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Introduction

Heavy quarks are formed in initial hard scatterings with cross sections that can be calculated with pQCD

— “calibrated probes” of initial- and final-state effects in all collision systems

— Test pQCD calculations and expectations of MC generators with different MPI, jet, hadronisation models

Experimentally:
e different hadron species

e event multiplicity, different collision systems
LHC, CDF: heavy-flavour baryon formation not understood in proton-proton collisions — main topic of this talk

Typical charged particle multiplicities probed, <dN_, /dn>(n=0):

Low mult.
pp (13 TeV) ~4.5
p—Pb (5.02 TeV) ~7

Pb—Pb (5.02 TeV)

Multiplicities in e*e™ at LEP not low (high-energy jets), overlap with pp ones
Intrinsic difference: MPI in pp, only 1 scattering in e*e
— comparison of min. bias pp vs. e*e” very sensitive to MPI

High mult.
~7 (INEL>0) ~34 (~0.5% of events)
~17 (NSD) ~42 (~5% of events)

~415 (30-50% centrality) | ~1760 (0-10% centrality)
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https://pdg.lbl.gov/2023/reviews/rpp2022-rev-frag-functions.pdf

ALICE apparatus (Run 2)

Central barrel, |5|<0.9 :
B=O.5T PEERE AW .Y CRY, mm &Y

EMCAL —
Electron ID

Time Projection Chamber 7 TN TN Vs

Tracking, PID
-

Time Of Flight detector
PID

VO (2.8<5<5.1, -3.7< 5 <-1.7)

Ad<n<-
trigger and centrality determination Muon arm (-4 <7 '

Muon ID, tracking, and trigger

Inner Tracking System
tracking, vertexing, separation of
prompt and non-prompt signals

Data samples
(min. bias trigger)

pp 13 TeV ~ 32 nb™’
pp 7 TeV ~ 6 nb’
pp 5 TeV ~19 nb™’

p—Pb 5.02 TeV ~ 292 pb
Pb—Pb 5.02 TeV ~ 114 pb™ (0-10%)
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Heavy-flavour meson production



Precise measurements of

in e*e” can be used in pp
(“universality”)

Yield-meson ratios
compatible with e*e” values

Including D_*

D-meson cross sectlons and ratios
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https://arxiv.org/abs/2308.04877
https://arxiv.org/abs/2108.06419

D-meson cross sections and ratios

Precise measurements of
prompt D-meson cross sections

Test pQCD calculations of charm
production relying on factorisation
approach and assumption that
fragmentation functions determined
in e*e” can be used in pp
(“universality”)

Yield-meson ratios
compatible with e*e” values

Including D_*

LEP e'e’, Vs=m,

average

H1 ep O.5><3(S
p_(D) >2.5 GeV/c
L

ZEUS vp 0.5xy,
pT(D) > 3.8 GeV/c

ATLAS 0.5xy_, pp (s=7TeV
p,(D) >0

ALICE 0.5xy_, pp {5 = 7 TeV
p(D) >0

ALICE, pp Vs = 5.02 TeV
pT(D) > 1 GeV/c, [ constant fit

ALICE, pp Vs =13 TeV
pT(D) >1GeV/c
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Particle | Mass (GeV/c?)
£ Heavy-flavour baryons and T
(cdd,cuu)
7 . .
hadronisation ot 1o
gé D,* 1.968
=S
n_* ZE0+s Q9 A 2.286
(cud) (csd,%su) (csg)
S/ £ 0 2.454
Q;p&& = 0
A =, 2.470
strangeness content
D0,+ D + - EC+ 2.468
: S
Cod E
(cu,cd) (cs) QCO 2.695




/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021) A *ID° ratio higher (x4-5) values at low p_ than e*e’, e
ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021) c gher (x4-3) Pr P
ALICE, PRC 107 (2023) 6, 064901

Significantly decreasing with p_, approaching ee" at high p.
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https://arxiv.org/abs/2011.06079
https://arxiv.org/abs/2011.06078
https://arxiv.org/abs/2308.04877

/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021)

ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021)
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Not described by as well as by
pQCD-based calculations relying on factorisation
approach and fragmentation function universality,
which work well for mesons

Universality of fragmentation function
violated already in pp collisions
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/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021) : .
ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021) ~ Data described by:

AHCE PRCT07(20296,064901 pyTHIA 8 with String Formation beyond Leading Colour
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/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021)

ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021)

Data described by:

