SEPTEMBER 3-9, 2023 | HOUSTON, TEXAS\

\J_W uark Matter 2023 =, d

G
The 30th International Conference on Ultrarelativistic Nucleus-Nucleus Collisions ™

Latest ALICE results on charm and beauty
hadronization mechanisms in hadronic collisions

INFN Jianhui Zhu (INFN Padova) %
_ PADOVA on behalf of the ALICE Collaboration


mailto:jianhui.zhu@cern.ch

Heavy-flavour hadronization

» Open heavy-flavour (HF) hadron production cross section calculated using the factorization approach

» Ratios of particle species sensitive to hadronization

et e Vacuum

o— — 0o
Not far from vacuum?

Or dense enough to

® — — © =]
alter hadronization?

Fragmentation P D

» Hard scattering ete™ — qq

» Color-potential string between g and g

» Hadronisation via multiple string breaking
and formation of quark-antiquark pairs
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Coalescence

‘Open guestions
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Fragmentation fractions (FFs) universality
violated already in pp collisions?

» A system rich of quarks or gluons?
Charm-strange baryons (%" and Q)

production can not be described by models, |
which can describe A7 |

» Powerful constraints on models

—— = ——— = =

8--8

Pb Pb
Dense, extended-size system

» Heavy-quarks coalescence with light (di-)quarks from the system
» Expected to increase baryon production at low and intermediate p
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ALICE detector for Run 1 and Run 2

Inner Tracking System (ITS)
» |n]<0.9

» Tracking, vertexing, multiplicity

VO
» VO-A:2.8<n<5.1

» VO-C:-3.7<n<-17

» Triggering, luminosity, multiplicity

Time Projection Chamber (TPC)

» |n|<0.9
» Tracking, PID

Time-Of-Flight (TOF)
» |n|<0.9
» Tracking, PID

THE ALICE DETECTOR

CoNOOA~WNE

System Year(s) VSnN Lint
2017 5.02 TeV ~20 nb-1
PP 2016 — 2018 13 TeV ~32 nb-1
—Pb 2016 502 TeV | ~287 b
Pb—Pb (0-10%) 2018 5.02TeV | ~131 ub-
Pb—Pb (30-50%) 2018 502TeV | ~56 b

“a. ITS SPD (Pixel)
| b. ITS SDD (Drift) |
| C. ITS SSD (Strip)
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EMCal
DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger

15. Dipole Magnet
16, PMD

17. AD

18.zZDC

19. ACORDE
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Charm-hadron reconstruction

Hadronic decays Prompt Non-Prompt
»  D'tic) > Kz*, BR~3.95% » ¢ — charm hadrons (DY, A7,...) » b — ¢ — charm hadrons (D°, A7, ...)

