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“Standard” model of heavy-ion collisions

Initial state Hard partonic Fireball
collisions expansion
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* Main goal is the study of the QGP phase
* Experimentally we measure only the remnants of the QGP decay, so
 All stages of a nuclear collision need to be understood simultaneously

* Use phenomenological models to understand each collision stage



Explore the QCD medium using “hard probes”

Use calibrated probes

Hard probes:
Particles created from the initial high Q2 parton
scatterings

— Control measurement: production in vacuum

- Information extracted from the in-medium
modifications wrt vacuum

Heavy flavour hadrons
~ Mcp >> Noeo — Initial production calculable in pQCD |
- Mcp >> Tue — No significant thermal production
= Tep ~ 1(2Mcp) < Toer —» HQ created early
= ™ ~ Mep ~ Toop - lONg thermalization time

Caveats: CNM and hadronization effects



Heavy quarks and heavy-ion collisions
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Energy loss in the QGP

Radiative energy loss
Inelastic scatterings * Energy lost via radiation induced by interactions with

scattering centers in the hot and dense medium
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“Dead-cone’” effect

Y.Dokshitzer, D.Kharzeev, PLB519 (2001) 199
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* Gluon radiation in vacuum (and in medium) is
suppressed for small angles due to kinematical
constraints

* Smaller energy loss for heavy quarks



Observation of the “Dead-cone” effect
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Elastic collisions in the QGP
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Elastic collisions in classical mechanics:
« High-energy object: lose small energy per collision

_ _ * Low-energy object: “Brownian” motion
Elastic scatterings

Collisional energy “loss”

For heavy-quarks:
« Large relaxation time, comparable to the QGP lifetime (keeps memory of initial

kinematics)



Inelastic vs elastic collisions in the QGP

M.Djordjevic, PRC74 (2006) 064907

Elastic collisions:

* Dominant at low-p~

* Responsible for heavy-quark
collectivity since these lead to
kinetic equilibration
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So, what are we probing with the heavy quarks ?

* Since they interact with the QGP, HQ are sensitive to
— Bulk and microscopic properties of the medium
— Mechanisms of the HQ interaction with medium

* Low-pr
- Thermalization (equilibration)
— Diffusion coefficient
* High-pr
- Energy loss
- Transport coefficient

Also, the hadronization mechanism is essential in understanding the data !
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How do we measure heavy quarks ?

SN\ * Fate of the heavy quarks:

/ » — Production in initial hard scatterings

</ O - Partonic cascade within medium
A\

— Hadronization

% & - Weak decay (~100um for ¢ and ~500um for b)
" g
/s * What can be measured?

)
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How do we measure heavy quarks ?

* Fate of the heavy quarks:

/ K; - Production in initial hard scatterings
S - Partonic cascade within medium
\ /=

- Hadronization
- Weak decay (~100um for ¢ and ~500um for b)

What can be measured?

heavy quark /¢ Leptons from semi-leptonic decays (HFL)

production | c/
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How do we measure heavy quarks ?

* Fate of the heavy quarks:

/ & - Production in initial hard scatterings
< — Partonic cascade within medium

- Hadronization
- Weak decay (~100um for ¢ and ~500um for b)

What can be measured?
Leptons from semi-leptonic decays (HFL)

Partial reconstruction of hadronic decays, e.g.
reconstruct D meson from a B meson decay

heavy quark / ©|
production “c/
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How do we measure heavy quarks ?

* Fate of the heavy quarks:

/ & - Production in initial hard scatterings
< — Partonic cascade within medium

- Hadronization
- Weak decay (~100um for ¢ and ~500um for b)

What can be measured?
Leptons from semi-leptonic decays (HFL)

Partial reconstruction of hadronic decays, e.g.
reconstruct D meson from a B meson decay

— Full reconstruction of HF hadrons

heavy quark / ©|
production “c/
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How do we measure heavy quarks ?

