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The first measurement of the elliptic flow coefficient of (anti)f\H and the study of the v, of 3He measured in
Pb-Pb collisions at m =5.36 TeV with the ALICE detector are presented. Based on the large data sample
of approximately five billion events collected in 2023 during the LHC Run 3 data taking, these measurements
provide important insights into the production mechanism of (anti)(hyper)nuclei, as well as into the phase-space
distributions of nucleons and hyperons produced in heavy-ion collisions. The results are discussed in the context
of hydrodynamic and coalescence models, highlighting how the measurement of the elliptic flow of nuclei, such

as helium and hypertriton, provides critical constraints on hadronization models.

1. Introduction

In ultrarelativistic heavy-ion collisions, the formation of a strongly
interacting quark-gluon plasma (QGP) is followed by its hydrody-
namic expansion and subsequent hadronization into observable final-
state particles. The collective dynamics of the system can be experi-
mentally probed through anisotropic flow, which reflects the azimuthal
anisotropy of the momentum distribution of produced hadrons in the
transverse plane [1].

In non-central collisions (i.e., impact parameter b > 0), the initial
nuclear overlap region exhibits an anisotropic geometry in the trans-
verse plane. During the QGP expansion, the corresponding spatial ec-
centricities generate anisotropic pressure gradients that convert the ini-
tial coordinate-space asymmetries into measurable momentum-space
anisotropies of the emitted particles. Among the various anisotropic
components of the collective expansion, elliptic flow — associated with
the elliptic shape of the overlap region — constitutes the dominant con-
tribution in non-central collisions.

Anisotropic flow can be quantified through a Fourier decomposition
of the azimuthal particle distribution with respect to an appropriate
symmetry plane of the collision. The resulting harmonic coefficients v,
characterize the collective response of the medium to the initial geom-
etry and event-by-event fluctuations, and thus provide sensitive probes
of the transport properties and the equation of state of the QGP [2-5].
The present study focuses exclusively on the second-order harmonic co-
efficient v,, which quantifies elliptic flow.

Studying the elliptic flow of different particle species provides ad-
ditional information about their production mechanism as well as their
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interaction during the late hadronic rescattering phase. Of particular
interest is the study of v, for (anti)nuclei (consisting of nucleons) and
(anti)hypernuclei (composed of nucleons and hyperons). Their produc-
tion mechanism is usually described by phenomenological models, such
as those based on a baryon-coalescence approach [6-14], according to
which the formation probability of hadrons is calculated by folding the
phase-space distributions of the constituent nucleons with the Wigner
density of the bound state [15]. In heavy-ion collisions, the measure-
ment of the production of (hyper)nuclei and their subsequent flow pro-
vide unique insights into the dynamics of the system and the underlying
particle production mechanism. Hydrodynamic models [16] attribute
the elliptic flow of composite nuclei primarily to their mass and trans-
verse momentum, assuming collective expansion and thermal equilib-
rium of the medium. Conversely, coalescence models emphasize the role
of the baryon-emitting source geometry and the spatial and momentum
correlations among constituent particles, particularly for loosely bound
systems like the hypertriton (iH). As such, comparisons between the
flow behavior of light nuclei with similar masses but potentially differ-
ent internal structures offer a unique test of these competing descriptions
of hadronization and freeze-out dynamics [17].

In the context of quark-coalescence models, it is well established that
the process of forming hadrons from constituent quarks inherently in-
troduces higher-order harmonic components in the azimuthal-angle dis-
tributions at intermediate and high p, as shown in Refs. [18,19]. These
higher-order terms arise naturally due to the non-linear mapping from
quark to hadron momentum space. The contribution of such higher har-
monics becomes significant when the elliptic flow of the constituent
quarks is sufficiently large. An analogous mechanism may apply to the
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formation of light nuclei via nucleon coalescence. In particular, for *He
at high transverse momentum, where its constituent protons lie in the
momentum range exhibiting maximal proton elliptic flow, the resulting
composite system can inherit non-negligible higher-order modulations
relative to the second-order symmetry plane ¥,. As a result, the standard
Fourier decomposition, often truncated at second order, may become in-
adequate for describing the measured v,. These higher-order harmonics,
introduced by the coalescence mechanism, can affect the extracted flow
observables and should be accounted for in their interpretation. Under-
standing their impact is therefore crucial for correctly interpreting large
observed v, values with these methods and for assessing the limitations
of simplified flow models.

