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Introduction

* Charm quarks are produced at the early W
stages of the collision due to their large | V) ‘_ % g
mass — described by pQCD calculations | e " .

* ALICE measured a charmed baryon-to-
meson ratio in pp higher than ete  —
non-universality of charm
fragmentation?

* In this presentation the latest o gt sl L
measurements in pp collisions at W e 1 s A |
\/s =5.02 and 13 TeV, and in p-Pb and
Pb-Pb at \/syn = 5.02 TeV will be shown
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Heavy Flavour (HF) in pp collisions
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* Measurements in pp collisions are fundamental for testing perturbative QCD (pQCD)
calculations

* Cross section computed with the factorization approach including:
* Parton distribution functions
e Hard scattering cross section
* Fragmentation function

e Assumption of universal fragmentation functions (FF) — constrained from e*e and ep

QCD @WO rk ALICE Collaboration International Workshop on QCD Marco Giacalone — University and INFN Bologna 3 %




Heavy Flavour reconstruction

Measured hadrons Reconstruction decays

DO > K-t

D+ > K- T[+T[+

D.* > O(—-KK)m?

EC+ > E- T[+T[+

=0 >  Ze'y,,=

QCO > Q-

A > pKmtt, pKo%2p v
ZCO,++ > et /\c+

Examples of heavy-flavour hadron reconstruction

n A} flight line

L (A‘g)/'
Primary AT
vertex roe

do(m™)

QCD @ WO rk ALICE Collaboration

* Cross section measurements based on

invariant-mass analysis — selection
based on PID of daughter particles and
decay topology

e Exploiting excellent impact parameter

resolution provided by the ITS detector

— —_—

Data samples:
PP
¢ +/s=5.02TeV
e Js=13TeV
p-Pb and Pb-Pb
* +/SNN ™ 5.02TeV — Lprint ~ 287 l,lb_l
LPbeimz 1’ R5 ]Jb'l

— L.~ 19 nb’!
— L.~ 32 nb’!
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In the centrality intervals 0-10 and 30-50% /7
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Meson-to-meson vs baryon-to-meson ratios

o T T [ L | T T T T T T T T [ 17T | T T T l T

2 L[ ALICE y| < 0.5
o [ pp, Vs=5.02TeV

* Meson-to-meson ratio is p; and collision
system independent 1.0

| y

Prompt Non-prompt
e Data m Data
B FONLL g FONLL + PYTHIAS8 Dec.

* D*/D° prompt and non-prompt ratios 0.6
described well by|pQCD-based models > :q B I B S e e . 2 5
and they agree with measurements done at 0.4 -
e*e"and ep - :
0.2 -
BUT... e

o 2 4 6 8 10 12 14 16
JHEP 05 (2021) 220 p-|- (GeV/c)

ALI-PUB-482589

FONLL: JHEP 10 (2012) 137
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https://link.springer.com/article/10.1007/JHEP05(2021)220
https://link.springer.com/content/pdf/10.1007/JHEP10(2012)137.pdf

Meson-to-meson vs baryon-to-meson ratios

o ] | ] | I | I | ]
(]
;;;, i  ALICE —e— pp, (5 = 5.02 TeV _
e Charmed baryon-to-meson ratio shows a | o onash .
significant p; dependence — results up to 5x ! _ POHEG ]
higher than e*e- measurements at low p; —— GM-VFNS
| | o H :
* All models adopting FF constraints o -H—
[ ) o -
from e*e’/ep measurements i - 44
underestimate A*/D° results 5XY 1 Mg .
| 0.113:0.013+0.006 @ |
e+e- LEP results, EPJC 75, 19 (2015)
Other fragmentation mechanisms? - [ W\_\/\_;i’
Non-universality of fragmentation? o T I T
5 10
. Phys. Rev. C 104 (2021) 054905 p._ (GeV/c)
ALI-PUB-499742 T
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905

JHEP 05 (2021) 220

D mesons in pp collisions
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e Calculations based on factorization approach describe
well prompt production

* GM-VENS underestimates D mesons from b quarks

* Data provide good costraints for models — Results

uncertainties lower than theory ones

International Workshop on QCD
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https://link.springer.com/article/10.1007/JHEP05(2021)220

