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Recall: Open HF hadron in HIC

Relativistic heavy-ion collisions
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Life of a Lucky Heavy Quarkonium in HIC

rimordial QQ as a bound state transport and
rkonia interact in the collision
c quark Mark
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Life of an Unlucky Quarkonium in HIC

rimordial Dissociation in potential model picture of
rkonia qguarkonia in heavy-ion collisions
c quark mark
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%g Dissociated / melt

We don't see this
J/p in final state
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How many c¢ and bb are produced OO vs. PbPb?

Estimation with pp and pA total cross-section
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~ 15 pairs of cc in 0-5% AuAu at 0.2 TeV ~ 0.75 pairs of bb in 0-5% AuAu at 0.2 TeV
~ 200 pairs of cc in 0-5% PbPb at 5 TeV ~ 7 pairs of bb in central PbPb at 5 TeV

~ 1.7 pair of c¢ in inclusive OO at 5.36 TeV ~ 0.05 pairs of bb in inclusive OO at 5.36 TeV
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Life of a Lucky Quarkonium in HIC

rimordial Regeneration of quarkonia
rkonia in heavy-ion collisions
c quark Mark
N\

%g Dissociated / melt Regeneration

m\‘s wm m
m ~-=9

We see dissociated
J/p recovered in final
state

Yen-Jie Lee, Andre S. Yoon and Wit Busza
Drawing made by Jing Wang



QGP Temperature

* One interesting tool: the Bottomonium states!

4
Vr)=—zs—+kr

« Bottomonium are rare probes 37

« Can be described by non-relativistic Schrodinger Equation

bb State EEES= O RIS W(2S) Ly 2P
Mass [GeV] 9.46 9.90 10.02 10.26
AE to BB threshold[GeV]  1.10 0.67 0.54 0.31
ry [fm] 0.28 0.44 0.56 0.68
Color Screening from LQCD
Tightly bound Loosely bound
Small in radius Large in radius
YOS5/ N2S) Y(35)
b b b ; b b
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Bottomium Family
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In Vacuum (pp)

NA

A

/

Y(15)

Tightly bound
Small in radius
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Y(25)

450 MeV

240 MeV |

Y(35)
Loosely bound
Small in radius

T

1/<ry>

Y(1S)

Xb](ZP)
Y(2S)

Xb](ZP)
Y(3S)
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In QGP (lower Energy AA collisions / Peripheral AA)

Successive suppression of individual states

\ provides a model-dependent “thermometer” T
of the QGP
450 MeV
240 MeV |

/

1/<ry>

7 Y(1S)

Xb](ZP)
Y(2S)

Xb](ZP)
Y(3S)

200 MeV
Y(15) - YE2S) /, 1X(3S)
Tightly bound Loosely bound
Small in radius Small in radius
V(r)
Q ©
b b b ; b b / r
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In QGP (AA collisions)

N A Successive suppression of individual states
:  provides a model-dependent “thermometer” T 1/<ry>
{} w.of the QGP =
1} Suppression due melting excited 450 MeV |- | Y(15)
states (reduced the feed down) =

~ | X (2P)
/ 240 Mev | | Y(25)
200 MeV %‘Kb(l%l;)
Y.(1$). - Y2S) /W (35)
Tightly bound Loosely bound
Small in radius Small in radius
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In QGP (AA collisions)

N A Successive suppression of individual states

provides a model-dependent “thermometer” T 1/<ry>
i = wof the QGP =
Suppression due melting excited 450 MeV |- | Y(15)
ﬁ states (reduced the feed down) =

.5 Xb; (2P)
j 240 MeV Y(2S)
Xb](ZP)
200 MeV Y(3S)

Y.(1$). - Y2S) /W (35)
Tightly bound Loosely bound
Small in radius Small in radius
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In QGP (AA collisions at LHC)

N A Successive suppression of individual states
provides a model-dependent “thermometer” T 1/<I’0>
of the QGP
“Melting” of Y(15) and Y(25)? 450 MeV Y(1S)

Xb](ZP)
240 MeV Y(2S)
200 Mev [l X0:(2P)

Y(3S
Y(1S) Y(2S) Y(3S) =
Tightly bound Loosely bound
Small in radius Small in radius
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Upsilon to Di-muon in 5.02 TeV PbPb Collision

CMS CMS Experiment at the LHC, CERN
Data recorded: 2018-Nov-10 02:06:52.131328 GMT
Run / Event / LS: 326483 / 8874092 / 36




Y (nS)->Dilepton Yield Extraction

x10° PbPb 368 u,b (5.02 TeV)
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95 pp p\" <30 GeV CMS 5 EMD%STAR Au+Au 0o N,,#N_. e N.. (c)
8;_ ly"l<2.4 _; 8 \ \Snn =200 GeV, Jy_[<1.0 ........ Comb. Background (CB)
o p’ >4 GeV N 120~ _
< /F % h1T“I<24 E -, CB + Drell-Yan + bb
5 6 Y(1S) Centraliy 0-100% ¢ PoPbData 1001 CB + DY + bb + T(18428+3)
T E = R i E _ e P"‘F‘K"‘:Nm"
3 5F Y(ZS) Total fit = 30 E
—~ - TV --- Background - B
2 4 : — 60—
5 g4 Pbe' P, Y(38) TS S :
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m,, (Gercz)

m.- (GeV)
Mass resolution very important for separating the Y states
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Charmonia in QGP Sequential Melting

« Sequential melting of charmonium states
T » J/w and y(2S) strongly suppressed in

4T pbpb (5.027eV)  © PromptJip (ATLAS) PbPb collisions
1ol Prompt iy (CMS) 1« Binding energy hierarchy:
= ® Prompt Y(2S) (CMS) | i
: : * Weaker bound state easier to be
1 - _ . .
I ATLAS 9<p;<40GeV,lyl<2 ] dissociated _ _
<08l CMs 65<pr<30GeV lyi<16 1 o Stronger suppression in central events
< L -
T i T :
0.6 - . g / ~ J/LlJ LP(ZS)
0.4f @ " . 0 (© c c
_ . 1
0.2 $ @ @ 5 e
[ I I @ | ’\Plzsl): Weaker bound Loosely bound
% 100 200 300 400 -arge In radius

