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multi-messenger physics
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Equation Of State
E(p,0) = E(p,0) + Egym (p) >+ O (8)°

‘ with & = 222
p

symmetry energy

— symmetric nuclear matter
== pure neutron matter

Symmetry energy

E,=-16 MeV = Nuclear saturation

p,=0.16 fm”
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Equation Of State

slope parameter

L = 3pg

aEsym (p)

PO

curvature parameter

282Esym (,0)

Esym (p) =

Ksym = 90

Op?

symmetry energy
2
L — K —
Sy+ 2 (p po) 4 Zsym (p po) + ...

3\ p0 18 P0

— symmetric nuclear matter

== pure neutron matter

Symmetry energy
E,=-16 MeV B~ Nuclear saturation
|

E(p, ) = E(p,0) + Eyy (p) 8 + O (5)"

‘ with § = £n—Pe
p

p,=0.16 fm”
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constraining the symmetry energy parameters

L{p— K — o\
S, + = (,0 pO) 4 sym (p pO)
3\ po 18 P0

Esym (p) =

_|_

Heavy lon Collisions

5 0 Nuclear Masses
g 6 Giant Dipole Resonances
% Dipole Polarizabilities
z;f 10 Neutron Skin
Theory
20
LT s a0 832
Symmetry Energy S, [MeV] C. Drischler et al., PRL 125 (2020) 202702 4/%6




constraining the symmetry energy parameters
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constraining the symmetry energy parameters

L{p— K — 00\ ?
Bisym(p) = Sv+_(u>+ i (p o~ 0) +
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Nuclear EOS Ladder
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eutron skin: Ry,
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J. Piekarewicz, F.J. Fattoyev, Physics Today 72, 7, 30 (2019)
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neutron skin

p(n 1

Stable nUCIGi (N“Z) neutron proton

p(r)

neutron rich nuclei (N>>2)

neutron
skin

pressure forces neutrons out against surface tension
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neutr
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from observables to neutron skin

neutron
skin

*T THINK You SHOULD BE MORE. EXPLICIT HERE IN STEP Two
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from observables to neutron skin

Experimental Challenges
. (in unit of frustration)

neutron
skin

T 7HiINK You SHOULD BE MORE. EXPLIC\T HERE IN STEP Twol

0 What is actually measured?

How is the measured observable connected to the neutron skin?
What are the assumptions implicit in making this connection?

How sensitive is the extraction of the neutron skin to these
assumptions?

>

Theo. uncertainties (a.u)
7/26



from observables to neutron skin

JGlu

>
Mainz Institute
GUTENBERG 201 6 1tp Theoretical Physics

UNIVERSITAT

Neutron Skins of Nuclei mmr@m

... documenting the relative merits of each experimental approach and to provide
a realistic estimate of systematic errors, including theoretical uncertainties associated Skﬁm
with the extraction of the neutron skin from the measured experimental observable.

MT, C. Sfienti, J. Piekarewicz, C. Horowitz, M. Vanderhaeghen,
J. Phys. G: Nucl. Part. Phys. 46 (2019) 093003

? 0 What is actually measured?
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£2< | How sensitive is the extraction of the neutron skin to these

m H L]

£E | assumptions?

“ 3

3 £

x e

w

>

Theo. uncertainties (a.u)
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hadronic probes: proton scattering

(@) --RIA(medium effect)
+ DH density
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J. Zenihiro et al.,
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hadronic probes: proton scattering
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hadronic probes: proton scattering

L. Ray, G.W. Hoffmann, PRC 31 (1985) 538

D.P. Murdock, C.J. Horowitz, PRC 35 (1987) 1442
V.E. Starodubsky, N.M. Hintz, PRC 49 (1994) 2118
S. Terashima et al., PRC 77 (2008) 024317

J. Zenihiro et al., arXiv 1810.1179 (2018)

° )

—o © “Z

.\—.QOZJ
N

[y [
— ] =
I

do/dQ2 (mb/sr)

._.
S

10

1
U)

10

L(a) -RIA(medium effect)
+ DH density

3

'—RIA(medlum effect)
+ +p (1) : realistic

W p(r) best fit
\
1

P

o
[ 4 2
v
W

[ E =295 MeV Y

;-208Pb (1. )208Pb «

]0 20 30 40 50

O m. (deg)
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scattering amplitude inside the nuclear medium!
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hadronic probes: proton scattering  ©™ &%

incomplete knowledge of the nucleon-nucleon (NN)
L scattering amplitude inside the nuclear medium!