In this work, the first measurement of the elliptic flow (v,) of 3He and
3H in Pb-Pb collisions at /snn = 5.36 TeV is reported. These results
are crucial for understanding the interplay between collective flow of
nucleons and the coalescence mechanism in the formation of composite
particles. The results reported in this Letter complement the extensive
body of flow measurements for other hadrons and light nuclei carried
out by the ALICE Collaboration [20-28].

2. Experimental setup and data sample

The data analyzed in this study were collected with the upgraded
ALICE detector [29] during the 2023 heavy-ion run at the CERN LHC.
The analysis is based on a data sample comprising approximately 5 x 10°
minimum-bias Pb-Pb collision events.

A detailed description of the ALICE apparatus and its performance
can be found in Ref. [29]. In the following, only the sub detectors rele-
vant to this analysis are briefly presented.

Charged-particle trajectories are reconstructed in the ALICE cen-
tral barrel, which covers the pseudorapidity range |n| < 0.9, using the
Inner Tracking System (ITS) [30] and the Time Projection Chamber
(TPC) [31,32], upgraded for the LHC Run 3 data taking. These detec-
tors are situated inside a solenoidal magnet that generates a uniform
magnetic field of 0.5 T along the beam axis.

The ITS consists of seven cylindrical layers of silicon pixel detectors,
positioned at radial distances between 2.3 and 39.3 cm from the beam
axis. It is mainly used for determining primary and secondary vertices
and for charged-particle tracking, but it can also be used for particle
identification (PID), using the cluster size. Surrounding the ITS, the TPC
is a large-volume cylindrical detector equipped with Gas Electron Mul-
tiplier (GEM) readout technology, covering the region 85 < r < 247 cm
and —250 < z < 250 cm in radial and longitudinal directions, respec-
tively. The TPC enables charged-particle track reconstruction, momen-
tum measurement, and PID through the specific energy loss (dE/dx) of
particles in the gas. The Fast Interaction Trigger (FIT) [33,34] detector
provides the interaction trigger, acts as an online and offline luminome-
ter, offers an estimate of the vertex position and particle multiplicity
at forward rapidity, and it is used to determine the event plane. FIT
consists of different subsystems, i.e., the FTO, made out of two arrays
of fast Cherenkov radiators placed symmetrically around the interac-
tion point, and the FVO and the FDD subsystems, which are scintilla-
tor arrays. These detectors are used for the measurement of particle
multiplicity at forward (backward) rapidity. Specifically, FTO comprises
two modules (FTOA and FTOC) located along the beam pipe: the FTOA
at 330 cm from the interaction point (3.5 < < 4.9) and the FTOC at
—84.3 cm (-2.1 < 5 < =3.3) [29]. The FTO is used as the reference de-
tector for the event-centrality determination in the present analysis.

2.1. Event and candidate selection

Collision events are required to have a reconstructed primary vertex
located within +10 cm of the nominal interaction point along the beam
axis. Events having incomplete detector information and events with
pile-up were excluded. These selection steps result in a high-quality data
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sample of about 5 billion collision events, well-suited for flow measure-
ments of rare objects such as (hyper)nuclei. This study examines dif-
ferent centrality intervals: for the hypertriton elliptic flow, 0-20% and
20-60%, whereas for that of 3He, 0-10%, 10-20%, 20-30%, 30-40%,
and 40-60%.

