Nuclear Deformation in High Energy Nuclear Collisions
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Exploring nuclear physics across energy scales 2024: intersection
between nuclear structure and high energy nuclear collisions
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Figure 1. Global rare-earth-oxide production trends.
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1 — Role of nuclear deformation in heavy-ion collisions

2 — Implementations of nuclear deformation in high energy collisions

3 — Studying and exploiting nuclear deformation at high energy



1 — Role of nuclear deformation in heavy-ion collisions



[Gelis, IIMPE 24 (2015) 10, 1530008]

a QCD description of high energy collisions
between hadrons may be feasible, provided we can Erovide "’snaBShotS“ of their
partonic content at the time of the collision.

transition probability probability to find & | Z Amplitudes |2

from hadrons to X {q,9} in {hy, ho} {g,9} = X

partons
{q.9}

called initial state factorization. Roughly speaking, the physical motivation for
such a factorization is that the neglected terms are interferences between a hard

process that occurs on the timescale of the collision and a process internal to one

of the projectiles, happening on much longer timescales.
____________________________________________________________________|




Snapshots of atomic nuclei
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of the nucleon positions

[Miller et al., Ann.Rev.Nucl.Part.Sci. 57 (2007) 205-243]
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Image of collapsed wave function of 10 Li atoms
[from S. Brandstetter (Pl Heidelberg)]
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ANALYTICAL INSIGHTS

A
- THICKNESS FUNCTION:  t(X) = Z g(x;x;,w)
i=1

Nucleon “form factor” at high energy.
W = nucleon size.

— ENERGY DEPOSITION:
+ + q/p
lim Te(x) o ( Ax) + B(X)) s At —— 4 (X)tp (%)
T—)O+ 2 p=0 q=2
IP-Glasma (1=0)
“IP-Jazma’

- TAKE HEAD-ON COLLISIONS (b=0). “binary collisions”

nucleusA * nucleusB —p energy density




DENSITY CORRELATIONS IN THE OVERLAP REGION

e =22 ( [

%

2
P (&)g(x — g,,;)) Fdensity field, €

X

(GO = (4 [ Pr(Elx - Ealy - &)

ENERGY DENSITY

+(A2—A)/

Poy (&, &5)9(x — &)gly — fj))

§i7€i  NUCLEAR NUCLEON
STRUCTURE STRUCTURE
[Giacalone, EPJA 59 (2023) 12, 297]
i T 2
nuclear n-body densq‘y.” P,(rq,...,r,) = Z / dr,, . q...dra|V 4|
( L = integrated over “z"”)

s.t GROUND STATE
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BONUS: CONNECTION TO EXPERIMENTAL OBSERVATIONS

& & &

fx e(x) |x|"e o=

Jx €(x) [x]™

- ECCENTRICITY: &, = —

- PERTURBATIVE EXPANSION:  €(X) = (€(X)) + de(X)

[Blaizot, Broniowski, Ollitrault, PLB 738 (2014) 166-171]

— MEAN SQUARED ANISOTROPY: PZL (fz, &‘J TWO-NUCLEON

/ DENSITY

| v e (e —b) (e(x e FINAL STATE
ey X"y 2<( Je(y)) x V.V
(J5 (e(x)) 1)

INITIAL STATE

(Enén)




MULTI-PARTICLE
CORRELATIONS IN FINAL STATE

MULTI-NUCLEON
CORRELATIONS IN NUCLEI QGP

=

Recent reviews:
[Ollitrault, EPJA 59 (2023) 10, 236]

[Giacalone, EPJA 59 (2023) 12, 297] MEAN TRANSVERSE MOMENTUM
1-nucleon density 1 particl | Nen
particle 1), = Do
Py(rq) :Z/dsrg...dSrAMlA(rl...rA)|2 pel)es Chi—zl !
p— T ev

. . MEAN SQUARED ANISOTROPY
2-nucleon density 2 particles ©

in(di—dj)
_ 2 * _ Zlﬁé'e
PQ(I’l,l“2> — Z / d31”3 ... d3I'A’\IjA(I‘1 ce I'A)‘z Un= <ann >ev N <Nch eVJ(NCh o — 1)>
> ev

MOMENTUM-ANISOTROPY CORRELATION

3-nucleon density 3 patrticles i
Ps(r1,12,13) = dry. . dPra|Ua(ry...14)) Jvn) = Lozt — {pulev) )70
o) =3 [ st )P ool = (S PR .