T t(a) Rl%(ﬁqulultn effect)
- : : 3! ensity
reduce uncertainties associated with 10 ;'.f\
the reaction mechanism! | RiA(mediom effect)
107 ¢ % p_(r) : realistic
T@ D@: %\ nﬂ‘, pt (r) : best fit
f-é]o _ '\57 .
theory: choose the best energy range § oy
pion production should be suppressed sl F T‘.’-‘%:.
‘
@® Impulse Approximation is valid {0 1__ m*
experiment: measurements in that energy range of A
10 =208 208 *
Pb(p,p)”"Pb 1,
L. Ray, G.W. Hoffmann, PRC 31 (1985) 538 10 3, FT , Z?SM?V ..... ‘”
D.P. Murdock, C.J. Horowitz, PRC 35 (1987) 1442 105050 4050
V.E. Starodubsky, N.M. Hintz, PRC 49 (1994) 2118 0. m. (deg)
S. Terashima et al., PRC 77 (2008) 024317 J. Zenihiro et al.,

J. Zenihiro et al., arXiv 1810.1179 (2018) PRC 82 (2010) 044611 9/26



hadronic probes: proton scattering
A

Experimental Challenges
3 (in unit of frustration)

large cross section
many nuclei

initial state interaction (ISI) and final state interaction (FSI)
Optical Potential 10/26




coherent =° photoproduction

—>

ae

e

Experimental Challenges
3 (in unit of frustration)

% NO initial state interaction

. . H f)
1’ theoretical interpretation® 11/26



coherent =° photoproduction

AEy ~2 MV g™
10% y sec’!

Crystal Ball + TAPS detector @ MAMI
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C. M. Tarbert et al. (Crystal Ball at MAMI and A2 Collaboration) 3 8000 Ey = 200-220 MeV
Phys. Rev. Lett. 112, 242502 — Published 18 June 2014 4000?—
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D. Drechsel et al., Nucl. Phys. A 660 (1999) 423
B. Krusche et al., Phys. Lett. B 526 (2002) 287
D. Drechsel et al., EPJA 34 (2007) 69

G.A. Miller, PRC 100 (2019) 044608 13/26




coherent w° photoproduction Q’ AT
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Theoretical analysis of the extraction of neutron skin thickness from coherent 7"

photoproduction off nuclei

F. Colomer,2 P. Capel,>1* M. Ferretti,? J. Pickarewicz® T
C. Sfienti,> ¥ M. Thiel,>% V. Tsaran,? and M. Vanderhacghen?: T
! Physique Nucléaire et Physique Quantique, Université Libre de Bruzelles (ULB), B-1050 Brussels

2Institut fiir Kernphysik, Johannes Gutenberg-Universitit Mainz, 55099 Mainz, Germany
3 Department of Physics, Florida State University, Tallahassee, FL 32306, USA

arXiv: 2204.13395v2 (accepted for publication in PRC)

Plane Wave:
no FSI of the pion with the nucleus

Impulse Approximation:
n® production on one single nucleon

TR T

(Ea. 7E”l)
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ﬁ » Theoretical analysis of the extraction of neutron skin thickness from coherent 7"

: EF' Spro, o=l photoproduction off nuclei
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3 Department of Physics, Florida State University, Tallahassee, FL 32306, USA

arXiv: 2204.13395v2 (accepted for publication in PRC)

Plane Wave:
no FSI of the pion with the nucleus

Impulse Approximation:
n® production on one single nucleon

- - 2
» coherent sum on each nucleon: dd—; (PWIA) ‘fz (kn, ky) pA(q)‘

@® f,: CGLN amplitudes from MAID (https:/maid.kph.uni-mainz.de/maid2007/helic.html)

pa: Nucleus density

» should give access to nuclear density, BUT ... 14/96
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coherent =° photoproduction

o

& (S_ P Theoretical analysis of the extraction of neutron skin thickness from coherent 7"
g EF o T < e i photoproduction off nuclei
L e e

] F. Colomer,2 P. Capel,>1* M. Ferretti,? J. Pickarewicz® T
C. Sfienti, 2% M. Thiel,2:% V. Tsaran,?2 and M. Vanderhaeghen®: ¥

Bl B
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e SDepartment of Physics, Florida State Unaiversity, Tallahassee, FL 32306, USA

arXiv: 2204.13395v2 (accepted for publication in PRC)

... after its production,
the =° undergoes
n-A scattering
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... after its production,
the =° undergoes
n-A scattering

» Distorted Wave Impulse Approximation

Loy A—1( dKy Trea (ke Kx) Ve (Ko ky)
(b Fey) + = f zmazn) nE(k:) —HE(S“) +ﬂisY

Fyr (K Ky ) = Vi

2
;l_;; (DWIA) « |F,,|" loses its proportionality to p(q)! .
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coherent w° photoproduction §
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coherent =° photoproduction
»

e -

e

Experimental Challenges
3 (in unit of frustration)

+ NOT sensitive to R,;,!
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electric dipole polarizability
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electric dipole polarizability
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proton inelastic scattering measurements at very forward angles:

measure cross section and determine the electric dipole E1 response
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A. Tamii et al., PRL 107 (2011) 062502
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electric dipole polarizability
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proton inelastic scattering measurements at very forward angles:

measure cross section and determine the electric dipole E1 response
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electric dipole polarizability
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© FSU
[ > NL3
9l o DD-ME
| A Skyrme
v SV
< SAMi

107 2% (MeVfm?)