» DT(dc) » K ztz", BR ~ 9.38%
» D™*(dc) - D’z*, BR ~ 67.7%

» Df(sc) » ¢px™ - KKz, BR % 2.22 %
» DI (sc) — D*KY, BR unknown L

3 D;’zr (5c) — DTKY, BR unknown ) ¢~~~ ) ><1o3 - | |
»  AX(udc) » pK 7", BR ~ 6.28 % S 540 ALICE Performance - S 18 ALICE Performance -
- 0 = - 0-10% Pb-Pb, sy = 5.02 TeV 1 2 [ 30-50% Pb-Pb, [5,=5.02TeV 8 4 -
4 A (UdC) —> pK BR ~ 1 59 % ,_2 520 . HC%H TC+ and charge con;. . LE 17 5 _‘C%H TC+ and charge conj. =y
> zg(ddc) — Afz~, BR = 100 % 2 [ 4<pF<12GeVic 4 & [ 4<pF<12GeVic » - i
» X (uuc) - Az, BR ~ 100 % % 00 0 - f':é: 16— L 0 -
,,i_ _ c’ > 63 B ()-“1 () /4) i 63 5 :E;()"E;() /4) N
3 (usc)—> “ntnT, BR~29% 480 — — - g .
o N U =2472.6 + 1.8 MeV/c® - oy + ll 2469.8 + 2.5 MeV/c® -
g (dSC) t , BR~ 1.43% 460 — o = 10.0 MeV/c? (fixed) — B ' =10.0 MeV/c? (fixed)
> Qg(ssc) — Q7 7T+, BR unknown - S = 14787 £ 2040 3 14 S = 2346 + 371 .
440 - S/B = 0.0025 _: f S/B =0.0121 i
Ser/n\il(edpt)onlj:\(iec;yRs - %4000;::IiHiIHHIHHIHHIHH—; §500:_::'+:|::::|'::¥|::::|::::|::::_:
3 udc) = Ae"v., ~ 3.6 % S 2000 F X§ — kS, E . + .
» EH.(dsc) - Ee"r,, BR~ 1.04 % o i + t + T+++ o :+ t4 ++ 1
0 — .+ _2000:_. N N . —500_—..|.. N T B B
> L2:(ssc) — L27e"w,, BR unknown 23 235 24 245 25 055 26 23 235 24 245 25 255 26
_ _ M(= GeV/c? M(Z"1t) (GeV/c?
Charge conjugates are included (E7) ( ) =) )
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D-meson production in pp collisions

\ . JHEP 05 (2021) 220 \__ arXiv: 2308.04877
L L L L B B B L L —~ 05T T —~08— 7
o | o _ F i . . .
~ 12 ALI\?E y| < 0.5 . O [ ALICE e ) 79!P_|CE Preliminary lyl <0.5 i
- 35'0\/ ) Q  o4F PP _ OD ot Non-prompt D mesons -
1.0~ 2R 4 " " dhys=5TeV ] =0.6; = Vs=5.02 TeV .
u | - - + »n . _ il
0l FONLL FONLL + PYTHIA8 Dec. - sl @s=13Tev {1 0 0.5 ¢ {s=13 TeV :
: : 0.4 Non-prompt -
0.6/ L — : :
I | I:E:I __ - _I"I_ B
0.4t $$ LRI SR as =8 T T o e ;
s $ : : : @@ . 0.2 = f : : =
0.2 . : 0.1 :
- +1.9% BR uncertainty not shown - N T 71.3.':?0{°|B.F? e .n.OJ.[ .Srl]o.vYn. i - BR unc. not shown
[ | | | [ | | | [ | | | [ | | | [ | | | [ | | | [ | | | [ | | | I— . 15 20 25 30 35 I I I I l I | | | l | | | | l | | | | | | | |
0 2 4 6 8 10 12 14 16 b (GeV/o) 0 5 10 15 20
p. (GeV/c) T 'DT (GeV/ C)
() FONLL: JHEP 05 (1998) 007 4. f(c — H.): Eur.Phys.J.C 75 (2015) 19
HF poster:
» No strong pr dependence in prompt and non-prompt charm meson-to-meson yield ratios Renu Bala

» Well described by model calculations, based on factorization assuming FFs from e*e™ collisions
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Charm-baryon production: A7 (udc) in pp collisions

\__ Phys.Rev.C 107 (2023) 064901

(@) [ [ [ | [ [ [ [ | [ [
n !
~ 1__/\LJ(3EEI3FL /s =5.02 TeV |
+ O B _
< lyl < 0.5
I —=— ALICE | L) PYTHIA 8 Monash:
0.8 Prom pt PYTHIA 8 (Monash)  —| Eur.Phys.J.C 74 (2014) 3024
- | Ly PYTHIA 8 CR Mode:
_— PYTHIA 8 (CR Mode 2) - JHEP 08 (2015) 003
Catania, fragm.+coal. _| , .
06 _____ - atania, rragm.+coa 1 /) Catania:
SH model + RQM ] Phys.Lett.B 821 (2021) 136622
0.4 1 Ly SHM:
il _ Phys.Lett.B 795 (2019) 117-121
] P | £ RQM:
0.2+ B - | Phys.Rev.D 84 (2011) 014025
—_ | | | 1 Eur.Phys.J.C 78 (2018) 344
0
) 10
p. (GeV/c)

Prompt A/D in pp collisions
» First measurement down to p =0

» Well described by model calculations, except PYTHIA 8
Monash based on FFs from ete™ collisions