The analysis of *He is carried out focusing on antimatter nuclei only
(3He), while for f\H matter and antimatter nuclei are summed up. This is
possible since previous analyses from Run 2 demonstrated that both the
production yields and the anisotropic flow are the same for matter and
antimatter [20-22]. Unlike its matter counterpart, the 3He originates
directly from primary interactions, without any background originating
from knock-out interactions in the detector. For hypertriton, instead, the
contribution from knockout is negligible due to its strangeness content,
thus both matter and antimatter are analysed to obtain a larger dataset
of candidates. Any residual background is removed using a fitting proce-
dure, as described below. Hereinafter, f\H will refer to the sum of matter
and antimatter.

The 3He candidates are identified through the measurement of their
specific energy loss (dE/dx) in the TPC, expressed in terms of norpc,
which is defined as the difference between the measured dE/dx and the
expected value for that particle species at a given momentum, divided by
the TPC resolution (in terms of standard deviations). Since >He is charac-
terized by a charge number | Z| = 2, it can be well separated from other
particle species, in a broad momentum range (from 2 to 8 GeV/c). The
small contamination from other particles with |Z| = 1 at low transverse
momentum (pr) can be drastically suppressed by requiring a selection
on the average ITS cluster size. Indeed, the average size of clusters of fir-
ing pixels can be used as a proxy of specific energy loss, hence to identify
heavily ionizing particles such as (hyper)nuclei, as originally proposed
in Ref. [30]. In particular, nuclei with |Z| = 2, at a given momentum,
lose more energy than | Z| = 1 particles and consequently create a clus-
ter of pixels with a larger average size. Hence, in order to use the pixel
cluster-size response of the ITS as a PID observable, the noypg is built,
similarly to the case of the PID using the energy loss in the TPC. For each
track, the cluster-size estimator is given by the truncated mean of the
cluster sizes measured in the seven ITS layers. For a given particle hy-
pothesis (in the case of this analysis, the 3%), this measured estimator
is compared to the expected cluster-size response at the same momen-
tum and geometry (pseudorapidity and incidence angle), and the differ-
ence is expressed in units of the corresponding detector resolution. The
expected response and resolution are calibrated in narrow momentum
bins using Monte Carlo simulations by fitting the cluster-size distribu-
tions and then smoothing the extracted parameters with respect to kine-
matics. Candidates are selected by requiring noyrg > —1 and |nopc| < 2.
Additionally, tracks are required to have at least 110 clusters in the TPC,
to provide a good PID. With these selections, the purity of the sample of
3He, estimated via a fit to the noypc, is above 99%. The selected sample
contains also a contribution coming from the weak decay of hypertriton,
which accounts for less than 1% of the total yields and is negligible.

Hypertriton candidates are reconstructed via their two-body mesonic
decay channel [35]:

iH —3 He + 7~ and c.c.

The weakly-decaying hypernuclei are reconstructed with a VO-like two-
body secondary-vertex finder, as used in the previous ALICE hypertriton
analysis [36]. The algorithm utilizes the opposite-sign decay daughters
to reconstruct the mother particle, fits a common displaced decay ver-
tex, and applies topological selections based on the daughter distances
of closest approach (DCA), the decay length, and the pointing angle of
the reconstructed mother candidate to the primary vertex. The new ver-
sion of the secondary-vertex finder has been adapted to cope with the
continuous readout: first, the tracks reconstructed with ITS and TPC are
paired only if they fall in a time window compatible with the same col-
lision, then the decay vertices are reconstructed and finally validated by
checking the pointing to the primary vertex [37].



The ALICE Collaboration

The daughter tracks are required to have a pseudorapidity within
[n] < 0.9 and the following transverse momentum selections: p3THe >
2 GeV/c and pf. < 1.5 GeV/c. The former selection is applied to reduce
the contamination from the knock-out interactions; the latter is applied
to avoid contamination from kaons and protons, which becomes consid-
erable above 1.5GeV/c. The daughter tracks are identified using TPC
and ITS, as done for the 3He. In particular, |noppc| < 4 is required, in a
track-by-track approach for the z and the *He daughters, in addition to
a selection of the average cluster size of the 3He in the ITS greater than
5. Requiring the daughter *He to satisfy the ITS cluster-size selection
strongly suppresses the combinatorial background and constitutes the
primary handle for hypertriton identification. Additionally, *He candi-
date daughter tracks are required to have more than 110 clusters in the
TPC. Finally, a rather stringent cut on the cosine of the angle between
the total momentum of the daughter tracks at the secondary vertex and
the vector connecting the primary and secondary vertex (pointing angle)
was applied, requiring that cos(6,,s,) > 0.99985. The proper decay
length, expressed as ct, was required to exceed 1 cm.

