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Quark-Gluon Plasma (QGP)

\__ https://cds.cern.ch/record/2025215
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Why Open Heavy Flavours

/
O
——-—"—-—'
.
=]
®
vy
. —>?
- x
T ©
: > :
N \"
\\\5
3
ol
I~

Central region

beam beam

O — — @

time -

» Charm:
m, ~ 1.3 GeV/c?

» Beauty:
my, ~ 4.2 GeV/c?

' > Mo > Noep
“ » Enable the evaluation of their production cross sections within pQCD
’ > Mg > 1ogp
i

» Produced mainly in initial hard scatterings (high Q?) at early stage of heavy-
ion collisions

|

1
y  Tprob X 5 ~ 0.1,-.(0.03)_p tm/c < 7o6p( & 0.3 — 1.5 tm/c)
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| » Experience the full evolution of the QGP

beam direction
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P P Pb Pb
» Tests of pQCD calculations » Cold nuclear matter effects » Hot nuclear matter effects
» Reference for heavy-ion collisions » Modification of parton distribution » Energy loss in the QGP
functions (PDF) in bound nucleons » Collective motion of the system
» Modification of hadronisation mechanisms
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Heavy-flavour production

Hadroproduction described by factorisation approach, which works well for  ;, —

charm and beauty mesons:

doP do*
dp_D( P s fir) = PDE (e, i) PDE(x,, i) @ s (%5 Xp» UR> HE) @
T T
parton distribution function (PDF) partonic cross section
(non-perturbative) (perturbative) P >

» Current pQCD calculations based on factorisation approach use

tuned on eTe™ and ep measurements, assuming
them universal across different collision energies and systems

Multiple Parton Interaction (MPI) Before colourqreconnection
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Heavy-flavour hadronization

» Open heavy-flavour (HF) hadron production cross section calculated using the factorization approach

» Ratios of particle species sensitive to hadronization

et e Vacuum

o— — 0o
Not far from vacuum?

Or dense enough to

® — — © =]
alter hadronization?

Fragmentation P D

» Hard scattering ete™ — qq

» Color-potential string between g and g

» Hadronisation via multiple string breaking
and formation of quark-antiquark pairs
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Coalescence

‘Open guestions

|
i 2

Fragmentation fractions (FFs) universality
violated already in pp collisions?

» A system rich of quarks or gluons?
Charm-strange baryons (%" and Q)

production can not be described by models, |
which can describe A7 |

» Powerful constraints on models

—— = ——— = =

8--8

Pb Pb
Dense, extended-size system

» Heavy-quarks coalescence with light (di-)quarks from the system
» Expected to increase baryon production at low and intermediate p
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Modeling hadronization

SHM + RQM

PYTHIA 8

Hadronization via fragmentation, color reconnection between
partons from different multiparton interactions

Mode 2
the junction topology leads to an

increase of baryon production
JHEP 08 (2015) 003

Monash tune
(tuned to €€~ measurements)
Eur.Phys.J. C 74 (2014) 3024

Phys.Lett.B 795 (2019) 117-121
Phys.Rev.D. 84 (2011) 01402

Complexity of hadronization process replaced by statistical weights
governed by hadron mass
Feed-down from largely augmented set of charm baryon stated

beyond the ones currently listed in the PDG,; as predicted by Relativistic
Quark Model

fragmentation + coalescence + resonance + UrQMD

Phys.Lett.B 821 (2021) 136622

Hadronization via both fragmentation
and coalescence

=S
= N
\\\\\\ ° 0

Py, =2-p, Withz <1

QCM

pHc=p‘11+pCI2+pCI3
Eur.Phys.J.C 78 (201 44

Quark (re-)Combination Mechanism
equal-velocity combination of charm quark and
light quarks (spatial properties neglected)

ALICE
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Charm fragmentation measured in e"e™ and ep

» Charm fragmentation fractions (FF)

