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Probing quark-gluon plasma (QGP) with heavy flavor
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Probing quark-gluon plasma (QGP) with heavy flavor

Hard QGP

Initial

10N

format

iIsion

coll

state

/c

-

10 fm

~

~0.5 fm/c

Time



Probing quark-gluon plasma (QGP) with heavy flavor
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Probing quark-gluon plasma (QGP) with heavy flavor
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Probing quark-gluon plasma (QGP) with heavy flavor

»
QQ ¥

-

Ha,dro'n lzatlon :
e o® 5

Initial Hard QGP
state collision formation

AR

~0.1 fm/c

2 : = “‘W\#
: - ¢ Sogl -
:ﬁ rm"s oe e

J
o

~0.5 fm/c

Time

Visualization by J.E Bernhard arXiv:1804.06469

The QGP is too small and too short-lived
Heavy-flavor excellent probel! to be probed in a traditional scattering
| experiment

Their production cross section calculable with pQCD

production restricted to initial hard scatterings (typ < i/m ~ 0.05 — 0.1 fm/c
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Probing quark-gluon plasma (QGP) with heavy flavor
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Heaw -flavor productlon In small system
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o Precise production measurement in pp down to low pt (~ 0 with DO).

Comparison with models:

o0 Data described by pQCD calculations.
o Data is more precise than the model prediction. Need to constrain

the model prediction.



Heavy-flavor production in small system
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Heavy-flavor production in small system
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Jet probe a wide range of Q2

Hadronization/Confinement

Hadronic : Hadrons

Collision

High-energy parton
(quark or gluon)

*
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High energy I Low energy
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Probing flavor dependence in the QCD shower
Gluon-initiated shower Quark-initiated shower
=
— =
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| Gluon-initiated showers are expected |

to have a broader and softer |
fragmentation profile than quark- ‘a
initiated showers
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Probing flavor dependence in the QCD shower

Gluon-initiated shower Quark-initiated shower Heavy-quark-initiated shower
N Cy 9
Cr 4 e
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] l [

Gluon-initiated showers are expected 1

to have a broader and softer
| fragmentation profile than quark- |
\ |n|t|ated showers ]
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A harder fragmentation is expected in low |
energy heavy-quark initiated showers due to |
the presence of the dead-cone effect
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Probing flavor dependence in the QCD shower

Gluon-initiated shower Quark-initiated shower Heavy-quark-initiated shower
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to have a broader and softer
| fragmentation profile than quark- |
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A harder fragmentation is expected in low |
energy heavy-quark initiated showers due to |
the presence of the dead-cone effect
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First direct observation of dead-cone effect

Challenges of Measurement: Redusterngstepl o D —

+ Determining the dynamic direction s . it
of heavy-quark throughout the e R oS
Shcwer ............................................................................................................................................................................

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\f ............. ronl Fully reclustered jet
-...- 0[ ' > 4 \/—\
ERadiator S — e aanstl Charm
R quark
. ] ! \ .‘ \ ) ) \ \ ' \ ‘-)

— Charm quark

Dead-cone effect
Gluon emissions are
suppressed in a cone
with 04 = mQ/E

% Gluon emission vertex
" Emitted gluon

Radiator
91 > 02 > > 65

ERadiator,1 > e > ERadiator,S
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First direct observation of dead-cone effect

Challenges of Measurement: Redusterngstepl oy PG SO 2

+ Determining the dynamic direction s .~ = -t
of heavy-quark throughout the S R
shower ............................................................................................................................................................................

