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Heavy quarks: a unique probe

 Mass of the order of GeV/c?* — charm and beauty mainly
produced in hard-scattering processes

e Pb-Pb collisions: & Phys. Rev. Lett. 116, 222302
o quark-gluon plasma (QGP) produced — parton d.o.f.
o charm and beauty produced before the QGP 7¢gp ~ 1 fm/c

(production timescale: At ~ 1/Q ~ 1/2m)
— Experience the full evolution of the system

> CHARM
é  m. = 13 GeV/c?
e A7.=0.08fm/c

—-—

= BEAUTY
v e mp =~ 4.2 GeV/c?
e At, = 0.03fm/c

Measurement of charm and beauty hadrons: access to charm and beauty quarks dynamics

. o— 8 8- -8
P Pb Pb

Mattia Faggin - University and INFN, Padova (Italy)

5 = Pb
pp collisions p—Pb collisions Pb-Pb collisions
* Tests of pQCD calculations * Cold nuclear matter effects * Hot nuclear matter effects
* Reference for heavy-ion — modification of parton — Energy loss in the QGP
collisions distribution functions — Collective motion of the system
(PDF) in bound nucleons — Modification of hadronization

mechanisms


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.222302

The ALICE experiment

VO: trigger, centrality

I ALICE

Muon arm: —4 <np <

Inner Tracking System (ITS): tracking,
vertexing (primary, HF decays), PID via dE/dx,
trigger

FEEEEETEE
e et i £ &

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

Time-Of-Flight (TOF): PID via time of flight | +=

Data samples

 pp (minimum-bias trigger) Central barrel: | < 0.9

o +s=502TeV - L, ~19nb~?!
o +s=13TeV — Ly ~32nb~?! Reconstructed charm-baryon decays

* p-Pb (minimum-bias trigger) * A{(udc) - pK~m*, pKy{
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0  +/SyN =5.02TeV - Ly, ~ 287 ub~? . 2**(ddc,uuc) - Afnt
* Pb-Pb (central 0-10%, semicentral 30-50%) « EJ(dsc) - E"etv,, Emt
O +/Syn = 5.02TeV = Ly ~ 130 ub~! (0-10%) « Ef(usc) » E"mimt

Line = 56 ub~! (30-50%) ¢ Q(ssc) > Qrmt




Charm and beauty hadron formation in e*e™ and Pb-Pb collisions

‘e

* QGP: complex large-size system
* Parton degrees of freedom
* Modification of hadronization

et e”

@ =) —

« “Point-like” object interaction
e Pure fragmentation

mechanisms
1 r
; ‘ 107 R
E 10° fragmenting parton
=10° A\ = . i
P, = z'p, Wwith z<1
H é 10* N\ \k—» b q
Z10° Ty 2 &
) , . recombining pa
H w :E::J pM = pq1+pq2
o »pB = qu*pq2+pq3 » ‘ y
P P>=J 2 3 4 5 6 7 8 9 10
Pr(GeV)
& Eur Phys.].C 78 no. 11, (2018) 983 Coalescence & PLB. Volume 68, Issue 5, 4 July 1977, Pages 459-462

Fragmentation

e Charm quark produced in hard scattering

« Hard scattering ete™ — qQ
£ e coalesces with light (di-)quarks from the system

* (Color-potential string between q and g
g £ E 2 » Expected to increase baryon production at low-

intermediate pt
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* Hadronization via multiple string breaking and
formation of quark-antiquark pairs

* QGP: interplay coalescence (low pt) vs.
fragmentation (high pt)



https://www.sciencedirect.com/science/article/abs/pii/0370269377904695
https://link.springer.com/article/10.1140/epjc/s10052-018-6459-8

Charm and beauty hadron formation in pp collisions

et e ‘ p p Pb Pb
o —> Dl ® — — @ @-u-&

« “Point-like” object « Superimposition of many * QGP: complex large-size system
interaction “ete~” collisions? « Parton degrees of freedom
* Pure fragmentation « Colour charges from MPI * Modification of hadronization
modify hadronization? mechanisms

Standard description of heavy-quark hadronization based on a factorization approach

» Fragmentation functions assumed universal among collision systems and constrained from e*e™ and
e~ p measurements

dotlc do€ =
deC (p1; trs ir) =|PDF(xq, up) - PDF(x, up ®Id_p% (X1, X2, MR, Up) @D (2 = Pu./Pe HF) | p, =x,P, 0
T @ |

P2 = X2P; ~\Q
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Parton distribution Hard Fragmentation
functions (PDFs) scattering function

cross section (hadronization)

(pQCD) ]‘




Charm and beauty hadron formation in pp collisions

& [HEP 05 (2021) 220

o
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ALI-PUB-482589

e Meson-to-meson ratios independent of meson
pr and collision system

e Agreement with model calculations (FONLL)
based on a factorization approach and relying
on universal fragmentation functions (e*e™,
e~ p) and with ete”, e”p measurements
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https://link.springer.com/article/10.1007/JHEP05(2021)220

& Phys. Rev. Lett. 127, 202301

Charm and beauty hadron formation in pp collisions S Phys. Rev Lett 126,012001
& [HEP 05 (2021) 220 1 A /DO
e o] Do ACEPeimnay  SRNEAR
p P §|,V|<0-5 pT:()!
N pp, Vs = 13 TeV

e Phys. Rev. Lett. 128, 012001
o Preliminary

pp, Vs =5.02 TeV
m Phys. Rev. Lett. 127, 202301
o Preliminary

0.113 +£0.013 £ 0.006
@: (LEP average, EPJC 75,19 (2015))

===

10 15 20 25
p; (GeV/ce)
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 Baryon-to-meson ratios significantly higher than
e"e” results
— PYTHIA8 Monash (e*e~ charm fragmentation
functions)

* Baryon-to-meson enhancement at low pt also observed
in the beauty sector (LHCb: Phys. Rev. D 100, 031102(R))

Mattia Faggin - University and INFN, Padova (Italy)

? ;@6“\7 * Further hadronization mechanisms?
2 L N ’) * Non-universal fragmentation functions?


