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OUTLINE

@ ULTRARELATIVISTIC NUCLEAR COLLISIONS
© WHAT CAN BE MEASURED?

© EXAMPLE 1: SURFACE DEFORMATION PARAMETER EXTRACTION
@ Mean field picture: 8»,~, 83, heutron skin, ...

© ExAMPLE 2: NUCLEAR EFT COEFFICIENT EXTRACTION
@ Using Nuclear Lattice Effective Field Theory

© CONNECTION TO NUCLEAR MATRIX ELEMENTS
@ NMEs and high-energy observables

@ SumMARY
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ULTRARELATIVISTIC NUCLEAR COLLISIONS

HIGH-ENERGY NUCLEAR COLLIDERS
e Relativistic Heavy lon Collider (RHIC) (2000-2026)

e Large Hadron Collider (LHC) (since 2010)
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ULTRARELATIVISTIC NUCLEAR COLLISIONS

HIGH-ENERGY NUCLEAR COLLIDERS

e Relativistic Heavy lon Collider (RHIC) (2000-2026)
— 238y, 197 Ay, %BRu, %6Zr, 83Cu, 160, %He, d, p VSNN < 200 GeV
e Large Hadron Collider (LHC) (since 2010)
— 208pp, 129X, 20Ng, 160, p VSNN < 5200 GeV
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— 208pp, 129X, 20Ng, 160, p , + future ??? VSNN < 5200 GeV

MATTHEW Luzum (USP) ULTRARELATIVISTIC COLLISIONS AND NUCLEAR STRUCTU} INT: NUCLEAR MATRIX ELEMENTS 3/20



TIMELINE OF A RELATIVISTIC COLLISION
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TIMELINE OF A RELATIVISTIC COLLISION

final detected

o Nominal goal: physics Relativistic Heavy-Ton Collisions particles distributions
at and above Knetic
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TIMELINE OF A RELATIVISTIC COLLISION

final detected

N0m|na| goal phySICS Relativistic HCGVY‘IOH Collisions particles distributions|
at and above Kinetic

. freeze-out
confinement scale

Also sensitive to
nuclear structure

Hadronization
TInitial energy
density

QGP phase

A A A AR

Useful for reducing
uncertainties in

S Spds

nuclear matrix
elements?

e With sufficient
interest, could collide equlliriun cous hvdrodyman J
relevant nuclei at LHC fGmiEs PRIEOTD TS free streaming
| collision evolution I

run 4 and/or 5. ~Ofme T ~1fmlc € ~10 fm/c © ~ 101 fm/c
Image: C. Shen

MATTHEW Luzum (USP) ULTRARELATIVISTIC COLLISIONS AND NUCLEAR STRUCTU¥ INT: NUCLEAR MATRIX ELEMENTS 4/20



ENERGY/TIME SCALES

e Typical LHC energy: /syny ~ 5 TeV = ~ 2.5 TeV per nucleon
e E.g., %%%Pb — total energy ~ 500 TeV
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ENERGY/TIME SCALES

e Typical LHC energy: /syny ~ 5 TeV = ~ 2.5 TeV per nucleon
e E.g., %%%Pb — total energy ~ 500 TeV

e Full crossing time of two nuclei: ~ 2R/y ~ 0.01 fm/c
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ENERGY/TIME SCALES

e Typical LHC energy: /syny ~ 5 TeV = ~ 2.5 TeV per nucleon
e E.g., %%%Pb — total energy ~ 500 TeV

e Full crossing time of two nuclei: ~ 2R/y ~ 0.01 fm/c
e No time for nuclear dynamics — snapshot of nuclear wave function

P(%1, X2, ..., Xa) = | (X1, R, ..., Xa|W)[?

o =
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SIMULATIONS/CALCULATIONS

SIMULATING COLLISION
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SIMULATIONS/CALCULATIONS

© Snapshot of target/projectile nuclei

© Multi-stage simulation (initial et
scattering/interactions, Hadroizotin T8~
hydrodynamics, kinetic theory)
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SIMULATIONS/CALCULATIONS

