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Synthesis of light nuclei in hadronic collisions
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Light-nuclei production yields in heavy-ion collisions are well described in the framework of Statistical Hadronization Models (SHM) but a
thorough understanding of the underlying dynamics is still missing. In a complementary approach, synthesis of light nuclei can be modeled
in terms of final-state coalescence of nucleons. While yielding an equally good description in central heavy-ion collisions, coalescence
predictions are substantially different to those from SHM in small collision systems, in particular for the loosely bound hypertriton. This
should allow a firm distinction of the two production scenarios in small collision systems. Comprehensive data on light-nuclei and hypertriton
production in pp and p—Pb collisions from the ALICE Collaboration are presented in this contribution. Complementary to the measurement
of production yields, the dynamics of nuclear cluster formation can be inferred from the measurement of final-state correlations of nucleons
and light nuclei. Preliminary p-d correlation results from high-multiplicity pp collisiong’at= 13 TeV are compared to calculations based

on experimental scattering parameters and discussed in the context of nuclear cluster formation.

Keywords: Light (anti)nuclei; (anti)hypernuclei; hypertriton; statistical hadronization model; coalescence; femtoscopy; hadron-hadron
interactions.

1. Introduction ever, production rates of nuclei in small collision systems are
small. Only recent experimental progress allowed the mea-
Measured hadron production yields in central Pb—Pb collisurement of light nuclei and, most notably, hypertriton pro-
sions at the LHC and predictions of Statistical Hadronizationduction in pp and p—Pb collisions by ALICE.
Models (SHM) [1] are in remarkable agreement over nine or-  Alternatively, the dynamics of nuclear cluster formation
ders of magnitude[2—7]. The grand-canonical description can also be inferred from final-state momentum correlations
requires only two parameters, the hadron formation temperef nucleons and light nuclei. A powerful framework for
ature (') and the chemical potential of baryonsg(u Best  correlation analyses of final-state hadrons was developed in
agreement with the data is found for valuesofthat are  ALICE, yielding unique information on the characteristics
compatible with the expected pseudo-critical temperafyre of the hadron-emitting source and the mutual interaction
from lattice QCD [8] whilew. s is very close to zero at LHC among them. This so-called femtoscopy technique was re-
energies. This is astonishing since vacuum hadron massegntly extended to the light-nucleon sector. Preliminary re-
are assumed in the model but masses are expected to chargydts on final-state momentum correlations between protons
at temperatures aroudd. Moreover, all light nuclei and hy- and deuterons, emerging from high-multiplicity pp collisions
pernuclei measured so far are also described within the SHMt /s = 13 TeV, are presented in this contribution.
framework. While hadronic binding energies are at an energy
scale compatible witff, (hy_per)nuclear binding energ_ies are 5 particle ratios
about two orders of magnitude smaller. No dynamical pic-
ture exists that can reconcile the existence of |OOS€|y boun¢0a|escence models can be tested by Comparing the y|e|ds of
objects such as light nuclei in equilibrium’at. light nuclei to that of protons. Recent data from ALICE on
In a complementary approach, the production of lightdeuteron?H and®He production indicate that cluster forma-
nuclei can be described within so-called coalescence modion relative to protons is indeed suppressed in pp and p—Pb
els [9, 10] (CM) in terms of nuclear cluster formation af- collisions at the LHC [13]. The observed system size de-
ter the freeze-out of hadrons. In such models, light nuclependence is compatible with CM calculations. On the other
are formed when nucleons are sufficiently close in momenhand, canonical SHM [14] can describe the data as well, al-
tum space. State-of-the-art CMs consider (relative) lengtibeit at the expense of an additional parameter,in terms of
scales of the particle source and the size of the nuclear clus-correlation volumé’, that describes the volume over which
ter [11, 12]. If the source size is smaller than the cluster sizethe conservation of charges is assumed.
the production yields are expected to be significantly sup- Further insight can be gained by considering ratios of iso-
pressed in CMs. This makes a strong case for experimerbars in small collision systems. As an exampld/*He ~ 1
tal exploration of light nuclei production in small collision is expected in SHM due to the almost identical masses of the
systems like pp or p—Pb to test the coalescence picture. Hoviwo nuclei. In contrast, CM predictdl />He > 1 because of

