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Phase diagram and CEP of QCD
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Phase diagram and CEP of QCD: Role of clusters

> (Chiral) crossover at p = 0 MeV
> Liquid-Gas PT around T = 20 MeV

> No QCD in a box experiment, only
dynamical heavy-ion collisions

> Rely on dynamical (microscopic) models

> (Recent) CEP predictions prefer common
region around p = 600 MeV, T = 100 MeV

> Freeze-out points depend on fitted
hadron list, especially cluster production
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Cluster production

Wigner coalescence Kinetic production Potential
> Projection on Hulthen wave function * Explicit processes > Hamiltonian that binds
» Parameter free > Dynamical treatment » Difficult in small systems
> No orthogonality of states > Fake 3 body interactions * Complicated forces
M. Kachelriess et al. Eur.Phys.J.A 57 (2021) np][ —_ d][ J. Aichelin, et al. Phys.Rev.C 101 (2020) 4, 044905
M. Gyulassi et al. Nucl.Phys.A 402 (1983) S. GlaRel, et al. Phys.Rev.C 105 (2022) 1, 014908
Mattiello et al. Phys.Rev.C 55 (1997) 1443-1454 P. Danielewicz et al. Nucl. Phys. A 533, 712-748 (1991)

J. Staudenmaier et al. Phys.Rev.C 104 (2021) 3, 034908
D. Oliinychenko et al. Phys.Rev.C 99 (2019) 4, 044907

Phase space coalescence Thermal source Multifragmentation
> Use cut-off parameters > Clusters in partition sum > Break up of thermal
> Event-by-event possible > No free parameter nuclear system
> Excited states implicit in > Problem: T >> Epind > Microcanonical
Coalescence parameters P. Braun-Munzinger, et al. Phys.Lett.B 344 (1995) 43-48 g DeeXCitaﬁon Via Fermi
A. Andronic, et al. Nature 561 (2018) 7723, 321-330 b k
S. Butler, C. Pearson. Phys.Rev. 129 (1963) 836-842 V. Vovchenko, et al. Phys.Lett. B (2020) 135746 rea U p

S. Sombun et al. Phys.Rev.C 99 (2019) 1, 014901
Bondorf et al. Phys.Rept. 257 (1995) 133-221

Steinheimer et al. Phys.Lett.B 714 (2012) 85-91
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Phase space coalescence

> Cluster are weakly bound compared to average momentum transfer (temperature)
» Clusters only have a substantial chance of survival if they are formed late

» Coalescence related the invariant spectrum to the constituent spectra

dN
— =8 I H dp; f{pi» %) pi,.....i,(AX, Ap) o(k — ZP )

d3k .....
> Requires realistic phase space distributions of the constituents (nucleons and Lambda)
> Use microscopic dynamical model: Ultra-relativistic Quantum Molecular Dynamics (v4.0)

> Advantage: QMD keeps all n-body correlations on event-by-event basis
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UrQMD in a nutshell

> Ultra-relativistic Quantum Molecular Dynamics (v4.0)

> QMD: Solve Schrodinger equation for nuclei
represented as product state of nucleons with
Gaussian wave functions. Centroids of nucleons (only)
then propagate on classical trajectories

> Covariant propagation

> 150 Hadron species, including high mass resonances

o(H o(H
> String excitation and fragmentation I = H) p: = (H)
op; or;
> Cross sections taken from data or effective models,
geometric interpretation | P
V ] — d / U / ]
> QMD has potentials in Hamiltonian way (Pp. P) Pn J P Upp. p)
(not a mean field) 0 p=const.
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Phase space ,box" coalescence

> Boost into rest frame of every possible p+n pair at kinetic freeze-out

> Propagate to the latest decoupling time

> Check if AX < AXmax and Ap < Apmax

> Apply statistical spin-isospin factor (only 3 out of 8 possible pn wave functions give a proper

deuteron state)

> Parameters are energy-independent and fixed once

> Single parameter set describes cluster
production in pp, pA, AA, 1tA collisions from
SIS18 to LHC

> Feed-down from excited nuclei (e.g. for
4He) is implicitly modeled with AXmax, APmax

deuteron | °H or °He | *He | 3 H
spin-isospin 3/8 1/12 1/96 | 1/12
ATmaz [fm] 4.0 3.5 3.5 9.5
Apmaz [GeV] | 0.25 0.32 0.41 | 0.15

S. Sombun et al. Phys.Rev.C 99 (2019) 1, 014901
T. Reichert et al. Phys.Rev.C 107 (2023) 1, 014912
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Stable hadron and nuclei multiplicities
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> Multiplicities of hadrons and nuclei are reasonably well described from GeV to TeV collisions

> At GSI/FAIR, RHIC-FXT approx. 50% of protons are hidden in clusters
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Stable hadron and nuclei ratios
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Volume estimate from the coalescence parameter B>

> Momentum space coalescence: L 1072
Z A-Z N
Y d°N 3N 2
E,x— =B, , E,—  E— Y 10-
dpz ( "dpy) ( " dpy) ®
&
> Coalescence parameter Ba is related to source Qaﬁ 10~ 0 PHENIX
volume via Ba o (1/V)A-1 v :zﬁmsm
10-5 « HBT

> Meaning of “volume V" depends on model
> Compare B2 and B3 to HBT volume

> Extracted volumes agree from LHC down to
AGS, but strongly deviate at GSI

> What's wrong? 10°T 109 100 107 10° 10T 10°  10% 107
A. Kittiratpattana et al. Phys.Rev.C 106 (2022) 4, 044905 Ebeam [GeV / I’IUCleOIl]
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Volume estimate from the coalescence parameter B>
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> This approximation is fine when 1. cluster yields are
strongly suppressed and 2. isospin is fully
equilibrated

! L ! ! L
Thermal-FIST with feeddown Coalescence
————————— Thermal-FIST w/o feeddown UrQMD UrQMD-hybrid
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» Both break below <

N/

» How to get from final protons and clusters to
primordial protons and neutrons?

