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Physics motivation

Heavy Quarks (charm and beauty) are produced only in hard-scattering processes with cross section
calculable with pQCD

— “perturbative” probes of transition from quarks to hadrons in all collision systems
— measurement of cross sections and relative abundances of charm-hadron species provides a test for
models incorporating (semi)dynamical description of hadronisation or based on a statistical approach

Main hadronisation model categories (in a simplified scheme)
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Factorisation: a very successful framework for HF mesons!
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Prompt and non-prompt D mesons (including D_") follow expectations... does it hold for baryons?
Up to what extent fragmentation functions tuned on e*e” can be effective in pp or heavy-ion collisions? 5


https://arxiv.org/abs/2102.13601

ALICE apparatus

Central barrel, |5|<0.9
B=05T

Inner Tracking System
tracking and vertexing

Data samples

Time Projection Chamber (min. bias trigger)

Tracking, PID = ‘ pp 13 TeV ~ 32 nb™’
A\ N\ : - pp 7 TeV ~6 I"Ib_1
: > pp 5 TeV ~19 nb™’

p-Pb 5.02 TeV ~ 292 pb
Pb-Pb 5.02 TeV ~ 114 pb" (0-10%)

Decay channels

D% -» K~ nt

Dt » K ntnt

D{ - ¢(— K"K")n*

D** - DOnrt

A - pK™nt, At - pK?
0,++ + =+

X o ACT

20 - E nt B0 » E7etv,

EF - E7ntn?t

Q- Qnt 4

Time Of Flight
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trigger and centrality determination



Several arrows in the quiver
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At cross section in pp and p-Pb collisions at \/SNN= 5 TeV
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GM-VFNS: PRD 101 (2020) 114021
A'é' production significantly underestimated by pQCD-based models POWHEG: JHEP 09 (2007) 126

PYTHIA6: JHEP 05 (2006) 026

CT14 NLO: Phys. Rev. D 93, 033006 (2016) 6
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At /DO ratio in pp collisions at 5 TeV
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Ac“ID0 ratio higher (x4-5) values at low p_ than e*e’, ep

Significantly decreasing with p_

AFMP +stat +syst.  System /5 (GeV) Notes
ALICE 0.51+0.04+0.04+090  pp 5020 pr>0,y <05
_ ALICE 043+0.03+0.05°0% pPb 5020 pr>0,-0.96 <y < 0.04
CLEO[16] 0.119+0.021£0019 e'e" 10.55
ARGUS [15,17] 0.127+£0.031 e'e 10.55
LEPaverage [18]  0.113+0.013+0.006 e'e" 91.2
T 1 < Q% <1000 GeV?,
ZEUS DIS [21] 0.124+0.034+203 e p 320 o
e 0<pr<10GeV/c,0.02<y<0.7
ZEUS yp, 130 < W < 300 GeV, Q2 < 1 GeV2,
ol 0.220+0.035'3%8 e p 320 ¢
HERA 1[19] pr>38GeV/c, |n|<1.6
ZEUS yp, 130 < W < 300 GeV, Q% < 1 GeV2,
e 0.107+0.018*3%% ¢ p 320 g '
| HERA 11 [20] pr>38GeV/c, |n| < 1.6
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At /DO ratio in pp collisions at 5 TeV

2 o T T I Default PYTHIA8 (Monash, EPJC 74 (2014) 3024 ), standard Lund string
o ALICE —®— PP, (s =5.02Tev 7 fragmentation
—— PYTHIA 8 (Monash) . . . .
- HERWIG 7 + e Hadronisation of different MPI products largely independent
- —— POWHEG .
I —— GM-VFNS | HERWIGY (EPJC 58 (2008) 639-707), cluster hadronisation
05— "ﬁﬁt J&L — Undershoot data by factor about 5 and do not catch p. shape
0 1 I | | | | | | 1 | I I

ALI-PUB-488244

arXiv:2011.06079
arXiv:2011.06078
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At /DO ratio in pp collisions at 5 TeV
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. ALICE —e— pp, Vs =5.02TeV
------- PYTHIA 8 (CR Mode 0)

+
C
—_

A

e PYTHIA 8 (CR Mode 3)

