Experimental overview on open-heavy tlavours
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F. Grosa (CERN)

Heavy quarks in the quark—gluon plasma -

® Heavy quarks: produced in shorter time scales than Low-pr: multiple elastic collisions with the medium constituents

the quark—gluon plasma formation (QGP) = Diffusion motion and possible (partial) thermalisation in the
= 74 = ilm = 0.05-0.1 fm/c depending on pr medium
- Zoeriorm (LHC) =~ 0.3 fmc ® High-pr: radiative energy loss (gluon emission)
& PRC89(2014) 034906 = Study properties of in-medium energy loss
time

® Momentum and anqular distributions of HF hadrons
= Study interactions of heavy-quarks with the medium
® Hadrochemistry: baryons and strange hadrons
= Study hadronisation from the medium
® \ector meson polarisation:
= Study initial strong magnetic fields
® Strong interaction of heavy-flavour hadrons with light hadrons:
= Study the impact of hadronic phase on heavy-ion observables

® Small systems: heavy-ion like effects
= Flow, baryons-to-meson ratio modification
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on and azimuthal anisotropy
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| Bogevy ® Study flavour dependence of in-medium energy loss
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| Bogevy ® Study flavour dependence of in-medium energy loss

® And many more results: C. Terrevoli - experimental overview on open and hidden heavy-flavour measurements - OM2022
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Heavy-quark interactions in the medium

® Heavy quarks interact with the QGP exchanging energy and momentum with the medium constituents

time ® Low-pr
= Diffusion of heavy-quarks in the thermal bath
= Described via Boltzmann, Fokker-Planck or Langevin
G equations
= Possible thermalisation of heavy-quarks in the medium
= Participation to collective motions

O Higl’-pT
= Energy loss of charm and beauty quarks in the medium
= Study the colour-charge and quark-mass dependence of the

space in-medium energy loss
= Study jet quenching and jet properties
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Charm-production as a function of energy and colliding system
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R. Singh - Tue 05 Sept M. Stojanovic — Wed 06 Sept

Beauty-hadron azimuthal anisotropies
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Beauty-hadron azimuthal anisotropies
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Beauty-hadron azimuthal anisotropies in p—Pb collisions
R. Singh - Tue 05 Sept M. Stojanovic — Wed 06 Sept
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Studying jet-quenching via azimuthal correlations fqrosa@cem.ch
A.M. Sickles — Tue 05 Sept  R. Singh - Tue 05 Sept

® Measurements of angular correlations between HF hadrons can be used to study the in-medium energy loss
= (oal: search broadening of the away-side peak in the azimuthal correlation due to deflection of energetic quarks in the QGP
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Modification of b-tagged jets in heavy-ion collisions

o mmom T eomamam AM. Sickles - Tue 05 Sept
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Modification of b-tagged jets in heavy-ion collisions (arosa@eern.ch

VSyy = 5-02 TeV, PbPb 1.69 nb™, pp 27.4 pb™, anti-k jet (R = 0.4): pift >120 GeV, | <1.6
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Charm-baryon enhancement vs multiplicity
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Charm-quark hadronisation and strangeness enhancement
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D+ meson in pp collisions vs multiplicity
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® Measurements in the beauty sector compatible with transport models g | + )
implementing strangeness enhancement and hadronisation via recombination
) ) ) 0.0 sy ey ey ey ey b
= Do beauty quarks reach (partial) thermalisation? PN 8 e R
® Current data precision limited: also compatible with no enhancement scenario 5 CMS, PLB 829 (2022) 137062

= |HC Run 3 and future upgrades/experiments crucial to study the beauty sector & LHCb, PRD 100(2019) 031102
& ALICE, arXiv:2204.10386
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B+ production in p—Pb collisions as a function of multiplicity

CMS Preliminary
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pPb 175 nb' (8.16 TeV)
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® B+ cross section in p-Pb collisions compatible with A-scaled FONLL prediction & (M5 Preliminary, CMS-PAS-HIN-22-001
® B+ production measured as a function of the charged particle multiplicity at midrapidity
= Promising prospects to measure B%/B as a function of multiplicity at midrapidity as well
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Heavy-flavour baryons with strange-quark content in small systems

® Enhanced production of =, relative to D9 in pp collisions compared to e*e- collisions
= Tension with models that describe the A+ production
> Due to large strangeness content?

