
From outer space to deep inside: 
exploring neutron skins of nuclei



Neutron Skin for beginner

Where do the neutrons go?

Nuclear charge radii 



Where do the neutrons go?

Pressure forces neutrons 
out against surface tension
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].

We thank G. Colò, A. Polls, P. Schuck, and E. Vives
for valuable discussions, H. Liang for the densities of
the RHF-PK and PC-PK models, and K. Kumar for infor-
mation on PREX kinematics. Work supported by the
Consolider Ingenio Programme CPAN CSD2007 00042

and Grants No. FIS2008-01661 from MEC and FEDER,
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FIG. 3 (color online). Neutron skin of 208Pb against slope
of the symmetry energy. The linear fit is !rnp ¼ 0:101þ
0:001 47L. A sample test constraint from a 3% accuracy in
APV is drawn.
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Neutron skins  constrain the EOS[@low ρ] 

Pressure @ low ρ            Crust thickness  

…from deep inside to outer space …

Pb Radius vs Neutron Star Radius
• The 208Pb radius constrains the 

pressure of neutron matter at 
subnuclear densities.  Typel + Brown 
find sharp correlation between P at 
2/3 ρ0 and Rn.

• The NS radius depends on the 
pressure at nuclear density and 
above.  Central density of NS few to 
10 x nuclear density.

• Pb radius probes low density, NS radius 
medium density, and maximum NS mass 
probes high density equation of state.

• An observed softening of EOS with 
density (smaller increase in pressure) 
could strongly suggest a transition to 
an exotic high density phase such as 
quark matter,  strange matter, or a 
color superconductor…

J. Piekarewicz, CJH

Chiral EFT calc. of pressure P of neutron 
matter by Hebeler et al. including three 
neutron forces (blue band) agree with 
PREX results but two nucleon only 
calculations yield smaller P.
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X. Roca-Maza, and M. Centelles, Phys. Rev. C 80, 024316
(2009).

[18] A. Carbone et al., Phys. Rev. C 81, 041301(R) (2010).
[19] L.W. Chen et al., Phys. Rev. C 82, 024321 (2010).
[20] B. A. Li, L.W. Chen, and C.M. Ko, Phys. Rep. 464, 113

(2008).
[21] M. B. Tsang et al., Phys. Rev. Lett. 102, 122701 (2009).
[22] C. J. Horowitz and J. Piekarewicz, Phys. Rev. Lett. 86,

5647 (2001).
[23] J. Xu et al., Astrophys. J. 697, 1549 (2009).
[24] A.W. Steiner, J.M. Lattimer, and E. F. Brown, Astrophys.

J. 722, 33 (2010).
[25] O. Moreno, E. Moya de Guerra, P. Sarriguren, and J.M.

Udı́as, J. Phys. G 37, 064019 (2010).
[26] S. Ban, C. J. Horowitz, and R. Michaels, arXiv:1010.3246.
[27] N. R. Draper and H. Smith, Applied Regression Analysis

(Wiley, New York, 1998), 3rd ed.
[28] K. Hebeler, J.M. Lattimer, C. J. Pethick, and A. Schwenk,

Phys. Rev. Lett. 105, 161102 (2010).
[29] A.W. Steiner and A. L. Watts, Phys. Rev. Lett. 103,

181101 (2009).
[30] D. H. Wen, B. A. Li, and P. G. Krastev, Phys. Rev. C 80,

025801 (2009).
[31] I. Vidaña, C. Providência, A. Polls, and A. Rios, Phys.

Rev. C 80, 045806 (2009).
[32] T. Sil et al., Phys. Rev. C 71, 045502 (2005).

v090
M

Sk7
H

FB
-8

SkP

H
FB

-17
SkM

*

Ska

Sk-R
s

Sk-T4

D
D

-M
E2

D
D

-M
E1

FSU
G

old
D

D
-PC

1
PK

1.s24
N

L3.s25

G
2

N
L-SV2
PK

1
N

L3
N

L3*

N
L2

N
L1

0 50 100 150
 L   (MeV)

0.1

0.15

0.2

0.25

0.3

∆r
np

(f
m

)

Linear Fit, r = 0.979
Nonrelativistic models
Relativistic models

D
1S

D
1N

SG
II

Sk-T6
SkX SLy5

SLy4

M
SkA

M
SL0

SIV
SkSM

*
SkM

P

SkI2SV

G
1

TM
1

N
L-SH

N
L-R

A
1

PC
-F1

B
C

P

R
H

F-PK
O

3
Sk-G

s

R
H

F-PK
A

1
PC

-PK
1

SkI5

FIG. 3 (color online). Neutron skin of 208Pb against slope
of the symmetry energy. The linear fit is !rnp ¼ 0:101þ
0:001 47L. A sample test constraint from a 3% accuracy in
APV is drawn.
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What do these data points have in common?

The answer to the ultimate question



What do these data points have in common?

NONE of the experiments  
measured neutron skin!!!

The answer to the ultimate question



WHY?
....do we produce these plots in the first place?!?!

