003-1437-4022
https://orcid.org/0000-0002-9617-9687
https://orcid.org/0009-0000-1704-4139
https://orcid.org/0000-0002-8980-6048
https://orcid.org/0000-0003-4536-4644
https://orcid.org/0000-0002-3545-2969
https://orcid.org/0000-0002-4179-3700
https://orcid.org/0000-0002-6089-0899
https://orcid.org/0000-0002-6483-8596
https://orcid.org/0000-0003-2857-4471
https://orcid.org/0000-0001-6749-1033
https://orcid.org/0000-0002-3684-1560
https://orcid.org/0000-0003-2607-131X
https://orcid.org/0000-0002-6555-0340
https://orcid.org/0000-0002-0166-9529
https://orcid.org/0000-0003-4106-8258
https://orcid.org/0000-0002-0093-3244
https://orcid.org/0000-0002-4070-4729
https://orcid.org/0000-0003-3395-7151
https://orcid.org/0000-0001-9313-4021
https://orcid.org/0000-0003-3288-4683
https://orcid.org/0000-0003-4344-9994
https://orcid.org/0000-0002-9022-4264
https://orcid.org/0000-0003-3121-2164
https://orcid.org/0000-0003-2380-8355
https://orcid.org/0009-0002-0647-2028
https://orcid.org/0000-0002-5382-8683
https://orcid.org/0000-0001-9458-5115
https://orcid.org/0000-0003-2735-678X
https://orcid.org/0009-0005-5033-5866
https://orcid.org/0000-0002-7960-3116
https://orcid.org/0000-0002-6084-4294


K. De Bruyn76 , S. De Capua61 , M. De Cian20,47 , U. De Freitas Carneiro Da Graca2,b ,
E. De Lucia26 , J.M. De Miranda2 , L. De Paula3 , M. De Serio22,i , P. De Simone26 ,
F. De Vellis18 , J.A. de Vries77 , F. Debernardis22 , D. Decamp10 , V. Dedu12 , S.
Dekkers1 , L. Del Buono15 , B. Delaney63 , H.-P. Dembinski18 , J. Deng8 ,
V. Denysenko49 , O. Deschamps11 , F. Dettori30,l , B. Dey75 , P. Di Nezza26 ,
I. Diachkov42 , S. Didenko42 , S. Ding67 , L. Dittmann20 , V. Dobishuk51 , A. D.
Docheva58 , C. Dong4,c , A.M. Donohoe21 , F. Dordei30 , A.C. dos Reis2 , A. D.
Dowling67 , W. Duan70 , P. Duda78 , M.W. Dudek39 , L. Dufour47 , V. Duk32 ,
P. Durante47 , M. M. Duras78 , J.M. Durham66 , O. D. Durmus75 , A. Dziurda39 ,
A. Dzyuba42 , S. Easo56 , E. Eckstein17 , U. Egede1 , A. Egorychev42 ,
V. Egorychev42 , S. Eisenhardt57 , E. Ejopu61 , L. Eklund80 , M. Elashri64 ,
J. Ellbracht18 , S. Ely60 , A. Ene41 , E. Epple64 , J. Eschle67 , S. Esen20 ,
T. Evans61 , F. Fabiano30,l , L.N. Falcao2 , Y. Fan7 , B. Fang72 , L. Fantini32,r,47 ,
M. Faria48 , K. Farmer57 , D. Fazzini29,p , L. Felkowski78 , M. Feng5,7 , M. Feo18,47 ,
A. Fernandez Casani46 , M. Fernandez Gomez45 , A.D. Fernez65 , F. Ferrari23 ,
F. Ferreira Rodrigues3 , M. Ferrillo49 , M. Ferro-Luzzi47 , S. Filippov42 , R.A. Fini22 ,
M. Fiorini24,m , K.L. Fischer62 , D.S. Fitzgerald81 , C. Fitzpatrick61 , F. Fleuret14 ,
M. Fontana23 , L. F. Foreman61 , R. Forty47 , D. Foulds-Holt54 , V. Franco Lima3 ,
M. Franco Sevilla65 , M. Frank47 , E. Franzoso24,m , G. Frau61 , C. Frei47 ,
D.A. Friday61 , J. Fu7 , Q. Führing18,g,54 , Y. Fujii1 , T. Fulghesu15 , E. Gabriel36 ,
G. Galati22 , M.D. Galati36 , A. Gallas Torreira45 , D. Galli23,k , S. Gambetta57 ,
M. Gandelman3 , P. Gandini28 , B. Ganie61 , H. Gao7 , R. Gao62 , T.Q. Gao54 ,
Y. Gao8 , Y. Gao6 , Y. Gao8, M. Garau30,l , L.M. Garcia Martin48 ,
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pUniversità degli Studi di Milano-Bicocca, Milano, Italy
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