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Heavy-flavour hadron production

» Heavy quarks produced in initial hard-scattering processes (large Q2)
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/ » Fragmentation functions D,_y (z, 0*)

- phenomenological functions = non-perturbative parton-
to-hadron transition

- 7 = fraction of the parton momentum taken by the hadron
e

- parameterized on data and assumed to be universal

[
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» Heavy quarks produced in initial hard-scattering processes (large Q2)

2 |n ultra relativistic heavy-ion collisions = colour-deconfined time

medium, called quark-gluon plasma (QGP)

= high energy density, e.g. € > 15 GeV/fm3at LHC
= hydrodynamic expansion after a pre-equilibrium phase

2 Hadroniza

ion from QG

temperatu

e
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= transition from a deconfined medium to a colour-
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Heavy-flavour hadron production

» Heavy quarks produced in initial hard-scattering processes (large Q2) *f.0. = freeze-out
Z In ultra relativistic heavy-ion collisions — colour-deconfined time
medium, called quark-gluon plasma (QGP) \/ v\"‘ﬂe{\om}\o-
= Nhigh energy density, e.g. € > 15 GeV/im3at LHC (é\o’b\
Z
= hydrodynamic expansion after a pre-equilibrium phase -' S O_ng .\0@
. B\ : ©
» Hadronization from QGP medium at pseudo-critical 3 : D Y
temperature &
= transition from a deconfined medium to a colour- Dquark * g c-quar
neutral hadronic matter s
? Heavy quarks experience the full system evolution I SPace
Toe = i/m = 0.05-0.1 fm/c ~ TOn
Taap om (LHC) = 0.3 fm/c & |

& FM. Liu et al., PRC 89, 034906 (2014)
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Open heavy-flavour hadron

ENTRANCE ALLOWED
ONLY WITH HEAVY
FLAVOUR!

— HEAVY-FLAVOUR
SN FLAVOUR HADRON CLUB
J CLUB
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Charm meson production
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7 Agreement with model calculations (FONLL) based on factorisation approach and relying on
fragmentation functions universality (e*e",e” p)

= D meson ratios compatible with e*e” measurements

O
» +

2 DYDY + DY) higher for non-prompt mesons — substantial B and B decay contribution to
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Charm meson production vs. multiplicity
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Beauty meson production

» Measurements of fully reconstructed BY and B*in a wide pt range, including very low p at 00— —0
midrapidity, with Run 3 data
- agreement with pQCD based calculation (FONLL)
CMS 48.1 pb (13 TeV)
. - ! T " L o) 10 =EREREN | | T =
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_ 3 ) NI \ l
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- — & 1 E —#— Data (13 TeV, p®>10 GeV)‘ i $ - — (2012) 137
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e — — « -« PYTHIA (13 TeV) T 4 Phys. Commun. 191
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2z New B, better agreement with FONLL predictions
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The heavy-flavour baryon saga - episode |

O > 0O

» LHC Run 3 new differential measurement show A./D" enhancement, described by:

Q | ALCEPrefminary = PYTHIA 8 with updated Color Reconnection
< - pp,Vs=13.6TeV, |y| < 0.5 modelling
 PYTHIA 8.243 SHM+RQM — “junction” topology enhances charm baryon prod.
0.8 Monash “in Catania
- Mgggg — - QCM = Catania model, POWLANG
~ ___ Mode 3 — — POWLANG, HTL — thermalised system of u,d,s and gluons;
0.6 - — — POWLANG, 1QCD nadronization via coalescence in addition to
fragmentation

"IN D°, V5= 13 TeV
MR "FONLL(Vs = 13.6 TeV)
04| A\ scaled by:

= Quark (re-)Combination Mechanism
— recombination model based on statistical weights
and equal quark-velocity

FONLL(Vs = 13 TeV)

