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Why is this Meeting Different from any other Meeting?
Tuesday, September 29, 2015

Neutron Skins of Nuclei

Dear Colleague:

We are planning a two-week program at Mainz during the May 17-27, 2016 period that 
will gather the stakeholders interested in the determination of the neutron skins of nuclei 
(e.g., Ca and Pb) and their impact on the density dependence of the symmetry energy.  
As you may have heard, a successful one-week workshop aimed at defining the goals 
and expectations for the upcoming two-week program took place in Mainz in May, 2015.

Although various meetings of this sort have already been organized, it is the primary 
goal of the workshop to establish quantitatively the strengths and limitations of the 
various experimental techniques. This requires a detailed analysis of the systematic 
errors. Moreover, given that in most instances theory must be used to connect the 
measured experimental observable to the neutron skin, it also essential to quantify the 
statistical and systematic errors associated with the given theory. Finally, we aim to 
design a suite of experiments and the precision required to determine neutron skins in a 
manner that will provide meaningful constraints on the density dependence of the 
symmetry energy — and ultimately on astrophysical observables. Thus, our interest for 
you to present your results and actively shape the success of the program.

Given that the Mainz Institute for Theoretical Physics (MITP) limits the number of 
participants to the program, we urge you to apply as soon as possible by visiting the 
program webpage at: https://indico.mitp.uni-mainz.de/conferenceDisplay.py?confId=47. 
There, you will be able to find material of relevance to the program — which will be 
constantly updated — including some of the slides from the May, 2015 meeting.  

Kindest Regards 

Chuck Horowitz, Jorge Piekarewicz, Concettina Sfienti, and Mark Vanderhaeghen
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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!



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?
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Uncertainty Quantification
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Nuclear Structure, Error Bars, and Correlations: Statistical
Reinhard-Nazarewicz, PRC81 (2010) 051303(R) Fattoyev-Piekarewicz, PRC86 (2012) 015802; PRC84 (2011) 064302

Empirical constants determined from optimization of a quality measure
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Predictions accompanied by meaningful theoretical errors
Covariance analysis least biased approach to uncover correlations

Cov(A,B) = @i A ⌃̂ij @j B ; Corr(A,B) =
Cov(A,B)

p
Var(A)Var(B)

Isovector sector constrained mostly from “pseudo data”
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Nuclear Structure, Error Bars, and Correlations: Systematic
JP et al., PRC85 (2012) 041302 Horowitz-Piekarewicz, PRC86 (2012) 045503

Assess systematic errors by comparing 48 accurately calibrated EDFs
Each model incorporates its own prejudices and theoretical biases
Correlation between Rn[208Pb] and Rn[132Sn] remains very strong
Correlation between Rn[208Pb] and Rn[48Ca] weakens significantly
48Ca is a smaller nucleus than 208Pb and thus strongly affected by surface/shell effects
Weak-skin of 48Ca strongly affected by spin-orbit corrections
Provides new insights into an unexplored “tensor” form factor
Together PREX-II and CREX provide powerful and stringent constraints!
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The Enormous Reach of the Neutron Skin: Covariance Analysis

Neutron skin as proxy for neutron-star radii . . . and more!
Calibration of nuclear functional from optimization of a quality measure
New era: predictability typical – uncertainty quantification demanded
Neutron skin strongly correlated to a myriad of neutron star properties:

Radii, Enhanced Cooling, Moment of Inertia, . . .

40 50 60 70 80
L (MeV)

12

12.5

13

13.5

14

14.5

R
N

S 
[M

/M
su

n]
 (k

m
)

RNS[0.8]
RNS[1.4]

CAB=0.988

FSUGold

CAB=0.946

0 0.2 0.4 0.6 0.8 1
Correlation with skin of 208Pb

skin 132Sn

RNS[0.8]
RNS[1.4]

skin 48Ca

l
t

skin 208Pb

L

Yp
t

MDUrca

Icrust[0.8]
St

ru
ct

ur
e

Pa
st

a

Cooling

Glitches

J. Piekarewicz (FSU) Nuclear Physics of Neutron Stars APS – April 11-14, 2015 9 / 16



Information and Statistics in Nuclear Experiment and Theory ISNET-3
Trento, November 16-20,  2015

Main Topics
Estimation of statistical uncertainties of calculated quantities, 

assessment of systematic errors, 
validation and verification of extrapolations, 

information content of observables with respect to current theoretical models, 
statistical tools of nuclear theory and planning of future experiments, 

Bayesian methods and computational techniques, 
novel methods of optimization

Organizers
David Ireland (University of Glasgow) 

Witold Nazarewicz (FRIB/NSCL - Michigan State University) 
Bartlomiej Szpak (Insitute of Nuclear Physics PAN - Krakow)

Director of the ECT*: Professor Wolfram Weise (ECT*) 

The ECT* is sponsored by the “Fondazione Bruno Kessler” in collaboration with the “Assessorato alla Cultura” (Provincia Autonoma di Trento), 
funding agencies of EU Member and Associated States and has the support of the Department of Physics of the University of Trento. 

