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Soft Probes: Near Perfect Fluid

Specific Shear Viscosity
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Open Questions

« What are the properties of QGP?
 How does the hydrodynamization happen and how QGP is created?

 How does hadronization happen in low and high parton density environment?
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Goal: Answers with Hard Probes

» \What are the properties of QGP?

Extract QGP properties from slow (diffusion) and fast moving hard probes
(energy loss / elastic scatterings)

 How does the hydrodynamization happen and how QGP is created?

Start from probes that are far from hydrodynamization
Excite QGP medium response and see how it evolves

 How does hadronization happen in low and high parton density environment?

Study how heavy quarks and jets hadronize
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How many cc¢ and bb are produced in 0-5% A+A?

Estimation with pp and pA total cross-section
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~ 15 pairs of c¢ in 0-5% AuAu at 0.2 TeV ~ 0.1 pairs of_bE In 0-5% AuAu at 0.2 TeV
~ 210 pairs of c¢ in 0-5% PbPb at 5 TeV ~ 6 pairs of bb in central PbPb at 5 TeV
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Jet and Heavy Flavor Meson Production in pp

Jet
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Jets and heavy flavor meson p+; spectra can be described by pQCD calculations
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Initial Production Nuclear PDF with D% R 5,
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https://arxiv.org/abs/1707.02750
https://arxiv.org/abs/1707.02750

Initial Production Nuclear PDF with D% R 5,
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DO significantly suppressed in forward rapidity

in pPb, sensitive to low x parton from Pb
« Can be described by Nuclear PDF

* Nucleons in ions have different PDF from

free protons

Low x gluons are strongly suppressed in heavy ion!
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Initial Production Nuclear PDF with D% R 5,

§3_|+' | ILI!ICbI ItID*LI . 14 * Lead © D _11"-‘ 14 &
' promp A nNNPDF3.0 (no LHCh D) al |
- i ——&—— LHCb prompt D} LHCb N r nNNPDF3.0 ii5 5
-~ —=%— LHCb prompt D’ pPb (s=5.02TeV] _ )
- X EPPS16 D* 1 Fuwo ; A 10 _ 1.0 \
L [ nCTEQI5 D' P <10GeVie 1 7 b 5 |l
- EPPS16 D} . | '
[ 1 nCTEQI5 D iigﬁ éé i 0.61 0.6- \1 0.61
7] Lt d Q = 10.0 GeV ] l; d vl @
LHCb JHEP 01 (2024) 070 N ' — :"(Il ' ' y
- 1.2 S 1.2 ‘ 1.2 '
___________________________________________________ . %:\ 1.0 = g \/// 1.0 // \
T R N [N |
- 0.6F 0.6 0.6F
T 10° 107 107 107 102 10T 1 107 100 10F 107 102 10T 1 107 10—° 1077 10 102 107 1
2 4 |
y*
Significant hadronization effect may present in Strong constraints on gluon PDF at low x from LHCb D9
the experimental data and CMS dijet at intermediate to high x in pPb collisions in

NNPDF3.0 (shown), EPPS21 and nCTEQ25
Backward region R p,: (high x region)

D, > DY 2 D*

nPDF analyzers needs to proceed with caution!

N -
I I I I I Yen-Jie Lee (MIT) Overview of Experimental Results on HF Probes from LHC 9

) COLLABOR, C



Photonuclear D° Production in PbPb UPC

* First photonuclear production of D° in PbPb UPCs
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Life of a Heavy Quark in HIC

Produced early

%0

c quark

Interact with medium

\
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Initial production

differently from light quark
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calculable by pQCD % 0 »

Jing Wang
Yen-Jie Lee, Andre S. Yoon and Wit Busza
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Transport can be described by

Fokker Planck

Relativistic heavy-ion collisions

® Mesons

Fragmentationtoc /Db
hadrons and decay
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Quark Mass Dependence of the Hadron Suppression

CUJET3.0 0-60% 5.02 TeV PbPb
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D? Raa Understanding the Shape

Good agreement between experiments at ,
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« Suppression at low py
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04 L | creating a “flow bump”
0oL 1 Jet quenching:
| Cort 010% 1 ° Collisional (in the intermediate p;) and
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JHEP 01 (2022) 174 PLB 782 (2018) 474
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Beauty Ry, In 0-10% PbPb at 5 TeV

* Precise measurement of beauty suppression
and p from b decay

from non-prompt J/y,
in 0-10% PbPb

* R\, results are close to each other at high p+
and p carry different

(although J/y,
fraction of beauty momentum)

« Some difference between non-prompt J/y
, to be followed up with

from ATLAS and
Run 3+4 data
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Beauty vs. Charm Rua
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» Significance mass dependence at low p; and disappearance at high p+
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RAA

Color Charge Dependence of Energy Loss
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Comparison between quark-enriched jets
and inclusive (quark & gluon) jets

Raa larger for b-jets: smaller b-jet
suppression as compared to inclusive jets
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Double ratios show that b-jets are about 20% less
suppressed than inclusive jet in central collisions

Gluons lose more energy than (beauty-) quarks
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Heavy Quark (Charm and Beauty) Diffusion
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Charm quark “at birth”

A and B are transport coefficients

T
mqA(p = 0)

>
Particle Momentum D, =

« Since the QGP is expanding radially, QCD force (like ‘wind’)
increases the azimuthal anisotropy (v,) of the charm quarks in the QGP bath!!
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Heavy Quark (Charm and Beauty

————————

27t dN =
Nap =17 Y | 20ufcos[n(p — ¥,)]

n=1

Charged hadrons

Charm quark

0 after passing QGP

Charm quark “at birth”

>
Particle Momentum

« Since the QGP is expanding radially, QCD force (like ‘wind’)
increases the azimuthal anisotropy (v,) of the charm quarks in the QGP bath!!
« Hadronization effect could change the v, of the heavy flavor hadron further

m
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DYv, vs. Charged Hadron v,
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DOv, vs. Charged Hadron v,: Degree of Charm Hydrodynamization