P. Hillmann et al. J.Phys.G 49 (2022) 5, 055107
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T
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Correcting the coalescence parameter B>

> First get the primordial protons from final state protons and clusters
Pprim = Pfinal T Z Z; X Cluster;  andsimilarly 7,5, = ngp; + Z N; X Cluster,
i i

> Effectively, every produced charged pion either transforms a proton to a neutron or vice versa

— — + _ — +

> On average: Ppart = Lpy Apart/ Ay, and Noart = Nay * Apart/ Apy

» Therefore
NAu NAu

(ppml — Aﬂ')( Z + 1) v A1

nprim 4 prim X Ny Z

(pprim — AJZ')( Z + 1) ™ + Arx

— 5.prim
— 180 A. Kittiratpattana et al. Phys.Rev.C 106 (2022) 4, 044905
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Testing the reconstruction with UrQMD

> Transverse momentum distributions of protons and > Volume from B2 is corrected and alighs with
neutrons before coalescence are very well HBT volume

reproduced using 107! ,
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Thermal production or coalescence?

» Use Armt to trigger on the isospin composition of )
the baryons (d)
2

o7 | | | | | ro-o0
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(A-Z)/Z | ® d - UrQMD 1= 00
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(A-2)/2 AR
i i ) )
18- ¢ H —14.50
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dueto N, x N, X N 16} ~4.25
1% n
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flat 12ff | 1 /[ 3.75
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thermal source AY AY

A. Kittiratpattana et al. Phys.Rev.C 107 (2023) 4, 044911
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Unstable light nuclei: 4Li, >Li

> Much progress regarding stable light nuclei (d, t, 3He, 4He + anti) and hypernuclei (3AH + anti)

both from theory and experiment

> Next chapter: unstable light nuclei 4Li (T1/2 =92 fm/c), 5Li (T1/2 = 37 fm/c)

> Especially 4Li is thought to be a resonant p + SHe state, allows reconstruction using LL model

1 4f-Centrality:0~10%, -0.2<y<0 80000F gackground with C(k*) Correction
' P :2.2~2.4GeV 70000
1.2 60000 e foreground
1 50000 — background
0.8 2 40000 % Bignel
% : Data é 30000 :ﬁg::::;:; 1253
. all S+P Fit = 455900+
0.6 o M 20000 N::;’VNSig"'NBg: 59.6
I, : 7.0MeV
0.4 2 1SO+3S1+1P1+3P1+3P0 10000 I: 7.0Me
0.2 0
| | | —10000 | | |
O 005 0.1 0.15 0.2 0.25 0.3 3.74 3.76 3.78 3.8
He - proton k* (GeV/c) p-*He invariant mass (GeV/c?)

Junlin Wu (STAR) SQM2026, contribution #184
[presented by Chenlu Hu]

> 4Li vs. 4He is also proposed to
distinguish coalescence and thermal models

38, A¥
R A™

R =25fm
R =2.0fm

S. Mrowczynski. Eur.Phys.J.ST 229 (2020) 22-23, 3559-3583

7, Eolrr | EOI3F FOISF 13019#

50 100 150 200 L
C]lllax [Mev]
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UrQMD + Statistical Multi-fragmentation

° ° ° ° urQMD + SMM UrQMD+SMM: 175: urQMD + SMM UrQMD+SMM
> Simultaneous microcanonical fragmentation sof. ALTAY (0-10% N S 5 sman
of excited nuclear system, subsequent iy L
deexciation z | | oot
< 40f

> Hybrid UrQMD+SMM has been successfully
applied for nuclei production, (double) 4

hypernuclei production and their flow g O e, 5 g
» Stable nuclei (p, d, t, 3He, 4He) productionin vy 7 T Ty
Au+Au (0-10%) at V'sn = 3.0 GeV are well i<> """"""""""""""" | R
described within error bars N | & /\
3 | 2o
2. B\ gl =

1F .' - :
[ ] 0.25F .
i / UrQMD + SMM \ ) : ) ‘‘‘‘‘‘‘‘ l :
of $ STAR ' 0.00f :

Error

N. Buyukcizmeci et al. Phys.Rev.C 108 (2023) 5, 054904 -1 5o bl sl cbn sl B e Y N T T

T. Reichert et al. Work in Progress y y
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Summary

> Cluster production from correlated nucleon
source can be well described with simple box
coalescence from 1 GeV up to 13 TeV

> Understanding of cluster production important
for: QCD phase diagram, anti-nuclei at AMS, ...

WPCF 2026

» HBT volume and coalescence volume coincide, if carefully corrected for incomplete
iIsospin equilibration and non-negligible cluster/constituent ratio

> Difference in charged pion yield can be used to correct the data

> Unstable light nuclei are promising new observables for current and upcoming
experiments
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