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Heavy quarks: a unique probe for high-density QCD

e  Charm and beauty quarks: m ~1.3 GeV/c?, m,~4.2 GeV/c’
e  Significantly larger than AQCD (~200 MeV)
—  Produced in hard scattering processes among partons

Charm- and beauty- quarks dynamic tested via measurements of
charm- and beauty- hadron production

pp collisions

e Test of pQCD calculations
o  heavy-quark production
o  parton distribution functions (PDFs)
o  hadronization

!

e No first-principle description of hadronization
o Non-perturbative problem, pQCD calculations not applicable
o  Necessary to resort to models and make use of phenomenological
parameters




Hadron production at large Q* - e*e” collisions

Factorization approach
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Hard scattering Fragmentation
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e “Vacuum-like” system
e Hadronization described with string models
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Hadron production at large Q? - pp collisions e &
ALICE

Factorization approach

doHe do€
4 (p1; ur, pr) = PDF (21, up)-PDF (22, ur )® —— (71, T2, pF, pr)@Desu. (2 = pH, /Pc; 1F)
(]-])T( | J I(lpT J L |

Parton distribution Hard scattering Fragmentation
functions (PDFs) cross section function
(pQCD) (hadronization)

Multiparton interactions (MPIs)

P@— —®r
e  Superimposition of many independent parton-parton
collisions?

e  (Changes in hadronization due to the surrounding color
charges and those from MPI?

e Fragmentation functions assumed universal across
collision systems and constrained from e*e” and e™p

independent
measurements

fragmentation



Hadronization in event generators: and strings

Event generators: final stage of parton shower
interfaced with non-perturbative hadronization models

Cluster decay
(HERWIG) € Eur Phys.]. C 76 no. 4, (2016) 196

e Parton shower evolved up to a softer scale é
e  All gluons forced to split in qq pairs !
e  Color-singlet clusters of partons identified E
following the color flow E
e  (luster decays into hadrons according to the |
available phase space !




Hadronization in event generators: clusters and

Event generators: final stage of parton shower
interfaced with non-perturbative hadronization models

(e.g. Lund model in PYTHIA) @ EurPhys.].C78no. 11
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! String fragmentation @ Phys. Rept. 97 (1983) 31-145
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e  Strings: colour-flux tubes between q and q endpoints
o  gluons: kinks

e  Strings break via vacuum-tunneling of
(di)quark-anti(di)quark pairs

Tunneling probability
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charm mostly produced in the hard scattering



The success of factorization and independent fragmentation (1/2)

@€ EurPhys]. C79 (2019) no.5, 388

e Factorization in terms of squared momentum transfer Q%

e At LHC energies, calculations available in:

o  general-mass variable-flavour-number scheme (GM-VFNS) approach both having NLO accuracy with all-order
o fixed order plus next-to-leading logarithms (FONLL) approach resummation of next-to-leading logarithms
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1.0

0.8

0.6f

0.4

0.2

0

% HEP 05 (2021) 220

[ pp, Vs =5.02 TeV
Non-prompt

ly| <05

ALICE

FONLL + PYTHIA8 Dec.

5

+1.9% BR uncertainty not shown

Lo bvv v b b bvv o b Py g 10

12 14
P, (GeV/c)

Charm-hadron production in e*e™ collisions described by PYTHIA (backup)

Heavy-flavour meson-to-meson ratios in pp collisions:

no significant p_-dependence

described by models based on factorization and with fragmentation functions constrained from e*e collisions

compatible with results in e*e” collisions
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https://link.springer.com/article/10.1007/JHEP05(2021)220
https://link.springer.com/content/pdf/10.1007/JHEP03(2016)159.pdf

Hadronization in PYTHIA 8 - colour reconnection with MPIs

© [HEP 08 (2015) 003

pp collisions

e Initial state not insensitive to strong force
(coloured partons, beam remnants)
e  MPIs crucial to explain underlying event

e No CR: partons from different MPIs do not interact

PYTHIA 8 default tune

~N

Colour reconnection (CR) within Leading Color

e (R allowed among partons from different MPIs to minimize string length
e Implemented in PYTHIA 8 Monash

CR beyond Leading Color approximation (CR-BLC)

e  String length minimization over all possible configurations, even those beyond the LC
topology

e Enhanced leading color among MPIs and beam remnants
o  baryon production enhanced by junctions


https://link.springer.com/article/10.1007/JHEP08(2015)003
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€ PRC104 (2021) 054905 & PRL127(2021) 202301 & LEP: Eur. Phys.

. C(2015) 75:19
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PYTHIA 8 Monash

10/35 a1 1CE
E Phys. Rev. D 108, 112003 (2023)
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e Significant baryon-to-meson ratio enhancement in pp compared to e*e” collisions

e  PYTHIA 8 Monash predictions and pQCD-based calculations based on factorization and fragmentation functions tuned on

e*e” underestimate the results in pp collisions

e PYTHIA 8 predictions with junctions better describe the measured /\C*/D0 at|y| <0.5 A
o  Beauty baryon-to-meson ratio at forward rapidity not well described ?


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112003
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
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Charm production at mid-y in pp collisions at Vs = 13 TeV (1/2)
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JHEP12 (2023) 086

“Charm production and fragmentation fractions at midrapidity in pp collisions at s = 13 TeV”

1. and measurements of of prompt at

in pp at
2. Extended measurements values of prompt A *- and = “-baryon production cross sections at in pp at
3. Measurement of the and at in pp at

a. based on the sum of D°, D*, D' AL EC0'+, ] /v cross sections

b.  first measurement of Z " and ZCO'*'** fragmentation fractions at mid-y in pp collisions

Goals

1.  Overview of charm-hadron production measurements with ALICE at mid-y in pp collisions
2.  Provide new inputs to:

a. testthe validity of the factorization approach and independent fragmentation

b.  constrain gluon PDF at low Bjorken-x

c. further study the baryon enhancement at the LHC



https://link.springer.com/article/10.1007/JHEP12(2023)086

Charm production at mid-y in pp collisions at Vs = 13 TeV (1/2)
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J[HEP12 (2023) 086
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“Charm production and fragmentation fractions at midrapidity in pp collisions at s = 13 TeV”

1. Most precise and granular measurements of p_-differential production cross section of prompt D% D*, D™, D " mesons at
mid-y in pp at Vs = 13 TeV
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€ Cacciari, Mangano, Nason: Eur. Phys. |. C (2015) 75:610
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e Double ratio in rapidity and energy: scale and mass uncertainties reduced — PDF uncertainties dominant

e Low (£107) and high (* 10°) Bjorken-x regime accessible with measurements at p,<2GeV/candp =30 GeV/c,

respectively


https://link.springer.com/article/10.1007/JHEP12(2023)086
https://link.springer.com/article/10.1140/epjc/s10052-015-3814-x
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The ALICE detector in Run 1 and Run 2 13/35