For local organization please contact: Gianmaria Ziglio - ECT* Secretariat - Villa Tambosi - Strada delle Tabarelle 286 - 38123 Villazzano (Trento) - Italy
Tel.:(+39-0461) 314721  Fax:(+39-0461) 314750, E-mail: ect@ectstar.eu or visit http://www.ectstar.eu 
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Technology, Sweden), Dick Furnstahl (Ohio State University, USA), Krzysztof Graczyk (University of Wroclaw, Poland), Tiia Haverinen (University of Jyväskylä, Finland), Dave 
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(University of Milan and INFN, Italy), Jan Ryckebusch (Ghent University, Belgium), Nicolas Schunck (Lawrence Livermore National Laboratory, USA), Achim Schwenk (TU 
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A Path Forward in Uncertainty Quantification



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 (γ). 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



From Dark Matter to Neutron Stars
Coherent elastic ⌫-Nucleus scattering has never been observed!
Predicted shortly after the discovery of weak neutral currents
Enormously challenging; must detect exceedingly slow recoils
CEvNS (pronounced “7s” ) are backgrounds for DM searches
CEvNS is coherent (“large”) as it scales ⇠N2

“Piggybacking” on the enormous progress in dark-matter searches

Z0
A

Coherent Elastic ⌫-Nucleus
Scattering at the Spallation
Neutron Source (ORNL) may
become possible in the
“not-so-distant” future

J. Piekarewicz (FSU) Nuclear Physics of Neutron Stars APS – April 11-14, 2015 12 / 16



Electric Dipole Polarizability
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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].

PRL 95, 132501 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
23 SEPTEMBER 2005

132501-3

GSI: Adrich et al
PRL95, 132501 (2005)

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)        

S(q,!)



Coherent Elastic Pion and Proton Scattering

MPWIA⇠A1(s, t)⇢T (Q)/Q⇡A1(s, t)⇢V (Q)

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!

J. Piekarewicz (FSU) Nuclear Structure, Neutron Radii, Error Bars, ... JLAB - March 17-19, 2013 14 / 15

Uncontrolled  
Uncertainties

Impulse Approximation 
Off-shell Ambiguities 

Distortion Effects 
… 

Potentially very useful 
observables 

Difficult Experiment/Theory  
Homework.  

Very large skins of unstable  
neutron-rich nuclei  

a critical new direction!



What else ? 
Extra Credit Homework  

and Planning 

 What worked in 2015; what did not? 
 Deliverables for May 2016? 
 Breadth vs Depth for May 2016? 
 Goals for two weeks in May 2016? 
 …

PHYSICAL REVIEW C 92, 064304 (2015)

Neutron skin thickness from the measured electric dipole polarizability in 68Ni, 120Sn, and 208Pb

X. Roca-Maza,1,* X. Viñas,2 M. Centelles,2 B. K. Agrawal,3 G. Colò,1 N. Paar,4,5 J. Piekarewicz,6 and D. Vretenar5

1Dipartimento di Fisica, Università degli Studi di Milano and INFN, Sezione di Milano, 20133 Milano, Italy
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6Department of Physics, Florida State University, Tallahassee, Florida 32306, USA
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The information on the symmetry energy and its density dependence is deduced by comparing the available
data on the electric dipole polarizability αD of 68Ni, 120Sn, and 208Pb with the predictions of the random-phase
approximation, using a representative set of nuclear energy density functionals. The calculated values of αD

are used to validate different correlations involving αD , the symmetry energy at the saturation density J , the
corresponding slope parameter L, and the neutron skin thickness "rnp , as suggested by the droplet model. A
subset of models that reproduce simultaneously the measured polarizabilities in 68Ni, 120Sn, and 208Pb are
employed to predict the values of the symmetry energy parameters at saturation density and "rnp . The resulting
intervals are J =30–35 MeV, L=20–66 MeV; and the values for "rnp in 68Ni, 120Sn, and 208Pb are in the
ranges 0.15–0.19, 0.12–0.16, and 0.13–0.19 fm, respectively. The strong correlation between the electric dipole
polarizabilities of two nuclei is instrumental to predict the values of electric dipole polarizabilities in other nuclei.