i Theheaiest particle included in the SHM analysis so far is the (arfHe nucleus which is produced once in abagf central Pb—Pb collisions.
This corresponds to a production cross section similar to that of the Higgs boson.
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FIGURE 1. The3H/3He ratio as a function of transverse momen- N ]

tum (pr) in high-multiplicity pp collisions at,/s = 13 TeV [15].
The lines show calculations by SHM [14] and different coalescence

models [11,12].
[ ] FIGURE 3. Binding energy of the\ to the deuteron core of the

the different matter radii of the two isobarsy; /ray, ~ 0.9.  hypertriton compared to theoretical predictions [17].

First data on*H/2He in high-multiplicity (HM) pp colli-

sions at,/s = 13 TeV are available from ALICE [15], see precision of all previous measurements and are compatible

Fig. 1. Within uncertainties, the ratittI/>He is still com-  with the free-Alifetime (see Fig. 2). This resolves the long-

patible with both SHM and CM calculations. Improved mea-standing “hypertriton lifetime puzzle”. High-precision mass

surements with smaller uncertainties are expected from thepectroscopy of the hypertriton allows also to extract the

upgraded ALICE detector in the near future. binding energy of the\ to the deuteron core and confirms

The hypertriton is of particular interest in this context. It that the hypertriton is a very weakly bound object [17], see

is the lightest known hypernucleus, composed of a proton, &ig. 3. Based on the small separation energy it is expected

neutron and a\ hyperon. The properties of the hypertriton that theA forms a halo around the deuteron core, leading to

are governed by two-and three-particle forces between nuclen RMS radius of the hypertriton that is by a factor 3-5 larger

ons and the\. Preliminary results for the hypertriton lifetime than that ofH or 3He.

measured in Pb—Pb collisions by ALICE [16] surpass the  Thjs property makes it an ideal probe to study cluster for-
S mation in small collision systems. The production of the hy-
== PR 5 (1990) 1995 Nuo. Cim. 46 (1966) 785 pertriton relative to that ofHe can be studied in terms of the
e e ratio S; = (3H/3He)/(A/p) where the penalty factor due

SRS BTER— ‘ ‘ : ,*‘ | 7] to the mass difference drops out and possible size effects can

ERLAUmE— Tﬁ* N be explored. While SHM and CM predict similar values for

PR 100/1969}1307 — %*7 7 Ss in central Pb—Pb collisions, large differences by about one

NEBAEIOTO} 48— 1 I : 7 order of magnitude or more are expected in pp and p—Pb.
R e i N First observation of the hypertriton in p—Pb and pp col-

NPB 6T (1973) 269 = *IT'* N lisions was recently reported by ALICE [18, 19]. Hyper-
Science 328 (2010) 58— E‘f 7 tritons are reconstructed in the weak decay chahel—

NPA 913 (2013) 170 (— —w==| - 3He 4+ 7, where a branching ratio df.25 & 0.02 is as-

PLB 754 (2016) 360 — EE'J n sumed. Advanced machine learning techniques allow the ex-
PRC 97 (2018) 054908 == | I T fretme - POGvalke traction of a significant hypertriton signal in p—Pb collisions
PLB 797 (2019) 134905 — ﬁ!i— Worldaverage ] at\/syn = 5.02 TeV. In pp collisions, hypertritons are re-

ALICE Preiminary Pb-Pp502TeV — | i|j= constructed in a dedicated high-multiplicity event sample at
0 100 200 300 400 500 Vs = 13 TeV, see Fig. 4.
2H lifetime (ps) Combined with the measurement’¢te, A and p,S; can

FIGURE 2. Collection of the hypertriton lifetime measurements be determined for the first time in small collision systems, see

obtained from different experiments [16]. The orange band repre-Fig- S.