3. Data analysis

The hypertriton signal is extracted from the invariant-mass distri-
bution of the decay products. The invariant mass is calculated from
the measured momenta of the daughter tracks. The distribution is mod-
eled using a Double-Sided Crystal Ball (DSCB) function for the signal,
with the tail parameters constrained by Monte Carlo simulations, and
a second-order polynomial to describe the combinatorial background.
Conversely, for the 3He there is no explicit signal extraction as the se-
lected candidates in the n,, . distributions are extremely pure, as dis-
cussed in the previous Section.

The left panel of Fig. 1 displays the invariant-mass distribution of
the hypertriton candidates for the 20-60% centrality interval in the
5 < pr < 8 GeV/c transverse-momentum interval, with the fit functions
describing the signal, the background, and the total distribution with
different colors.

The reconstruction efficiency of hypertritons, defined as the ratio
between the reconstructed and generated candidates, depends on p;
and centrality, with a mild decrease at low p; and a stronger cen-
trality dependence (from about 5% in the 0-10% interval to about
15% in the 50-60% one). To account for these variations, a centrality-
dependent reweighting is implemented using p;-dependent weights
from a Blast-Wave function [38]. A Blast-Wave parametrisation of
the hypertriton transverse-momentum spectra in Pb-Pb collisions at
\/@ =5.02 TeV [39] is used as weight to reflect the expected p; dis-
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tribution of the signal when averaging the efficiency. Then, such a
centrality-dependent weight is applied candidate-by-candidate, so that
the Blast-Wave weights affect the efficiency correction rather than the
measured v,.

The azimuthal distribution of (hyper)nuclei produced in the collision
with respect to the n-th order flow symmetry plane ¥, [2-5] can be
expressed as a Fourier series

&#N 1 &N =
E—=——-|1+ 2v, cos (n(p —¥ s 1
W ppoTdy< 2, 2008 (n(0 =) M
where E is the energy of the particle, p its momentum, ¢ the azimuthal
angle, y the rapidity, and

v, = (cos (n(p —¥,))). ()

The v, coefficient is measured using the Scalar Product (SP) method [2,
40], as done in Refs. [21,24,28]. The Q-vector is computed from the
azimuthal distribution of a set of charged particles (so called reference
flow particles) as

Q, =) we", 3)

where w; is a weight applied to correct for non-uniform acceptance and
efficiency of the detector (as done in Refs. [20,22,25]), n is the order of
the harmonic, and ¢; is the azimuthal angle for the ith reference flow
particle.

For the generic » harmonic number, the Fourier coefficient is ob-
tained as:

Un{SP} _ <<un,kQ,,>> (4)

(Q, Q2 Q. QE%)
(QAQf+)

where u,, = ¢("?) is the unit flow vector of the particle of interest k
with azimuthal angle ¢,, and Q,, is the flow vector. The double brack-
ets ({...)) denote an average over all particles in all events, and * the
complex conjugate. The denominator of Eq. (4) is a normalization factor
that accounts for the magnitude of the reference flow. In this analysis,
the vector Q, is calculated from the azimuthal distribution of the en-
ergy deposit in the FTOC. The Qr’,‘ and Qf are determined from the az-
imuthal distribution of the energy deposit in the FTOA and the azimuthal
distribution of the tracks reconstructed in the TPC, respectively. Using
this configuration, a pseudorapidity gap of |An| > 1.3 between the (hy-
per)nucleus of interest and the reference flow particles is introduced.
Such a gap reduces the non-flow effects due to correlations not arising
from the collective expansion of the system, e.g. resonance decays and