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
https://link.springer.com/article/10.1007/JHEP05(2021)220
https://doi.org/10.1103/PhysRevLett.127.202301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001

P P

s & ‘ & Phys. Rev, Lett. 127, 202301

AY /DY in pp collisions - models

& ].P. Christiansen, P. Z. Skands: JHEP 1508 (2015) 003

- | e e
% i pp, Vs =5.02 TeV Af/D® || 1. PYTHIA 8 with updated Color Reconnection (CR-BLC)
~ i<05 o AUCE Prsiminay ] modeling
0.5 ° Qtfjf;(ﬁ:i?w202301) B o CR with SU(3) weights and string length minimization
At """"" T———— j:_> o “junction” topology enhances charm baryon
<L 06 — ] production

SH model + PDG i
SH model + RQM - No CR New CR

amy
0
. O N
' -
cas® s
.
tuatte,
LT
e
- = ~ . 9

0 5 10

P, (GeV/c)
g V. Minissale, S. Plumari, V. Greco: arXiv:2012.12001

2. Catania model

o Thermalised system of u,d,s and gluons assumed
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o Mixed hadron formation
a. Fragmentation
b. Coalescence — imposed to be the only mechanism forp = 0

Coalescence


https://link.springer.com/article/10.1007%2FJHEP08%282015%29003
https://arxiv.org/abs/2012.12001
https://doi.org/10.1103/PhysRevLett.127.202301

.- = & Phys. Rev. Lett, 127, 202301

AY /DY in pp collisions - models

Q[ ‘ | T T & M. He, R. Rapp: PLB 795 (2019) 117-121
< 1:_ E:T’ <ﬁ(s); >02TeV o ryAt/ D? _: 3. Statistical Hadronization Model and Relativistic Quark
i o ALGE (PR 127 ooon) 200501) Model (SHM + RQM)
e T e oo ] o Hadronization driven by statistical weights
A} i p— e i governed by hadron masses (n; ~ m>TyK,(m;/Ty))

at a hadronization temperature Ty

0.6 M. He and R. Rapp:
S I o Strong feed-down from an augmented set of excited
= charm baryons
— PDG: 5 A, 32, 8E 2 Q.
— RQM: additional 18 A, 42 X, 62 £, 34 (). (not yet
measured)
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p. (GeV/c) Can further baryon measurements help
understanding the mechanisms underlying
the baryon enhancement?

T N T O e T
PDG (170) 1.161 0.5098 0.5010 0.3165 0.3310 0.0874 0.0064
RQM (170) 1.161 0.5098 0.5010 0.3165 0.6613 0.1173 0.0144
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https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
https://doi.org/10.1103/PhysRevLett.127.202301

& Phys. Rev. Lett. 128, 012001

Heavier charm baryons: 28’+’++ (2455)

Af from Xt

S}! 0.8_| LI L B B I LA L I L I I ZO’+’++/DO S}lh 1.2 _l LA L L L A B |_

™ - ALICE . ™ _ ALICE i

X 07F <05 = pp, (s=13TeV - +><U | ly| < 0.5 s pp, Vs=13TeV
o ; < 'L .. PYTHIA8.243, Monash 2013 - 0

oo r PYTHIA 8.243, CR-BLC: ] So(ng8L ¢ Mode O --men Mode 2 —

05 Mode 0 - - Mode 2 - . = T Mode 3 i

T Mode 3 ] R SHM-RQM ]

oo SHM+RQM ] e - S wy: Gatania ]

0.4 o wy Catania : 0.6 RN QCM il

co QCM . i ]

0.3 - | : b

- + o W N

0.1F/ ~0.02 (e"e™) -

T F [Belle Collaboration, E

PhVS. Rev. D 97. 0 cea v b v b e b i

Xx5=+10 072005] 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/ce)

« Larger than e”e™ and Monash (tuned on e*e™) 5044+

— larger relative enhancement than A./D° ¢ &
* Measurement of A, feed-down from X

/DY partially accounts for larger A} /D°

* Well described by predictions from SHM + RQM,
Catania and QCM (charm coalescence with AL (< Z)/AE = 0.38+ 0.06(stat.) + 0.06(syst.)
equal-velocity light quarks, thermal weights for
abundances)
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* Overestimated by CR modes

& QCM:]. Song, H. Li, F. Shao: Eur. Phys. J. C (2018) 78: 344



https://epjc.epj.org/articles/epjc/abs/2018/04/10052_2018_Article_5817/10052_2018_Article_5817.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001