DOI: 10.1103/PhysRevC.92.064304 PACS number(s): 24.30.Cz, 21.60.Jz, 21.65.Ef

I. INTRODUCTION

The density dependence of the nuclear symmetry energy
plays a critical role in nuclear physics and astrophysics and
it is extensively investigated from both theoretical and experi-
mental perspectives. Given that the nuclear symmetry energy
is not an observable which can be directly measured, many
experiments that measure closely related observables have
been designed to extract information about this fundamental
quantity. In particular, the neutron skin thickness and the
electric dipole polarizability of nuclei have been identified as
strong isovector indicators [1]. The main focus of the present
work is the electric dipole response.

Different experimental techniques, such as photoabsorp-
tion, Coulomb excitation, and proton scattering at very forward
angles (where the Coulomb interaction dominates), have
been employed to probe the electric dipole response [2–4].
These electromagnetic reactions are particularly suited for this
purpose because, unlike hadronic experiments, they are not
hindered by large and uncontrolled uncertainties. In addition
to the identification of the prominent giant dipole resonance
(GDR), the electric dipole response of neutron-rich nuclei
displays a smaller concentration of strength at lower energies
that is commonly referred to as the pygmy dipole strength
(PDS) [5]. Data on the PDS have been used in the past to
constrain the symmetry energy and to obtain information on
the neutron skin thickness of neutron-rich nuclei [6–11]. In
one of the earliest applications of uncertainty quantification
to the domain of energy density functionals (EDFs), Reinhard
and Nazarewicz carried out a covariance analysis to correlate

*xavier.roca.maza@mi.infn.it

the neutron skin thickness of 208Pb to the properties of both
finite nuclei and infinite nuclear matter [1]. In this way, the
electric dipole polarizability, an observable directly related
to the inverse energy-weighted sum rule, was identified as a
strong isovector indicator that may be used to constrain the
neutron skin thickness of 208Pb.

The electric dipole polarizability of 208Pb was measured
at the Research Center for Nuclear Physics (RCNP) [12]
using polarized proton inelastic scattering at forward angles.
By performing a multipole decomposition of the angular
distribution and by measuring all polarization transfer observ-
ables, it was possible to extract by two independent methods
the electric dipole response of 208Pb over a wide range of
energies and with high resolution. Taking into account the
average of all available data on the electric dipole response
in 208Pb up to the pion-production threshold [13,14], a
value for the electric dipole polarizability of αD(208Pb) =
20.1 ± 0.6 fm3 was reported [12]. Based on the success of
the 208Pb experiment, the electric dipole strength of 120Sn
was recently measured at RCNP in the interval between 5
and 22 MeV [15]. By combining this new measurement with
existing photoabsorption data up to 135 MeV [16], a value
of αD(120Sn) = 8.93 ± 0.36 fm3 was obtained [15]. Finally,
turning to exotic nuclei, the electric dipole response of the
unstable 68Ni isotope has been recently investigated at GSI
using both Coulomb excitation in inverse kinematics and by
measuring the invariant mass in the one- and two-neutron
decay channels [17,18]. From these measurements, which
cover the range between 7.8 and 28.4 MeV, both the giant
and pygmy dipole strengths have been identified and the
dipole polarizability of αD(68Ni) = 3.40 ± 0.23 fm3 has been
obtained [18]. Note that neither the high- nor the low-energy
tails of the dipole response of 68Ni are experimentally known,

