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‘iEfW Hard Probes of Quark Gluon Plasma

N/ S

Hard probes — large Q
Heavy-ion collisions

« Q ~ 1/1 creation time \
"\

* Produced early — experience whole evolution
>~ Unigue access to high temperature stage QGP 4

+ Q » Aacp ~200 MeV /' -
» Initial production calculable with pQCD ﬁ”
[

w

Q

* Q » Taqap ~400 MeV for LHC
» Seldom produced in QGP — Keep identity

Pb

» With color charge EM Bosons are also hard probes
» Strong interaction with QGP
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E)) Heavy Flavors vs Jets

Heavy quarks (charm, beauty) = large mass mq

* mq ~ 1/T creation time
* Produced early — experience whole evolution

~ Unigue access to high temperature stage 7\
* Maq >» Nacp 'I.
> |nitial production calculable with pQCD even at low pr 3
~ Different length scale structure by varying pr {
N
)}
* ma » Tagp /
» Seldom produced in QGP — Keep identity /'
~ Brownian motion — Diffusion coefficient Ds i

° MNqQ > mq
» Strong interaction with QGP differently from light quark
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B Life of a Heavy Quark in HIC

N/ S

Relativistic heavy-ion collisions
Produced early

%ﬂ

c quark

® Mesons

Interact with medium
differently from light quark

\\
@ --->

Transport can be described
by Fokker Planck

\

N
Initial production

N (4
calculable by pQCD % A

Fragmentationtoc /b
hadrons and decay

Yen-Jie Lee, Andre S. Yoon and Wit Busza
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G Life of a Lucky Heavy Quarkonium in HIC

N/ S

Primordial ) Classic picture
quarkonia QQ as a bound state transport and
interact in the collision
c quark ” C quark
\
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Yen-Jie Lee, Andre S. Yoon and Wit Busza
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B Life of a Weak Unlucky Quarkonium in HIC

N/ S

Primordial Dissociation in potential model picture of
quarkonia quarkonia in heavy-ion collisions
Cc quark w Cc quark
\
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$ Dissociated / melt
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B Life of a Weak Lucky Quarkonium in HIC

N/ S

Primordial Regeneration of quarkonia
qguarkonia INn heavy-ion collisions
c quark w C quark
\
Y .
28 Regeneration

$ Dissociated / melt

m\\x 00 m
d

Yen-Jie Lee, Andre S. Yoon and Wit Busza
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%E/RW Nuclear Modification Factor Raa In AA Collisions

N/ S

1.4 "lllll I I lllllll

1.2 — Enhanced -

Nuclear modification factor Raa

AN, 4/dpy
Ryq =
TAAdapp/de
0.2 _ Suppressed _
ol vl L nononnand L 00
1 10 100
p; (GeV/c)
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CE/RW
\
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Nuclear Modification Raa D9 Mesons

1.4 ———r ——rr S | |

Z . ] « Prompt DO suppression in wide kinematics

" Prompt D° PbPb 5.02 TeV ® (ALICE) lyl <0.5 . . -
1oL VCMS) lyl<1 - > Charm quark lose energy in QGP via collisions

I AuAu 200 GeV = (STAR) Iyl <1  _ and radiations (pQCD picture)

o e :
U e

0.8 |- Collisional '\ N

AN T Y
Pb /n‘

041 —f— + B x Medium-induced e —
— % - ‘) radiative energy loss Fga s e
0.2 B N Q™o\ PDb |
- KHIC Cent. 0-10% - QGP
I | L1 11 II | | | L1 11 l| | | | L1 11 l_
0 1 10 100 Energy loss of hard parton in Bullet in gelatin block
p; (GeV/c) QGP in pQCD picture
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D9 Raa Understanding the Shape

" Prompt D° PbPb 5.02 TeV ® (ALICE) lyl <0.5
_ ¢ (CMS) lyl <1

" Collective flow
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1.4

1.2

Raa Mass Dependence of Energy Loss

Light

| L I 1 1 1 1 1 1 1 I
Light h* (CMS) lyl < 1

Charm @ Prompt D° (ALICE) lyl <0.5

® Prompt D° (CMS) Iyl < 1
Beauty # (b—) u (ATLAS) Inl<2

‘ ¥ (b—) J/p (ALICE) lyl < 0.9
(b—) J/Y (ATLAS) lyl <2
(b—) J/Y (CMS) lyl < 2.4

. PbPb (5.02 TeV)

