SHORT HISTORY OF A LONG-LASTING EFFORT
TO ANSWER THE SInPLe QUESTION .

WHAT ARE PHASES ANND TRANSITIONS (—» CRITICAL STRUc:rURes)
IN STRONGLY INTERACTING MATTER 2
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20 YEARS AFTER MISCOVERY OF A NEW STATE OF MATTER

STUDIES OF PHASE DIAGRAM AOF STRONGLY
INTERARCTING NATTER AT THE CERN SPS

M.GAZP2(CK), KIELCE FRANKFURT
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B B STRANGLY INTERACTING MATTER
IN HEANY 108 COLLISION'S

(< 1386)

BB B QUARK-GLUON PLASHA
(1936~ 2003)

BB PO B cCrTitaL STRUCTURES
(1993 - 2025 2)

S8 ' B B INVENTING FUTURES

DETAILS | REFERENCES! MG, GORENSTEIN, SEYBOTH  2004.02255
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THE QUARK~GLUON PLASHMA HYPATHES(S
(13¢5 ~13%5)
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ATaMIC NUCLE( -

THE LARCEST PROPLETS
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ATOMIC NUcLEL DROPLETS OF STROMNGLY [NTERACTING MATTER @
ARR ACCELENRATED ALNOST 70 LCHT VEWCITY AND

COLLI PDED,

HIGH ENERGY NENSITY IT EXPANDS AND DECAYS INTO +ADRONS

STRONGLY INTERACTING WDHICH ARR ™MEASURED |N
MATTER IS CREATED PARTICLE DNETECTORS



B \vocaroilArY

quark-gluon plasma
EARLY STAGE

oy
100 ‘?EE'ZE

hadronic matter

n-CP

>0 ts (MeV)

SIS NUCL
il NICA J.PARC  HIAF



B \VvocaroLARY

T (MeV)

100

heavy ions at CERN

LHC
T

RHIC

d - P

sps

hadronic matter

500

SIS
NICA , pARC

quark-gluon plasma

n-CP

L (MeV)

NUCL
HIAF

CRITICAL STRUCTORES.

O ——————————————————————————————————————

= ONSET OF VECANFINENENT (OD) —

RBEGINING OF QRGP CRRATIQNS WITH
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B B STRONGLY INTERACTING MATTER IN HEASY 0N COLMSION'S

QUARK-GLUYON PLASHHA HYPOTHESIS

DISCOVERIES OF HADRON'S ((CR, BNL, LBL, CERN PS )

1264 . QUARK MONEL OF HADRONS CLASSIFICATION
GELL-NANN  2URIG

465- QUARK HATTER I SUPERDENSE STAR CORES
1975 IVANENKO, KURDGELAIDZE, ITOH  COLLINS | PERRY

(368 DISCOVERY OF PARTON S ( SLﬁC_) Phases of strongly interacting matter

Q72: QCO AS THEORY OF STRONG [NTERACTIONS

GELL- MANN, FRIT2SCH GROSS; WILC2EK, POLITZER

1425, QD QVUARK-GLUON PLASTA

SHORY AK ama V.

1329:  NISCOVERY OF GLUONS ((PESY )




B B STRINGLY INTERACTING MATTER IN HEASY 10N COLLISION'S

FIRST RELATI\ISTIC HEAVY 1N EXPERIMENTS:

- SINCE ISF0' AT SYNCHROPHASATRONS IN DUBRNA
(UP To =5A Gev)

— SINCE I825: AT BEVELAC IN BERKELEY
(UP TO =2A GE\I)

U

OBSERVATION OF COLLECTIVE FFFECTS

(FLOW , STRANGENESS BNHANCEMENT, .. )

u

STRONGLY INTERACTING MATTER (SiM)
s PRONVUCED (N HEAVY ON (CQLUSIONS
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TOWARNDS QUARK-GLUON PLASMA