sents the average of the lifetime values and the correspording While the result in central Pb—Pb collisions [20] is com-
uncertainty. The dashed-dotted lines show different theoretical prepatible with both SHM [14] and CM [11] calculations, the
dictions. new results in p-Pb and the preliminary result in pp favor the
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nigue [21] where final-state momentum correlations of pro-
duced hadrons are investigated. The two-particle correlation
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= g High multiplicity trigger ized ratio of correlated particle pairs from the same event and
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FIGURE 4. Invariant-mass distribution 6He + 7 in HM pp colli-
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sions at,/s = 13 TeV [19].

where k* is the momentum difference of the two particles
in their rest frame. The full two-particle wave function
U(k*,r*) including quantum correlations and interactions,
integrated over the particle source distributi®fr*), is en-
coded in the correlation function:

C(k*) = /S(r*)\\l/(k:

If the strong and electromagnetic final-state interactions
between the particles are sufficiently well known, the mea-
surement ofC'(k*) allows the determination of the charac-
teristics of the particle sourcg(r*). Such Hanbury Brown-
Twiss interferometry analyses using e.g. pairs of identical

)|2d3r*. @)

may allow to further distinguish between two-body coales-

o TTTT] T T T TTTT T T T T TTTT -
w i é [« | ALIGE p-Pb, &40@! (S = 5.02 TeV | é pions or protons were used extensively in the pas_t d_ecad_es to
E ALICE Preliminary pp, HM trigger.Vs = 13 TeV 3 determine source sizes and lengths of homogeneity in various
08F  [#JALIGE Po-Pb, 0-10%, |5, = 2.76 TeV 4 collison systems and over a wide range of energies.
- N JBR=025:002 ] A recent example of proton-proton correlations measured
07 5, R TR A in HM pp collisions at,/s = 13 TeV by ALICE is shown
GeE Tt 4 in Fig. 6 [22]. Excellent description of the correlation func-
- e tion is achieved if Coulomb and strong final state interactions,
05 = employing the Argonnes potential [23] and Fermi-Dirac
i E_ _E gquantum statistics, is assumed. The only free parameter is
"k : the RMS radius of the Gaussian particle source which can be
03 b extracted from a fit of (2) to the data.
E 3-body coalescence - B . . .
E ] On the other hand, if the source functidiir*) is suffi-
OB W 2Docy coglescence ciently well characterized and the assumption of a common
04 / TSHM, Ve =dVidy source for different particle species is justified, femtoscopy
S ‘ - SHM, V9=?dedy ] can be used to study the final-state correlations of particle
o B . N T
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FIGURE 5. The ratioSs in HM pp collisions at,/s = 13 TeV, p— S t" 8l oo ®pp o
Pb collisions (0-40%) a{/snn = 5._02 TeV and Pb—Pb coIIisigns C§ Coulomb + Argonne v... (fit) ]
(0-10%) at,/snn = 2.76 TeV collisions compared to calculations 55 & 9 18 ]
from SHM [14] and CM [11]. C 8 \ 1.05F iﬁ 1 1
coalescence scenario. Future studies with higher precisior 2 & % 1k ‘ﬁ,: eﬁﬁﬁ 590 Ot Pt —
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cence, where a more compact pre-formed deuteron com- 15 & 095 .
bines with aA, and three-body coalescence, where all three : A 190 200 - ?ﬁgwm
baryons are projected on the large wave function of the hy- %%
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A complementary approach to study the dynamics ofFIGURE 6. Measured p-p correlation function in HM pp collisions
nuclear cluster formation employs the femtoscopy techtv's =13 TeV measured by ALICE [22]
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§10 LA I L B 0 L the Lednicky-Lyuboshits [31] prescription and using scatter-
G 9 ALICE Preliminary ing parameters from different experiments. A source radius

of 1.059 4+ 0.04 fm is used in all calculations. This number
was extracted from p-p correlations in high-multiplicity pp
collisons at,/s = 13 TeV measured at the sanje:r) as in

the present p-d correlation analysis, following the conjecture
of a common baryon source in pp collisions [32].

