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Quark-gluon plasma (QGP)
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Credit: Antonin Maire, CERN-THESIS-2011-263
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Heavy ion programs at RHIC and LHC since 2010

* Today
2018 Pb+Pb :
@ 5.02 TeV, 1.8 nb-1 :
2011 Pb+Pb . 12023 Pb+Pb
@ 2.76 TeV, 0.16 nb-1 2015 Pb+Pb ' @ 5.36 TeV
! @ 5.02 T@\/, 0.5 nb-1 ‘e
pi et = $ LHC :
| | Year

Operation
2014 Au+Au 2023 Au+Au 2027 Au+Au
@ 200 GeV, 44 nb-1 | @ 200 GeV @ 200 GeV (?)
2016 Au+Au

@ 200 GeV, 52 nb-1

® Have we discovered QGP in experiment?
® Ve have defined QGP as a new phase of QCD matter!
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Life of QGP at collider

Heavy flavor quark
hadronization

Freeze out

\

Heavy flavor quark-QGP
interaction

Non-equilibrium

QGP \

Two most important experimental
signatures of QGP:

/

Thermalization

® (Soft) Collective motion of particles

® (Hard) Energy loss of hard particles
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Application of soft sector methodology



Soft particle correlation in heavy ion collisions

Typical Pb+Pb collision event
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® Observable: azimuthal anisotropy using Fourier decomposition

coefficients

® |nterpretation: Collective flow from hydrodynamic evolution of

ATLAS 20-30%, EP

narrow: n/s(T)
wide: n/s=0.2

QGP — strongly coupled fluid

dN
d¢

b= (cos(nl = ¥,)) ) ~ 1 /( cosu(ehy — ) )
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Construct two particle angular correlation

Construct two-particle Ag, An correlation with inclusively selected particles

Correlation Functior

Signal Distributjeni
=
et = < 1.04
S ol ! S
601"
2'7’ .. Sé O 1.02
407" =
201", 1
.
¢ 4 -4
0
PNy N Ny 2B
S(Ag, An) = B(A¢, An) =
dA¢dAy dA¢pdAy
Particle pairs from the different event, C(Ap, An) = S(Ag, An)
Particle pairs from the same event B(A¢, An)

B(A¢, An) ~ detector acceptance for particle pair

n = - Intan(©/2) Qipeng Hu (USTC), HAPOF, June 9, 2023 8



Two-particle correlations from different collisions

ATLAS 2<p?P<3 GeV

I N ATLAS L 2<p*(GeV)<3 ATLAS p+Pb 0.5<p>P<5 GeV ATLAS pp 0.5<p>P<5 GeV
\I SNN=5.02 TeV, 22 ub 30-40% \/37 =544 TeV. 3 ub™ 30-40% -1 T -1 T
Pb+Pb NN = 9 Kl N -40% sy=2-02 TeV, 28 nb N =220 ATLAS HM 20 < N° < 30 \s=13 TeV, 64 nb N "%°>120

\Syn = 5.02 TeV, OnXn
2,An>2.5

C(An,A9)

i =0.52
3 < 05
] S 0.48
O 0.46

4

04< p? <2.0GeV
0.4< p? <2.0 GeV

Pb+Pb Xe+Xe p+Pb y+Pb p+p

Large system Small system

** Ilgnoring Lorentz contraction

for demonstration purpose |
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Vo (Ridge yield)

o With| An| > 2, the only known source is inter-jet
correlation at A¢p ~ &

® Removed using inter-jet correlation template, often
from low multiplicity collisions

® Fourier decomposition, extracted va magnitude
depends on inter-jet correlation modeling, but sign

of vn Is almost model-independent
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1D long-range correlation in different systems

p+Pb

ATLAS p+Pb 0.5<p2°<5 GeV

syy=5-02 TeV, 28 nb’”
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p+p y+Pb
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Extracted anisotropies in hadronic collisions

Pb+Pb s, =5.02 TeV, 22 ub™ [PRC 101 (2020) 024906]
Xe+Xe |s,, = 5.44 TeV, 3 ub™ [PRC 101 (2020) 024906]
p+Pb s =8.16 TeV, 171 nb™' [ATLAS-CONF-2017-006]
p+Pb s, =5.02 TeV, 28 nb™' [PRC 96 (2017) 024908]

pp Ys=13 TeV, 64 nb™' [PRC 96 (2017) 024908]

pp ¥s=5.02 TeV, 170 nb”' [PRC 96 (2017) 024908]

pp Vs=13 TeV (Z-tagged), 36.1 fb™' [EPJC 80 (2020) 64]

- ATLAS Preliminary

- 2<lAni<5 o.5<pj’;b(GeV)<5
0.15

O e O e O

O
®

099898 0e

® |nclusive soft particle are correlated in all
collisions: Pb+Pb, Xe+Xe, p+Pb, p+p, y+Pb

0.05 i — ® |nterpretations:
- ® Pb+Pb, Xe+Xe: QGP hydrodynamic evolution

- ® p+Pb, p+p, y+Pb: 7?77

O 50 100 150 200 250 300 350 400 450 500
NreC
ch
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Physics implication

QGP formed in small collisions:

® \Vhat are the boundary conditions”? Size/energy threshold?

