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Honoring the Legacy
Contributions of T. D. Lee and J. D. Bjorken to High-Energy Nuclear Physics

b |

Tsung-Dao Lee James Daniel Bjorken (Bj)
(24 Nov 1926 — 4 Aug 2024) (22 Jun 1934 — 6 Aug 2024)

This week, we are deeply saddened by the loss of two towering giants in physics:

T. D. Lee won the Nobel Prize in Physics in 1957, alongside Chen-Ning Yang, for their work
on parity violation in weak interactions. He is one of the founding fathers of our field.

J.D. Bjorken is renowned for the Bjorken scaling phenomenon, pivotal in developming the
quark model and QCD. He along with Sheldon Glashow also predicted the existence of a
fourth flavor of quark, which they called charm. He worked out the concepts of heavy-ion

collisions, i.e. hydrodyanmical flow and energy loss in one of the top cited papers in our field. The ALICE newsletter No. 320




Creating hot and dense matter
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T.D. Lee (1975) suggested to distribute a high amount of energy
over a relatively large volume
= Collisions of nuclei at very high energy

> Temperature of the produced “fireball” O(1012 K)

® 105 x T of the centre of the Sun
e =T of the Universe 10-°s after Big Bang

Study nuclear matter at extreme conditions of temperature and
density

‘Rev. Mod. Phys., Vol. 47, No. 2, April 1975
Abnormal nuclear states and vacuum excitation*?

| ysi epartment, Columbia University, New York, New York 10027

- We examine the theoretical possibility that at high densities there may exist a
new type of nuclear state in which the nucleon mass is either zero or nearly
zero. The related phenomenon of vacuum  excitation is also discussed.

L T—

. INTRODUCTION

In this talk, I would like to discuss some of my recent
theoretical speculations, made in collaboration with G. C.
Wick. As you shall see, these speculations suggest the pos-
sible existence of some rather 1nterest1ng physu:al ob]ects
hltherto unobserved 1 An effe L Geiassrtorsocameiwmic 3

Since the 70’s nuclear physicists were already colliding heavy ions

> UNILAC (GSI), Super-Hilac and Bevalac (Berkeley),

Synchrophasotron (Dubna)
> to reach T¢, higher-energy accelerators were needed =

ultrarelativistic AA collisions

Since then...

MinJung Kweon, Inha University, QCHSC 2024
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Starting from two historic predictions
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Quark-gluon plasma (QGP) phase, if existed, would obviously be very short-lived, how to observe it?

® is there a memory of the passage through the QGP phase?
e are there “signatures” of the QGP that we can look for in the final state?

two major proposals made in the 80’s:

J/W¥ in vacuum ‘

J/Win the QGP

Strangeness enhancement J/y suppression
P. Koch, B. Miller and J. Rafelski T. Matsui and H. Satz
Phys. Rep. 142, 167 (1986) Phys.Lett.B 178 (1986) 416-422.

MinJung Kweon, Inha University, QCHSC 2024 6



Strangeness enhancement

Francesca Ercolessi,
—— Monday 15:00

Eur. Phys. J. C 80 (2020) 693

In Pb-Pb, restoration of chiral symmetry increase the strangeness EJ;’
production B

® ms ~150 MeV ~ T¢
® copious production of ss pairs, mostly by gg fusion

Recombination of the strangeness quarks

Ratio of yields to

e Strangeness enhancement: yield-ratio between

(multi)strange hadrons and pion larger in heavy-ion collisions

pp,\s=13TeV
pp,\s=7TeV I
p-Pb, \ s, = 5.02 TeV
Pb-Pb, \ s, =2.76 TeV
—— PYTHIAS + color ropes
------- HERWIG7

............. PYTHIA8 Monash

] SEIERY PYTHIA8 Monash, NoCR
10_3 _': pangpepprgepdmanatiges ) ) ) )| | Lol ol

10 102 10°
(dN Ch/ d 77>|n|< 0.5

MinJung Kweon, Inha University, QCHSC 2024 7

than minimum-bias pp collisions

e Smooth increase vs. event multiplicity, without a clear

collision-system dependence (from small systems like pp to

large systems like Pb-Pb)



Strangeness enhancement, in small systems!
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e \What is the microscopic origin of strangeness enhancement in pp & p-Pb collisions?

e |s it related to hard processes, such as jets, to the underlying event, or to both?

JHEP 07 (2023), 136

nclusive Jet: anti-kT, R=04 p_ Pb

Perp. cone pihjet >10 GeV/c
D I Tal| ’
article In jets n,,1<0.35

40-100%

£10-40%

Inclusive production
(hard scattering +

soft production)

-
o 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
p. (GeV/c)
Production inside jet
e No significant event-multiplicity dependence in jets (From hard scattering)

— enhancement is limited to the soft particle production. Provide novel constraints on the underlying
particle-production mechanisms!

MinJung Kweon, Inha University, QCHSC 2024 8



Strangeness enhancement, in small systems!
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e \What is the microscopic origin of strangeness enhancement in pp & p-Pb collisions?

e |s it related to hard processes, such as jets, to the underlying event, or to both?

.0.14 —Toward leading trigg trigg
7\ ] — Al < 0.86, agl <1.1 ALICE, p™ > 3 GeV/c, In"™*I < 0.8
— | Transverse to leading 1 < 0.8, In%l < 0.8 p p
0.12 —0.86<IAnl<1.2,0.96<Ap<1.8
NKO — Full pp, Vs =13 TeV
g - Al < 1.2, -n/2 < Ap < 3n/2 — PYTHIAS Monash

010~ o o ¢ pp, s=13TeV - PYTHIAG Popes
- e m épp, Vs=502Tev.

0.08 —
0.06 — E e B %
- R ‘\\‘ & " P n D PP _—
004 — o “ - u 4 I
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 5 10 15 20 25 30 35 40

<d N ch/ d 77>I17I<0.5, pT’trigg>3 GeV/c

e Relative production of = wrt K% is favored in transverse-to-leading processes
— insight into the strangeness enhancement effect (hard scattering processes or in the underlying event)

MinJung Kweon, Inha University, QCHSC 2024 9



At T >> 0, high density of colour charge in the medium induces Debye screening

e at T > Tp, melting of quarkonia
® also regenerated...

