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What Does “Heavy” Mean

Heavy Flavor: quarks with large masses, usually refer to charm and bottom quark

e Ve ;e Strong interactions do not
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X. Zhu et al., PLB 647, 366 (2007)
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Pros of Being Heavy

Initial Hard QGP and Hadronization Hadronic phase
Stage Scattering Expansion :
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* mg,my > Agcp: Produced in initial hard scattering calculable in pQCD

* mg,my > Togp: Production in QGP is negligible

Penetrating probe: experience the whole evolution of QGP
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Radiative energy loss
Inelastic scattering

E ¥ AE

E-AE

— — — — —

(medium)

D. d Enterria and B. Betz,
Lect. Notes Phys. 785, 285 (2010)

Parton Energy Loss in QGP

Energy lost by radiation of gluons induced by interactions
with the hot and dense medium

(AE) < a,Cprgl?

q: Transport coefficient of the QGP medium
- _ {k?)

1
Relate to the energy (gluon) density of the medium

Cr: Casmir coupling factor

4/3 for quark-gluon coupling
3 for gluon-gluon coupling

(AE), > (AE),
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Heavy Quark Energy Loss in QGP

“Dead-Cone” effect: Gluon radiation in vacuum is suppressed for small angle due

to kinematical constraints Y. Dokshitzer, D. Kharzeev, PLB519, 199 (2001)
(AE )0 1 m,
(AE) — > 0= —=—"F7
(62 +65)? y E

Smaller energy loss for heavy quarks,
especially when the energy of a parton is close to its mass

(AE) g > (AE), 45 > (AE). > (AE),
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Direct Observation of “Dead-Cone”

Effect
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First direct observation of “dead-cone” M ALICEData ---

effect in jets containing a soft D°-meson

no dead-cone limit
= PYTHIA 8

SHERPA no dead-cone limit

PYTHIA 8 LQ / inclusive

ALICE, Nature 605, 440 (2022)

SHERPA LQ / inclusive
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Elastic Collision of Heavy Quark in QGP

. " ) One-dimensional elastic collision in classic mechanics
Collisional energy “loss

: : M m
Elastic scattering ’ v Q
E E-AE
AE 4k I — M S 1
E  (k+1)?’ T m
+ AE
High-energy object: Lose small energy per collision
4,9

Low-energy object: May gain small energy from the medium
“Brownian motion”

Large relaxation time for heavy flavor quark, larger or comparable to QGP lifetime

- Interactions at all stages are important (so-called memory?)

Zebo Tang Hard Probes 2024, Student Lectures, 22 Sept 2024, Japan 8



Elastic collision:
* Dominant at low-p;

@ * Not aways energy “loss”
w m )
Collisional 50%20_ o quark * Responsible for heavy
0.2 ' o« .
N —— Lol PE10GeY quark collectivity
o1st | Radiative 0.500F A =T=04 GeV
AE , 'l \\
E ol [ 0.100 Ml
' [ Ollb50 collis..._ . . .
ol il TN, Inelastic collision:
; car 7 0.003] \ * More important at high-p;
0t ! | ! ! ! | : : : : . .
0 5 10 15 20 25 30 -2 2 4 6 ©lGVl e Main contributor of energy

p [GeV]

loss (jet quenching)
M. Djordjevic, PRC74, 064907 (2006)

Both have much less effect on bottom than charm
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Heavy Quarks Probe QGP

HF hadrons production affected by interaction between heavy quark and medium

They are sensitive to:
* Properties of the hot and dense medium
 Mechanism of heavy quark and medium interaction

Low-p:
* Thermalization of heavy quarks
e Diffusion coefficient

High-p+:
* Energy loss of heavy quarks
* Transport coefficient

Hadronization mechanism is essential for experiment and theory comparisons
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How to Measure Heavy Flavor Hadrons
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~0.6 c¢ at mid-rapidity per MIB Au+Au collisions at RHIC, 10x more at LHC
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Charmed Hadrons

o 0.7 — ]
g ED(ew 1 QUESTION:
s - | | I | ' : Why DP is significantly
% E N higher than D*?
% __ _ _ ¥ f(C—)D‘ } ]
E o - D+(Cd),D*+(cd) e f(c—D") A
- 03 — | f(G—)D“_] -
N .1, afe-D) -
02 I':} i } Vooooteoay) 3
E_ DS(C§) _E
I | 4 A _(udc) -
oE P B woe wos e 1 ZEUS, JHEP 1309, 058 (2013)
Short lifetime = Decay before tracker
DO 56%
D* 24%  (Can not be detected directly
Ds 10% * Has to be reconstructed from decay products
A, 10%
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D%-meson Reconstruction

Golden channel:

D 5> K nt
Br. ~ 3.9%

dN/dy(r*t)~100 dN/dy(K~)~20 STAR, PRC79, 034909 (2009)

Signal-to-background ratio: 0.01 vs. 2000
Better if concentrate on narrow mass window

 Huge random combinatorial background may be estimated with the same data
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D%-meson Reconstruction

STAR Au+Au 200 GeV MinBias

0<pT<8GeWc —
ly| <1, 0-80%

S
s same event (SE)-| @&
—— mix event (ME) g
O

> SE-ME[x 200] 20

STAR, PRL113, 142301 (2014)

Counts (x 10°)
T

10|
100
5_
05 10 15 20 25 3.0 18 19 20
My (GeV/c?) My (GeV/c?) o
STAR Au+Au— D% + X @ 200 GeV, lyl<1
o o 30<p, <80 GeV/c W 0<p <80 GeV/c
. . o 1.5~ ¢ 0.7<p <22GeVic
It is doable, but very challenging o — pp.
BT e }-
. . . o o . © = —
* Rely on good particle (mainly kaon) identification S 2 § E
= 0.5+ N — g —
* The statistical and systematic uncertainties are large . oo oem%wms
0 0 100 200 300 400
(N
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Topological Reconstruction

e Kaons and pions from D decay are originated from QUESTION:
secondary vertex, a little bit away from primary vertex Does this method work

for low-p; D-mesons?

Do 5604 123 Less than 1/2 «x

D+ 24% 312 thickness of i
D, 10% 150 a fingernail !
A, 10% 60

* Majority of kaons and pions are promptly produced and
originate from primary vertex

! I, \
[} 1'D&cay Length
i! \

* If the detectors can tell the tiny difference, significant
backgrounds can be rejected

4 D’ Decay detail
DCA; L f1.
I:I,\\\ ha //}\\
he” DCA
DC'AI)U-,-. )

Primary Vertex

* Pointing resolution of tracker is crucial for this purpose
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50 um

Monolithic Active
Pixel Sensor (MAPS)

S|I|con Plxel Detectors

Au+Au |s = 200 GeV, 0-80%

a, (um)

(b) DCA,
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? ATLAS
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S
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(0]
Z LHCb Run 4-6 ALICE 3 Run 5-6
: Q ALICE Run 4
. 1 10 100 1000
ALICE Inner Trackin g Syste m Acceptance (An)X Pb-Pb interaction rate (kHz)
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o
!

