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o= == iy Heavy-ion collisions with heavy quarks

Initial and pre-equilibrium Hadronisation
phase

QGP phase Hadronlic phase
and rescattering

> Opportunity — heavy quarks can be used to

, Sensitivity to:
characterise the QGP phase and not only — they are a - Initial conditions
tool that can be used to investigate all collision stages - QGP properties

- Hadronisation mechanisms
- Rescattering in the hadronic phase

2
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= == oy Heavy-ion collisions with heavy quarks

Initial and pre-equilibrium
phase

> Large magnetic field (B~10"*T) and angular momentum (L~O(10"%))
are produced in HI and are perpendicular to the event plane
- Might have an influence on open charm and quarkonia originating
from the early phases

Andrea Dubla



Charge dependent directed flow
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Important and intriguing results on the Av, of D mesons
- situation is not yet completely settled. Opposite slope
at the two energies? Large signal at LHC?
- Future measurements (centrality and p_. differential)
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ALICE Upgrade projection
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will clarify the picture and will put constraints on the electrical conductivity of the QGP

> Extremely good significance is expected in Run3/4

Andrea Dubla
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https://arxiv.org/abs/1812.06772

= = I J/y polarisation in Pb-Pb

> Polarisation of J/y meson studied in the direction orthogonal to the reaction plane
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> Connected with the existence of a strong B field in the early stage of QGP formation in Pb-Pb
collisions, as well as with its behaviour as a rotating fluid with large vorticity

> Significant non-zero polarisation is measured from central collisions down to the 40-60% centrality
- Model calculations would help in understanding the measured effect and will give an additional
handle about the coupling of quarkonia with nuclear matter

Andrea Dubla Talk from A. Ferrero
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= == oy Heavy-ion collisions with heavy quarks

QGP phase
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= == II Constraining QGP properties

JHEP 01 (2022) 174
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> Interval of spatial diffusion coefficient, which is related to the thermalisation time of charm quark, is
obtained considering the values used in transport models that reproduce the data
- 1.5>2aD T < 4.5 which correspondtoa3 <z, <9 fmlc

> Indicates a thermalisation time of charm quark compatible with the QGP lifetime
- D _and other QGP parameters from global Bayesian analyses

Andrea Dubla



=== YVhat about a fluid description?

F. Capellino et al. PRD 106 (2022) 3, 034021

F. Capellino et al. in preparation
10 1.5<2nDsT<4.5 (ALICE fits to data)
T 3.4<2nDsT<5.4 (IQCD 2021) ,o'?
E 0.9<2nDsT<1.5 (IQCD 2023) _ = Q//W
= 8 // 100 //V
) 7 4@,,
E - L
- 6 F |
© 4 Z ra(\s\ @) 0
F ,/\@“eﬁ’ EX U D” mesons
v - ) e N
2 P £ 2nDsT = 2.5
= gl
P . Z.
2 4 6 8 o o2 | N
longitudinal proper time [fm] . @ ALICE 2022 DO N
— without resonance decays R
> Relaxation time might be shorter than typical — with resonance decays L ¥
expansion time of the QGP in Bjorken flow ; : : : s - é
- Fluid-dynamic description of charm p[GeV]
seems meaningful Talk from F. Capellino

New IQCD: O. Kaczmarek

> Spectra are computed with a Cooper-Frye prescription
> The fluid-dynamic description of charm captures the physics up to 5-6 GeV

Andrea Dubla



Deformed nuclei - a possibility?
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> |t was demonstrated that charm meson see the shape of the QGP
> Can we use collision of deformed nuclei to study possible charm collectivity in small system?
Larger v, in Ne-Ne wrt to O-O due to the initial deformed geometry. Would charm feel the shape?
> For larger systems, similar enhancement of J/y (D meson) elliptic flow in collisions of deformed ions

relative to Pb-Pb baseline would help in understanding the origin of charm v,

Andrea Dubla



A The needs of beauty mgasurements
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>  Beauty measurements start to be available. Mainly via non prompt charm hadrons.
- Need to measure fully reconstructed beauty mesons and baryons with small uncertainties

to further constrain QGP properties

Talks from M. Stojanovic and M. Volkl 10
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https://arxiv.org/abs/2212.01636