Cent. 0-10%

1

10 100

p; (GeV/c)

» Flavor dependent energy loss Dead cone effect
» Radiation is suppressed inside 8 < m/E
~ Energy loss AE| > AEc > AEp
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Larger energy loss  =» Smaller energy loss
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Azimuthal anisotropic Initial shape in peripheral* events
“Peripheral: relatively large impact parameter

Animation



https://www.dropbox.com/s/2vdx4i9y8qfn4eg/0015-0131_fps15.mp4?dl=0
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Pressure driven expmion' . Science 298 (2002) 2179



https://arxiv.org/abs/cond-mat/0212463
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Collective Flow

Existence of QGP = Final-state
particle azimuthal anisotropy

an x 1 Zi Vv, COS [n (gb—‘Pn)]
n=1

dg
= Elliptic vo # 0

—> [ime

Science 298 (2002) 2179

ssure driven expansion
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cEan)) Collective Flow Open Charm

0.3 - -7 .« Significant non-zero open charm flow signal
- Light @ 1" (ALICE) lyl < 0.5 - . Small than liaht had ‘)
Charm = Prompt D’ (CMS) lyl<1 - ma .er vz than lig d rops a OW Pt
TN = Prompt D (ALICE) Iyl < 0.8 - > Magnitude reflects thermalization degree
' o 0 (c—) u (ATLAS) Inl<2 -
02 m Cent. 30-40% -
N N I -
Fe L -
o] ; o Charm :
0.1 % T - _
ﬁ E 0 i
E[J L y
| [] N .
O R e * Non-zero D meson v2 up to high pr
' PbPb 5.02 TeV Cent. 30-50% ~ >~ Same magnitude with light hadrons
: R 1110 A > Path-length dependence of energy loss
p: (GeV/c)
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G Open Charm Flow LHC vs RHIC

— - :
Q.55 - PbPb 5.02 TeV = Prompt D° (CMS) 10-30% -
"""t AuAu 200 GeV = Inclusive D° (STAR) 10-40% -
05 i . lyl <1 °
: qTL RH]-C : - Similar D v2 between LHC and
0.15_— L T [pg|™(m — RH'C
o~ 1 _' T E > despite different temperature & size?
01 13 . > decisive precision at sSPHENIX
. ! Tt - T _
0.05 F 4 | } o5 Ergt] -
1 LHC i
) et =
-0.05 | L -
1 10
pr (GeV/c)
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0.05 |

-0.05 |

Collective Flow Open Beauty

0.2}

0.15 }

Charm = Prompt D° (CMS) 10-30% lyl <1
Beauty * (b—)D° (CMS) 10-30% Iyl <1 -
¢ (b—) JAU (CMS) 10-60% lyl < 2.4

* (0=) H(ATLAS) 10-20% Inl <2 » Significant non-zero open beauty flow signal
PbPb (5.02 TeV) » Smaller v2 than charm hadrons at low pr

- Weaker collective flow behavior
> Similar vo with open charm at high pr

0.1F

- Path length dependence of energy loss
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%E/RW Collective Flow Charmonia

»
Open = Prompt D° (CMS) lyl < 1

0.25  Hidden ® Inclusive J/y (ALICE) 2.5 <y < 4
l ® Prompt J/y (CMS) lyl < 2.4
0.2 | © Prompt J/Y (CMS) 1.6 <lyl <2.4 » Significant non-zero flow signal of J/{

Cent. 10-60%

0155— Al Do

> Indicate significant contribution from
uncorrelated regeneration

o a .
~ 01F I
. 0 ﬁﬁ%ﬂ i . T
0.05 , Tfﬁ%?
—— JM !
i “L? Tl
0 frmmmmmmmm e e :
- PbPb (5.02 TeV) Cent. 10-30%
-0.05 | o | o
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Collective Flow Bottomonia

0.25
0.2
0.15

0.1

T
PbPb (5.02 TeV)

J/A = (ALICE) 10-30% 2.5 <y <4
® (CMS) 10-60% lyl < 2.4 - o |
Y(1S) = (ALICE) 5-60% 2.5 <y < 4 - - Significant non-zero flow signal of J/{

