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?E/RW Hard Probes “Rutherford experiment”

N/ S

- Hard Probes — particles created from scatterings of large momentum transfer Q
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(iE/RW Hard Probes “Rutherford experiment”

- Hard Probes — particles created from scatterings of large momentum transfer Q
» Get information of medium by measuring how hard probes are modified
compared to no medium — normally pp collisions as reference
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cErn)) Hard Probes vs Soft Particles

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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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E) Heavy Flavors vs Other Hard Probes

N/ S

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 coeff. Ds (Fokker-Plank) "

° MNqQ > mq
» Strong interaction with QGP differently from light quark

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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B Life of a Heavy Quark in HIC

N/ S

Relativistic heavy-ion collisions
Produced early

%0

c quark

® Mesons

Interact with medium

\ differently from light quark

N

Initial production N ,
calculable by pQCD % 0

Fragmentationtoc /b
hadrons and decay

\\» 0 S

Transport can be described
by Fokker Planck

Yen-Jie Lee, Andre S. Yoon and Wit Busza
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CER)) Connaitre Representative Heavy Flavor Hadrons

10 (c=Do ~ 0(50%)) Bt (b—=B* ~ 0(40%))
Mass 1.865 GeV Mass 5.279 GeV
ct ~ 120 um cT ~ 490 pm

Study of heavy quarks enabled by measurements of heavy-flavor hadrons
- DO and B+ mesons are go-to proxy c- and b- hadron

> Best fragmentation fraction

> Relatively simple to reconstruct

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



CER)) Connaitre Representative Heavy Flavor Hadrons

10 (c—Do ~ 0(50%)) Bt (b—B* ~ 0(40%))
Mass 1.865 GeV Mass 5.279 GeV
ct ~ 120 um cT ~ 490 pm

Displaced secondary vertex is an experiment signature of open HF mesons

Primary Secondary
vertex B meson = vertex

@ —mme———f
Decay length

can be ~1 cm in lab frame at LHC

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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‘i@ Connaitre Representative Heavy Flavor Hadrons

10 (c—=Do ~ O(50%)) Bt (b—B+ ~ 040%))
Mass 5.279 GeV

Open Mass 1.865 GeV
heavy ¢t ~ 120 pm ¢t ~ 490 um
flavor

Y (1S5)

Y(2S), Y(3S)

Quarkonia J / ‘-I)

V(2S), Xc
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e How to Measure Open Heavy Flavors

N/ S

\2_ L VL k 7{!’
Decay

Displacement
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G Measure Heavy Flavor HF Decayed Leptons

N/ S

+

\4 Decay

> -
" &""v Measurement objects k‘
4 /v +
\‘

N

Inclusive decayed leptons Displacement

* Leptons only carry partial .
\

kinematics of parent hadrons .0 7 Fragmentation | )X ‘Do
* Inclusive c/b-hadrons only D

O\
O
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CERN :
\\/)/ Measure Heavy Flavor Fully Reconstruction
, = \ -
- Measurement objects ‘
.\.( & I, vL k
K _
Decay - /
Inclusive decayed leptons Displacement Exclusive hadronic reconstruction
 Leptons only carry partial » Good control of kinematics

@

kinematics of parent hadrons .0 7 Fragmentation | SN, Do » Distinguish type of hadrons
* Inclusive c/b-hadrons only D - Statistics limited by -, BR
» Better statistics e.g. FF x BR (c—=D%—Ki) ~ 0.02

O\
O
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CE/RW
\

N/ S

Measure Heavy Flavor Partial Reconstruction

'Sl’\*\ \N -/(—A‘ \ Measurement objects -~ . Do
K

Decay

Displacement

(b—) J/P, nonprompt J/P % - - (b—) D, nonprompt D

-B Fragmentation |\ /\. B
« Balance of statistics and « Balance of statistics and
Kinematics control Kinematics control

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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%E/RW Measure Heavy Flavor HF Tagged Jets

N/ S

N“’ /M" Measurement objects
+

v

Decay

Displacement

L
ﬂ& %

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)

Fragmentatio

b tagged jets
» Displaced secondary
vertex as signature




E) Signal Extraction HF Decay Leptons

- Template fit on a variable to extract the yields of signals
» |dentify sources of backgrounds
o « Determine variables, which should have either

| > distinct shapes between components, or
Signal > well-known yields

— Bkq O » Determine templates
. T 1 o e » Data-driven is the best
Variable > Simulation is commonly used

- Need to correct or evaluate data-MC difference

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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&) signal Extraction HF Decay Muons

3
— >_<|1(|)|| T T T T T T T T T T T T T T T T T 1T ‘SOUFCGSOfbaCkgmundS
'> B | I | #l data B
s M ATL::zT V, 1.17 pb” e E » Pk
0 - pp7 = ev, 1. p | >
ST S, kg
© B ® _
B fake bk .
o T it - fake bkg
% 08—— ® _
0.6 . _:  Variables
- . " P
0'4:_ e E
0.2 o - — > and fake bkg shapes different from signals
" = W : g bkg yields scaled from previous measurements
. 14F =
£ 1.20
% ' o Templates
a 08 > From simulations
06 L1 | | | L1 | [ | [ | L1
02 -01 0 01 02 03 04
1o,
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https://arxiv.org/abs/2109.00411
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@) Signal Extraction HF Decay Electrons

N/ S

8 o5 PHENIX —Data
S 7 E Au+Au, |s,,=200 GeV --Total BG
© [ min. bias ~Dalitz
O, 16-1.8GeVic [ Conversion Extension for homework HF — ¢
= S —J/\]f
- f—q —Misld
oL %1 —Mismatch - What are the background sources?
; J] LL’ ~Ke3 » What are the variables to separate signals and
i . backgrounds®?
10°F : o * How the templates are determined?
103}1- """ AT T + Similar one from STAR
= |
:F Ll | - | | | | I . | L1 | |

L1 | | L1 | L1 |
-0.15 -0.1 -0.05 O 0.05 0.1 0.15
DCA [cm]
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https://arxiv.org/abs/2111.14615
https://arxiv.org/abs/2203.17058
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[ IIIIIII

d°N

<TAA> Nevt de d?] ddO
S

Data / fit

Signal Extraction Separate c— and b—p

_III|III|III|III|III|III_

— ATLAS ¢ c+tb—u in data—

C Pb+Pb, 5.02 TeV, 246 ub™"  ©=3c—u -

~ 6<p_<7GeV T mbou _
20-30%

[
-04 0.2 0 0.2 0.4

d,[m

3

Template fit on Variables do (Distance of Closest

Approach DCA) relative to the beam spot

Beam spot

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



https://arxiv.org/abs/2109.00411

@) Signal Extraction Separate c— and b—p

Template fit on Variables do (Distance of Closest
= B N L L Approach DCA) relative to the beam spot