e No modification of

B ALICE, PRL127 (2022) 272001 S ALICE Preliminary =/ between pp
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2 ALICE, arXiv:2308.04877 & LHCb, arXiv:2305.06711
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Heavy-flavour baryons with strange-quark content in p—Pb collisions
C. Gu—Tue 05 Sept  J. Zhu — Wed 06 Sept
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& ALICE Preliminary & ALICE, PRC 107 (2023) 064901

® Ryp, of =0 and Ac+ baryons compatible within uncertainties @ Rz of =+ and baryons flat as a function of pr
= At high pr higher than prediction including nuclear PDFs = Compatible with effect due to nuclear PDFs only
= Well described by model based on quark-coalescence
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Heavy-flavour baryons with strange-quark content vs. multiplicity
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Polarisation of vector charm mesons - Grosa (CERN
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Non-central heavy-ion collisions
= Large angular momentum dueto the medium rotation &F.Becattini etal, PRC 77 (2008) 024906
= Huge initial magneticfield (B ~ 1016 T) & Kharzeev etal, NPA 803 (2008) 227-253

> Lifetime expected to increase with rapidity & S.K.Dasetal, PLB 768 (2017) 260-264

& P. Christakouglu et al, EPJC81(2021) 717

: x10"
time AVFD Centrality 40-50% —100
® Charm quarks are 0y e Xe-Xe, |5y = 5.44 TeV
oroduced in the initial Pb-PD, Ysyy = 5.02 TeV 80
stage of the collisionand ool 60 o
- .
hence are expectedtobe 5 @
more sensitive to the 140
L 10- | %
magnetic field e
c-quark| ™
I

| | PR R
O 02040608 1 1214 16 1.8
t (fm/c)

® Polarisation of charm quark transterred to hadrons through
nadronisation process
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Spin alignment of D*+ and J/y mesons

T I T ITT T T T TTTITTTT 1 Recombination of polarised quark-antiquark pairs in the QGP
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Summary and outlook A

® Several new measurements in heavy flavour sector in small and large collision systems for QM2023
= |nsights in heavy-quark interactions in the QGP
= |nsights in heavy-quark hadronisation
= |nsights in heavy-quark polarisation

® Complementary of different experiments very important to draw stronger conclusions
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Summary and outlook A

Heavy-flavo

neavy-ion p

2019

ur physics pillar of current and future

NYSICS programs

NAGO:

sPHENIX
LS2 Run 3 LS3 Run 4 LS4 Run 5

2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037

ATLAS and CMS HL ALICES

ALICE2 LHCb U1
LHCb SMOG2

ALICE2 ITS3 LHCb U2


mailto:fgrosa@cern.ch

F. Grosa (CERN
Summary and OUt‘OOk fgrorsoaséiern.dz

Heavy-flavour physics pillar of current and future
neavy-ion physics programs
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Summary and outlook
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ur physics pillar of current and future

NYSICS programs

C. Dean —Tue 05 Sept
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Heavy-flavour physics pillar of current and future
neavy-ion physics programs

G. Alocco — Wed 06 Sept
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Summary and outlook . Grosa (CERN)
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Heavy-flavour physics pillar of current and future
neavy-ion physics programs
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. B | | | I| | | | | | | | | | | | | I | | | | | | |
- ek 10°
160 CMS Phase-2 Simulation Preliminary PbPb 7nb™' (5.5TeV)
: AL I LI | I LI L I | l LI L I | I LI I | I LI I I | l LI I | I LI B | L_ LI I LI L I LI I LI L I LI L I T TP rrrrprrrnrn I_
 sF 0.4 Al D° ¥ CMS Run2, lyl<1 3
T - @ BTL+ETL ABTL+ETL =+ 0 -
= 402 0-35E OBTLonly v BTLonly 30-50% F KS_ .
1.4t . 03F. ®NoMTD ¢ NoMTD I AIA -
o L : = T .
~ 1.3+ - = -
— : - 0.25F # # —+ * -
12~ K \ 0 > 0.2F- -y =+ t H =
- - ATO - . -
1= 0.15F Ayo AVO aak —+ - A0 * -
- i - AV F A0 -
1- T . 0 1:_ ‘V' Ao + ?’ AVO =
- [ (‘;. [ [ I [ 0.05 E‘ —:E- _:
%% i 2 3 4 5 ! - ”{' lyl<1 + b 1<lyl<2 -
-l L 1L I | . | I | . | I | .| I | - | I | . I | . | I | . | 'I" L1 11 I | . I P 1 11 I | . I | . I | - | l | . I P 1P 11 |-
p [GeV % 1 2 3 4 5 6 7 8) 1 2 3 4 5 6 7 8
p. (GeV) p, (GeV)

2029 i 2030 i 2031 | 2032 |

ATLAS and CMS HL

ALICE2 ITS3 LHCb U2


mailto:fgrosa@cern.ch
https://indico.cern.ch/event/1139644/contributions/5541498/

F. Grosa (CERN)

fgrosa@cern.ch

Summary and outlook

® Heavy-flavour physics pillar of current and future

neavy-ion physics programs

| Sanna — Wed 06 Sept
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Thanks!