03 T I 1 T T T T T | 03 | ' ' R ' ' ot i
I ) Prompt D° (CMS) PbPb 5.02 TeV 30-50% |y <1 -
Prompt D° (CMS) PbPb 5.02 TeV 10-30% |y| < 1 1 o925 o (ALICE) PoPb 5.02 TeV 30-40% ly| < 0.5 -
0.25 [~ o 11* (ALICE) PbPb 5.02 TeV 10-20% |y| < 0.5 - 49 [ @ Prompt D’ (ALICE) PbPb 5.36 TeV/ 30-50% ly| < 0.8 ]
. ] . * i
i i _ * ® ~78R0 ]
0.2F 1 02p . 5% -
i ] R Py ’
0.15] " . § ~85% 1 045[" + < @ -
~QEO0 A5 1 UL i
- 95 /0 o - _._'.' -“ 1 S i - : .
- . : ]
0.1 Ee- i ] 0.1kF if._ D’ 7
i g i —e— 1 ]
- —o— i . _:__4_ E
0.05F ——%- 3 0.05F° t E
= ] 0F _ENoO .
0-10%  °F 10-30% 1 % 30-50% :
1 | | 1 1 1 | | I 1 1 | 1 | 1 1 L1 1 | | | 1 1 1
1 10 1 10
o, (GeV/c) o (GeV/c)
:: ge:(t)gl ",S,!,‘S‘;’,% (10_-330?%; ::Sn ET:ﬂEOJfJS (clng;)to LA - Indication that D9 is closer to
- o, X V, ISV 2\~ (] . . . 0 0
(not shown, if average 0-5% and 5-10% Tr* resullts) hydrodynamization in 0-10% than 30-50%!
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Charm Hadron v, in PbPb at 5.36 TeV

g 04011 . All measured charm hadrons exhibit flow.
N - ALICE Preliminary .
SO0 b pp Sy = 5.36 TeV, 30-50% E
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- % Prompt A; ® Prompt D° Al D’ -
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Charm Quark v, vs. Light Flavor v,

0.607 nb™ (PbPb 5.02 TeV)
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Slope: 1.00 £ 0.06 (stat) + 0.04 (sys)
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Low &, = Small v,

High ¢, - Large v,
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Do charm quarks develop elliptic flow (v2)
through interactions with the light partons in the
QGP?

Vary initial eccentricity by Event Shape
Engineering q, while keeping the same
centrality

« DY v, significantly increases with g,

* Linear correlation between D° v, and light
hadron v,

» Slope is consistent with 1

 This shows D? v, is driven by initial shape,
similar to light flavors




Charm Quark v, vs. Light Flavor v,

0.607 nb™”" (PbPb 5.02 TeV)

3-CMS Preliminary ~ Cent: 20-30%
- b <1 2<p_<4GeVic
2.5t
L Slope: 1.00 £ 0.06 (stat) £ 0.04 (sys)
o :_ Intercept: -0.03 £ 0.06 (stat) = 0.04 (sys)
D 150
> I
;\l | Lowe, - Smallv, o—
O 5:_ High ¢, - Large v,
Or
_0'5__IIIIIIII|III|III|III|III|III|III
0 02040608 1 12141618 2
vo/(v,) ()

DO v, is driven by initial shape,
similar to light flavors at low p+

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

Insensitive to the
underlying mechanism!!!

Collisional Radiative

0_3 T T T T T T T T T T

[ = Prompt D° (CMS) PbPb 5.02 TeV 30-50% |y| < 1

[ ® 7 (ALICE) PbPb 5.02 TeV/30-40% |y| < 0.5

0.25 [~ e Prompt D (ALICE) PbPb 5.36 TeV 30-50% |y| < 0.8

i * L/
02F ‘--K
i --- e
0.15 + <4
= i - -’-

01F Lo

|
+
_++
{#‘%

0.05F

IIIIlIIIIlIlIIJIlIlIIIIJIlIIIIII

1 1 IIIIIII
1 10

p; (GeV/c)
-> JHEP 09 (2018) 006 (0

-> ALICE Preliminary [)
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0.607 nb' (PbPb 5.02 TeV)

8- CMS Preliminary ~ Cent: 20-30%
-l <1 10 <p, <30 GeV/c
2.5F
L Slope: 1.13 £ 0.27 (stat) + 0.34 (sys)
5 - Intercept: -0.15 + 0.29 (stat) + 0.32 (sys)
D 150 ¢
Sk
< 1-
> L
0.5F
OF
_0'5;III|\I|III‘III‘III|\II|II‘III‘II\'\II
0 0.2 1416 1.8 2

040608 1 1.2
v/(v,) ()

Also true at high p+, regardless of
the underlying mechanism
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Collective Flow: Charm vs Beauty

-0.05 }

0.25}

Significant open beauty flow signal!

- _
Charm = Prompt D° (CMs) 1030% yi<1 1 * Smaller v, than charm hadrons at low py
Beauty * (b—)D° (CMS) 10-30% lyl <1 1+ Weaker collective flow behavior

¢ (b—) Jp (CMS) 10-60% lyl <2.4 1
# (b—) W (ATLAS) 10-20% Inl<2 o
PbPD (5.02 TeV) - —>Beauty remembers more about their initial
4 state (v,=0) than charm due to the expected
- Charm 1 longer relaxation time
&l ) N
; He i1 1 Important input to diffusion constant
= Ll -
_________________________________________________________ .1 However, there are significant uncertainties
eaut% E}j 1 associated with hadronization that translate
A 1 charm and beauty quark spectra to hadron
10
0. (GeV/c) spectra
JHEP 10 (2023) 115 PLB 807 (2020) 135595
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Experimental and Theoretical Extraction

Experimentally, we usually use two particle correlation,

cumulant or scalar product method to extract v,{2} * the eventj)by-event mean
v2{2}2 S 17% — 032 + 9, Vg = (Vs ),
e the variance
It has been shown experimentally feasible to extract v,{4} o s/ (Dyoy =9
- - L 0y = ((v2)%) — V3.
using four particle correlation:
vo{d}’ ~ v; — oL, Vs
Theoretical calculations usually extract directly the U,
fug) = <cos 2(¢p — lIfgﬂ;,P)> o . :
particles in event 1 Vs
g

U2

Not apple to apple comparison!
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Prompt D° v{2} vs. v2{4}

PbPb 0.58 nG' (5.02 TeV)
L R B I

CMS Pbe058nb (5.02 TeV) cems
L T L L L L L ' 0'2__ Calculation for prompt D° ;i
0'2__ Calculation for prompt D° I Prompt DO + DO lv] <1 __ I v,{2}, Coll. E-loss (Langevin) v,{2}, Rad. E-loss _
] . V2{2}, Coll. E-loss (Langevin) T y E I:l Syst. o 1,2} ] B v,{4}, Coll. E-loss (Langevin) v,{4}, Rad. E-loss ]
N R v,{4}, Coll. E-loss (Langevin) L . ﬂ— 2 0.15— [ Syst. —
0.15~ v,{2}, Rad. E-loss T r i
o R . v.{4}, Rad. E-loss X o B ]
> - 1T > : P :
04 A7 . - 0.1~ ' -
—A_ EE% | :- B Prompt D® + D° '—$— i
0.05/— 10-30% g:— : - —6— v,{2} | <1 -
F PR (NSNS SN TN NN TR TR NN AT TN N S NN TN SN TN ST TN TN SO N S R S N T ! PR 005_ | | | - v2|{4} 2 ) pT ) 8 Ge\I/ | N
—_ —e— Prompt D° + D° _ ] - Calculation for plrorlnplt 0 ]
gc_{l 1.2 —o— Charged particles —_— ggg E-llgssz (Langevin) ; . 1—_ — Coll. E-loss (Langevin) —— Rad. E-loss |
S frmrrrrrrrrrrre—— e T e et ra et 2 Y _ —$—' 4
— — - ~ = i
? ..... z s H— u_l T E — _ﬂ/g\ _
> ﬁ $ . Iy | _ i
....... E = - —e— Prompt D° +D° ]
""""""" 10' : '12' : '14' : 0.6 —4— Charged particles ]
GeV R LA .