AHCE PRCT07(20296,064901 pyTHIA 8 with String Formation beyond Leading Colour
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(JHEP 1508 (2015) 003) — more details in next talk

Catania model: “sudden” coalescence (Wigner function) +
“vacuum” fragmentation (PLE 821 (2021) 136622)
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/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021)

ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021)

ALICE, PRC 107 (2023) 6, 064901
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Data described by:
PYTHIA 8 with String Formation beyond Leading Colour
(JHEP 1508 (2015) 003) — more details in next talk

Catania model: “sudden” coalescence (Wigner function) +
“vacuum” fragmentation (PLE 821 (2021) 136622)

QCM: quark recombination model based on statistical weights +
“equal quark-velocity” (EPJC 78, 2018 4, 344)

12
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/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021)

ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021)

Data described by:

AHCE PRCT07(20296,064901 pyTHIA 8 with String Formation beyond Leading Colour
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(JHEP 1508 (2015) 003)  — more details in next talk

Catania model: “sudden” coalescence (Wigner function) +
“vacuum” fragmentation (PLE 821 (2021) 136622)

QCM: quark recombination model based on statistical weights +
“equal quark-velocity” (EPJC 78, 2018 4, 344)
, PLB 795 117-121 (2019): no info on partonic phase

Hadron abundances « Statistical Hadronisation Model
+ feed-down from augmented set of charm-baryon states (from
Relativistic Quark Model)

—PDG:5A,32,8=,2Q,

— RQM: additional 18 A, 42 % , 62 =, 34 Q_

A+
Q o °

°©

O 90
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X °** production and A_*<X °** feedown

e*e collisions

£ [+ efeT,{5=1052GeV
=102 ¢
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= N . 7
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I 22 § \
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10-1IIlI|IIII|IIII|IIII|IIII]IIIIIII

22 23 2.4 25 2.6 2.7 2.82
Belle, PRD 97, 072005 (2018) mass (GeV/cY)

X states suppressed w.r.t. A_states

In string fragmentation: from heavier

diquark-antidiquark pair from vacuum

A (isospin = 0) needs spin = 0 diquark (ud),

X_(isospin = 1) needs spin = 1 diquark (ud,dd,uu),
which is heavier than (ud),

pp coII|S|ons

o 1.2 i T
™ i ALICE |
X 4L WI<05 ’ pp,E=13TeV 1
< g PYTHIA 8.243, Monash 2013 1
SR | PYTHIA 8.243, CR-BLC: )
So I ode0 -~ Mode 2 -
o 0.8 T Mode 3 o .
i P S SHM+RQM 1
o i N, Catania 1
< 06 5, —— GOM .
oaf  HLFF el .
ool orer S — T
. * _______ ~
O _I 1 1 I 1 1 1 I 1 L 1 I 1 L 1 l 1 1 1 I 1 1 1 I L 1 I_

2 4 6 8 10 12 14
PRL 128 (2022) 01200 P (GeV/c)

A <—EC°’+'++ feed-down about twice larger than in e*e
— X %*** “enhancement” larger than A _* one

— 2c°’+’++produced differently in pp than e*e"

— suppression from (ud,dd,uu), diquark creation

reduced/absent, as comparison to models suggests
14


https://arxiv.org/abs/1706.06791
https://arxiv.org/abs/2106.08278

Baryon-to-meson ratio

= >*/D° baryon-to-meson cross-section ratio

ALICE, arxiv 2308.04877

III|III|III|IIIIIIIIIIlIII

~ PYTHIA 8.243 ALlCOE5 1

0.6 - Monash 2013 sHM+ram V1< 0.5

L --- Mode 2 Catania |
—-Mode 3 — . QCM

| BRunc. zZYD°
+ pp, Vs =5.02 TeV
0.4 — m pp, s =13TeV _

i z:/D° pp, Vs = 13 TeV -
®p > 4 GeV/c
0 3< p, < 4 GeV/c (this paper)

OIii||IIIIIIIIIIiIIIIIlllIII

0 2 4 6 8 10 12 14

P, (GeV/c)

Similar trend than A _*/D°
Even larger increase w.r.t. and e*e
Catania and QCM expectation close to data

PYTHIA 8 with CR-BLC and expect significant larger
values than e*e” but underestimate the data

Large branching ratio (BR) uncertainty

Run 3 data will allow to reduce experimental uncertainty

15
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Fragmentation fractions: pp vs. e*e” collisions

f(c — hy)
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I
|
= (s=13TeV |
— = (s=5.02TeV |
|
|