INFORMATION CONTENT OF THE WEAK-CHARGE FORM . . . PHYSICAL REVIEW C 88, 034325 (2013)
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FIG. 3. (Color online) Weak-charge form factors with corre-
sponding theoretical errors for 48Ca and 208Pb as predicted by
SV-min and FSUGold. Note that the theoretical error bars have
been artificially increased by a factor of 10. Indicated in the figure
are the values of the momentum transfer appropriate for PREX-II
(q = 0.475 fm−1) and CREX (q = 0.778 fm−1).

the (absolute value) of the correlation as predicted by SV-
min and FSUGold. At small momentum transfer, the form
factor behaves as FW (q) ≈ 1 − q2r2

W/6 ≈ 1 − q2r2
n/6 so the

correlation coefficient is nearly 1. Note that we have used the
fact that the weak-charge radius rW is approximately equal to
rn [4]. Also note that, although at the momentum transfer of the
PREX experiment the low-q expression is not valid, the strong
correlation is still maintained. Indeed, the robust correlation is
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FIG. 4. (Color online) Correlation coefficient (9) between r208
n

and F 208
W (q) as a function of the momentum transfer q. Panel (a) shows

the absolute value of the correlation coefficient predicted by SV-min
and FSUGold assuming no strange-quark contribution to the nucleon
form factor. Panel (b) shows the impact of including the experimental
uncertainty in the strange-quark contribution to the nucleon form
factor. The arrow marks the PREX-II momentum transfer of q =
0.475 fm−1. The first dashed vertical line indicates the position of
the first zero of F 208

W (q), the second one marks the position of the
first maximum of |F 208

W (q)| (from which the surface thickness can be
deduced).

maintained at all q values, except for diffraction minima and
maxima. Given the similar patterns predicted by SV-min and
FSUGold, we suggest that the observed q dependence of the
correlation with rn represents a generic model feature.

Figure 4(b) displays the same correlation, but now we also
include the experimental uncertainty on the strange-quark form
factor. Although the strange-quark contribution to the electric
form factor of the nucleon appears to be very small [47],
there is an experimental error attached to it that we want to
explore. For simplicity, only results using SV-min are shown
with and without incorporating the experimental uncertainty
on the s quark. We note that an almost perfect correlation at
low-to-moderate momentum transfer gets diluted by about 6%
as the uncertainty in the strange-quark contribution is included.
Most interestingly, the difference almost disappears near the
actual PREX point, lending confidence that the experimental
conditions are ideal for the extraction of r208

n . Finally, given that
the strong correlation between the neutron radius and the form
factor is maintained up to the first diffraction minima (about
q = 1.2 fm−1 in the case of 48Ca), the CREX experimental
point lies safely within this range (figure not shown).

IV. CONCLUSIONS AND OUTLOOK

In this survey, we have studied the potential impact of the
proposed PREX-II and CREX measurements on constraining
the isovector sector of the nuclear EDF. In particular, we
explored correlations between the weak-charge form factor
of both 48Ca and 208Pb, and a variety of observables sensitive
to the symmetry energy. We wish to emphasize that we have
chosen the weak-charge form factor rather than other derived
quantities—such as the weak-charge (or neutron) radius—
since FW is directly accessed by experiment. To assess correla-
tions among observables, two different approaches have been
implemented. In both cases we relied exclusively on models
that were accurately calibrated to a variety of ground-state data
on finite nuclei. In the “trend analysis,” the parameters of the
optimal model were adjusted in order to systematically change
the symmetry energy, and the resulting impact on nuclear
observables was monitored. In the “covariance analysis,” we
obtained correlation coefficients by relying exclusively on the
covariance (or error) matrix that was obtained in the process
of model optimization. From such combined analysis we find
the following:

(i) We verified that the neutron skin of 208Pb provides a
fundamental link to the equation of state of neutron-rich
matter. The landmark PREX experiment achieved a
very small systematic error on r208

n that suggests that
reaching the total error of ±0.06 fm anticipated in
PREX-II is realistic.

(ii) We also concluded that an accurate determination of
r208

skin is insufficient to constrain the neutron skin of
48Ca. Indeed, because of the significant difference in
the surface-to-volume ratio of these two nuclei, there
is a considerable spread in the predictions of the
models [17]. Given that CREX intends to measure
r48

skin with an unprecedented error of ±0.02 fm, this
model dependence can be tested experimentally [18].

034325-7
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PREX-II and CREX as Anchors for FRIB Physics

“One of the main science drivers of FRIB is the study of nuclei with neutron skins 3-4 times thicker than is currently possible.