\_ arXiv: 2308.04873

o1.4r-
= [ pp,Is=13TeV CLR- BLCZ
—4 o[ ALICE, lyl<05 _  LHCD, 20<y<45 -
Cc) ""[ | e non- prompt Ag /D K Ag/(B°+B") -
N | L IS S-S ;_J
®q oL " PromptAdD PYTHIA 8 b
51'02 ¢ AKg non-prompt A 1D -
o | * i - - Ay/(B™+B") ]
20'8—_ promptA/D =
o g
0.6/
Q T

0.4

0.2

45060 10 20 30

P, (GeV/c)

Non-prompt A7/D' in pp collisions

» First measurement of non-prompt AF/D"

» Beauty, charm, and strange hadrons show

a similar py trend
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Charm-baryon production: A7 (udc) in p—Pb collisions

\__ Phys.Rev.C 107 (2023) 064901
[ [ [ T T I| [ [ [ T 11 I| [

Oe 1__ ALICE __ igo 14ALF!§TE’G_“5|T:)I;\?_Q\// -0.96 < ¥y <0.04 _:
< [ —=— pp, V5 =5.02 TeV Prompt i < PP PweE
B S | 1.2_— a —
0.8 * p—PD, VS*NN =5.02 TeV o n } Nci)n-prbpt/‘
- — QcMm ] 1.0 e
i —=— Prompt A/D ]
PRL 127 (2021) 202301 |
0.6_— * =] N 0.8 arXiv:2211.14032 —
L — 7 10 - _
: / | 1] - : —_ __
04/ I,,"/ - 06: éﬁﬂ )
= - . - _
i /"/ + | 0'43,} H H i
0.2~ - - El e i
- pp: lyl <0.5 0.2 & —
| p—Pb:-0.96 < Y, . <0.04 | -
B l l l l | l l l l | l l l l | l l l l | l l l l | ]
0 ; 00 0 5 10 15 20 25
p_ (GeVic) p_ (GeV/c)
Prompt A}/D" in p—Pb collisions Non-prompt A7/D in p—Pb collisions
» First measurement down to p = 0 » First measurement of non-prompt Aj/DO
» Shift of peak towards higher p+ could be due to quark »  Similarity between prompt and non-prompt
recombination or collective effects (e.g. radial flow) AT /D within uncertainties
» Well described by quark (re)combination model (QCM)
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Charm-baryon production: Z(dsc) and = (usc)

. arXiv: 2308.04877
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o L | L | L | L | L | L | | (@) L I I I I I I I I I I I I I | I | | | I I I I O B | | | I | | | I | | | I I I | I | | | I | | | _
b= O a .. i o N -
S [ PYTHIA 8.243 ALICGE - 5= ALICE Preliminary Data: > =F imi = AS .
Sv0.5F - & 35F ALICE Preliminary = _
506 __ Monash 2013 SHM+RQM vl < O'«5 U1 pp, p-Pb, 5 =5.02TeV o p-Pb, —0.96<y <0047 3'55 p-Pb, (S = 5.02 TeV " 22; :
o b Moges R 2 1\ " -Pb: 422% BR unc. notshown PP W1 <05 : a[ ~0.96<y <004 POWHEG.+ PYTHIAG-
é - 0.4 — pp: £28% BR unc. not shown QCM: — _ O i
' BR . EC/D : A : - — .
§ Hne + pp, (s =5.02 TeV i 1 P _ 2.9 o “:‘C ]
S 0.4 m pp, Vs =13 TeV f I T —-pp ] : ]
m =4/D°, pp, Vs = 13 TeV _ 0.3 : T_ B o[ A(‘:" Z
4 GeV/ - - - i .
; §T<>pT <i G%V/c (this paper) i s |_-| m p—Pb@5.0_2 TeV N ;5:7* N
. 0.2 ~H~ |—J ] 1.oF L= i B
] : - S
T VR e o
0.1 _— — pp@5.02 = 7/'/ ]
— T~ :@: B B e \\l - = g -
R — > T — - 0.5 % =2: +35% BR unc. not shown i
= =———ccnoeo S e il 2 7] 4 +4.3% lumi. unc. not shown _
O RRT SRR SRRK SRR tRAv I 0 A A A N T T T YNNI AN ST A A A N M oo oo by by by by T T T T T e T
2 4 6 8 10 12 14 0) 2 4 6 8 10 12 0 2 4 6 8 10
p. (GeVic) P, (GeV/c) p_ (GeV/c)
Charm baryon-to-meson yield ratio =0/D’ Nuclear modification factor R p,
» Hint of enhancement at high pr in p—Pb w.r.t. pp collisions » R pp, of AT and =) are compatible within uncertainties
» Underestimated by QCM for both pp and p—Pb collisions » Described by QCM
Jianhui Zhu | charm and beauty hadronization mechanisms 8

