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Why open heavy-flavour (HF)

beam

» Hadroproduction described by factorisation approach:

do?

——(p1s Mps pr) = PDFCx,, pp) PDEF (5, 1i5) &
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parton distribution function (PDF) partonic cross section
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assumed to be universal

time >

» Charm:
m, ~ 1.3 GeV/c?

» Beauty:
my, ~ 4.2 GeV/c?

> Mo > Nocep
» Enable the evaluation of their production cross sections within pQCD

> Mg > Togp

» Produced mainly in initial hard scatterings (high Q%) at early stage of
heavy-ion collisions

1
b Tprob X 7— ~ 0.1,-.(0.03),, tm/c < 796p( & 0.3 — 1.5 fm/c)

» Experience the full evolution of the QGP
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HF hadronisation

» Ratios of particle species sensitive to hadronisation

e™ e~ Vacuum
o— —eo Not far from vacuum?

Or dense enough to

@ — «— @ alter hadronization?
P P

Fragmentation

» Hard scattering ete™ — qq

Coalescence

» Heavy-quarks coalescence with light
(di-)quarks from the system

» EXxpected to increase baryon
production at low and intermediate p

» Color-potential string between g and q

» Hadronisation via multiple string breaking
and formation of quark-antiquark pairs
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X Dense, extended-size system

() C. Bierlich, et al., Eur.Phys.J.C 82 (2022) 228
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ALICE detector

Inner Tracking System  THE ALICE DETECTOR

w./ ‘a. ITS SPD (Pixel)

a
b. ITS SDD (Drift)
} ‘ ’7 ‘ < 0-9 _.l"“;"l.“‘l\ I Y “l"‘k . C. ITS SSD (Strlp) |
. . d. VO an -
» Tracking, vertexing, e. FMD

multiplicity T~

VO
» VO-A:2.8<n<5.1

» VO-C:-3.7<n<-17

-hvﬁh‘_‘_~
‘_. -
B

IWA
e .,

1. ITS

» Triggering, luminosity, > EMD. TO. VO
T 3. TPC
multiplicity TR
5. TOF
Time Projection Chamber /[ Yo
» |n|<0.9 9. PHOS, CPy”
| 10. L3 MagwEt
» Tracking, PID 11. AbaOrber
12°Muon Tracker
4. 13. Muon Wall y
. . 14, Muon Trigger
Tlme-Of-Fllght 15. Dipole Magnet ~
16, PMD
» |n|<0.9 17. AD
. 18.ZDC
) TraCklng, PID 19. ACORDE
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Charm-hadron reconstruction

Hadronic decays

» D%c) » K zt, BR~3.95%

» D%(dc) » K ztz", BR ~ 9.38%
» D™*(dc) - D’z*, BR ~ 67.7%
4

Df(sc) » ¢pn™ - KKz, BR % 2.22 %

» DI (5c) > D"K{, BR unknown
»  D_F(5c) - D'KY, BR unknown
»  AX(udc) » pK 7", BR ~ 6.28 %
»  Af(udc) - pK?, BR % 1.59 %

»  XXddc) - ATz, BR = 100 %

» X (uuc) - AfzT, BR % 100 %
» Ef(usc) > E 7z, BR~29%
»  EX(dsc) » Ext, BR ~ 1.43 %

»  QY(ssc) - Q 2", BR unknown

Semileptonic decays

»  Al(udc) » Ae'r,, BR~ 3.6%

»  E)(dsc) » Zetv, BR ~ 1.04 %
»  Q)(ssc) » Qetr,, BR unknown

Charge conjugates are included

Prompt Non-Prompt
» ¢ — charm hadrons (DY, A7,...) » b — ¢ — charm hadrons (D°, A7, ...)
3.0 x______O

W
O
X
—h
o
N

 ALICE Performance = —— total fit

- =0 =+, oh . ——=- background
=c. = =" m"* +charge conj. signal

| pp,vVs=13.6TeV e data
- 5<p1<50GeV/c

N
oo

counts per 6 MeV/c?
N N
(0)) (00)

=
e
-~y
‘.
-
—y
-y
-y
-
~§
-y

2.4

Normalised counts / 10 MeV/¢c?
N
(@)

