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Aiming at simplicity...
™ S

men

Wi au
Ursus Wehrli, Noch mehr Kunst aufr
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Seurat, Les Poseuses

...connecting quarks with stars ...

unst aufraumen

' Ursus Wehrli, Noch mehr K

Courtesy R.F.Carsten (WNSL)
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A romance in three acts with 4, 208 and (for all practical

dea

I ! M -.-  S
Nk ¢ The 4-horsemen of the Apocalypse

RAZY.

V8@ ¢ Rebellious skins

RS%ALITg I : ¥
NESFEERY . to infinity and beyond
— a . ‘“5\"', ., am

) ® >
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100 .':- L S - 7 TYI'YT'] Ll r#'l'lll L L] L Ullll'
B Mean Field Models
- Density Functional
Shell Model(s)
4 ' ' Effective 4
10 E Microscopic Interactions
R Ab Initio "
o XEFT, EFT(#)
- 3 4
= Qcb He "He
P By -
5
- . . = -
o 1 d 3 .
o H ,
Qac o\ 7 Quark-Gluon
D ,n - Interaction
Vacuum o
s 121l 1 g . §ie gEaina 4 ¥ 2 % s read

5 10 50 100
Neutron Number

= pemEm————

"B UNEDF SciDAC Collaboration

~&% Universal Nuclear Energy Density Functional

-
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Scattered e-

Incident e Mirtual photon

lSCONCETTINASFIENTI

A saentlflc... TM@D

“With the electro-magnetic probe, we can immediately relate the
cross section to the matrix element of the current operator, thus to
the structure of the target itself”

o o [(W ] JH|Wo)l*

(De Forest-Walecka, Ann. Phys. 1966)
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A scientific...
| 2 » —

Ny

- Exact calculations both for bound and scattering states
- Energy and momentum transfer MUST be consistent with ChEFT predictions!

1 T T T T T T T T T T T T I T T T T 5 ' ' ' ' I ' ' ' ' I ' ' ' I j ' ' '
L a O Koebschall et al.
A Frosch et al
¢ Frosch et al. x  Walcher
0.8 __ — AVI18+UIX __ 4 — — Hiyama et al. —
[ — NN(N'LO)M3N(NLO) ] — AVIB{UIX
- - AVI18+UIX Viviani et al. - _ == NNN 150) +
r o | ANF(N'LO) |
B — 3
_ 0.6 i n
w’ i {f ~~~~~~~~
- (\]_
04 2r
; [y
02F 1t
0 | | | | ol "/. | | |
0 1 2 3 4 0 1 2 3 4
q2 [fm_z] q2 [ fm_z]
lSCONCET' S. Bacca et al, PRL110, 042503 (2013) ansSmartAgain



Counts [107)

Precision experiment
yY 2 N ol
ToDo: Define highest preasmn
achievable (HM: “A1 kann alles”)

IIII_ --— | M B g L3T |
‘ i

=— 2" (4.44 MeV)

30|

§ Al: Electron scattering
L I 5 . @1 Three High Resolution Spectrometers =
j I ? " I % 1:1%&% ﬁ\ Ap/p< 104 FWHM !
L W T W

E [MeV]
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The four horsemen of the Apocalypse

Theory and experiment disagree on alpha particles

Electron-scattering
experiments on excited
helium nuclei open questions
about the accuracy and

ter. The researchers’ calculations of a
quantity related to how the nucleons
are arranged in the alpha particle’s first
excited state didn’t match the values
inferred from jelectron-scattering ex-
periments. Thq experimen

tween theory and expe
and her colleagues deci
and improved experime
tion was warranted. Now
theory collaborators hav
disagreement and char

ts were pri- PRL 130, 152502 (2023)

sensitivity of state-of-the-art
nuclear models.

