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Abstract

The transverse-momentum (pT) spectra and coalescence parameters B2 of (anti)deuterons are mea-
sured in pp collisions at

√
s =13 TeV in and out of jets. In this measurement, the direction of the

leading particle with the highest pT in the event (plead
T > 5 GeV/c) is used as an approximation for

the jet axis. The event is consequently divided into three azimuthal regions and the jet signal is
obtained as the difference between the Toward region, that contains jet fragmentation products in
addition to the underlying event (UE), and the Transverse region, which is dominated by the UE.
The coalescence parameter in the jet is found to be approximately a factor of 10 larger than that in
the underlying event. This experimental observation is consistent with the coalescence picture and
can be attributed to the smaller average phase-space distance between nucleons in the jet cone as
compared to the underlying event. The results presented in this Letter are compared to predictions
from a simple nucleon coalescence model, where the phase space distributions of nucleons are gen-
erated using PYTHIA 8 with the Monash 2013 tuning, and to predictions from a deuteron production
model based on ordinary nuclear reactions with parametrized energy-dependent cross sections tuned
on data. The latter model is implemented in PYTHIA 8.3. Both models reproduce the observed large
difference between in-jet and out-of-jet coalescence parameters.
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The production mechanisms of light (anti)nuclei in high-energy hadronic collisions is still unclear and
currently under intense debate in the scientific community, despite the plethora of results published in
recent years at different collision energies, ranging from the AGS [1–4], to the SPS [5], RHIC [6–11],
and the LHC [12–27]. The experimental data are typically described using two different phenomenolog-
ical approaches: the baryon coalescence approach and the statistical hadronization model (SHM). In the
coalescence model [28–34], multi-baryon states are assumed to be formed by coalescence of baryons that
are close in phase space at kinetic freeze-out (occurring when the elastic scatterings among the particles
produced in the collision cease). In the simple coalescence approach [29], only momentum correlations
are considered, while in state-of-the-art implementations [30], the quantum-mechanical properties of
baryons and bound states are taken into account and the coalescence probability is calculated from the
overlap between the phase space distributions of individual (point-like) baryons and the Wigner density
of the final-state cluster. The phase space distributions of nucleons at freeze-out are generated using
general-purpose Monte Carlo (MC) event generators or relativistic hydrodynamical simulations [31, 35].
In the SHM [36–43], light (anti)nuclei, as well as other hadron species, are assumed to be emitted by
a source in local thermal and hadrochemical equilibrium with their abundances being fixed at chemical
freeze-out (occurring when the inelastic scatterings stop). The grand-canonical approach provides an ex-
cellent description of the measured hadron yields in central nucleus–nucleus collisions, in which a large
number of particles is produced, ranging from few hundreds to 2000 charged particles per unit of rapid-
ity with increasing collision energy [40]. For small systems, such as those produced in proton-proton
(pp) and proton–nucleus collisions, the production of light nuclei can be described using a different
implementation of this model based on the canonical ensemble, where exact conservation of quantum
numbers is required [43]. Significant deviations in this case are observed between the experimental data
and the predictions from the canonical SHM [24]. The study of the production mechanisms of multi-
baryon bound states in high-energy hadronic collisions is one of the goals of the experimental program
of ALICE.

Measurements of light (anti)nuclei produced at accelerators are also important for indirect dark matter
(DM) searches as they provide input for the estimates of the background of antinuclei produced in space.
Several experiments, such as AMS-02 [44] and GAPS [45], are searching for antinuclei [46, 47], but,
so far, only antiprotons have been detected in space [48]. The possible presence of antinuclei in our
Galaxy could be explained either by reactions of cosmic rays (CRs) with the interstellar medium (ISM)
or by decays/annihilations of dark matter candidates. Both CRs and the ISM mostly consist of hydrogen
(90%), helium (8%), and only in small percentage of heavier nuclei [49]. Hence, most of the relevant
collisions for the production of CR antinuclei in the Galaxy are pp, p–4He and 4He–p. Antinuclei are
produced if the center-of-mass energy per nucleon–nucleon collision (

√
sNN) of such collisions is above

a given energy threshold, which is 6 GeV for antideuterons and 8 GeV for anti-3He, for instance. Hence,
one of the goals of the existing experimental programs at different accelerator facilities is to pin down
the microscopic production process of antinuclei in hadronic collisions or DM decay, such to be able to
correctly interpret the future measurements in space.

