Y Heavy-flavour production in
| PARTICLE PHYsics heavy-ion collisions with ALICE ALICE
= QCD@LHC 2026

September 28th — October 2nd
Oxford, United Kingdom

Luigi Dello Stritto (MBI)
1 behalf of the ALICE Collaboration




Heavy-ion collisions

ALICE
Why heavy-ion collisions? G 6 ..
— G g
» QCD is asymptotically free at high energy density/temperature. Quark-filu: Plasma
» Heavy-ion collisions are the only way to recreate these - .°«,° 04"
extreme conditions in a laboratory. m/ %
» Probe the fundamental properties of deconfined QCD matter, o @y 6o b
the quark-gluon plasma (QGP). I e e
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https://madai.phy.duke.edu/

Heavy-flavour quarks as probes of the QGP

ALICE

The study of the QGP is performed through indirect signals.
» Properties of the stream of particles reaching the detector.
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Different observables are sensitive to different stages
of the collision.

Mid Rapidity

Heavy-flavour quarks are mainly produced in the
initial hard scattering process:

Hydrodynamic

- » They traverse the medium, probing every stage
Evolution Pre-Equilibrium

R Phase (< 7o) of its evolution.

a) without QGP b) with QGP
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The ALICE detector

ALICE
Major upgrade of the ALICE detector in LS2: ALICE in Run 3:
» Inner Tracking System (ITS) » continuous readout
» Time Projection Chamber (TPC) readout » larger interaction rate
» Fast Interaction Trigger (FIT) » up to 50 kHz in Pb—PDb
» Muon Forward Tracker (MFT) _ _
€ | ALICE Performance, Run 3 25 o
% 3| Pb-Pb, {5y =5.36 TeV | 2
€ [ Recorded __203
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g Jf 2024:1.54nb" 1.5
£ T 2025:1.99nb" Bls
, 5[ 2026:1.83nb” :
i |10
i ]
i 15
0.5 ]
00 5 1|0 1|5 2|0 2|5 _0

Days since start of data taking
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« Initial spatial anisotropy — pressure gradients lead to final
momentum anisotropy of the produced particles.

 The QGP thermalises, developing collective behavior.

« Fourier expansion of azimuthal-angle distribution of final-state particles:

Yub

. v, = flow harmonics

(oo :
dN N !
= 142 vy cos(n(¢p — Wrp))
d¢p 2m
Tl:1 “““““““““ > Xian
V2 = Elliptic flow v3 = Triangular flow
g8 Initial collision Event-by-event

geometry fluctuations

* Probes fundamental properties of the QGP: viscosity, degree of collectivity, and thermalisation.
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ALICE

Mass ordering clearly visible. Heavier particles flow less at
low p; (or <4 GeVic): v, (%) > v, (D)

Excellent agreement between the D’ and D° w», over the
measured p; range.

Hint of smaller D_" v,:

» Species-dependent hadronic rescattering (D vs D,)
L9 PRL 110 (2013) 112301

» Charm sequential coalescence 4 PRL136 (2026) 232301
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.112301
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ALICE

Mass ordering clearly visible. Heavier particles flow less at
low p; (or <4 GeVic): v, (%) > v, (D)

Excellent agreement between the D’ and D° w», over the
measured p; range.

Hint of smaller D_" v,:

» Species-dependent hadronic rescattering (D vs D,)
L9 PRL 110 (2013) 112301

» Charm sequential coalescence 4 PRL136 (2026) 232301

First evidence of charm baryon—-meson splitting:
v, (A > v, (D) with 3.70 significance

» Consistent with hadronisation via quark recombination:
hadrons inherit the partonic flow of their constltuent

quarks. / P N
= \ 2 light Vs 1 light /

[ €c oot U \)
\b& u /) quarks quark \{“
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.112301
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Prompt charm-hadron 1/2

ALICE
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* Qualitatively good agreement between theory and data.
» Which physics effects are relevant?

1. Hadronisation via recombination crucial to describe Ilow and

intermediate p; (< 8 GeV/c).