+ B factories, e'e”, Vs = 10.5 GeV
+LEP, e'e’, V's=m,

e HERA, ep, DIS

o HERA, ep, photoproduction

I

T 1
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1T T l T IE
=]

|

|
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rig™ ¢ o] [ E|El1m|
| | | |

E 1| | I | I | I L1 1 | 11 1

R

s @

| | %20 | |
p° D° Dy Al = E Jy Dt pdev

Calculated from sum of cross sections of weakly decaying
hadrons

Values for mesons significantly lower than in e*e
About 30-40% of charm quarks hadronise to baryons
No evidence of energy dependence

Lower p_. reach expected with Run 3 data will allow to
further reduce extrapolation uncertainties

16
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A.'ID° from pp to central AA: p_-integrated

ALICE, PRC 104 054905 (2021) , PRL 127 202301 (2021), PLB 829 (2022) 137065, PLB 839 (2023) 137796

2 o
<18
1.6
1.4
1.2
1
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— 0 Au-Au, \s,, = 200 GeV —Monash
- STAR, PRL 124 (2020) 172301 —CR-BLC 23
3 by TR ¢
3 S0 N @ ]
—? @ ¢ A = -

+— - —
<-S-Cep_ _ o ____ ]

Taoavonl T Ry il 1111‘1]3 1 1
1 10 102 10

0.2

[ T T ¢ R A L ‘
- ALICE
— e pp, Vs =13 TeV

- v pp, Vs =5.02 TeV
- A p-Pb, \s,, =5.02 TeVv

II[

—— stat. SHMc
[ ]syst. # Catania -

- m Pb-Pb, \/s,,, = 5.02 TeV X total PYTHIA 8

‘”l

ly| < 0.5

1

{ 25 051 0 1 |

extr. < TAMU

<dl\/ch/d ’7>[1]]<0,5

No evidence of evolution of p_-integrated Ac"ID0 ratio
despite strong modification of p_-differential trend (see later).

Data uncertainty large

Significantly higher values than e*e

1 STAR Au-Au data compatible with ALICE

1 PYTHIA 8 CR-BLC expects increase with multiplicity

: flat trend below data s+ivic, JHEP 07 035 (2027)
Note: no additional RQM high-mass baryons

7 TAMU, Catania: similar values in pp and Pb—Pb

TAMU, PRL 124, 4 (2020) 042301; Catania, EPJC 78 4 (2018) 348

Lowest multiplicity still to be covered: will recover e*e” ?
— more precise measurements from LHC new runs awaited
Seems so in beauty sector (see LHCb result in backup) 17
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- ALICE

T
[ pp, 's=13TeV, |y| <0.5

N, multiplicity classes

(dNy/dn): ALICE; PYTHIA; SH model
—— 3.1;

—— 37.8;

2.9; 3.1
40.6;

37.8

T PYTHIA8.243

T = Monash

[ CR-BLC Mode 0
T [ CR-BLC Mode 2

CR-BLC Mode 3

| Higlh mglt

T
Y. Chen and M. He
[ CE-SH model

Evolution with event activity: A_*/D° and D_*/D° vs. p_in pp
Low mulit

DS+ID° independent on charged-particle multiplicity

Ac"ID0 increases with multiplicity at midrapidity

NI R |
15

20 5
pT(GeV/c)

Trends qualitatively reproduced by PYTHIA 8 with CR-BLC
— interplay of Color Reconnection (CR) and MPI

Canonical Ensemble-SH (+ RQM baryons) catches AC+ID°

but not Ds"IDo : ratios decrease at low multiplicity from baryon
and strangeness number conservation in smaller volume

ALICE, PLB 829 (2022) 137065

PYTHIA8: Monash, EPJ C74 (2014) 3024,

CR-BLC JHEP 1508 (2015) 003
CE-SH, PLB 815 (2021) 136144
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Evolution with event activity: A_*/D° and D_*/D° vs. p_in pp

D;/D°
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0.4 N,,, multiplicity classes —- [ CR-BLC Mode 0 —
E (dN,/dm: ALICE; PYTHIA; SH model T EEE CR-BLC Mode 2 ]
[ —-— 3.1; 2.9; 3.1 r CR-BLC Mode 3 ]
F —— 37.8; 40.6; 37.8 r B
0.3 — 7

P IR ST S ISR SO S T T SO S T S |

ALICE, PLB 829 (2022) 137065
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PYTHIA8: Monash, EPJ C74 (2014) 3024,
CR-BLC JHEP 1508 (2015) 003