0556-2813/2015/92(6)/064304(11) 064304-1 ©2015 American Physical Society
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The electric dipole strength distribution in 120Sn between 5 and 22 MeV has been determined at the Research
Center for Nuclear Physics, Osaka, from polarization transfer observables measured in proton inelastic scattering
at E0 = 295 MeV and forward angles including 0◦. Combined with photoabsorption data, a highly precise electric
dipole polarizability αD(120Sn) = 8.93(36) fm3 is extracted. The dipole polarizability as isovector observable par
excellence carries direct information on nuclear symmetry energy and its density dependence. The correlation
of the new value with the well-established αD(208Pb) serves as a test of its prediction by nuclear energy density
functionals. Models based on modern Skyrme interactions describe the data fairly well while most calculations
based on relativistic Hamiltonians cannot.
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The nuclear equation of state (EOS) describing the energy
of nuclear matter as function of its density has a wide impact
on nuclear physics and astrophysics [1] as well as physics
beyond the standard model [2,3]. The EOS of symmetric
nuclear matter with equal proton and neutron densities is
well constrained from the ground state properties of finite
nuclei, especially in the region of saturation density ρ0 ≃
0.16 fm−3 [4]. However, the description of astrophysical
systems as, e.g., neutron stars requires knowledge of the EOS
for asymmetric matter [5–8] which is related to the leading
isovector parameters of nuclear matter, viz., the symmetry
energy (J ) and its derivative with respect to density (L) [9].
For a recent overview of experimental and theoretical studies of
the symmetry energy see Ref. [10]. In spite of steady extension
of knowledge on exotic nuclei, just these isovector properties
are poorly determined by fits to experimental ground state data
because the valley of nuclear stability is still extremely narrow
along isotopic chains [11–13]. Thus one needs observables
in finite nuclei specifically sensitive to isovector properties to
better confine J and L. There are two such observables, the

*hasimoto@ibs.re.kr; Present address: Rare Isotope Project, Insti-
tute for Basic Science, 70, Yuseong-daero, 1689-gil, Yuseong-gu,
Daejeon, Korea.
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neutron skin rskin in nuclei with large neutron excess and the
(static) dipole polarizability αD.

The neutron skin thickness rskin = ⟨r⟩n − ⟨r⟩p defined as
the difference of the neutron and proton root-mean-square
radii ⟨r⟩n,p is determined by the interplay between the
surface tension and the pressure of excess neutrons on the
core described by L [14,15]. Studies within nuclear density
functional theory [16] show for all energy density functionals
(EDFs) a strong correlation between rskin and the isovector
symmetry energy parameters [17–19]. The most studied case
so far is 208Pb, where rskin has been derived from the coherent
photoproduction of π0 mesons [20], antiproton annihila-
tion [21,22], proton elastic scattering at 650 MeV [23] and
295 MeV [24], and dipole polarizability [25]. A nearly model-
independent determination of the neutron skin is possible by
measuring the weak form factor of nuclei with parity-violating
elastic electron scattering [26]. Such an experiment has been
performed for 208Pb but the statistical uncertainties are still
too large for serious constraints of the neutron skin [27].

A particularly useful experimental observable to constrain
the large theoretical uncertainties on J and L is αD [28]
which can determined by a weighted integral over the
photoabsorption cross section σabs [29]

αD = !c

2π2

!
σabs

E2
x

dEx = 8π

9

!
dB(E1)

Ex
dEx, (1)
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Neutron and weak-charge distributions of the
48Ca nucleus
G. Hagen1,2*, A. Ekström1,2, C. Forssén1,2,3, G. R. Jansen1,2, W. Nazarewicz1,4,5, T. Papenbrock1,2,
K. A. Wendt1,2, S. Bacca6,7, N. Barnea8, B. Carlsson3, C. Drischler9,10, K. Hebeler9,10,
M. Hjorth-Jensen4,11, M. Miorelli6,12, G. Orlandini13,14, A. Schwenk9,10 and J. Simonis9,10

What is the size of the atomic nucleus? This deceivably simple question is di�cult to answer. Although the electric charge
distributions in atomic nuclei were measured accurately already half a century ago, our knowledge of the distribution of
neutrons is still deficient. In addition to constraining the size of atomic nuclei, the neutron distribution also impacts the
number of nuclei that can exist and the size of neutron stars. We present an ab initio calculation of the neutron distribution
of the neutron-rich nucleus 48Ca. We show that the neutron skin (di�erence between the radii of the neutron and proton
distributions) is significantly smaller than previously thought. We also make predictions for the electric dipole polarizability
and the weak form factor; both quantities that are at present targeted by precision measurements. Based on ab initio results
for 48Ca, we provide a constraint on the size of a neutron star.

