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symmetry energy

slope parameter

curvature parameter
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Heavy Ion Collisions
Nuclear Masses
Giant Dipole Resonances
Dipole Polarizabilities
Neutron Skin
Theory
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J. Piekarewicz, F.J. Fattoyev, Physics Today 72, 7, 30 (2019)

neutron skin: 𝐑𝐑𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬
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neutron skin
neutron    proton

pressure forces neutrons out against surface tension

stable nuclei (N≈Z)

neutron rich nuclei (N>>Z)
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is an actual measurement
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from measurable observables 
to neutron skin

none

is an actual measurement
of neutron skin!
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neutron
skin

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?
…
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J. Zenihiro et al.,
PRC 82 (2010) 044611

208Pb(p,p)208Pb
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incomplete knowledge of the nucleon-nucleon (NN) 
scattering amplitude inside the nuclear medium!

J. Zenihiro et al.,
PRC 82 (2010) 044611

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

reduce uncertainties associated with
the reaction mechanism!

TO DO:
theory: choose the best energy range

pion production should be suppressed

Impulse Approximation is valid 

experiment: measurements in that energy range

J. Zenihiro et al.,
PRC 82 (2010) 044611

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)
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large cross section
many nuclei
initial state interaction (ISI) and final state interaction (FSI) 
Optical Potential
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coherent π0 photoproduction

NO initial state interaction

theoretical interpretation?



coherent π0 photoproduction
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𝛄𝛄 + 𝐀𝐀 𝐠𝐠.𝐬𝐬. ⟶ 𝛑𝛑𝟐𝟐 + 𝐀𝐀 𝐠𝐠.𝐬𝐬.
↪ 𝛄𝛄𝛄𝛄

Crystal Ball + TAPS detector @ MAMI
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coherent π0 photoproduction
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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
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coherent π0 photoproduction
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is this small systematic uncertainty
realistic?

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
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arXiv: 2204.13395v2 (accepted for publication in PRC)

Plane Wave:
no FSI of the pion with the nucleus

Impulse Approximation: 
π0 production on one single nucleon

F. Colomer
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arXiv: 2204.13395v2 (accepted for publication in PRC)

Plane Wave:
no FSI of the pion with the nucleus

Impulse Approximation: 
π0 production on one single nucleon

coherent sum on each nucleon: 𝐝𝐝𝛔𝛔
𝐝𝐝𝛀𝛀

𝐏𝐏𝐏𝐏𝐏𝐏𝐀𝐀 ∝ 𝐟𝐟𝟐𝟐 �⃗�𝐬𝛑𝛑, �⃗�𝐬𝛄𝛄 𝛒𝛒𝐀𝐀 𝐪𝐪
𝟐𝟐

f2: CGLN amplitudes from MAID
ρA: nucleus density

should give access to nuclear density, BUT…

(https://maid.kph.uni-mainz.de/maid2007/helic.html)

F. Colomer
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arXiv: 2204.13395v2 (accepted for publication in PRC)
F. Colomer

… after its production,
the π0 undergoes

π-A scattering
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arXiv: 2204.13395v2 (accepted for publication in PRC)
F. Colomer

Distorted Wave Impulse Approximation

… after its production,
the π0 undergoes

π-A scattering

𝐅𝐅𝛄𝛄𝛑𝛑 �⃗�𝐬𝛑𝛑, �⃗�𝐬𝛄𝛄 = 𝐕𝐕𝛄𝛄𝛑𝛑 �⃗�𝐬𝛑𝛑, �⃗�𝐬𝛄𝛄 +
𝐀𝐀 − 𝟐𝟐
𝐀𝐀

�
𝐝𝐝𝐬𝐬𝐤𝛑𝛑

𝟐𝟐𝓜𝓜 𝐬𝐬𝐤𝛑𝛑

𝐓𝐓𝛑𝛑𝐀𝐀 �⃗�𝐬𝛑𝛑,𝐬𝐬𝐤𝛑𝛑 𝐕𝐕𝛄𝛄𝛑𝛑 𝐬𝐬𝐤𝛑𝛑, �⃗�𝐬𝛄𝛄
𝐄𝐄 𝐬𝐬𝛑𝛑 − 𝐄𝐄 𝐬𝐬′𝛑𝛑 + 𝐬𝐬𝛆𝛆

𝐝𝐝𝛔𝛔
𝐝𝐝𝛀𝛀

𝐃𝐃𝐏𝐏𝐏𝐏𝐀𝐀 ∝ 𝐅𝐅𝛄𝛄𝛑𝛑
𝟐𝟐

loses its proportionality to ρ(q)!
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PLB 526, 287 (2002)
FSU band:
0.176 fm < Rskin < 0.286 fm

arXiv: 2204.13395v2 (accepted for publication in PRC)
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coherent π0 photoproduction

