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Introduction : Equation of State for nuclear matter

Introduction
Nuclear force governs the structure of nuclei
as well as that of neutron stars

However, to understand the formation of neutron stars,
there is no need for microscopic calculations
but we have to understand nuclear matter
⇒ (nuclear) Equation of State (EoS)

For nuclear matter, the state variables are
Z : proton number, N : neutron number
or in infinite matter α = (N − Z)/A, the n-p asymmetry
ρ the density

ε(ρ, α) = ε(ρ, α = 0) + S (ρ) α2 + . . .

where S is the symmetry energy
S characterises the increase in energy from N = Z to neutron matter
Recent reviews : [Horowitz et al. JPG 41, 093001 (2014)]

[Thiel et al. JPG 46, 093003 (2019)]
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Introduction : Equation of State for nuclear matter Symmetry energy

Symmetry energy
Taylor expanded around ρ = ρ0 :

S (ρ) = S v +
L
3

(
ρ − ρ0

ρ0

)
+

1
18

Ksym

(
ρ − ρ0

ρ0

)2

+ . . .

S can be constrained from nuclear experiments (laboratory)
Idea : measuring the neutron-skin thickness of 208Pb Rskin (or ∆rnp)

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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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.

PRL 106, 252501 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
24 JUNE 2011

252501-4

[Roca-Maza et al. PRL 106, 252501 (2011)]

Rskin : balance between surface tension and symmetry term
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Introduction : Equation of State for nuclear matter Neutron skin

Neutron-skin thickness

Coherent π0 photoproduction
[Tarbert et al. PRL 112, 242502 (2014)]

γ + 208Pb→ 208Pb + π0

Measurement of the electric dipole polarizability
[Tamii et al. PRL 107, 062502 (2011)]

Parity-violating electron scattering
PREX [Abrahamyan et al. PRL 108, 112502 (2012)]
PREX-II [Adhikari et al. PRL 126, 172502 (2021)]

PREX-II: Fresh from the Oven 
Ciprian Gal - DNP Meeting  

(Oct 29, 2020 @ 6pm EDT)
Conservation of di"culty: 

PVES provides the cleanest  
determination of the EOS  

(P vs E) of neutron-rich matter   
in the immediate vicinity of  

saturation density

 Coherent p0 g-production 
  PRL 112, 242502 (2014)
 Antiprotons   
  PRL 87, 082501 (2001) 
  PRC 76, 014311 (2007)
 Electric dipole polarizability  
  PRL 107, 062502 (2011)
 Elastic p-nucleus scattering 
  PRC 82, 044611 (2010)
 Dispersive optical model 
  PRL 125, 102501 (2020)
 PREX 
  PRL 108, 112502 (2012)
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PREX :
thick Rskin with significant uncertainty
Coherent π0 photoproduction :
thin Rskin with little uncertainty
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Introduction : Equation of State for nuclear matter Neutron skin

γ + 208Pb→ 208Pb + π0 [Tarbert et al. PRL 112, 242502 (2014)]

Measurement done at MaMi
(Mainz Microtron)

γ produced by electron beam
π0 decay into 2γ detected in
Crystal Ball and TAPSCoherent π0-photoproduction

In Mainz, at MaMi: π0−photoproduction

180-240 MeV γ A
A∗

π0
γ

γ

Advantages:
• Sensitive to both n and p

→ Sensitivity to nucleon dist.

• Photon is neutral

→ Whole volume is probed

• Quick measurement

Drawbacks:
• Final state interactions

→ Model dependence

• Delta resonance region

→ Model dependence

Quick measurement

Need to build a model to calculate these cross sections

Crystal Ball

TAPS

Frederic Colomer (ULB/JGU-M) Thesis defence May the 28th, 2020 14 / 20

[Colomer, PhD (2020)]

in the fit gave a good description of the background, which
exhibited an Eγ and θπ dependence consistent with a simple
Monte Carlo model of quasifree π0 production. The area of
the Gaussian fitted to the coherent peak is taken as a
measure of the coherent yield.
To obtain cross sections, the yield was corrected for

the π0 detection efficiency. This is calculated by analyzing
pseudodata from a G4 simulation of the detector apparatus
using the same analysis procedure as for the real data. The
detection efficiency shows no sharp dependence on pion
angle and was typically around 40%, a factor of over 30
improvement on previous measurements. The yield was
also corrected for the photon tagging efficiency (∼40%),
with the procedure described in Ref. [38]. The contribution
of pions not originating from the 208Pb target was found to
be less than ∼1% in additional runs with the target removed
and was subtracted from the yield.
The differential cross sections are analyzed in terms of

