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Structure of the Paper

the extraordinary statistical accuracy in the maxima, an
additional 3% error was assigned to each cross section
value to ensure that the important information in the first
minimum was given sufficient weight in the fit. The fitted
theoretical cross sections are shown together with the
experimental data for all measured q in Fig. 2. Excellent
fits are obtained in the fitted q range with χ2 per degree of
freedom of ∼1. Outside this fitted range the model still
gives a very good description of the experimental data with
discrepancies only evident at high q, probably due to the
inability of the 2PF parametrization to describe the fine
details of the distribution. A normalization parameter was
included in the fit and was found to vary only within !5%
of unity. Figure 2 also shows model predictions when the
π0-nucleus interaction is not included in the calculation.
For the three lower Eγ bins, the effect of the π0-nucleus
interaction is modest in the fitted q range. For the highest
bin, the differences are significantly larger, probably due to
the increase in the π0 absorption cross section for π0

energies in the region of the Δ resonance.
The best-fit half-height radius and diffuseness parameters

for the neutron distribution are plotted for each Eγ bin in
Fig. 3. The solid lines show the average values. The half-
height radii are statistically consistent with the average. For
the diffuseness, the value obtained from the highest Eγ bin
has a 3.5σ variation. From Fig. 2 it is clear that for this Eγ bin
the effects of the π0-nucleus interaction are predicted to be
the greatest. This may lead to larger systematic errors,
particularly for the diffuseness that is constrained by the
relative heights of the first and second maxima. An estimate
of the systematic error was obtained from the variation in the
average with and without the inclusion of this point. This
variation (∼0.025 fm) is shown by the shaded band in Fig. 3.
Additional estimates of the systematic uncertainty in the
half-radii were obtained from analysis using only the first
minimum and varying the diffuseness over the range an ¼
0.53–0.59 predicted by models [14]. This method produced
consistent results. Variation of the relative weighting of the
proton and neutron amplitudes by 10%, consistent with the
estimated uncertainty in the pion production amplitudes,
gave a change of ∼0.02 fm in the diffuseness and had a
negligible effect on the half-height radius. Variation in the
modeling of the background used to extract the coherent
strength gave a systematic error in the diffuseness of
∼0.01 fm. The half-height radius and diffuseness of the
neutron distribution are found to be 6.70! 0.03ðstat:Þ fm
and 0.55! 0.01ðstat:Þþ0.02

−0.03ðsys.Þ fm, respectively. This
corresponds to a neutron skin thickness Δrnp ¼
0.15! 0.03ðstat.Þþ0.01

−0.03ðsys.Þ fm, obtained using the analytic
relationship between Δrnp and the 2PF parameters [46].
Although slightly smaller than the result [24] from heavy-ion
work, the present result is in good agreement with the other
previous measurements [12,15,17,20–23,25,26].
The new results are compared to the current predictions

from nuclear structure models in Fig. 4, adopting the

framework from Ref. [47], where the theoretical model
predictions are fitted with a 2PF function. The difference
between the diffuseness parameters for neutrons and
protons is plotted versus the difference in half-height radii.
The present result clearly shows that the diffuseness of the
neutron distribution in 208Pb is in the range of theoretical
predictions and is significantly greater than that for the
protons. This is an important result, as conclusive exper-
imental evidence for a difference in the diffuseness of the
nuclear density distributions has been lacking [48]. A pure
“skin” effect would have an an − ap value close to zero, so
this new work indicates that the neutron skin of 208Pb has a
halo character.

FIG. 3 (color online). The best fit for diffuseness (upper) and
half-height radius (lower) for the neutron distribution for each Eγ
bin. The horizontal lines show the average over Eγ, and the
shaded band shows the estimated systematic error (see text)

FIG. 4 (color online). The quantity (an − ap) plotted versus
(cn − cp) for 208Pb. The red inverted triangle shows the present
result with statistical and systematic errors shown by solid and
dashed lines, respectively. The symbols show the predictions from
the various nuclear structure calculations, obtained from Ref. [47].
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In summary, a measurement of the coherent photo-
production of π0 mesons from 208Pb has provided the first
determination of a nuclear matter form factor with an
electromagnetic probe. The existence of a neutron skin on
the surface of the 208Pb nucleus is confirmed with a
thickness Δrnp ¼ 0.15" 0.03ðstat.Þþ0.01

−0.03ðsys:Þ fm. The
method is sensitive enough to extract the shape of the
neutron distribution, which is found to be ∼20% more
diffuse than the charge distribution. This new determination
of the neutron skin properties discriminates against some
of the modern nuclear theories in common use and will
be a valuable new constraint on the equation of state for
neutron-rich matter and neutron stars.