_

Independent fermions: h; =
2m

+V(ri) —» Pa(ri,ra,...,r4) = Pi(r1)Pi(r2)... Pi(r4)

1
1+ e(T—R)/CL e.g. Woods-Saxon

All information in the one-body density: P1 (7“) X

0- ]-O 12r impact pprameter
0.081
208Pb
© 0.06 ‘ g]
= 0.04} )
0.02F proton
neutron
0.00; : 10
r (fm)

Information from nuclear structure = radial profile + number of nucleons »



However, nuclei display strong spatial correlations = shapes

Z

U E =B J(J+1)

100§ 775.9

258
8" vy 5181

|
6" 211 30718
4" Ly 148.38

27 \¥_/ 44916
or /00

Correlations from random rotation of an intrinsic deformed object

Pl(rl)Z/QPQ(Fl)

M EULER ANGLES [STAR collaboratidh, aFXi:/:2401.06625]
Py(ry,rp) = / pa(ri)pa(re) # Pi(ri)Pi(rs)
5 DEFORMATION
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400 LARGE-SCALE
350 FLUCTUATIONS!
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body-body | tip-tip
1296 1280
0.587 0.651
0.083 0.027




Z
p '/'body-body

“Seeing” the deformation of #3U

event body-body | tip-tip

8 -4 0 4 dN/dn 1296 1280
z (fm) [p¢] (GeV) 0.587 0.651

V2 0.083 0.027

(vayx10*

[STAR collaboration, arXiv:2401.06625]

0 - 0.5% Centralit
STAR y
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2 — Implementations of nuclear deformation in high energy collisions

15



Implementation from energy density functional theory

0.0 0.1 0.2 0.3

Intrinsic one-body density from mean-field states

[Bally et al., PRL 128 (2022) 8, 082301]

[Bally, Giacalone, Bender, EPJA 58 (2022) 9, 187]
! [Bally, Giacalone, Bender EPJA 59 (2023) 3, 58]

[Ryssens et al., PRL 130 (2023) 21, 212302]

p(r) = (®(F)| al ,(r)a,,(x") |®(5))

s,t

r=r
Fit some appropriate function

1
P 0, @) o T o T — RO, H)] /)

e.g. Woods-Saxon

| R0,6) = Bo |1+ B3 (cosVan(0) +5in2¥2n(6,6) ) + ByYao(8) + BuYio(6)

TN

TN
\ -
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Deformation of 2°Xe at the LHC

E (MeV)

Xe- JT =1/2+
-1075.8

[Bally et al., PRL 128 (2022) 8, 082301]
[Jia, PRC 105 (2022) 4, 044905]

NUCLEAR TWO-BODY DENSITY

PQ(I'l,I‘Q) = Z/d3r3 < .dSI‘A"I/A(I‘l
s,t

e , Pb-Pb
1 v,
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Evidence of triaxiality in 1#°Xe

E (MeV)

Xe- JT=1 Jot deformed nucleus (8 > 0) collisions at low [p¢]
-1075.8

y=0
overlap
M=rn<rmr

prolate

\ ~y=30C
L FE T2+

triaxial

v = 60°

' n<rm=1r3

oblate

[Bally et al., PRL 128 (2022) 8, 082301]



Probing three-body correlations [ATLAS Collaboration, PRC 107 (2023) 5, 054910]

p (V3,p.) Xe-Xe/Pb-Pb

& | ATLAS T E, -based e Sy
[ALICE Collaboration, PLB 834 (2022) 137393] = - Three-subevent method ~ @ 0.5<p <5GeV 1
_ Y T n — o - Pb+Ph 5.02 TeV | <25 /{ :
| Xe-Xe collisions at 5.44 TeV g 1 Xe+Xe 5.44 TeV e
i éﬁ using ALICE results E
08 i X
L p—
+ 2 +
[ L + N
0.6/ ~0.5- Lo T
i Q L\
= TrentO e \ 7
| -~ Xe+Xe(B=0.2, y=0°)/Pb+Pb(B=0.06, y=27") = ' |
- Prolate 129Xe i — Xe+Xe(B=0.2, y=20°)/Pb+Pb(p=0.06, y=27°) K
0.4— | 5, [—Xe+Xe(=0.2, y=30°)Pb+Pb(B=0.06, y=277) . |
[ o : .- Xe+Xe(B=0.2, y=40°)/Pb+Pb(B=0.06, y=27°) '
* Triaxial 129Xe ‘ fio- O~ — Xe+Xe(=0.2, y=60°)/Pb+Pb(=0.06, y=27°) —
i C | | 1 | 1 1 | | | 1 1 1 | ‘ 1 1 1 1
. | | | "
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NUCLEAR THREE-BODY DENSITY MOMENTUM-ANISOTROPY CORRELATION

