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Charm and beauty quarks: unique probes of the medium

Mg > Nocp
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Enable the evaluation of their production cross sections
within pQCD

mo > 1ogp

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

(1< 1 fmic)

1
T X =—— & 0.1,_(0.03),_, fm/c < 7ogp( ~ 0.3 — 1.5 fm/c)

qu

Experience the full evolution of the QGP

beam direction

pp collisions p-Pb collisions Pb-Pb collisions
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 hadronization
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Largely underestimated by PYTHIA 8 Monash!"

PYTHIA 8 Monash: eTe™ charm fragmentation functions

o
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2 . pp, \s=5.02 TeV

ALICE Preliminary WeII described by [2]:
ALICE (PRL 127 (2021) 202301)
[3] [4] [S]
PYTHIA 8 (Monash) SHM™+RQM™,
PYTHIA 8 (CR Mode 2) PYTHIA 8 CR Mode2: color reconnection beyond leading
HERWIG 7 color (CR-BLC) approximation

Catania, fragm.+coal.
M. He and R. Rapp:
SH model + PDG

SH model + RQM

Catania: transport model with hadronization via
coalescence+fragmentation

SHM+RQM: statistical hadronization model (SHM) with
additional baryon states predicted by relativistic quark
model (RQM)

= [1] P. Skands, et al., EPJC 74 (2014) 3024
g [2] J. Christiansen, et al., JHEP 08 (2015) 003
5 W [3] M. He and R. Rapp, PLB 795 (2019) 117-121

N ] ) [4] D. Ebert, et al., PRD 84:014025, 2011
== ALICE: PRL 127 (2021) 202301 W [5] V. Minissale, et al., PLB 821 (2021) 136622
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Feed-down from X0+ partially explains A7/D" enhancement

AF(— ZD2TTH/AT = 0.38 + 0.06(stat.) = 0.06(syst.)

¢ pp, \s=13TeV

PYTHIA 8.243, Monash 2013

PYTHIA 8.243, CR-BLC:
e Mode 2

SHM+RQM

2 4 6 g 10 12 14
\— PRL128(2022) 012001 Py (GeVic)

PYTHIA 8 Monash!"! severely underestimates AT( < X2 )/AT and Z2+++/DY

)+ ++/DY enhancement in pp w.r.t.ete

- PYTHIA 8.243, Monash 2013
PYTHIA 8.243, CR-BLC:

SHM+RQM
Catania
—— QCM

BR uncertainty

6 8 10 12 14
. PRL128(2022)012001 Py (GEV/C)

B [1] P. Skands, et al., EPJC 74 (2014) 3024
= (2] Christiansen, et al., JHEP 08 (2015) 003
@ (3] M. He and R. Rapp, PLB 795 (2019) 117-121

PYTHIA 8 CR Modes'?! overestimate AY( « 28’+’++)/A;’, but describe Z(C)’+’++/ DY [4] D. Ebert. et al. PRD 84:014025. 2011

Well described by SHM®+RQM!*, Catanial® and

[6]

B (5] V. Minissale, et al., PLB 821 (2021) 136622
= [6] J. Song, et al.,, EPJC (2018) 78: 344
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=/DY in agreement with Z/D"

Significantly underestimated by models

[’I I213I415]

Different from D /(D" + D) = baryons are “strange”?
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\_= ALICE: PRL 127 (2021) 272001

W [1] P. Skands, et al., EPJC 74 (2014) 3024

[2] J. Christiansen, et al., JHEP 08 (2015) 003
W [3] M. He and R. Rapp, PLB 795 (2019) 117-121
[4] D. Ebert, et al., PRD 84 (2011) 014025

—~0/0
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N SHM+RQM
# Catania (coal.+fragm.)

