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Heavy-ion collisions
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QCD phase diagram
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Signatures of the QGP
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Heavy-ion collisions probe the strongly-
interacting matter — the quark-gluon 
plasma (QGP) under extreme conditions 
of high temperature and energy density


Hard probes created at initial stage of 
the collision

➡QGP tomography


Soft probes created in the “fireball”

➡Fingerprint of the QGP evolution

Tkin	 Tchem	

Hard 
probes

Soft 
probes



Heavy quarks: QGP tomography
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Tkin	 Tchem	

Energy loss in QGP medium

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT

QCD medium

QCD vacuum

• RAA = 1 if no medium effect


• Radiative vs. collisional energy loss

Heavy quarks (charm and beauty): produced at the early stage of the 
collisions before the QGP creation

c
b

D
B



Heavy quarks: QGP tomography
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Tkin	 Tchem	

Heavy quarks (charm and beauty): produced at the early stage of the 
collisions before the QGP creation

Collective expansion 
➡Anisotropic flow 

➡Results in complex azimuthal 
structure of final state particles

c
b

c b



Heavy quarks: QGP tomography
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Tkin	 Tchem	

Collective expansion 
➡Radial flow

➡More pronounced in central collisions

➡Mass dependence

➡Push low pT particles toward 
intermediate pT

p = p0 + βm
p0: initial momentum 
β: flow velocity 
m: particle mass

Heavy quarks (charm and beauty): produced at the early stage of the 
collisions before the QGP creation

c
b

bc



Heavy quarks: QGP tomography
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Tkin	 Tchem	

Heavy quarks (charm and beauty): produced at the early stage of the 
collisions before the QGP creation

Fragmentation — hadrons from high pTpartons

Coalescence/recombination — hadron formation 
via (di-)quark combination in the QGP medium

➡pT,hadron ≃ n pT,parton, n = 2 (meson), 3 (baryon)

➡Sensitive to baryon and meson species 

➡Baryons from lower momenta partons (denser)

c
b

c b

Λc
Ξc

Ωc

Ds Bs

Λb



Charm quark energy loss
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W/ο coalescence Large deviation from data

➡Hadronization via coalescence is important 

to interpret data


W/o radiative energy loss Reasonably 
describe data in pT < 5 GeV/c, but largely 
overestimate data at high pT

➡Radiative energy loss is dominant at high 

pT, while collisional energy loss is 
predominant at low and intermediate pT

ALICE JHEP 2201 (2022) 174



Charm quark transport
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• Significant charmed hadron v2 coefficient

➡Consistent with strong suppression resulted by large energy loss
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Charm quark transport
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• Most charm quark transport models able to describe both the RAA and v2


• Use to estimate the spatial diffusion coefficient Ds

ALICE arXiv:2211.04384



Charm quark transport
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Diffusion coefficient Ds


• Almost independent of 
quark mass


• Characterization of the 
transport properties of 
the medium


• Constrains the specific 
shear viscosity η/s2 4 6 8 10 12 14 16 18 20

 155 MeV ≈ cT at cTsDπ2

ALICE, JHEP 01 (2022) 174

ALICE, PLB 813 (2021) 136054

STAR, PRL 118 (2017) 212301

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

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

, PRD 103 (2021) 014511et al.lQCD, L. Altenkort 

ALI−DER−499016

The newest constraints from ALICE by combining D meson RAA and v2


• 1.5 < 2πDs(T) < 4.5, τcharm = (mcharm / T) Ds(T) = 3–9 fm/c < τmedium ≈ 10 fm/c


• Indicate charm may thermalize in the medium



Charm quark hadronization
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• Hints of enhanced Ds+/D0 ratio at intermediate pT in Pb–Pb 
w.r.t. pp — support charm hadronization via recombination


• Enhanced Λc/D0 ratio in Pb–Pb w.r.t. pp — suggest 
interplay between recombination and radial flow

Ds+/D0

Λc+/D0
pp

Pb–Pb

ALICE arXiv:2211.04384



Beauty quark transport
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ALICE 
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ALI-PREL-503081

• Ds obtained in beauty sector is similar to that in charm 
sector (2πDs ≈ 1.5–4.5 for charm)


• Indicate τbeauty ∝ mbeauty Ds ≳ τmedium (mbeauty ≈ 3 mcharm)

➡What is thermalization DOF of beauty in the QGP medium?

