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“Point-like” object interaction Superposition of many “point- Cold nuclear matter effects
Pure fragmentation like object” collisions ? Modified hadronization ?
MPI and color reconnection Radial flow ?

modify hadronization ?

Heavy-flavour hadron production cross section based on factorisation approach

» Fragmentation functions assumed to be universal among collision systems and constrained from e*e™ and e "p collisions

doP do*
—— (P13 HE; HR) = ® —— (X, Xp» UR> ) @ D, p(2 = Pp/Pes Hp)
dpt dpf
partonic cross section hadronisation by fragmentation
(perturbative) (non-perturbative)

-> ratios of fragmentation fractions, sensitive to
heavy-quark hadronization




ALICE
Particle identification of decay tracks

Selections on the displaced decay topology

ALICE

pp, Vs =13TeV | = 2693 + 2 MeV/c?
Q) —>Q 6 = 7 MeV/c?

and charge conj. S =265%45

P < 'DT < 12 GeV/c ) —

Machine-learning (ML) techniques used

DY = K7™

DT - K ztx"
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Counts per 7 MeV/c? j,

:Df - ¢pnt - KK 7™
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ALICE
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- 1 o ALICE y| < 0.5 F ALICE pp, Vs =5.02 TeV |y|<0.5
- pp, 's = 5.02 TeV D+/D° [ Prompt Non-prompt D:/(DO + D7)

1.0~ Prompt Non-prompt e Data s Data
' e Data = Data ' FONLL + PYTHIAS8 Dec.
FONLL FONLL + PYTHIAS Dec. Di < B*+B*+BJ+A,

D! « B%+B*

+1.9% BR uncertainty not shown

2 4 6 8 10 12 14 10 12
P, (GeV/ce) P, (GeV/c)

=

Prompt and non-prompt D meson ratios independent of p; and collision system

Agreement with model calculations based on a factorisation approach and relying on universal fragmentation functions

and with e"e™ and e"p measurements

= FONLL: M. Cacciari, et al., JHEP 10 (2012) 137
W@ PYTHIA 8: P. Skands, et al., EPJC 74 (2014) 3024




<»

AT/DY measured down to p; = 0 in
pp collisions

Strong p; dependence

NO collision energy dependence

Significantly higher than e*e™ results

ALICE Preliminary
y| < 0.5

pp, Vs =13 TeV
e Phys. Rev. Lett. 128, 012001
o Preliminary

pp, Vs =5.02 TeV
s Phys. Rev. Lett. 127, 202301
o Preliminary
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ALICE
Largely underestimated by PYTHIA 8 Monash!"!

PYTHIA 8 Monash: e*e™ charm fragmentation functions

Well described by 2] SHMIBl+ROQMI4 [5]

PYTHIA 8 CR Mode2: color reconnection (CR) beyond leading color (BLC) approximation
Catania: transport model with hadronization via coalescence+fragmentation

SHM+RQM: statistical hadronization model (SHM) with augmented set of charm-baryon
states according to relativistic quark model (RQM)

ALICE Preliminary

ALICE (PRL 127 (2021) 202301)
PYTHIA 8 (Monash)

PYTHIA 8 (CR Mode 2)
HERWIG 7

Catania, fragm.+coal.

M. He and R. Rapp:

SH model + PDG

SH model + RQM 7

= [1] P. Skands, et al., EPJC 74 (2014) 3024
g [2] J. Christiansen, et al., JHEP 08 (2015) 003
[3] M. He and R. Rapp, PLB 795 (2019) 117-121
g [4] D. Ebert, et al.,, PRD 84:014025, 2011
[5] V. Minissale, et al., PLB 821 (2021) 136622
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ALICE Preliminar 7 _
pp, Vs =13 TeV ! Data ALICE Prellmlnary

ly| < 0.5 + Non-prompt D° . PP, \/E =13 TeV

e Non-prompt A
FONLL + PYTHIA 8 Dec.

