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Nuclear systems are important examples for strongly interacting quantum liquids. New experiments in nuclear
physics and observations of compact astrophysical objects require an adequate description of correlations, in
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Alpha clustering is an important phenomenon in light 4-n self-conjugated nuclei (Hoyle state). New results have
been obtained for such nuclei with additional nucleons (e.g. the 9B and (9-11)Be nuclei). Collective excitations show
also effects of «-like clustering. In addition, clustering is of relevance for radioactive decay, alpha preformation and
the life-time of heavy nuclei. Cluster formation is essential to investigate nuclear systems in heavy ion collisions.
Transport codes have to be worked out to describe the time evolution of correlations and bound states for
expanding hot and dense matter. An interesting issue is the BEC-BCS transition in nuclear systems.
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Mott Effect:
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A Teaser:

If quark masses have a
Minimum at ~400 MeV,
Then all mesons with
M<800 MeV

And baryons with
M<1200 MeV

Would not undergo
Mott dissociation!

Lattice QCD thermodynamics
Explained by hadrons only!

L. Turko et al.
JPCS 455, 012056 (2013)
Arxiv:1307.1732
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Bound states in a plasma — Clusters in nuclear matter

Chemical picture:

|deal mixture of reacting components

Mass action law

()

Interaction between the components
internal structure: Pauli principle

Physical picture:
"elementary” constituents
and their interaction
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Quantum statistical (QS) approach,
quasiparticle concept, virial expansion



Bound states in a plasma — Clusters in nuclear matter

Effective wave equation for deuterons in nuclear matter

In-medium two-particle wave equation in mean-field approximation
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Thouless criterion
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Blndlng energies for light clusters in the QCD phase diagram
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Binding energies for light clusters in the QCD phase diagram
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Bound states in a plasma — Clusters in nuclear matter

Pauli blocking — phase space occupation

sz

cluster wave function (deuteron, alpha,...)
in momentum space

P - center of mass momentum

The Fermi sphere is forbidden,
deformation of the cluster wave function
Py in dependence on the c.o.m. momentum P

Fermi sphere

The deformation is maximal at P = 0.
momentum space It leads to the weakening of the interaction

(disintegration of the bound state).



Momentum dependence of binding energies for light clusters
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Bound states in a plasma — Clusters in nuclear matter

Deuteron-like scattering phase shifts
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deuteron bound state -2.2 MeV G. Roepke, J. Phys.: Conf. Series 569, 012031 (2014).



Mott lines in the QCD phase diagram
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Bound states in a plasma — Clusters in nuclear matter

Light Cluster Abundances
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Mott lines and chemical freeze-out in the QCD phase diagram
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Bound states in a plasma — Clusters in nuclear matter
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Bound states in a plasma — Clusters in nuclear matter

Symmetry Energy
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Mott lines and chemical freeze-out in the QCD phase diagram
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Mott lines and chemical freeze-out in the QCD phase diagram
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Mott lines and chemical freeze-out in the QCD phase diagram
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Mott lines and chemical freeze-out in the QCD phase diagram
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Hydrodynamic modelling for NICA / FAIR

More complicated for lower energies:

— baryon stopping effects,

— finite baryon chemical potential,

— EoS unknown from first principles

We want to simulate the effects of, and ultimately discriminate different EoS/PT types
The model has to be coupled to a detector response code to simulate detector events

" : S hadronic detector
|Sr]£|;[[ae| hyi:/%cllzggrrplc — , particlizaton — cascade =  response
_ adapt the procedure (optionally) UrQMD, etc GEANT
3-fluid hydro, from existing hybrid model (lu. Karpenko, MPD, BM @N
(Yu. Ivanov) (lu. Karpenko) H. Elfner) (O. Rogachevsky,
P. Batyuk,
S. Merts, et al.)

P. Batyuk et al., Phys. Rev. C 94, 044917 (2016) [THESEUS project]
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W4 3-Fluid Dynamics

Baryon = target o ; S
Stopping __ﬂ_ i
Produced particles £ _
= firaball
populate mid-rapidity k=
: ; 5
Model — fireball fluid £
2
=

momentum along beam

g - = . ' . & Jars s L }_,-f.
Target-like fluid: a0 =0 AT =—Fp+ Fy
Leading particles carry bar. charge exchange/emission
. i e e ’ b, 1T —
Projectile-like fluid: 9, J5 =0, OuTp” =—Fpt +
| g o T Uy e 1/ 1 v |
Fireball fluid:  J/' =0, Ou T} =Fg + Fp—Fp, — Fpj|
Baryon-free fluid Source term  Exchange