—~ 1.0 1 | T |
c —» H) =0cl,./o(c) =0,/ ) o(H,.) (w.d.: weakly decayin . I
g f( C) ( C) ( ) ( C) Zd ( C) ( Y Y 9) 1 + B factories, e'e”, Vs = 10.5 GeV ,
W.d. I
. o :?’ 0.8 + LEP,e'e, Vs=m, i -
» Inputs used in a standard factorisation approach - ; :
A e HERA, ep, DIS i .
TN > HERA, ep, PHP i b
» Production cross section of 22" are calculated under assumptions!"!: = | i
» flc = ED/f(c > AD) =f(s = EDIf(s > A) =~ 0.004 - i
Average LEP FF H. f(lc— H.) %] I : B ]
D" 54.2 £ 2.4 + 0.7 0.2 - v B
D¥ 22.5 + 1.0 £ 0.5 j " ? i
DT 92 + 08 + 0.5 p | ‘ ‘o i
AT 5.7 + 0.6 £ 0.3 *
D' rate 23.4 + 0.7 + 0.3 * D B N = O
D*™ double-tag | 24.4 £ 1.3 £ 0.2
L Gladilin T : L e \__ [1] M. Lisovyi, et al., EPJC 76 (2016) no.7, 397
o b Cladiin ENC S ETNIT | DT, combined | 23.6 £ 0.6 £ 0.3 i?\/\[Z]Bfactories: EPJC 76 no. 7,(2016) 397
0 b . \_ [3]LEP: EPJC 75 no. 1,(2015) 19
Sum of f(C —> HC) for D , D , Ds and Ac :91.6 = 3.3(stat @ SYSt) + 10(BR) % \?\/\ [4] HERA: EPJC 76 no. 7, (2016) 397
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Open Heavy Flavours Fun Stats

- Open heavy flavors in heavy-ion collisions a
60— Experimental results
~ —e— Initial production g
= nPDF
50— —e- Energy loss 0
~ —e— Correlation |
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Factorisation: a very successful framework

== — LHCb: JHEP 03 (201 6) 159, JHEP 09 (2016) 013 (erratum), JHEP 05 (2017) 074 (erratum) \ \ — ALICE: JHEP 05 (2021) 220
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< 10!} ____::: e - ! 1 ] 1 o= Prompt Non-prompt _
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1077} ; - — 1a-0.05F + 25<y<3.0 . 0.2¢ ]
10-8 1 _’_%=\— 40<y<45 m=8 | © 1 1 1 1 1 1 1 - +1.9% BR uncertainty not shown | | .
! 1 — — am—— — e At e 4 oo b b b b b by gy L1 L
-9 | t T 1 =
10 e 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16
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- \_ ALICE: PRC 94 (2016) 5, 054908
\;\:31 CMS: PLB 782 (201 8) 4Z4-496 27-4 pb_1(5.02TeVpp) 107 28.0 pb-1(pp 5.02 Tev) 3 _||||| T T T |||||| T T T |||||| /I T T ||||||
n = =. —@— ALICE (total unc.)
Do; DO - CMS Bi ol 0t [] ALICE extr. unc ’ﬁ_’ —
| == (#7] Data o L ~  —5— ATLAS (total unc.) 3
6 Fon.  \ . QMS: PRL119(2017) 15,152301 © [ osusenwe & :
_10°s —— ly| < 2.4 = C —4— LHCb (total unc.) e ’
~—;’ - Global uncert. 3.8% . k& STAR ’
<)) : — A PHENIX e
a o 105 103 —— NLO(MNR) —
g 1%F [~ ronw T Chal: : *
°e J 8w [IVRVENS — T —
10 Global uncert. 2.5% —_— '8|-8' -
1 10° (] HERA-B (pA)
. Z'g - = =———— ——— | 1025— W 653 (0A) —
S5 15E
©|Z ——— e e s Tl oo tel V' E743 (pA)
08051? - — : : : : V¥ NA27 (pA
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» Plethora of data on open-charm and open-beauty meson production
» vs.prandy(wide range)
» in different collision energies
» relative abundance of charm meson species

Described by pQCD calculations relying on factorisation
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Charm-hadron reconstruction

Hadronic decays

» D%c) » K zt, BR~3.95%

» D%(dc) » K ztz", BR ~ 9.38%
» D™*(dc) - D’z*, BR ~ 67.7%
4

Df(sc) » ¢pn™ - KKz, BR % 2.22 %

» DI (5c) > D"K{, BR unknown
»  D_F(5c) - D'KY, BR unknown
»  AX(udc) » pK 7", BR ~ 6.28 %
»  Af(udc) - pK?, BR % 1.59 %

»  XXddc) - ATz, BR = 100 %

» X (uuc) - AfzT, BR % 100 %
» Ef(usc) > E 7z, BR~29%
»  EX(dsc) » Ext, BR ~ 1.43 %

»  QY(ssc) - Q 2", BR unknown

Semileptonic decays
»  Al(udc) » Ae'r,, BR~ 3.6%

»  E)(dsc) » Zetv, BR ~ 1.04 %
»  Q)(ssc) » Qetr,, BR unknown

Charge conjugates are included

Prompt

» ¢ — charm hadrons (DY, A7, ...
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ALICE Performance
0-10% Pb—PDb, \/STIN =5.36 TeV
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® Data
---- Background

— Total fit function
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75 1.8 1.85 1.9 1.