Nzo = 90845 + 7010

S/VS+B(30) = 41.6 + 3.2

2.2
gint =10 pb_1

e Data

X | [ [ | I I I | [ [ [ | I
—_
(=]
_-l>
—_k
oo

---- Background

N
[ |

— Total fit function

ALICE Performance
0-10% Pb-Pb, \/ST\”\| =5.36 TeV
2 < p_< 3 GeV/c

D’ — K™n* and charge conj.

lll|lll|lll|lll|lll|lll|lll

_LI|III|III|III|III|III|III|III

75 1.8

data - bkg
o
o

1.85

1.9

1.95
M(Kr) (GeV/c?)

NI
é\) Vé:p
5' =\
= |—
0
{902

ALICE

Jianhui Zhu | ALICE open HF overview



HF production in small system

. arXiv:2405.14571 (accepted by EPJC)
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» o(cc) and o(bb) at the upper
bound of state-of-the-art pQCD

calculations

» Constrain recombination

do,_/dy or do,_/dn (ub)

contribution

to quarkonia
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Charm fragmentation fractions in small system

I 1.0 I ml \f; ‘ 4 1\ arXiv:2405.14571 (accepted by EPJC)
/]\ O 8 __ ﬂl AL|CE, p—Pb, ﬁ = 5.02 TeV __ _ _
o YL . B factories 6'e . {s= 105 GeV 1 » Charm fragmentation fractions (FF)
H\ B b J " |
06 [ 4oy p e 18~ 1) fle > H) =oHlo(c) = o(H)/ Y o(H,)
. I o , ep, - wd
- \Lo A1ERA, ep, PHP - (w.d.: weakly decaying)
0.4 o]t — » Inputs used in a standard factorisation
- § - approach
- = d*
02 B [:]% 0 L - ] I o e
B _ 1\% S Crra . Fragmentation fractions universality is challenge
B | | | | | x 20 7 T | % -
D D* D! A: = Jw D*

» Consistent with system size: pp and p—Pb collisions
» Significant enhancement for charm baryons in pp and p—Pb w.r.t. €

¢ and e p collisions
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Modeling hadronization

PYTHIA 8

Hadronization via fragmentation, color reconnection between
partons from different multiparton interactions

Mode 2
the junction topology leads to an
increase of baryon production

Monash tune
(tuned to €€~ measurements)
Eur.Phys.J. C 74 (2014) 3024

JHEP 08 (2015) 003
SHM + RQM Phys.Lett.B 795 (201

Phys.Rev.D. 84 (2011

Complexity of hadronization process replaced by statistical weights

governed by hadron mass

Feed-down from largely augmented set of charm baryon stated
beyond the ones currently listed in the PDG,; as predicted by Relativistic

Quark Model

fragmentation + coalescence + resonance + UrQMD

117-121

Phys.Lett.B 821 (2021) 136622

Hadronization via both fragmentation
and coalescence

= \.
\\\\\\ ° 0

pHC=Z'quich<1 PH, = Pg, T Pg, T Py,

QCM Eur.Phys.J.C 78 (2018) 344

Quark (re-)Combination Mechanism
equal-velocity combination of charm quark and
light quarks (spatial properties neglected)

“NIV& . . .
Jianhui Zhu | ALICE open HF overview
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Hadronisation: HF particle ratios in pp collisions

0.7
0.6
0.5
0.4
0.3
0.2

0.1

Run 3
1:I I | I 11 | T | T | T | T | 11 | I 11 | I T | T | T | I I:
- ALICE Preliminary .
‘_ —o— Dat 7
—pp, Vs =13.6 TeV, |y[< 0.5 A -
-~ PYTHIA 8 E
D+ / D+ Monash -
- S CR - Mode 0
= ‘ H CR - Mode 3 -
Eﬂ ----- - Catania g
- D, D'—> ¢n'—> K'K'nt POWLANG B
— and charge con,. - HTL 7
— BR unc. (not shown): "5 % —.—1QCD =
:I | | 11 | | 11 | | 11 | | 11 | | |1 | | 11 | | 11 | L 11 | | 11 | | 11 | | | I:
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o

P, (GeV/c)

_/ PYTHIA 8 Monash: Eur.Phys.J.C 74 (2014) 3024
) PYTHIA 8 CR Mode: JHEP 08 (2015) 003

./ Catania: Phys.Lett.B 821 (2021) 136622

./ SHM: Phys.Lett.B 795 (2019) 117-121

) RQM: Phys.Rev.D 84 (2011) 014025

]/ QCM: Eur.Phys.J.C 78 (2018) 344

10 12 14 16 18 20 22 24

0.4

0.2

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

_ALICE pp, Vs =5.02 TeV
- lyl<0.5

+

- Catania, fragm.+coal.

