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(Initial) summary

Production of nuclear clusters is a femtoscopic probe

This can be demonstrated through the mechanism called coalescence

[S. Mrówczyński: PLB 248, 459 (1990); 277, 43 (1992); 345, 393 (1995)]
[R. Scheibl, U. Heinz: PRC 59, 1585 (1999)]
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Production model: coalescence

[R. Scheibl, U. Heinz, Phys. Rev. C 59 (1999) 1585]

Projection of the deuteron density matrix onto two-nucleon density matrix
Deuteron spectrum:
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QM correction factor

Cd(Rd ,Pd) ≈
∫

d3r
f (R+,Pd/2)f (R−,Pd/2)

f 2(Rd ,Pd/2)
|φd(r⃗)|2

r relative position, R+, R−: positions of nucleons
approximation: narrow width of deuteron Wigner function in momentum
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Homogeneity regions, homogeneity lengths, length scales

Particles of given momentum are
produced only by a portion of fireball with
similar velocity—the homogeneity region

the size of the homogeneity region is given
by flow gradients and temperature

Length scales

homogeneity length
size of the deuteron
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Simplified coalescence: the invariant coalescence factor BA
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Scaling behaviour of the coalescence factor
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⇒ BA ∝ 1

V A−1

Illustration: approximate formula for B2 (for transverse density box profile)
[R. Scheibl, U. Heinz, Phys. Rev. C 59 (1999) 1585]
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The invariant coalescence factor: illustration on data

B2 as function of
√
sNN

[P. Braun-Munzinger, B. Dönigus, Nucl. Phys. A987 (2019) 144]

Compared with ∝ 1/V A

174 P. Braun-Munzinger, B. Dönigus / Nuclear Physics A 987 (2019) 144–201

Fig. 34. (Colour online.) Coalescence parameter B3 of tritons and 3He nuclei (left panel) and their anti-nuclei (right 
panel) in elastic pp collisions at √s = 7 TeV. The Bevalac measurements in p–C, p–Cu and p–Pb collisions are shown as 
bands at low momentum. Dashed lines indicate the values obtained with EPOS-LHC using a simple afterburner for the 
coalescence. From [164].

Fig. 35. (Colour online.) Coalescence parameters B2 and B3 from different heavy-ion collision experiments as a function 
of √sNN. Data from heavy-ion collisions, where open symbols represent the anti-nucleus measurement. The horizontal 
dashed lines at low energies indicate the B2 and B3 values in elementary collisions as pp, pp̄, p–A and γ A but also the 
Bevalac heavy-ion data is close to it. The dashed-dotted lines show a simple model assuming BA ∝ 1/V A−1, where 
the volume V is taken from HBT radius measurements by STAR at their beam energy scan [182]. Please note that the 
ALICE B3 measurement from 3He nuclei is in a broader centrality interval (0–20%) as the corresponding B2 (0–10%).

7. Results of (anti-)hypernucleus production measurements

Hypernuclei, as bound states of nucleons and hyperons, are of particular interest. Their study 
provides an interesting testing ground of the baryon-hyperon interaction. In their ground states 
they generally decay weakly, i.e. have lifetimes of the order of 1-10×10−10 s. Generally, they 
are produced and identified by (K−, π−), (π+, K+) or (e, e′K+) reactions on stable nuclear tar-
gets [184,185]. In relativistic nuclear collisions their signal can be reconstructed by an invariant 

B

B

2

3

1/V

1/V2

B2 as function of pt
[J. Adam, et al. [ALICE coll.], Phys. Lett. B754 (2016) 360]

P. Braun-Munzinger, B. Dönigus / Nuclear Physics A 987 (2019) 144–201 177

Fig. 39. (Colour online.) Comparison of the coalescence parameter B2 for d, 3He and 3!H. The B2 values of 3He and 
3
!H were calculated by scaling the B3 parameter. Taken from [186 ] and thus more details can be found there.

0.35 are limits set by experimental knowledge of ratios of branching ratios. The upper limit 
for instance is determined by the ratio of the 3He + π− decay channel to all decay channels 
containing a π−. The most referenced theoretical calculation expects a branching ratio of about 
25%, which is also used to correct the experimental data [87]. The same thermal model which 
is used to predict the light nuclei yields describes also the (anti-)hypertriton yield rather well 
around the expected branching ratio.

One can further compare the coalescence parameters of different light nuclei with those of the 
hypertriton, as shown in Fig. 39. This is done by scaling the B3 value determined for 3He and 
3
!H to the B2, to allow for a comparison (using the mass scaling given by equation (4 )).

7.3. Impact on thermal analysis

In the thermal approach the production yield of loosely-bound states is entirely determined by 
mass, quantum numbers and fireball temperature while the yield in the framework of coalescence 
should significantly depend on the relevant wave functions. The hypertriton and 3He have very 
different wave functions but have essentially equal production yields, as we will see later on.