Phys. Rev. Lett.128, 012001
Phys. Rev. Lett. 127, 202301

A.Fin pp collisions

* Prompt A */D° dependent on
o T T 1 ‘ T T 1 ‘ T T | T T 7 T T 1 ]
pr — centre of mass energy :20 0. - ALICE Preliminary E
independent (5.02and 13 Tev) = = ¥1<%° E
M op, Vs =13 TeV -
.. 0.7 o Phys. Rev. Lett. 128, 012001 -
* New preliminary measurement o Preliminary :
0.6 PP s RO oY o7 soo301
performed down to p; =0 05 » Erys. Rov. Latt. 127, E
0.4l "Egh 3
* Flat e'e* trend not describing the o3 ko -
decreasing trend vs p; — modelso.2 EW S E
e-e* constrained included 0.1 E
== | | L1 ‘ | [ | ‘ | | | | | | L1 | ‘ | | | ‘ L
. . 00 5 10 15 20
* Models including enhanced p; (GeVic)
heavy-flavour hadronization
mechanisms provide a better description of the results
QCD @WO rk ALICE Collaboration International Workshop on QCD

[ [ [ ‘ [
" pp, (s=5.02TeV
- yl<05

+/D°

A

o ALICE Preliminary

PYTHIA 8 (Monash)
---------- PYTHIA 8 (CR Mode 2)
--------- HERWIG 7

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

SH model + RQM

° ALICE (PRL 127 (2021) 202301)

How do the A'e
models work? .
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Phys. Rev. Lett. 127, 202301

A.fin pp collisions

. : - o [ il
PYTHIA8 with enhanced Colour Reconnection (CR) 2 I pp. Vs =5.02TeV ]

0 . Y, . . <
* “Junction” topology recombination between - 1y <05 2
quarks and gluons - O ALICE Preliminary _

- ) ALICE (PRL 127 (2021) 202301) |

0.8— PYTHIA 8 (Monash) —

= assssssm PYTHIA 8 (CR Mode 2) -

e (Catania B HERWIG 7 N
. . B Catania, fragm.+coal. N

* Assumption of light quarks and gluons 0.6/ M. He and R. Rapp: —

= SH model + PDG
SH model + RQM

thermalised system

 Hadron formation by: fragmentation + 0.41
SeEI[sNgld=B8 dominant at p; =0 I

0.2— et Tl B, T —
 Statistical Hadronization Model and Relativistic T pp———— o i ]
Quark Model (SHM+RQM) S8 L

* hadronization by statistical weights + enhanced ° > 10 p. (GeV/c)
set of excited charm baryons providing strong
feed-down < PDG/RQM define quantity of decaying additional baryons |HESaaieiatiailia it
QCD@WOFk ALICE Collaboration International Workshop on QCD Marco Giacalone — University and INFN Bologna 9




Phys. Rev. Lett. 128 (2022) 012001 ZCO,+,++( 245 5 ) at \/E — 1 3 Tev

N 0-8 7| T T I T T T | T 1 T T T I T T T | T 1 | T 1 T I |7 N 1.2 T T T I T T T | T T T | T T T | T T T | T T T | T T T
S [ ALICE % [ ALICE ]
*07F <05 = pp, \s=13TeV 1 x i y[ <05 v pp, \s=13Tev ]| *Pythiagwith Monash:
> : - SRS BRI ~|  arXiv:1404.5630
0.6 PYTHIA 8.243, Monash 2013 4~ Eﬁ:&gﬁg' (l\}/lgnsfg.zms | *Pythia8 with Colour reconnection
2L - PYTHIA 8.243, CR-BLC: 1 Seo I Mode 0 - Mode 2 71 beyond leading colour (CR-BLC):
05 v Mode O ---- Mode 2 4 W ] — Mode 3 | JHEP 08 (2015) 003
- Mode 3 1 4 - EEES SHM-RQM 1
FT SHM+RQM 1 5 n gl SN atania |
0.4 - Catania . 0.6 i R —— QCM |
P —— QCM : ! :
0.3 S T BR uncertainty 0.4 I T N
u _ B I ' ‘"“‘"-' *Quark (re-)Combination Model (QCM):
. i et 4 Eur. Phys. J. C 78 no. 4, (2018) 344
10x 4 Qe B
+ - i | 1 | I 1 | 1 | | 1 l | 1 l | | | | 1 | l 1 | | 1 | 1 |
€€ 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
=0.02 - Belle Collaboration pT (GeV/c) pT (GeV/c)

