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Heavy quarks: a unique probe for high-density QCD
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pp collisions

Reference for Pb-Pb collisions
Test of pQCD calculations

Charm and beauty quarks: m ~1.3 GeV/c?, m ~4.2 GeV/c?
Produced in hard scattering processes among partons

Ultrarelativistic heavy-ion collisions at the LHC: quark-gluon plasma (QGP)
o state of matter expected in the first ~ 10 us after the Big Bang

o heavy quarks experience the full evolution of the system

Charm- and beauty- quarks dynamics tested via
measurements of charm- and beauty- hadron production

p-Pb collisions

Pb-Pb collisions

Cold nuclear-matter effects
e Modification of parton
distribution functions
(PDFs) in bound nuclei

Hot nuclear-matter effects

e Energy loss in the medium
Collective motion

Hadronization modified in QGP



Charm and beauty hadronization from e*e™ to Pb—Pb

Hadronization: a key ingredient in all collision systems!

e “Point-like” object interaction
e Fragmentation in the vacuum
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Fragmentation
e Hard scattering: e'e™—qq

e Colorstring:V, . (r)~«r

e New qq pairs from multiple
string breaking (confinement)

K

pg—><—GP

What happens in pp
collisions?

o)

Track “Hadronization of
light and heavy flavour
across collision systems”
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— | The focus of this talk | +——
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® QGP: complex system with
partonic d.o.f

e Hadronization can be influenced
by coalescence and strangeness
enhancement

Coalescence

e Heavy quark recombinates with
light quarks in the QGP

e Expected increase of hadrons at
intermediate-low p..

e QGP: interplay with

fragmentation
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The observables in Pb-Pb collisions 422

@ Production spectra and R, , @ Anisotropic flow @ ... and particle ratios!

d? dprd
Raa(pry) = <N:011> ) d%z://d::d;/ Un(pT) — <COS [n((P o Tn>]>

d’N 1 d2N

A - B prdndy (1 +2n;l vn(p1) cosn(p — ‘i’n)]>

(N _.):average number of binary
coll e
nucleon-nucleon collisions

Reaction plane
(‘Wyp): between z
axis and centers of
nuclei

RAA = 1: no modifications
R AA # 1: nuclear effects
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The observables in Pb-PDb collisions /22

@ Production spectra and R M @ Anisotropic flow

1 dZNAA/ded}/

Raaler¥) = N d?Npp/dprdy un(pr) = (cos[n(¢ — ¥n)]) LOW Py

e Elastic scatterings

e Diffusion via Langevin
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E ALICE: [HEP 01 (2022) 174 E ALICE: Phys. Lett. B 813 (2021) 136054


https://link.springer.com/article/10.1007/JHEP01(2022)174
https://www.sciencedirect.com/science/article/pii/S0370269320308571?via%3Dihub

R, , and v, compared to transport models
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Measured RAA and v, described by transport models ] IQCD, L. Altenkort et al, PRD 103 (2021) 014511
. . . . . - IQCD, H.T. Ding et al, PRD 86 (2012) 014509
e understanding of relevant effects in different p, intervals (next slides)
I (QCD, D. Baneriee et al, PRD 85 (2012) 014510
e  sensitivity to transport regime (and charm-quark thermalization) at low p., e
o  stronger constraint to the charm quark spatial diffusion
2. - I  ~oc: PLB 813 (2021) 136054 <
coefficient based on data-to-model agreement
- I ALCE, JHEP 01 (2022) 174 <
1.5<2aD T<45 < 7, =3-8fm/c Y5 (L3 R R R B P I I I I
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TAMU: PRL 124, 042301 (2020) Catania: PRC 96, 044905 (2017)

POWLANG: EPJC 75 (2015) 3, 121

DAB-MOD: PRC 96, 064903 (2017)
PHSD: PRC 93, 034906 (2016)

LBT: PLB 777 (2018) 255-259 LIDO: PRC 98, 064901 (2018)
MC@sHQ: PRC 91, 014904 (2015) LGR: EPJC 80 (2020) 7, 671


https://link.springer.com/article/10.1007/JHEP01(2022)174

Radiative energy loss
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Measured R, , and v, compared to transport models to understand the relevant effects on charm-quark dynamics in QGP

e Radiative energy loss important to describe the results at high p., while it is less relevant at low p..