0.2 -
: Te=___ — = Statistical Hadronization Model and Relativistic
i o Quark Model
5 L L1 é L 1 |1|O| L |1|5| L |2|0| | I2|5I — Stror]g feed—dOWH from augmented Set Of eXCIted

o. (GeV/c) charm baryons

'S. Trogolo - EUNPC, 2025



The heavy-flavour baryon saga - episode | 10

& . Wang, boundino.github.io/hinHFplot/ O = 0O

I T 1 [ rrrr.Jrrr.r|rrr 1| rr 11T [ T 11 Ij |n po CO”iSiOnS a't I_HC qun 2
1.2 — — .
- ® CMS, JHEP 01 (2024) 128 - 5.02 TeV, Jy| < 1 1 2 Prompt A\./D" enhancement at low p with respect to
@ ALICE, PRC 107 (2023) 064901 - 5.02 TeV, |y| < 0.5 : measurements at e+e-/e-p:
1 | ® ALICE, JHEP 12 (2023) 086 - 13 TeV, |y| < 0.5 —
Z 1 = ratio higher (x 4-5) = approaching e+e-/e-p at high p-
0.8 —— T —-
o T el _
Q [ _
<Q 0.6 — —
0.4 __
02 — . —_
A+ 8P T . -
C
0 ] 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I:I
0 5 10 15 20 25 30
boundino.github.io/hinHFplot pT (G eV/ C)

¥ A\c/D (LEP) L. Gladilin, EPJC 75 (2015) 19
S. Trogolo - EuNPC, 2025


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://boundino.github.io/hinHFplot/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3

The heavy-flavour baryon saga - episode | 10

* /D’

A

0.8

0.6

0.4

0.2

¥ ALICE, PLB 829 (2022) 137065

" ALICE pp, Vs =13 TeV_

"""" V| <0.5-
N, multiplicity classes

(AN /dn):

—m— 3.1

—+— 37.8

PYTHIA 8.243 ]
4 T — — Monash —
= 77} GR-BLC Mode 2 -

| I I I | I I I | I I I | I I I
+
|

| |
K
.....
B 19
K
\
S
N
N
D
Y &
&
\
N
\\\
\
N
|

— - =T N YV 2
— — ——— T =TT . ol | | Tol-rTil | L1 L IGer | |
~ pNUHEEE

O > 0O

In pp collisions at LHC Run 2

2 Prompt A\./DYenhancement at low p+ with respect to
measurements at ete-/ep:

= ratio higher (x 4-5) = approaching ete-/e-p at high p+

Z Multiplicity-differential results show similar
enhancement at low p+ with respect to predictions

based on ete-/e-p measurements

= \onash tuning = underestimate the low p+ and
approaching results at high p+

= CR-BLC — reproduce the trend in all multiplicity
classes

2 pr-integrated results add questions to the puzzle

0 5 10 15 20 o
p_ (GeV/c) = |low-multiplicity measurements
ALI-DER-501055 T ' v '
= common multiplicity estimators  backup
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z =Y%/D"in pp collisions = higher than PYTHIA Monash (e*e” tuning)

= only recombination models are able to get closer to the measurement

2 = /D" in p-

Ph collisions mild p+ dependence at forward/backward y

= likely lower than mid y but larger than e*e” — Is there a rapidity dependence”?
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= only statistical hadronisation and recombination models are able to get closer to the measurement

> AL /

S. Trogolo - EuNPC, 2025

3Y multiplicity-dependent results approach e*e” only at high p+
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Open charm in heavy-ion

Two key observables in heavy-ion collisions
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Open charm in heavy-ion

Two key observables in heavy-ion collisions

1. Nuclear modification factor

1 dNA/dpy

R —
AA(pT) <N COH> dn, pp/ dp T

binary nucleon-
nucleon collisions

S. Trogolo - EuNPC, 2025

production yields In
AA collisions

orod
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Uction yields in
0 collisions

NUCLEAR MODIFICATION FACTOR

No QGP

QGP present
suppression
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Open charm in heavy-ion

Two key observables in heavy-ion collisions

1. Nuclear modification factor

production yields In

1 dNjA/dpyp AA collisions

<Ncoll> dep/de

Rya(pr) =

production yields in
pop collisions

binary nucleon-
nucleon collisions

2. Azimuthal anisotropies

d¢°N 1 d°N >
E— = Cﬂ { 1 Z v, cos[n(p — )] }
dpr 27 prdprdy i1

~
~
~
~
~
~§
~

v, = (cos[2(¢p — ¥)I]) | second harmonic coefficient elliptic flow Reaction plane W
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Open charm in heavy-ion
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Open charm In heavy-ion | »
3~ -8