M(Kr) (GeV/c?)

ALICE

Jianhui Zhu | HF production and hadronization with ALICE

10



D-meson production in pp collisions (Run 2)

\_ JHEP 05 (2021) 220 \ JHEP 12 (2023) 086 \o5 arXiv:2402.16417
OD _I ol | For | For | For | For | Fod | Fod | Fod | I— OA O_5_| 1 | 1T 11 | 1T 11 | 1 11 | 1T 11 | 1T 11 | 1 1 |_ AO_6 —— - —————
< 1o[ ALIgE yl<05 1 2 | ALICE yl<0s5 {1 {H [ALICE y| <05
O [ pp,\s=5.02TeV ] + . pp 1 + i _ '
Bty BRI pemapeapeepery | \e., 0.4 Prom pt — o O_5_—pp= is=13TeV =
1.0 LEromptj  (Non-prompt § + B [ duys=5Tev 1 O [ PromptD Non-prompt D
i = Data - ! - ~, | o data e data _
0 8__ FONLL FONLL + PYTHIAS8 Dec. b 0.3-_ .vg= 13 TeV ] R 04_— FONLL+PYTHIA 8
- ) : : 0.3 f¢¢+  Non-prompt -
0.6 = N 0ok e _ i |
0 4'_._- " $%E|E|E|¢I++ ) I | I ® * ® _ 0.2F _.__+_ i -
A ' ] | B . - o m
i $ » . | 0.1 ‘ E‘j — E @@}GEE- — . _
B i - . B @Dr ——— ® —]
0.2 . i ] 0.1 |
- 1£1.9% BR uncertainty not shown 7 Y o] I N %.3.'3.0{°|B.FT ane- o t ‘.Q’WO.V\.m. | 3.3% BR unc. not show Prompt
O I 2| I 4|- I 6| I 8| [ | I1|OI | |1 |2I | I1|4I | I1|6I | . 5 10 15 20 25 30 35 O L L L L 5' L L L '1 |O' ! ! '1|5' ! ! 'ZIOI ! L
GeV/c
p_ (GeV/c) Pr ) 'OT (GeV/c)
() FONLL: JHEP 05 (1998) 007  L_J f(c — H_): Eur.Phys.J.C 75 (2015) 19
» No strong pr and collision energy dependence in prompt and non-prompt charm meson-to-meson yield ratios
» Well described by model calculations, based on factorization assuming FFs from e*e™ collisions
Jianhui Zhu | HF production and hadronization with ALICE 11
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D-meson production in pp collisions (Run 3)

+ 1_||||||||||IIII|I|II|IIII|IIII|III|_ + 1_III||I||III||II|III|III|III|III|I|I|III|III|II_
0O N . 0O u _
+»  ALICE Preliminary  D'— ¢n*— K'*K'n* - +» I ALICE Preliminary > g — KK -
O 0-9:_ pp collisions and charge conj. B = 0-9:_ pp collisions ana charge con. B
- 1y|<0.5 BR unc. (not shown): 7% - - (s =13.6 TeV BR unc. (not shown): 7, 7% 3
0.8 Or ot KKt o V5= 13.6 TeV = N |yl <05 =
- o on >R R . - Do KK N
0.7 and charge con,. - 0.7 and charge con,;. -
6 - 0.6/ =
- ¢ . - .
) : :L"]|' _E CLES: 10 :
IS = 0.4F |} H =
3l = 0.3F =
3 and charge conj. - :ﬂ,— and charge con;. -
0.2F BRunc. (notshown):32% - - 0.2 BRu ot shwn 32%‘,, -
T F 0 (s= 13 TeV, JHEP 12 (2023) 086 | - +
0.1 | @ Vs=7TeV, Eur. PhstC77(2017)550 , 01 | _._20<y<25
L | = (5=5TeV,JHEP 05 (2021)220 ?? F | +25<y <30
AN IR I | TN 717{71_171251 I Sl T T T T Tt b LT
OO 5 10 15 20 25 30 35 O0 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeV/c) P, (GeV/c)
» Improved granularity and p reach w.r.t. Run 2 results
» No significant energy and rapidity dependence observed
Jianhui Zhu | HF production and hadronization with ALICE
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Prompt D;/D™ in pp collisions (Run 3)
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v N Monash -