CE-SH, PLB 815 (2021) 136144

DS+ID° independent on charged-particle multiplicity

Ac"ID0 increases with multiplicity at midrapidity

{ Trends qualitatively reproduced by PYTHIA 8 with CR-BLC
{ — interplay of Color Reconnection (CR) and MPI

! Canonical Ensemble-SH (+ RQM baryons) catches AC+ID°
1 but not Ds"IDo : ratios decrease at low multiplicity from baryon
1 and strangeness number conservation in smaller volume

o 1-0..8.8 L l 2 003 l T :
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g vl <05 (dN,./d;); :
H —0— 0 -
é high =5~ ° ao ;
o 0 S mult . 4, A+ R)12KY) 3
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A.ID° vs. p_in pp, p—Pb, Pb—Pb More about

Pb—Pb results:

M. Faggin talk
OD [ T T T UL T LI 1| T | o : T T T T | T T T T ‘ T T T T | T T T T I T T T T : o) [ T T T T | T T : \. ‘ T T T T | T T T T I T T T T ]
< 1~ ALICE +/0 O .9 ALICE Preliminary -096<y <004 1 O - ALICE Preliminary -0.96 <y <0.04 ]
<0 PP, P-Pb, Sy = 5.02 TeV AC /D ] ;o - p-Pb, pp, |5, = 5.02 TeV ] +201-4:— p-Pb,Pb-Pb, s, = 5.02 TeV ]
- —= —— PRL 127 (2021) 202301 - 0'83 o ] r N N
0.8 _= —o This paper _| a3 Multiplicity classes E 1.2 Multiplicity classes 1
i pap i 0.7F (AN /dn): . C (AN /d:
A I p-Pb ] " p-Pb
L - B —~+- 6.8 - E r —+-638 —
06 ——@ | 050 - P Pb E L -5 P Pb 1
i y p—Pb i ~r ‘ pp (arXiv:2111.11948) 1 0.8~ Pb-Pb (arXiv:2112.08156) |
- L lz . E T 4.4 E C —+— 30-50% ]
0.4 A 7 0'45 T =315 PP 1 0.6 - 0-10% Pb_Pb
- = ~H—pp C \ 1 oa3F . = 3 1
- L 1 : + 1 04¢ ]
2 = 0.2 tH E - 1
[ PP:ly[<0.5 —# : 1 ook {EL ﬁ ]
[ p-Pb:-0.96<y,__<0.04 ] 0.1 7 < i 1
0 ! Ll : R : E oo b b b by E Lo v b v b v b Ly ]
10" 1 10 5 10 15 20 5 10 15 20
p; (GeVic) p. (GeVic) p_ (GeVic)

e Push (flow?) towards higher p_ of Ac"lD0 from (min bias) pp to p—Pb, described by QCM

e Similar values in high-mult. pp, low- and high-mult p—Pb, and semicentral Pb—Pb
— very low multiplicity pp “isolated”, ~threshold effect?

e Central Pb—Pb: “radial-flow”-like peak appearing at intermediate p., which could be caused by
recombination of charm with flowing light quarks 20
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Evolution with event activity in pp and p—PDb: ECO’+

ALICE, PRC 104 054905 (2021) , PRL 127 202301 (2021), PRC 107 (2023) 064901

PP, Ic|>wI and high .m“l"t.
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e Precision not enough to conclude about multiplicity trend of ECO”'/DO in pp — Run 3 data needed
e p-Pb: similar push towards higher p_ observed for A_*/D° and = _**/D° ratios
o  Similar nuclear modification factor (I’?ppb )

o Described by QCM within uncertainties ocv: PRC 97 064915 (2018) o1


https://journals.aps.org/prc/pdf/10.1103/PhysRevC.97.064915
https://arxiv.org/abs/2211.14032

Beauty vs. charm (and light flavour)

ALICE, arxiv 2308.04873

LHCb, PRD100 (2019) no.3, 031102
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Non-prompt A_* / non-prompt D° similar to A_*/D°
e alsoin p—Pb collisions (Iarge uncertalntles)
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Similar p_ trend for charm, beauty, and light-flavour

baryon-to-meson ratios for p.>2 GeV/c
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https://arxiv.org/abs/2308.04873
https://arxiv.org/abs/1902.06794