¢ (CMS) 10-30% lyl < 2.4 . > Indicate significant contribution from

- — uncorrelated regeneration
- :r/i o 11- — * Y(1S) v2 consistent with O
z ool T L >~ Regeneration of bottomonia should be small
l . %f%::{::c -
- |  —
T L e e
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Charmonia in QGP Sequential Melting

PbPb (5.02 TeV) ® Prompt J/y (ATLAS) -
Prompt J/p (CMS) _ _ _
e Prompt y(2S) (CMS) Sequential melting

« Charmonia strongly suppressed in PbPb collisions

I } ATLAS 9<pr<40GeV, lyl<?2

CMS 6.5 <p; <30 GeV, lyl <1.6 Binding energy hierarchy

> weaker bound state easier to be dissociated

» Stronger suppression in central events

> higher temperature and larger size

[ 16 |
TR SR S AT T T N N T T T I T M

0

P d g e
....lluunnluuluilnln/\}rulzusl):
100 200 300 400

<Npart>
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e Charmonia in QGP Regeneration

Prompt J/y PbPb (5.02 TeV) -

1oL ® (ATLAS) 9<p; <40 GeV lyl <2
" ®(ALICE) 1.5<p; <10 GeV lyl < 0.9

Significant regeneration

» Uncorrelated QQ in QGP regenerate quarkonia

* Increasing Raa at low pr towards central events

< 0.8 J - > central events have larger oce
£ g ow-py
0.6 ° -
I 9| _
0.4 o -
I . o 0 -
0.2 _— h‘gh - PT d __
0 : ' N T A A T NN AN T NN SR SN TR S NN TR N BN :
0 100 200 300 400
<Npart>
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1.4:

1215

0.8

0.6 -
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0.2

Charmonia in QGP Regeneration

"t I I
. e (STAR) AuAu 200 GeV Inclusive J/p -
(PHENIX) AuAu 200 GeV Low p; -
I ® (ALICE) PbPb 5.02 TeV il
i I _
K. } -
jii ) ]
= 7Y | I‘I 4| L) -
i Rilig " { + ~
_ T i o LHC -
(i _
u '§' Iy i _
- # ‘ ]
-8 o KHIC -
5 o @ -
STAR p; integrated, lyl < 0.5 _
PHENIX p; <5 GeV, lyl <0.35 ]
ALICE 0.15<p;<15GeV, lyl <0.35 i

] ] ] ] | ] | | ] | ] | ] ] | ] | | | I
0 100 200 300 400

<Npart>

Significant regeneration
» Uncorrelated QQ in QGP regenerate quarkonia

* Increasing Raa at low pr towards central events
> central events have larger ocz

» More significant in LHC than RHIC
> higher collision energy has larger ocz
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?E/RW Bottomonia in QGP

N7
Y ELE L
" PbPb (5.02 TeV) Y(1S) e (CMS) Iyl < 2.4 ]
: (ATLAS) Iyl <15 - _ |
T (ALICE) 25 <y < 4 Sequential melting
(il Y(2S) ® (CMS) lyl < 2.4 ] . . -
i (2°) :EATLA)S;,|y<|<1.5 - » Bottomonia strongly suppressed in PbPb collisions
T IE (ALICE)25<y<4 1« Binding energy hierarchy
- L Y(3S) © (CMS) lyl < 2.4 - . . .
m:g o6l : } | - > weaker bound state easier to be dissociated
| . F\ < Yl" printegrated - » Weak (if any) uncorrelated recombination expected
I o N2 _
0al . - for Y(nS)

