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Probing cosmic
forms of matter
in the laboratory

V Ticls|w]| Tetyana Galatyuk, GSI / Technische Universitat Darmstadt
Tsukuba Global Science Week 2024, Sep. 30 - Oct. 4, Online / University of Tsukuba



September 30, 2024 Tetyana Galatyuk | TGSW 2024 | Online / University of Tsukuba 1/40

Objective

Decode the phases of nuclear matter in the non-perturbative regime of QCD

Unravel the role of the strong interaction in the evolution of our universe

Neutron star

M~1.4-2M,
R ~12 km
81G BANG ? 5. Y. n < 10 ng,,

Inflationary : : Nucleons ¢ Atoms form Stars form
: Expansion (7) : : form :
1 10%s : 1 10%s

L1097V : : flev
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Method

Recreate various forms of cosmic matter in laboratory — high-energy heavy-ion collisions
Investigate transient states of QCD matter under extreme conditions

First chance Pre-equilibrium Fireball Freeze-out . . Late stage ,,
-;‘.,.‘ -.:"’31,

X
time ~ 10723 s - >

LHC energies /Syy = 2 —5TeV SIS energies \/syy = 2 — 5 GeV
parton parton collisions Nuclear stopping

Nparticles = WNanti—particles Nparticles > Nanti—particles
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Searching for landmarks of the QCD matter
phase diagram

%:250, 5 B Vanishing g, high T (lattice QCD):
= | i Quar,kiaiuon plasma - crossover from hadronic to partonic+ gnedium o
QZOOj " deconfined, - T,. =156.5+ 1.5 MeV (T, = 132Z; MeV at chiral limit)
8 1 - no critical point indicated by lattice QCD at u&£P /T, < 3
£ 1507 Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
2 Ding et al., [HotQCD], PRL 123 (2019) 6, 062002

L R Dini et al., PRD 105 (2022) 3, 034510

1001
: x,Hédrons
50 /" confined,
I x-SB o
ol ‘ ‘ ‘ Nuclei Xégglc‘j_
0 200 400 600 800 1000

Baryochemical potential (MeV)

Borsanyi et al. [Wuppertal-Budapest], PRL 125 (2020)
Borsanyi et al. [Wuppertal-Budapest], PLB (2014) 730
Borsanyi et al. [Wuppertal-Budapest], JHEP 1009 (2010) 073
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Searching for landmarks of the QCD matter

phase diagram

< 250 [ ,‘)« \‘Lb

@ I N ¥

=3 I Quark-gluon plasma
g 200¢ "~ deconfined,
© X symmetric
o )

GEJ 1501 Wﬁ%@% CEP? Deconf/n

—
o
2

Chiral?
Quarkyonic?
CS symmetric?
, x,Hédrons
501 "~ confined,
i x-SB .
ol ‘ ‘ ‘ Nuclei Xégglc‘j_
0 200 400 600 800 1000

Baryochemical potential (MeV)

Gao, Pawlowski, PLB 820 (2021) 136584

Cuteri, Philipsen, Sciarra, JHEP 11 (2021) 141
McLerran, Pisarski, NPA 796 (2007) 83

Glozman, Philipsen, Pisarski, EPJA 58 (2022) 12, 247

Large ug, moderate T (IQCD inspired effective theories):
- limits of hadronic existence?
- 1St order transition?
- QCD critical point?
- equation-of-state of dense matter?

Properties
of QCD Matter

at High Baryon
Density

Worldwide experimental and theoretical efforts

Relevance for astrophysics

Chen, Dong, Fukushima, Galatyuk, et al.,
doi:10.1007/978-981-19-4441-3\_4 (2022)
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Multi-messenger signals from neutron star merger

KOLLISION VON NEUTRONENSTERNEN
Durchbruch in der
Astronomie

@ tagesschau

« GW170817 17 Aug 2017 12:41:04 UTC
First detection of a binary neutron star merger
through gravitational waves
LIGO + VIRGO, PRL 119 (2017) 1611001
* GRB 170817A ~1,7 s later:
Observation of the same event through
electromagnetic waves (gamma-ray burst)

Fermi GBM + INTEGRAL + LIGO + Virgo, Astrophys.J.Lett. 848 (2017)

LlGO - Virgo Fermi/GBM

N Wao
o O 0O
o O OO

frequency (Hz)
o
o

counts/s (arb. scale)

GW——

LIGO, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE. CALET, H.E.S.S., HAWC, Konus-Wind



Astrophysical “collider”

®=10km t~20ms

Hanauske, Journal of Phys.: Conf. Series 878 (2017) 012031
Rezzolla et al., Phys. Rev. Lett. 122, no. 6, 061101 (2019)

Violent Universe can now be
“heard” through gravitational waves
seen through electromagnetic radiation



Laboratory collider

Au+AuSyy =24GeV @=7fm 1~10"23s n~(2—3)ngg T <70 MeV

t=0.0 fm/c t=6.0 fm/c
0

p_ (g/cm?)