E 103:_ATLAS ¢ C"'b—),u in data—:

IS = Pb+Pb, 5.02 TeV, 246 ub™"  £3Cc—U -
cv B . -
g | 6<PT<7GeV =} mb—-u s
= 102

ol IIIIIII
[ 1 IIIIIII

d°N

<TAA> Nevt dp-r dT[ ddO
S

O

Beam spot DCA

Data / fit
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https://arxiv.org/abs/2109.00411
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&) Signal Extraction Separate c— and b—p

N/ S

Template fit on Variables do (Distance of Closest
= B N L L Approach DCA) relative to the beam spot

E 10°- ATLAS & c+b—pu in data—
; - Pb+Pb, 5.02 TeV, 246 ub™ CICc—ou =
3 - = ;
g - 6< p_< 7 GeV J 5 mb—-u i
= 1 02 ~20-30%

Transverse plane

d°N

<TAA> Nevt de d?] ddO
S

14
= 1.2
S 1
s 0.8 O 3
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https://arxiv.org/abs/2109.00411

CERN - - :
\\/)/ Signhal Extraction Fully Reconstruction
Discovery of J/Y
Fit on invariant mass T 202 eventsd || -
 SPECTROM
» Pair all the potential decay " B ::
daughter particles in an event ol O-0temmt [
% 50 F
= |
S 40

3.25
me+e—[ GeV ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1404

C
\

N

E/RW

N/ S

CMS Vs=7TeV,L=51f"\Vs=8TeV,L=53 1"
> —I | | | | | | I | | rF Rt
(()) i 5> S B B
O : 8 Unweighted
'-D_ N 01500 "\
: 1 500 \\ E ‘\\’
2 i S |
- 211000}
S I (711000
> -
'_"; 1000 *No 0 T 130
o : m,., (GeV)
L 5 i
D i _
) ¢ Data _
< 500 | —— S+BFit ]
—~ e B Fit Component
? i t1o |
N [ +20 1
:/ 0 | | I | l | | | | | | | | | | | l l | | | | | | |
n 110 120 130 140 150
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Signal Extraction Fully Reconstruction

Discovery of Higgs boson

Fit on invariant mass
» Determine decay channel, which need to balance

» BR
> Purity

~ Acceptance

» Resolution

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1207.7235

N

‘i{@l Signal Extraction Fully Reconstruction
D — Kknt Fit on invariant mass

D+ — K-mtmt

» Determine decay channel, which need to balance
Dgt — (I) (K+K-) mtt

» BR
D*+— DO (K-m+) m+ > Purity
A — pK-m+ larger BR - iIntermediate resonance improves purity
At — pKo(nrm) Ksimproves purity
B+ — JAp (pp) K+ >~ Acceptance
B+ — DO(K+m)m+ |
>~ Resolution

B — JAp () K0 (t* )
B0 — D-(K+m-m)mt

Bs® — JAp () ¢ (K+K)
Apd = A (p K-1t*) e

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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N/ S

Signal Extraction Fully Reconstruction

D0 — K-mt Fit on invariant mass

» Determine decay channel, which need to balance

> BR
D*+— DO (K-m+) m+ > Purity
A — pK-m+ - Intermediate resonance improves purity

- more daughters have worse purity
- lepton channels lower combinatorial background
B+ — JAp(urp) K+ lower background > Acceptance e.qg.
- muons difficult to access low prt at mid rapidity
>~ Resolution

At — |y K0 (1t* 177)

B+ — DO(K+m-)m+ better acceptance
B — JAp () K0 (t* )

B — D-(K+mm)mt

Bs® — JAp (utp) ¢ (K+K-)

Av? = Act (p K-14) 1c

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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Signal Extraction Fully Reconstruction

D0 — K-m* Fit on Invariant mass

» Determine decay channel, which need to balance

* BR
D*+— DO (K-m*) mt+ > Purity
A — pK-m+ - Intermediate resonance improves purity

- more daughters have worse purity

+ — 0 + rr- " "
A p K0 (m* ) - lepton channels lower combinatorial background

B+ — JAp (urp) K+ >~ Acceptance e.g.
B+ — DO (K*m)mt - muons difficult to access low pT at mid rapidity
>~ Resolution

B0 — JAp (utp) KO (mt* )

B — D-(K*mm)m » Determine templates
Bs® — J/ (utw) & (K+ K) > |dentify potential peaky background

A = At (pK-m¥) 1

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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CERN . .
C)l Invariant Mass Fit D= Kn as Example
CMS PbPb 0.58 nb' (5.02 TeV)
=1 ' ' ' T 1 T T T 1 =
40000 —  Cent. 30— 50% ° E_ata ]
- — It — ! n
- |3? < 1pT< 4.0 GeV 47 signa - Combinatorial
> 30000 — 4 K- swap — . .
= - KK - > Likelihood ratio test
© B +, - o
C\i | JU JU —
@ 20000 ke --- Combinatorial ]
g T _
T - » Peaky background

-
—
-
— ——
—
—_ =
— - -
[
—
— - - -
-
- - —
-
- -
- .
——
——
—

10000 = » K-t swap DO0—KTrt is reco-ed but the
- - mass assignment is swapped
0 ‘1_|75 B - s — L o » KK and it DO—= KK/mrt is reco-ed as
m_ (GeV) DO=Km
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http://arxiv.org/abs/2112.12236

%E/RW Invariant Mass Fit Extension

Extension for homework
x10”_

250 FF 71 LR | T T —~~ ~ L B L L
‘§ - LHCb pPb - N§ - D > Kxand chargeconj. 0« p_ < 1 GeV/c -
> 200 & |sny =816 TeV 4 Data — 2 " w/o vertexing )
E —Fit < 10_— T ~
< 150 [~ — Signal ~ — i _
PR FPartial : 2 2 _
= - L S - = 1867 £ 2 MeV/c -
S 100 |- — > ¥
S "k @l Combinatorial - 2 5| o = 11 MeV/c? fixed to MC —
= i BB iyt i , . -
S 50 - - S =3546114 + 758011 _

byt : A Event-mixing background subtracted _
S PO T | . ; - 0 T N B B R
5100 5200 5300 5400 5500 1.75 1.8 1.85 1.9 1 -952
m(J/IWK*) [MeV/c2] M(Kr) (GeV/c?)
» What peaky backgrounds for B+—J/(pK+? » What is the event-mixing technique used to
» What functions are used to model each achieve measurements down to O pt by ALICE

component?

