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Heavy-10n collisions

The main goal of heavy-1on collisions 1s to extract information about the quark-gluon plasma (QGP)
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Heavy-10n collisions

The main goal of heavy-1on collisions 1s to extract information about the quark-gluon plasma (QGP)

Initial Pre-eq. Hydrodynamic

izati I i Particles interact with detector
state dynamics evolution Hadronization Hadronic rescattering

t=0fm/c 7=11fm/c 7~ 10 fm/c 7~ 10 fm/c

How do we probe the system with information from the final state?

Anisotropic flow: v,

pPIeYUIdY YBUOf puk Uu3sSIdl}dd yeuueHy ‘HODBJO(]B[[OO IVAVIA

Mean transverse momentum: [p]
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Key observables 1n heavy-1on collisions

Anisotropic flow, v,, reflect the initial shape Spatial anisotropy Momentum anisotropy
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State-of-the art understanding of QGP
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Key observables 1n heavy-1on collisions

Mean transverse momentum, |pr], retlect

the initial size Large R ‘
1 M
P T] — M Z Pt Small R 3
[ 1
E — [ prl
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Key observables 1n heavy-1on collisions

Medium response

Mean transverse momentum, |pr], retlect

the initial size Large R ‘ Small [ py]
1 M
[p T] o M Z Pt Small R 3 Large [py]
i 1
E - [ prl
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Current understanding of 1nitial conditions

State-of-the-art models

IP-Glasma initial conditions
B. Schenke et al., PRC 102, 044905 (2020)

IR ENTo initial conditions used for

Bayesian analyses

J.E. Bernhard et al., Nature Physics, 15, 1113 (2019)
G. Nijs et al., PRL 126, 202301 (2021)

JETSCAPE, PRL 126, 242301 (2021)
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Current understanding of 1nitial conditions

State-oi-the-art models IP-Glasma JETSCAPE Trajectum
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Transverse momentum-flow correlations

Correlation of v with [py]
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P. Bozek, PRC 93, 044908 (2016)
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Transverse momentum-flow correlations

Correlation of v with [py]
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Transverse momentum-flow correlations

Correlation of v with [py]

cov(v,f, )
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Transverse momentum-flow correlations

Correlation of v with [py]
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Transverse momentum-flow correlations

Correlation of v with [py]
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Nuclear deformation

Sensitive to nuclear deformation 1n central collisions 0.0
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Correlations of v, and [p]

ALICE Collaboration, Phys. Lett. B 834, 137393 (2022)

p(v3, [pr]) positive with weak centrality
dependence
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Correlations of v, and [p]

p(v3, [pr]) positive with weak centrality
dependence

— Correlation of mitial eccentricity and
S1Z¢

Model comparison

Centrality dependence of p(V22 , [pr]) captured by
[P-Glasma + MUSIC + UrQMD

Models based on Bayesian analysis fail to
describe the trend of the data
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Correlations of v, and [p]

ALICE Collaboration, Phys. Lett. B 834, 137393 (2022)

0.4 Pb-Pb 5.02 TeV v,: IAnl > 0.8
Tl 0.2< p_ < 3.0 GeV/c

p(v3, [pr]) positive with weak centrality
dependence

— Correlation of mitial eccentricity and
S1Z¢

Model comparison
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What drives the difference between the models?
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Correlations of v, and [p]

5 o . . . . ALICE Collaboration, Phys. Lett. B 834, 137393 (2022)
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Correlations of v, and [p]

ALICE Collaboration, Phys. Lett. B 834, 137393 (2022)
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Constraining the nucleon width

G. Giacalone et al., PRL 128, 042301 (2022)

—=-w = 0.8 fm \\ \\\
_0.4l - —w=11.2fm | \‘ \j
0 25 50

centrality (%)

The nucleon width, w, has been shown to greatly affect p
Small width needed to keep p(vzz, | pr]) positive
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Constraining the nucleon width

G. Giacalone et al., PRL 128, 042301 (2022)
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The nucleon width, w, has been shown to greatly affect p

Small width needed to keep p(vzz, | pr]) positive
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Constraining the nucleon width
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Constraining the nucleon width
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Nuclear deformation in Xe-Xe

p(vzz, | prl]) has strong sensitivity to deformation

parameter f, in central collisions

Insufficient data to distinguish between p, values,

. ALICE Collaboration, Phys. Lett. B 834, 137393 (2022)
P> = 0.0 ruled out by low energy experiments
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Nuclear deformation in Xe-Xe

ALICE Collaboration, Phys. Lett. B 834, 137393 (2022)
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System ratio
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Connection to low-energy nuclear physics

Ground-state

RiCh phenomenOIOgy in IOW_ masses, radii,le.m. moments, ...
CHGI’gy IlllClGaI' thSlCS Reactions Excitation spectra

cross sections,
. i ‘
S/

Decay modes Exotic structures

energies, transition probabilities,

lifetime, yields, ... clusters, buble, halo, ..
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Connection to low-energy nuclear physics

Ground-state

RiCh phenomenOIOgy in IOW_ masses, radii,f.m. moments, ...
CHGI’gy IlllClGaI' thSlCS Reactions Excitation spectra g

Cross sections, ...