20-60%, 5.0 <p;< 8.0 GeV/c

HM‘ t
\+ I ﬂﬂTW

jets [41].
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Fig. 1. Invariant-mass distribution of f\H candidates (left) and v, as a function of the invariant mass (right), in the 5 < p; < 8 GeV/c transverse-momentum interval
and the 20-60% centrality interval. In the left panel, the solid red line represents the fit with a DSCB function (signal) while the dotted line displays the fit of the
background with a second-order polynomial function. The total fit is shown with the solid blue line. In the right panel, the solid red line represents the fit function

described in Eq. (5).
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Given the extremely pure sample of 3He, its v, is directly taken as
the mean value of the v, distribution for a given py interval. On the con-
trary, the contribution to the measured elliptic flow (u;"‘) from the v, of
random *He — # pairs with a mass consistent with the hypertriton mass
(u];kg) has to be removed. This can be done by studying the measured

Tot

v,* as a function of the invariant mass and, leveraging the fact that the

U;m is additive, one can factorize the contribution of signal (vgig) and
background (szkg) as follows:

NSig NBkg
W N Tot
where N is the total number of candidates, NB¢ and NSig = NTot _
NBXe are the number of background and signal counts for a given mass
and py interval. The invariant-mass dependent elliptic flow, ug"‘ (m), is
obtained in each p; and centrality interval and fitted simultaneously
with the corresponding invariant-mass spectrum. The signal and back-
ground yields N, Sig(m) and Npyg(m) in Eq. (5) are taken from the fit of the
invariant-mass distribution with the functions mentioned above, which
define the mass-dependent signal and background fractions. In the fit to

v3° (m), the hypertriton elliptic flow viig is assumed to be independent of

the invariant mass, while the background elliptic flow uszg(m) is param-
eterised as a first-order polynomial in m. A common y? minimisation of
the mass and v,(m) distributions is performed, yielding uglg in each py
interval. An example of the simultaneous fitting procedure is shown in
the right panel of Fig. 1.

VIO (m) = 03 (m) e (m) + V5 (m)

(m), %)

3.1. Systematic uncertainties

The systematic uncertainties arise from the track selection criteria,
the choice of the background fit function, and the procedure employed
to extract the flow.

To estimate the uncertainty associated with track selection crite-
ria, a systematic variation is performed by simultaneously changing all
relevant selection variables, such as PID and track quality parameters,
within intervals of +50%, and, in the case of hypertriton, also minimum
pr within (2.0,2.5) GeV/c, and the cosine of the pointing angle within
(0.9998,0.9999). The variation range of +50% around the nominal val-
ues is chosen to span a broad set of selection choices, covering potential
dependencies of the result on the specific cut configuration, while avoid-
ing excessively loose cuts that would introduce a large background con-
tribution. For each of the 200 (50 for hypertriton) randomized trials, the
full analysis chain is repeated, and the relative uncertainty is calculated
as the RMS of the v, distribution in each p; bin. The Barlow test has been
performed, and the variations below 2¢ have been rejected [42]. For the
3He analysis, the systematic uncertainties are evaluated separately for
each centrality interval, and their contribution is always below 1%. On
the contrary, for hypertriton the systematic uncertainties are evaluated
using the full 0-60% centrality interval to minimize statistical effects.
The contribution related to track selections is of about 10%, only mildly
depending on the py.

For the hypertriton analysis, another significant source of uncer-
tainty stems from the fit function used to model the background in the
invariant-mass distributions. To evaluate this, three functional forms,
i.e., a second-order polynomial (default), a first-order polynomial, and
an exponential function, are tested. The systematic uncertainty is taken
as half the maximum variation among the v, values obtained with these
fits. For the lowest py bin, the result from the first-order polynomial is
excluded due to its poor background description. This procedure is ap-
plied separately for each centrality interval (0-20% and 20-60%), and
the resulting uncertainties range between 8% at low p; and 1% at high
pr in the 0-20% centrality interval, and they are about 1% in the 20-60%
interval.