Counts (x 10°%)
s @

DO Signal with Topological Cuts

2010+2011
820M events
w/o HFT

STAR Au+Au 200 GeV MinBias
U-CpT‘:SGeWc —
y] <1, 0-80%

+ same event (SE)_]
— mix event (ME)
[x 200]

05 5 2.0 25 3.0

STAR, PRL113, 142301 (2014)

2014
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w/ HFT
x10°3
L DL L L DL L L L L DL
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STAR, PRC 99, 034908 (2019)

S/B improved by O(10%)
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Feeddown Contribution

The measured charm hadrons have feeddown contributions

Inclusive D = prompt D + non-prompt D

Prompt D: D from vertex not distinguishable from primary vertex
* DirectD

» Strong/radiative decay products of heavier particle
i.e. D' > D%+ xt, D" 5D +n% DVY->DY+r%y

D° D%, D*0 D** reflect similar physics, unnecessary to separate prompt

Non-prompt D: D from secondary vertex
 Weak decay products of heavier particle, mainly from B-hadrons

% 4 Secondary
Flavor changed far later than QGP lifetime (7~500 um/c) % Vertex
=» Reflect interaction of bottom instead of charm quark with the medium BLo
A typical (good) proxy of B-hadrons \F;;'tgf(‘ry ﬁ
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Prompt and Non-prompt Separation

Machine-learning approach with 3-class classification
X1IO:T [T

e
ke) ]
2 TALICE
% - 30-50% Pb-Pb, s, = 5.02 TeV T
=105 3<pT<4GeV/c —_

e Data

Prompt D°

i Non-prompt D°
— Total _

1

_+_
Training variables mainly based on:

* DCA of DY daughters and D°
« Distance between D° decay vertex and

79% 4. Secondary  primary vertex
™« pointing angle between line of flight and

momentum reconstructed

%

oSt

e tesatet

%

%

RN

X
%

e,

S
[m—

LLT T
-

Minimum BDT score for non-prompt D°

Primary Vertdk \
ALICE, EPIC83, 1123 (2023)

Non-prompt D yield obtained by combining measurements of

non-prompt fraction + inclusive measurements
Hard Probes 2024, Student Lectures, 22 Sept 2024, Japan
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Experimental Results



Observable: Nuclear Modification Factor

ANys/dprdy
(Nbin>dep/dedy

Conversion from R,, measurements to energy loss is not so straight forward

R — f(or—ApT)
f(or)

Nuclear Modification Factor: Ry, =

depends not only on Apy, but also the shape of f(pr)

* And diluted by hadronization process (g — h)

L) I I
CUJET LHC (PbPb)
105

to4 R4a(D) > Ry4(B)
@low/intermediate p;

051

0.4+

10.3

Rap_iipr)
o
{4 )

0.21 T0.2

A. Buzzatti et al.,
0.1 NPA9S04, 779c (2013)

0.1 T

L L
I I T T I
0 20 40 60 80 100
pr (GeV)
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] DO Suppressmn at RHIC

T e STAR: PRC 99, 034908 (2019)
i ; LBT: PRC97(2018) 014907
o S S A Duke: PRC 94 (2016) 014909
LA —y:1 )
F iy el Duke i " —
05 __ P [ I_IE'%., ° : _ nal
po? TGS 5 - .
g N e S s [ D_> 4 GeV/c
< [mDAuUCE276Tev =~ U™ g = i T
Ci1s5F — T T G 0.6 {
[ (b) 0 =t 0-12% STAR 200 GeV <~ |E
o O  h*0-5% ALICE 2.76 TeV = T —
] - 2 04 e -
I = © i = [ .
= . M | L I!I
{]5 __ -\1: nnig X o o /M GE __
S 057, oo 0 ¢ [ (b)
- "Oopgop o @ O oL . | . | . |
0 ) 4 6 8 10 0 100 N 200 300
P, (GeV/c) part

* Significant suppression of D° yield at high-p; observed in 200 GeV Au+Au collisions
* Stronger suppression towards central collisions
* Described by theoretical calculations
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< ALICE E o« 18 Auce E
'62 0-10% Pb-Pb, |s,,, =5.02 TeV ] 1.6 Po-PD. Vs =502TeV 4+ 0-10% =30-50% ]
1.4f y|<0.5 .  Average D", D", D™ °©60-80% *p-Pb ]
B = D° ] 1.4 |y <05 ]
1.2 sD* — 5 E
-I: ________________________________________________________ . D*+ _______ | : .
B Filled markers: pp measured reference -; '“:
0.8_ Open markers: pp pT-extrapoIated reference _: _:
o.6if ” E =
0.4 & n = Ab — H
02 ﬁ L 0.2 - ¢ =
0:|.|.||||||.|.|I||||||.|.||||||.|.||||||I|.|.|||||: O:IIIIIII|I|I|I||IIII|II|I|I|II|IIII||I|I|I|II|IIII:
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
P, (GeV/c) P, (GeV/c)
ALICE, JHEPO1, 174 (2022)
e Prompt D°,D*, D** same suppression * Consistent with unity in pPb
* Dramatic decrease from 3-6 GeV/c * Clearincreasing suppression towards
* Slight increase at high p; central collisions at intermediate/high p;

€Increasing energy density, size, lifetime
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Energy Dependence

E?.-‘-lph"{E.DETEVpp]+53ﬂyb"[5.DETEVPDPD] <t (TT T T[T AT T[TV I T[T AT T[T T T[T I T T[T I T [P I T[T IT[TrTT]

- oc 1-8 ALICE Pb-Pb, 0-10%  STAR Au-Au, 0-10%

1-6:_ Do ﬁu 2 CMSIYI<T 1.6 Prompt D, |y| < 0.5 \Sun = 200 GeV ]

- + .o .

1.4F ALIGE Iyl <05 "+ (S =5.02 TeV = D ly|<1 ]

C CMS T, and lumi. El STAR 2014 VA e a7sTev ALICE JHEPOL, 174(2022) -

1-2: uncertainty X. Dong et al, Ann. Rev. 1 oF N ) JHEPO3, 081 (2016) 7

= 69,417(2019) : ~SHAR-RRC 99, 034908 (20 99

s [ _ 1 o —— E R —
C os8F ;

: 4+ 0.8l

051152253354455
Cent. 0-10%:

OCLL T N Ii:l",:=: E H

1 1[] 102 0_|||||||||||||||||||||||||||||||||||||||||||||||||_
0 (GeV/c) 5 10 15 20 25 30 35 40 45 50

(o (GeV/c)

= O
= On
Ce ]

200 GeV ~ 2.76 TeV =5.02 TeV

Counterbalance of temperature and medium density vs. p; spectrum steepness
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Observable: Collectivity

B 0.05

Z Collective interaction y = "n.“
pressure o A"
‘ x EEEp - e >
i LAY p+p ]
. " T . K2 An+R

¥

/‘b\./ X initial asymmetry

Momentum space:

Coordinate space: lplten i _ i} — : | : ; : | : ; f %
. 15 *'i . . + |
= 1ok Tagadl S odpeny 2 4§ 'HI, 1 |
dN dN 1 + 2 i ( ) ( ¢) -| T | ! | L ! | L !
— U, \P1) COS(N 0 D5 10 15 20 25
dé¢prdpr prdpr ] e P,/ (GeVa

Number-of-Constituent Quark scaling
—>Partonic flow + Coalescence
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STAR, PRL
118, 212301
(2017)

