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Heavy quarks (HQ): charm and beauty

~1.273 GeV/c? ~4.183 GeV/c?
¥

charm I bottom \ v

Mgnarm ~ 1.3 GeV/c?
Mpeauty ~ 4.2 GeV/c?

Q

* mg,m,>>ANgcp > hard probes (even atlow momentum # jets)

* Production: Large Q? processes: Q2> (2m)?

Very short formation times = ~ 0.05(0.01) fm/c

Merh
Perturbative QCD applicable
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 HQ production pQCD
cross sections
« Baryon/meson ratios Hadronization
- D-light femtoscopy Hadron interaction
- HQ energy loss QUGF‘k-glUOH plasma

« Charmed current
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Open heavy-flavor hadrons
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Heavy quark production: hadron-hadron collisions

Production cross section computed using the QCD factorization theorem

f @ S ul
P @ \} u
L
\P_—
PDFs > | > cc Hadronization
® 2-to-2 process @ Soft scale (MC,

parton level pQCD phenomenology)
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Heavy quark production

Production cross section computed
using the QCD factorization theorem:

do.ij—)cé

p :.Zl i(z1, 17) (2, 03— Fro S ACE = pu, /Pes 13)
6,J=4,49
PDFs / \ \
Parton distribution functions Parton hard Charm o
relative to the colliding scattering cross hadronization
protons (or nPDF for nuclei) section of ¢t pair fractions
production

pQCD
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Outline

 HQ production pQCD

cross sections

« Baryon/meson ratios Hadronization
- D-light femtoscopy Hadron interaction
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Heavy quark production: test of perturbative QCD

PRODUCTION (in proton-proton) well described by perturbative QCD
expansion in a series in powers of the strong coupling constant ag

Next-to-leading order:

Fixed-Order Next to
Leading Log (FONLL)

Cacciari, Greco, Nason
JHEP 05 (1998) 007
JHEP 10 (2012) 137

General Mass Variable
Flavor Number Scheme
GM-VFNS

Kniehl, Kramer, Schienbein,
Spiesberger
Phys. Rev. D71 (2005) 014018,
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Eur. Phys. J. C77 (2017) 550
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Heavy quark TOTAL production cross section

Test of perturbative QCD
:':é: 10°

(o)
10%
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Recent plots for charm in PRD 105, L011103 (2022) and for beauty in JHEP 05 (2021) 220
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Hadronization

So fundamental and still pretty not understood

Baryon creation challenges string fragmentation: “ad hoc” solutions implemented

String fragmentation Coalescence Statistical hadronization
eg. PYTHIA
-4 q_ G . s T fr Pb-Pb \5,22.76 TeV
® . ] (a) Original qq string 5:10?‘-.5 . O-IO“.cen’:r—allty 1
o 8. . o.:: 0.0 = ':5
e — @ (b) Meson %" & Cuege © — 0 L R
q q q q (e ;.08 '80‘“ % ‘ 10 ~ 1
— . *o &5%Gai o 'y i
o o—e 0 (c) Baryon ®o 10 ..AA"'~~?He3
q E 94 %9q! i REE - 10} e Data, ALICE - ‘fH
---------- & N 10| Statistical Hadronization .
: ® @ - . (d) Popcorn ‘\ 106F total (after decays) '~-4_-;1'eT
= = o =1 1 N TR e primordial
4 ey %3 9 \‘. A Y T R T Y T S v i
e e e R oo W e o o e o o S, 2 s 0 P e o ] Mass (GeV)

“Baryonization™: diquark splitting '

v o)  Extended) (dense)
acuum partonic medium
- See how charm helps exploring hadronization
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Hadronization

