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ALICE

Study of the matter created at extreme conditions of

AT </ temperature and energy density: quark-gluon plasma (QGP)
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» characterization of the QGP created in heavy-ion collisions,

understand QGP-like effects in smaller collision systems
* but also test of pQCD

e and much more... Eur. Phys. J. C 84, 813 (2024)

The ALICE experiment: a journey through QCD
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https://link.springer.com/article/10.1140/epjc/s10052-024-12935-y
https://link.springer.com/content/pdf/10.1140/epjc/s10052-024-12935-y.pdf

(NN Heavy Flavor (charm and beauty) as probes of the QGP  ®
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Initial Hard QGP Hydrodynamic Hadronization

State Scattering  formation expansion and freeze out Detection

brief life of the

QGP —>
emerging
particles as
‘orobes’
time T~ | fm/c T~ 10 fm/c
| ’ ~10'% fm/c
temperature T ~ 200-800 MeVI" T ~ 155-100 MeVi2
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(N Heavy Flavor (charm and beauty) as probes of the QGP
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Initial Hard QGP Hydrodynamic Hadronization .
. . . Detection
State Scattering  formation expansion and freeze out

brief life of the
QGP —>
emerging
particles as
‘orobes’

T~ | fm/c T~ 10 fm/c

time

* mq>> Tqgp
e formation time ~1/mq: 7» ~0.12 fm/c < 1 ~0.39 fm/c < Tagrp ~1.5 fm/cl1li2]
e production restricted to initial hard scatterings
* long relaxation time 1q, possibly comparable to the fireball lifetime (~ few fm/c)

* maq>> Nacp

 their production cross section calculable with pQCD calculations [1] Ann.Rev.Nucl.Part.Sci. 69 (2019) 417-445
[2] FM Liu et al., PRC 89, 034906 (2014)
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S i o ALICE

CNeN Heavy Flavor (charm and beauty) as probes of the QGP &

HQ as tools to provide constraints to pQCD calculations,
investigate onset of QGP formation in smaller systems,
probes of the opacity of QGP, test of the degree of thermalization

For detailed discussions:
A. Rossi: hadronization
F. Grosa: QGP characterization

In this talk: overview of recent results from ALICE, focusing on new Run 3 measurements and few
points to be addressed with the new data

* mq>> Tqgp
e formation time ~1/mq: 7 ~0.12 fm/c < 1 ~0.39 fm/c < Taar ~1.5 fm/cllli2]
e production restricted to initial hard scatterings
* long relaxation time 1q, possibly comparable to the fireball lifetime (~ few fm/c)
* mq>> Nacp

e their production cross section calculable with pQCD calculations [1] Ann.Rev.Nucl.Part.Sci. 69 (2019) 417-445
[2] EM Liu et al., PRC 89, 034906 (2014)
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ALICE

Upgrade of the ALICE detectors during LS2

Today
Run 3 LS 3 Run 4

I | I I I I I I I
2021 2022 | 2023 204 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035




ALICE

<R ALICE Detector in Run 1 and Run 2

ITS: vertexing, tracking
and PID Inl < 0.9

TPC: tracking, PID Inl < 0.9

TOF: PID Inl < 0.9

(7]
4
\ : — l . [

VO, ZDC: trigger and
event characterization

Key features for HF measurements:

e precise vertex separation, low momentum tracking

e excellent PID




<R ALICE Detector in Run 1 and Run 2

ALICE

ITS: vertexing, tracking
and PID Inl < 0.9

open HF hadrons reconstructed:
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TPC: tracking, PID Inl < 0.9

TOF: PID Inl < 0.9

*beauty via non-
prompt D and /.