2

Anisotropy Parameter, v

Anisotropy Parameter, v2! n,

03 eD° oa  STARAu+Au |sy, = 200 GeV
LAz ok, % _10-40%
02| BB+ 23 ?
: cZok ¥ g
i aeﬂgg s =% - 5
=) [
01 |- g_° = $
I W DO $
8
- Eee?gf
0 __EG """""""""""""""""""""""""""""""""""""""" a)
[ | | | L | | L 1
0 1 2 3 4 5 6
P, (GeV/c)
oD’ oA STAR Au+Au % =200 GeV
L2z ok i 10-40%
I . B
pe¥es S8 o o
: ° mi v
0.05 $ -
L b)
0 05 i 15 2 2.5

(m_-mg) /n_(GeVic 2

Significant v, observed for D°-meson

Mass ordering at low p;
— hydrodynamics behavior

Follow mesons’ flow at intermediated p;

— quark coalescence

Zebo Tang
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Energy Dependence

27 4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)

{]_3 1 I 1 1 | L 1 1
n - PbPD5. 02 TeV, Cent. 30-50% ]
1.6 B | CMSlyl <1 L e ALICED® D*, D™ Iyl <08 .
- N% 4 N0 025 e CMSD’lyl <1 _‘
1.4F D’+D ALICE Iyl <0.5 U AUAU 200 GeV, Cent. 10-40% ]
[ CMST,, and lumi. E STAR 2014 - ° STARD <1 ]
1-2:_ umertaﬁr:t]ty 02 —
1B - ]
El:ﬁ osk | =Y 015 ¢$ 7
0.6f H HH 01F .
0.4k - | ]
B 0.05 m H .
0.2t Cent. 0-10% =i ]
D_III I Lol I Lol {]_.I . L ]
1 10 107 1 10
P, (GeV/c)

X. Dong et al, Ann. Rev. 69, 417 (2019)

No obvious energy dependence for both R,, and v,
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c

1.2f

4107

2 16

1.4F

ALICE
Pb—Phb, fs_m =5.02TeV
Centrality 30-50%

Prompt D°, D*, D** average —:
yl<05 ]

1.0

0.8F

20 30
P, (GeV/ec)

1 2 3 45867 10

] Comparison with Theories

o _| T T T T T T 11 | T T ]
= 0.35r- TAMU MC@sHQ+EPOS2
- E= LIDO == LBT .
030 . - PHSD === POWLANG-HTL =
C == DAB-MOD LGR .
0.25 ..., Catania =
0.20F
0.152
0.10F
ﬂ.{]E =
0.00F ]
_0.05F- _ =
" Centrality 30-50%, |y| < 0.8
-0.10k | =

1

2 3 4 5678910

ALICE, JHEPO1, 174 (2022)

20 30
P; (GeV/e)

* TAMU, MC@sHQ+EPOS2, LIDO, LGR and Catania able to describe R,, and v, simultaneously
All includes charm quark diffusion in the medium and quark coalescence hadronization

 Charm quark spatial diffusion coefficient is constrained by the comparisons

Zebo Tang
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Spatial Diffusion Coefficient

The heavy quark distribution function can be written as (Fokker-Planck equation):

X. Dong et al, Ann. Rev. 69, 417 (2019)
2

0 0
an = %A(P)Pf(g + 62ﬁB(p)fQ

T
. . . o . D —
Spatial diffusion coefficient s moA(p = 0)
1 mg mg
Relaxation time Trelax = i TDS = 21Dy X 27T 2
T 2 fm/
~2fm/c
2nT2
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Charm is fully thermalized in QGP
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] Suppression of Bottom

< 2_2_ T T T T I T T T T l T T T I | I T T T | T T I T | T T T T | §1 -4 — t I ! ! I —
0:4: of  Pb-Pb, {5y =5.02TeV, 0-10% E o - ALICE :
- Non-prompt J/y - B _ = T
18E  m ALICE, Jiy —e'e, [y <0.9 E 1.2 Pb-Pb, sy = 5.02 TeV .
Er » CMS,J/y - ptus, |y <2.4 3 - .
1.6 e ATLAS, Jiy — p*us, [yl <2.0 — 1 g e -
- Non-prompt D’ 3 N « Average I, D", D", 0-10%, |y| < 0.5 ]
14559 & ALICE, D° - K", y| < 0.5 - . =, 0-5%, |y| < 0.5 N
12 . 08 N o Charged particles, 0-5%, |y| < 0.5 -]
TTE L ] = Non-prompt Jiy, 0-10%, |y| < 0.9 -
1R . = 0.6F 5 Non-prompt JAy, 0-10%, |y| < 2.4, CMS _]
0.8) %I = : ]
0.6F -+ 4 E 0.4 Hﬂﬂ%ﬂﬂﬁM ; # -
0 4‘_ _% x £ x - B H _u_ﬂ_@—_ﬂl— -
T 0 = 0.2 — peo— ]
0.2 — B .
O: 1 1 1 1 I 1 1 | 1 [ 1 1 1 1 I 1 1 1 1 l 1 1 1 1 | 1 1 1 : 0 L 1 L L 1 — I 1 . 1 1 1 o I

0 5 10 15 20 25 30 10 102

ALICE, JHEPO2, 066 (2024) p, (GeVic) p. (GeV/c)

e Measured via non-prompt D° and J/y * Clear mass hierarchy at intermediate p;

R -
D® has better Sté?tIStICS | Raa(B) > Raa(D) > Rua(light hadrons)
* J/y has better kinematics

e Strong suppression observed * Converge at high p;
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0.2 T+Prompt D° (PLB 816 (2021) 136253) |

CMS

PbPb 5.02 TeV (0.58 nb™)

* Significant flow of D from B decay
Much smaller than prompt D
Different degree of thermalization of charm and bottom

+D° from b hadron decays | ﬁﬁgﬂ §
N ly| <1 o B &
Ty e [y +¢ ______ e e s | S o B
Centrality 0-10% | 10-30% | 30-50%
H :_HHHH - HHEA
H&L S ie==s il
Pet R
....5|....1|0....1|5....2|0....2l5 ........ é....1|0....1|5....2|0....2|5....-....5|....1|0....1|5....2|0....2|E)....
p. (GeV/c) p. (GeV/c) p_ (GeV/c)

Collectivity of Bottom

CMS, PLBS50, 138389 (2024)

Zebo Tang

Hard Probes 2024, Student Lectures, 22 Sept 2024, Japan

33



15 (@) Au+Au s, =200 GeV 0-10%
- — e oD’
T ﬁ*rni; 1 B |
& * *r’\i Duke
05F e ® o
| o LE s, ® Lo —
o2 w5 O o
< mDALICE276Tev ™" '*Iﬂ_ Y ..
C1.5F — T y T y T ' T y T
[ (D) ¢ n*0-12% STAR 200 GeV

O h*0-5% ALICE 2.76 TeV

D is suppressed in all p;at both RHIC and LHC —» N44 < N, ;.

1.8 ALICE Pb-Pb, 0-10%

1.6:— Prompt D, |y| < 0.5 \Sun = 200 GeV
C Sy =5.02 TeV

- ﬁ =2.76 TeV

= D%y <1

0.6 [} -
0.4 L] s %
B

02

STAR Au-Au, 0-10%

3 12 preerrerrerree e
1h----- S e *
i 08 -
I

il
04 : p, (Gelic)
o2f ik #T¢

TR B A R

P, (GeV/c)

Contradict to N, scaling of #ccbar ?!!