5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 _0 5 10 15
X X (fm

-15 =10 - 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0
(fm) (fm)

5 0
X (fm) X (fm) X (fm)

Heavy-ion collisions at (ultra-)relativistic energies:

probe microscopic matter properties
unique role played by electromagnetic radiation
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Laboratory studies of the matter properties in
compact stellar objects
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April 2024, Darmstadt, Germany

- "_1”"“'Wn v_ g - T3

Facility for Antiproton and lon Research

-

£
(strong interaction)

facility

multi-purpose B ik

Existing facility,
foundation: 1969 _ <&

* Civil construction work completed
* Installation of accelerator components begun
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FAIR project status

transport of the first

icb lines SIS100 quadrupole magnet _ 6 He tanks of the cryo
installati i ’ cryogenic bypass lines . ‘ start of cable pulling facility were installed,
installation of SIS100 dipoles Apr'24 placed in SIS100 tunnel, Apr24 in tunnel, Mar24 work, Q3/23 Apr’2i

Gand Ve

installation S-FRS lateral shielding bloc, May’24 construction area south
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HADES at SIS18




September 3\2024

Wetyana Galatyuk | TGBW 2024 | Online / Urtrsﬂy of Tsukuba  p

\ _ :rﬁp@ssed Baryonlc Matter experlmeﬁy

100
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T

Q4 2027 -

-3

T N
installation and commissioning w/o beam

- o KEK, Tsukuba
Q4 2028 — commissioning with SIS100 beam

‘ \ e TCHoU University of Tsukuba
S e Hiroshima University
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CBM subsystems are on the verge of series production

- pre-production is ongoing in all SVStems Ring Imaging Cherenkov detector
1 of 2 photo cameras ready

Silicon Tracking System 50% FEE produced

Micro Vertex Detector
sensor/module integration

Superconducting dipole magnet
award of contract to Bilfinger Noell GmbH 20.12.2023

> 100 modules 7N e
8 assembled \ R Y=

Prototype of CBM online data
processing tests with mBM

Beam monitoring system

Transition Radiation Detector
|/ - |

module pre-production concluded Forward Spectator
Detector

MUon CHamber system

®

™

\

;) Acandidate L =~ om
A - 0 ot g
#t =0 oy
4 ¥ .' 150, _——
N e ZnS scintillators and LYSO crystals © * ' ' 2.8 wol BN T
= R read-out via SiPM or/and PMT gty . =3 N
pre-production modules of 1D and 2D

options ready test of full-size GEM and RPC prototypes o
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Some basic facts on extreme matter facilities

'ﬁ"l 08 g T T T T T T T ‘ g
L , - CBM@FAIR SIS100 Heavy ion collisions -
_F_,) 10 ?‘é J-PAZ-C--I-II v E
= 10°F i
c = g CEE+@HIAF E
O = § ———"¢ NABO+@SPS -
= Y o Sy Yo ]
% 105 ?E BM@N ALICE3@LHC wuuenuna- >
ot = LAMPS ¢ O——-O ALICE@LHC ——— 3
(D) ~ @RAON SPHENIX@RHIC ]
E 104 ? HADES@GSI MPD@NICA — 7;
= o =
3 Yéolededede A= NAG1/SHINE %
10 = STAR FXT ):( STAR@RHIC =
2 s :
107 d § S
— é ]
1 O ? | | | | | 11 1 ‘ | | | 11 | ‘ | a’ é

1 2 3 4567 10 20 30 100 200

Collision energy /sy [GeV]

TG, NPA 982 (2019), update 2024 https://github.com/tgalatyuk/interaction _rate facilities
CBM, EPJA 53 3 (2017) 60

CBM will play a unique role in the exploration of the
QCD phase diagram in the region of high uy with rare
and electromagnetic probes: high rate capability

HADES: established thermal radiation
at high g, limited to 20 kHz
and /Syy=2.4 GeV

STAR FXT@RHIC: BES program completed;
limited capabilities for rare probes

Proposals: CEE+@HIAF, J-PARC-HI, NA60+@SPS

Program needs ever more precise
data and sensitivity for rare signals


https://github.com/tgalatyuk/interaction_rate_facilities
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Searching for landmarks of the QCD matter
phase diagram

C.B.M. coverage

_,H"adrons

o &
ve’ ¥9.”
Quark-gluon plasma
"~ deconfined,
X symmetric
CEP?
E DeCOnfll]

Chiral?
Quarkyonic?
CS symmetric?

I T confined,
x-SB o
| | | Nuclei |2
200 400 600 800 1000

Baryochemical potential (MeV)

Experimental challenges:

— isolate unambiguous signals of new phases of QCD matter,
order of phase transitions, conjectured QCD critical point

— probe microscopic matter properties

Measure with utmost precision:
— light flavour (chemistry, vorticity, flow)
- event-by-event fluctuations (criticality)
— dileptons (emissivity)
- charm (transport properties)
— hypernuclei (interaction)

Almost unexplored (not accessible) so
far in the high ug region



Final state “hadron-chemistry”

HADRON PRODUCTION



Yield dN/dy

Data/Model

September 30, 2024 Tetyana Galatyuk | TGSW 2024 | Online / University of Tsukuba 17/40

Hadronization of the fireball

—
o
w

10?

—_
o

Andronic, Braun-Munzinger, Redlich, Stachel,
Nature 561 (2018) no.7723

- A+
_g_ll _ Pb-Pb |5,y=2.76 TeV, 0-10% centrality

E K K K2

3 i SN RN

E O -8 guge

3 e ==

E I

L QQ

e,

E d

3 e e

E

3 ® Data, ALICE 3He3H—e 34 39

E W AT
Eo Statistical Hadronization o

E S-matrix treatment

3 Ter = 156.6 + 1.7 MeV -
: g = 0.7 + 3.8 MeV ‘He He
3 Vay—1 = 4175 + 380 fm? -f--*-

*x KKK Ko pPARXEZTQ T d T He'He 1H ;A ‘He'Fle

* Analysis of hadron yields within the statistical (thermal) model
 Test hypothesis of hadron abundancies in equilibrium ~ T¢g, ug, V

* ALICE at LHC:
- grand canonical partition function
- essentially 1 free parameter ~ temperature T¢p
Tcr =156.5+ 1.5+ 3 MeV (sys)

Agreement over 9 orders of magnitude
with QCD statistical operator prediction!