2. Radiative energy loss and hadronisation via fragmentation important to

describe high p; (= 8 GeV/c).
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TAMU, PRL 124 (2020) 042301
, PRC 96 (2017) 044905
Langevin, EPJC 81 (2021) 1035
LBT+PNP, PLB 838 (2023) 137733
POWLANG, PRD 109 (2024) L011501
, PRC 110 (2024) 2, 024909
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L011501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.024909

Non-prompt charm-hadron

ALICE
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—  [ALICE Preliminary ] . . _ o
AL 1 < Positive non-prompt A~ and v,, consistent within
Pb—Pb, ﬁ = 5.36 TeV, 30-50% L
=n nl 0 o uncertainties.
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D- —
L0.2 - .
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i

v, (prompt charm hadrons) > v, (non-prompt charm hadrons) > 0
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Strangeness enhancement

ALICE

B 0ok Al IAE Deslimeieme L~ 73« D*/D" production-yield ratio increases from low-multiplicit
2 0.9 ALICE Preliminary ly|<0.5 s /2 P! "y o " plCTty
o n ] pp collisions to high-multiplicity Pb—Pb collisions.
~, 0.8~ ® Pb-Pb, \s,, =5.36 TeV -
O L ¢ pp Vs=136TeV : : : S .
S ’ E » Charm quarks hadronise via recombination with
E P >0 . strange quarks from a strangeness-rich medium.
0.6:— —;
0.5F E 0°9%p
- ] @
0.4F E ©,°%0 . (7
= £ ®e o6
0.3 [IPYTHIA 8 CRMode2 [BICE-SHMc ] © 6 0
0 21_ PYTHIA 8 Angantyr [l ThermalFIST SHMc B
" [IEPOS4HQ [ GSI-Heidelberg SHMc 7 _ L _
C 40 . 1« D/D" increase qualitatively described by models based
0.1 s % BRuncertainty not shown —] § . . .
PP uncertainty onx-axis soaled by 5 | - on hadronisation via coalescence and SHM.
2 3
1 e L (dN 1/%,7> « No model provides a full description of the trend from pp
= to Pb—Pb .
L CRMode2, JHEP 08 (2015) 003 L CE-SHMC, PLB 815 (2021) 136144
Lz ,JHEP 10 (2018) 134 Q3 , PRC 100 (2019) 054906
L EPOS4HQ, PRC 110 (2024) 2, 024909 4y , JHEP 07 (2021) 035
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https://link.springer.com/article/10.1007/JHEP08(2015)003
https://link.springer.com/article/10.1007/JHEP10(2018)134
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.110.024909
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w(2S)-to-J/y relative suppression

« Excited quarkonium states are more sensitive to colour L —— In QGP
screening/dissociation due to their lower binding energies. . . s % 90 .0* »
@9 B e o T
» Larger suppression expected in a color-dense . B ‘i:: j:ff g
. b d (5] o
medium compared to the ground state. ° ! ©

? 0_03 _l L | L | L | LI L | L | T 17T I T 17T LA I_

o - ALICE Preliminary, Pb—Pb . : : . .
| SN 4 1 * An increased relative suppression by a factor ~2 of y(2S) is
20.025 youtu, 2.5 < y <4, p. < 20 GeV/c ] ,

? ) ) observed in Pb—Pb compared to pp.
4 X /Sy = 5:02 TeV VS = 5-36 TeV

o - i

m 0.02 ~H ¢ Run2 ¢ Run3 ] N li b d

% 5 mm TAMU + poextrapolated | * NoO dependence on ceptra ity observed. | | |
o 00151 = SHMc b > Role of suppression and regeneration to be investigated.
I ool % % H ]
= - $ i

C i i

D 0.005F . e

5 1 * Data cannot yet distinguish between the models.
R TR T T~y Sy T : suppression + regeneration compete dynamically.

<Npar> . yields are entirely produced statistically at

hadronisation.

Lz : Nucl.Phys.A 943 (2015) 147-158
Lz : PLB 797 (2019) 134836
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UPC collisions

ALICE

« Ultraperipheral collisions (UPCs) occur when nuclei do not overlap.
» interactions driven by photon-induced processes from the nuclei’s electromagnetic fields.