....

>
J
2

ALICE
PYTHIA 8 (Monash)
PYTHIA 8 (CR Mode 2)

SH model + RQM

Catania works better
» Coalescence in pp collisions
» Assume a thermalised QGP-like system
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o o
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\__ Phys.Rev.D 108 (2023) 112003

CLR-BLC 2
- LHCb, 2.0<y <4.5 -
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- - AY/(B°+B%)
prompt AL/D°
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'H'-.:l I'“ﬂ
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Hadronisation: HF particle ratios in pp collisions

O
o

Baryon-to-meson ratio

=
™~

0.2

» Models cannot describe Z/D" and /D’

» The role of strangeness in HF hadronisation might be a challenge to theory

\__ JHEP 12 (2023) 086

| | [ | | [ | | I [ | | I | I | | [ I | | o
" PYTHIA 8.243 SHM+RQMm ALICE -
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- — - POWLANG, IQCD s
i BR unc. |
=o/D°
— m pp, Vs=13TeV —
il =4/D°, pp, Vs = 13 TeV 7
_ ®p > 4 GeV/c
o 3'< p. < 4 GeV/c (this paper)
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\ . PLB 846 (2023) 137625

CR-BLC
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BR(Q? - Q+) = 0.51%"2 177
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—0.31%

BR =0.51%
BR unc. not shown
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p_ (GeV/c)
-/ PYTHIA 8 Monash: Eur.Phys.J.C 74 (2014) 3024
-/ PYTHIA 8 CR Mode: JHEP 08 (2015) 003
./ Catania: Phys.Lett.B 821 (2021) 136622
-/ SHM: Phys.Lett.B 795 (2019) 117-121

() RQM: Phys.Rev.D 84 (2011) 014025
) QCM: Eur.Phys.J.C 78 (2018) 344
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Hadronisation: higher mass particles decay

JQ 1.2_| T T | | |||-| I | I I I | | | | | | | | | | | |_ i Q 0.8_|l|IIIII-IIIIIIIIIIIIIIIIIIII]— i §4-0:|||I|||||||I|||||||I|||||||||||||||||||||:: |
™ - ALICE | ™ - ALICE - " & I ALICE Preliminary . Dat T o inteqrated
X L | <05 ¢ pp, Vs=13TeV | X 07F <05 * pp, \s=13TeV - -+ % pp, (5= 13.6 TeV IR Sk M
+ 0 1+ — =) - y : ] < C y| <05 PYTHIA 8 T i
< R — PYTHIA 8.243, Monash 2013 - | 2 - sl BT [OMonash |- SHMc GSI-Heidelberg
0 PYTHIA 8.243, CR-BLC: ] 1 06 o Py iria 8243, Morash 2013 I | 8 F siwnou o T E7Tu-tsemey
ONO 0.8 ___”. B mgggg - Mode 2 N : 2 0.5 :_ ......... Mode 0 e L Modé 2 _: :5 %f 2'55_ Tu= 170 MeV E)Mode3 __ Belle ‘((E’RD 97, 072005)—5 :
\L n -_::\\\ SHM+RQM _ Sl i Mode 3 5 2_0:_ T e:e‘, rosm=10.52 GeV
0 [\ SN Catania I - SHM+RQM 11 : % Dot 11
0.61 .. —— QCM 11 0.4 - Catania ER 5 | T 11
- \:: _ ] E \ —— QCM 11 E T # |
0.4 :_ ~ + \\\\\\\\\ _: | 0.3 ; __________ T BR uncertainty —E T E | ] ‘
: : ’ | 0.2;— — |0 I Run 31
| : ] - - o T ol b b b b T | 1|
02 1 0.1l - 00 e e 0 12 4 e e 20 |
| - 11 | T F - | P, (GeVic)
J 0 i coc v b e b e by oy | J A U T U T YT U N T N WO TN T AN NN N M N MR N B i
| 2 4 6 8 10 (232 v/ 1)4 | 2 4 6 8 10 12(G 2/4/1 \ |
p. (GeV/e) | p. (GeV/c) | :
! - T | | » Ratios between two )t states
\ \ consistent with p integrated
» ~40% AT from T2 decays » Described by PYTHIA 8 CR, * result from e*e™ collisions
contribution, only partially * Catania, QCM and SHM+RQM » Overestimated by PYTHIA 8
explain AT/D" enhancement Monash, underestimated by CR
and SHM+RQM
| L
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Hadronisation: resonances decay

