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Motivation

() Strange particle production is enhanced in heavy-ion collisions — key
QGP signal

O Strange quarks are abundantly produced in the QGP medium

O Enhanced strangeness production has been observed in nucleus-nucleus
collisions and small systems

@ Ratios such as K*/z+ and (A + X°)/z~ serve as sensitive QGP
observables.
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Overview of strangeness measurements (Experlments)

STAR Detector System

Kt (y

SPS (CERN): First observation of strangeness  _ 0:, ;

I
I

enhancement (NA49)

A

Al
@® PHENIX

* NICA (JINR): Future high-baryon density program

CBM (FAIR): High-precision strangeness & dilepton

measurements

Ref: NA49 Collab., Phys. Rev. C 66, 054902 (2002)

S

STAR Collab., Phys. Rev. C 96, 044904 (2017)
ALICE Collab., Nature Phys. 13, 5§35-539 (2017)
CBM Collab., CBM Physics Book (Springer, 2021)
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o 10°
\ISNN (GeV)

STAR (RHIC) : Observe particle ratio at all BES enﬁgfes ’

e ALICE (LHC): Enhancement seen even in small systems

4: Muon Chamber
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Parton- Hadron-Quantum-Mlcular namlcs(PHQMD)

A unified n-body microscopic transport

[ e _ L _ e

|
approach for the description of heavy-ion |
collisions and dynamical cluster formation |

Ref: J. Aichelin et al., PRC 101 (2020) 044905, arXiv:1907.03860

11. Initialization (QMD)
- Propagation of baryons

. Propagation & Interactions (PHSD) |
; Partons (quarks, gluons), mesons, hadrons
- Collision integral > QGP dynamics |

| 3 Cluster Recognition (MST / SACA) |
i- Minimum Spanning Tree (MST)
- Slmulated Annealmg Clusterlzatlon Algorlthm (SACA)

QMD&PHSD MST/SACA time
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MST & SACA

Minimum Spanning Tree (MST)
* Cluster recognition method for final states.

* Searches for accumulations of particles in
coordinate space.

Criteria:

1. Two particles are bound if r, —r ;[ <4 fm.

2. A particle belongs to a cluster if it binds with at
least one particle.

N

Ref: R. K. Puri, J. Aichelin, J. Comp. Phys. 162 (2000) 245266,

P.B. Gossiaux, R. Puri, Ch. Hartnack, J. Aichelin, Nuclear Physics A 619 (1997) 379-390
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Simulated Annealing Clusterization Algorithm (SACA)

Uses positions and momenta of nucleons at time t.

Considers all possible partitions into clusters or single

nucleons.

Neglects interactions among clusters.

Chooses configuration with maximum binding energy.

[terative procedure leads to most bound cluster

configuration.

Take randomly 1 nucleon Add it randomly to another cluster

out of a cluster
g o O Q )
o’.

E=EL, +E?, +V1+V2 E'=E'in +E%kin V1V2

If E’ < E take a new configuration
If E’ > E take the old configuration with a probability depending on E’-E
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Simulation details
* Event generator: PHQMD

 Number of events: 2 million minimum bias

¢ VS, =3.5-14.5GeV

o Cluster algorithm: MST

QGP ON: QGP phase when local energy density exceeds 0.5 GeV/fms.
QGP OFF:If above threshold is not reached, the system remains in the hadronic phase (no QGP).

Three analysis cases

1. No cuts

2. Mid-rapidity (ly| < 0.5)

3. Mid-rapidity ly| < 0.5 & transverse momentum range Oé4 < pr<2.0 GeVie.
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Rapidity spectra for 3.5 GeV
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Rapidity spectra for 4.9 GeV
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Rapidity spectra for 7.7 GeV
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Rapidity spectra for 7.7 GeV
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apidity spectra for 14.5 GeV
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Particle Ratio vs Energy
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World data: NA49, AGS, SPS
K=/K", p/p & =~ /x"ratio of PHQMD model at mid-rapidity for 0-5% central and compared with experimental data

’- K~/K™ is significantly less than unity.
{e Suppression of K~ occurs due to associated production
| with hyperons like A.

le Strangeness is conserved, but s quarks favor anti-kaons
1 and hyperons, while s quarks primarily form kaons. :

RHIC energies. Higher beam energies lead to greater collision
transparency, with mid-rapidity proton and antiproton production
mainly from pair production.