ALICE

Central barrel: |5| < 0.9 VO
Muon spectrometer: -4 <y <-2.5 Trigger, centrality

Inner Tracking System (ITS)
Tracking, vertexing (primary, secondary HF)

Time Projection Chamber (TPC)
Tracking, PID via dE/dx

Time-Of-Flight (TOF)
PID via time of flight

Charm-hadron decay channels Datasets

DO K-t A — pKr', pK pp Vs = 5.02 TeV —%£_ ~19nb™ (MB)

D DK E0— Eety, pp \s =7 TeV — £, ~59nb" (MB)

D* K-t 20 gt pp Vs = 13 TeV — £ ~32nb* (MB)

D —¢n"—>K'Kn' Ef—-Enn

DS1+ — D*+KSO ZC0’++—>AC+T[_’+ p-Pb \/SNN =5.02 TeV - ééint ~ 287 p’b_l (MB)

D" —DK® Q'-Qr' Pb-Pb Vs, =5.02TeV  —£  ~ 130 ub* (0-10%)
— &£ ~56ub* (30-50%)

@ new results in pp collisions at Vs = 13 TeV in [HEP12 (2023) 086



https://link.springer.com/article/10.1007/JHEP12(2023)086
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Charm-hadron reconstruction (in a nutshell)

14/35 a11CE

1.  Track selections
o  ITS-TPC matched tracks — selection of primaries (ALICE-PUBLIC-2017-005)

. . . . HEP12 (2023) 086
o particle identification (PID) Y 0l € — |

S | ALICE ]

1 2 " pp, Vs =13 TeV 1

2.  Secondary-vertex reconstruction = 025 ™7 ' AlTee

o Impact parameter resolution to primary vertex ~ 75 pm @ p.,. =1 GeV/c g r E K ’: ’é ?;d charge con;. 1

. . . o r U< pT < ev/c B

o  Evaluation of topological variables @ 020 ]

—  intrinsic displacement (cz(D*) ~ 310 um) § 015 g

3.  Topological selections 0.1 0:

o  Separate signal from background candidates exploiting topological variables

Lo b P

005: u = (1871+ 2) MeV/c?

i i ‘P 5= (8+2) MeV/c?

—  BDT exploited for most challenging analyses E gz e 1)36 D —K-ntn*

o  Measure the reconstructed signal with an invariant-mass analysis 0.00bsLets ol T
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https://cds.cern.ch/record/2270008?ln=it
https://link.springer.com/article/10.1007/JHEP12(2023)086

Prompt D-meson cross section in pp collisions at Vs =13 TeV
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€ J[HEP12 (2023) 086

Factorization in terms of:

e squared momentum transfer Q?

%
o  GM-VFNS
o  FONLL

® parton transverse momentum kT

—

Model calculations describe the
measurements within uncertainties

e measurement on the lower
(upper) edge of GM-VFNS and
k,-factorization (FONLL)
calculations at high p,,

e main source of theoretical
uncertainty: scales for
perturbative calculations


https://link.springer.com/article/10.1007/JHEP12(2023)086

D-meson yield ratios
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€ JHEP12 (2023) 086
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https://link.springer.com/article/10.1007/JHEP12(2023)086
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Charm fragmentation fraction ratio f, / (f +f,)
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— No significant collision-system dependence



https://link.springer.com/article/10.1007/JHEP12(2023)086
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Charm-hadron production at different collision energies
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https://link.springer.com/article/10.1007/JHEP12(2023)086

mfaggin@cern.ch

D-meson cross section ratio mid-y / forward-y 19/35
ALICE
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https://link.springer.com/article/10.1007/JHEP12(2023)086
https://link.springer.com/article/10.1007/JHEP03(2016)159
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https://link.springer.com/article/10.1007/JHEP05(2017)074

mfaggin@cern.ch

D%-meson double ratio (p)
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https://link.springer.com/article/10.1007/JHEP12(2023)086
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https://link.springer.com/article/10.1007/JHEP09(2016)013
https://link.springer.com/article/10.1007/JHEP05(2017)074
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Baryon-to-meson ratio at mid-y
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€ ALICE: [HEP12 (2023) 086
€ LEP: Eur. Phys. . C(2015) 75:19
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e Extended measurement of AC+/D0 (EC+/D0) baryon-to-meson ratio down to p.. = 0 (3) GeV/c at mid-y in pp at Vs =13 TeV
e No significant energy dependence from 5.02 TeV to 7 TeV and 13 TeV

o /\C+/D° in pp at the LHC larger than ee” collisions, by a factor of ~5 atlow p_. \

baryon enhancement



https://link.springer.com/article/10.1007/JHEP12(2023)086
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
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Charm “baryonization” in pp collisions - different approaches (1/4)

22/35 plICE
SHM+RQM © PLB 795 (2019) 117-121 Statistical approach

e Hadron formation driven by the mass m_ at a hadronization temperature T,

e Strong feed-down from an augmented set of excited charm baryon states
O PDG: 5 AC,- 3 ZC, 8 Ec’ 2 QC ~ ni [x 104 fm3] A+ - o o

o RQM: additional (not yet measured) 18 A, 42X, 62 E,34 Q_ (T, [MeV]) c c c
—  some discovered by LHCb

[l

PDG (170) 0.3310 | 0.0874 | 0.0064

Total angular -y
momentum n: = S mZTHKZ (_l) RQM (170) 0.6613 | 0.1173 | 0.0144

i
degeneracy 2] + 1 272



https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
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Charm “baryonization” in pp collisions - different approaches (2/4)