2 Recent LHC Run 3 measurements

~ 0.3 T T -FirstpromptDngbelow,oT<1GeV/C
A 0.3F ALICE Preliminary = Prompt D° - = . v, close to non-strange D v, though tendency
5 : Pb-Pb, 30-50% - to be smaller for pr < 4 GeV/c
—.0.25F s, = 5.36 TeV » Prompt Ag - |
0 - - = |nclusive J/U v, lower than prompt D v, at
g 0.2:— Fﬂ, _+_ = iIntermediate p
0.15F ™ I ¢ = .
- = - 1 B First prompt charm-baryon v, measurement in
0.1 = = —  heavy-ion collisions
B 5 _ .
0.05" u ! = = 0+ > 4 GeV/c: vo(/\;) > Vv, (D) with 3.6 ©
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Pr ( ) = crucial role of coalescence”?
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Open beauty in heavy-ion RE

7z Recombination of heavy quarks with light quarks from the QGP affects HF hadrochemistry @" “@
= cnhanced B, yield relative to non-strange mesons (strange quarks more abundant in QGP)
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Quarkonium

A BOUND STATE RELATIONSHIP
quarkonium
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Quarkonium production

? Quarkonia (c€ and bl_)): a meson whose constituents are a heavy quark and its own antiquark
= Cross section can be computed within the factorization approach (NRQCD) & sodwin et al., PRD 51, 1125 (1995)

S. Trogolo - EUNPC, 2025 & Matsui, Satz, PLB 178 (1986) 416 %= Rothkopf, PR 858 (2020) 1-117 % Bazavov et al., PRD 109 (2024) 7, 074504


https://arxiv.org/abs/hep-ph/9407339
https://inspirehep.net/files/c799dd5ddebbd53dc962670257273081
https://inspirehep.net/literature/1768637
https://arxiv.org/abs/2308.16587

Quarkonium production

? Quarkonia (c€ and bB): a meson whose constituents are a heavy quark and its own antiquark
= Cross section can be computed within the factorization approach (NRQCD) & sodwin et al., PRD 51, 1125 (1995)

Dissociation (Re)generation

D+
AN 1/

What happens to quarkonia in QGP?

P Quarkonium suppression

= |n a strongly interacting medium quarkonium
states can be dissociated by a color screening
mechanism

INn vacuum In QGP

I/

Open charm production Recombination

S. Trogolo - EUNPC, 2025 ¥ \Vatsui, Satz, PLB 178 (1986) 416 & Rothkopf, PR 858 (2020) 1-117 % Bazavov et al., PRD 109 (2024) 7, 074504
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Quarkonium production

? Quarkonia (c€ and bB): a meson whose constituents are a heavy quark and its own antiquark
RQCD)

= Cross section can be computed within the factorization approach (N
Dissociation

¥ Bodwin et al., PRD 51, 1125 (1995)
(Re)generation

What happens to quarkonia in QGP?

VA,
P Quarkonium suppression

= |n a strongly interacting medium quarkonium
states can be dissociated by a color screening
mechanism

Open charm production Recombination

S. Trogolo - EUNPC, 2025 ¥ Matsui, Satz, PLB 178 (1986) 416

= Sequ

€

ntial melting of the ¢

uarkonium states

according to the binding energy
charmonia bottomonia
I X w29 ¢ Y(IS) Y(@2S) Y(3S)
n Mass (GeV) 3.10 353  3.68 :,'7 0.46 10.02 10.36
Eg(GeV) 064 020 005/ 110 054  0.20

¥ Rothkopf, PR 858 (2020) 1-117

¥ Bazavov et al., PRD 109 (2024) 7, 074504
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Quarkonium production

? Quarkonia (c€ and bB): a meson whose constituents are a heavy quark and its own antiquark

= Cross section can be computed within the factorization approach (NRQCD) & Bogwin et al., PRD 51, 1125 (1995)
Dissociation (Re)generation

D +
AN /W

What happens to quarkonia in QGP?

Open charm production ecombination

S. Trogolo - EUNPG, 2025 ¥ Braun-Munzinger, Stachel, PLB 490 (2000) 196-202 & Thews et al., PRC 63 (2001) 054905
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Quarkonium production

? Quarkonia (c€ and bB): a meson whose constituents are a heavy quark and its own antiquark

= Cross section can be computed within the factorization approach (NRQCD) & Bogwin et al., PRD 51, 1125 (1995)
Dissociation (Re)generation

D +
AN /W

What happens to quarkonia in QGP?