QUESTION:

Light hadrons have
similar behavior,

why we don’t worry?

x NDPDP

Zebo Tang
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Cold Nuclear Matter Effect?

g F D oson T E ALICE, PLB839, 137796 (2023)
c [ EPPS16, 90% CL .
2.5 :_ =>02TeV 5 NCTEQ1S, ., 90%CL
: 1;\\ .......... \\ .......... T
ﬁﬂ-aj— 4 ~30% suppression in
Z r : - ] . .
08 \ E central PbPb collisions
04 —
0.22— —
U: | |
p-Pb, 0-100% Pb=Ph, 30-50% Pb=Ph, 0=10%
-0.96 < ¥ < 0.04 ly] < 0.5 l¥| < 0.5

Decreasing trend from pPb to central PbPb
Consistent with models implemented shadowing effect within large uncertainties

Purely from shadowing? Is there any other effects on top of it? --> Particle ratios
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Charmed Baryon/Meson Ratio

ALICE, PLB839, 137796 (2023)

(a)

o STAR o NctAc

T | AutAu, |s, = 200 GeV 0,07 G ! = A1 . Dl e an L S D
: AU, (S = 200 Ge oD O 1.4FALICE 0-10% Pb-Pb¥ly| <05  30-50% Pb-Pb-
o = 2K? t Oy sl 1 -
é ° o P+P <12 .
< T+ R 1 ]
o i 00« - ]
g o &% r ]
3 4 0 g 00 0.8F ]

&
==
|:||:I DDDDD‘S {

f | IDIW.I%FI 0.4:-

. (b) PYTHIA ---- Ko et.ali three quark '{2'5%} 0_2:_ 1 _

5 CPYTHIAGR 1.7 Ko etal: with flow (0-10%) R _$_ e

E 3 e 83:3253: g:::;f-lrg-gé(&;ﬂamﬂ 1 10p (GeV/c)1 10p (GeV/c)

g — — Tshingua (10-80%) T T

“_‘E e Rapp et.al (0-20%)

> 7 . e Charmed baryon/meson ratio is similar to light hadrons
1;3:" R N - * Significantly higher than PYTHIA (constrained by ee/ep)
TR RS R ——— , , _ .
% ———1————1== * Model including coalescence describe the enhanced ratios

Transverse Momentum (pT} (GeV/c)

STAR, PRL124, 172301 (2020)
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Ratios in Small System

ALICE, PRC107, 064901 (2023)

ALICE, PLB839, 137796 (2023)

o T T T T L
o - N m
= 4L ALICE pp, s =5.02 TeV 0 > ALICE ly| < 0.5
P Tlyl<0.5 * P4 af 3
< = —=— PRL 127 (2021) 202301 <1 8:_ ® pp, E =13 TeV —— stat. SHMc _:
0.8 —=— This paper 1.6 Y pp, Vs =5.02 TeV [ ]syst. # Catania -
h —— PYTHIA 8 (Monash) 1 ab A p-Pb, \[s,, =5.02 TeV extr. & TAMU 3
F PYTHIA 8 (CR Mode 2) "'t = Pb-Pb, \s,, =5.02 TeV N\ total ¢ PYTHIA 8 -

0.6 g I catania, fragm.+coal. 2 ¢ Au-Au, |s,, = 200 GeV

STAR, PRL 124 (2020) 172301

| 1 1 1 | | I 1 | 1 | | | I | 1 | 1
—
A}

SH model + RQM 1= =

0.4 0.8 E

I 0.6 4 _E EA

02~ e _ 0.4 B Hoyy- $ .

: it 0.2F =

O_ ] 1 1 1 | | 1 1 1 1|0 | | |_ - |ﬁ||| \||||||2 1 1 |||||\|3 I 1 |:
5 1 10 10 10

pT (GeV/c) (chh/dn>|n|<o.5

« Significantly larger than default PYTHIA Smooth trend from pp to central AA

* Qualitatively described by models Same hadronization in pp and AA?

Coalescence «» QGP
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| I [ [ [
o ALICE, pp, Vs =5.02 TeV

+ ALICE : B
u ALICE, p—Pb, VSN =5.02 TeV 10° o PHENIX e B
+ B factories, e'e”, Vs = 10.5 GeV - STAR =

do/dy| _, ; (D)

+LEP, e'e”, V\s=m,
« HERA, ep, DIS

<«

|
|
|
|
|
|
|
|
- 1
}
|
|
|

o> HERA, ep, PHP L |
0.4 E :
0.2 - [[%:E i FONLL
i * o] 10 |- ——— NNLO -
i m:L SR e i | | |
| | | | [ L L L
0 N n + =0 ot 41072 1072x10™ 1 234 10
D° D' D AY = Jy D L

Suppression of mesons and enhancement of baryons
ALICE, arXiv:2405.14571

ALICE, PRD105, L011103 (2022) Total cross-section consistent with FONLL

Redistribution of charm quarks among hadrons
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Ds/D0 Ratio

pT(D) > 3.8 GeVic

- @ Au+Au, 0-10%  0-10%: ! ! N !
0.8 O Au+Au, 10-20%  ---- Tsinghua (seq. coal.)l o o e ——— C—— LEP ee’, (s = m,

cia“ PYTHIA p+p - Catania (coal.) B - : average | —
& oel- He,Rapp, 0-20% —— Catania (coal.+frag.) 0 7:_ ALICE \(S_NN =5.02 TeV ly] < 0.5

o | —— Caoko o + 0-10% Pb-Pb H1 ep 0.5xy_ °

6% - [ Catania [ Catania p,(D)>25GeVic | ]

2 - TAMU TAMU

a C wee. POWHEG+PYTHIAG - POWLANG HTL ZEUS yp 0.5xy, —o

2 — GSI/Hd+BW

Vsyy =200 GeV  (a)

NEREEEERENEENE CEENE FNENE FREN SRR EE FRE!

I . ATLAS 0.5xy_, pp Vs =7 TeV ————
® Au+Au, ---- Tsinghua (seq. coal.), 20-40% ° p_(D)>0
D 8 B | . '_L T — u—
— °[ OAu+Au, —— Tsinghua (seq. coal.), 40-80% it -
o@- | PYTHIA p+p et = | || ALICE 0.5xy_, pp Vs=7TeV ®
> 06] oo g I p(D)>0 | —
= SR |
e 04} 3_--&"'"9_‘ - ﬁ :_ ALICE, PP Vs =5.02 TeV -
e | - IR - : pT(D) >1GeV/c, p, constant fit
= 02 I 1 1 1 N N S Y ) Il L Il L — ]
7 o | ' % 3456710 20 B ALICE, pp Vs = 13 TeV theory sys ~ —e-——
-
l . | . 1 n | . | . | . ] pT(D) >1GeVic PN R SN W T TR SRR TR TN NN NN 1 N SN TR NN SR SN NN NN SN SN S S
2 3 4 5 6 7 AIICE PLB827, 136986 (2022) 0 005 01 015 02 025

Transverse Momentum P, (GeV/c)

STAR, PRL127, 092301 (2021) charm fJ/(f+fy)

D, /D°in AA>D, /D%in pp D, /D%in pp =D, /D%in ee

Coalescence + Strangeness enhancement in QGP
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Summary of Open Heavy Flavor

Heavy quarks are unique probes of QGP due to their large masses

Extensive experimental studies have been conducted thanks to start-of-the-art silicon
tracker

Experimental and theoretical studies show that

* Charm quark exhibit significant energy loss and collective motion

* Mass dependence of yield suppression and collective flow is observed

* Quark coalescence plays an impart role in heavy quark hadronization at low/mid p-

