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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].
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of the symmetry energy. The linear fit is !rnp ¼ 0:101þ
0:001 47L. A sample test constraint from a 3% accuracy in
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➣ It will discuss the connection between neutron skin and symmetry energy
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926 Negele: Mean-field theory of nuclear structure and dynamics

measured cross sections and their experimental uncertain-
ties. Details of the analysis are described in a review arti-
cle (Friar and Negele, 1975) and error envelopes obtained
in this way for a variety of spherical nuclei (Sick, 1974;
Sick et al. , 1975; Friar and Negele, 1977, Sick et al. ,
1979) are compared with DME calculations in Fig. 11.
Whereas the overall agreement appears quite satisfactory,
individual discrepancies between the mean-field theory
and experiment are latent with interesting nuclear struc-
ture information. For example, whereas Ca and Pb con-
stitute good shell closures, Zr is known to have a signifi-
cant depopulation of the lpi~2 and Of&~2 orbitals and cor-
responding occupation of the Og9/2 level. A simple
schematic calculation based on the pairing theory (Negele,
1971) shows that in Zr the correlation correction de-
creases the interior density in the region of 2 fm by
roughly 8%, significantly improving the agreement with
experiment. (Analogous pairing calculations in Ca and
Pb yield no change in the density. ) The Ni nucleus is

another special case. When one calculates its energy as a
function of deformation, one finds it to be exceedingly

IO

IO-(—

soft with respect to quadrupole deformations. Thus the
simple static mean-field approximation is inadequate, and
one must allow for large amplitude collective motion in
the quadrupole degree of freedom. Although the general
formalism for large-amplitude collective motion in Sec. V
has not yet been applied to this nucleus, one observed that
the shapes of the prolate and oblate admixtures in the
wave function are sufficiently different that one expects
the large-interior density fluctuation to be somewhat di-
minished (Negele and Rinker, 1977). In all these cases,
then, one is led to the conclusion that the mean-field ap-
proximation not only describes the systematic behavior of
spherical nuclei throughout the Periodic Table, but also
serves as a valid starting point for systematic examination
of specific structure effects which go beyond the mean
field. Thus the phenomenological component of the ef-
fective interaction is small enough that it is sensible to
evaluate leading corrections to the mean field as if the ef-
fective interaction were actually derived from an underly-
ing two-body potential.
The discussion of the spatial distribution of matter thus

far has dealt essentially with protons, since we have only
considered the charge scattering of electrons. From a
theoretical point of view, given the strong interplay be-
tween neutron and proton distributions in the self-
consistent mean-field theory, it is difficult to imagine how
one could systematically obtain the correct proton distri-
butions throughout the Periodic Table while making sig-
nificant errors in neutron distributions. Nevertheless, al-
though neutron distributions are much more difficult to
measure experimentally and are subject to greater ambi-
guities of interpretations than protons, it is worthwhile to
briefly survey the present status of measurements of neu-
tron distributions.
The least ambiguous probe of neutron distributions is
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FIG. 11. Comparison of DME mean-field theory charge dis-
tributions in spherical nuclei (dashed lines) with empirical
charge densities. The solid curves and shaded regions
represent the error envelope of densities consistent with the
measured cross sections and their experimental uncertainties.
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• Cross section over 12 
orders of magnitude!


• THIS is our picture of 
the atomic nucleus!
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I. Angeli, K.P. Marinova / Atomic Data and Nuclear Data Tables 99 (2013) 69–95 73

Fig. 3. Isotopic behaviour of rms charge radii for medium mass and heavy elements: from 36Kr to 96Cm. For clear presentation, these elements are grouped in three panels
with identical R and N scales in such a way that the major neutron shell closures at N = 50, 82 and 126 are well pronounced.

theoretical calculations [32]. Nörtershäuser et al. [32] used this
value as absolute reference for the radii in the Li isotopic chain
and their results, themost correct existing data for Li, are displayed
without any changes in Table 1.

Let us note that for Re, Po, Rn, Fr, Ra and Cm there are no
experimental R data. Reference radii R0 are calculated by the
formula

R0 =
 

r + r1
A2/3
0

+ r2
A4/3
0

!