Phys. Rev. D 97 (2005) 07

* Ratio larger than e*e results — Underestimated by PYTHIA8 with Monash tune — Z %**+/D°
shows a larger enhanchement compared to A_*/D°
. , QCM, models describe well the experimental data

QCD @WO rk ALICE Collaboration International Workshop on QCD Marco Giacalone — University and INFN Bologna 10 %



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001
https://arxiv.org/pdf/1404.5630.pdf
https://arxiv.org/pdf/1505.01681.pdf
https://arxiv.org/pdf/1505.01681.pdf
https://arxiv.org/pdf/1902.08889.pdf
https://arxiv.org/abs/1801.09402
https://arxiv.org/pdf/2012.12001.pdf

Strange charmed baryon production: = °*

Phys. Rev. Lett. 127, 272001

(@] 06_ ! | ! | ! | ! | ! | ! | ! 9 - A]L|6El | ! | ! | ! | ! | 3
-— B ALICE ~0;0 - C =0/ A+ =0 4/504,++ 7
. - ) - o =/D BR unc. 4 @© - EdA; EIEG .
* Ratio=%/D°enhanced = ggppp (s=13TeV , o 1 2 [pepis=13TeV gy o . O
by afactor=30atlowp, § /57" o swenon 12 VIS e o
T CIE) 04F 722 gétania (coal.+fragm.) 1 g 10 " Catania wth W
1 1 r M mm== - unc. QCM  ===e=s ceeees -
C0n5|der|ng PYTH|A8 ..CI)_. E PYTHIA 8.243 - _é E SHM+RQM SNy s E
with Monash tune c 0.3 v+ . o e 1 = o E:%ﬁ‘#“
= N Mode 2 1 >
Soof Whgm o Tk i g
0 " g I 1 m ]
* All models W u ; N ]
: 0.1F R g — S - | )
ur:)der%stlmate the [ ["”"’"I»T»»f-mﬁ._; . @K‘@W\T%.\.—
: '+ ° 1 1 1 1 1 1 1 l 1 C 1 1 1 1 1 1 1 -
=.*/D? ratios 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
GeV/c GeV/c
pT T

e 29 29" in pp agrees with PYTHIA8 Monash Tune — Similar enhancement in pp w.r.t. e*e-
collisions?

« Catania model describes well baryon ratios — closer than other theories for the D ratio
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.272001

Doubly strange charmed baryon production: Q_°

: ; NEW  arXiv:2205.13993 NEW
First measurement in pp N — T r -t 1 T T 8s&e E ' - - T3
o — © : 8:Enia(coal+fragm) ALICE ° - égg;gnia(coahfragm) ALICE 3
COIIISlonS at \/E =13 TeV S5 1 ;Catania (coal:+fragm:+res.) pp, Vs =13 TeV 5;:3 1 g ()Catania (coal:+fragm:+res.) pp, Vs=13TeV =
% 10 B Coacm ly| <0.5 2 E [ 1QCM V<05 3
PYTHIA8 CR-BLC + I PYTHIA8 CR-BLC ]
* Branching ratio (BR) of 407 | ClMonash CiMode2 BRI @) - 051 £ 107 E Civonash CiMode 2 BRIOE - ) = 051 B
0 R & 103 EPJC 80.(2020) 1066 S, L EPJC 80 (2020) 1066 .
Q.° — Q1 from o 7 10 :
. 0010_ oc:o
calculations — Used to =0 = 107 i
[a1] m E'
scale model predictions 106 ] 0k :
2 6F E:R:(I).51‘;o BRI — =—|' N 2 6F BR_'051; ' ' I ' -
-— 3 4 F_ BRunc. not shown —] = "g 4 = BR anc no?shown =
Q.L/D%and Q°/ =0 are S LE == E[X- B S—— S 3
larger than theoretical Y e e o E———TT I IR ] - o—————— T -
o i £t O 2 4 6 8 10 12 14 O 2 4 6 8 10 12 14
predictions — Catania p; (GeVic) p; (GeVic)

model closer to data in
describing baryon-to-

baryon ratio when adding
higher mass resonance decays

QCD @ WO rk ALICE Collaboration

Ratio

ALICE (pp 13 TeV)
2<pr<12GeV/e

BELLE(eTe™ 10.52 GeV)

visible

BR(Q! —» Q 7t) x 6(Q0) /o (E?)

Significant contribution to charm production at LHC energies by Q ° ?