;!‘, energies, transition probabilities,

Complementary to heavy-ion
physics — Pin down the mitial
state

Decay modes

lifetime, yields, ...

hydro “~ ”

g "

Constraints from :r; .y cys 3: Constraints from
nuclear structure Initial condition Heavy ion observables
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Connection to low-energy nuclear physics

Rich phenomenology in low-
energy nuclear physics

Complementary to heavy-ion
physics — Pin down the mitial
state

Consistent nuclear structure?

Low energy » High energy
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Ground-state

masses, radii, e.m. moments, ...

Reactions Excitation spectra &

Cross sections, ... energies, transition probabilities,

i3
&

Decay modes Exotic structures

lifetime, yields, ... clusters, buble, halo, ..

hydro “~ ”

g "

Constraints from :C .y cys C: Constraints from
nuclear structure Initial condition Heavy ion observables
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Connection to low-energy nuclear physics

Ground-state

RiCh phenomenOIOgy in IOW_ masses, radii,ie.m. moments, ...
CHCI’gy IlllClGaI' thSlCS Reactions Excitation spectra 6/

Cross sections, ... energies, transition probabilities,

®  (©
Complementary to heavy-ion @ Og -
physics — Pin down the initial e -~
state Ce -
Consistent nuclear structure?
Low energy » High energy Decay modes

Large potential for exciting physics 1n
heavy-1on runs of new species

Alpha clusters in O-O :“ydmt Y ..

Neutron skin Ca*” and Ca* “ N

C traints f .y e C traints f
Nuclear structure with isobar runs nuclearswucure = 1Ml condition  ¢=== ;o0 ion chsorvabies
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Summary

Measurements of p(vzz, |py]) is uniquely sensitive to the initial

conditions of the heavy-ion collisions

Crucial constraints on initial state parameters
In particular, the nucleon width is important in accurately reproducing the
experimental data

New way to study the nuclear structure at LHC energies
Sensitive to the quadrupole deformation parameter P, and triaxial structure y
Complement the low-energy nuclear experiments
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Back up



State-of-the-art models

IP-Glasma

* [P-Glasma 1nitial conditions with
hydrodynamic evolution (MUSIC) and
hadronization (UrQMD)

* [P-Glasma well describes ALICE data
with /s = 0.12 and temperature
dependent /s up to 0.13 at "= 160
MeV

Bayesian analysis
« Based on TRENTo 1nitial conditions

* Fit experimental data separately to
constrain the initial conditions and
extract transport coefficients of QGP
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vn{2}

dN,/dn, dN/dy, dE;/dn (GeV)
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More from Bayesian analysis

Trajectum

— ot («12) — Kt p —ht — Er(x2)
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Initial state estimators

Probing the 1nitial state requires initial state

estimators

. . p)
Estimating v,

* In hydrodynamics: proportional to initial eccentricity v, « k€,

* Hydrodynamic response to initial geometry

Estimating [py]

» Inversely related to the size of the system

* Proportional to the initial energy of the fluid

vvvvvvvvvv

(pr)(MeV)

Pb+Pb 7
i v@?fzzSiBrRW':

1111111111

E; (TeV)

G. Giacalone et al., PRC 103, 024909 (2021)
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IP-Glasma:
1.0
0.9 -
87 Q values close to 1.0
> .
0.7 —f— Q4 (average entropy density) — better estimator
—f#— Qg/a (entropy/elliptic area)
0.6 - #— Qg/(xr) (entropy/round area)
b4 —Q[Tz]
0.5 r T , : , 1 ,
0 250 500 750 1000 1250 1500 1750 2000
dN.,/dn
TR,ENTo: G. Giacalone et al., PRC 103, 024909 (2021)
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(8) . 0.0, 2 © ATLAS (b)
0.2 50 0.2 - pn(E/Sa 8721)
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Use €n and Ei/S for the estimation

of vh=-[py] correlation
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Observable

Correlation of v with [py]

Three-particle cumulant

Pt

oV, [PrD) (3)) = 3@ +2((D)
v/ var(3) = (2 lpel) = (L)

‘ ‘ = COV( , [prl)

p(V;%a [pT]) —

P. Bozek, PRC 93, 044908 (2016)

Normalization

Dynamical | p|-tfluctuations
Particle weight, w, to correct detector inefficiencies

Zi;éj Win(pT,i — [PT])(PT,J‘ — [PT])

WiW;
1]

Ck=

Dynamical v, -fluctuations
2 4 4
var(v;) = v {2} —v {4}
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Observable

Correlation of v with [py]

Three-particle cumulant

Pt

coV(vy; [pr]) ((3)) SRUDY(1)) + DT
v/ var(3) = (2 lpel) = (L)

‘ ‘ = COV( , [prl)

p(V;%a [pT]) —

P. Bozek, PRC 93, 044908 (2016)

Normalization

Dynamical | p|-tfluctuations
Particle weight, w, to correct detector inefficiencies

Zi;éj Win(pT,i — [PT])(PT,J‘ — [PT])

WiW;
1]

Ck=

Dynamical v, -fluctuations
2 4 4
var(v;) = v {2} —v {4}
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