» smaller opp than occ

I A =
Y35) #* 0 g, e
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CERN - .
\\/)/ Heavy Quarkonium Production Challenge
19 _I I I I I
: Y(1S)
- PbPb (5.02 TeV) © (CMS)lyl<2.4 Happy with dissociation + regeneration picture?
T AuAu (200 GeV) * (STAR) lyl < 1 | | o
il o integrated . Why IS Y(1S) suppression degree so similar
08l C in LHC and RHIC?
: > even If they have different initial temperatures
= 0.6 ' " { 1 LHC + Why does Y(1S) not continue decreasing
_ in most central events?
04l # s i » models with regeneration still don’t describe it
I R HIC t ’Ll 0 » Feed-down contribution not well constrained
0.2
oll o v v vl
0 100 200 300 400
(Njar)
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CE/RW . .
W) Heavy Quarkonium Production Challenge
6 PbPb 1.61 nb™', pp 300 pb™ (5.02 TeV)
. _I 1 | B | B | 11 | 11 | 11 | 11 | 111 | I__
o [ p.< 30 GeV/c CMS i
—~1 .4 T N
Q[ vl <2.4 Supplementary T
Z> 1_2_ ' == 0QS +pNRQCD :-:: CIM +nCTEQ15 N _
% f| | o W T el Sl More excited states Y(3S) observation
) _[. eidelberg , 50% b therm. 1 Cent. _ . .
s ==5:90% » Challenging for theoretical models
< I . - > Particle ratio cancels nPDF effect
s ol  Crucial to constrain feed-down contribution
’?cé ~ _
=
Z
2
=
£
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CE)) Revisit J/» Really Primordial?

pp 302 pb™ (5.02 TeV)

Early bound state picture

N
S, i
Z CMS _ PrUY) - Few surrounding jet activities
Z - Prompt J/y pr (jet)
I Late et fragmentation picture
4= : How open heavy flavors are formed
I - J/P only carries partial transverse momentum
31 Prompt PYTHIA8 in the jet shower
i Nonprompt PYTHIAS8
i |
2r
1
i — |
O | | | [ 1 1 1 | I I | | | I | | 1 1 1 | [ | 1 1 | | 1 1 1 | [ 1 1 1
03 04 05 06 0.7 08 0.9 1
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J/P Production Potential Jet Fragmentation

N/ S
pp 302 pb™' (5.02 TeV)
N
N -
z | CMS __peUlp)
Z - Prompt J/y (jet) Early bound state picture
— " p,,, >65GeV Pr | ate ict f tati -
i3 30<p, <40 GeV ate jet fragmentation picture
- <2 |
- . irompt §$$H|A - J/U have more surrounding jet activities
3 N:)Onrgfgmpt PYT8HI Ag than (model) expected in pp
I | > Similar to open heavy flavors
2:_ - _ > Parton energy loss may also play an
i important role in J/y suppression in HIC
1: n _
- | .
O [ 1 | [ | III | | I-I | | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1
03 04 05 06 07 08 0.9 1
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E) Open HF Hadrons Really from Fragmentation?

N/ S

Fragmentation

High-pT
Hadronization Non-perturbative problem
» Fragmentation universality assumed across collision systems
> Default scheme in generators, constrained by measurements
In ete- and ep collisions
> Successful in HF meson production in pp
QGP
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E) Open HF Hadrons Really from Fragmentation?

N/ S

Fragmentation
High-pT

Hadronization Non-perturbative problem

» Fragmentation universality assumed across collision systems
> Default scheme in generators, constrained by measurements
In ete- and ep collisions
> Successful in HF meson production in pp

» Modification of hadronization expected in medium

>~ Fragmentation + coalescence (combination with partons from
medium)

Coalescence

Low-pr e

QGP

Jing Wang, Experimental Overview on Heavy Flavour in Heavy-ion collisions, QNP'24 (July 11, 2024)



CE)) Hadronization Study In Experiments

Fragmentation

High-pT
Hadronization Can only measure hadrons in experiments
» Fragmentation universality and parameters of hadronization
models need to be tested and constraint by data
» Hadrons with different quark content as experimental proxy
Coalescence

Low-pr e

i If there is coalescence
Higher Ds/ D9 expected Higher A/ DO expected
strangeness enhancement more valence quarks

QGP
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CE)) Coalescence Charm Baryon /¢ in AA Collisions

N/ S

: AUAM 5.02 TeV pp ® (ALICE) ]
1.5 200 GeV AuAu * (STAR) 10-80% —

T 5.02 TeV PbPb ® (ALICE) 0-10% -
A (CMS) 0-10% -
" _

o » Significant larger /A\c/ DY in AA compared to pp

o -l “ PBP'? _ at intermediate pr
} : * ® : > Consistent with coalescence picture