EPJC 78 (2018) 762 EPJC 78 (2018) 509
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Charmonia in QGP Regeneration

14 _ Prompt J/p PbPb (5.02 TeV) Regeneratlon .
(o[ ® (ATLAS) 9<p; <40 GeV lyl <2 * Uncorrelated QQ in QGP regenerate
' ® (ALICE) 1.5<p; <10 GeV lyl <0.9 quarkonia

» Atthe LHC: Increasing Ry, at low p+
towards central events
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Regeneration of Charmonium in QGP

Regeneration picture:
* Uncorrelated QQ in QGP regenerate
Quarkonia
» Atthe LHC: Increasing R, at low p+
towards central events
» Central events have larger o

141
- ® (STAR) AuAu 200 GeV Inclusive J/{
[ (PHENIX) AuAu 200 GeV Low py

1.2 H o (ALICE) PbPb 5.02 TeV

0.8 — ) H H LHC
T

- STAR p;integrated, lyl <0.5
0.2~ pHENIX pr<5 GeV, lyl <0.35

- ALICE 0.15<p,; <15 GeV, lyl <0.35

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I | | | | |
0 100 200 300 400
(Npar)

RAA

« Significant enhancement at the LHC but not
at the RHIC
* Higher collision energy has larger o
enhances the probability of
uncorrelated regeneration

CcC

PLB 797 (2019) 134917 PLB 849 (2024) 138451
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Y(nS) Suppression

PbPb 1.61 nb™", pp 300 pb™ (5.02 TeV) PbPb 1.61 nb™", pp 300 pb™' (5.02 TeV)

_I 11 | I | 1T T | | | | I | L | | | L | I__ i | | [ [ I [ [ | | | | | | | | [ | [ | | | | | | | | | | | |
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i [&] v(es) T - $ | Y(1S) (2015 PbPb/pp) .

0.8 — - 0.81— Y(1S) i

< I [lves)  TAMU T i £ e N vees) :

p Nvs) T S I i

T o6 Nves) T 1 ol $ @S e ]

i 71y@3s) 1 - i

> TE ] egeEESSSS -

0.2 —:— — 0.2 L _

- T - T _ = x R % —

0|||||||||||||||||||I||||i|||:|||!.....|“ m_ ||||||||||||||||||_
0 50 100 150 200 250 300 350 400 00 5 10 15 20 25 30
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* Y(3S) is observed for the first time in PbPb collisions

« Reasonable but not perfect description from TAMU, tends * Is there a "flow bump™? |
to overpredict the suppression in central PbPb * Do we have room for uncorrelated regeneration?
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Dissociation + Regeneration Picture: Challenge

Dissociation + regeneration picture has

1o Tt 17 worked reasonably well, however...
: Y(1S) - y
R PbPb (5.02TeV) ® (CMS)lyl<24 | ° Why is Y(1S) suppression so similar between
T } AuAu (200 GeV) *(STAR)lyl<1 ]  LHC and RHIC?
dll p; integrated 7 :
081 C N * Regeneration at the LHC compensated the
b ] effect from higher initial temperature?
n:zE 06 LHC 4 « Why does Y(1S) Ry, not continue decreasing
I r 1 iIn most central events?
04 C - « Most models with regeneration still don’t
_ HI ] g
[ R C @ % ] describe it well
0.2 - > :
I B B B
070 100 <§|00> 300 400 PLB 790 (2019) 270 PRL 130 (2023) 112301
part
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Collective Flow: Mass Hierarchy

B "
" PbPb (5.02 TeV) m ® (ALICE) Iyl < 0.5
0.25 - D° = (CMS)lyl <1 ]
- b—)D° . . . .
. (b=)D < (CMS) Iyl <1 1 ¢ Recall: v, hierarchy from lightest to heaviest
o : hadrons
0.15}F -
>
0.1 -
I * T _
0.05 F wEE g -
: ;-
0 rommzoosrmmme oo oo =
Semi central :
'005 — | . | Cor a1l | | : L
1 10

pr (GeV/c)
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Collective Flow Mass Hierarchy Including Quarkonia

JHEP 10 (2020) 141 JHEP 10 (2023) 115 PLB 819 (2021) 136385 < H"""‘""'(')"""""‘_'""""',
PRL 123 (2019) 192301 ., ALICE  20-40% Pb-Pb VS =5.02TeV
n Inclusive J/y, 25 <y <4
| I| | - e v, {SP, |An|> 1.1}
| i B [ |Syst. (uncorrelated)
" PbPb (5.02 TeV) m o (ALICE)lyl<05 8 o ®
025 D° = (CMS) lyl <1 - :
i Jg e (ALICE)25<y<4 ] i
0oL o (CMS)lyl <24
r (b—)D° o (CMS) lyl <1 . I TAMU (X. Du et al.)
- Y(1S) ® (CMS)lyl <2.4 ) i I Inclusive Jhy ]
0.15| O (ALICE)25<y <4 — —0.1~ " - Primordial Jhy -
o i i 0 HélHt‘llIIélIIEIS‘II1IOHI1I2HI1|4HI1|6H|
> i ] P, (GeV/c)
0.1 = il = -
S B = s = L 1+ Recall: v, hierarchy from lightest to heaviest
0.05F—— i hadrons
s . . - .
0 | foespees ol 4« Significant J/Y v,: contribution from
o5l Heaviest I | Semi central regeneration effect
1 10 e Y(1S) v, consistent with O
p; (GeV/c) (1S) v,

 Limited contribution from
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Beyond the Studies of Quarkonia, B and D: B,