Hadronization or fragmentation fractions
_ 2 . ! . .
c—)Hc(Zc = pHc/pc: Hf) Precisely measured in electron-positron, electron-proton collisions
Assumed to be universal
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Lc_:} 0.8_— = {s =5.02 TeV I
+ B factories, e'e”, s =10.5 GeV|
+LEP, e'e”, s =m, |
e HERA, ep, DIS
o HERA, ep, photoproduction I
|
|
|
|
|

o
»

| I
90—

L I | | I | L1 |

0.4E El
i +
- (# .
0.2 mq*@ E = WE
: T o B0 o @
0 | | | | | | | |




Hadronization

Hadronization or fragmentation fractions

\__P S, LHC:
Charm hadronization

B o HERA, ep, photoproduction

2 . . ) .
esH.(Zc = PH, /P FLf) Precisely measured in electron-positron, electron-proton collisions
Assumed to be universal
g 1 T { T T T
" ALICE, pp lyl <05 | i
T [ ais=13Tev | i (o o)
S 0.8 = {s=502TeV | — e+ e-
) | i
B + B factories, e'e”, Vs = 10.5 GeV | ]
061 +LEP, e'e”, s =m, —| ‘
o HERA, ep, DIS | > °

# fractions in pp (and

|
|
|
I
| o
. }BE

B3 — b p-Pb) are different
i - 1 from ee and ep
- Fig ﬂ o [ H = 1
x 20 | <
| | ! | | | —>0 0 Influence of the
D’ D" D Ay = Sy DT p o b

partonic environment !

ALICE Collaboration,
JHEP 12 (2023) 086
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Hadronization: baryon & meson yields
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Correlation function between D and light-flavor mesons

Femtoscopy technique: based on the correlation function (CF) S(7*) source function

Experiment Theory . - ©
— pa1rs k* — .: “u —’a
(k%) = ./V—;‘;“;"( k*) = IS(?*)IW( kx5 7P dors AN T———
lexe ( ) (k* ?*)

Koonin-Pratt equation

o "8 I 4
: ; . / w(k™,

: two-particle wave function
& M.Lisa, S. Pratt et al, Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402 .

D1t and DK measured:

« Shallow interaction between charm
and light-flavor hadrons

» Scattering length of residual strong
interaction compatible with 0

ab™ (I =1/2) (fm)

o
3]

T T T T T

ALICE pp (s =13 TeV
High-mult. (0-0.17% INEL > 0)

—3%— Data (y?/ndf = 0.7)
95% CL

P 68% CL
X. Y. Guo et al.
Z. H. Guo (Fit-1B) et al.

° ‘ Z.H. Guo (Fit-2B) etal. |

B. L. Huang et al.
e L. Liuetal

—~+

J.M. Torres-Rincon et al. i

I L I | L
0 0.2
aj™ (I = 3/2) (fm)
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Outline

 HQ production pQCD

cross sections

« Baryon/meson ratios Hadronization
- D-light femtoscopy Hadron interaction
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Outline

« HQ energy loss QUGF‘k-gIUOﬂ plGSl’T\G

« Charmed current
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Heavy-ion collision evolution

Viscous hydrodynamic description

Silvia Masciocchi, GSI & Uni Hd — Bormio 2026
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Heavy quarks: special probes of the QGP

~ 2 h
Menarm ~ 1.5 GeV/C2 Formation time = ~ 0.05(0.01) fm/c
Mpeauty ~ O GeV/c 4m

Silvia Masciocchi, GSI & Uni Hd — Bormio 2026
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Heavy quarks: special probes of the QGP

~ 2 h
Menarm ~ 1.5 GeV/C2 Formation time = ~ 0.05(0.01) fm/c
Mpeauty ~ O GeV/c 4m

cquark — — —_——_—

B, A,, ...
b quark ’ ")

25
Silvia Masciocchi, GSI & Uni Hd — Bormio 2026



Heavy quarks: external probes only or part of the medium?

o External probes: energy loss in the QGP @\§ | |
Transport models (Browning particles in medium) %ﬁ‘%\‘ .
. A ©

Transport coefficients, e.g. spatial diffusion Dy

26



Heavy quarks: external probes only or part of the medium?

o External probes: energy loss in the QGP @\§ |
Transport models (Browning particles in medium) g_’%\* .
R ©

Transport coefficients, e.g. spatial diffusion Dq

'.}N [T LI L N L L I L L

- ALICE :

e Do they show feature of the collective behavior? 0.3 2090% TPE- QSTN =5.02 TeV h
o s o1 y| < 0. 1 >
YES - charm hadron elliptic flow (v,) - «Prompt D°, D", D" average [y| < 0.8 | =
I sinclusive Jiy 25 <y <4 1 m
_ 0.2 % z
- Pions oM @
g ] w
« D mesons 0. W) A SR
i [ *f L) ] i S
0.0+* I %
: g