- matter and antimatter are formed in equal portions
- noticeably, loosely-bound objects follow the same systematics
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Energy dependence of T and up

LHC — RHIC — SPS — AGS — SIS Had_rt?n yields produced in central heaw-_lon
250 collisions from LHC down to SIS18 energies

S i .
[0 s well described by statistical ensemble
=3 I Quark-gluon plasma
€ 200¢ deconfined
% [ X symmetri’c * Factor 1000 in beam energy < factor ~2 in temperature
qé.1 50 yg?%%%% -  Thermal fits exhibit a limiting temperature (ysSyy = 12 GeV):
£ I RS %@H 'DeCO”ffnem T;ijm = 158.4 + 1.4 MeV  Andronic, Braun-Munzinger, Stachel, PLB 673 (2009) 142
i Chiral? X,
100 Quarkyonic? * ALICE result is in remarkable agreement with the
i h&i CS symmetric? - .
s . pseudo-critical temperature from lattice QCD
I Hadrons ?@ Ty = 156.5 + 1.5 MeV Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
50? confined, @ Tpc = 158.0 + 0.6 MeV Borsanyi et al. [Wuppertal-Budapest], PRL 125 (2020)
I x-SB .
I Nuclei \ggg'd- * Chiral crossover at ug = 0 may turn into a first-order
0 0 200 400 600 800 1000 phase transition at finite ug

Baryochemical potential (MeV)

QCD critical point is awaiting discovery



Quest for critical phenomenon connected to the 1st order phase transition

CRITICALITY
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Probing criticality with fluctuations

Critical phenomena discovered ~200 years ago
by Cagniard de la Tour, using steam digester
invented by Denis Papin in 1679

Ann. Chim. Phys., 21 (1822) 127-132

(0 —(p)*  Txr _ 1
- X1 = ——a5—
(p)? 14 v r

* Increase in density fluctuations near T,
* At T, thermal susceptibility yr diverges
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Critical point predictions from theory

200 -
pe/T =2 /T =3
o = Bazavov et al. [HotQCD], PLB 795 (2019) 15-21
h‘ -l -' Borsanyi et al. [Wuppertal-Budapest], PRL 125 (2020)
150 A A e
& 55!: o A * Lattice QCD disfavours QCD critical point at ug/T < 3
p— b N, S :
2 S WU TTeS
& i — &10 * Effective QCD theories!'-4l and lattice-Padel®®! predict QCD critical
= 100 Lattice [1507.07510] L,
E~ ® DSE+Lattice [1906.11644]
1| ® FRG [1909.02991] e |f true, reachable in heavy-ion collisions at \/Syy~3 — 5 GeV
50| & DSE+FRG [2002.07500] y NN
® DSE+FRG [2010.13705 . - . . .
° DSE+Lattic[e [2106.083]56] * Including possibility that the QCD critical point does not exist
Cuteri, Philipsen, Sciarra, JHEP 11 (2021) 141
0 ; : : ; Vovchenko et al., PRD 97, 114030 (2018)
0 150 300 450 600 750 ’ ’

pp [MeV]

1DSE: Bernhardt, Fischer and Isserstedt, PLB 841 (2023)
2FRG: Fu, Pawlowski, Rennecke, PRD 101, 053032 (2020)
SBHE: Hippert et al., arXiv:2309.00579

A 4FSS: Sorensen and Sorensen, arXiv:2405.10278 [nucl-th]

B 5IQCD-Pade: Basar, arXiv:2312.06952

B 6IQCD-Pade: Clarke et al., PoS LATTICE2023 (2024), 168
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Event-by-event fluctuations and statistical mechanics

* In strong interactions, baryons, electrical charges and strangeness are conserved (q € {B, Q, S})
« Event-by-event fluctuations of g predicted within grand canonical ensemble o e 107 01 1) Ok2a01

encodes the EoS
Higher order cumulants describe the shape of

Kn(Nq) _ 1 0"InZ(V,T, 1) _ 9"P — )?q measured distributions and quantify fluctuations
3 = 3 n T~ apn T An
VT VT 9(uq/T) Olq Variance  k, = ((6N)?) = o2 _/\
K, - cumulants (measurable in experiment) Skewness k3 = ((6N)3) _/\_
)?gl - SUSCGptibi"tieS (eg from |QCD) Kurtosis Ky = ((61\[)4) _ 3((51\/2))2 _—

QCD critical point: large correlation length and fluctuations

K2~€2' K3~ 54.5' K4—~€7
¢ — oo diverges at critical point

= |ook for enhanced fluctuations and non-monotonicity

Stephanov, RPL 107 (2011) 052301
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Critical point search

CB/M Ao mre fgf(gg%)zg S Non-monotonic trend of the higher moments
A ./l T T T T T T — l€-4/-l€2 o_f net-proton number distributions,
visible in a beam energy scan?

L & |
3¢ s STAR (0 - 5%) —

Moo &h @ net-proton -1 * Current data consistent with non-critical physics?
2 )_g 3 :\2- o pl’OtOﬂ ] Braun-Munzinger, Friman, Redlich, Rustamov, Stachel, NPA 1008 (2021) 122141

£=s (Iy1 <05, 0.4 <p (GeV/c) <2.0)|

* Reduced errors from STAR BES-Il indicate non-trivial physics!