Solution: )

* use declustering procedure ) e
with Cambridge/Aachen < e
algorithm S W P
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Charm
quark

— Charm quark Dead-cone effect

Gluon emissions are
suppressed in a cone
with 6, = my/E

% Gluon emission vertex
7 Emitted gluon

Radiator
01 > 92 > > 95

ERadiator,1 > e > ERadiator,S
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First direct observation of dead-cone effect

Challenges of Measurement:

* Determining the dynamic direction

of heavy-quark throughout the
shower

Solution:

* use declustering procedure
with Cambridge/Aachen
algorithm

Cambridge/Aachen clusters
constituents based solely on thelir
angular distance from one another

— matches QCD
20

Reclustering step 1 ~— Reclustering step 2
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— Charm quark Dead-cone effect

Gluon emissions are
suppressed in a cone
with 04 = mQ/E

% Gluon emission vertex
" Emitted gluon

Radiator
91 > 92 > > 65

ERadiator,1 > e > ERadiator,S



First direct observation of dead-cone effect

Challenges of Measurement: Redusterngsepl oy PG SO 2

» Determining the dynamic direction 5 S R
of heavy-quark throughout the e -
Shcwer ...........................................................................................................................................................................

. .
..........................................................................................................................................................................

Solution: )

» use declustering procedure - L
with Cambridge/Aachen o e

algOrlthm "\1* _____ ol <
T 4
Cambridge/Aachen clusters

constituents based solely on their 7 >remaue

?  Gluon emission vertex

angular distance from one another - emited guon
0,>60,>...>0,

% matCheS QCD ERadiator,1>"'>ERadiator,5
D Declustring: Follow the branch with the D meson to identify the c-branch

Dead-cone effect
Gluon emissions are
suppressed in a cone
with Hdc — mQ/E

Radiator



First direct observation of dead-cone effect

~ ALICE data

— PYTHIA v.8

= SHERPA

=== PYTHIA v.8 LQ/inclusive
no dead-cone limit

=== SHERPA LQ/inclusive
no dead-cone limit

0.14 0.08
T T [ T T T T[T T 11
5 < Ep_giator < 10 GeV
=======fk======]

— (Charm quark
% Gluon emission vertex
" Emitted gluon

91 >02> >t95

E Radiator, 1 Z e > ERadiator,S

ratio of the splitting angle (@) distribution for DO-tagged vs. inclusive jets, vs. ERadiator

dn DY%ets

1

Dead-cone effect

Gluon emissions are
suppressed in a cone
with HdC = mQ/E

Radiator

dn inclusive jets

R(6) =

. [————
NDOJets d]n(l /6)) chluswe jets dln(l /6)) ‘kTvERadiator




First direct observation of dead-cone effect

o~ ALICE data

— PYTHIA v.8

= SHERPA

=== PYTHIA v.8 LQ/inclusive
no dead-cone limit

=== SHERPA LQ/inclusive
no dead-cone limit

0.14 0.08
T T [ T T T T[T T 11
5 < Ep_giator < 10 GeV
=======fk======

— (Charm quark
% Gluon emission vertex
" Emitted gluon

91 >92> >t95

E Radiator, 1 Z e > ERadiator,S

ratio of the splitting angle (@) distribution for DO-tagged vs. inclusive jets, vs. ERadiator

dn DY%ets

1

Dead-cone effect
Gluon emissions are
suppressed in a cone
with Hdo = mQ/E

Radiator

dn inclusive jets

R(O) =

significant suppression of small-angle emissions

IN(1/6) Smaller angles

. [————
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First direct observation of dead-cone effec;t
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After ~30 years, directly measure
the dead-cone effect!
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Jet Angularities

Where is the pT In the jet?
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Where is the pr In the jet?

Jet Angularities :

za=2(p“>...
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Where is the pr In the jet?

Jet Angularities :

pT,i jet,1
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Where is the pr In the jet?

Jet Angularities :
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Jet angularities
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Jet angularities
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HF
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do
Gjet d/la

HF
Semi-incl.
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Flavor dependencies in QCD shower

B ettt ] - » °
- Dtagged ALICE Preiminary 1 Jet Angularities :
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o + V ]
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T
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do
Gjet d/la

HF
Semi-incl.