Heavy-ion collisions with heavy quarks

Fragmentation

Pt

Coalescence

Hadronisation

f "
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> Probe hadronisation in presence of a deconfined medium
- Fragmentation: ‘break up’ of charm quark - as in
e*e” collisions (also expected in pp)
- Coalescence: combination of quarks close in phase

space

11
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Modification of p.. distributions
= == 1L T

Nuclear modification factor Elliptic flow
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> Coalescence of heavy quarks with light quarks from the QGP affects HF hadron momentum distributions
- HF hadrons pick-up the radial and elliptic flow of the light quark

12
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Modification of p_ distributions

Nuclear modification factor
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Open charm and beauty hadrochemestry
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>

Abundant production of strange quark in the QGP — coalescence of heavy quarks with strange
quarks from the QGP affects the HF hadrochemestry

- Enhanced D_(B) yield relative to non-strange mesons

- DS/D0 ratios in central Pb-Pb hint at enhancement at mid-p.. relative to pp

14
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https://arxiv.org/abs/2204.10386

0 n n
——l A /D" yield ratio

QF T T T T T T T T T T T T > Largely enhanced charm and beauty baryon to
| O Prompt A, / D° (CMS) PbPb 5.02 TeV 0-10% lyl < 1 ]

| ® Prompt A, / D° (ALICE) PbPb 5.02 TeV 0-10% lyl < 0.5 | meson yield ratio in pp collision wrt e*e™ collisions
| () Prompt A,/ D° (ALICE) PbPb 5.02 TeV 30-50% lyl <0.5 _ . . :

| M Prompt A,/ D° (ALICE) pp 5.02 TeV lyl < 0.5 ] Fragmentatlon Unlversallty?
| O Prompt A, / D° (LHCb) PbPb 5.02 TeV (N,,» = 15.752 <y < 4.5 | - Colescence in pp?

i 1 > Ach° in heavy-ion collision is even higher at
| intermediate p,. wrt pp

1.5

o
e 1 - Higher coalescence probability or radial flow?
< | - Aninterplay of the two effect?
: Lch: o C T T \\\\Hl T T TTTTT T I \\\\H‘ T 1]
| arXiv:2210.06939 @) ziAL|CE | <0 57
| Phys. Rev. D 100, 031102 ol ]
| cwms: < 1.8 e pp, (s=13TeV —stat. = SHMc |
| PLB 803 (2020) 135328 1 Gi v pp, Vs=5.02 TeV [ Jsyst. # Catania -
| CMS-PAS-HIN-21-004 "L A p-Pb, s, =5.02TeV extr. ¢ TAMU
{ ALCE: 1.4 4 pppp, |5, =5.02 TeV Y total PYTHIAS
L] arxivi2112.08156 1.2F 0 Au-Au, s, = 200 GeV —Monash —
PLB 839 (2023) 137796 T STAR, PRL 124 (2020) 172301 —CR-BLC 21
PRL 127 (2021) 202301 1= =
_ _ 08— B -
> Need to measure other baryons with strange component in Hl 060 , ¥ g PR
> No modification of p_-integrated A /D° from pp to Pb-Pb 04 § B $ 3 @ E
> Towards very low multiplicity - would it be possible to reach 0272 3
an e+e_ Iimit? : 1 \_.\\\\Hr l_l_\\\\HJ 1 1| \l\H‘s 1
1 @@ 10 10 10
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https://arxiv.org/abs/2210.06939
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oalescence) predict?

> Need a systematic comparison of mid and forward rapidity both in pp and HI
> Similar observation for beauty in pp, will it be at reach in HI?