pT ( ) 0 10 20 30 40 50 60

Centrality (%)

Multiparticle correlation measurement with D? is possible at LHC!
Sensitive to DO flow fluctuation and suppression of nonflow contribution.

v,{2} and v,{4} can differ by up to 30-40%! Phys. Rev. Lett. 129 (2022) 022001

Similar or slightly larger than that in light flavor
Hinting significant contribution from flow fluctuation in v2{2}! (and possibly residual nonflow)
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http://dx.doi.org/10.1103/PhysRevLett.129.022001

Heavy Flavor Hadron v, in pPb

CMS pPb 186 nb™" (8.16 TeV | S
— T T T T ] —— 11— 1713 Athigh multiplicity, significant prompt D°
0.3~ l,l<1 CGC (Zhangetal) —  gnd J/y v, were observed (with nonflow
O Kg ® Prompt D’ - - - Prompt D’ i Subtraction)
- <& A M D°from b hadrons -~ Prompt J/y N
i — D’ from B i
02— 12<1y,,l <24 PmETESE L 3 Charm diffusion in pPb?
- [ & PromptJiy ¥ w N |
> i i
X i ¢ | The v, values are sizable (as large as 0.09)
*-5_ | and remain non-zero up to high p; (p;~ 8
® - o - |
ﬁ#’ 1 GeV)
........................................... | -ls this pathlength dependent parton
185 < N2 < 250 1 energy loss?
| | | | | | | | | | 1 | | | ] |
0 1 2 3 4 5 6 7 8
p_ (GeV) High multiplicity selection:
T What kind of events are we studying?
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Charged Hadron v, in pPb and PbPDb

pPb 186 nb (8.16 TeV) PbPb 0.60 nb' (5.02 TeV)
IlllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

~—
N 2__ . ]
“>c'<10- ~ CMS 185 < Nofine < o509
0.15_— —
2/ i e © i
0.1 ® * b _
) [0 = 4.] $ % \:‘
/ [ -
0.05 —
y | /2 C. h<24 oPb 8.16 TeV -
/‘E PbPb 5.02 TeV :
0'...|...|...|...|...|...|...|...|...|.'
Sizable differences at o 2 4 6 8 10 12 14 16 18
low pr pT(GeV)

=>Point to very different initial eccentricity from a hydro picture

* High p; v, highly depends on the analysis method
« May not be explained by simply pathlength dependence of parton energy loss

H I
I I I I I Yen-Jie Lee (MIT)
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suppression
of non-flow

Same v2{4} in pPb
and PbPDb collisions
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Beyond v,: Heavy Flavor Muon Angular Correlation

§ i S'ame'-sigr'1 pairs ' ATLAS
S  Pb+Pb5.02TeV,1.94nb’ P >5GeV
0.2 0-10% .
0.18
0.16
| | |
§: | Same-sign pairs | l
QO | pp5.02TeV,0.26fb"
0.4+
0.2
r.l L A | L : L | N L N | .-I
0 2 4
A¢

Yen-Jie Lee (MIT)

© | arLas’ " Allpairs
- Pb+Pb5.02TeV,1.94nb" p. >5GeV  _
| pp 5.02 TeV, 0.26 fb /
"_.O_ — ~ r—— > —r— > — &._C_._.o..l_“
0.5 |
] o o (Pb+Pb) ]
i — - * POWHEG bb+ct |
L ® o (pp) o
2 | N N | . 2 | N L
% 20 20 60 80

Centrality [%)]

Strong suppression of HF muon in PoPb has been observed
u+u angular correlation: An attempt to study charm diffusion with
respect to another hard probe (axis)!

No significant modification of the width in the two HF-muon
correlation function was observed
- Competing effect from jet selection bias?

Overview of Experimental Results on HF Probes from LHC
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Beyond v,: Direct Detection of Charm Diffusion

PRL 125 (2020) 102001 Jet

Charm quark

* Indication of charm diffusion
with low p; D?, but not yet

significant
 High p; D% small or no
modification
pp
PbPb

g

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

PbPb
PP

Generator
PP
o :
o (8] —_ (@)

—
no <

—

—

Low p; D°
27.4 pb'(5.02 TeV pp) + 404 ub' (5.02 TeV PbPb)
LA DL D IR AL BN

. CMS 4<p$<20 GeV/c |
" D° + jet vl <2 |
||o’T |>60GeVic |

M <1.6 3

]
E . Pbe :....-.......-...............-.H.E
- ® pp CCNU ]
B =« PbPb T

+ PYTHIA o o (SHERPA)

= A I | - =
- ...CCNU + -
- —_ | S SR E
R :
= | # PYTHIA =
i=¢= - + :
a ¢ =
E e SHERPA E
0 0.1 0.2 . 0.3 0.4 0.

PbPb
PP

Generator
pp
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High p; D°
27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
L L B L B

= CMS P >20GeVic -
" pO 4 jet y’| <2 E
; ||o’T |>60GeVic ]
10:_ E |nlet|<1'6 —
= CCNU =

E ey - PbPb -
L -+ pp (SHERPA) ]

; S ey :
107 : =
= 'm PbPb : =

N pp | C
10%E PYTHIA E
- e ]

> £ -=CCNU =
1f g
15 [ | & PYTHIA 3
1 et $ i :
05 F & SHERPA ¢ :
0% 0.1 02 03 0.2 0.
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Heavy Quark Hadronization

Necessary for the interpretation of experimental data

|
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Charm Hadronization in ee, ep, pp and pPb

—~1.0

e
 Charm hadronization is already 7T

modified in pp collisions! o 0.8
SN

« Suppression of DY, D*, and D**
* Enhancement of A,
« Challenge to the “universal”

fragmentation function used in
theoretical calculations

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

0.6

0.4

0.2

A

—D—_

o ALICE, pp, Vs =5.02 TeV

= ALICE, p—Pb, m =5.02 TeV
+ B factories, e'e”, Vs = 10.5 GeV
+ LEP, e'e’, Vs = m,
« HERA, ep, DIS

o HERA, ep, PHP

Overview of Experimental Results on HF Probes from LHC

] '

| + M

B E%% tEE o | ¥

: | | | h | " :
D° D D! A




Charm Hadronization in ee, ep, pp and pPb

f(c— h,) ratios to B-factory e'e’