- S CR - Mode 0 —

- TN, CR - Mode 2 -

: LH:/ “l*r;:;\.h_éé, CR - Mode 3

;m ----- - Catania g
- D!, D'- ¢n*— K'K 't POWLANG -
~ andchargeconj. ... HTL _
— BR unc. (not shown): *;0 % ——1QCD B
:l | -

| III|III|lll|III|lll|lll|lll|lll|lll|lll|lll_

|
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[N (GeV/c)

» PYTHIAS8

» Monash: colour reconnection among multiparton
interactions only with leading-colour topology

» CR Modes: string formation beyond leading-
colour approximation, resulting in baryon
enhancement

» Catania and POWLANG

» hadronization via coalescence and fragmentation
processes in a thiermalised QGP-like system

» Catania qualitatively describes D/D™

» PYTHIA 8 and POWLANG underestimate or
overestimate the measurement

Jianhui Zhu | HF production and hadronization with ALICE
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Strange D-meson resonances in pp collisions (Run 2)

+ o»v I 1 | T I T T T T T | T + wv I I l 1 I T T T T T | 1
A — A

5 :pp,\/_-13TeV y| < 0.5 : oxwo.12_pp,\F_13Tev y| < 0.5 :
. 0.06 = Data(2< p. < 24 GeV/c) — N - @ Data(2<p_<24GeV/c) -
"N - SHM M. He. R. Rapp (p_. > 0) . 0 0 1 —— SHM M. He, R. Rapp (p.. > 0) _
 0.050 SHMc GSkHeidelberg (p > 0) - T = SHMc GSkHeidelberg (p > 0) -
— -~ PYTHIA 8 EPOS4HQ i F o - PYTHIA 8 EPOS4HQ -
““D"’ - [ ] w/o rescattering "~~~ fragmentation only - 0 0.08— 11wl rescattering =~ ---eeee fragmentation only —
= 0.0 4‘ [ ] w/ rescattering weorts coalescence only E:/ ~ [ ] w/rescattering @@= -----. coalescence only |
% "~ [ mesonCL1S0J1 = 0.14 - 0 . -
” - mesonCL1S1J2 = 0.35 - w 0.061 -
0003 e e ] -
+ 0 - _ |
0.02~_ -
0.01 - .:.'.:.:.a.oozéa.:.:.:.o.:.:a;é;.:éa.:a.:.:.: SO0 aé&éa::am .:a.:.:.:.:a.:a.:.:.:.:a.:a.:.: _: i i
"~ [ Model predictions only i - Model predictions only .
- BR = (22 £ 2)% PRD 93 (2016) 034035 and PTEP 2022 083001— 0 — BR =23.35% PRD 93 (2016) 034035 ]

O | I | L1 1 1 I | I | | I .| I | I I | I .| I | I I L1 1 | I | | I . I | I | I 11 1 I | I | | I . I | I | I 1 1

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

<chh/d 77>|77| < 0.5 <chh/d n>|n| < 0.5

» D! /D} and D /DY ratios flat vs. charged-particle multiplicity, as ground-state D-meson ratios

» Multiplicity trend described by SHM, SHMc, EPOS4HQ models and by PYTHIA 8 calculations
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D-meson production in p—Pb collisions

\__ JHEP 12 (2019) 092

o 1.2 B L L L L B B o 12— DL L L L L L L
Q - - Q - —PDb, — < < 0. -
o [fALCE Sw=S02TeV 1 o b D s - \ . arXiv:2407.10593
- . : EPJ C79 no. 5,(2019) 388 m E C)D T T T [ T T T T [ T T T T [ T T T T [ T T 11
0.8 — 0.8 — B ALICE B p—Pb, -0.96 < yC < 0. 04 )
; Prompt - ; = 1'0_\F=502 Tey © PP, —050<y <050
06__ + * ] 06__ ﬂﬂ% Lk R — E B NN cms
R ] T 3 i _
N A 0%« X [ ‘
0.4 gt IS 1 . o i Non-prom
- M : ) ﬁ} : Q 0.8 P E
0.2_— ] 0.2_— ] (- B I m
i J_r3.3l% BR u?certaintly not shlown | | | ] i J_r0.7|% BR u?certain’fy not shlown | | | ] 8 B 1 7
o5 70 15 20 25 30 35 o5 0 15 20 25 30 35 — i I ]
p_ (GeV/c) p_ (GeV/c) +D 0.6_— | == -
OQ 1-2: ! ! ] ! +Q 1-2: ! ! ! ! "g_ : :i-‘H‘ H 1 % 4 H :
= s E - 3 E O 0.4~ %H -
o8l 1 ol p - Q[ ol i
3 ] Z 3 : S i _
0.6 . 06 M- o ——HF— ) . - —
: . T —— I . z 02 i
0.4 - 0.4 & - - £1.9% I?R unc. not|shown | | o
oo Hpmod _3_—§— 1 o - 0 5 10 15 20 25
- +£3.7% B|R uncertalnty not showr|1 | ] - +4.7% B|R uncertalnty not showrll | ] p (GeV/C)
N T R |- E: N T R !
P, (GeV/c) P, (GeV/c)
»  (Prompt Dt or DY) / (prompt DY) in p—Pb is compatible with pp results
» (Non-prompt D") / (non-prompt DO) in p—Pb is compatible with pp results
Jianhui Zhu | HF production and hadronization with ALICE
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Al (udc) in pp collisions