23/35 QLICE

Statistical approach

SHM+RQM © PLB 795 (2019) 117-121

e Hadron formation driven by the mass m_ at a hadronization temperature T,

e Strong feed-down from an augmented set of excited charm baryon states

o PDG:5A,3%X,8E,2Q %10 fm3
c c c c "i[ 10 fm™] A = 0,+ Qo
o RQM: additional (not yet measured) 18 A, 42X, 62 E,34 Q_ (T, [MeV]) c =c c
—  some discovered by LHCb
PDG (170) 0.3310 | 0.0874 | 0.0064
Total angular -y
momentum n; = e mlz TuKy | — RQM (170) 0.6613 | 0.1173 | 0.0144
degeneracy 2] + 1 2772 Ty
I u S : < 1* = d
Quark Coalescence Mechanism (QCM) © Eur Phys.|.C (2018) 78: 344 +go - (b) Pit?,_,ms (Monash)
. <08- 0 e PYTHIA8 (CR Mode0)
e Coalescence between a charm quark (perturbative), and equal-velocity i --:- DIPSY (rope)
light quarks from fragmentation (not perturbative) 06k MERWIGT  Dataj ALICE
I A %/D%in pp at
e  Thermal weights to account for relative production of scalar and vector 0.4~ Ns=7TeV
mesons
—|QCM
Statistical approach + coalescence


https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
https://epjc.epj.org/articles/epjc/abs/2018/04/10052_2018_Article_5817/10052_2018_Article_5817.html
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Charm “baryonization” in pp collisions - different approaches (3/4)

24/35 QlICE

€ PLB821, 6136622

Catania coalescence model Thermalised system +

_ fragmentation + coalescence
e Thermalised system of u, d, s and gluons

e Charm quark can hadronize either via fragmentation or coalescence with light
quarks from the bulk

e Charm hadronization into ground and (PDG) excited states
o  Statistical “penalty” weight [m,,/m ]*/* X exp(-AE/T)



https://www.sciencedirect.com/science/article/pii/S0370269321005621?via%3Dihub
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Charm “baryonization” in pp collisions - different approaches (4/4) ",
ALICE

. € PLB821,136622 .
Catania coalescence model Thermalised system +

_ fragmentation + coalescence
e Thermalised system of u, d, s and gluons

e Charm quark can hadronize either via fragmentation or coalescence with light

quarks from the bulk

e Charm hadronization into ground and (PDG) excited states
o  Statistical “penalty” weight [m,,/m ]*/* X exp(-AE/T)

POWLANG €& https://arxiv.org/abs/2306.02152 2 F 2 ARANLARRRRRRRRRNERRNRRRN RRRNRRRE
: . . . 506} £06F * ALIGE, pp :
e Small, deconfined and expanding fireball in pp collisions E = ALICE, Pb-Pb 0-10%
05
e  Charm quark subject to rescattering and hadronization 0al
o  charm recombination with light quarks, as in heavy-ion " 35 |
collisions
. . . . . 0'2
o  presence of diquark excitations, promoting the formation of : .
0.1f+== pp IQCD, high mu .
charm baryons f——. Pb-Pb, IQCD 0-10% ] S POWHEG+PYTHIA ]
O_Illl[lJlIII[IHlJHlHIlI\IllH_ O—Ill‘llJlIII[IJIlJHlHI‘HI]III-
- 0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16

P, (GeV/c) P, (GeV/c)


https://www.sciencedirect.com/science/article/pii/S0370269321005621?via%3Dihub
https://arxiv.org/abs/2306.02152

mfaggin@cern.ch

Charm “baryonization” in pp collisions - different approaches (4/4) 26735 O
LICE

© PLB821,136622 .
Thermalised system +

fragmentation + coglescence

Catania coalescence model
e Thermalised system of u, d, s and gluons

e (Charm quark can hadronize either via fragmentation or coalesceng€ with light

quarks from the bulk
e Charm hadronij ) ) ) ) ) o . .
o suistid ® Different hadronization mechanisms in pp collisions [ o

compared to e*e” collisions B

e Independent fragmentation (or better “hadronization”) no

POWLANG %m wl\ll\!lllfl‘l”‘ill:
_ more assumed E. pp E
° Small, deconfin E, Pb-Pb 0-10% ]
0.5 s s~ 0.5F E
e Charm quark subject to rescattering and hadronization 04 ¥ o 45 ]
o  charm recombination with light quarks, as in heavy-ion . 35 a5
collisions ' POWLANG :

0.2F—— pp HTL, min bias 3 0.2F

o  presence of diquark excitations, promoting the formation of . ] e - E
0.1~ ppIQCD, high mult ] 0.1F ]

charm baryons [——. Pb-Pb, IQCD 0-10% ] S POWHEG+PYTHIA ]
O’Ill]ll}lll]lllll}IJlHIlI\IlHJ_ O'Ill‘ll}lll][l}ll}Hllll‘lll]lll_
0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16

alescence P, (GeV/c) P, (GeV/c)


https://www.sciencedirect.com/science/article/pii/S0370269321005621?via%3Dihub
https://arxiv.org/abs/2306.02152
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Measured AC+/D0 ratio vs. model predictions
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€ JHEP12 (2023) 086

o T 1T T T | T T T 71 [ LI B I | ‘ T L | T T T | T
=) L i
= B ALICE | . Thermal
<10 [~ PYTHIA8.243 ly| < 0.5 | Coalescence Excited system / Thermal A */D°
Monash 2013 baryons . component <
- — Mode 0 SHM+RQM 7 fireball
- ---Mode2 mman Catania .
0.8~ — Mode3 — - QCM — % (not
i — — POWLANG, HTL | CR-BLC X explicit) X X V|
i ® — — POWLANG, IQCD |
- ALICE
pp, Vs =13 TeV i SHM+RQM X (% PG + X 4 4
e p_>1GeV/ic RQM
O py<1GeVic (this paper) N
i Catania (4 4 PDG (4 (4 (4
B X (not ? slightly
QcMm w4 explicit) X | higher
O O cev o b e b v e by | |_
0 5 10 15 20 25 POWLANG V| X V| ) 4 ) 4

P, (GeV/c)

° /\C+/D0 ratio described within uncertainties by several models despite the different mechanisms assumed
° /\C+/D0 ratio underestimated by a factor ~5 atlow p.. by PYTHIA 8 Monash
e Maximum at p.~4 GeV/c predicted by POWLANG not observed in data


https://link.springer.com/article/10.1007/JHEP12(2023)086
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3 *** production in pp collisions