® |mplication for hard-QCD measurements?

No QGP formed in small collisions:
e \What is the origin of measured correlation?

® |mplication for hard-QCD measurements?

® |mplication for large system correlation measurement?

Life time

Credit: MUSIC arXiv:1209.6330
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https://arxiv.org/abs/1209.6330

Physics implication — cont.

QGP formed in small collisions:

e \Vhat are the boundary conditions”? Size/energy threshold?

= | ong-range azimuthal correlation observed in all
examined hadronic collisions

= Boundary not reached

= A phenomenon without size/energy threshold
(present in hadrons themselves)

® |mplication for hard-QCD measurements?

Life time

Credit: MUSIC arXiv:1209.6330
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p+p collisions in Pythia8

Modeling of hard scattering in p+p
collision from Pythia8

Hard process

(O Hard Interaction

® Resonance Decays

B MECs, Matching & Merging

B FSR

H ISR*

~ QED

M Weak Showers

M Hard Onium

(O Multiparton Interactions

[0 Beam Remnants*

[7] Strings

Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dira

M Primary Hadrons

M Secondary Hadrons

@® Meson
A Baryon

WV Antibaryon

© Heavy Flavour

Soft underlylng event M Hadronic Reinteractions

(*:incoming lines are crossed)

Credit: Pythia8.3 arXiv:2203.11601

If there is QGP-like matter created in p+p collisions,
we have missed it in our modeling (eg. Pythia8)

Potential impact on general QCD measurements:

® Does the anisotropy created by underlying event
depend on presence of hard process”?

® Does hard process exhibit the same anisotropy”?

Qipeng Hu (USTC), HAPOF, June 9, 2023
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https://arxiv.org/abs/2203.11601

Soft particle anisotropy in Z/jet events

ATLAS, EPJC 80 (2020) 64
ATLAS, arXiv:2303.17357, submitted to PRL

—~ L e o e e L B e e e e e e e L o e e L e L L B L L B
Q[ 20<An<5.0 ATLAS : T [ ATLAs 40SN*" <150
< [ 0.5<p’<5.0 GeV Template Fits 1 0.3~ pp Vs=13 TeV, 15.8 pb” 0.5<pi<4 GeV  —
0.1 5__ 40<ntsr'ES1OO B "~ h-h - ® -
i * l 0.2 h’*-h": o AllEvents o NoJets A Withdets |
0.1 é — - -
I O _ I i
I . ° 1 0.1 | -
I _ i o Ge’ i
i 0 5 TeV inclusive +8 TeV Z-tagged - ol e
I 013 TeVinclusive ~ ® 13 TeV Z-tagged ] i i
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I | 1 | | | | | | 1 1 | | 1|1 1 |
1 2 3 4 9 0 1 2 3 4 5 6 7 8
pZ[GeV] p° [GeV]

Soft particle v2: Soft particle v2:

event with Z vs. inclusive events event with Z vs. inclusive events

® Does the anisotropy created by underlying event depend on presence of hard process?

= Soft particle vo shows no obvious dependence on the presence of hard process

Qipeng Hu (USTC), HAPOF, June 9, 2023 16


https://link.springer.com/article/10.1140/epjc/s10052-020-7606-6
https://arxiv.org/abs/2303.17357

Anisotropy of hard process

ATLAS, PRL 124 (2020) 082301
ATLAS, arXiv:2303.17357, submitted to PRL

S R T{ L L S L L L L L LN LN LN B
"Tr ATLAS - _ ATLAS 40<N,, *""<150
i pp Vs=13 TeV, 150 pb” - 0.3~ pp Vs=13 TeV, 15.8 pb" 0.5<pi<4 GeV  —
0.1 B GOSN:;C<1 20 _ - -
i 1.5<|An|<5 ] i |