© Snapshot of target/projectile nuclei

@ Multi-stage simulation (initial
scattering/interactions,
hydrodynamics, kinetic theory)

© Collect final particle distribution
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SIMULATIONS/CALCULATIONS

SIMULATING COLLISIONS
© Snapshot of target/projectile nuclei il detected
. . . L Relativistic Heavy-Ion Collisions particles distributions
@ Multi-stage simulation (initial Kinetic :
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SIMULATIONS/CALCULATIONS

SIMULATING COLLISIONS
final detected

© Snapshot of target/projectile nuclei . n
. . . L Relativistic Heavy-Ion Collisions particles distributions
@ Multi-stage simulation (initial Kinetic
scattering/interactions,
hydrodynamics, kinetic theory)

© Collect final particle distribution

@ ~ 10° produced particles for ~ 10°
collisions

© From statistical
properties/correlations of emitted
particles, infer statistical colsTme =1
properties/correlations of nuclear SRR L o
wave function

Hadronization
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WHAT CAN BE MEASURED?

SENSITIVITY TO NUCLEAR STRUCTURE — RULES OF THUMB

e Ground state only (and only stable nuclei)
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WHAT CAN BE MEASURED?

SENSITIVITY TO NUCLEAR STRUCTURE — RULES OF THUMB

e Ground state only (and only stable nuclei)

e Isospin/charge less important — most sensitive to overall matter/baryon
density/correlations
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density/correlations
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WHAT CAN BE MEASURED?

SENSITIVITY TO NUCLEAR STRUCTURE — RULES OF THUMB

e Ground state only (and only stable nuclei)

e Isospin/charge less important — most sensitive to overall matter/baryon
density/correlations

e Spin also less important — P(Xy, X2, . .., Xa)
e Hierarchy of scales: long-range correlations more important than short-range
correlations/structure (“nuclear deformation”)
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WHAT CAN BE MEASURED?

SENSITIVITY TO NUCLEAR STRUCTURE — RULES OF THUMB

e Ground state only (and only stable nuclei)

e Isospin/charge less important — most sensitive to overall matter/baryon
density/correlations

e Spin also less important — P(Xy, X2, . .., Xa)

e Hierarchy of scales: long-range correlations more important than short-range
correlations/structure (“nuclear deformation”)

e Hierarchy of correlations: 2-body correlations more important than 3-body
correlations, which are more important than 4-body, etc.
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OUTLINE

© EXAMPLE 1: SURFACE DEFORMATION PARAMETER EXTRACTION
@ Mean field picture: 8»,~, 83, heutron skin, ...
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MEAN FIELD PICTURE WITH NO LONG-RANGE CORRELATIONS

e Step 1 of simulation: Generate target/projectile nuclear configurations
e Simplest case: no long-range correlations (e.g., doubly magic 2°Pb)

e Quantum fluctuations still important!
e Sample independent nucleons from Woods-Saxon distribution:

, 1
p(r) ~ 1t e(r—R)/a

o = ) A (C
INT: NUCLEAR MATRIX ELEMENTS 9/20
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e Quantum fluctuations still important!

e Sample independent nucleons from Woods-Saxon distribution:

1
~ 1+ elr—R)/a

p(r)
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MEAN FIELD PICTURE WITH NO LONG-RANGE CORRELATIONS

e Step 1 of simulation: Generate target/projectile nuclear configurations
e Simplest case: no long-range correlations (e.g., doubly magic 2°Pb)
e Quantum fluctuations still important!

e Sample independent nucleons from Woods-Saxon distribution:

1

p(r) ~ 1+ e(r—R)/a

— LHC [Trajectum] [0.217 + 0.058 fm]
— PREX1I
— ab initio

p(Aryp)

0.0 0.1 0.2 0.3 0.4

Aty =1y = 1p [fm]