In contrast to what was discussed before, the energy conservation needs to be taken into 
account when forming objects with baryon number A from A baryons, since the coalescence 
of off-shell nucleons does not help as the density must be much lower than nuclear matter 
density. To quantify the delicate balance between formation and destruction one can calculate 
the maximum momentum transfer onto the hypertriton before it breaks up, which is of the or-
der Qmax < 20 MeV/c, whereas typical pion momenta are pπ > 250 MeV/c, and the typical 
hadronic momentum transfer in the fireball is ⟨Q⟩ > 100 MeV/c. This means the hypertriton 
interaction cross-section with pions or nucleons at thermal freeze-out is of order σ ≈ 70 fm2. 
For the majority of hypertritons to survive, the mean-free path λ has to exceed the system 
size at thermal freeze-out which is estimated [14 ] to be about 10 fm. Taking λ > 15 fm for 
a rough estimate this would lead to a density of the fireball at formation of hypertriton of 
n < 1/(λσ ) = 0.001 fm−3. This is completely inconsistent with a formation at kinetic freeze-out, 
where typically n = 0.05 fm−3. In addition to that, the description of the centrality dependence 
of spectra and d/p ratio as a function of multiplicity is not consistent with current coalescence 
predictions.

consistent with decreasing homogeneity volume
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Correction factor: limiting cases

Cd(Rd ,Pd) ≈
∫

d3r
f (R+,Pd/2)f (R−,Pd/2)

f 2(Rd ,Pd/2)
|φd(r⃗)|2

Large homogeneity region for nucleon momentum Pd/2: L ≫ d
(L is the scale on which f (R,Pd/2) changes)

Cd(Rd ,Pd) ≈
∫

d3r |φd(r⃗)|2 = 1

No correction! Just product of nucleon source functions.

Small homogeneity region (e.g. in pp collisions) for nucleon momentum Pd/2: L ≪ d
f (R,Pd/2) effectively limits the integration to Ω

Cd(Rd ,Pd) ≈
∫
Ω
d3r |φd(r⃗)|2 = C < 1

Interesting regime: L ≈ d
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Analytical approximation of the (average) correction factor
[R. Scheibl, U. Heinz, Phys. Rev. C 59 (1999) 1585]
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Approximations:

Gaussian profile in rapidity and in the transverse direction,
weak transverse expansion
saddle point integration

⟨Cd⟩ ≈


(
1 +

(
d

2R⊥(m)

)2
)√

1 +

(
d

2R∥(m)

)2


−1

Homogeneity lengths:

R⊥ =
∆ρ√

1 + (mt/T )η2f

R∥ =
τ0∆η√

1 + (mt/T )(∆η)2
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The influence of the source distribution

Assume thermal source function (Boltzmann)

fN(pN , x) = 2 exp

(
−pn · u + µN

T

)
H(r , ϕ, η)

coalescence:

Ed
d3Nd

d3Pd
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3

8

∫
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Pd · dΣf (Rd)

(2π)3

(
2 exp

(
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T

))2

(H(r , ϕ, η))2 Cd(Rd ,Pd)

a bell-shaped (e.g. Gaussian) H(r , ϕ, η) in r becomes narrower when squared

this decreases the effective volume
this cuts away regions with higher transverse flow for clusters

data prefer flat (box) density profile over Gaussian [Scheibl, Heinz, 1999]

see also [Polleri at al: Phys. Lett. B 473 (2000) 193]
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Homogeneity lengths and the elliptic flow of clusters

direct thermal production of deuterons coalescence production of deuterons
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Simulate v2 of deuterons—the strategy

set-up Blast Wave model with azimuthal anisotropy

assume Partial Chemical Equilibrium (lower FO temperature than Tch)

the model must reproduce pt-spectra and v2(pt) of protons and pions

simulate pt spectra and v2(pt) of deuterons in blast-wave model and in coalescence, and
look for differences
features of the model:

includes resonance decays
Monte Carlo simulation (SMASH: modified HadronSampler and decays)
built-in anisotropy in expansion flow and in fireball shape
includes modification of distribution function due to viscosity
freeze-out time depending on radial coordinate

obtain T and transverse expansion from fitting pt spectra of p and π (and K , Λ)

then obtain anisotropy parameters from v2(pt)

simulate thermal production of deuterons

simulate coalescence of deuterons (by proximity in phase-space)
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Extended Monte Carlo Blast-Wave (xBW) model: azimuthal anisotropies

Shape anisotropy:

R(Θ) = R0 (1− a2 cos(2Θ))

Flow anisotropy:

uµ = (cosh ηs cosh ρ(r), sinh ρ(r) cosΘb,

sinh ρ(r) sinΘb, sinh ηs cosh ρ(r))

r̄ = r/R(Θ)

ρ(r̄ ,Θb) = r̄ρ0 (1 + 2ρ2 cos(2Θb))

Identified v2(pt) for different species allows resolving them.
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Side comment: the (STAR parametrisation) blast-wave formula for v2