28/35 g|1CE
€ Phys. Rev. Lett. 128, 012001

Q 0_8 _I T T ‘ T T T ‘ L T T T ‘ T T T | T T T l T T T | |_ Q 1.2 T T T ‘ T T T | T T T ‘ T T T | T T T ‘ T T T | T T T
o - ALICE _ 1 0 . ALICE ]
C>>< 07F <05 = pp, \s=13TeV = +>< n; ly| < 0.5 ¢ pp,Vs=13TeV -
o C ] < 00 _ 7]
06 PYTHIA 8.243, Monash 2013 At = i §ﬂ§,‘,’j§'§j§’§§?§f§?°13 ®
o F PYTHIA 8.243, CR-BLC: 1 ool Mode 0 o TN A
[ e Mode 0 ---- - Mode 2 3 W08 T ]
0.5 . - Mode 3
Fo Mode 3 smra 4 F RS SHIVL-RQM )
- B o i B, t ]
0.4 - CatarTia 7 p 0.6 i R — QaCI?/Ima ]
- —— QCM . i sl |
0.3} , = - T 1 € Belle:
. - BR uncertainty ] 04+ m " — Phys. Rev. D 97, 072005
0_2 — - : o — ‘~~I..__..:j-:_,__._._,“{
r ] k A M — : -
—_— 01i 5 H 0.2 :____________________________eie_i _____ _
T : P A R S A T 007
____________ TR N o AT ST e S i s i e o A B B
e+e—: ~0.02 2 4 6 8 10 12 14 0 1 1 1 ‘2 1 1 |4| 1 1 | é 1 1 1 é 1 1 |1‘0| 1 |1|2| 1 |14
p; (GeVic) p, (GeVic)

e c'e: X states suppressed by a factor ~3-4 with respect to A_ones — string model: penalty due to m(ud), > m(ud),
e pp: ZCO'*'**/D0 underestimated by PYTHIA 8 Monash (larger discrepancy than for AC+/D0), and described by other models
— no diquark penalty factor assumed

° /\C+(<—ZC°'+’++)//\C+ ratio overestimated by CR-BLC
— parameter tuning? Inputs from excited c-baryon measurements?



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005
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2 /D ratio vs. model predictions
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© [HEP12 (2023) 086 © Phys. Rev. Lett. 128 (2022) 012001
g T T | T T | T T T | T T | T T | T T | T T o E T | T I T | T I T | T | T 3
© ” PYTHIA 8.243 SHM+RaM ALICE 7 = E s Bl 3
[ 0.6 — Monash 2013 Catania |y| < 05_ S r ALICE Lﬂg//\c :‘C, /ch ’ ]
g T —_Mode 3 — — POWLANG, HTL o - Y| < 0.5 PYTHIA8Monash — — §
Je) r — - POWLANG, IQCD 1 > PYTHIA 8 Mode 2 e
I BR unc. | © 1 0 = Catania w# =
S8 =D° £I) C BR unc. QCM  =-eeee- .
g 0.4+ B pp, Vs = 13 TeV ALICE — o) C SHM+RQM NN\ ]
- - -
i =/D° pp, Vs = 13 TeV ] - .
L ®p > 4 GeV/c . (@)
0O 3< p, < 4 GeV/c (this paper) E’ 1 | |
i i g E ? ]
2 — Ui 1
ly X i B 2 i
N - e ===
=TT NS s\%%: I ey e
g T TE, e i =1 SO Y _
R P— B | o 10 W\I A T B B B
0 I i prepogtt] T 1T 1 1 I T A | 1 11 1 | I —
o 2 4 6 8 10 12 14 O 2 4 6 8 10 12 14
p, (GeV/c) P, (GeV/c)
e = °"/D°underestimated by all the models 1 Strangeness enhancement missing in CR-BLC
— can it play any role?

e D_'/(D%+D")in line with e*e” results

— are baryons “strange”? . L . :
y & 1 Similar suppression in e*e” due to similar diquark masses?

— m(uu, ud, dd),~ m(us),


https://link.springer.com/article/10.1007/JHEP12(2023)086
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.272001

Charm-quark fragmentation fractions f{c—h ) in pp collisions

mfaggin@cern.ch

0.8

f(c — h,)

0.6

0.4

0.2

€ [HEP12 (2023) 086

I I I I I

" ALICE, pp ly| < 0.5
= (5=13TeV

— = {s=5.02TeV

I
|
|
|
|
+ B factories, e'e’, Vs = 10.5 GeV |
+LEP, e'e’, Vs=m, |
- e HERA, ep, DIS
o HERA, ep, photoproduction I
|
|
|
|
|

o(be)ljy<o.5
2 o)y o5
/

0 + + + = 0,+ .
Sum of er)mpt D% D', D, /\C B, ,J/w production
cross sections

f(c—=he) =

e flc— A)largerthane’e’, e’pby X~3
e flc— D%lowerthane*e’, e pby X~1.5

e No significant energy dependence in pp
collisions

Baryon enhancement at the LHC

R . @ ]
. M O H Wlm
i Ii?"m [w] [#] 0 ]|
i | | | v | | | X 20 | |

D° D" Dy Ar & E Jy D gl

e Evidence of different fragmentation fractions at
the LHC compared to e*e” (ep) collisions at
lower \'s

e Independent fragmentation picture not valid in
color-rich systems

30/35 qlICE



https://link.springer.com/article/10.1007/JHEP12(2023)086

cc production at mid-y in pp collisions

pp

do
dy

pp

do
dy

p,-integrated charm-anticharm production cross section at mid-y in pp
collisions at Vs = 5.02 TeV, 13 TeV measured as the sum of prompt DY D*,
D' AL EC‘“, ] /v cross sections

collisions at \s = 5.02 TeV

PP.V/5=5.02 TeV

= 1148 +-43 (stat

ly|<0.5

collisions at \s = 13 TeV

pp,Vs=13 TeV
= 2031 £61 (stat.)

ly|<0.5

)+(i2

—65

+135
—141

(syst.

(syst.)

+98
)—3(5

+196
—63

(extrap.) £43 (BR) £ 24 (lumi.) 41 (y) ub.

(extrap.) £97 (BR) £33 (lumi.) £ 73 (y) ub.

Measurement on the upper edge of pQCD calculations

Possible constraints to theoretical uncertainties

o)
e
g 10°
S
>
o
1Q
©
©
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€ [HEP12 (2023) 086

III\III

e ALICE
¢ PHENIX
+ STAR

III\\[I‘ T \I\\\\I‘

g -

L — FONLL 1

L ——— NNLO —

g = FO‘NLL X K(NNLO/NLO) A
107" 1 10

s (TeV)


https://link.springer.com/article/10.1007/JHEP12(2023)086
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Summary
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J[HEP12 (2023) 086

“Charm production and fragmentation fractions at midrapidity in pp collisions at s = 13 TeV”

1. and measurements of of prompt at

in pp at
2. Extended measurements values of prompt A *- and = “-baryon production cross sections at in pp at
3. Measurement of the and at in pp at

a. based on the sum of D°, D*, D' AL ECO'+, ] /v cross sections

b.  first measurement of Z " and ZCO'*'** fragmentation fractions at mid-y in pp collisions

Results

1. pQCD calculations based on factorization successfully describe the p, -differential D-meson production
2. ALICE measurements precise enough to put constraints on theoretical uncertainties (e.g. gluon PDFs at x< 10™)