Ref: L. Adamczyk, et al., Phys. Rev. C, 96, 044904 (2017)
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Strangeness enhancement
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K™ /rn"ratio of PHQMD model at mid-rapidity for (A + =)/ 7 ratio of PHQMD model at mid-rapidity for

0-5% central and compared w1th experlmental data 0-5% central and compared w1th experimental data

LA clear dlstmctlon is Observed between QGPAON and OFF states in the

5‘_ rathS al‘Ollnd 77GeV st

1 ® QGP ON scenario: K*/z™ ratio is closer to
experimental data.

i ® QGP OFF scenario: No "horn" structure observed, |
highlighting the impact of QGP on particle ratios. i

' K PHMD Oerestimates the data in (A + ZO)/ ﬂ‘»fatio,‘q :
| _especially for QGPONscenario. |

Ref: L. Adamczyk, et al., Phys. Rev. C, 96, 044904 (2017)
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K~ /z~ Ratio vs Energy
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'f 3 NO peak is Observed in the exc1tat10n functlon of the K / T ratlo Wthh :
| instead rises monotonically with \/_

" ® Both the QGP ON and OFF scenarios show the consistent result with
| the experimental data for K~ /7~ ratio
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Centrality and energy dependence of (A + X°)/z~
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Summary

v Energy & centrality dependence of particle ratios studied in Au+Au collisions from FAIR/
AGS to SPS energies.

v Different acceptances, with/without QGP phase.

vRapidity spectra: Clear QGP ON vs OFF differences at \/E - GeV (most pronounced
for A, K at midrapidity). At \/E NN=11.5, 14.5 GeV — differences persist but weaker.

vHorn structure in K™ /7 ratio reproduced in PHQMD (QGP ON), consistent with
experimental data.

Results indicate: Strangeness enhancement well described. Supports chiral symmetry
restoration (CSR) before deconfinement.
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Rapidity spectra for 4.0 GeV
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Rapidity spectra for 11.5 GeV

> T >.. 0-35 T T T T T T P Fl >, T T T T T T T T T
0.09 — QGP OFF 5 — QG P OF 3
> o008 === QGP ON = o3k @P === QGP ON = o.006E- (b) A
© 8'82 © o025 S 0.005
) 0.004
0.05 0.2
0.04 0.15 0.003
0.03 0.1 0.002
%_%21 0.05 0.001
0 ) 0 1 Q. Q. = 4
Yy Yy
=) s 99 E
= = . -
© S 0.07 =
0.06 =
0.05 -
0.04 -
0.03 ]
0.02 3
0.01 3
oF )
Yy
> T T T T T T T T T N T T T T T = T T T T T T T T T > T
= * S 0.035 ) S 0.016E (o) K* < 0.009
S oo0sf () K = °0on H K v, = o014E ©) = 0.008
©  0.05 A : - Ty © 0.012 © 0.007
0.025 0.006
0.04 0.01
0.02 0.008 0.005
0.03 0.015 : 0.004
' 0.006 0.003
0.02 0.01 )
. 0.004 0.002
0.01 0.005 0.002 0.001
o e b o ol e o o ol e Il L L L Il E T 0 " PP _l [P 4 L L L L L ’_‘ I _'_. . - O 2
5 4 3 2 -1 0 1 2 3 4 5 5 4 -3 -2 -1 0 5 5 4 -3 -2 -1 0 1 2 3 4 -5 4 5
Yy Yy Yy Yy
= T =
>.. >.l 0_016 T T T T T _o =
~ ) —
= = o.014f (B) A - = E
© T 0.012 —
0.01 E
0.008 E
0.006 3
0.004 3
0.002 _ 3
0 4
\Y; Yy
> 0.22 0.24 =
) 0.2 0.22 =
= 0.18 0.2 =
o] 0.16 0.18 o
0.14 0-]2
0.12 )
0.1 0 12
0.08 08
0.06 0.06
0.04 0.04
0.02 0.02
0 0
> 004 T T T T T T T T T = 0_022 T T T T T > T T T T T T T T T >O 0016
) * o S 0.0025 * o
2 0.035 (e) K E OOO(‘I)g (f) K E (e) K E 0.0014
© 0.03 © 0016 T 0.002 = 0.0012
0.025 0.014 0.001
0.0015 .
0.02 0'8_1021 0.0008
0.015 8'882 0.001 0.0006
0.01 . 0.0004
0.005 9-994 0.0005 0.0002
Od.l___la.i__l.L 1 1 1 1 1 o de o o o O‘_.___I,___J 1 1 1 1 1 e O 1 2
-5 4 3 2 -1 o 1 2 3 4 5 -5 4 3 2 -1 o 5 3 -2 -1 0 1 2 3 4 5 -5 4 3 2 -1 0 1 2 3 4 5
Yy Yy \Y \%
£ d %e&-
24 f ey
Lnspue s
°’> é,