* Dimensionless spatial diffusion coefficient of charm in the medium is constrained by
comparing experimental results and theoretical calculations
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Bound state of quark and its own antiquark, usually refer to heavy quark

One of the simplest systems in QCD

Analogue to hydrogen in atomic physics (QED)

State J /1 Ye T T b T X5 T
Mass [GeV] 3.10 4.53 3.68 946 9.99 10.02 1026 10.36
AFE [GeV] 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20
AM [GeV] 002 -003 003 006 -006 -006 -008 -—-007
rp [fm] 0.50 0.72 0.90 0.28 0.44 0.56 0.68 0.78

Please see also Enrico Scomparin’s lecture at Quark Matter 2023: slides

Zebo Tang
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https://indico.cern.ch/event/1139644/contributions/5355061/

I/q
4mn3,

o

Debye
<-shielding

r=|x — xyl

Potential of point charge in vacuum:

ve 9

4meyr

Potential of test charge in a plasma:

ve 9

— e_r/)LD
ATy

Electromagnetic interaction limited in the Debye
radius

Zebo Tang
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Debye Screening of Strong Interaction in QGP

Strong interaction between heavy quark and its

antiquark is reduced in the deconfined medium due
Vacuum @ to the surrounding free quarks and gluons
V(ir)=0r1— = Bound state will be dissociated into open heavy flavor

hadrons when the Debye radius is smaller than the
size of the bound state

Suppression of quarkonium in relativistic heavy ion
collisions should provide a “smoking-gun” signature
of QGP formation

QGP

QUESTION:
A‘“ Will light hadrons such as
% (1— ey m g ¢ have the same effect?

I. Matsui, H. Satz, PLB174, 416 (1986)
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M. He, H. van Hees and R. Rapp, PPNP130, 104020 (2023)

Quarkonium may absorb a gluon or interact with partons in QGP and dissociated

Dissociation rate depends also on QGP temperature, binding energy of quarkonium etc
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Quarkonium Suppression: QGP Thermometer

Plasma thermometer

’ T/T, 1/
Xp P c {r}
T(15)
> E| w@P)

J/p(15)

#x(1P)

Debye radius is inversely proportional to the temperature of QGP

Different quarkonium states dissociate at different temperatures
- Sequential melting

By measuring sequential melting, one get some information of QGP temperature

Zebo Tang Hard Probes 2024, Student Lectures, 22 Sept 2024, Japan
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Quarkonium Reconstruction

QUESTION:
Why the dilepton decay
branching ratios are different?

J/Y > ete orutu” Branching ratio ~ 6%

Y(2S) » ete” orutu~  Branchingratio~ 0.8%

Y(2S) » J/Yyrtn~ Branching ratio ~ 35% 35% X 6% = 2.1%
Y(1S) »eTe orutu” Branching ratio ~ 2.4%
Y(2S) - ete  orutu” Branching ratio ~ 1.9%

Y(3S) »ete orutu” Branching ratio ™~ 2.2%

Typically need 1 million p+p events to reconstruct one J/y
Much less for other quarkonium states

Good trigger and PID detectors are crucial
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Electrons identified by
dE/dx in TPC

Counts per 40 MeV/c?

Counts per 40 MeV/c?

o
&)

15

| %10°
= Pb—Pb, \JSNN =5.02 TeV
Centrality 0-5%, |y|<0.9 _
Jhy = e'e, P> 0.15 GeVic
B Opposite-sign distribution
B e Same event
- —— Mixed events
1
T T 1
x10° Ny, = 33707 + 2154
r Signal J
I ata 1N, = 0.91
I —Fit
10 [ —— Residual background n
5
O e T T

22 ubt MB triggered
105 pbt 0-10% central

-

" UALcE |

e*e” at mid-rapidity
uru at forward rapidity

ALICE, JHEPO2, 066 (2024)

756 ubt putu trigger

Hadrons suppressed by
absorbers (10+7.2 A))

Counts per 25 MeV/c?

Counts per 25 MeV/c?

0.1

T T
x10° —
i Centrality 0-20% , 25 <y <4
Jy = ptn, 1< p, < 2 GeV/c
— =
:><1O NW=182596i1927 ]
- WM, =155 .

L
m,., (GeV/c?)
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200 AGeV 0O+U collisions

0.1 GeV/c
o
Y
T 71T
© |
(3

dN/dM (events / 0.1 GeV/c?)
dN/dM (events / 0.1 GeV/c?)

5
M (Gev/ch)

NA38, PLB220, 471 (1989)

Figure 1: First observation of the J/1 suppression effect in O(200 AGeV)-U collisions

experiment at CLRIN-0FS. VWhen comparing the mvariant-mass spectruin of muon pair:

peripheral collisions (characterized by a small transverse energy Ep < 34 GeV; left panel
central collisions (at high transverse energy, Ep > 85 GeV; right panel), a reduction of t
over the Drell-Yan continuum is apparent (from [8]).

5
u% :
= gg - * Pp.pd
o7 b ° p-C Al Cu, W

06t °© p-Cu, W, U
o5 | ™ 0-Cu0-U5U

[}4 vl Ll Ll Lol L 1 uul L
1 10 10° 10° 10*

AB
But observed also in p+A collisions

Explained by Cold Nuclear Matter
(CNM effects)
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i’ &0 A A5 Gav/e)A (A = pd) (NAST)
& s0f % p(200 Gev/ch-A (A = W) (NAZS)
- . B Ts(33 x 200 Gev/e) - U (NASE)

:E Jip._“ & ™ph{208 x 158" Gev/z) — Pb (NASD).

| 40 + T,

ﬁ H‘"x
% 30 QGP
~
N effect
kg CNM
S
5 20 effects
m
10—

9 -

5 =

T 78 oS8

L (fm)

Beyond normal suppression
observed in Pb+Pb
“Anomalous” suppression

Measured / Expected JAY suppression
o
|

NA50, PLB 477,28 (2000)
+S+U Pb+Pb

OO0 & H > ¢

Hit
%

for

00
p(450 GeV/c)-p,d (NAS1) i .
(450 GeV/c)-A (A=C,ALCU,W) (NA3R) & %
25£32x200 GeV/e)-U (NA3E) i
28 ph(208x 158 GeV/c)-Pb (NASO) 1996
% Ph(208x 158 GeV/c)-Ph (NASO) 1996 with Minimum Bias
b (208x 158 GeV/c)-Ph (NASO) 1998 with Minimum Bias

0.5 l L.5 2 2.5 3 3.5
£ (GeV/fm)

gluons. Therefore, we must conclude that the J /i
suppression pattern observed i our data provides
significant evidence for deconfinement of quarks and

gluons 1 the PD-PD collisions probed by NASO.
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Suppression at RHIC

a O Q)

14 o NA50/60,17.2 GeV, 0<y<1 dn e PHEN[X 200 GeV, |y|<0.35 i
12 e PHENIX, 200 GeV, |y|<0.35 (R PHENIX, 200 GeV, 1.2<|y|<2.2 |
| B |
< ol | Tl _
Ao LMY S T g
o6 Il To _ o 4 0 [ -
R ___El[) 1 _ L] gﬂ i | _
" : M’Mé o ] : fss T8 -
0.2} e ] g8 g . & ]
! (a) m|d rapldlty 1 (b) forward rapldlty * ¢ ]
[ v b by by by v By Lo o by Lo by by by
0 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Number of Participant N
part
J/y suppression in 200GeV Au+Au at RHIC similar as Stronger suppression at
J/y suppression in 17.2GeV Pb+Pb at SPS forward than at mid-rapidity
Despite the increase of energy by a factor of 10+
Puzzle!!
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Color Screening vs. Regeneration