Moreover, in order to exclude the presence of short-range non-
flow effects, the analysis has been repeated varying the pseudorapidity
gap between the measurement and the reference regions, passing from
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|An| > 1.3 to |An| > 2.1. The two analyses yield compatible results, ex-
cluding non-flow effects.

Finally, a contribution related to the estimation of the Q-vectors is
taken into account. Both analyses have been carried out using two differ-
ent methods for the determination of the event Q-vectors, which differ
in the corrections applied to the raw values: in one case twisting [43]
is applied, in the other it is not. Such uncertainty is estimated for the
3He analysis, and then applied also to the hypertriton after interpolat-
ing the values to match the larger p intervals of the hypertriton. The
final contribution from this method is approximately 5%, with a mild
dependence on pr and centrality.

The final systematic uncertainty is obtained by summing the individ-
ual contributions from each of these sources in quadrature, under the
assumption that they are uncorrelated.

4. Results

Fig. 2 shows the measured v, of 3He (left panel) as a function of
transverse momentum for the different centrality intervals. The v, val-
ues exhibit an increase with pr, which at low—intermediate momenta
is commonly interpreted as a consequence of the medium collective
anisotropic expansion converting the initial spatial eccentricity into a
momentum-space anisotropy. In addition, the magnitude of v, increases
from central to more peripheral collisions, consistent with the larger ini-
tial geometric eccentricity of the overlap region in peripheral events.

In the right panel of Fig. 2, the data in two centrality intervals
(10-20% and 40-60%) are compared with the expectations of hydrody-
namical calculations performed within two otherwise identical multi-
stage hybrid frameworks [56], which differ only in the treatment of
the formation of light nuclei. Up to hadronization, in both approaches
the space-time evolution of the quark—gluon plasma is described by
the (3+ 1)-dimensional relativistic viscous hydrodynamics model MU-
SIC [44-46], initialized with 3D collision-geometry-based initial con-
ditions from the IP-Glasma framework [47]. A crossover equation of
state at finite baryon density (NEOS-BQS) [48] is employed. Particle pro-
duction proceeds via the Cooper-Frye prescription [49] on a constant
energy-density hypersurface, followed by hadronic rescattering and de-
cays modeled with UrQMD [50].

The two calculations differ only in the treatment of nuclei after
hadronization. In the prompt-production scenario, >He is produced di-
rectly at hadronization, together with all other hadrons, and is subse-
quently propagated through the hadronic phase. In the alternative sce-
nario, a coalescence afterburner is applied at kinetic freeze-out, follow-
ing the model of Ref. [51], which employs a Wigner-function-based co-
alescence approach as implemented in Ref. [12]. In this framework, 3He
and hypertriton nuclei are formed from the emitted nucleons. The *He
wave function is parametrized as a harmonic-oscillator state with radius
R =1.76 fm and statistical factor g = 1/4, which accounts for the spin
combinations of the constituent nucleons.

An interesting feature observed in the measured v, of *He at high
transverse momentum (pp > 6 GeV/c¢) in peripheral collisions (see
Fig. 2) is that v, exceeds 0.5. According to Eq. (1), truncating the
Fourier expansion at second order implies that such high v, values
would yield negative particle counts in certain azimuthal regions, which
is unphysical. This suggests that higher-order harmonics with respect
to the second-order symmetry plane may become non-negligible when
measuring elliptic flow. In fact, the presence of higher harmonics like
v4{¥,} naturally arises in hydrodynamic evolution via non-linear mode
coupling (typically scaling as (v,)%), but their magnitude is usually
small [52]. As shown in the right panel of Fig. 2, only the calculation in-
cluding the coalescence afterburner is able to reproduce the magnitude
of the measured v,, while the prompt-production scenario does not de-
scribe the observed trend. A difference between the two predictions is
expected, since the coalescence process introduces a non-linear mapping
from nucleons to nuclei, which can modify the azimuthal distributions
with respect to those of the constituent nucleons. Similar effects have