Andrea Dubla
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IS = L Beauty hadrons in Pb-Pb

arXiv:1812.06772
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> Full reconstruction of beauty hadrons will be at reach in Run 3-4
- Expected enhancement in BOS in Pb-Pb collisions will be quantifiable for the first time
- Reconstruction of A°, —A" 7~ (BR = 4.9 10-3)
- Will be affected by large uncertainties and limited to p, > 4-5 GeV/c in Run 3 and Run 4

Andrea Dubla
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Additional windows on hadronisation

> Yields of multi-charm/single-charm hadrons predicted to be largely enhanced in A-A compared to pp
collisions in SHM and coalescence models - production in single hard scattering disfavored

> B_" production in heavy-ion collisions is an ideal probe: sensitive to dead cone and recombination
> X(3872) - Crucial to measure low p.. and centrality dependence
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Talks from C. Gomez, T. Sheng, D. Chinellato, A. Grelli Andrea Dubla
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Heavy-ion collisions with heavy quarks

Hadronic phase
and rescattering

> The hadron-gas phase lasts approximately 5-10 fm/c

Resonances with a lifetimes of the same timescale are good
probes of the dynamics of the hadronic phase since they are
likely to decay before the kinetic freeze-out.

Direct measurement of two-body interactions with charm

19
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—— HF hadronic resonances
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> Decay products of resonances are subject to elastic interactions in the hadron gas, which modify their
momenta and prevent the reconstruction of the resonance signal by means of an invariant mass analysis

> D*S2 has a life time of ~12 fm/c — do we see a similar effect as observed in the strange sector?

Talks from S. Politano Andrea Dubla
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=== HF hadrons in the hadronic phase
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> In the TAMU model the used scattering lengths for zD and KD are:
- a(1=3/2)=-0.1fm
a.pll =1)=-0.22 fm ) i i

> No experimental constraints available

TAMU:
PRL 124 (2020) 042301

PLB 701 (2011) 445-450 Andrea Dubla



=== HF hadrons in the hadronic phase

same charge pairs opposite charge pairs
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osffff T 3 e D e e i Z H. Guo-1 1
0 20 40 60 80 100 120 140 133(9 (RA%?//E?O 0 20 40 60 80 100 120 140 1e}s{g &%({//gg)o | ¢ é||:| SL:J:':S —_ ]
B % L. Liu )
> Scattering length for | = 3/2 in agreement with models 8-
> Scattering length for | = 1/2 significantly smaller than models - Double-Gaussian source .
i % =0970% fm, rg" =262 fm |
H H H H | | | | i | | | ‘ i | | | | | | | |
> The values !ndlcate a small res_catterlr_lg_ of D mesons in 0.2 0.0 0.2 0.4 0.6
the hadronic phase of heavy-ion collisions a (=) fm
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Charm hypernuclei

— LQCD-e

— CQM (sim)

-—-- Model A (sim) ]

y —»@34— ~~- CTNN-d (sim) ]

-

VS

Coulomb

-

~,

R=12fm ) |

5 ¥ i
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— LQCD-e
— CQM (sim)

- Model A (sim) 1
——- CTNN-d (sim) |
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125

> Possibility to constrain the A _-N interaction potential
Distinct source size dependence of the correlation function in presence of bound states

150

Counts

104

102

arXiv:2211.02491

L L L L L L L BRI AC+‘

ALICE 3 study

Layout v1, || < 1.44
PYTHIA 8.2 Angantyr, Pb-Pb {5 = 5.52 TeV

c-deuteron

~—— Signal

——— Primary background

T T T T

Correlated background !

S/B = 0.41 .
Significance = 51.1

§

T T T T
.
\

Lol

s i ; ‘ N H} N
‘ g 3 3 4 3, 5 R
Invariant mass (GeV/c?)

> Possibility of performing a full decay reconstruction will soon become feasible ¢, — dK'z"
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.= == 1r Outlook

Hadronisation

Initial and pre-equilibrium
phase

QGP phase

Sensitivity to B fields
- precise Av,

- polarization of J/y and D* A universal process?

- Precise measurements of charm
and beauty baryons in AA (including
charm-strange baryons)

- Multi-HF hadrons as ultimate probe
("pure recombination”)

Diffusion, energy loss, thermalization?