In particular, for the discussions and inputs to: A. Angerami, I. Corredoira, A. Dainese, M. Durham, C. Gu,
G. Krintiras, S. Kundu, L. Micheletti, S. Mariani, F. Prino, A. Rossi, M. Rybar, N. Sahoo, C. Terrevoli
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Production of heavy quarks in proton-proton collisions

C)

® Charm and beauty quarks are produced in hard-scattering processes
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5 ALICE, JHEP 05 (2021) 220 (non perturbative) (perturbative) (non perturbative)
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AN, A/dpr
<Ncoll> ' dep/de

Nuclear modification factor R, , = Elliptic flow v, = (cos 2(¢p — Wgp))

r T 1 UL | | rrr rrrij | | r 1 rrri | | | | | | rrrr | | | | | |
14l 4 ALICE prompt D, 0—10% Pb—Pb y/syy =5.02 TeV | ¢ ALICE prompt D, 30—50% Pb—Pb y/syy =5.02 TeV
4 CMS prompt D°, 0—10% Pb—Pb /syy =5.02 TeV | 03L # CMS prompt D% 30—-50% Pb—Pb y/syy =5.02 TeV
4 ATLAS c-y, 0—10% Pb—Pb /syy = 5.02 TeV ¢ ATLASc-u, 30—40% Pb—Pb {/syy =5.02 TeV
1.2= 4 STAR prompt D% 0—10% Au—Au Vsyy =200 GeV | $ STAR prompt D% 10-40% Au—Au /sy = 200 GeV
1.0 -- = -
0.2F + 4 -
< 0.8 N " * ? 4 _
: | SR
0.6 0.1+ + | ! _
* ¢ T * * +« ©
0.4+ ~ + "
» + +
0.2 0.0 ol m____
pt (GeV/c) pt (GeV/c)
@ALICE,JHEP 01(2022)174 @ATLAS, PLB 829 (2022) 137077 @CMS, PLB /82 (2018) 474 @STAR, PRC 99(2019) 34908

S ALICE, PLB 813(2021) 136054 S ATLAS, PLB 807 (2020) 135595 & CMS, PLB 816 (2021) 136253 & STAR, PRL118(2017) 212301


mailto:fgrosa@cern.ch
https://link.springer.com/article/10.1007/JHEP01(2022)174
https://www.sciencedirect.com/science/article/pii/S0370269320308571?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269318304386?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.034908
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.212301
https://www.sciencedirect.com/science/article/pii/S0370269322002118?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320303993?via=ihub

F. Grosa (CERN)

The high-pr regime

fgrosa@cern.ch

® Dominant effect: energy loss of charm and beauty quarks in the medium
® (Goal: study the colour-charge and quark-mass dependence of the in-medium energy loss

small parton mass large parton mass

©

Dead cone effect: gluon radiation suppressed

(AE) < a; Cp g L* Path traversed in the medium atangles smallerthan & < m/E

Transport coefficient (average of the square of the transverse momentumexchanged
with the QGP per unit mean free path)

Strong coupling

constant
Casimir factor = 3 for gluons and 4/3 for quarks
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% ALICE, arXiv: 2211.04384 | |
. ® Hierarchy of suppression as expected from dead

L L Col s T L L L s
ALICE T E cone effect
0-10% Pb-Pb, |5 = 5.02 TeV - + Prompt D vt o
DREENA-A -+ = Non-prompt D° ¢ h* - RoA(b) > RyA(C) 2 Ry A (light)
Prompt D —h . -
~|Non-prompt D . E

| CUJETS.1 : 5 ALICE, arXiv: 2211.04384
Prompt D —h" ] E————
”)Non-prompt D : : -\ —== CUJET 3.1 (mag. monopoles) -
. IF AR s 60 A S CUJET 2.0 (pQCD+HTL) ~
h 007 W _”.’ff.'{': e 7’_’#’”, Hﬂﬂﬂf//%%% j{//// e . i 'II \\\ DREENA-A (um = 0.4uE) .
= | By Rt > o ANEEEEE DREENA-A (uy = 0.64) =
- S | | | 5 L \ —— JETSCAPE (LBT) o
20 30 40 50 10 20 30 40 50 © 4ol 7 ‘. ® JET collaboration I
p_ (GeV/c) p_ (GeVic) ‘ﬁ' B \ !
L N =
N AN o
. . - A <
® Data-to-model comparison seems to favour the scenario of weak S0t KN 19
. , . o> T . .‘.T.\..s 1
coupling for high temperatures _ + ST :-.i;;::::::_;-.___ T
® |ess constraints for models at low temperatures e SR
=~ Different observables needed 002" 03 04 05 06