T

|

|
]
o]
i

{

|

High moments ko?

o

L SRR LA # q ................................. —| -+ Sensitivity to features of the QCD phase diagram grows
with the order of the moment

* Higher order moments probe the tails - statistics/artefacts!

1

(-0.5<y<0) .
(°'4<"T(G°w°)<|2'°) | -+ Detailed systematic studies of experimental effects is curtail
1 1 1 1 1 1 11 1 1 | 1 | - 1 1

Holzmann, Koch, Rustamov, Stroth, arXiv:2403.03598 [nucl-th]
2 5 1 0 20 50 100 20 Kitazawa’2012, Skokov’2013, Bzdak 2016, Kitazawa’2016, Braun-Munzinger’2017
Collision Energy |s,, (GeV)




Chemistry, vorticity, flow

EQUATION OF STATE
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Azimuthal anisotropy

with respect to reaction plane (RP) ,

/side-splash, bounce-off

Fourier coefficients of the distribution

dN o
FICEET) x1+2 Zn:1vn cos(n(¢p — Wep))

side-splash, bounce-off .~ [ I \

squeeze-out

v, deflection of matter in the RP V2 < 0long spectator v, > 0 when spectators
(signal of the phase transition?) passing time 7passing ~ pass faster than fireball
Paech et al., NPA 681 (2001) Texpansion =  squeeze-out” expands

FrTTTTT T Ty T T o~ T T T T T T TTTTIT
510.6_— ® HADES passrmemqosons | = 0,11 . HAl)(Sqnm,amnm;]—
T ° FOPY grat #roms o o038 0,08 &) ®  FOPI tauss) protens (13:29%)
> C 01 FOPY st 721 o 801 3 kighed () FOPI thutat 2ot @0-30%)
E_ 0.5 il Rk s L& & INDRA ot 2ot s 57 5amy |
5 Sk Fpmes | :
0.4 i .——' v & EB77 peran' — 0.05— (N ] =
= W Star FXT (tuka ot (mam). ] \ B
E 4 : B S FXT fhakad Protene (35255 | B 4 q_-? Lo
- / . - - A < ¥ 4
03 4 % - L W o in-plane | . .
E 3 % B | S e BN constrain equation-of-state by means
0.2 / ] L y ©  EOS (g P . .
E g X ; L A  EEsTen ] of microscopic transport model
F b *’ B - \ O 877 poraw’ R
0_1_ 4 L} ’ = ““ | / W Sar PXT (Auket Prsoes (1040%
3 > 1 —oos L et —
OF-®cseccurassonraraensaty L e iy [ ““:2'; ool
;_\1' B SwBESpemrempeen | B ‘ I :m.»:::::::n. N
-0.1— B NAG e zsa ] L out-of-plane - Pisicodhpy o
. 4 NASUSHING povey swaee s 39n 0.1 O CERES prags’ =l
Cottain ool Lol A uld La il Lol Lol Lol
107" 1 10 10° 107 1 10 10°
[Sr-2my, (GeV) ISr-2my, (GeV)

HADES, arXiv:2208.02740
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Azimuthal anisotropy and EoS

* High precision multi-differential data for protons and light nuclei
* Data compared to QMD and BUU models
= higher moments provide more discriminating power
= consistent description of all flow harmonics over the whole phase space and at all centralities is missing

LN LN RN BN R N RS RN AR R

T

[« ]HADES au+au1.23 AGeV ty_1<0.05 (20-30%)
« KaoS Ausau1AGev -008<y, <0. (M243)
« KaoS sisi1 acev 1y, j<02 M3)
FOPI Avenu 1.2 AGeV ty, <014 Za1 (M3)

[(+7] FOPI auvau12 AGeV ty,_}<03 (21-30.9%)

Lo o bow v bow o ban g baa g by

LI L L L L LN L P L L B LB

(R

SHEEEEEE SRR FETE NTEE SN R SRS SErs e N

12 14 16 18 2
p, (GeV/c)

HADES, arXiv:2208.02740
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Collective flow and polarization of A,A and =~ in CBM

* Excellent phase space coverage * Precision measurement of spectra * Measurement of pOIarization
(yom coverage for all \/Syy) and flow pattern (no data for , Q of A and £~ with precision of 5%
available below AGS energies) « Mapping of the excitation

* Reconstruction efficiency ~30% : — . 13
« Superior CBM performance to the function for A requires = 10

STAR-FXT flow measurements

* Event plane resolution
R1 = 0.8, R2 = 0.5

—
> o= X
0.2 MC, {5, = 4.9 GeV, centrality 10 - 30 % A : CBM projections: 2x 10'° minbias AuAu collisions
DCM-QGSM-SMM, 1M events 5 H A ® A ¢ =
L P,{A): 0.6-1.4 GeVie; p‘(K:): 0.5-1.5 GeVic
P,{A): 0.2:1.4 GoVic; p,{K2): 0-1.5 GeVie HADES 10-40% p,: [0.2,1.5] GeV/c y: [-0.5,0.3]
= CBMReco 4 O Ag+Ag/Au+Au

STAR 20-50% p,: [0.5,6.0] GeV/c hi<1
2L A PRC76 / Nature548 / PRC98
O X Nature548
{) = PRL126