I IS AT AT AT A ||

I ] 1
5 10 15 20 25 30 35
p, (GeVic) 27



Heavy quarks: external probes only or part of the medium?

o External probes: energy loss in the QGP
Transport models (Browning particles in medium)
Transport coefficients, e.g. spatial diffusion D

'I‘I!‘-I‘-"|1I!“|!!'1‘|!!I'1'|I111'|"!"

- ALICE

e Do they show feature of the collective behavior? 0.3 2090% PFPE- Sy =5.02TeV
o [ ot |y| < 0.5 ]l »
YES - charm hadron elliptic flow (v,) - «Prompt D°, D", D" average [y| < 0.8 | =
I ;m% sInclusive J/ly 25 <y < 4 1 m
. 0.224¥ ] g
- Pions il | ]
K . 1 o
« D mesons 0.1 suslh) A |
Ji o to1¢
lp . - M ] =
0.0+* 8
g

- Do heavy quarks

thermalize in the QGP? 5710 15 20 25 30 35
p, (GeVic) 23




Fluid dynamic approach to heavy-quark diffusion in QGP

Thermalization: if particles have enough time to interact with each other, they eventually relax to
thermal equilibrium (at least locally)

Questions: charm (beauty) quarks interact with partons in the QGP
* How strongly? ?
* Long enough to approach local kinetic* equilibrium within the QGP lifetime?

(*) HF far from chemical equilibrium (hard production!), fugacity factor needed
Kinetic equilibrium: particle momentum follows a Maxwell-Boltzmann distribution

29
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Fluid dynamic approach to heavy-quark diffusion in QGP //

Thermalization: if particles have enough time to interact with each other, they eventually relax to
thermal equilibrium (at least locally)

Questions: charm (beauty) quarks interact with partons in the QGP
 How strongly?
* Long enough to approach local kinetic* equilibrium within the QGP lifetime?

Federica Capellino
PhD and now postdoc (SFB PI)
Link

Let's try and do it! S

AT lOW PT, a window To STUdy . Rossana Facen

equilibm’rion processes master and now PhD
Link

(*) HF far from chemical equilibrium (hard production!), fugacity factor needed
Kinetic equilibrium: particle momentum follows a Maxwell-Boltzmann distribution

30


http://www.physi.uni-heidelberg.de/Publications/PhD_thesis_capellino.pdf
http://www.physi.uni-heidelberg.de/Publications/RossanaFacen_MasterThesis.pdf

Heavy-quark conserved current: fluid-dynamic approach

lsooucnt

AAAAAAA
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e Consider additional current of charm quarks

N (charm + anti-charm) conserved

Adopt hydrodynamic approach:
e Current expression:

e Conservation of QQ pairs:

e Equation of motion for the diffusion current:

Phys.Rev.D 106 (2022) 3, 034021

QM2023 2312.10125

NE + NE
Nﬂ Q - Q
+ 2

N¢ =nuH + vH

”
HQ density HQ diffusion current
U —
9,N* = 0

T, 0, Vi + Vvt = Kk, V! (g)
/”

HQ relaxation HQ diffusion

time coefficient
31


10.1103/PhysRevD.106.034021
10.1103/PhysRevD.106.034021
https://arxiv.org/abs/2312.10125

Charm-quark relaxation time

Compute relaxation time and diffusion coefficient for charm quarks by integrating the first
moment of the Fokker-Planck equation, and match with hydrodynamics:

lsooucnt

~ L

T, DS spatial diffusion coefficient (QCD property)
Bjorken flow: vy =0y, =0 v, =2/t
0 1.5 < 27DsT < 4.5 (ALICE)

_10.09 == 3.4 < 27DsT < 5.4 (1QCD 2021)
% 0.9 < 2rDsT < 1.5 (IQCD 2023) In simplified picture (Bjorken flow): )
e charm relaxation time < QGP expansion time
& 5.01
<
% charm quarks - fluid-dynamic description looks appropriate!
= 2.51

0.0 1 : : : :

0 2 4 6 8 10

longitudinal proper time [fm] QM2023 2312.10125
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10.1103/PhysRevD.106.034021
10.1103/PhysRevD.106.034021
https://arxiv.org/abs/2312.10125
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Implementation in fluid-dynamic framework: Fluidum

QM2023 2312.10125
Phys.Rev.D 108 (2023) 11. 116011

EoS
Transport
coefficients
(n, G k, D ..)