\__ Phys.Rev.C 107 (2023) 064901 \__ Phys.Rev.D 108 (2023) 112003
OD I | | | | | | | | | | | ' 01 .4_I I I | | | | I I | I_
— 1 ALICE pp, Vs =5.02 TeV ] = [ pp, (s=13 TeV ~ CLR-BLC 2 -
+ O L _| . n -
< lyl < 0.5 1 o[ ALICE, lyl<0.5  LHCDb, 20<y<4.5 7

I —=— ALICE 1 L) PYTHIA 8 Monash: S T | o non-prompt /D o Ag/(B°+B") -

0.8- Prompt — pytHias (Monash) | Eur.Phys.J.C 74 (2014) 3024 81 ob ® PromptAJD™  pyThia g -

N PYTHIA 8 (CR Mode 2) |~/ EYTHIAS CR Mode: £ o MRy non-prompt AJ/D” -

_ ] JHEP 08 (2015) 003 Sy gl + p/m’ - - Ap/(B%+B") ; -

0.6, - Catania, fragm.+coal. < L. Catania: g : L | Rr/‘}’(rg‘pt AD :
SH model + RQM | Phys.Lett.B 821 (2021) 136622 >0.65 = ) i -

| Ly SHM: ST !liJi ]

0.4 — - o )
| | Phys.Lett.B 795 (2019) 117-121 0.4L : B

i p— | £y RaM: T )
0.2 U Phys.Rev.D 84 (2011) 014025 0.0k -

u B SO =L & 4
e'e [ T ey aem; [ :
—— | | | § Eur.Phys.J.C 78 (2018) 344 i | .

O 5 10 1 2 3456 10 203
p_ (GeV/c) p. (GeV/c)
Prompt A/D in pp collisions Non-prompt A7/D' in pp collisions
» First measurement down to pr = 0 » First measurement of non-prompt AF/D"
»  Well described by model calculations, except PYTHIA 8 » Beauty, charm, and strange hadrons show
Monash based on FFs from eTe™ collisions a similar p; trend
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> *** in pp collisions
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» ~40% AT from ZVT+ decays contribution, only partially explain
AT /DY enhancement

» Described by PYTHIA 8 CR, Catania, QCM and SHM+RQM

’5): 4-O:| L | LI | LI | L | L I L | | | | | [ I [ | l: |
N 350 ALICE Preliminary . Data T p, integrated E
£ 77F pp, Vs =13.6 TeV T
W E <05 PYTHIAS T :
& 3.0+ ' [JMonash — SHMc GSl-Heidelberg —
S § Mode0 + _ i
@ L SHM+RQM gModeZ i ¢|T,=156.6 MeV
t 2.9F [ T, =170 MeV IMode3 T n
s¢ ot T Belle (PRD 97, 072005) ]
'_ T e'e, ¥s=10.52 GeV
2'0: T = Prompt
B ] o Direct
1.5 t | T .
1.0F ¢ N 1 I} =3 -
0 5;%/?///// _:_ E
O O:I 1 1 I 1 11 | 111 | 111 | 111 | 1 11 | 11 | 111 | 111 | 111 I l:_
"0 2 4 6 8 10 12 14 16 18 20

p. (GeV/c)

» Ratios between the two )t states
consistent with pT integrated result from
e+e- collisions within uncertainties

» Overestimated by PYTHIA 8 Monash,
underestimated by CR and SHM+RQM

ALICE
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A7 (udc) in p—Pb collisions