ALICE 15-50% p,: [0.5,5.0] GeV/c lyl<0.5
{ PRC105 029902 (2022)

0.1~ {{+{+ i

-0.5 0 0.5 1 1 10 102 10°
¥ VS - 2My [GeV]




Electromagnetic radiation

EMISSIVITY
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Electromagnetic radiation as multi-messenger of fireball

Encodes information on matter properties
enabling unique measurements

Electromagnetic radiation (y, y*)

Reflect the whole history of a collision - degrees of freedom of the medium
- fireball lifetime, temperature, acceleration, polarization
No strong final state interaction - transport properties
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Electromagnetic radiation as

Spectrometer
Chronometer
Thermometer
Barometer

Polarimeter

Amperemeter

»If you want to detect something new, build a dilepton spectrometer*
Samuel Ting
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Thermal dilepton measurements

Low-mass regime Intermediate-mass regime

a2 first chance o
RS, CBM Simulation E collisions thermal radiation freeze-out
= Au+Au 20A GeV i
(O] central collisions 3
= d * Dileptons are rare probes!
S L - Decisive parameters for data quality:
O 5 interaction rates (IR) and signal-to-combinatorial
Z N Zem, z background ratio (S/CB): effective signal size:
- 3 Seff~IRXS/CB
| : =

Needs coverage of mid-rapidity, low-M,,, and low-p

Isolation of thermal radiation by subtraction
'1 I5 B 55 3§ of measured decay cocktail (7°,71, w, @), Drell-Yan, cc (bb)

F. Seck, MSc 2015 M., [GeV/c?]

See review: Salabura and Stroth, PPNP 120 (2021), 103869
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Thermal dileptons from baryon rich matter

HADES, Nature Phys. 15 (2019) 1040 ) In-medium
j DAL B ‘Planck-like’ .
<& 10 = / spectral function
> F Au+Au s =2.42 GeV - ) ) N
g 10 °F (T y=71.8t21MeVik_ 3 _ANu_ __ Gem LM fE(q Tj[mﬂ (M,q,T, 1 )]
= B fireball O B 7 d4qd4x 73 M?2 0 em " Mo Do B
%CD 10—4? é McLerran - Toimela formula, Phys. Rev. D 31 (1985) 545
3 10°F E
e g 1 ¢ Thermal excess radiation established at HADES (Au+Au, Ag+Ag)
%m 10°° = E - p-meson peak undergoes a strong broadening in medium
% . o[  HADESdata0-40% . - in-medium spectral function from many-body theory consistently
£ 107E —inmedumpspectat ncton E describes SIS18, SPS, RHIC, LHC energies
1 0_8 ; — M x exp(-M, /(T)) é Rapp and Wambach, Adv.Nucl.Phys. (2000) 25
3,,_,,',”',”'” = 4+ Baryonic effects are crucial
0 02 04 06 08 1 12 R = 4,N(1520),ay, ..
e*e” invariant mass [GeV/c?] S g = NN .

h=N,m,K,..
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First measurement of massive y* emission from N*
baryon resonances (exclusive analysis t™p — e*e™n)

HADES, arXiv:2205.15914 [nucl-ex], with PRL
HADES, arXiv:2309.13357 [nucl-ex], with PRC

* Study the structure of the nucleon
as an extended object
(quark core and meson cloud)

* Dominance of the N*(1520) resonance at /Syy = 1.49 GeV

- p meson as “excitation” of the meson cloud
- Vector Meson Dominance - basis of emissivity

calculations for QCD matter

Ramalho, Pena, PRD95 (2017) 014003
Zetenyi, Nitt, Buballa, TG, PRC 104 (2021) 1, 015201
Speranza et al., PLB764 (2017) 282

M. (MeV/c?)

600
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Dileptons and chiral symmetry of QCD

S. Weinberg, PRL 18 (1967) 507

Spontaneously broken in the vacuum foo ds M1, (s) My (s)] 2 2m.(Gq)
— Ss)— S)l=m =—-2m
(017910} = (01G,qr + Trq10) # O o TV av wln A

Restoration at finite T and up manifests itself

Condensates (gq) calculated by lattice QCD I .
through mixing of vector and axial-vector correlators

10 vEYy o ' p =0 MeV
Continuum
0.8+ N=16 ©°
N=12 ¢ 104 a 1

O 6 i N,=10 O

@ . N’=8 v

q < 1000
04+ 2
0.2t 500 '0 p meson melts, a; mass
_ decreases and degenerates
100 120 140 160 180 200 220 with near ground-state mass
T [MeV] % 50 100 150 200 250 300
T [MeV]
Bazavov et al. [Hot QCD Coll.], PRD90 (2014) 094503 Hadronic many-body theory Hohler and Rapp, PLB 731 (2014)

FRG Jung, Rennecke, Tripolt, v. Smekal, Wambach, PRD95 (2017) 036020
Light mesons and baryons from lattice QCD, Aartz, QM2022, April 2022



September 30, 2024 Tetyana Galatyuk | TGSW 2024 | Online / University of Tsukuba 35/40

Signature for chiral symmetry restoration:
chiral p — a; mixing

10 g T T T3 Experimental challenge: physics background (M,, > 1 GeV)

o] - . . E
- CBM Simulations ] .