Rikin (fm)

oy I PR N NI B M
0.12 0.16 0.2 024 028 0.32

X. Roca-Maza et al.,

= 0.156"
A. Tamii et al.,

PRC 88 (2013) 024316

0.025
0.021

fm

PRL 107 (2011) 062502

A. Carbone et al.,
T. Hashimoto et al.,
J. Birkhan et al.,

A. Klimkiewicz et al.,

[ A /\/\;\/\A

PRC 92 (2015) 031305
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electric dipole polarizability
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electric dipole polarizability
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electric dipole polarizability
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Experimental Challenges
3 (in unit of frustration)
&

en®ne
>

Theo. uncertainties (a.u)

* experiment: high quality data on a variety of nuclei
theory: enormous steady progress

f model dependent 20/26



Parity-Violating Electron Scattering (PVES)
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PVES
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PVES
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unpolarized
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Em

PVES: extraction of neutron skin %.

< measured APV>
y

Coulomb corrections

—

known charge
form factor F,,(Q?)

weak form factor F,,(Q?)

'

assume surface thickness

good to 25%

\ 4

weak radius Ry,

corrections for
G, G5, MEC

neutron radius R,

/
Comenn>

known

charge radius R,

neutron skin Ry,

C.J. Horowitz, PRC 57 (1998) 3430

S. Abrahamyan et al., PRL 108 (2012) 112502
C.J. Horowitz et al., PRC 85 (2012) 032501(R)
D. Adhikari et al., PRL 129 (2022) 042501

23/26



PVES: extraction of neutron skin %.
< meaqurLed APV> o1

- . 208 ]
— PREX-2 result: “"Pb —os
. nown charge I a
Coulomb corrections [ g ) S 7 e
form factor F,(Q?) — —04 E
é 59— . :
= s
f >8E FSUgold =l o
[72] I ¢ (o] ]
weak form factor F,(Q?) 5 r QLY 9 ~Lys 1 o£
=) - N i — 0.2 ==
© 57— “3%.Big Apple - @
- 7 c
' : Sesi. S
o 56 ™ — 01 §
assume surface t?ickness = charge radius R, = 5,503 fm m -
good to 25% 357 PREX-2 0
C |
L | ‘ | 1 | ‘ | | 1 ‘ 1 | | ‘ | 1 | ‘ | | |
Y 450 540 560 580 600 620
PV asymmetry APV [ppb]

weak radius Ry,

D. Adhikari et al., PRL 126 (2021) 172502

conectons o Apy = 550 + 16 (stat) + 8 (sys) ppb
Rin = 0.278 + 0.078 fm

C.J. Horowitz, PRC 57 (1998) 3430
0 S. Abrahamyan et al., PRL 108 (2012) 112502

_ C.J. Horowitz et al., PRC 85 (2012) 032501(R)
neutron skin Ry D. Adhikari et al., PRL 129 (2022) 042501
23/26

known

neutron radius R )
" charge radius Ry,




PVES: extraction of neutron skin I
< meaqurLed APV> N

- . 208 ]
— PREX-2 result: “"Pb —os
. nown charge I ]
Coulomb corrections [ g ) S 7 e
form factor F,(Q?) — —04 E
é 59— . :
= s
f >8E FSUgold =l o
[72] I ¢ (o] ]
weak form factor F,(Q?) 5 r QLY 9 ~Lys 1 o£
=) - N i — 0.2 ==
© 57— “3%.Big Apple - @
C a c
' : Sesi. S
o 56 ™ — 01 §
assume surface t?ickness = charge radius R, = 5,503 fm m -
good to 25% 357 PREX-2 0
C |
L | ‘ | 1 | ‘ | | 1 ‘ 1 | | ‘ | 1 | ‘ | | |
Y 450 540 560 580 600 620
PV asymmetry APV [ppb]

weak radius Ry Fﬂday:
Paul Souder
corrections for APV = 550 + 16 (stat) + 8 (SYS) ppb

G, G, MEC Reiin = 0.278 + 0.078 fm

C.J. Horowitz, PRC 57 (1998) 3430
0 S. Abrahamyan et al., PRL 108 (2012) 112502

_ C.J. Horowitz et al., PRC 85 (2012) 032501(R)
neutron skin Ry D. Adhikari et al., PRL 129 (2022) 042501
23/26

D. Adhikari et al., PRL 126 (2021) 172502

known

neutron radius R )
" charge radius Ry,




PVES

J)

e

long. -
polarized €
unpolarized

Y’ ZO target

(@s3), PDR eoR,

O @ S ¢
l A /\/\/\/\

)

B(Ea

7
3 E,I1v]

Experimental Challenges
3 (in unit of frustration)

* least model dependent method to determine R;,

f long, challenging experiments 24/26



g d
DE ) e _
c (o) o unpolarized -
2 .; Y’ Z target g
T S 3
5 "
=
© -
-~
c o
Qo
EE
'CI-) -
c
&S
w

Theo. uncertainties (a.u)

* least model dependent method to determine R;,

'i' long, challenging experiments 24/26



MREX @ MESA

(Mainz Radius Expenment)

future PVES experiment:
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