Further insight into the (anti)nuclei production mechanisms can be obtained by measuring their produc-
tion in and out of jets in pp collisions. Hadrons in the jet cone are closer in phase space compared to
hadrons out of the jet. In a jet fragmentation, the produced particles are strongly correlated in phase
space, i.e., particles which are close in space have also similar momenta [50, 51]. In the coalescence
picture, this condition should result in a larger coalescence probability in jets compared to that out of
jets, since the proximity in both space and momentum is required for coalescence. Hence, the proba-
bility of coalescence in jets is increased with respect to that in the UE, where space and momentum are
not correlated, i.e., close-by particles can have very different momenta and vice-versa. The coalescence
probability can be quantified by the coalescence parameter BA, defined, in the case of deuterons, as the
ratio between the invariant yield of the deuterons and the square of the invariant yield of protons:
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B2 =

(
1

2π pd
T

d2Nd

dydpd
T

)/(
1

2π pp
T

d2Np

dydpp
T

)2

, (1)

where the labels d and p indicate the deuteron and the proton, respectively, and pp
T = pd

T/2, assuming that
protons and neutrons have the same production spectra, since they belong to the same isospin doublet.

Deuteron production in jets has already been measured in pp collisions at
√

s =13 TeV by the ALICE
Collaboration using the two-particle correlation method [22]. The pT spectrum of (anti)deuterons in the
jet is found to be consistent with predictions based on the PYTHIA 8 event generator [52] coupled to a
simple coalescence afterburner [53]. In the latter, deuteron formation is assumed to happen if a proton
and a neutron have a momentum difference ∆p < p0, with p0 = 110 MeV/c, thus ignoring the space
coordinates in the calculation of the coalescence probability. It was also concluded that the yield of
deuterons in jets, in events with a leading particle with pT >5 GeV/c at midrapidity, is about 10% of that
in the underlying event (UE).

This study is expanded in this Letter and complemented by the first measurement of (anti)deuteron
coalescence parameters in and out of jets. The direction of a leading particle with high transverse-
momentum (plead

T > 5 GeV/c) at midrapidity is used as an approximation for the jet axis. The pT spectra
and coalescence parameters of (anti)deuterons are measured in three different azimuthal regions defined
based on ∆ϕ = |ϕd−ϕlead|, where ϕd is the azimuthal angle of the deuterons and ϕlead is that of the
leading particle. The three 120◦-wide azimuthal regions and the corresponding ∆ϕ intervals are the same
as those defined in Refs. [54, 55]: the one around the leading particle (Toward, |∆ϕ|< 60◦), the one back-
to-back to it (Away, |∆ϕ| > 120◦), and the one transverse to both of them (Transverse, |∆ϕ| < 120◦).
The Toward and Away regions contain contributions from the leading and recoil jets in addition to the
underlying event, while the Transverse region is dominated by the underlying event.

A detailed description of the ALICE apparatus and its performance can be found in Refs. [56] and [57].
Trajectories of charged particles are reconstructed in the ALICE central barrel with the Inner Tracking
System (ITS) [56] and the Time Projection Chamber (TPC) [58], which cover the full azimuthal angle
and the pseudorapidity interval |η |< 0.9. These are located within a large solenoidal magnet, providing
a highly homogeneous magnetic field of 0.5 T parallel to the beam line. The TPC provides up to 159
spatial points per track for charged-particle reconstruction and particle identification (PID) through the
measurement of the specific ionization energy loss dE/dx in the gas volume. The PID is complemented by
the Time-Of-Flight (TOF) system [59] located at a radial distance of 3.7 m from the nominal interaction
point. It measures the arrival time of particles relative to the event collision time provided by the TOF
detector itself or by the T0 detectors, two arrays of Cherenkov counters located at forward and backward
rapidities (4.6 < η < 4.9 and –3.3 < η < –3.0) [57, 60].