3. Baryon enhancement
e independent fragmentation violated
e no model providing a satisfactory picture of all the measurements

—  limited predictive power



https://link.springer.com/article/10.1007/JHEP12(2023)086
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Open points - baryon-to-meson ratio vs. rapidity (1/2)

33/35 QLICE

Charm baryon-to-

meson ratio €& PLB 839 (2023) 137796
O E T T T T I T T T T I T T T T I T T T T I T IE
e 09E ALICE, |y| < 0.5 =
to 0 85— ® pp, (s=13TeV ALICE e
< CF & pp (s=5.02Tev P E
0.75 ¢ p-Pb, V5, =5.02Tev_— =
- : E
04 E_ /,/"’« _E
0.3 ;— 7 PYTH|AM80.r2]:§h 2013 stat. —; Nuclear Physics, Section B 871 (2013), pp. 1-20
E /Y CR-BLC Mode 0 [ syst. = |c = TS T .
0.2; f GR-BLG Mode 2 . g LHCb, pp, Vs = 7 TeV, multiplicity-integrated
0.1E CR-BLC Mode 3 3 20<y<45
E : | \ | = 0.140 £ 0.05
0 10 20 30 40
AN,/ dM)y1c0

e Nosignificant dependence vs. multiplicity of the p_-integrated /\C+/D0 ratio at mid-y across collision systems
e  Model calculations do not catch either the magnitude or the multiplicity evolution

e p. -integrated AC+/D0 ratio at forward-y significantly lower than that at mid-y ?


https://www.sciencedirect.com/science/article/pii/S0370269323001302?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0550321313000965?via%3Dihub

Open points - baryon-to-meson ratio vs. multiplicity (2/2)

/ D°

+ O

A
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34/35 al1CE

Charm baryon-to- Beauty baryon-to-

meson ratio € PLB 839 (2023) 137796 meson ratio € arXiv:2310.12278
: T T T T I T T T T I T T T T I T T T T I T I: :m : :: Ll T T I T T T I T T T l 1 :
09E ALICE, ly| < 0.5 E b 0.7F ¥ Lao pp V5= 13 TeV -
0k ® PP fs=13Tev Altce e s o6k £ P:>0 5.4 fb! 3
“E = pp, (s=5.02TeV )waﬁ&&wwﬂ"‘” E © - ‘E :
0.75 ¢ p-Pb, V5,=5.02TeV_— = 058 F g s 4
06F P 3 T ]
- Y| g ] 04F + 5
o5t < i : ¥ 5
0.4F s = 0.3k = -
: /" PYTHIA 8.243 E F ) 3:+ & t= tuabng o
~E 7 Monash 2013 —e— stat. E 0.2F7 —+—pp-—~>bb + X, global uncertainty: * "™
02BN CR-BLC Mode 0 ] syst. 3 2 ; =G 4
““E// zz222%] CR-BLC Mode 2 extr. = s o8 0 ete—Z'—>bh rHCD =
01 CR-BLC Mode 3 E 0.1F ¥ e w sy -
E 1 1 1 1 | 1 1 1 1 | 1 Il 1 1 | 1 1 1 1 | 1 I: 0 C XL d = 4 I . d d l . d L l d .

0 10 20 30 40 2 4 6

(dN_ /dn) VELO VELO

h ARES Nlracks /<Nlracks >NB

. . O . . s . + 0 . . P
No significant dependence vs. multiplicity of the p._-integrated A */D" ratio at mid-y across collision systems

Model calculations do not catch either the magnitude or the multiplicity evolution

p,-integrated A */D° ratio at forward-y significantly lower than that at mid-y ? ALICE results not enough
differential at low multiplicity

p,-integrated A °/B° ratio at forward-y significantly increasing with multiplicity



https://arxiv.org/abs/2310.12278
https://www.sciencedirect.com/science/article/pii/S0370269323001302?via%3Dihub
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we are here
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£ AUICE Po x10° o K
=1 ALIUE "IS‘ nance Ng L B B B | kS ’ALléEP f{ I ]
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. ; | — Total fit function i I — Total fit function .
-1 el b b b b L ay T R L 1y e s
10 1 G V/10 07475 18 18 19 195 2 22 225 23 235 2.4
p, (GeVic) M(Kn) (GeV/c?) M(pKr) (GeV/c?)

e  (Continuous readout — larger statistics than in Run 2 (~30 times more MB from 2022, ~500 times more for specific triggers)

e Improved pointing resolution due to the upgraded Inner Tracking System (ITS)
o  Better signal-to-background separation for heavy-flavour hadron signals
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16:52:47 893

Thank you for your attention!
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Heavy quarks: a unique probe for high-density QCD

38/35 qlICE

e  Charm and beauty quarks: m ~1.3 GeV/c?, m,~4.2 GeV/c’ . P /‘
e Produced in hard scattering processes among partons -

e  Ultrarelativistic heavy-ion collisions at the LHC: quark-gluon plasma
(QGP)
o  state of matter expected in the first ~ 10 ps after the Big Bang
o  heavy quarks experience the full evolution of the system

Charm- and beauty- quarks dynamic tested via Hydrodynamic
measurements of charm- and beauty- hadron production Evolution

Pre-Equilibrium
Phase (< 1)

a) without QG // \\ b) with QGP Sz
° Reference for Pb-Pb collisions A B
¢ QO—» «—0Q £ 9

o  heavy-quark production

o pp collisions
o  parton distribution functions ( s)

Pb-Pb collisios
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Hadronization: the mechanism by which quarks and gluons produced in hard partonic scattering processes form the
hadrons

e No first-principle description of hadron formation
o  Non-perturbative problem, not calculable with QCD
o  Necessary to resort to models and make use of phenomenological parameters

Different mechanisms depending on the system size
o e'e’, pp collisions: fragmentation

o  heavy-ion collision (e.g. Au-Au, Pb-Pb): coalescence in the quark-gluon plasma (QGP)

Fragmentation Coalescence
Focus of the talk u - A Quw @ strange
d c . down . charm
°d
.g [ o @0
* _‘I . ’ . . :\),Ig{uot?g: s g:]e—Equilibrium
Y ud .O .O . ’ ase (< To)
u O.’ [ o) a) without QGP \ b) with QGP z
s u ® @0
u D*
s
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Hadronization: string models Event generators: final stage of parton
. . : 40/35
shower interfaced with non-perturbative ALICE

hadronization models

String fragmentation
(e.g. Lund model in PYTHIA) e  Strings: colour-flux tubes between q and gbar endpoints