Temperature (GeV)
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® Models based on the charm-quark transport on a hydrodynamically expanding QGP
= Typical momentum transfers in scatterings between charm quarks and medium constituents (heat bath) are small

= Charm quarks undergo soft and incoherent collisions — Brownian motion
= Boltzmann equation can be reduced to a Langevin or Fokker-Plank equation

® [n case of a medium in thermal equilibrium
- A'(p) = A(p)p; friction
- BY(p) = By(p) - Pjj(p) + B,(p) - P(p)
momentum broadening

® Brownian motion of heavy quarks in QGP governed by the coupling of heavy quarks to the medium
= Spatial diffusion coefficient

T
D, = ——>  Related to the thermalisation time of the charm quark

mcharmA (p = 0)

\)

Tcharm — (mcharm/ r)-D s
Approximately A(p = 0) < 1/m .,
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Transport models for charm quarks
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& ALICE, JHEP 01 (2022) 174
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Centrality 0-10%, |y| < 0.8
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1.0} I 0.10[
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& TAMU: PRL 124 (2020) 042301

2 3

& MC@sHQ+EPOS2: PRC89(2014) 014905

&
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& LIDO: PRC 98 (2018) 064901
& PHSD: PRC93(2016) 034906
&% Catania: PLB 805 (2020) 135460
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Additional model

ingredients

= |nitial state conditions

= Nuclear PDFs

= Hadronisation via
different mechanisms

= Hadronic phase

POWLANG: EPJC(2019) 79:494
BT: PRC94(2016) 014909
DAB-MOD: arXiv:1906.10768
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5 ALICE, JHEP 01 (2022) 174 o
® |Interval of spatial diffusion

coefficient obtained by considering
the values used in the transport

- I QCD, H.T. Ding et al, PRD 86 (2012) 014509 models that reproduce the data

: P 1QCD, D. Banerjee et al., PRD 85 (2012) 014510 - 25 < 22D T, < 4.5
- I STAR PRL 115 (2017) 212301 which corresponds o

2 < Toaem < 0 Tm/c
B ALICE, PLB 813 (2021) 136054

ol o
i B ALICE, JHEP 01 (2022) 174 Irrd cates a thermalisation time
of the charm quark comparable

L |2|| | |4|-| | |é| | |é| | |1|O| | |1|2| | |1|4| | |1|6| | |1|8| I I20 WlththeQGD Ifetlme
2nD T at T, =155 MeV

- e IQCD, L. Altenkort et al., PRD 103 (2021) 014511

harm

= Compatible with values obtained
with QCD calculations on lattice

® (an we state that the transport coefficient in a model that describes the data is correct?


mailto:fgrosa@cern.ch
https://link.springer.com/article/10.1007/JHEP01(2022)174

pr-integrated Ran 0f DO and At
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Charm-quark hadronisation from the medium o e
grosa@cern.c
NucIear mod|f|cat|on factor Ran Elliptic row
2.00 . . - - - '
DAB-MOD PRC 102 (2020) 024906 I DAB-MOD PRC 102 (2020) 024906
—— DO fragmentation | —— DO fragmentation
1751 ——- DO fragmentation + coalescence | 0.20 - ——- D° fragmentation + coalescence _
1.50 | - :
1.25F — 0-1517 -
$ |
o 1.00- - >
0.10 —
0.75 _ _
0.50 - - 0.05 |- _
0.25 — I
0.00 |- _
0.00 ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I ! I
0 2 4 6 8 10 12 2 4 6 8 10 12
pr (GeV/c) pt (GeV/c)

. | | SR Katz et al, PRC 102 (2020) 024906
® Formation of a peak structure at intermediate py


mailto:fgrosa@cern.ch
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.024906