Although the helium nucleus has just

marily from -
the uncertaint
intervening d
and technolo
tor sensitivity
ically, but that

1 1
B This experiment
Model confid. band
B EFT (N°LO + N2LO)
1 1

four nucleons—two neutrons and
two protons—theoretical models
fail to replicate some of its properties.

———————————————————————————————————————————————————————————————————————————————

14 PHYSICS TODAY | JUNE 2023
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The four horsemen of the Apocalypse
k"
The transition form factor describes the dynamics of

excitation between resonance and ground state
depending on Q?2

21.84 2°0
21.01 Q-0 20,578
20.21 Q%0 3he+n ‘ .
106 5 l19.81R
1 %"Al peak h ‘He peak .3H+p ', /L;
| / /
> 1700 )[
s 0%0 ‘
./ . % 600 | 4He
> 10° [ &
q) N
'M J
o : 1
S , : “HE TRANSITION FORM FACTOR
2 AV
> n
L : F 2 0 IM(Q)|0F
| He 0" res. Mo+ (Q7) o< | < Oy [M(Q7)|07 > |
*
] " .'T:'~.» FAN s/
| = Data ."TYT:""“”\*v—’\‘\I - dO'
| == Data (Al-BG subtr.) e, S X |97M0+(Q2)|2 x Events
= 1 Simulation *He el. Clrivaa, dQ
Simulation ?"Al cell €xXp y
103 T T T T T
-5 0 o) 10 15 20

Mupiss - He [MeV]

-
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The four horsemen of the Apocalypse

Low Q*-data of Fy,+ (Q?) used to determine Monopole Matrix
Element ME and transition radius Ry,

— [nformation about the spatial structure of the resonance

POL. EXPANSION

\/Z2'|37M0—|— (QQ)|2 _ ME

6 4
— Z R, + & e 4 (@) | with ME = (r2), & Ry = (e

<r2>tr <r2>tr

Q? 6

M. Chernykh, PhD Thesis, Darmstadt (2008)

© This experiment: data/fit
¥ Walcher
Error band fit
—— x-EFT
--- AV18+UIX
AV8'+Central 3N
--- Hiyama et al.

Ry =10% larger than the calculation with chiral
EFT: hard core of the interaction too weak?

& Lower energy data needed!

¢ Extension to other nuclei (12C7?)

0.0 0.2

CONCETTINASFIENTI

0.4

0.8 1.0
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New Experimental Opportunities
"™ 3 .

new NO background, energy loss or multiple scattering from

49t target foils and ice layer and re-scattering from frame, and
target length acceptance issues!

/ Jet Target & quadrupole
'Scattering Chamber i Dipoles

=

Shielding

electrons

| “target nuclei”

| > CONCETTINASFIENTI #MakeHumansSmartAgain



The phases: second constraint
| 2 : %

lEarly Universe The Phases of QCD

- Future LHC Experiments

1 Current RHIC Experiments

)
—
=
-t
o
O
Q.
5
-

Critical Point

=» Unravelling
the phases of /

Matter Neutron Stars
-

nuclear matter

Baryon Chemical Potential

Hadron Gas Superconductor

LRP Nuclear Science Advisory Committee(2008)

-
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Neutron Stars & Nuclear Matter

PNS are bound by gravity NOT by the strong force

S

A. Watts et al., Rev. Mod. Phys. 88, 021001

CONCETTINASFIENTI

OUTER CRUST

NUCLEI
ELECTRONS

INNER CRUST

NUCLEI
ELECTRONS
SUPERFLUID NEUTRONS

CORE

SUPERFLUID NEUTRONS

SUPERCONDUCTING PROTONS

HYPERONS?

'DECONFINED QUARKS?

COLOR SUPERCONDUCTOR?

-



...to infinity and beyond!

2NS are bound by gravity NOT by the strong force
2NS satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/Cc = 1/2)

(e/c’+ Pl (M+4mr Pl
r’(1-2GM [rc?)