\_— Phys.Rev.C 107 (2023) 064901 \_\ . arXiv:2407.10593

< | | | | S || | | | C || n C [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ |
2 [ ALICE - S 29 ALICE LHCb B
S Prompt - L [ pPb (5,,=502TeV p-Pb,|5,,=8.16TeV-
- ~®pp, (s=5.02TeV ] = 5 o[ 09<,, <004 25<y <35 -
| ——p-P =5.02 TeV | e e e ]
0'8_ (p)CI\:, ISy =5.02Te | S W Non-prompt A:/D° | OA2/B° |
— m | o ——— |
] | m 1 5—_©Prompt AL/ D° B
0.6 — adl i
: — : Non-prompt
0 4/ __ 1.0 B _H_ a
7 : 050 PO -
0.2~ - B %* $ $ :
- pp: lyl <0.5 — - _Q = ]
: p_Pb: —0.96 < ycmS <0.04 : IR BT T B S S RN S SRR
100_1 || ||||‘|I || |||‘|I|O O 5 10 15 20 25
p, (GeV/c) p_ (GeV/c)

Prompt A}/D" in p—Pb collisions Non-prompt A7/D in p—Pb collisions
» First measurement down to p = 0 »  Similarity between prompt and non-prompt

» Shift of peak towards higher p could be due to quark A /D" within uncertainties

recombination or collective effects (e.g. radial flow)
» Well described by quark (re)combination model (QCM)
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=(dsc) and Ef(usc) in pp and p—Pb collisions

\_ . JHEP 12 (2023) 086 \_\ . arXiv:2405.14538
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: Z4/D", pp, Vs = 13 TeV - —@—E L t - BR uncertainty ]
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0.2 — — —] i ;ﬁézg ' ?' _
‘ $ ‘ _ : 0.1F, -
i @ _ - B = === T
-/——‘-f__i T * . 5 :EBE c :
O_i—f"l |I—|—|-—|-r|__|-:-ii-_|;r;l.f=riilll|_ 10 r. PN I R T T N R T SN NN NN TR MO NN TR T S N R |: _|||||||||||||||||||||||||||||||||||||||||||||||||_

0 5 A 6 8 10 12 14 0 2 4 6 8 1% y 12 2 3 4 5 6 7 8 9 1OG1\1// 12
p. (GeV/c) P (GeV/c) p- (GeV/c)

» Hint of enhancement at high pr in p—Pb w.r.t. pp collisions

» Underestimated by QCM for both pp and p—Pb collisions

» LHCD results systematically less than ALICE measurements -> rapidity dependence?

Jianhui Zhu | HF production and hadronization with ALICE 19
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QY(ssc) in pp collisions
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__ Phys.Lett.B 846 (2023) 137625

PYTHIA8 CR-BLC .
[JMonash [JMode2 BR(Q — Q%) =0.51%"y ..,
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e Data e Data

[]Catania (coal.+fragm.) []1Catania (coal.+fragm.)
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PYTHIA8 CR-BLC
[IMonash [ ]Mode2 BR(Q)— Q") =

ALICE

0.51% ¢ 100

] IIIIII|I ] IIIIII|I l IIIIII|I (AR

» No measurement of BR(Q) — Q~z), loose bound from theoretical calculations

» Only Catania (coalescence + resonance decay) close to the data
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D*/D" in Pb—Pb collisions

1.4

D*/D°

1.2

10 p. (GeV/c)

» D*/DY: flat distribution, NOT modified in QGP, described by SHMc

4

4
4
4

pr spectra of charm hadrons are modelled with a core-corona approach

Resonance decays computed with FastReso package

Low p;: dominated by the core contribution described with a Blast-Wave function

High pr: corona contribution more relevant and is parameterized from pp measurements

B | | | | | | | | I | | | I__ | | | I | | | |
—  ALICE yl<05 . JHEP 01 (2022) 174

L Pb-Pb, {5, =5.02 TeV 1

E @ (0-10% @ D+/DO EE @ 0-10% @

N O 30-50% @ T

o o pp, (5=5.02TeV op T SHMc + FastReso + corona

: R l T o

- -I-_<>EI=E-.EI-‘E‘ -+ ﬁ ™ e

— +1.9% BR uncertainty not shown -+ 1.9% BR uncertainty not shown -
C . L . . . L - . M
1 10

corona = blue

core = red

ALICE
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D}/D" in Pb—Pb collisions

5 o5 0-10% Pb-Pb 1 30-50% Po-Pb
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|
[—ds—

(D{ / D°
o

$_+_

0.5 +

: L
s gﬂf&@\m

14 2 345 10 20 30

P (GeV/c)
ALICE

: Snn = O e O
: |\(y|_<o_202TV Dg—/D

1 2 3456 10 20 30 1 2 3456 10
pT(GeV/c)

gs o SHMc + FastReso + corona
]lj ' LGR
_ TAMU
] Catania
. L1 PHSD
20 30 == Phys.Lett.B 827 (2022) 136986
P (GeV/c) -