A

Flavor dependencies in QCD shower
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g ® D’-tagged ALICE Preliminary - Jet AngUIarltleS ’ 3 S i ALICE Preliminary -
- @ Semi-incl. PP, Is=5.02 TeV - Iy b-§ 20 g pp, Vs = 5.02 TeV ]
S5 —PYTHIA 8 charged jets, anti-k;, R =0.4 ] pT 1 ARjet,i I charged jets, anti-k-, R =0.4 _
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Probing quark-gluon plasma (QGP) with heavy flavor
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Spin alignment of D** and J/1y mesons

Non-central collisions

—

TTTTTT
TTTTTT

38

ECTILE

e rotation

o Large angular momentum
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(B ~ 1016 T) generated in

the early state of the
collision



Spin alignment of D** and J/i mesons

. o Large angular momentum
Non-central collisions

due to the medium
= rotation
“Huge initial magnetic field
(B ~ 1016 T) generated in

the early state of the
collision

i

Charm formation time ~ 0.1 fm/c comparable to the
time scale when B is maximum
Expected to be more sensitive to the magnetic field

— excellent probes to study induced B field!
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Spin alignment of D** and J/i mesons

8 i 1T | T | T | 1T | 1T | T | T |
< ALICE Preliminary
0.6~ 30-50% Pb-Pb, s, = 5.02 TeV —
_ Reaction plane M _
- . —]
0.4— - I o ]
;_a;ﬂ_- :
- _-_
_$_ e Prompt D**, 0.3 < |y| < 0.8
0.2/~ ¢ Inclusive J/p, 40<y<-25 |
[ 1 1 | | | 1 1 | | 1 1 | | [ 1 1 | | [ 1 1 | 1 1 | | 1 |
DQ8 4;_ | | | | ) | | I
~~ 2; O @
5 0 e
1T _2;__ ]
QO _4:_I I_?_I | I . | I | I | I | I | | | I_:
— 0 3 10 15 20 25 30
p. (GeV/ce)
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- r
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o Large angular momentum
~~ due to the medium
T rotation
- “Huge initial magnetic field
(B ~ 1016 T) generated in

the early state of the
collision

Non-central collisions

TARGET
SPECTATORS

Charm formation time ~ 0.1 fm/c comparable to the
time scale when B is maximum
Expected to be more sensitive to the magnetic field

— excellent probes to study induced B field!

Polarization of charm quark transferred to hadrons
through hadronization process



Interaction of heavy quarks with the QGP

1.4 ————rry —
i Enhancement i
N R R i
- R = )
08 -_No modification h
cr:é Z ]
0.6 [ Rap <1 N
_ Suppression :
0.4 -
o - dNpa/dpy
1 10 100
pr(GeV/c) AA Opp! UPT
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Interaction of heavy quarks with the QGP

1-4_' ! ! ""lll I I lllllll-

i Light * Light h* (CMS) Iyl < 1 ]
1.2 - —

— —
1 i . — — — — — — — — — — — — — — e e e e e e e e e e e e e e e e e e e
— —

0.8 -

* o.ef— _ Significant suppression observed for light hadrons

0al : Probe modified by the medium!!

0.2 —

R

bPb 5.02 TeV Cent. 0-10%
L 11 I | | | | L 1L 11 I |
10 100

pr(GeV/ce)

ol

“Flow bump” due to (radial) flow of medium and coupling at small pr
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Interaction of heavy quarks with the QGP
Dead cone effect: gluon

small parton mass
1.4 [ l T T T L B B B | I T T T LI S I ] . .
_ | | _ : radiation suppressed at
i Light “ Light h* (CMS) lyl <1 Qe o U
OB

1.2 - Charm e Prompt D° (ALICE) lyl < 0.5 angles smaller than
" ® Prompt D° (CMS) lyl < 1 9 < m/E

Reduced suppression for HF hadrons

Probe modified by the medium!!