The model calculations clearly miss the data by far. Pos-
sible explanations could be related to a delayed formation of
the deuterone.g. by coalescence, leading to a larger effec-
tive source size and reduced final-state interactions. On the
other hand, the Lednicky-Lyuboshits approach may be in-
adequate for the treatment of composite objects like nuclear
clusters if the size of the cluster exceeds that of the emission
source. This demands for a more elaborate theoretical treat-
ment, including full consideration of two- and three-body in-
teractions and quantum effects, before final conclusions from

0 the present findings can be drawn.

pp Vs =13 TeV
High-mult. (0— 0.17% INEL > 0)

&) p-d®p-d
Norm. uncertainty(1.3%)
Models with r.. . os0 = 1.069 + 0.04 fm
—— Van Oers et al (1967) =—— Arvieux (1973)
Huttel et al. (1983) —— Kievsky et al. (1997)
—— Black et al. (1999)

Black(1999): z2/ndf = 734/3 = 244.7 (0-120 MeV/c)
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FIGURE 7. Preliminary p-d correlation function measured in HM 4, Summary
pp collisions at,/s = 13 TeV. Also shown are calculated correla-
tion functions following the Lednicky-Lyuboshits approach using The production yields of light nuclei in the final state of cen-
p-d scattering parameters from different experiments. tral Pb—Pb collisions at the LHC are well reproduced by Sta-
tistical Hadronization Models, but the dynamics of nuclear
types where the interaction is yet unknown. This is of partic-c|yster formation remains unclear. Coalescence models yield
ular interest for short-lived particle species where precisioryp, equally good description in central Pb-Pb collisions, but
scattering experiments can not be performed. A series of suge underlying picture is different since cluster formation is
femtoscopic analyses has been performed by ALICE in theonsidered a post-freeze-out process. On the other hand, co-
recent years, among them precision measurements of the p-Alescence models include characteristic length scales which
p-Z and p{ interactions [24, 25] which are of prime interest can pe probed experimentally by varying the system size. The
for the equation of state of neutron stars. Femtoscopic meayypertriton is an exceptional tool for such studies because itis
surements can also shed light on coupled-channel dynamigjoosely bound object with very large spatial extension. Pio-
in N-K [26, 27] and N-A[28] interactions. Moreover, first neering measurements of hypertriton production in p—Pb and
constraints on the p-g29] and p-D [30] interactions could pp by ALICE are presented here. The results are in agreement
be obtained from femtoscopy. These measurements are n@jkth coalescence models while they tend to disfavor SHM, at
discussed in detail here but they constitute a major step follpast in small collision systems.
ward in the field of hadron physics and the understanding of | g complementary approach, the final-state dynamics
hadronic interactions. They also manifest that femtoscopy igf clyster formation can be probed by femtoscopic mea-
a powerful and consistent framework for the study of the parsyrements. Preliminary results on p-d correlations in high-
ticle source created in hadron and nuclear collisions and thﬁmltiplicity pp collisions can not be described within the
final-state dynamics of the emitted hadrons. Lednicky-Lyuboshits framework assuming measured scatter-
New territory is entered if light nuclei are included in the ing parameters and a common source of baryons. This may
femtoscopic measurements. In particular if scattering dat@oint to more complicated dynamics and the need for further
exist, as is the case in the p-d system, comparison of the meeheoretical developments.
sured correlation function to calculations can give access to  The ALICE detector recently completed a major upgrade
details of the light-nuclei formation process and to three-bodyf its main subsystems which will allow to increase statis-
interactions. tics by about two orders of magnitude in the coming years.
In Fig. 7 the p-d correlation function, measured in high-Precision measurements of light nuclei and hypernuclei pro-
multiplicity pp collisions at\/s = 13 TeV by ALICE is  duction as well as of femtoscopic correlations, including also
shown. The preliminary data exhibit a depletion befoiv= hyperons andl = 3 nuclei, will significantly deepen the un-
40 MeV/c and are compatible with unity for largéf. Also  derstanding of the synthesis of nuclei in hadronic and nuclear
shown in Fig. C7 are results from a calculation employingcollisions.
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