FRIB will provide rare isotopes to explore the properties of halos and skins. JLab uses parity violation to measure the neutron

radius of stable lead and calcium nuclei. Studies of neutron skins at JLab and FRIB will help pin down the behavior of nuclear

matter at densities below twice typical nuclear density” 2013 Subcommittee Report to NSAC

The Traditional Approach: Proton-Nucleus Scattering

FRIB will scatter protons from radioactive nuclei in inverse kinematics

Large and uncontrolled uncertainties in the reaction mechanism

Enormous ambiguities yield an energy dependent neutron skin

FRIB must use PREX-II and CREX as calibrating anchors!
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Resonances

A. Tamii et al.,  Phys. Rev. Lett. 107, 062502 (2001)

Electric Dipole Polarizability

19 20 21 22 23 24

�D
208 (fm3)

9

10

11

12

13

�
D13

2
(f

m
3 )

NL3/FSU
DD-ME
Skyrme
Skyrme (SV)

CAB
models=0.988

RCNP

relativistic Coulomb excitation code and adopting parame-

ters of their strength distribution from data systematics [1],

were subtracted from the Coulomb cross sections prior to

converting into photo-neutron cross sections. In the top

right panel, a photo-neutron spectrum of the heaviest stable

tin isotope, 124Sn, measured in a real-photon absorption

experiment [17] is shown for comparison. The differences

between stable and radioactive tin isotopes at excitation

energies around 10 MeV are evident.

In order to extract quantitative information, a Lorentzian

distribution of photo-neutron cross section was tentatively

adopted to account for the GDR and a Gaussian (or alter-

natively a Lorentzian) distribution for the apparent low-

lying component; below, for convenience, the latter is

denoted as PDR. The two distributions are then trans-

formed back to the energy-differential Coulomb cross

section, folded with the detector response, and their pa-

rameters are found by !2 minimization against the experi-

mental data. In this way, positions, widths, and integrated

cross sections of both the PDR and GDR peaks are found.

The results of this procedure are shown in Fig. 2. The low-

energy shoulder of the GDR distribution in part arises be-

cause of the rapidly increasing flux of virtual photons to-

wards lower energies, but in part is also of an instrumental

nature due to the limited reconstruction efficiency (see

above) for the two-neutron decay channel; the latter effect

forms about 15% of the cross section observed around the

PDR.
A summary of the deduced PDR and GDR parameters is

given in Table I; data for the most neutron-rich stable tin

isotope, 124Sn, taken from [18] are added for comparison.

Deduced parameters for the PDR and GDR peaks are

quoted, i.e., peak energy !Emax", width (FWHM) and the

integral over the photo-neutron cross section !
R
"#". The

parameters for the PDR did not change significantly if

adopting either a Gaussian or a Lorentzian distribution.

Because of the finite energy resolution, only an upper limit

for the PDR width could be deduced. The errors as quoted

in Table I include the correlations among all fitted parame-

ters. As far as the giant dipole resonance parameters are

concerned, within error bars no significant deviations from

those known for the stable tin isotopes or stable isotopes in

the same mass region [1,18] are observed. The essential

difference compared to the dipole strength distribution of

the stable isotopes is manifested in the appearance of a

low-lying component as already noticed. The integrated

PDR cross section corresponds to 7(3)% and 4(3)% of the

value of the Thomas-Reiche-Kuhn energy-weighted sum

rule (EWSR) for 130Sn and 132Sn, respectively. The respec-

tive B!E1" " values amount to 3.2 and 1:9 e2 fm2 or to 4.3

and 2.7 Weisskopf units (W.u.), the latter calculated for a

neutron transition (for the definition of W.u. adopted here

see [1]). Having in mind the well-known strong suppres-

sion, compared to the Weisskopf estimate, of E1 single-

particle transitions, such large B!E1" values indicate that

the observed low-lying strength is either composed out of a

large number of single-particle transitions in a rather nar-

row energy interval or involves a coherent superposition of

transitions forming a new collective mode.

It should be remembered that the dipole strength is

measured only above the one-neutron separation threshold,

and thus only part of the low-lying strength may be covered

in the present experiment. In fact, recent real-photon mea-

surements on stable N # 82 isotones [10] revealed a con-

centration of E1 strength in bound states below the neutron

threshold, spread over excitation energies between 5.5 and

8 MeV. The integrated strength exhausts, however, less

than 1% of the EWSR. Real-photon scattering experiments

to bound states of the stable isotopes 116;124Sn uncovered a

concentration of E1 strength around 6.5 MeV with B!E1"

values, however, of only 0.20 and 0:35 e2 fm2 , respectively

[19]. The QRPA calculations by Tsoneva et al. [4], which

TABLE I. Summary of the parameters deduced for the PDR

and GDR peaks. The parameters for 124Sn are from [18].

PDR
GDR

Emax

[MeV]
FWHM
[MeV]

R
"#

[mb MeV]
Emax

[MeV]
FWHM
[MeV]

R
"#

[mb MeV]

124Sn $ $ $ $ $ $ $ $ $ 15.3 4.8 2080

130Sn 10.1(7) <3:4 130(55) 15.9(5) 4.8(1.7) 2680(410)

132Sn 9.8(7) <2:5 75(57) 16.1(7) 4.7(2.1) 2330(590)

FIG. 2 (color online). Left panels: energy differential, with

respect to excitation energy E% , electromagnetic dissociation

cross sections measured in 130Sn and 132Sn. Arrows indicate

the neutron-separation thresholds. Corresponding right panels:

deduced photo-neutron cross sections. The curves represent

fitted Gaussian (blue dashed line) and Lorentzian (green dash-

dotted line) distributions, assigned to the PDR (centroid indi-

cated by an arrow) and GDR, respectively, and their sum (red

solid line), after folding with the detector response. Top right

panel: photo-neutron cross section in the stable 124Sn isotope

measured in a real-photon absorption experiment; the solid red

line represents a Lorentzian distribution [17].
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Enormous progress in sight …

High quality data on a variety of nuclei at RCNP & GSI, 

such as Pb, Sn-isotopes, Ni, Ca…  

(Experiment Homework) 

K,J, L, … are not experimental observables! 