- e Col I + 3 0.2 e
0.051© bopu | - [ ho-h" 1o pZ>40 GeV ]
i b1 - 0.1 -
] P R A T § B | ~ I -
B CF (} O ~ - -
i i O__ ______ - - e e ___. '_____
gl T N S P S P ! | | | | | | | -
61 2 3 4 S5 6 7 8 0 1 2 3 4 5 6 7 8
P [GeV] p2 [GeV]

L _(cos@@™ — ¢57) )
=
V/(cosQ(giert = ) )

® Does hard process exhibit the same anisotropy”?

e Charm-soft correlation, vo > 0 = Charm hadron shows similar anisotropy as inclusive hadrons

e Bottom-soft correlation, vo = 0 = \ery hard process is not correlated with soft particles

o -Soft correlation, vo =0

Qipeng Hu (USTC), HAPOF, June 9, 2023 17
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Two-particle correlation in e+p collisions

—— o] ZEUS NC DIS 366 pb™
N - LEPTO gen
H’(-(I — ARIADNE gen
O --- ARIADNE non-diff gen
0.05 o T

Ridge signal extraction:
@. [An|gap: |An| > 2
%) inter-jel lati biracti

{2} = ( cos(n(gp; — $2)) ) ~ v;
ZEUS at HERA, e+p, /S = 318 GeV

ZEUS. arXiv:1912.07431 * Measured two-particle correlation consistent with MC.

* NO obvious unknown long-range correlation in examined e+p data

Qipeng Hu (USTC), HAPOF, June 9, 2023 18
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Two-particle correlation in ete- collider

- Data
Thrust axis | Il Archived PYTHIA 6.1
ALEPH at LEP, e*e-,\/S = 91 GeV Bl PYTHIA 8.230

B HERWIG 7.1.5

B SHERPA 2.2.6

—f1—0IIIIFTIIIIII'IIII'IIII|IIII|I_

. ALEPH Archived Data
°I 1.6 < |An| < 3.2 :
6:— NTrk > 30 2 —

" Hadrons

ALEPH + MIT
PRL 123 (2019) 212002

Hadrons

Thrust axis

Beam axis

ALEPH e*e” — hadrons, ¥s = 91GeV
N, = 30, |cos(6I )| < 0.94

Thrust coordinates

Coyay=1.28 -

p'T""b>O.2 GeV a )
Lab corainates . 'IIhrus]t cocl)rdinlatesI (20x|):
%Q ’ °’ / _2—IIIIIIIIIIIIIIIIIIIIIIII+
Z[g 10 W A 0 05 1 15 2 25 3
oIS AN a0
o ° - CaNS
4 - Thrust axis Is more suitable for e+e- collisions:

examine collective motion along hadronization
expansion
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.212002

Two-particle correlation in ete- collider

- Data
- Archived PYTHIA 6.1
B PYTHIA 8.230
10 .£'€ = hadrons, Ys=91 GeV = SEE\F’{VF'& Z;g v
T TT1 | T T | ' T T1 | [ 1 I I | ' T T | T 11 | I'T 11 ' TTT | ' TT1 . .
ALEPH + MIT - ALEPH Archived Data - — —
PRL 123 (2019) 212002 1__ _Thrust COOFdlnateS c ed ata— 10 111 | 1T 11 I 1T 11 | L | L | 1T 11 | |
= —— Lab coordinates (shifted right) : - ALEPH Archived Data

B Z 8 _
o107 Sca7le_|§1 SMS Result 95% = : 1.6 < |AT]| < 3.2 ]
) = ® pp7Te = S I ]
>~ [+ pPb5.02TeV o ] < 6F Npy =30 7
T 0°c PbPb 2.76 TeV 9% = S Z

+— B 95% ] | i
(qv] o - . | _

.510_3;- 95% + ¥ _ 5 ?]4_

% 5 + 95% - Zls |
4| ] 221 -
<10 95%95% E =z :
5 96.0% : I _
_ 96:3%  99.97% _ _

10°¢ E ol Coyam=1.28
- i J/ J/ i : Thrust cocl)rdmlatesI (20x)
1—61111|111| v b b b b b r o —2—"" e v b b B oo 1P
0 5 10 15 20 25 30 35 40 45 50 0 0.5 1 . 2 25 3
< Nl > A(l)

trk

- Thrust axis is more suitable for e+e- collisions:
examine collective motion along hadronization
expansion
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Two-particle correlation in e+e- collider — cont.