) D;“/DO: hint of enhancementin2 < pr < 8 GeV/cin 0-10% (30-50%) Pb-Pb by 2.30 (2.40)

» Described by models including strangeness enhancement and fragmentation + recombination

4
4
4

TAMU (coalescence implemented with a Resonance Recombination Model) significantly overestimates data
Catania and LGR (coalescence implemented with Wigner formalism) describe data

PHSD (coalescence implemented with MC) describe data

ALICE
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AF/D" in Pb—Pb collisions

v <05  30-50% Pb-PbFysw=502TeV pp-

SHMc + FastReso + corona

AL/ D°

Catania

T TAMU

» AY/D": enhanced in4 < pr < 8 GeV/c for central Pb-Pb w.r.t. pp by 3.7¢

» Also seen for light-flavor baryon-to-meson ratios
» Described by TAMU
» The shapes of the Catania and SHMc predictions agree qualitatively

% Jianhui Zhu | HF production and hadronization with ALICE
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=’ in Pb—Pb collisions
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B [ This work —- ggig g‘;/ 1 2 E Thiswork L 0.10% 1 = L Thiswork - 361 g 0/2/ :
IO N (Sw=502TeV __ ph@s02Tev {1 TE Pb-Pb, 5,=502TeV 5 co 1 Tf25F Pb-Pb, {5y =502 TeV PP@5.02 TeV
I --- QOMO~10% = : - QCM 0-10% - Y ---QCM 0-10% -
I ---QCM 30-50% sE >3 20 --- QCM 30-50% ]
1.5 | — TAMU 0-10%  — - 44 11 --- QCM 30-50% 1 - — TAMU 0-10% 1
i — TAMU 30-50%  _ - : - — TAMU 30-50% _
- 4 QCM pp@5.02 Te\- 4F E 1.5 I -
Un . - Ja - - : :
- ! - - . Ly ! ¢ =
0.5 ; - °F I E o s s S —
[ O 51T ' + - 1 iemmEER T~ * = oo 3 R == ? E
BT - 08 - PPTL L et itmeeaL, L - e T R R R e ]
O -_T"I I—I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 II --I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 a O ‘ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 i
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
P, (GeV/c) P, (GeV/c) P, (GeV/c)
» Very large enhancement in Pb-Pb w.r.t. pp collisions
» Strangeness enhancement (coalescence) + Flow + Resonance decay
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M-to-M event multiplicity dependence (LHCb)

ALICE pp s=13TeV p*[<0.5 =W R ALICE pPb sy = 5.02 TeV -0.96 < y* < 0.04
- 1a onas
&~ LHCbpp \5=5.02TeV25<y*<d4 o 4HO »p
T — *
3 ote -~ EPOSAHO pp wiocoal —— ALICE PbPb Y5 1= 5.02 TeV [y* < 0.5
1.2
—— LHCb pPb % =8.16 TeV 1.8 <y* <3.3 \gé Phys.Rev.Lett. 131 (2023) 061901
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) 0‘9;_ { pp—BBtX 5.4 fb! : 0'9;_ { pp—BB+X 541b" 1
~Z 0.8 '_m_' 0.8]E i ete"—Z"—>BB = 08]EL i ete—Z"—>BB 7
T = r Je'e—Y(5S)—>BB : F Je'e—>Y(5S)—>BB
bQ 0 R 0.7F —PYTHIAS (CR) z 0.7F —PYTHIAS (CR) :
- e I - - -.PYTHIA8 (WwoCR) | -~ 3 < - -.PYTHIAS (w/o CR) E
A + _w: Em 0'65 — Linear fit - 1 B 0'65 — Linear fit ]
=3 >. 0.5F 2. 0.5F .
. A FEEESSSSS- - bQQ045— m045_ :
20< p_ <40 GeVic - NS ‘
O 2 TR R iy, ! R
A A s 3 2 3| A A A ] A CIp ol e R
10 102 02# ] 02: - T ]
dN . /dn 015 (a) 0<p_<6GeVic - 01 (b) 6<p <12GeVie -
0'1..I.|.I.|.I.- O-IIlIlllIlllll
o 0 2 4 6 0 2 4 6
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» Observed clear indications of strangeness enhancement in both charm and beauty sectors

» Final state effects such as coalescence are important at low p+ and high multiplicity

