Future Prospects of Quark Cluster
Physics using ultra-relativistic
heavy-ions
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Quark cluster physics

Future Propsects
ALICE3 : High-temperature frontier
FAIR-CBM and J-PARC-HI : High-density frontier
EIC : High-energy frontier

Summary and Outlook



Quark Cluster Physics
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Bridging Quark and Hadron Hierarchies

Dynamics of quarks and gluons

Emergent properties of quark-gluon matter
Bulk properties (EoS, transport coefficients)
QCD phase diagram

Emergence of hadrons from quarks
Color Confinement
Chiral Symmetry Restoration

Ultra-relativistic heavy-ion collisions at RHIC
and LHC

See S. Yano’s presentation




Quark Cluster Physics

HREEE QCD Phase diagram

Quark-Gluon Plasma, Color superconductivity

Phase boundary and transition between hadrons
and quarks

T Baym et al, Rept.Prog.Phys. 81,2018
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Strongly interacting QOGP
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Y. Ohashi, JPS meeting, symposium March 15 (2021)

Realization of Strongly interacting system Molecular
from 107 to 1012 K Fermi gas (boson) gas
| Ultra-Cold Quark-Gluon
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Increase of shear viscosity / entropy ratio due to formation of fermion pairs (clusters)
— Shear viscosity / entropy ratio increases when the system changes from quarks to hadrons
(quark-clusters)
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Exotic Hadrons

Loosely bound hadronic molecules are favored in HIC, with coalescence

X(3872) not suppressed or even enhanced in HIC
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Future Quark Cluster Physics 7

Understanding of quark-gluon dynamics and QCD emergent properties at
high temperatures, high densities, and high energies

High temperature frontier:

 Characterization of Quark-gluon plasma

I « Hadronization (confinement, chiral symmetry restoration)
quark-gluon plasma
High density frontier:
7\145(1)/ « Understanding of phase diagram (phase transition)
e

* Search for color superconductivity, quarkonic matter

hadron nucled
resonance gas



Future Quark Cluster Physics

Understanding of quark-gluon dynamics and QCD emergent properties at
high temperatures, high densities, and high energies

High energy frontier:

* From constituent quark description to high dense quark and gluonic matter

* Strongly correlated quark-gluon dynamics inside nucleon and nuclei
* N-N interactions from QCD

Q?(GeV?)
A

Quarks and
Gluons

Resolution

Strongly Correlated o 4
Quark-Gluon Dynamics S A
High-Density
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Gluon Matter
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Future Quark Cluster Experiments

Future Experimental Programs
ALICE3 @ LHC (2035-) : High temperature frontier
CBM (2030-) and J-PARC-HI (203X? -) : high density Frontier
ePIC @ EIC (2032-): high energy Frontier

ALICE3@LHC CBM@FAIR

Superconducting R|cH
magnet system

ePIC@EIC (electron-Ion collider)

Ring
Imaging

Silicon Cherenkov l.’\

HADES Dipole Tracking
p+p, p+A Magnet _ system
A+A (low mult.)

Micro
=1—-_~ Vertex

A= 4 Detector




ALICE3 @ LHC (2035') arXiv:2211.02491

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
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ALICE

CERN-LHCC-2022-009

LHCC-1-038

Superconducting RIcH

magnet system Letter of intent for ALICE 3:
A next-generation heavy-ion experiment at the LHC

Version 2

quark-gluon plasma

ALICE Collaboration

~150
MeV

arXiv:2211.02491v1 [physics.ins-det] 4 Nov 2022
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. hadrons — quarks
A " 9 2 T * Muon
e/ . > - absorber
hadron nuclear . 0¥ ghs %t Muon
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resonance gas (% color superconductivity
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.


https://arxiv.org/pdf/2211.02491.pdf

ALICE3 program (2035-) i

2010-2012 2015-2018 2022-2025 2029-2032 2035-2037

Pl ) ) < ) o ) o ) - S

Superconducting R|cH
magnet system

Proposal for heavy-ion program beyond 2035 with a
next generation experiment

arXiv:2211.02491

Compact, ultra-lightweight all-silicon trackers

Large acceptance (In1<4)

Unprecedented pointing resolution
opca=10um (pr =200 MeV)

Muon

chambers Excellent electron, hadron, and muon identification

absorber


https://arxiv.org/pdf/2211.02491.pdf

ALICE3 technologies 12

MAPS foil https: / /arxiv.org/pdf/2205.12669.pdf
Wafer-size, ultra-thin, curved, CMOS REE:
MAPS sensor Tracker

embedding a MAPS into a FPC board
* 5mm radial distance from interaction point gl W \ o)|e
ITS3

(inside beampipe, retractable configuration)

Vertex

e .