Rapidity dependence

charm, p-Pb beauty, pp
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Possible non-flat rapidity trend of Ac+ID°? To be revisited with run 3 data (also in pp)

e May apply also to = °*/D°

ALICE, JHEP 04 (2018) 108

Beauty: non-prompt A" ALICE data consistent with LHCb /\b0 data ALICE, PRC 104 054905 (2021)
— low p_ region to be explored with run 3 data LHCb (p-Pb), JHEP 02 102 (2019)
ALICE, beauty: arxiv 2308.04873
What should we expect in coalescence models and SHM? LHCb, beauty: PRD100 (2019} no.3, 031102
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Productlon yleld evolutlon with multiplicity
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ALICE Preliminary

pp, Vs =13 TeV

Average prompt D°, D*, D** meson, |y| < 0.5
—— Data

+ EPOS 3.418i with hydro

tomorrow

- EPOS 3.418i without hydro

...... CGC 3 pomeron

EPOS3 PRC 89 064903 (2014)
CGC PRD 101 094020 (2020)
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ALICE JHEP 08 (2023) OOé
r F Monash, EPJ C74 (2014) 3024
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Useful constraints to models though physical “biases” on the steeply falling event-multiplicity distribution
make it difficult to decouple role of different effects
— simultaneous description of event multiplicity and jet constituents is a prerequisite
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https://arxiv.org/abs/2303.13349
https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.064903
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.094020

Normalised counts / 4 MeV/c?

Normalised counts / 4 MeV/c?

Outlook

e 20— ALICE apparatus upgraded before Run 3

T T T T
ALICE Performance e Data

T
I pp, Vs =13.6 TeV R 3 i ---- Background
| offline trigger u n ]

n
o

—— Total fit function

D* 1 New Inner Tracking System

o
Normalised counts / 4 MeV/c?

n

=

Sl T T T T

[9;]
T T

L i New readout for most subsystems
| D° - K'n* and charge conj. ) L D" — Kzt and charge conj. | . . . .
[ pr>1Gevie | [porceve | — allows triggerless (online) data collection at higher

1.75 1.8 1.85 1.9 1.95 2 .75 1.8 1.85 1.9 1.95

M) Gevic wm ceve)  interaction rates (more than x100 in pp)

-

— boost in available statistics and performance for
heavy-flavour physics

Normalised counts / 4 MeV/c?

— more differential studies + new observables

| D - ¢on* - KK'n* and charge conj. | 16:—A§apK'n* and charge conj. — “ . ” ..
eotsee ke .1 From “surprise” to precision era
1.85 1.9 1.95 2 . 2.2 2.25 2.3 2.35 5 . - . - -
MKKn) @evic) vemesr - Low p., rapidity and multiplicity dependence

- Strangeness, diquarks

- Jets and correlations .



Summary: HF hadronisation in our QCD laboratories

Fragmentation functions universality violated already in pp collisions
Multiple parton interactions in pp build a system rich of quarks or gluons,
dense enough to alter hadronisation w.r.t. e*e

e*e” = “vacuum”

> — @

pp

Dynamical model i nts ings
“Local” dynamical constraints for HF at least)
(e.g. Lund string fragmentation, /Wp, /
. * sy
from QCD potential) €, .. .
S/ze
Pb P
A-A

quarks and diquarks popping out
b
Dense, extended-size system

Equilibrium
Flow

(Semi)phenomenological models sufficient
to describe relative particle abundances

Courtesy of C. Bierliel
once ingredients are tuned?
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At /D° from pp to central AA: p,-integrated

PRC 104 054905 (2021) , PRL 127 202301 (2021), PLB 829 (2022) 137065, arxiv 2112.08156
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Lowest multiplicity still to be covered: will recover e*e” ?

— more precise measurements from LHC new runs awaited
Seems so in beauty sector (see backup)
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http://arxiv.org/abs/2310.12278
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__ Expected states|
from theory

e Observed states

QS - pp, s=13TeV, [y| <0.5

Important to test SHM expectations

(More precise) studies of multiplicity dependence of
states with different widths may reveal possible role

of hadronic rescattering.

