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(Initial) summary

Production of nuclear clusters is a femtoscopic probe

This can be demonstrated through the mechanism called coalescence

[S. Mréwczyriski: 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:

dNy 3 Py Py
E = Py dZs(Ry)fo | Ry, =2 ) fu [ Ry, -2 Ry, P
dd3pd 8(27T)3/zf d F( d)P<d72> (d 2>Cd( d: Pq)

QM correction factor

r relative position, Ry, 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

e homogeneity length
e size of the deuteron
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Simplified coalescence: the invariant coalescence factor By

dNg dN, _ dN,
—4 — BE En—ar-
FET pd3P "d3P,

A
PN:PA/A>

dNa dNy
Ea—— =Ba| E
Ad3p, A( N3Py

Py=P,=P4/2

Scaling behaviour of the coalescence factor

% N 1
NAO(p/,%XVO(<\}V> VZvAAll = BAO(W

lllustration: approximate formula for By (for transverse density box profile)
[R. Scheibl, U. Heinz, Phys. Rev. C 59 (1999) 1585]

313/2(Cyq) - M
B, — o2me—m)(1/T;~1/T;) T — Tama? TieTx
2mt7?,ﬁ_(mt)RH(mt) p Pnf d N
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e invariant coalescence factor: illustration

B, as function of ./ B, as function of p;

[P. Braun-Munzinger, B. Dénigus, Nucl. Phys. A987 (2019) 144] [J. Adam, et al. [ALICE coll], Phys. Lett. B754 (2016) 360]
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consistent with decreasing homogeneity volume
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Correction factor: limiting cases

(R, Pg/2)f(R-,Py/2)
: fzo(le,Pd/2) T leal)

f
Ca(Ry, Py) ~ /d3r

@ Large homogeneity region for nucleon momentum Py/2: L > d
(L is the scale on which (R, P4/2) changes)

Co(Ra, Pg) ~ / &r lpa(P2 = 1

No correction! Just product of nucleon source functions.

e Small homogeneity region (e.g. in pp collisions) for nucleon momentum Py/2: L < d
f(R, P4/2) effectively limits the integration to Q

C4(Rqg, Pg) ~ /Qd3r lpa(A)° =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]

s, Pa - d¥¢(Ra)f? (Rd, %) Ca(R4, Pqa)

(Ca)(Pa) =
Js, Pa - dZ¢(Rq)f? (Rd, %)
Approximations:

@ Gaussian profile in rapidity and in the transverse direction,

@ weak transverse expansion

@ saddle point integration

(Ca) = <1+ (mf(m)f) \/1+ (27%7(/77))2

Homogeneity lengths:

-1
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The influence of the source distribution

Assume thermal source function (Boltzmann)

n - U+
fulow.x) = 2659 (=225 ) (e, )

coalescence:

BNy 3 [ Py-dTe(Ry) P U+ )\ 2 2
Edd3Pd _8/;’((27.‘_)3(2exp (_T>> (H(rad)un)) Cd(Rdvpd)

@ a bell-shaped (e.g. Gaussian) H(r,®,n) in r becomes narrower when squared

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

o 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 v, of deuterons—the strategy

set-up Blast Wave model with azimuthal anisotropy
assume Partial Chemical Equilibrium (lower FO temperature than T¢,)
the model must reproduce p;-spectra and v(p;) of protons and pions

simulate p; spectra and v»(p;) of deuterons in blast-wave model and in coalescence, and
look for differences
features of the model:

e includes resonance decays

e Monte Carlo simulation (SMASH: modified HadronSampler and decays)

e built-in anisotropy in expansion flow and in fireball shape

e includes modification of distribution function due to viscosity

o freeze-out time depending on radial coordinate
obtain T and transverse expansion from fitting p; spectra of p and 7 (and K, A)
then obtain anisotropy parameters from v»(p;)
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: Flow anisotropy:
f
N2 =