L1 l L1 1 l 1

Cent. 0-10% dNAA / de
e s B P S .
pr(GeV/c) AR b o

“Flow bump” due to (radial) flow of medium and coupling at small pr
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Interaction of heavy quarks with the QGP

I:‘AA

44

Dead cone effect: gluon

14 small parton mass
. I ' oo b ' oo b . .
| Light = Light h* (GMS) Il < 1/ o radiation suppressed at

1.2 - Charm e Prompt D° (ALICE) lyl <0. angles smaller than

® Prompt D° (CMS) lyl < 1
Beauty # (b—) u (ATLAS) Inl <2 8 <m/E

1 " ------- [T b=y I (ATLAS) lyrz2 -~~~
T «F (b—) J/P (CMS) lyl < 2.4
. HOH®H| .
08 || ! - -
0.6 -

Cent. 0-10%

| 1 lllllll | | lllllll

© pGeVie) | < T'aa > dopp/dpy

“Flow bump” due to (radial) flow of medium and coupling at small pr



Interaction of heavy quarks with the QGP

A5
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51.8 I

@ [ ALICE

"5 0-10 % Pb—Pb |5, = 5.02 TeV
14 charged jets, anti-k;
~ 4-D’jets, R=0.3,3 < p_,<36 GeV/c

I [ | | | | | |

| —

1.2 —4- Inclusive jets, R = 0.2, arXiv:2303.00592 -
~ —¢—-Inclusive jets, R = 0.4, arXiv:2303.00592 :
1 .
~ mm global uncertainty }
0.8f :
B o i
0.6 | B!
B T I L
0.4 T4 T L4k EI
ot—1® -E-_j— [ ]
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10 o 02
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Extended to DO-tagged jet measurement and compared with inclusive jet to probe flavor

dependencies!!
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Probing quark-gluon plasma (QGP) with heavy flavor
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Collective flow

Distribution of emitted particles can be written as Fourier formula:

AN 1 AN =
E — 1 + v.cos[n(p —'P,)] vy = (cos[2(p — ¥),)])
dpr 27 prdprdy { lzzl }

V¥ : Azimuthal angle of Event Plane

@: Azimuthal angle of emitted particles
v,: Different flow harmonics

V,: Elliptic flow
A/



Collective flow: do heavy-quark flow?

Al | T

> 0-353- V/////AT'AMUI §\\\\\I\/IICl@ID|sHQ+EPCI)SZ | E
0.30F - lﬁll—[l)gD - gl(Bg\-/VLANG HTL - : £ i
b oasmoo e 30 Significantly positive vz
“°p = Catania ~ observed for charm hadron
0.202— 3 _ﬂ_
0.15E . ] — charm flows collectively
0.10F ”,/«"{:, \ S with the medium
0.0587,~ - =N — Diffusing charm quark
T | 1 moves with expanding
_0'055_ Centrality 30-50%, |y| < 0.8 1 medium
—0.10k . ] —
1 2 3 4 5678910 20 30
P, (GeV/c)
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Collectlve flow: do heavy- quark flow?

<
<
C

I L

I

16 B | L L L I 1 1 I 1T 1T 11 I | | 1 1 I_ > O 35_I_ —_
I ALICE - U 7 TAMU 5 MC@sHQ+EPOS? :
i - EZA LIDO - .= LBT .
Pb—Pb, ys,, = 5.02 TeV - E
1.41 NN °" 4 030F __PHSD  --- POWLANG-HTL :
- Centrality 30-50% : - DAB-MOD LGR -
1.2 Prompt D°, D*, D** average — 0'25;_ =1 Catania B
1.0F=+ - Ok T
: 0.45F 1
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! 0.10F ‘("/ A 4 NS — 1 4
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0.6 L A L 0.050 7 " -
oz #t
0.4_ 000? — -
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© Simultaneous fitting the models to describe R, 5 and v,.

—Used to extract the diffusion coefficient D,

o Significantly positive v

observed for charm hadron

— charm flows collectively
with the medium

— Diffusing charm quark

moves with expanding
medium



Collectlve flow: do heavy- quark flow?