Rudrapriya Das | INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS, 46th Course | Erice, Italyl September 17-22, 2025

e )
e pyrgyit ¢




Strangeness enhancement

'|'g :I I 1 I | L I 11 I 11 | LI | LI I | LI I | LI I | L I | L I I:
I Au+Au, lyl < 0.1 i
0.25_— L] -
0.2 * + v + -
- v v + v v
i * N A A -
0.15 —
- *X A A )
0-1:_ .X V¥V PHQMD QGP ON —:
- X A PHQMD QGP OFF .
O 05-_ STAR BES _—
. — B B World data -
:I L1 I L 1 1 I L 1 1 I L 1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L 1 1 I L 1 1 I I:

0 2 4 §) 8 10 12 14 16 18 20

'Sy (GeV)

K*/z*ratio of PHQMD model at mid-rapidity considering b__ =3.2 fm and compared with 0-5% central mid-rapidity data

max

“' wA éléar diSt_i‘nctio-n 1s -‘observ‘éd' betWéén QGPON and”()FF{st”at'es in ”the

KT /77 ratio within 6-10 GeV.

Ref: L. Adamczyk, et al., Phys. Rev. C, 96, 044904 (2017)

25
Rudrapriya Das | INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS, 46th Course | Erice, Italyl September 17-22, 2025




ly] <0.5,0.4 < p;r< 2.0

C 0_5 — | | ! ! ! | ! ! ! | ! ! ! | ! ! ! ! ! I =
_,g — PHQMD QGP ON 7]
x | lyl <0.5,0.4 < p, < 2.0 (GeV/c) _
> — —
T 041 __
+ | _
= [ -
0.3 —
i —@— 0-5% .
0.2 —— 5-10% —
B —A— 10-20% -
B —¥— 20-30% i
- —¥— 30-40% -
0.9~ —4— 40-50% -
B —4— 50-60% n
B —¢— 60-70% i
O | | | | | | | | | | | | | | | | | | | | | |
4 6 8 10 12 14
w (GeV)
C 0.5 [ | ! ! ! | ! ! ! ! ! ! ! ! ! ! =
ie) - PHQMD QGP OFF .
O | — —
s | lyl <0.5,0.4 < p, <20 (GeVlc) |
= n |
ON 0.4 B ]
+ n |
S [ i
0.3 -
- —@— 0-5% n
0.2 —l— 5-10% —]
B —A— 10-20% .
B —¥— 20-30% |
B —¥— 30-40% =
0.1~ —4— 40-50% -
B —4&— 50-60% .
B —%— 60-70% ]
O l | l l l | l l l | l l | l l l | l l l | l
4 6 8 10 12 14
\'syn (GeV)

o
&)

(A + =°)/Proton
o
N

0.2

0.1

(A +Z0/p

ly] <0.5

— | | ! ! ! | ! !