> izicn (@i — ([Pelev))ei™(®i=9%)
— 5 o o o .« o 2 :: . = z?éj?é
P3(I'1,I’2, I‘3) Et:/d I'q d rAl\IJA(rl rA)‘ h pn COV([ptL Un) < Nch,ev(Nch,ev - 1)(Nch,ev - 2)
s ev

[Jia, PRC 105 (2022) 4, 044905] Pn X - COS(?W)ﬁS

[Giacalone, EPJA 59 (2023) 12, 297] 19



Breakthrough of 2021: data from “isobar collisions” is released.

TALK BY J. JIA

X and Y are isobars.

X+X collisions produce QGP with
same properties as Y+Y collisions.

Ratios of observables (O) should be unity...

OX—I—X K 1
Oy v

[STAR collaboration, PRC 105 (2022) 1, 014901]
[Giacalone, Jia, Soma, PRC 104 (2021) 4, L041903]

Departure from unity is mainly due to nuclear structure.

Extremely precise measurements.
20



Quadrupole and octupole deformations

(V) = a+bB,

spherical / J

baseline QGP
response

deformation

Isobar ratio and Taylor expand around unity:

=1l+4c (/@%,Ru — B?L,Zr)

N

_ 2 2
Low-energy nuclear physics: /62’]_:{11 > BQ,ZI-
TALK BY M. ZIELINSKA

<U%>Ru+Ru
(V2 ) Zet Ze

positive coeff

[Giacalone, Jia, Zhang, PRL 127 (2021) 24, 242301]
[Jia, PRC 105 (2022) 1, 014905]
[Jia, Zhang, PRL 128 (2022) 2, 022301]

[STAR collaboration, PRC 105 (2022) 1, 014901]
BUEEE ER L EE R T S
Ru/Zr

2 2 2 2
RHIC data: BQ’RU > ﬁQ,Zr /83,Zr > BB,RU

1
1_1|'_STAF{ Preliminary :: : -
.=V, : ::‘:..,d': J
g MY Y
L j ' :
o k- g o]
lg : :
] | 4
© . "
| - ] I “-
. L1 e )
i I (I |.¢ 7
o TR T I Iy
0 100 200 300
Ntrack(ln|<0'5)
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Octupole requires correlations “beyond mean field”. A feature of the 2-body density.

100 fy 2.5 MeV .

® Nuclear wave functions . Generator Coordinate Method (GCM) ansatz

JMNZm\ __ JMNZn pJ N pZ pr
|‘I’a > = E :fg qK PygP PP |(I)(Q)>
I'=(JMNZn) qK DEFORMED
MIXING PROJECTION "o
D1M ECORR (GCM Q30) C) [Bertsch, Robledo, J. Phys. G 42 (2015) 5, 055109]

20 40 60 80 100 120 140 160 180
N TALK BY D. VRETENAR

But how do we sample it?



Evaluate mean field state at the maximum of g% / minimum of projected energy. Sample nucleons.

[Bally et al., PRL 128 (2022) 8, 082301]
[Bally, Giacalone, Bender EPJA 59 (2023) 3, 58]

projected 0 energy

0.3
o 0.2 S
o =
¢ 1p o

0.0
—0. 4 0.2 O 0 O 2 0.4
[Rong et al., PLB 840 (2023) 137896] B>o
0.5
0.4 07 Collective wave function
o after projection
0.31 & ”
£ | weight distribution” g
0.2
g2(Bz,Ba) 8
0.1 @
E 4 il 0.0 T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 -04 -0.2 0 0.2 0.4 0.6

B, [Robledo et al., in preparation] B2 »3



Implementation from zero-point fluctuations

W(t)) = +Zrn|n ol

A

pr,t) = (T()| Y d(r —r;)|W(1))

1=1

To leading order in the perturbation:

p(r,t) = po(r) + Z{cﬂ_ﬁpn(r)e_m”t + c.c.}

[Ring, Schuck, Nuclear Many Body Problem]