Charm-quark baryonisation . Grosa (CERN)

fgrosa@cern.ch

o | T 1T 111 | | | T 1T 111 | | T 111 | | | I_ 12 | | | |
N Pb—Pb, /syn =5.02 TeV
9 Z—ALICE V| < 0.5= 4 ALICE0-10%, 1 <pr <24 GeV/c
+ O B _ - ALICE 30-50%, 1 <pt<24 GeV/
< 1.8 e pp, \s=13TeV —— stat. SHMc  — 1.0F 4+ LHCb 60—80%, 2 <5TT< 8 Ge\?/C T
1 8= Y pp, Vs =5.02 TeV syst. * Catania _-
- A p-Pb, \s, =5.02 TeV extr. &= TAMU - sl _
145 o Po-Pb, s = 5.02 TeV N total PYTHIAS -
1.2 ¢ Au-Au, \'s,, =200 GeV — Monash — .
12_ STAR, PRL 124 (2020) 172301 — CR-BLC 2°- = 0.6 -
| _ < O
0.8 - - ' CI)
B — N | 0.4 _
0.6 ¢ —
~ *‘ 0 ¢ N - i |
0.4— L A — —+—
- L . 0.2 -
0.2 — :
: | | I I I.I_ I_ | _I L 1 111 | | | | I I I I I | |
2 3 0.0 | ! | ! |
1 ‘ ® 10 10 10 O 0 2 4
<chh/d77>|n|<o.5 Y
@ALICE, arXiv:2112.08156 % LHCb, arXiv:2210.06939

& ALICE, PLB 829 (2022) 137065 &2 STAR, PRL 124 (2020) 172301

® No indication of modification of pr-integrated A */DO ratio from pp to Pb—Pb collisions @ Possible hint of rapidity dependence
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Charm baryon enhancement in pp collisions
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O e T TR T e i @ Goundandecited
Z 0.7 F <.> EE Ei?gT%/v : = pp, {s=13TeV '%{‘:‘;\".‘ op, Vs =13 TeV ' charm baryong
208 g Rt N | enhanced compored
» 0.5 -f ‘ ‘ -.-'MOdeO -+ Mode 2 = - Mode 3 “ \;‘:"Q:\' E e+e- collisions
'/{§ P SHM+RQM T —F4t— \\:‘\\ :
- '~ 177 ., \” Wy, Catania _

& ALICE, PRL128(2022) 012001

2 4 o6 8 10 12 14 2 4 o6 8 10 12 14
p. (GeV/c) P, (GeV/c)
® (Color Reconnection (PYTHIAS) ® (Quark coalescence (+fragmentation)
& J.P.Christiansen, P. Z. Skands, JHEP 08 (2015) 003 52
. . . . & J.Song, H. Li, F-I. Shao et al EPJC(2018) 78: 344
_ v i/

q 7 — Q> <q ® Statistical hadronisation model with augmented set of charm-baryon
‘-’ i : i excited states from lattice QCD & M. He, R Rapp, PLB 795 (2019) 117-121

(c) Type III: baryon-style junction reconnection
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Charm baryon enhancement in pp collisions vs multiplicity

LY orrrr cor o rrrre orrrr cor
A [ 2<p <4GeV/c T 4<p_<6GeV/c
~1.21 ! T !

* 1 6<pT<SGeV/C

SRS RE T KON

_ 1 1 :
02f o T :
-:::::::I - ::::::::::I - :::"""" vl i
2 sep <1260v I 12<p_<24GeV/ S
~ = < < ev/C < < ev/cC —
; 01.2: P i P : (dN_, / d17)|,7|<0_5
T T 1 ALICE
I T 1 dh pp,Vs=13TeV
0.8 T — SPD multiplicity classes
; T : PLB 829 (2022) 137065
_ T ] &4 pp minimum bias, Is = 5.02 TeV
0.6 T n Phys. Rev. C 104, 054905
: T 1 @ p-Pb, sy =5.02TeV
- + - VOM multiplicity classes
0.4 T . ALICE Prelimin%ry (o = 5.02 TeV
! 1 - —Pb minimum bias, |s,, = 5.02 Te
l Eﬁ,.l.(*--i + 1 3 + 1 © Phys. Rev. G 104, 054905
O.2_—+ T # " ‘ Pb-Pb, s,y = 5.02 TeV
: 1 VOM mu tip“city classes

bl PLB 839 (2023) 137796
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D+ meson in pp and p—Pb collisions vs multiplicity at midrapidity