THEORY . EXPERIMENT :
SIM AT HIGH ENERGY, SIM IS PRODVCED IN RELATIVISTIC
DENSITY IS IN A STATE OF MEAVY 10N COLUSIONS

QUARK -GLUON RLASMA

b

COLLINE HEAVY \ONS AT TRE MAXINWUM
POSSINLE ENERGY AND DISCONER QG P

—> HIC AT THE CERN SPS
T

EOITORS: BOECK AND STocK
OPENING TALK: SILLIS
SUMMARY @ SPECHT

BEGNING OF AUARK MATTER CONFERENCE



QUARK - GLUON PLASHA ©

PRENDICTED QGP SIGNALS:

— DILEPTON/PHOTON QGP RADIATION ((SHURYAK, 1380 )

- STRANGEMNESS AND MULTI-STRANGE HYPERON ENHANCEMENT
(RAFELSKI, MULLER | |332)

- /4 SupPRESSION (MATSuUL, SATZ, 1‘386)
MEASURMENTS

~ 198¢€ -1387F: OXYGEN ANQ SULPHUR AT 200A GV
(WA34-2, 35, 36, 38, WaB0, 85, 34 )

— 1996-2003: LEAD AND INDIUM AT IS8A GE\S p 7
(NALI" I C(5| a9 } 50' 52( 5?. Col Mﬁ-g?l 38 ) ~ NA49 Pb-Pb

158 GeV/nucleon
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RESULTS ARE CQNSISTENT WITH A Q6P REING CREATED
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BB B QUARK-GLUON PLASHA
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BB B QUARK-GLUON PLASHA

CERM PRESS ReceEase ((FER 2000)
-—-————_k

PRO1.00
@ Organisation Européenne pour la Recherche Nucléaire 10.02.00
Z A | European Organization for Nuclear Research

New State of Matter created at CERN

At a special seminar on 10 February, spokespersons from the experiments on CERN's
Heavy Ion programme presented compelling evidence for the existence of a new state of
matter in which quarks, instead of being bound up into more complex particles such as
protons and neutrons, are liberated to roam freely.

Theory predicts that this state must have existed at about 10 microseconds after the Big
Bang, before the formation of matter as we know it today, but until now it had not been
confirmed experimentally. Our understanding of how the universe was created, which
was previously unverified theory for any point in time before the formation of ordinary
atomic nuclei, about three minutes after the Big Bang, has with these results now been
experimentally tested back to a point only a few microseconds after the Big Bang.

a0ua12s « AIO)S - 9SEed|a) Ssald

Professor Luciano Maiani, CERN' Director General, said “The combined data coming from
the seven experiments on CERN's Heavy Ion programme have given a clear picture of a new state
of matter. This result verifies an important prediction of the present theory of fundamental forces
between quarks. It is also an important step forward in the understanding of the early evolution of
the universe. We now have evidence of a new state of matter where quarks and gluons are not
confined. There is still an entirely new territory to be explored concerning the physical properties
of quark-gluon matter. The challenge now passes to the Relativistic Heavy Ion Collider at the
Brookhaven National Laboratory and later to CERN's Large Hadron Collider.”

HEAVY 10N COMHVRITY SPLITS!

U
- 4
9
O
7
-
>
-
=
]
O
~
7
Ll
o
O
(D
-
=
(D
=
7

—0 PROPERTIES OF HICH TEMPERATURE QGP —> VERY HICH ENERGIES AT RHIC, LHC

—> SEARCH FOR THE ONSET OF QGP CREAT|ON —p COLLISION ENERCY SCAN AT SPS



CORMMENT ON NOREL PRIZE @
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PIFFICOLTIES |IN OBTAINING UMNIAVE AND QUANT(TATWVE
PREDICTIONS ofF QGP SIGNALS FROM QCD

N2
THE NOBEL PRZE FOR THE QAGP NDISCOVERY
WAS NOT YET AWARDED




INTERMEZ20 1: STRANGENESS PRODUCTION AND QGP

DYNAMICAL HMOLEL

HAPRON GAS RUARK-GLUON PLASMA
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CROSSING- THRESHOLD FaR QGP CREATION —>
. = STRANGENESS ENHACETENT

RAFELSKI , MULLER GLENDENNING 1982+ .