. _ALICE Prellmlnary
Cpp, Vs=13TeV, |y| < 0.5

+ Data (2<p, <24 GeV/c)
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J/y self-normalised yield

[ L L L B L LN B
- ALICE, pp

[ Inclusive J/y —» u'u,25<y <4

20 - Mult. classes: |57 | < 1
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Inclusive J/y self-normalised yield at midrapidity increasing more than linearly with multiplicity even when

multiplicity is sampled at forward y (VO detector)
Contribution from recombination? Could rise with NMPI2 from colour-reconnection expected in PYTHIA 8

Assessment of non-prompt fraction evolution with multiplicity is needed 20


https://arxiv.org/abs/1811.07744
https://arxiv.org/abs/2112.09433

Non-prompt D meson fraction vs. mu

JHEP 10 (2023) 092

y axis: Non-prompt D-meson fraction (mult) / Non-prompt D-meson fraction (INEL>0)
x axis: mult / mult(INEL>0)

:tlpI|C|ty

1<p.<2GeV/c

None or mild dependence of prompt D-meson fraction on multiplicity
at all p;

Comparison to models also depends on evolution of baryon/meson
ratio with p_and multiplicity
EPOS3 PRC 89 064903 (2014)

EPOS 4, arxiv 2301.12517 07t

8<p,<12Gevic I

12<p <24 GeV/c

CGC PRD 101 094020 (2020) 30

PYTHIA8: Monash, EPJ C74 (2014) 3024, CR-BLC JHEP 1508 (2015) 003,
ROPES, arxiv 2203.11601

1<p <24GeV/c

make it difficult to decouple role of different effects

dNa/dn/<dN /d77)

e Mg <os

Useful constraints to models though physical “biases” on the steeply falling event multiplicity distribution

— simultaneous description of event multiplicity and jet constituents is a prerequisite

j R S
dN /AN, /dr)
ALICE pp, Vs = 13 TeV
@ D, D" average, |7/ <05
— — EPOS 3 CGC
...... EPOS 4
PYTHIA 8
Monash Colour Ropes

CR-BLCO [JCR-BLC2
CR-BLC3

Inl <05
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https://arxiv.org/abs/2302.07783
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.064903
https://arxiv.org/abs/2301.12517
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.094020
https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y
https://arxiv.org/abs/2203.11601

JIy self lised yield
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Inclusive J/y self-normalised yield at midrapidity increasing with multiplicity even when multiplicity is sampled at
forward y (VO detector)

Contribution from recombination? It would rise with NMPI2 from colour-reconnection expected in PYTHIA8

S.G. Weber et al., EPJC 79 36 (2019)

Assessment of non-prompt fraction evolution with multiplicity is needed 2


https://arxiv.org/abs/1811.07744
https://arxiv.org/abs/2112.09433

(d2N/dyde)/(d2N/dyde>

Production yield evolution with multiplicity
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Similar multiplicity-increasing trends for
e D mesons
e HF electrons
e Inclusive J/y

at intermediate p..
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Jets and correlations

55— ALICE, pp. Vs =13 TeV

4.5 charged jets, anti-ky, R =0.4
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Coherent with higher associated yield in the nearside of /\C+ - hadron azimuthal correlations w.r.t. D-hadron
... away side surprisingly high!!! No straightforward explanation

Higher-mass states + decay kinematics? Production process?
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https://arxiv.org/abs/2301.13798

Jets and correlations
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The large AS suggests that the z, distribution (and the NS) are not altered because of some local effect
coming with hadronisation

— The most natural, straightforward conclusion we have is that a large fraction of low-pt A_* comes from
moderate-high-p_ jets! 35
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Jets and correlations

ALICE, arXiv:2301.13798
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The large AS suggests that the z, distribution (and the NS) are not altered because of some local effect
coming with hadronisation

— The most natural, straightforward conclusion we have is that a large fraction of low-pt A_* comes from

moderate-high-p_ jets!
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At /DOratio in pp collisions vs. models (3)

o Ag/D0
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_ ALICE pp, (s = 5.02 TeV

- ly| <0.5
i —a&— ALICE

—— PYTHIA 8 (Monash)
PYTHIA 8 (CR Mode 2)
- Catania, fragm.+coal.
SH model + RQM
— QCM

.....

.....

ALICE,PRC 104 054905 (2021)
ALICE, PRL 127 202301 (2021)
ALICE, arxiv 2211.14032

Data described by:

PYTHIAS8 with String Formation beyond Leading Colour
approximation (JHEP 1508 (2015) 003).

More complete and realistic (=closer to QCD) colour-reconnection
(CR) scheme

- “...between which partons do confining potentials arise?”

Junction reconnection topologies — enhance baryons.