<<( 1 6_! 1 III 1 1 LI Ill | | I 1 I_ > _I_ I | LI I 1 __
o O f ALICE - 0-35: /////ATAMU NN MC@SHQ+EPOSZ .
i ] - EEE LIDO -.=LBT .
Pb—Pb VS7=5.02 TeV - B _-
1.4 1PN | 030F — - PHSD - - - POWLANG-HTL ; '~ A o
Centrality 30-50% 2 025;_ DAB-MOD GR E O Slgnlflcantly positive vo
t2p PromptD, D, DT average 3 T = Catania ~ oObserved for charm hadron
1.0F= : ~ -@ :
: 0155 R nt — charm flows collectively
0.8f - 1% : :
4 0.10F 25505 G | with the medium
. A= g * i Ny
06 ) 1 '} S 0 o 0 4 \Q\ . .
=T i T — Diffusing charm quark
0.4 0.00E ’ , . . .
: : : 1 moves with expanding
of ' 1 -0.05F E i
0 - - - Centrality 30-50%, |y| < 0.8 1 medium
L1 1 III ] | | L 1 1 III ] | | ] I- _O.10:I- ] | | | | | 1 | | | —-
4x10°” 1 2 34567 10 20 30 1 2 3 4 5678910 20 30
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] IQCD, L. Altenkort et al, PRD 103 (2021) 014511
- T IQCD, H.T. Ding et al., PRD 86 (2012) 014509
B QCD, D. Banerjee et al, PRD 85 (2012) 014510

© Simultaneous fitting the models to describe R, 4 and v,.
—Used to extract the diffusion coefficient D,

1.5<2aDT. <45 = 1., =3 —38 tm/c
50

B STAR, PRL 118 (2017) 212301
_  ALICE, PLB 813(2021) 136054
_ ALICE, JHEP 01 (2022) 174 {;
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2nD T at T, =155 MeV




Collective flow: do heavy-quark flow?

I | I | 01 1 | 01 | 1T | 1T | | | 01 | 1T | 01| | L1 T | 1T | . u
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https://www.sciencedirect.com/science/article/pii/S0370269322002118

Collective flow: do heavy-quark flow?
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© positive vo observed for u from
charm and beauty.

O beauty v2 < charm vz

— consistent with mass hypothesis.

| 0 Simultaneous fitting the models to

describe R, » and v, of muons from
HF hadron decays

— Charm: 2zD,T. = 2.23,
Bottom: 27D T .= 2.79

— Compatible results between ALICE
and ATLAS
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Hadronization of charmed hadrons

A./D°

D3

1.5

0.5

I I
® (ALICE) PbPb 5.02 TeV 0-10% lyl < 0.5

40

o AF/DY ratio is expected to increase in the
presence of charm recombination in the QGP.




Hadronization of charmed hadrons

A./D°

o4

. @ (ALICE) PbPb 5.02 TeV 0-10% lyl < 0.5
. ® (ALICE) pp 5.02 TeVlyl <0.5

1.5

| | | | I | | | | I | | | |

| o AF/DY ratio is expected to increase in the

presence of charm recombination in the QGP.
o AF/DY ratio in PbPb shows moderate

enhancement from pp at intermediate pTt within
uncertainties.

— Hadronization is modified already in pp
collisions

—Very different than e"e™

I l | | |

10 20
p; (GeV/c)

30 40
ALICE, arXiv:2211.14032



Hadronization of charmed hadrons
EIOI(ALIICIIE) PbPb 5.02 TeV/ 0-10% |;;|<'o.5' -
. ® (ALICE) pp 5.02 TeVlyl < 0.5

" ® (CMS) pp 5.02 TeVlyl < 1

o AF/DY ratio is expected to increase in the
presence of charm recombination in the QGP.

1.5 1 o AF/DY ratio in PbPb shows moderate
T 1 enhancement from pp at intermediate pt within
o, L uncertainties.
~ 'F A — Hadronization is modified already in pp
< il collisions

—Very different than e"e™

_llllllIlllllllll

20 30 40
p; (GeV/c) ALICE, arXiv:2211.14032

CMS, arX1v:2307.11186

- Good agreement between ALICE and CMS data!