N 102 ] - correlated charm: excellent vertex resolution 2>
% = Au+Au |s=4.9 GeV E

Q)

g E topological separation of prompt and

S oL min-bias, /R=1MHz . non-prompt source employing DCA cut

12 1 1
—— 1.2x10™ ev ‘measured ] — QGP: decrease towards lower energy
— in-medium SF w/o p-a1y-mix 3

) — in-medium SF w/ p-al y-mix - Drell-Yan: pp, pA measurements

¢ 20-30% enhancement w.r.t. no chiral mixing
is predicted in the region 0.8<M<1.5 MeV/c?

-7
10 g Dey, Eletsky, loffe, PLB252 (1990)
r Rapp, Wambach, ANP 25 (2000)
10_8 = Sakai et al., arXiv:2308.03305 [nucl-th]
0oL - CBM sensitivity to detect a signal is demonstrated
10—10 Lo b




1/N_, dN*/dM,,, (GeV/c?)'
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Mapping QCD phase diagram with dileptons %/@&R

HADIES
AutAu Ag*Ag AgrAg e —
JSWN = 2.42 GeV VSNN = 2.42 GeV VSnN = 2.55 GeV
AusAu .s*-‘ZlZGcV 040% Iq‘-Aq oo = 242 GOV 0-40% ‘ AQeAg (B, = 255GaV 0-40%
0 3 Cocktal + measured NN sub. ::Ehs‘\:::::’::x,w :::fj v:::“nh:e::ss
kT = 7177 £ 1.5, £ 40, MoV Te79113 113 133 108, Mev % Quark-gluon
4
= 100¢ plasma
ool o Ag+Ag 2.55 GeV__
3 "E\/N .
g 80¢ "70g,, + { B AuisAu 2.4 GeV
02 03 04 05 04‘6 07 08 0.9 02 03 04 05 0.6 0.7 0‘2 03 04 05 06 07 08 09 Q- + e e l ‘ !
M,q (GeV/c) M (GeVI) T My (GeV/cd) GEJ S, »—{— ( _ Au+Au 2.2 GeV
— 60F ™o + N \\ N
G‘O[, "f" \ //
40} [
|
* Trajectories from coarse-grained UrQMD Hadrons
* Measured average temperatures from HADES 20}
well above universal freeze-out region
Nuclei
FO curve: J. Cleymans, K. Redlich, Nucl. Phys. A 661 (1999) 379 O - . . - - :
Au+Au 2.4 GeV data: HADES, Nature Phys. 15(2019) 1040 750 800 850 900 950 1000

Ag+Ag data: HADES preliminary i i
figure: Seck, TG Baryochemical potential (MeV)
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Thermal dileptons excitation functions

Excess yield in LMR tracks fireball lifetime Invariant mass slope measures radiating source T
* Search for "extra radiation” due to latent heat * Flattening of caloric curve (T vs €) —
around phase transition (& critical point?) evidence for a phase transition
Seck, TG, et al., PRC 106 (2022) 1, 014904 H 1 .
Savchuk TG, 6ral.. J.Phys.G 50 (3023) 12. 125104 * Probe time dependence of f!repall temperature:
Tripolt et al., NPA 982 (2019) 775 M,, versus v,, photon polarization
Li and Ko, PRC 95 (2017) no.5, 055203 Seck, Friman, TG, van Hees, Speranza, Rapp,

Wambach, [arXiv:2309.03189 [nucl-th]

53 dN/dyl . 127 138 146 185 251 .
Pt 20 T T T LI 7"5 -\Ht T T T T T T 171 T ; 00’
“')O E I 03 < M” < 07 deV/c2 E % E Fireball average temperature %)
"; 18 F = : 350 ; -0-NABO -©- ALICE ITS3 - 3 nb (simulation, stat. only)
\i$1 6 ? % 7 %é 300 ; B HADES -A- CBM (simulation)
;g1 4 ; 7: E -5- NAB0+ (simulation)
o 10 = 250 Model (Rapp et al))
Z §¥ ] -
10~ Eleee o ohZEES = 200F
r i C o o

& 8 r - 3 150 ®
% 6 —_ NII /N - — - Hadronisation temperature
o~ r 4 CBM sim. (FAIR SIS100) T b 100 )
Z 4 § NAGO' sim. (CERN SPS) — T x 145 = - t,al_tgcfg?((:z%w) 15

8 2 + STAR BES-Il projection — 50— SHM fit to experiment
(&) C 1 - Nature 561 (2018) 7723
Lﬁ O ! L L L L L “‘ L L L L L L “‘ ! 07 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 111l
1 2 34567 10 20 30 100 20 > 3 4
Collisi E GeV 1 10 10 10 10
ollision Energy \'s, (GeV) S (GeV)

TG, JPS Conf.Proc. 32 (2020) 010079 https://github.com/tgalatyuk/QCD_caloric_curve
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Dilepton signature of a 15t order phase transition

Seck, TG, et al., PRC 106 (2022) 1, 014904

Isothermal speed of sound
110 With phase transition Without

Coexistence lines

80

~
o
T

(2]
o
T

0 1 2 3 0 1 2
Net baryon density p,/p,

phase transition

See also:

Savchuk, TG, et al., J.Phys.G 50 (2023) 12, 125104
Tripolt et al., NPA 982 (2019) 775

Li and Ko, PRC 95 (2017) no.5, 055203

LA B LB S I L B LA S B B S L BN L NNLENL B B

PN T W (i YT O T WD S T O N WA N (N T W TR L U WG R L 00 S T (0

1

—— inmedium SF rate
—— qq rate

Aol b by by a1yl

ll]l

S 24f
o i
0.6 T 22k
05 I B
- 2
0.3 - i
o 8
02 o) 1.8~
0.0 'g i
-0.1 T 16
-0. o .
e = 14
05 o .
06 1.2
4 Z
0