the momentum transfer q, defined as q ¼ Pγ − Pπ where Pγ

is the incident photon momentum and Pπ is the measured
pion momentum. The differential cross sections as a
function of momentum transfer are presented in Fig. 2
for four Eγ bins from 180 to 240 MeV. For this Eγ region,
pion photoproduction models show agreement for the ratio
of π0 production from the proton and neutron to within
�5% [39–41]. The maximum photon energy restricts the
data to regions of pion momenta where the model of
Ref. [42] predicts that FSI effects are fairly small. In order
to extract information about the nucleon distribution in
208Pb, the measured (γ, π0) cross sections are compared
with predictions from the model of Drechsel et al. [42],
which represents π0 photoproduction using a unitary isobar
model and includes a self-energy term for Δ propagation
effects in the nucleus. The pion-nucleus interaction is
treated using a complex optical potential [1], whose
parameters are fixed by fits to pion-nucleus scattering data.
The model gave good agreement with coherent data from a
range of nuclei [43]. In the (γ, π0) model the nucleon
density distribution ρðrÞ is parametrized as a single

symmetrized two-parameter Fermi distribution (2PF) [1]
with half-height radius c and diffuseness a. For the present
analysis, different proton and neutron distributions, each
separately parametrized by a 2PF distribution, are needed to
describe the nuclear shape ρðrÞ ¼ ðZ=AÞ ρpðrÞ þ ðN=AÞ
ρnðrÞ. Then, in order to put ρðrÞ into the (γ, π0) code it is
fitted by a single 2PF distribution [44]. The parameters for
ρpðrÞ are well determined by electron scattering [45], viz.,
ap ¼ 0.447 fm and cp ¼ 6.680 fm. The values used have
been corrected for the finite size of the proton to give the
point charge distribution that is relevant for pion photo-
production [22]. For the neutron distribution parameters, a
grid of 35 points covering the ranges cn ¼ 6.28 to 7.07 fm
and an ¼ 0.35 to 0.65 fm was selected and the (γ, π0) cross
section was calculated at each point. These cross sections
were smeared with the experimental q resolution σq ¼
0.02–0.03 fm−1 depending on Eγ , as determined from the
G4 simulation. A two-dimensional interpolation between
the 35 smeared cross sections was then used to fit the (γ, π0)
cross sections in Fig. 2 in the region q ¼ 0.3 to 0.9 fm−1

and, thus, extract the best fit values an and cn for the
neutron distribution for each photon energy bin. Because of

FIG. 1 (color online). The fits to the spectrum of ΔEdiff.
π for

Eγ ¼ 200 MeV for a momentum transfer near the first diffraction
maximum (left) and the first diffraction minimum (right).

FIG. 2 (color online). Differential cross sections for the reaction
208Pbðγ; π0Þ208Pb (black circles) for the Eγ regions indicated. The
y axis employs a square-root scale to improve the clarity. The red
solid line shows the interpolated fit of the theoretical model to
the data. The q range of the fit is indicated by the horizontal bar.
The dashed blue line shows the model predictions without
including the pion-nucleus interaction.

PRL 112, 242502 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
20 JUNE 2014

242502-3

[Tarbert et al. PRL 112, 242502 (2014)]
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Introduction : Equation of State for nuclear matter Neutron skin

γ + 208Pb→ 208Pb + π0 [Tarbert et al. PRL 112, 242502 (2014)]
Measurement done at MaMi

(Mainz Microtron)
γ produced by electron beam
π0 decay into 2γ detected in
Crystal Ball and TAPS
Precise measurement
Analysis :

I Impulse Approximation
I with simple Fermi density
I FSI plays a role

Deduce very thin Rskin(208Pb)
= 0.15± 0.03(stat)+0.01

−0.03(syst) fm
also very precise
How reliable is this result ?
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Impulse Approximation in a Nutshell PWIA

Plane Wave Impulse Approximantion
Coherent π0 photoproduction

γ + A→ A + π0

Plane Wave : No FSI in exit chanel π0-A

At the Impulse Approximation :
production of π0 on one single nucleon
⇒ coherent sum on each nucleon

Coherent π0-photoproduction in the PWIA

|Φ0〉

~kγ

γ π0

~kπ
tγπ

|Φ0〉

- Plane wave:
no final state interaction

- Impulse approximation:
coherent sum on each nucleon

Cross section in the PWIA

dσ

dΩ
∝
∣∣∣f2(~kπ,~kγ)