⇥ A1/3
0 (8)

with parameters: r0 = 0.9071(13) fm, r1 = 1.105(25) fm, r2 =
�0.548(34) fm, which are the results of a least-squares fit
to radii along the line of stability (see Table 2 in Ref. [13]).
These parameters are correlated. Therefore for safety’s sake, for
the uncertainty �R0 the value 2 ⇥ (�R0,unc) was used, where
�R0,unc is the value calculated by the assumption of uncorrelated
parameters.

It is worth considering the problems connectedwith the proton
radius the experimental value of which strongly changed during
the years (see Fig. 1 and references therein [33–38]). In 2010, a

measurement of muonic hydrogen atom Lamb shift [38] resulted
in an rms charge radius value rp,µ = 0.84184(67) fm, which differs
significantly from the earlier values obtained by electronic
measurements (see e.g. 2nd paragraph in Section 2.1. of Ref. [13]
and Section 5 in Ref. [7]). This strong deviation between electronic
andmuonic resultsmay question the correctness of some quantum
electrodynamic (QED) calculations or even the validity of the
Standard Model of particle physics [39], and produced an active
interest in the literature [40–44]. As this problem is not yet
settled, it seems advisable to remain on the safe side, and to
restrict ourselves to data derived from electronic measurements.
See also [45].

4. Global behaviour of rms nuclear charge radii

Transforming �hr2i into absolute rms radii values, one receives
a global overlook on the charge radii trend in an extended region
of nuclei from He to Cm. The accuracy of the combined data is high
compared to that of the directlymeasured radii values for the same
element.
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• Kinks at closed neutron shells

• Regular odd-even staggering

• Obvious shape effects

• Radii of isotopes increase at ~half rate of 1.2A1/3 !!!
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Where do the neutrons go?

Pressure forces neutrons 
out against surface tension
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Neutron Skin for Beginner

Neutron-rich nuclei 
develop a neutron skin



Pressure forces neutrons 
out against surface tension

#MakeHumansSmartAgain

Neutron Skin for Beginner

Measures how much neutrons 
stick out past protons

C. J. Horowitz

EOS



It’s always  
just nuclear matter

The Nuclear Equation of State

18 orders of magnitude smaller 
and 55 orders of magnitude lighter 

#MakeHumansSmartAgain



Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

The Search for the Nuclear Symmetry Energy

#MakeHumansSmartAgain



Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

#MakeHumansSmartAgain

The Search for the Nuclear Symmetry Energy



Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

…the (blind!?) search for the 
Nuclear Symmetry Energy 

#MakeHumansSmartAgain



Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

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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What is actually measured?  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Impulse approximation, off-shell 
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Quantitative assessment of both 
statistical and systematic errors 
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π0 meson produced with ≈ probability on p AND n

TO DO: Reconstruct π0 from π0→2γ decay
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Pion photoproduction: DWA

P. Capel, F. Colomer, S. Tsaran, M. Vanderhagen 
Conclusions and perspectives

Coherent ⇡0 photoproduction and study of the Sn isotopic chain :

⌅ Working code for PWIA amplitudes for photoproduction V (�)
⇡� (k⇡,k�)

⌅ Working code for scattering matrix F⇡A of ⇡0

Resolution of the Lippmann-Schwinger equation
Singularity of Coulomb solved : better constrains on UNucl(k0, k)

⇤ DWIA amplitudes calculation

O↵-shell photoproduction amplitudes V (�)
⇡� (k0

⇡,k�)

⇤ Devise a better form for UNucl(k0, k)
Research ongoing with Pr. M. Vanderhaeghen & S. Tsaran, JGU Mainz
(Co-tutelle with Mainz)

⇤ Calculation of neutron skin for the Sn isotopic chain

Frederic Colomer (ULB) Pntpm meeting August the 22nd, 2017 27 / 28

+ Treatment of Resonances,  
+ Use Effective Potentials (J. Piekarewicz) 
+ Sensitivity of σcoherent to neutron density 
+ Benchmark theory with A/Z and Z variation 

…it is a long way till Rome …
#MakeHumansSmartAgain
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Electric Dipole Polarizability
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P.-G. Reinhard and W. Nazarewicz,  
PRC 81, 051303(R) (2010).