+leptons from
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VO, ZDC: trigger and
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* precise vertex separation, low momentum tracking s
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e excellent PID

impact parameters ~100 um




cvvUpgrade of the Inner Tracking System: ITS 2 ®

ALICE

Outer layers

T e
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= Middle layers

87.2 cm

 Main features of the ITS 2 upgrade:
* first layer closer to the beam-pipe: from 3.9 cm to 2.3 cm
* reduced material budget: from 1.14% Xo to0 0.36% Xo per layer
* reduced pixel size: from 50x425 pm?2 to 29x27 pm?2

* reduced multiple scattering, improved spacial resolution and tracking precision
* additional layer

* Improved efficiency and pr resolution at low pr

ITS upgrade: ITS2



https://inspirehep.net/literature/1969930
https://inspirehep.net/literature/1969930

<5 Impact parameter resolution in Run3 &

ALICE

Impact parameter resolution
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Improved impact parameter resolution: Improved resolution for D meson reconstruction
by a factor of ~3 inr$, ~51in z
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continuous readout at high rate: more collected statistics

Cont ...and upgrade of the readout (B
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Sezione di Bari

fast readout for the ITS 201l

* rate up to 100 kHz (Pb-Pb, was 1kHz) and 400 kHz for pp
GEM readout for the TPCI2l

new Muon Forward Tracker (MFT)E]

new Forward Interactions Trigger (FIT)“!

new Event Processing Farm

upgraded readout for most detectors

ALICE upgrade during LS2 . ESSNEE | U

ITS [1] 2022 2023 2024 2025 2026 2027

TPC GEM upgrade [2] MFT [3] FIT[4]

Arvrans /Al A ihar NQ/DND /



https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03022
https://doi.org/10.1016/j.nima.2022.167021
https://cds.cern.ch/record/2748310
https://inspirehep.net/literature/1969930
https://arxiv.org/abs/2302.01238

ey From triggered events to continuous readout &
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Seoe B ALICE

See. F. Ronchetti talk

* All collisions are stored for main detectors:
* no collision events, but stream of data split in ‘timeframes’
e In 2023, in Pb-Pb: collected 40x minimum bias, 6x central wrt Run 1 + 2




@ Software trigger: strategy for HF measurements ®

ALICE

New offline trigger strategy for beauty/rare candidates
Software triggers: flag collisions based on the presence of

interesting signals e

*rare baryons and beauty hadrons: Qc9, =c0—=m, B+, B9, Bs*, Ax°

_ Online calibration
«and more (p-/\c, double charm production, Ds resonances...)

Buffering all data waiting
A for full calibration
Steps of the software trigger:

Online calibration + offline reconstruction and selection: Offline reconstructlon
» single track selection and selections

» combinatorics (->reconstruction)
 applying pT, mass and topological cuts

- Machine Learning tecniques, PID Tape
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ALICE Performance
_ pp, Vs = 13.6 TeV
| offline trigger
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Counts per 10 MeV/c?
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I ALICE Performance
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First measurement of the exclusive B meson @&
decays in ALICE

Access to fully reconstructed beauty meson decays at
midrapidity, down to very low pr




v  First measurement of the exclusive B meson @
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Run 3 decays in ALICE

3 O0—5 D11+
U <10 .. —T * Access to fully reconstructed beauty meson decays at
% i ALICE Performance | |midrapidity, down to very low pr
= 4o pp, (s =13.6 TeV, L, =21pb™"' -
< 0.8g + 2<p <10GeVic _ _current status from Run 2
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- JHEP 12 (2022) 126 (3
- PRL119(2017)152301() Phys. Lett. B 771 (2017) 435

A a


https://boundino.github.io/hinHFplot/
https://boundino.github.io/hinHFplot/
https://boundino.github.io/hinHFplot/

Gt overview of recent open-HF measurements

ALICE

ALICE
proton-proton collisions

Js=13.6TeV
6 April 2024




<5 Testing pQCD with heavy quarks ®

ALICE

Large masses —> Large squared momentum transfer, Q2 —> perturbative QCD

Factorization approach

oaB—u = PDF(x,, 0*)PDF(x, 0%) ® 6,,_, 15 (¥, X Q%) ® D,y (z = Py/p,» O°)

Parton distribution functions Hard scattering cross section Fragmentation function

Fragmentation fractions: assumed to be universal across collision
systems and extracted from e-et, e-p measurements

Measurements of relative abundances of particle species are sensitive to
hadronisation mechanisms.