Boundary
conditions
(thermalization time,

All light particles

+ hadrons with
FULLY DYNAMICAL DESCRIPTION OF HQ EVOLUTION charm

33


10.1103/PhysRevD.106.034021
10.1103/PhysRevD.106.034021
https://arxiv.org/abs/2312.10125
10.1103/PhysRevD.108.116011
10.1103/PhysRevD.108.116011

Fluid dynamic description: particle total yield

Charm hadron yields:

* Cooper-Frey at
T, = 156.5 MeV

* Plusresonance
decays (DPG,
FastReso)

model—data

dNy, [dy

model

D° D* D+ DF J/y AF = Q°

10
0 —10%, Pb — Pb /sy~ = 5.02 TeV
® ALICE
8 1 — w/o resonance decays
+ — w/ resonance decays
6
. e
2 ] —
= 0
0 - - — = —
2
14 - . -
0 - ““.""t"“‘"“'"“‘ """"""""""
—1 - s * ---------------
-2

Phys.Rev.D 108 (2023) 11. 116011

ALICE JHEP 01 (2022) 174

ALICE (2023), arXiv:2303.13361 [nucl-ex]
ALICE PLB 839, 137796 (2023)

ALICE PLB 827, 136986 (2022)
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10.1103/PhysRevD.108.116011
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Fluid dynamic description: particle total yield

lsoQucnt
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Charm hadron yields:

* Cooper-Frey at
T;, = 156.5 MeV

* Plus resonance
decays (DPG,
FastReso)

Very good
agreement with
data for mesons

model—data

D° D* D+ DF J/y AF = Q°

10

— 10%. Pb — Pb/snx = 5.02 TeV
® ALICE
—— Ww/0 refonance decays
— w/ resgnance decays

model

Phys.Rev.D 108 (2023) 11. 116011

N
hadronization?
Missing
resonances”?

ALICE JHEP 01 (2022) 174

ALICE (2023), arXiv:2303.13361 [nucl-ex]
ALICE PLB 839, 137796 (2023)

ALICE PLB 827, 136986 (2022)
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Fluid dynamic description: particle spectra

lsoQucmt
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Preliminary transverse
momentum spectra:
Cooper-Frey at

T;, = 156.5 MeV

+ resonances

DU
.
-C—_._
D*t ++_._ +++
105 i o +++
DE ++_._ ++
~ ==
1 —c— -
‘-('i_ 103 _ —_——
E 1/ e
o —_——
g 101 i ——
P mem— T
= 10-14 PPN
= 0
= 5
1073
— 10%, Pb — Pb \/snx = 5.02 TeV
DY x 107 T/ x 10%
10— D+ X 10“ Ag’
D** x 10° =+
DF x 10 Qo
10_7 T T
0 2 4 6

pr[GeV /(]

ALICE JHEP 01 (2022) 174

ALICE (2023), arXiv:2303.13361 [nucl-ex]
ALICE PLB 839, 137796 (2023)

ALICE PLB 827, 136986 (2022)
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Out-of-equilibrium corrections

HQs not in kinetic equilibrium at the beginning of the QGP hydro phase, and at freezeout:

froe E/Ten/T 5

)

n M

of affect the HQ hadron integrated yields and spectral!
- Charm multiplicities depends on Ds ! Unphysical!