* unprecedented spatial resolution: ¢, = 2.5 um
e ...and material budget = 0.1% X,/ layer

ITS3 R&D —

icm
e |

part thickness  radiation length
— = ~” Cu plating 13pm  (0.09%)
°‘i§7 1, e - _ Cu cladding 5um  (0.03%)

Polyimide 45pm  0.02%

__Gu 25pum 0.01%

~ . metal stack 10pm 0.01%

pad:200/im :Eiicon 45um 0.05%

> CMOS MAPS with gain layer for =
O-TOF < 20 pS e --:o-tal: 213pm 0.10%

(+0.13% Cu)


https://arxiv.org/pdf/2205.12669.pdf

some) ALICE3 Physics Goals 13

Heavy quarks interact Heavy quarks “flow” Bound states are affected by HF-hadron production modified at
and lose energy within the medium deconfined medium high densities
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Unique sensitivity to
undiscovered charm-nuclei: c-
deuteron, c-triton

To test thermalization microscopically and ~ Characteristic sign-change between pp
hadronization (flavor, size, binding energy) and Pb-Pb in case of bound T state


https://arxiv.org/pdf/2211.02491.pdf

(some) ALICE3 Physics Goals

Excess eTe™ raw spectrum with uncertainties

Chiral Symmetry restoration — vector-axial-vector degeneracy

Vacuum T=100 MeV

R. Rapp, Nucl.Phys. o0sf

A870 (2013)
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Chiral mixing has direct consequences on the thermal dilepton rate:
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Iy (q) = (1 — &) Iy (q) + € I (q)

[M. Dey et al., Phys. Lett. B 252 (1990), 620-624] [Z. Huang, Phys. Lett. B 361 (1995) 131-136]
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CBM and J-PARC-HI

Ring
- Imaging
. Silicon
quark-gluon plasma ADES  DibOle  Trcying Cherenkov g
ptp, p+A Magnet Transition

A+A (low mult.)
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Maximum baryon density at CBM/J-PARC
energy
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CBM and J-PARC-HI energy is unique in reaching the maximum baryon density 5-10 p, ( > 4 p, for

NS at 2 M@)




Probing color superconductor

Enhanced production of dielectrons in pseudo-gap (precursor) of color superconductor

T. Nishi , M. Ki ,
41 = (a1, 1) T Kunihina 1w T=90 [MeV], u =350 [MeV]
Di-quarks arXiv:2201.01963
w  fluc (G =0.9Gs, T = 78 [MeV])
ete- we = fluc (Gec =0.7Gs, T, =43 [MeV])
- 104 weee fluc (Gc =0.5Gs, T, = 14 [MeV])
T — free
Di-quarks é
q2 = (g2, ) TOAVUIEN T e
o >
A U
- ” “ i B = N0
g ot ’ - precursor = Qe
h@ - 0.5Gs
o _ _ ILime evolution of CSC = e
—
E 'ﬁ 300 400 500
m ' e
-
; : : ; ~ ; Nlﬁ_- : :
hadrons | Color SC 0 25 50 75 100 125 150 175

density M [MeV]



Probing color superconductor 18

A\; = c(ud) as a unique probe : :
to the BEC of (ud)-diquarks Enhanced production of charmed baryons in color superconductor

2SC: A c [u, dD>E . (c [u,s])

i ) uSC: Alc [w,dD~Ec(c [w,s]) > EQO (c [d,s])

(ud) i i
condensate dSC: A ~E0 > E*
Gunji & Hatsuda (2021)

c.f. Lee+, PRL 100 (2008)
V&
Enhancement of A/D at high T &
—— my, = 0.455 GeV | E
] 2SC uSC dSC CFL
\ AdlcudD. Ec[u/d,s]

—— my, = 0.6 GeV
1r ——-ho diquark correlation

Physics at ALICE3

o
<
0.5 dSC
SB v
e . ' 226 CFL
gbes=o—=-—==77 777 FFLO usc X
0.1 0.15 0.2 V;LB

Phys. Rev. Lett.100.222301 T [GeV]



CBM@FAIR

2022: Buildings / shell construction complete
2023-2025: General services, detector
installation, commissioning
2026: Start of operations with beam
* CBM Day-1 (2026-2027) : 100 kHz Au+Au
* di-lepton, multi-strange baryons, light
hypernuclei, flow

«  MVD (>2027): Measurements with rates of up
to 10 MHz

* double A hypernuclei, J/y, charmed
particles, exotics

+2 years delay

Entries

0. Golosov et al., CBM Progess Report 2020
J.Phys.Conf.Ser. 1690 (2020) 1, 01210
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J-PARC-HI 20

Phase-I: E16 upgrade (pA and low rate AA)