Covariance analysis with SV-min 
interaction in the framework of the 
nuclear energy density functional.

Electric Dipole Polarizability (αD)

Strong correlation between the  
αD and the neutron skin of 208Pb

208Pb X. Roca-Maza et al.,  PRC88, 024316(2013)

insights from the droplet model

Correlations observed in various 
interaction sets.
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expect to be smaller than the one for 48Ca. As shown in
Ref. [57], integrating the data for 40Ca from Ref. [53], one
obtains αDð40CaÞ ¼ 1.95ð26Þ fm3. Here, we combine the
data of Ref. [53] with a refined set of data in the giant
resonance region measured by the same group [54] and find
αDð40CaÞ ¼ 1.87ð3Þ fm3. We note that a much higher value
was quoted in Ref. [53], which would actually exceed our
result for 48Ca. The preference of the data set from Ref. [54]
is motivated by a preliminary comparison with 40Caðp; p0Þ
results taken at Osaka. Although no E1 strength has been
extracted yet, a comparison of spectra at the most forward
angles [Fig. 3(c)], again shifted by the centroid energy
difference, demonstrates good correspondence of the
Coulomb excitation cross sections and an absolute ratio
similar to the one observed in Fig. 3(b).
Comparison with theory.—First principles calculations of

σγðEXÞ require the solution of the many-body scattering
problem at all energiesEX, including those in the continuum,
which is extremely challenging beyond few-nucleon sys-
tems. While an ab initio calculation of the full continuum is
still out of reach for medium-mass nuclei, methods based
on integral transforms that avoid its explicit computation
[58–60] have been successfully applied to light nuclei (see
Ref. [61] for a review) and recently extended to medium-
mass nuclei [57,62,63] using coupled-cluster theory.
Furthermore, it has been shown that energy-dependent
sumrules, such as the polarizability, can be evaluatedwithout

the explicit knowledge of the continuum states or a cross-
section calculation itself [64], and recent developments [18]
have also allowed the calculation of αD as a function of the
upper integration limit of Eq. (1).
We performed ab initio calculations of αD using the

Lorentz integral transform coupled-clustermethod described
in Refs. [18,57]. The theoretical results are compared to
experiment in Fig. 4(b), where the smooth band (blue and
red) shows the running sum of the experimental dipole
polarizability with error bars. The laddered (gray) band is
based on different chiral Hamiltonians, using the same two-
and three-nucleon interactions employed in Ref. [17], which
reproduce well saturation properties of nuclear matter
[19,20,65]. For each interaction, the estimated model-space
dependence and truncation uncertainty is about 4% of αD,
which is also included in the gray band. We find that the
agreement between the experimental and theoretical results
in Fig. 4(b) is better for higher excitation energies. However,
we also observed that the position of the GDR is more
affected by truncations, which could lead to a shift of
≈2 MeV. In addition, we estimated that the contributions
from coupled-cluster triples corrections (due to genuine
three-particle-three-hole correlations) could be important
at low energies. Both of these truncation errors are not
included in the uncertainty shown in Fig. 4(b) because it is
difficult to quantify them without explicit calculations. With
these taken into account, the steep rise in the theoretical band
around 20MeVindicates that the position of theGDRpeak is
consistent with the experimental centroid.
In Fig. 5, we present a detailed comparison of the

experimental αD value with predictions from χEFT and
state-of-the-art EDFs. The χEFT predictions (green trian-
gles) are based on a set of chiral two- plus three-nucleon
interactions [19,20], whereas the EDF results are based the
functionals SkM*, SkP, SLy4, SV-min, UNEDF0, and
UNEDF1 [17]. In addition, we show a χEFT prediction
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FIG. 4. (a) Combined photoabsorption cross sections in 48Ca
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FIG. 2. (Color online) Correlation coe�cients (9) derived
from a covariance analysis between the weak-charge form fac-
tors of 208Pb (F 208

W ) and 48Ca (F 48
W ), and a variety of nuclear

observables, including the strong isovector indicators such as
neutron skin, electric dipole polarizability, symmetry energy
J , slope of the symmetry energy L, and a strong isoscalar
indicator: incompressibility K at saturation density. In all
cases correlation coe�cients are obtained from the covariance
matrix associated with each model.