This is sometimes referred to as “the blast-wave formula”, but it is unphysical:

v2 =

∫ 2π
0 dϕ (1 + 2s2 cos(2ϕ)) cos(2ϕ) I2

(
pt sinh ηt(ϕ)

T

)
K1

(
mt cosh ηt(ϕ)

T

)
∫ 2π
0 dϕ (1 + 2s2 cos(2ϕ)) I0

(
pt sinh ηt(ϕ)

T

)
K1

(
mt cosh ηt(ϕ)

T

)
azimuthal variation of the average transverse velocity: ηt = ρ̄0(1 + 2ρ2 cos(2ϕ))

Such a model is likely to
fail if more than one
species is fitted

Always try to fit several
species v2!!!

more in [B. Tomášik: Int. J. Mod. Phys. A 40 (2025) 21, 2542006]
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xBW model calibration, Pb+Pb at
√
sNN = 2.76 TeV

centrality T [MeV] ρ0 R0[fm] s0[fm/c] a2 ρ2

0-5% 95 0.98 15.0 21± 2 0.016 0.008

30-40% 106 0.91 10.0 9± 1 0.085 0.03

50-60% 118 0.80 6.0 6± 0.5 0.15 0.02

s2 = −0.02 fm−1
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xBW results for deuterons
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Experimental data:

ALICE, Phys.Rev.C 93, 024917 (2016)

ALICE, Eur. Phys. J. C 77, 658 (2017)

Our results:

R. Vozábová, BT, PRC 109, 064908 (2024)
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A hybrid model simulation

Pb+Pb collisions,
√
sNN = 2.76 TeV

Model setup

initial condition: TRENTO 3D
[W. Ke, et al., Phys. Rev. C 96, 044912 (2017)]

hydrodynamic simulation: vHLLE
[I. Karpenko, et al., Comput. Phys. Commun 185, 3016–3027 (2014)]

transport afterburner; SMASH v2.2
[J. Weil et al. [SMASH collab], Phys.Rev.C 94,, 054905 (2016)]

Tuned to reproduce light hadron pt spectra and v2
Simulated 500×3000=1.5×106 events for each
centrality class

Simulating direct statistical production?

Deuterons created statistically at
hadronisation and propagated
through transport simulation –
closest to thermal production, but
rescattering included

Behold: long formation time of
deuterons

Covariant collision criterion used
[D. Oliinychenko et al., Phys.Rev.C 99,, 044907 (2019)]
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Hybrid model: results for light hadrons

Experimental data:
[ALICE, Phys.Rev.C 88, 044910 (2013)]
[ALICE, JHEP 06, 190 (2015)]
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Hybrid model: predictions for deuterons

Our results:
[T. Poledńıček, R. Vozábová, B. Tomášik: PRC 113 (2026) 044904]
Experimental data:
[spectra: ALICE, Phys.Rev.C 93, 024917 (2016)]
[v2: ALICE, Eur. Phys. J. C 77, 658 (2017)]
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Summary

Deuteron (and cluster) production is a femtoscopic probe

Can this be used for independent reconstruction of the emission function?
this would require the wave function of the deuteron

two models tuned on protons and pions spectra and v2(pt)

extended Blast Wave model (resonances, elliptic deformation, τ -dependent freeze-out)
[R. Vozábová, B. Tomášik, Phys. Rev. C 109, 064908 (2024), arXiv:2402.06327]

hybrid model (Trento + vHLLE + SMASH)
[T. Poledńıček, R. Vozábová, B. Tomášik, Phys. Rev. C 113, 044904 (2026), arXiv:2510.07897]

Spectra of (anti)deuterons:

coalescence reproduces spectra at all centralities
thermal production has some tension with data at non-central collision for both models

Elliptic flow of (anti)deuterons

coalescence reproduces v2(pt) at all centralities
xBW thermal model production rather underpredicts measured data
hybrid model thermal production rather overpredicts measured data
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Extended Monte Carlo Blast-Wave model (xBW): freeze-out hypersurface

The Cooper-Frye formula:

E
d3Ni

dp3
=

∫
Σ
d3σµp

µf (x , p) ,

The freeze-out hypersurface:

xµ = (τ(r) cosh ηs , r cosΘ, r sinΘ, τ(r) sinh ηs)

τ(r) = s0 + s2r
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2
ln
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d3σµ = (cosh ηs , 2s2r cosΘ, 2s2r sinΘ, sinh ηs) rτf (r)dηsdrdΘ ,

Boris Tomášik (ČVUT & UMB) Correlations of baryons and the production of clusters 20.5.2026 21 / 19



Simple BW does not reproduce v2(pt)

[X. Yin, C.-M. Ko, Y. Sun, L. Zhu, Phys.Rev. C 95 (2017) 054913]

Instead used a source with radius depending on pt : R0 = 10e0.23(pt−0.9) fm

vanilla blast-wave model with coalescence included size-momentum correlation
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