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1902.05599
https://arxiv.org/abs/2110.09420

N

CERN

\

N/ S

)

dN/d(D° DCA) (cm™)

10’

Separate Prompt and Nonprompt D mesons

CMS

PbPb 5.02 TeV (0.58 nb™)

Centrality 30-50%
6 < p_ < 8 GeV/c

lyl <1

0.02 0.04 0.06 0.08 0.1 0.12
D° DCA (cm)

@ Data

=D’ from b hadron decays

= Prompt D’

- Template fits on D meson DCA
» DCA ~ 0 for prompt D
> Large DCA for nonprompt D

Beam spot

Y o=

B meson

DCA of nonprompt D

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



https://arxiv.org/abs/2212.01636

N

%E/RW Yield Extraction Excited State Quarkonia

N/ S
%10° PbPb 1.61 nb™" (5.02 TeV)
IIII|IIII|IIII|IIII|IIII|IIII
10 __CMS p_ <30 GeV/c ¢ Data
lyl <2.4 — Total fit

Centrality 0-90% -*-- Signal
><.103 -. Baékground

00

N
N

—i
oo

excited states

~ Require ~100 MeV resolution to separate

_: » Mass resolution is critical to separate
Y(2S) and Y(3S)

AN

—k
o

Events / (50 MeV/c?)
N

Events / (75 MeV/c?)
@)

Iy
......
W,

m,, (GeV/c?)

N
I I I | I

8 9 10 11 12 13 14
2
m,, (GeV/c?)
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https://arxiv.org/abs/2303.17026
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%E/RW Yield Extraction Excited State Quarkonia

N/ S

X1 93 PbPb 1.61 nb™" (5.02 TeV)

p_ <30 GeV/c ¢ Data
lyl <2.4 — Total fit

Centrality 0-90% -*-- Signal
><.103 -. Baékground

o
|
O
=
/p

» For a pair of particles with same decay mode,
commonly use yield ratio, e.g.

[ Nes)su
00QS)—>upu = 0(18)—pu

N18) = up

00

N
N

—i
oo

to measure the low-stat particle

> avoid systematics convoluted with statistics for
low-stat particle if they can be canceled in ratio
- muon efficiency & resolution for Y(nS)—ppu

N

—k
o

Events / (50 MeV/c?)
N

] |
l-,.
.....
.....
'
1

Events / (75 MeV/c?)
@)

m,, (GeV/c?)

N
I I I | I

8 9 10 11 12 13 14
2
m,, (GeV/c?)
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https://arxiv.org/abs/2303.17026

E) Huge Combinatorial Background in HIC

CMS Experiment at the LHC, CERN a\ £ . .
Data recorded: 2018-Nov-12 08:36:52.866176 GMT Up to O(104) final-state particles in

Run / Event / LS: 326586 / 2491137 / 6 a central heavy-ion event
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Need to find good selections to
suppress backgrounds first before
Invariant mass fits

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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E) Suppress Background Multivariate Classification

N/ S

If want to keep red and remove blue balls...

Keep Remove

Variable |

Some variables can separate signals
and backgrounds to a certain extent

» Decay length significance
» Secondary vertex probability
» Pointing angles

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://www.dropbox.com/s/y3u44c0y2ujw8x1/0001-0200.mp4?dl=0

N

E) Suppress Background Multivariate Classification

N/ S

If want to keep red and remove blue balls...

Variable 2

P N A
Combining multi variables in a smart
way separate backgrounds and
signals better =& where ML can help

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://www.dropbox.com/s/y3u44c0y2ujw8x1/0001-0200.mp4?dl=0

cEun)) Initial Production pQCD Test

| < 0.5
DO
PIO'SZIaDO : » Measurements can be described by pQCD calculations
FONLL with sizable theoretical uncertainty at low pr
| kfact. E
GM-VENS 5 - Different factorization schemes
: ~ FONLL
l=-i-=: ] _ _ o
: - Dominant theoretical uncertainties
102k o nOtSh:-Tl _ > Factorization aqd renorm.alization. §cale, PDF
e i i morshour | ———— ~ Can be constrained by high-precision measurements
' ' : - Simultaneous constraints by varying collision energy
B and rapidity
i
g8

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://www.lpthe.jussieu.fr/~cacciari/fonll/fonllform.html
https://arxiv.org/abs/2308.04877

CERN .g = = " gn o
\\/)/ Initial Production Nuclear Modification
) _ _ | Is initial production in A-A collisions just
= 7t | ' [HCh 1 superposition of nucleon-nucleon collisions?
- F Syy =2 TeV -
15L 1 < p-Acollisions to test these kind of effects
) Enhanced - > lon as collision particles
[ - >~ No medium effect expected
1 PP —
i ]« Observable of particle yield modification in pA
[ Suppressed _ collisions compared to pp
0.5 -
] : . do,,/dpr
: : pA A dapp/de
P, (GeV/c] * Rpa should be 71 in the naive picture above

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



Initial Production Nuclear PDF

Forward D° Rppb
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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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1707.02750

cEun)) Initial Production Nuclear PDF

lllustration of nPDF / proton PDF

) Le
llll | || llll‘ll | I Il‘ll

1.4

= 1.3

o 1.2 antishadowing maximum
= ~—_

» For low-pt D mesons in A-A collisions

Vb +pd

'EPPS16

B By C TR PPPPPY ;'—ya X~ 2 e’
S i N Vo
0.9 — ----------- Ye » X ~ 10-3-10-2 for mid-rapidity
0.8  small-x shadowing » mix of x ~ 10°-104and x ~ 10-2-10-1 for LHCDb

0.7 |- i rapidity

(0.6 [rmmmmmerrr e T - 10

05 - * In most cases for HF hadrons, nPDF leads to

0.4 I T E Y T B > suppression at low pr shadowing

4 3 2 1 | ~ mild enhancement at very high pr anti-shadowing
10 10 10° 5 10 1

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1612.05741
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?E/RW Nuclear Modification Factor Raa In AA Collisions

N/ S

1.4 "lllll I I lllllll

1.2 — Enhanced —

Recall

Nuclear modification factor Raa

AN, 4/dpr
Ryp =
TAAdep/de
0.2 _ Suppressed _
oLl TR L )
1 10 100
p; (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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N/ S

Nuclear Modification Raa D9 Mesons

1.4 ——— T T L . . .
: o ] * Prompt DO suppression in wide kinematics
" Prompt D’ PbPb5.02TeV @ (ALICE)lyl<0.5 . .

10 Y OMS) lyl<1 - > Charm quark lose energy in QGP via
; AuAu 200 GeV = (STAR)lyl<1 collisions and radiations

L -
U e
0.8 I- Collisional '\ N

> | : - . “: energy loss /o -
* 0.6 _ I 10 et F LHC §—'_’ _ Ty : ,
Pb / n.