International Workshop on QCD

(3.994+0.9640.96) x 1073

(8.5841.154+1.98) x 1074
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https://arxiv.org/abs/2205.13993
https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005

+/DO + charm fragmentation with pp and p-Pb

‘\\\|‘\\\||\\\—-a1.0 I I I

o |21 e
< In 0. {5 = 5.02 TeV. |y| < 0.5 11 - = ALICE, pp, (s = 5.02 TeV NEW .
i - 1o (PRD 105, L011103 (2022)) _
i o ALICE Preliminary 15081 = ALICE Preliminary, p—Pb, |5, = 5.02 TeV — NeW|y measu r'Ed dOWﬂ to pT =0
0.8 e  ALICE (PRL 127 (2021) 202301) —| i —ALICE, pp, :2 x A x Rypy(Ag) (Preliminary) ]
i p-Pb, (5., = 5.02TeV, 096 <y <004 | : Eéidsrfs st mr 10.5 GeV
o ALICE Preliminary . 0.6 |- o+.“ « HERA, ep'! DIS —
e  ALICE (PRL 127 (2021) 202301) | I o HERA, ep, PHP i
04 1* ] —
- [ ‘ —
| - . 7
# 1 02 Eas e ] O
| I Cafen] [ Y
e | | -+ =1 Not measured, calculated with:
10 15

B T QO ® @ © @ 208 oppED) - RoeAD
> pp\=c C 1 doppy/dpr

Rypy =
P A dopy/dpr

* Ratio A_*/DP in p-Pb collisions larger than in pp for p; > 3 GeV/c — harder p; spectrum

 Charm fragmentation fractions compatible in pp and p-Pb

Baryon enhancement compared to e*e  and ep measurements
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arXiv:2112.08156 /\c+/DO | N p p an d h e avy ' OMNS PhysLettB 829 (2022) 137065

N.*/DP ratio showing different
sHuc + FastReso + coona | tr€Nd as a function of p; for
Catania 1 pp and Pb-Pb — 30-50%

D 14FALICE  0-10% Pb—Pb

Fly| <05  30-50% Pb-Pbysy, =502 TeV -

I + 72 Tamu : _ .
1 i 1 1 centrality interval is closer to
7. 1 pp ‘
o T S 2 : Radial flow causing
1 105 (GeVvie)T C ..
gL R A SR S T dissimilar p; shapes?
o 1.4 ALICE v <0.51] Phys. Rev. Lett. 124 (2020) 042301
<120 e pp. (=13 Tev — s * TAMU model describes better the results than Catania, which
- v pp, Vs =5.02 TeV [ syst. - . . _—
tapmisose e failsat low centrality e e —
- " Pb_Pb’\/ST‘N=5'02 Tev SN total 1 equilibrium + space-momentum correlations of
0.85 ‘ - heavy quarks with partons of expanding QGP
06} ; { + O _. . o .
ST @H ER The A_*/D° p-integrated ratio as a function of charged particle
i S density does not show an enhancement between pp, p-Pb and
0.2 7 . .
] Pb-Pb collision systems
1 10 10° 10°

(AN /dm)yy1c0
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https://www.sciencedirect.com/science/article/pii/S037026932200199X
https://sci-hub.hkvisa.net/10.1103/PhysRevLett.124.042301
https://arxiv.org/abs/2112.08156

Summary

* From the analysis of heavy-flavour baryons production we learned:

e Additional hadronization mechanisms in pp could take place compared to e*e’//ep —
models including enhanced production of baryons better describe the measurements

More studies needed to discriminate among different theoretical descriptions

* Fragmentation fractions are not universal — baryon-to-meson ratios are not the
same in different collisions systems

 New measurements will be performed opening SRS le]grels thanks to:
 RUN 3 higher statistics and improved tracking resolution
 ALICE3: a new heavy-ion experiment for RUN 5 and 6

High accuracy B-hadron Multi-charm  Much more
results down to 0 GeV/c baryons
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Detector setup

* Inner Tracking System (ITS) and THEAHCEDETECTOR s s aaa R ;o

d. VO and TO
e. FMD

Time Projection Chamber (TPC)
— charged particles tracking

 TPC and Time Of Flight ( ) ) 0 o O
— Particle Identification (PID) : —— L5y W T —
: —--
* VO — centrality

14, Muon Trigger

15 Dipole Magnet
. ge 16, FMD

Rapidity coverage 17 AD

18.ZDC

Central barrel — |n|< 0.9 19. ACORDE
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