& Phys. Rev. Lett. 127, 272001
& [HEP 10 (2021) 159

& ALICE: PRL 127 (2021) 272001
& ALICE: [HEP 10 (2021) 159

O+

Heavier charm baryons

(@) 1 T " T * T ' T " T ' 3
e 0. 6_ T T T T 1 ] = - Ot
= [ ALICE o0 BR ] ® [ ALICE EYA; E2EI
& * =D ine = pp, Vs =13 TeV
— 0 5 —_ PP, E =13 TeV o =+/D° 7 c - ’ Data ° - i
C ROAR |y| <05 =c i o = |y| < (0.5 PYTHIA8Monash —— — — -
8 - . S SHM+RQM ] ~0+ 0+ 4+ E\ PYTHIABMode.Z --------------
O] 0 4'_ w4 Catania (coal.+fragm.) = :,c’ /Z » 4y} 10 = Catania w7z 7772 3
E Al aCM : NH unc. QCM  ==eee oo \ :
S ' PYTHIAB243 - . O : SHM.RQM NN\ AW 2
] [ ] =0 / A+ ! W e — — — — — — ]
c O e mg:sg - Ec /AL S 797, e, 4] %ﬁ -
E\ : Mode 2 : I, ‘2‘\ 1 __-_--__._._..............././f/././{ _____ _/_/(//_//{ L -
g+ §02F 'J% e 5 T o
“c_ m X g ; Z OO .
",? ////// s, ) H ,....0 + DO [~ —3— ’ >
(@) ot / . i
: cemmm ey, — = . - eeenzamnenrns i A e e e — — 2 =
B o, %, - == - oY '
of ' | 1 . ""»T»m,-,.,. - ! 101 :&\\\W\W\\\\T\m\\\?\%&\ \“\l = %
1 1 1 1 1 1 1 | 1 1 1 - W)
ﬁo 0 2 4 6 8 10 12 14 [o=<+¢] 0 2 4 6 8 10 12 14 e
=c P, (GeV/c) P, (GeV/c) =
s
. =0 /50 +++ . : g
 Clear pr dependence and larger than Monash Ec /X - in agreement with E
. : Monas .
» Significantly underestimated by models . .4 B
— similar suppression in e"e™ for 8
o Df/(DY + D) compatible with expectations from e*e~ 20% and 507 g
& [HEP 05 (2021) 220 ¢ s

— baryons are ‘strange’?

* Catania (fragm. + coal.) gets close to the measurements

- matter of similar (diquark) mass?
(m(uu,ud, dd); = m(us),)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.272001
https://link.springer.com/article/10.1007/JHEP10(2021)159
https://doi.org/10.1103/PhysRevLett.127.272001
https://link.springer.com/article/10.1007/JHEP10(2021)159
https://link.springer.com/article/10.1007/JHEP05(2021)220

Heavier charm baryons: (2
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@ ALICE Preliminary PYTHIA 8 Q) - ALICE Preliminary PYTHIA 8 ;

L 4oL pp. /5=13TeV,|y|<0.5 == MonashxBR L - pp, Vs=13TeV, [y| <0.5 = MonashxBR 1

SO D CR-BLC SX Dat CR-BLC

G t e R Mode 2 x BR G ol cea o Mode 2 x BR =

‘6’ 5 Catania (coal.+fragm.) x BR 5 S Catania (coal.+fragm.) x BR 3

0 x 10 = - Catania (coal.+fragm.+res.) x BR E X - Catania (coal.+fragm.+res.) x BR ]

QC 1; E 2 QCM x BR 3 B | = QCM x BR i
| 3 } | .

G107E e 3 S 10°F . E

T - S . = T - = — —— 3
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I ] m10°F =
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— : ‘.-’_: _"-_‘ ____.——-—-———\/—';

1078 E*——T/i 107 — -

BR(Q — Q) = (0.51+ 0.07)% [EPJC 80, 1066 (2020)] a BR(Q° — Q1) = (0.51+ 0.07)% [EPJC 80, 1066 (2020)] E

1 | 1 | 1 1 | 1 ] 1 | 1 ] 1 | 1 ] 1 .

O IIIIII

( )= )
N RN IR
0 2 4 6 8 10 12 14

2 4 6 8 10 12 14
p. GeV/e p_ GeV/c
—PREL-486632 T ALI-PREL-486637 T
BR(Q? - @ nt) x 02/D° BR(Q? - @ nt) x /=2

BR(Q? - Q~n*) = (0.51 + 0.07)% (Y.Hsiao et al. EPIC 80, 1066 (2020)) not measured — used to scale model predictions

* Pythia 8 with CR-BLC underestimates data
* Coalescence models get closer to the measurements
« 0%/29 described by Catania model (coalescence + fragmentation) including higher-mass resonance decays
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Q0 : sizeable contribution to charm production at LHC energies?



https://link.springer.com/article/10.1140/epjc/s10052-020-08619-y

& Phys. Rev. D 105,1011103 (2022) &&Phys. Rev. Lett. 127, 202301 & JHEP 12(2019)092

A? /DY in p-Pb collisions and charm fragmentation fractions

= [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ —_
e—s+—eo| S+ A¢ down to 2107 | | | |
P P < 1? pp, Vs =5.02 TeV, |y| < 0. ’]‘ = = ALICE, pp, Vs = 5.02 TeV -
: . o - (PRD 105, L011103 (2022)) .
I O ALICE Preliminary g <08 - = ALICE Preliminary, p-Pb, {Syy = 5.02 TeV
B e e 0.8} e  ALICE (PRL 127 (2021) 202301) — r —ALICE, pp, Z¢ x A x R_p,(A}) (Preliminary) 7
B _ B + B factories, ee”, Vs = 10.5 GeV 7
P B p-Pb, \[STN =5.02TeV,-096 <y <0.04 | L + +LEP. e'e” {s=m |
] ’ - VA
~ Y4 e HERA, ep, DIS 7