Extract K by reproducing data on GMR 

Extract L by reproducing data on GDR 

(Theory Homework) 

One single compelling theoretical picture!

Impedance matching between theory and experiment; 

e.g., quasi-D contribution 

(Experiment/Theory Homework)  

Measure the full dynamic response to learn about FF 

(Experiment Homework)        
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From Measurable Observables  
to the Neutron Skin

What is actually measured?  
Cross section, asymmetry, spin 
observables, …
How is the measured observable 
connected to the neutron skin?
What are the assumptions implicit 
in making this connection?  
Impulse approximation, off-shell 
ambiguities, distortion effects, … 
How sensitive is the extraction of 
the neutron radius/skin to these 
assumptions?
Quantitative assessment of both 
statistical and systematic errors 

 
All observables are equal, but 

some observables are more equal 
than others … Pedigree!
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Theory informing experiment

CAUTION 
NEUTRON 

SKIN AHEADTheory Informing Experiment
Quantitative assessment of both statistical 
and systematic errors; theory must provide  
error bars! 
Uncertainty quantification and covariance analysis 
(theoretical errors & correlations)

Precision required in the determination of the 
neutron radius/skin?

As precisely as “humanly possible” - fundamental 
nuclear structure property 
To strongly impact Astrophysics? 
What astrophysical observables to benchmark? 

Is there a need for a systematic study  
over “many” nuclei?  
PREX, CREX, SREX, ZREX, … 

Is there a need for more than one  
Q-square point?   
Radius and diffuseness … the whole form factor?

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-4

10-3

10-2

10-1

100

|F c
(q

)|
Exp.
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rch=5.5012(13) fm

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-3

10-2

10-1

100

|F w
ea

k(
q)

|

PREX
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rwk=5.826(181) fm

Theory Informing Experiment
Quantitative assessment of both statistical 
and systematic errors; theory must provide  
error bars! 
Uncertainty quantification and covariance analysis 
(theoretical errors & correlations)

Precision required in the determination of the 
neutron radius/skin?

As precisely as “humanly possible” - fundamental 
nuclear structure property 
To strongly impact Astrophysics? 
What astrophysical observables to benchmark? 

Is there a need for a systematic study  
over “many” nuclei?  
PREX, CREX, SREX, ZREX, … 

Is there a need for more than one  
Q-square point?   
Radius and diffuseness … the whole form factor?

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-4

10-3

10-2

10-1

100

|F c
(q

)|

Exp.
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rch=5.5012(13) fm

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-3

10-2

10-1

100

|F w
ea

k(
q)

|

PREX
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rwk=5.826(181) fm

Theory Informing Experiment
Quantitative assessment of both statistical 
and systematic errors; theory must provide  
error bars! 
Uncertainty quantification and covariance analysis 
(theoretical errors & correlations)

Precision required in the determination of the 
neutron radius/skin?

As precisely as “humanly possible” - fundamental 
nuclear structure property 
To strongly impact Astrophysics? 
What astrophysical observables to benchmark? 

Is there a need for a systematic study  
over “many” nuclei?  
PREX, CREX, SREX, ZREX, … 

Is there a need for more than one  
Q-square point?   
Radius and diffuseness … the whole form factor?

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-4

10-3

10-2

10-1

100

|F c
(q

)|

Exp.
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rch=5.5012(13) fm

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-3

10-2

10-1

100

|F w
ea

k(
q)

|

PREX
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rwk=5.826(181) fm

Theory Informing Experiment
Quantitative assessment of both statistical 
and systematic errors; theory must provide  
error bars! 
Uncertainty quantification and covariance analysis 
(theoretical errors & correlations)

Precision required in the determination of the 
neutron radius/skin?

As precisely as “humanly possible” - fundamental 
nuclear structure property 
To strongly impact Astrophysics? 
What astrophysical observables to benchmark? 

Is there a need for a systematic study  
over “many” nuclei?  
PREX, CREX, SREX, ZREX, … 

Is there a need for more than one  
Q-square point?   
Radius and diffuseness … the whole form factor?

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-4

10-3

10-2

10-1

100

|F c
(q

)|

Exp.
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rch=5.5012(13) fm

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-3

10-2

10-1

100

|F w
ea

k(
q)

|

PREX
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rwk=5.826(181) fm

Neutron	  Skins	  of	  Nuclei:	  from	  laboratory	  to	  stars
C.	  Horowitz,	  J.	  Piekarewicz,	  CS,	  MVdH

...from measurable 

observables to the 

neutron skin



Neutron Skin@Mainz
MESA: Parity Violation  



least model dependent method: PV e- scattering

5/12



PVES

N"N"

N"

2"

N"N"

N"

2"

N"N"

N"

2"

N"N"

N"

2"
Electroweak MeasurementsViewpoint: Good fortune from a broken mirror

Klaus Jungmann, Kernfysisch Versneller Instituut, University of Groningen, 9747 AA Groningen, The
Netherlands

August 10, 2009 • Physics 2, 68

A huge, predicted atomic parity violation has now been observed in ytterbium, further aiding
tabletop experimental searches for physics beyond the standard model that complement ongoing
e!orts at high-energy colliders.