TALK BY P. RING

Transition densities computed within relativistic nuclear effective theory

Equations-of-Motion Method and the Extended Shell Model

D. J. ROWE ” .
Rev. Mod. Phys. 40, 153 — Published 1 January 1968 Citing Articles (948)

[Litvinova, Schuck, PRC 107 (2023) 2, 029903]

24



The dominant softness of Ru is of the quadrupole
character, with the lowest quadrupole state at ~833 (880)
keV in the experiment [9] (theory), which is well sepa-
rated from the higher excited states. In %Zr, the low-
est 2 and 3] states which define the dominant fluc-
tuation shape are nearly degenerate, appearing at the
energies ~1751 (1790) keV and ~1897 (1990) keV

0.02

0.00
[fm-3]

(5L s from density
=== Woods-Saxon fit
¢ STAR data

12{2}Rusru/2{2} zra2e

09060 200 300 400
“I\'rtrk
1.1
8 Preliminary
3
gL
_’{;
=
: \ *4
=09} w"“
‘-C:]-' \f\
2 v
[Giacalone, Litvinova, in
08000 200 300 400

N,
i¥trk

)reparation]
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Implementation from ab initio approaches TALK BY B. BALLY

Chiral effective field theory
[T. Duguet, ESNT workshop, Sep 2022]

2N Force 3N Force 4N Force

LQI/? J° ><

| Build H (and other operators) with [yEFT at various orders]

@ Non-trivial formal task whose difficulty increases with order (e.g. 3N at N2LO, 4N at N3LO...)

NLO X |:::;H::;j] @ Fit LECs of mode-2k tensors to experimental data (or lattice QCD) in A = k-body systems
(Q/A,)° bt
: [Hlll Organization = power counting
Importance of interaction terms
H__', A-body Schrodinger Equation
NNLO s g , I
o XX ) = EpED)
—_ v + .] 1 |  Etfective description = A-body operator in principle
)/ W LT fhkd [Weinberg, Gasser, Leutwyler, van Kolck, ..]
. + § 5 L3 A s H:T+@}+V4N+...+VAN
N'LO |f-t+ f H +:iﬁ}-- 8. H Describing nuclear systems:
(Q/AY |+ + s +j"'j;;<;’"; x 1) Consistently (from a single theoretical rationale?)
' E% AN S 2) Systematically (complete phenomenology?)
¢ 3) Accurately enough (relevant to experimental uncertainty?)
N’LO X*Hl + H+H ml-- 4) From inter-nucleon interactions (right balance between reductionism/emergence?)
(Q/A\)° ++[1 IH' [ | ‘ 5) Rooted in QCD (sound connection to underlying EFT?)

26



Opportunities from O+0O

1 - Variational Monte Carlo — Auxiliary Field Diffusion Monte Carlo (VMC-AFDMC)
MC solution of Schrodinger eq. from time evolution of trial wave function.

[Lonardoni et al., PRC 97 (2018) 4, 044318]
[Lim et al., PRC 99 (2019) 4, 044904]

2 - Nuclear Lattice Effective Field Theory (NLEFT)
MC solution of Schrodinger eq. on a lattice.

[Lu et al., PLB 797 (2019) 134863]
[Summerfield et al., PRC 104 (2021) 4, L041901]

TALK BY U. MEISSNER

==l sampled nucleons include up to A-body correlations

3 - ab initio Projected Generator Coordinate Method (ab initio PGCM)
Wave function from variational calculation

Frosini et al., EPJA 58 (2022) 4, 62
(as in density functional theory). 5 <‘1’|H|\I’> —0 Frosinreta EPJA 58 E2022§ 4, 63
Provides a deformed density. (\If]\IJ> EPJAS8 (2022) 4, 64]

TALK BY B. BALLY

27



Deformations?

il

@ protonup
@ proton down
@ neutron up
@® neutron down

NLEFT (similar for VMC)

28



p(r) (fm®)

- - - 3pFfitto VMC I
NLEFT

4
One-body r (fm)

Two-body C(Ar)
T g T T T

— VMC
—— NLEFT
0.5 — PGCM
— 3pF
PR T R T T S TR T N TR SN T T NN SO TN ST N [ T TR
0 1 2 3 4

Relative distance Ar (fm)

VMC has strongest clustering/short-range correlations

[Zhang et al., 2404.08385]