P Quarkonium (re)generation/recombination

b~ = The abundance of heavy quarks produced in
by heavy-ion collisions at LHC energies determines

the statistical (re)combination of uncorrelated qq

= The larger low-pt J/ production at LHC w.r.t.

D® RHIC is interpreted as a consequence of
(re)generation
RHIC LHC
]/ll] \V/SNN — 200 GeV \V/SNN — 5.02 TeV
D° N../event 10 115
Open charm production Recombination N, ;/event 0.05 3

S. Trogolo - EUNPC, 2025 ¥ Braun-Munzinger, Stachel, PLB 490 (2000) 196-202 ¥ Thews et al., PRC 63 (2001) 054905
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Charmonium in small systems
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P J/V measurements from LHC Run 3
= good agreement with ICEM and NRQCD models — mainly prompt J/{ (non-prompt at higher p+)

» Good agreement among different experiments and energies e*e” only at high p+
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Charmonium in small systems
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TN 1 B effect qualitatively described by destruction via ‘rescattering’:
o 1 i - comover model
I 2 For a qguantitative physics interpretation
e T = experiments: absolute multiplicity corrected on particle level
605 1 15 2 25 3 = model: full event modelling
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Bottomonium In small systems
CMS

0.5 1.3 O > = 0O
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N

track

P relative T(25) and Y(3S) to Y(1S) suppression at high multiplicity

z qualitatively described by comover model
2 For a qguantitative physics interpretation

= experiments: absolute multiplicity corrected on particle level

= model. full event modelling
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Recombination: charmonium | o

—~ 0.3 T 1 T 1 T 1 I . T 1 T 1 I 1
<181 T T T ™ 3 | N | | | | D, =
= b : o g ALICE Preliminary, Po-Pb, {5, =5.36 TeV e —F

° I ®ALICE, Pb-Pb s, =5.02 TeV |y| < 0.9 p_> 0.15 GeV/c ] i f Jy-uu,25<y<4 :
1 4L ® STAR, Au-Au s, =200 GeV y| < 0.5 p_>0.15 GeV/c (PLB797,134917)] - 02F [+]o-10% « 110-30%% . 130-50%% -
" [ ®NA50, Pb-Pb s, =17 GeV O <y <1 ] » :
1.2F > 0.15F .
L bbb * """""""" 1 0 1:_ :g: _:
08 i ; ¢ ’ ¢ ! : 0.05F mﬁﬁ +: T -
0.6 gy ] - % R | :
17! e dN,/dn _, Au-Au |s,=200GeV - 0 e 1 I P .
04F s o (PHOBOS, PRC83(2011),024913) 7 - ol :
: *oo, L GN_jdn _ Pb-Pb {5—=5.02TeV —0.05F -
02F ° o/ Myc05 VS=5-02Te -'EALICE,EPJC ~ 0.4 ——

! (ALICE, PRL116(2016) 222302) i > . b
o e 1,1 1,84(2024) 818 0.35F ALICE Preliminary, Pb-Pb, 10-30% E
0 200 400 600 800 1000 1200 1400 1600 1800 2000 - J/ly—outu,25<y<4 .
0.3 =

(N, /dn) - |5y = 5.36 TeV
. . . . 0.25F -
B Strong J/Y flow signal at LHC in line with regeneration I T :
&b ® v, {SP} B
expectations 0150 v E
= regeneration at play observed in Run 2 R at the LHC 01f {;‘% | -
. 0.05F  mret— :$T E
Z? New flow observables for charmonium = ;
= push model implementation details = discrimination 2L T P

between transport and SHMc o 2 4 6 8 10 1214
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y

Recombination: bottomonium

PbPb 1.61 nb™!, pp 300 pb™ (5.02 TeV)
I|IIII|IIII|IIII|IIII|IIII

B 7 ~ 0.3
12 ||<24 & CMS,PRL133 CMS 1 =
~ Cent. 0-90% (2024) 022302 - 0.25
L = 0.2
i ¢ Y(1S) (2015 PbPb/pp) 1
08l ] 0.15
0.6/ ¥ Y(3S) ~ 0.05F
0.4 EIK. ¢ o -
:+ i -0.05
0.2 -
- | ] : = —-0.1
O ] | ] : | ] | | ] | ] ? ] ] | | ] ] ] I ] ] ] ] | ] | ] ]
0 5 10 15 20 25 30
p_ (GeV/c)

