Studies on the hadronization of charm
and beauty quarks with ALICE

34th Rencontres de Blois
14-19 May 2023

f

L. Dello Stritto (University and INFN Salerno, Italy)
on behalf of the ALICE Collaboration




Physics motivations

« Heavy quarks are produced in the early stage of heavy-ion Hop. D"

collisions, in hard-scattering processes. They experience the

whole medium evolution.
Negligible thermal production and annihilation rate.

M) Yield ratios of charm/beauty hadrons are
sensitive to in medium heavy-quark %‘”‘

Pre-Equilibrium
Phase (< 1)

hadronisation. A
Evolution
=P pp collisions test pQCD calculations
(factorization approach, with FF assumed ©—> %@ ARG
to be universal across collision systems). A

............. | @ & |

1. Parton distribution functions 2. Partonic cross section 3. Fragmentation functions

=P p-Pb collisions to study cold nuclear D_,_*_'

matter (CNM) effects.
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The ALICE detector

Time Projection Chamber:
 Track reconstruction
 PID via dE/dx e

Inner Tracking System:

« Primary and decay vertices
reconstruction

« Tracking

« Multiplicity measurement with

the Silicon Pixel Detector (SPD)
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4 N —

A

Time of Flight: o | VO detectors:
« Particle identification via " -
time-of-flight measurements

« Multiplicity / centrality
estimation
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* No p; dependence observed for both o 1.2_—ALI\EE 5 02 ToV yl<0.5 -
prompt and non-prompt D*D° meson-to- QL PRAs=0o0c18 :
meson ratios. 1.0 Prompt Non-prompt .

- e Data m Data i
_ - FONLL FONLL + PYTHIAS8 Dec. -

« Good agreement with FONLL model 0.8 _
calculations  based on factorisation I _
approach and assuming FFs universality 0.6 | .
(EEs measured in e*e callisions). Lot $$
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Nothing unexpected in the meson sector! - +1.9% BR uncertainty not shown -
_I L1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | I_
0 2 4 6 8 10 12 14 16
p. (GeV/c)
Luigi Dello Stritto, 34t Rencontres de Blois 2023, Blois (France) 4

Charm and beauty meson production

ALICE: JHEP 05 (2021) 220

O —r-—Q

FONLL: Cacciari et al., JHEP 1210 (2012) 137



https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
https://link.springer.com/article/10.1007/JHEP05(2021)220
https://link.springer.com/article/10.1007/JHEP10(2012)137
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Charm baryon production at LHC

A /D baryon-to-meson ratio in pp is significantly
enhanced with respect to e*e collisions.
LEP average: (0.113 = 0.013 = 0.006)
EPJC 75 (2015) 19

* p; dependence observed.

 Models based on simple fragmentation with FF
tuned on e*e" collisions cannot describe the data.

M Non universality of the charm FFs among
different collision systems.
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Modified hadronization mechanisms needed to catch the data!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3

Charm baryon production at LHC

ALICE: PRL 127 (2021) 202301 ©—*> =<0
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_ALICE pp, Vs = 5.02 TeV
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i —=— ALICE
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_____ - Catania, fragm.+coal.
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PYTHIA 8 (CR Mode 2)

« Colour reconnection mechanisms beyond leading
colour (BLC) approximation with new junction
topologies that favour baryon formation.

Christiansen & Skands, JHEP 1508 (2015) 003
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Catania
 Thermalized system of u,d,s and gluons.
« Hadronization via interplay of fragmentation and

coalescence A+
g 200
V. Minissale et al., PLB 821 (2021) 136622 00 . m@
00
U
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://www.sciencedirect.com/science/article/pii/S0370269321005621?via%3Dihub

Charm baryon production at LHC

ALICE: PRL 127 (2021) 202301 ©—*> =<0

T ! T T l ! T T T [ T

9. 1 ALICE pp, Vs = 5.02 TeV
+ 0
<

- ly| <05
i —&— ALICE

0.8 —— PYTHIA 8 (Monash)
A e PYTHIA 8 (CR Mode 2)
0_6_ - Catania, fragm.+coal.

SH model + RQM

| ] ] ] | [ | | | ] | | | [ | [

0.4
g el "
B W_
i | | | | | | | | | ‘ .
0 ) 10
P, (GeV/c)

 Quark hadronisation driven by statistical weights
governed by hadron masses.

 Feeddown from excited baryon states predicted by
the Relativistic Quark Model (RQM).

Hee & Rapp, PLB 795 (2019) 117-121

QCM

« Pure coalescence model.

« Charm is combined with co-moving light antiquark or
two quarks.

Song, Lii & Shao, EPJC 78 (2018) 344

A/DO ratio properly described by Pythia8 (CR-BLC),
Catania, and QCM
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301

Charm baryon production at LHC

« Enhancement observed also for heavier charm baryons (Z.%*, 2.2, Q2.