= m 0.6
B O ALICE Preliminary - .
0'6_7 Hﬂﬁﬂ e  ALICE (PRL 127 (2021) 202301) | o HERA, ep, PHP i
-IH- E| . 0.4 f* E |

04ﬁ .IH_ o i i
J@[ HL:E: ) 0oL e o, ;

0.2 = i i
: ¥ : l O
n i 0.0 \ \ \ |
00 L 5| L 1|0 L1 1|5 L1 2|0 T - 0 + + + 0
p_ (GeV/c) D D b: Ae =

« Compatible py-integrated A /D ratio in pp and p—Pb collisions within uncertainties (next slides)
— Af /DY larger in p—Pb collisions than in pp for p; > 3 GeV/c given a harder pr(A}) spectrum
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e Charm fragmentation fractions in pp and p-Pb collisions at \/syy = 5.02 TeV
o No significant differences
o Significant baryon enhancement with respect to e*e™ and e p results



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L011103
https://doi.org/10.1103/PhysRevLett.127.202301
https://link.springer.com/article/10.1007/JHEP12(2019)092

& TAMU: PRL 124, 042301 (2020)

A¢
A? /DY in pp and Pb-Pb collisions S S
@ DO & arXiv:2112.08156

11205 | 30.50% Pb PBE Y5 = 5.02TOV | pp-

CALICE . 0-10% Pb—PbA]

SHMc + FastReso + corona J

« A!/D?ratioin 4 < pr < 8 GeV/c in central (0-10%) Pb—Pb collisions larger than pp (3.70)

* Shape qualitatively caught by SHMc (statistical hadronization + charm) and Catania model

* Data described by TAMU (hydro. + fragmentation + coalescence + extra c-baryons)

Baryon-to-meson enhancement due to an interplay of radial flow and recombination?
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https://arxiv.org/abs/2112.08156
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals-aps-org.ezproxy.cern.ch/prc/abstract/10.1103/PhysRevC.96.044905
https://link.springer.com/article/10.1007/JHEP07(2021)035

A? /DY in hadronic collisions vs. multiplicity

S
]
~
+o0
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0.8

0.6

0.4/

@ arXiv:2112.08156 g PLB, Volume 829, 10 June 2022, 137065
T T T T | T T T T T T T T
" ALICE
1=

o1
pp, Vs =13 TeV |
ly| < 0.57
N, multiplicity classes
(dN/dn):

—a— 3.1
—— 37.8

PYTHIA 8.243 i
— — Monash -
777) CR-BLC Mode 2 ]

+

& TAMU: PRL 124, 042301 (2020)
& Catania: PRC 96, 044905 (2017)
& SHMc: JHEP 07 (2021) 035

©, 4 ALICE

(5]
1.2 @ pp, (s=13 TeV

- v pp, Vs=5.02TeV

— A p—Pb, /s, =5.02 TeV

—

|y|<O.5{ ‘0—»4—0
P p
— stat.
[ ]syst
extr. i @
total p
Pb

N ,
n N
o q

=

- = Pb-Pb, \/s,, =5.02 TeV
0.8
0.6 4

- Yo ¢
0.4— Y
0.2

1

10 10°

10°
(AN /dM) 1205

A? /DO vs. pr at highest multiplicity larger than that at lowest multiplicity — significance of 5.30 (1 < pr < 24 GeV/c)

pr and multiplicity dependence qualitatively described by PYTHIA CR-BLC
— significantly underestimated by Monash tune

-integrated At /DY ratio compatible with a flat behaviour versus event multiplicit
Pt td c p P y
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https://arxiv.org/abs/2112.08156
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals-aps-org.ezproxy.cern.ch/prc/abstract/10.1103/PhysRevC.96.044905
https://link.springer.com/article/10.1007/JHEP07(2021)035
https://www.sciencedirect.com/science/article/pii/S037026932200199X?via%3Dihub

& TAMU: PRL 124, 042301 (2020)

+ O : d - . - - & Catania: PRC 96, 044905 (2017)
A¢ /D" in hadronic collisions vs. multiplicity & Siivie: HEP 07 (2021) 035
@ arXiv:2112.08156 g PLB, Volume 829, 10 June 2022, 137065
o [ T T T T | T T T T I T T T T I T T T T I T T T T ] o : T T T TT I\Il T T TTTT T T 1T I\‘ T \:
] i | ALICE pp,@=ly1|3<T:;/~ O 5 ALICE y| < 0.5 ‘0_,4_0‘
+ 0O b D + O C B
P P < N,,, multiplicity classes | < 1.8 e pp, Vs=13TeV —stat. = SHMc P P
(AN, /dn): ] 1.6 Y pp, {s=5.02 TeV [ |syst. + Catania -
0.8 = O 8 - 4 p-Pb, |5, =5.02 TeV extr. < TAMU -
—— 378 ] 1.4 & pppy, VS, = 5.02 TeV total PYTHIA8 - © — «@
0 6_— 7 1.2 ¢ Au-Au, |s,,, = 200 GeV —Monash — P oy
) 1i STAR, PRL 124 (2020) 172301 —CR-BLC 2
i PYTHIA 8.243 ] . ]
0.4 — — Monash | 0.8— - + — ‘%_’ ‘_ﬁ‘
- 7777 CR-BLC Mode 2 - = M N
4 06E ﬁ@ m m Hs E E Pb Pb
0.4 # A : -
0.2 =
: \_\\\I\I.l- _I_\\\Hll | \\HI\‘ | \:
1 10 102 10°

<dl\!ch/d n>|n\<0.5

A? /DO vs. pr at highest multiplicity larger than that at lowest multiplicity — significance of 5.30 (1 < pr < 24 GeV/c)

pr and multiplicity dependence qualitatively described by PYTHIA CR-BLC
— significantly underestimated by Monash tune

pr-integrated A} /D° ratio compatible with a flat behaviour versus event multiplicity
— flat trend reproduced by models implementing fragmentation+coalescence and SHM predictions
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? ;@6\\’) Baryon-to-meson enhancement at intermediate pt due to an interplay of radial flow and
2% ? recombination (different pr redistribution for baryons and mesons)?