L | T 1 I | — T | —
= ALICE Preliminary, Pb-Pb, s, = 5.36
= Jy, Y(1S) - utu, 25 < y < 4

* | JAy, 30-50% * ] Y(1S), 5-60% -

TeV

P Suppression hierarchy between 3 vector states established
= coherent statement based on ATLAS (PRC 107 (2023) 054912), ALIC

results

2z Run 3 flow measurements confirm Run 2 outcome

Al 0.3 I 1 | 1 | | ! | I ! | | | | | | 1 | | | | | | | I | I | i:i ]

- ALICE Preliminary

- Pb—Pb, Y(1S)—u'n’, 2.5 < y < 4, 5-60% ]
0.21["e7] CMS, 5y = 5.02 TeV[_® ] ALICE, {5 = 5.36 TeV
0.15F =

0.1F -
0.05F H ~

0.25

(PLB 790 (2019) 89) and CMS

= 1(1S) v, lower than J/P v, = b-quark less thermalised”? different role of recombination to bottomonium?
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https://arxiv.org/abs/2303.17026
https://arxiv.org/abs/2303.17026
https://arxiv.org/abs/2303.17026
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906

What’s next” | 23

At the | HC
2 In the next (short/long) future Hil ' ~

( [LUM
High Luminosity LHC installation HL-LHC PROJECT

ATLAS and CMS Phase I,
ALICE (FoCal, [TS3), LHCb Phase I-ll, ALICE 3

E NA60O+ Experimental proposal

x10

Other facilities and accelerators complex o m oo oo

2 Many other projects exploring QCD phase diagram: >0
NAG1/SHINE, NABO+ at SPS ay
CBM at FAIR A
“lectron lon Collider at BNL A

Inv. mass KKn (GeV/c?)
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https://cds.cern.ch/record/2932302
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906

What’s next?
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
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Conclusion Z

[ —————————— » Huge effort in the last decades to investigate the hadronization

s 102;—AL|CE Preliminar ° mesons - . i .
3 Peoolses 0 ALGE fo-tastev ) | mechanisms of heavy quarks across colliding systems
% 10_EEE—=EE==EE= | é : : : : : :
e - = Fragmentation functions universality violated already in pp
S - E collisions
102;— / - . P "
03 e pp collisions is a system dense enough to alter the
C . .~ __LALICE Preliminary ; : At
104;—ng, (= "°F Pb-Pb, 30-50% romet D E hadronization
M_sf_ff“_lﬂi < 0.25 (50 = 5.36 TeV » PromptA; E
C CMS \ E Z |In heavy-ion collisions:
0.5 :
T Va1 vas) o vas  018) b va9) | ] g Crucial role of coalescence mechanism for open HF production
0.4 | #-Y(3S) / Y(1S) Y(3S) / Y(1S) —# Y(3S) / Y(1S) -
Yo o pi* > 0 GeV, |y"| < 1.93 T (Re-)combination is more relevant at LHC energies for
i / \ . :
go.si\u & 0Ty charmonia and bottomonia states
R - - ALICE Preliminary, Pb—Pb, \/%=5.36 TeV . |
| % * = 0850 gy, 25 < y <4 ‘ P
‘ ;(_:’ 02; &% 0.25— *10-10% | *]10-30% * |30-50% — B Aﬂ eXCi’[iﬂg periOd ahead:
l - P ” 015;_ : . . . . . .
0 % 01 i_ﬂ_%: f—- wider investigation of HF production, especially beauty hadrons
! 005 | mﬁﬁﬁ#: —F— s
: B 6 ag & K : - TN
0.0k 0?-%-**- ________________ T b | qac?lronlzatlon in high multiplicity pp and p-A collisions with higher
™ —0.05 _| | | | | | | | _ p CCISE
OH|2|H4HI6H|8III1OIII12H14H

Py (GeVie) | large improvement on exotic states production
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INtroduction

= theory approach to prod. in heavy-ion
= pbrief life of the QGP
® No direct observations = emerging particles as probes