®  Gluons: kinks along the string

€ Phys. Rept. 97 (1983) 31-145
@ Eur Phys.].C78no.11 e  Strings break via vacuum-tunneling of (di)quark-anti(di)quark
pairs

K: string tension
Tunneling probability

charm mostly

Tm> T2 :
> = exp (— . q) exp (— }KT’q> u:d:s 1:1:1/3:[10711}—— produced in the

P(string breaking) « exp

hard scattering

q q

@ \ (a) Original qq string
Cluster decay
€ Eur Phys. . C 76 no. 4, (2016) 196 o ' ®  (b)Meson
(HERWIG) 0 . - q
FmmTT T T 1
e Parton shower evolved up to a softer scale o— —0 o—F—o (c) Baryon
q g g q -l

e  All gluons force to split in qgbar pairs oo Tl
e  (Colour-singlet clusters of partons identified following the colour flow '—Hq 3 g ’(] L’I, "O—‘q. g A () Fapcom
e  C(luster decays into hadrons according to the available phase space e o

H L

. “Baryonization”: diguark splitting
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Default hadronization in PYTHIA event generator
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€ [HEP 08 (2015) 003 p 0-»4-@ P

e Initial state not insensitive to strong force (coloured partons, beam remnants)
e  MPI — crucial to explain underlying event

Subleading topologies
No CR
(A) . . Partons from different MPIs do not interact
o A e Baryon! (singlet)
3 X 3 9.9 3 =+ |10 D 8 D 8 I@ Probability =1 /27
@ @ @ uncorrelated

quarks

topology: incoherent
addition of the 3 quarks — 3 color
strings connected to the beam remnant

(B)
@ @ CR within Leading Color
e (R allowed among partons from different MPIs to minimize string
length
(1) (o) () e Implemented in PYTHIA 8 Monash

PYTHIA


https://link.springer.com/article/10.1007/JHEP08(2015)003
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The success of factorization and independent fragmentation (1/2) 4235
ALICE

@€ EurPhys]. C79 (2019) no.5, 388

e Factorization in terms of squared momentum transfer Q%

e At LHC energies, calculations available in:

o  general-mass variable-flavour-number scheme (GM-VFNS) approach both having NLO accuracy with all-order
o fixed order plus next-to-leading logarithms (FONLL) approach resummation of next-to-leading logarithms
T fF 7 g 3  Measurements described by model
E pp, 1s=5.02TeV | L, pp, 1s=502Tev |  predictions
[ 102 'y ALICE = o) ALICE -
g ] g b 00 ] — Theoretical uncertainties: (i.) scale;
3 10 Prompt D°, |y|<0.5 —= 3, rompt D, |y{<0.5 - ‘s . (i
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“simple” CR (next slide)
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e  Significant baryon-to-meson ratio enhancement in pp compared to e*e” collisions v
model better describes the

e  PYTHIA predictions and pQCD-based calculations based of factorization and

fragmentation functions tuned on e*e” underestimate the results in pp collisions data
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“Baryonization” in pp collisions - CR beyond leading color
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€ JHEP 08 (2015) 003 p 0-»4—.@ p
No CR CR beyond Leading Color approximation (CR-BLC)
C e  “Simplified QCD” with 9 color indices to determine the string formation
C —®
e  String length minimization over all possible configurations, even those beyond the
Leading Color topology
. ‘ — PYTHIA 8 Monash: only CR among LC
@ e Enhanced leading color among MPIs and beam remnants

PYTHIA

CR-BLC: junctions ° Conditions for color reconnections:

(D) @ @ o  Invariant mass of string j-th must be above a threshold m,
C= mo]'/mo > 1 : enhanced reconnections

o  Causality: two strings must resolve each other between formation and
hadronization, considering the time dilation due to the relative boost
@ @ @ —Mode 0, 2, 3: different “severity” on this condition


https://link.springer.com/article/10.1007/JHEP08(2015)003

Baryon-to-meson ratio for charm and beauty
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hys. Rev. C 104 (2021) 05490
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ALICE pp, |y| < 0.5
-o-\{s=5.02TeV
< Vs=7TeV
PYTHIA 8: i
— Monash
-==- CR Mode 2

e PYTHIA 8 Monash predictions underestimate the measured
A /D at midrapidity up to ~5x

® CRMode 2 agrees with A */D°at |y| < 0.5
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Figure from “Hadronization mechanism (via heavy-flavor hadrons): Experiment”
A. Rossi, Hard Probes 2023 (link)

i

e Beauty baryon-to-meson ratio at forward
rapidity not well described
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Goals

Most precise and granular measurements of p_-differential cross
section of prompt D°, D*, D™, D_* mesons at mid-y in pp at Vs = 13 TeV

Extended measurements down to lower p.. values of prompt A - and
E."-baryon cross sections at mid-y in pp at Vs =13 TeV

Measurement of the ccbar cross section and charm-quark
fragmentation fractions at mid-y in pp at \s = 13 TeV

a. based on the sum of D°, D*, DAL EC°'+, ] /v cross sections

b.  first measurement of E " and ZCO'*'** fragmentation fractions at
mid-y in pp collisions

1.

2.

Overview of charm-hadron production measurements with ALICE at
mid-y in pp collisions

Provide new inputs to:

a. testthe validity of the fragmentation approach and independent
fragmentation

b.  constrain gluon PDF at low Bjorken-x

c.  study further the baryon enhancement at the LHC



https://link.springer.com/article/10.1007/JHEP12(2023)086

Charm production at mid-y in pp collisions at Vs = 13 TeV (2/2) mizggin@cemh (3

48/35 lICE
€& JHEP12(2023) 086

PUBLISHED FOR SISSA BY ) SPRINGER 1

il

; —— Most precise and granular measurements of p_-differential cross
ECEIVED: September 8, 202: * . .
Acoserep: November 21, section of prompt D%, D*, D™, DS+ mesons at mid-y in pp at \s =13 TeV

PUBLISHED: December 13, 2023

€ Cacciari, Mangano, Nason: Eur. Phys. |. C (2015) 75:610

Charm production and fragmentation fractions at
midrapidity in pp collisions at /s = 13 TeV
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Charm-hadron reconstruction (1/3)

1.

dE/dx in TPC (arb. units)

—_
o
o

Track selections

o  ITS-TPC matched tracks —isolation of primaries (ALICE-PUBLIC-2017-005)

o  particle identification (PID) in

ALICE performance
pp, \s=13 TeV

and TOF (time-of-flight)