The source term is delayed due to a formation time = ~ 1 fm/c

Total energy-momentum conservation:
aﬁ(TéﬁH + T;-r.b" + T;:MP'] — U

http://mfd.jinr.ru

Yu.B. ivanov, V.N. Russkikh and V.D. Toneev, Phys. Rev. CT3, 044904 (2006)




Light fragment production at high baryon densities

First preliminary results:
Sudden freeze-out, with/without selfenergy (SE) shifts, no Pauli blocking yet

Deutrons, crossover EoS, b =3 fm
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Courtesy: Yu. lvanov, lu. Karpenko, M. Kozhevnikova, G. Roepke



Light fragment production at high baryon densities

First preliminary results:

Sudden freeze-out, with/without selfenergy (SE) shifts, no Pauli blocking yet

Tritons, crossover EoS, b =3 fm

0 1 5_ THESEUS, Pb+Pb

"""" THESEUS, Pb+Pb, SE

u Pb+Pb, He3, NA49, b =3fm

T t

05 | T +
| ﬂ,ﬁ.ﬁ

o dN/dy

THESEUS, Pb+Pb
"""" THESEUS, Pb+Pb, SE
u Pb+Pb, He3, NA49, b = 3 fm

*y
Ol R e | e e I
-2 0 2 —2 0 2
y y

Courtesy: Yu. lvanov, lu. Karpenko, M. Kozhevnikova, G. Roepke




Light fragment production at high baryon densities

First preliminary results:
Sudden freeze-out, with/without selfenergy (SE) shifts, no Pauli blocking yet

Deutrons

Tritons

crossover EoS, Elab =2 AGeV, b =2 fm

—— THESEUS, Au+Au
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Light fragment production at high baryon densities

First preliminary results:
Sudden freeze-out, with/without selfenergy (SE) shifts, no Pauli blocking yet

Deutrons Tritons
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Mott-Anderson localization model for sudden freezeout

DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811

The basic idea: Localization of (certain) multiquark states (“cluster”) = hadronization;
Reverse process = delocalization by quark exchange between hadrons

Freeze-out criterion:

Povh-Huefner law,

PRC 46 (1992) 990
— total x-section
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Hippe & Klevansky, PRC 52 (1995) 2172
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Mott-Anderson localization model for chemical freeze-out
DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811

Model results:

Collision time strongly T, mu dependent !

Texp{?: M) = Tl T, p)

Schematic resonance gas: dx pions, dN nucleons

300

Expansion time scale from
entropy conservation:

s(T, p) Mlt,) = const

gl Top) = as (T, p),

Thermodynamics consistent with phenomenological
Freeze-out rules:

300 -

@) 4 g dy=20
250+
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200 400 o600 200 1000 1200 1400 200 400 600 800 1000 1200 1400
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Povh-Huefner law: quark exchange in meson-meson scattering?

DB, G. Roepke, Phys. Lett. B 299 (1993) 332; T. Barnes et al., PRC 63 (2001) 025204
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Povh-Huefner law: quark exchange in meson-meson scattering?
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Quark exchange model for charmonium dissociation in hot hadronic matter
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Mott-Anderson localization model — refinement ...
DB, J. Jankowski, M. Naskret, arxiv:1705.00169

A) Chiral condensate for the full hadron resonance gas model — radii of hadrons

- nonstrange hadrons: 2 3 —mq(qq)
¥ >T,#. = 2(T. 1) = q\99) T\
. Am2 f2 fx (T 1) m2
3m?2
2 i _ —1 ‘ ¢
)T = gy, 1907l (R =8+ (r2)ms
- : 9 19) T+ (SS) T p
strange hadrons: 2 o _ (q9) 1, : (58) T (g + )
. 3 3 m; 2 2, 2
(r2Vr ) = 5= = - - —b (rA)rp =70+ (Tid) T
RIDET An? fie  2m? [@@) T+ (38)Tpl(myg + ) ’ '

B) Chemical freeze-out: only “reactive” cross section, flavor equilibration

Some flavor changing processes involve reaction thresholds and need
activation energy, like in the Eyring theory of chemical processes with activation:

s AFE , .
0ij(T, p) = exp (—T) 0ii(T, ) 0ii(T, 1) = MNri)ru(r) 1

Assumption: average activation threshold for reactive processes: AFE = 0.2 GeV
(to be refined, account for all individual processes, e.g., SMASH)



Mott-Anderson localization model — refined, full HRG
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The factor a stands for the inverse system
size in the formula
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for the 3D expansion time scale assuming
entropy conservation



Mott-Anderson localization model — refined, full HRG
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Mott-Anderson localization model — refined, full HRG
DB, J. Jankowski, M. Naskret, arxiv:1705.00169

Inelastic collision rate 7.3 o« T®, Kk =20 from fit to STAR data

U. Heinz and G. Kestin, PoS CPOD 2006, 038 (2006) [nucl-th/0612105]
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Mott-Anderson localization model — refined, full HRG
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What about K+/1r+ (Marek's horn) in THESEUS ?