+
e 2<pT<4GeV/c 4<pT<GGeV/c 6<pT<8(3eV/c
-I-DCD
1 T T % )
ol 1§ Mﬁ |4 of Lty
e ol
n coV/ v/ 10 102 10°
+\w 8<pT<12 eV/c 12<pT<16 eV/c (dN /d77>| o
a =
I T 1 ALICE
_ | | “% pp Minimum Bias, Is = 5.02 TeV
* EPJ C79 no. 5,(2019) 388
+* ® p-Pb,ys, =502TeV
0.5t |:¢:| SPD multiplicity classes
() Pb-Pb,|s,, =5.02TeV
JHEP 10 (2018) 174
VO multiplicity classes
T T Y T T I +4.7% BR uncertainty not shown

10 102 10° 10 102 10°
(dN_/dn) (dN_/dn)

Inl<0.5 Inl<0.5
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Charm-strange baryon enhancement in pp collisions (rosa@com.ch

S ALICE, PRL127 (2022) 272001 & ALICE, arXiv:2205.13993
0 06—~ —T— £ EFoTTT T
-ICE i ALICE o Eg/DO BR unc. i E 1 Catania (coal.+fragm.) oD, VS = 1§L_:_2\E/
T - _ - SO ‘Catania (coal.+fragm.+res. ; =
- 0-5 B pp, \/g g 13 TeV O Eg/DO = % 10—1 ~1QCM al HrEsm ) |y| < (0.5
B < V. i i
8 - ‘y ‘ Ny SHM+RQM - 3110—2 PYTMH;ﬁaih CRS;SGQ BR(Q? —» Q%) = 0.51%"21%%
O 0 4'_ w Gatania (coal.+fragm.) - +g ~0.31%
S C ol e QCM - G 107
O - PYTHIA8.243 - I 104
~ 0.3 Monash  — a
o oes 1 B
~ 02K 4"*‘-11_0 — — Mode3 10°° E- R—
M T r HEEPE 1 . = l : | . | : | : l : | =
v/ - (] — ' | ' | ' | ' | : | ' | -
Z ////////// l - c 6 - = 0.91% e
—//////////// - E 4 = BE un%.5r110/t shown ? =
| =2 1 8§ ‘4 = ;
:\ : Y X : O 2 [— —_— -_— _:
O B i I ' I l 1 _,g O : . l | | | | | _:
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p_ (GeV/c)
p. (GeV/c) T

® Models do not reproduce charm-strange baryons
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Charm baryon enhancement in heavy-ion collisions
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S ALICE, arXiv:2112.08156

AL/ D°

Fly|<05  30-50% Pb-Pb]
T ysy=5.02 TeV 1

® C(Coalescence implementations:

® Statistical

= |nstantaneous & Catania, EPJC(2018)78:348 = |nput c

< Caoetal, PLB 807 (2020) 135561 &Ko etal, PRC 101 (2020) 024909

= Resonance Recombination mode
= Sequential recombination &Tsing

S TAMU, PRL 124 (2020) 042307 E

& STAR, PRL 124 (2020) 172301

(b) - - - - Ko et.al: three quark (0-5%)
i PYTHIA -..-..- Ko et.al: di-quark, (0-5%)
| - PYTHIACR  wmmun Ko et.al* with flow (0-10%)

SR Catania, coal.+frag. (10-80%)
e Catania, coal. (10-80%)
— — Tsinghua (10-80%)

+ A.)/(D°+D°)
W

Rapp et.al (0-20%
- IR ~~.._ — . Caoet.al (10-80%
+ © 2 .
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- \\
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THERMUS e TR e, L y
| . | . I it
2 4 6 8

Transverse Momentum (pT) (GeV/c)

nadronisation (no enhanced baryon states):

harm cross section from pp measurements, hydro-

nased spectrum for core and a pp scaled spectrum for corona

ua, arXiv:1805.10858 = Alternative implementation £ THERMUS, CPC 180(2009) 84
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Ds*/D0 in Pb—Pb collisions compared with models
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S ALICE, PLB 827 (2022) 136986