Quarkonium melting in QGP Quarkonium regeneration in QGP

QGP formation is the prerequisite of both effects
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] Puzzle Solved

S L o SPSRNALUHERAB GA) | Ly 2 Z. Qu, Y. Liu, N. Xu, P. Zhuang, NPA830, 335c (2009)
~, E 0 PHENIX (pp, AuAu) E “-:D i I I l I l I | ]
(o) - :‘(SJ'I;;R(;;)]J, dAu, AuAu) ’ . o 1.025 __
10* - * ALICE Gm) 55'9 —=10* - i
~ 4 LHCb (p(g)p) c '} ] U.B; ly[|<0.35 o
10% = — NLO (MNR) /_,,,—-"""_:103 N i
- f% ] § 067 = N
02 B /,/,, o 0] 02 m :_‘ \_.‘.\. \L} :
10° - EL 0.4 Total
S 1 I initial '“E ]
10 - iz {10 0.2 Regeneratlon B
N R S 0% 00 200 300 400
10 10° 10° 10* N
Vs (GeV) P
Charm cross-section increases with energy Theoretical calculations with

regeneration can describe both

More regeneration at higher energy and in RHIC and SPS data

central collisions
In that the end?
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Quarkonium in Heavy-lon Collisions

Quarkonium production in heavy-ion collisions are the interplay of color-
screening/melting, regeneration in QGP and CNM effects

How to disentangle them?
Melting How to prob QGP with quarkonium?

Each of the effects have different
dependence on

oS * Pr
. g\é&
Regeneration 0 * energy

e quarkonium size
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Move to High p; to Study Color Screening
T rane SRR

s |y|<0.35 (7.8%)
» 1.2<y<2.2 (8.2%)

2
o
e Au-AuData |
0.2 ;______,":'bf.;:'l’l"lfitial —
I Re eneration :
0% 2 46 & 10
P, (GeV/c)
At p:>4 GeV/c, At p:>5 GeV/c,
CNM is negligible regeneration is negligible

High-p; J/w: clean probe of color screening

Very challenging measurement:
* Only < 1% of J/y are at high-p;
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STAR, PLB722, 55 (2013)

40-60% 30-40% 20-30% 10-20% 0-10% 50-100%  40-50%30-40%  20-30% 10-20% 0-10%
I I I

18F — T T T T | | —
(a) ® STAR 1 (b)
p,>5 GeV/c + STAR Cu+Cu | @ STAR, 200 GeV Au+Au, |y|<1.0, p>5 GeV/c

1.6 1
o PHENIX" (p,>0) CMS, 2.76 T
I 1 , 2.76 TeV Pb+Pb, |y|<2.4, 30>p>6.5 GeV/c
1.4 200 GeV Au+Au O STAR o IYI pl'

—— Model |, Livetal. | ]

—v Model Il, Zhao et al. | Jit i

|
x

1.2

50 100 150 200 250 300 350 O 50 100 150 200 250 300 350
N

part

Significant suppression of high-p; J/\y observed in central Au+Au collisions

“Points to the color screening feature”
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Au+Au @ 200 GeV, Inclusive J/y 1.6 (a) 0-80% STAR ;— (b) 0-20% Au+Al-J|-|\(','|3’ E%‘;ﬁ;‘{,ua
% STAR: Jiy—p*u, |y|< 0.5 1.4 u 222 TM Il: TAMU

@ Coll. dissociation, t__

[ | Systematic uncertainty 1.2 - I Coll. dissociation, t
ob PHENIX: Jly—e'e’, |y|<0.35 ffemeemmcceeeeeeme—————-
O@ STAR: Jly—e'e, ly|<1 -
y 038
Pb+Pb @ 2.76 TeV 0.6 TN
[] ALICE: Inclusive J/y, 0-40%, |y|<0.8 0.4 R ]

() CMS: Prompt J/y, 0-100%, |y|<2.4 0.2

11 | 111 | 111 | 1 : 11 1 1 1 111 11 1 11 1 111 11 1 1
10 12 14 0 2 4 6 8 10 12 14
P [GeVic] P, [GeVIc]

STAR, PLB797, 134917 (2019)

=)
N
=
m_
)

Significantly improves precision, and extends to low and higher p;

Significant suppression observed at high p;
“Providing strong evidence for the color-screening in the deconfined medium”
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S oL o SPSENALUHERABGA) 52
~ © 0 PHENIX (pp, AuAu) 3 g
- - 6> [ * STAR (pp. dAu, AuAu) . ‘3
1.0, - -+ UAL (pp) A
T : 0 2 e o
0.8 |y]<0.35 N - 4 LHCb (pg)P e % .
. ] 10° £ — NLO (MNR) t%, =10°
< | — = . 3
2067 - E -
x [ i i C—— P ]
0.4 I Total 10° & , : 2107
- In|t|al . E ’ F g
0.2~ Regeneratmn = 7] 10 ¢ R = 10
0% —Fo0 200 ~ 300 400 i e i
N 10 107 10° 10*
P Vs (GeV)
Theory predicts comparable contribution of It’s contribution should be less
color screening and regeneration in central important at lower energy but
collisions at RHIC dominant at LHC energy
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Jy R

0.8

SPS -

CNM + screening

0.6}
0.4

0.2}

®  This analysis: Au+Au, 14.6, 19.6, 27 GeV
O  Au+Au, 54.4 GeV

o  Au+tAu, 39, 62.4, 200 GeV 0-10% H
¢ Pb+Pb, 17.3, 2760, 5020 GeV

0-5%

0-20%

~ —Total (0-20%)
= -Primordial

- - Regenelation

—_—m - - - e

STAR preliminary

102\/%(G9V) 10
RHIC

CNM + screening + regeneration

Energy Dependence of J/y Suppression

NA50, PLB 477, 28 (2000)

Wei Zzhang, QM 2023

STAR, PLB 771, 13 (2017)
Kaifeng Shen, SQM 2021
ALICE, PLB 734, 314 (2014)
ALICE, PLB 849, 138451 (2024)

- LHC

Regeneration domain

Zebo Tang
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ALICE, PLB 849, 138451 (2024)

) )/ Yield at LHC

< L L D A B R R R R =) I
o 2k ALICE Data - 0 0.04 - ALICE .
| Pb-Pb, sy = 5.02 TeV Transport (R.Rapp et al.) - > | Pb-Pb, {syy=5.02 TeV .
| Inclusive J/y, |y|<0.9  [_] Transport (P.Zhuang et al.) | =S - Inclusive J/y, |y| < 0.9, 0.15<pT< 15 GeV/c .
| p,>0.15GeV/c SHMe (A.Andronic etal.) | 0.03 [ Prompt D, ly| < 0.5, p_>0 N
i e Data }
i SHMc (A.Andronic et al.) |
0.02 = L -
i e ]
I ] I K2 i
N T S 0.01f | 2
0 100 200 300 400 0-10% 30-50%
(Npart Centrality

Centrality dependence: Particle ratio:

* Increase towards central collisions * Increase of J/y yield with respect to

DO in central collisions
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Differential Measurements at ALICE

ALICE, PLB 849, 138451 (2024)