W
7% Higher-energy photons can probe smaller distance scales

» Access to parton distribution functions (PDFs).
» Probe the parton distribution functions over a
wide range of Bjorken x.
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« Coherent production is sensitive to the average spatial
distribution of gluons in the nucleus at low Bjorken x.
» Nuclear shadowing
» Gluon saturation Acoherent Aincoherent
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Coherent J/y and w(2S) photoproduction

ALICE

« Comparing the measured J/\y and y(2S) cross sections to the "impulse approximation” (no shadowing
and no gluon saturation baseline).

do/dy (mb)

L. arXiv:2605.13569
— — & [T T Frrrrrrr v = Fr T~ 1t T T T
7F ' ALICE, Pb-Pb UPC, |5 = 5.36 TeV "3 £ 14F  ALCE Pb-PoUPC, [5,,=536TeV - 4 o4l ALICE.PO-POUPC, (5, =536TeV |
IIIAUCE coherent J/y .- . : r =23 ALICE coherent y(2S) q © 7L =OALICE coherent y(2S) to J/y ratio
6 Im ulse approximation . 82, 1.2—- Im ulse approximation e = - ---- Impulse approximation
----- C (MSS) ] 2 C - S C (MSS) e ] 4 [ - STER(IIi\SﬁtS)
S STARIlght o TARIlght B . < 03l N
St = 1 7 = U9 EPS09 (U
- — EPS09 (Upcgen - — EPS09 (Upcgen) = L (Upcgen)
F —-LTA (Uécgl;aer% ) T 08: —- LTA (Upcgen) e Rath © - —- LTA (Upcgen)
0.6
0.4 i
02F - Y(Q2S) /I
PR T S S TN TN N ST ST ST SN AN TN TN S NN NN S F i & % i 5% 0— P B!
0——4 35 3 25 0——4 35 3 3 e 35 = 25
Y y Y

« Data lie significantly below the impulse approximation, disfavoring a no-shadowing scenario.

- STARIight: Glauber-based, accounts for multiple scattering but no gluon shadowing. 4 STARlight: CPC 212 (2017) 258
o . Ly Upcgen: CPC 277 (2022) 108388
« Upcgen (EPS09, LTA): includes nuclear shadowing. & CGC: PRD 109 (2024) L071504

incorporates non-linear gluon saturation on top of shadowing.
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Coherent J/y and w(2S) photoproduction

ALICE

« Comparing the measured J/\y and y(2S) cross sections to the "impulse approximation” (no shadowing
and no gluon saturation baseline).

L. arXiv:2605.13569
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5F - STAR"gh‘ 3 1 Egéggg(rﬂ} ) g Ratio 203 E;g}ggg(TJtlocgen) g
- — EPS09 (Upcgen ) T F— pcgen = = -
F —-LTA (Uécgl;aer% ) T 08: —- LTA (Upcgen) e © - —- LTA (Upcgen)
0.6
0.4 i
02f - Y(2S)/ I/
[T TN T T S S TN [N T TN Y Y Y SN SN TR T NN S W F 3 1T 4 4 3 T &« & s ¢ § & ¢ & ¢ I & &5 0— PRI S S T
R -3.5 -3 -2.5 =23 -35 -3 25 —4 —3 5 —3 2.5
Y y Y

Models without nuclear shadowing overestimate both J/\y and y(2S) cross sections.

Upcgen with nuclear shadowing matches y(2S) but underestimates J/\y cross section.
provides the best description of all the observables in its available range.

» Including nuclear shadowing and gluon saturation is crucial to describe experimental data!
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Conclusions

« Heavy-ion collisions provide a unique environment to explore fundamental aspects of QCD.

» Linking the initial state to final-state observables:
* Initial-state anisotropy converted into final-state observables:

« Charm and beauty quarks participate in the collective expansion.

» Probe the QGP through hadronisation

« Charm-quark coalescence with strange quarks.
» Sequential charmonium suppression and regeneration.