- ALICE performance
= pp is=13TeV

AT S e v T ] e

sl

b (GeV/c
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Charm-hadron reconstruction (2/3)
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1.  Track selections
o  ITS-TPC matched tracks —isolation of primaries (ALICE-PUBLIC-2017-005)
o  particle identification (PID) in and TOF (time-of-flight)

2.  Secondary-vertex reconstruction

o D%decay-point reconstruction
—  separate from primary vertex (PV)
—  pointing resolution to PV ~ 75 um @ p,. = 1 GeV/c

o  Calculation of topological variables
— intrinsic displacement (ct(D°) ~ 123 um)

length (L)


https://cds.cern.ch/record/2270008?ln=it
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Charm-hadron reconstruction (3/3)
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s € [HEP12 (2023) 086
1. Track selections g, 030
o  ITS-TPC matched tracks —isolation of primaries (ALICE-PUBLIC-2017-005) E B pApLVIECEsTeV ()
. . . . . - - 0.25- " 77 -
o  particle identification (PID) in and TOF (time-of-flight) © [ D" Kmwa and charge con. ALice
& L 0<p <1GeVic
@ 0.20— -
2.  Secondary-vertex reconstruction 3 o5
O 0.15
o D%decay-point reconstruction +++
. 0.0/ ¢
—  separate from primary vertex (PV) )
—  pointing resolution to PV ~ 75 ym @ p, = 1 GeV/c 005t 2 e [P
. . . [ S=145+36
o  Calculation of topological variables A T R T T
. . . . 0y 1.75 1.8 1.85 1.9 1.95 2
— Intrinsic displacement (ct(D”) ~ 123 um) Mi(Ka) (GoV/cd
3.  Topological selections - © [HEP12 (2023) 086
. : - : o, 0.13%10 ‘ !
o  Separate signal from background candidates exploiting topological 2 ° 3; ALICE 1
variables 2 o.12;§%f;}g:3;%vcharge o ALICE
. . © F O<p, <1GeVic . ]
—  BDT exploited in some analyses o 0.11F AT—pKl 3
% 7 c S b
o  Measure the reconstructed signal with an invariant-mass analysis % 010 .
o Fu = (2289 + 2) MeV/c? ]
0.091 & = 8 MeV/c? (fixed to MC) .
H—i—ﬁ : S‘: 4351i896 :
dot! 11 Jorompt X Ny 2y 1 1 @ 20007 ;
- = 3Apr  cad(A CCBR L o o :
d 2 c cc X € - 2
pT ly|<0.5 pT Ay( )prompt int _1000k + E
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Charm-hadron cross section measurement
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H X N, ~
30 _ lAl 2 fpromApt |y|<yﬁd. e Bl " El B Nreco.||y|<yﬁd'(p"rfeco') @
>< . - .
PT J1y1<0.5 2 Apr [CAy( — 5)prom€% R int / Ngen.‘\y|<0.5(p%en )
D ® @ ., —
/cb\ E T T T T | T T T T | T T ] T | T T T I | T T T l;
1.  Reconstructed signal % - ALICE ]
o from invariant-mass analysis (previous slide) 8 ; | pp, Vs =13 TeV Bl
<C Sy S N E
2. Acceptance X efficiency for prompt signal . F o0 ? ? ? ]
o PYTHIA 8 simulations 041 | 1
3.  Fraction of prompt reconstructed signal D" — K'z*n* and charge conj. -
. o Prompt ]
o  b-quark production from FONLL 102 + Non-prompt |
o b-hadron production with fragmentation fractions from ]
LEP for b—B mesons [1] and from LHCb for b—A,° [2] ]
o b-hadron decay kinematics with PYTHIA 8 107 o 3
4.  Branching ratio ; Dk ]
10—4 o b e b e b e ey
5. Integrated luminosity 0 10 20 30 40
o £ ~32nb! p, (GeV/c)
" © [1] Phys.Rev.D 100 (2019) 031102 L )

€ [2] Eur Phys.].C75(2015)19
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D%-meson double ratio (p)
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€ ALICE: [HEP12 (2023) 086 € LHCb: [HEP03(2016)159
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Charm “baryonization” in pp collisions - different approaches
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SHM+RQM € PLB 795 (2019) 117-121 Statistical approach

e Hadron formation driven by the mass at a hadronization temperature T,

e Strong feed-down from an augmented set of excited charm baryon states
o PDG:5A,3Z,8E,2Q
o RQM: additional (not yet measured) 18 AC, 42 ZC, 62 EC, 34 QC

<

Q_excited states E. excited states
@ ) % Do these states
400+ ' = - )
- LHCb 1 e L = ("923) —>AJ§ ict?
s | “ 1 2. f 5.2939 > A K- 1 exist:
Z 300f ' N sy | =ep 5(2969)—9/\/(:
= | +-{ } ] = C (2923)*>AK
- 4 2 1000[- — E(3055)"— A:. K- ;
é 200 I ' ‘ m‘y s 1.1k} g I _L(}()SS)“—) A: K- Ab eXCIted States
2 o4 i M’M 5 / ] Z.(3080)' > AirHK-
o l(l)»w. : 1 5 S00¢ ’ Il\\ ] Ec(3080)0—) A: K D0 : - s = 3 @
1 s i / \KI \/ ] -—- Background E Apmtn A — JAppK L11Cb\_
ol N WA ., VRS Additional component Syl S AT s ; E
3000 3100 3200 3300 0 100 200 30 S 150¢ \z“ 8o % +++ .
mEKT) [MeV] m(AZK™) - m(A?) - m(K™) [MeV] S — HH
@D ik SO e i bt 4
v s [TRCH | 2t ey H ++++++++ il - ]
i / oL 4 o g
g Many new hadrons popping up! ¢° ... and more! E +“++++;4ﬁ&/“\_v | i
595 6 605 61 615 62

MY [GeV]
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Charm “baryonization” in pp collisions - different approaches (2/4)
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SHM+RQM © PLB 795 (2019) 117-121 Statistical approach

e Hadron formation driven by the mass m_ at a hadronization temperature T,

e Strong feed-down from an augmented set of excited charm baryon states
o PDG:5A,3X,8E,2Q n [X10* fm?] N —on 00
o RQM: additional (not yet measured) 18 A, 42X, 62 E,34 Q_ (T, [MeV]) c =c c

Total angular /) . PDG (170) 0.3310 | 0.0874 | 0.0064
2 i
momentum Hy = msTaKy | —

_ i
degeneracy 2] + 1 2712 RQM (170) 0.6613 | 0.1173 | 0.0144

Quark Coalescence Mechanism (QCM) © Eur Phys.].C(2018) 78: 344 S « data
PYTHIA8 (Monash)