For detailed discussion, see A. Rossi talks




(RN baryon-to-meson ratios: testing pQCD and heavy-quark @

INF
o f r ag mentation ALICE
Phys. Rev. D 108, 112003 (2023)
-9 _I I I o | I I I I I I o | I I_ o _ _ .
= 1.41 ALICE, ly|<0.5 op, (5= 13 TeV - larger baryon-to meson ratios vyrt to ce
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a2 120 . AKS i - momenta
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1 _ _ + S _
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S ~ LHCb, 2.0<y <45 non-prompt A}/D° -
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s - b b - * similar trend vs pt measured for non-
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- N\%/(B0+B+) (LHCb) o
0.4 | — e similar trend vs pt for A%/(B%+B+)
- - measured by LHCDb in pp collsions at
0.2_— p forward rapidity PHYS. REV. D 99, 052011 (2019)
I I gverage
1 measurements
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(RN baryon-to-meson ratios: testing pQCD and heavy-quark @

INF

B fragmentation ALCE

Phys. Rev. D 108, 112003 (2023)

-9 1 4-_I I I o | I I I I I I o | I I_
© ' ALICE 0.5 pp, Vs =13 TeV - .

- -, /n+|y < 1 ¢ Models based on standard string Lund

S 12 R O PYTHIA 8 Monash _

Q - S 4O p/wt _ fragmentation and with fragmentation functions

- B O prompt AC/D ) A/KO —

1 | _ + S - . .
g 1.0z« non-prompt Ac/D orompt A/D° 1 constrained by ee, ep measurements, fail to

S ~ LHCb, 2.0<y <45 non-prompt A}/D° - |

> 081 . AYB%+B) - AY(B%+BY) —  describe data (PYTHIA Monash )
< 0 6:— np N+c/DO _: @

TE | Fragmentation of heavy quarks (c,b) is not an
- N\%/(B%+B+) (LHCb) | | .
0.4 | —| universal process among different collision systems:
) 2: 1 = hadronic environment plays a role!
e I gverage
.1 measurements
5x1071 1 2 3 4 567890 20 30 e
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https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y

<G\ Charm Fragmentation Fractions ®
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w arXiv:2405.14571

’310 I ! I 1 !

> ALICE, pp, Vs = 5.02 TeV
= ALICE, p—Pb, sy = 5.02 TeV

First measurement of charm fragmentation N
fractions in pp and p-Pb collisions: T
O
—

0.8

- all ground states of charm hadrons measured e
with high precision + B factories, e'e”, s = 10.5 GeV

- DO, D+, A+c measured down to pr=0 in pp 4\ e'e’, Is=m;
collisions 0.6 [/ 9+ \e HERA, ep, DIS

- HERA, ep, PHP

| | L

I | I — I | I | |

0.4 [{=1° -
: - # :
0.2 __ O% 1 Dd .
D° D* D! A; = Jwvy D*

&

Fragmentation fractions are not universal!



https://arxiv.org/abs/2405.14571

<G\ Charm Fragmentation Fractions ®
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w arXiv:2405.14571

First measurement of charm fragmentation o 1.0 i C: ALl CEI \(El— £ 0 2' ToV | -

fractions in pp and p-Pb collisions: T I L ALl CE, pﬂ?b "S e 5 02 TaV _

- all ground states of charm hadrons measured o 0.8 - P70, TS =9 =

with high precision — i + B facto+r|e_s, e'e’, Vs =10.5GeV }

- DO, D+, A+ measured down to pr=0 in pp 06l 4 +LEP,e'e’, V\s=m; :

collisions O [" "+ «HERA, ep,DIS ~

P - o HERA, ep, PHP ]

\ W 0.4 o] -

Points to be addressed: - -

Z\/ * improve precision of =% (and =+¢) I $ o -
measurements 0.2 s S

- measurements to be done down to pr=0 for all i ]

the species (to be independent on extrapolations - o lw] = i

based on theoretical models)