_I I 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 I I_
1 6 ALICE, inclusive Jhy, y(2S) — p' -

- Pb-Pb, s, =5.02 TeV, 2.5 < y . <4 : e Suppression of J/P and P(2S) in Pb-Pb collisions
141 TA'}}’}“ S'j}V'C = Jy,0.3<p_<8GeVic (PLB 766 (2017)212) relative to pp collisions as a function of the

i \V _ W N . . .
12F CIv(@S) —y(2S) _ v(28),03<p <12GeVic i collision centrality.

i v (2S), p_< 12 GeV/c (two most central bins) i

------------------------------------------------------------------------- - e Clear hierarchy of suppression of J/{ and (2S):
' - : suppressed by a factor of ~2 wrt J/p — weaker
binding energy

+ 0 B 1 X(dN/d)’)AA
- N_, (dN/dy)

: L1 11 I | I I | I L1 11 I | I I | I L1 11 I L1 11 I L1 11 I L1 11 I | :
OO 50 100 150 200 250 300 350 400
(N

MinJung Kweon, Inha University, QCHSC 2024 10
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Quarkonium suppression, also regeneration?

— _ p— — — z — e — — e s = — .

At T >> 0, high density of colour charge in the medium induces Debye screening

e at T > Tp, melting of quarkonia
® also regenerated...

« 2 HEPO220241066 _' Boltzmann transport model (BT),
D:< | gF ALICE - | including terms of dissociation and regeneration §
-6:_ Prompt J/v, |y| < 0.9 B = |
1 af s Dais E _g exogamous regeneration
s ~~Dissociation S
1.2F SHMc E el
I BT . =
R e e - S
0.8 4 = £
- . . = sequential suppression
0.6 ' — =
0'4;_ i a _; Energy Density
0.2 | - * Models including regeneration can describe the rising
I R R T (N T NN SO KN MO SO S N M T S A SR SR TR RN R trend towards IOW
% > g 6 8 10 PT

MinJung Kweon, Inha University, QCHSC 2024 11



Quarkonium suppression, also regeneration?

— _ p— — — z — e — — e s = — .

At T >> 0, high density of colour charge in the medium induces Debye screening

e at T > Tp, melting of quarkonia
® also regenerated...

< 1 6 I L | L | L | L | L | | IJ,_||EF|)O|2|(2|O|24? |()6|6| |J_ ' BOltzmann transport mOdel <BT), "
oC . AUCE  Pb-Pbys=502Tev 3 including terms of dissociation and regeneration }
1 .2:— 1.5 < 'DT <10 GeV/c ;?3 exogamous regeneration
- ©
1_—H “““““““““““““““““““ H - £
) - s !
08:_ —: %
0.6F = . | | \
S : > sequential suppression
0.4F -
~ m Data i Energy Density
0.2 et 4 e Models including regeneration can describe the rising
oo b v by v v b b by by g T rn Wr IW n Wihinr in nrli
050 700 150 200 250 300 350 d4oo rendtowards low prand withincreasing centrality
(N__)
part
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We have differential, more views on the QGP
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Freeze-out ALICE review paper

Hadronisation ...~ m Eur. Phys. J. C 84, 813 (2024)

QGP formation @ ..ttt -

Initial state

Time: 0 fm/c <1fm/c ~10 fm/c ~101° fm/c

Will introduce selective topics providing perspectives along the stage

MinJung Kweon, Inha University, QCHSC 2024 13



dN/dn vs. energy

Particle production: multiplicity
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IIII| [ | IIIIII|

AA, central

ALICE
CMS
ATLAS
PHOBOS
PHENIX
BRAHMS
XX STAR

x NASO

>t O < 0 & @

\

>

Fit o 80.156(3)

[ IIIIIII| [ T TP

ALICE Preliminary (s, = 5.36 TeV)
CMS Preliminary (|'s,y = 5.36 TeV)

n| < 0.5

\

IllllllllllllllllII|III|III

1 1 1 1 I 1 1 1
ALICE Preliminary

Pb—Pb, (s = 5.36 TeV

In| < 0.5

10 10°

10°

\'syy (GeV)

* The good agreement among different experiments suggests a universal behavior in particle production
as a function of energy in heavy-ion collisions

o

e How well different models capture the measured particle production? — key experimental constraints

for model validation
MinJung Kweon, Inha University, QCHSC 2024
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e ALICE

— IPGlasma
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Particle production in heavy-ion collisions
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I I | | 1 1 I 1 I I I | I 1 | I

~ - L L L
E 10°ke. Pb-Pb \[s,,=2.76 TeV
g., 102 _ ~~~~~~ ,L( 0-10% centrality
> F . PA
2 10F R =
< E e, X E
© ok O .
N
107'F *.d .
",
107 T
10°F _
: 3H93H -
4 ™A _
107 e Data, ALICE _.
10‘5§— Statistical Hadronization ’ E
106 - total (after decays) ~fHe_f
- primordial
10—7_....|....|....|....|....|....|. N
0 0.5 1 1.5 2 2.9 3 3.5 4
Mass (GeV)

MinJung Kweon, Inha University, QCHSC 2024
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e Particle production in heavy-ion collisions

follow statistical hadronization:

N o (2J 4+ 1)e ™7

* The yields depend solely on the mass and
temperature, consistent with a thermal model.
—supporting the thermal nature of the

hadronization process.

15



<1073 Deuteron <107 Triton
+ [ ALICE — . [+ ] p-Pb,f5y=5.02Tev
2 [ pp, Pb-Pb:ly| <0.5 o AL & | pp, (5= 13 TeV, HM -
~ | pPb:-1<y<0 | ~ - 2:_ O | pp, Is=13TeV _
EC\IJ 41 ﬂ]iﬂ] - d:,?:) O:- O | pp, Is=7TeV J
- ; 1oy F Le_fpp Is=5TeV I :
| 8 @E E -
_ 6F /H— -
Pb-Pb, {5 = 2.76 TeV 4‘ -
Pb-Pb, {Sm = 5.02 TeV 2F Z4 -
1 10 102 10° - 10 102 10°
<dNch/dnlab>h‘|lab|<O.5 <dNch/dnlab>|nlab|<O.5

Thermal model prediction: Eur. Phys. J. A (2020) 56:280

i Light nuclei: binding energy O(10 MeV) |
I expect dissociation in rescattering phase
i + formation via coalescence of baryons '
{ = different evolution vs density