’-?_) 4 B | | | | | | | | | ]
e B ]
» Charm hadronization is already 1 35F —o— Mcomn "o -
- . . . o B ’ > YONN _
modified in pp collisions! ~—, | —+— LEP.ce. fs=m, | -
‘v 3 —e— HERA ep,DIS —
= - —— HERA, ep, PHP I -
« Suppression of D% D*, and D** D25F T B factories e’e” (reference) | -
(30%) 0 - -
21 ~
3 B -
y— — _
* Enhancement of A_( up to 3x) 155 f =
« Challenge to the “universal” 1"“*% """"" l ' T ] """""" * """""""" I
fragmentation function used in o5k B [ ] 3
theoretical calculations F .
0 C C>| I +| I +| I +|o | +| |

|a) | 0 < ‘N

N .
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Charm Hadron FF Ratios from ee, ep, pp to pPb

Charm hadron FF ratios to B-factory e'e’

""(3 I I T .
L 3.5 . -
T :
- —=— D | .
m2.5- B factory e'e reference ]
% B —]
- C -
— = 7
<& 20 -
o 1.5 I | | -
= ! I : .
3 ; R
1 et 3 T B RTCRLLLEEE [ TLETEE + .............................. S R S ]
- * b 4 T §
- te L B
0.5 -
0 L : { ' ' I \ | \ ]
' ' 2} o Q o
s s =& & & &
Pany o
5 booo° g 8 4
g - S
om T %
Small Large

Yen-Jie Lee (MIT)

B — % LHCb prompt D’
B [...] EPPS16 D*

N [ 1 nCTEQ15 D*
EPPS16 D]

1 nCTEQIS5 Dy
CGCl

B CGC2

—%—— LHCb prompt D*
—4&—— LHCb prompt D]

LHCD JHEP 01 (2024) 070 -

LHCb .

pPb |[5=5.02 TeV7
p.< 10 GeV/c

ey

B D+ B
] | I I | | | I I I | I I L
—4 -2 2 4
y*

The universality already broken in ee and ep?

—->What is the proper baseline?

Motivate particle ratio measurements in ee, pp
and pPb as a function of event size

Overview of Experimental Results on HF Probes from LHC
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D.*/DYand A,/B° Ratios vs. Event Size

ALICE pPb {5y = 5.02 TeV -0.96 < y* < 0.04 —— Pythia8 CR — EPOS4HQ pp PRL 132 (2024) 081901
T —— - == Pythia8 Monash === EPOS4HQ pp w/o coal :_ ___‘__ ' ' N T I E
—}- ALICE PbPb {5 532’1 V< 0.5 0.7 C T LHOb op ‘El: 13 TeV
* ({‘%\ﬁ ————r : — g 06 F PT>O 5.41b -
- B \ > 4 [ —— LHCb pPb {5y =8.16 TeV 1.8 < y* <33 o 055 + ]
vy Lot . U= = ol +_+_—}—_+_ =
o a | | LHCb Pbp {55y =8.16 TeV -4.3 < y* <-2.8 S % S +++ 4 3
> o) N b 04F F : o J
= < 038 —i- 0 B F X ++ -
L o SN % .
Ll o 0s =1 1 18 © 0-3:“;:‘+ .
E 5 y A _E;—.;—E&ﬁ: - 5 0.2 _¢__ — pp—bb + X, global uncertainty: *:: =
=8 .  la®l wecuia .—n-i—m'.'?f’:':':"""'"""‘"'-— i E ! - ) : 3
<8 4 . . 20<p, <40GeVic | 0.1F + ¢ e'e—>Z —bb e
++ Lz it} ; ettt — |- 03 * & v o 0w owm o ow 1oy o s |
dN ,/dn - 4 6
VELO,_nyVELO
Nlracks / <Ntracks NB

Larger D.*/DV ratio at high multiplicity in pPb Larger A, /B ratio at high multiplicity in pp

Can not be described by event generators Extrapolate nicely to Z pole e*e- data at low

multiplicity limit

L |s this hadronization effect or selection bias?
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Beauty Quark Hadronization in PbPDb

Parton shower

19 S b u rZ
Pt e
B0 B* .‘ : \ S \'\::‘
Parton Coalescence e ft
© O ‘
N OXole
O, 2 Ol©, 09¢°
5
@ @ @@ @ ................ « (b 5
. - 0 " -
) Ky @ ----------------- - B

In PbPDb, there are additional modifications beyond pp collisions:

+ +
B.*R,,>2B.>B
H I
I I I I I Yen-Jie Lee (MIT)
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CMS pp 5.02 TeV + PbPb 5.02 TeV

B., Cent. 0-90% B’, Cent. 0-90% -

5 15<|y|<2.4 ]
©1.3< ly| <2.3 uly|<2.4 |

+ly| <23 B2, Cent. 0-90%

- 1.5<|y[ <247
o |y[ <24

B/B? global uncertainty: + 3.2%

2|0 3|0 4I0 50 60
P (GeV/c)

PRL 128 (2022) 25, 252301
JHEP 02 (2025) 195

6 7 8910




1.4

1.2

1.0

0.8

0.6

0.4

0.2

Indication of enhanced production of D, (2.30)
iIn PbPb collisions

Charm Quark Hadronization

: —ALICE Pb—Pb, s = 5.02 TeV

- Centrality 0-10%

[——]
[ |
A, /DO

= “#, D. m -
- D %4 IR, R
: S pp!
- e
| open markers: p_-extrap. reference i 0
N 1 Lo | I I T I

1 2 3456 10 20 30
P, (GeV/c)

1.5

AUAU 5.02 TeV pp ® (ALICE) ]

1 I 1 1 1 I 1 I 1 I 1 I 1 1
[ [ [ I

200 GeV AuAu * (STAR) 10-80%
5.02 TeV PbPb ® (ALICE) 0-10% A

A (CMS) 0-10% -

X # (LHCb) 65-90% A

[ L - ALICE lyl<0.5 .