The ALICE Collaboration

’Ca C T T T T T T T T T T T ]
— 1.0— ALICE FTOC centrality —
A r gth, S\ = 5.36 TeV 50-10% 1020% ]
= [ °Aemi<08 ]
g o8 []20-30% [¢]30-40% ]
" L []40-60% ]
) [ ]
06 7
0.4 g +E5 ]
4— —+ —
[ pEC_NEE= = 1
L - ]
02~ ¥ e [E—— -
[ g T oo T ]
[ ‘.f“*_._ ]
0.0 "e%8e —
0 | | | Ll ]

2 4 6 8 10 12
p_(GeV/c)

Physics Letters B 882 (2026) 140963

0.4

0.2

0.0~

=y T
CV). 4
— 1.0 ALICE -
A Pb-Pb, |y, =5.36 TeV ]
= — i
< o8 °He, ml <0.8 ]
D(D: FTOC centrality ]
% 06 10-20% ]
[*]40-60% ]

MUSIC + UrQMD +]
+ Coalescence

MUSIC + UrQMD

Fig. 2. Measured v, of *He as a function of p; for the various centrality intervals (left) and comparison with predictions of hydrodynamical models [56] with
and without a coalescence afterburner for two selected centrality intervals (right). Error bars represent statistical uncertainties, while boxes indicate systematic
uncertainties, respectively. The widths of the model bands represent their statistical uncertainties.

o 0.5 T T T T T B
'/-\' E ——2H ALICE =
T 04— Pb-Pb, {5y = 5.36 TeV, 0-20% ]
n_: E MUSIC + UrQMD + Coalescence 3
& 0.3 3 .
2 = H 1
N E e -
0.2— © [ % > B

E L33 I

01— I —

E 5% ' I E

0 3‘__| -

-0.1 —

« 2 i | | | | o
> = =
© 17 ------- p—— ] { T e e e : ~~~~~~~~~~~~~~~~ =
I T E
: . e T
i E models 3
o < -1 —
= 2 3 4 5 6 7 8
p_ (GeV/c)

o my T T T T |
@ — —]
N 0'75 —H ALICE E
z 0.6 —=— °He Pb-Pb, {5 = 5.36 TeV, 20-60% —
E/:; 015%_ MUSIC + UrQMD + Coalescence i %
S E & 3
> 0.4 — =
0.3 H

0.2 -

& E— 3

0. 1= -

o~ 0_:'_ | I ! _E
> 2F —— data -
|§ 1.5:EF ] models :
kS e L s . =
o< 05 ' f =
= 2 3 4 5 6 8

T

7
P, (GeV/c)

Fig. 3. v, of 3He (red markers) and hypertriton (blue markers) as a function of pr for the 0-20% (left panel) and 20-60% (right panel) centrality intervals. Error bars
represent statistical uncertainties, while boxes indicate systematic uncertainties, respectively. The data points are compared with the coalescence model expectations

(see the text for details) for the two nuclear species.

been observed in quark-coalescence models, where the recombination
of partons into hadrons generates higher-order harmonic contributions
in the azimuthal distributions at intermediate and high transverse mo-
mentum [18,19]. By analogy, in nucleon coalescence, the formation of
3He at high p;, where proton elliptic flow is larger, can similarly in-
duce additional higher-order modulations in the azimuthal structure of
the composite nucleus. Possible contributions from long-range back-to-
back jet correlations are expected to be strongly suppressed for light
(hyper)nuclei, whose production is dominated by soft bulk processes
and coalescence.

It should also be noted that the measured azimuthal modulation may
receive contributions not only from the second-order flow component
associated with the ¥, symmetry plane, but also from genuine higher-
order flow effects, including contributions correlated with ¥,. Disentan-
gling these effects from those induced by the coalescence mechanism is
beyond the scope of this work and will be the subject of future studies.