-------- PYTHIA8 (CR Mode0)
........ DIPSY (rope)
HERWIG7

e  Low p_charm hadrons conceived as coalescence between a charm quark
(perturbative), with light quarks from fragmentation (not perturbative)

0.6 Dataj ALICE
e Co-moving approximation: charm quark coalesces with an equal-velocity 04 f/CO/DOi” pp at
“l s=71TeV

light quark (quark pair) to produce a meson (baryon)

e  Thermal weights to account for relative production of scalar and vector 0.2 T e | QCM
mesons i

L L1 L L L PRI BT
Statistical approach + coalescence o 2 4 6 8 10 12
PP p.(GeVic)
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: PLB 821, 136622 . 10°R
Catania coalescence model € Thermalised system +
] fragmentation + coalescence
e Thermalised system of u, d, s and gluons
(]

Charm quark can hadronize either via fragmentation or coalescence with light
quarks from the bulk

Pcoa[ —_

Charm hadronization into ground and (PDG) excited states
©)

=

10 “F
The latter ones increase the abundance of the former ones i

Statistical “penalty” weight [m,./m ]*/* X exp(-AE/T)

O

POWLANG © https://arxivorg/abs/2306.02152

e Small, deconfined and expanding fireball in pp collisions
e  Charm quark subject to rescattering and hadronization
o  local color neutralization
—  charm recombining with light quarks from the system
—  same processes as in heavy-ion collisions ' POWLANG ]
0.2 —— pp HTL, min bias 7]
o  presence of diquark excitations, promoting the formation of charm baryons oy KR 4 |QCD high sl
f——. Pb-Pb, IQCD 0-10% ]
e Predictions employing transport coefficients calculated by weak-coupling (Hard-Thermal-Loop, (|AREENENRERTINATARRRRNARRRRRNAS
HTL) and the most recent lattice-QCD (1QCD) calculations b £4 8 61000 W16

P, (GeVlic)
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0,+,++ ion in ete” 1Si
) production in e*e” and pp collisions 57/35 aLIcE

€& Phys. Rev. Lett. 128, 012001

e X states suppressed by ~3-4 than A_ones

e  String model: penalty due to the diquark mass
o A ([=0): c-(ud),
o X *(I=1):c-(ud),

e X °"**/D’underestimated by PYTHIA 8 Monash (larger
discrepancy than for A */D°)

° ZCO'*'**/D0 ratio described within uncertainties by other
models
—no diquark penalty factor assumed

€& Phys. Rev. D 97, 072005 - i
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[ 1 o™ C ]
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f(m) = a,exp(a,m) Vs=10.52 GeV ! oy p UI<H :
g : T 06F PYTHIA 8.243, Monash 2013 ALice
I (PYTHIA 8) ! T - PYTHIA 8.243, CR-BLC: .
3. A(2595)" m(ud), = 579 MeV/c? 05F Mode 0 ------- Mode 2 =
=10 "y b (ud); = 771 MeV/c? | T Mode 3 ]
% e A((2625) == | 045 SHM+RQM 4
Q [ g e | p T Catania 1
: 0 > ! ~ o QCM 1
© B Zc | S | 0.3 C .
o .(2520)° ! "~ BR uncertainty ]
: 4. i 02F =
i $,(2800) ' o1 - 1
BELLE ! ol =4 . L -
1071 PR T AT S AT T SO S S Y : C 7
22 23 24 25 26 27 28 | T il i el o e il i e B s
mass (GeV/c?) | e‘e:~0.02 2 4 6 8 10 12 14
P, (GeV/c)

— Penalty due to m(ud), > m(ud), SPIN 0 SPIN 1
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A_*(«Z ****) production in pp collisions at the LHC

58/35 QlICE

€& Phys. Rev. Lett. 128, 012001 . 04 ++
1.2 e  Fraction of prompt A ™ production from X ***" decays at

N T T T | T T T | T T | T T | T T T l T T T | T T
) " ALICE i midrapidity in pp colhslons at Vs = 13 TeV at the LHC:
X L = 4
o 1 ¥l <0.5 + pp, (s=13TeV 1 (2<p,<12GeV/c) 038+ 0.06 % 0.06
- PYTHIA 8.243, Monash 2013 T
f\-\ i PYTHIA 8.243, CR-BLC: i e  ~2times larger than e*e” — relative increase of £ ****
> L e M SIRCIES |
op\]o 0.8 I Mggg g Mode 2 _/ AC+(HZCO'+'++)/AC+ ratio overestimated by CR-BLC
& e s SHIM-RQM p
o B e atania T
T - e EEEREEEE
04 [ \"\ AAAAAA ] e  Default parameter tunes not fully describing the inclusive
I . ~ i | prompt A * production?
_tij— ] TN LT ¢
- Vs g
02+ — e New: c-diquark role crucial in CR_BLC modes. Re-tuning
F-o. - - - - - - " —————— g 2
X2 . Z 0+++/A — 017K g2 : needed?
0 L—— I T B A0 B o S AT BRI e  Inputs from production measurements of excited
2 4 6 8 10 12 14 c-baryons? (e.g. A_"(2595), A_*(2625), A_*(2880),
p. (GeVic) A}(2940))
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cc production at mid-y in pp collisions

59/35 QLICE

e Charm-anticharm production cross section at midrapidity in pp collisions at
Vs =5.02 TeV, 13 TeV measured as the sum of prompt D°, D*, DAL ECO'*,
J/w cross sections

Rapidity correction factor: ~ 1.04 C
e 2
© [HEP12 (2023) 086
y(charm) 3 LI III T LI [I‘ T T LI I‘

= i g -

_ - - ALICE -
y(hadron) Y(charm-anticharm) < 10% |- ALice C 4
= - o PHENIX EE
N J - - 1
2 - < STAR ]
pp collisions at\'s = 5.02 TeV '% B 1
do |PPVs=5.02TeV 5 p © i i
— = 1148 +43 (stat.) gz (syst.)3g (extrap.) £43 (BR)+24 (lumi.) £41 (y) pb. 5| i
dy ly|<0.5 = = 10° ]
pp collisions at s = 13 TeV I -
PP,/3=13 TeV o e i | i

ol = 2031461 (stat)i;f (sxst)f(l);b (extrap.) £97 (BR) £33 (lumi.) £ 73 (y) ub. FONLL
dy ljy|<0.5 10 - ——— NNLO -
- = FO‘NLL X K(NNLO/NLO) A

e Measurement on the upper edge of pQCD calculations 1071 1 10

° Possible constraints to theoretical uncertainties

s (TeV)
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