—4mr’elc’, P=P(g) (EOS)

dP _
dr
am
dr

2Only Physics that the TOV equation is sensitive to: Equation of State
3

-G

T 1
— RMF022 |
FSUGold2

RMF032 _

2lncrease from 0.7 to 2 Msun transfer
ownership to Nuclear Physics

2.5

J0740 (2019) i ‘
J0348 (2013) |
J1614 (2010)

soisAyd JesjonpN

Fattoyever al 7
NICER(2019)

Oppenheitmer-Volkoff
, "\ 4

| 1
16 1t

-
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How to build an EOS
y -~

Take an incompressible quantum liquid-drop...

'c%) ﬁ@'%g %5

OQQ QQC

Volume Surface Coulomb Asymmetry

WIKIPEDIA

| b CONCETTINASFIENTI #MakeHumansSmartAgain



How to bulld an EOS
' Y v | FE - -

Take an incompressible quantum quuid—drop...

'c%ﬁe &?0@'0 g

OQQ O OQ

Volume Surface Coulomb Asymmetry

..make it compressible and bring it to thermodynamic limit

WIKIPEDIA

E(p,a) =E(p,a =0)+S(p)a” +O(a”)  a="

E, (MeV)

20 | neutron

[ matter \

drip-line nuclei
N/Z=2-3

stable nuclei ]
N/Z=1-15 |

#MakeHumansSmartAgain



How to build an EOS
kN

Take an incompressible quantum quuid-drop...

SRLRURGD

Volume urface Coulomb Asymmetry

WIKIPEDIA

..make it compressible and bring it to thermodynamic limit

g ( Oé) — a = N—2
107 T A

X. Roca-Maza, at al. Phys. Rev. Lett. 106, 252501 (2011)

—— Linear Fit, r =0.979 z ’L(’o

- 0 Nonrelativistic models 2 o 1

03[ ¢ Relativistic models A - 0 0 1 0 0 2
] — PO — MO
— ‘5}0% | S(p) — J —|_ L _|_ _Ksym _|_ e o o
025 fr S 4 - A 300 2 300
> 0.2 ] : :
“ ..neither L nor Ksym are experimentally
o.1sf| . % ] accessible!
0.1 '
0 50 100 150
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Where do the neutrons go?
S

@ 2
. neutron proton pn / kg m 43
E 2.3x10”j
A / ) A
| \
,'"" , "‘."\
(b) ,’f’ l 12 A% fm ] \
***** \\\Hlfm Neufron Rich / l : : \\
%\ o i Nucleus 0 0.5 1.0 1.5
X \ /\ 6He, 8He, 32a ~ (A"3) thm
\\ 0.1
Distance from the center o T
Pressure forces neutrons R
. o E 0.06
out against surface tension S
. 8 0.04 M
The neutron skin measures how IR
much neutrons stick out past protons T e

r(fm)

#MakeHumansSmartAgain
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Where do the neutrons go?
A =

neutron proton

(b)

——
T — e —

\~1in Neutron Rich
Nucleus

6He, 8He, 32Na

0.1

Density
-
P
-~

-———
- -~ ———————

Distance from the center

Pressure forces neutrons

0.08 :

. . °'°:§\ 0.06
out against surface tension S
. g™ E+M ch
The neutron skin measures how — Weak charge
much neutrons stick out past protons T Nt

r(fm)

#MakeHumansSmartAgain
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The stairway to heaven

(or the highway to hell, depending on your level of optimism)

(Personal selection)

| PV-Asymnl_etry

Resonance
Strength

27722..»

