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AToms, 4 6%

Strangeness in Universe -~

Davk Matter

Nuclear matter is strangeness neutral
= built of u,d quarks

Strangeness conservation: s-sbar quarks
are produced in pairs only

Credit: Adrian Romero

Strangeness in Universe:
in the core of neutron stars

Strangeness in Laboratory: YN and YY iteracions
produced in heavy-ion experiments

LHC (CERN)
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;otrangeness‘ in DMLab

DMLab: search for non-gravitational dark matter (DM) interactions with normal matter,
I.e. with standard model (SM) particles
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Credit: Warie Cassing

Strange particles are important probes of Strange particles can couple to
the properties of ,standard‘ matter: DM particles

d Equation-of-State (EoS) = search for DM candidates in
d medium modification of hadron heavy-ion experiments

properties in dense and hot matter and
chiral symmetry restoration
O formation of the quark-gluon plasma
(QGP) at high T and pg
formation of hypernuclei
strangeness in neutron stars
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Heavy-ion physics:

2 @ 0O
LHCQCERN @ o @0 @
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O ® Equation-of-State of hot and dense matter?
@ _ Quark-Gluon Plasma

@®
® 0 wg ®Study of the phase transition from hadronic

@ € ___ 1l to partonic matter — Quark-Gluon-Plasma
NA61/SHINE@CERN

'”' 0®° ® Search for possible critical point

iEaf’V Universe The Phases of QCD The phase diagram of QCD:

Temperature

!

©-L ® Search for signatures of chiral symmetry
74

D @! lﬁ ‘f > :I||‘ B restoration

Crossover

@ Critical Point

\ ® Study of the in-medium properties of
HadronGas @ = f hadrons (including strange mesons and

7 ’ Nuclear

Matter Neufronsm(s baryons) at high baryon density and
900 MeV temperature

Baryon Chemical Potential

Our goal: to study the properties and dynamics of strongly interacting matter
created in heavy-ion collisions on a microscopic basis

Theory: QCD + many body theory + microscopic transport theory

Realization: dynamical transport approaches - PHSD & PHQMD PHQMD



Thermodynamics of QCD at finite T and pug

» For the microscopic transport description of the system one needs to know all degrees
of freedom (hadronic and partonic) as well as their properties and interactions!

p(T)/T*

Thermal properties of QCD in (T, pg) plane 'N?E?}:’ayi‘_’i”é%‘?ééi‘%’ o0
- lattice QCD - limited to the low pg <400 MeV , | , | ,
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200 400 600 800 1000
T[MeV] Lattice QCD results up to up < 400 MeV:

@ Crossover: hadron gas = QGP

How to learn about the EoS and degrees-of-freedom of the matter from HICs?
=» microscopic transport approaches = comparison to HIC experiments



@ Dynamical modeling of heavy-ion collisions - PHSD

Parton-Hadron-String Dynamics (PHSD) is a non-equilibrium microscopic transport
approach for the description of dynamics of strongly-interacting hadronic and
partonic matter created in heavy-ion collisions

Dynamics: based on the solution of generalized off-shell transport equations
derived from Kadanoff-Baym many-body theory (beyond semi-classical BUU)

Quark-Gluon Plasma: IQCD EoS Dynamical Hadronic interactions
Initial state: Au+Au non-perturbative QCD - quasiaprticles Hadronization =final hadrons + leptons

time
= PHSD provides a good description of ‘bulk’ hadronic and electromagnetic
observables from SIS to LHC energies
= PHSD can be used for the theoretical study of the DM production in HICs: -
cf. recent extension beyond SM sector: dark photon production in HICs anlf

4

=

ﬁl_;@g’ PHSD: W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; P. Moreau et al., PRC100 (2019) 014911
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Stages of a collision in PHSD

t=0.05fm/c

O

Au + Au ,/syy = 200 GeV

b=2.2fm - Section view

@ Baryons (394)

. Antibaryons ( 0)

@ Gluons( 0)

P.Moreau



Stages of a collision in PHSD

t=1.6512 fm/c

O

Au + Au ,/syy = 200 GeV

b=22fm Section view

@ Baryons (394)
. Antibaryons ( 0)

@ Mesons (1523)

L

@ Quarks (4553)

@ Gluons (368)

P.Moreau



Stages of a collision in PHSD

t=3.91921 fm/c

O

Au + Au ,/syy = 200 GeV

b=2.2fm - Section view
@ Baryons (426)
@ Antibaryons ( 29)

@ Mesons (1189)

@ Quarks (4459)

@ Gluons (783)