\_\ . arXiv:2409.11938

+ wn et rrrep e errrr T + o I L L OO O
0O — _ O
2 0.07-ALICE : 2 [ALICE :
2P  Fpp, (s=13TeV, |y| <05 - 2 012 pp, Vs =13 TeV, |y| < 0.5 -
. 0.06 = Data(2< p. < 24 GeV/c) — N - e Data(2<p_<24GeVic) -
e - SHM M. He, R. Rapp (p_ > 0) } 0O 5 1 —— SHMM. He, R. Rapp (p_ > 0) |
T 0.055 SHMc GSHHeidelberg (p_ > 0) - T = SHMc GSHHeidelberg (p_ > 0) .
— - PYTHIA 8 EPOS4HQ | + o - PYTHIA 8 EPOS4HQ -
’“D"’ - [___] w/o rescattering T~~~ fragmentation only - N 0.08— [ w/orescattering ~ -e-es--. fragmentation only —
— (.04 1 w/rescattering 1558y coalescence only  _~ = C [ | w/rescattering = ----- coalescence only |
(L mesonCL1SOU1 = 0.14 - - I -
” - mesonCL1S1J2 = 0.35 - w 0.06[ o
~ 0.03 ~ _
+ » B — _
0.02F » - -
SO I8 * 5 _
0.01:_ _QQQQQ'QQQQQQ090Q009090090000QOQQQQQQQQQQQQQQQQQQQQQQQ_OQQQQQ_ _: B | | .
~ Model predictions only i - Model predictions only -
- BR = (22 £ 2)% PRD 93 (2016) 034035 and PTEP 2022 083C01 O_—BR = 23.35% PRD 93 (2016) 034035 ]
OIIII|IIII|IIII|IIII|IIII|IIII|IIII|III IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
0 S 10 15 20 25 30 35 0 S 10 15 20 25 30 35
<ch:h/d 77>|77| <0.5 <chh/dn>|n| <0.5

» D7, /D7 and D:;r /Dy ratios flat vs. charged-particle multiplicity, as ground-state D-meson ratios

» Multiplicity trend described by SHM, SHMc, EPOS4HQ models and by PYTHIA 8 calculations
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Hadronisation: D-meson ratios in p—Pb collisions

0= JHEP 12 (201 9) 092
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02_— ] 02_— ] C B - N

~  + 3.3% BR uncertainty not shown ] ~ + 0.7% BR uncertainty not shown ] O B 7
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p_ (GeV/c) p_ (GeV/c) +D 0.6 | = = —
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1 4 2 1 ~ o 0.4 ﬁ! H N

i _ i _ = B il ~
0.8 ~ 0.8 H B & - _H_ ‘H‘ -

i ) i 3 ) g - .
0.6 - 06 |-, & —0— 1 / B 0.2 n

- Q .

i - i iﬂb_”ﬂ— . < - +1.9% BR t sh |
04__ 4§7 : 04__ -ﬁ- E u |_| .| |o | | u|nC| r"|O |S IO\INnI | | [ | L1 | ]
oof Wase 44— - 0ok - 0 5 10 15 20 25

- +£3.7% BR uncertalnty not shown ] - +4.7% BR uncertalnty not shown ] 'DT (GeV/C)

R N T B N A N
qO 5 10 15 20 25 Ob 5 10 15 20 25
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»  (Prompt Dt or DY) / (prompt DY) in p—Pb is compatible with pp results
» (Non-prompt D") / (non-prompt DO) in p—Pb is compatible with pp results
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Hadronisation: A1/D" in p—Pb collisions

