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Heavy-quark prod n

Heavy quarks (charm, beauty): [Bare masses: mc ~ 1.3 GeV/c?, my, ~ 4.2 GeV/c?]
> produced at the early stages of the collision via hard scattering

> production cross-section calculated using factorization theorem:
dokale = fuyalx, Q) @ fiys(xe, @°) ® dosi™Se(xe, %6, @°) ® Deso(z, Q%)

ab Parton Distribution Parton hard scattering Fragmention
Function (PDF) cross section Function (FF)
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® Test perturbative QCD calculations

® Study hadronization mechanisms in vacuum

® Baseline reference for heavy-ion studies
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Small systems and event activity

Unexpected features in high-multiplicity
events of small collision systems:

> Ridge formation

[CMS, JHEP 09 (2010) 091]

—> collectivity
> Anisotropic flow

[CMS, PLB 765 (2017) 193]

> Strange baryon enhancement

[ALICE, Nature Physics 13 (2017) 535-539]
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Small systems and event activity

Unexpected features in high-multiplicity
events of small collision systems:

> Ridge formation

[CMS, JHEP 09 (2010) 091]

—> collectivity
> Anisotropic flow

[CMS, PLB 765 (2017) 193]

> Strange baryon enhancement

[ALICE, Nature Physics 13 (2017) 535-539]

Open questions in small systems:
> Are mechanisms similar to those observed in
heavy-ion collisions at play?

> If/how particle production mechanisms are
affected by different event activities?

> What about hard probes (heavy flavour par-
ticles)!??
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Small systems and event activity

Unexpected features in high-multiplicity
events of small collision systems:

> Ridge formation

[CMS, JHEP 09 (2010) 091]

— collectivity
> Anisotropic flow

[CMS, PLB 765 (2017) 193]

> Strange baryon enhancement

[ALICE, Nature Physics 13 (2017) 535-539]

Open questions in small systems:
> Are mechanisms similar to those observed in
heavy-ion collisions at play?

> If/how particle production mechanisms are
affected by different event activities?

> What about hard probes (heavy flavour par-
ticles)!?7?

Event activity: Related to mechanisms of particle production occurring in a collision/event.

Observable to investigate hadron production as a function of event activity:

Multiplicity: Number of particles produced in a single collision
— helps to understand the interplay of hard and soft processes
— to search possible connections between small and extended interacting systems

Initial Stages, 19-23 June 2023 2/15

Heavy-flavour production in small system from ALICE


https://arxiv.org/abs/1009.4122
https://arxiv.org/abs/1606.06198
https://arxiv.org/abs/1606.07424

Open heavy-flavour with the ALICE detector

ALICE
: en heavy-flavour particles
/" Inner Tracking System (ITS): A Op . . y . P .
(Time Projection Chamber] | Tracking, vertexing and PID e studied in this presentation:
(TPC) : Silicon Pixel Detector (SPD): VU Detector:
Tracking and PID Triggering and multiplicity riggering and
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estimation ‘\\lullipll y measurement)
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Muon Spectrometer
Detector (TOF): Triggering, Tracking - 0
PID via time-of-flight i D**(cu) — D7 *
and muon PID
\___measurement )

D (cs) — K-K+rt

- .
( Electromagnetic

Calorimeter
(EMCal) :
\_PID and trigger [ S A= 3 .7'

A (udc) — pK— 7t
— pK?

D, B — e+ v. + X(s)

Non-prompt mesons — Mesons from beauty
hadron decays
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Charm hadronization in pp

ALICE
ALICE, PLB 829 (2022) 137065
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uncertainties I ﬁ 1
L 2.2 R .
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¢ Measurements compatible with ratio of I T 1
fragmentation fractions (FF) as measured from 0.1 ]
ete™ collisions at LEP
[L. Gladilin, Eur. Phys. J. C 75, 19 (2015)] L 1 P P [ I
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Charm hadronization in pp

Baryon-over-meson ratio D oo

+ /Do : o

NS /D° vs. pr: <08
0.7}
e Increase from lowest to highest multiplicity 0.6
with significance of 5.3 o 0.5
— indication of modification of hadronization 04
mechanisms from small to high multiplicity 0.3

0.2

ee’o.1

e Higher than value measured in eTe™ collisions

ALICE, PLB 829 (2022) 137065
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[L. Gladilin, Eur. Phys. J. C 75, 19 (2015)] 0 5

— fragmentation not universal
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Charm hadronization in pp

ALICE, PLB 829 (2022) 137065

Comparison with I?)YTHIA 8 prediction A | ALICE op. (5 = 13 TeV |
+ : o 1= < 0.5
/\C /D vs. pr: < I N, multiplicity c:ll}e/l'sses 1
® Largely underestimated with PYTHIA 8 0.8- '];”.Vih/dgf ]
Monash tune i 378 1
0.6~ B
® Multiplicity trend described with PYTHIA - ‘ PYTHIA 8.243 1
8 including color reconnection mechanisms 0_4%% — — Monash i
beyond the leading-color approximation i N,  ZZ CR-BLCMode2 |
(CR-BLC Mode 2) I gL s, . ]
. 0.2 191 .
— Increase of baryon over meson ratio thanks i — 1
to new junctions induced by CR of ———-—T—'_"T"_"T—"‘\‘——~’

fragments 0 5 10 15
P, (GeV/c)