_d
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals-aps-org.ezproxy.cern.ch/prc/abstract/10.1103/PhysRevC.96.044905
https://link.springer.com/article/10.1007/JHEP07(2021)035
https://arxiv.org/abs/2112.08156
https://www.sciencedirect.com/science/article/pii/S037026932200199X?via%3Dihub

Summary and outlook

 pQCD models based on factorization approach
assuming universal fragmentation functions
among collision systems do not describe charm
baryon production in hadronic collisions at the
LHC
— A} /D? and fragmentation fractions in pp
significantly different from e*e™, e™p

— Charm hadronization not a universal
process among collision systems

*  Further charm hadronization mechanisms
introduced by several models to describe the
ALICE measurements

* ALICE experiment ready for new data taking!
1. Larger statistics

2. Upgraded apparatus
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Summary and outlook om0 Q

« pQCD models based on factorization approach Target samples of ALICE high-energy pp programme
assuming universal fragmentation functions
among collision systems do not describe charm
baryon production in hadronic collisions at the
LHC e Lin=3pb"1,B=02T — continuous readout, all

— A} /D? and fragmentation fractions in pp interactions kept
significantly different from e*e™, e™p

e Lint=200pb™1,B=0.5T — high-multiplicity, selection
of rare signals

— Charm hadronization not a universal Target sample of ALICE Pb-Pb programme (Run3 + Run4)

process among collision systems e Lint = 13nb™%,\/syy = 5.5TeV — continuous readout,
all interactions kept

*  Further charm hadronization mechanisms
introduced by several models to describe the
ALICE measurements

* ALICE experiment ready for new data taking!

1. Larger statistics

2. Upgraded apparatus
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https://cds.cern.ch/record/2724925

Summary and outlook om0 Q

« pQCD models based on factorization approach Target samples of ALICE high-energy pp programme
assuming universal fragmentation functions
among collision systems do not describe charm
baryon production in hadronic collisions at the
LHC e Lin=3pb"1,B=02T — continuous readout, all

— A} /D? and fragmentation fractions in pp interactions kept
significantly different from e*e™, e™p

e Lint=200pb™1,B=0.5T — high-multiplicity, selection
of rare signals

— Charm hadronization not a universal Target sample of ALICE Pb-Pb programme (Run3 + Run4)

process among collision systems e Lint = 13nb™%,\/syy = 5.5TeV — continuous readout,
all interactions kept

*  Further charm hadronization mechanisms
introduced by several models to describe the
ALICE measurements

* ALICE experiment ready for new data taking! ITS 1 (ALICE exhibition)

1. Larger statistics

2. Upgraded apparatus
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Direct measurements of
open-beauty hadrons!



https://cds.cern.ch/record/2724925
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ot THANK YOU FOR THE ATTENTION

Colliding system:Pb-Pb
Energy:5.02 TeV
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Charm meson production in pp collisions

o T T T [ T T T I T T T T T T T 1T LI I T 17T | T TT 1 T OQ — ! ! Fr -
(] L i i - ]
= 1. ALICE ly| <05 o M ALcE yl<05
o [ pp, Vs=5.02TeV i | Pb-Pb, {5, = 5.02 TeV ]
- 1 1.2 —
1.0 Prompt Non-prompt | B o 0-10% i
~ e Data s Data ] B ]
~ BB FONLL g FONLL + PYTHIAS8 Dec. Ui m  30-50% -
0.8~ B i 6 pp, Vs="5.02TeV i
. i 0.8/~ —
0.6 — i i
| | Ll | - | T =
4E S ::ﬁ;ig‘zi\\hu.lfu_. O6j Hmﬂ m ——%—-__H_'i 5
0.4r ] E'EL . - i egactitye et g ——e— T 7 g
* | oschers i :
_ | i SENRINE i -
0.2 - i = ] =
i . ] B + 1.9% BR uncertainty not shown . Z.
- +1.9% BR uncertainty not shown 7 0.21— — =
_\ 11 11 1 I 1 1 1 ‘ 1 1 1 | 111 I 1 11 | 11 1 | 1 1 1 ‘ I_ B B %
0 2 4 6 8 10 12 14 16 ; B - z
ALI-PUB-482589 pT (GeV/C) pT (GeV/C) E
>
* Meson-to-meson ratios independent of meson py and collision system £
e In line with model calculations based on a factorization approach and relying on universal &

fragmentation functions (e*e~) - FONLL




Charm mesons: D

o 0.8_ T I I | T I I ‘ I I T | I I T | I I T | I I I | T ]
7

Oe ; 7; ALICE pp, Vs=5.02TeV |y|<0.5 °
Q - Prompt Non-prompt ]
o 0 Gi e Data m Data B
e FONLL + PYTHIA8 Dec. -
050 D! « B°+B"+B+A, E
L D! « B%+B* -

