Nuclear structure in high-energy nuclear collisions — What is the deal?
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Scale separations are important!

Ultra-central collisions

Time scale of scattering ~0.1 fm/c
Typical transverse kick Qs~1GeV

Nucleon positions dictate large-scale
structures in the QGP

Ground state properties

20Ne+29Ne

4} entropy density;, S(X,Thyd)




Elliptic flow by Ollitrault

Many-body correlations
Operators for flow observables

Modern era

P, Braun-Munzinger : .
memorandum on U+U data collected Light lon Collisions
U+U collisions released by STAR Ab initio Ne+Ne collisions
I 2000 2005 =~ 2020 > C;)Ilidelr prc()g?g;
of nuclear
1992 ‘ 2012 2015 2025 many-body physics
RHIC starts PHOBOS Classical era (shapes)

some thoughts on
U+U collisions
(Shuryak, Gale,
Bao-An Li, Heinz ...)

Xe-Xe collisions
v2 and <pT> anti-correlated
Triaxiality
Isobar collisions

evidence of
initial-state
fluctuations




End of the classical age — Mean squared eccentricity and two-body correlations

Azimuthal flow Gardim et al., PRC (2015) ‘Energy density ‘ Duguet et al., PRL (2025) |Nuclear ground state
2-particle observable Hydrodynamic / Initial state model o D(r) .
Var(V D 1 > . ¢ - > ¥ )
artVe) var(vp) ~ 2 vaf(g]) T vaefed T
Eccentricity s(r;) Squared eccentricity operator
One-body part of squared eccentricity operator 6([')@1 )= eit? 5([” = 8‘[”8‘_1[’
Normalized eccentricity variance
(6€2) = (D) <€(2)(2b)>. [Bally, Blaizot, Bofos, Duguet, Frosini, Giacalone,
A 5/ J [—.f Jeon, Lovato, Nijs, van der Schee, Tichai, Yao, ... ]
Two-body part of squared eccentricity operator
\ \

Eccentricity variance = ground-state expectation value of one- and two-body local operators

~_ "

"Two-particle observable Var(V) is induced by up to two-body correlations to leading order

Ao~ r2 [ 2RTT Deformed surface of the intrinsic one-body density distribution
P Classical axial rigid rotor model (1) _ Aae ; — 0 0
Py (F) = PR3 R R[1+B20Y5 () +B30Y3(Q2)]

(DRR,__ , _ | Gl 11 2\RR Thomas Duguet
Plab ("1)—@ fgmpimr(Rerl) ‘ (0€3 )gs g
(0€ )RR

2)RR 1 | - ) -
Ao = o [ ARG ARG )

o Nothing to do with deformation/correlations



Extracting the shape of the rotor - Remarkable lifting of degeneracy in parameter space
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What can we learn about the structure of nuclei from heavy-ion collisions?

Probes protons + neutrons

Expectation directly in the ground state
Higher-order correlators are straightforward
Octupole and quadrupole on equal footing

® high-energy approach

0.30 60°

with p(v2{2)%.(p1))

:22:4“ pv22Y 4P 129X @ [Giacalone, Nijs, van der Schee, 2606.03993]
o BXHE) <g<2}§2‘>2%>2 = <T%ir%:;(;_¢2)>2 = 0.0131(1)stat (19)syst
BSKG 3 '
s mam G = T 001300200
] 11071

Q: How to generalize (correlated) sampling of hucleons beyond the rotor model?
How to implement Pauli, collective, dynamical correlations (and beyond)?
Could also fit directly low-energy constants for some frameworks (Matt Luzum)

= l[ow-energy approach * Probes protons
) * Many levels needed
(@ =) B(E2,05g — 2) « Higher-order correlators (e.g. triaxiality) increase complexity
i e Study of octupole correlations? 6



Toward an EFT for correlation functions in the soft sector (long due...)