< L o et <L T T T T ! ! ' ! ! ! ! !
= 2 ALICE i < 2k | ALICE |
I Pb-Pb, |5, = 5.02 TeV ] I Pb-Pb, \s, = 5.02 TeV
Inclusive J/y | Inclusive J/y, |y| < 0.9

® 0-10%, |y| < 0.9 e (0-10%

® 020%, 25<y<4 e 30-50%

1 &H@l _____________________ R .. 1 %@ﬁ """""""""""""""""""" "

S 1 : R n
- @_'__ 4 i —— - ot
N T R T-R) T Ty T 0 s
P, (GeV/c) P, (GeV/c)
* Clear rapidity dependence at low-p; * Clear centrality dependence
* Similar suppression at high-p- * Opposite at low and high p- region

2.5.1 Study of the charmonium ground state: |evidence Ifor the (re)generation and demonstration of
decanﬁnement|at LHC energies

*Jet quenching might play an import role at high p;

Zebo Tang Hard Probes 2024, Student Lectures, 22 Sept 2024, Japan 60



Quarkonium Suppression: QGP Thermometer

Plasma thermometer

’ T/T, 1/
Xp P c {r}
T(15)
> E| w@P)

J/p(15)

#x(1P)

Debye radius is inversely proportional to the temperature of QGP

Different quarkonium states dissociate at different temperature
- Sequential melting

By measuring sequential melting, one get some information of QGP temperature
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30-60% 10-30% 0-10% 0-60 %
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12 p_ <30Gev/c CMS B L M ety
[ _lyI<24 T i
1T y """""""""""""""""""""""""" E'-:—J_—O(?;S;o— [ STAR ® Y(1S)
: @ Y(1S) (2015 PbPb/pp)T i 0.8 a Y(2S)
0.8 -+ - - :
< I & Y(2S) T : > 3 Y(3S) (95% C.L.) | |
< _ & Y
T o6 Y(38) -+ - I ]
0.4} s .
0.4 (] +5 ' ¢’+ | _
- @ ® ™ I ] +
0.2 . I _‘ 0.2 R HTL] i l :
- ® - I = [ N UNcCEriAINtY f |
0_ IIIIlJlJIIlllI!JII:.J:Il | I I lml:ll Il I 1 IEI‘:II | 1 lcl‘nll T m i 0 . - . A . A .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 35
Newd  CMS, PRL133, 022302 (2024) Noart  STAR PRL130, 112301 (2023)
Precise measurement of “sequential First observation of “sequential
melting” at LHC melting” at RHIC
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1.2

om STAR Au+Au 200 GeV, |y <1 U I 1S .
O CMS Ph+Pb 5.02 TeV, |y| < 2.4 PSI On( )
I‘Tﬁ- ........................................... ° Strong Suppression’ and Similar at RHIC and LHC
S0.8HOIEN . . . . '
= " v B - Arises mainly from the suppression of excited states feed
S ‘-‘-’Q@‘ N down to Upsilon(1S) and CNM effects
aal ~— | -2 Primordial Upsilon(1S) not significantly suppressed
N5 tncertainty
12 Trnl:lspor(:Mode'LI 200 GeV [15.02 TeV
" OQS+pNRQCD | 200GeV | 5.02TeV Upsil on(ZS)'
l legapecccsssscesscasssesensssssssssssnersrssssnssssssasasssasave Sl .
3 CMS Y(2S) (95% C.L. aane . . . . . .
sl B - ’ * Hints of less suppression at RHIC in peripheral collisions
E{Jl 08 _L],ET * ,
; H}i i .
04 N N
02} BRa + # QGP is formed, and its temperature is high enough to melt
o e—=BJ| excited bottomonium states!!!
0 50 100 150 200 250 300 350 400
Noat  STAR, PRL130, 112301 (2023)
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i ® STARZr+Zr & Ru+Ru, |y| < 1.0, 200 GeV B ph i e A
g 1.4 | 4 NASOpsW 27 Gev |
'_:‘5: | B ALICEPb+Pb,25<y<4,5.02 TeV N HERA-B p+W 42 GeV |
=
_g 12k | PHENIX d+Au 200 GeV |
- 4 NA50 Pb+Pb, 0 <y <1, 17.3 GeV eur 200 GRY
g — -
=
©
-~
[
~ 08" ol T —
2 ' + A
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o 06
= + L _
S
7 0.4 + - * .
> - |
: t 44
= 02 STAR .} — ]
0 L | 1 1 1 1 1
10 10°
<Npart>

Yan Wang, Quark Matter 2023

* Clearly stronger suppression for y(2S) than J/y from SPS to LHC

« "Sequential melting” in charm sector

* More data is needed to investigate collision energy dependence

Zebo Tang
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Summary of Quarkonium

Quarkonium is an unique probe of QGP due to its large binding energy
Systematic experimental investigations provide strong evidence of

* Color screening in the deconfined medium

* And sequential melting (binding-energy-dependent suppression)

* Regeneration (coalescence) in the deconfined medium
=>» All consistent with the formation of QGP

=>» Can be (Have been) used to extract QGP properties with precise data and theory

Deep understanding the inner-working of QGP and quarkonium production mechanism in
QGP requires further investigations
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Plenary Talks

It is recommended to go to the following talks for latest developments and future plans

Wed 25/09
14:00 Open Heavy Flavor: Theory Dr Weiyao Ke
Convention Hall 1 14:00 - 14:25
Open Heavy Flavor: Experiment Jing Wang
Convention Hall 1 14:25 - 14:50
Thanks for
Quarkonia Theory: From Open Quantum System to Classical Transport Xiaojun Yao
1500 convention Hall 1 14:50 - 15:15 your
Quarkonia: Experiment Cristiane Jahnke
Convention Hall 1 15:15 - 15:40 atte N t|O n '
Coffee Break
16:00 15:40 - 16:10
Fri 27/09
Conference Highlight: Heavy flavors Lijuan Ruan
Convention Hall 1 11:35 - 11:55
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Radial Flow of D-meson

2
Mass (GeV/c?)

o
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Z ® I1]
E 8
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=T )
a
_ _ _ _ p.  E
o o = o
= = ﬂ:m =
(AeD) "L
}}}m
> SI2 =
G%WWWW ot B e
2 ey TP
===
o o~ o= WD
I O @&« 0O B <
S
7 =
=
<
+
=
<

exponential

DO follow the trend of
strange particles

Courtesy of Nu Xu
Charm should have blue shift

if it has enough interactions
with the expanding medium

68

Non-zero slop, but smaller

than light flavor

Teff X Tthermar + M X <VT>2
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2

1

T

T

dENf(Nﬂznp dp.dy) (GeV/c)®
C?