041 +—@— + - x Medium-induced B
F % - A radiative energy loss $igai s ‘
0.2 B N Q™\ Pb |
: R H]-C Cent. 0-10% - QGP
I | L1 111 | | | | L1 1 11 I | | | L1 11 I-
0 1 10 100 Energy loss of hard parton in Bullet in gelatin block
p; (GeV/c) QGP in pQCD picture

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



CE)) D9 Raa Understanding the Shape

1.4 ———r — . .
: - ' 1+ Multiple effects interplay
oL Prompt D™ PbPb 5.02 Tev :E’gugfl)y'ly:‘)'s - » Collisional and radiative energy loss
o : > pt shape before modification
1 B _ 1085—
081 T ML \ — PP
Cfi o H.H '—{4_’ 1075—
0.6 - \ "}L s |
04 :— } § |<_>>‘ 1065—
0.2 i -
Cent. 0-10% 3
O | | I | IIII | | | L1 1 11 | | | L1 1 11 :
1 10 100 I S R R R R B
pT (GeV/C) 100 120 140 160 180 200

PT

JHEP 01 (2022) 174

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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0.8
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0.4

0.2

D9 Raa Understanding the Shape

" Prompt D°

llI

PbPb 5.02 TeV @ (ALICE) lyl <0.5
¢ (CMS) lyl < 1

Cent. 0-10%

JHEP 01 (2022) 174

10
p; (GeV/c)

100

» Multiple effects interplay
> Collisional and radiative energy loss
> prt shape before modification
- lower slope at high pr
> Collective flow + coalescence
- medium pushes very low-prt partons to higher pr
~ nPDF shadowing
- suppress low pr

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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Raa Mass Dependence of Energy Loss

Light ™ Light h* (CMS) Iyl <1
Charm @ Prompt D° (ALICE) lyl <0.5
® Prompt D° (CMS) lyl < 1
Beauty & (b—) pu (ATLAS) Inl <2

— % (b—) JIp (ATLAS) lyl <2
| } (b—) J/P (CMS) lyl < 2.4

- || i Charm ™

_:—o—u : { — i

FFFFFF
llll

| I 1 1 I 1 1 I |

Cent. 0-10%

1

10 100

* Flavor dependent energy loss

Dead cone effect
» Radiation is suppressed inside 8 < m/E
>~ Energy loss AE| > AE: > AEp

©

-

__ M/E £f-pm/E L2271V I m/E
'—-:'.'—__'l—) -—m—) ‘—u-l—)
R Y \
\sél

Larger energy loss  =» Smaller energy loss

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



i Raa Flavor Dependence

Non-prompt D Raa / Prompt D Raa

I3 - LGR central value -
TS =LA i) m_set to m, (coalescence) —
o —— — iv) Wlo coalescence -
=~ T AN mmmmaa i) m_set to m, (E-loss) i
§ cima iii) w/o shadowing _
5 3 :
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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2202.00815

Azimuthal anisotropic initial shape in peripheral events

[Animation]



https://www.dropbox.com/s/2vdx4i9y8qfn4eg/0015-0131_fps15.mp4?dl=0

Pressure gmd ient

(L

v ¥
-

Pressure driven expmion' . Science 298 (2002) 2179



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

N\

cén) 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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


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

0.3

Collective Flow Heavy Quarks

0.2

0.1

Light ® 1" (ALICE) lyl <0.5 -

] Do heavy quarks flow along with the medium?
Tq i
I:lJIII b —
= u o -
- C -
o -
- i
m —

PbPb 5.02 TeV Cent. 30-50%

10
p; (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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G Analysis Technique Flow Coefficient

~7_
Cms __~  PbPbjs, =502TeV
9000 ;_ lyl <|1 .0 l +|Data l _;
8000 Cent. 10-30% — Fit —
g 7000; 4.0 < pT<5.O GeV/c s E;Ssisvnaegped —i
B 6000 - Combinatorial — - Simultaneously fit invariant mass distribution
i 5000 —~ and average vz — get signal v2
@ 40008 E + One of common methods for property
g 2 | measurements of resonances, if
2000 g - signal and backgrounds have distinct
o ] T R TP RN A \_E magnitudes of the observables
0-32— vs =0.156 = 0.008 —
. 0.255— o —g
A 025 TS
0.15F- —
0.1F =
17 A7 T8 188 19 195 2

m. ., (GeV/c®)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1708.03497

cEan)) Collective Flow Open Charm

u ' o ' T : . pn :
0.3 _ » Significant non-zero open charm flow signal
- Light ® rt* (ALICE) lyl <0.5 - . Small than liaht had ‘)
Charm = Prompt D’ (CMS) lyl<1 - ma .er vz than lig a rops a OW pPr
TN = Prompt D (ALICE) Iyl < 0.8 > Magnitude reflects thermalization degree
I o8 o0 (c—) 4 (ATLAS) Inl <2 i
02F m T [ Cent. 30-40% -
N N ‘;L i -
] ! .
== 1
s~ 5 s ol Charm :
0.1 B T — ﬁﬁ ]
L % ‘ ! _i_i_ []T -
R 5 [ ie -
E[J - .
| -
o) S— x o D N _
PbPb 5.02 TeV Cent. 30-50% — | « Consistent between LHC results
] L > (c—) U seems to shift to lower pr
1 10
p: (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



cEan)) Collective Flow Open Charm

0.3F T -
: Light ® 1" (ALICE) lyl <0.5 -

mP D° (CMS) Iyl < 1 ) i
T Charm ® Prompt D" (CMS) lyl <1~ » Non-zero D meson vz up to high pr

» Same magnitude with light hadrons
> Path-length dependence of energy loss

PbPb 5.02 TeV Cent. 30-50%

1 10
p: (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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-0.05 |

Open Charm Flow LHC vs RHIC

0.25 |
0.2}

0.15 |

0.1F

— - .
PbPb 5.02 TeV ® Prompt D° (CMS) 10-30% -
AuAu 200 GeV = Inclusive D° (STAR) 10-40% -
I B
TL RH]-C - » Similar D v2 between LHC and
‘_ -
I T i | i o RHIC
: | - - despite different temperature & size?
3L ~ ~ decisive precision at sPHENIX
I T I T _
[ LHC ) L i i T T_-
------------------------------------------- i
lyl <1 i
! ! R S T T I ! ! T
10
p; (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



cEun)) Collective Flow Open Beauty

NS
C
025 _ Charm = Prompt D° (CMS) 10-30% lyl < 1 _:
"t Beauty * (b—)D°(CMS)10-30% lyl <1 -
: ¢ (b—) Jiy (CMS) 10-60% lyl <2.4 -
021 * O R ATLAS)10-20% Inl <2 - . Significant non-zero open beauty flow signal
: PbPb (5.02 TeV) - » Smaller vo than charm hadrons at low pr
0.15 : - - Weaker collective flow behavior
S ~ Similar v2 with open charm at high pr
0.1 : _ - Path length dependence of energy loss
0.05 F ~
E '
OF e
-0.05} =

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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-0.05