P.Moreau



Stages of a collision in PHSD

P.Moreau

t=7.31921 fm/c

Au + Au /syy = 200 GeV

b=2.2fm - Section view

Baryons (540)

Antibaryons (120)

Mesons (2481)

Quarks (2901)

Gluons (492)
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Stages of a collision in PHSD

t=12.0192 fm/c

Au + Au /syn = 200 GeV

b=2.2fm - Section view

@ Baryons (626)
‘ Antibaryons (202)
@ Mesons (3357)

@ uarks (1835)

. Gluons (269)

P.Moreau
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Stages of a collision in PHSD

25.5191 fm/c

t

200 GeV

2.2 fm - Section view

Au + Au /syn

b

‘ Baryons (710)

@ Antibaryons (272)

@ Mesons (4343)

@ Quarks ( 899)

@ Gluons ( 46)
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Strangeness production in HICs

GSI: study strange meson (K, Kbar) production in A+A at (sub-)threshold energies

O experimental observation of K*, K™ production below

the NN-threshold

|. Strangeness production channels at low energies

Il. Strangeness rescattering
= (quasi-)elastic scattering with baryons and mesons

baryon-baryon collisions:

B+B—->B+Y +K
B+B—>B+B+K+K
B+Y 5> B+B+K

meson-baryon collisions:

dominant channel for low
energy K- production

®* meson-meson collisions:

K =(K,K°)
K=K ,K') &
B=(N.4.) @7
Y=(4,%)

7n+B-oY +K

p.‘\\.Z) n
7 oK

AN e A

Cn

n+B—)B+K+E

n+Y —>B+R

1+ — K+K

® resonance decays: ¢— K+ K

MK’/<Apﬁrt>

107

10° E

10°

Plot by C. Hartnack
T T T T

EC+C Ni+Ni
0o K

-0.4 -0.2 0.0 0.2

Vs-Vap, (GeV)

Strange quark exchange between
K™ and hyperons Y=(A, X)

1

The production cross sections and self-energies of K, Kbar
are modified in the nuclear medium !

P—t/p

13



In-medium effects for strange mesons

The hadrons - in particular strange mesons (K, Kbar and K*) - modify their properties in
the dense and hot nuclear medium due to the strong interaction with the environment

Models:

O chiral SU(3) model, chiral perturbation theory,
relativistic mean-field models: KN-potential =
dropping‘ of K- mass and enhancement* of K" mass

Kaplan and Nelson, PLB 175 (1986) 57;
Weise, Brown, Schaffner, Krippa, Oset, Lutz, Mishra, ... et al.

O self-consistent coupled-channel approach

- G-matrix:
= momentum, density and temperature dependent
spectral function of antikaons A(pg,p,T):
in-medium modification of the real and imaginary
part of the self-energy ¥ (mass and width)

L. Tolos et al., NPA 690 (2001) 547

= off-shell HSD: W. Cassing et al., Nucl.Phys.A 727 (2003) 59
Cf. review: C. Hartnack et al., Phys.Rept. 510 (2012) 119

Afs) [MeV]

In-medium masses:

14| *—m 0 ( '
my =my” (1+ox p/po) '
12|
1.0
° x
£ 0.81[
e 06l K"
0.4+ Kaplan & Nelson
0.2 Wass & Kaiser & Weise
0.0 . L L . .
0.0 0.5 1.0 1.5 2.0 25 3.0
Palp,

p=300 MeV/e

0.5p,

0.6 08 02 0.4

0.6 0.8
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The coupled-channel G-matrix approach

Solution of the Bethe-Salpeter equation in coupled channels:

o /l Meson selfenergy |
vedium: }E{ ) )E{\ .