o 1 T T T T T T T T T T T 1
0 .58 0-10% Pb-Pb T 30-50% Pb-Pb Fpp . " @ Au+Au, 0-10% 0-10%:
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& - 0_10'% Pb—Pb o I | 30_50% Pb—Pb ) I ¢ 2 345 10 2030 - @ Au+Au, ---- Tsinghua (seq. coal.), 20-40%
O I T i p_ (GeV/c) 0.8 5 Au+A . o
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® Enhancement of strange-to-nonstrange production ratioin ~ Pb—Pb collisions with respect to pp collisions typically well
described by models, but absolute value still challenging to be reproduced
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Statistical hadronisation model for charm hadrons fqrosa@cem.ch
) D*+D" D**+D*” D;+D; Ag+A,
: J/px30
® Assumptions: - 12 2 . 2 . 2 . 2 . 2 T
Ce K, B | ' . o o - —
= Charm quarks created in initial hard = L ALICE midrapidity 0-10% Pb-Pb, ys, =5.02TeV -
scatterings (thermal production negligible) = ool Hewdelberg SHo, JHEP 07 (2021) 039 -
g p L g gl € B T =156.5 MeV (LF constrained) ~
and survive the entire evolution 81— V = 4997 fm’ (LF constrained) —
Th hth | libr X — + do_/dy = 579 = 87 ub (normalised to D°, PDG) —
= ey [€aC t €rMa equ orium an 6— do _/dy = 680 ub (normalised to D, enh. c-baryons) _
nadronise at the phase boundary - i E Z Z E -
‘C == 5 =
- ® prompt : o1 : : : m E :
—  { inclusive ! : : : : ]
2__|:|datasys : : : s 1] : o]
B extrap sys E ' ' E -
. . i = = U —
Charm fugacity factor, constrained from g E L o . =
measurements of charm production cross e S P N—— oo fowws__ L R R S —
sections in pp collisions g ‘ZE_ """""" [ A - =
® Charm-hadron abundances described by SHM
. . o 57 B ALICE, JHEP 01 (2022) 174
= A underestimated if no enhanced set of excited baryon states

5 ALICE, PLB 827 (2022) 136986
= |ndication of charm quark thermalisation in the QGP 5 ALICE, arXiv:2112.08156
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Exotic charm states
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Tl T CMS ® In case of hadronisation via recombination exotic cC states expected to be enhanced
L s . p..>15GeV/c- ] ] o o
an ' in heavy-ion collisions compared to pp collisions
>
s> . _ . .
N1 LHCh ¢ _ = Yield of cCstates depends on binding energy and size
8L ¢ Preliminary : =~ Crucial to measure low pr (bulk of production)
2S¢ : 5 ALICE 3 LOI, CERN-LHCC-2022-009
% % : p.> 5 GeV/ce : ~ 102 :
S| ¢ _ T 100 . Pb-Pb |5,=5.02 TeV 0-10%
~ ® ﬁ ® ]
:12 | : o 3
bjfbs’ :10_; E
10° E
10! - S 10° ‘:
: 1 £ CMS, PRL128(2022) 032001 sV,
- oo _ o - 10 3
I 1 & LHCb preliminary, 5 -
d<y<d5 | 1.5<y<d | -5<y<25 | lyl<0.9 10 E
p- = oty opn LHCb-CONF-2022-001 10°6 ;
10—7 —— u,d,s only particles 'g
o9 'Q O. @ 108 F — c=1 partices X 1
10_9 —— ¢ =2 particles : N .
. . . . . -10 I . e - -
® Multicharm states production in single-parton scattering strongly 18_11 ¢ =3 particles A E
disfavoured compared to single-charm hadrons in pp collisions 1012 | SHMc, T,=156.5 MeV L
T : : . -13 — +
= Expected significant enhancement in heavy-ion collisions 18_14 00 /dy=0.552£00%6mb
® SHM: emergence of unique pattern due to g.” dependence 15 2 25 3 35 4 45 5 55 6

Mass (GeV)
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Baryon enhancement in pp collisions
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? 0.5 F W/"g o PI<05 % . Mode0 - Mode2 - -Mode3 F Ny, -
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O . Wy Catania
0.3 - -
0.2 F :
oto- 0.1F -
T | I TR B B B A | SN ENEEENE NN NN NN NS NE AN NN TN AN N NN NN
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® Quark coalescence (+fragmentation) ® Color Reconnection (PYTHIAS) " ‘ q 2
] J 1/
Z & J.P.Christiansen, P.Z. Skands, JHEP 08 (2015) 003 ’ T q> <q
& J.Song, H. Li, F-I. Shao et al EPJC(2018) 78: 344 ¢ . . .