INTERMEZ220 1: STRANGENESS PRODUCTION AND QGP @

STATISTICAL MHONEL OF THRE EARLY STAGE
HAPRON GAS QUARK-GLUON PLASHA

<Nss>/<non-strange>

CROSSING- THRESHAOLD FaR QGP CREATION —>
- = HORW - LIKE STRUCTURE

MG, GORENSTE W , 18386 +
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INTERMEZ220 T: STRANGENESS PRODUCTION AND Q&P
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- . P B CRITICAL STRUCTURES

PHASE I . SEARCHING FOR ONSET OF QRGP CREATIAN
_\—__\_-_

PREPICTED S|IGNALS?

~ PION YIELD ENHANCEMENT AND
STRANGENESS To PION VYIEW sSUPRESSION (hG—l GORENSTEIN l‘.ﬁ&)

~ SOFTENING OF COLLECTIVE FLOW
(G‘OREUS‘TEIM‘NG‘ RUGAE\S 2003' STOGCKER 2004, RLE|ICHER 2005')

MEASUREMENTS:

~ 1399 -2002: Pb BEAMS AT 20A, 30A, 40A, 30“. ISRA GEV ¢ CERN SPS
(NR4S | nA4S, NAS? NAED) —b

—b 20i10- 2014: Au BEAMS AT MUINV. 20A- 200A GES¢+~ RNSL RHIC
(STAR, PHENIX : BEST)
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B0 P B CAuTICAL STRUCTURES

e ———

PHASE I . SEARCHING FOR ONSET OF Q@GP CREATIAN
_—\_—M

ORsSEVRVED ANOMALIES
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PHASE |11 SEARCHING FOR CR\TicAL POINT

APRIL 2004 . WORIKSHAP IN BCT TRENTY .

~© RESVULTS ARE COMNSISTENT WITH QGP ONSET IN PotPb AT LOW SPS ENERGIES —D
HEAVY IONS =D SEARCH FOR CRITICAL POINT
| - SCAN INSM ENERGY AND

N
: When quarks NUCLEAR MASS WUMBER
~
§ and gluons quark—gluon plasma
(4
: fr
¢ become free
> |
vl 5
- ‘Recent results and future experiments 5
& were the topics in a workshop to look into MG 5
O | exactly what happens as strongly SCEYROTH
interacting matter becomes deconfined. SHURYAK
REGINING OF CRITICAL POINT | N el
AND ONSET OF NECON FINEMENT hadron gas M C\ colour superconductor

LSORILSHOPS

baryo-chemical potential
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PHASE |1 1 SEARCHING FOR CR\TicAL POINT

PREPICTED S|\GNALS ®

~ MAXIMUM OF RLUCTUATIONS IN
(CoLLision ENERGY) - (NVCLEAR MASS NUMBER) PLANE

~ INTERMITTENCY AND PROTON FLUCTUATIONS
(BIALAS , HWA (38 ANTONIOU, RIAKANOS, ISAPOYANILS 2006, STEPHANON 2011 )

- PlaN  P_-N FLUCTUATIONS
(STEPHANDY | RAJAGOPAL, SHURYAIK 13338 )

MEASUREMENTS;

~ 2004 - 2018 s SCAN |IN @uN-A
(NAGI/SHINE AT CERN SPS)

-~ 2010- 2020 ScAN IN (s WNITH Auw
(STAR, PHENIX AT BNL RHIC;RES | /1)
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PHASE |11 SEARCHING PFOR CR\TicAL POINT

CP INDICATIONS — DIFFERENT ENERG ES{REACTtOMS

HIGHER ORDER IMONENTS PRATON INTERS TTENCY LIEHT IONS SHORT~RANGE CORRELATIONS
NA61/SHINE Ar+Sc 150, cent. 10 - 15%, pur > 90%
5 C il L : v  00-05% _
(2) KGZ STAR [o5 e - | JAM (b < 3 fm), AP, = 0.3 Gevic Au + Au Collisions Autiu A 05-10%
® 0-5% = vxcl 0-?__? I AR, =4.0fm, AR, = 3.4 fm STAR Preliminary > : ;3;33{; |
O 70 - 80% | |4 NASI/SHINE Avssc 150 N E:— E o _ _: e : ig:ggﬂz{z ]
Bl Stat. uncertainty = N e 3 c Y A\ e 50-60%
mm Syst. uncertainty ~ N = ~ . ] = : :
= Projected BES-II Z 05F s 2y r_jﬁ °s 1 3
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‘ LS e ZH 0 4:_ _: "g'
' — <oy kaad A g L T R, J::
,ﬁ i:' 0-3__ @ STAR (0-10%) = =
B ENMQ frﬂm PLB 781 499 (2018} |
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2 5 10 20 50 100 200
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Vs (TeV)
~ 7 Ge\ T IF GV = 20 Ge x50 GV
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PHASE |1 ! SEARCHING FoR CR\TicAL POINT