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

—— SH model + PDG
| SH model + RQM

0.5

I [ PYTHIA 8 (CR Mode 2) 7

— — PYTHIA 8 (CR + colour ropes) | 7|

o 1 1 1 1 | 1 1 1 1 | 1 1 1
ALI-PUB-488248 pT (GeV/C)

arXiv:2011.06079
arXiv:2011.06078

Data described by:

PYTHIA8 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.
q q q o q

:J J :
q q q q

(b) Type II: junction-style reconnection
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At /DO ratio in pp collisions at 5 TeV

o T T T T I T T T T | T T T -
Q Data described by:
o1 ALICE —e— pp, Vs =5.02 TeV _ y
< | e PYTHIA 8 (CR Mode 0) . . . .
L s PYTHIA 8 (CR Mode 2) - PYTHIAS8 with String Formation beyond Leading Colour
—m PYTHIA 8 (CR Mode 3)
B — — PYTHIA 8 (CR + colour ropes)
o l\Cﬂa‘S”ia’ f(;asm;ma'- | Catania model: coalescence + “vacuum” fragmentation
\ . Fe an . happ:
A S leiel PDG. | (amxiv.org 2012.12001)
3 BN SH model + RQM Expanding system of thermalised light quarks and gluons
0.5

| “Sudden” (fixed temperature) coalescence
| Coalescence probability from Wigner formalism
1 Charm quarks that do not coalesce, fragment

o

ALI-PUB-488248
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At /DO ratio in pp collisions at 5 TeV

o T T T T I T T T T | T T T -
@) Data described by:
o1 ALICE —e— pp, Vs =5.02 TeV _ y
< | e PYTHIA 8 (CR Mode 0) . . . .
o e PYTHIA 8 (CR Mode 2) 1 PYTHIAS8 with String Formation beyond Leading Colour
- PYTHIA 8 (CR Mode 3)
r — — PYTHIA 8 (CR + colour ropes) |
|\ 4 Gatania, fragm.+soal. | Catania model: coalescence + “vacuum” fragmentation
; M. He and R. Rapp:
E— Egjz::;gfﬁ 4 SH+PDG/RQM, PLB 795 117-121 (2019):
o5k D _| Hadron abundances based on statistical hadronisation model +

(RQM) large feed-down from augmented set of charm-baryon
states

o 1 1 1 1 | 1 1 1 1 | 1 1 1
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At /DO ratio in pp collisions at 5 TeV and 13 TeV
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arxiv 2106.08278

ET] S TN P
C ALIGE o= PYTHIA 8.243, Monash 2013 :
:— PYTHIA 8.243, CR-BLC: —:
E . Mode 0 -~~~ Mode 2 -
o . T Mode 3 E
- SHM+RQM 1
T Catania :
Eg ﬂl' ) —_QCM =
- ly| < 0.5 =
- o pp, Vs=5TeV g
i 2l

—

No significant dependence on collision energy

p; >12 GeV/c: approaching e*e” values?
N.B.

QCM = coalescence model based on statistical
weights + “equal quark-velocity” (PJC 78, 2018 4, 344)
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At /DO evolution with event activity: pp
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At /DO evolution with event activity: pp

o L L I L O B B L
e 12 | ALICE Preliminary Multiplicity classes: || < 1.0 |
+ o - pp, s=13TeV, |y| < 0.5 Data: .
< - dN/dn: [ min— max], mean .

I [ syst. from data —8— [ 14- 7.5], 3.9 7

1= [ syst. from B feed-down —— [38.6-152.0], 44.0 ]

L + 7.0% unc. on multiplicity estimation not shown _|

= PYTHIA8 (dN,/dn mean): -

0.8+ Monash: Mode2: =

i — 37 EH ss 7

- ==414 V/41.2 _

O 6 - JHEP 08 (2015) 003  _|

0.4 =

0.2 _|
oLt Lo by by by
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ALI-PREL-336442

AC+ID° increases with particle multiplicity at midrapidity

Trend expected by PYTHIA8 with String Formation beyond
Leading Colour (Mode 2)

— confirms importance of Colour Reconnection in rich
partonic environments

— interplay of Color Reconnection (CR) and Multiple
Parton Interactions

Do we have a smooth evolution with multiplicity from
(e*e" to) pp to AA?
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At /DO evolution with event activity: from pp to Pb-Pb
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5,09
0.8
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0

ALICE Preliminary
S\ =5-02 TeV, [y| < 0.5

—— 0-10%Pb-Po ()
—=— 30-50% Pb-Pb GD

III|lllIIllIllllIIIllllIllll|llll||ll|[lll|

- m —+— pp

=+

- e'e, ep _E

E Open marker: f ., calc. with pT-extrapoIated pp reference E

C | 1 1 1 1 | 1
10 20

ALI-PREL-321702

AC+/D0 in Pb-Pb collisions higher than in pp collisions at
intermediate p..