∣∣∣
2
|ρ1(q)|2

CGLN amplitude in f2 taken from MAID

Frederic Colomer (ULB/JGU-M) Thesis defence May the 28th, 2020 15 / 20

[Colomer, PhD (2020)]

dσ
dΩ
∝

∣∣∣∣ f2(~kπ,~kγ) ρA(q)
∣∣∣∣2

f2 : CGLN amplitudes from MAID [Drechsel et al. EPJA 34, 69 (2007)]

ρA : nucleus form factor

⇒ Should give access to nuclear density, but
FSI
Higher-order effects [Miller PRC 100, 044608 (2019)]

8 / 15



Impulse Approximation in a Nutshell DWIA

Distorted Wave Impulse Approximantion
Accounting for π0-A interaction in the exit channel

Coherent π0-photoproduction in the DWIA
We need to include distortion

|Φ0〉

~kγ

γ π0

~k′π

Vγπ

|Φ0〉

~k′π

π0

TπA

Cross section of photoproduction in DWIA

Tγπ(~kπ,~kγ) = Vγπ(~kπ,~kγ) +

∫
d~k′π

2M(k′π)

TπA(~kπ,~k
′
π)Vγπ(~k′π,~kγ)

E(kπ)− E(k′π) + iε
,

dσ
dΩ ∝ |Tγπ|2 loses its direct proportionality to ρ1(q)

Potential taken from [Phys. Rev. C25, 952 (1982)] fitted on C, Ca, Pb

π-A scattering T -matrix

Frederic Colomer (ULB/JGU-M) Thesis defence May the 28th, 2020 16 / 20

[Colomer, PhD (2020)]

dσ
dΩ

∝

∣∣∣∣∣∣∣ f2(~kπ,~kγ) ρA(q) +

∫
d~k′π
2M

TπA(~kπ,~k′π) f2(~k′π,~kγ) ρA(q)
E(kπ) − E(k′π) + iε

∣∣∣∣∣∣∣
2

TπA : computed following [Carr et al. PRC 25, 952 (1982)]

⇒ dσ/dΩ no longer exactly ∝ |ρA|
2

We test the model
on different targets (12C, 40Ca, 208Pb)
considering different densities with different Rskin

compare to data [Krusche et al. PLB 526, 287 (2002)]
[F. Colomer et al. PRC 106, 044318 (2022)]9 / 15



Coherent π0 photoproduction on 12C

12C target
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities

I São Paulo [Chamon et al. PRC 66, 014610 (2002)]
I Electron scattering (using ρn = ρp) [Dreher et al. NPA 235, 219 (1974)]

with different neutron skins
I São Paulo : Rskin < 0 ( ! ! )
I Electron scattering : ρn = ρp ⇒ Rskin = 0 fm

PWIA : in fair agreement with data
No sensitivity to neutron-skin thickness
DWIA : distortion increases cross section

10 / 15



Coherent π0 photoproduction on 12C

12C target

r [fm]

0 1 2 3 4 5

ρ
N

[f
m

−
3
]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

São Paulo - n
São Paulo - p
Harmonic Oscillator
Fourier-Bessel

Exp : [Krusche et al. PLB 526, 287 (’02)]

θ [deg]

0 30 60 90 120

d
σ
γ
π
/d

Ω
[µ
b
/s
r]

0

20

40

60

80 (a) PWIA São Paulo
Harmonic Oscillator
Fourier-Bessel

[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]

Use different nucleonic densities with different neutron skins
I São Paulo : Rskin < 0 ( ! ! )
I Electron scattering : ρn = ρp ⇒ Rskin = 0 fm

PWIA : in fair agreement with data
No sensitivity to neutron-skin thickness

DWIA : distortion increases cross section
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]

Use different nucleonic densities with different neutron skins
I São Paulo : Rskin < 0 ( ! ! )
I Electron scattering : ρn = ρp ⇒ Rskin = 0 fm

PWIA : in fair agreement with data
No sensitivity to neutron-skin thickness
DWIA : distortion increases cross section
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Coherent π0 photoproduction on 40Ca

40Ca target

r [fm]

0 1 2 3 4 5 6 7

ρ
N

[f
m

−
3
]

0

0.02

0.04

0.06

0.08

0.1

0.12

São Paulo - n
São Paulo - p
Fourier-Bessel
FSU - n
FSU - p

Exp : [Krusche et al. PLB 526, 287 (’02)]