~.. Charmed beauty hadron

1.4} ]
- (STAR) AuAu 200 GeV Inclusive J/y .
(PHENIX) AuAu 200 GeV Low p; -
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: .C 04 ] -
[ STAR p; integrated, lyl < 0.5 i
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- ALICE 0.15<p; <15 GeV, lyl <0.35 s
| |

i 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | ]
@ =N % 100 200 300 400
. C (Noary

INSTITUTE for
NUCLEAR THEORY

-
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Quarkonia and the Exploration of the Small Systems 23




B.* R,,Compared to B, and B*

. . + I
At low p;: the B." R,4 central value is cMs pp 5.02 TeV + PbPb 5.02 TeV

. s ( /
hlgher than Bs and B 2 5[ B, Cent. 0-90% B, Cent. 0-90%
ML 5-15<|y|<24 |

. . . i ©1.3<|y| <23 < i

» At high p;: similar suppression : AP T
« Mass dependent medium 21 SISl <24
modifications such as dead-cone and i ot | :

] ] ] § 15 B /B, global uncertainty: + 3.2% ]
hadronization effects reduce at high o F :

pT . . 15_ ...................................................................... _5

» R,, of all flavor identified hadrons N e ——————— :
seem to converge above ~ 20-30 GeV 05L Bt ¢ ]

C - e :

® o :

el 6 7 8 910 20 30 40 50 60
@ ] p_ (GeVic)
C

PRL 128 (2022) 25, 252301
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Beyond the Studies of Quarkonia, B and D: X(3872)

Increase the number
of valence quarks!!
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X(3872): Observed by Belle (2003), its internal structure is still under debate
« Quantum number determined by CDF and LHCb data: JP¢=1+*
« Charmonium interpretation: abandoned, predict wrong mass with JP¢=1+*
* Remaining possibilities:
» D-D* hadron molecule:mass X(3872) = D(1875)D*(2007), large & extended state Hybrid
» Tetraquark: a compact four quark state
* Hybrid: mixed molecule-charmonium state

D? — D* molecule ?
DO
Charmonium Tetraquark (4q) @Q
~© Q- )
(C T \\
O, <
50
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Probe the Nature of X(3872)

Tightly bound Loosely bound

DY — D* molecule

DO
Tetraquark (4q) |
@c
C T
@ W P
C 4
C
D0

 However, the lifetime of X(3872) is extremely short!
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Probe the Nature of X(3872) with Comoving Particles

Tightly bound Loosely bound

D? — D*Y molecule

O @
Tetraquark (4q) . b
)
@_W
@
@ W C
D*0 W
©

Smaller dissociation probability

Esposito et al, arXiv: 2006.15044
L V.
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Production of X(3872) in Heavy lon Collisions

Tightly bound

Tetraquark (4q)

@)
© .
I
\N@@\\ @_@ @ \\
S0P © 1
o \
@

Production of X(3872) in

N I
I I I I I Yen-Jie Lee (MIT)

DO

Loosely bound

— D*? molecule

may depend on its inner structure

Experimental Study of the QGP with Quarkonia and the Exploration of the Small Systems

Jinfeng Liao + collaborators
PRL 126 (2021) 1, 012301

: Coalescence
1| Model

t  Molecule
L J

10'1 0

t  Tetraquark

ExHIC Collaboration
PRL 106 (2011) 212001
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X(3872) in High Multiplicity pp from LHCDb

Prompt X(3872)/y(2S) vs. multiplicity in pp

£~ °“F LHCb —
PRI S - -+ Prompt 4 b decays .
S [k 012 R .
X [ - 55" Comover Interaction Model, Esposito ef al. -
N n _
1 ~ 0.1 . Molecule Compact 1§§§§ Molecule —]
~ /_L = (coalescence) tetraquark (geometric) -
> [ 008 —
Sl "°F s .
a7) [an - -
A 0.04 [— _
Sl a = .
2 IS B -
;“.:, 3 0.02 — G
) © - -
0 'l 1 Il I
0 50 100 150
VELO
Ntrack
* Slope significance: 5 o %

e Destroyed by interactions with other

hadrons due to smaller binding energy?

-
I I I I I Yen-Jie Lee (MIT)

]
)
o
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Non-prompt X(3872) in pp from LHCDb

Prompt X(3872)/y(2S) vs. multiplicity in pp

I L] L] ] L] I 1 L] n 1 c

Ol F T T & -
IS . :_ op (5= -+ Prompt 4 b decays _: %ﬁf
S | Tk p.> 5 GeV/e . . u
N \S\- - T Comover Interaction Model, Esposito ef al. -
1 ~ 0.1~ . Molecule Compact ]§§§§ Molecule —
~ T B El} (coalescence) tetraquark (geometric) -
S (2NN = —
< % . . c
5“ > 006 :— —: @_@
a7) [an - - S
A 0.04 |- —
% S ek —
o [° z
0 -~ m - = Prompt X — X + hadrons
VELO
Ntrack
* Slope significance: 1.6 % Y(2S) X(3872)
« X(3872) from b decays seems to follow a different trend C @C@
C T
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X(3872) in Lead-Lead collision?

Prompt X(3872)/¥(2S) vs. multiplicity in pp

| T BRI ' | ! ' ! ! |

T 0.14 p— I I I I LKA —
k|- - LHCb 2 .
k|5 F pp5=8Tev g HPrompt +bdecays .
3|8 "PEp >5GeViegE | | ~
X E% - T & Comover Interaction Model, Esposito et al. 7
1 ™ 0.1 &7 e Molecule Compact %g%g Molecule —]
Q) T B Rl (coalescence) tetraquark (geometric) - Coalescence?
= | oos| _
@ % - 23 -
"‘G — Ry -
E Eé 0.06 :— & —:
- 0.04 |— e —
AN ™ | 1  Breakup due to comoving particles
= > . — B u
>< o
! © - :
0 | ] ]
0

50 100 150 200
VELO
Ntrack% %

-
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The First Evidence of X(3872) in PbPb Collision