The data used for this analysis were collected in 2016, 2017, and 2018 during the LHC pp runs at√
s = 13 TeV. A minimum bias (MB) event trigger was used, which requires coincident signals in the V0

detectors (two plastic scintillator arrays located at forward and backward rapidities, 2.8 < η < 5.1 and
−3.7 < η < −1.7 [61]) synchronous with the bunch crossing time defined by the LHC clock. Events
with multiple collision vertices, reconstructed from track segments in the two innermost layers of the
ITS, are tagged as pile-up and removed from the analysis [57]. A total of approximately 1.7 billion MB
pp events are considered for further analysis, corresponding to an integrated luminosity of about 30 nb−1.
Events with at least one charged primary particle with pT > 5 GeV/c are selected, which correspond to
approximately 1% of the MB pp collisions.

Deuteron candidates are selected from charged-particle tracks reconstructed in the ITS and TPC in the
pseudorapidity interval |η |< 0.8. Basic track quality criteria are applied, e.g., selecting on the number of
space points associated to the track in the TPC and ITS and on the χ2 of the track fit, as done in previous
light (anti)nucleus analyses, such as in Ref. [20]. The track selection criteria used for the leading particle
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are the same as in Ref. [54].

(Anti)deuterons are identified in the rapidity interval |y| < 0.5 in the range 0.6 < pT < 1.2 GeV/c by
requiring that their energy loss per unit of track length measured by the TPC is within 3σdE/dx from the
expected average for (anti)deuterons, where σdE/dx is the dE/dx resolution. For 1.2 < pT < 3.0 GeV/c,
the particle identification is complemented by the TOF and the (anti)deuteron signal is extracted from a
fit to the nσTOF = (∆t−∆td)/σTOF distribution, where ∆t is the measured time-of-flight, ∆td its expected
value for deuterons and σTOF the resolution on the time-of-flight measurement. The fit function consists
of a Gaussian with an exponential tail on the right side for the signal and the sum of two exponential
functions for the background [13]. The signal is extracted by integrating the signal function in the
asymmetric interval [µ0−3σTOF,µ0 +3.5σTOF], where µ0 is the mean of the Gaussian function.

The raw (anti)deuteron pT spectra are corrected for the reconstruction efficiency and, only for deuterons,
for the fraction of secondary deuterons produced by spallation in interactions between primary particles
and the detector material. This correction is based on fits to the distance of closest approach (DCA) of the
deuteron track to the primary vertex using template distributions extracted from MC simulations, as de-
scribed in Refs. [20, 21, 23]. Both corrections are calculated using MC simulations in which (anti)nuclei
are embedded into pp collision events generated using PYTHIA 8.1 with the Monash 2013 tune [62].
(Anti)nuclei are generated with uniform pT and rapidity distributions within 0 < pT < 10 GeV/c and
−1 < y < 1. The passage of particles through the ALICE detector is simulated using GEANT4 [63].
The reconstruction efficiency is calculated as the ratio of the number of reconstructed and generated
(anti)deuterons in the simulation, after the proper re-weighting of the generated pT distribution accord-
ing to the Levy-Tsallis function. The same track selection and PID criteria as those used in data are ap-
plied. The fraction of secondary deuterons is approximately 0.5 in the lowest pT interval (0.6 < pT < 0.8
GeV/c) and decreases exponentially with increasing pT, becoming negligible for pT > 1.6 GeV/c. The
fraction of secondary deuterons is weakly dependent on the azimuthal region.