f(b%Ag) LHCDb . FONLL + PYTHIAS8 Decayer
f(b—B) e'e” _ 0 + N
Non-prompt D’ f(b%Ab) LHCb’ BR(Hb%AC_FX)PYTHIA 8
Non-prompt A; | A4C- ya Ag
A} « B+B*+B+A,
A! « B’+B*+B]

1

dc/de(ub GeV

Data
| = prompt

25
p. (GeV/c)

W LHCb: Phys.Rev.D 100 (2019), 031102

Non-prompt vs. prompt AT/D"

pr dependence well reproduced by theoretical calculations .
Similar baryon-to-meson ratio enhancement

Ag fragmentation fractions measured by LHCb

Non-prompt AF/D" vs. models
Folding with H, — AT + X decay from PYTHIA 8

Well reproduced by FONLL + PYTHIA 8 for p > 4 GeV/c
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ALICE
)+ partially explains A7 /DY enhancement )+ ++/DY enhancement in pp w.r.t.ete”

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

Feed-down from

ALICE
y| < 0.5 ¢ pp, (s=13 TeV

PYTHIA 8.243, Monash 2013
PYTHIA 8.243, CR-BLC:
s Mode 2

ALICE
ly| < 0.5

op, Vs = 13 TeV

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

SHM+RQM

Catania SHM+RQM

Catania
— QCM

BR uncertainty

8 10 12 14
pT(GeV/c)

10 12 14
p, (GeV/c)

PYTHIA 8 Monash!' severely underestimates AT( « )T **)/AT and )+ 11/DY M (1] P. Skands, et al., EPJC 74 (2014) 3024

—_ . . [2] J. Christiansen, et al., JHEP 08 (2015) 003
PYTHIA 8 CR Modes!?! overestimate AT( 28’+’++)/A:', but describe 28’+’++/D0 M [3] M. He and R. Rapp, PLB 795 (2019) 117-121

, - N s . [4] D. Ebert, et al., PRD 84:014025, 2011
Well described by SHMP+RQM! ], Catania™' and = Mg [5] V. Minissale, et al., PLB 821 (2021) 136622
= [6] J. Song, et al.,, EPJC (2018) 78: 344




=/DY in agreement with Z7/DY and similar p; trend as AT/D"

ALICE

pp, \s=13TeV  pua H

ly| < 0.5 PYTHIA 8 Monash
PYTHIA 8 Mode 2

Catania ww#
BR unc. QCM

SHM+RQM N\

Significantly underestimated by models!’#34>1
Different from D /(D + DY) — baryons are “strange” ?
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Catania'® gets close to measurements
=2T/Z2 Tt in agreement with PYTHIA 8 Monash

Similar suppression of 2t and T2+ in ete™ ?

8 10 12 14

B [1]P. Skands, et al., EPJC 74 (2014) 3024 W (5] J. Song, et al.,, EPJC(2018) 78: 344

[2] J. Christiansen, et al., JHEP 08 (2015) 003 = [6] V. Minissale, et al., PLB 821 (2021) 136622
B [3] M. He and R. Rapp, PLB 795 (2019) 117-121 g [7] Belle e*e: PRD 97 (2018) 7, 072005 m(uu, ud, dd), =~ m(us),
= [4] D. Ebert, et al., PRD 84:014025, 2011

Matter of similar (diquark) mass ?




ALICE

Theoretical calculations: BR(Q(C) — 77Q7) = 0.51“:(2)::1;? %0

Ratio ALICE (pp 13TeV)  Belle (e*e~ 10.52 GeV) [25]
PYTHIA 8 Monash!" largely underestimates Q2/D" and Q//Z? 2<pr<12GeV/c visible
. BR(Q) - Q 7)) xo(Q)/o(Af) (1.96£0.42+0.13) x 10> (2.2440.2940.16) x 10~*
Do not reproduce strangeness enhancement in pp _BR(OS - Q°77) x 0(Q0)/0(E5) _(399:£0.96:096) x 1072 (8.581.15:+£1.98) x 10~
2INOT enough to describe the measurement
o _— . . Q./A¢(pp)
Further enhancement with simple coalescence QCM'' still shows a hint of underestimation QA
C C
Catania'*! closer to data points, additional resonances decay considered QO/=%(pp)
cC'—¢C
o XS
e Data S I X )" ALICE 5 K X QY/E(ete)

O
. C .
[]Catania (coal.+fragm.) []Catania (coal.+fragm.)