Detection

Initial Hard QGP Hydrodynamic Hadronization
state scattering formation expansion and freeze out

time T=0fm/c Ty =/0.3 fm/c T =10 fm/c

temperature 1~ 200-800 MeV * T~ 155-1 O MeV

! !
hadron suppression/recombination, collective motions, modification of hadronization,

strangeness enhancement nadron interactions

~10"5 fm/c
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Charm meson production vs. multiplicity

O

5’; 38 ALICE Eéil\i/r)ginarly __ 2 < p_< 4GeVic __ 4 < p.<6GeVio E
© o / _iz_ _;_ :
0.6 __ —_——_ + __ — _:
O4r AT : > Tt —L
03— L 4 o VA v — :

= PYTHIA 8 Angantyr
- Pb—Pb, Y5 = 5.36 TeV
- FTOM multiplicity estimator
-~ SC-CR

1 L 11 IIIII |

I 12 <p <24GeV/c

PYTHIA 8, pp, ¥s=13.6 TeV
- StringFlav:mesonCvector = 1.75

- FTOM multiplicity estimator
- . Monash ~— CR-BLC Mode

0.2EpyTHIA 8, pp, Y5 = 13.6 TeV
0.1 FTOM multiplicity estimator

- I Monash% CR-BLC Mode 2. SC-CR
_ | | | 1

2

8 < p, < 12 GeV/c

0.72— e

GD+/ GD+

0.2 EPOS4HQ

0 F_Togﬂp mﬁ—gm_p'g“é ‘?rset{,mator . Pp.YS=136TeV, |y <0.5 : o Pb-Pb, y5,=5.02TeV,|y|<05 :
- o — 3 FTOM multiplicity estimator E3 VOM multiplicity estimator E
0 I_IIPIb:IPlR v‘ngl_llsl-IQI%Telvl IIIIIII 1 1 | | IIIIIII 1 [ IlIIIII | | IIIIII| 1 1 I:: 1 [ IIIIIII | | lIIIIII | ] IIIIIII 1 [ I-
1 10 107 10° 10 102 10° 10 102 10°
ALTI-PREL-603052 <c”\lch/dn>|y|<0.5 <chh/d77>|y|<O.5 <c”\,ch/dn>|y|<0.5
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Charm meson production vs. multiplicity

L T T | I | | | | I | I I 1 I 1 1 1 1 I 1 I | | | | I | | | | I | | | | I | | | | I | I O o G— O
e - ALICE p_>0 4<p <6GeV/c -
— 035F 55 V5 =13 TeV T -t PYTHIA8.243 ! -
B gl M1<05 o] b :
: - 1l ) CR-BLC Mode -
0.3 - syst.. :X (5% CR-BLC Mode 2 .
0.5 : CR-BLC Mode 3 =
0.2 - i =
0.15} = - "M
0.1F B -
& s g hep 0.05 + € ALICE, PLB 829 (2022) 137065 -
. B T T T e T T T T - ' SR TR R R RN T T S R T TANNE SN S AR TANNE NN N R N :
1508 (2015) 003 0 10 20 30 40 10 20 30 40
ALI-PUB-534134 <chh/dn>InI<O.5 <chh/dn>InI<O.5

7z Charm quark production dominated by hard parton-parton scatterings

2 D./DY does not show dependence with increasing multiplicity

= petter agreement with Monash 2013 tuning, though CR-BLC compatible within uncertainties

S T T — e —

CR-BLC — based on Monash + additional topologies for Color Reconnection mechanisms I
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://www.sciencedirect.com/science/article/pii/S037026932200199X?via=ihub
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906

Beauty meson production

1&; _I| [ I| [ I|I [ |I [ |II II [ I| T 1 1 1 II_
S .| ALICE Preliminary B
& 0%E pp collisions, Vs=13.6 TeV =
o) - y| < 0.5 0 L -
= B” mesons k. factorisation -
> —e— Data geBO
©_10 0 =
Q. - b—B =
S = Sum -
Q%j —
1 =
107"
10°°

2 4 6 8 10 12 14 16 18 20 22
pT(GeV/c)

ALI-PREL-595105
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Beauty meson production