In Fig. 3, the results of the v, of the f\H are shown, and compared
with those of *He, using the same binning in transverse momentum
and centrality for both, to allow for a direct comparison between the
two species. The data are compared to the predictions of the model
with coalescence described above. The version without coalescence is
not reported, due to the rarity of the production of hypertriton at the
hadronization stage. Similarly to what is done for He, in such a model,
hypertriton is formed from the coalescence of a proton, a neutron, and
a A hyperon. The hypertriton wave function is modeled as a double

Gaussian (one Gaussian for the deuteron and one for the d-A molecule),
characterized by spatial parameters o; = 2.26 fm and o, = 6.52 fm, re-
flecting the extended size and weak binding of the hypertriton [51].
Finally, a statistical factor g = 1/4 is used. In Fig. 3, the comparison be-
tween data and model shows good a agreement, as also quantified by the
ratio around the unity of the measured v, and the model predictions for
the two species, shown in the bottom panels. The same hydrodynamical
model successfully reproduces the measured v, of light-flavored parti-
cles (namely, pions, kaons, protons) and composite nuclei (produced by
coalescence using an afterburner), with predictions found to be in good
agreement with results from the LHC Run 2.

The comparison between the elliptic flow of 3He and f\H provides
valuable insight into the particle production mechanisms and the prop-
erties of the emitting source in relativistic heavy-ion collisions. Although
these two nuclei have comparable masses, i.e., m(*He) ~ 2.809 GeV/c?
and m(iH) ~2.991 GeV/c?, they differ significantly in their internal
structure and spatial extent. The charge radius of 3He is approximately
1.96 fm, while the hypertriton has a charge radius of about 5fm [53],
driven by its extremely weak binding energy and loose spatial configu-
ration, with a distance of the A relative to the deuteron core of the order
of 10 fm.

In the context of hydrodynamic models, which assume local thermal
equilibrium and collective expansion of the system, the v, of composite
particles is largely governed by their mass and transverse momentum.
Given the similar masses of *He and f\H, these models predict similar
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flow behavior for the two nuclei, as the flow is primarily driven by the
collective motion of the bulk medium, and the size of the particle plays
a subleading role [12,54]. Conversely, models based on the coalescence
mechanism can lead to a different interpretation. Indeed, coalescence is
based on the interplay between the size of the particle-emitting source
and the size of the nuclear wave function [6,17]. Since hypertriton has
an extremely small binding energy and a large spatial extent, its forma-
tion via coalescence depends strongly on the local phase-space density
and correlations of its constituent particles at kinetic freeze-out. As a re-
sult, the measured v, may reflect the anisotropic structure of the emis-
sion source more directly than the intrinsic size of the nucleus itself.
In this sense, the elliptic flow of loosely bound states like the hypertri-
ton may be influenced by the anisotropy of the source in- and out-of-
plane [17], rather than by its size.

Within the current experimental uncertainties, the measured v, val-
ues of *He and f\H are compatible with each other, despite the very
different internal structures and binding energies of the two nuclei. A
similar behavior is observed in the coalescence-based model calcula-
tions, which predict comparable elliptic flow values for the two species.
On the contrary, previous measurements [39] showed that the coales-
cence model predicts a difference between the yields of hypertriton and
3He nuclei of a factor of about 5. This suggests that the internal structure
of the nucleus plays a subleading role in determining the observed flow
pattern, in contrast to what was observed for the yields. Instead, the
elliptic flow appears to be driven predominantly by the collective mo-
tion of the system and by the similar total masses of the two composite
particles.

5. Summary

In this letter, the first measurement of the elliptic flow of hypertri-
ton and the most precise measurement of the 3He elliptic flow in Pb-Pb
collisions at y/sxy = 5.36 TeV are presented. The analysis is based on
the large LHC Run 3 dataset collected in 2023 by the ALICE experi-
ment. The results of this work reveal that the elliptic flow of *He and
f\H exhibit similar and significant collective behaviors. The measured
v, is consistent with hydrodynamic models paired with coalescence-
based formation mechanisms. The measurement of the elliptic flow
of hypertriton paves the way for the measurement of its local polar-
ization with respect to the beam axis [55], which allows the deter-
mination of its spin, a crucial input for production models but so far
unmeasured.
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