Cross-section

(g ) a
{ o %

aul
Collective
Excitation o — %

Hadronic EM Probes
Probes

Experimental Challenges
(in unit of frustration)

-
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How hellish is hell?
‘ - 1

Neutron Skin of 2%*Pb from Coherent Pion Photoproduction

C. M. Tarbert et al. (Crystal Ball at MAMI and A2 Collaboration)
Phys. Rev. Lett. 112, 242502 — Published 18 June 2014

P
Ph)/SICS See Synopsis: Neutron Skin Turns Out to Be Soft

tagger at the MAMI electron beam facility. On exploitation of an interpolated fit of a theoretical model
to the measured cross sections, the half-height radius and diffuseness of the neutron distribution are

found to be ¢, = 6.70 + 0.03(stat.) fm and a,, = 0.55 = 0.01(stat.) "0 (sys.) fm, respectively,

corresponding to a neutron skin thickness Ar,;, = 0.15 + 0.03(stat.)f8:g§(sys.) fm. The results give the

first successful extraction of a neutron skin thickness with an electromagnetic probe and indicate that
the skin of 2”*Pb has a halo character. The measurement provides valuable new constraints on both
the structure of nuclei and the equation of state for neutron-rich matter.

— —— e ????.. »

100} *Sn —;};%000

— FSUO0 | Cross-section

—>SP

[0.188,0.284] fm

200 |

do™™ /dS) [ub/sr]
O

Hadronic EM Probes

100 |
' Probes

=ttt 44
»
~x

-
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How hellish is hell?
| ' -

Theoretical analysis of the extraction of neutron skin thickness
from coherent m photoproduction off nuclei

F. Colomer, P. Capel, M. Ferretti, J. Piekarewicz, C. Sfienti, M. Thiel, V. Tsaran, and M. Vanderhaeghen
Phys. Rev. C 106, 044318 — Published 18 October 2022

(b) DWIA Sao Paulo |
' FSU '
2000_‘ + [0.176,0.286] fm ] ???? o o )
}2 1500 ¢ H 1 Cross-section
s [ |
% 1000 ] o — ~ o> SRR
&S ! . e
500 |- ﬁ .
¥ . Hadronic EM P
| | robes
ki it + ++++ I Probes
0...........................+++.
0 30 60

-
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The shortest of the roads...

y R
PV-Asymmetry

long. -
polarized €

unpolarized ele Ctric Charge 1 O

target

Ys Z°
PVES

Non-PV e-scattering
Electron scattering y exchange provides R, through nucleus FFs

weak charge =0.07| 1

PV e-scattering

Electron also exchange Z, which is parity violating
Primarily couples to neutron Detector

Electron beam

-
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The shortest of the roads...

PV-Asymmetry
e 2
:::;i;izede- _____________
B e + . ...to measure ... 20
’ ) Nof N € N
PVES

G0’

2me/§

-
I b CONCETTINASFIENTI

F 2
1—4sin29W - F”(Qz)
N ) L(O7)
~
~ ()

F (@) == [d'r jy(ar) p,,)
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...we call it: g5 MREX
AN O el
PV-Asymmetry need a few N=1018 electrons!

i%‘i:ﬁzede'y—ﬁgm ... close to 1011 electrons/s

PVES

> External-beam mode for
high polarisation (P2)

» Beam current 150 yA
> Polarisation > 85%
> High precision polarimetry

Shielding ,

iquid Hydrogen Target

3 ~_

————
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...we call it: #5MREX
'’y g
PV-Asymmetry need a few N=1018 electrons!
... close to 1011 electrons/s

polarized
target

Y, Z°

PVES

J. Piekarewicz et al. Physics Today 72, 7, 30 (2019)

r=0.98
0.32 —
0.28 -
0.24 - o
Tracking N §
Detectors ::nh \
020 4 Solenoid Magnet \
0.16 -
MREX
012 7 PREX-IT ,
o \ Shielding P :
I T T : uld Hydrogen Target /
0 30 60 90 120 150 |

3 ~_

—_—

SYMMETRY PRESSURE (MeV)
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Bringing it all together