ALICE



Charm-baryon production: Q’(ssc) in pp collisions (l)

\%”\ arXiv:2205.13993

=

e Data ALICE

e Data ALICE

[]Catania (coal.+fragm.) []1Catania (coal.+fragm.)
] Catania (coal.+fragm.+res.) pp, Vs =13 TeV 1 &= 1 Catania (coal.+fragm.+res.) pp, Vs =13 TeV
~1QCM ly| < 0.5 'QCM ly| < 0.5

PYTHIA8 CR-BLC .
[JMonash [JMode2 BR(Q — Q%) =0.51%"y ..,

PYTHIA8 CR-BLC .
[IMonash []Mode2 BR(Q — Qm*)=0.51% "y,

] IIIIII|I ] IIIIII|I l IIIIII|I (AR

E 'i\ 0_3 = S ———————— ‘/-EE

E_ 04 .:—' - - i .

= - E E— — ﬂ\,,—:§

- —— : : —— S ~ —
= 6F BR=051% = = = =
% 4 = EE uncc):.5r110/t shown ! I % 4 E— EE :n%.5r11;/’?shown —E
O - = =T - O = —s E
o 2 = o 2 ==— ' ' —
2 OF A I N R I B = = 0F I l | | ' | =
o 0 2 4 6 8 10 12 14 & 0 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/c)

» No measurement of BR(Q) — Q~z), loose bound from theoretical calculations

» Only Catania (coalescence + resonance decay) close to the data

—_—
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Charm-baryon production: Q’(ssc) in pp collisions (ll)

B T rT T () ALICE: Phys.Rev.Lett. 127 (2021) 272001 ) ALICE Q] — Q "z arXiv:2205.13993
ot i ALICE Preliminary _ () BELLE: Phys.Rev.Lett. 127 (2021) 121803 () BELLE: Phys.Rev.D 105 (2022) L091101
S pp, Vs =13 TeV - /) CLEO: Phys.Rev.Lett. 75 (1995) 4155 () CLEO: Phys.Rev.Lett. 89 (2002) 171803
-Q B IyI <O'5 N L L | L 72 IS UL L L UL L L UL /I/j/"
5 B a I I I I I I I |||||||||||||||||||||II|IIII|III
> 0 c QW o5Q e, ] |
- L ) - |
) SR CLEO N gum=—== ==
~ o | ] I
s 1072 & = |
e - : - 7)) —+ —
: 0 : | sU(@3)
% i 1 | — Light-front approach — Light-front approach
|
- T . BELLE E I —— |QCD(semil.)+ PDG(hadr.) E’ Light cone sum rules
t 1.6% lumi. unc. not shown I
o 1gEr T | RQM(semil.) + PDG(hadr.)
= BR@Q) - Q e'v,) /BRQ. > Q E — l B - 7
T g4 PR =@ eV /B — & ) = | ALICE Preliminary
1.2 = !
- | . PLB 792 (2019) 214-218 V\s=13 TeV
| , VS e
=] I cenmg o | == PP
0.8 F = , EPJC 80 (2020) 11, 1066
06E E | PDG: PTEP (2022) 083CO01
T E n EEEEE TR I T T e T N e e N A e AR AN N
B T S S RN T3 05 1 15 2 25 3 35 4 1 15 2 25 3 B35 4
p_(GeV/c) BR(Z. - Z e*v,)/BR(E; = & &%) BR(Q) - Q e*v,)/BR(Q, » Q n*)