1.7 nb™' (PbPb 5.02 TeV)
&52003— CMS Inclusive ~ X(3872) _53
= - P(25) @ W =
= A g + M £
~ 100 ‘ : =
N N —-1
2 - ; =
= 50 :— 15<p_< 50 GeV/c Oy g7 = 4-7 MeV/c E —2
‘ L F lyl<16  Cent. 0-90% =
A 1’ 'é.eés"'sj"éfs"é." g 39 395 4
' m, (GeV/c
Y ITIT PRL 128 (2022) 032001

Statistical significance ~ 4.20

Yen-Jie Lee (MIT)
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Ratio of X(3872) to w(2S) Yields in pp and PbPb

1.7 nb™" (PbPb 5.02 TeV)

p _ N(Corr) /N(Corr) 1.8 CMS
X(3872)  w(23) 1.6F prompt
R | : m PbPb (5.02 TeV)
o S 1-4:— ly| < 1.6, 0-90%
In Lead-Lead collisions: 112 1.2F
N »
S5 1
oPPPP = 1,08 4 0.49 (stat) 4= 0.52 (syst) A5
| 0.8 B pp (7 TeV)
o R ly|] < 1.2 (CMS)
s 06 W pp(8TeV)
Indication of P enhancement in Lead-Lead & 0.4F |yl < 0.75 (ATLAS)
collisions with respect to proton-proton 0.2k
collisions (large uncertainty) e T
Y% 20 30 40 50 60 70
PRL 128 (2022) 032001 P, (GeV/c)
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X(3872) / y(2S) across collision systems

NX(3872) —Jpnn
N Nlp(ZS) —Jprn

<
#

CMS, 5.02 TeV
p,> 15 GeV/c

LHCb Preliminary, 8.16 TeV ‘
p.>5 GeV/c

. \OQ
oy

)
Q)C)

Q.

LHCb, 8 TeV
p.>5GeVlc

™ o

Dissociation T T

( VELO) =

Low multiplicity

-
I I I I I Yen-Jie Lee (MIT)

|
50 69 87 117 pPb Pbp PbPb
PP (2<y<4.5) (1.5<y<4) (-5<y<-2.5)(lyl<1.6)

High multiplicity

Experimental Study of the QGP with Quarkonia and the Exploration of the Small Systems

Emerging Picture from X(3872) to y(2S) Yield Ratio

X(3872) to y(2S) yield ratio across
collision systems

» Dissociated by interactions with
comovers (pp, pPb) or medium (PbPDb)
Different binding energy

Enhanced via recombination
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https://arxiv.org/abs/2402.14975

Summary: Quarkonia, B, and X(3872)

A" PbPb 368 b (5,02 TeY)
: : : AN - I B CMS
« Study the in-medium dissociation and regeneration, = :

model dependent extraction of QGP temperature

- ! i Centrality 0-100% t PbPb Data -

— Total fit

---- Background .

* Sequential Suppression pattern established from R,, of
charmonium and bottomonium states

Events / (0.1 GeV)
= N W B CT‘I D N o0 ©

mo
(o]
-
o
—_
—_
-
N
iy
w
-
I

» Significant enhancement of low p+ J/y at the LHC, My (GeV)
indication of enhanced production of B, and X(3872) 00 oy, R
. " g . . L (PHENIX) AuAu 200 GeV Low pr A
» Significant modification of heavy quark ﬂ(> : :
hadronization with QGP sl e §
N D) " ol H% g o e
C @ SR8 g RHIC
C 0.4:— | @ .
b T i
0 100 200 300 400

(Noa
(P
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Two-Particle Correlation Function in PbPb Collisions

(@) pp Vs =7 Tev, N> 110 (D) pPb sy =502 TeV,220 < Ni™ < 260 PbPb /sy = 2.76 TeV, 220 < NI < 260

LA
o <LBARAng)
4 ';i\““‘\\“““t\:‘
RO Y

3‘\‘:“:\ W
(A
aess

ST
CT L

:““‘:““‘%‘“'/. -2y
o) \ \{:38\
L

l1<pr<3GeVic 7 4 l<p;<3GeVic

‘Ridge” in Lead-Lead collisions: Hydrodynamics Flow

Quark Gluon Plasma
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The origin may not be hydrodynamics,
possible explanations include:

Interpretation of the Ridge Signal

pp Vs =7 TeV, N2> 110 pPb \[Syy = 5.02 TeV, 220 < N < 260 PbPb /s = 2.76 TeV, 220 <Ni*** = 260

trk
%

dszair

. x = : y ' £ ‘ ‘ . ’;' |
N % WY _,.
“ v\m:» B) £ e
, ﬂ///, ' ‘ ‘:““““ ‘ ,/I" \\:‘“ A
' ) L P ‘ ‘\ i) P
’0‘0‘:‘“ :

1 <p,<3GeV/c -4 -2 b{(\ 1 <p;<3GeVic " \\‘/": ' 1<p;<3GeVic
Initial state effect (e. g CGC) e e e
Escape mechanlsm / Single or few scatterings -
(AMPT, PYTHIA with Rope Mechanism, o oY
: \ Zi-Wei Lin’s talk
Multi-parton rescattering...)

y [fm]
y [fm)

Final state effect due to mini-QGP production
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High Multiplicity Event in e*e- Collisions

ALEPH Archived Dats
Large Electron Positron Collider 1 e e eheme
(LEP) - i

Thrust Axis
1992-1995

Tracks in Leading Je
Jracks in Subleading Je
acks in Third Jet

+ —~ Tracks in Fourth Jet
e q Other Tacks

Ath de Austin Baty  Chris MGthIPt s Jes:

55 Particles

. e Thrust T=0.71
Highest multiplicity event

in ALEPH data at Z pole
Collision Energy = 91 GeV Y 4

Yen-Jie Lee (MIT) Experimental Study of the QGP with Quarkonia and the Exploration of the Small Systems “ e e



Anthony Badea Austin Baty Chris McGinn Michael Peters

N I
I I I I I Yen-Jie Lee (MIT)

Results from ALEPH ete- at 91 GeV

pp Vs =7 TeV, No™ > 110

ALEPH e'e’ — hadrons, ¥s = 91GeV
Nofine > 35, Jco
p‘Tab > 0.2 GeV

Thrust coordinates

— @ 0 +—

A L EARNR R
L5 : o N
= > N o Lo ~.“““ “““‘\ S 5
%% e . S ) “"“\‘,‘«‘\‘\:é‘ i

,'o' %
LSEXS
%88
P

744
)

RN

29,

B B L L L

i ALEPH Archived Data -

No sign of ridge-like signal in single-  oe"om == :
string electron-positron collisions up  :,, =~
to ~ 55 particles per event | .;30_25_ } Archved PYTHIAGY 36
New reference to the collective Frd e |
behavior in small collision systems! P L. | ;
h—— P .