and spectral function

T ™ = v Vo G ™ 7T T B\ Baryons: Pauli blocking P o< ITIZ
ij(P; ) = ij t Va (0, T) lj (o, T) and potential dressing
. . Kp->Kp
Coupled-channels [full SU(3) basis, isospin I = 0,1] 10" e
1 AATDS) -
74 2 SR R free
®*S$=—1: K p, K, n°A, 7920, nA, n=°, wty~, n~3*, K+E-, KOE° 10 |.| | p=p, T=0
! X — — p=2p,. T=0
_ - _ _ —_— P=2P
K™n, %=, 720 n=A, n2~, K°E 0 0
OR/\\ - iE(1195) A(1405)
A(1405) e 10 g\ i
®*S=+41: K*p;K™n, K% , AR \VES o
mu.\lc\']" P.L‘ IO ‘\ L .'A._. ’." : —
) = A
In-medium K~ self-energy: Z=ReX +i ImZ o»} > 10
T T T T T T T o2 — 2 :_ ....... f‘ree
_— 000 : e s 0 10 : ~ _
0001 g B = - w w " = (c)] 002 Nll'::\ll'“" W X : & : — P=Py =0
% n - - = -0.04 | 10 :.' '_. —— p=pn.. T=100 MeV
' R et & -0.064 0
a T=100 Mev ™. . m Y g0l T=100 MeV IOI \
i) = ™ o _— E —m— p= .\_ ’ -
© Iﬂ;g_mw"--.,_“ -0.124 —-—S=g.1SGeV 10_2 R et T Y
e T oM i Nodscey 1000 1100 1201021300 1400 1500 1600
0.0 I ﬂ!S ' ‘1I_D I 1!5 ' 2!(] ' 2|_5 ' _0‘16{].0 ‘ 0!5 I 1.‘0 ‘ 1.‘5 ‘ 2_‘0 I 2.‘5 ‘ S [MCV]
plp, PP,

G-matrix (based on the Julich meson-exchange model): L. Tolos et al., NPA 690 (2001) 547
Improved (based on SU(3) mB chiral Lagrangian): D. Cabrera, L. Tolos, J. Aichelin, E.B., PRC90 (2014) 055207 15



y- and m+ spectra of (anti)kaons in central Ni+Ni
collisions at 1.93 A GeV

Ni+Ni, 1.93 A GeV (b<4.5 fm)

Ni+Ni, 1.93 A GeV (b<4.5 fm) | di ffect
—— n-medium efrrects :

0.08 . I 0.00201 — _
K e . K = suppresses kaon production
0.06+ Il *\ 1 000151 = hardens kaon spectrum
B0 o4 ) - = enhances antikaon production
Z- % 0.0010- = softens antikaon spectrum
0.024 - W?th medium effects\_ | 0.0005- K:’:los (PLIB 495, 263 \
- - - -without medium effects™ | F# with medium effects

0.00 | Kaos (PILB 495, ?6) 0.0000 L=~ -vlwthout mled|um eflfects 3

10 05 0.0 0.5 1. 10 05 0.0 0.5 1.0

y y
- [Ni+Ni, 1.93 A GeV (b < 4.5 fm, -0.08<y<0.06) | Ni+Ni, 1.93 A GeV (b < 4.5 fm, -0.09<y<0.06) |
M l:K+ | § | Heavy-ion experiments at SIS
B > 1 5 .. | energies (FOPI, KaoS, HADES):
£ N E Observables: invariant yield,
Qo 2 E=] - g .
e 1 = rapidity spectra, ratios, flow,
£ N £ angular distributions =
2 =]

B e s e I Lol B, . | .

o T T itnout medium oft , Moderate repulsive potential for K*

T T T T 10+~ T T T T
e o o or 02 o3 os 05 Mo girgnger attractive potential for K-
m.-m, (GeV) m.-m, (GeV)

¥ K+ and K- exhibit different freeze-
out conditions

T. Song et al., PRC 103, 044901 (2021)
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Probing of EoS with strangeness
0.0006 Au+Au, 1.5 A GeV]

p p\
Skyrme potential: U(p) = a() + b()

0 P0
where a = —153 MeV, b =98.8 MeV, y = 1.63.
: dP 32 (E/A)
Compression modulus K : K:—V—:()p?%
] dV ap= |,
= 0.0002- M B Kaos (PRC75,024906) 1
1/ default EoS, fit A 100 nuclear matter EOS
0.0001 4/ - - -soft EoS . o A T Vel 1
I} hard EoS _ 90 [Z"DBHF Bonn A, K=230 3
/ 80 (-- DBHF Bonn B, K=150 =]
0.0000 L B Y L A B S R R — 70 .-_ - Skyrme soft, K=200 —-
0 50 100 150 200 250 300 350 400 — ol | Skyme herd, k=380 B
Apart E 50 /-E
Au+Au, 1.5 A Ge\] = 4 x
1.4x10° , = < 301 -
] . -, M 201 =
1.2x10° 1 K fo=-=7 N . 10 i
] /I‘ ] 0 7 .
£ 1.0x10° 1 N 7 \/\/v* 1 -10 = S
g < _ ! s - _20'. |||||||||||||| 1S8R llllllllllll l-
§ 8.0x10° ’\, \,/,’\/\{ ] 0 1 /2 3 4
€ ool A | B |
< 6:0x1077 ’ T DBHF model: Dirak-Briickner-Hartree-Fock G-matrix
o | Y/ ] —density and momentum dependent potential
40x10°1 0 B Kaos (PRC75,024906)
1.V default EoS, fit itivi .
20x10°] e ] Sensitivity to E0S:
oo cww--hardBoS Hard EoS: K=380 MeV — hard to be compressed,
0 50 100 150 200 250 300 350 400 less NN collisions to produce (anti)kaons
A Default EoS: K=300 MeV

