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|. Nuclear structure in different time scale

ate 9%Ru and %Zr

| will only more focus on the current STAR data, | am sorry if | didn’t include other interesting data and model studies.



I. Nuclear structure in different time scales



The power of imaging

First-ever image of a black hole MRI CT image Image of electrons at attosecond

N
>

Astronomical scale microscopic scale

Imaging: one of the scientific methods to understand nature!



Collective structure of atomic nuclei

* Emergent phenomena of the many-body quantum system [IEEEE
 Quadrupole/octupole/hexadecapole deformations Gontguraon nteraction
* Clustering, halo, skin, bubble...
* Non-monotonic evolution with N and Z

RepProgPhys76, 126301(2013)
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Low-energy spectroscopy vs high-energy snapshot method

* Intrinsic frame shape not directly visible in lab frame
--Mainly inferred from non-invasive spectroscopy methods.
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* Shape-frozen like snapshot in nuclear crossing (10-%>s << rotational time scale 10-?1s)
--probe entire mass distribution in the intrinsic frame via multi-point correlations.



Collective flow assisted nuclear structure imaging

Nuclear structure Initial state Final state
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Many-body correlations | Constrain the initial condition by comparing nuclei with known structure properties.
* Reveal novel properties of nuclei by leveraging known hydrodynamic response.
e Study the unknown nuclear structure by heavy-ion collisions. 7




Snapshot imaging = tracing the intrinsic nuclear structure?

s “._figuring out a pocket watch by smashing two
=== together and observing the flying debris”

— Richard Feynman

Short-time scale imaging could see detailed shapes?



Il. Nuclear structure in heavy 238U and intermediate °°Ru and °¢Zr nuclei

B Po
p('r, 0, ¢) — 1+ e(r—R(0,9)) /a0

R(6,¢) = Ro(1 +{B2[cosvY20(0, @) + sinvY22(0, P)] + B3Y3,0(0, ¢) + B1Ya0(6, ¢))

DFT calculations predict a slightly small WS deformation [ﬁgu ~ 0.28 — Bauws ~ 0.25]
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corresponding to a larger volume deformation in presence of 8,,~0.1 Bzbody = SFA d*rp(r)r?Yag
0
: o : Byrp — T B(E2)
Low-energy estimate with rigid rotor assumption from B(E2) data  #1» = 1z~

[ ﬁQU,LD = 0.287 = 0.007 FYU,LD = 60 — 80 ]




Evidence of deformation from system comparison

Two particle correlator:
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Elliptic flow and size fluctuation are enhanced by the nuclear deformation effect.



Reflecting the initial state from the nuclear geometry
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Sign-change in U+U in central collisions; Au+Au remains positive ”



Extracting shape of 238U: quadrupole deformation and triaxiality
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Understanding the nuclear deformation in the shorter time scale.

A novel way to quantify the shape of 238U.
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Sanity/systematic check #1 : viscosity effect
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Sanity/systematic check #2 : nuclear parameters effect
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Sanity/systematic check #3 : different hydrodynamic models
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Other hydrodynamics model (Trajectum) also shows rather consistent extractions even if
it was not tuned to RHIC data.

check #1#2#3 of model systematics sources are included in the experimental paper. 15



Mean transverse momentum [p,] fluctuations
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Event-by-event [p-] fluctuations also reflect the deformation of colliding nuclei
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[p;] fluctuations and comparisons to hydro model
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Au+Au: variance and skewness follow independent source scaling 1/N."* within power-law decrease

U+U: large enhancement in normalized variance and skewness and sign-change in normalized kurtosis
— size fluctuations enhanced

The nuclear deformation role is further confirmed by hydro calculations.
Hydro: private calculations from Bjoern Schenke and Chun Shen

[p;] fluctuations also serve as a good observable to explore the role of nuclear deformation.
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Other interesting questions remained:
1. More new observables also need to be investigated.
2. Current calculations are in 2D transverse profile, but how 3D will be?
3. High-order deformations & “soft” or “rigid” Triaxiality.

4. Precise data-model comparisons and the accuracy of the initial state.



Structure of isobaric °°Ru and °Zr nuclei:

0.9 = P -

Ro(1 + B2[cosvY2,0(0, @) + sinvY22(6, ¢)] + B5Y3,0(0, 9))

R(0,9) =

Lower energies experimental measurement

g — Am B(E2) 1  dx

B(E3) 1

3ZR2 e Bs = 3ZR3

Evidence of static octupole moments at low energies is rather sparse.

e2

B2 Ez{ (MeV) B3 E.?,; (MeV)
““Ru [0.154 0.83 - 3.08
2°7r 10.062 1.75 0.202,0.235,0.27 1.90
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Pear-shaped nuclei enable new physics searches?

US Long Range Plan 2023

Sidebar 6.2 Radioisotope harvesting at FRIB for fundamental physics

The Facility for Rare Isotope Beams (FRIB) will yield the discovery of new, exotic isotopes and the measurement
of reaction rates for nuclear astrophysics, and will produce radioactive isotopes that can be used for a broad

range of applications, including medicine, biology, and fundamental physics.