PRL 123, 212002 (2019) 0_I = l0.|5I ~ ‘ll =0 [1.'5' - I2|I - I2.|5I - Iil%r

3 [HW
auaa
Jesse Thaler

Experimental Study of the QGP with Quarkonia and the

PPb sy = 5.02 TeV, 220 < No™ < 260

PbPb /sy =2.76 TeV., 220 < NI < 260

RS
# %!

S L
O
SRS

““ (A
O
SO
“‘.,g“w 9

1 <p;<3GeVic 4

e*e — hadrons, Vs=91 GeV

Ad

Exploration of the Small Systems

ete- Alliance
http://ee-alliance.orqg/
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http://ee-alliance.org/home/

Can We Overlap Two Color Strings?

e'e —qq

Thrust coordinates

Belle PRL 128 (2022) 14, 142005 _ _
Belle JHEP 03 (2023) 171 No ridge-like structure

Electron-Positron Alliance PRL 123, 212002 (2019)
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High Multiplicity e*e- Event at High Collision Energy !!

e'e —qq ete" > W™W™ = qqqq

e-

Belle PRL 128 (2022) 14, 142005
Belle JHEP 03 (2023) 171
Electron-Positron Alliance PRL 123, 212002 (2019)

No ridge-like structure
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Inclusive Hadronic e*e” Events at LEP 2 (N, 2

ALEPH e'e", Vs=183-209 GeV

Inclusive
Thrust Axis
e*e’— hadrons, (s=183-209 GeV ALEPH e*e”, V{s=183-209 GeV
EI Ninillanl | LIELERLE I el l L I | L I L I | T L I E : % 2‘ ‘
- - LEP2 Dat ; ] ' g 2
" [IOD) PRELIMINARY - TN [p= TTmERST Sig 151
2 107k J L 16<|An<32 1
) - b : L Inclusive @
> e | . 1.1+ -
L - = wW'w 1. L
T 10°F - Nz H&|e [ *Data P
|9 - : : *  Other 4f states : % g 1 R - MC Py
"'6 . E3 ,! N — § x : ‘
(R =5 by " = 2 09l “ arXiv:2312.05084
= : "y ] ST - PLB 856 (2024) 138957
.'23 i " i [
; . [ (syst.= 0.8%) g1
10_5 0-7 _I L1 1 I L1 1 1 | I 11 1 | L1 1 1 ‘ L1 1 | | L1 1 | | 1 '
-Chen “Janice” Chen (MIT
0 =10 20 30 40 50 60 70 WL 4 ¢ e Zeti
- . Ad
u NOfﬂme
- Trk « Excellent agreement between data and
g lllllllllllllllllllllllllllllllllllllllllllllll ) simulation (Archived MC)
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High Multiplicity e*e- Events at LEP 2 (N, = 50)

ALEPH e'e™, /s=183-209 GeV

N, > 50
Thrust Axis
e*e’— hadrons, (s=183-209 GeV ALEPH e*e”, s=183-209 GeV

LI N L L L LI LU Y LB B = L L L B £ <91

E = 4.2 g8

B -+ LEP2 Data B . : 1 &5

- QICDPRELIMINARY g ] o Uit IR
g 10 L ) 4L 16</An <32 1
@ : g : - N, =50 -
> E i ] Lo |
g o Ee _ + ¢
& 10° ¢ Nz =h g 38" -e-Data ]
= : * & Otherdf states | S I + ]
f— R * : er 4f states : S A i . MC
5 ~[g£ 3°r Y

10° = pd I 1 arXiv:2312.05084

CCD i : i 1 PLB 856 (2024) 138957
5 [ ] 3.4 N
£ |

. . 3.2 -

i i - (syst.=1.7%) -

_5 B 1 11 1 I 11 1 1 l 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | I_
10 0 05 1 15 2 25 3 Yu-Chen “Janice” Chen (MIT)

Ao

* A long-range near-side correlation signal shows up at high multiplicity!

« Data also feature a narrower away-side spectrum at A¢~Tr

o
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High Multiplicity e*e- Events at LEP1 vs LEP 2

ALEPH e'e, Vs=183-209 GeV

LEP1 N,,>35 LEP2 N, >50
r tl'k Thrust Axis
ALEFl'H e”e", \(§=91.2|Gev | ALEPH e*e”, (s=183-209 GeV
:IIIIIIII||||\|IIII|I||I||: 4-2_IIII|IIII|IIII|IIII|IIII|IIII|_| §§_
- Thrust Axis - " Thrust Axis 1 €5
210 16<pn <32 B 40 16<An <32 11 B
[ Ny 235 g - Ny 250 T 1
oF ! {
s |e - | s |e
< g 1 9:_ p Z 3
1% 18F 1 T2
1.7F .
1.6 :— (syst.= 3.7%) —:
[ PR N N N A N A A B AN N RN B N B B A N B AN B
0 0.5 1 1.5 2 2.5 3 Yu-Chen “Janice” Chen (MIT)
A
+ - 7 L5 .
e e —)QCI('Y) € € %WI.W_ enriched arXiv:2312.05084
PLB 856 (2024) 138957
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Emerging Picture

ALEPH e'e™, /s=183-209 GeV

ALEPH e*e” — hadrons, {s = 91GeV [YIOD) N. >50
N(_I?t‘l(line > 35, |co e - trk =
LSS —_— 0 -

pp Vs =7 TeV, N2 > 110

* Thrust Axis
p‘Tab > 0.2 GeV

Thrust coordinates

= g §Z_§ 6
%g %:g i L5558
1—?2 ‘—‘ngé 3 %@
1 <pr<3GeVic
« LEP2 high-multiplicity W*W- correlations
o — — . appear, but likely not hydrodynamic.