¢ Ideal hydro simulations with and w/o first order nuclear

matter — quark matter phase transition

* Chiral Mean Field model that matches lattice QCD at
low up and neutron-star constraints at high density

02 04 06 08 1 12 14

Mee [GeV]

Dilepton emission shows a significant effect:

Most et al., PRD 107 (2023) 4, 043034

factor 2 enhancement of dilepton emission
due to extended “cooking”
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The QCD phase structure at high- and low

Bauswein et al., PRL 122 (2019) 6, 061102

107%°
50 f
Possible HIC trajectories and NS merger pee
simulations within an effective hadronic model 120 )
— w/ PT with PT
T T T 0.4 ) —91
80} 4 @ 1074
30% E
<
= a
70+ 20 =l \.;
601 § 10724
10
N —— DD2F-SF-1
E Au+Au : Eyy, = 1.23AGeV 0 DD2F
S 404y Au+Au : By = 0.65A GeV 1023 Y . r
= A BNSmerger : (p/po, Teax) 1 2 3 4 5
30 _“ BNSmerger : (pmax/ov, T) f [kHZ]
n
20/ ~0.1
*
10}
0 1 1 I y ° .
o i 5 3 4 500 NS mergers probe bulk properties of EoS — Blacker et al., PRD 109 (2024) 4, 043015
p/po microphysics only accessible through combined effort Viayan et al., PRD 108 (2023) 2, 023020
Hanauske et al., Particles 2 (2019) no.1 * Consistency between EoS infer from observables

Rezzolla et al., PRL 122 (2019) no. 6, 061101 from BNS mergers and new high precision HIC Most et al., PRD 107 (2023) 043034
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Summary: The future is bright!

Encouraging prospects for studying extreme matter in the laboratory

* Challenges
- rare and statistics ,hungry“ observables, systematic effects

- many aspects — nature of transitions between the various phases, relevant EoS, spectral properties of
hadrons in the medium, collective and transport properties of the medium, ... — await a better understanding
* Opportunities
- discoveries, EoS of dense matter and connection to violent stellar processes
- development of forefront detector technologies

* Success through perfect teamwork of experts in many fields
(accelerators, detectors, high-performance computing, Thank you
data analysis and interpretation)

for your attention!

= Understand quantitatively the microscopic properties of oA AR I
quark-gluon plasma and baryon-rich matter - B O “".




BONUS SLIDES



The quest to detect the initial electromagnetic field

VORTICITY
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Probing vorticity with spin degres of freedom

* Non-central heavy-ion collisions ~ large orbital angular momenta
(~1000h) ~ vortical structure of the system?

- probed via parity-violating decay of A4 hyperons
- estimation of angular momentum direction via spectator deflection

ge\

=8
-+

S

Global spin polarization of hyperon
as a probe of fluid behavior

TT ']

. F N
- Tdesq

Au+Au 20-50%
% A this study
@ A this study

% A PRC76 024915 (2007)
O A PRC76 024915 (2007) |

10

BT
\Syw (GeV)

o~ (9+1)x10% 57!

evidence for the
most vortical fluid

and hint for the largest

| magnetic field

;—:

B= 10™T

P(3) o e~ @S/keT

* First observation of fluid vorticity-polarization
coupling by Takahashi, et al. Nat. Phys. (2016)

- atomic alignment directly measured
- direction of angular momentum known

Liquid flow
o =rotv

\Q"

o

Friction with walls induces vorticity
Vorticity of bulk ~ polarization of constituents
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Splitting of hyperon polarization
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PRC103 (2021) 3, L031903,
Au+Au, b=6fm, lyl<0.5
== hadronic EoS
= Crossover EoS
= 1PT E0S
PRC104 L041902 (2021),
Au+Au, b=5fm, lyl<1, pTe[0.4,2.0]
s AMPT model

HADES p_€[0.2,1.5] GeVi/c y[-0.5,0.3]

Au+Au: Ag+Ag:
m 10-40% ® 10-40%
0O 20-40% O 20-40%

STAR 20-50% pTe[0.5,6.0] GeV/c Inl<1
A PRC76 024915 (2007)
¥ Nature548 62 (2017)
V PRC98 014910 (2018)

ALICE 15-50% p,€0.5,5.0] GeV/c lyl<0.5
4 PRC101 044611 (2020)

STAR 20-50% pTe[0.7,2.0] GeV/cyd-0.2,1]
+ PRC104 6, L061901 (2021)

IIAllllll | IIIIIII| | IIIIIII| | | T |
v

107 10°

VS - 2, [GeV]
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Strong increase of polarization signal towards
few GeV energies

Highest polarization measured by HADES, S1S18

Origin of the polarization mechanism?
Sensitivity to EoS?