Converting waste to wealth

Radioisotopes at FRIB are produced via fragmenta-
tion when accelerated ion beams interact with a thin
target. Several isotopes, including those previously
unobserved, across the entire periodic table will be
produced in practical quantities for the first time in
the water beam dump at the FRIB accelerator. The
Isotope Harvesting Project provides a new oppor-
tunity to collect these isotopes, greatly enhancing
their yield and real-time availability to enable a broad
spectrum of research across multiple scientific
disciplines. Isotopes will be extracted from the beam
dump and chemically purified using radiochemistry
techniques in a process called harvesting. Harvesting
operates commensally, therefore providing additional
opportunities for science.

EDMTTMDM EDMTlMDM

Time
Reversal

Time Time
r—>  S—
Figure 1. A pear-shaped nucleus spins counterclockwise or
clockwise, depending on the direction of time. [S47]

Pear-shaped nuclei enable new-physics searches

With uranium-238 ion beams, these methods can produce heavy, pear-shaped nuclei that can be used to search
for violations of fundamental symmetries that would signal new forces in nature. For example, a nonzero per-
manent electric dipole moment (EDM) would break parity and time-reversal symmetries. Figure 1 shows a pear-
shaped nucleus spinning under applied electric and magnetic fields. Its magnetic dipole moment (MDM) is non-
zero, and if its EDM is also nonzero, then its spin-precession rate changes if the direction of time is reversed.
Heavy, pear-shaped nuclei can greatly amplify the sensitivity to a nonzero EDM and complement neutron EDM
studies. Pear-shaped isotopes such as radium-225 and protactinium-229 will be produced in abundance at
FRIB, and their EDM effects can be further enhanced by using them to form polar molecules, which can then

be probed using cutting-edge laser techniques. The unigue sensitivity of these experiments opens otherwise
inaccessible windows on new physics.

EDMs are very small and difficult to measure.
Higher sensitivity via Schiff nuclear moments in heavy nuclei
-> Octupole deformation enhancements

Rev.Mod.Phys.91, 015001(2019); Rep.Prog.Phys.80, 046301(2017); Ann.Rev.Nucl.Part.Sci.69, 219(2019)

Hunt for the no neutrinos

[Double beta decayl

Double beta decay
which emits anti-neutrinos

MNeutrinoless
double beta decay

Isotope T, (x10%® y) (mgg) (eV) Experiment Reference
BCa >5.8x 1073 <35-22 ELEGANT-IV (157)
"6Ge > 8.0 <0.12-0.26 GERDA (158)

>1.9 < 0.24 - 0.52 MAJORANA DEMONSTRATOR (159)
*2Se >36x107%  <089-243  NEMO-3 (160) 96 . .
Bz >92x107¢ < 72-195 NEMO-3 (161) Zr with h Igh-Case
Mo  >11x107" < 0.33—0.62 NEMO-3 (162) .
16cd  >1.0x1072 <14-25 NEMO-3 (163) rate; strong neutrino
128 >1.1x1072 — — (164) T .
Te  >15 <0.11-0.52 CUORE (124) Mass I|m|tmg ablllty
136Xe > 10.7 < 0.061 — 0.165 KamLAND-Zen (165)

> 18 < 0.15—0.40 EX0-200 (166)
190Nd  >2.0x1073 <16-53 NEMO-3 (167)

2
0.01eV

-1
T = (GIMP (mgs)*) =~ 1072
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Unique isobar °°Ru and °Zr Collisions
%Ru+°Ru and 2°Zr+°6Zr at /s, =200 GeV

* A key question for any Hl observable ():

* Expectation:

Quadrupole |

Il
Octupole 47/

%7y 967

Pear-shaped nuclei

Relate to neutron skin: Ar,, = (r,)"? = (r,)'?

chzflrge

OQGRH _l_ OQSRH
OQGZI. —|— OQSZI.

?
=1

Deviation from 1 could have an origin in the nuclear structure,
which impacts the initial state and then survives to the final state.

(ORY bo + blﬁg + bzﬁg + bS(RO - RO,ref) + 64(61 - aref)

Rop = gRu ~ 1+ C1A5§ + CQAB§ +c3ARy + csAa
Zr
Only probe structure differences

Species ,82 53 o RU
Ru 0.162 0 0.46 fm 5.09 fm
Zir 0.06 0.20 0.52 fm 5.02 fm

. &,85 Aﬁ§ Aag ARg
difference 56006504 -0.06 fm 0.07 fm

A""er,Ru - A'rnp,Zr X (RO\ARO - ROpAROp) + 7/37T2(0,Al(1 o apAap)

|
mass
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v2 Ratio

Nuclear structure via v, ratio
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* Direct observation of octupole deformation in °®Zr nucleus

* Clearly imply the neutron skin difference between °°Ru and 26Zr

B,r,~ 0.16 increase v,, no influence on
Vs ratio

B;, ~ 0.2 decrease v, in mid-central,
decrease v; ratio

Aa,=-0.06 fm increase v, mid-central,
small impact on v,

Radius AR, = 0.07 fm only slightly affects
v, and v; ratio.