* Multiplicity is not enough, geometry /
color sources matter.
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Proton Lead Collisision
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Heavy Flavor Hadron v, in High Multiplicity pPb

CMS pPb 186 nb™ (8.16 TeV _ R HLET T
] ——— 1 — 7 1 1 13 Athigh multiplicity, significant prompt D°
03— l,l<1 CGC(zhangetal) = gnd J/y v, were observed (with nonflow
== Kg ® Prompt D’ - - - Prompt D’ | Subtraction)
2 A M D°from b hadrons -~ Prompt J/y )
i —D° from B i
i) S St eMETEEEL 3 Charm diffusion in pPb?
e [ & Promptdly ¥ o J
> i i
X g « | The v, values are sizable (as large as 0.09)
| and remain non-zero up to high p; (p;~ 8
m I
e GeV)!
.......................................... | -ls this pathlength dependent parton
1 energy loss?
] | | | | | | | | | | | | | ] |
0 1 2 3 4 5 6 7 8
p_ (GeV) High-multiplicity selection:
U What kind of events are we studying?
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How about Jet Quenching?

CMS pPb 35nb Vs, = 5.02 TeV
N ———

S — o T e R i o o T o o o SUBIVEAE,
025F * g?(?’HIA . (a) 3 P;,>120,p ,>30 GeV/c (b) F 40, ,>2n/3 (c)
- + 4<|<52 ¢ A<m|<5.2 + A<nj<5.2
ool —PYTHIA All E; ¥ E <20GeV § 20GeV<E; <25 GeV |
Tk o s o4 o 8 L I 3L

Event fraction
o
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0.1F

W R S S - f , } ; e o S SV SR SURMEH S
d<n|<5.2 (d) ;E' A<n|<5.2 (e) '15' d<mj<5.2 (f) 7
25 GeV < E, <30GeV I 30 GeV < E; <40GeV I E; > 40 GeV
o2 i ]
tm_"‘ oS3 L [+ L

4

L
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L - + L

- -+ -
0.15F ol o L
. L : 4 s
F -+ 3
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]

0.05 + .
; . $ " |
AP [ T L g .ll¢ et v T [V |

F : - 0.2 04 0.6 0.8
pr,z/pr,1

No significant dijet asymmetry
pPb collisions at the LHC

02 04 06 08

signal in

PHENIX

L
I
.
I

d+Au |'s,, = 200 GeV
7.5< p.< 18 GeV/c

2 4 6 8 10121416 18
NEXF’

Indication of high p; 1° s;uppressionmII

in central dAu collisions (high N;)
at the RHIC

o

No clear conclusions from various measurements

N
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Quarkonia and the Exploration of the Small Systems 49

INSTITUTE for
NUCLEAR THEORY




Recent Excitement: Oxygen-Oxygen Collisions

"4 CMS Experiment at the LHC, CERN
Data recorded: 2025-Jul-05 03:20:06.329728 GMT

Run / Event/ LS: 394154 / 8598934 / 5

. A Saias 8. - .\L,.. " .
N "lmi\mmumnh-*——-

LRGN

(\'hi‘

\ ; \,—A & Run 3 0-O
Ve - -y
\ \:’\:{Z VSNN =5.36 TeV
e — 5th July 2025

N 05:37:41

Run: 501850
Event: 766204436
2025-07-05 09:58:28 CEST
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Flow in OO and NeNe Collisions at the LHC

00 7 nb" (5.36 TeV) NeNe 0.8 nb™” (5.36 TeV)
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 I I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
- CMS Trajectum (NLEFT) T ® v,{2,|An|>2} + v,{2,|An|>2} i
~ 0.3 p, < 3.0 GeV Trajectum (PGCM) T == V,{2,JAn|>2}, sub  —--v,{2,|An|>2}, sub
0.10F | < 2.4 IP-Glasma (PGCM) —— mv,{4} =
I : 1 e @ @® w ;
. | Eeeenmmm—, "V | RSN . -
> N 5| = |
|
005 = ™ A 3 e, e - - e g = B
] — | [
i . |
L — __+__,_+—4-+"# — — — __".,..'.-ll"_
L — g 1 —.,‘,—"""|"— e )
. - 15 l
l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 [ | l 1 1 1 1 l
50 40 30 20 10 0 50 40 30 20 10 0
Centrality (%) Centrality (%)

« Significant flow signal in OO and NeNe collisions!
« Elliptic and triangle flow coefficients are described well by the hydrodynamics models

INSTITUTE for
NUCLEAR THEORY

N
I I I I I Yen-Jie Lee (MIT) Experimental Study of the QGP with Quarkonia and the Exploration of the Small Systems 51




New OO and NeNe Data on Jet Quenching in Small System

AA

R

Charged patrticle

- 6.1 nb" (00), 1.02 pb™ (pp), 5.36 TeV

. : I I I I T T T | I I T I T I I | :
1 41_ CMS Baseline models (no energy loss) _Z

" F Preliminary NLO pQCD + EPPS21 (Huss etal) 3
1.3 —— LO pQCD + EPS09 (Zakharov) —
1 25 NLO pQCD + EPPS16 (Xie and Zhang)
1.1 =
0.9F =
0.8 —
0.7 nl <1 E
0.65 [¢]Data 5
05 - | | L1 1 | 1 | L1 1 | .