* Fate of the heavy quarks:

/ & - Production in initial hard scatterings
o< - Partonic cascade within medium

- Hadronization
- Weak decay (~100um for ¢ and ~500um for b)

What can be measured?
Leptons from semi-leptonic decays (HFL)

Partial reconstruction of hadronic decays, e.g.
reconstruct D meson from a B meson decay

Full reconstruction of HF hadrons
HF tagged jets

heavy quark / ©)
H production c/
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How do we measure heavy quarks ?
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. * Fate of the heavy quarks:
/ " — Production in initial hard scatterings
"l O - Partonic cascade within medium
\ - Hadronization
N * - Weak decay (~100um for ¢ and ~500um for b)
/a * What can be measured?
o ’;fggug';;’i; ‘) What Pros Cons
/C HFL High efficiency, good |Loose correlation to the
e S/B quark kinematics
D ;" \ Partial Good correlation to Low S/B, sensitivity to
i hadron reco |[the quark kinematics |hadronization effects
\ Full hadron |Very good correlation |Low S/B, sensitivity to
y reco to quark kinematics  |hadronization effects
HF tagged jet|ldeally, full Requires large data
reconstruction of samples, systematic
guark kinematics effects
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How do we measure heavy quarks ?

 Challenges

/ & - Backgrounds
/\, * In particular for hadronic decay channels
k\

— Partial vs full reconstruction
e Connection with the kinematics of the original
guark kinematics
. - i - Separation of charm and beauty
eavy quark / © ] .
) production |/ * Requires very good inner trackers

- Feed-down

A vd

 Many decay channels, some have poorly
known BRs

* Experimental performance requirements
— Excellent particle ID (especially for leptons)
- Tracking (momentum resolution)

- Vertexing (weak decay vertex reconstruction)
17



How much charm is created in a collision ?

Total cc cross-section Total NN inelastic cross-section
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e At RHIC: 400ub / 40mb ~ 0.01 cc pairs per min bias pp event
- About 1 /5 of these pairs are produced within the acceptance of STAR or ALICE
— Using Ncoi scalling, one gets ~ 1 cc pair per average Au+Au collision

At LHC: one gets few tens of pairs per average Pb-Pb collision 18



“Golden” channel:
DY o KTt
B.R. ~ 4%

How its done:
* Pair all kaon and pion candidates in the same event
* Leads to huge combinatorial bakground, i.e. thousands of combinatorial pairs per
event

19



D° meson reconstruction

& ! : T / MinBia i i R ! T ' T ' T ' T ‘ T
= STAR AutAu 200 GeV MinBias D 400l 0-80% 0<p_<8 Gevic] STAR Au+Au— D° + X @ 200 GeV, lyl<1
201 (a) O<p <8GeVic o4 = ""H ) N =139 @30<p. <80GeV/c M 0<p_<8.0GeVic
.9 lyl <1, 0-80% X * <151 ' & 07<p.<22GeVic]
= B | g 7<p,.<22GeV/c
8 45 « sameevent (SE)-| & 300 » C[,I — 0 p+p
g : —— mix event (ME) g i : a norm
o I . SE-ME[[x200] | © 20 D e e B
O 10F ¢ o 1 o~ 3 § = B
o
s 100 L 05 ¢ E ?.J .
S AN c —
+ =N 0 O[1¢ 0-80% MB
| g | s il ‘“'""""'“--. L P ) | ) | 0 | L | I | I | | |
05 10 15 20 25 3.0 18 19 20 0 190 ( ljo‘)} =a0 S0
Mg, (GeV/c?) Mg, (GeV/c?) part
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How its done:

* Pair all kaon and pion candidates in the same event

* Leads to huge combinatorial bakground, i.e. thousands of combinatorial pairs per
event, but it can be done!

* Needs good particle identification (mainly kaon) and event mixing technique
* Comes with large syst uncertainties
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Vertexing

* Exploit the long proper lifetime of HF hadrons
- Charm: ~100 pm
- Beauty: ~500 pm

« State-of-the art detectors can reach resolutions of O(10um)

tig. A
1 1iDdcay Length
aE N D Decay detail
DCA; L 4! %
II ‘~\ ﬁH‘/,f\\
' ~"DCA,

.
DCAp!
Primary Vertex
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Vertexing

* Exploit the long proper lifetime of HF hadrons
- Charm: ~100 pm
- Beauty: ~500 pm

« State-of-the art detectors can reach resolutions of O(10um)