Giacalone, Nijs, van der Schee; Phys.Rev.Lett. 131 (2023) 20, 202302
o« = = = 9ac
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DEFORMED NUCLEI

e Most nuclei have long-range correlations
e Sample from deformed distribution (with random orientation)

e Can sample deformation parameters from distribution to account for shape
fluctuations/coexistence

1

R(Q, ¢) =R [1 + Bo (COS’yYZO + sin ’yY272) + B3 Y370 + .. ]
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DEFORMED NUCLEI

e Most nuclei have long-range correlations
e Sample from deformed distribution (with random orientation)

e Can sample deformation parameters from distribution to account for shape
fluctuations/coexistence

1

R(0,¢) = R[1+ B2 (cosyYap +sinyYa2) +B3Yao + .. ]
f_J

Quadrupole
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e Most nuclei have long-range correlations
e Sample from deformed distribution (with random orientation)

e Can sample deformation parameters from distribution to account for shape
fluctuations/coexistence

1

R(0,¢) = R[1+ B2 (cosyYap+sinyYa2) +B3Yao +...]
f_J

Quadrupole Octupole
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DEFORMED NUCLEI

e Most nuclei have long-range correlations

e Sample from deformed distribution (with random orientation)

e Can sample deformation parameters from distribution to account for shape
fluctuations/coexistence

1

R(Q, ¢) =R [1 + Bo (COS Y270 + sin Y272) + B3 Y370 + .. ]
el w Y,
\‘; n

N

Triaxial

Octupole

Quadrupole
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DEFORMED NUCLEI

e Most nuclei have long-range correlations

e Sample from deformed distribution (with random orientation)

e Can sample deformation parameters from distribution to account for shape
fluctuations/coexistence

1
P 0.0) ~ g Rwaa

R(Q, ¢) =R [1 + Bo (COS’YY270 + sin ’yY272) + B3 Y370 +.. ]

0.30 60°

I with p(v2{2(pr)
without p(v2{2)2,(p7))

® PGCM

0.15 BSKG 1
20° BSKG 2

0.10 ¢ BSKG 3
60 10° v BSkG 4

© BSKG 5

0.10 0.15 0.20 0.25 0.30
B2

129 Xe — Giacalone, Nijs, van der Schee; arXiv:2606.03993
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ISOBARIC COMPARISONS

STAR Isobar blind analysis
VSN = 200 GeV

o o= R
0.06 ,ez: - g: g g =Y
- = ]
N 004y Zr+Zr Ru+Ru g
PAIRWISE PROPERTY EXTRACTION s ey 2
. 96 9 9 96 i B v,(2) = v,02)
e RHIC: j5Zr +33 Zr and 33 Ru +3; Ru collisions 0021 A ioP)angn02) A viSPHAnage02)
o Ratios of measurements for similar mass cancel SPITPO.EPD) o viaP(TPO-£5D)
experimental/theoretical uncertainty L S —
1.1+ Ru+Ru/ Zr+Zr |
1 1 [ i TPC (In|<1
e — Precise constraint on relative properties . A
. = 1.05 4
e Useful for parent/daughter decay pairs? & s 8 B & &

80 7IO éo 50 4IO C-;O 2‘0 1‘0 0
Centrality (%)
STAR Collaboration;
Phys. Rev. C 105, 014901 (2022)
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RESULTS (PRELIMINARY ROUGH ESTIMATES)
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Jo&o Picchetti, ML; work in progress .
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RELATIVE VALUES (PRELIMINARY ROUGH ESTIMATES)
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RELATIVE VALUES (PRELIMINARY ROUGH ESTIMATES)

026233800
Ru _ .71
i i

( RB* > RIr ——  Proton excess in Ruj Az; =z
2 2
Act = (&) ()

AR

ha

003093

1224, 335

INT: NUCLEAR MATRI

MATTHEW Luzum (USP)



RELATIVE VALUES (PRELIMINARY ROUGH ESTIMATES)
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RELATIVE VALUES (PRELIMINARY ROUGH ESTIMATES)

Az; = gf — g7
D = (@ - (aF"
A |\ . /\
<
2 FY 12 -0z 02 -003 obs osm o1 003 obs 1 i s 6