Collective Flow Mass Hierarchy

0.2}

" PbPb (5.02 TeV)
0.25 |

-
m © (ALICE) Iyl <0.5

N D° = (CMS)lyl <1 -
(b—)D° o (CMS) lyl < 1 _
- Lightest - » V2 hierarchy from lightest to hadrons
B [@] O _:
I - D _
-Im ; - Guess whether the order still stands
L . if adding quarkonia?
= & T _
= = = =
Semi central E
o S 2
10
p; (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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“)) Collective Flow Mass Hierarchy Including Quarkonia

]
. PbPb (5.02 TeV) m o (ALICE) lyl < 0.5
0.25 D° = (CMS) Iyl <1

i JyY e (ALICE)25<y<4

Lightest (b—)D° © (CMS) lyl <1
Y(1S) ® (CMS) lyl <2.4

* vo hierarchy from lightest to heaviest hadrons

o (ALICE) 2.5 <y <4
(@]
AN - [ . "
> 0.1 = Happy with the flow picture?
L ] Sorry...
0.05F Nk 5 Quarkonia actually have different stories
] I ® S— 11
i o @ L s B B o
O ""“f\'""' """"""""""" Cioooooo SEEEEEEEREEEEES ':
L Semi o
-0'05 __ HIea'VileS.tl | | L1 -1 I Ieml Clentrla. | __
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Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



Relativistic heavy-ion collisions

# Mesons
c quark

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 QQ as a bound state transport and
quarkonia Interact in the collision
c quark ” C quark
\
N\
~

N

\\
-
a---- oo

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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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N/ S

Primordial
quarkonia

c quark m C quark

N

aw -
~

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

$ Dissociated / melt

B Life of a Weak Unlucky Quarkonium in HIC

Dissociation in potential model picture of
quarkonia in heavy-ion collisions

s 0 00 :
2 0 We don’t see this

a ~-=9

m J/U In final state
W wlX

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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B Life of a Weak Lucky Quarkonium in HIC

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

$ Dissociated / melt

m\\x 00 m
d

We see dissociated
J/P recovered in
final state

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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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cEun)) Charmonia in QGP Sequential Melting

N/ S

- — T T T T T [ T T T
1.4 -

- PbPb (5.02 TeV) ® Prompt J/¢ (ATLAS)
Prompt J/{ (CMS)

1.2 — ® Prompt Y(2S) (CMS) : Sequential melting

« Charmonia strongly suppressed in PbPb collisions

L -
l } QLL:SS ::?:;85:&‘3,':126 : - Binding energy hierarchy
3 0.8 - { o ’ T - - weaker bound state easier to be dissociated
I R _ . - '
0.6 i ! ]'/\ - Stronger suppression in central events
- :

> higher temperature and larger size

T s -
¢ . .
0.2 " i & @ )
:....ll....l 1}"(25)
% 100 200 300
<Npart>

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



e Charmonia in QGP Regeneration

I ~—T 11T
1.4 _ Prompt J/Y PbPb (5.02 TeV) -
1oL © (ATLAS) 9 <p; <40 GeV lyl <2 -
- ® (ALICE) 1.5<p; <10 GeV lyl < 0.9 - Regeneration .
[ 0 - » Uncorrelated QQ in QGP regenerate quarkonia
: @ I * Increasing Raa at low pr towards central events
< 0.8 ot ‘ - > central events have larger ocz
< L ow-Pr
0.6 - ® .
I 9 _
0.4 — 0 —
: LY |§| @ :
0.2 ~ h‘gh - PT o -
O i | | | | I | | | | I | | | | I | | | | I ]
0 100 200 300 400
<Npart>

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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Charmonia in QGP Regeneration

"t I I
. e (STAR) AuAu 200 GeV Inclusive J/p -
(PHENIX) AuAu 200 GeV Low p; -
[l © (ALICE) PbPb 5.02 TeV ]
_-Mil } l
I _ j
0.8 -t ! % f | HCE -
® 6] o :
| .§| [T al —
- b ) ]
! % npf KHIC :
- " -
STAR p; integrated, lyl < 0.5 _
PHENIX p; <5 GeV, lyl <0.35 ]
ALICE 0.15<p;<15GeV, lyl <0.35 i

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

<Npart>

Regeneration
» Uncorrelated QQ in QGP regenerate quarkonia

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

» Significant in LHC but not in RHIC
> higher collision energy has larger ocz

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



?E/RW Bottomonia in QGP

N 7%
- L
" PbPb (5.02TeV) Y(1S) ® (CMS) lyl <2.4
: (ATLAS) lyl < 1.5 _ |
1 (ALICE)25<y<4 7  Sequential melting
M- Y(2S) ® (CMS) lyl <2.4 _ , | o
0.8 |- Ut - :EATLA)S;,|),<|<1_5 - * Bottomonia strongly suppressed in PbPb collisions
Il v@s) o oy oo~y <4 + Binding energy hierarchy
m&‘ 06l l { CS)yl<2 > weaker bound state easier to be dissociated
| B ﬂ = Yl" pr integrated - » Weak (if any) uncorrelated recombination expected
+' PoE g - for Y(nS)
0.4 | L y
" % i 5 > smaller oos than ocs
I &YLZG) -
_ - N
:les) El L E i C]
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<Npart>

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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Dissociation + Regeneration Picture Challenge

5 Y(1S)
PbPb (5.02 TeV) ® (CMS)lyl<2.4
B AuAu (200 GeV) * (STAR) lyl <1
@ ‘
p; integrated
|8
RHIC ™% -
] I | | | | I | | | | I | | | | I | | | | I
0 100 200 300 400
<Pdpan>

Happy with dissociation + regeneration picture?

» Why is Y(1S) suppression degree so similar
in LHC and RHIC?
> even If they have different initial temperatures

» Why does Y(1S) not continue decreasing
iIN most central events?
» models with regeneration still don’t describe it

« Feed-down contribution not well constrained

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



E)) Dissociation + Regeneration Picture Challenge

PbPb 1.61 nb™', pp 300 pb™ (5.02 TeV)

1.6_I 1 | B | B | IR | IR | B | B | B | I__
,-\&1 L p_< 30 GeV/c CMS 1 -
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) N eidelberg SHMb, 50% b therm. 1 Cent. _ . .
2 I\ T 51 70:00% - Challenging for theoretical models
< 0al - ' > Particle ratio cancels nPDF effect
5 T -
. B \ﬁ_\’\_\ | | . . . _ . .
A;:: : 4| — T |4 ¢ Crucial to constrain feed-down contribution
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~ | ]
—_ 04 1 |
=041 -
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Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2303.17026

CE)) Revisit J/» Really Primordial?

pp 302 pb™ (5.02 TeV)

Early bound state picture

N
N -
> i CMS pr (Jw) What we expect so far
© L — . . . ag
z b PromptJny “ T o Get) » Few surrounding jet activities
4~ | Late jet fragmentation picture
- How open heavy flavors are formed
3l Prompt PYTHIAS  J/P only carries partial transverse momentum
I Nonprompt PYTHIAS in the jet shower
i |
20
1
B 1
|
OIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII
03 04 05 06 0.7 08 0.9 1