10 10°
P, (GeV)

R

Charged patrticle

<<
<42

© o o -~
~ (o) © —_
TT T

o o
aa o

—
TTT[T

- Preliminary

I
Energy loss models

—— BDMPS-Z (Huss et al.)

—— LCPI + mQGP in pp (Zakharov)
— + = LCPI + no mQGP in pp (Zakharov)
Bayesian G (Xie and Zhang)

—— CUJET/CIBJET .
—— DGLV+SPLC (Faraday and Horowitz) —

6.1 nb”' (00), 1.02 pb™ (pp), 5.36 TeV
T T T I | T I I I I T 1 I| :
CMS

P, (GeV)

 Significant suppression of charged particles observed in NeNe and
OO0 collisions and dijet asymmetry:

* The first systems where small-system jet-quenching evidence becomes much more plausible

 In better agreement with models that include jet quenching effect

I N I
I I I I Yen-Jie Lee (MIT)

O+0/pp

Ne+Ne/pp
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Heavy Quark Diffusion: D Meson vz in OO

ALICE SQM’26

Fc;).ﬂ 0,30:| | I L | | (T T | l Iz kaisn| .| | |.| I |l I | R R | Y | W | |:
~ [ ALICE Preliminary .
= 0.25~ OO0, |sy =5.36 TeV, FTOC 0-20% =
N z
a 020~ e PromptD® = e Katz et al. =
g),& B = Prompt D* Langevin ]
> 0'15:_ ¢ Prompt D! ‘ EPOS4HQ _:
0.10 rahi =

C LT T *r i

: T g 1

0.05- #’ A s T . )

M= . i = 7N -

0.00pb ——p——————————] ———

:l L 111 | [ I U | | ol ] I I I et I | 0 [ 1 | | S . | ||:

I|
B E G 7 .. B
pT(GeV/c)

N -
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Significant positive v, of D mesons in OO

« Charm diffusion and transport picture
remains in a small, short-lived QGP droplet

* Hadron gas rescatterings may be relatively
more important in OO because the QGP
lifetime is shorter

» Data could be reasonably described by
transport models
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https://indico.global/event/13943/contributions/143539/

Charmonium Suppression: J/¢ Roo vs Model

0O y - T
= C - ® 0O+0, 0-809 < VS =
T 14 ALICE Preliminary, OO, Vs =5.36 TeV 16E 0,060, =1 Py el
- P TM: Tsinghua
1.2 Jy —piu, 2.5<y<4, 0-100% 1 4 — Total
§ R — Initial
| - - - b 1.2} ------ Regeneration
C . ——
0.8~ nd S
B ° ¢ © ¢ 5— I i
0.6 e E“E .......... 5 %9 o _B_
C 0.6 E
0.4— Zhuang et al. -
c S Total 04
0.2 TSy 20 Initial 0 2__
L g — — Regeneration i R "
0_| | |_--T""'1-+ﬂ-f-_1=-hJ_h.L.J_LJ_L_|_L_J_LJ_gL_d_.x_L_J_L_ 0_. ! R By i ! i !
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
P, (GeV/c) pT (GeV/c)

* Regeneration in OO seems to be even weaker than model expectation
« Test models without significant impact from regeneration
* Similar suppression between LHC and RHIC STAR SOM’26 ALICE SOM’26
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https://indico.global/event/13943/contributions/143549/
https://indico.global/event/13943/contributions/143382/

0.3

0.2l

N I
IIIII Yen-Jie Lee (MIT)

Charmonium Production Mechanism J/p v2 in OO

I I | 1 I I | 1 I I I I I I ] 1 1 I | 1 I 1

(Forward) ® (ALICE) PbPb 5.02 TeV 10-30%
® (CMS) pPb 8.16 TeV 184 < N, < 250

| (Midrapidity) ® (STAR) AuAu 200 GeV 0-80%

* (ALICE) OO 5.36 TeV 20-60%

00
PbPb

2 4 6 8 10
p: (GeV/c)
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ALICE SQM’26

If J/y v, comes from partonic flow:

« Charm quarks must acquire sizable collective flow

« J/@ must form after charm interacts with the medium
via regeneration, fragmentation, or late-stage formation

In OO, J/y v, is not necessarily a charm-flow observable:
« Small regeneration and short-lived medium

Other mechanism can also generate J/y v,:
Initial gluon momentum correlation

Path length dependence of dissociation
Hadron gas rescattering

Other nonflow contributions and fluctuations
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https://indico.global/event/13943/contributions/143542/

Sequential Suppression Y(nS)/Y(1S) in OO and NeNe

CMS SOQM"26

. CMS Preliminar OO vsyn=5.36 TeV
CMS Preliminary  Run2 5.02 TeV, Run3 5.36 TeV 1.2 ' Y = :
1 ol O Y(2S)Y(1S) ‘ﬁ
0 Y(3S)Y(1S) 1} 1
pY <30 GeV = @iz
1.0 L i I EoRST) B V] o P i —— Total fit
: Lo o ' : T el
= 0.8+ ? » il 1 3 lyl <2.4 Y(s)
&:U i i . » : &) pr>4.0 GeV es)
(4D i + : : Q — : i : — 0.6 -==-= Y(3S) -
S 0.61 ] | | . B I ——
| | | ! 0
Q i P! Vi I ' = 0.4
[ o I : L
Q2 0.4t b o B . >
I | 1 i o
i B o M Lk
0.2r ' ' =1
i | % ; Of-mmm=ztinnnmme et e
U0 s B DU S 8 9 10 11 12 13 14
pPb 0O ' NeNe PbPb
-1.93<ycm < 1.93 lyoul < 2.4 lyoml < 2.4 My-y- [GeV]

Sequential suppression is observed in OO and NeNe — Excited state Y(nS) is more suppressed
than Y(1S) due to lower binding energy (negligible regeneration for Y)
* Double ratios cancel initial state effects (e.g. nPDF) and global uncertainty (e.g. luminosity)
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https://indico.global/event/13943/contributions/142138/