Similar in 0-10% and 30-50% centrality
Close to high-multiplicity pp collisions

Larger “jump” from e*e” to pp than from pp to Pb-Pb
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At /DO evolution with event activity: from pp to Pb-Pb

—+— p-Pb,-0.96 < y <0.04

o 1_ T T T T I T T T T T T
D -
=~ 090 ALICE Preliminary e A_'/D%in Pb-Pb collisions higher than in pp collisions at
< 0 3 VS =5-02 TeV, ly| < 0.5 intermediate p..

0.7} e 0t0%Po-pb () e Similarin 0-10% and 30-50% centrality

0.6 —s— 30-50% Pb-Pb ()

- —— Close to high-multiplicity pp collisions
0.5

e Larger “jump” from e*e” to pp than from pp to Pb-Pb

il Tl

PaEEas|

e p-Pb in-between pp and Pb-Pb

IllllIIII|IIII|IIII|IIII|IIII|IIII|IIII|III
[

0.2E +o ep i o Measured down to p_ = 0 — Highlights importance
- ----- S Y- =-===== = to study evolution of p_-integrated yield with
OE Opf-;\n markler: lpmmlmcalc. IWlthpTl-extrap:)Iated plp refer(lence | | | | E mUItlp“Clty
10 20
P, (GeV/c)

ALI-PREL-321706
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At /D? in Pb-Pb collisions vs. models

T T T T I T T T T T T

ALICE Preliminary

0-10% Pb-Pb, \[s = 5.02 TeV
ly| < 0.5

Models
e Including hadronisation via coalescence
(Catania, TAMU)
e based on Statistical Hadronisation (SHM)

—e— data
Catania, fragm.+coal.
vzzzzzzz SHM (A. Andronic et al.)

TAMU
— — PYTHIA8, CR Mode 2

describe the data within uncertainties 0.8

0 6 ‘;; pen marker: f, .,y calc. with p_-extrapolated pp reference_
04 |
0.2 E f -
i ]
Catania, EPJC 78 4 (2018) 348 oL 1'0 T 2'0 —
TAMU, PRL 124, 4 (2020) 042301 GeV/
SHM, JHEP 07 035 (2021) PT( eV/c)

ALI-PREL-325749



Several arrows in the quiver
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Belle,

PRD 97, 072005 (2018)

o/ (2J+1) (pb)
2

10

T T IIIIIII T T II.‘,‘IIIII

T T IIIIIII

A* ete™,+/s = 10.52 GeV

A (2595)"

i \Nx”""‘~~§\._~___§/_}p(2625)*

3.(2520)°

3.(2800)

lllI|lllIlllllllllllllllllllllll

-1

2.3 24 25 2.6 2.7 2.8
mass (GeV/c?)

** production and A} « Z2** feedown

e*e collisions: production of X_states suppressed w.r.t. A_states
In string fragmentation models charm baryons formed by combinin
initially produced c quarks with light-quark diquarks, produced in
pair in string breaking

A (isospin = 0) needs diquark with spin = 0 (ud),
X_(isospin = 1) needs diquark with spin = 1 (ud,dd,uu),