Belle + MIT
arXiv:2201.01694 (submitted to PRL)
arXiv:2206.09440

Belle e*e’, Vs = 10.52 GeV

N{fkc >12

102 %I T ITTTT | ITTTT | ITTTT | TTTT | IFTTT | ITTT | ITTT ITTT T I% I )
Thrust Axis - B PR W
10§ — Off Y(4S) resonance = o M S= v
= = ' " } creating long-range
1 §_ —— On Y( 4S) resonance _§ . — %, A‘: near-side correlation
i . 1L ] ;
=2 094" © 102F 95% : /.,
Q-IO % O 8_ ; § m-----T Woommmmmn § . v..'
T 0.8 3L geo . - /..
[z 074 o 107 %% 95% T
0.6 E 107 = I E A
- . : A €B,2
4 107 = v I = n(= Zthrust)
10-7 i_ >50 _i
10—8 :I L1 II L1 | L1111 | L1111 | L1111 | L1111 | L1111 | L1111 | L1111 | 111 |:
6 7 8 9 10 11 12 13 14 15 16

corr
< I\ltrk >

- Two-particle angular correlation is also applied to Belle data (N, ;- > 12)

+ Observed ridge vield attribute to special event topology and thrust axis alignment in two B
meson decay systems
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Summary on small system two-particle correlation

e Azimuthal anisotropy of inclusive particles is observed in all hadronic collisions

® Azimuthal anisotropy of hard QCD process depends on its hardness:

® | ow prt charm — similar anisotropy as soft light hadrons

® |ntermediate pt charm — probing the switch between hard-soft correlation 7?7

® Hard jet fragments / bottom — no significant anisotropy

® No significant anisotropy observed in e+p or ete- collisions

Qipeng Hu (USTC), HAPOF, June 9, 2023 22



Application of hard sector methodology




Hard Probes of QGP

Hard probes:

| | Nuclear per-NN yields in A-A
e Created in the early stages of QGP formation e Rpp = . .
modification factor vields in pp
® Reliable pQCD calculations
® Triggered and detected easily Raa <1 due to presence of QGP

® |deal hard probes: energetic jets, heavy flavor hadrons

pP+P R AA
spectrum

yield

QGP induced energy loss _ . _ PT pT
Dissociation due to color screening

Transportation

Qipeng Hu (USTC), HAPOF, June 9, 2023 24



Centrality in Pb+Pb collisions at ATLAS

PLB 789 (2019) 167

Energy deposition in FCal in MinBias Pb+Pb collisions
Number of participanting nucleon ~ 34

Number of binary collisions ~ 50 Map to collisions geometry via MC Glauber
5 - N L L LA =
s I ATLAS -
EUE Pb+Pb 5.02 TeV, 0.49 nb™" =
D — - § - | : Number of participanting nucleon ~ 358

E; Jﬁ 4_!& 2 w102 = \ E Number of binary collisions ~ 1600
- 0-10% -
107° = 3
Peripheral collisions = .
Centrality 50-80% 107 =

10—5 i I I I

SE_ [TeV]

Central collisions
Centrality 0-10%

** Ignoring Lorentz contraction
for demonstration purpose

%—V
¥

cxt'tﬁ")
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Color screening

PLB 178 (1986) 416

« ,g--e ‘a-ro

x c tm
!‘

0.8+ .

Dissociation

04

a
e Simple quarkonium potential in vacuum: V() =——+kr

Correlation length between gg

® Simple static potential with screening: V(r) = — Lot 02}~ L attice QCD
r - Bound state -
: . 366 250 300
® Color screening effect depends on resonance size T(Mev)

Temperature of gluonic heat bath
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Color screening in experiments

«10° PbPb 368 ub™ (5.02 TeV)
N - T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 | T 1T 1 a
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— 3 5:_ ++ p;*_>4GeV/C + Data _:
. "~ -100% — Total fit ]
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8 250 Lo PP E
(]CJ 2:_ BEEERRRRY - - Overlaid B
> - .
W 15 — E
1 g
05- -
O - Lclial ||1 ] 14»]4 ..... okttt o .
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2
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Y(1S)

Y(2S) 1(3S)

o ©O

- ATLAS
. pp, s=5.02TeV, L=0.26 b
Pb+Pb, (s, =5.02 TeV, L =1.82 nb"

I:{AA

1.2

+ —-o- Y (1S) CMS, P, < 30 GeV, lyl<2.4
—o-Y'(1S) ATLAS, P, < 30 GeV, lyl<1.5

g

0.8

0 ATLAS correlated uncer.
CMS correlated uncer.
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[o]e
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CMS, PRL 120 (2018) 142301
ATLAS, PRC 107 (2023) 054912