MinJung Kweon, Inha University, QCHSC 2024

x107°

Francesca Ercolessi, %

————————Monday 15:00

3He PRC 107, 064904

L Thermal-FIST CSM, T, = 155 MeV

- UrQMD Hybrid Coalescence

V. =1.6 dV/dy ~

Pb—Pb 5.02 TeV
Coalescence

— Two-body
—— Three-body

10 107 10°
(dN /dn )

ch ~ 'lab mlab|<0.5

* Dependence of light-nuclei production on event multiplicity provides
important insights into the mechanisms of light-nuclei formation

e 3He, t favour coalescence models — likely formed through the
coalescence of nucleons in the later stages of the collision

16



Hypertrlton productlon appllcatlon to neutron star
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S — — — Pa— — _——= = — s =S —— == = - - — _ === = _ — ——

D. Lonardoni et al., PRL 114, 092301 (2015)

3H > -
A : Mo _Solar mass j
- PNM .
\ 5 2.09(1)Mo
' 2.45(1)M y
O | kh PSR J0348+0432 _
20 o
¢ Bop~101m | PSR J1614-2230 |
‘ | AN+ANN (1) :
16} _
o 8 A 1
= 1 1
"deuteron” core = _ - 1.36(5)Mg
= 42
| AN+ANN (1)
0.8 [
| o 0.66(2)Mo
Lightest hyper nucleus 0.4 | AN
0.0 - . . . ] . . \ 1 . . . 1 ; . \ I . . . 1 . . .
10 1 12 13 14 15 16
R [km]

e At the LHC, ﬁH has been measured in pp, p-Pb, and Pb-Pb collisions
° XH powerful probe for investigating the nucleon-A interaction

e Crucial for the calculation of the equation of state (EoS) and the neutron star mass-radius relation

MinJung Kweon, Inha University, QCHSC 2024 17



Hypertrlton productlon In pp & Pb-Pb collisions

e —— e — = ! === = = — ————— ——— —— — e —— — -

N —_— e e _ = e —_——— e o ——  ————— —_ _— = —=——a— == . =— e - == e e

== Coal. B, =420 keV (STAR) === Coal. B, =164 + 43 keV (Ave.)

0 x10° .= Coal. B, =102 keV (ALICE) —— SHM XivD405. 1 0826
< - | o | ' | T 0-6_| [N I N B B !
™~ - — q) B 1 :
L - - § ALICE Pb-Pb ’
@< 050 1 & o aF T  STAR -
0.5 - 2 051 o\s = 5.02 TeV 0 —
- 1 L r )| + 'Sy = 200 Ge\-
- | 1 o< T o\s\\ = 2.76 TeV T ]
0.4 — ] 0.4 T 5
: : 1 :
0.3 — —] 03— 1 ]
- ALICE Preliminary - - T ¥ 5
0of ¢ Run 3, pp Vs =13.6 TeV - 0.2 T _
- % ¥Run2,pp Vs=13TeV - - _ T m -
0.1— ﬂ pp —— SHM, Ve = 1.6 dV/dy - 0.1 3 Pb Pb - -
B Coalescence, 2-body - - \H—°He+n B.R. =0.25 T i
E | I T B R | | | L] I R A R T T N N AN AN A R NN N N A B 1 i
10 500 1000 1500 Zr-7r U-U
<chh/dn>|n|<0.5 <dN h/dn>| <05 Ru-Ru Au-Au
: L . i<
(] - v .
Hypertrlton Productlon in pp & Pb-Pb collisions  ® coalescence - mterplay between the spatlal extensmn ]
consistent with Coa.lescer)ce model | . of the nucleus wavefunction and the system size |
— powerful tool to investigate the mechanism of
nuclear prOduction i o SHM predicts a flat ratio: sensitive to their similar

MinJung Kweon, Inha University, QCHSC 2024 IS ,A _,



Studying QGP with elliptic flow
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Eccentricity in the initial state of a heavy-ion collision is converted to momentum
anisotropy in the final state distributions of particles by the pressure gradients:

e elliptic flow va: second-order coefficient

— probe the transport coefficients of the QGP (i.e. shear viscosity and bulk viscosity),
the initial state of the collisions and its fluctuations

13 2 o0
&N 1 d*°N
E— = {1 + E v, cos[n(e — lPn)]}
dpy 2z prdprdy 1

vy = (cos[2(gp — ¥y)])

MinJung Kweon, Inha University, QCHSC 2024 19



Elli

|

ptic flow of hadrons

—— —_— —
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JHEP 09 (2018) 006

&/: 0.3~ ALICE Pb-Pb |s,, =5.02 TeV T ~ K" ® 0-1% ® 0-5%
= [ lyl<05 # 5-10% ¢ 10-20%
<] - i
= i ] * 20-30% O 30-40%
& 021 v2 n 0 40-50% [ 50-60%
> - 9 60-70%
0.1:— é n
: ' .
op—----------®#------ r o dele e L L L LT
""""""""" 10 12 __14_ 0 6 8 10 12 _14
P, (GeV/c) p_ (GeV/c)
e Strongly centrality dependent — peripheral collisions (40-50%)
| ' | T 4050% | ALICE showing more pronounced anisotropy
0.3F - Pb-Pb s, =5.02 TeV
N w.p © Heavier particles have a smaller v2 at lower pr — mass
A oz2f - # = 8 A®  ordering (same for multi-strange hadrons) due to interplay
v = 1 i between elliptic and radial flow
0.1f : . - v Ks
e Meson and baryon grouping at the intermediate pt —
of, , , | | - interpreted as evidence that quark degrees of freedom
0 2 4 6 8 10 dominate the stage when v2 develops
p_ (GeV/c) 9 2 P

JHEP 05 (2023) 243

MinJung Kweon, Inha University, QCHSC 2024

— Insights into the viscosity of the QGP and the degree of

thermalization of the system

20



Heavy quark interaction with the medium
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time Toue = #/m = 0.05-0.1 fm/c
TQGP form (I_HC) = 03 fm/C

Taap iifetime = 10 fM/C

x\‘?’%e
3 R FM. Liu et al., PRC 89, 034906 (2014)
((.\\*e C ALICE, PLB 696 (2011) 328-337
Y ; E - AE
b-quark “. ,: c-quark
space Heavy quarks interact with QGP constituents

® Energy loss via elastic collisions and/or radiative processes
® low-pT heavy-quarks thermalisation in the medium?