D° D* D! A; = Jwvy D*

Beauty fragmentation at mid-rapidity?
Production cross section of beauty meson decays
down to low pt with Run 3 data: stay tuned!



https://arxiv.org/abs/2405.14571

C(INFN Hadronization from small to large systems: multiplicity dependence?@
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Phys.Lett.B 829 (2022) 137065 N\O/(B0+)
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Multiplicity dependence for heavy-flavour baryon/meson ratios at
low intermediate momentum, at midrapidity and forward rapidity



https://arxiv.org/pdf/2310.12278
https://arxiv.org/abs/2111.11948

C(INFN Hadronization from small to large systems: multiplicity dependence?@
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LM: low multiplicity HM: high multiplicity



https://www.sciencedirect.com/science/article/pii/S0370269323001302
https://arxiv.org/pdf/2310.12278
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ALICE
PLB 839 (2023) 137796

o : I I R | I I 1T LR | I :
:—AL|CE lyl <0.5-= op V5= 13 TeV
1.8 e pp, (s=13 TeV — stat. —
- v pp, Vs=5.02 TeV syst. -
- A p-Pb, \s, =5.02 TeV extr. .
- m Pb-Pb, \s,,, =5.02 TeV XX total -
2F ¢ Au-Au, \/s,, = 200 GeV —
12_ STAR, PRL 124 (2020) 172301 B
: Pb-Pb -
0.8p- pp HM E ,
0_6:_pp LM 4 N S = pp—bb + X, global uncertainty: *::
B N _| -107%0
.................... 0.4 - ‘ e ete—Z" —bb
(/ 0.2 —
/dn), . VELO VELO | AT
77>|n| >0 Ntracks /<Ntracks >NB a "'”o AbF
LM: low multiplicity HM: high multiplicity

* pr-integrated A¢/D° independent on multiplicity from small to large systems
* N9%/B0 at forward rapidity shows an increasing trend at very low multiplicity: baryon enhancement over
mesons in pp?



https://www.sciencedirect.com/science/article/pii/S0370269323001302
https://arxiv.org/pdf/2310.12278

C(INFN Hadronization from small to large systems: multiplicity dependence?@

g ALICE
PLB 839 (2023) 137796 ‘ PLB 132 (2024) 081901
| I | T T I — Aob/(BO+)

o : I I I II| :
.8 e pp, Vs=13TeV — stat. - 0.6 54 fb’!
1 - ¥ pp, Vs=5.02 TeV Syst. = m
. Ap-Pb,\s,, =5.02TeV extr. - 05
“TE w Pb-Pb, \/s,,, =5.02 TeV total B 2 ;
1.2 ¢ Au-Au, \/s,, =200 GeV - b 04
12_ STAR, PRL 124 (2020) 172301 E \Ci:
0.6:—pp ngl ¢ n & N - 0.2] pp—>bb + X, global uncertainty: *::
- a — ~ /0
................... 04~ ¥ "°H S 0.1
(/ 02:_ _: ........ ( ....... .
LA - Vaddi
(AN /7)o NNy, - TEHA)
LM: low multiplicity HM: high multiplicity

different hadronisation mechanisms for charm and beauty vs multiplicity and across collision systems?
Is there a rapidity dependence of the hadronisation mechanisms?



https://arxiv.org/pdf/2310.12278
https://www.sciencedirect.com/science/article/pii/S0370269323001302

C(INFN Hadronization from small to large systems: multiplicity dependence?
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1.8 o pp,\E=13TeV —— stat. —] . p >0 5.4fb'l
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Sk

- worth to define comparable multiplicity estimators (and same ‘x-axis’ observable to be
defined!)
- charm measurements at midrapidity to be extended to lower multiplicity
 Investigate multiplicity dependence for more baryon species
* measure beauty vs multiplicity at midrapidity
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- worth to define comparable multiplicity estimators (and same ‘x-axis’ observable to be
defined!)
* charm measurements at midrapidity to be extended to lower multipl
 Investigate multiplicity dependence for more baryon species
* measure beauty vs multiplicity at midrapidity
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Increased precision wrt Run 2 and more granular results
Provide tighter constraints for hadronisation models