The second entry confirms the strong correlation be-
tween r208n and F 208

W . This suggest that although
qPREXr

208
n & 1, thereby invalidating a direct extraction

of r208n from F 208
W , measuring the form factor provides

a strong constraint on the neutron radius [42]. Still, we
stress that the cleanest comparison between theory and
experiment is directly in terms of the experimentally
measured form factor. We will look into this connection
in more detail in Sec. III C.

The correlations with rskin may seem surprising at first
glance. There is an apparent dichotomy between SV-
min and DDME-min1 on the one hand, and PC-min1
and FSUGold on the other. Whereas the former display
a strong correlation between r208skin and F 208

W , the corre-
lation weakens significantly for the latter. The apparent
contradiction may have its origin in the underlying fitting
protocols and di↵erent density dependence. For example,
both SV-min and DDME-min1 include the charge radius
of 208Pb (r208ch ) with its very small experimental error [45]
in the fit. Such a small error strongly constrains the
linear combination of model parameters sensitive to the

charge radius. This implies that the exploration of the
model landscape is “locked” at the experimental value of
r208ch (or equivalently r208p ). Thus, any changes in r208skin
around the optimal model are essentially generated by
the corresponding changes in r208n . The charge radius
of 208Pb was also included in the calibration procedure
of the FSUGold functional [35]. However, in contrast to
SV-min and DDME-min1, no covariance matrix was ex-
tracted at that time. Thus, the FSUGold correlation
coe�cients presented in this work were obtained from a
simplified covariance analysis of Ref. [24] that did not
include r208ch into the fit. Clearly, as we develop next-
generation EDFs, their optimization procedure should
always generate both the optimal model as well as the
covariance matrix. We note that in the case of the cor-
relation between F 48

W and r48skin, DDME-min1 remains as
the sole model displaying a strong correlation; in the case
of SV-min, the correlation is much weaker. Again, this
di↵erence may originate from the various fitting proto-
cols.
In Ref. [21] the electric dipole polarizability in 208Pb

was identified as a strong isovector indicator that is
strongly correlated to r208skin. Here too we find a strong
correlation between F 208

W and ↵208
D , except for PC-min1

where this correlation appears to be fairly weak. More-
over, we note that the correlation between ↵208

D and the
weak-charge form factor of 48Ca weakens significantly,
with the exception of DDME-min1. Within the next few
years we expect that CREX and PREX-II will provide ac-
curate measurements of the neutron radius of 48Ca and
208Pb with anticipated errors of 0.02 fm and 0.06 fm, re-
spectively. We note that a high-precision measurement
of ↵208

D is now available [41] and that the corresponding
measurement on 48Ca is presently being analyzed [46].
When combined, these four key isovector indicators will
provide the critical input for the calibration of EDFs of
increasing sophistication.
Finally, correlations between F 208

W and bulk parame-
ters of infinite nuclear matter display a large model de-
pendence. For example, both SV-min and DDME-min1
display a strong correlation between F 208

W and the sym-
metry energy J and the slope of the symmetry energy L
at saturation density. This appears not to be the case
for PC-min1 and FSUGold. As mentioned earlier, this
reflects the simplified covariance analysis with FSUG-
old that failed to include a tightly constrained charge
radius of 208Pb into the fit. Finally, as an illustration,
we show how a strong isoscalar indicator such as the in-
compressibility of symmetric nuclear matter K is weakly
correlated with both weak-charge form factors in all the
models.