• Beauty particle RAA and v2 
measured via non-prompt D0 by 
ALICE 

• Conclusion is similar to the 
measurements of B mesons, 
non-prompt J/Ψ and B meson 
semileptonic decays by ATLAS 
and CMS

v2 RAA

Charm and beauty meson production

5

Meson-to-meson yield ratio:

Ø D+/D1 yield ratios are independent of meson #$ for prompt and 
non-prompt measurements

Ø Charm and beauty meson-to-meson yield ratios are well 
described by model calculations, based on the factorization 
approach assuming fragmentation functions from e+e,
collisions 

JHEP 05 (2021) 220

!3, !4c, b

FONLL: JHEP 05 (1998) 007 !" → #: %&'. )*+,. -. ./0 (2340) 46

Prompt

Non-prompt

Charm and beauty meson production

5

Meson-to-meson yield ratio:

Ø D+/D1 yield ratios are independent of meson #$ for prompt and 
non-prompt measurements

Ø Charm and beauty meson-to-meson yield ratios are well 
described by model calculations, based on the factorization 
approach assuming fragmentation functions from e+e,
collisions 

JHEP 05 (2021) 220

!3, !4c, b

FONLL: JHEP 05 (1998) 007 !" → #: %&'. )*+,. -. ./0 (2340) 46

Prompt

Non-prompt



Charm quark radiation in vacuum
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One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect

ALICE Nature 605 (2022) 440

• Direct observation for charm 
quarks in pp — QCD vacuum



Charm quark radiation in vacuum

17

One of fundamental properties of 
QCD: suppression of gluon 
emissions within cone θ < mQ / E 
— dead-cone effect

ALICE Nature 605 (2022) 440

• Direct observation for charm 
quarks in pp — QCD vacuum

• Whether is it still validated in QCD medium?

➡Mass dependent heavy quark radiative energy loss


ΔEbeauty < ΔEcharm ⇒ RAA(beauty) > RAA (charm)



Mass dependent RAA

18

1 10 )c(GeV/
T

p

0.5

1.0

1.5

A
A

R

0
non-prompt D

0
prompt D

 = 5.02 TeV
NN

sPb, −ALICE, Pb

| < 0.5y10%, |−0

 extrapolated pp reference
T

popen markers: 

1 10 )c(GeV/
T

p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

A
A

R

0
non-prompt D

0
prompt D

 = 5.02 TeV
NN

sPb, −ALICE, Pb

|<0.5y50%, |−30

 extrapolated pp reference
T

popen markers: 

ALICE JHEP 2212 (2022) 126
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Mass dependent RAA

19

1 10 )c(GeV/
T

p

0.5

1.0

1.5

A
A

R

0
non-prompt D

0
prompt D

 = 5.02 TeV
NN

sPb, −ALICE, Pb

| < 0.5y10%, |−0

 extrapolated pp reference
T

popen markers: 

1 10 )c(GeV/
T

p

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

A
A

R

0
non-prompt D

0
prompt D

 = 5.02 TeV
NN

sPb, −ALICE, Pb

|<0.5y50%, |−30

 extrapolated pp reference
T

popen markers: 

ALICE JHEP 2212 (2022) 126

Non-prompt D mesons are less suppressed than prompt D mesons

RAA(beauty) > RAA (charm) ⇒ ΔEbeauty < ΔEcharm (?)

0 5 10 15 20

1

2

3

4p
ro

m
p
t

A
A

R/
n
o
n
-p

ro
m

p
t

A
A

R

data LGR

TAMU MC@sHQ+EPOS2

CUJET3.1

ALICE

 = 5.02 TeV
NN

sPb, −Pb

| < 0.5y10%, |−0

0 5 10 15 20

)c(GeV/
T

p

1

2

3

4p
ro

m
p

t

A
A

R/
n

o
n

-p
ro

m
p

t

A
A

R

data LGR central value
 (E-loss)c set to m

b
i) m  (coalescence)c set to m

b
ii) m

iii) w/o shadowing iv) w/o coalescence

• Mass effect is important to describe data


• However, coalescence is more critical



Beauty quark hadronization
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• Hints of Bs0 and Bc+ enhancement in Pb–Pb collisions


• Indicate recombination during beauty quark hadronization

CMS Phys. Lett. B829 (2022) 137062
CMS Phys. Rev. Lett. 128 (2022) 252301

Bs0/B+

Bc+ RAA



Λc+/D0 ratio in pp collisions
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• Λc / D0 ratio shows a more substantial 
increase for increasing multiplicity

• Largely underestimated when comparing to 
the default PYTHIA tune (Monash)