=+ /0
=+/D

PYTHIA 8.243

Monash
=i Mode O
Mode 2

10 12 14
p. (GeV/c)

W (5] J. Song, et al.,, EPJC 78 (2018) 344
= [6] V. Minissale, et al., PLB 821 (2021) 136622
W@ [7] Belle ete-: PRD 97 (2018) 072005

———— ALICE
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1 ogata ( I )X C ' ALICE
[ Catania (coal.+fragm.
] Catania (coal.+fragm.+res.) pp, Vs =13 TeV

_ — CM
PYTHIA8  CR-BLC o
102 & [JMonash []Mode 2 BR(Q) —» Q") = 0.51%" 510,
|
G107
T otk

m —

=
o))

BR =0.51%
BR unc. not shown

_E.E_—EE—

o O

Ratio to Catania

> 4 6 8 10 12 14
\_ ALICE: arXiv:2205.13993  p_(GeV/c)

-

BR(Q? — 77Q") from theoretical calculations

Large enhancement of Q) than expected
Sizeable contribution to charm production?

Catania'® (additional resonances decay
considered) closer to data points
Coalescence in pp?



ALICE

m ALICE, pp, Vs =5.02 TeV
) PRD 105 L011103 2022

= ALICE Prellmlnary P—
'1 —ALICE, pp, & HC X A X R

Pb, VSw. = 5. 02T

( by (ellmlnary)

— — e = = = P —

+ B factones ee,
+ LEP, e'e’, (s = mZ
e HERA, ep, DIS
o HERA, ep, PHP

factor 1.2~1.4

10 5 GeV

i

Charm FF in hadronic collisions
pp@5.02 TeV: PRD 105 (2022) LO11103
p-Pb@5.02 TeV:
DY A7 : measured down to pr = 0
DT, D7 : extrapolated to pr = 0 using POWHEG+PYTHIA

E(C) not measured yet — app(Eg) X 208 X Rppb(Ag_ )

Charm FF compatible in pp and p-Pb collisions, but differ
significantly from those in e"e™ and e ™ p collisions

W [1] B factories: EPJC 76 (2016) 397
W [2] LEP: EPJC 75 (2015) 19
W [3] HERA: EPJC 76 (2016) 397
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cC production cross section measured by
summing all charm ground states

Updated results in pp@2.76 and 7 TeV
based on new FF in pp@5.02 TeV, all

points on upper edge of pQCD

calculations
* ALICE (pp, ly| < 0.5), PRD 105 011103 _

o ALICE F Preliminary (p—Pb/A 0. 96<y<0 04)

10 > PHENIX (o, ly| < 0.5)
+ STAR (pp, |y| < 1.0)

W [ 1] STAR: PRD 86 (2012) 072013

W [2] PHENIX: PRC 84 (2011) 044905

W [3] FONLL: JHEP 10 (2012) 137

W [4] Charm NNLO: PRL 118 (2017) 122001

4107 107 '2x107" 1 2 34 10
s (TeV)
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4 0-10% Pb-Pb¥|y| <05  30-50% Pb—Pb¥|syy =5.02 TeV op
1.2

0.8

0.6“ O

0.4
0.2

SHMc + FastReso + corona

Catania

TAMU

7 V.

R
D

A

4-
45

!/, Z 4{!?

i

1 1O,DT (GeV/c) 1 1OpT (GeV/c) 1

AT /DY 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 (coalescence with a Resonance Recombination Model)

The shapes of the Catania (coalescence with Wigner formalism) and SHMc predictions agree qualitatively

ES’WDO and QS/DO vs. pr in Pb-Pb with Run 3 data to further constrain hadronization processes '



ALICE

ALICE
y| < 0.5

e pp, Ys=13TeV — stat.
v pp, Vs =5.02 TeV [ ] syst.
A p—Pb, sNN =5.02 TeV extr.

= Pb-Pb, sNN =5.02 TeV Y total

#

10 102 103 10 10°
(AN /A 05 AN,/ <05

pr-integrated AY/D" ratio compatible with a flat behaviour versus event multiplicity, similar to A/K!

Re-distribution of p; that acts differently for baryons and mesons, no modification of overall p-integrated yield

Same mechanism in all collision systems? Modified hadronisation? Radial flow?

j Eg’+/DO and Q(C)/DO vs. multiplicity for integrated and intermediate p with Run 3 data to further constrain hadronisation processes »



ALICE

ALICE y| < 0.5

e pp, Is=13 TeV — stat. 2 SHMc

v pp, Vs =5.02 TeV ] syst. + Catania
A p—PD, \/ S\ = 2-02 TeV extr. < TAMU
= Pb-Pb, \/s_ = 5.02 TeV XY total PYTHIA 8

O Au-Au, \/ S\ = 200 GeV — Monash
STAR, PRL 124 (2020) 172301 —CR-BLC ?

g SEg ¢

10°
(AN /A <05

Flat trend reproduced by models implementing fragmentation+coalescence and SHM predictions

PYTHIA 8 CR-BLC 2 predicts enhancement with multiplicity



ALICE

Charm baryon production indicates that assumption of universal parton-to-hadron
fragmentation fractions not valid at LHC energies

Charm hadronisation mechanisms need further investigations

Coalescence in pp ?