- D; « B! ] =

0.4 — E}

- - _ g

0.3 il ] E

; » | E

N == ] §

3 $ e % " :

0.1- - 7

I T N T N T SN SN N N MOV EA T O M g
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Vs =5.02,7,8,13 TeV

Beauty meson fragmentation fraction ratios = <---

g\"'@ 0.3 [ L DL DL DL DL L B B '_ w 0.4 — T T T T T T T
l 028: LHCb: arXiv:2103.06810 LLHCD : 8 05 LHCb
2 0.28 — >
i ) E 0.3 \s =13 TeV
0.26 NEW * 4 <0025
: i = 02
0.24F { ]l - |
i By . o 0.15
n BO 4 PFFEEETEORATER
0.22 . 0.1 =
- - 0.05 g
[ oSS R SIS SIS R SR R . g
7 8 9 10 11 12 13 0— 10 {s 20 5% 3
Proton-proton collision energy [TeV] LHCb: Phys. Rev. D 100, 031102(R) p.(H,) [GeV] z
* Fragmentation fraction ratios compatible  Baryon-over-meson ratio %
among different collision systems, o clear decreasing trend vs. pt g
energies and rapidity ranges o significant enhancement at low py 7
: BY 5
| _ with respect to (_0 . _) 5
 Higher fraction at 13 TeV? B°+B g
— effect caused by the different masses? =

mAg(~ 5.6 GeV/c?) > mg(~ 5.3 GeV/c?)

— non-universality of fragmentation fractions?



https://arxiv.org/abs/2103.06810
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102

(PYTHIA 8) Belle, ete™ /s = 10.52 GeV

O;+;++ miud)o = eV/c? Phys. Rev. D 97, 07200
The role of AL and X e = e (s e D7 072005)

f(m) = agexp(aym)|] N
e 5 10% :
S=-1 B -
i f\\l \{'
O = + s | +
s 2 0l .n____\\\\ ¥(1385) 2 101 i A(2595)
p— E E ‘E?“i\\\ A(1520) E E ~““\_“\\ l Ac(2625)+
S e N < 7 0 § l .
oI . o i Ze ? l \
i RS . r.(2520° .Y
E \\\ =
. - C = 0 e C
Hierarchy driven - =(1580) i 4
_ . : i A Z(2800)
by sS pair creation Q
10—1 1 |1‘.1\ 11 \112| L1 |1.‘3\ 11 |1 |4\ L1 \1-‘5| 11 |1.|6\ L1 |17 10,21-2‘ L \2-|3| L |2.\4| L |2\5| L |2-\6| L |2.\7‘ L ‘2|8‘ |
mass (GeV/c?) mass (GeV/c?)
* In conventional fragmentation: At
C

> charm picks up a spin-0 (ud), diquark — A (I =0)
» charm picks up a spin-1 (ud), diquark - XX (I =1)

SPIN 0

* | (ud); mass much larger than (ud),
= production of X, states expected to be suppressed compared to A{
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« X -state production suppressed by ~3-4 times that of excited A} states in e*e™ collisions at+/s = 10.52 GeV



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005

Charm fragmentation functions in p-Pb collisions

f(c = He) (pp)

."(C = Hc) ‘P‘Ph) ‘Rpr(Ec) = Rpr(:‘\j )

D*+

39.1 + l.7(stat)f§:;(syst‘,
17.3 & 1.8(stat) ") (syst)
7.3 4+ 1.0(stat )“_L::(I)(syst)
20.4 + l.3{stat)ié:g(syst]
8.0+ 1.2( stut)%ﬁ (syst)
15.5 % 1.2(stat) g (syst)

©— — o
p P

\/s = 5.02 TeV

41.6+ 1.24(stat) T35 (syst)
[8.3+0.10(stat )f}ﬁ{ syst)
9.0 40.48(stat )f}:Sg’( syst)
7.6 1.06(stat) T35 (syst)
6.7+ 1.04(stat) T35 (syst)

12.9 £ 0.58(stat ]f;:g (syst)

p

Pb
VSNN — 5.02 TeV
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Charm fragmentation functions in p-Pb collisions

Ccod 2o ALICE pPb {5 - 5.02 Tew E3 E o5 102 b (5.02 TeV pp) + 15.64b" (5.02 TeV pPb)
of ~096<y <004 E ] S P | ‘ems
1 8; ¥ |yCM| <1.8
©F T 2 EPOSLHC Data
1.6F = K
3 r -1 mm & o0xhE L AE - A+A
1.4F . - =
1.5 =04+ Qf

I:ipF‘b

D mesons I
JHEP 1912 (2019) 092 2019

—4— D (average D°, D*, D) I

-1 1
~E 0 - 1 -
::ﬁ- W\ bayons  —9— P ﬂ_ _ POWHEG+PYTHIA6 3
0.4 - with CT14NLO+EPPS16 PDF (A,) - 0.5
r - A (arXiv: 2011.06079) T E

(Tppb) uncertainty

0ok AZ, Preliminary F _ POWLANG with HTL transport
E | (extrapolated pp reference) | | ¥ | | coefficients (chiarmed hilﬂdFO”S) % pp lumi. ulncertainty | | |
0 2 4 6 8 10 12 2 4 6 8 10 12 S of ' '
P, (GeV/e) P, (GeV/ce) 81_55_
. + . . E 1;
pr-integrated value for A{ (preliminary): So.5t
_ +0.010 ok - - - E
Rppr = 0.761 + 0.063(stat.) + 0.109(Syst.)_0_013extrap. 0 5 ; (g}ev) 15 20
T