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


http://arxiv.org/abs/2106.13235

E) J/P Production Potential Jet Fragmentation

pp 302 pb™' (5.02 TeV)

N
N -
> CMS pr (J1w)
5_ Z — .
Z - Prom%tSJgPV pr (jet) Early bound state picture
— ~ p., >6.5Ge - - -
b Pt b <d0Gev Late jet fragmentation picture
- <2 |
- —#— Prompt data - J/U have more surrounding jet activities
3 Zgonrgfng;T;'(f\FBHI Ag than (model) expected in pp
I | > Similar to open heavy flavors
2:_ - ~ > Parton energy loss may also play an
- important role in J/y suppression in HIC
1: n _
- | .
O [ 1 | [ 1 1 II | [ 1 -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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


http://arxiv.org/abs/2106.13235

N

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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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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, Heavy Flavour and Quarkonia: Experiment (June 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

- If there is coalescence
Higher Ds/ D9 expected Higher Ac/ DO expected
strangeness enhancement more valence quarks

QGP

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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A, 1D

0.5

Coalescence Charm Bayron Ac in AA Collisions

Il

48,

;

- AuAu

1.5

it

1

200

T

"

5.02 TeV pp ® (ALICE) -

5.02 TeV PbPb ® (ALICE) 0-10% -

GeV AuAu * (STAR) 10-80%

A (CMS) 0-10%

# (LHCb) 65-90% - Significant larger Az / D0 in AA compared to pp

“ Pbe - at intermediate pr

) > Consistent with coalescence picture

ALICE lyl<0.5 )
CMS, STAR lyl <1 )
LHCb 2<y<4.5

- i; - _
tpp A A
0 5 10 15 20 25

p; (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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(iE/RW Hadronization in pp Charm Bayron Ac

o [ | I D | [ D [ D | [ D | [
D B —
= ALICE
2 1.0 — PYTHIA 8.243 -
< b 77 Monash 2013 <05
0.8 — N
. - - Fragmentation function constrained by e+e-
0.6 _ predicts Ac/ DO to be in pp
. o, 15 = 13 TeV - >~ Weak pr dependence
| ® 2] G2V s paen) -
0.4 O P < eV/c (this paper) B
0.2 - N
O O i | 1 1 | | I S | | 1 1 | | [ 1 | | | | 1 | | | | |
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P (GeV/c)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2308.04877

Hadronization in pp Charm Bayron /\c

B | | | | | [ | | | | | | | [ | | | | [ | | | ]
1.0 — PYTHIA 8.243 ’I?/Il_LCOES —
i Monash 2013 -
- — Mode 0 SHM+RQM -
- ---Mode 2 2 Catania .
0.8 Mode 3 . QCM _
I — — POWLANG, HTL _
/ — — POWLANG, IQCD _
0.6 - _
[ pp, Vs = 13 TeV ]
il ® orzidevie (thi )
Lmyie O p,<1GeV/c (this paper)
0.4 =l 1 Pr paper)
0ol -
0.0 i | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 ) 10 15 20 25
p. (GeV/ce)

» Significant larger /\c/ DY observed in pp
» Stronger enhancement at low pr

» Theoretical efforts to describe it
>~ More excited baryons
> Color reconnection
~ Coalescence also in pp

T Details see theoretical lectures

In experiments, multiplicity is a way to vary final
state effects and connect different collision systems

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2308.04877

N

&) Hadronization in One Picture A</DO vs Multiplicity

N/ S

- 2_ALICE y] < 0.5-
< 1.8 e pp, s =13 TeV __stat. © SHMc — | .
1 6L ¥ pp. Vs =5.02TeV syst. # Catania -  pr-Integrated Ac/ DO increases dramatically at
" F a p-Pb, s =5.02TeV extr. & TAMU - small multiplicity from e+e- to low-multiplicity pp
145 & Pb-Pb, s, = 5.02 Tev N total E * but no data there
— ¢ Au-A 200 GeV — -
1 -2:_ ¢ ST“AR ‘;RE(ZOZO) 1723901 E * N\c/ D9 keeps same for a wide range of
1E - multiplicity from pp to peripheral AA
0'85_ % \ T E * pr-Integrated Ac/ DO keeps same but pr
0.6F el o ¢ ' : H E redistributed from peripheral to central AA
0.4 @ _ . -
0.2 —
N L Ll L il | ~
1 10 102 10°
(AN /A0

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2112.08156

%E/R_S/ Hadronization in One Picture Ao/B° vs Multiplicity

() - B 1 1 | I | | | I | | | I

Q 0.7 T Lacb pp \s=13TeV -
S < N -1 N
b< 0.6r T pr>0 >4 1b + -

05F T —i— -
. F ++++++ + _

04F I+ | 3 -+ Similar observations for beauty sector
P +++ : ~ No results in AA collisions though
03+ 4 :
0.2 -+-— —4 pp—bb + X, global uncertainty: 122 —
0af b ezt —E
0 i I | | | I
: 4VEL() VE?O
Ntracks / <Ntracks >NB

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2310.12278

N

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, Heavy Flavour and Quarkonia: Experiment (June 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
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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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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CERN - .
\\/)/ Small Systems Collective Behaviors
I ~—r1r 1 1T 1]
0.2 - 0
- pPb (8.16 TeV) ® Prompt D (CMS) lyl < 1 -
i ® Prompt J/P (CMS) 1.2<lyl <2.4 _
- pp (13 TeV) @ Prompt D° (CMS) lyl < 1 b | | o
0.15 1 ¥ (c=) 1 (ATLAS) Inl < 2.4 1« Non-zero vz of charm hadrons in high-multiplicity
) pp and pPb collisions
011 }.i (817 ; _ » Source of flow signhals not decisive
>0 I ; i g T : >~ Maybe initial transverse momentum correlation in
oo5\- [t T m | |h ¢ - CGC framework
; - o4 .I' ) >~ Maybe small QGP medium in final states
0 I 1 B, S =S I _
I | -
.0.05 |- High-multiplicity events ? _]
TR IR ST TS RS S SRR
0 2 4 6 8 10
p; (GeV/c)
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E) Small Systems Non-Flow Subtraction

N7
! ~—r1r 1 1T 1]
0.2 |- 0
- pPb (8.16 TeV) ® Prompt D (CMS) lyl < 1 -
i ® Prompt J/P (CMS) 1.2<lyl <2.4 _
0.15[  PP(13TeV) ® PromptD°(CMS)lyl <1 - « Non-flow contribution needs to be subtracted