MinJung Kweon, Inha University, QCHSC 2024 21



Charm quark transport in the medium

— 5 ————  ——

e ————

e = = —_————

e Comparison of Raa and v2 with transport models

* The low-pt region provides insight into the heavy-quark interactions with the medium

<
<

1.6 £ | Bl G O VR I I I I | BB B B P | I I I £
: ALICE -

1 4F Pb-Pb, s, =5.02 TeV
Centrality 0-10% -

1.2 Prompt D’, D*, D** average
1.0 l—_
0.8 —:
./'

...
- -

2 3 4567 10

20 30

P, (GeV/c)

JHEPO1 (2022) 174

772 TAMU

> =
g N
............

lllllllllllllllllllll'

llllll

1|
3 = MC@s
- EE LIDO v LBT
- = PHSD - == POWLANG-HTL
— DAB-MQOD LGR
=+ Catania

HQ+EPOS2

T

140s AN llllllllllllllllllllllllllll

1 1 1

Centrality 30-50%, |y| < 0.8

llllll

llllllllll 1

1 1

- g +lllllllll

2 3 4 5678910

20 30
P, (GeV/c)

At low-pT, also shadowing & bulk evolution of the medium
e Charm quark interacts with the medium via collisional and radiative processes in Pb-Pb collisions

e Charm quarks are thermalised with medium — collective motion

MinJung Kweon, Inha University, QCHSC 2024
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Quantitative information via spacial diffusion coefficient
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BN STAR, PRL 118 (2017) 212301

B ALICE, JHEP 01 (2022) 174

IQCD, H.T. Ding et al., PRD 86 (2012) 014509

IQCD, L. Altenkort et al., PRD 103 (2021) 014511

IQCD, D. Banerjee et al., PRD 85 (2012) 014510

ALICE, PLB 813 (2021) 136054

. LatticeQCO
[ ‘.‘ oDingetal. W pQCD LO s = 0_4 .......
* W Banerjeeetal. _‘\.‘,\;‘;“.‘ ................
5 A Kaczmareketal. | . aieiwimimrntnt®E
R
-
. “:\\ N
1&' <:> (ju:>i0§\00
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] | ] ] | ] ] | ]
12 14 16 18 20
onD.T, at T, ~ 155 MeV

1.5 < 2nDsT: < 4.5 — direct access to heavy-flavour relaxation time: zcharm ~ 3-8 fm/c

MinJung Kweon, Inha University, QCHSC 2024
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Virtual direct photon production
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arXiv:2308.16704

g 10g L T B e A

Direct photon-production mechanisms: %f : 0-10% Pb-Pb (Sm=502TeV -
® prompt photons: originating from initial hard S 1;‘ * | Data E
scatterings (high pr) 1 j: \T\ -

e pre-equilibrium photons: reflecting the dynamics g E NN =
before the QGP reaches full thermalization (inter E T \}\ -
mediated pr1) *-E 10 3 \\\ E

e thermal photons: emitted by the QGP and the -3 L C:Gale etal, PRC 105, 014909 \t\ _

— Total Ydirect ..
---Prompt (FF: BFG2, nPDF: nCTEQ15-np) """~
— Pre-equilibrium SNl TS

hadronic gas (low pr)

. . . Thermal (QGP + Hadronic gas)
— prOVIdeSStl‘Ong eVIdenCGfOFthefOrmathn and — e e S

evolution of the QGP, as well as the role of various ]
stages In the photon-emission process.

—k

<

N
|||I|

o JN N

Data
Theory
o
oo

o

(0))
II|III|III|III|III|

_._

L
II|III|III|III|III|

O
|
|

e Agreement between the data and the model across different pr ranges @ models capture the key processes
of photon production in the complex environment of a heavy-ion collision.

MinJung Kweon, Inha University, QCHSC 2024 24



Isolated photon production fg .
e — e s Isolation cone

NLO (JETPHOX), pi*° < 2 GeV/c, R = 0.4
ALICE preliminary 3

pp & Pb—Pb, \s,=5.02 TeV _totalpr of charged

is0, ch particles inside an
| < 0.67, Pfo "<1.5GeV/c isolation cone

| | | | | :|
20 30 40 50 60 70
Photon jet p_ (GeV/c)

POV 9

Compton scattering  Annihilation processes

P— | | | S
Isolated photon production: C16 0-10% ¢ gzg'g z;itt L:r:; =
® Direct photons (prompt) are mostly isolated 1 4:_ Raa 5 R=0.4stat. unc. -

- R = 0.4 syst. unc. -

\xﬁ \\ﬁ 3 - E

E " §

- __.-lo B 8 e e ol -

1: 0 . ‘“; 3_ _- $ ’ 5 $* A

Y Isolated Y 0.8}' | ? _:

S—

—L
-

®* No direct-photon suppression in the central heavy-ion collisions

e Consistent with the expectation that direct photons should escape the medium without significant
Interaction — probe for studying the initial stages of heavy-ion collisions, less affected by the hot and
dense medium.
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From large to small system

The name « small systems »
appeared at LHC Run |, itis
now a session at Quark
Matter, it is a recent aspect
of heavy-ion physics

sl Pb-Pb, low centrality

86£50€1-P10924/SAD

Will introduce selective topics

Courtesy of Antonin Maire
MinJung Kweon, Inha University, QCHSC 2024 26



Elliptic flow in small systems

. _ . _ S - _ B - — o - — = - e T — e — = = S — — e ——— e ——— —— e
e ——— _ _ _ e S _ — e — —_——— e —  ——————— — — — — P —— - == — = —_——

— ==~ = ~ . — — - —_—

Observation of flow in small system:

® Measure elliptic flow as a function of the charged particle multiplicity for different systems
® Nature of particle correlations in high-energy collisions

= (d) T T T T | | _ ' ' o | "] PRL123. 142301 (2019)
0.08 :_ 2747 0’0”;""" S :.:.E{; g OORIARAS \ O " . | _:
_— .. 0.0 * @ . ]
— y g g —
0.06 - ﬂf Dg) ® % -
y W I T | [] _
= _alie*= , il | —
N 0.04 i ngﬁ ] . , R
— pp p-Pb Xe-Xe Pb-Pb % —
0.02 ;— 13 5.02 5.44 5.02 |S\ (TeV) A
— o mO ok ¢0 vy{4] s
0 —open = without n-subevent [EI < AA v,{6} %
— solid = wuth n-subevent B vV v,{8} | -
102 10°

N, (Inl <0.8)

Is the measurement the consequence of the evolution of a hydrodynamic fluid?