The dominant contributions to the systematic uncertainties are related to the track selection, the particle
identification, the limited knowledge of the ALICE material budget, the uncertainties on the hadronic
interaction cross section of (anti)deuterons, and the procedure used to estimate the fraction of secondary
nuclei. The uncertainty related to the track selection is estimated by repeating the analysis using different
track selection criteria and considering the RMS of the distribution of the results in each pT interval. This
contribution is found to range between 8 (1)% and 6 (5)% for deuterons (antideuterons), depending on
pT. Such uncertainty is larger for deuterons at low pT, due to the DCA cut variations which are sensitive
to the secondary nuclei. The PID uncertainty is estimated by varying the (anti)deuteron selection criteria
in the TPC and TOF, the fit functions, and the signal extraction strategy (bin counting or integral of the
fit function). The PID systematic uncertainty rises with pT, from 4% to 8%. The systematic uncertainty
due to the estimate of the primary fraction correction is obtained by varying the histogram bin width
and the fit range of the fits to the DCA distributions. This contribution depends on the azimuthal region,
and it ranges between 14% (10% and 7%) and few percent for the Away region (Toward and Transverse,
respectively). The contribution from ITS–TPC and TPC–TOF matching efficiencies are estimated from
charged particle tracks by comparing the probabilities of prolonging a track from the TPC to the ITS
(TOF) in data and MC [20]. The uncertainty is approximately 2% for the ITS–TPC matching efficiency
and 5% for the TPC–TOF one, weakly dependent on pT. The uncertainty on the material budget (1%) is
taken from Ref. [20]. The uncertainty on the hadronic interaction cross section of (anti)deuterons is es-
timated by varying the default inelastic cross section of (anti)deuterons in GEANT4 by the uncertainties
of the measurements [49, 64–67] and is ∼1% (3%) for deuterons (antideuterons). The total uncertainty
is obtained as the quadratic sum of each individual contribution and is found to be about 10%.

The average of the deuteron and antideuteron pT distributions measured in the three azimuthal regions
discussed above, are shown in Fig. 1 left. Individual Lévy-Tsallis fits [68] are also shown. The pT
spectrum of (anti)deuterons in jets is obtained by subtracting the spectrum in the Transverse region,
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dominated by the underlying event, from that in the Toward region, which contains contributions from
both jet fragmentation and the underlying event. In the subtraction, the systematic uncertainties are
treated as independent, to be conservative. The resulting spectrum, with a much harder shape compared
to the UE spectrum, is shown in Fig. 1 right, with squared markers, and compared to the in-jet deuteron
spectrum measured with the two-particle correlation method taken from Ref. [22]. Excellent agreement
is found between the deuteron pT spectra in jets obtained with the two methods, proving the validity of
the subtraction method to obtain the deuteron spectrum in jets. These results confirm that the integrated
yield of deuterons in jets, in events with plead

T > 5 GeV/c at midrapidity, is only roughly 10% of that in
the UE, as already pointed out in Ref. [22].
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Figure 1: Average of deuteron and antideuteron pT-differential yields in the three azimuthal regions (on the left)
and in jets (on the right), measured in pp collisions at

√
s = 13 TeV. Statistical and systematic uncertainties are

represented by vertical bars and boxes, respectively. On the right, shaded (blue) boxes show the uncertainty on
the results from Ref. [22] related to the subtraction of the uncorrelated background using the ZYAM method [69].
Individual Lévy-Tsallis fits are also shown.

The coalescence parameters in the jet (BJet
2 ) and underlying event (BUE

2 ) are calculated using Eq. 1. The
spectra for (anti)protons are derived from the RT-differential pT spectra published in Ref. [70], integrating
over the full RT, which is the underlying event activity classifier defined as RT = Nch

T /〈Nch
T 〉 (Nch

T being
the charged-particle multiplicity measured in the Transverse region and 〈Nch

T 〉 its average) [54]. The
pT spectrum of (anti)protons in jets is obtained by subtracting the efficiency-corrected pT spectra in the
Transverse region from those in the Toward region taken from Ref. [70], as done for deuterons. The
coalescence parameters BJet

2 and BUE
2 are shown in Fig. 2 as a function of the transverse momentum per

nucleon, pT/A. The coalescence parameter BJet
2 is found to be about a factor of 10 larger compared to that

in the underlying event. Hence, despite the limited contribution of nuclei arising from jets to their total
production yield, the probability that two nucleons in the jet cone coalesce into a deuteron is enhanced
with respect to the corresponding coalescence probability in the underlying event. This experimental
observation can be interpreted, within the coalescence model, as due to the reduced distance in phase
space between nucleons in the jets compared to those in the underlying event.