C. Momentum-transfer sensitivity of the

weak-charge form factor

So far we have only considered the weak-charge form
factors at the relevant momentum transfers of CREX

“Remember that all models are wrong; the practical question is how wrong do they have to be 
to not be useful.”  (G. E.P. Box)

PHYSICAL REVIEW C88, 034325 (2013)



Theory informing experiment

#MakeHumansSmartAgain

6

J

L

K 

FW [other] 

_D [208Pb]

rskin [208Pb]

rskin [132Sn]

rskin [48Ca]

rn [208Pb]

 0  0.2  0.4  0.6  0.8  1.0
FW [208Pb] FW [48Ca] 

 0  0.2  0.4  0.6  0.8  1.0

(a) (b)

SV-min
DDME-min1

PC-min1
FSUGold

FIG. 2. (Color online) Correlation coe�cients (9) derived
from a covariance analysis between the weak-charge form fac-
tors of 208Pb (F 208

W ) and 48Ca (F 48
W ), and a variety of nuclear

observables, including the strong isovector indicators such as
neutron skin, electric dipole polarizability, symmetry energy
J , slope of the symmetry energy L, and a strong isoscalar
indicator: incompressibility K at saturation density. In all
cases correlation coe�cients are obtained from the covariance
matrix associated with each model.

The second entry confirms the strong correlation be-
tween r208n and F 208

W . This suggest that although
qPREXr

208
n & 1, thereby invalidating a direct extraction

of r208n from F 208
W , measuring the form factor provides

a strong constraint on the neutron radius [42]. Still, we
stress that the cleanest comparison between theory and
experiment is directly in terms of the experimentally
measured form factor. We will look into this connection
in more detail in Sec. III C.

The correlations with rskin may seem surprising at first
glance. There is an apparent dichotomy between SV-
min and DDME-min1 on the one hand, and PC-min1
and FSUGold on the other. Whereas the former display
a strong correlation between r208skin and F 208

W , the corre-
lation weakens significantly for the latter. The apparent
contradiction may have its origin in the underlying fitting
protocols and di↵erent density dependence. For example,
both SV-min and DDME-min1 include the charge radius
of 208Pb (r208ch ) with its very small experimental error [45]
in the fit. Such a small error strongly constrains the
linear combination of model parameters sensitive to the

charge radius. This implies that the exploration of the
model landscape is “locked” at the experimental value of
r208ch (or equivalently r208p ). Thus, any changes in r208skin
around the optimal model are essentially generated by
the corresponding changes in r208n . The charge radius
of 208Pb was also included in the calibration procedure
of the FSUGold functional [35]. However, in contrast to
SV-min and DDME-min1, no covariance matrix was ex-
tracted at that time. Thus, the FSUGold correlation
coe�cients presented in this work were obtained from a
simplified covariance analysis of Ref. [24] that did not
include r208ch into the fit. Clearly, as we develop next-
generation EDFs, their optimization procedure should
always generate both the optimal model as well as the
covariance matrix. We note that in the case of the cor-
relation between F 48

W and r48skin, DDME-min1 remains as
the sole model displaying a strong correlation; in the case
of SV-min, the correlation is much weaker. Again, this
di↵erence may originate from the various fitting proto-
cols.
In Ref. [21] the electric dipole polarizability in 208Pb

was identified as a strong isovector indicator that is
strongly correlated to r208skin. Here too we find a strong
correlation between F 208

W and ↵208
D , except for PC-min1

where this correlation appears to be fairly weak. More-
over, we note that the correlation between ↵208

D and the
weak-charge form factor of 48Ca weakens significantly,
with the exception of DDME-min1. Within the next few
years we expect that CREX and PREX-II will provide ac-
curate measurements of the neutron radius of 48Ca and
208Pb with anticipated errors of 0.02 fm and 0.06 fm, re-
spectively. We note that a high-precision measurement
of ↵208

D is now available [41] and that the corresponding
measurement on 48Ca is presently being analyzed [46].
When combined, these four key isovector indicators will
provide the critical input for the calibration of EDFs of
increasing sophistication.
Finally, correlations between F 208

W and bulk parame-
ters of infinite nuclear matter display a large model de-
pendence. For example, both SV-min and DDME-min1
display a strong correlation between F 208

W and the sym-
metry energy J and the slope of the symmetry energy L
at saturation density. This appears not to be the case
for PC-min1 and FSUGold. As mentioned earlier, this
reflects the simplified covariance analysis with FSUG-
old that failed to include a tightly constrained charge
radius of 208Pb into the fit. Finally, as an illustration,
we show how a strong isoscalar indicator such as the in-
compressibility of symmetric nuclear matter K is weakly
correlated with both weak-charge form factors in all the
models.