- =\ ALICE lyl <0.5 -

I T CMS, STAR lyl <1 i

OS;@%E % ,+J LHCb 2<y<4.5 __
1
L+ i i -
_ pP 64 2 4@ r S
O | | | | I | | | | I | | | | I | | | | I | | | | I | |
0 S} 10 15 20 25
p; (GeV/c)
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E) Charm Baryon A\: Hadronization in pp

o T | L | 0T o | T | [
D | —
= ALICE
2 1.0 — PYTHIA 8.243 -
< 7L 77 Vonash 2013 <05
0.8 -
. - - Fragmentation function constrained by e+e-
0.6 _‘ predicts Ac/ DO to be in pp
: o, 5 = 13 TeV - > Weak pr dependence
| ® 2] G2V i papen) -
0.4 O P < eV/c (this paper) B
0.2 — -
O O i | I I | | I I | | I I | | I I | | I I | | |
0 S 10 15 20 25

p. (GeV/c)
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https://arxiv.org/abs/2308.04877

E) Charm Baryon A\: Hadronization in pp

o T I | T | T T | T | |
N -
P01 pvims s ALICE -
- Monash 2013 I
- Mode 0 SHM+RQM -
- - Mogeg s Catania -
081 o0 — - QCM |« Significant larger /\c/ D° observed in pp
i — — POWLANG, HTL _ . A
A —  POWLANG. 1QCD Stronger enhancement at low pr compared to ete
06~ " 1+ Theoretical efforts to describe it
‘ PP, ‘/§)=>1? eV ] > More excited baryons
0.4 Il us, O p;<1GeV/c (this paper) - > Color reconnection
By ~ Coalescence also in pp
0
O O i C oo e e b b | | |
0 S 10 15 20 25
P (GeV/c)
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?{@’ Charm Baryon Ac From e+e- to AA

oET T T T T T T T T T T T T T T
: op (13 TeV) ~ (ALICE)
PbPb (5.02 TeV) * (ALICE) 0-10%
151 .
_ _central PbPb ] « One picture for all collision systems?
= —p— _ ALICE lyl<05 > Connect pp and PbPb by intermediate pPb and
o T I - multiplicity variations
05- [ —H -
gt —
0 - I I | T | ]
0 2 4 5 8 10 12
p; (GeV/c)
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E) Charm Baryon Ac From et+e- to AA

»J) L R I IR I B
- pp (13 TeV) = (ALICE)
pPb (8.16 TeV) “ (CMS) 1 <N, <35
_ " (ALICE)
15L ¢ (CMS) 185 < N < 250

PbPb (5.02 TeV) #* (ALICE) 30-50%

- * (ALICE) 0-10%
.central PbPb

* \¢/ D0 has very mild changes over a wide range

a —f— A'(-:'ﬁlg :Y' <|°-5; of multiplicity from pp to peripheral AA
;o 1 | Youl <1 — ~ wish for theoretical calculations in pPb
—n i
o . I :
- e e T pPb —-peripheral PbPb
s BT ‘.
i T !—I ; !T! é‘l; B
| b
oL+ 1+ 1 AT N TN TN N TN TN T AN TR N TR AN W B
0 2 4 6 8 10 12
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Hadronization in One Picture pr-Integrated Ac

pr-Integrated

= ALICE

8 e pp, Vs=13TeV

- v pp, Vs =5.02 TeV
- A p-Pb, \/s,,, =5.02 TeV
- m Pb-Pb, \'s, = 5.02 TeV

— 0 Au-Au, \[s,, = 200 GeV
STAR, PRL 124 (2020) 172301

V| < 0.5
—— stat. SHMc
syst. Catania
extr. <= TAMU
total

NN

; Hol o X ¢ B \§ E
||||| | | |I|||l| | | |||l||| |
10 102 10°
(AN /dm) 05

 pr-Integrated Ac/ DY increases dramatically at

small multiplicity from ete- to low-multiplicity pp
> but no result there

* \¢/ D0 has very mild changes over a wide range

of multiplicity from pp to peripheral AA
> for both integrated yields and pr dependence

pT-Integrated Ac/ DO keeps same but pr
redistributed from peripheral to central AA
> need better precision though
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%E/R_S/ Hadronization in One Picture Ao/B° vs Multiplicity