* Main characteristics of such detectors:
- Very fine spatial segmentation (e.g. CMOS pixel

detectors) — precise spatial measurements u Longh
. . . DCAx A bin B '
- Very close to the interaction point — as small as [;(_;«,t‘?fi—a'g;,
possible extrapolation to the secondary vertex e
- Very low material budget -~ minimize secondary § it ML
interactions in the detector and additional bkg 8 e ey \m
5 :o; &0 AL‘éE i \CMS Run 4-6
E LHCb Run 2 =
= LHCb Run 4-6 ALICE 3 Run 5-6
ALICE ITS3 g . ot @

Acceptance (An)X Pb-Pb interaction rate (kHz) 22




D° signal with vertexing selection

(Without vertexing) (With vertexing)
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S/B improvement of O(10%) !l
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Feed-down contributions

* Open HF hadrons have feed-down contributions 7

* For beauty: rather complicated decay chains, with BR that
have large uncertainties

* For charm: Inclusive = Prompt + Non-Prompt

- Prompt: X
* Decay products of higher mass states, typically %L Secondary
difficult to separate on a per candidate basis , Vertex
* Depending on the type of measurement, this feed- BT %
down can be (or not) ignored Primary
— Non-prompt: Vertex  DCA®

* Decay products of beauty hadrons, can be separated
using vertexing
* Good proxy for b-quarks

24



Prompt and non-prompt separation

Secondary
Vertex

R
Primary Verte,l‘f(/\

Main discriminative quantities:

* Distance between secondary
and primary vertices

* D-meson DCA to the primary
vertex

* D-meson daughters DCA

* Pointing angle between
secondary vertex vector and D-
meson momentum

* Non-prompt yields can be obtained using the
secondary vertexing capabilities

* Very good application of machine learning

techniques

yield

raw
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|

X1IO:T [
"ALICE
- 30-50% Pb-Pb, |5,y = 5.02 TeV

r1r 11T 1T 11T 17 1T T T T T

3<pT<4GeV/C

e Data
Prompt D’
Non-prompt D°

0_ 88

Minimum BDT score for non-prompt D’

ALICE, EPJC83 (2023) 1123
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Nuclear modification factor

* Nuclear modification factor Raa used to quantify the effect
of the nuclear medium on heavy-flavour quarks

* Caveats:

* Energy loss effects induce a shift on pr, however its
impact on the Raadepends on the shape of the vacuum
spectrum and on Apr

* Hadronization effects, e.g. enhancement of strange D
mesons, obscure the interpretation of the Raa

* One needs very detailed theory/pheno models to
interpret the data

26



D° nuclear suppression at RHIC
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 Significant suppression of D° yield at high pr in Au+Au collisions
e Stronger suppression towards central collisions
* Reasonably well described by models 07



D-mesons suppression at the LHC

ALICE, JHEPO1 (2022) 174
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* Very similar suppression pattern for the most abundant D mesons: D°, D* and D™
* Low-pr: charm-quark conservation
* High-pr: strong suppression (compatible with energy loss)
e Strong centrality dependence
« Compatible to unity in p-Pb collisions 28




Collision energy dependence
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* Within experimental uncertainties, nuclear modification at RHIC and LHC are well
compatible

* Combination of factors: medium properties vs pr spectrum hardness
29



Azimuthal anisotropy measurements

STAR, PRL118 (2017) 212301
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« Strong elliptic flow observed at both RHIC and the
LHC

* Mass ordering in the low pr range
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Azimuthal anisotropy measurements

STAR, PRL118 (2017) 212301
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* Mass ordering in the low pr range

* No significant energy dependence, similar as for the

light particle species 31



Comparison to model calculations
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* Overall, good qualitative description of both Raa and v, for many different calculations, e.g.
TAMU, MC@sHQ+EPOS, LIDO, LGR and Catania
— Allimplement charm quark diffusion in the medium and quark coalescence at hadronization
time
— Data provides constraints for the spatial diffusion coefficient
32
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Charm quark diffusion coefficient, Ds
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* Small Ds: fast relaxation time (more flow)
14 » Large Ds: slow relaxation (less flow)