CMS op 5.02 TeV + PbPb 5.02 TeV 0.9 CMS PbPb 5.02 TeV (1.7 nb™)
i I I I I I I I | | . _I 11 1T 11 11 L | 1T 11 | 1T 11 | 11 | L | 11 I_
o5 B¢, Cent. 0-90% B, Cent. 0-90% - 0 85 Centrality 0-90% -
T | S13<ly<2.3 ir);|5<<2|ﬁ<2.4 - L 015<lyl<2.4 -
: ; 4yl <2.3 B Cent. 0-90% - 0.7 || —PbPb:TAMU ¢ lyl<2.4 -
2 ; o 15<|y| <2.4— ™ —PbPb: Langevin (Centrality 0-80%) -
I i o |y|<24 Z 2 0.6 —PbPb: EVC .
N I S : S RN\ -pp:EVC :
<150 | B*/BY global uncertainty: + 3.2% T 0.5F epp: LHCb 7 TeV -
< 'YL | _ ) Ny -
C I i _ 'S e -
_ | : J 0.4 :
- 7 an) N ]
L 1 s ] o » 0.3F 7
I : i A —9 i
: _________ ‘I ________________ : O 22‘”‘ .""'---.. o N
0.5 n | . - F -
i - i} 0-1;— global uncertainty: + 8.0% ;
O—l l L1 l l l 1 _ O:||||||||||||||||||||||||||||||||||||||||||||:
6 7 8 910 20 30 40 50 60 5 10 15 20 25 30 35 40 45 50
p. (GeV/c) P_ (GeV/c)
g CMS, JHEP 2502 (2025) 195 E CMS, PLB 829 (2022) 137062
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
http://dx.doi.org/10.1007/JHEP02(2025)195
https://www.sciencedirect.com/science/article/pii/S0370269322001964?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906

Recombination: bottomonium

PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)

_I 11 I T | T | (o I T | (T | T | T | I _l_ ]
1.2 p.<30GeVic CMS B
- lyl<24 il ]
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Mg T 0009
$] Y(1S) (2015 PbPb/pp)T
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C i _
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¢ | _
0.4 : T _
I ’& ¢ ® ® :
oz ¥ T
B |I| . _ "
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The heavy-flavour baryon saga - episode | | sa

JW boundi ithub.io/hinHFplot/
1-23 ang oun|nog|IU|0|n ||OOI..|...I s B

p- Pb JSNN = 5.02 TeV

| @ ALICE, PRC 107 (2023) 064901 - -0.96 < y,, < 0.04
1 = © LHCb, JHEP 02 (2019) 102 - 1.5 <y, < 4
" ® LHCb, JHEP 02 (2019) 102 - -4.5 < y < -2.5

In pp collisions at LHC Run 2

2 Prompt A\./D" enhancement at low p with respect to
measurements at ete-/ep:

08 —

= ratio higher (x 4-5) = approaching ete-/e-p at high p+

Zz Multiplicity-differential results show similar
enhancement at low pt with respect to predictions

based on ete/e-p measurements

A./D°

In p-Pb collisions at LHC Run 2

A+/poL.ee ,ep. T ¢ '1 & Prompt /\./D" enhancement at low pr as observed in

| | | | 1 smaller collision systems
0 | | | | | | | | | | | | | | | | | | | |

0 5 10 15 20 25

= more pronounced at midrapidity — hint of rapidity

pr (GeV/c) dependence?

¥ \c/D (LEP) L. Gladilin, EPJC 75 (2015) 19
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://doi.org/10.1007/JHEP02(2019)102
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://doi.org/10.1007/JHEP02(2019)102
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https://boundino.github.io/hinHFplot/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.034906
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3