C. Momentum-transfer sensitivity of the

weak-charge form factor

So far we have only considered the weak-charge form
factors at the relevant momentum transfers of CREX

“Remember that all models are wrong; the practical question is how wrong do they have to be 
to not be useful.”  (G. E.P. Box)

PHYSICAL REVIEW C88, 034325 (2013)

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, … 
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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].
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Most interestingly, the difference almost disappears near the
actual PREX point, lending confidence that the experimental
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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].
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∆θ=4° : expected rate = 8.25 GHz, APV = 0.66 ppm, P = 85%, Q ≈ 86 MeV

1440h → δRn/Rn = 0.52% (208Pb @ 155 MeV)
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➣ δRn/Rn	=	0.5%			
→ L ± 20 MeV 
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➣ δRn/Rn	=	0.5%			
→ L ± 20 MeV 

what is the need?
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P.-G. Reinhard et al., Phys. Rev. C 88 (2013) 034325

Jorge Piekarewicz (concluding remarks, MITP 2015)
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Figure 7: Timeline of the MESA facility and experiments.

The design and construction of MESA, the P2 experiment and the MAGIX pair spectrometer

are evaluated regularly by the International MESA Machine Advisory Committee. The two

experiments have also received very positive reviews by the International Scientific Council of

the Collaborative Research Center The Low-Energy Frontier of the Standard Model. The timeline

of the MESA facility and experiments is shown in Figure 7. The BDX@MESA experiment is

described in more detail in Section A.3.

A.2 Electroweak precision tests using a new weak mixing-angle measurement

The weak mixing angle �W is a centerpiece of the theory of electroweak symmetry breaking as

described by the SM. A comparison of the experimentally determined dependence of sin2 �W

on the energy scale – the so-called “running” – with the corresponding theoretical prediction

constitutes a stringent test of the SM [6]. Provided that the experimental determinations are

precise enough, such a comparison may rule out certain extensions of the SM or, in case that

the experimentally observed running is found to deviate from the SM prediction, help identify the

type of new physics. The determination of sin2 �W at low energy via the measurement of the

weak charge Qp
W of the proton is the key goal of the P2 experiment.

P2 will measure the parity-violating asymmetry, APV , in polarized electron-nucleon scattering at

the scale Q2 ' 0.005 GeV2 with a relative precision of better than 1.7%. This will yield a total

uncertainty of 0.00031 for sin2 �W, comparable to the most precise determinations presently

available from data obtained at the Z-boson mass (Q2 =m2
Z). The P2 experiment is therefore

expected to provide – for the first time since the measurements at LEP and SLD – a high-precision

determination of the weak mixing angle at the per-mille level. Comparing the P2 measurement of

sin2 �W with a new determination at high Q2 envisaged at the LHC (see RA-D) will allow for a

test of the electroweak sector of the SM at an unprecedented level of sensitivity, see Figure 8.

P2 aims at a three-fold improvement in the uncertainty of sin2 �W [3] compared with the Qweak

experiment at JLab. This is made possible by the considerably lower beam energy of 155 MeV in

25

Timeliness: LIGO et al.



#MakeHumansSmartAgain
56th International Winter Meeting on Nuclear Physics, Bormio (Italy) - January 23, 2018LIGO-G1800119

Observing Scenarios

Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced LIGO and 
Advanced Virgo and KAGRA 
https://dcc.ligo.org/LIGO-P1200087/public

L. Cadonati 56th International Winter Meeting on Nuclear Physics, Bormio, 2018

3.4 Detailed description of the research program — RA-A

MESA Underground Hall

MESA Accelator

P2 Experiment

MAGIX Specrometer

BDX@MESA Development / Installation

Commissioning

Commissioning

Commissioning

Commissioning

Construction Operation

Beam operation

Simulation studies

Data taking

Data taking

Data taking

Installation / Tests

Development / Installation

Development / Installation

Figure 7: Timeline of the MESA facility and experiments.