* Charm fragmentation fractions in hadronic collisions at 1/syy = 5.02 TeV
» p-Pb:
i. DY A} (new): measured downtopr =0
ii. D%, D{: extrapolated down to py = 0 using POWHEG+PYTHIA
iii. EQ notmeasured — 0,,(E) X 208 X Rypp (AY)
— assumption: Rppp (E¢) = Rppp (A7) (support: CMS measurement for 2~ and A, PHYSICAL
REVIEW C 101, 064906 (2020))
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.101.064906

PYTHIA 8 CR modes

JHEP 1508 (2015) 003

- Colour reconnection mode with SU(3) topology weights + string-length minimisation.
-  From junction reconnection—enhance baryons.
A dynamical “QCD-inspired” way for coalescence?

No CR Old CR

@ g & @
OR® (%)

- CR allowed between partons

- Partons created in from different MPIs to minimize
different MPIs do not string length
interact - used in Monash tune

New CR

(%) (%)
(9)—@ ()

- Simple model of QCD colour rules to
determine the formation of strings

- Minimization of the string length over
all possible configurations

- Include CR with MPIs and with beam
remnants
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Phys. Rev. D 105, .011103 (2022) JHEP 12(2019)092

CC cross section in hadronic collisions

(ub)

¥y

do<T/dy/|

I T TTTI T T T TTI T TTTT ‘ Km
I f + ccproduction cross section at midrapidity in pp and p-
FONLL Bt . B
10° — B Pb (new) collisions at \/syy = 5.02 TeV measured as
- ——— NNLO ] sum of ground state hadron cross sections
- / —
I - | doyp +134
= 1165 + 44(stat.)T15;(syst.) ub
L _ dy
ly|<0.5
102 = — 1 dO'IC)E—Pb 103.6 :?
- | x4 = 1057.5 + 28. 6(stat.) 7724 (syst.) ub g
- E Y —0.96<y<—0.04 g
] « ALICE (op. Iy < 0.5). PRD 105 Lo1110s || * Results compatible within systematic uncertainties z
o ALICE Preliminary (p—Pb/A, —0.96<y<0.04) i i . é
10 — o PHENIX (op. ly| < 0.5) | * Results previously published in pp at Vs =2.76 and 7 g
- & STAR (pp, ly| < 1.0) . TeV from D mesons updated with fragmentation fractions 5
| I_2\ (I » | _1\ I N I| | | I I I ‘ from _\/E — 5.02 Tev analysis g
4x10° 10 2x10 1 2 34 10 o/ : -
— ~40% increase driven by the observed baryon &
Vs (TeV) 3
enhancement =
=

FONLL: JHEP 1210 (2012) 137

NNLO: PRL 118 (2017) 122001, JHEP 03 (2021) 029
PHENIX: Phys. Rev. C 84 (2011) 044905

STAR: Phys. Rev. D 86 (2012) 072013

* Results on upper edge of FONLL and NNLO calculations



https://link.springer.com/article/10.1007/JHEP10(2012)137
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.122001
https://link.springer.com/article/10.1007/JHEP03(2021)029
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.044905
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.072013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L011103
https://link.springer.com/article/10.1007/JHEP12(2019)092

0.4},',

henee -8 _.,'*3“"/ :*#/ i . AJg /D? ratio smoothly increasing at
ST ] ] intermediate py from pp to Pb-Pb

arXiv:2112.08156 arXiv:2111.11948 — Accepted by PLB

Multiplicity dependence of Af /D in hadronic collisions

* pp, p-Pb, Pb-Pb shown together as a

O 2P <4GeVe 3 4<p<6Gevic + 1 6<p <8GeVic ] function of event multiplicity
<l } ] ]
| @ 1 1| * pr-integrated A} /D° ratio not
> T 1 T ; dependent on multiplicity within
05 + * 1 * T : uncertainties
-%I-"'q + I ¢|'+ ] O 2 + ]

o B 1 10 102 10°
;-0-| _2:_ 8 < pT <12 GeV/c _:_ 12 < PT <24 GeV/c —: <chh/dn>|H|<0.5 Similar heavy_ﬂavour
|3 T 7 ALICE hadronization in different colliding
C I ] dh pp, Vs=13TeV
0.8r T ] gi’DTnullipliciy classes SyStemS?
[ 1 ] arXiv:2111.11948 [nucl-ex]
0.6 T 7 &5 pp minimum bias, Vs = 5.02 TeV
[ 1 ] Phys. Rev. C 104, 054905 : - _
0.4 + 1 1 O oo minimum biss, (s, < 5.02 Tev Interplay with flow effects in Pb-Pb
- G:‘l:llfl]] + 1 . Phys. Rev. C 104, 054905 COHlSlOI’lS?
0.2f , “HRE -+ L 3 Pb—Pb, \s,.. = 5.02 TeV
:'{IF 1 Hd * + ] ¢ VOM muvlliﬁcity classes
T TR BT R SRR BT BT B arXiv:2112.08156 [nucl-ex]
10 10° 10’ 10 10° 10’ Lucas Anne Vermunt
(No/ dilhn<os (ANer/ Ao «Charm production: constraint to
transport models and charm diffusion
. T iCi i »
[ > Increasing event multiplicity B