Om :_ _::_ | | 1 I 1 1 1 I | 1 1 I __
E 0'7: ¥ LHCDb pp Vs =13TeV -
S N 1 -1 ]
b< 0.6F I pp>0 S5.41b + -
o5 + ] 1 - Similar observations for beauty sector at
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https://arxiv.org/abs/2310.12278
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%E/RW Hadronization in One Picture Strangeness Mesons
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» Very different behavior of Ds/D compared to A/D =» Simultaneous descriptions by models?
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%E/RW Production Mechanism Probe Exotica Structure

N/ S

20-year debate of X(3872) nature
Discriminate nature of exotica in heavy-ion collisions (color dense environments)

Tightly bound
-‘—QM?M"K Small radius

Will be discussed in Su Houng'’s talk
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%E/RW Let Probes Be Probes
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" Helium i . Specnﬁg shear YISCOSIty n/s derived by HF Ds
- e ] > Consistent with soft probe
N i - Sizable uncertainty though
- P Sy S » Hard probes — unique high temperature
—lnn | FermiGas = _ _
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i ] >~ Observables > properties
~ Phenomenology > microscopic structure
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: AdS/CFT :
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https://arxiv.org/abs/2203.16352

o Enjoy More!

¢» Heavy flavor result

Topics not covered playground

» Medium effects in small systems
» Probes of nuclear PDF

» Detection of early EM fields Get to know the fruitful heavy
 Diffusion measurements with correlations flavor measurements by
» Hadronization studies with different experiments

> other baryons
> fragmentation functions

» Polarizations ¢ Heavy flavor in HI
publications
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Thanks for your attention!
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https://arxiv.org/abs/2308.04877
https://arxiv.org/abs/1906.03425

cEun)) Initial Production pQCD Test

N/ S
| < 0.5

Prompt D° : | |

e Data E » Measurements can be described by pQCD calculations

o : with sizable theoretical uncertainty at low pr

-1aCl. = . . .
1 GM-VENS > Different factorization schemes
f » Dominant theoretical uncertainties
e : > Factorization and renormalization scale, PDF
_ E : > Can be constrained by high-precision measurements
10™ £ .8% BR unc. not shown 1 = - Simultaneous constraints by varying collision energy

- 1.6% lumi. unc. not shown 1 N and rapldl’[y
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https://arxiv.org/abs/2308.04877
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E) Small Systems Being Hot Really Matters?

N7
Can be (kinda) understood in QGP Small systems where no QGP is expected
Strong No energy loss

. o
0 suppression observed yet O
S o
Kz S
5 )
3 Enhancement of Hadronization o3
é baryon production modification in pp/pA T
- >
= -
c L
2 Collective flow ? g

T
2 S
G =
o ) =.
O QQ sequential . ©
: 77

suppression
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\\/)/ Small Systems Collective Behaviors
T —r1T 111
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! ¢ (c—) u (ATLAS) Inl < 2.4 1+ Non-zero vz of charm hadrons in high-multiplicity
) pp and pPb collisions
011 }.i (817 ; 4+ Source of flow signals not decisive
> I ; il g T : >~ Maybe initial transverse momentum correlation in
oo5\- [t T m | |h ¢ - CGC framework
; - o4 .I' - » Maybe small QGP medium in final states
O S0 IO _
I | -
.0.05 |- High-multiplicity events ? _]
TR IR ST TS RS S SRR
0 2 4 6 8 10
p; (GeV/c)

Jing Wang, Experimental Overview on Heavy Flavour in Heavy-ion collisions, QNP'24 (July 11, 2024)



N

(ii/@/ Small Systems Quarkonia Sequential Suppression

J/b or P(2S) Roa VS y

1.5

PHENIX \/ S\n—200 GeV LHCb p+Pb V S\n—2 eV PHENIX
v(2S) @ptAu Vd+tAu MvyQR2S) [ Iy
OptAu Vd+Au ALICE p+Pb \s =5 TeV

Jy

» Not surprising J/P Rpa is not unity
Av(s) Ay > Nuclear PDF
> |nitial coherent energy loss

* These Initial state effects cannot
explain different Rpa of J/\p and )(2S5)
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\@ Small Systems Quarkonia Sequential Suppression