• Good agreement including color-
reconnection processes (eg “junctions") 
between partons created in different MPIs
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    Mode2: Monash:         
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41.4 41.2

 mean):η/dchN (dPYTHIA8

JHEP 08 (2015) 003

Syst. from data
Syst. from B feed-down

ALI−PREL−336442

PYTHIA 8

Ø Models based on fragmentation functions from 
0+0, collisions underestimate the data (PYTHIA 8 Monash)

Ø Models including color reconnection beyond leading color 
describe the data (PYTHIA 8 CR Mode 2)

Charm baryon-to-meson yield ratio

7

#63/!4

arXiv:2211.14032

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

Significant baryon enhancement w.r.t 
models tuned on G+G, collisions

H IH

7 8 97

H IH

7 8 97

Allowing “junction” topologies in multiparton interactions, which 
enhance the charm baryon production.

c

New paper

LEP average: (0.113 ± 0.013 ± 0.006)

G+G,



Λc+/D0 ratio in pp collisions
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QCM

ALI−DER−539945

ALICE Phys. Rev. C107 (2023) 064901

• Catania Thermalised system of gluons, 
light quarks and antiquarks (QGP), 
hadronisation via coalescence and 
fragmentation

• SH model + RQM Hadronisation driven 
by statistical weights govern by hadron 
masses, feed-down from excited baryon 
states predicted by RQM

• QCM Pure coalescence model, charm is 
combined with co-moving light antiquark 
or two quarks

e-e+



Heavy flavour production
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Zm = s, −e+LEP, e
HERA, ep, DIS
HERA, ep, PHP

ALI−PREL−541012

pp
p–Pb

• Production cross section of heavy-flavour hadrons 
is typically described by a factorization framework


• Fragmentation functions are constrained from e-e+ 
and ep measurements, assuming they are 
applicable universally in hadronic collisions



Heavy flavour production
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• Production cross section of heavy-flavour hadrons 
is typically described by a factorization framework


• Fragmentation functions are constrained from e-e+ 
and ep measurements, assuming they are 
applicable universally in hadronic collisions

pp
p–Pb

<latexit sha1_base64="c3e+fufQqQHl3SlgUr+w0dKjOmY="></latexit>
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Parton distribution 
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v2 of heavy quarks in p–Pb
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e±←HF

μ±←HF

|η| < 0.8
Forward: 2.03 < η < 3.53 
Backward: -1.26 < η < 0.34

• Significant v2 coefficient of heavy flavour particles is observed at both midrapidity 
and forward/backward rapidities in p–Pb collisions

➡Do heavy quarks undergo hydro-like evolution in small collision systems?

➡ Is it correlated with the hadronization behaviors?

ALICE arXiv:2210.08980ALICE Phys. Rev. Lett. 122 (2019) 072301



Next step – exited states (?)
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• No significant multiplicity dependence on Ds1+/Ds+ ratio, reproduced by SHM


• Hints of decreasing trend of Ds2*+/Ds+ ratio with multiplicity and prediction tension

Ds1+/Ds+

Ds2*+/Ds+



Next step – jets (?)
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• Λ/KS0 ratio in jets does not show a maximum at intermediate pT


• Non-zero v2 of jet particles in both Pb–Pb and p–Pb collisions, amplitude differs 
from that of the inclusive particles 



Outlook: ALICE run3/4
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pp collisions @13.6 TeV

Data taking in Run 3 – 2022 
§ July 2022 – first pp collisions at 10 kHz @13.6 TeV
§ pp physics data taking at ~500 kHz
§ pp 1-4 MHz tests (pp@4.5 MHz is equivalent to Pb–Pb@50 kHz)
§ Pilot beam Pb–Pb @5.36 TeV on 17-18 November 2022

July 2022: pp @13.6 TeV Nov 2022: Pb–Pb @5.36 TeV

I. Altsybeev, ALICE Highlights, LHCP 2023 7

pp collisions @13.6 TeV

§ April 6 – first stable beam, pp @0.9 TeV
§ April 21 – first pp@13.6 TeV
§ physics data taking at ~500 kHz 
§ anticipating Pb-Pb run 

o 5+2 days pp reference, 27+4 days Pb-Pb

data taking with 2400 bunches April 2023

May 2023: pp @13.6 TeV

Data taking in Run 3 – 2023 

I. Altsybeev, ALICE Highlights, LHCP 2023 8
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524 billion 
events!

Particle identification with TPC: full 2022 pp statistics

I. Altsybeev, ALICE Highlights, LHCP 2023 9
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3He

à High-precision measurements with nuclei

pp@13.6 TeV

C. Sonnabend, Thu, 12:42

pp@13.6 TeV
2022

ALI-PERF-542047

ALICE arXiv:2302.01238



Outlook: ALICE run5 and beyond
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Hard Probes 2023                                                                                                                   28/3/20234

arXiv:2211.02491 ; CERN-LHCC-2022-009 ; LHCC-I-038 ; LHCC-I-038

ALICE 3 integrated luminosi@es: 