(; ALICE: JHEP 01 (2022) 174

TAMU: PRL 124, 042301 (2020)
POWLANG: EPJC 75 (2015) 3, 121

DAB-MOD: PRC 96, 064903 (2017)
PHSD: PRC 93, 034906 (2016)

LBT: PLB 777 (2018) 255-259
MC@sHQ: PRC 91, 014904 (2015) LGR: EPJC 80 (2020) 7, 671

LIDO: PRC 98, 064901 (2018)

Catania: PRC 96, 044905 (2017)


https://link.springer.com/article/10.1007/JHEP01(2022)174
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Measured R, , and v, compared to transport models to understand the relevant effects on charm-quark dynamics in QGP
e  Radiative energy loss important to describe the results at high p., while it is less relevant at low p,.

e Hadronization via coalescence important to describe the results at low and intermediate p..

% ALICE: JHEP 01 (2022) 174

TAMU: PRL 124, 042301 (2020) DAB-MOD: PRC 96, 064903 (2017) LBT: PLB 777 (2018) 255-259 LIDO: PRC 98, 064901 (2018) Catania: PRC 96, 044905 (2017)
POWLANG: EPJC 75 (2015) 3,121 PHSD: PRC 93, 034906 (2016) MC@sHQ: PRC 91, 014904 (2015) LGR: EPJC 80 (2020) 7,671


https://link.springer.com/article/10.1007/JHEP01(2022)174
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Beauty-quark dynamics from non-prompt D mesons
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€& ALICE: [HEP 12 (2022) 126
€ CMS: PRL 123, 022001 (2019)



https://doi.org/10.1007/JHEP12%282022%29126
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022001

Beauty-quark hadronization from B mesons R, ,

Prompt D° Non-prompt D°
® charm
® beauty

B* meson é;

5.02 TeV PbPb (0.37-1.6 nb™" + pp (27-302 pb™)

3 CMS 2015, centrality 0-100%
r +
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€& CMS: PRL 128 (2022) 252301
€ CMS: PRL 123, 022001 (2019)

@ beauty
® charm O up
@ strange @ down

0 ® 0,040
B :@oo.oo‘o
0e® o oo

B+

C

0 + . .
R,, of B (bottom-strange) and B_* (bottom-charm) larger than that of other B mesons at intermediate p..

° BSO: coalescence between b-quark and s-quark from the QGP

e B ":recombination between c-quark and b-quark, despite they are not thermally produced?

o B :new particle to study the interplay between enhancement (hadronization at intermediate p..) and suppression (E-loss

atC high p.)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.022001
https://doi.org/10.1103/PhysRevLett.128.252301

Beauty-hadron flow from non-prompt D-meson v,
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€& ALICE: arXiv:2307.14084 [nucl-ex]

€ CMS: arXiv:2212.01636 [nucl-ex]

e Flow larger than 0 for non-prompt D° mesons (ALICE: 2.75)

o Indication of strong interaction of b-quark with the QGP

e v, lower than that of prompt D mesons (ALICE: 3.2c)
o Different degree of participation to the QGP collective motion between charm and beauty quarks
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ATLAS
Pb+Pb |5, = 5.02 TeV
0.3-1.9nb" @
"l <2 TLA

EXPERIMENT

¢ charm muon

¢ bottom muon

o  Consistent with the expectation of a weaker interaction for b-quark than c-quark


https://arxiv.org/abs/2212.01636
https://arxiv.org/abs/2202.00815
https://www.sciencedirect.com/science/article/pii/S0370269320303993?via=ihub

Heavy-strange-meson production
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€ ALICE: PLB 827 (2022) 136986 € CMS: PLB 829 (2022) 137062

> T ! T ! i T 0 . .
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< + — . . .
P i T PHsD @ v, 1. v, described by models including charm-quark
o 0% . o
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0.2 3 L — . . I . . .
%Egk% 7 1# | | 2. Hint of higher DS"/D0 ratio in Pb-Pb collisions than that in
4%% \%% | pp collisions (2.3-2.4c at intermediate p,)
i . 3. Similar for BSO/B", with a hint of dependence vs. centrality
0.0 .
| []Syst. from data
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= | ] ¢ 0.7 *PoPp -
&4 5k m 1 H VSNN =5.02 TeV o F PbPb: Langevin r
& s ] | ly| < 0.5 %060 —pp:LHCD 7 Tev E ]
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https://www.sciencedirect.com/science/article/pii/S0370269322001204?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269322001964?via%3Dihub

D " enhancement in high-multiplicity p-Pb collisions

2<p,<4GeV/c

4<p <6GeV/c?

6 <p,<8GeV/c

8 <p,<12GeV/c?