~ PHQMD QGP ON
- lyl<0.5

—&@— 0-5%
—— 5-10%
—&— 10-20%
—V— 20-30%
—¥— 30-40%
—4— 40-50%
—4— 50-60%

—— 60-70%
| | |

_|IIII|IIII|IIII|IIII|IIII_I

I12I

e
VS (GeV)

0.57

o
: N
_|IIII|IIII|IIII|IIII|I

PHQMD QGP OFF

<
N\
o
o

—— 5-10%
—A— 10-20%
—V¥— 20-30%
—¥— 30-40%
—4— 40-50%
—— 50-60%
—— 60-70%

26

1 1 | 1
1

| | |
14
sy (GeV)

o
o

O
~

_|IIII|IIII|IIII|IIII|IIII'I

TR
\

(A + =°)/Proton

0.2

0.1

o
&)

(A + =°)/Proton
o
N

0.2

0.1

No y-p, cut

| ! ! ! |
PHQMD QGP ON

| | | | | |
—@— 0-5%

—— 5-10%
—A— 10-20%
—V— 20-30%
—¥— 30-40%
—4— 40-50%
—=— 50-60%
—50— 60-70%

Lo

_|IIII|IIII|IIII|IIII|IIII_I

—>§-II-$<L L + +

- e K 4

1N
o

—
N
—h
.h_

PHQMD QGP OFF

TN
\

N
(0))

Rudrapriya Das | INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS, 46th Course | Erice, Italyl September 17-22, 2025



dN/dy

dN/dy
dN/dy

dN/dy
dN/dy

01.'1.'J.'4'.|L:L..|J.|.|.|.|J.|.|.|.|J.|_|_|_|J_|_|_|_|J_|_| ab-at!

dN/dy comparison for 7.7 GeV (0-5%)

dN/dy

<m

0.3
0.25
0.2
0.15
0.1
0.05

dN/dy

no
i
I~

B 4 3 2 -1 0

<m

0.022

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

Y S S R

dN/dy

I\)F

w

~
<o

[ hOff_proton_c0

ly| <0.5

4180621
0.0006776

>

0287 Q

| Z 003
o)

hOff_pion+ ¢0

hOff_lambda_c0
" [ Entres 912697
Mean 0.000788
Std Dev 0.2844

hOff_pion-_c0

0.25

0.2
0.15
0.1
0.05
0

m

" | Entres

Mean
Std Dev

9904215
0.0002074

08 00 0402 0 02 04 0608 1
y

3

02844 S 03
Z
©

" | Entres

Mean
Std Dev

1.0913568+07
5.935e-05
0.2842

0—1 08 06-04 02 0 02 04 06 08 1

hOff kaon+ c0

y

hOff kaon-_c0

0.05
0.04
0.03
0.02
0.01

0 ra o

-1 038

" | Entries
Mean
Std Dev

1413606
0.0002552

rala el

' NI AP S I
04 02 0 02 04 06 08

27

>
02828 g 0.02
O

" | Entres

Mean
Std De

596985
0.0002592
v 0.2821

0—1 08 06-04 02 0 02 04 06 08 1

dN/dy

dN/dy

lv| <0.5,0.4 < pr< 2.0

[ hOff_proton_c0

hOff_lambda_c0

T IR am| FomE TE =
= = QGPON e g 0.025 S Dey R
0 ] T 0
0.06 ] 0015
0.04 ] 0.01
0.02 7 0.005
0—1 08 06 0402 0 02 04 06 08 1 0—1 08 06 0402 0 02 04 06 08
y y
Of_pion+_¢0 S — EmeshOILpion-,cngOS
0. i -
td Dev - 0.2831 E 0. 1 td Dev 0.2824
0.08 -] T
’ 0.08
0.06 .
0.06
0 ] 004
0.02 -] 0.0

T T T T Y ST
008 0402 00204 08 08

0T 0402 00204 08 08

y

hOff kaon-_c0

04

M EMEPEFE IFEFEAE EPEFERE PP P S 0

04 02 0 02 04

y
2 0012
° 001
0.008
0.006
0.004

e Lo
06 08 1
y

Rudrapriya Das | INTERNATIONAL SCHOOL OF NUCLEAR PHYSICS, 46th Course | Erice, Italyl September 17-22, 2025

5
.
b
2
2
2
%,
25
ey,
'Ce

" 17 TEntres 340270
Mean 0.0004045

Std Dev

-1 08 06-04-02 0 02 04 06 08 1

% U fgp,
4T
J ks

a
.
s
5
&
<
&
&
5
oX



dN/dy comparison for 7.7 GeV (60-70%)
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