[Broniowski, Rybczynski, PRC 100 (2019) 6, 064912]

:',,51.05—
S~ de 8 NLEFT
&t e
qg e 6 .I
‘ (&1) 1.00F r———————————n — . ..... . ....... ®
= : O
i [
0.95 . VMC
®
0 20 20 50

Centrality (%)

Oxygen-oxygen collisions will discern models of
clustering and short-range correlations.
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3 — Studying and exploiting nuclear deformation at high energy

2| 3

30



EIC (or UPC) program — Same paradigm?
[Mantysaatri et al., PRL 131 (2023) 6, 062301]

J/U

TALK BY Z. XU

t(b) gluon
density

Amplitude: A7 A7V A / e P 4¢(b) (-A2=t)
b

_> ’< ‘t’ > _>/ Pl_L 5@) B (coherent)

—> < ‘A|2(|t|) > — f;_fﬁggj PQJ_(giagj)e_ZA.(&_éj) (incoherent)

[Caldwell, Kowalski, PRC 81 (2010) 025203]
[Giacalone, EPJA 59 (2023) 12, 297]

T+U >IN + U, x = 1.7 x 10°
Coherent Incoherent

do/dt [nb/GeV 7]

Q
"y

1

Lrjb!GeVZ]
=
Dm

i
Y /i
Jinn

m,
Ll

W .

do/dt

=
]

.Nlnulnﬂ 11:

.
- 20"
>,

(b)
10°F

0 00l 002 003 004
Itl [GeV?
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Consistency of nuclear phenomena across scales

Pr(p&D) = Pr(p) x Pr(D|p) = Pr(D) x Pr(p|D)
prior x likelihood = evidence x posterior
[e.g. Paquet, arXiv:2310.17618]

BAYESIAN ANALYSIS

Beautiful example and opportunity: The neutron distribution of 2°®Pb is poorly known.

0.20

1
p(r) o R 0.15
] g

. _ =010}
Protons: density from low-energy scattering. =

[Zenihiro et al., PRC 82 (2010) 044611]

0.057

protons

neutrons

Neutrons: same R as protons, infer a from LHC data.

0.00
r (fm) 32



Correlation between nuclear properties and initial-state parameters

0.558+0.076 —0.12+0.13 1.31+0.11/0.217+0.058

I 0.47
1 0.32

0.16

-0.19

I -=0.39
=037

TALK BY G. NIJS

[Giacalone, Nijs, van der Schee, PRL 131 (2023) 20, 20]

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

0.0 0.1 0.2 0.3 0.4
Aty =1, — 1, [Im]

[PREX Collaboration, PRL 126 (2021) 17, 172502]
[Hu et al., Nature Phys. 18 (2022) 10, 1196-1200]

Generalize to deformation parameters - Refining initial-state model

33



arXiv:2402.05995 CERN-TH-2024-021

The unexpected uses of a bowling pin: exploiting *’Ne isotopes for precision
characterizations of collectivity in small systems

Giuliano Giacalone,’ * Benjamin Bally,? Govert Nijs,® Shihang Shen,*
Thomas Duguet,”® Jean-Paul Ebran,”® Serdar Elhatisari,” '° Mikael Frosini,'' Timo A. Lahde,'® 3
Dean Lee,'* Bing-Nan Lu,'® Yuan-Zhuo Ma,'* Ulf-G. Meiner,'" 16,17 Jacquelyn Noronha-Hostler,'®
Christopher Plumberg,'® Tomas R. Rodriguez,?® Robert Roth,?!'?2 Wilke van der Schee,® 2324 and Vittorio Soma®

il

[Nes pnz (0, 2) - PGCHI >~
-

Ancillary files (details):

PGCM_clustered_dmin0_Me.h5
PGCM_clustered dmin0_O.h5
PGCM_uniform_dmin0_MNe.h5
PGCM_uniform_dmin0_O.h5

MLEFT _dmin_0.5fm_negativeweights_MNe.h5
MLEFT_dmin_0.5fm_negativeweights_CO.h5
MLEFT_dmin_0.5fm_positiveweights_MNe.hS
MLEFT _dmin_0.5fm_positiveweights_0Q.h5

34



v2{2,|An|>1}

NeNe/OO

dNeh/dn = 150

Error cancellations — Quantitative predictions for a small system

- '0.2GeV<spr<3GeV,05<|n<=<0.8
0.08; ]
PGCM
0.07 _ S
0.06 === _____ 00 — NeNe
0.08. NLEFT Trajectum_
0.07:
0.06: :
i [total ¥ Trajectum [ structure
120 - : } :
1.15 % PGCM — NLEFT
1.10 R e =L
Ll e £ :
1.00¢ ' ‘ ' | |
0 10 20 30 40 50

centrality [%]

20Ne £ <. 2Ne
s
1604// + &160

Theory with reliable systematic error:

syst. syst.