©O L LHCb pPb forward, 12.2 nb" 1 LHCb pPb forward, 12.2 nb" 1 LHCb pPb forward, 12.2 nb™ 4 LHCb pPb forward, 12.2 nb’ J
. 08F (5 =816Tev = {5y =8.16 TeV = {5 = 8.16 TeV = {5y =816 TeV -
bQ - 2.0<pT<4‘0 GeV/c T 40<p <6.0GeVic T 60<p <80GeVic + 8.0<pT<12.0 GeV/c 1
F L8<y* <33 F 1.8<y*<33 F 1.8<y*<33 F 1.8<y*<33
0.6 |- = T = T = T E—EEI— 5
. By B : - ] ;2 L
- | = 1 -eaae . wl ;
Lt TP ..|....|....|...."l....l....l....l...."l....|....|....|...."l.E...l....l....l....'
2 RN R I R I R IS LAl IS LR R AR | RS RARAE RARLE LR
©O L LHCb Pbp backward, 18.6 nb™ 1 LHCb Pbp backward, 18.6 nb™ 4 LHCb Pbp backward, 18.6 nb™ |l LHCb Pbp backward, 18.6 nb*! J
3. 0.8 fsw =816 Tev _E_ 4 {5 = 8.16 TeV = {5 = 8.16 Tev 4 {5y =816 TeV -
bQ ] 20<p <4.0 GeV/c T 40<p _<6.0GeVic = ] 6.0<p_<80GeV/c T 80<p <120GeVic -
L 43<yr<-28 1+ 43<y*<-28 + 43<y*<2s —E— + 43<y*<-28 _$_ 1
giofs 2 A 1 Re? I & 1 B k
Py I _ &% ! g B [ ‘E‘ﬂﬂ L
. 1 = - Tl i #
il TP ] e ] i FPPET PPYT] PP e [ (PPIPTN (PTPIhy (SrvRni] RO [ PUDURE (NN el PETTY
b 0 1 2 3 40 1 2 3 40 1 2 3 40 1 2 3 4
I HC PV PV PV PV PV
Tracks/ NTracks MB N lracks/ N. lracks>MB N lracks/ N lracks>MB N Tracks/ NTracks MB

e Significant increase vs. multiplicity of prompt D_*/D* ratio in p-Pb collisions
o more pronounced for backward collisions

e [nline with a scenario including hadronization via coalescence and
strangeness enhancement in high-multiplicity p-Pb collisions
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€ LHCb: arXiv:2311.08490

p-Pb (forward y*)

D+

® charm O up
® strange @ down
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https://arxiv.org/abs/2311.08490

Elliptic flow measurements in pp collisions

% CMS: Phys. Lett. B813 (2021) 136036
CMS 11.5 b'l 13 Tev
0.15 ——r——r—————20 =2 P (13 TeV)
-y I<1 @ Prompt D
B lab
i ] K |
0.1 % <}=¢ % o A/A y
I é’b ¢ s h_ i

[ & ]
o 005 4}15}’ ]
B [ ]
S [ B ]
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Prompt D° v, in pp collisions at \s = 13 TeV

measured by the CMS Collaboration
Hint of v,(D%) > 0in 2 <p_<4 GeV/c (~2.70)

Tttt

| B89 0.061 = 0.018 (stat) £ 0.013 (sysD))
Coos| Nox 2100 _.__3
0 1 2 3 4 _ 5 ¢ 8
p. (GeV)

Track “Event properties and hydro in
small and large systems”

— Collectivity in small systems?

— Influence of non-flow effects (initial-state
effects, jets, resonance decays, ...) ?

o)

“Collectivity in high-energy pp collisions”
Y. Zhou, SQM 2024 (link)



https://www.sciencedirect.com/science/article/pii/S037026932030839X?via%3Dihub
https://indico.in2p3.fr/event/29792/contributions/136855/
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Global uncertainty 1.2 ALICE

] » ] +
Nuclear modification factor of A * baryon 1572
PbPb 0.607 nb-1, Pp 252 nb-1 (502 TeV) 2:( 2 [T rrrr] T T T T T T T
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4 % 0-90% 1 0-10% 10-30% Prompt D¢ 3
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L e e e e ey | L L T L |

5 10 15 20 25 30 1 10
P, (GeVlc) P, (GeV/c)