(b) Type II: junction-style reconnection

Support need of abandoning independent
hadronisation of different MPI
A hadronic environment matters


https://arxiv.org/abs/2011.06079
https://arxiv.org/abs/2011.06078

/\C+/DO baryon-to-meson cross-section ratio

ALICE,PRC 104 054905 (2021)

ALICE, arxiv 2308.04877 ALICE, PRL 127 202301 (2021)

Data described by:

AHCE PRCT07(20296,064901 pyTHIA 8 with String Formation beyond Leading Colour

0.6
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T T T | T 1T | T T T T I T T T T | T T T | T

PYTHIA 8.243 'ﬁ‘,'rLCOE5 n
Monash 2013 T
— Mode 0 SHM+RQM
---Mode 2 sz Catania
— Mode 3 — .. QCM
pp, Vs = 13 TeV

e p._>1GeV/c

o pI <1 GeV/c (this paper)

+ pp, Vs=7TeV

B pp, Vs=5.02TeV

0.00

5 10 15 20 25
P, (GeV/c)

4 (JHEP 1508 (2015)003) — more details in next talk

Catania model: “sudden” coalescence (Wigner function) +
“vacuum” fragmentation (PLE 821 (2021) 136622)

f_ =phase-space distributions
of quarks in the system

dN
= Joi (@i 08) «

Ng B,
B —9H H ——=D; - do;
dyd? Py paio; (2m)3E;

X F (T BN PrDN,) 52 (PT - ZpTz>

=1
f,= phase-space distributions of
quarks within hadron

U

O 90
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AC+/DO in Pb-Pb vs. models

PLB 839 (2023) 137796

D
M. :
Fagg,n ta/k

Yl <05 30750% Pb-PbF sy =502TeV pp

SHMc + FastReso + corona 1
1 Catania, EPJC 78 4 (2018) 348

TAMU, PRL 124, 4 (2020) 042301
SHM, JHEP 07 035 (2021)

Y Catania

il TAMU

TAMU (hadronisation via Relativistic Resonant Scattering model + RQM states) and Catania (sudden
coalescence + fragmentation) describe data within uncertainties

SHMc + FastReso + corona tends to underestimate data

Important specific constraints to model features (hadronisation, space-momentum correlations)
needed to describe D meson flow and R, , 21


https://arxiv.org/abs/2112.08156

Beauty vs. charm

arxiv 2308.04873
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Evolution with event act|V|ty In pp and p—Pb: =
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Fragmentation fractions from all ground-state baryons

PRD 105 (2022) 1, LO11103, arxiv 2211.14032

(8]
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= 0.8
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0.0
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I I I I
= ALICE, pp, Vs = 5.02 TeV
(PRD 105, L0O11103 (2022))
B = ALICE Preliminary, p-Pb, {syy=5.02 TeV |
+ B factories, e'e’, Vs = 10.5 GeV
} +LEP, e'e”, {s=m,
— Y4 e HERA, ep, DIS
* o HERA, ep, PHP
¢
O++
RN
m‘_’.II 0+-n IIIII:
| | | |
& + * -
D° D Ds Ac =2

| Direct measurement of all ground-state baryons
| (&, similar to B °, checked at 13 TeV)

— new Fragmentation Fractions

] Large increase for c— A" and c—>Ec° w.rte'e

| More than 1/3 of charm quarks go to baryons!

. No significant modification of p_-integrated yield ratios from pp to p-Pb

18


https://arxiv.org/abs/2211.14032

Charm production cross section and

arxiv 2308.04877
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rapidity dependence
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Forward/mid-rapidity ratio and its collision energy evolution reproduced by FONLL

Sensitivity to PDF

Total ccbar crossection at midrapidity at the edge of FONLL and NNLO calculation uncertainty band

43


https://arxiv.org/abs/2308.04877

Evolution with event activity in pp: A_*/D° p.. integrated
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(=] E
e 09E ALICE, lyl<05
@ E @ pp, (s=13TeV

08F . pp, (5-502Tev

0.7F & p-Pb, {5,,=5.02TeV
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0.4f

E 7 ;
03 ; PYTHIA 8.243

LI B

Monash 2013
[FrE CR-BLC Mode 0

—e— stat.
[ syst. 3

0.2¢ CRBLCMode?2 [ exir. E
ol CR-BLC Mode 3 E
E (I TR e PN o N e SO Lo NS e ] PSR DTN e | U
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(dNg/dm)yic05

PLB 829 (2022) 137065, https://arxiv.org/abs/2111.11948

p;-integrated ratio: no evidence of multiplicity dependence

Contrary to expectations from PYTHIA8 with CR-BLC
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At /DO ratio in pp collisions at 5 TeV
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+ —+—— ALICE, arxiv 2211.14032, |)1<0.5

CMS, global uncertainty = 6.6%
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ALICE,PRC 104 054905 (2021)
ALICE, PRL 127 202301 (2021)
ALICE, arxiv 2211.14032
CMS, PAS-HIN-21-004

Ac“ID0 ratio higher (x4-5) values at low p_ than e*e’, ep

Significantly decreasing with p_, approaching e*e" at high p.