« Large differences between models in extracting the temperature dependence of Ds

* Relaxation time values: 3<T.ax<9 fm/c
* Overall less than the QGP lifetime, but large theoretical uncertainty
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Beauty quark nuclear suppression
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* Best measured using non-prompt J/ and D°
* High-pr: strong suppression
* Low-pr: Raa goes up to nearly 1 (quark number conservation again)
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Beauty quark nuclear suppression
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* Best measured using non-prompt J/ and D°

* High-pr: strong suppression

* Low-pr: Raa goes up to nearly 1 (quark number conservation again)

* Mass hierarchy of Raa up to about 10 GeV/c: Raa(B) > Raa(D) > Raa (light)

- Remember expectations of energy loss hierarchy!! 35



Azimuthal anisotropy for beauty

CMS, PLB850 (2024) 138389
CMS PbPb 5.02 TeV (0.58 nb™)
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* Flow of D mesons from B decays smaller than for prompt D, but its significant
« Partial thermalization for beauty quarks?
» Effect of hadronization (Upsilon does not seem to flow) ? 36



Back to charm hadrons...

FAS O

* Question: if charm quark number is conserved,
why is the Raa overall below 1 ?

— Cold nuclear matter effects ?
e Gluon shadowing / saturation

— Hadronization effects ?

* QGP affects the charm hadron
chemistry

0
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= _ III CMS Iyl <1

- D%+ D° [ | ALICElyi<05
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L uncertainty X. Dong et al, Ann. Rev.

LRS

Cent. 0-10%
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Cold nuclear matter effects

Nuclear modification factor

ALICE, PLB839 (2023) 137796

| I

.4 D’ meson o ALICE L
S =502 TeV [ EPPS16, 90% CL * About 30% observed suppression in
NN nCTEQ15, .., 90% CL central Pb-Pb

—
N
LS RN EEEE B

 Consistent with calculations based
on nuclear gluon PDFs

— But large uncertainties

L1l L1l llllllllllllllllll

0.4 :—
0.2 :— -
ok | | .
p-Pb, 0-100% Pb-Pb, 30-50% Pb-Pb, 0-10%
-0.96 < y < 0.04 ly| < 0.5 ly] < 0.5

pr-integrated D° meson Raa
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Charmed baryon/meson ratios

Baryon/Meson Ratio

(AL + A.)/(D°+DY)

STAR, PRL124 (2020) 172301
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Charmed baryon/meson ratio similar to light
hadrons

Significantly higher than usual PYTHIA
Possibly features also centrality dependence
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Charmed baryon/meson ratios

ALICE, PRC107 (2023) 064901

" ALICE pp, Vs
-y <05
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| I 1
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—=— PRL 127 (2021) 202301
—&— This paper i
—— PYTHIA 8 (Monash)
-------- PYTHIA 8 (CR Mode 2)
| Catania, fragm.+coal. |
SH model + RQM
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T

Charmed baryon/meson ratio similar to light
hadrons

Significantly higher than usual PYTHIA
Possibly features also centrality dependence
Semi-central ratio in agreement with pp ratio
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Ds / DO ratio

STAR, PRL127 (2021) 092301 ALICE, PLB827 (2022) 136986

- @ AusAu,0-10%  0-10%: 08¢ i R
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Transverse Momentum P, (GeVlc)
 Ds/DOratio is larger in AA than in pp
- Strangeness enhancement in the QGP + coalescence

* Together with the modifications of the baryon/meson ratio, this highlights the need for higher precision
understanding of the most abundant charm hadron species a1



Summary

* Heavy quarks offer valuable information on the macro- and microscopic
properties of the QGP

 Charm quarks
— experience significant energy loss

- thermalize to a very high degree within the plasma

* Additional effects such as CNM and hadronization play an important role in the
interpretation of the data
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Open heavy flavour hadrons

+ D° +
D . - D; § A} e
N @ @ o
® o o |

CREDIT
©Science China Press

e All hadrons containing net heavy flavour quantum number
* “Heavy” refers to charm and beauty quarks
- m¢~ 1.3 GeV/c?
- my, ~ 5 GeV/c?
 What can we learn from them ?
 How can they be measured ?
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