AR Aa 282 asiny 83 ACien ACal

MATTHEW Luzum (USP) AREL/ COLLISIONS AND NUCLEAR STRUCTU¥ INT: NUCLEAR MATRI



RELATIVE VALUES (PRELIMINARY ROUGH ESTIMATES)
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RELATIVE VALUES (PRELIMINARY ROUGH ESTIMATE
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MODEL-INDEPENDENT QUANTITIES

N-BODY OPERATORS

e “Deformation” parameters model-dependent
e Can instead extract model-independent quantities. Blaizot, Giacalone, Lovato; arXiv:2512.18926:

B2Z(HE) = 4r (En)
3 (An)?
1-body operator 2-body operator
:‘A?n = (I’Jz_)n/27 5An(r1,|’2) _ ,.1 /n(¢1 )
' Fy,r2

e (Similar to Kumar invariant B3(LE)) Bofos, Bally, Duguet, Frosini; arXiv:2602.09890

e (Perhaps could derive other operator tailored for NMEs?)
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N-BODY OPERATOR EXPECTATION VALUES

0.07179:954 0.18038378
> 1 o
- m
T T
NS NN
Q |
— -0.158
150- 0.259;9388 _ 150 0.16635336
= N
) m
= d
v |/ e |
-0.254+— -0.25
-0.25 0.75 -0.25 1.50 -0.25 1.00 -0.25 1.50
2 zZ 2 b4
B3(HE)Rv B3(LE)RY Bs5(HE)*" B5(LE)"

Jodo Picchetti, ML; work in progress
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OUTLINE

© ExAMPLE 2: NUCLEAR EFT COEFFICIENT EXTRACTION
@ Using Nuclear Lattice Effective Field Theory
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NUCLEAR LATTICE EFT (0 AND 2°NE)

e Nuclear configurations can be generated with e —
Lattice methods

e Simplified LO pionless EFT with SU(4) symmetry
(no sign problem):

EVEERY

1 . 1 .
Hsua) = Hiree + 5, C2 > A(ny? + 318 > A(n)y®
’ n ’ n

plm) =3 _a(ma(nm) +s > > &[(m)a(n)

[0 —n|=1 |

sL/sio-1

> / ~
&(n)=a(n)+sy Y a(n) : @
\n'—n|=1 ®
e Vary parameters by reweighting IR
Lu, Li, Elhatisari, Lee, Epelbaum, Mei3ner; Physics Letters B 797 (2019) 134863 ML; work in progress
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OUTLINE

© CONNECTION TO NUCLEAR MATRIX ELEMENTS
@ NMEs and high-energy observables
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NMES AND HIGH-ENERGY OBSERVABLES

"1 (a) r=086 | (b) =093

451 MR-CDFT, "Nd

4.92 4.96 5.00 0.28 0.30 0.32
R, (fm) Ba
201 (c) r=-093| (d) r=-091
RELATION TO HIGH-ENERGY OBSERVABLES = . N
o NMEs from CDFT calculations of °Nd — "°Sm
SR-CDFT+TrENTo 150N+ 19N, /5w = 5 TeV]|

-3

e Well correlated with measureable quantities from
high-energy collisions of 15Nd + 15°Nd w[® =T

5 0 0 3
Awf2h[%] A (Olpr)[%]

S -

15 0 15 5 0 5
A (cov(od. [or) 1% Aw{ap)

Li, Zhang, Giacalone, Yao; Phys.
Rev. Lett. 135, 022301 (2025)
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SUMMARY

e From ultrarelativistic collisions, can extract information about nuclear structure and
correlations

e Can be used to constrain nuclear matrix elements
e What is the best way to integrate into matrix element calculations?
e Posterior distributions for surface deformation parameters? (R, a, 52, 7, 53, --.)
e Expectation values for certain 2-body, 3-body, . ..operators?
e More direct integration into nuclear matrix element calculations?
e Other ideas/suggestions?
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