- CMS, STAR lyl<1 7]

$ﬁ¥a LHCb 2<y <45 N

i i
e
1 1 | | I 1 1 | | I | | | 1 I | 1 | | I 1 1 1 | I 1 I-| e e

0 5 10 15 20 25
p; (GeV/c)

EPJC 78 (2018) 762 JHEP 02 (2024) 066

Significant enhancement of charm baryon in AuAu
and PbPb compared to pp at intermediate p+
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Life of a Quarkonium in HIC

QQ as a bound state transport and

rimordial interact in the collision
rkonia
Recent development has moved on from the a
c quark m ¢ quark simple Debye screening picture to
Dissociation-Recombination models
N\

=y

\\
»
w--

Drawing made by Jing Wang

Yen-Jie Lee, Andre S. Yoon and Wit Busza



Life of a Quarkonium in HIC

rimordial
rkonia Dissociation model picture of Quarkonia in
heavy-ion collisions
C quark m C quark

N

% $ Dissociated

We don’t see this
JIy in final state

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



Life of a Quarkonium in HIC

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

%$ Dissociated Regeneration

- 90 o
0 ~-=>

We see dissociated
J/@ recovered in final
state

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



Charmonia in QGP Regeneration

[ —T T~ T T T T T T ] I e
140 prompt Jfy PbPb (5.02 TeV) - 1'4:_ * (STAR) AuAu 200 GeV  Inclusive Jiy -
: ] (PHENIX) AuAu 200 GeV Lowp, |
1oL © (ATLAS) 9<p;r<40GeVlyl<?2 ] 1.2 _
- ®(ALICE)1.5<p;<10GeVIyl<0.9 T I ® (ALICE) PbPb 5.02 TeV i
JLT 7 3 | VI 1 [ ﬂ h
3 H : u :
< 0.8 g - < 08 : H X -
T [ow - Pr; Tl Hﬂ LHC ]
o6f ¢ - 06 o :
- 1 R B g RHIC
0.4F ¥ - 0.4 @ .
i . U i [ STAR p; integrated, lyl <0.5 i
i O il p; integrated, ly
0.2 - hlgh - PT . ~ l | l ' 0.2 [ PHENIX p; <5 GeV, lyl <0.35 B
- . [ ALICE 0.15<p;<15GeV, lyl <0.35 N
I [ R [ ' ' i PN R T T NN ST T TN TR NN MR MR MUY T N SR S SRR |
% 100 200 300 200 % 100 200 300 200
(Noar) (Npar
Regeneration
 (Un-)correlated QQ in QGP regenerate Quarkonia ¢ Significant in LHC but not in RHIC
* Increasing R,, at low p; towards central events * Higher collision energy: larger o

» Central events have larger o

N -
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Y(nS) Raa In PBPD

| PbFTb 1.6|1 nb'1|, pPp ?l»oo pk|)'1 (5.?2 Te|V) PbPb 1.61 nb™, pp 300 pb ™ (5.02 TeV)
_I L L L L | I [ L I__ | i T T 1 | T T 1 | T T 1 | | T T 1 | T T 1 ]
12 p <30 Gevic CMS ’ 1.2 1y1<04 CMS
- lyl<24 Supplementary | Cent ] ~ Cent. 0-90% Supplementary
Ml = o A 4 =
' [#]Y(1S) (2015 PbPbi/pp) T 090% i TAMU ]
[ (] v(2s) T ’ - 3 ] Y(1S) (2015 PbPb/pp) -
0.8} %] v@s) TAMU i 0.8~ ves = Y(1S) i
2 Elvas) i < NRES ]
T os Nves) - | gl ¢ | Y(38) Y(3S) i
v (s) . i Z
0.4 TE 0.4F L gEtasts ¢ -
0.2 T ] 0.2 -
——a e | " i ma =
coa v bevs b o T T Tt T T e I e ]
00 50 100 150 200 250 300 350 400 00 | | ] | |5 ] | | I1|0I | | I1|5I | | I2|0I | | I2|5I | | I30
(N o (GeV/c)
* Following the sequential suppression pattern well Is th “f T no

« Reasonable but not perfect description from TAMU, tends to s there a “flow bump™ _

overpredict the suppression in central PbPb Do we have room for regeneration?

N -
I I I I I Yen-Jie Lee (MIT) Overview of Experimental Results on HF Probes from LHC 42 EFTY

) COLLABOR, C



Dissociation + Regeneration Picture: Challenge

1T L L
T vas) - Why is Y(1S) ' imilar bet
. yis suppression so similar between
S PbPb (5.02 TeV) ® (CMS)lyl<2.4
1+ AuAu (200 GeV) * (STAR)lyl<1  ~ LHC and RHIC?
i } printegrated 7 ~ Regeneration in LHC compensated the
080 ~ ~ effect from higher initial temperature?
< [ L ]
o 0.6 LHC - . |
i 1 « Why does Y(1S) not continue decreasing
: IH 1 In most central events?
04r RPHIC % Lo, | - L
I J | > Models with regeneration don’t describe it
0.2 _' perfectly
oll o v v v e 1
0 100 <§|00> 300 400 PLB 790 (2019) 270 PRL 130 (2023) 112301
part
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Collective Flow Mass Hierarchy in Quarkonla

JHEP 10 (2020) 141 PLB 819 (2021) 136385 < L A - i
PRL 123 (2019) 192301 L ALICE 20—40% Pb Pb \/ = 5. 02 TeV E
S . — . I L IncIusweJ/w 25<y<4
I | | i ! o v, {SP, |An] > 1.1) il
I 7] B [ |Syst. (uncorrelated) 7
0.2 [ ® Inclusive J/y (ALICE) PbPb 5.02 TeV 10-30% 2.5 <y <4 7 B B
T ®Y(1S)(CMS) PbPb 5.02 TeV 10-30% |y| < 2.4 - L i
[ O Y(1S) (ALICE) PbPb 5.02 TeV 5-60% 2.5 <y <4 i - dﬂ EF i
0.15F - LI ]
i J/LIJ - ’ TAMU (X. Du et al.) |
_ 4 | ]Inclusive J/y |
0.1 ~ § i g ] - = Primordial Jhy —
=" - 3 ii 7 _J..1..1|.1.|1..m..|...|..|.| ]
i #_ ] 0 2 4 6 8 10 12 14
0.05 |- 3 T — P (GeV/c)
I : | le o 1 « Significant J/y v,: contribution from regeneration
o ] e G SEEEEE 4  effect, can not be described by pure melting picture
Y(1S 1 » Y(1S) v, consistent with 0
-0.05 1 ( ) — _
[ | | ] « Leave only small room for regeneration
1 10 —>Generally b quarks are less hydrodynamized than charm
p: (GeV/c)
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Dissociation-Recombination: Exotic Hadron X(3872)

X(3872) / w(2S) across collision systems ~ X(3872) to Y(2S) yield ratio across collision systems:

i CMS/| CMS, 5.02 TeV : : : : :
- > Sisaevie | ¢ Dissociated by interactions with comovers
T