These results are compared to predictions from simple coalescence and reaction-based deuteron pro-
duction models. In the former approach, the phase space distributions of nucleons are generated with
PYTHIA 8 with the Monash 2013 tune [62] and their pT spectra are re-weighted to match the proton
pT spectra measured by ALICE in the three different azimuthal regions [70]. Spatial correlations are
ignored and deuteron formation is assumed to happen if a proton and a neutron have a momentum dif-
ference below a given coalescence momentum ∆p < p0 in the deuteron rest frame. The best estimate
of the coalescence momentum, for this model, is p0 = 285± 1 MeV/c. A detailed description of these
coalescence calculations can be found in Ref. [71].

In the reaction-based model [72], (anti)deuterons are generated by ordinary nuclear reactions between
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Figure 2: Coalescence parameter in jets, BJet
2 , and in the underlying event, BUE

2 , as a function of pT/A in compar-
ison with the predictions from PYTHIA 8 with the Monash 2013 tune with a coalescence afterburner (left panel)
and the reaction-based PYTHIA 8.3 model (right panel).

nucleons produced in the collision with parameterized energy-dependent cross sections tuned on avail-
able experimental data [73]. The following nuclear reactions are considered: p + n→ γ + d, p + n→ π0 +
d, p + n→ π0 + π0 + d, p + n→ π+ + π− + d, p + p→ π+ + d, p + p→ π+ + π0 + d, n + n→ π− + d, n
+ n→ π− + π0 + d. Such a model is implemented in the MC event generator PYTHIA 8.3. Both simple
coalescence and the reaction-based model are based on the assumption that coalescence can happen only
if protons and neutrons are close in phase space. However, there are two main differences between the
models. The first concerns the p0 cut off which is introduced as a step function in the coalescence model,
while in PYTHIA 8.3 the deuteron formation happens according to the differential cross section of the re-
actions listed above. The second difference is related to the kinematics of the process: in the coalescence
model the deuteron four-momentum is given by the sum of the proton and neutron four-momenta, while
in the reaction-based model, part of the initial four-momentum is carried away by the pion(s) or photon
according to energy and momentum conservation rules. The uncertainties of the coalescence model are
discussed in Ref. [71], while for PYTHIA 8.3 only statistical uncertainties are shown.

As shown in Fig. 2, both models provide good qualitative descriptions of the data. In particular, they are
capable of reproducing the observed large difference between BJet

2 and BUE
2 . While the pT/A dependence

of BUE
2 is well described by both approaches within the uncertainties, the observed nearly-flat trend of

BJet
2 is not reproduced by the models, which instead give a decreasing trend with increasing pT/A and

overestimate the BJet
2 for low pT/A.

The results presented in this Letter indicate for the first time an enhanced deuteron coalescence proba-
bility in jets compared to the underlying event. This enhancement, of a factor ∼ 10, is measured with a
good precision and a huge significance. This experimental observation is a parameter-free and absolute
prediction of coalescence, which decisively proves the formation of bound states by coalescence when
nucleons have a smaller average phase-space distance, as it is the case in the jet cone. This study will
be extended to heavier (anti)nuclei, such as (anti)3He, and to p–Pb collisions, with the LHC Run 3 data.
Further investigations of the coalescence parameters BA in the jet and in the underlying event, in small
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collision systems, which reproduce the CRs interactions originating nuclei in our Galaxy, will provide
additional insight into the production mechanisms and will contribute to further constrain the coales-
cence models. These studies will be crucial to correctly interpret any future measurement of antinuclei
in satellite and balloon-borne experiments in space.
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hypernuclei and their antiparticles in relativistic nuclear collisions”, Phys. Lett. B697 (2011)
203–207, arXiv:1010.2995 [nucl-th].

[38] F. Becattini, E. Grossi, M. Bleicher, J. Steinheimer, and R. Stock, “Centrality dependence of
hadronization and chemical freeze-out conditions in heavy ion collisions at

√
sNN = 2.76 TeV”,

Phys. Rev. C90 (2014) 054907, arXiv:1405.0710 [nucl-th].
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