* Pythia with CR beyond LC,
describe the X %**/DP ratio.
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« Enhancement in the charm-strange sector even larger.
=% qualitatively described only by Catania model.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.272001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001

Charm baryon-to-meson ratio vs multiplicity

QO—=+—g

PLB 829 (2022) 137065
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Y. Cen and M. He PYTHIA 8.243

T CE-SHmodel  —— Monash { « Significant (5.30) dependence on

[a] - T —
o T ALCE
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Y oSS  THA: SHmodel — GRBLO Mg | multiplicity in 1 < p; < 12 GeV/c.
i - 31 29 31 CR-BLC Mode 3 ]
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« A./D ratios in pp are enhanced
w.rt. e*e collisions also in the
lowest multiplicity interval.

« Pythia Monash underestimates the data and fails to reproduce the multiplicity dependence.

« A./DP ratios pr and multiplicity dependence qualitatively described by Pythia with CR beyond LC
and by SHM with an augmented set of charm baryon states.
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Charm baryon-to-meson ratio in p-Pb and Pb-Pb

And in p-A and A-A collisions?
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Shift of the spectra towards higher p; is predicted by coalescence models.

[ ALICE Preliminary
" pp, p-Pb, {5 = 5.02 TeV

[ p—Pb: £22% BR unc. not shown
— pp: £28% BR unc. not shown
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QCM catches the A /D ratio, but it underestimates the =.%/D° .
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Charmed baryon-to-meson
ratio enhancement at
intermediate p; (> 2 GeV/c)
moving from pp to p-Pb
collisions.

fragmenting parton
Pn = Z'p, With z<1
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https://arxiv.org/abs/2211.14032

Charm baryon-to-meson ratio in p-Pb and Pb-Pb

And in p-A and A-A collisions? arXiv:2112.08156
O -I T ] ] T 1 LI I 1 T 1 i
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SHMc: JHEP07(2021)035
Catania: PRC 96 (2017) 044905
TAMU: PRL 124 (2020)042301

Charmed baryon-to-meson
ratio enhancement at
intermediate p; (> 2 GeV/c)
moving from pp to p-Pb to

Pb-Pb collisions.

- Catania and SHMc qualitatively predict the observed shape but underestimate the result at
intermediate p;. TAMU catches both the shape and the magnitude of the data.

Overall baryon production enhancement or redistribution of p between baryons and mesons?
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https://link.springer.com/article/10.1007/JHEP07(2021)035
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.044905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
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Integrated Charm baryon-to-meson ratio

p-Pb: Phys. Rev. C 104, 054905
Pb-Pb: arXiv:2112.08156 « printegrated A.*/D° ratio measurements in pp,

S L p—Pb and Pb—Pb compatible with one another.
-~ ALICE y| < 0.5

.8~ e pp, Vs=13TeV —stat. = SHMc - * Re-distribution of p; that acts differently for
- v pp, Vs =5.02 TeV [ ]syst. * Catania A baryons and mesons. No modification of
- A p-Pb, \s,, =5.02 TeV extr. < TAMU - overall p; -integrated yield ratios.
- = Pb-Pb, /s, = 5.02 TeV total PYTHIA8
— ¢ Au-Au, \/s,,, =200 GeV —Monash —
- STAR, PRL124(2020) 172301 —CR-BLC 27 Same mechanism in all collision systems?
= _ E Modified hadronization? Radial flow?
- ¥ Yy & -
= 5 ey I
= - 1 ¢ Flat trend reproduced by models with
= E hadronization  via  fragmentation  +
— 1 |_||||||T- |_|_||||||| ] IIllIIII | L 1] H H !

recombination (Catania, TAMU).
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https://arxiv.org/abs/2112.08156
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905

Total charm cross section and FF

|y

do</dy

 Significant baryon enhancement with respect to ete™ and e p.

« Measurements in pp and p-Pb at /s = 5.02 TeV compatible
within uncertainties.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L011103

Beauty baryon-to-meson ratio

What about the beauty sector?

« Agreement between prompt and non-prompt A.*/D° in both pp and p-Pb collisions.
« Non-prompt A/*/D° ratio are well described by FONLL + Pythia8* model calculations.
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*b — A,° fragmentation fractions measured by LHCb. Phys. Rev.D 100 (2019) 031102(R)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102

In-medium energy loss

< L PR R LGR: EPJC 80 (2020) 671 % %
c [ ALICE, Pb—Pb, |5 = 5.02 TeV _ CUJET3: JHEP 02 (2016) 169 I
i 0-10%, |y| < 0.5 . MC@sHQ+EPOS2: PRC 89 (2014) 014905
151 e non promopt D §< 4:_ ALICE
i Tt1 ° PomptD T 'F Po-Pb, 5 =502 Tev
- - C 0-10%, |y| < 0.5

non-prompt

AA

R

=L

- open markelrs: P extrapolated pp reference |

1 10 p (GeV/c)
* Rpn(b— D% >RAn (c— DY) at intermediate py.
=P in-medium energy-loss mass dependence (dead cone effect) :

O
lower mass parton higher mass parton

« Theoretical models that include quark coalescence and collisional and radiative energy loss
catch the data.