¢ (c—) W (ATLAS) Inl < 2.4 - Major sources

- Back-to-back dijets / multi-jets
- Resonance decay

o
—
|
—o—
[ L i
= =
<
fg
=g
1 1 1 I 1 1 1 I 1 1 1 I

> ] i Imle T - Subtraction method differs between experiments,

0.05 ! "f - I { commonly assuming nonflow

_ | o ¢ I . e

: | w4 ,I - independent of multiplicity

|, N S I - - dominates in low-multiplicity events

_ | | -

.0.05 |- High-multiplicity events P _
IR E BT SRR I ST R S S SR
0 2 4 6 8 10
p; (GeV/c)
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‘i{@l Small Systems Quarkonia Sequential Suppression

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

2 | I I I |
Q? PHENIX \5,,=200 GeV LHCb p+Pb |5, =5 TeV PHENIX
v(2S) @p+Au Vd+rAu MEw(2S) [l
| 5l Vv OptAu VdtAu o ALICEp*Pb {5 =5 TeV » Not surprising J/{ Rpa is not unity
Av@s) Ay - Nuclear PDF
> |nitial coherent energy loss
1— o e J/{p _______________________________ D
» These Iinitial state effects cannot

explain different Rpa of J/\p and )(2S5)

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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Normalised G,,,5/0y,
—

e e
AN I oo ©

Normalized p(2S) / J/P vs multiplicity
B 1 1 1 1 I 1 1 1 1 I 1 1 1 || I 1 1 1 1 I 1 _
— H LHCb pp Vs=13TeV —
SN .
R NN =
- H"""""%“}'\'E'\\*?\V\' """"""""" W m_:
- N\ \\\\\E _
u h \iiﬁ\i\\ -
— h 5\\\\\\&\\\\ : —
n \\i\\\§\\i\\ \ H .
[ 1 prompt ENNSE
- —+ non-prompt \\&§\\\§§ E
- Jco-mover model .
— | I ] | I ] I | I ~
0 1 2 3 4
PV PV
NtfaCkS/<Ntracks>NB

\@ 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

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/2112.08156

@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)

Low multiplicity High multiplicity P(2S) X(3872)
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https://arxiv.org/abs/2402.14975

@Apply Production Mechanism Probe Exotica Structure

» Both effects depend on inner structure differently
> Discriminate nature of exotica - Independent input in addition to guantum number

Tightly bound
-"QM?M'K Small radius

20-year debate of X(3872) nature

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



%E/RW Let Probes Be Probes

NL S
10 : | | | | | | | | | | | | | | | | | | | | | :
- - » Specific shear viscosity n/s derived by HF Ds
- Water ~ : :
- : - ~ Consistent with soft probe
I Helium ] » Sizable uncertainty though
o > Hard probes — unique high temperature
1F .=+ Need substantial efforts to achieve
o | FermiGas . - Observables > properties
i ] ~ Phenomenology > microscopic structure
107 e B eeeeeeeeessss, OCP (Heavy Flavor D) —
: QGP (Soft Probe) :
| | | | l | | | | I ] | | | | | | ] ] | ] | | |
~1 0 ' 1, 2 3 4
TC
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https://arxiv.org/abs/2203.16352

‘iw Goal of This Lecture

Help you understand what people are talking about in next SQM

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



e Enjoy Play Time!

-
~ . ¢ Heavy flavor result
> Quiz Game y

playground

Win a particle magnet by Get to know the fruitful heavy
answering 3 questions correctly flavor measurements by

different experiments
(=] ¥t =]
g

I’ll be around all the way to
Friday to redeem the prize

&=

i
-
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Thanks for your attention!




If there’s more time

Let’s have more fun!

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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cErn)) HF Probe Initial Condition Tilt of Medium

N/ S

— 1 T T 1 1 :
| STAR AuAu (200 GeV) ALICE PbPb (5.02 TeV) » Tilt = Longitudinal structure of initial Y *
energy density distribution |

0.4 - 10-80%, pr>1.5GeV  10-40%, 3 <p; <6 GeV
= Non-zero (rapidity-dependent) v1

o
N
|
\vA
Q
AN T S N TR TR W A T

30

Case (A) Bozek-Wyskiel, g [GeV/fm?]

: Counter-clockwise | 55
'0.2 [ — - 20
i ® D° (STAR) ]
i 0O D° (ALICE) | 15
-04 __ —_ 10
| | | | | | | ] | I | | | | I | | | | ] 5
-1 -0.5 0 0.5 1 PRC 105 (2022) 034901
Yem —10— ' ' ' ' 0
PRI 125 (2020) 02230° -5.0-25 0.0 25 5.0
DR 123 (2019) 162301 Ns
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https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.123.162301
https://journals.aps.org/prc/references/10.1103/PhysRevC.105.034901
https://boundino.github.io/hinHFplot/
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&) HF Probe Initial Condition Strong EM Field

N/ S

. HJ(t:_/vxb"
n | . . . . e ~ ' ff'
" STAR AuAu (200 GeV) ALICE PbPb (5.02 TeV) _  Tilt = Longitudinal structure of Inltlalv \‘,\
0.4+ 10-80%, pr> 1.5 GeV 10-40%, 3<p; <6 GeV — energy denSity diStribUtiOn ' / P S N
= Non-zero (rapidity-dependent) v1 - EWD®

o D° .

- é - Strong EM field emerges at early stage
e § ] T Cnnh! . EEEEEEE ' SRR AR — : :
_ : é _ > Decays quickly — unique chance for heavy flavors
j | ) i = Split v1 of c and ¢ = non-zero (rapidity-dep) Av+
0.2 - =
- D i ®D0°(STAR)
ol : eoremm 1« Difference b/w LHC and RHIC for Av: A<EP
1 oD’ (ALICE) - ~ Possibly different effect dominates . B-
T B R L F]L ‘
-1 -0.5 0 0.5 w o =
Yem 55\

PHL 125 (2020) 022307
PEL 123 (2019) 162307
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https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.123.162301
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G J/V Polarization Initial B Field, Vorticity

N/ S

o 00— BEBRAREEEARERERRERRRRERE ]
2 : :
0 43_ ALICE, Pb—Pb V =5.02 TeV E * Ao > 0 — Transverse polarization in the
[ Inclusive Jiy — u u : direction perpendicular to the reaction plane
0.3F 2<p_<6GeVic,25<y<4 - -» connected with

: > Strong magnetic field
E >~ Rotation at early stage via spin-orbit coupling

R : AZEP
. £ - _\‘ o
| — L b e

_0_1_ ¢ Stat. uncert. N $

|:|Syst uncert Event plane ]
| EVENT'PLANE

__2 nnnnnnnn Lov oo Loy oo v o Loy lov v b o P o Py
0 0 10 20 30 40 50 60 70 80 90 100

Centrality (%)

arXiv:. 2204 1017
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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—) u (ATLAS) Inl <2

wave probes

» High-order vn probes event-by-event
fluctuation of initial geometry
> Similar to soft probes but different length-