1<y <2 &O<b<4fm  * Signalpais

GICE %= e*ey
° S Le: e - A
Search for thermal dielectrons from quark E T I — i
[25A GeV Au] +Au S0 — 0o e'e
phases 300 —HFEWwR) ox | o] | I 3 —— thermal
N— y 250 |- JHF(Ave.) ==\ 88 x| O
200 bk | R ° | g T=150MeV
s i =
é 150 _.v,,._._.._? O R o )"/\')f
" 100 TR 107
e \ 50 f- i |
0 2 4 6 8 10 12 14 02 04 06 08 1 1.2 1.4 16 1.8 2
Pu/Po M,, GeV/c?
Phase-II: New spectrometer for 10 MHz
hlgh rate Magnet-I:or:(:iew /:’t" ¥
v MRPC-TOF 2 ol
K i >§ T y absorber
Search for color superconductors A=
o E sPT || /ﬁa ‘/ trackers
Dielectrons, charmed baryons, etc Taget R g S
N
§
Strangeness physics e
Ly —— | || \

Simulation studies ongoing to fix detector designs

=
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ePIC @EIC (2032-) arXiv:1212.1701

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

b

SECOND EDITION



https://arxiv.org/pdf/1212.1701.pdf

Electron Ion Collider

« EIC hosted at Brookhaven National Laboratory
» 80% polarized electrons from 5-18 GeV

* 70% polarized protons from 40-275 GeV

« Jons from 40-110 GeV /u

« Polarized light ions 40 -184 GeV (He?)

« 100-1000 x HERA luminosities:1033-103¢ cm2s-
* CMS energies: Vs = 29-140 GeV

« (D1 obtained in July 2021




Electron Ion Collider

nucleons

Regime

Non-perturbative

HERMES, C

23

map the transition from non-perturbative to perturbative regime

e .

e Perturbative
= Regime
Transition
Region
EIC

OMPASS, JLAB 6 and 12

1

\ , |
01 1 10 102
“olor Confinement Asymptotic freedon Q* (6eV?)

200 MeV (1 fm)
4

J

> Probing

2 GeV (1/10) fm) momentum

dy

"

y ‘ Iy

Covering wide Q? range — probing various degree of freedom



(some) Main Physics Goals at EIC

3D nucleon structure (Tomography)
Spatial distributions, transverse motion

Origin of mass and spin, confinement

quarks

TH

e+p-oe+p+JY
15.8 < Q? + M%, <25.1 GeV?

Xv
2 0.12
o1

1 . _——> O

0.16 <x, <025 <
0,

o 02 04 06 08 1 ‘;I 2 1.
N 14 16
14 16

ooo
_oR2RES
o

Distribution of gluons
g28g=2 | *
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Momentum along x axis (GeV) Quark transverse momentum (GeV)

r2p(r) (<1072 GeV )

Energy
density

T10
720
T3O

1

'* 701 702 703 |

Burkert+, Nature 557, 396 (2018)

0

Shear stress

Normal stress (pressure)

i Quantum
Symm.etry Fluctuations
Breaking

M;Eq + _ng —I— X"‘Qq —|— Tg \X.Ji, PRL 74 1071 (1995)

|Quark Energy | |Gluon Energy | |Quark Mass | |Trace Anomaly |

Repulsive
pressure

—_—

Confining
pressure

-«

02 04 06 08 10 12 14 16 18 20

r (fm)

O Trace
Anomaly O Quark
20% Energy
29%
O Gluon B Quark
Energy Mass
34% 17%



Q3(

Resolution

non-perturbative  perturbative

(some) Main Physics Goals at EIC

QCD in nuclei

Gluon saturation at small-x

GeV?)
A

Quarks and
Gluons

Hadrons

Color transparency, color propagation, medium effects, and hadronization

Strongly Correlated
Quark-Gluon Dynamics

High-Density
Gluon Matter

Pomerons
Regge trajectories

weak
coupling

strong
coupling

\/

Parton Density

» 1/X

0.25

0.2

—~ 0.15

0.1

0.05

e

I|II|IIII|I|II|IIII|II|I-

Q%=1 GeV?, y=0.7

T
20 GeV on 100 GeV

ep

lIlIIlIIIIlIIlIllllIIIIl-

Ratio of particles produced in lead over proton

1.50 @ DO mesons (lower energy)
m  Pions (lower energy)
+ o DO mesons (higher energy)
Pions (higher energy)
=~ \Nang, pions (lower energy)
1.30 { -Wang, pions (higher energy)
1-0 pion + ( + 1-0 DO
1 1 0 systematic i) { systematic
uncertainty g % # * uncertainty
0.90
0.70
=
0.50
0.01 <y<0.85,x>0.1,10 fo"
Higher energy : 25 GeVZ Q< 45 GeV: 140 GeV < v < 150 GeV
Lower energy : 8 GeV'< Q<12 GeV’, 32.5 GeV< V < 37.5 GeV
0.30

0.4 0.6 0.8 1.0
Z

0.0 0.2


https://arxiv.org/pdf/1212.1701.pdf
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X(3872) ;~ W(2S)
F‘eA /ReA