[Details on PYTHIA 8 in slide 15] PYTHIAS Monash [Eur. Phys. J. C 74 (2014) 3024]

PYTHIA8 (CR-BLC Mode2) [JHEP 08 (2015) 003]
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Charm hadronization in pp

Comparison with a statistical hadronisation model (SHM) prediction

° A B L T U
[a] r T PYTHIA 8.243 Y. Chen and M. He
5 [ e tatevyi<os 1 o o srimese
< osf PP ST IS ] [ CR-BLC Mode 0
0 3 Ny, multiplicity classes 8 CR-BLC Mode 2
/\+ / D" vs pr: r (dN/d7): ALICE; PYTHIA; SH model CR-BLC Mode 3
c = MT- i = 31 29 3.1

o
)
T
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ALICE, PLB 829 (2022) 137065 Low mult.
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CE-SH model [PLB 815 (2021)
136144]

i
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P
——+
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CE-SH model: Explains the multiplicity dependence
— Canonical-ensemble statistical hadronisation model

— Includes additional excited baryon states predicted by the Relativistic Quark Model (RQM)
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Charm hadronization in pp

ALICE
ALICE, PLB 829 (2022) 137065
- + 0. ° T T T ]
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<18 e pp, Vs = 13 TeV —stat. © SHMc
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No evidence of multiplicity dependence, from ] 45 A p-Pb, |5, =5.02 TeV extr. & TAMU ]
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1.2 0 Au-Au, s, = 200 GeV —Monash
— Increasing trend in baryon/meson ratios in 4 STARPRL 124 (2020) 172301 — CR-BLC 2
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No enhancement of pr-integrated ratios in 1 10 102 10°
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— RePFOdUCEd by fl’agmentation + recombina- \’Y\}\);I::’(\i!\glm(id;.:u;:;(J:?LE:SL?EZZ[W]: 003
tion (Catania) and qualitatively by SHM predictions TAMU: PRL 124, 042301 (2020)
[SHMc: JHEP 07 (2021) 035] CATANIA: PRC 96, 044905 (2017)
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Beauty hadronization in pp

ALICE

Normalised fraction of D°, D™ mesons from beauty hadron decays:

_ e e T
of ALICE PP, Vs =13 Tev PYTH|A8
New Result i -D“ D* average, |1 < 0.5 |Monash Golour Ropes
B CR-BLC 0 [JCR-BLC 2
12 1 cRBLC3
8
5
=2
=
ALICE, arxiv:2302.07783 ié'1 0
PYTHIA8 Monash: EPJC 74 (2014) 3024
PYTHIAS (CR-BLC): JHEP 08 (2015) 003 08 T T ]
(@ON_fdm) . =|4.41+0.05|] (ON_/dp)  =/13.81+0.14|] dN_/dn)  =/31.53+0.38
CGC: PRD 101, 094020 (2020) ) coh W‘kanj \ r ICh g MI<05 . . !ih 2 VII<0.5 : .
5 10 15 20 5 10 15 20 5 10 15 20
EPOS: PRC 89, 064903 (2014) pT (GeV/c) pT (GeV/o) pT (GeV/c)
e Compatible with unity vs. pr and multiplicity Increasing multiplicity

— Similar production mechanism of c-quarks and b-quarks in events with different multiplicities.

e Model Comparison: PYTHIA 8 (Monash and CR-BLC) and CGC fairly reproduce data
EPOS 3, 4 predict a different pr dependence of the £1u! JFINEL>0 ratios compared to data.

non—prompt/ 'non—promp
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Multiplicity dependent yields of c,b — e in pp an

d?N/dprdn
(d*N/dprdn)

c,b — e:

pp collision:

Faster than linear increasing trend, and
pr dependence, influenced by:

— jet fragmentation affecting the measured
multiplicity

— fraction of electrons from charm and beauty
hadron decays.

High momentum partons — accompanied by larger
number of fragments — contribute to high multiplicity

!

Auto-correlation

Heavy-flavour production in small system from ALICE

2 2
d°Nidp dy / (d°N/dp.dy ).,
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o y=x o C ]
101= + 5 % uncertainty on g @ s 7
[ multiplicity not shown E - ]
5F o T 3
C o e ]
c'...er--.-'l"I";'.‘.|....|....|....|....|. ]
1 2 3 4 5 6

Inl<1

dN/dn / (chh/dn >INEL>0
ALICE, arxiv:2303.13349
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iplicity dependent yields of c,b — e in pp an