ℒppmonth ~ 0.5 W-1 and ℒppRun5+6 ~ 18 W-1 

ℒPb-Pbmonth ~ 5.6 nb-1 and ℒPb-PbRun5+6 ~ 33.6 nb-1  

Op1ons for pA collisions and lighter AA system 
with higher ℒNN under study

The ALICE 3 experiment

ALICE arXiv:2211.02491

Hard Probes 2023                                                                                                                   28/3/20235

ALICE 3: Envisioned detector

 ALICE 3 in a nutshell: 

Compact (r ≃2m, z ≃ 8m) 
Large acceptance, |η|<4, pT >0.02 GeV/c 
   

Superconduc1ng magnet system 
Max field: B = 2 T (0.5 T runs foreseen) 
Con1nuous readout and online processing 
Poin1ng resolu1on ~3-4 μm and pT 
resolu1on becer than 1% @1 GeV/c 
Par1cle Iden1fica1on (PID) in a wide range 
of momenta and |η|<4

R = 1m

LHC Run 3, 4 and beyond

Ø Higher data taking rate and upgraded TPC and ITS

Ø Direct reconstruction of beauty mesons and baryons

Ø Measurement of charm and beauty cross section and  
fragmentation fractions from pp to Pb–Pb

Ø Reconstruction of complex decays like Ξ77++

Ø Better constraints to theoretical models of the strongly 
interacting medium and hadronisation

Outlook

21

LoI ALICE 3: arXiv:2211.02491
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Charmed particle RAA
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D mesons |y| < 0.5
μ←HF 2.5 < y < 4

• Suppression increases from peripheral to central collisions


• Similar suppression in the most central collisions between mid- and forward-rapidity

➡Charm quarks undergo strong energy loss in a wide rapidity range

• pT < 6 GeV/c: dominant by charm 
• Insensitive to √sNN



Meson-to-meson ratios
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ALICE JHEP 2105 (2021) 220

• No significant pT-dependence for charm 
and beauty meson-to-meson ratios


• Good agreement with models that use 
fragmentation fraction tuned on leptonic 
collision measurements

Charm and beauty meson production

5

Meson-to-meson yield ratio:

Ø D+/D1 yield ratios are independent of meson #$ for prompt and 
non-prompt measurements

Ø Charm and beauty meson-to-meson yield ratios are well 
described by model calculations, based on the factorization 
approach assuming fragmentation functions from e+e,
collisions 

JHEP 05 (2021) 220

!3, !4c, b

FONLL: JHEP 05 (1998) 007 !" → #: %&'. )*+,. -. ./0 (2340) 46

Prompt

Non-prompt

Charm and beauty meson production

5

Meson-to-meson yield ratio:

Ø D+/D1 yield ratios are independent of meson #$ for prompt and 
non-prompt measurements

Ø Charm and beauty meson-to-meson yield ratios are well 
described by model calculations, based on the factorization 
approach assuming fragmentation functions from e+e,
collisions 

JHEP 05 (2021) 220

!3, !4c, b

FONLL: JHEP 05 (1998) 007 !" → #: %&'. )*+,. -. ./0 (2340) 46

Prompt

Non-prompt



Strange-to-non-strange meson
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Strange-to-non-strange meson
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Charm Beauty

• Fragmentation fraction ratios for charm and beauty mesons are well 
described by PYTHIA8 with fragmentation fraction tuned on e-e+


• No significant dependence on energy and collision systems



Λc/D0 ratio in pp and p–Pb
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• Baryon-to-meson ratio enhancement is observed in p–Pb and pp 
collisions at high multiplicities in charm sector

➡Similar as that in strange sector



Λc+/D0 ratio in pp collisions
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• Λc/D0 ratios significantly higher than 
e-e+, pT dependence observed

• PYTHIA8 color-reconnection Allowing 
“junction” topologies in multiparton 
interactions, which enhance the charm 
baryon production

PYTHIA 8

Ø Models based on fragmentation functions from 
0+0, collisions underestimate the data (PYTHIA 8 Monash)