‘ 27 P P
1400 .1|6 .I- _IS ..|8 .3IO 7;2
208 /¢
- skin(tm) o -
1200 _
1000 - —_

&

800 - Phys. Rev. Let. —
120, 172702
: Farrukh Fattoyev -
600 |- O/O _
400 b— | I I I I

s CONCETTINASFIENTI



B it ggﬁ"g" W‘ &
R A
e -
: ing sna

rom

Bringing it all together

) 22 2 2
1400 .ll() == _|5 ..IS .3IO ?I?
208 /¢
- Rskin(tm) o -
1200 = -
1000 = -
x| i
< PSR J0030+345 | (g
300 NICER 7
600 |- o/o, _
| | | | | |
400 12 12.5 13 13.5 14 14.5 15
14
Ry (km)
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long. -
polarized

Y, Z°

-
I b CONCETTINASFIENTI

1400

1200

1000

.4
Ak

800

600

400

16 22 25 28 30 33
[ [ | | | [
208 /¢
Rskin(tm) o
PREX Il
NICER
(@)
o/-l
| | I | | ]
12 12.5 13 13.5 14 14.5 15
14
R, (km)

Bringing it all together

%



Jorge Piekarewicz (2020) MREX
} @ i
Nuclear EOS Ladder -
22 2 2
‘s 1400 1I 6 22 ._|5 ..I8 .3IO %I?
i R 208
' - - skm(fm) o .
1200~ -
,A ' PREX I i
e === 1000 |- =
g | 600 - =
Tantalizing Possibility | , , :
e [ aboratory Experiments suggest large neutron radii for Pb < 1po 13 13.5 14 14.5 15
e Gravitational Waves suggest small stellar radii > 20 Rl: (km)

e Electromagnetic Observations suggest large stellar masses > 4p,

EXxciting possibility: If all are confirmed, this tension may be evidence of a
softening/stiffening of the EOS (phase transition ‘?)

-
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Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end
of the beginning.

(Winston Churchill)

-
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Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end

=— RMF022

FSUGold2 |
RMF032 _|

\ J0740(2019)
2+ S B J0348 (2013)

J1614 (2010)
L IU-FSU . .

=
=

2 1 5‘_ 1.6 Fattoyevetal ] h

=5 NICER (2019) l e oo

S ' . LI )

..There is @ Way of bridging Earth and heaven..

of the beginning.

(Winston Churchill)

FSPGarnet
TAMUa
rAM

-
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Experimental Challenges
3 (in unit of frustration)

S

D J2 uroMSNRY

I

| BigApple

— RMF022 |
FSUGold2
RMF032 _|

J0740(2019) |
J0348 (2013) ]
J1614(2010)

Fattoyeveral 7
NICER (2019)

1 12 1

| PV-Asymmetry

€
long. -
y:lurizu! e
nnpelarized
1, Z° tasget

PVES

18

Resonance
Strength

v-®
©-®

Collective
Excitation

Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end

of the beginning.
(Winston Churchill)

The Good...

?2?772..

Cross-section

- -

Hadronic
Probes

EM Probes

CONCETTINASFIENTI

Theo. uncertainties (a.u) |

...the bad...

WHAT DOESN'T

KILL YOU
MAKES 'YOU

STRONGER

(IT MAY TAKE A WHILE,
BUT YOU'LL GET THERE/)




Now this is not the end. It is not even the
beginning of the end. But it is, perhaps, the end
of the beginning.

— RMF022 |
FSUGold2
RMF032 _|

(Winston Churchill)

Fattoyeveral 7
NICER (2019)

1+ 2 U@ Resonance
PVES Strength

ﬁ"v @ Cross-section

Collective o
_ Excitaton o— @ o

S
Hadronic EM Probes
Probes

2722..»

Experimental Challenges
3 (in unit of frustration)

{7 % A
SELNE § 21

Theo. uncertainties (a.u)

e . N
55 - C5007 ...also new data for the proton
) #/1

crisis, search for exotic particles,
reactions for astrophysics ...

“Wen Gott strafen will, dem
erfUllT er seine Winsche'
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