(ud,dd,uu), larger mass than (ud), mass — suppression

19



22** /D% and Af « T2 ** feedown in pp at 13 TeV

N 0_8 _l T | LI | LI LI ‘ LI | L l LI | T_ Q 1'2 | f T T | T T T | T T T | T T T | T T T | L l T T B
3 E AGE ] 1) . ALICE -
- . -13Tev | X . ’ ,Vs=13TeV |
X075 <05 pp, s =13Te s X 4L I<05 pp b
@) - ] < C— PYTHIA 8.243, Monash 2013 .
I 0.6 o PYTHIA 8.243, Monash 2013 = i i PYTHIA 8.243, CR-BLC: ]
so PYTHIA 8.243, CR-BLC: . S¢ 0.8 Mode 0 - Mode 2 ]
(.5 [ = Mode 0 -wwmveemee - Mode 2 i | s Mode 3 .
L s Mode 3 ] [ T8y, SHM+RQM ]
04 SHM+RQM 7 206k TSNS v Gatania N
T e, ™ w Gatania ] - M. QCM 1
' . —— QCM - i -
0.3 E_ _________ M BR uncertainty E 04+ ILlLll S ' ~~~~~~~~~~ —
021 L = v = e
C ] K e e %W ) b
E/[ 1 0.2 _ﬁ_ A _p _______________ ]
01 C + ] T b
C e, e ] L i

ot il el ol B s Bl il ol sl 0 caoa b b b b b e

2 4 6 8 10 12 14 2 4 6 8 10 12 14
P (GeV/c) P (GeV/c)
ALI-DER-493901 ALI-DER-493906

x %***/D° ratio significantly larger than in e*e” collisions

About x2 increase of A _* <—EC°’+’++ feed-down — ZCO""** “enhancement” larger than A " one

— ):co’+’++produced differently in pp than e*e” collisions

— suppression from (ud,dd,uu), diquark creation absent or reduced, as comparison to models suggests

20
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22** /D% and Af « T2 ** feedown in pp at 13 TeV

arxiv 2106.08278

Q 0_8 [ L | LI | T T 17T ‘ T T | T 17T | LI | T ] % 1 '2 | T |A|L|IC|E| T | T T T | T T T | T T T | T T T l T T T B
(a9} C ] - |
X 0.7 F /E/Lllgg.s - pp, ’s=13TeV ] X ,L <05 + pp,5=13TeV |
OQ - ] < — PYTHIA 8.243, Monash 2013 ]
17 06F e PYTHIA 8.243, Monash 2013 - f‘ C PYTHIA 8.243, CR-BLC: ]
S o c PYTHIA 8.243, CR-BLC: . SopgglL Mode O - Mode 2 ]
05 Mode 0 -mmee - Mode 2 - N Cn T Mode 3 ]
R Mode 3 ] 4 [TERE gHthRQM

Lot ag, ] +0 S iy, Gatania N
e o G < 0op Wi, —— dom |
0.8 S W M BR uncertainty 0.4 ; []] {%_ll = ":iif’_'_'_jf_: ,,,,,,,,, :
0.2F 3 ’ e R :
C ] JUs. W/ ; g
0.1k E 022 e 2 - ]
- e, e . i i

_|<|_|-|' Coao o ToT OIS T TSttt e 0 o e v e b b Py gy

2 4 6 8 10 12 14 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/c)
° (Monash 2013): significantly underestimates data

PYTHIA8 with CR beyond Leading Colour: X_enhanced by junction CR topologies
o describes ):.CO’+’++/D0 but overestimates A * <—>:.C°’+’++/D0
° , QCM and SHM+RQM models describe both ratios 21
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Several arrows in the quiver
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=~0,+
Charm-strange baryons:&.

arxiv 2105.05187

0.6
- ALICE .
0.5F PP Vs=13TeV,
L vl i005 o
—c [ ..

o
W

=~C

Baryon-to-meson ratio
o
I

I
-
0.2F%
L = U
- ’l,-|\‘ l'l

:.+/D() PYTHIA 8.243

| ' | ' I
ZYD° M BR unc.
—_ 0
/D
SHM+RQM

Catania (coal.+fragm.)
QCM

Monash
------- Mode 0
— Mode 2
- = Mode 3

0.1F  cemmeeillls
e'e, e e i .
“"8" POTY Lo, Ll oo ke Wikl At el
O 2 4 6 8 10 12 14
pT(GeV/c)

=0,+
bl

/Doratio significantly larger than in e*e” collisions

largely underestimates the data
PYTHIA8 with CR-BLC (Mode0,2,3) and SHM+RQM predict
ratios significantly larger than in e*e” but significantly
underestimate the data
QCM underestimates the ratios

Catania closer to the data

23


https://arxiv.org/abs/2105.05187

Q:/D* and Q /H ratios in pp collisions at 13 TeV
= E T3 T T T T T T T T T3
o - ALICE Prehmmary PYTHIA 8 3 El, F  ALICE Preliminary PYTHIA 8 ]
L 1071 & PP, Vs=13TeV, ly| <0.5 = Monash xBR - g - pp,s=13TeV, |y| <0.5 = MonashxBR 7