The design and construction of MESA, the P2 experiment and the MAGIX pair spectrometer

are evaluated regularly by the International MESA Machine Advisory Committee. The two

experiments have also received very positive reviews by the International Scientific Council of

the Collaborative Research Center The Low-Energy Frontier of the Standard Model. The timeline

of the MESA facility and experiments is shown in Figure 7. The BDX@MESA experiment is

described in more detail in Section A.3.

A.2 Electroweak precision tests using a new weak mixing-angle measurement

The weak mixing angle �W is a centerpiece of the theory of electroweak symmetry breaking as

described by the SM. A comparison of the experimentally determined dependence of sin2 �W
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the experimentally observed running is found to deviate from the SM prediction, help identify the

type of new physics. The determination of sin2 �W at low energy via the measurement of the

weak charge Qp
W of the proton is the key goal of the P2 experiment.

P2 will measure the parity-violating asymmetry, APV , in polarized electron-nucleon scattering at

the scale Q2 ' 0.005 GeV2 with a relative precision of better than 1.7%. This will yield a total

uncertainty of 0.00031 for sin2 �W, comparable to the most precise determinations presently

available from data obtained at the Z-boson mass (Q2 =m2
Z). The P2 experiment is therefore

expected to provide – for the first time since the measurements at LEP and SLD – a high-precision

determination of the weak mixing angle at the per-mille level. Comparing the P2 measurement of

sin2 �W with a new determination at high Q2 envisaged at the LHC (see RA-D) will allow for a

test of the electroweak sector of the SM at an unprecedented level of sensitivity, see Figure 8.

P2 aims at a three-fold improvement in the uncertainty of sin2 �W [3] compared with the Qweak

experiment at JLab. This is made possible by the considerably lower beam energy of 155 MeV in
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Internal Gas 
Target 

Differential 
pumping 

system 

Twin ARm 
DIpole 

Spectrometer 

High resolution on low momentum electrons 
•   
•   
•   

Material reduction 
• No window before the magnet 
• Thin detector 

Large sensitive surface 
•   

Good point resolution 
•   

Multiple samples 
• At least 2 points to reconstruct the full kinematics 

High rate capability 
•   

The “Dark Side” of MESA
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Final estimates ongoing: MAGIX TDR in 2019

Addition to the P-C-MREX measurements program

Ex: Measurement of surface thickness (≈15%)
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Correct#for#Coulomb#
DistorAons#

Measured#APV#

Final estimates ongoing: MAGIX TDR in 2019

Addition to the P-C-MREX measurements program

Ex: Measurement of surface thickness (≈15%)

+ complement A1 Program on beam-normal single spin 
asymmetries (AT)


… am I running out of time? (Y/N)



“Background” measurements at MAMI

• Count rate asymmetry in elastic e-scattering for transverse 
polarisation (normal to scattering plane)


• No PV effects BUT:
➢ Helicity-correlated background contribution in PV 
experiments caused by transversal polarisation component
➢ Necessary to measure for all targets used in PV experiment

Beam normal (single-spin) asymmetry
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“Background” measurements at MAMI
Beam normal (single-spin) asymmetry

• Count rate asymmetry in elastic e-scattering for transverse 
polarisation (normal to scattering plane)


• No PV effects BUT:
PREX,	PRL	(2012)	

• Interference term 
between one- and 
multi-photon 
exchange

➢ First phase: MAMI
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“Background” measurements at MAMI

• Elastic peak is well-separated 
in precision spectrometers

  

Low rate particle tracking mode:

Precise positioning of detectors &
magnetic field setting
→ Only elastic line in detector acceptance

Benefits of the Spectrometers

Beam normal (single-spin) asymmetry
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Low rate particle tracking mode:

Precise positioning of detectors &
magnetic field setting
→ Only elastic line in detector acceptance

Benefits of the Spectrometers

• Raw data is uncorrelated between 
left/right spectrometers: highly 
stabilised beam!
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• Systematic study on 12C: 
future studies on other targets

➢ Improving theory

➢ Lowest Q@MAGIX

Beam normal (single-spin) asymmetry

4

FIG. 3. The transverse asymmetry Aexp for each PMT of the
detectors placed in spectrometer A (red points) and spectrom-
eter B (blue points) at Q2 = 0.04 GeV2/c2. By inserting an
additional �/2-wave plate into the laser beam of the polarized
electron source, the general sign changed.