—]Catania (coal.+fragm.+res.) PP, Vs=13TeV ] Catania (coal.+fragm.+res.) PP, V{s=13TeV

~1QCM | < 0.5 ~—1QCM | < 0.5

PYTHIA8 CR-BLC > 109 PYTHIA8 CR-BLC . 2159
[ ]Monash [ ]Mode 2 BR(QY — Q) = 0.51% 5’310, [ IMonash [ IMode2 BR(Q; — Q%) =0.51%"47,

=

B 1P Skands, et al., EPJC 74 (2014) 3024

W (2] J. Christiansen, et al., JHEP 08 (2015) 003
[3]J. Song, et al., EPJC (2018) 78: 344

W (4] V. Minissale, et al., PLB 821 (2021) 136622
[5] Belle e*e—: PRD 97 (2018) 7, 072005

BR =0.51%
BR unc. not shown

BR =0.51%
BR unc. not shown
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pp, Vs =5.02 TeV, |y| < 0.5 - _ ALICE

O  ALICE Preliminary

e pp, Is=13TeV

v pp, \s=5.02 TeV

p—Pb, |5, = 5.02 TeV, -0.96 < y < 0.04 A p—Pb, SNN - 502 TeV
O  ALICE Preliminary m Pb—Pb, sNN =5.02 TeV

e ALICE (PRL 127 (2021) 202301)

® ALICE (PRL 127 (2021) 202301)

4 Ve

g H

10°
<dI\Ich/dn>|n|<0.5

Fist measurement of A7 down to pr = 0 in p-Pb collisions
AF/DP: hint of in pr < 2 and in mid-pr

1.2) Compatible pr-integrated Aj/DO ratio in pp

Similarities to strange sector and p-Pb collisions within uncertainties

Hardening of pr by 3.70 according to <pT>

Radial flow? W [1] PRC 104 (2021), 054905 W@ [2] CMS: PRC 101 (2020), 064906




ALICE

Charm fragmentation fractions in hadronic collisions at 5.02 TeV
pp: PRD 105 (2022)1,L011103
p-Pb:
DY AT (new): measured down to pr = 0
D™, D7: extrapolated to p; = 0 using POWHEG+PYTHIA
=) not measured yet — app(Eg) X 208 X R pp,(AL) | +LEP, e'e’, Is=m;

e HERA, ep, DIS
o HERA, ep, PHP

factor 1.2~1.4

pp and p-Pb results compatible

Significant baryon enhancement w.r.t.eTe™ and e™p

W [1] B factories: EPJC 76 no. 7,(2016) 397

B (2] LEP: EPJC 75 no. 1,(2015) 19

W (31 HERA: EPJC 76 no. 7,(2016) 397 Wi [4] ALICE: JHEP 10 (2021) 159




ALICE

* ALICE (pp, ly| < 0.5), PRD 105 L011103 _

1* o ALICE Prellmlnary (p—Pb/A o 96<y<o 04)
10 o PHENIX (pp, [y| <0.5)
& STAR (pp, |y| < 1.0)

4x107% 107 '2x10~"

e — ——
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10
s (TeV)

W [1] STAR: Phys. Rev. D 86 (2012) 072013

W [2] PHENIX: Phys. Rev. C 84 (2011) 044905
[3] FONLL: JHEP 10 (2012) 137

W [4] Charm NNLO: PRL 118 (2017) 12, 122001

Results in pp@2.76 & 7 TeV from D
mesons updated with FFs from pp@5.02
TeV

driven by observed
baryon enhancement

On upper edge of FONLL"®' and NNLO'*
calculations



ALICE

AT was measured down to pr = 0 in pp and p-Pb collisions

Charm hadronisation mechanisms need further investigations

Coalescence in pp ?