Luigi Dello Stritto, 34" Rencontres de Blois 2023, Blois (France) 15


https://link.springer.com/article/10.1007/JHEP12(2022)126
https://epjc.epj.org/articles/epjc/abs/2020/07/10052_2020_Article_8243/10052_2020_Article_8243.html
https://link.springer.com/article/10.1007/JHEP02(2016)169
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.014905

Summary and outlook

 Models based on in-vacuum fragmentation assuming universal FF among collision systems do
not describe charm-baryon production in hadronic collisions at the LHC.

» Charm hadronization not a universal ﬁ/lore on heavy-flavour measurementh

process across different collision systems. with ALICE:

- . : Vit Kucera, May 16 (18:40):

» Modified hac!romsatlon mechanisms “Heavy-flavour jet measurements in pp and
needed to describe the heavy-flavour baryon Pb-Pb collisions with ALICE”

measurements.
Thomas Herman, May 16 (17:40):
“Recent results on J/psi photoproduction in

K UPCs with ALICE” /

» Upgraded apparatus — ITS 2 with improved impact parameter resolution.
» Larger data samples — Continuous readout at 50 kHz interaction rate for Pb—Pb collisions.

« LHC Run 3 data taking:

” New precise measurements of charm and beauty hadrons!
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Backup
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Beauty in-medium energy loss

< J_HEP 12 (2022) 126 aa LGR: EPJC 80 (2020) 671 %_‘ .—%
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Testing different assumptions with LGR model:

» Valley structure at low p; explained by quark coalescence (case iv).
» Beauty R, enhancement at high p; due by mass dependent quark in-medium energy loss
effect (case i).
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Charm baryon production at LHC
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Baryon-to-meson ratio
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Integrated prompt A.*/D° baryon-to-meson ratio
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Integrated prompt A.*/D° baryon-to-meson ratio
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Prompt D.*/D° strange to non-strange meson ratio

LN N A B S B BN B

SCALICE

B 08
~ - pp, 's=13TeV, |y| < 0.5
+ 0 -
QO o04F N, muliplicity classes
(dN_/dn): ALICE; PYTHIA; SH model
—— 3.1; 2.9; 3.1
—p— 37.8; 40.6; 37.8

ff

LI T

PYTHIA 8.243
= \Monash

|
IIIIIIIIIII

L1l

T | DA 1 T L

Y. Chen and M. He
CE-SH model

1 CR-BLC Mode 0
CR-BLC Mode 2
CR-BLC Mode 3

- %)
11 1 | M B | 1
Illllllllllll

|

paaad s s m sl e aaaly

« D, */D° ratios compatible with PYTHIA Monash and CR-BLC.

D.*/DO ratios are p; independent in
the measured p; range.

Dependence of D/*/D° ratio on
multiplicity not observed within the
uncertainties.

The results are comparable with
the measurements performed in
e*e collisions.

« The CE-SH model describes the low multiplicity D,*/D° measurement, but it overestimates the data in the

highest multiplicity interval.
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D meson and A" Ry
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- ALICE 0-10% Pb-Pb ¥ 30-50% Pb—Pb
- Prompt A] VS =502 TeV 1 y[<0.5 3
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D.* excited states p,-integrated yield ratio

SHM: Hee & Rapp, PLB 795 (2019) 117-121
: Andronic et al., JHEP 07 (2021) 035

* First measurement of D,;* and D,,”* production at the LHC.

+ v _I — ‘ e | — Il‘ ‘ ‘.I : | — I — ,._' ' ) _I T T 1 | T T 11 | T 1T I.I T I.I T ‘ T 1T | T T V\ )
2 0.05-ALICE Preliminary 7° 0.1-ALICE Preliminary -
Q” - pp, Vs=13TeV, |y| < 0.5 . " pp, \s=13TeV, |y| < 0.5 i\
- i Data (2 ccevie B Data (2 < p_ <24 GeV/c) o O—+=+0
* B u a <p,< eV/c N B * <p;< eV/c ]
9]\ 0'04- SHM M. He, R. Rapp (o, >0) - 0'08_ ] =t SHM M. He, R. Rapp (o, >0) |
- i SHMc GSH-Heidelberg (p, > 0) | . SHMc GSHHeidelberg (0. >0) -
% 0.03 7 o060 1. Compared_ to ground
o | ] -] 1 state (D¢*) in MB and HM
% B ] Co e
. F | - . vs. multiplicity.
" 0.02- |:]:| ~ 0.04[ _ P Yy
B 1 [ |« No clear multiplicity
001 B e B B dependence observed in
I Model predictions only ] - Model predictions only -
| BR = (22 + 2)% PRD 93 (2016) 034035 and PTEP 2022 083C01 | . BR =|23.35°/1|) PRD 95; (2016) 0‘34035 | | | | data.
| - { I | I I { I | I I | I | | I | L1 1 1111 1 111 I | 1 1] | I 11 1 | L1 11 111
%5 10 15 20 25 30 35 % 5 10 15 20 25 30 35
<dNch/dn>|n| <05 <dNch/dn>|n'| <0.5
« SHM and models compatible with the D¢,*/D,".

« Tension between models and D,,"*/D.* measurements (2.5c0 at low multiplicity).
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https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
https://link.springer.com/article/10.1007/JHEP07(2021)035
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