_ o _ o https://arxiv.org/pdf/2510.25601
Computation of out-of-equilibrium corrections at initial times and at freeze-out Just submitted to PRD

> Correct HQ hadron yields and pt spectra L
> Bayesian fit to data from RHIC and LHC e T
» Extraction of D(T) and T, ~’»’:: Ea A

Q—QQa‘\
”

37


https://arxiv.org/pdf/2510.25601

lsooucnt

Coming next: beauty quark

301 1.5 < 2rDsT < 4.5 (ALICE)
I 3.4 < 27DsT < 5.4 (IQCD 2021)
0.9 < 2rDsT < 1.5 (1QCD 2023)

* my >>m,: larger relaxation time !
chance to thermalize?

relaxation time [fm]

What would “partial” thermalization mean?

0 2 4 6 8§ 10
longitudinal proper time [fm]

T I 1 !

B’ © w/ores. dec.
0.15H B* @ v/ res. dec. [
« First computations:
. 0.12 Y 1
Integrated yields (uncertainty on higher resonances!) _ o.09} .
"C oos ¢ B! A B
Spectra for non-promopt charm hadrons '
©)
e I ; o] Hard Probes 2024
53 5.4 55 5.6
M|[GeV |

38


https://indico.cern.ch/event/1339555/contributions/6040866/attachments/2932271/5149685/HP2024_Capellino.pdf

lsoQucnt
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Coming next: charm thermalization in small systems

« LHC 2025 20
oxygen-oxygen and neon-neon collisions 160 Ne

e LHC Run 5: other ions
Xe, In, Kr, Ca, Ar, O

* Smaller systems - lower temperature
—> shorter QGP lifetime

Study the fluid dynamic description of the HQ evolution as
a function of system size and medium temperature

- See a breakdown of the description?

-> Limits of applicability (T, energy density, lifetime)

39



Outlook

Fabulous statistics from LHC Run 3 and Run 4 !!!
13 nb! until 2033

Wonder ALICE 3 from 2036 MAGNET
RICH

TRACKERS
TOF

Silvia Masciocchi, GSI & Uni Hd — Bormio 2026
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AN NN SR AN VAL T B Mot 7 72 77~ 2= ¥
A PDb-Pb collision “seen” by ALICE

Pb-Pb 5.36 TeV
LHC22s period
18th November 2022
16:52:47 893




Future goals: multi-charm hadrons and charm nuclei

— 10%F L
+ 10 I_ Pb-Pb VS_NN=502 TeV 0-10% _; Down to pt= 0 GeV/c:
a 16 : < A (udc)
N - .- 3
Fed 18_2 1 New—LHC Run 3+4:
O 10°2 r 1 . ECO’“* (ddc, udc, uuc)
2 10—4 __ .; ¢ ECO (dSC)
10—5 i g c3 ] ) :C; (usc)
e O (ssc)
10°%F 2 ¢
107 F — ud.sonly particles . gC 1 Eurther — ALICE 3: NEW
BE o qoam ] '
‘IO_9 r c=1 Pa"fC'eS A dc L . =t (ucc) FRONTIERS
10~ FsEpaRe R S ] © Qt (scc)
1 . . +
1012 ; SHMc, T, =156.5 MeV TR ?CCC (cee)
1072 - do, y=0.532 + 0,096 mb i ..
1 - P T T

15 2 25 3 35 4 45 5 55 6
Mass (GeV) 43



Heavy quark TOTAL production cross section

Test of perturbative QCD

102

10
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ALICE: PRD 105, L011103 (2022)
T ‘ T T T L |||

I i
il
//
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FONLL

|

|

|
zZ
P
[y
]

e ALICE (pp, lv| < 0.5), PRD 105, L011103 |
o ALICE Preliminary (p—Pb/A, —0.96<y<0.04)
¢ PHENIX (pp, ly| < 0.5)
< STAR (pp, l(l <1.0)

10
Vs (TeV)

107" 1

ALICE: JHEP 05 (2021) 220

3 2 B T T T T T T 1 71 | T T T T T 1 71 | |
= 10 wprenix pp, lyi<1 5 /41:; 3
o [ P -
L L OUA1pp, lyl<1.5 W, .
S | ocoFpp g i}

\l‘g CDF pp, |y|<0.6 /9/,
L 10 g =
° y ]
B . ]
i y i

S
1 /S —
g ‘% ALICE pp E
C *b>Dlyl<0.5  dielectron |n|<0.8 ]
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Statistical hadronization model with charm
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More than energy loss
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