- LHCb

= pp—BB+X
F iete—Z"—>BB

= Jefe—Y(5S)—BB
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— Linear fit
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tracks

ALICE
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B-to-M event multiplicity dependence (ALICE)

\,g — Phys.Lett.B 829 (2022) 137065
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A
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o 1+ 0 1 |y| <05 - - PP, » 1Y pyoy Multiplicity classes .
1.8 o pp, Vs=13TeV —stat. = SHMc o < N, multiplicity classes | Q 0.4F (AN /) =
1 65 Y PP, \s =5.02 TeV syst. + Catania _J (dN _/dn): O = =4/D° .
-OF 1 0.8F " 4 £ 0.35- =
. A p-Pb,\s,, =5.02TeV extr. < TAMU - - —m— 3.1 N | o ad -
4w Pb-PD, |5, = 5.02 TeV N total PYTHIAS - —— 37.8 | T osr By -
1.2 ¢ Au-Au, \'s,, = 200 GeV —Monash 4 5L __+__ High |1 © - & 44 -
12_ STAR, PRL 124 (2020) 172301 —CR-BLC 2- F : 50'25:_ —#-315 E
- - j HFYER PYTHIA 8.243 | @ o0 4 - E
0.8 a Jﬁ — 0.4 & . — — Monash | T E . o i -
060 @ L - e 7777 CR-BLC Mode 2 - 0.15F - =
O L | & _ B A% . — -
YR 1 ol \ T o i s —t—
0.2 - - - i LOW ] 0_05:_ + 44.4% BR uncertainty for Z” not shown -
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CIWET Py (GeVic) p, (GeVic)
pr-integrated AT/D° vs. multiplicity AF/DY vs. p; in different multiplicity =2T/DY vs. p; in different multiplicity
» No modification of overall production, »  Multiplicity-dependent enhancement with » No significant multiplicity dependence
difference between collision systems 5.30 from lowest to highest multiplicity as a function of p; within uncertainties
IS due to momentum redistribution
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Baryon-to-meson ratio

B-to-M event multiplicity dependence (CMS)

. arXiv:2407.13615
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B-to-M event multiplicity dependence (LHCDb)

\__ Phys.Rev.Lett. 132 (2024) 081901
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Charm production in pp and p—Pb collisions

o= JHEP 1 2 (2023) 086 \_\ . arXiv:2405.14571
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_ > . PHENIX - ] 5 - NNLO . D:%l1 5 | 8.7% lumi. uncertainty not shown
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o ©O
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102 = — 102 = = \ ? Ny i NS ‘\*\\\ NN
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» o(cc) at midrapidity at the upper bound of state-of-the-art pQCD calculations
» No significant difference in the overall production of charm between pp and p—Pb collisions
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Beauty production in pp collisions

\_\ . arXiv:2402.16417
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» pr-integrated measurement at midrapidity based on the production cross sections of D°, D*, D, A}

» The cross section vs. centre-of-mass energy is well described by pQCD, especially NNLO
» Results are compatible with pQCD but tend to lie close to the upper boundary of the uncertainty bands

ALICE
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Charm fragmentation fractions in pp and p—Pb collisions
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» Independent of centre-of-mass energy: pp@5.02 TeV and pp@13 TeV

» Consistent with system size: pp and p—Pb collisions
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Summary

» Assumption of universal parton-to-hadron fragmentation fractions not valid at LHC energies

» HF hadronization mechanisms in small collision systems at LHC need further investigations

» Resonance decay? Coalescence”? Radial flow?
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ALICE detector for Run 1 and Run 2

Inner Tracking System (ITS)
» |n|<0.9

» Tracking, vertexing, multiplicity

VO
» V0-A:2.8<n<5.1

» VO-C:-3.7<n<-17

» Triggering, luminosity, multiplicity

Time Projection Chamber (TPC)

» |n|<0.9
» Tracking, PID

Time-Of-Flight (TOF)
» |n|<0.9
» Tracking, PID

THE ALICE DETECTOR

CoNOOA~WNE

System Year(s) VSnN Lint
2017 5.02 TeV ~20 nb-1
PP 2016 — 2018 13 TeV ~32 nb-1
—Pb 2016 502 TeV | ~287 b
Pb—Pb (0-10%) 2018 5.02TeV | ~131 ub-
Pb—Pb (30-50%) 2018 502TeV | ~56 b

“a. ITS SPD (Pixel)
| b. ITS SDD (Drift) |
| C. ITS SSD (Strip)
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TOF =
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EMCal
DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18. ZDC

19. ACORDE
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