- - (pp/pPb) or medium (PbPb)

—r

LHCb Preliminary, 8.16 TeV ‘ i ] ]
p.>5 GeV/c * Enhanced via recombination

- Different binding energy vary D° — D*® molecule

the size of the effects

-+
—+—
2
%

NX(3872) —-Jpnx
Nw(ZS) —Jpnn

LHCb, 8 TeV NO .
» p_.>5GeV/c $ D
- D'm oo + & W)
B / . . \\
- 3S0ciatio, T &
i "N X
| | | | | | | C & >
(N“y="31 50 69 87 117 pPb Pbp PbPb -C@
PP (2<y<4.5) (1.5<y<4) (-5<y<-2.5)(lyl<1.6) (28)
Low multiplicity High multiplicity ¥ D*?
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https://arxiv.org/abs/2402.14975

Final State Effects in pPb w(2S)/J/p vs. Multiplicity

JHEP 05 (2024) 243

CMS pPb 175 nb™ (8.16 TeV)

J/p

—
~

—h
N
[ | L l Tl | L | L

Normalized o w(zs)/o

O
o

> 1.4 PR N R LR LR R
< 13F : % LHCb pp s=13TeV
I 5
B 12 -
o E PP 5
2 e ﬂ E
= » x
I S T
Z 09F . -
E ® il
0.8 | -+ prompt &
0.7 §—+— non-prompt _E
" E[] co-mover model .
06E—— v 1 v vy 1]

0 1 2 3PV PV4

Ntracks/< tracks>

| L | 1T 1T 1 | 1T 1T 1 I 1T T 1 | | L | 1T 1T 1 I 1T 1T 1
6.5<p <30GeV  |CMS/|
pr 2865<y <1935 |

¢ Prompt 1 Nonprompt

B] —(Co-mover model (prompt)

I|III‘III|III|III

0.5 1 15 2 25 3

COIT. corr.
Ntrack/ Ntrack>MB

Significant multiplicity dependence of prompt w(2S)/J/y in pp and pPb

 Can’t be due to initial state effects alone

 Weaker bound state @(2S) easier to be destroyed

b vs. ves) {©-©);

-------

AE ~0.64 GeV AE ~0.05 GeV

> Predicted by comover models but can’t describe data qualitatively
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Final State Effects in pPb X /J/p vs Multiplicity