2-phase EoS, b= 2 fm

03¢ THESEUS simulation reproduces 3FH result,
005 Thus it has the same discrepancy with experiment
n_gf— --> some key element still missing in the program
F Batyuk, D.B., Bleicher, et al., PRC 94 (2016) 044917
0.1f-
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(,2 Chiral symmetry restoration in HIC at intermediate ...”
A. Palmese et al., PRC 94 (2016) 044912
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Mott dissociation of 1 and K in hot, dense quark matter

D. Blaschke, A. Dubinin, A. Radzhabov, A. Wergieluk, PRD 96 (2017) 094008; arxiv:1608.05383
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PNJL model for N =2+1 quark matter with mr and K
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PNJL model for N =2+1 quark matter with mr and K
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Mott dissociation of pions and kaons
in the Beth-Uhlenbeck approach ...

D.B., A. Dubinin, A. Radzhabov, A. Wergieluk, PRD 96 (2017) 094008
D.B., M. Buballa, A. Dubinin, G. Ropke, D. Zablocki, Ann. Phys. (2014)

Thermodynamics of resonances (M) via phase shifts
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- Pion and a0 as partner states, EMDZ_
- Chiral symmetry restoration, e
- Mott dissociation of bound states, f:fr-'.'

- Levinson theorem 0




Mott dissociation of pions and kaons
in the Beth-Uhlenbeck approach ...

D.B., A. Dubinin, A. Radzhabov, A. Wergieluk, PRD 96 (2017) 094008
Polarization loop in Polyakov-loop Nambu — Jona-Lasinio model
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ratio

Mott dissociation of pions and kaons in Beth-Uhlenbeck:
Explanation of the “horn” effect for K+/1r+ in HIC?

Ratio of yields in BU approach

defined via phase shifts:
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- enhancement for K+ due to anomalous
in-medium bound state mode
- no such enhancement for K- or pions

- explore the effect in thermal statistical
models and in THESEUS ...

D.B., A. Dubinin, A. Radzhabov, A. Wergieluk,
PRD 96 (2017) 094008; arxiv:1608.05383



“Tooth” on the “horn” due to anomalous K+; sign of CEP?
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- enhancement for K+ due to anomalous
In-medium bound state mode D.B., A. Friesen, A. Radzhabov, in prep. (2019)



“Tooth” on the “horn” due to anomalous K+; sign of CEP?

300

030 — — . 7
> — (S =15 GeV
----- Sﬁ) —37Gev
0.25 - { . % 2003 5., —-—-,(SNN) _4.0 GeV
Mx.,‘% - (SNN) ’-8 GeV
.
0.20 - 200
=
o) 0
= 015 r s
i e -
0.10 - et E802,E866 100
—a— E866,E895
—e— NA49
0.05 - —6— PHENIX -
—E— NA44
—m— STAR ., | |
0.00 - 0
10.0 100.0 0 100 200 300 400
(San) 2[GeV] U [MeV]
050 e 300
— K/m, =1
N %;n', I:o.gs
C === Km =12
040 F o N e Kim 1=099
A - - - KU =11
T T K!/m, 1=0.995 200
0.30 | N ---- K'/m, 1=1.05 | —
o >
® =
0.20 =
100
0.10
0.00 - 0k
10.0 100.0 0 100 200 300 400
1/2
(Snn) lGeV] U [MeV]

- “tooth” correlated to the CEP — indicator for CEP !!
D.B., A. Friesen, A. Radzhabov, in prep. (2019)



Conclusions

- nuclear/hadronic medium effects determine the Mott-lines for light clusters
in the QCD phase diagram: selfenergy and Pauli blocking (constituent exchange)

- at high energies sudden freeze-out from unmodified statistical model (left of Mott-line)
- at low energies (high baryon densities) freeze-out interferes with Mott effect !

- justification for sudden freeze-out picture may come from Mott-Anderson localization
of hadron (multiquark) wave functions, enforced by confining interactions

- K+/pi+ horn effect: additional K+ mode in-medium from generalized (in-medium)
Beth-Uhlenbeck approach with chiral quark model

- implementation to THESEUS code under way ... in-medium modifications on the
(sudden) freeze-out hypersurface
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