OE)}?) E o Data CR-BLC E CE:O 1071 e Data CRI-\ABL(? 2« BR
T - Rl E . ode £ X -
‘6’ o[ Catania (coal.+fragm.) x BR Mode 2xBR F Catania (coal.+fragm.) x BR E
X 10 E - Catania (coal.+fragm.+res.) x BR E| X - Catania (coal.+fragm.+res.) x BR .
1; F 12 QCM x BR 3 |+,: | =4 QCM x BR ]
. -2 | -
tg 1() ) E; _*E¥E+_m‘ ¥ -g g? 1() é —— é
o 0 4 - E @] IS 1
S A0 e—————— 4 = . y
P e 3 -3

oc e 3 M 10 EF . icecesesaresareseseseriia. =
o e, . . E
w05 T — . e ]
— b o
10 F BR(Q? - Q%) = (0.51+ 0.07)% [EPJC 80, 1066 (2020)] 3
BR(QY — Qn*) = (0.51+ 0.07)% [EPJC 80, 1066 (2020)] 3 S ST IR I IR R R

1 ] 1 ] 1 | 1 ] 1 ] 1 ] 1 0 2 4 6 8 10 1 2 14

pT GeV/C ALI-PREL-486637 T

ALI-PREL-486632

BR of Qg — Q~mt: only theoretical estimate exists. Assuming this value for comparing models to data:
e Only Catania reproduce both ratios when including contribution from higher-mass resonance decays
e QCM, PYTHIA8 CR-BLC (Mode 2), and especially Monash lower by order(s) of magnitude
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Impact on branching fractions and cross sections

arxiv 2105.06335
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Summary

Charm-hadron particle species production and relative abundances powerful probe of hadronisation process in all
systems

Overall: large enhancement of charm baryon production relative to charm meson in pp, p-Pb and Pb-Pb collisions
with respect to e*e” and ep collisions

— Charm hadronisation involves different processes in hadronic collisions than in e*e” and ep collisions
e Coalescence of charm quarks with light quarks from a thermalised and expanding bulk?
e Stronger effects from Colour Reconnection in an environment enriched of coloured partons from MPI

Far from a full understanding:
e most of theoretical models do not provide a complete and satisfactory description
e “Catania” model with coalescence in pp closer to the data

New data from incoming run 3 and run 4 at the LHC will improve and extend experimental results

e ALICE upgrade: higher statistics (more than factor 100 for min. bias pp collisions) + new ITS

Other related results:
A. Isakov, ALICE measurements of inclusive untagged and heavy flavor-tagged jets in pp, p-Pb and Pb-Pb collisions 26
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Baryon-to-baryon ratios
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-9 E 1 I 1 I T | 1 | 1 I 1 I T E
© - ALIGE EYA; B0
c [ pp,Vs=13TeV pag o & 1
e - |y| < 0.5 PYTHIA8 Monash —— —— 4
= PYTHIA 8 Modg 2 wovwwewer o
o) 10 3 Catania == == -
S - [l BR unc. 007, [T R— a
+ N SHM+RQM w7z w7 1]
C - 4
S :"’"%T’@ET—_——EE\I:—_T
© 4 T e
m 1 E—__. ............................................. —:
R R L e i
1 0 W | | | L I |
0 2 4 6 8 10 12 14
p_ (GeV/c)
ALI-PUB-487396 T

=0,+

527 /39 ratio described by default PYTHIA8 (Monash)!

By Catania as well

ES'*/AJg ratio underestimated by all models
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At /D° compared withA/K? andp/m*

arXiv:2011.06079 , arXiv:2011.06078
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Similar p; trend and evolution with multiplicity of baryon-to-meson ratios in light and heavy-flavour sector
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At /D° compared withA/K? andp/m*
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Open heavy-flavour production vs. pQCD
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Plethora of data indicating that open-charm and open-beauty meson production

* vs. p; and y (wide range covered)
- at very different collision energies is described by pQCD calculations relying on factorisation
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Open heavy-flavour production vs. pQCD
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At /DO ratio in pp collisions at 5 TeV
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