No modification of overall pr-integrated yield in all collision systems

Same mechanism in all collision systems? Modified hadronization? Radial flow?

We are looking forward to Run 3 data

CLHCP - Jianhui Zhu Charm-baryon production with ALICE 11
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pp, (s =5.02 TeV
Prompt AZ, |y| < 0.5

—o— data

_|GM-VFNS

POWHEG+PYTHIAG
with CT14NLO PDF

A

Data
POWHEG

Data
GM-VENS

PQCD calculations underestimate
prompt A7, especially at low py

/s =5.02 TeV

Data
BR unc.
PYTHIA 8 Monash2013

— PYTHIA 8 Mode 2

PYTHIA 8 Mode 0

— = PYTHIA 8 Mode 3

+ 2.1% lumi. unc. not shown

4

ALICE

ALICE e Data
pp, Vs=13TeV, [y| <0.5 PYTHIA 8
QY Q | ] Monash
+ 1.6% lumi. unc. not shown CR-BLC
— e | Mode 2
—

Inclusive QY

BR(Q —» Q) = 0.51%5 107

assumed for theoretical predictions

8

Models largely underestimate = and Q!
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ALICE Preliminary Non-prompt
pp, Vs =13 TeV Data

y| <0.5 + Non-prompt D° A+
e Non-prompt A C

FONLL + PYTHIA 8 Dec.
f(b—A.) LHCb
f(o—B) e'e”
Non-prompt D’
Non-prompt A

PP

ALICE Preliminary Non-Prompt A}

p—Pb, \/ Sy = 9-02 TeV
-0.96 < ¥y <0.04

—e— Data

T

FONLL + PYTHIA8 Decayer
flb— AS)LHCb’ BR (H, — AZ+X)PYTHIA8

DA;eBO+B++Bg+Ag
+ 0 + 0

| ] A« B +B +Bg

AN e A

—_— L @
4//////4//4/ A IPIPIPIIIILY

S S S S S S S S S S S S S S S S S S S S

do/dp_(ub GeV

—h

V' S ERERRER )
I s s ez ess s vo e e esress
nmmm mmm

VA
T N T T T A

+ 5.0% BR unc. not shown

+ 3.7% lumi. unc. not shown s
A A
T

_
’ —————————————

/ / / / / / / /
/. 4 S S S S S S S S NS S S S S S S S S S S (A i
1 : /;,; /;,; Y /;7; /;,; A A A A A A A A A T (e 4

Non-prompt AT p; dependence well reproduced by
theoretical calculations

Ag FF measured by LHCb Non-prompt A7
Folding with H, — A + X decay from PYTHIA 8 pr dependence well reproduced by theoretical calculations, same as pp
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ALICE Preliminary | < 0.5 n:%l 2 5~ ALICE Preliminary ~ [Jsyst. Unc. Data
pp, Vs = 13 TeV p—Pb, /Sy = 5.02 TeV
- 0.96 < ¥y <0.04
FONLL + PYTHIA8 Decayer
flbo—A) , BR(H —A+X)
0 LHCb b N
Bl f(b—A,) ., BR(H —AL+X)

LH PDG

Wl b-A) BR(H —A:+X)

ee

PYTHIA 8

PYTHIA 8
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Non-prompt Al
pp Vs-scaled reference

—@— Prompt A’ (PRC 104 (2021) 054905)
Prompt A, Preliminary
(extrapolated pp reference)

Dominant contribution to non-prompt A7 from Ag decays

Enhanced beauty-baryon production w.r.t. e7e™ collisions = suggests non-universality for beauty FF

Well reproduced by FONLL (LHCb FF) + PYTHIA 8 for p > 4 GeV/c