MinJung Kweon, Inha University, QCHSC 2024 27



Elliptic flow in small systems, similar to Pb-Pb?

V,{2PC, 1.1 < |An| < 5.8}

PP

e —— ——

T T T T e R
- ALICE Preliminary ot %*p®@)
- pp, {s=13 TeV . p(p_) |
0.2 [~ 25<N_,<50 BKTOFAA)
- Low Multiplicity Template: N_<15  +K’ -
_ we o -
0.1F g, 9 —
i . ! N -
- ° : X ’ + B
- @ :. x + * B
- :l x ¢ -
0 T | | | ! A -
0 2 4 6 8
p. (GeV/c)

e Similar observations in Pb-Pb, high multiplicity p-Pb and pp collisions!

—_— e
e e

V,{2PC, 1.1 < |An| < 7.8}

O
\V!

-
—

o

L ALICE Preliminary

&t ~

- p—-Pb, \/ Syn = 9-02 TeV . — -
LN, >50 BKCOFAA)
— Low Multiplicity Template: N, <15 *Kg ]
= ¥ * 7
: + T & :
- ' .i ¢ N ® 7
- ® * ! + =
N n ¢ = + -

®
[ ep ¥ I
ol t y

-4 ¢ -
[ | | | N L
0 2 4 6 8
P (GeV/c)

e Low pr (ot < 3 GeV/c) - Mass ordering

<V,>

- ALICE
Pb—Pb \s,, = 5.02 TeV
m[ < 0.8
Pb-Pb + wmop
¢ & A(A)
| | | + Ki + (I)
03} 9 Kg 3 Q(Q)
0.2F -
0.1F $ e -
Or, | | | | L
0 2 4 6 8 10
p_ (GeV/c)

JHEP 05 (2023) 243

e Intermediate pT (3 < pT < 6 GeV/c): baryon-meson grouping, splitting between baryons and mesons v»

MinJung Kweon, Inha University, QCHSC 2024
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Elliptic flow in small systems, similar to Pb-Pb?

PP 0.175F ALICE 1.6 < |An| < 1.8
e 0.150 oy 1<pT<4GeV/C
- ALICE Preliminar + = . N . o o - — - — e ——

S y ot %p@) < AL| N
Y - pp, Vs=13TeV R o v ot . 0\
£ 0.2~ 25<N,,<50 =OOEAN 4 7 N, 'Q\\ " —— e e e
i - Low Multiplicity Template: N, <15 +K2 %,L 0.2+ Loy O 17 ro\‘\
. : A
= 0.1F B, . — 9‘% 9(0"'00
i . ! .; + i > 0.1F \‘ed
L . _
- .o: t . - ‘o { 0.075
OI__'l).L | | + ’ OQ‘“O __::1 ® pp/s=13TeV
: j ‘ . GeV/? 0 0.050 O p-Pb /snN = 5.02 TeV

GubsHyd, paramO, pp 13 TeV

&= TRENTo, MAP(QM2018), m = 6, p-Pb 5.02 Tev, 0.025
== TRENTo, MAP(2021), m = 6, p—Pb 5.02 TeV
=== 1P-Glasma n/s = 0.12, ¢/s(T), p-Pb 5.02 TeV  (.000

| PGl 012 C/S(ngf”lf;v — 0 10 20 30 40 50 60
e Intermediate pr (3 < pt < 6 GeV/c): baryo Ncn(|n] < 0.5)

GubsHyd, paraml, pp 13 TeV
GubsHyd, param2, p—Pb 5.02 TeV

JHEP 03 (2024) 092
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Elllptlc flow in small systems: model comparlsons

PP

—_———
e e _

o) I | | o = r r T T ' [ [ S
| ALICE Preliminary ext #pp) | = |} ALICE Preliminary ot #pp) -
v pp, Vs =13 TeV . _ v | p-Pb,|s, =5.02TeV . -
= 0.2 25<N <50 BKT O ¥AA) = L N_.>50 KT ¥AA)
< B ch==" . 0 _ < ch”
Vv Low Multiplicity Template: N, <15  +K{ v 0.2~ Low Multiplicity Template: N <15 +K? —
— - 7 - B ¥ | |
— B | ~— ¥
a X - T -
et L 1 & . i :
= 0.1F % -4 S T W . y
= 0. ¢ B = R . +
_ ! N _ = 01 ° % —
® + B n ¢ L] -
— - : X ’ B N ® t ¢ + -
- "9 X + " e ¥ . _
: :: x ¢ - i o: ¥ y _
O, | | | 4T 0 |_.. : —
0 2 4 6 8 0 6 8
p. (GeV/c) P (GeV/c)

e \With quark-coalescence in pp: successfully reproduces baryon/meson
grouping and splitting

e In p-Pb, transport model with coalescence predicts only mass dependence

— thorough investigations, including careful data and model comparisons,

are needed to understand the underlying mechanism
MinJung Kweon, Inha University, QCHSC 2024

—  —— ——————————— —— — S

> 0.3 | Hydro-Coal-Frag = Po@) ]
- pp, (s =13 TeV < Ta@® 1
[ 0-0.1% 0 _
- pp  *
0.2 —
; Quark-coalescence -
0.1 -
i | | -
OO 2 4 8
P, (GeV/c)
E’; r ! | T
— i K‘ AA) ]
s e =BLPic A
V. 9o ‘_ Transport model with
N~ Vel _
- [ coalescence (AMPT) ]
O T _ )
q 01 —
> I _
i N N | N N N | N N N | N N | N |
OO 2 4 6 8
Model: W. Zhao etc., PRL125 (2020), 072301 pT (GeV/C)
Y. Wang etc, arXiv:2401.00913
S. Tang etc, Nucl. Sci. Tech. 35 (2024) 32 30




Hadronization in vacuum, in medium

Fragmentation functions are phenomenological functions to parameterize the non-perturbative

parton-to-hadron transition » QUi
® Parametrized on data and assumed to be “universal” Ve
Phase space at the hadronization is filled with partons: med\u"“