Figure 1: Electrons in an atom interact with the nucleus through the electromagnetic force via the

exchange of massless photons (!). The weak force is mediated by Z0 bosons. The weak e!ects by... Show
more

The Berkeley group performed laser measurements to determine how the weak force, which very
slightly modifies the interactions between the electrons and the nucleus, a!ects the ground state of an 

 atom. Since the weak interaction e!ect is much smaller than the Coulomb interaction between the
electrons and the positively charged nucleus, a tour de force in experimental e!orts is required to
extract it from the transition rate between the ground state and an excited state. Tsigutkin et al.s

Illustration: Carin Cain

Yb

Enormously Clean …  
Extraordinarily Expensive!

Weak FF determined in a model independent way  
(exactly as the Charge FF) 

Very strongly coupled to nSkin …  

“Mild” model dependence going from FF to nSkin 
(Theory Homework)  

Measuring the FF at two (or more) points 
(Experiment/Theory Homework) 

Measuring the FF in several nuclei?  
(Experiment/Theory Homework) 

Understanding dispersive corrections  
(Theory Homework)       

PV elastic e-scattering  
 

Atomic PV  
measured in long-chains 

(e.g., Yb) to eliminate 
uncertainties in atomic theory 

(Dima Budker)
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Full	  azimuthal	  coverage⇔4xstat
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Full	  azimuthal	  coverage⇔4xstat

Assuming	  same	  PREX	  luminosity:	  	  
Δθ=4o	  :	  Rate=8.25	  GHz,	  APV=0.66	  ppm	  

1440h	  	  ➜	  δRn/Rn	  =	  0.5%	  	  	  

(assuming	  1%	  syst.	  δAPV/APV)



1st	  possibility:	  208Pb



G. Hagen et al., 
Nature Physics 12, 186–190 (2016) 

1st	  possibility:	  208Pb

2nd	  possibility:	  48Ca



C. J. Horowitz, Phys. Rev. C 92, 014313 (2015)

Stat.	  Error	  	  
2	  months	  beam	  Qme

1st	  possibility:	  208Pb

2nd	  possibility:	  48Ca

3rd	  possibility:	  	  
more	  Q2	  points



ity of S of a heavy nucleus with L in nuclear models
[2,4,7]. The correction with Ksym does not alter the situ-
ation as !! 1=9 is small. One can use Eq. (5) in other mass
regions by calculating ! from "A of Eq. (4). We have
checked numerically in multiple forces that the results
closely agree with Eq. (3) for the 40 " A " 238 stable
nuclei given in Fig. 2.

With the help of Eq. (5) for t (using "A to compute !), we
next analyze constraints on the density dependence of the
symmetry energy by optimization of (2) to experimental S
data. We employ csymð"Þ ¼ 31:6ð"="0Þ# MeV [6–9] and
take as experimental baseline the neutron skins measured
in 26 antiprotonic atoms [20] (see Fig. 2). These data
constitute the largest set of uniformly measured neutron
skins over the mass table till date. With allowance for the
error bars, they are fitted linearly by S ¼ ð0:9& 0:15ÞI þ
ð(0:03& 0:02Þ fm [20]. This systematics renders com-
parisons of skin data with DM formulas, which by con-
struction average the microscopic shell effect, more
meaningful [26]. We first set bn ¼ bp (i.e., Ssw ¼ 0) as
done in the DM [12,23,26] and in the analysis of data in
Ref. [19]. Following the above, we find L ¼ 75& 25 MeV
(# ¼ 0:79& 0:25). The range !L ¼ 25 MeV stems from
the window of the linear averages of experiment. The L
value and its uncertainty obtained from neutron skins with
Ssw ¼ 0 is thus quite compatible with the quoted con-
straints from isospin diffusion and isoscaling observables
in HIC [6–8]. On the other hand, the symmetry term of the
incompressibility of the nuclear EOS around equilibrium
(K ¼ Kv þ K$%

2) can be estimated using information of
the symmetry energy as K$ ) Ksym ( 6L [5–7]. The con-
straint K$ ¼ (500& 50 MeV is found from isospin dif-
fusion [6,7], whereas our study of neutron skins leads to
K$ ¼ (500þ125