(c) Type III: baryon-style junction reconnection

® Statistical hadronisation model with augmented set of charm-baryon
excited states from lattice QCD £ M. He, R. Rapp, PLB 795 (2019) 117-121
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Ds*/D0and Ac+/DOin pp collisions as a function of multiplicity
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Ap/BYin pp collisions as a function of multiplicity
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Spin alignment of D*+ mesons in pp collisions
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Qg 0_6;IAL||(3|||E| B '|y'| |<|(5.|8|—_ ® Spin a\ignmentofpromptand non-prompt
- - charm vector mesons with respect to helicity
- PP, \s=13TeV _ axis in pp collisions
05" _ = Prompt D*+ compatible with no polarisation
1 o j = Non-prompt D*+ poo > 1/3 (helicity
I o ] conservation in B — D" *X decays)
0.4f ¢ =
- 1 @ Measurement of D*+ vector mesons in heavy-
8 " - - ion collisions crucial to complete the picture for
0'3: Data PYTHIA8 + EVTGEN]  Ccduark
: E C — D*+ C — D*+ :
02 o p—D* b — D** "
ol b b b b b b

6 3 10 12 14 16 18 20

P (GeVIC) o ice aniv2212.06588


mailto:fgrosa@cern.ch
https://arxiv.org/abs/2212.06588

F. Grosa (CERN)

Charm hadrons in the hadronic phase
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time
® After the hadronisation, charm quarks hadrons might
X still interact with the light hadrons produced
¢®o q()s . :
I o ¢ce? <O = How much does the hadronic phase intluence the

A o :
“ < neavy—ion observables?
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Heavy-flavour hadrons in the hadronic phase
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® |nthe TAMU model the scattering lengths used for zD and KD are:
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& M.Heetal, PLB701(2011)445-450
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= No experimental constraints!
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The study of the residual strong interactions
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® Femtoscopy technique: based on the correlation function (CF) S(7*) source function

- =
) Ny
X 4

Experiment Theory . }‘
palrS(k*) :'
C(k*) — W SAIMC ‘)/
N .o
mixe S / (k* 7‘*)
Koonin-Pratt equation two-particle wave function
& M.Lisa, S. Pratt et al, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357-402 R
- pF-pr . . Po
where k¥ = == > is in the rest frame of the particle pair
So 7T Absence of interaction ((k*) =
= Relative wave function sensitive to interaction potential 2o r=tim Attractive potential C(k*) > 1
= Emitting source: hypersurface at kinematic freeze out of £y o=4Mm 3 Repulsive potential C(k*) < 1

1.5

final-state particles

0.5

= ((k*) most sensi
source size ~1f

tive to strong interaction when the
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-
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k* (MeV/c)

gBo

und-state formation C(k*) <> 1

& L. Fabbietti, V. Mantovani Sarti, 0. Vazquez Doce, Annu. Rev. Nucl. Part. Sci. (2021) 71:377-402
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7D interaction: tit with Lednicky-Lyuboshits formula
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_ - u oulomb + Lednicky-Lyuboshits (stat. unc.) 4 _
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ND interaction

® pD- .
= Typically very small compared to other interactions if, _ AI|_|CE op \é - 13 '|'e\/I
(light-light ~ 7-8 fm, light-strange ~ 1.5 fm) Q% 41 High-mult. (0-0.17% INEL > 0)
= Most of the models predict repulsive interaction e pD @®pD’
= Possible bound state formation (Yamaguchi et al) —— Coulomb

fgrosa@cern.ch

—— (. Fontoura et al.

® Data compatible with Coulomb only interaction, but Y. Yamaguchi et al

comparison slightly improves when also attractive J. Hofmann and M. Lutz

. S . o
strong interaction is considered 2 - Haidenbauer et al. (9%/4x = 2.25)
-I —_—— 1 _ c _+_ |

_+_ _

I —@— 1 —

] ] ] ] I ] ] I ] ] ] ]
& J. Haidenbauer et al, Eur. Phys. J. A34 (2007) 107-117
& J. Hofmann and M. Lutz, Nucl. Phys.A 763 (2005) 90-139 0 100 300* 400
& Fontura et al, Phys. Rev. C 87 (2013) 025206 k™ (MeV/c)

& Yamaguchi et al, Phys. Rev. D84 (2011) 014032 S5 ALICE, arXiv: 2201.05352
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ND interaction

= Small compared to other interactions (scattering lengths light-light ~ 7-8 fm, light-strange ~ 1.5 fm)
= Most of the models predict repulsive interaction
= Possible bound state formation (Yamaguchi et al)
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Charm-charm hadron interaction: hadronic physics

® Charm molecules?

Molecular T+ Tetraquark T+

D*+
System | (JP(C)) Candidate o A 00
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ND 0(1/2) > (2800) 0910_ ﬁ/||_|<053upgrade projection . r.1terp ay etwe.en system
— : Models size and scattering length
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. 5r 3 '
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D 3* O 1__ Y4360 2T * PP, Lint=18fb_1
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& Fang-Zheng Peng et al, Phys. Rev. D 105, 034028 (2022)
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