. l i h ] sy x = n =
e Hintof R, "™ (A.) <R, PPREH(A ") — sensitivity to different system size and energy density
e Minimum value of R,,“"™(D°) at around p,, = 6-8 GeV/c, which is lower than that of R, ,“""(A ")

e Hintofhierarchy R,,(A") >R,,(D_") > R, ,(non-strange D) for 4 < p,. < 12 GeV/c in most central collisions

o Indication of larger enhancement for baryons due to coalescence

o Interplay with radial flow? © ALICE: PLE 839 (2023) 137796
€ CMS: arXiv:2307.11186 [nucl-ex]



https://www.sciencedirect.com/science/article/pii/S0370269323001302?via%3Dihub
https://arxiv.org/abs/2307.11186

A_*/D° ratio in Pb-Pb collisions
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PbPb 0.607 nb™!, pp 252 nb™ (5.02 TeV)

o L L L L
> F ]
= 14r - - "CM
= 14 ALICE ['Syn = 5.02 TeV, |y| < 0.5 315 n——
< - - 1.2~ * 0-90% PbPb
1.2 op ] C m 0-10% PbPb
1:_ arXiv:2211.14032 E A 10 el i
C PRL 127 (2021) 202301 ] +
L T 4 S I Global uncertainty
0.8 Pb—Pb (PLB 839 (2023) 137796) Qa 0.8[ pp: 6.6%
= 0-10% = PbPb: 7.3%
0.6 17 —E» $ o 30-50% E < 0%Fg
El iyl | . e L1 MR
0.4[+ 4H* ALICE < 04r ,i
L 1 i L
C . oo 1 :
0.2 ¥ i — 02 ot - —
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- P L, P " I R - Ooil\JlIl\JIIL\}IIl\JIIL\JIIL\JIIl\JIIL\}
0 5 10 15 20 T 5 10 15 20 25 30 35 40
p. (GeV/c) »_ (GeVic)
o A/ D? baryon-to-meson ratio at midrapidity significantly higher (ALICE: 3.7c) in central Pb-Pb
collisions than in pp collisions in the interval 4 <p_. <8 GeV/c
o Measurement in central Pb-Pb collisions described by transport models with recombination
e No significant collision-system and ® charm
g . y @ strange A* ® OQ.. © ALICE: PLB 839 (2023) 137796
Centrahty dependence for P> 12 GeV/c ® down ¢ .. OQ € CMS: arXiv:2307.11186 [nucl-ex]


https://www.sciencedirect.com/science/article/pii/S0370269323001302?via%3Dihub
https://arxiv.org/abs/2307.11186
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Charm-baryon production at the LHC - open points (1/2)
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e Baryon-to-meson ratio at midrapidity compatible in pp and p-Pb collisions © LHCb: [HEP 06 (2023) 132
— hint of larger ECO/DO in p-Pb collisions at P> 4 GeV/c €& LHCb: https://arxiv.org/abs/2305.06711
e Baryon-to-meson ratio at forward rapidity systematically lower than those at midrapidity across §
XS

collision systems

o influence of different parton and/or heavy-flavour quark densities in different rapidity ranges?


https://link.springer.com/article/10.1007/JHEP06(2023)132
https://arxiv.org/abs/2305.06711
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e Nossignificant dependence vs. multiplicity of the p_-integrated A _*/ D? ratio at mid-y across collision systems

e Ratio described by Catania (fragmentation + coalescence) and TAMU (SHM+RQM + 4-momentum conserving
coalescence in Pb-Pb)

e PYTHIA 8 CR-BLC prediction does not reproduce the trend vs. multiplicity in pp collisions

£

— Is the p_-differential A */ D? enhancement just a consequence of radial flow and recombination? 1



https://www.sciencedirect.com/science/article/pii/S0370269323001302?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
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e Significant dependence versus multiplicity of the p_-integrated A _°/B ratio at forward-y in pp collisions
o increase of about a factor 2 from low to high multiplicity

— Influence of different parton and/or heavy-flavour quark densities in different rapidity ranges? ?‘



https://arxiv.org/abs/2310.12278

Charm-baryon production across collision systems

Baryon enhancement in all collision systems at

the LHC compared to e*e”

D mesons: ||| X1.4-1.6 with respect to e*e”
A/ baryon: 111 X~ 3 with respect to e*e”

No significant system dependence of charm
fragmentation fractions

Modification of hadronization mechanisms

already in pp and p-Pb collisions, i.e. without QGP

formation?
[

0

Track “Hadronization of light and heavy
flavour across collision systems”

O <40
pp collisions
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| p-Pb collisions
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https://arxiv.org/abs/2405.14571

Food for thinking ...

... actually, just an
unsatisfactory appetizer ...