First measurement of branching-fraction ratio of BR(Q? — Q7e™1,)/BR(Q) — Q z") in ALICE

» Compatible with more precise measurement in Belle within 2.7, and with theoretical calculations Tiantian Cheng

HF poster:

» Run 3 data taking will allow to reduce statistical and systematical uncertainties
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Charm-baryon production vs. event multiplicity

\A/ Phys.Lett.B 829 (2022) 137065 HF posters: Oveis Sheibani, Tao Fang, Chong Kim, Jaeyoon Cho
o I IIIIII| I IIIIII| I I IIIIII| [ I_o _I [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ I |_ .9 05: [ [ I. | [ | a
o 2—AL|CE y| <054 & ALICE pp, (s =13TeV | 3§ 045k ALl\(lef Preliminary o E
+ O 1+0o 1= | <057 <& 7 F PPISE 13 TeV,lyl<0.5  p . multiplicity classes -
< 1.8 e pp, Vs=13TeV —stat. © SHMc o < | N, multiplicity classes | § 0.4F (dN/d ) =
1 6 Y PP, \s =5.02 TeV syst. + Catania _- : (dN_/dn): ) = =4/D° -
.~ F a p-Pb, s, =5.02TeV extr. = TAMU 1 08 —m— 31 } g 0.35F | ~*—44 E
A a Pb-Pb, |5 = 5.02 TeV IS total PYTHIAS : —+—37.8 T 03" o=
1.2 ¢ Au-Au, \'s,, = 200 GeV — Monash — i Hiagh 1 © : w44 4 N
12_ STAR, PRL 124 (2020) 172301 — CR-BLC 21 0.6/ + J go 251 —+ 315 H
: - : IVERN PYTHIA 8.243 | @ b s=guill=
0.8 - Jﬁ - 04L& THN — — Monash _ F ! 5 i N/ -
vk @ R i ine CR-BLC Mode 2 - 0.15F o —
s R 1 ; - - P . u N
n Hel [ ¢ E N : < - -
04 ¢ A -1 0.2F 0.1 ¥ —i— E
B - ] i B =t _
— ] i [+ 44.4% BR uncertainty for =’ not shown 7
0'22 1 leme—— il 0.055 + 22.4% BR uncertaintz//for = not shown .
B |_||||||T- _|_||||||| | ||||||| L1 | L1 1 1 | L1 1 1 | I R B | I I | L1 1 O— | | | | | | | | | | | 7]
10 10° 10° 0 5 10 15 20 5 10
(AN /AN <0 py (GeVic) p; (GeV/c)
pr-integrated AT/D° vs. multiplicity AF/DY vs. p; in different multiplicity =2T/DY vs. p; in different multiplicity
» No modification of overall production, »  Multiplicity-dependent enhancement with » No significant multiplicity dependence
_difference between Collls_lon_ sy§tems 5.3c from lowest to highest multiplicity as a function of p within uncertainties
IS due to momentum redistribution
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D resonance production vs. event multiplicity

+ o I | I | I | I | LR | LR I 1
D | . . _ + on 11 | 11 | N | N | N | 1 11 N T
| . ‘R - - . .
~ 0.05¢ ALICE Prellmlnary - - 0_1—AL|CE Prellmlnary B
N — —
¥ [ PP, Vs=13TeV,lyl<0.5 : 2 [ pp (s=13TeV,lyl<0.5 :
u - O Data (2 < p_ <24 GeV/c) 7 + B _

0O — T — + Data (2<p_<24 GeV/c)

2 0'04: SHM M. He, R. Rapp (b, >0) - ?\ 0.08_— N SHM M. HpTe R. Rapp (o.>0) |
. T B SHMc GSI—Heldelbel‘g (pT>O) | N B SHMc GSI—Heldelberg (p-l->0) |
O - - (= ! -
an - - m - .