- QGP diffusion coefficient with b quarks: larger mass,
further from thermalization

- Interplay of melting and regeneration vs. binding

ener
9y Andrea Dubla

Hadronic phase
and rescattering

Interaction potential and

bound states
- precise measurements of
scattering length parameters

- possibility to study bound states
24



Thanks for your atlention

Thanks for inputs and discussions to:
A. Beraudo, F. Capellino, A. Dainese, G. Giacalone, A. Grelli, A. Rossi, J. Sun
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Directed flow
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Open charm vector meson

arXiv:2212.06588

[ T I 1 1 I T T T I 1T 1 1T 1 l 1T T I T 1 1 l | O VAL
—ALICE ly] < 0.8 -
" pp, Vs =13 TeV i >
G —— ]
Data PYTHIA 8 + EVTGEN |
T = c—o>D¥ c —» D* i >
e b D* b —» D*' ]

| | 1 1 1 | 11 1 | 1 1 1 | =] | | DS | | (= = | | | [ | ]

6 8 10 12 14 16 18 20

P, (GeV/c)
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Spin alignment of prompt and non-prompt
charm vector meson with respect to helicity
plane axis in pp collisions
- prompt D* compatible with no
polarisation
- Py > 1/3 for non-prompt D* (helicity
conservation in B meson decays)

Measurement of D* vector meson in
heavy-ion collisions is crucial to complete
the picture for the charm quark
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The main observables

ALICE:

JHEP 01 (2022) 174
PLB 813 (2021) 136054
CMS:

PLB 782 (2018) 474
PLB 816 (2021) 136253
ATLAS:

PLB 829 (2022) 137077
PLB 807 (2020) 135595

PRC 99 (2019) 34908
PRL 118 (2017) 212301

b
I—+|_

Lak 4 ALICE prompt D, 0—10% Pb—Pb Sy = 5.02 TeV |
4 CMS prompt D° 0—10% Pb—Pb {syy = 5.02 TeV
+ ATLAS c -, 0—10% Pb—Pb ySyy = 5.02 TeV
12 4 STAR prompt D°, 0—10% Au—Au Sy = 200 GeV |
1.0 -
0.8\ + -
g
*
Tl
* % +—+—
0.4~ . ¢ + + 7
oA ) ¢ )
o " +-+—
02 e g .
0.0 1ol gl L1y
11 100 107 102
pr (GeV/c)

0.2

0.1~

0.0

- - i -

T L e T T — T
ALICE prompt D, 30—50% Pb—Pb {syy = 5.02 TeV
CMS prompt D°, 30—50% Pb—Pb y/syy =5.02 TeV |
ATLAS c - 11, 30—40% Pb—Pb syy =5.02 TeV
STAR prompt D%, 10—40% Au—Au vsyy = 200 GeV 1

ol
10°

4l
pr (GeV/c)

> Measured significant spectra modification and positive v, for open charm and J/y in HI collisions
- substantial interactions with the medium constituents
- Strong indication of possible thermalisation of charm quark in the QGP

>  Systematic studies of beauty not available yet - open beauty might flow (contribution from the light
component?) but Y does not seems to flow. Needs of precise measurements

Andrea Dubla
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The high p_ regime

& ALICE, arXiv: 2211.04384

0-10% Pb-Pb, /Sy = 5.02 TeV

DREENA-A
Prompt D h*
77} Non-prompt D

LI L L L L L Y L LB B L L B L B

« Prompt D ot
= Non-prompt D° © h'

CUJET3.1 ]
Prompt D b ]
Non-prompt D

v by by by s | 1

302050
P, (GeV/c)

10 20 30 I40l - I50l
P, (GeV/c)

® Data-to-model comparison seems to favour the scenario of weak

coupling for high temperatures

® Less constraints for models at low temperatures

= Different observables needed

Andrea Dubla

® Hierarchy of suppression as expected from dead
cone effect

Rpp(b) > Rpp(C) 2 Ry(light)

S ALICE, arXiv: 2211.04384

B B R B il

3 i —== CUJET 3.1 (mag. monopoles) -
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N 40F/ B 1°
o \ :
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a . o
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HIL N <
b 20 B LY 1 O
<D - DN
S i ................\..s., ....... =
........ + \~_~.-.............___ w
L e aia]

O YR VN S VRO S U N (DY TNY VST VUSUT NE) [T VS SN N DU | S T S R V| |
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Temperature (GeV)
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Can we look at additional observables?
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dN/dy

(mod.-data)/mod.

SHM with charm

Extremely good description of particle yield in the light flavour sector!