* Simultaneously constrain these parameters using different N, regions
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Nuclear structure influences everywhere
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Isobar ratios cancel final state effect

* Vary the shear viscosity by changing partonic cross-section
* Flow signal change by 30-50%, the v, ratio unchanged.
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Ill. Benchmarking tomography of many-body correlation int°O nucleus

--- from one-body distribution to many-body nucleon correlations

1+ w(r?/R?)
1 —+ e(T_R)/aD

» first-principle ab initio framework

p(r) o

“ W Hideki Yukawa

“for his prediction of the existence of mesons
on the basis of theoretical work on nuclear forces”
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Nucleon nucleon correlations in finite guantum many-body systems

“Double magic number” in 1§0 nuclei, possible cluster inside based on the low energy.

Woods-Saxon: without many-body nuclear correlation

Nuclear Lattice Effective Field theory (NLEFT): model with
many-nucleon correlation including «a clusters

Variational auxiliary field diffusion Monte Carlo (VMC):

MC solution of Schrédinger eq. from the time evolution of trial wave
function.

ab-initio Projected Generator Coordinate Method (PGCM):

Wave function from variational calculation (as in density functional theory)

_—
(ap]

=
~
—
~
Q

0.10:

0.05

0.00

= 0.15t

| — - - 3pF fit to VMC
|~ e NLEFT

| = = - 3pF fit to NLEFT
| s 3pF

| == PGCM

4
One-body r (fm)
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Geometric tomography of 20 nucleus for the first time in high energy

0O+0 run2021: 600M MB and 250M HM events
T ' T T T T — {4} /<,{2} from three models:

1. WS is away from STAR data.
2. VMC and EFT have a visible difference.

—
o

Can many-nucleon correlations significantly impact
the eccentricity fluctuations? YES!

=
&
wN
>,
5% 0.8
w ;.-:—\
E / i VMC and EFT theory have visible differences
> - describing the v,{4}/v,{2}. The interplay between
F 06 — PHOBOS Glauber sub-nucleon fluctuation and many-nucleon
2, - —— 00 VMC i
s -0 % ... OO NLEFT - correlation.

B —— 00 3pF(VMC) _

n STAR Preliminary ~ ='='" dO+OA 3PF(NLEFT) |

04—, . , . . L | . Geometric scan elucidates nuclear
‘ Centrality(%) tomography and strong nuclear force?
(va{2})* = cn{2} = (vn) e2{2}2 = (}) O+0 and p+0O at LHC Run2025

(vn{4})* = —co{a} = 2(2)" — (v}) ex {4}t = 2(e2)” — (&) possible Ne+Ne collisions?
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V. Conclusions and Outlooks

1. Understanding nuclear structure is crucial for nucleosynthesis, nuclear fission, and neutrinoless
double beta decay et al.

2. As a novel tool to unvell nuclear structure, also could help better treat QGP initial conditions
further understand fundamental structure in odd- or even-nuclei.

3. Decoding the nuclear structure utilizing many bulk tools via vast final state hadrons.

4. The signatures of nuclear structure in heavy-ion collisions are everywhere, robust and reliable:
---constrain quadrupole deformations and observe a slight triaxiality shape in 238U
Bou = 0.297 £0.013 vy = 8.6° £4.8°

5. Heavy ion collisions open the interdisciplinary connection between low- and high-energy.
---octupole and hexadecapole nuclear deformations, rigid and soft triaxiality, neutron skin,
nuclear cluster in light nuclei

Expect more collaborations for understanding the nature of the shape of atomic nuclei!
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Thank you!

Low energy community High energy community
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Connecting the initial conditions to the nuclear shape

. Po
P, 6,9) = T rom

Body-Body Random rotation Tip-Tip

R(0,¢) = Ro(1 + Ba[cosvYa0(0, d) + sinvYa2(0, #)] + B3Y3,0(6, ¢))

* In principle, can measure any moments of p(1/R, &,, &;...)

= Mean d

L)
2y, < (6d. /d)) >
5d

(
! = Variance <
X @ = Skewness (€x0d1/d.), <5dL/dL) >
£ = exe™® o (r} e = Kurtosis  (e)) - 2(5,?1) : <(5dL/dl)4> - 3<(6dL/dL)2>2

€2 ~ 0.9583; g2 ~ 0.480; g2~ 0 * All have a simple connection to deformation
=  Two-points correlation = Three-points correlation
2 2 2
€= € +p(Q,0)8 + OB |::> €5) ~ (€5) + 0.2
? \B—’ \(le—%) ? ( 2) < 2> < 0> 62 <€§> ~ as i+ b2’2<ﬂ%> + bg}g(ﬁ%) <€%5d$/d¢> ~ ai|— b1 COS(3’)/)63
undeformed hase factor 9 9 )
’ (12) o (& (e3) ~ a3 - b3 3(B5) + bsa(Bs) <(5dL/dL)3> ~ ay| — by cos(37) s
Shape depends on Euler angle Q=0 n n <Si> ~ ay I b44<ﬁi>
<(5d¢/d¢)2> ~ ag t+ bS5 + bo 33
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