A tomic nuclei are made of two types of fermions—namely,
protons and neutrons. Owing to their electric charge, the
distribution of protons in a nucleus can be accurately

measured and is well known for many atomic nuclei1. In contrast,
neutron densities are poorly known. An accurate knowledge of
neutron distributions in atomic nuclei is crucial for understanding
neutron-rich systems ranging from short-lived isotopes at the
femtometre scale to macroscopically large objects such as neutron
stars. The distribution of neutrons in nuclei determines the limits
of the nuclear landscape2, gives rise to exotic structures and
novel phenomena in rare isotopes3–5, and impacts basic properties
of neutron stars6–8. Because of its fundamental importance,
experimental e�orts worldwide have embarked on an ambitious
programme of measurements of neutron distributions in nuclei
using di�erent probes, including hadronic scattering9, pion
photoproduction10, and parity-violating electron scattering11.
As neutrons have no electric charge, elastic electron scattering
primarily probes the proton distribution, whereas parity-violating
electron scattering can occur only via the weak interaction and is
sensitive to the distribution of weak charge. As the weak charge of
the neutron, Qn

W ⇡�0.99, is much larger than that of the proton,
Qp

W ⇡ 0.07, a measurement of the parity-violating asymmetry Apv
(ref. 12) o�ers an opportunity to probe the neutron distribution.

Regardless of the probe used, direct measurements of neutron
distributions in nuclei are extremely di�cult. For this reason,
experiments have also focused on other observables related to
neutron distributions, such as the electric dipole polarizability ↵D.
Recently, ↵D was accurately determined in 208Pb (ref. 13), 120Sn
(ref. 14) and 68Ni (ref. 15), while an experimental extraction of ↵D

for 48Ca by the Darmstadt–Osaka collaboration is ongoing. For this
medium-mass nucleus, the calcium radius experiment (CREX) at
Je�erson Lab16,17 also aims at a measurement of the radius of the
weak-charge distribution. The nucleus 48Ca is of particular interest
because it is neutron rich, has doubly magic structure, and can now
be reached by nuclear ab initiomethods.

So far, much of the theoretical understanding of proton and
neutron distributions in atomic nuclei came from nuclear density
functional theory (DFT; ref. 18). This method employs energy
density functionals that are primarily constrained by global nuclear
properties such as binding energies and radii, and it provides us
with a coarse-grained description of nuclei across the nuclear chart.
Calculations within nuclear DFT generally describe charge radii,
and suggest that ↵D is strongly correlated with the neutron skin19–21,
thereby relating this quantity to the neutron radius. To be able to
tackle a medium-mass nucleus such as 48Ca with both ab initio
and DFT methods provides an exciting opportunity to bridge both
approaches. In the process, surprises are expected. For instance, as
discussed in this work, ab initio calculations show that the neutron
skin of 48Ca is significantly smaller than estimated by nuclear DFT
models. This result not only gives us an important insight into the
nuclear size, but also provides an opportunity to inform global DFT
models by more refined ab initio theories.

In recent years, ab initio computations of atomic nuclei have
advanced tremendously. This progress is due to an improved
understanding of the strong interaction that binds protons
and neutrons into finite nuclei, significant methodological and
algorithmic advances, and ever-increasing computer performance.
In this work, we use nuclear forces derived from chiral e�ective field
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Full weak-charge density distribution of 48Ca from parity-violating electron scattering
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Background: The ground state neutron density of a medium mass nucleus contains fundamental nuclear structure
information and is at present relatively poorly known.
Purpose: We explore if parity violating elastic electron scattering can provide a feasible and model independent
way to determine not just the neutron radius but the full radial shape of the neutron density ρn(r) and the weak
charge density ρW (r) of a nucleus.
Methods: We expand the weak charge density of 48Ca in a model independent Fourier Bessel series and calculate
the statistical errors in the individual coefficients that might be obtainable in a model parity violating electron
scattering experiment.
Results: We find that it is feasible to determine roughly six Fourier Bessel coefficients of the weak charge density
of 48Ca within a reasonable amount of beam time. However, it would likely be much harder to determine the full
weak density of a significantly heavier nucleus such as 208Pb.
Conclusions: Parity violating elastic electron scattering can determine the full weak charge density of a medium
mass nucleus in a model independent way. This weak density contains fundamental information on the size,
surface thickness, shell oscillations, and saturation density of the neutron distribution in a nucleus. The measured
ρW (r), combined with the previously known charge density ρch(r), will literally provide a detailed textbook
picture of where the neutrons and protons are located in an atomic nucleus.
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I. INTRODUCTION

Where are the protons located in an atomic nucleus? His-
torically, charge densities from elastic electron scattering have
provided accurate and model independent information [1].
These densities are, quite literally, our picture of the nucleus
and have had an enormous impact. They have helped reveal the
size, surface thickness, shell structure, and saturation density
of nuclei.