3

* Kinetic freezeout parameters can be extracted with (Tsallis) Blast-Wave model

Au+Au I.ES—NN =200 GeV
o0 0-10% 0.3
® 10-20% (/2) I
0 20-40% (/4) S
m 40-60% (/8) ® ool
o 60-80% (/16) e
=
o s L
= |—I
= o 0.1
x )
II
T = -
| | | | | | | | | 0 | | | | | | ] | | ] | |
2 4 6 8 10 0 01 02 03 04 05 06
Py (GeVic) B (©)

* DO has similar parameters as strange particles

Zebo Tang
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) Directed Flow of D°

S. Chatterjee and P. Bozek,

X Au+Au \5,,,=200 GeV, 10-80% ALICE, PRL125, 022301 (2020)
PRL 120, 192301 (2018) o] -
y = i ,
a) E %10- '@"9 """"" Qo 0.5 Pb-Pb, |5,y =5.02TeV ~ © VR)
= L e v,(D)
0.05 R — # $ )
o ol ___L_______ $ _________________ _
TTT $ 5
STAR =~ _ E I l
T T - : T : : T T] @ D" +D" (uc +uc) B $ 400
4t — (@) - ~0.05F 0 K +K'(Us+us) I 10=40gs
B (D, D) Hydro Model:(D° + E) o5l 3<p, < S(Ge‘v:ﬁc] |
2r E - — Hydro+EM (Chatterjee etal.) —— AMPT - otieeodouneanesed
B BA—Ap . STAR  _ n
OF o ] b) m D°- D (tc- uc)
_2F Au+Au 200 GeV 0.05 o K-K (Us -us)

* Huge v, slop of D-

. charged particles
- A STAR

~ S meson is observed
_g [ ¥ Hydro eD,D Z <
. _
005 M?fj.?l:(el?\: (3;2 t. al) * Need much more
1 1 1Fi —— Hydro+EM (Ch i .al . 4
Charm should gain significant L ard ( at:.)e”eee‘a’ofs % statistics to prob early
directed flow if it has enough Rapidity (y) electromagnetic field
interactions with the tilted medium STAR: PRL123, 162301 (2019)
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STAR, PRL
118, 212301
(2017)

0.3
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T 10-40%

15 2
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ALCE F 4D,

&0 30F
@.O'SOE Php 5 Tali i § p []Syst. from data
~0.25F b-Pb, ys = 5.02 Te _:’ + [ Syst. from B feed-down ]

0.20F T ;:ﬂ 3

N 153_ 2%, D

0.10F -+ mﬂ # #

0.05 !

0_00 _h____ __________
-0. o5§ CentrahtyO 10/ $ T+ Centrality 30-50% {
= ; 4;-:::4}::::};:::}::::}::::}::::}:H:}:;
® 0.30F o Prompt D’ D D average, \y|<0 8 T v,{SP.|An|>2} JHEP 1809 (2019) 006
500_25:_ v, {SP, |Aq|>0-g} + ¢ 1, |y[<0.5 A

o= Jly, 2.5<y<4 F o+ p, [y|<0.5 ]
0.20F v, {SP, |An|>1} arXiv:2005.14518 -+ -

0.15F = .

0.10F ;“+ —:—‘f\;# E =

- ‘ - L -
E S e ThHL T ' ]
0.05[+# ? é 4** B g"# ﬁ =
f ' E + '¢ ]

0.00 1 N

~0.05f + .
T T T I B

30
P, (GeV/c)

5 10 15 20 25

Significant v, and v, observed for D°-meson
* Mass ordering at low p; — hydrodynamics behavior

* Follow mesons’ flow at intermediated p;

vl ll]
25 30 35
pT(GeV/c}

— quark coalescence

QUESTION:
. Why large
flow at high
PT?

ALICE, PLB813,
136054 (2021)

Zebo Tang
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| Tntal -
Inltlaliz"i‘ i

0.2 Regeneratlnn

00 oo 200 300 400

N,

Theory predicts comparable contribution of
color screening and regeneration in central
collisions at RHIC

May study via azimuthal anisotropy
(elliptic flow)

If charm quark have elliptic flow,
regenerated J/y should inherit it
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STAR, PRL118, 212301 (2017)

STAR, PRL 111, 052301 (2013)

~ 03 eD° oA  STARAu+Au |s, = 200 GeV
~ - AT oK L _10-40%
) ™ —
-— n o) —_
n o N
= - Oogo O ]
5 oo 53
< ==E”"§F g ' - 5o
8_ 0.1 — gggca $“ 0.1 = initially produced [31]
-g - s e T L — coalescence from thermalized cT [32]
K%) B ggggf = = initial + coalescence [33]
é 0 s a) 0.2 — . — initial + coalescence [34]
- ) hydrodyrramic [35] | |
- I I I , I I I 1 | | | | 1 | 1 1 1 1 1 | |
0 1 2 3 4 5 6 2 4 6 8 10
p_ (GeV/c) p, (GeVic)

Significant elliptic flow for D mesons =2 thermalization of charm quark

] Elliptic Flow J/yv Mesons at RHIC

At p:>2 GeV/c, J/y elliptic flow consistent with O
— Disfavor the case of dominantly produced by thermalized charm quarks coalescence
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J/vy Elliptic Flow at LHC

0.20 | Pb + Pb, = 5.02 TeV, 20%-40%, Jly 25<y<4 | LICE, JHEP10, 141 (2021)
= ALICE
[ g2 inclusive [with SMCs] ]
0.15} [ Jinclusive [without SMCs]]  /ransport model:
[ [ 1Ref. [20] 1 X DuandR. Rapp, NPA943, 147 (2015)

M. He, B. Wu and R. Rapp, PRL128,

= 0101 162301 (2022)

0.05 |

0.00!

pr (GeV)

 Significant J/y v, observed at forward-rapidity (via dimuon trigger)
* Primordial only can not explain the large v, = (Re)generation

* Therole of jet fragmentation at high p;?
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0l Radiative
0.15+ |
AE
E o1l ;
! Collisional
0051 [
!
‘ CHARM
0+t | | | | | |
0 5 10 15 20 25 30
p [GeV]
0.3+ E=10GeV 7

0.2

0.1+

.- Radiative

CHARM

2 4 6
L[fm]

c—quark

‘ P=10 GeV
| \ radiat —_T=04 GeV

.....

M. Djordjevic, PRC74, 064907 (2006)

Elastic collision:

* Dominant at low-p;

* Proportional to L

 Not aways energy “loss”

* Responsible for heavy
quark collectivity

Inelastic collision:

* More important at high-p;

* Proportional to L?

* Main contributor of energy
loss (jet quenching)

Both have much less effect on bottom than charm

Zebo Tang
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2010+2011

820M events

w/o HFT

2014
900M events
w/ HFT

Counts (x 10°%)

Counts (per 10 MeV/c?)

DO Signal with Topological Cuts
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2010+2011
820M events
w/o HFT

2014
900M events
w/ HFT

—_ | T I T T 9
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S/B improved by O(10%) ALICE, JHEPO1, 174 (2022)
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lll

CMS, prompt D7, |yl<1.0, 30-50%, PbPb 5.02 TeV

L = CMS, non-prompt 07, |y|<1.0, 30-50%, PbPh 5.02 TeV

$ ____ T T T T T R
s 04 ALICE y| < 0.87]
= 30-50% Pb-Pb, |, = 5.02 TeV ]
(n,.)" 0.3 * Non-prompt D’
= [ Prompt D°, D*, D** average
> (PLB 813 (2021) 136054) 1
0.2 ¥t [ ]Syst. from data +
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0.1~ % {% \‘3}3‘ ﬁ.@ 1# % N
00FFFLt———t b ——
Ll |
1 10

P, (GeV/e) 1 10

P, (GeV/c)

* Significant flow of D from B decay
* Much smaller than prompt D
* Different degree of thermalization of charm and bottom

o
w

o
N

v, {SP, |An|>0.9}

o
o

0.0

Collectivity of Bottom

T
ALICE y| <0.8
30-50% Pb-Pb, (5, = 5.02 TeV

e  Non-prompt D’
[ ] Syst. from data
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