pPb 175 nb” (8.16 TeV) XC1 y Xc2
I ! I I | | I I I

—, 0457 - S
i’ : CMSI | 1+ Binding energy between J/{ and $(2S)
0.4 — . .
= - . 1+ Different orbital angular momentum
S| 0355 Preliminary =
o EN 3 X/J/P does not have significant multiplicity
i e 2 : 1 dependence in pPb
| ¥ 0.25) = : . . :
o I - - Comover / dissociation picture doesn’t hold?
Nz 0.2t 3+ Angular momenta change final state
5| 015p E interactions?
0.1 f_ o lyl<2.4, 6.5<p <30 GeV _f
0.05 E_ """ Constant fit JZ(XC1)=O’ JZ(Xc2)=0 _E
U Unpolarized . 'x'"'\‘ , - S~ .
% 50 100 150 200 250 @ A © @ Xe

-
~~~~~~~~~

N
racks  AE ~0.64 GeV  AF ~0.2 GeV
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Medium Properties

I
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Time Dependence of Jet Quenching (and Diffusion?)

* We know really little about time dependence

« Jet quenching parameter extracted from data [ ]
mostly only in hydrodynamics phase 81

[Kinetic

theory] [Hydrodynamich

T,::_'\-

* To describe high p; hadron v, and R, ,, later

<
quenching start time 71, is preferred in models: ‘“’% B Ejey = 100 GeV

S

NS)

B = 20 GeV

J

=
Q
.g
s
'-%
)

« Carlota Andres et al.
(Ran and v,, PLB 803 (2020) 135318) . T() =~ 0.6 fm/c

« JETSCAPE Ru): 75 ~ 0-1 fm/c 5 [ A=10 ]
Qs = 1.4 GeV
« What is the role of the phase? 0 L - |
10~ 10" 10!
- Need to measure hadronic W/Z jets 7 (fm/c)

which Skip jet Quenching in the first O(0.1 fm)

What can we measure in the HF sector? [2303.12595 [Boguslavski, Kurkela, Lappi, FL, Peuron]]
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QGP Transport Properties with RHIC and LHC Run 2 Data

20 B I | I I I | I I I | I I | I |
- JETSCAPE Matter ht M. Xie et. al, 2206.01340 _
18  JETSCAPE LBT h LIDO, 2010.13680 ]
1§  JETSCAPE handJet O C.Andres et. al, KLN RHIC, 1606.04837
- A JET Collaboration % C. Andres et. al, KLN LHC, 1606.04837
14 - C. Andres et. al, Hirano RHIC, 1606.04837 |
1 2 - C. Andres et. al, Hirano LHC, 1606.04837 _|
™ - + M. Xie et. al, 2003.02441 E
= 10 < -
ok - + X.Fealet al, Quark Jet, 1911.01309 -
8 -
- " 5
4 +%++ -
- DE 't ]
2 [ + CP e ]
- Ol % + N
0 [ | | | | | I | | | | 1 1 | ]

0.2 0.4 0.6 0.8

T (GeV)

Compilation by YJL, Michael Winn, Liliana Apolinario arXiv:2203.16352
Progress in Particle and Nuclear Physics, 103990 (2022), plot updated for 2025 DNP meeting
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Jet Quenching Parameter g
« Extracted mainly from charged hadron spectra R,, data
* Some analyses included y-hadron and di-hadron data
« Expansion to include jet observables has started (for
instance, JETSCAPE h= and Jet)
« q/T3:decreasing trend vs. T

« Extracted values differ by up to a factor of 7 (!)

Remaining Issues:
 Different jet quenching mechanisms in theoretical models

 Different QGP media used in calculations
» Hadron re-scattering in the hadron gas phase
« Hadronization of fast moving partons

« Role of initial stages

50 E Y_
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QGP Transport Properties with RHIC and LHC Run 2 Data

. { Charm diffusion coefficient D

i Lattice QCD | < Bayesian analysis from D meson R,, and v,
40 | " oDing et al. 12' |
'\ \\“‘\ H ' .

- 3R ¢Banerjee etal 12 1« HQCD calculations at LO are ruled out by the data

= 0\’0 aKaczmarek et al. 14'

- QOC’ __ OFrancis etal. 15" ] _ _ _

E i 0 4 aBrambila etal 20 { ¢ Non-perturbative calculations with a potential close to

OO0 e T wAltenkort et al. 21" ] the HQ free energy from LQCD are not viable

Q ‘ oDing et al. 21' }
|E * Increasing trend of 2TD, vs. T in various models
N

Remaining Issues:

Hadronization of charm quarks

Charm diffusion mechanism

Different QGP media used in various calculations

* Role of initial stages

Xin Dong, YIL, Ralf Rapp, Ann.Rev.Nucl.Part.Sci. 69 (2019) 417-445
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Medium Properties from Soft and Hard Probes

10 | | | | | | | | | | | | | I I I [ | | | I _]
[ Water :
Helium :
1H .
- =
B L . & - - ]
—lnw | Fermi Gas i
1 0_‘I = QGP (Heavy Flavor D) E
- QGP (Soft Probe) |
1 | 1 | | | | | | | | 1 1 | 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,, v 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 41‘[k 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, LO71501
Medium properties extracted from and

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




Future Performance in Run 4

Focusing on CMS

I
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CMS MIP Timing Detector (MTD)

p / K/ 1 separation Light ion identification
CMS DP_2021_037

jponoPhase  PRPbSTEY Mot POPO(8.5TeV) ' cMS phase-2

- Simulation {8 12 Pythia8 Gun + Hydjet - a3 iy e K/
1.6E Hydjet E & dex '-,t m<1.5 ,‘ ?;— g g Eu_u_ p
150 mi>1.6 E 25-He| § Simulation Preliminary | o by,

- . LY - B 2 iy

- 1 * | 51—
1-4:_ —:—_102 3He‘,'! : L3k .

SR 4 = 7 X = 30%”'”&

: i ) LT o
1.2— ] p .

- 1510 1.5 \L : 5 2
1.1 L% . j

- o T = ] 1

- T e e e

1, (| . = D e s e YT N T N | | 1 1 1 1 | 1 1 1 1

- o - 1 0 0.5 1 1.5 2 25 3

L IR R BRI B roton rapidit
0.90 " > 3 1 5 1 0 / 4G " P piaity

p [GeV] p/|z| [GeV]

« Unique hermetic particle identification coverage by CMS MTD
* Crucial Upgrade for CMS Heavy Flavor Program with heavy ion collision

CMS

= |

H
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Initial Magnetlc Field with DO Directed Flow v,

ol CMS Phase-2 Simulation PbPb 3 nb™ (5.5 TeV)

: LHC: Pb+Pb@2.76 TeV | - ] HL-LHC | ©-100%, p.>0 GeV
Reaclt;zz 0.08}- b=9.5 fm, N=10 - 0,04:_”‘1*.\ : ® MTD, dv,/dy = (-1.2240.10) x 10?
p( ,,R)\ £ i T °E‘ - = N + no MTD, dv,/dy = (-1.2240.13) x 10”
< 0,06 SR ] 0.02[— Ms.
'é I - C S/
= i g = 0.023 fm-l 1 0 0:'..'..':.',f.f.',f,i.'_f,t.‘.:,'.,'.:_‘.,‘,f.‘.,‘.:.'.:.:.::.3.::.:,::,:.-_.~,=.-..-,:,-. .......................... s e IR
> () ()4 Ll - ‘-—‘-'_ e i L LT E T TR
| '5 i 1 ° -
Vil ) . | -002[— 10-40%, p >0 GeV N
v — e 4 - —— D°, HTL, dv_/dy = -0.80 x 10 - W
Y (defines ¥p) il Tform Standard hydro T, | _o04/— —=D"1QCD, dv /dy=-1.22x10? 1+ “‘*«#
AS— _— ) = R [~ -= 7, dv /dy = -0.08 x 10 S~
CMS DP_2021_037 . 0.5 i 5 2 SRS | | , | | |
t (fm/c) - I — — — — — — —
« Strong initial electromagnetic field in heavy ion 0.04f ® MTD, dAv,/dy = (0.0040.14) x 10°
. . . TR . . - no MTD, dA v,/dy = (0.0040.18) x 10
collisions inducing a vorticity in the reaction plane. Q 002f | |
A S0 S ) S S S PR S IR
. _— . & °F 1+ T 1+
* The resultant effects entails a significant directed S002f- o
flow (v,) and the effects increase vs. D° rapidity b Search for strong magnetic field
~ . pas et. al.
= S peseta ME TR BTN A
—4 -3 —2 -1 0 1 2 3 4
« MTD and the large acceptance CMS tracker could y(0)