_I T TT | T T | T T | T 1T | T TT | T T | T T T 1T I_
1 2‘_ ATLAS ]
““L pp, (s =5.02 TeV, L =0.26 fb _
[ Pb+Pb, \s,,,=5.02 TeV, L =1.82nb" ] [
1_ ______________________________________________
- -o-Y'(2S) CMS, P, < 30 GeV, lyl<2.4 i
0 8: —B-Y'(2S) ATLAS, P, < 30 GeV, lylc1.5 ]
T Y (2S) ATLAS, 95% CL )
0-6; s I ATLAS correlated uncer. |
i CMS correlated uncer. 1
0.4?_ —_
I N |
O L 111 | L 111 | L 111 | L1111 | L1l |@I ] | L 111 11 | ]

0 50 100 150 200 250 300 350 400
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http://dx.doi.org/10.1103/PhysRevLett.120.142301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054912

Quarkonium binding energy vs. Raa

CMS, arXiv:2303.17026, submitted to PRL
EPJC 78 (2018) 731
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http://arxiv.org/abs/2303.17026

Charmonium-like exotic hadron — X(3872)

oo ~1 fm
" A S
\{
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ey, /
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X(3872), aka y..{(3872), is the first and most-studied
charmonium-like exotic hadron

Still with unknown structure and production mechanism:
Compact teraguark

Di-quark molecule

Charmonium-molecule mixture
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Entries / (5 MeV/c?

X(3872) existence in HIC

CMS, PRL 128 (2022) 032001

1.7 nb™ (PbPb 5.02 TeV)

1.7 nb™ (PbPb 5.02 TeV) 1.8
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However color screening is not the only factor

X
fedg O — (o0 5@°%
A(O ) o\ @D @5 @D
¢ @D @D
@D
Color screening Quark recombination

Other effects:

- Feed down contribution
- Quark recombination

- Parton energy loss

Energy loss

< 1.2

Ra

0.8

0.6

0.4

0.2

ATLAS, EPJC 78 (2018) 762

- ATLAS Centrality 0-20% i

— mmm Color screening [Phys. Lett. B778 (2018) 384]
| ...« Color screening [Phys. Rev. C91 (2015) 024911]
— = Energy loss [Phys. Lett. B767 (2017) 10]

Energy loss [Phys. Rev. Lett. 119 (2017) 062302]
o, =20.6 GeV
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X(3872) in HIC — theoretical expectations

Recombination in AMPT at hadronic stage

Consider transport in medium at hadronic stage ~ PRL 126(2021) 012301

Rate controlled by D meson rates EPJA 57 (2021) 122
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Centrality dependence of X(3872) production could provide critical input

Qipeng Hu (USTC), HAPOF, June 9, 2023 32



X(3872) — J/wrm major background:

e Combinatorial from randomly distributed pions produced from the

Every true J/y can form ~20 w(2S) — J/wnr candidates passing

3872) in HIC — experimental challenges

same vertex!

realistic selections
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Pythia8 + HIJING (heavy ion event generator)
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Summary

Integrated luminosities (ATLAS)
e 2015: Pb+PDb, 5.02 TeV, 0.5 nb-1
e 2018: Pb+Pb, 5.02 TeV, 1.8 nb-1

Heavy ion physics program is rich and growing H Today Slanned
5 e 2023: Pb+Pb, 5.36 TeV, 3 nb-1
Heavy ion collision/methodology is useful for general high 2023 Pb+Pb  ® RUNS+TRUN4 Pb+PD, 13 nb™
energy physics: . @5.36 TeV
o | - L - . 1 Pb+Pb
ong-range azimuthal correlation in hadronic collisions
QGP formation, had t ’ P+Pb
( ormation, hadron structure) 5 0+0/0+0

® Nature of exotic hadrons

HL-LHC Run4-5

e UPC as photo-nuclear, gamma-gamma interaction sources

2024
2025
2026
2027
2030
2031

® Nuclear structure

2023
@ 200 GeV
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-

Heavy ion beam as gamma source

*YY VY

® yy = 1t (t g-2) Cons:

e yy — exotica - Large photon flux
- Negligible pile-up

® Monopole search Pros:

® (Graviton search - low luminosity

- No control on photon energy

EE™ = 71 GeV (left), 0.9 GeV (right)

71 tracks, p, > 0.4 GeV
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Total Integrated Luminosity [nb']

Recorded Pb+Pb luminosity at ATLAS
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ATLAS Online Luminosity s, =5.0 TeV

[ LHC Delivered (Pb+Pb)
[ ] ATLAS Recorded

Total Delivered: 570 ub™
Total Recorded: 548 ub™

01/12 08/12

I|l|||||l||

15/12
Day in 2015
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ATLAS detector

Simplified ATLAS detector geometry
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