(100 MeV. A value K$ ¼ (550& 100 MeV
seems to be favored by the giant monopole resonance
(GMR) measured in Sn isotopes as is described in [13].
Even if the present analyses may not be called definitive,

significant consistency arises among the values extracted
for L and K$ from seemingly unrelated sets of data from
reactions, ground-states of nuclei, and collective
excitations.
To assess the influence of the correction Ssw in (2), we

compute the surface widths bn and bp in ASINM [22]. This
yields the bnðpÞ values of a finite nucleus if we relate the
asymmetry %0 in the bulk of ASINM to I by %0ð1þ xAÞ ¼
Iþ xAIC [21–23]. In doing so, we find that Eq. (2) repro-
duces trustingly S (and its change with I) of self-consistent
Thomas-Fermi calculations of finite nuclei made with the
same nuclear force. Also, Ssw is very well fitted by Ssw ¼
&swI. All slopes &sw of the forces of Fig. 1(c) lie between
&min

sw ¼ 0:15 fm (SGII) and &max
sw ¼ 0:31 fm (NL3). We

then reanalyze the experimental neutron skins including
Smin
sw and Smax

sw in Eq. (2) to simulate the two conceivable
extremes of Ssw according to mean field models. The
results are shown in Fig. 3. Our above estimates of L and
K$ could be shifted by up to(25 andþ125 MeV, respec-
tively, by nonzero Ssw. This is on the soft side of the HIC
[6–8] and GMR [13] analyses of the symmetry energy, but
closer to the alluded predictions from nucleon emission
ratios [9], the GDR [14], and nuclear binding systematics
[17]. One should mention that the properties of csymð"Þ
derived from terrestrial nuclei have intimate connections to
astrophysics [3,4,10]. As an example, we can estimate the
transition density "t between the crust and the core of a
neutron star [3,10] as "t="0 ! 2=3þ ð2=3Þ#Ksym=2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield "t ! 0:095&
0:01 fm(3. This value would not support the direct
URCA process of cooling of a neutron star that requires
a higher "t [3,10]. The result is in accord with "t !
0:096 fm(3 of the microscopic EOS of Friedman and
Pandharipande [27], as well as with "t ! 0:09 fm(3 pre-
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FIG. 2 (color online). Comparison of the fit described in the
text of Eq. (2) with the experimental neutron skins from anti-
protonic measurements and their linear average S ¼
ð0:9& 0:15ÞI þ ð(0:03& 0:02Þ fm [20]. Results of the modern
Skyrme SLy4 and relativistic FSUGold forces are also shown.
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FIG. 3 (color online). Constraints on L and K$ from neutron
skins and their dependence on the Ssw correction of Eq. (2). The
crosses express the L and K$ ranges compatible with the un-
certainties in the skin data. The shaded regions depict the
constraints on L and K$ from isospin diffusion [6,7] and on
K$ as determined in [13] from the GMR of Sn isotopes.
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M. Centelles, et al Phys. Rev. Lett. 102, 122502 (2009)

Theory Informing Experiment
Quantitative assessment of both statistical 
and systematic errors; theory must provide  
error bars! 
Uncertainty quantification and covariance analysis 
(theoretical errors & correlations)

Precision required in the determination of the 
neutron radius/skin?

As precisely as “humanly possible” - fundamental 
nuclear structure property 
To strongly impact Astrophysics? 
What astrophysical observables to benchmark? 

Is there a need for a systematic study  
over “many” nuclei?  
PREX, CREX, SREX, ZREX, … 

Is there a need for more than one  
Q-square point?   
Radius and diffuseness … the whole form factor?

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-4

10-3

10-2

10-1

100

|F c
(q

)|

Exp.
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rch=5.5012(13) fm

0.0 0.5 1.0 1.5 2.0
q (fm-1)

10-3

10-2

10-1

100

|F w
ea

k(
q)

|

PREX
rskin=0.176 fm
rskin=0.207 fm
rskin=0.235 fm
rskin=0.260 fm
rskin=0.286 fm

Rwk=5.826(181) fmThe long winding road ....



ity of S of a heavy nucleus with L in nuclear models
[2,4,7]. The correction with Ksym does not alter the situ-
ation as !! 1=9 is small. One can use Eq. (5) in other mass
regions by calculating ! from "A of Eq. (4). We have
checked numerically in multiple forces that the results
closely agree with Eq. (3) for the 40 " A " 238 stable
nuclei given in Fig. 2.

With the help of Eq. (5) for t (using "A to compute !), we
next analyze constraints on the density dependence of the
symmetry energy by optimization of (2) to experimental S
data. We employ csymð"Þ ¼ 31:6ð"="0Þ# MeV [6–9] and
take as experimental baseline the neutron skins measured
in 26 antiprotonic atoms [20] (see Fig. 2). These data
constitute the largest set of uniformly measured neutron
skins over the mass table till date. With allowance for the
error bars, they are fitted linearly by S ¼ ð0:9& 0:15ÞI þ
ð(0:03& 0:02Þ fm [20]. This systematics renders com-
parisons of skin data with DM formulas, which by con-
struction average the microscopic shell effect, more
meaningful [26]. We first set bn ¼ bp (i.e., Ssw ¼ 0) as
done in the DM [12,23,26] and in the analysis of data in
Ref. [19]. Following the above, we find L ¼ 75& 25 MeV
(# ¼ 0:79& 0:25). The range !L ¼ 25 MeV stems from
the window of the linear averages of experiment. The L
value and its uncertainty obtained from neutron skins with
Ssw ¼ 0 is thus quite compatible with the quoted con-
straints from isospin diffusion and isoscaling observables
in HIC [6–8]. On the other hand, the symmetry term of the
incompressibility of the nuclear EOS around equilibrium
(K ¼ Kv þ K$%