provide high precision measurement of D° v, over 2t dN 14 n( ¥,)
. . . —_— . — ’U n R
8 units of DO rapidity. N d¢ — Os[n(P — T
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Quarkonia Production in PbPb Collisions

L | LI | LI | L | IPIbIPItl) I1I0I Iriltjl I (I5I IOI2I :rlel\{) — 1 30 Pbe (5 02 TeV)
__ m 30 G V, ___ __ S‘. E T T T TTT | I T T TTT | T T TTI I:
"2 Ip"‘“|<<24 o CMS T i > 120 Prompt J/y CMS §
- y . HL-LHC Projection Cent. 8 c oyl < 2.;4 Projection ]
R e ool oo © 110- 0-100% :
Krouppa, Strickland ¢ Y(1S) 0-100% _ - ]
9 ) n!s=1 . . o 100 N(prompt J/y) = 150 .
0.8\ 1 _ 905_ [CJLastp_bin E
b 12N : 80;: """""""""""""""""""""""" _g
@ 0.6 + - : ]
- 1 [A1 ] IR =
0.4f + - 601 s
i * 505 HL-LHC |-
0.2 1 B 40 E
B e 1 = : - |, Lol ] [ |E [ | |:
O_I L | 1 | L1 1| | I - | L 111 | L 111 ] ' i I 11 Iﬂlﬁl r“ 1 10 102
0O 50 100 150 200 250 300 350 400 : : 1
N, Luminosity (nb™)
@ b @ CMS-PAS-FTR-17-002 CMS-PAS-FTR-18-024

. Signifigant improvement on the \_((nS) Raa » High p; reach of prompt J/y up to ~ 80 GeV
« Sensitive to the medium properties such as n/s . Hadronic decays of Quarkonia enabled by

and temperature; provide strong constraints in CMS MTD such as J/y, w(2S) and n. > pp
the future Bayesian analyses. ’ ©
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High Precision Measurement of HQ Diffusion

-NO i 0
Jet-DO Correlation D% and A, v, D vs. T
Charm Quark
4 Yo =502 Tev pp 650 pb™! + PbPb 10 b’ CMS Phase-2 Simulation Preliminary »
@ CMS acpeoceve] O4F A+ p° | L "pseudo-truth"
/ 8.5 Projection ! r - @ BTLYETL  ABTL+ETL E rior
3, D’ + jet V<2 ] F o BTL-:)nIy vBTL:me 30-50% 20 b
- T 3 4 ,3F ©NoMTD  ¢NoMTD EN L77] 1.0 X gexp
Y S Efeoceve | HL-LHC | 1 *% HL-LHC | 3 S
e ) S 25 & 3 F 3 11 15
y £ 1< 1.6 ] o.2sfF 1 o
/ 5 £ 1 oo F 3
DO %’ 2 3 = oo .:I‘ﬂi = F:(
\Ay a + 3 C Cs 10
o @ %_,'51 5 4 o1sp o AVO ATO - Q
Q * 1 E ATO ]
"|z" N 4 oiE AV} AVO ]
—— ' = 9]
0.5 q oos E_H?% lyl< =
Jet G s O T e e s 0
o r p. (GeV)
"\."—'ﬁf‘éj > CMS PAS-FTR-18-025 CMS DP_2021_037
N
2 S

 Large improvement on the A, and D° v, measurements with CMS MTD
« Direct observation of charm diffusion with D°-Jet and D%-Photon correlation
« Strong constraint on the HQ diffusion coefficient Dg

Charm quark DO

N .
I I I I I Yen-Jie Lee (MIT) Exploring High-Density QCD Matter with CMS Phase Il at HL-LHC o7 E'TY

) COLLABOR

C



Heavy Quark Hadronization
/\C+/DO ratiO CMS DP 2021 037

(S =5.02 Tev PP 650 pb + PbPb 10 nb” CMS Phase-2 Simulation Preliminary PbPb 7nb™* (5.5TeV)
16:_CMS |I|B+ _""I""I""I""I""I""I""I'III "'|""'I""I""|""I""'I""I""tf""l""I""|""I""I""I""I""
14:_Projectfon *  Non-prompt J/y 3‘55— lyl<1 ® BTL+ETL 1<lyl<2 - :ﬁa;}-so% —E:ii:io;finw 'ff‘ 2<lyl<3
A - " 0-100% O BTL only 0-100% [RRAM 0-100% —— Catania Coal.+Frag. § 0-100% HL-LHC
1-2:— HL-LHC 3:- & No MTD = = |angevin + CLVisc _::

S 25f f
n:éo.ai— - e 3:30 2-
0.6F e 1.5F

: - :
0.4F % " *—A_*__'_' 13

- CMS-PAS-FTR-18-024
0.2f- 0.5

- Centrality 0-100% -

0 | | . ob |
. (GeV) N
§ .......
- o » High precision A\ */D°ratio over a wide
"""" B,O rapidity range down to p;~0:
. Precise measurement of Ne» Be, Bs,  toward total charm cross-section
D, and D°for HQ hadronization Unique capability of CMS thanks to the
* First observation of A, in PbPb large tracker and MTD acceptance

*Except for the Langevin+CLVisc model, all other models shown assume
boost invariant in the longitudinal direction, and thus have no rapidity dependence.
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New Frontier of Hadronization Study: Exotic Hadron

CMS PbPb + MS
LHCb PRL 128 (2022) 032001
PRL 126 (2021) 9, 092001 prPb = 1.08 £ 0.49 (stat) = 0.52 (syst) 1 e
1.7 nb™ (PbPb 5.02 TeVl
1. o4 LHCb = 0 0 0 A — - CMS inclusive X(3872) 33
S Epeostev i Abomp bdeys O ves E
35 2PE p >5Gevied: ' , E 2 450 ]
= |13 T g Comover Interaction Model, Esposito ef al. S —1
1 = 0.1 . Molecule Compact Egig Molecule o} _0 E
§ % 0‘085_ (coalescence) tetraquark (geometrlc)_f Coalescence'? §100_ + —5_1_
@2§ 0.06 - E *E 50:— 15 <p_ <50 GeV/ Oy aarz) = 47 MeV/c? S-2
SE E . . ’? w yI<‘FI)T6 Cont. 0-00% 33
EIT —#— E _'365"537"'é7é"'sé"é8"'éé"é95"'54
- - 4 Breakup due to comoving particles My (GeV/cg
o ° F :
Nieks & : : :
SN % The first evidence of X(3872) in HI
p p pAa O O D° — D*° molecule
* Observation of X(3872) in PbPb is expected (>5 o) in Run3 Charmonium Tetraquark (4a) ny ”’
+ Run3+4: Differential studies ° @ & .
« Centrality dependence: Probe the structure of X(3872) with QGP D
« Search for other exotic hadrons such as T, o o

* Exotic hadron production in UPC events
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Collectivity in Small System

CMS 1-year with MTD

CMS pr 186 nb™ (8 16 TeV) CMS Phase 2 Pro;ect:on pPb 0.6 pb™' (8. 16TeV)
[ T | T | T | | ] | T I ] [ T T | T I T T I | T I T l L]
0.3 _— |y|ab| CGC (Zhang et al.) — - ® Prompt D "MTD + Prompt J/y .
. 0 K3 @ PromptD’ --Prompt D° _ 0 2__ O Prompt D°, no MTD Kg N
- & A M D°from b hadrons -~ Prompt J/y . “l m B—D°MTD CGC (Zhang etal.) |

1 0
02 12<ly_|<24 — D° from B mesons . 1 B - D° noMTD -- Eromp:?l _
i Prom tJ/ > il i ) - rromptJiy i
2 i + bty o o ] - : — D’ from B mesons
N I B ’di'p.. e TRNE O® |
- i . + +oe - ]
f ) - o | - or T Eh . |

— |

______________________________ S 0.0 " e

185 < N°M" < 250 ) ] 185 < N2 < 250 +

0o 1T 2 3 4 5 6 7 8 o2 a e s
p_ (GeV) P (GeV)  cusop 2021 037

« With MTD: Unprecedented precision could be achieved with fast CMS tracking and DAQ system

« Detailed characterization of the heavy flavor hadron collective behavior in high multiplicity
proton-proton and proton-lead collisions and access to multiparticle correlation
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Ssummary: Answers with Hard Probes

What are the properties of QGP?
» QGP properties in the long wavelength limit from slow (diffusion)
and fast moving hard probes are consistent with soft probes.
» Significant room for improvement from both theory and experimental side
» Novel HF observables needed to be sensitive to QGP properties at short distance scale

How does the hydrodynamization happen and how QGP is created?
» Evidence that charm and beauty are moving toward hydrodynamization

» Beauty is less hydrodynamized than charm

» Parton energy loss is mass and color charge dependent

How does hadronization happen in low and high parton density environment?
» Modification of hadronization already in pp (or even in ee and ep!)
» Strong modification of heavy quark hadronization beyond parton shower
» Deconfinement: Recombination signal from J/y and B,
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