2
cb — e AN/dprdn o dNen/dn

(2N /dprdn) (AN /dn)
isi : UL I LS I LS I UL I R
p—Pb collisions: 14 .
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However, no pr dependence is observed:

o 12
d*Nrdp.dy / (EN/dp_dy ),

x
+14<p1<26 GeV/c
gL shifted by 8x = {0.08, 0.12, 0.16, 0.2}
. « . . T =X
— Muiltiplicity dependence is driven by . isf/fppcenaimy on 'ﬂ o
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og¥_ .- g
. . 2 s —
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- - PPN ITEPIT AT AP AT AR
— Effect of auto-correlation is smaller 25 3 35 4
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Multiplicity dependent yields of c,b — e in pp an
Comparison with model predictions:

ALICE

2102_ T T T T Z102—|\||||\||\\|vv||||\||\\| ™
z z
N = ] N i
3 A‘FLICE - 3 AﬁLICE & =
S 10F PP s=13TeV e g 1oL PP, Vs=13TeV adff="__ |
> cb-e e = o cb—e m}}’/
& e ©
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P i =1k J
) o Data PYTHIA 8.2 (CR Mode 2) 3 Data EPOS 3 hydro
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o gprHHHHHH R o 4T
s s
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g == a 2. E JEI |
Lo " " _ - 2l 1 3 == B
L \?lilgi%TJ R =N
1 2 3 4 5 g“ 1 2 3 4 5 6
< i<t
dN,/dn / (dN_fdn (5 AN/ / (AN, A Dy,

® PYTHIA 8: Multiparton interactions (MPI) and color reconnection (CR) mechanisms
— Reproduce self normalised yield slope and pr dependence well

® EPOS 3: Hard pomerons exchanges (hard probe production), hydrodynamic expansion (charged-particle
multiplicity) ~— Reproduce the data well, except for the highest pr interval
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D-meson production vs. spherocity in pp

5,0
" Jetty” limit
(hard events)
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fi i

.
:
:

>

ALICE

® Hint of a higher rate of high-pr D mesons in
low-spherocity events, expected from jet contribution
to event spherocity

® Similar rate of low-py D mesons at different spherocity

Low multiplicity:

High multiplicity:
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ALICE Preliminary
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The trend of D-meson production remains the same for two
different multiplicity regions
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Conclusion &

e Charm and beauty hadronization
— Charm fragmentation is not universal across different systems and events with different multiplicities.

— b-quark production similar to to c-quarks production mechanism

e Multiplicity dependence of production of heavy-flavour particles

— In pp: e Faster than linear increase of self-nomalised yield (SNY) of c,b — e with a pr dependence
e Hint of higher rate of high-pr D mesons observed in low-spherocity (jetty) events

— In p—Pb: Faster than linear increase of SNY of ¢,b — e without any pr dependence

e Model predictions

— PYTHIA 8 CR-BLC reproduces the A /D° trend; SNY of ¢ b— e; normalised fraction of
non-prompt D-mesons well

—  SHM model (CE-SH) reproduces the A /D° trend in all multiplicity ranges
— EPOS 3 predictions reproduce the self-nomalised yield trend of c,b — e

— CGC predictions captures the trend of the normalised fraction of non-prompt D-mesons

More studies needed to discriminate among different theoretical descriptions and physics
mechanisms. Prospects of Run 3 in the next slide.
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ospects from Run- !cE

® More precise measurements possible for charm baryons and meson.

® Direct reconstruction of B mesons down to low pr, possible due to

® the improved resolution on the secondary decay reconstruction due to the upgraded ITS
detector

® the much larger data samples that will be collected in all collision systems

® With significantly higher statistics in Run-3, more precise differential measurements
with respect to event activity possible
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PYTHIA 8: Color Reconnection Junctions

Colour Reconnection (CR) scenario

ALICE

o strings rearranged between partons, so as to reduce the total string length

o Partons from different Pl can become connected to each other

No CR Old CR
®——@
NO INTERACTION <~ CR —

@@ —@ @)

partons from lower pr MPI systems
are added to the dipoles defined by

Partons created in different MPIs do the higher pr MPI system — in a

not interact each other
length

(Monash tune)

way that minimizes the total string

New CR

Junction

Minimization of string length over all
possible configurations

Reconnections of dipoles — junctions
structure produces — enhances
production of baryons

(CR Mode X’ tune)

CR Mode 2 (Gluon-move model) : Similar to default but only gluons are considered for reconnection. For each gluon all

the reconnections to all MPI systems are considered. [ATL-PHYS-PUB-2017-008]
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EPOS 3: Hydrodynamics

® Primary interactions

@ Gribov-Regge multiple scattering approach ® EPOS LHC.Z Effective flow .

@® Elementary object = Pomeron = parton ladder (parameterised). Tuned to fit pp

© Implementing parton saturation and pA data up to early LHC
data

® Secondary interactions

@ Core-corona approach (to separate fluid and jet hadrons) @ EPOS 2: 3D.+1 Ideal
" hydrodynamics

o @® EPOS 3: 3D+1 Viscous (true)
hydrodynamics + saturation
Sorone S aking ey 20 ® EPOS 4: ... + Improvements
@® Viscous hydrodynamics (Israel-Stewart formulation) leading to factorization of hard
© Statistical hadronization, final state hadronic cascade and soft scales

(Hadronic AfterBurner: UrQMD)

EPOS details, EPOS 4
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