Soft EoS: K= 210 MeV— easy to be compressed,

more NN collisions to produce (anti)kaons
T. Song et al., PRC 103, 044901 (2021) 17



A NEUTRON \R: S and INTERIOR

From kaons in HICs .... to stars

Kaon condensation in neutron stars ?

* Kaplan and Nelson ’86 :

In-medium effects on (anti)kaons can be pronounced so as to have kaon
condensation

* Glendenning and Schaffner-Bielich '99 :
Antikaon potential at saturation density is deeper than -120 MeV

16

300 [ —— normal phase Gibbs

---~- kaon phase | EEEEEETS m Maxwell
—-— mixed phase

J 14 U=-100 MeV

]

-g ” ‘ 5 s E
> 200 U=-80 MeV ~ S kv
[} S e ” U=-120 MeV
4 Y’ 12
=3 U100 MeV —f— 7 2
2 A K U=-130 MeV
@ U=—120 MeV S )
@ 100 e 10 R
o 4

T 1 U—-140 MeV —=— 1
et U ——140 MeV .

0 500 1000 . 1500
Energy density [MeV fm 7] M/M®

The maximum star mass is lowered with

EoS is softened due to kaon condensation increasing attractive K'N potential

Constraints from theory and HICs:

* Tolos, Polls, Ramos ’01; Cabrera, Tolos, Aichelin and E.B.’14; Song et al.,’21

G-matrix unitarized scheme based on meson-exchange models or chiral Lagrangians
predicts a moderate attraction in nuclear matter € consistent with heavy-ion results!
=» kaon condensation in neutron stars seems very unlikely according to G-matrix model

Credit: Laura Tolos 18



Why do we study hypermatter production?

Hyperons Y=(A, X) are produced by elementary reactions during the heavy-ion
collisions in the middle of the fireball and traverse to the target/projectile region by
interactions with nuclear matter. They can form hypernuclei.

spectators - <.
\c,éi A pl & D um—
1oeeve s

Th I
T participants

before collision after collision

Hypernuclei as bound objects:

o give information on hyperon-nucleon (YN) and hyperon-hyperon (YY)
interactions

o EoSincluding strangeness
o give access to the third dimension of the nuclear chart (strangeness)

o important for neutron stars (production of hypermatter at high density
and low temperature)

o new field of hyperon spectroscopy




o E#E
O, PHQMD :
PHQMD [=]

PHOMD: a unified n-body microscopic transport approach for the description of

heavy-ion collisions and dynamical cluster formation from low to ultra-relativistic
energies

Realization: combined model PHQMD = (PHSD & QMD) & (MST/SACA)

Parton-Hadron-Quantum-Molecular Dynamics

4 =

Initialization = propagation of baryons:
QMD (Quantum-Molecular Dynamics)

—

Propagation of partons (quarks, gluons) and mesons
+ collision integral = interactions of hadrons and partons (QGP)
from PHSD (Parton-Hadron-String Dynamics)

-

Cluster recognition:
SACA (Simulated Annealing Clusterization Algorithm)
or MST (Minimum Spanning Tree)

@ & 5;.;3?33?%?.- 3. Aichelin et al.,

PRC 101 (2020) 044905;
S. GlaRel et al.,

QMD&PHSD MST/SACA  time PRC 105 (2022) 014908 4,
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PHQMD

Hypernuclei production at s2 =3 GeV

The PHQMD comparison with most recent STAR fixed target
distribution of *H,, “H, from Au+Au central collisions at
Vs =3 GeV

= Assumption for nucleon-hyperon potential: Vy, = 2/3 V\

—
o~

—~ 107"

E 3 t =80 fm/c
H
A t =85 fml/c
Au-Au 0-10% —TST_:IQ fm/c
3 GeV *
3 ®
®
= ®
. 05<y<-025
*7\I‘\\\I‘\\\I‘\\\I‘\\\I‘\\\I‘\\\I‘\\
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1071k

1072
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coa b b b b
15 2 25 3
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=» Reasonable description of hypernuclei production