Experiment vs. theory

Direct beauty measurement more challenging that
non-prompt charm (at least fro ALICE)

Do we really gain in physics knowledge by measuring
beauty hadrons rather than non-prompt charm?
o decay kinematics non trivial? (e.g. polarization)

Future experiments

Increase of statistics and acceptance (e.g. ALICE 3 up to
| < 4)

Possible measurements: DD correlation, ... what else?!

Can larger acceptance detectors be useful for other
observables (e.g. hadronization vs. rapidity)?

e

ALICE 3 LOI: CERN-LHCC-2022-009
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https://cds.cern.ch/record/2803563?ln=fr

The end mfaggin@cern.ch
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Charm and beauty hadronization from e*e™ to Pb—Pb

e e
o—r <«—@ Hadronization: a Pb ’_» 4_. Pb
key ingredient in all

e Fragmentation in the vacuum e Hadronization can be influenced by
coalescence and strangeness
> enhancement

o—

@P— o
o W O

~10"
_ 3 10° Coalescence
Fragmentation C,0° H K binat
e Hard scattering: e'e™—qq & 10* ° eavy qUark recombmares
_ 3 10 : with light quarks in the QGP
o Colorstring: Ve, (r) ~ xr 21 u recombmmg parton e Expected increase of hadrons
e New qq pairs from multiple 7|Pm= Pq1*Pq2 : —
string breaking (confinement) lpa = p"1+P"2+p“3 at 1nt§rmed1ate lf)w Pr
2 3 e e QGP: interplay with
e
” fragmentation
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Charm and beauty hadronization from pp collisions 2522
— — TP >3 @, . @
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e Superposition of many “e*e™ collisions
e Changes in hadronization due to the surrounding color charges
— and those from MPI?
e Do the model calculations based on the factorization
approach describe the experimental results?

©)

This talk: more focused
A. Rossi, Monday at 10:10

“Heavy-quark production and on reSU‘ltS m heaVY'l()n

hadronisation as a function of = .
event multiplicity with ALICE” COlllSlOIlS

DO NOT MISS OUT! U
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Constraining the spatial diffusion coefficient via the data-to-model agreement
— Using Raa (with y?/ndf < 5) and v, (with y?/ndf < 2) non-strange D measurements

— TAMU, MC@sHQ, LIDO, LGR, and Catania “selected” | — 1.5 < 2nD,T. < 4.5
— Tcharm = 3—8 fm/c

: ] IQCD, L. Altenkort et al, PRD 103 (2021) 014511

- T IQCD, H.T. Ding et al, PRD 86 (2012) 014509

: B Qe D. Banerjee et al, PRD 85 (2012) 014510
: D sTAR, PRL 118 (2017) 212301
- I  ALCE PLB 813 (2021) 136054

New| t [ AucE JHEP 01 (2022) 174
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Prompt Ds+

ALICE: https://arxiv.org/pdf/2210.10006.pdf
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CMS PbPb 5.02 TeV (0.58 nb™)

:+Pr0mpt OF (PLB 816 (2021) 136253) |
H+D° from b hadron decays
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E-loss and transport models
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Collisional Radiative
en. loss en.loss  Coalescence Hydro nPDF
CUJET 3.1 X
DREENA-A X X
X X
Collisional  Radiative
en.loss  en.loss  Coalescence Hydro nPDF
MU X
LIDO
PHSD X
X
Catania X
MC@sHQ+EPOS
LBT
POWLANG+HTL X

But more importantly: different implementations and input parameters.



The observables in Pb-Pb collisions

@ Production spectra and R M

1 dZNAA/dPTdy

-RAA(PT,y)=:<

TAA> dzUpp/dedy

1 dZNAA/ded}/

Raa(pr,y) =:<

Ncoll> . dZNpp/dPTd}/

(2) Anisotropic flow

on(pr) = {cos[n(¢ —¥n)])
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@...and particle ratios!



Heavy-strange-meson production
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Charm-baryon production at the LHC - open points (2/2)
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Charm-baryon production at the LHC - open points (2/2)
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e Nossignificant dependence versus multiplicity of the p_-integrated A * /DO ratio across collision systems

e Ratio described by Catania (fragmentation + coalescence) and TAMU (SHM+RQM + 4-momentum conserving

coalescence in Pb-Pb)

e PYTHIA 8 CR-BLC prediction does not reproduce the trend vs. multiplicity in pp collisions

— Is the p_-differential A */ D? enhancement just a consequence of radial flow and recombination?
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