» UPC to probe PDFs.
« y(2S)-to-J/y ratio disfavors no-shadowing baselines, consistent with
models including nuclear gluon shadowing and saturation.

Detector upgrades enabled precise measurements of new observables!
Stay tuned for more heavy-ion physics from ALICE!
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ITS upgrade

ALICE

« Pointing resolution of the vertexing detector crucial
for a precise reconstruction of the decay topology.
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ALICE Performance

impact parameter resolution (um)
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R AA

D meson energy loss

JHEP 12 (2022) 126
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3P in-medium energy-loss mass dependence (dead cone effect)

Theoretical models catch the data.
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D meson energy loss

JHEP 12 (2022) 126
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3P in-medium energy-loss mass dependence (dead cone effect)
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« Theoretical models that include quark coalescence and collisional and radiative energy loss catch the data.
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Spin alignment

ALICE

« Extreme conditions in non-central Pb—Pb collisions:
» Strong orbital angular momentum, L: participants near
each nucleus carry different amounts of forward momentum.
» Intense magnetic field, B ~ 10" T: due to the fast-moving
charged spectators.

8 | riiAe b

= | ALICE Preliminary |
0.6~ pp—Pb, 30-50% centrality |

| Reaction plane

0.4k i | Spip alignment: L and B couple to the spin of the produced
: T . | particles.
----- Mt =2 e e : . :
- - - » Spin polarisation is transferred to vector mesons during
023_& = PromptD*,0.3<ly| <08, {syy=5.36TeV | hadronisation. | |
“ o PromptD™,08<ly|<08, (s=502TeV | > Ve_ctor mesons show an uneven pop.ulatlon_ of their three
¥ Inclusive Jy, 2.5 < y <4.0, (5 = 5.02TeV | spin states, measured via pgo (= 1/3 if no alignment).
1 | | | 1 | 1 |
10 20 30
P, (GeV/c)
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Spin alignment

« Extreme conditions in non-central Pb—Pb collisions:
» Strong orbital angular momentum, L: participants near
each nucleus carry different amounts of forward momentum.
» Intense magnetic field, B ~ 10" T: due to the fast-moving
charged spectators.

3 NN
= | ALICE Preliminary
0-61 pp-Pb, 30-50% centrality |
| Reaction plane _

Within current uncertainties:
» J/y: hint of deviation from the null hypothesis at low p.

I ] | » D**: Indication of polarisation at high p; from Run 2 data
0.4 - | h not supported by more precise Run 3 measurement,
J{,,J}E === which favours no polarization.

E’ " Prompt D**, 0.3 < |y| < 0.8, sy = 5.36 TeV

0.2F i —r ; ; ; —
"+ PromptD*,03<y| <08 sa=502Tev | | 2 IV dewa’Flon at low p; is compatible with recombination
¥ Inclusive J/y, 2.5 < y <4.0, s, = 5.02 TeV hypotheS|s.
| | | | 1 | | 1 | l |
10 20 30 | » Theoretical predictions are required for conclusions.

P, (GeV/c)
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Conclusions

« Heavy-ion collisions provide a unique environment to explore fundamental aspects of QCD.

» Linking the initial state to final-state observables:

into final-state observables:

* Non-zero spin alignment measured for J/y.

* Initial-state anisotropy and angular momentum/magnetic field converted

« Charm and beauty quarks participate in the collective expansion.

» Probe the QGP through hadronisation

« Charm-quark coalescence with strange quarks.
« Sequential charmonium suppression and regeneration.

» UPC to probe PDFs.
« y(2S)-to-J/y ratio disfavors no-shadowing baselines, consistent with
models including nuclear gluon shadowing and saturation.

Detector upgrades enabled precise measurements of new observables!
Stay tuned for more heavy-ion physics from ALICE!
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    d N  d 𝜙 =  N  2 𝜋    [ 1 + 2     ∑  n = 1 ∞   𝜈 n  cos ⁡   ( n ( 𝜙 −  Ψ RP ) ) ]


   τ relax ∝  M q