%D’ B D*+D* D;+D, Ag+R, a0 _ _
. g £ & =~ 2 7 > Measured p_-integrated yields of open charm
- g | ALIGE midrapidity 0-10% Pb_Pb, m=5_o'2 Tev . mesons and J/¥ midrapidity described by
10— ! ' ] e ..
- ; ; GSI-Heidelberg SHMc, JHEP 07 (2021) 035 3 SHMc within uncertainties )
|l : ; T —156.5 MeV, V - 4997 fm® = - Charm content determined by cross
o ! {| doJdy = 579 + 87 pb (normalised to D°, PDG) ] section and not by fireball temperature
6— ! t|_ doJdy =680 ub (normalised to D", enh. c-baryons) | — - Assume (full) charm quark thermalisation
u ! : i : : ] in the QGP
B e | — i == | M . B - Charm quarks distributed to hadrons
2 yamaere | | g E ] according to thermal weights
B ata sys H | 1 1 A
— extrap sys i E ! ' E —
C | |
D sressssonis PESEABHEEECS EEBRHGR B iR RSB BB =
S e e e Embeees e .-
0E- WA SEEPR—————— L N W = . .
B P e L L * ____________________ = > Yield of A_baryons underestimated
I | I— L O — T LR — [ I—— = - Captured assuming an enhanced

arXiv:2211.04384

production of charmed baryons
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= == 1L Bottomonia states

> Y largely overestimated if 100% of beauty quarks > Y described if 30% of beauty quarks

assumed to be thermalized.
- Does beauty quark reach thermal equilibrium
- v, is compatible with zero

1.6 — Ay T — T T T T T T T
\ CMS |y| <2.4, ATLAS |y| < 1.5, ALICE2.5<y <4
\ 4 CMSY(1S) ATLAS Y(15) 4 ALICE Y(1S)
L4 ‘4= CMSY(25) 4 ATLAS Y(25) 4 ALICE Y(25) 7

4 CMSY(3S) + ATLAS Y(2S +3S)

SHMb 100% b therm., |y| <2.4 |
Y(15) il
— Y(25) ]
—— Y(39S)

; ; \ ; ! | ; ; | ; 1
] 50 100 150 200 250 300 350 400

@ Npart

assumed to thermalize.
- Reach partial equilibrium?
- Presence of currently unknown open
beauty states will lead to a reduction of
the bottomonia yields.

1.6 T T T T T T T T T T T T
CMS |y| <2.4, ATLAS |y| < 1.5, ALICE 2.5 <y <4
4 CMSY(15) ATLAS Y(1S) 4 ALICE Y(15)
Lar 4 CMSY(2S) <4 ATLAS Y(2S) 4 ALICE Y(25) 7
4 CMSY(3S) 4 ATLAS Y(2S+3S)
12} =
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s i Y(15) |
o« 08 — Y(@2s)
3 — Y(39)
0.6 .
0.4 _
........... B ow
02~ = e 000000 @y T e R =l
[ 1 L
0.0 . \ . I ‘ | . I . | e . i e
o 50 100 150 200 250 300 350 400
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1 ALICE pp, Vs = 5.02 TeV _
" ly|<0.5 i
- —=— PRL 127 (2021) 202301 |
0.8 —5—arXivi2211.14032
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Largely enhanced charm and beauty baryon to meson yield ratio in pp collision wrt e*e™ collisions
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> Do the model also describe measurements at forward rapidity?
- Is there any obvious difference (parton density, charm density)?

PYTHIA: JHEP 1508 (2015) 003
SHM+RQM: PLB 795 117-121 (2019)
Catania: PLB 821 (2021) 136622
QCM: EPJC 78 no. 4, (2018) 344



A_in Pb-Pb

> Ach0 in heavy-ion collision is higher at
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HF hadronic resonances
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ALICE Preliminary
[ pp, V's=13TeV, |y| < 0.5
| + Data (2<p_<24GeV/o)

-===+ SHM M. He, R. Rapp (p,>0)
SHMc GSl-Heidelberg (p;>0)
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I Model predictions only
L BR = 23.35% PRD 93, 034035

o e b b by b b g Ly
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- no multiplicity dependence explicitly
expected from SHM and SHMc

= multiplicity dependence not
expected in SHM, but might arise
from hadronic rescattering due to
D.,"" lifetime (1~ 11.61 fm/c)
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HF hadrons in the hadronic phase
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