
Status and Prospect of Rn 
measurements@Mainz

	

	
Scientific	program	of	NuSYM17	

	

Sunday	September	3rd,	2017	
	

16:00-	19:00	 Registration	at	the	Workshop	Desk	(GANIL	Guest	House)	
Monday		September	4th,	2017	
	
08:00	-	8:30	 	Navin	Alahari			(Director	of	GANIL)		

Welcome	and	presentation	of	the	GANIL	facilities	

Session	1	:	Theories	of	nuclear	reactions	and	symmetry	energy	1	:		
Chairman:	Pawel	Danielewicz	(NSCL,	Michigan	State	University	East	Lansing,	USA)	
	

08:30	-	09:05	 Hermann	Wolter	(University	of	Munich,	GERMANY)	
Transport	approaches	and	reaction	studies	of	the	equation	of	state	of	asymmetric	

nuclear	matter	

	

09:05	-	09:35	 Jun	Xu	(Shanghai	Institute	of	Applied	Physics,	CHINA)		
	 	 Spin	dynamics	within	a	BUU	approach	

	

09:35	-	10:00	 Wang	Yongjia	(Huzhou	University,	CHINA)		
	 	 Study	of	the	symmetry	energy	from	the	rapidity-dependent	elliptic	flow	

	
10:00	-	10:30			 Coffee	break	

	
Session	2	:	Theories	of	nuclear	reactions	and	symmetry	energy	2	:		

Chairman:	Hermann	Wolter	(University	of	Munich,	GERMANY)	
	

10:30	-	11:00	 Lie-Wen	Chen	(Shanghai	Jiao	Tong	University,	CHINA)		
Empirical	information	on	nuclear	matter	fourth-order	symmetry	energy	from	an	

extended	nuclear	mass	formula	

	

11:00	-	11:30		 Stefan	Typel	(Institut	für	Kernphysik,	TU	Darmstadt	&	GSI,	GERMANY)	

Equations	of	state	of	RMF	models	with	different	parametrisations	of	density	

dependent	couplings	

	

11:30	-	11:50		 Yoritaka	Iwata	(Tokyo	Institute	of	Technology,	JAPAN)	
Nuclear	matter	property	based	on	the	TDDFT	

	

11:50	-	12:10	 Tusar	Routray	(Sambalpur	University,	Odisha,	INDIA)	

Nuclear	Symmetry	Energy	from	the	Study	of	Nuclear	Matter	and	Finite	Nuclei	using	a	

Finite	Range	Simple	Effective	Interaction	

	

12:10-	12:30	 Jiang	Wei-Zhou	(Southeast	University,	Nanjing,	CHINA)	
Properties	of	Lambda	hypernuclei	to	constrain	the	symmetry	energy	



Neutron Skin for beginner

Where do the neutrons go?

Nuclear charge radii 



Where do the neutrons go?

Pressure forces neutrons 
out against surface tension

EOS

Neutron Skin for beginner



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” (HW)



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 Search for the Nuclear Symmetry 
Energy” (HW)



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 



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].

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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M. Pfützner [Eur. Phys. J. A 42, 299 (2009)].

[2] G.W. Hoffmann et al., Phys. Rev. C 21, 1488 (1980).
[3] J. Zenihiro et al., Phys. Rev. C 82, 044611 (2010).
[4] A. Krasznahorkay et al., Nucl. Phys. A731, 224 (2004).
[5] B. Kłos et al., Phys. Rev. C 76, 014311 (2007).
[6] E. Friedman, Hyperfine Interact. 193, 33 (2009).
[7] T.W. Donnelly, J. Dubach, and Ingo Sick, Nucl. Phys.

A503, 589 (1989).
[8] D. Vretenar et al., Phys. Rev. C 61, 064307 (2000).
[9] C. J. Horowitz, S. J. Pollock, P. A. Souder, and R.

Michaels, Phys. Rev. C 63, 025501 (2001).
[10] K. Kumar, P. A. Souder, R. Michaels, and G.M. Urciuoli,

http://hallaweb.jlab.org/parity/prex (see section ‘‘Status
and Plans’’ for latest updates).

[11] M. Centelles, X. Roca-Maza, X. Viñas, and M. Warda,
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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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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

PHYSICAL REVIEW C88, 034325 (2013)
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Resonances

A. Tamii et al.,  Phys. Rev. Lett. 107, 062502 (2001)
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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)
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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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CAUTION 
NEUTRON 
SKIN 
AHEAD

...from measurable 

observables to the 

neutron skin

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!

Neutron	Skins	of	Nuclei:	from	laboratory	to	stars
C.	Horowitz,	J.	Piekarewicz,	CS	(to	appear	JPG)

The long winding road ....
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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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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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Neutron Skin@Mainz
MESA
• 1.3 GHz c.w. beam


• normal conducting injector LINAC 


• superconducting cavities in recirculation beamline 


• ERL-mode: 
100 MeV @ 10mA (unpol.)  


• EB-mode: 

155 MeV @ 150 µA (pol.) 
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P2 setup
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Full	azimuthal	coverage⇔4xstat
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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)

sensitivity
uncertainty
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what is the need?

12/15

P.-G. Reinhard et al., Phys. Rev. C 88 (2013) 034325

Jorge Piekarewicz (concluding remarks, MITP 2015)

backup

0.5% measurement of Rn → ∆rnp ± 0.03 fm
→ L ± 20 MeV

X. Vinas et al., EPJA 50 (2014) 27

what is the need?

12/15

P.-G. Reinhard et al., Phys. Rev. C 88 (2013) 034325

Jorge Piekarewicz (concluding remarks, MITP 2015)

➣ PREX-II & CREX 
Results needed 

➣ δRn/Rn	=	0.5%			
→ L ± 20 MeV 



The long winding road ....

J. Lattimer Ann. Rev. Nucl. Part. 62 (2012) 485



The long winding road ....

.... could not lead to Rome…

J. Lattimer Ann. Rev. Nucl. Part. 62 (2012) 485



Photoproduction of mesons off nuclei - Overview

breakup (quasi-free)
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N
γ

γ + A → πo + A′ + N + ...
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dΩ ∝
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|A|2 × ...

& nuclear effects & FSI & ...

in-medium properties of
mesons & resonances
meson - nucleon
interaction (FSI)...
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γ

πo

A, q⃗ γ + A → πo + A

dσ
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A|2 × F2(q2) × ...

& nuclear effects & FSI & ...

nuclear form factors
∆ in-medium properties....
spin/iso-spin filters
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Coherent π0 photoproduction: easy and quick (A2 Coll. Phys. Rev. Lett. 112, 242502 ) 

One MZ-Example
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Photon probe interaction well understood: No ISI

π0 meson produced with ≈ probability on p AND n

TO DO: Reconstruct π0 from π0→2γ decay

... shine light on the nucleus!

One MZ-Example
Coherent π0 photoproduction: easy and quick (A2 Coll. Phys. Rev. Lett. 112, 242502 ) 
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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 …



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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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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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
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Phys. Rev. Lett. 102, 122502 (2009); M. Warda, X. Viñas,
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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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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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Non-PV e-scattering
Electron scattering γ exchange provides Rp through nucleus FFs

PV e-scattering
Electron also exchange Z, which is parity violating
Primarily couples to neutron
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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?
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