Thursday 7 April, 09:00
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http://arxiv.org/abs/2111.11948
https://arxiv.org/abs/2112.08156

Multiplicity dependence of Af /D in hadronic collisions

Y P L L L s i N BN A B
o - ;ALI‘{QE T PYTHIA 8.243 Y. Chen and M. He ]
A [ PP, 1s=13TeV, [y]<0.5 + = Monash =5 CE-SH model .
O o4k N, multiplicity classes 1 CR-BLC Mode 0 ]
- (dN/dn): ALICE; PYTHIA; SH model T [ CR-BLC Mode 2 ]
- —m— 3.1; 2.9; 3.1 + CR-BLC Mode 3 .
030 —— 378, 406, 378 T B
I I~—— i
C T aan ¥ ]
- < I ' -
0.1F —+ — =
B 1T N [9+]
5 T ] T
- e | | | | ISR B B = 3
@) I i i &
o ] - z
+ O - E - =z
< 08 — — =
- - -1 =
! ] ] =
0.6_— S g
T ] =
T | =
(eT]
T T )
T . I
-I L L I L I L I L L I L L T L I L L I 1 I I L I_:-—I- ]
5 10 15 20 5 10 15 20
p. (GeV/ce) p_ (GeV/e)




ALICE ITS upgrades in Run 3 and 4

ITS 1 (ALICE exhibition) ITS 2

Cylindrical
Structural Shell

Half Barrels -
N

6 layers: - _ 7 layers of ALPIDE Monolitic Active Pixel 3 truly cylindrical Si pixel layers
2 layers of Sﬂ}con Pl)fel Detector (SPD) Sensors — ultra-thin wafer-sized curved sensors
* 2 layers of Silicon Drift Detectors (SDD) — 10 m? active silicon area — no external connections air-flow cooling

* 2 layers of Silicon Strip Detectors (SSD) — 12.6 x 10° pixels

_ ITS 1 ITS 2 ITSS 1 — IT52 standalone
=== [TS2+TPC

o [TS2 standalone (full MC)
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DlStanCE tO lnteraCtIOl‘l —_—) Closer to interaction point = _..!! : :IgzjtTaPrédalone
p01nt (mm) ?102 !":. o ITS3 standalone (full MC)
Xo (innermost layer) (%) ~1.14 ~0.35 0.05 — | Lower material budget i
Pixel pitch (um? . s

pitch (um®) 50 x 425 27%x29  O(15x15) — Improved granularity
Readout rate (kHz) 1 100 -

- FaSter readout 008 0j1 0t2 Oérangjvserse njomentuém [C%eV/c]é 1I0 2'0 *

Spatial resolution (r¢ X z) ) : e
i) 11 x 100 5X5 — | Improved resolution X ~2 improvement in pointing

resolution (ITS2—ITS3)



B? —» Dy mt" measurementin Run 3 and 4 (1/2)

ALI-SIMUL-348395

q) 20_ I I I | I I I I- I .I I I I I I _l
2 I ALICE Upgrade Projection  B{ — D; n*-
8 18 0-10% Pb- Pb, {5y = 5.5 TeV :
= 16 L, =10nb" —
S F o [TS2 :
n 14 7
% 12 Unc. signal estimation —]
) N [ Unc. background estimation
% 10— —]
L C N
8 =
61— =
4L =
2F S
0: 1 1 1 1 I 1 1 Il 1 I 1 1 1 1 I 1 1 :

0 5 10 15
p_ (GeV/c)

010

1072

107°

ALICE 'Uplgrladle I'Drc')jelcti'on'
o 10% Pb-Pb, VSyy = 5.5 TeV

) - lllll

|

-

»
NN
N
N
N
N
N
_§_

XV Unc. signal estimation
[J Unc. background estimation

L 1 L 1 I | | | | I 1 |

"
L
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m|TS3

| lllll

|

5 10

ALI-SIMUL-348451
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B? —» Dy mt™ measurementin Run 3 and 4 (2/2)

< =1 T 1 | L | | | 1l | L I L | [ | L L L=
n:< 3.5—ALICE Upgrade Projection —
- 0-10% Pb-Pb, \'s,, = 5.5 TeV ]
C -1 ]
3.0: L.,=10nb BY - D; * ]
: o ITS2 i
2'5: o ITS3 . _
el ] £
1.5~ = ,3
T E
0.5 LTI TITE o E{B
:I 1 1 | L 1 1 | 1 1 | | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | L 1 1 | 1 1 I: ;é

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

ALI-SIMUL-348369



A} - At~ measurement in Run 3 and 4

Q 4 | T T T | T T T | T T T T T T T T T T T T T T T | 8 | T T T | T T T T T T T T T T T T T T T T T T ]
2 ~—  ALICE Simulation . S 350 Upgrade =
- ] 8 3¢ ]
35 Pb-Pb, (s =55TeV = £ " TS .
b La=10 nb”, 0-20% . & 30 e ITS2 -
T AAIT (AL-pKTt) ] - 4‘7 .
25 Upgrade - 25 - + B

- =|TS3 —— ] n I . =

2k = 20— | = =

- eITS2 I ] : [ I R =)

N ] o

C 3 15— _ 3

15 E - ALICE Simulation . f;

£ E 10 i Pb-Pb, Sy, =55TeV - ;

- ] C -1 o ] =

= } + . - I Ly=100b",020% 3 =

0.5/ I — 5 Ap—oAT (Ag—pKT?) ] g

- R ? m - ] z
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