0 IS
/\
ut = (cosh s cosh p(r), sinh p(r) cos O,

R(©) = Ry (1 — a5 cos(20)) sinh p(r) sin ©p, sinh ns cosh p(r))
F=r/R(©)
p(F, @b) = rpo (1 + 2p2 COS(2@b))

Identified vo(p;) for different species allows resolving them.
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Side comment: the (STAR parametrisation) blast-wave formula for v,

This is sometimes referred to as “the blast-wave formula”, but it is unphysical:
027T do (1 + 2sp cos(2¢)) COS(2¢)) b (Pt sinf_;_nt(¢)> Ky (mt cos7|1nt(¢))
27 d (1 + 255 cos(26)) lo (LM) Ky (%)

azimuthal variation of the average transverse velocity: 1 = po(1 + 2p2 cos(2¢))

Vo =

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

Always try to fit several
species vp!!!

more in [B. Toma$ik: Int. J. Mod. Phys. A 40 (2025) 21, 2542006]
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https://arxiv.org/abs/2409.19758

xBW model calibration, Pb+Pb at /syy = 2.76 TeV
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xBW results for deuterons
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https://arxiv.org/abs/2402.06327

A hybrid model simulation

Pb—+Pb collisions, \/syy = 2.76 TeV

Simulating direct statistical production?

Model setup @ Deuterons created statistically at
@ initial condition: TRENTO 3D hadronisation and propagated
[W. Ke, et al., Phys. Rev. C 96, 044912 (2017)] through transport s|mu|at|on _
e hydrodynamic simulation: vHLLE closest to thermal production, but

[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)] ") Behold: |0ng formation t|me of

deuterons

rescattering included

Tuned to reproduce light hadron p; spectra and v o Covariant collision criterion used
Simulated 500%x3000=1.5x 106 events for each [D. Oliinychenko et al., Phys.Rev.C 99,, 044907 (2019)]
centrality class
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Hybrid model: results for light hadrons
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Hybrid model: predictions for deuterons
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https://arxiv.org/abs/2510.07897

@ Deuteron (and cluster) production is a femtoscopic probe
o Can this be used for independent reconstruction of the emission function?
e this would require the wave function of the deuteron

@ two models tuned on protons and pions spectra and v»(p:)

o extended Blast Wave model (resonances, elliptic deformation, 7-dependent freeze-out)
[R. Vozabova, B. Tomasik, Phys. Rev. C 109, 064908 (2024), arXiv:2402.06327]

o hybrid model (Trento + VHLLE + SMASH)

[T. Polednitek, R. Vozabovs, B. Tomagik, Phys. Rev. C 113, 044904 (2026), arXiv:2510.07897]
@ Spectra of (anti)deuterons:
e coalescence reproduces spectra at all centralities
o thermal production has some tension with data at non-central collision for both models
e Elliptic flow of (anti)deuterons

o coalescence reproduces va(p;) at all centralities
o xBW thermal model production rather underpredicts measured data
o hybrid model thermal production rather overpredicts measured data
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https://doi.org/10.1103/PhysRevC.109.064908
https://arxiv.org/abs/2402.06327
https://arxiv.org/abs/2510.07897

BACKUP
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Extended Monte Carlo Blast-Wave model (xBW): freeze-out hypersurface

The Cooper-Frye formula: 10 1
d3Ni 3 8 \
%5 = [ o). )
|
The freeze-out hypersurface: e
4 L
xt = (7(r) coshns, rcos©, rsin ©, 7(r) sinh ns) )
1 t+z
2
T(r) =50 + s2r°, =—1In 0 ‘ ‘ ‘ ‘ ‘
()=t n52<t—2> 0o 2 4 6 8 10

r [fm]

d3ot = (cosh s, 2s5r cos ©, 2s,r sin ©, sinh ns) rre(r)dnsdrd®© ,
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Simple BW does

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

Instead used a source with radius depending on p;: Ry = 10e%-23(P:=0.9) fi

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