(NN Access to higher mass charm baryon resonances ®
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ALICE
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Prc.>f_|t|ng of the large Run 3 statistics in Predictions: challenge to reproduce the 2.0+ state
pp: first measurement at LHC of the charm . :
ratio in pp—> further constraints to pQCD models

baryon resonances 20-++ (2520) see A. Rossi talks
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https://link.springer.com/article/10.1140/epjc/s10052-014-3024-y
https://link.springer.com/article/10.1007/JHEP08(2015)003
https://www.sciencedirect.com/science/article/pii/S037026931930382X
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.014025
https://arxiv.org/abs/2104.12754
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St ALICE

v - overview of recent open-HF measurements @

ALICE
Run 3 Pb-Pb
81\‘)1 = 5.36 TeV

27 September 2023, 04:50
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w Which is the degree of thermalization of HQs in the medium?
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ALI-PREL-581274




charm v»

Which is the degree of thermalization of HQs in the medium?

—— 05_ | I | I I R B T | i VA = COS[2 —\IJ ]
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see F. Grosa talks
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(iR ... and beauty v2 ?
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w Which is the degree of thermalization of HQs in the medium?
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see F. Grosa talks




<R ... and charm baryon vz ? @
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e ALICE
w Which is the degree of thermalization of HQs in the medium?
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G What next? ALICE Upgrade roadmap

ALICE

ECAL
RICH

Absorber
Magnet

Muon chambers
FCT

Cylindrical e
Structural Shell ,

. Pb-Pb: 6.8 nb-1
p-Pb: 0.6 pb-1

i Pb-Pb: ~ 35 nb-1

Pb-Pb: 6.2 nb-"
0O-0: 500 pb-1

Tracker
Vertex detector

ALICE 3

ALICE 2.1 ALICE 3

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

see M. van Leeuwen, A. Maire, A. Fantoni talks




<R ALICE Upgrade: ITS 3 in Run 4 ®
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o e —— and ALICE 3 in Run 5-6
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o ALICE Upgrade: ITS3 in Run 4 @®
—iop e @NA ALICE 3 In Run 5-6
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St t ki : .-. Ec > r+x+Ee
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their (weak) decay T )et ;
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T— 39


https://cds.cern.ch/record/2803563

(NN Conclusions @

ALICE

Physics program with HF: investigating multi-body QCD from pp to Pb-Pb collisions
o testing pQCD, characterizing QGP, and its onsets in smaller collision systems

 LS2 detector upgrades performing very well: good harvest from first Run3 data taking
e several measurements profiting of the larger statistics:
* Dbetter precision, more differential measurements, new observables
* Important questions to be addressed already in Run3, but also in a near future:
 Ambitious upgrade program, for further understanding of QGP and QCD matters:

* Upgrades for Run 4 and Run 5-6 in preparation, progressing well!

Thank you for your attention!
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cvvNuclear modification factors with HF hadrons @&
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.............. ALICE

https://boundino.github.io/hinHFplot/
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Raa not determined just by ‘energy loss’ / Better precision expected from Run 3 and access to p1=0 for
= |nterplay of energy loss, collective motion and . more hadrons, including heavy-flavor baryons!

hadronization mechanisms For detailed discussion, see F. Grosa talks
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a"Nuclear modification factors with HF hadrons @