\_— Phys.Rev.C 107 (2023) 064901 \_\ . arXiv:2407.10593
< B | | | S | | | | ] | n C [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
2 | ALICE B S 2.5 ALIGE T Lhoe -
SN Prompt - L [ pPb 5,=502TeV p-Pb, (5y,=8.16 TeV -
- = pp, (s=5.02TeV ] =, o[ 096<Y,, <004  25<y, <35 i
| —e— p-Pb, = 5.02 TeV _ e ~
0'8_ P (S ° | S _ M Non-prompt A /D° || OA/B |
- — QCM ] 8 | el ]
i | m 1 5—_©Prompt AL/ D B
0.6~ — L |
: : : Non-prompt -
0.2~ — ' s %‘%ﬂ $ -
- pp: Iyl <0.5 —f— - _Q —{i5 $ )
: p_Pb: —0.96 < ycmS <0.04 : B R B SN SN S ST B RS R
100_1 L1 ||||‘|I L1 |||‘|I|O O 5 10 15 20 25
p, (GeV/c) p_ (GeV/c)
Prompt A}/D" in p—Pb collisions Non-prompt A7/D in p—Pb collisions
» First measurement down to p = 0 »  Similarity between prompt and non-prompt

» Shift of peak towards higher p could be due to quark A /D" within uncertainties

recombination or collective effects (e.g. radial flow)
» Well described by quark (re)combination model (QCM)
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Hadronisation: =Z)/D" in p—Pb collisions

OD I I I I | I I I | I I I | I I I | I | | | l ! 1 ‘\f/é\ arXIV.'2405. 14538
oo | ALICE, s =5.02TeV Models:
1] 0—Pb: +22% BR unc. on £ not shown —— p—Pb, QCM
1 _ pp: £28% BR unc. on E(C) not shown — - pp, QCM _
_ Data: . p—Pb, POWHEG -
- ® p-Pb,-09<y <0.04 + PYTHIA 6 + EPPS16 i
B O PP, |y <0.5 =
_ Nl p—Pb@5.02 TeV - | o
i ik o~ . ] » Hint of enhancement at high prin p—Pb w.r.t. pp
o | L collisions
10"y ——— _\? _*ﬁl 1\ - .
3 \\\\5 » Underestimated by QCM for both pp and p—Pb
- pp@5.02 TeV T~ - collisions

-2 L .
10 rl ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] I:

0 2 4 6 3 10 12
P (GeV/c)
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Hadronisation: large system
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» DF/D" and A}/D" ratios enhanced at intermediate py in Pb—Pb w.r.t pp collisions

» Described by models based on coalescence and radial flow mechanisms

Jianhui Zhu | ALICE open HF overview
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Hadronisation: system scan (by multiplicity)
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Hadronisation: vs. p; in different multiplicity

" ALICE pp, Vs =13 TeV _
y|<0.5-
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AT/DY vs. py in different multiplicity

» Multiplicity-dependent enhancement
with 5.3c from lowest to highest

multiplicity

Jianhui Zhu | ALICE open HF overview
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Hadronlsatlon VS. Prl In dlfferent multiplicity

0.5 | | I
[= 0.45F - ALICE Prellmlnary —f_— PYTHIA 8.243 _f
~ pp, Vs =13TeV, |y| < 0.5 + oo :
o O 04_ o . —]
[1] = N, multiplicity classes T CR-BLC Mode 0 ]
0.35F (dN/dn): ALICE; PYTHIA —F &2 CR-BLC Mode 2 S ] o S
= —— 4.4, 4.4 + i =
0.3E- +— 315 315 * N CR-BLC Mode 3 3 » No significant multiplicity

dependence for Z2/D" and /A

0.25F + =
0.2 _E_E_ ¥ _EE_‘E'—E— 3 within large uncertainties

0.15F

3 ES == =
0.1 ~E- + | 5 » PYTHIA 8 CR largely underestimates

0.05F = i
" e e e s S ety the measurements

1_ — —

W

p—
|
L—IC

0.8 T -
0.6:—

@b =

0.2

==
E3

p. (GeV/c) p. (GeV/c)