Hadronization of charmed hadrons Described by models based on

, , | . . .
® (ALICE) PbPb 5.02 ToV/0-10% Iyl <0.5 - |) Colour reconnection beyond the leading color
® (ALICE) pp 5.02 TeV lyl < 0.5 1 il) Quark-coalescence

g5 | CMOIppa0zIeVI<T 1 iii) Statistical hadronisation model (SHM) with
: 1 augmented set of charm-baryon excited states
T : OD i | | | | I | | | | I | | 1 |
- < 1 ALICE pp, Vs =5.02 TeV _
2 . - 2 [ lyl<05 :
- 1L i —a— PRL 127 (2021) 202301 -
O - } 0.8 —=— This paper |
< N i i i —— PYTHIA 8 (Monash)
" i L PYTHIA 8 (CR Mode 2) _
| . 0.6|..... ~ | Catania, fragm.+coal.
0.5 _: ' SH model + RQM
- 0.4 —
+ - }
e’ e §
> r, i i 0.2 -
30 40 _ -
ALICE, arX1v:2211.14032 o . .o ]
CMS, arXiv:2307.11186 S 10
P, (GeV/ce)

A Good agreement between ALICE and CMS data! ALICE. arXiv:2211.14032



Hadronlzatlon of charmed hadrons

. (ALICE) PbPb 5.02 ToVO-10% Iyl <05 1 o AT/DY ratio is expected to increase in the
. ® (ALICE) pp 5.02 TeV lyl < 0.5 -
o (OMS) 0 5.02 ToV Iyl < 1 1 presence of charm recombination in the QGF.
1.5 [ @ (ALICE) pPb 5,02 ToV -0.96 < .., < 0.04 1 o A'/D ratio in PbPb shows moderate
. C
T enhancement from pp at intermediate pTt within
2, 0 o ] uncertainties.
~ ] I - —Hadronization is modified already in pp
< M 1 collisions
L - —Very different than e*e™
0.5} I 1 © Modification of the A*/D" ratio in p—Pb
: collisions
g+e_ o - - ' ' inati
>+ ——w——s——— — — — 4  —Radial-flow like effect or g recombination
20 30 40
p; (GeV/c)

- Good agreement between ALICE and CMS data!



Hadronization of charmed hadrons

® (ALICE) PbPb 5.02 ToV0-10% Iyl <0.5 | 1 o AT/ DY ratio is expected to increase in the
. ® (ALICE) pp 5.02 TeVlyl < 0.5 : - : -
e ous msazroviyi< : presenci of charm recombination in the QGP.
.O [~ ® (ALICE) pPb 5.02 TeV-0.96 <y, < 0.04 — + PR
o (M) PLPb 5.02 ToV 0-00% M < 1 ] © A /D" ratio in PbPb shows moderate
T enhancement from pp at intermediate pTt within
2. o 1 uncertainties.
~ 1r 1 1 —Hadronization is modified already in pp
< M 1 collisions
o) 1 —\Very different than e*e™
0.5 HI=tg Lt 1 © Modification of the At/D" ratio in p—Pb
I - collisions
eTe” =~ - : | . L
- - — — — e —r—t - = — 1 — Radial-flow like effect or g recombination
10 20 30 40 o CMS: Similar modification in Pb—Pb
p; (GeV/c)

collisions, increasing with centrality

- Good agreement between ALICE and CMS data!



Hadronization of charmed hadrons
" @ (ALICE) pPb 5,02 ToV-0.98 <y, <004 -

(A
(ALICE) PbPb 5.02 TeV 30-50% lyl < 0.5 _
(L
(L

HCb) pPb 5.02 TeV1.5<y_ ., <4
HCb) PbPb 5.02 TeV 65-90% 2 <y < 4.5

O O o o

0.8 -

as a function of rapidity!

0.6 & _
LT +r Modification ]

A,/ D°
.

04  HE | =

ol e _
Uk

| | | | I | | | | | | | | I | | | | I | | | |

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

Similar behaviour at forward rapidity, but
lower in absolute value than mid-rapidity
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Hadronization of charmed hadrons

1 I 1 1 | 1 1 I 1 I 1 ! 1 1 I 1 1 I 1 I 1 I 1 1

ALICE) pPb 5.02 TeV-0.96 <y < 0.04 -

| | . | : | ' | : | ’ | . | L | ' | . | ' !