2) can be estimated using information of
the symmetry energy as K$ ) Ksym ( 6L [5–7]. The con-
straint K$ ¼ (500& 50 MeV is found from isospin dif-
fusion [6,7], whereas our study of neutron skins leads to
K$ ¼ (500þ125

(100 MeV. A value K$ ¼ (550& 100 MeV
seems to be favored by the giant monopole resonance
(GMR) measured in Sn isotopes as is described in [13].
Even if the present analyses may not be called definitive,

significant consistency arises among the values extracted
for L and K$ from seemingly unrelated sets of data from
reactions, ground-states of nuclei, and collective
excitations.
To assess the influence of the correction Ssw in (2), we

compute the surface widths bn and bp in ASINM [22]. This
yields the bnðpÞ values of a finite nucleus if we relate the
asymmetry %0 in the bulk of ASINM to I by %0ð1þ xAÞ ¼
Iþ xAIC [21–23]. In doing so, we find that Eq. (2) repro-
duces trustingly S (and its change with I) of self-consistent
Thomas-Fermi calculations of finite nuclei made with the
same nuclear force. Also, Ssw is very well fitted by Ssw ¼
&swI. All slopes &sw of the forces of Fig. 1(c) lie between
&min

sw ¼ 0:15 fm (SGII) and &max
sw ¼ 0:31 fm (NL3). We

then reanalyze the experimental neutron skins including
Smin
sw and Smax

sw in Eq. (2) to simulate the two conceivable
extremes of Ssw according to mean field models. The
results are shown in Fig. 3. Our above estimates of L and
K$ could be shifted by up to(25 andþ125 MeV, respec-
tively, by nonzero Ssw. This is on the soft side of the HIC
[6–8] and GMR [13] analyses of the symmetry energy, but
closer to the alluded predictions from nucleon emission
ratios [9], the GDR [14], and nuclear binding systematics
[17]. One should mention that the properties of csymð"Þ
derived from terrestrial nuclei have intimate connections to
astrophysics [3,4,10]. As an example, we can estimate the
transition density "t between the crust and the core of a
neutron star [3,10] as "t="0 ! 2=3þ ð2=3Þ#Ksym=2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield "t ! 0:095&
0:01 fm(3. This value would not support the direct
URCA process of cooling of a neutron star that requires
a higher "t [3,10]. The result is in accord with "t !
0:096 fm(3 of the microscopic EOS of Friedman and
Pandharipande [27], as well as with "t ! 0:09 fm(3 pre-
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ity of S of a heavy nucleus with L in nuclear models
[2,4,7]. The correction with Ksym does not alter the situ-
ation as !! 1=9 is small. One can use Eq. (5) in other mass
regions by calculating ! from "A of Eq. (4). We have
checked numerically in multiple forces that the results
closely agree with Eq. (3) for the 40 " A " 238 stable
nuclei given in Fig. 2.

With the help of Eq. (5) for t (using "A to compute !), we
next analyze constraints on the density dependence of the
symmetry energy by optimization of (2) to experimental S
data. We employ csymð"Þ ¼ 31:6ð"="0Þ# MeV [6–9] and
take as experimental baseline the neutron skins measured
in 26 antiprotonic atoms [20] (see Fig. 2). These data
constitute the largest set of uniformly measured neutron
skins over the mass table till date. With allowance for the
error bars, they are fitted linearly by S ¼ ð0:9& 0:15ÞI þ
ð(0:03& 0:02Þ fm [20]. This systematics renders com-
parisons of skin data with DM formulas, which by con-
struction average the microscopic shell effect, more
meaningful [26]. We first set bn ¼ bp (i.e., Ssw ¼ 0) as
done in the DM [12,23,26] and in the analysis of data in
Ref. [19]. Following the above, we find L ¼ 75& 25 MeV
(# ¼ 0:79& 0:25). The range !L ¼ 25 MeV stems from
the window of the linear averages of experiment. The L
value and its uncertainty obtained from neutron skins with
Ssw ¼ 0 is thus quite compatible with the quoted con-
straints from isospin diffusion and isoscaling observables
in HIC [6–8]. On the other hand, the symmetry term of the
incompressibility of the nuclear EOS around equilibrium
(K ¼ Kv þ K$%

2) can be estimated using information of
the symmetry energy as K$ ) Ksym ( 6L [5–7]. The con-
straint K$ ¼ (500& 50 MeV is found from isospin dif-
fusion [6,7], whereas our study of neutron skins leads to
K$ ¼ (500þ125