Jianhui Zhu | ALICE open HF overview 19




Yield ratio

Hadronisation: rapidity dependence (more challenges)
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» Rapidity dependence in both meson and baryon, in both charm and

beauty sectors - Xianglei Zhu's talk |

on Sunday at 09:25|

|

» Models do not expect rapidity dependence

é\)NI %5
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Collectivity: strange and non-strange D-mesons elliptic flow
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» About x4 larger statistics more than Run 2, x5 more statistics will come soon
» No significant difference between strange and non-strange D mesons
» Strange D-meson elliptic flow reproduced by transport models
Jianhui Zhu | ALICE open HF overview 21

ALICE



Collectivity: non-prompt D9 elliptic flow
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» Non-zero open beauty flow signal — possible partial thermalisation of beauty quark

» Described by models including collisional energy loss and hadronisation by coalescence

Jianhui Zhu | ALICE open HF overview

22



Energy loss: DO R, ,
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/. ° ) kinematics
» Charm lose energy in QGP
by collisions at low p+ and

radiations at high p

Collisional
energy loss

Pb / n/.

x Medium-induced

U radiative energy loss
Q™o\ Pb

» R, A variable:

QGP in pQCD picture
g g » Advantage: BR unc. cancelled

collective flow, hadronisation, nuclear PDF

]
collisional E loss

\__ JHEP 01 (2022) 174

» Disadvantage: pp reference not
well understood (QGP-like
system in pp?)

Jianhui Zhu | ALICE open HF overview 23



Energy loss: mass dependence
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Branching-fraction ratio: =’ and Q
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Phys. Lett. B 303, 368 (1993)
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Phys. Rev. Lett. 127, 121803 (2021)
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Phys. Rev. Lett. 74, 3113 (1995)

Light-front approach

Chinese Phys. C 42 093101 (2018)
. SU(3)f

Phys. Lett. B 792 (2019) 214-218
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\__ Phys. Rev. Lett. 127 (2021) 272001

» Consistent with Belle result in 0.54¢

» Models overestimate ALICE and Belle results

CLEO -

— Light-front approach
EPJC 80 (2020) 11, 1066

Belle It Light-cone sum rules
PRD 106 (2022) 7, 074022

SU(3) f
PRD 109 (2024) 3, 033004

= CLEO
PRL 89 (2020), 171803

-~ Belle
ALICE N N PRD 105 (2022) 9, L091101

-o- ALICE

05 1 15 2 25 3 35 4
BR(Q) —» Qe* v,)/BR(Q. — Q 1)

\__ Phys.Rev.D 110 (2024) 032014

» 2.30 lower than Belle result
» Consistent with theory calculations
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Outlook: more precise and more statistics in Run 3

Impact parameter resolution (um)
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~ ALICE Performance, Run 3, pp, Vs = 13.6 TeV

» TPC continuous readout allows to collect much larger data sample
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ALICE &0
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Summary

» Assumption of universal parton-to-hadron fragmentation fractions not valid at
LHC energies

» HF hadronisation mechanisms in small collision systems at LHC need further
Investigations

» Resonance decay”? Coalescence” Radial flow?

» Heavy quarks are thermalised and have mass-dependent energy loss in large
collisions systems

Jianhui Zhu | ALICE open HF overview 27
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Partonic flow in small system
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Charm spatial diffusion coefficient D,
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» Constraint by R, , and flow of D mesons
» 1.5 <2zDT. <45atT, =155 MeV

» D, « relaxation time
4 Trelax — (3 — 9) fIIl/C S, TQGP

IQCD, H.T. Ding et al., PRD 86 (2012) 014509

IQCD, D. Banerjee et al., PRD 85 (2012) 014510

ALICE, PLB 813 (2021) 136054

» Charm readily participates in the collective
motion of the QGP after production
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M-to-M event multiplicity dependence (LHCb)
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» Observed clear indications of strangeness enhancement in both charm and beauty sectors

» Final state effects such as coalescence are important at low p+ and high multiplicity
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B-to-M event multiplic
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Baryon-to-meson ratio

B-to-M event multiplicity dependence (CMS)

. arXiv:2407.13615
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B-to-M event multiplicity dependence (LHCDb)
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