Ø Models including color reconnection beyond leading color 
describe the data (PYTHIA 8 CR Mode 2)

Charm baryon-to-meson yield ratio

7

#63/!4

arXiv:2211.14032

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

Significant baryon enhancement w.r.t 
models tuned on G+G, collisions

H IH

7 8 97

H IH

7 8 97

Allowing “junction” topologies in multiparton interactions, which 
enhance the charm baryon production.

c

New paper

LEP average: (0.113 ± 0.013 ± 0.006)

G+G,
e-e+



Σc0,++ production in pp collisions
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• SHM+RQM, Catania, and QCM describe the Λc+(←Σc0,+,++)/Λc+ ratio while 
PYTHIA8 with CR-BLC overestimates the data



Strange charmed baryon in pp

38

ALI-PUB-521750 ALI-PUB-527351
ALICE Phys. Rev. Lett. 127 (2021) 272001 
ALICE JHEP 2110 (2021) 159 ALICE arXiv:2205.13993

• Catania model closer to the measurement when decays from additional 
higher-mass resonances are considered

Ξc0/D0

Ωc0



Heavy flavours in p–Pb
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J/y polarization with respect to the event plane in Pb–Pb collisions ALICE Collaboration
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Figure 2: Centrality (left panel) and pT dependence (right panel) of lq . The vertical bars represent the statistical
uncertainties, while the boxes correspond to the systematic uncertainties. The horizontal bars show the size of the
corresponding centrality and pT ranges, with the data points being located at the center of each interval.

and even later in the hadronic phase [46], J/y production can occur both in the QGP phase, thanks to the
early production of charm quarks in hard processes, and at hadronization, via recombination of charm
quarks, with the latter mechanism becoming dominant at low pT [47]. The spin alignment observed in
this analysis for the J/y , which is larger at low pT, may point to an origin in common to that generating
this effect for K⇤0 and f in the same kinematic region. On the other hand the tendency for such alignment
to vanish at higher pT may indicate that effects active in the early stages of the collision (strong magnetic
fields) may be less effective in generating a net polarization for charmonia. Clearly, these hints need to
be confirmed by theory studies devoted to charm and charmonium production, that are not available as
of today.

In summary, we have reported on the first measurement of the polarization for inclusive J/y produced
in Pb–Pb interactions at

p
sNN = 5.02 TeV, carried out by ALICE using the direction perpendicular to

the event plane of the collision as the polarization axis. This choice makes this measurement potentially
sensitive to the strong magnetic field created in high-energy nuclear collisions, as well as to vorticity
effects in the QGP state. A small but significant polarization effect, reaching 3.9s for 2 < pT < 4 GeV/c
and 30–50% centrality, is measured. In absolute terms, the effect is smaller than that seen for light vector
mesons. However, significant differences in the production processes require dedicated theory studies
for a quantitative understanding of this observation and a precise connection with the QGP properties at
its origin.
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Needs theory interpretation — 
production mechanism of J/psi

Spin alignment of D⇤+ vector mesons in pp collisions at
p

s = 13 TeV ALICE Collaboration
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Figure 5: The spin density matrix element (r00) for prompt and non-prompt D⇤+ mesons as a function of pT in pp
collisions at

p
s = 13 TeV. Measurements are carried out with respect to the helicity axis at |y| < 0.8. Statistical

and systematic uncertainties are represented by bars and boxes, respectively. The measurements are compared with
the estimations from the QCD-based MC event generator PYTHIA 8 + EVTGEN [68, 75]. Model estimations are
shown by colour bands where the width of the band corresponds to the statistical uncertainty in model calculations.

The resulting r00 values in the pT interval between 5 and 20 GeV/c are

r00(prompt D⇤+) = 0.324±0.004(stat.)±0.008(syst.),
r00(non-prompt D⇤+) = 0.455±0.022(stat.)±0.035(syst.).