5 316 (2021) 136253 CMS-PAS-HIN-21-008

5 80/ (2020) 1356695 PLB 807 (2020) 1355695
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https://doi.org/10.1016/j.physletb.2021.136253
https://doi.org/10.1016/j.physletb.2020.135595
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-21-008/
https://doi.org/10.1016/j.physletb.2020.135595
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CE/RW
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N/ S

0.2
0.15
0.1

0.05

CMS

HF Probe Fluctuations Energy Loss

__PbPb 0.58 nb” (5.02 TeV) - Probe event-by-event fluctuation

T
b

)

—_ =5
Prompt D + DO, lyl < 1 - Vo{2}2 = (V)21 +102)
{

Syst.

o v 12) - Vo{42 = (V)2 02,
- v, {4) fluctuation

* Indeed v2{4} < v2{2} for DO
> Provide additional constraints

: —tH—
~ 30-50% —F— « o fluctuations from both initial
R T v geometry (soft) and energy loss (hard)

,DT (GeV) oo oo
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https://doi.org/10.1103/PhysRevLett.129.022001

N

E) Exotica Tcc in High Color Density Environment

N/ S

E 100: | | | | | | | | | | | | | | | | | | I | | | | :
S gof- Nat Commun 13 (2022) 3351 LHCb =
- 9fb_1 -
S0F e T/ — D'Dont =
70 - O DD° mpom0 < 3.87 GeV/c? =
- oMo 2 — . . . - ’
: ¢ DIDT3T5 <mpopo <387 GeV/em - = - Similar idea applied on another exotic Tcc
o0F E . No suppression in high multiplicity
501 —t- — > Different response as X(3872) to the color
40— T | ' = dense environment
u ¢ =
303— - _D” —LF 0 .
u *— E
20§—Q| -E
o | T :
O: | | | | | | | | | | | | | | I | | | | | | | | | :
0 100 200 300 400 500

N tracks

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://www.nature.com/articles/s41467-022-30206-w

cEun)) Charmonia in QGP Other Effects

N7
I J I L L AL I LA B
1.4 .
- AuAu (200 GeV) Inclusive J/Y
STAR) lyl < 0. rintegrated - . -
1.2 :EPHEN)D(); 1< 20 j Iyl <2.2 PriTeER ) . St.ronge!r Suppression at forward rapidity than
; - mid-rapidity
10 - > similar observable in both LHC and RHIC
5 0.8ty . 7 Cold nuclear matter effects
C i | \d S _
N Ma-rapiaily
I #ﬂ L " - « Comover breakup, nuclear absorption
0.4L " N * Nuclear PDF
: L b i » Initial coherent energy loss
0.2 g @ 9 .
- forwor i B -
[T TN Y Y TN TR TN SN AN SR ST ST SN AT S S S S B
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<Npart>
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‘iEfW Dead Cone Effect Direct Observation in pp

N/ S

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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cE Yield Extraction Heavy Quarkonia

N/ S

PbPb 368 ub™' (5.02 TeV) PbPb 368 ub™' (5.02 TeV)
_I 1 | 1T | 1T | 1T | 1T | 1T | 1T | 1T | 1 I_ 1 06 E_I L | L | 1 11 | L | 1 11 | 1 11 | b I_E
1400 1.8 <1y""1<2.4 CMS — - 1.8 <ly"l <24 CMS -
5 | 45 <p." <5.5GeV/c - 10°L 4.5 <p,’ <5.5GeV/c —~
o~ 00F cent. 0-100% - = Cent. 0-100% -
O I 1 = iAal ¢ Data |
> 4 000 | c 107 ¢ — Total fit =
[0)) ¢ Data i - - — Prompt Jhp .
(Lg - — ;otal fitt J / N — 1 3l . JAp from b hadrons -
_— From | ' = Back d E
S 800F .. gy frcp>m I;Phadrons [\ 1 2 0 s AT :
@) - Background i — , B -
2 12 F :
L% 400¢ - 10 3 =
i . ¢ - :: _
200__ —_ 1 E_ ¢ ._' '.,0/ ® _E
O:I | 1 1 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | | 1 1 I: 10—1 :I I/I | I I | | III:EI | | I\I | | I I | | |/’/|0’9|\\| ] I:
26 2.7 28 29 3 3.1 3.2 3.3 34 35 -3 -2 -1 0 1 2 3 4

M+, (GeV/CZ) lJ/w (mm)

» Simultaneously fit invariant mass and pseudo-proper decay length — Similar as open HF

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)


https://arxiv.org/abs/1712.08959

ions (fwo pancakes of nucleons)
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| QGP emergence (fors of Soft scatterings)

Relativistic heavy-ion collisions

. Quark Gluon Plasma

# Mesons

Yen-Jie Lee, Andre S. Yoon and Wit Busza
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G Analysis Technique Flow Coefficient

NS
x10°> CMS _ PbPb 0.58 b (5.02 TeV
B - +bk
35| Cent. 20-70% ¢ Data 0.321 * Vo0
- -06<y<0.0 — Fit o 0.3F - Flttov
C\é 30:_ 3.0< pT < 3.5 GeV/c S(minv) .;.;N 0.28 ;_
g 251 0 SwW(my,,) > 0.26
- - B(m. -
10 50 :_ (mlnv) 0.24 E_ 5'9 = 0.199 + 0.006
E.\\I/ f ....... 003 ;_ _*_ Avsig+bkg
] S e 2 %%21 = — Fit to AVS'gJ’b:f’
I 100 > Taee— gy W ﬁi# =
LLI - o OF e = ,i'i | "
- —O 01t =
5? —0025 sig
e 003 Av3®=-0002 £0.007
1.75 1.8 185 1.9 1.95 2 175 1.8 185 19 1.95 2
m. (GeV/c?) m.  (GeV/c?)

- Simultaneously fit invariant mass distribution and vz vs invariant mass — get signal vo
» Common method for property measurements of resonances, if

> sighal and backgrounds have distinct magnitudes of the observables

> the observable does not have strong dependence of invariant mass

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)
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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%).

Jing Wang, Heavy Flavour and Quarkonia: Experiment (June 11, 2024)



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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‘i@ How to Measure Heavy Flavors
< ‘\ TS
:\& ', VL easurement objects \ k \

\\7"‘

K

Decay ’
Inclusive decayed leptons Displace Exclusive hadronic reconstruction
» Better statistics - Statistics limited by -, BR
» Leptons only carry partial e.g. FF x BR (c—=D%—Km) ~ 0.02

kinematics of parent hadrons  — | "1 Fragmentation | J<, +0  + Good control of kinematics
* Inclusive c/b-hadrons only D N D » Distinguish type of hadrons

O\
O
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Azimuthal anisotropic initial shape in peripheral events

[Animation]



https://www.dropbox.com/s/2vdx4i9y8qfn4eg/0015-0131_fps15.mp4?dl=0