�y, the horizontal and vertical beam angle di↵erences209

�x0 and �y0, and the beam energy di↵erence �E to de-210

termine the experimental asymmetry211

Aexp = Araw�c1AI�c2�x�c3�y�c4�x0�c5�y0�c6�E.
(6)

Typically, the correction factors would be derived from a212213

multidimensional regression of the measured asymmetry214

versus the corresponding parameters. However, due to215

the extraordinary high-quality beam during the exper-216

imental campaign, the variation of the parameters was217

too narrow compared to the width of the asymmetry to218

apply this method. Instead, analytical calculations as219

well as simulations were used to determine the individ-220

ual correction factors. The factor c1 in Eq. 6 must be221

equal to one, since the luminosity changes linearly with222

the beam current. This correlation has been verified in223

runs taken without the beam-current stabilization sys-224

tem as illustrated in Fig. 2 (bottom panel). The factors225

c2 and c3 for position related false asymmetries were esti-226

mated by using Monte-Carlo simulations. In addition, a227

small data sample acquired without beam stabilizations228

was used as a cross-check and both results were in good229

agreement. Concerning the beam angle di↵erences, an230

analytical derivation of a parametrization of the Mott231

cross-section was used to determine the correction factor232

c4 for the horizontal scattering angle. The correction fac-233

tor c5 for the vertical scattering angle vanishes since the234

angular acceptance of both spectrometers is symmetric235

with respect to their bending planes. Nevertheless, vari-236

ations of the vertical scattering angle will cause changes237

of the e↵ective degree of polarization by up to 1%. This238

e↵ect could be corrected by using the position informa-239

tion from the vertical drift-chambers obtained during the240

low current mode. Since the sign of the energy fluctua-241
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FIG. 4. Extracted transverse asymmetries An for the detec-
tors placed in spectrometer A (red points) and spectrometer
B (blue points) versus Q2. The width of the given boxes in-
dicates the covered Q2 range. The statistical and systematic
uncertainties are given by the error bars and the height of the
boxes, respectively. The theoretical calculation of Ref. [21]
(black line) is shown for comparison. The given bands belong
to the uncertainty of the Compton slope parameter of 10%
(dark grey) and 20% (light grey).

tion variation is unknown, no corrections could be applied242

in this case. Therefore it has been treated as contribu-243

tion to the systematic error. Besides the beam related244

systematic uncertainties, the major contribution to the245

total systematic error comes from the aging of the PMTs246

which results in a reduction of gain, especially when run-247

ning at high count rates. Due to the regularly performed248

calibration runs this e↵ect could be corrected. The indi-249

vidual contributions to the total systematic uncertainty250

are summarized in Table I.251252

To confirm the feasibility of the experimental method and253

the analysis procedure as well, the experimental asym-254

metry Aexp was first extracted for setup 1 (see Table I)255

where both spectrometers covered the same momentum256

range. Figure 3 shows the measured Aexp in each spec-257

trometer and for each PMT. The asymmetries obtained258

with both detector systems were, as expected, similar259

in magnitude but of opposite sign, since n̂ in Eq. 2 re-260

verses sign. In addition, it can be seen that also the sign261

of the asymmetry consistently changed when the addi-262

tional �/2-wave plate was moved into the laser beam of263

the polarized electron source.264

Finally, the experimental asymmetry Aexp was normal-265

ized to the electron beam polarization to extract the266

physics asymmetry An. The experimentally determined267

values for all four kinematic configurations and the cor-268

responding statistical and systematic uncertainties are269

summarized in Table I. For illustration the data is shown270

in Fig. 4. The curve represents the leading Q2 behaviour271

as calculated in the model of Ref. [21] upon neglect-272

ing corrections ⇠ Q2/E2. The given uncertainty of the273
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Neutron Skin in Nuclei: a story about…

Concettina Sfienti 
Johannes Gutenberg-Universität - Institut für Kernphysik, Mainz 

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.

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,
No. 2009SGR-1289 from Generalitat de Catalunya, and
No. N N202 231137 from Polish MNiSW.
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