[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities

I São Paulo [Chamon et al. PRC 66, 014610 (2002)]
I Electron scattering (using ρn = ρp) [Dreher et al. NPA 235, 219 (1974)]
I FSU calculations [Todd-Rutel & Piekarewicz, PRL 95, 122501 (2005)]

with different neutron skins
I São Paulo : Rskin = −0.30 fm
I Electron scattering : ρn = ρp ⇒ Rskin = 0 fm
I FSU : Rskin ' −0.05 fm

PWIA : in fair agreement with data
No strong sensitivity to neutron-skin thickness
DWIA : cross sections increase⇒ issue with normalisation
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities with different neutron skins

I São Paulo : Rskin = −0.30 fm
I Electron scattering : ρn = ρp ⇒ Rskin = 0 fm
I FSU : Rskin ' −0.05 fm

PWIA : in fair agreement with data
No strong sensitivity to neutron-skin thickness

DWIA : cross sections increase⇒ issue with normalisation
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities with different neutron skins

I São Paulo : Rskin = −0.30 fm
I Electron scattering : ρn = ρp ⇒ Rskin = 0 fm
I FSU : Rskin ' −0.05 fm

PWIA : in fair agreement with data
No strong sensitivity to neutron-skin thickness
DWIA : cross sections increase⇒ issue with normalisation
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Coherent π0 photoproduction on 208Pb

208Pb target
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities

I São Paulo [Chamon et al. PRC 66, 014610 (2002)]
I FSU calculations [Todd-Rutel & Piekarewicz, PRL 95, 122501 (2005)]

with different neutron skins
I São Paulo : Rskin = 0.101 fm
I FSU : Rskin ∈ [0.176, 0.286] fm

PWIA : in fair agreement with data
No sensitivity to neutron-skin thickness
DWIA : cross sections increase⇒ better agreement with data

sensitivity to density is reduced (effect of FSI)
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Coherent π0 photoproduction on 208Pb
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities with different neutron skins

I São Paulo : Rskin = 0.101 fm
I FSU : Rskin ∈ [0.176, 0.286] fm

PWIA : in fair agreement with data
No sensitivity to neutron-skin thickness

DWIA : cross sections increase⇒ better agreement with data
sensitivity to density is reduced (effect of FSI)
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Coherent π0 photoproduction on 208Pb
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[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]
Use different nucleonic densities with different neutron skins

I São Paulo : Rskin = 0.101 fm
I FSU : Rskin ∈ [0.176, 0.286] fm

PWIA : in fair agreement with data
No sensitivity to neutron-skin thickness
DWIA : cross sections increase⇒ better agreement with data

sensitivity to density is reduced (effect of FSI)
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Summary

Summary
Nuclear EoS is key to understand the structure of neutron stars
Constrain Symmetry term from the neutron-skin thickness Rskin

I PREX I & II : Rskin = 0.29 ± 0.07 fm
[Adhikari et al. PRL 126, 172502 (2021)]

I π0 photoproduction : Rskin(208Pb) = 0.15 ± 0.03(stat)+0.01
−0.03(syst) fm

[Tarbert et al. PRL 112, 242502 (2014)]

We test this hypothesis with a new DWIA code of the reaction
[F. Colomer, PhD (2020) & PRC 106, 044318 (2022)]

We obtain good agreement with data, especially on Pb
FSI are significant

σγπ0
is purely isoscalar : not sensitive to Rskin

Rskin(208Pb) ∈ [0.1, 0.3] fm provide same cross section

⇒You cannot infer Rskin from π0 photoproduction

13 / 15



Summary

Summary in a nutshell

PREX-II: Fresh from the Oven 
Ciprian Gal - DNP Meeting  

(Oct 29, 2020 @ 6pm EDT)
Conservation of di"culty: 

PVES provides the cleanest  
determination of the EOS  

(P vs E) of neutron-rich matter   
in the immediate vicinity of  

saturation density

 Coherent p0 g-production 
  PRL 112, 242502 (2014)
 Antiprotons   
  PRL 87, 082501 (2001) 
  PRC 76, 014311 (2007)
 Electric dipole polarizability  
  PRL 107, 062502 (2011)
 Elastic p-nucleus scattering 
  PRC 82, 044611 (2010)
 Dispersive optical model 
  PRL 125, 102501 (2020)
 PREX 
  PRL 108, 112502 (2012)

Heroic e"ort from our 
experimental colleagues0
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× ×

You cannot infer Rskin from π0 photoproduction
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Summary

Comparing Krusche and Tarbert data

[Krusche et al. PLB 526, 287 (2002)]
[Tarbert et al. PRL 112, 242502 (2014)]
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