AFMP +stat +syst.  System /5 (GeV) Notes
ALICE 0.51+£0.04+£0.040%  pp 5020 pr>0,y| <05
~ ALICE 0.43+0.03+0.05:993 p-Pb 5020 pr > 0,-0.96 <y < 0.04
CLEO [16] 0.119+0.021 £0.019  ete” 10.55
ARGUS [15, 17] 0.127+0.031 ete” 10.55
LEP average [18]  0.113+0.013+0.006 e'e” 91.2
1< Q% < 1000 GeV2,
ZEUS DIS [21] 0.124+0.0341098 e p 320 o
e 0<pr<10GeV/c,0.02<y<0.7
ZEUS yp, 130 < W < 300 GeV, Q2 < 1 GeV2,
" 0.20+0.035'3% e p 320 ¢
HERA 1[19] : pr>3.8GeV/c, |n|< 1.6
ZEUS yp, 130 < W < 300 GeV, 0% < 1 GeV?,
o 0.107+0.018'3%% e p 320 & '
| HERA I1[20] ' pr>3.8GeV/c, |n| < 1.6
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=0,

Charm-strange baryons: = '+ and 02

PRL. 127 (2021) 272001 arXiv:2205.13993
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e Both =% +/D° and Q9 /Dox BR(.QO — Q~ntt) ratios significantly larger than in e*e” collisions
e Only Catanla model (coalescence) close to the data.

— Additional challenges from strange-quark production?


https://arxiv.org/abs/2105.05187
https://arxiv.org/abs/2205.13993

Baryon-to-baryon: Eg'* and T2t
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° DS+I(D°+D+) (prompt and non-prompt) compatible wiu expeciauons irom e*e”

° sc°’+/zc°’+’++ ratio close to default PYTHIAS8, which strongly underestimates their production!
(described by Catania as well)
— similar suppression in e*e? Related to diquark rather than quarks?
(note mass of spin-1 (dd,ud,uu), diquarks might be similar to spin-0 (us,ds), diquarks )


https://arxiv.org/abs/2105.05187
https://arxiv.org/abs/2102.13601
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Evolution with event activity in pp and p-Pb: At /D°

PLB 829 (2022) 137065
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Ac+ID° increases with multiplicity from p.>2 GeV/c

Quialitatively reproduced by PYTHIA8 with CR-BLC
— interplay of CR and MPI
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A, *ID° does not evolve significantly with multiplicity
Close to ALICE pp high-multiplicity data

Breaking the similarity with A/K"$ observed in pp
(see backup) 14
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Rapidity dependence

charm, pp charm, p-Pb
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Not clear for charm (especially in pp), to be revisited with run 3 data?

Beauty: non-prompt A" ALICE data consistent with LHCb /\b0 data
— low p_ region to be explored with run 3 data

LHCb, arxiv 2305.06711
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ALICE, JHEP 04 (2018) 108
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At /DO ratio in pp collisions vs. models (1)
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Data far from pQCD-based calculations based on factorisation
approach, which works well for mesons (plethora of results at
RHIC, Fermilab, LHC,...)

Hadronisation — Fragmentation functions (D__ )
often assumed “universal’: once constrained to e*e” and ep data
they are used in different collision systems and energies.

Naive expectation: ratios of particle-species yields
independent from collision system

— Universality of fragmentation function does
not hold already in pp collisions

fragmentation function 4



At /DO ratio in pp collisions vs. models (2)
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Default PYTHIA8 (Monash, EPJC 74 (2014) 3024 ), standard Lund string
fragmentation

AL/ D°

e Light quark/diquark pairs popping out from
QCD color-confinement potential (< strings)
o Diquarks < baryons

0.6~ — GM-VFNS e Hadronisation of different MPI products

largely independent

Courtesy of C. Bierligi
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At /DOratio in pp collisions vs. models (3)
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Data described by:

PYTHIAS8 with String Formation beyond Leading Colour
approximation (JHEP 1508 (2015) 003).

More complete and realistic (=closer to QCD) colour-reconnection
(CR) scheme

- “...between which partons do confining potentials arise?”

Junction reconnection topologies — enhance baryons.

(b) Type II: junction-style reconnection

Support importance of interplay of CR and
MPI for hadronisation
A hadronic environment matters
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