® Single parton description may not be valid anymore

® Partons that are “close” to each other in phase space (position and momentum) can simply

recombine into hadrons

Greco et al., PRL 90 (2003) 202302
Fries et al., PRL 90 (2003) 202303

Recombination vs. fragmentation: Hwa, Yang, PRC 67 (2003) 034902

e Competing mechanisms
(] (] (] [ ] [ ] O
® Recombination naturally enhances baryon/meson ratios at intermediate pt " ?: ., 6
7

Pr ¢
Gel//0)8 210

MinJung Kweon, Inha University, QCHSC 2024

= Quark distribution
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Charm baryon vs. meson production in pp

JHEP 12 (2023) 086

o | I I I | I I I I | I I I I | I I I I | I I I I | ]
O - -
<08 Baryon-to-mesonratio  ALICE -
C - | <0.5 - e Strong pt dependence in charm sector
0.7 - p% I%ZI ? gee\\/,/c - e Enhancement compared to the measurement
- O pl<1GeV/c (this paper) - _ o
0.6 ¢ T — in e*te- and e-p collisions
- m + pp, \s=7TeV N
m B pp, \s=5.02TeV -
0.5 i —
I 11 il -
i -
0.4k #— : PP B Naive expectation:
03 ﬂ - ratios of particle-species yields
. SLJF ﬂ - independent from collision system
0.2 - —
: - :
0.1 —
O O - I I I I I I I I I I I I I I I | -
0 5 10 15 20 25

P (GeV/c)
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How do we explain in the charm sector

e Heavy-flavour hadronization stimulated the model developments
- PYTHIA with Color Reconnection (CR) beyond Leading Color (LC) in pp
- Catania: Coalescence+Fragmentation approach applied to pp
- Local color recombination: POWLANG in AA and in pp
- Inclusion of heavy-flavour Coalescence+Fragmentation in EPOS (pp & AA)

o I I I I | I I I I | I I I I | I I I I | I I I I | I o I I I | I I I I | I I I I | I I I I | I I I I | I o I | I I I I | I I I I I I I I | I I I I | I
A - - &) s . ) _ i
10 ALICE _| 10 ALICE _| 10 ALICE _|
210 <05 - <05 F10p Prnsan <05 -
- ] - SHM+RQM - - — Mode 0 SHM+RQM - - — Mode 0 -
B } @ Catania ] - ---Mode 2 @ Catania . - ---Mode 2 .
0.8 —{ g Mode S - QCM — 0.8~ — Mode 3 : QC|\/| 0.8 -~ — Mode 3 _
] — — POWLANG, HTL | ] ——'POWLANG HTL £ ] — — POWLANG, HTL |
A — — POWLANG, IQCD _ A £ — — POWLANG, IQCD 3 A — — POWLANG, IQCD _
06 - 0.6 0.6 -
| Ty, Ty, A

{ o ev/c f o ev/c { o ev/c
O 'g 21 GeV/c (this paper) O gTZ1 GeV/c (this paper) 7] O g 21 GeV/c (this paper) ]
0.4 r+ U — 0.4 I+ T — 0.4 i -
02 " S\ _ 0ol B 1ol -
- i

00 C'olor reconnec:tlon (IVIOde 2) 0oL Local color recombmatlom. oLGoalescence ., . ... . ..~

0 10 15 20 25 0 10 20 25 0 ) 10 15 20 25
P, (GeV/c) P, (GeV/c) P, (GeV/c)

¢ Different hadronization mechanisms proposed!

e Similar to the light flavor sector?
MinJung Kweon, Inha University, QCHSC 2024 33



Charm vs. light baryon-to-meson ratio

— —_— | e e —————————— —

High mult.

e ——— — — ——— — —— e ————— = —_— — E e

PLB 829 (2022) 137065

- ALICE
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Baryon-to-meson ratio
'lé};_v'_'_.'l_""I""I""

@?}: & ‘ %

0.8E-pp, Vs = 13 Tev L

ultiplicity classes
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- 3.1 0
Ag /D

—4— 37.8
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0.1F
- l L
5 10
Low mult.

MinJung Kweon, Inha University, QCHSC 2024

15

.ZIO. L1
p. (GeV/c)

5 10 15 20

p. (GeV/c)

e Charm baryons/meson like for strangeness!

PP

e Hint at a common mechanism for light- and charm-baryon formation

in hadronic collisions at LHC energies.




Baryon—to—meson ratios of different flavors

Phys. Rev D 108 112003 (2023)

—

S
| —
I

o LN ' L ' ' v
5 [ pp, Vs=13TeV Monash T PYTHIA 8 CLR-BLC 0 e All the measurements for beauty, charm, and strange
=1.2F ALICE, lyl <0.5 T — non-prompt A’/D° — o _
S | e non-prompt AZ/D° ;; - - A/(B°+B") : hadrons show a similar trend as a function of pr and
21.0F - promptA/DO T promptA/DO = _ - o
5 K DD 1 Ak 1 are compatible within the uncertainties
208 + P ua
0.6 — Similar baryon-formation mechanism among light,
O i —_
0.4F ',.IE!H - strange, charm and beauty hadrons?
i ] Ly
i %,
ﬂi"t“:_f: ............. |= === O
14 L posy <48 CLRBLOZT BLCo: 3;5 . non-prompt 9 /D
c12f o AJ(B™BY) + 1 1= prompt AZ/D
» [ il ] 0
CIEH'O—_ T . i 0 A/K ;‘1
Zo.8f - ; + p/mt '3
S 1 % 0//p0 p+y .
g | 1o AY(B%+BY) -
0.2} N i -
el e W v w1 Note: for LHCD, different normalization & should consider decay
1 2 3456 10 20 30 1 2 345 10 20 30 : :
p_ (GeVic) p_ (GeVic) kinematics (for the other case)

* These three tunes are characterized by different constraints on
the time dilation and causality
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Measuring hadron interaction potentlals via correlations

What we want to know: The interaction
between hadrons at the 1 fm scale.

Generally, through the scattering
of two particles...