1.139(6)stat. (27) 7% (285t (PGCM),

syst.

va{2}NeNe _ {1.170(8)Stat,(30) Traj-(g)str.  (NLEFT)

v2{2}00

syst.

TALK BY G. NIJS

Systematics are from hydrodynamics. Ideal to test physics beyond “standard model”.
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The unexpected uses of a bowling pin - SMOG2

TALK BY G. GRAZIANI

[LHCb Collaboration, JINST 17 (2022) 05, P0O5009]

v'_ 7 Tev, 0.07 TeV Vs =0.07 Tev
3 ; ' s | LHCb, Pb+Ne +/3nx = 69 GeV
/—b-<¢— | iy :
Pb+O o
| Q// Sl
O+Ne ; =
8,102
Pb+Ne '
Ne+Ne o

e A xR A A,
VVWV“VVVVV\JV\—HVV VV\

/

data/model
b
= |
-

0 1 2 3 i
ECAL energy (TeV)



For deformed nuclei, flat eccentricity up to ~20% centrality

LI B L LR BRI BLUNLELEE N BN B
i “Ne+Pb at |sy = 68.5 GeV / [W. Zhao et al., in preparation]
0-6__ —PGCM,C'USter __ 'L LA LA R R L L L L L B NS AL R LR R L
—— PGCM, Uniform ] i 3DGIa\1/@ar+MUSIC+UrQMD |
T —— NLEFT i L S,y = 68.5 GeV _
& 0.5 —— W-S, Spherical . 1.2 2 -\A 02NN< p,<3.0GeVlc
- . . o i —— PGCM, Cluster 7
w [ ] = i — PGCM, Uniform 7
0.41 ] \ S —— NLEFT 1
i ] = 117 2Ne+Pb — W-S, Spherical ]
0.3F 1<b> = RNe _ ="
I A S A B S AP
0 10 20 30 40 50 60
Centrality [%] I | | I 1 | o
0 10 20 30 40 50 60
- off-target .
on-target g Centrality [%]

signal is gigantic.
Unique potential of SMOG2 for imaging nuclei.
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A-less Additional in A-full A-less Additional in A-full
A =mp —my ~ 300MeV ~ 2m A =mp —my ~ 300 MeV ~ 2m,

(éﬁb)o >< H Complementarity — Understanding the residual of QCD I

38
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High-energy collisions and the quest for nuclear interactions

TALKS BY K. GODBEY, X. ZHANG

[Svensson, Ekstrom, Forssén, PRC 107 (2023) 1, 014001]

Bayesian inference of

32 low-energy constants

in A-full EFT at N3LO.

[Giacalone, Nijs, van der Schee, PRL 131 (2023) 20, 20]
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- - - | -
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NI Bayesian inference of
26 hydro model parameters
from Pb-Pb data.
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Tl
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V(B2 - B2

N PbPbs > [GeV

TALK BY G. NIJS
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Reconstructing the strong nuclear force

Hsy4y = Hpree + %@Z p(n)* + %@Z p(n)3
) =3 _al(myam) 4() 3 Doal

In’ —n|=1

Parameters can be extracted from LHC and RHIC data on 160 collisions

Is it important? Different nuclei offering different sensitivities?
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from https://www.nndc.bnl.gov/nudat3/

64
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Proton (Z) # ‘

58

56

54

Gd . Gd Gd Gd Gd
Eu Eu Eu Eu Eu Eu
. Sm Sm Sm sSm sSm Sm
Pm Pm Pm Pm Pm Pm Pm
. Nd Nd Nd Nd Nd Nd
Pr Pr Pr Pr Pr Pr Pr
Ce Ce Ce Ce Ce Ce
La L?,, La La La La

Ba Ba Ba Ba

Cs Cs Cs Cs

Xe Xe Xe Xe

136Xe

26

88 90

Neutron (N) #

g2

Unforeseen legacy
of RHIC and LHC

94
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