<Fn - nev> oy = ’gn0|2 /d?w1d2 Tor] Tnezn(% ®2) <5eev(m1)6eev 332 > ) [(5€ev) : 2n+2(5eev)2}

leading
mean squared mean squared eccentricity )
anisotropy response Q: are these

corrections ordered?

energy deposition relates energy density (1=0*) to nuclear density (thickness)
<5eev(m1)5eev(w2)>ev - F(|$1|, |CE2|) <5tev(m1)5tev(w2)>ev + O(5t4) t(w 25(33 - wz)

(o Ff o). = lgwl? (0n QL) + O(r?Qn QL) + 0(9n Q5 QL1 +

n,ev
leading Itivol
mean squared mulitipoie .. . . .
anisotropy response operator Assigning values to the expansion coefficients
correlator

Multipole operator

/\
Z A n zn¢z -zmm ——
Effective QCD- » Effective QCD * Relativistic viscous * Relativistic
based field theory kinetic theory hydrodynamics hadronic transport
* Parametric * Holography
. models
[Barata, Giacalone, 2609.18754] (e.6. Glauber) J-F Paquet




Toward an EFT for correlation functions in the soft sector (long due...)

<Fn,eVF;,ev>eV = |gnol? /d?wld%czr?r";ei”(w_m) <5eev(m1)6eev(m2)>ev—|— O [(5eev)3, r2”+2(5eev)2}

leading —
mean squared mean squared eccentricity )
anisotropy response Q: are these

corrections ordered?

energy deposition relates energy density (1=0*) to nuclear density (thickness)

A
(Deey(@1)dees (22)),, = F(|1], [2]) (Oter(@1)ter(@))e + Ot ) = 0@ —2)

* s 2/A A 2 AT 5 A Af
(FrenFr o). = Ll (QnOF ), + O(r?Qn OF) + O(Qn Qn Qly) + ...
mean squared  1€2ding  multipole S [ ALICEOO and'Ne-Ne, {5y =536 TeV' '
anisotropy réesponseé  operator Py L.o'.zf.ﬁinf?fv./C 3DGlauber IP-Glasma  Trajectum
correlator 3 "?[lleading order | PECM -
Z
e - H
. >
Multipole operator same leading order —>
Q, = gl retngi different coefficients
n i 1

[Barata, Giacalone, 2609.18754] - ' . . .

0 Celntrality (%) 8




Prospect #1 - Unveiling the nuclear force through multi-particle correlations

I A

NNLOgat

~150 —125 —100 40 45 50 12 14 —0.0375 —0.0350 —0.0325 0.06 007  0.08
E [MeV] (r?) [ (rl) [l B3(HE) B3(HE) ¢ Energy: LO 3S; sets the scale of
160 CCSD - ) ) — T binding in both nuclei.
- ¢ Radius: Similar LO/NLO-S and
q NLO-P wave sensitivities in both
nuclei.
0.0 NLOS — — NLO Quadrupolar (B 2) shape:
Ciso Css1 P 2 pe:
- 160 NLO3S149% + LO3S1 20%
I . [ - 20Ne NLO 3P,82%
~160 ~120 48 5.4 6.0 15.0 17.5 0105 0120 0135 0018 0.024
E [MeV] (r?) [fm? (r}) [fm?] B3(HE) B3(
20 T :
ors| e CUSD, J™-projected guesstimate: need to know Bzz(HE)
0.50- to $5—10% total uncertainty for it

to inform chiral Hamiltonians

A
0.25 1 I .
e mem .. B .
0.00 103 NLO-S NLO-S NLO- \/ An d reas E kStI‘O m
0351 CISU C?,Sl C3P2

NB. Complementary to the effort of determining hadron interactions from femtoscopy



Prospect #2 — Nuclear matrix elements for neutrinoless double beta decay

observation
1/T e | MOU |

nuclear

) BSQ/I
My

structure

first ab initio results!
(spherical nuclei only)

-. 76Ge R 7689

—0.006 —0.004 —0.002

Eflfzsf'[ﬁéﬂz

Strong motivation for studying 76Ge and 76Se at a collider
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Prospect #3 — EFT in terms of energy-energy correlators? More natural language

[Barata, Giacalone, 2609.18754]

Azimuthal nuclear correlation
/<6t(r1) t(ra)),, rirne ™At

o< (0nQOh), + ..

f t 5 Azimuthal detector correlation
uture * BN o
< ............................ * < n.ev n’ev>ev

/<5Eev(n1) 6&ev(n2)) ginhe

Q: Can we formulate the flow vs. non-flow separation within an EFT language?

: Shall we get rid of the notion of ‘centrality’ and work only with Npart=2A? With ZDCs?
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