The heavy-tflavour baryon saga - episode | 34

O > 0O

o B : 1+ 0 .
1 B D
e 2—AL|CE yl <0.5- ok n.telgrated /\.C/.D ratio not dependent on
o - multiplicity, collision system and energy
< 1.8 e pp, s=13TeV ——stat. = SHMe 3 within uncertainties
1.6 Y Pp, Vs=5.02 TeV syst. + Catania _- - o
© 4 p-Pb, |5 = 5.02 TeV extr. = TAMU - Monash predlgtlons rulgq out by the
1.4 & Po_Pb, {5, = 5.02 TeV K total PYTHIAS measurements in pp collisions
1.2 ¢ Au-Au, \s, =200 GeV —Monash - & increasing trend (1< pr <24 GeV/c) from a
q  STAR PRL 124 (2020) 172301 —CR-BLC 2- different redistribution of py for mesons and
B ‘ _ ?
0.8 ome—o ~ f @& g Dayons
- B 1 = Flow effects in Pb-Pb collisions
0.6r ¢ @ -
- *0 O 4 .
042_ Li J L 1 -
0.2 —
: I_ [ 1 1 11 I.I_ | _I [ |11 || | I I . . || | |:
2 3 ¥ ALICE, PLB 829 (2022) 137065 & ALICE, PLB 839 (2023) 137796
1 1 OO A 10 10 e
‘—@ (AN / d77>|n|< 0 ¥ ALICE, PRL 127 (2021) 202301 STAR. PRL 124 (2020) 172301

¥ ALICE, PRC 104 (2021) 054905
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
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The heavy-flavour baryon saga - episode |l

¥ | Heb, PRL 132 (2024) 081901

LHCb pp Vs =13 TeV
p.> 0 5.4 b
P pr-integrated A./B® ratio multiplicity-

++ + ++_H—+ dependent

I = approaching e*e™ at very low multiplicity

'|‘++ 2 pr-integrated results add questions to the
| puzzle
—+- pp—bb + X, global uncertainty: +:: = low-multiplicity measurements
¢ ete—Z" —bb = common multiplicity estimators
’ 2 4VELO VE?,O
N tracks /<N tracks >N B
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The heavy-flavour baryon saga - episode |l

¥ ALICE, PRD 108, 112003 (2023)

o 4 —
© [ ALICE, |y| <05 pp, Vs =13 TeV -
C -+ p/nt " _
S 12, AKe PYTHIA8+ Monas -
O — + /0 p/ﬂ: _
- = prompt A./D ; A/KO i
$ 1.0~ e non-prompt Ay/D~ pror%pt AD° —
= ~ LHCb, 2.0<y <4.5 non-prompt A;/D°
Q - 0,,:0 o+ 0,60 o+ _
> 08— o+ AY/B°+B" ---- AY(B°+B") -
qu
0.6 -
0.4 -
0.2 -
et E
5x107" 1 2 3 4 5678910 20 30

p. (GeV/c)

ALI-DER-563938
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Assoclated production of charm mesons

ALICE Preliminary y <06, p_ >05GeV/c DO
pp, Vs=13.6 TeV 25< y <40, p_ >0

L =39.7 pb’ e
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Counts

ALI-PREL-609894
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Assoclated production of charm mesons

N 0,50 T T 1 1T T 1 I | T T 1 1T T 1 T T 1 T 1 1 IR IR R IR o rrrrn [
fo - | [T | | | ] | o | | O > = O
2 | ALICE Preliminary - ALICE Preliminary
> 0.45—pp,Vs=13.6 TeV, L, =39.7 pb”’ r op, Vs = 13.6 TeV
O -~ Prompt D°, |y| < 0.6, p. > 0.5 GeV/c - L. .= 39.7 pb‘1
L 040 Inclusive J/¥, 2.5 <y < 4.0, p.>0 e
0.35- HELAC-Onia = Prompt D°, |y| < 0.6 ;
- SPSLO + PYTHIA8 - p,>0.5GeV/c
0.30 [IDPS o,=31mb —
E _ [ Total : B o
0.25— = Inclusive J/¥
: : 25<y <4.0,p_>0 .
0.20— —
0.15 . . |
- - D"-J/¥ |
0.10( S 1.9<Ay <4.6 -
0.05F E " PYTHIA 8 Monash HELAC-Onia o
- : CharmoniumShower:all SPS LO + PYTHIA 8
OOO_I | Z7Z} | |z iz ziz| I | iz v i | V217 || I |22 iz 224 l | i A ! | v/ R _SPS _DPS DPS Geff=31 mb
=2 —1 0 1 2 3 4 5 ‘Total _ Total
A | Illllll | 1 lllllll | - | Illllll | 1 lllllll | - | IlllllI | 1
ALI-PREL-609929 y 10_1 1 10 102 103
G (ub)

ALI-PREL-609949

2 PYTHIA 8 overestimates the J/P-D O cross section

7 HELAC-Onia reproduces the J/-D O cross section considering a oeff of 31 mb
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