0 PHQMD predicts the dynamical formation of clusters
from low to ultra-relativistic energies due to the

interactions

O Cluster formation is sensitive to the YN and NN potential
-> sensitivity to EoS

S. GlaRel et al., PRC 105 (2022) 014908
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Neutron stars with hyperons

The presence of hyperons in neutron stars p-stable

9 n h perOIIIC matter:
n+n—=n+A

450 I | I | I | I | I | I I | I | I 2-5 Q
400 — = nucleons & leptons B smaller Mmax - 5 pHe >N+ Vv,
- — — nucleons, hyperons & leptons / 7 | PSR JO348+0432 _ _ _ ——— ) Z -
—~ 350 — — = n+n—=>p+2
fE _ softening of - PSR J1614-2230 E _ _
£ 300 the EoS by — T I n+e =X +v _
E ol the presence 1 B B Sty 152
= of hvperons j Hulse-Taylor PSR 1 O
A~ 200 - P = 7
2 n - —1 &
Z 150 — | E
I : :
A - —
100 - i —105 %
50 — — (b) | =
B 7 s
0 L - L — L | L 0o © Chatterjee and Vidana '16;
0 200 400 600 800 1000 1200 O 0.5 | 1.5 Vidana ‘18

. -3 . 3 it
Energy density € (MeV fm ") Central baryon number density p (fm ") Credit: Laura Tolos

‘Hyperon puzzle’: induces a strong softening of the EoS
that leads to M, .,.< 2Mg “

DA
— possible solution of ‘hyperon puzzle’: dark matter inside stars =» T\f T\
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Search for DM particles: DMLab theory

DM candidate’ |

Heavy-ion

Astrophysics

=» Constraints from astrophysical

 Search for DM particles in HIC based on observations: masses, radii of stars,
SM-DM interactions via possible portals: star cooling (e.g. A>n+X9),
p € gravitational waves Camalich et al., PRD 103
- B, F'" ,  vector portal (2021) L12301
2 cos Oy
£ (o +1o*) H Higgs portal

Yy, LHN | neutrino portal
\ JEZF F‘W axion portal. Cosmology

=» Constraints on masses and
coupling constants of DM candidates
by comparison of theory results with
experimental data

=» Constraints from cosmological
observations: evolution of Universe,
matter density, cosmic microwave
background, rotation of galaxis

23



DA

Light dark photons searches with heavy-ions e

-

The 'vector' portal : existence of a U(1)-U(1)" gauge symmetry group mixing

1 [ 1 € ¥
Lo = ——F’“” F. ! —B"F,, L= —m3 A A P U J e Notation for
2 CcOSs 91/{; Q ‘dark photon’:
|+ A’ or U- boson
Unknown: kinetic mixing parameter e and mass M|, B. Holdom, PL B 166, 196 (1986)
B. Batell et al., PRD 80, 095024 (2009)
QY\vvvv\\N YN\&\:\N
o, = ulgr)]etil(g) = wn o U e n° > y+U,
m://“W(’ l mixing _\ et n 2> y+U, U>e'e
Y o U A 2> N+U

The upper limit for the kinetic mixing parameter (M) of light dark photons extracted from the PHSD
dilepton spectra - with 10% allowed surplus of the total SM yield by an additional DM yield at given M:

-1 | |
" PHSD: 10— ————— 1074
107 .= Aut+Au, 1.23 A GeV, min. bias = = = paiic HADES
o A E R iy o
nlf-‘ 3 el \ = === Dalitz r P+pj 35 GeV . 1 5
L 10 A U o E p+Nb, 3.5 GeV 3 10-5L
> o sumU | 0 10° ] ArKCL 176 AGeV ]
W 10 3 PR o E 7
] Sum SM+U [ E Aut+Au, 1.23 AGeV 107k
- — — Brems. NN ~ E AutAu, 4.0 AGeV I % o CHOBS Do
10 A o e Brems. 1N w 4 F E ar Wiak
= 107 L 107" N
= 10° HPS
Z F TV AN i ; 10°?
- 10 L 10 0 R LHCb
R L B s 107" E
Z 10 3 1 Orsay/E137/CHARMIU70
-6 Pre-2021
o : M 10 L L L L L L L L L L . . . 10—11 I 1 sl
10 o 4 " . o . oo o3 ” 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 1073 1072 10°" 1
’ ’ ’ ) ’ ) M, [GeV/c] mg [GeV]

M [GeV/c’]

Ida Schmidt, E.B., Malgorzata Gumberidze, Romain Holzmann, Phys.Rev.D 104 (2021) 015008 24



Thank you for your attention !
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