« Double ratio of P(2S) to J/P
» Cancel initial state effects

» Vary multiplicities
~ Examine potential final state effects
- comover dissociation
- small medium droplet created
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https://arxiv.org/abs/2112.08156

i Raa Flavor Dependence

N/ S
Non-prompt D Raa / Prompt D Raa
I3 - LGR central value -
TS =LA i) m_set to m, (coalescence) —
o —— — iv) Wlo coalescence -
~ T mmmmaa i) m_set to m, (E-loss) ]
3 e iii) W/o shadowing i
:
in ]
0-10%, |y| < 0.5 -
o 5l - 110 - 1l5 - 2b
pT(GeV/c)
NnPDF small effect Mass dependent energy loss Hadronization
» Simultaneous effect significant effect significant effect
on charm and beauty » Enhance difference between c and b » Reduce diff between c and b
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https://arxiv.org/abs/2202.00815

Initial Production Nuclear Modification

Is initial production in A-A collisions just

2 L B B B B S R B - .o
] [.HCb : superposition of nucleon-nucleon collisions”
F Syy =2 TeV - o |
15L 1 < p-Acollisions to test these kind of effects
) Enhanced - > lon as collision particles
[ - ~ No medium effect expected
1 PP —
[ 1+ Observable of particle yield modification in pA
) [ Suppressed ] collisions compared to pp
. : : R — deA/de
: : pA Addpp/de
P, (GeV/c] * Rpa should be 71 in the naive picture above
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cEun)) Initial Production Nuclear PDF

lllustration of nPDF / proton PDF
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https://arxiv.org/abs/1612.05741
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» DO suppressed at low prt in forward rapidity in pA

» Nuclear PDF model can describe it
Nucleons in ions have different PDF from free protons

» NPDF is common input for theoretical calculations
Not limited to heavy flavors

> constrained by different probes, among them
> heavy flavors are important probes for gluon nPDF
> gluon nPDF is one of the poorest constrained
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https://arxiv.org/abs/1707.02750
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https://arxiv.org/abs/2204.10171

0.15

0.1

0.05

HF Probe Fluctuations Initial Geometry

B Charm ® Prompt D° (CMS) lyl < 1
i ® (c—) 1 (ATLAS) Inl <2
Beauty O (b—) J/p (CMS) 1.6 <lyl <2.4
i ® (b—) JY (CMS) lyl <2.4 _
B (b—) p (ATLAS) Inl < 2 » High-order vn probes event-by-event
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https://doi.org/10.1103/PhysRevLett.129.022001
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E) Exotica Tcc in High Color Density Environment
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https://www.nature.com/articles/s41467-022-30206-w
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@Apply Production Mechanism Probe Exotica Structure

X(3872) / P(2S) across collision systems

i CMS, 5.02 TeV _ _ o
p.>15Gevic | X(3872) to P(2S) yield ratio across collision systems
 Dissociated by interactions with comovers (pp/pPb)
: = LHCb Preliminary, 8.16 TeV | | or medium (PbPb)
= [E L 5 GeV/ . i A
slE T Py =2 aevic < Different binding energy
i I @3}\ + Enhanced via recombination
5 R !
S L
S= LHCb, 8 TeV O&
_ p_.>5GeV/c @)
107 ' o ! Q\Q
B = =
B Di = = |:+:|
I ISSOCjAy:
| | | | | | |
(N=")="31 50 69 87 117 pPb Pbp PbPb

PP (2<y<4.5) (1.5<y<4) (-5<y<-2.5)(lyl<1.6)
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N