AS FOR NOW EXPERIMENTAL ANID THEORETICAL
RESULTS ARE ISCONCLUSI(NE / CONFUSING

200 1 i | i | |

caraliCz sqh 2013
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e 3
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. & .
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2
Light ion production: CO9%4 Lsmo1 CJ102
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- o
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NEW RESULTS EXPECTED SOON FROM NALI/SHINE AND STAR RES I\



INTERMEZZ0 TI: CHARM PRAIDUCTION AND QGP @
T e e e e e sy

DYNAMICAL HMOLEL

ELEMEMTARY  pyp PbtPb WITH QRGP
fp(2) o 40
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. " BUT THERE ARE NO DATA
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CROSSING THRESHOLD FOR QGP CREATION —
- ANOMALOUS SUPPRESSION OF <Yy ) /<ccCd> RATIQ

MATSUI, 5ATZ, 1986+



INTERMEZ220 II: CHAR™ PRAODUCTIoN AND QGP
STATISTICAL HADPROMIZATION MODEL

ELEMESTARY  o4p PbtPb WITH RGP
© 2
= | PA4+Pb TOP SPS
Rose =Py &
@ %0% . 5
~ ¢ |
i &t $
D GORV IN EQUILIBRIUM 7 |
AT &= 0.5 GeV/{m3 NASO
/$ NA4LS

: 0 100 DA BORW IN EQUILIBRIUM
N> AT Ex 0.5 G/ fm?

CROSSING THRESHOLD FOR QGP CREATION —
< NO CHANGE IN < J/+ D /LD RATIO

MG, GORENSTEIN 1988 +



INTERMEZ20 II: CHARM PRADUCTIGN AND QGP @
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POTENTIAL FOR DATA ON CHARM
LHC and RHIC at high energies (\/Syy =

200 GeV):
LANDSCAPE QF PRESENT AnD FUTURE measurements in limited phase space
HEAVY [(ON EXPER\MENT S due to collider geometry and kinematics
T RHICBES (3 — 39 GeV):
LHC measurement not under consideration
uark—gluon plasma
(RHIC T A NICA (< 11 GeV):
. rapid cross—over|SPS | . o1 point under consideration during stage 2
. mesonic matter NICA J-PARC (< 6 GeV) :
' maybe possible after 2025
J-PARC
hadronic FAIR| \ first order transition FAIR 515-100 (< S GeV):
matter not possible at SIS-100,
Nagi/sHINE (8 17 GeV):
baryonic matter < C< > IN 202| -202¢
K H
NACO + ( 617 OeV )

I+ <cCc> AFTER 2026
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OMNSET OF FIREBALL - RECENT MA6I/SHINE DISCOVERY
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SUMMARY @
Ly SO R

ONSET OF QGP (DECONFINENENT )

- OBSERVED (N PbtPb/AurAu AT & 8 GEV ( SPS | RHIC RES)

= RESOLTS TO BE COMPLETED BY CHARM (<cTD| J/4) MEASURENENTS
(SPs, M\CA| 3-PARC ? )

CRITICAL POINT ¢

~ INCONCLUSIVE INDICATIONS FRAM SPS AND RHIC

— COMING  RESUCTS FROM NAGI/SHINE AND STAR BFES )
SHOUL O (AT LEAST PARTLY) REMOVE THE TENSiaW AMD
ALLOW TO WNEFINE NEXT STEPS

ONSET OF FIREBALL .

~ INPICATIONS FROM 2D SCAN AT SPS ((NAG(/SHINE )

- PETAILED Scan  ( VEY,, K 20GEV, A K00 ) IS MEEDED
(Mica | ses, SIS100 | 3-PARC 2)
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