Interacton . 1\ Repulsive

\ _____ Repulsive —— Attractive

—— Attractive

C(k*)

| | | | 50 100 150 200
0 05 10 15 20 K* (MeV/c)

Correlation function

Clk)=] S| v k", r)|2 o3

Ckk)>1 Momentum correlations \

@ Atiraction

of low-k pairs Neame ( k*) Correlation function depends on

source distribution and

C(k™) =N X

;\/:1; * ) * . « interaction potential:
d.r]\l, k=3 %|pi —p> Nmixed (k*)

P* . p In the pair rest frame
MinJung Kweon, Inha University, QCHSC 2024

Gives access hadron-interaction potentials of unstable hadrons
— Connections to hadron and nuclear physics
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Femtoscopy: two, three-body interactions

_ _

o

D+rt- + D+ e(ac“ D-m- + D+mt+
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Unlike sign: attractive

e Coulomb interaction dominates: limited contribution from strong interactions

— e
e —— e ——

Like sign: repulsive

o | attice-based theory calculations predict stronger interactions

MinJung Kweon, Inha University,

QCHSC 2024

Wioleta Rzesa,
Monday 14:30

- o)\
e ao“o arXiv:2308.16120
12 i | | d‘ \ ' | ; | ? |l
I 3—“0 w
1= - B
0.8 —
b pp High-mult. Vs =13 TeV -
0.6} 6 p—-d ® p—d =
B AV18+UIX (full) .
0.4H i I AV18+UIX (s*-wave) ot
" Pionless EFT (NLO) :
0.2 Baseline o
-5 i : L | ; | ; | I —
0 100 200 300 400 500 600
k* (MeV/c) Viviani et al..

OarXiv:2306.02478v‘I
xzzz‘ — l Z

e Only a full three-body calculation that accounts for the
Internal structure of the deuteron can explain the data
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ALICE in Run 3 (ongoing)

e Major upgrades installed Iin
2019- 2021

e |n production since 2022
e 50x Increase in readout rate

e 3 to 6x improvement in
pointing resolution

e Secondary vertexing for
forward muons

ALICE upgrades: arXiv:2302.01238
ITS: NIM 1032(2022)166632

TPC: JINST 16 P03022 (2021)
MFET: CDS link

FIT: NIM 1039 (2022) 167021

Run 3 Pb-Pb
Vsnn = 5.36 TeV

MinJung Kweon, Inha University, QCHSC 2024



Run 3 results in pp and Pb-Pb collisions, more to come
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Summary

® Through a wide range of collision systems and energies, ALICE provides crucial insights into the behavior

of QGP, particle-production mechanisms, and the strong interaction at unprecedented energy scales.

® Key results from Run 1, Run 2 highlight the experiment's contributions to understanding the early

universe and the fundamental forces governing hadronic matter

e With the ongoing Run 3, we anticipate acquiring even more detailed information, further enhancing our

understanding of the early universe and the fundamental forces that govern hadronic matter.

Future for Heavy lons & ALICE 3
Dieter Roehrich, Tursday 14:30
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Way of heavy-flavour hadronization, also in small systems?

* Fragmentation
— production from hard-scattering processes (PDF+pQCD)
— fragmentation functions: data parametrization, assumed universal

o, +,=PDF(x,,Q"|PDF(x,,Q*)®0,,..®D,_,,(z,Q)

ab=qq

Parton shower: String fragmentation (Lund model - PYTHIA) + color reconnection (interaction from different scattering),
Cluster decay (HERWIG)

Support need of abandoning independent

e Coalescence: hadronisation of different MPI
— recombination of partons in QGP close in phase space A hadronic environment matters
dN ., f " d’p, ., .., . |
acon — ~do, — X, Di) fw!Xisees X5 PrsesPn) ©lPr— 2. Pit)
7y =9u) 1pidoim s [o(xop) fu(Xi X P pa) 8y 2, Pir.

Have described first AA observations in light sector for the enhanced baryon/meson ratio and elliptic flow splitting

- Statistical hadronization
— equilibrium + hadron-resonance gas + freeze-out temperature
— production depends on hadron masses and degeneracy, and on system properties
Require total charm cross section

MinJung Kweon, Inha University, QCHSC 2024



Ds+: strange charm meson

e ——————— —
— e e — —

€ Phys.Lett.B 829 (2022) 137065
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wat ——  378. 406 378 + # s strange
0.2 - <A | AT ot
0.1 T o
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e D:;+/D0 ratio are independent of pr
e No strong multiplicity dependency

e Comparable with measurement at ete- and e-p collisions
MinJung Kweon, Inha University, QCHSC 2024 43



What about strangeness charm baryon?

—_———— —_—— —_——— —
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e Strong pt dependence

e Enhancement compared to the measurement in ete- and e-p collisions

MinJung Kweon, Inha University, QCHSC 2024 44



7

How about in Pb-Pb?

Physics Letters B 839 (2023) 137796

= R ok Pb-Pb at | 5,,=2.76 TeV, lyl<0.5
= 14C-ALICE (S = 5.02 TeV, |y| < 0.5= < 2f 0 Al | Syy=e.r0 eV, yI<D.
S - < —&— 0-5 %
1 o= _ —i— 20-40 %
B " i —¥— 40-60 %
- - —4— 60-80 %
1= —=— 0-10% Pb—-Pb — e BO-QO\OF/O
- - _eo— RN—KN° _ ] —+— ppat\s=7TeV, lyl<0.5
0.8 30-50% Pb-Pb — —a— ppat\s=0.9 TeV, lyl<0.75
- —— PP i} systematic uncertainty
0.6 - A
:m ® : N
0.4 [ Wy ! = ; %
- o i *
0.2 3 : e " L. 3 v
o — | | | | | | | | | | ] ] ]
- T/ R - ST, E— 0 S 1 S
p. (GeV/e) P T (GeV/c)

e Ratio increases from pp to mid-central and central Pb-Pb at intermediate pr

* Trend qualitatively similar to what is observed for d A/Ks0 ratios
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7

Charm-quark fragmentation fraction

O 1 | | | | 3 T T T T T 17 [ e ey
<~ " ALICE, pp lyl <0.5 ] = i : I
!  w(5=13TeV _ 2 L ALICE H ol §
= 0.8 = {s=5.02TeV — _= [ ¢PHENIX _~ 7 Used the sum of the
I L _ = - < STAR 1 pr-integrated cross
r +B facto+r|e_s, e'e’, V\s=10.5 GeV . o I | sections of DY, D+,
0.6_30 + LEP, e'e’, V\s=m, _ Re i ] .
3 e HERA, ep, DIS . Dst, J/P, Act , =c9, =c*
- o HERA, ep, photoproduction i 10° + —
0.4 f# s x 3 larger - : :
5 e — o _
X ’ l i ]
u Cﬁ _ ] 1
0.2+ *ql'. " — FONLL
: o [ - 10 L NNLO -
B | |#m (a ; - :I I A | | 111 I| | | 111 I| : JHEP 12 (2023) 086
O DO D 4 D"' A"‘ 1‘?. ,, 10_ 1 10
Lottt LSswix 7 larger: ~1% in e+e’) I's (TeV)
A ———— ———