Where are the neutrons located in an atomic nucleus?
Additional, very fundamental, nuclear structure information
could be extracted if we also had accurate neutron densities.
For example, knowing both the proton and the neutron
densities would provide constraints on the isovector channel
of the nuclear effective interaction, which is essential for the
structure of very neutron rich exotic nuclei.

However, compared to charge densities, our present knowl-
edge of neutron densities is relatively poor and may be
model dependent. Often neutron densities are determined with
strongly interacting probes [2] such as antiprotons [3,4], proton
elastic scattering [5], see also [6], heavy ion collisions [7], Pion
elastic scattering [8], and coherent pion photo production [9].
Here one typically measures the convolution of the neutron
density with an effective strong interaction range for the probe.
Uncertainties in this range, from complexities of the strong
interactions, can introduce significant systematic errors in the
extracted neutron densities.

It is also possible to measure neutron densities with
electroweak interactions, by using neutrino-nucleus coherent
scattering [10,11] or parity violating electron scattering [20].
This is because the weak charge of a neutron is much larger
than that of a proton. Compared to strongly interacting probes,
parity violation provides a clean and model-independent way

to determine the neutron density and likely has much smaller
strong interaction uncertainties. In the last decades, great
theoretical [12–19] and experimental [20,21] efforts have
been made to improve parity violating electron scattering
experiments. At Jefferson Laboratory, the neutron radius of
208Pb has been preliminarily measured by PREX [20,21],
and will be measured with higher accuracy by the PREX-II
experiment [22], while an approved experiment CREX aims
to measure the neutron radius of 48Ca [23].

In this paper, we propose to measure not only the neutron
radius, but the full radial structure of the weak charge
density distribution in 48Ca, by measuring the parity violating
asymmetry at a number of different momentum transfers. This
will determine the coefficients of a Fourier Bessel expansion
of the weak charge density that is model independent. By
measuring the weak density, the full structure of neutron
density can be derived, since the weak form factor of the
neutron is largely known and the weak charge of the proton
is very small. Our formalism to determine the cross section
for longitudinally polarized electrons scattered from 48Ca and
the parity violating asymmetry Apv is presented in Sec. II. In
Sec. III we motivate measuring the full radial dependence of
the weak charge density in 48Ca and discuss the large informa-
tion that it contains. In Sec. IV we illustrate our formalism with
an example experiment and calculate the resulting statistical
errors. The resulting weak density can be directly compared to
modern microscopic calculations of the ground state structure
of 48Ca using chiral effective field theory interactions [24].
We conclude in Sec. V that it is feasible to measure the
full weak density distribution of 48Ca. However this may
be much harder for a significantly heavier nucleus such as
208Pb because more Fourier Bessel coefficients likely will be
needed.
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Background: Besides its intrinsic value as a fundamental nuclear-structure observable, the weak-charge den-
sity of 208Pb—a quantity that is closely related to its neutron distribution—is of fundamental importance in
constraining the equation of state of neutron-rich matter.

Purpose: To assess the impact that a second electroweak measurement of the weak-charge form factor of 208Pb
may have on the determination of its overall weak-charge density.

Methods: Using the two putative experimental values of the form factor, together with a simple implementation
of Bayes’ theorem, we calibrate a theoretically sound—yet surprisingly little known—symmetrized Fermi function,
that is characterized by a density and form factor that are both known exactly in closed form.

Results: Using the charge form factor of 208Pb as a proxy for its weak-charge form factor, we demonstrate
that using only two experimental points to calibrate the symmetrized Fermi function is su�cient to accurately
reproduce the experimental charge form factor over a significant range of momentum transfers.

Conclusions: It is demonstrated that a second measurement of the weak-charge form factor of 208Pb supple-
mented by a robust theoretical input in the form of the symmetrized Fermi function, would place significant
constraints on the neutron distribution of 208Pb and, ultimately, on the equation of state of neutron-rich matter.
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The End of the Beginning: MITP, May 4-7, 2015 
The Beginning of the End: MITP, May 17-27, 2016 
The End: Sometime around the beginning of 2017  

Culminating with a Topical Review in JPG

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 Let’s untangle the knots!

Our gratitude to MITP and all of you for coming; 
let’s have a fun and productive meeting!