ALICE
}2-0: | | | | | | | | | | | | | | | | | | | | | | |: 1 dN /dp é 1 6_I I 1T 11 ‘ 1 | 1 I 1T 11 II 1 1 | | I_
. o ALICE 1 | Rys = atiahell | o [ NYYMC@sHQ+EPOS?2 ALICE -
“Fi 0-10% Pb-Pb, |sy=5.02TeV - (Tpa) do,,/dpy (LR BREE T
1.6 — E LGR Centrality 0-10%
B _ E 0 N+ *+ B
1.4 * Prompt D -] Colour-charge and mass dependence 1'2;\“" , bt bl cllagde e
B 0 _ N V| < 0.5 -
1 o[ * Non-prompt D - 10F K I
- Do ot 1 JAE,>AE, , >AE >AE, - . :
1.0} TSR i i . 777 TAMU g
: D8 4 L g LIDO =
0.8 —; Expected hierarchy : 6- L . - - BXEPMOD ;
o9 : L7 B
4 IR, (m)<R,,(D)<R,,(B 0.4 AT
0.4 \ HH%E% ! [ 1 $ - AA( ) AA( ) AA( ) L~ . "\@\\\\i
0.2 \,fﬂﬁﬁlﬁgﬁﬁ - = 0.2} N SHERRE S
| | | | | | | | | | | | | | | | | | | | | | | | | |: : T :

R B ST A T
p. (GeV/c) X

T /_\ p. (GeVic)

Raa not determined just by ‘energy loss’ Better precision expected from Run 3 and access to pt=0 for

=|nterplay of energy loss, collective motion and
hadronization mechanisms

more hadrons, including heavy-flavor baryons!




<R Testing pQCD in the beauty sector ®

llllllllllllllllllllllllllllllllll

.............. ALICE

Total beaty production cross section: lie on upper edge of pQCD, better described by NNLO
Beauty fragmentation fractions (here fs/fu+fq) are compatible with those measured in ee and ep collisions

arXiv:2402.16417 LEP o'~ 0.6xf /f. (3 S L B L B L
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- T-integrated measurement at midrapidity based on the production cross section of non-prompt D9, D+, /¢
access to Beauty measurement avaible with Run 3 data: stay tuned
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T, ®
Fragmentatlon fractions for beauty baryons Np ™
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(NN Studying thermalization: v2 of heavy-flavour hadrons ®
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.............. ALICE
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access to v2 of beauty and charm baryons in Run 3




CNFR ITS 3: ultra-light fully cylindrical tracking layers ®
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o _
Requirements

Replacement of ITS 2 Inner Barrel with 3 layers |
of curved 50 um thick wafer-scale MAPS il
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A, significance

Impact parameter resolution
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Cin ALICE 3 in Run 5 and Run 6
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i ALICE
CERN-LHCG-2022-009

« Compact, with low-mass all-silicon tracker
 Retractable vertex detector

* 0.1% Xo/layer, 2.5 pm spatial resolution

« Excellent vertex reconstruction and PID capabilities over B aractabie Voo racker

large acceptance (-4 < n < 4)

 TOF: time resolution 20 ps, low material budget 1-3% Xo/layer
* RICH: extending PID to higher pr

ALICE 3

g

R =~ 5 mm at top energy, R = 15 mm at injection energy
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Cir ALICE 3 in Run 5 and Run 6

i ALICE
CERN-LHCC-2022-009

Statistical Hadronisation Model
* Huge enhancements predicted: up to 103 wrt pQCD for the Qccc

Pb-Pb |s,,=5.02 TeV 0-10%

lyl<0.5
F Becattini: Phys.Rev.Lett. 95 (2005) 022301

i V Minissale et al.: arXiv:2305.03687

e 967 negligible production in Single-Parton Scattering

ultimate sensitivity to degree of ¢ thermalisation

— u,d,s only particles

4
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——— ¢ =2 particles

5 '—e .
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Significance
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A Andronic et al.: JHEP 07 (2021) 035 'Q-({:-C — Qg 4 71'+ i
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Beauty hadron reconstruction
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N\o/B vs multiplicity at forward rapidity
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Figure 4: Ratio of Ag to BY cross-sections as a function of pr, in bins of a) the total multiplicity
measured in the VELO detector and b) the backwards track multiplicity. The purple point
shows the value measured in ete™ — Z° — bb reactions at LEP [61].
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