Sequential Suppression Y(nS)/Y(1S) vs Systems

CMS Ereliminqry [

05 ol il Tl S CMS SQM’26
O Y(2S)/Y(1S) O Y(3S)/Y(1S)
04+ OL pp (7 TeV) -
' O[O pPb (8.16 TeV)
o Y(2SILS) @M@ OO (5.36 TeV)
- e OLl PbPb (5.02 TeV)
&U 0.3 o Q[-ﬁpb
5 GPO¥D O
£ 0.2 Y(35)/Y(1S) oL :
D 0 o B O o 2 PbPb
o)
0.1+ o Q -
rﬁﬁ:ln Q &5 o @
O
00 I A B A I | 1 1 ' RN T A I W | 1 |D||||||l 1 |D|
| 10’ 107 10°

corr
trk

« Sequential suppression is smooth and monotonic vs multiplicity across collision systems
« Challenges to models to describe all systems simultaneously
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https://indico.global/event/13943/contributions/142142/

Summary: Small System

« Significant flow-like signals are observed in high-multiplicity = e e
pp and pPb, but their origin is still not settled. Z pole ete- e comimn
collision becomes the new baseline. AT At A R

« Jet-quenching signals in pp/pPb remain inconclusive. el

» 00 and NeNe provide a new bridge between small and

large systems: charged-particle suppression, D-meson v,
and quarkonium suppression all appear in a smaller,
shorter-lived system.

2 3 4
P, (GeVic)

e CMS Preliminary .
- A smooth evolution from pp/pPb=>0O0/NeNe->PbPb is ol
emerging for quarkonium modification; the challenge is to °°°°°@f;g$
describe soft flow, hard energy loss, and quarkonium , oo 0u

suppression in one consistent picture
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Medium Properties from Soft and Hard Probes

10 ] | | | | | | | | | | | I | | | | | I _
[ Water :
i Helium :
1H .
- -
- 9oee-0---9--0----9---"""""" L S P i
—lvw | FermiGas i
10_1 = QGP (Heavy Flavor D) E
- QGP (Soft Probe) |
| | | | | | | | | | | | | | I | | 1 1 I | | | |
-1 0 1 2 3 4
T-TC
TC

Compilation by YJL, Michael Winn, Liliana Apolinario arXiv:2203.16352
Progress in Particle and Nuclear Physics, 103990 (2022)
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Specific viscosity has been extracted from soft probes

« Via identified hadron dN/dn, <p;>, v,, v5 and v,

» Main uncertainties from initial state and early time dynamics

To get the big picture of the QGP properties with LHC + RHIC data, one
could compare the inputs from soft and hard probes:

« HQ D, could be related to specific viscosity by

n  Ds(2nT)
_ = —_— R. Rapp, H. van Hees, 0903.1096
S 41tk X. Dong, YJL, R. Rapp, 1903.07709

Where the scale factor k ranges between 1 (strong-coupling limit) and 2.5 (weak coupled)

could be related to specific viscosity in the limit
of multiple soft scattering by

3
n T
—=C—
S q
Where the scale factor C is varied between 1.25 and 2.5 A. Majumder, B. Muller, Xin-Nian Wang PRL 99 (207) 192301
B. Muller PRD 104 (2021) 7, L071501
Medium properties extracted from and

Open Heavy Flavor are consistent with the results from
Soft Probes, but within rather large uncertainties
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Probe the Quark Soup!

* How does the strongly interacting medium emerge from an asymptotic free theory?

Start from “un-thermalized” objects and see how they are “thermalized” in
the Quark Soup

« Can we see quasi-particles (at some point, quarks and gluons) in the Quark-Gluon
Plasma? What Is the structure of QGP probed at different length scales?

“QGP Rutherford Experiment” and HQ Diffusion
diu‘(

/
Study how Colored Probes are modified by QGP
Study how QGP respond to Colored Probes

* What are the transport properties“ th
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Future Heavy lon Programs

2026 2027 2028 2029

J[FMAM J[3]AlSlOND| [ FIMAM 31 3]AlSIONID| 3 FMAM 1] J]AlS/OINID] 3| FiMAM 3] 3]AIS|OINID

The timeline (il Lone: 1|

Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038
J|FMAM |3 [Als|ONID J_IFMAMJ]J]AISIOYND J|F JJ|AlSIONIDLIFMAM J|J|ASONDL FMAM ) IAISONDL FMAM )L A FMAMJ|)|ASOND])
ATLAS - phase2 | JINENEEE NN
daudde ‘o L4 | LHCb UII + ALICE3 hiikd
e
“IIIllllmlnl CMS+ATLAS - phase2 B oy LHC up to 2041
| evers PR AT T T T E ore  beon
|| Hardware commissioning
LINAC4 PSB i
o 1000y .. 15PN SPS survives
beyond LHC
" < age
< 25 - 450 GeV (x17; :> 2-25GeV (x13)
T FAIR to start
450 GeV - 3.3 TeV (x7) Operatlon |n i
e 2028 o
200<p;<500 MeV 33 TeV.-50 TeV (x14) 500<;<800 MeV
) ) Future opportunities with heavy ions
E. Scomparin — INFN Torino (Italy) HP 2026 6
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* Quark Gluon Plasma is created in Relativistic Heavy lon Collision

« \What are the properties of QGP?

 The QGP properties extracted from soft and hard probes (in the multiple soft scattering
domain) are consistent, but with large room for improvement.
« Exciting future investigation to be sensitive to QGP substructure

 How does the hydrodynamization happen and how QGP is created?
« Slow moving probes moving toward hydrodynamization and fast moving probes quench
« Direct evidence of QGP medium response

 How does hadronization happen in low and high parton density environment?
« Significant modification of heavy quark hadronization
« Strong indication of recombination effect (consistent with a deconfined medium)

Exciting future programs trying to answer many of the questions posted in the three lectures!
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Thank You!
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