ALICE pp VS =13 TeV (dNn/dn)|jpj<o.s = 3.1, |y| < 0.5

|
® ( +
_ ® (ALICE) PbPb 5.02 TeV 30-50% lyl < 0.5 i 1.' 4 ALICE pp Vs =13 TeV (dNc/dn) inl<o.s =10.5, |y| < 0.5 i
08 L O (LHCb) pPb 5.02TeV1.5<y. <4 N 4 ALICE pp Vs =13 TeV (dNcv/dn)|jnj <05 = 37.8, |y| < 0.5
| O (LHCb) PbPb 5.02 TeV 65-90% 2 <y < 4.5 ) # CMS p—Pb /syy =8.16 TeV 2 < NOffline < 35 1,46 <y <0.54
I ) 0. 4 CMS p—Pb {syy =8.16 TeV 185 < N2i"e < 250, —1.46 <y < 0.54 -
0.6 ¢ _
OD 1T '%r Modification i 7" 06 1 | Modification -
~ HOH as a function of rapidity! iy as a function of multiplicity!
& - 1 - << - -
< I T _ 2l
0.4+ —
04 7| — 4 +

peikstlel ‘ ' | i '
(e i —+— I

IFa _@F | 1 oaf o i :
0.2 | ; N - :
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) 10 15 20 25 pt (GeV/c)
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Modification of ratio mostly in low multiplicity collisions
Similar behaviour at forward rapidity, but No evidence of modification in p—PDb collisions by
lower in absolute value than mid-rapidity CMS, but compatible with ALICE results
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Hadronization of beauty hadrons

[LHCD pp Vs =13TeV
p.>0GeVic 54 fb!

preliminary

| —+ —— I O Ag/BO shows modification as a
+ _{._ function of multiplicity!!

— Approaches ete™ value at very low
multiplicity

+PP RN bE + X — Saturates at high multiplicity
+19%

Global uncertainty:

16%

o ete — 7Z° — bb

0
2 4 6
VELO VELO
Ntracks / <Ntracks >NB

ol



Hadronization of charm and strangeness enhancement

0.6

0.5

0.4

DS+ /DO

0.2

0.1

0.0

o7

I

T T

ALICE |y| < 0.5, pp Vs =13 TeV

LHCb 2.5 <y < 3.0, pp Vs =5.02 TeV
ALICE |y| < 0.5, 0-10% Pb—Pb ysyy =5.02 TeV _
STAR |y| < 0.5, 0—10% Au—Au syn = 200 GeV

e

10°

o Abundant production of strange quarks in
the QGP.

0 Recombination — strange hadrons
expected to be enhanced

o Strange-to-nonstrange ratio higher in Pb
—PDb than pp in charm sector




Hadronization of charm and strangeness enhancement
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Hadronization of charm and strangeness enhancement

LHCb pPb forward, 12.2 nb™ LHCb pPb forward, 12.2 nb’ LHCb pPb forward, 12.2 nb’’
p

Vsuy = 8.16 TeV Syy = 8.16 TeV Sy = 8.16 TeV
Forward 20<p_<4.0GeV/c 40<p_<6.0GeVlc 6.0<p_<8.0GeV/c
l.8<y’I<3.3 1.8<y*<33 1.8<y*<33
® O : ———
B
_E_-H-"' -
LHCb Pbp backward, 18.6 nb’ LHCb Pbp backward, 18.6 nb™ LHCb Pbp backward, 18.6 nb™
Y = 816 TeV - VS = 8.16 TeV VS = 8.16 TeV
20<p_<4.0GeV/e 40<p _<6.0GeV/c == 6.0<p _<8.0GeVl/e
Backward 43<y*<-28 43<y*<-28 —E—