10% of total charm cross section (conS|dered negligible in e+e’)
—W
2.c.0: Larger feed-down to Ac* (40%, 17% in e+e’)
‘j—w

Normalized by the sum of the pr-integrated cross sections of DO, D+, Ds+, J/U, Act , =c0, =c*

Conclusion: baryon enhancement at the LHC with respect to e+e- collisions is caused by different
hadronisation mechanisms at play in the parton-rich environment produced in pp collisions
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Where does the pT differential enhancement come from? %

pT-integrated and to pt > 0 extrapolated 045 ALICE r;p, Se13Tev -
/\c+/DO ratios 0.35F —
o I T 1l I 1T 1111 I I 1 111 I I IE 03 E_ _E
= 2—AL|CE y| < 0.5= - b 1 ﬂ%ﬂ%ﬁw iy I =
+ O N o ) 0.25F % @ —
< 1.8F e pp, Vs =13 TeV —stat. © SHMc - X - —>
1 .6:— v pp, Vs =5.02 TeV syst. Catania _- < 0'25_ - -3
© 4 p-Pb, /5, = 5.02 TeV extr. = TAMU - OIS o stat —5— VoM :
__ — — - |nl<O. -
1 '42 m Pb—PDb, \/ST\]N =5.02 TeV XX\ total 4 PYTHIA 8 - 0.1 syst. uncorr. —A— Ntracl?leBts -
1.2 0 Au-Au, \/s,, = 200 GeV — 0.05§— ¥ N _
12_ STAR, PRL 124 (2020) 172301 - = S— . =
- - 10
0.8F 0 -
0.6F ; < T - <chh/d 77>|n| <0.5
T F : ol 1o o % g {  * Modified mechanism of hadronization in all hadronic
0'4;_ _; collision systems with respect to charm fragmentation
0.2p B tuned on et+e- and e-p measurements?
B | | L 1 1 11 I| | | I I I I| | | I I I I| | | I—
1 10 10° 10° e Due to different pt redistribution for baryons and
(AN /dm) 0

mesons rather than multiplicity dependence iIn
hadronization process itself?

Physics Letters B 839 (2023) 137796

MinJung Kweon, Inha University, QCHSC 2024 47



Moving to beauty sector

Non-prompt A% / non-prompt D’

Phys Rev. D 108, 112003 (2023) 08— ——————F————
Y " .
1 4 T T 11 | I R I | I_ C)D 1 4 T T 11 | I R B I | |_ b A pp ys=l3 TeV |
- _ALICE pp, s = 13 TeV yl<05] =" _ALICE pp, s = 13 TeV yl<054 “3s 7P ¢ 2<y<45 i
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. f(b—A,) ., BR(H —=A+X) i i - Ot - -
i b/ Heb b ¢ MpyTHIA S i ~ = prompt i - pPb s, =8.16 TeV
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0.8 A< Ag — 0.8 prompt . 0.4E 2 k
I . - i . - : 1 ) :
0.6~ - 0.6 - 0.3F | ?.’HFF‘\V AL0/BO
04__ il — 04__ — O°2:_ mmmmmlmmm% Wi gy, s\—:
2 ?- _*_——#— ® | i © i LymannafaiLd ‘& ’g H:
000 ! ] 0ol ] 0.1 - SHM+RQM *'* EPOS4HQ+coal E
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FONNL calculations based on using fragmentation fraction from e+e- and f(b— Av%)/f(b—B) LHCb measurement
Non-prompt Ac* largely from the beauty baryons: good to investigate beauty baryon hadronization via non-prompt Act
e = RN

Note: should consider different decay kinematics

— slightly modify pt dependence
e

e e

MinJung Kweon, Inha University, QCHSC 2024

Similar trend to the charm measurement!
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Beauty-quark fragmentation fraction

Phys. Rev. D 108, 112003 (2023)

Table 2: pr-integrated A7 /D" production ratio measured at midrapidity (|y| < 0.5) in pp collisions at /s = 13 TeV
and in e"e~ collisions at LEP [68] for prompt and non-prompt production.

pp ete-

ALICE LEP average [68]
prompt A /DY 0.49 4 0.02(stat) 7002 (syst) 7005 (syst) [60] 0.105+0.013
non-prompt A7 /D? | 0.47 £0.06(stat) 4 0.04(syst) "o, (extrap) 0.12440.016

Significantly higher than that measured in ete-
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At T >> 0, high density of colour charge in the medium induces Debye screening

e at T > Tp, melting of quarkonia
® also regenerated...

0_025 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 1 1 1 1
ALICE,25<y__<4,p_<12GeVic

o Pb-Pb, |5y =5.02 TeV

0.02 | N
:\NA50, 0 <y <1, p_> 0 (EPJ C49(2007) 559) -

x Pb—Pb, |5\ = 17.3 GeV

[ - SHMc, |, = 5.02 TeV
- — TAMU, |5, = 5.02 TeV

PRL 132, 042301 (2024)
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< 108 o ALCE@prof =502 Tov, anv2100.15200) E
i 1'2 ~ ¢ NASO (pp ref: Vs = 27 GeV, from EPJC48 329(2006)) =
S SR R R e R RRERRErS
S 0.8F +

£ 0.6 |
._\g 04 + == ? = ﬂ - *
g 0.2 + -+

& 0o ~50 100 '1'50'<'I\2IOO>' 250 300 350 400
©
— part

J/ ¥ Production Probability

[S—

€X0gamous regeneration

sequential supprcsxim\

Energy Density

e Compared with the NAGO results
— regeneration effect?
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QGP emits thermal photons

Hot QCD medium, temperature (power proportional to T*)

Hadron gas photonssj Decay photons

[arXiv:2203.13208]
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Charm and beauty creation

— _ - - — — T — SHE — = — = - = — — — — _
— = A—— _ _— = T = - = — — — o = = — =

Temperature

Time

t~10% sec t~10%sec t~10*2sec
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