Mapping of the excitation function of A and A
(27, Q) with precision of 5% with CBM

Late stage magnetic field should
cause splitting in A and A polarization
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Performance studies in CBM  cawattersyears of running:

- completion of the excitation function for «,(p)
- first results on x4 (p)

* Corrections for volume fluctuations and conservation laws _ PR
- impact of the extension into strangeness sector x,(A)
* Event-by-event changes of efficiency effects is being
* Proper selection of pr—y bite scrutinized NA61++: K4 /K, is universally negative when the critical
* (Net-)baryons vs. protons, neutrons, nuclei point is approached on the crossover side ~ Pb-Pb data

crucial to establish/verify the non-monotonic trend

25

10°
E Gy =27.70 mb CBM Simulations —+ paia ~ CBM Simulations 35— WCBWC  wlo CBWC
£ Au+Au |5, =4.9 GeV auber - —, : E
104? ir\cnc:allt:': ‘ 27Au+Au Vsn=49 GeV o FrHouD  SEPHOMD
10 E - Protons 2-5; moBM  CBM
102; ° 1.5 2 %]
E > - o E
10; 8 3 Ev 15— R + lh%g Z}g
E N ¥ F X
£ Q 1 = D e ] E E
E 1 - = X
- 05—
1. 0.5 F  CBM Simulations
1~ R e R e - -k e - <M - - - o
095 - N i e F AutAu {5,=49 GeV
09E L e A R e S B D P R B IR T I A
0855 o0 ‘2%0 : 0_2 15 1 05 0 0.5 50 100 150 200 250 300 350
RefMult3 Rapidity <N
Crucial: centrality determination with Low pr and midrapidity coverage for Statistics sufficient to study
independent detector - avoids bias all energies derivatives of order > 0(4)

on e-b-e fluctuation observables
Reconstruction efficiency allows for

Studies employing FSD centrality precision measurement of cumulants
detector ongoing
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Nuclei and hyper-nuclei production

Ab initio calculation of hyper-neutron matter

Three-dimensional nuclear chart
(Kaneta M, Tohoku University, Japan)

Strangeness

Unstable nuclei
Stable nuclei

* How do nuclei and hyper-nuclei form?
* What are their properties?
* How do YN and YY interact?

2.8

Tong, Elhatisari, MeiBner, [arXiv:2405.01887 [nucl-th]

HNM(1)

T T T T T T T T T

PSR J0030+0451 .

PNM
HNM(II)
HNM(II)

| G T R s W, |

Crucial for neutron star physics
EoS of high density matter

10‘Ill112A.II14 16.
R [km]

three-body hyperon-nucleon interaction
plays a fundamental role
in the softening of the EoS
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CBM performance

CBM collision energies optimal
for hypernuclei production
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Thermal: Andronic et al., PLB 697 (2011)

Coalescence: Steinheimer et al., PLB 714 (2012)

T \HHH‘ T

—=— 1.6x10'2 ev 'measured' IR=500kHz
——— thermal
— — coalescence

N,

w=35.9+59

CBM Simulations 0-5% Au+Au

QAHe — 3He p ', B.R.=50%
1.2%, S/B 0.4, 5=2.6 MeV/c?
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* CBM high interaction rates and clean identification allow precision
measurements of single- and double A-hypernuclei

- spectra and flow pattern
- complex structure via Dalitz plot
- life-time (particularly sensitive to YN and YY interaction)

« Search for the new hyper-nucleus or charmed nucleus sHe

Dover, Kahana, PRL 39, 1506, 1977
Xu, Lin, Yang in preparation

10°

@
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Charm (c, ¢) of the baryon-rich matter

IN-MEDIUM QCD FORCE



September 30, 2024 Tetyana Galatyuk | TGSW 2024 | Online / University of Tsukuba 49/40

What is so “charming” about charm?

— Z’_f\s\gf:ﬁ

e ——— wc b«.é

Heavy quarks
* produced in initial hard scattering processes

* experience the full evolution of the QCD medium
- probe in-medium QCD force!

= S
R

L7777 o lacD [Kaczmarek (2014)] | _ ,
O  1QCD [Banerjee et al.] * heavy-quark potential accurately known in the vacuum
0 AdS/CFT
100 * ==  D-meson[Ozvenchuketal.] - (l.[J Y SpeCtrOSCOpy)
! pay) g;m;' E’AP:)UIBM ] * ug = 0, finite T — heavy-quark potential is modified
A e atania) - 1 .
"\ e = QPM (Catania) - LV 1 (screened), guidance from LQCD
= [ LO pQCD, « =0.4 gt (T
5 | s
-
= How is the fundamental QCD force screened at ug > 0?
10
- Consequences for heavy-quark transport
JSyn~6 GeV (and below) increased sensitivity to
0.4 hadronic medium effects — important input for precision

measurements at LHC
Scardina et al., PRC96, 044905 (2017)
HotQCD, PRL 132 (2024) 5, 051902
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Charm performance studies

NA61/SHINE (upgrade of vertex detector)

50/40

- measurement of open charm cross section at 150 and 40 AGeV Pb-Pb collisions feasible

- study of cc¢ correlations could be attempted, might be statistically limited

NA60++ / CBM (cross-sections unknown!)
Open charm
- accessible down at lowest /Syy with 1% statistical precision
~ Raaand v, vs pr, y and centrality
- charm diffusion coefficient and thermalization

- D and A, yield feasible with statistical precision of few percent
- insight on hadronization mechanism

- detection of onset of anomalous suppression effects

down to low SPS energy (1(25) also within reach for E~100 AGeV)
- pp/pA collisions to establish cold nuclear matter effects
- study intrinsic charm component of the hadron wave function

Vogt, PRC 106 (2022) 2, 025201
NNPDF, Nature 608 (2022) 7923, 483-487

Tremendous physics potential with proton beam from SIS100

Workshop “physics opportunities with proton beams at SIS100” in Wuppertal, February 2024
https://indico.gsi.de/event/18475/overview

Charm-N interaction

Larsen et al.,, NA61/SHINE, EPJ Web Conf. 191 (2018) 05003
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