(5)

This finding implies no spin alignment for prompt D⇤+ mesons with a simultaneous non-zero spin align-
ment of non-prompt D⇤+ mesons in high-energy pp collisions. The evidence of non-prompt D⇤+-meson
spin alignment can be understood as a consequence of helicity conservation in the decay of beauty scalar
mesons to vector mesons. Measured r00 values are further compared with the MC event generator
PYTHIA 8 + EVTGEN [68, 75]. The EVTGEN decay package, which conserves the helicity and account
for the V�A nature in the decay of beauty mesons, is used in place of the default PYTHIA 8 decayer. In
this case, model calculations are found to be in agreement with the extracted r00 values for both prompt
and non-prompt D⇤+ mesons, while if the EVTGEN package is not used, the r00 parameter is found to be
compatible with 1/3 for both prompt and non-prompt D⇤+ mesons. The measured r00 for non-prompt
D⇤+ mesons is qualitatively consistent with the longitudinal polarisation fraction ( fL) observed by the
LHCb collaboration in the B0 ! D⇤�D⇤+

s decay with respect to a different quantisation axis defined by
the B-meson momentum direction [53]. The direct comparison between the magnitudes of fL and r00
measured by the LHCb and ALICE Collaborations is not possible due to the different quantisation axis
and the different decay channels. Therefore, dedicated model calculations are required for a quantitative
comparison of the ALICE and LHCb data.

The presented results for pp collisions can be used to estimate the magnitude of the corresponding con-
tribution to the spin alignment in heavy-ion collisions. In particular, the spin alignment of non-prompt
D⇤+ meson with respect to the helicity axis can affect the measurements of D⇤+ spin alignment with
respect to the reaction plane in heavy-ion collisions. Due to the elliptic flow of the non-prompt D⇤+

9
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Evidence for non-zero polarization Spin alignment in pp baseline

Sensitive to -field, vorticityB
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First measurement of the two-body scattering involving charm hadrons ALICE Collaboration
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Figure 2: Genuine p–D� correlation function compared to different theoretical models. The null hypothesis is
represented by the curve corresponding to the Coulomb interaction only.

The systematic uncertainties on the genuine p–D� correlation function, Cp–D�(k⇤), include (i) the170

uncertainties on Cexp(k⇤), (ii) the uncertainties on the li weights, and (iii) the uncertainties related to the171

parametrization of the background sources. In particular, the systematic uncertainties on Cp–(K+p�p�)(k
⇤)172

are estimated by varying the proton and D�-candidate selection criteria and the range of the fit of the173

C(k⇤) parametrized from the invariant-mass sidebands. The uncertainties on the li weights are derived174

from the systematic uncertainties on the D� purity and fnon-prompt reported above. The systematic175

uncertainty on Cp–D⇤�(k⇤) is due to the uncertainty on the emitting source. This results in a relative176

systematic uncertainty on Cp–D�(k⇤) of 6% in the lowest k
⇤ interval.177

The resulting genuine Cp–D�(k⇤) correlation function can be employed to study the p–D� strong in-178

teraction that is characterised by two isospin configurations and is coupled to the n–D0 channel. The179

finite experimental momentum resolution is considered in the modeling of the correlation functions [29].180

First of all, in order to assess the effect of the strong interaction on the correlation function, only the181

Coulomb interaction is considered. The corresponding correlation function is obtained using CATS [59].182

Secondly, various theoretical approaches to describe the strong interaction are benchmarked, including183

meson exchange (Haidenbauer et al. [13]), meson exchange based on heavy quark symmetry (Yamaguchi184

et al. [16]), a SU(4) contact interaction (Hoffmann and Lutz [14]), and a chiral quark model (Fontura et185

al. [15]). The relative wave functions for the models from Refs. [14–16] are evaluated by employing a186

Gaussian potential with an interaction range given by r-meson exchange and whose strength is adjusted187

to describe the corresponding published I = 0 and I = 1 scattering lengths. The correlation function is188

computed, including the Coulomb interaction and coupled channel, using the Koonin–Pratt equation.189

The outcome of these models is compared in Fig. 2 with the measured genuine p–D� correlation function.190

The degree of consistency between data and models is obtained from the p-value computed in the range191

k
⇤ < 200 MeV/c. It is expressed by the number of standard deviations ns reported in Table 1, where192

the ns range accounts, at one standard deviation level, for the systematic uncertainties on the data points193

and the models. The data are compatible with the null Coulomb-only hypothesis within (1.1� 1.5)s ,194

although the level of agreement slightly improves in case of the model by Yamaguchi et al. as reported195

in Table 1, where the scattering length f0 and the ns values are summarized. Most notably, this is the196

only model in the literature that does not predict a repulsive D–N interaction and, in addition, it foresees197

the formation of a D–N bound state with a mass of 2804 MeV/c
2 in the I = 0 channel. For the model by198
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• Unveiling strong-interaction potentials among hadrons 
via femtoscopy — test for lattice QCD, input for EOS 
of neutron stars


• No significant no spin alignment for prompt D*+, hint 
of spin alignment for non-prompt D*+ — baseline for 
heavy-ion collisions
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