Evidence that the charm fragmentation fractions are not universal

Re-distribution of p; that acts differently for AT/DY, no modification of overall pr-integrated yield ratio

Based on what was seen in strange sector ((multi-)strange baryon enhancement as a function of multiplicity),
enhancement of Z27/DY and QY/D" with multiplicity should be expected. Will we see it?

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

ICHEP - Jianhui Zhu Constraining hadronization with charm baryons with ALICE 13
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- ALICE y| < 0.5
" pp, Vs =5.02 TeV
Prompt Non-prompt

e Data m Data
FONLL FONLL + PYTHIA8 Dec.
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+1.9% BR uncertainty not shown
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Non-prompt
m Data

FONLL + PYTHIAS Dec.
Di < B*+B*+B2+A,
D! « B%+B*

D! « B,

op, Vs = 5.02 TeV

y| < 0.5

I|IIII|IIII|IIII|IIII|IIII
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__ICLEO
+ 20<y<25
H 25<y<3.0

4 30<y<35 |
4+ 3.5<y<4.0 ]
40<y<45 -
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Prompt and non-prompt D meson ratios independent of p; and collision system

Belle
L1 Babar/CLEO
+ 20<y<25
¥ 25<y<3.0

4 3.0<y<3.5
+ 3.5<y<4.0 -

W LHCb: JHEP 05 (2017) 074

Agreement with model calculations based on a factorisation approach and relying on universal fragmentation functions

and with e"e™ and e"p measurements
Compatible results between ALICE and LHCb

W FONLL: M. Cacciari, et al., JHEP 10 (2012) 137
W PYTHIA 8: P. Skands, et al., EPJC 74 (2014) 3024




ALICE
baryon-to-meson ratios significantly higher than e™e™ results
PYTHIA 8 Monash (e"e™ charm fragmentation functions)

baryon-to-meson enhancement at low p; also observed

ALICE Preliminary
y| < 0.5 Charm 351 LHCb

op, Vs = 13 TeV K1=A (s=13 TeV

e Phys. Rev. Lett. 128, 012001
o Preliminary

pp, Vs = 5.02 TeV a -
= Phys. Rev. Lett. 127, 202301 Beauty
o Preliminary o
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ALICE

ALICE Preliminary y| < 0.5
pp, Vs =13 TeV
FONLL + PYTHIA8 Decayer
flbo—Ay) ., BR(H —A:+X)
Bl f(b—A,) . BRH —5AL+X)
Wl (b—A) . BR(H —A:+X)

LHCDb PYTHIA 8
PDG

PYTHIA 8

&)

O
e
Q.
=
O
-
G
-
O
-
~~—
+ O
<
e
Q.
&
O
p _—
G
-
O
-

B LHCb: Phys.Rev.D 100 (2019), 031102

Non-prompt AT/D": pp vs. ete”

Enhanced beauty-baryon production in pp w.r.t. ee™ (different hadronization mechanism?)



ALICE Preliminary
p—Pb, |5, = 5.02 TeV

-0.96 < y < 0.04

-
=
IS

10°—

Non-Prompt A

—e— Data

FONLL + PYTHIA8 Decayer
f (b — AS)LHCb’ BR (Hb — AZ+X)PYTHIA8

| AL« B +B " +Bl+ A,
[ ] AL «B +B"+B

IS + 0
As « A,

TR S

S S S S S

7

+ 5.0% BR unc. not shown

+ 3.7% lumi. unc. not shown

Non-prompt AT

pr dependence well reproduced by theoretical calculations,

same as pp

oo mm—
(PSPPI D VISP IIIIIID
- -~ - - .-~ ~2 ]}
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ALICE

O

D:% o> 5 ALICE Preliminary []Syst. Unc. Data

p—Pb, \ SNN = 5.02 TeV yst. Unc. FONLL scaling
—0.96 < y < 0.04

Non-prompt A;
pp Vs-scaled reference

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

Non-prompt AL R py,
Compatible with unity and with prompt A7 R p,
within the large uncertainties