(some) Main Physics Goals at EIC 26

Exotic hadron spectroscopy

Weakly bound

radius, samples large volume of nucleus

Tightly bound

>”W“ @\@

Weakly bound hadronic molecule has large Tightly bound compact tetraquark has small radius,
could more easily escape nucleus unscathed

12
- e+'%0 e+%2Cu e+'7Au
1 :,_... ....................................................................... . ...........
0.8}
0.6 :— @ °
0.4 @
- ® Compact X(3872)
0.2 - ® Molecular X(3872)
% 20 40 60 80 100 120 140 160 180 200 220

Nuclear target A

TABLE II: Integrated cross sections (in units of pb) for I + p — HM+all, where HM =

X(3872), Z.(3900)°/*, Z.(4020), and seven P. states. The listed quantum numbers for these

Constituents JF(©) COMPASS EicC US-EIC
X (3872) DD* 1++ 19(78) 21(89) 216(904)
Z.(3900)° DD* 17~ 0.3 x103(1.2 x 10%) 0.4 x 10%(1.3 x 10%) 3.8 x 10%(14 x 10%)
Z.(3900)t| D**D° 1t 0.2 x 103(0.9 x 103) 0.3 x 10%(1.0 x 10%) 2.7 x 103(9.9 x 10?)
Z.(4020)° D*D* 17 0.1 x10%(0.5 x 10%) 0.2 x 103(0.6 x 10%) 1.7 x 103(6.3 x 10%)
b/ 75 e 2 sl 8.3(29) 19(69) 253(901)
Ay DYps 1 6.2(22) 14(51) 192(679)
P.(4312) ¥.D 3 0.8(4.1) 0.8(4.1) 15(73)
P.(4440) I 2 g $- 0.6(4.3) 0.7(4.7) 11(79)
P.(4457) )38 7 3 0.5(2.0) 0.6(2.2) 9.9(36)
P.(4380) % 5, 3- 1.6(8.0) 1.6(8.4) 30(155)
P.(4524) SR 1 0.8(3.6) 0.8(3.9) 14(67)
P,(4518) > D 3- 1.2(6.6) 1.2(6.9) 22(123)
P.(4498) )2l B i 2 1.1(9.3) 1.2(9.8) 21(173)

There will be around X(3872) 4 X 10° events produced per day at US-EIC.
The branching fractions B(X(3872) — J/{mm) = (3.8 £ 1.2)%, B(J /Y — 1 +1 =) = 12% and
assuming the detection efficiency to be 50%, then the reconstructed event numbers will be

about 1000 per day for US-EIC.
arXiv:2107.12247



ePIC Detector Design (Current)

|
hadronic calorimeters \i

solenoid coils

e/m calorimeters ‘

ToF, DIRC,
RICH detectors

MPG trackers

MAPS tracker
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Tracking:
* New 1.7T solenoid
Si MAPS Tracker
MPGDs (LRWELL/uMegas)

PID:
*  hpDIRC
*  mRICH/pfRICH
* dRICH
* AC-LGAD (~30ps TOF)

Calorimetry:
* SciGlass/Imaging Barrel EMCal
* PbWO4 EMCal in backward
direction
* Finely segmented EMCal +HCal
in forward direction
* Quter HCal (sPHENIX re-use)



Summary

Quark-cluster physics has been advanced by heavy-ion collisions at RHIC and LHC.
Much deeper understandings of the QCD will be achieved during 2030s.
ALICE3@LHC(2035-): Quark-clusters at high-temperatures

New technologies
Chiral symmetry restoration
Heavy quark physics (transport properties, hadronizations, di-quark states)
CBM@FAIR (2030-) and J-PARC-HI : Quark-clusters at high density
phase transitions, chiral symmetry restoration by di-leptons
Color superconductors
ePID@EIC (2032-): Quark-gluon dynamics at high-energy

Evolution of quark-gluon dynamics in nucleons and nuclei in (x, Q?)
Emergence of new degree of freedom (nucleon -> constituent quarks -> high dense quark and gluon matter)
Energy-momentum tensor — Color confinement (pressure) and origin of proton mass and spin
Properties of high dense gluon matter

Exotic hadrons

Good to keep a close collaboration with different hierarchies
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OCD Kondo effect

Stronger interaction between light and heavy quarks (impurity)

— Measure of bulk properties of quark matter at high density

Resistance/Resistance(T=0 Celsius) x 10000

(from W.J. de Haas and G.J. van den Berg,

Physica vol. 3, page 440, 193) Prog. Theor. Phys. 32,

37 (1964)
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S.Y., S. Ozaki, arXiv:1710.03434 [hep-ph]

G.=0.5G.g, y=0.4 GeV Phys. Rev. D 96, 114027 (2017)
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