0 1 2 3 40 ] 2 3 40 ] 2 3
PV PV PV PV PV PV
N / <N > N Tracks/ <N Tracks>MB N Tracks/<N Tracks>MB

Q‘? LHCb PreIiminary Tracks Tracks MB

O First observation of Dg™/DT increase as a function of multiplicity in p—Pb collisions at

forward and backward rapidities

= Steeper increase at backward compared to forward rapidity — because of higher average

54 Multiplicity?

LHCb pPb forward, 12.2 nb"

Ysay = 8.16 TeV
8.0<p_<12.0GeV/c

-3
_m_-lll-

LHCb Pbp backward, 18.6 nb™
VSun = 8.16 TeV

8.0<p, <12.0GeVl/e
43<y*<-28 E_

1 2 3 3

PV PV
NTracks/<NTracks>MB



Hadronization of charm and strangeness enhancement

Ty Auce—096<y<008 o am=soatev | © No evidence of multiplicity dependence
# LHCb —4.3<y<-2.8, p—Pb /syy =8.16 TeV at midrapidity
0.9 # LHCb1.8<y<3.3,p-Pb /sy =8.16TeV . : T
_ { © Compatible with forward rapidity
0.8 _ measurement, tension with backward
+ | rapidity
, O7F 7 O Steeper slope for backward rapidity
o T * ' probably due to different absolute
O 0.6} +-+- + } multiplicity in different rapidity regions
- —— + ‘i’ ‘ not considered in self normalized
05 i i+ . 1 multiplicity
0.4 | © Crucial to plot the Dg™*/D ratio as a
4 < pr <6 GeV/c - function of the charged-particle density
035 ' ! | - ! 3 ' +  dNch/dn

chh/dn/(chh/dn)‘lm<O.5 or N-';yacks/(N']Eyacks)MB
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Summary

o Detailed insight on the QGP in heavy ion system using heavy quark from their production to their
“journey” into the medium until the formation of heavy-flavour hadrons.

> Heavy quark production

> Heavy quark interaction

> Energy loss measurement

> Flow measurement

> modification of hadronization mechanisms.

Many open question still need to be addressed with Run 3 data.
o Push experimental tests of pQCD with higher precision HF/HF-jet studies.

© Extend the studies to Beauty and to higher p.

o Systematically probe non-perturbative effects such as hadronization

o Extension of program to heavy-ion collisions to characterize in-medium interactions in the quark-
gluon plasma formed in heavy-ion collisions and distinguish the QGP behavior from the in-vacuum

QCD dynamics
00
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Heavy quark production in pp collisions

Ghnoiin = PDF(x,, 0%) PDF(x,, 0%) ® 6,00 ® D,y (2, 07)

/ / \

Parton distribution functions  Partonic cross section ~ Fragmentation functions

(non perturbative) (perturbative) (non perturbative)
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Charm quark hadronization from the medium
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—— DO fragmentation

- =- DY fragmentation + coalescence
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® Formation of a peak structure at intermediate pr
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—— DY fragmentation
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Tuning the flavor dependence by varying alpha == Y s
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© With increasing a the impact of mass effects is reduced : DO-tagged and quark-initiated distributions
become more similar — cleaner sensitivity to Casimir colour effects

© At lower o where the core of the jet has a higher weight — large angle radiation has a lower weight,
mass effects are more prominent
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Scanning the anqular profile of jets

Higher a — more weight on wide angle emissions
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o With increasing a the shape of the charm-tagged and semi-inclusive angularities begin

&

to converge
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Collectlve flow do heavy quark flow?
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POWLANG, BAMPS el, TAMU: do not include radiative energy loss
= determination of onset of radiative contributions by deviations from experimental data at a
certain pr

« PHSD, MC@sHQ+EPOS2, BAMPS el.rad, LBT: both elastic and radiative contributions are

o Significantly positive v

observed for charm hadron

— charm flows collectively
with the medium

— Diffusing charm quark

moves with expanding
medium

2C)uark recombination: in TAMU, POWLANG, PHSD, MC@sHQ, LBT, Catania