(100 MeV. A value K$ ¼ (550& 100 MeV
seems to be favored by the giant monopole resonance
(GMR) measured in Sn isotopes as is described in [13].
Even if the present analyses may not be called definitive,

significant consistency arises among the values extracted
for L and K$ from seemingly unrelated sets of data from
reactions, ground-states of nuclei, and collective
excitations.
To assess the influence of the correction Ssw in (2), we

compute the surface widths bn and bp in ASINM [22]. This
yields the bnðpÞ values of a finite nucleus if we relate the
asymmetry %0 in the bulk of ASINM to I by %0ð1þ xAÞ ¼
Iþ xAIC [21–23]. In doing so, we find that Eq. (2) repro-
duces trustingly S (and its change with I) of self-consistent
Thomas-Fermi calculations of finite nuclei made with the
same nuclear force. Also, Ssw is very well fitted by Ssw ¼
&swI. All slopes &sw of the forces of Fig. 1(c) lie between
&min

sw ¼ 0:15 fm (SGII) and &max
sw ¼ 0:31 fm (NL3). We

then reanalyze the experimental neutron skins including
Smin
sw and Smax

sw in Eq. (2) to simulate the two conceivable
extremes of Ssw according to mean field models. The
results are shown in Fig. 3. Our above estimates of L and
K$ could be shifted by up to(25 andþ125 MeV, respec-
tively, by nonzero Ssw. This is on the soft side of the HIC
[6–8] and GMR [13] analyses of the symmetry energy, but
closer to the alluded predictions from nucleon emission
ratios [9], the GDR [14], and nuclear binding systematics
[17]. One should mention that the properties of csymð"Þ
derived from terrestrial nuclei have intimate connections to
astrophysics [3,4,10]. As an example, we can estimate the
transition density "t between the crust and the core of a
neutron star [3,10] as "t="0 ! 2=3þ ð2=3Þ#Ksym=2Kv,
following the model of Sect. 5.1 of Ref. [10]. The con-
straints from neutron skins hereby yield "t ! 0:095&
0:01 fm(3. This value would not support the direct
URCA process of cooling of a neutron star that requires
a higher "t [3,10]. The result is in accord with "t !
0:096 fm(3 of the microscopic EOS of Friedman and
Pandharipande [27], as well as with "t ! 0:09 fm(3 pre-
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From outer space to deep inside: exploring neutron skins of nucleiPb Radius vs Neutron Star Radius
• The 208Pb radius constrains the 

pressure of neutron matter at 
subnuclear densities.  Typel + Brown 
find sharp correlation between P at 
2/3 ρ0 and Rn.

• The NS radius depends on the 
pressure at nuclear density and 
above.  Central density of NS few to 
10 x nuclear density.

• Pb radius probes low density, NS radius 
medium density, and maximum NS mass 
probes high density equation of state.

• An observed softening of EOS with 
density (smaller increase in pressure) 
could strongly suggest a transition to 
an exotic high density phase such as 
quark matter,  strange matter, or a 
color superconductor…

J. Piekarewicz, CJH

Chiral EFT calc. of pressure P of neutron 
matter by Hebeler et al. including three 
neutron forces (blue band) agree with 
PREX results but two nucleon only 
calculations yield smaller P.

does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].
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From outer space to deep inside: exploring neutron skins of nucleiPb Radius vs Neutron Star Radius
• The 208Pb radius constrains the 

pressure of neutron matter at 
subnuclear densities.  Typel + Brown 
find sharp correlation between P at 
2/3 ρ0 and Rn.

• The NS radius depends on the 
pressure at nuclear density and 
above.  Central density of NS few to 
10 x nuclear density.

• Pb radius probes low density, NS radius 
medium density, and maximum NS mass 
probes high density equation of state.

• An observed softening of EOS with 
density (smaller increase in pressure) 
could strongly suggest a transition to 
an exotic high density phase such as 
quark matter,  strange matter, or a 
color superconductor…

J. Piekarewicz, CJH

Chiral EFT calc. of pressure P of neutron 
matter by Hebeler et al. including three 
neutron forces (blue band) agree with 
PREX results but two nucleon only 
calculations yield smaller P.

does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].
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FIG. 3 (color online). Neutron skin of 208Pb against slope
of the symmetry energy. The linear fit is !rnp ¼ 0:101þ
0:001 47L. A sample test constraint from a 3% accuracy in
APV is drawn.
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From outer space to deep inside: exploring neutron skins of nucleiPb Radius vs Neutron Star Radius
• The 208Pb radius constrains the 

pressure of neutron matter at 
subnuclear densities.  Typel + Brown 
find sharp correlation between P at 
2/3 ρ0 and Rn.

• The NS radius depends on the 
pressure at nuclear density and 
above.  Central density of NS few to 
10 x nuclear density.

• Pb radius probes low density, NS radius 
medium density, and maximum NS mass 
probes high density equation of state.

• An observed softening of EOS with 
density (smaller increase in pressure) 
could strongly suggest a transition to 
an exotic high density phase such as 
quark matter,  strange matter, or a 
color superconductor…

J. Piekarewicz, CJH

Chiral EFT calc. of pressure P of neutron 
matter by Hebeler et al. including three 
neutron forces (blue band) agree with 
PREX results but two nucleon only 
calculations yield smaller P.

does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].
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FIG. 3 (color online). Neutron skin of 208Pb against slope
of the symmetry energy. The linear fit is !rnp ¼ 0:101þ
0:001 47L. A sample test constraint from a 3% accuracy in
APV is drawn.
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