CERN L] . N = =
\ Luminosity Projection Conservative
\_/
Quantity pp 0-0 Ar-Ar Ca—Ca Kr—Kr In—In Xe—Xe Pb-Pb
V/SNN (TeV) 14.00 7.00 6.30 7.00 6.46 5.97 5.86 5.52
Laa (cm™2s71) 3.0x 103  15x10° 32x10® 28x10® 85x10® 50x10® 33x10®® 1.2x10%
(Laa) (cm~2s71) 30x1032  95x10%® 20x10® 19x10¥® 50x10%8 23x10% 1.6x10% 3.3x10%
month (pp~1) 51x10°  1.6x10° 34x10® 3.1x10> 84x10' 39x100 2.6x10 5.6
Zmenth (ph=1) 505 409 550 500 510 512 434 242
Rumax (kHz) 24000 2169 821 734 344 260 187 93
u 1.2 0.21 0.08 0.07 0.03 0.03 0.02 0.01
dN.n/dn (MB) 7 70 151 152 275 400 434 682
at R=0.5cm
Rpic (MHz/cm?) 94 85 69 62 53 58 46 35
NIEL (1 MeV ngg/cm?)  1.8x 10%  1.0x 10 86x10% 79x108% 6.0x108% 33x108¥ 41x10® 1.9x10"
TID (Rad) 58x10° 32x10% 2.8x10° 25x10° 1.9%x10° 1.1x10® 13x10% 6.1x10°
at R=100cm
Rpi¢ (kHz/cm?) 2.4 2.1 1.7 1.6 1.3 1.0 1.1 0.9
NIEL (1 MeV ngq/cm?)  49x10° 25x10° 21x10°  2.0x10° 1.5x10° 83x10% 1.0x10° 4.7x108
TID (Rad) 14x10> 80x10' 69x10' 63x100 48x10' 27x10' 33x10' 1.5x10!

Table 1: Projected LHC performance: For various collision systems, we list the peak luminosity Laa, the average luminosity (Laa ), the lumi-
nosity integrated per month of operation .?A“X“‘h, also rescaled to the nucleon—nucleon luminosity Z&“ﬁ““h (multiplying by A?). Furthermore, we
list the maximum interaction rate Rm,x, the minimum bias (MB) charged particle pseudorapidity density dN /dmn, and the interaction probability
U per bunch crossing. For the radii 0.5 cm and 1 m, we also list the particle fluence, the non-ionising energy loss, and the total ionising dose per

operational month (assuming a running efficiency of 65%).
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cEn) Feed-Down, Binding Energy
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CER)) Beam Schedule Long Term

2021 2022 2023 2024 2025 2026 2027 2028 2029
J[FIMAM 1|3|AlS|ON|D|J|FIMAM| 1|3|A[S|ON|D| 3| FIM|AM| 3| 3|A[S|OIN|D{ 3| FiM|AM| 3| 3 |A[S|OINID{ 3| FiM|IAIM| 3| 3 |A[S|O|NID| 3 [FiM[AIM| 3| 3 |AlS|OIN[D| 3 {FIM[AIM[ 3| 3 |AlS|OIN[D| 3| FIM[AM| 3| 3 |AlS|OIN|D]{ 3| FIM|AIM| ]| 3 |A|S|O[N|DI
Run3 | ‘ Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038
J[FIMAM 1|3|AlS|ON|D|J|FIMAM| 3|3|AlS|ON|D| 3| FIM|AM| 3{3|A[S|OIN|D{ 3| FiM|AM| 3{ 3|A[S|OINID{ 3| FIM|AIM| 3| 3 |AlS|OINID| 3 [FiM[AIM| 3| 3 |AlS|OINID| 3 {FIM[AIM| 3| 3 |AlS|OIN[D| 3| FIM|AM| 3| 3 |AlS|OIN|D] 3| FIM|AIM| 3|3 |A|S|O[N|DI
Run 4 | 1S4 Run 5 ‘
2039 2040 2041
J|FIMIAM[J|J|A|S|ON|D[ 3 [FIMAM| |3 |A[S|O|N|D{ J[FM/AM|J| ] |A|S|ON|D| Shutdown/Technical stop
J _. _\ Protons physics
| S5 Ions
- Run 6 | Commissioning with beam
| | | | Hardware commissioning

Last update: April 2023
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“)) Collective Flow Mass Hierarchy Including Quarkonia
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e Hadronization Strangeness Mesons

N/ S

Extension for Homework

» Using the same way we read A\c and Ny results, understand what is the current picture from
the measurements of strangeness hadrons

» Ds/D+ in PbPb ALICE

» Bs/B+ in PbPb CMS

» Ds/D+ vs multiplicity in pPb LHCb

» Bs/B° vs multiplicity in pPb LHCDb
» Ds/D+ vs multiplicity in pp ALICE

Jing Wang, Experimental Overview on Heavy Flavour in Heavy-ion collisions, QNP'24 (July 11, 2024)


https://arxiv.org/abs/2110.10006
https://arxiv.org/abs/2109.01908
https://arxiv.org/abs/2311.08490
http://arxiv.org/abs/2204.13042
https://arxiv.org/abs/2111.11948