NOT sensitive to Rskin!
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electric dipole polarizability
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A. Tamii et al., PRL 107 (2011) 062502

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

proton inelastic scattering measurements at very forward angles:
measure cross section and determine the electric dipole E1 response

𝛂𝛂𝐃𝐃 =
𝟐𝟐𝛑𝛑
𝟗𝟗
�
𝐁𝐁 𝐄𝐄𝟐𝟐,𝐄𝐄𝐱𝐱

𝐄𝐄𝐱𝐱
𝐝𝐝𝐄𝐄𝐱𝐱 =

ℏ𝐜𝐜
𝟐𝟐𝛑𝛑𝟐𝟐

�
𝛔𝛔𝐚𝐚𝐚𝐚𝐬𝐬 𝐄𝐄𝐱𝐱

𝐄𝐄𝐱𝐱𝟐𝟐
𝐝𝐝𝐄𝐄𝐱𝐱



electric dipole polarizability

19/26

X. Roca-Maza et al., PRC 88 (2013) 024316

A. Klimkiewicz et al., PRC 76 (2007) 051603(R)
A. Carbone et al., PRC 81 (2010) 041301(R)
T. Hashimoto et al., PRC 92 (2015) 031305
J. Birkhan et al., PRL 118 (2017) 252501
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X. Roca-Maza et al., PRC 88 (2013) 024316

A. Klimkiewicz et al., PRC 76 (2007) 051603(R)
A. Carbone et al., PRC 81 (2010) 041301(R)
T. Hashimoto et al., PRC 92 (2015) 031305
J. Birkhan et al., PRL 118 (2017) 252501
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G. Hagen et al., Nature Physics 12 (2016) 186

ab initio calculation:
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A. Klimkiewicz et al., PRC 76 (2007) 051603(R)
A. Carbone et al., PRC 81 (2010) 041301(R)
T. Hashimoto et al., PRC 92 (2015) 031305
J. Birkhan et al., PRL 118 (2017) 252501

Friday:
Jorge Piekarewicz
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+𝟐𝟐.𝟐𝟐𝟐𝟐𝟎𝟎𝐟𝐟𝐟𝐟

A. Tamii et al., PRL 107 (2011) 062502

G. Hagen et al., Nature Physics 12 (2016) 186

ab initio calculation:
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electric dipole polarizability

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

model dependent
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Parity-Violating Electron Scattering (PVES)

PREX setup

CEBAF

Hall A
JLAB

spectrometers

208Pb
target

side view spectrometer
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D. Becker et al., EPJA 54 (2018) 208
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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
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PREX-2 result:

APV = 550 ± 16 (stat) ± 8 (sys) ppb
Rskin = 0.278 ± 0.078 fm

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

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
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PREX-2 result:

APV = 550 ± 16 (stat) ± 8 (sys) ppb
Rskin = 0.278 ± 0.078 fm

D. Adhikari et al., PRL 126 (2021) 172502
Friday:
Paul Souder

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
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PVES

least model dependent method to determine Rskin

long, challenging experiments
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PVES

least model dependent method to determine Rskin

long, challenging experiments

𝐋𝐋 = (𝟐𝟐𝟐𝟐𝟎𝟎 ± 𝟎𝟎𝟑𝟑)𝐌𝐌𝐌𝐌𝐕𝐕
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future PVES experiment:                   @MESA
(Mainz Radius Experiment)
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±0.03 fm determination of 208Pb–Rskin (     60 days)



future PVES experiment:                   @MESA
(Mainz Radius Experiment)
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±0.03 fm determination of 208Pb–Rskin (     60 days)

Friday:
Kent Paschke
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