X I - v . _
o’ 002 ] E o 0.04 -

0.01~ - 0.02F =
. Model predictions only ] i - |
O: BR =|(22 + 2|)% PRD|93 (2016|) 034035|and PTE|P 2022 0?3001: : E’Igdflzgfgggj'ggg ggl(go 16) 034035 :
—- - —— S— —— - —— — [ | 1 | I | I I | | I I | | I I | | I | I I | | [ |
0 5 10 15 20 25 30 35 5 10 15 20 25 30 35
(AN, n>"7' <0.5 (dN  /dm) Nl < 0.5

First measurement of D] -resonance production in pp collisions
» No multiplicity dependence on D;rl/D;r ratio

» Possible hint of decreasing trend as a function of multiplicity on D;’j/Dgr ratio = Need more precise measurement
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Charm production in pp and p—Pb collisions

—

\_ arXiv: 2308.04877

o

FONLL
NNLO

|y

—
o
w

docc/dy
[ 1T T T |
| I I I I |

I
I I I I | I I I I

| | |
ALICE Preliminary

p-Pb, s, = 5.02 TeV, -0.96 < y < 0.04
D°: JHEP 12 (2019) 092

A} arXivi2211.14032

Jhy: JHEP 06 (2022) 011

p—Pb@5.02 TeV'

PRD 105, 1011103
p—Pb/A, —0.96<y<0.04)|

fLCE pp, Iyl <0.5),

e — — —— —— — —— _————

0 PHENIX (pp, lyl < 0.5)

& STAR (pp, lyl < 1.0)

I I I I | I I I I

» o(cc) at midrapidity at the upper bound of state-of-the-art pQCD calculations

N | I T I| | | I 1T I| | I T T 'f\\‘
g §
5 e ALICE s \J
T 10° |- H ; -
B - o PHENIX O
> -+ STAR -
= I ]
Ob | _
©
10° - E
i pp@13 TeV -
10 = NNLO
:I | I | L 11 I| | L 11 I|
107 1 10
/s (TeV)

s (TeV)

» No significant difference in the overall production of charm between pp and p—Pb collisions

ALICE
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Charm fragmentation fractions in pp and p—Pb collisions

\_— arXiv: 2308.04877
= 1 | | | | | | =107 | | | ]
[ ALICE, pplyl <05 T ALICE ]
s A - ] . pp, Vs =5.02 TeV
I g = e NEW: pp@13 2 i _(PRD105,L011103(2022)) _ ~
= 0.8 s Vs=502 Tov — 0.8 - = ALICE P Preliminary, p-Pb, Sy, =5 02 TeV u
I ] i 4 B factories, e'e , Vs = 10. GeV S
i + B factories, e'e’, Vs = 10.5 GeV 1 - tLEP ey Vs - m, -
0.6 _3, + LEP, e'e’, Vs = m, — 0.6 — Y4 eHERA, ep, DIS —
- e HERA, ep, DIS - " o HERA, ep, PHP -
- o HERA, ep, photoproduction . I ]
I 0 3 times " ) i s 3 times
0oL 9, _ 0.2 |- -
L L Y o |m _ - n
i riid PENAC " m 1 I annl
) | m| e | | | x 20 | - 0.0 | |
() .
DO D* D;— A;— Eg Eé_ J /\V D*+ Zg,+,++ DO Eg
» Independent of centre-of-mass energy: pp@5.02 TeV and pp@13 TeV
» Consistent with system size: pp and p—Pb collisions
» Significant enhancement for Charm baryons N PP and p—Pb w.r.t. eTe” and e p coII|S|ons
” Fragmentatlon fractlons unlversallty IS Challenge
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Outlook: Run 3 data

» More precise measurements of charm-baryon production with Run 3 data
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Summary

» Investigate heavy-flavour (HF) hadronization mechanisms with Run 2 data
» Assumption of universal parton-to-hadron fragmentation fractions not valid at LHC energies

» HF hadronization mechanisms in small collision systems at LHC need further investigations

» Resonance decay? Coalescence” Radial flow?

» Access to exclusive measurement of beauty

» The measurement of Z. production in Pb—Pb collisions with Run 2 data is coming soon
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