The authors wish to acknowledge the excellent support of
the accelerator group of MAMI. This work was supported by
the UK STFC, the Deutsche Forschungsgemeinschaft (SFB
443), SFB/Transregio16, Schweizerischer Nationalfonds
and the European Community-Research Infrastructure
Activity FP6 and FP7, the U.S. DOE, U.S. NSF, and
NSERC (Canada).

*dwatts1@ph.ed.ac.uk
[1] M. Gmitro, S. S. Kamalov, and R. Mach, Phys. Rev. C 36,

1105 (1987).
[2] R. J. Furnstahl, Nucl. Phys. A706, 85 (2002).
[3] B. G. Todd-Rutel and J. Piekarewicz, Phys. Rev. Lett. 95,

122501 (2005).
[4] B. A. Brown, Phys. Rev. Lett. 85, 5296 (2000); S. Typel

and B. A. Brown, Phys. Rev. C 64, 027302 (2001).
[5] A.W. Steiner, M. Prakash, J. M. Lattimer, and P. J. Ellis,

Phys. Rep. 411, 325 (2005).
[6] C. J. Horowitz and J. Piekarewicz, Phys. Rev. Lett. 86, 5647

(2001).
[7] J. Xu, L.-W. Chen, B.-A. Li, and H.-R. Ma, Astrophys. J.

697, 1549 (2009).
[8] A.W. Steiner, J. M. Lattimer, and E. F. Brown, Astrophys. J.

722, 33 (2010).
[9] B. G. Todd-Rutel and J. Piekarewicz, Phys. Rev. Lett. 95,

122501 (2005).
[10] D.-H. Wen, B.-A. Li, and L.-W. Chen, Phys. Rev. Lett. 103,

211102 (2009).
[11] S. J. Pollock and M. C. Welliver, Phys. Lett. B 464, 177

(1999).
[12] M. B. Tsang et al., Phys. Rev. C 86, 015803 (2012).
[13] K. Hebeler, J. M. Lattimer, C. J. Pethick, and A. Schwenk,

Phys. Rev. Lett. 105, 161102 (2010).
[14] M. Centelles, X. Roca-Maza, X. Viñas, and M. Warda,

Phys. Rev. Lett. 102, 122502 (2009).
[15] A. Carbone, G. Colò, A. Bracco, L.-G. Cao, P. Francesco

Bortignon, F. Camera, and O. Wieland, Phys. Rev. C 81,
041301(R) (2010).

[16] L.W. Chen, C. M. Ko, B. A. Li, and J. Xu, Phys. Rev. C 82,
024321 (2010).

[17] A. Tamii et al., Phys. Rev. Lett. 107, 062502 (2011).
[18] B. A. Li, L. W. Chen, and C. M. Ko, Phys. Rep. 464, 113

(2008).

[19] M. B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano, Z. Li,
W. G. Lynch, and A.W. Steiner, Phys. Rev. Lett. 102,
122701 (2009).

[20] J. Zenihiro, H. Sakaguchi, T. Murakami, M. Yosoi, Y.
Yasuda, S. Terashima, Y. Iwao, H. Takeda, M. Itoh, H. P.
Yoshida, and M. Uchida, Phys. Rev. C 82, 044611 (2010).

[21] E. Friedman, Nucl. Phys. A896, 46 (2012).
[22] B. Klos et al., Phys. Rev. C 76, 014311 (2007).
[23] B. A. Brown, G. Shen, G. C. Hillhouse, J. Meng, and A.

Trzcinska, Phys. Rev. C 76, 034305 (2007).
[24] L.W. Chen, C. M. Ko, and B. A. Li, Phys. Rev. C 72,

064309 (2005).
[25] A. Krasznahorkay et al., Phys. Rev. Lett. 66, 1287 (1991);

arXiv:1311.1456.
[26] P. G. Reinhard andW. Nazarewicz, Phys. Rev. C 81, 051303

(R) (2010).
[27] R. Schrack, J. Leiss, and S. Penner, Phys. Rev. 127, 1772

(1962).
[28] Y. Maghrbi et al., Eur. Phys. J. A 49, 38 (2013).
[29] B. Krusche, Eur. Phys. J. A 26, 7 (2005).
[30] S. Abrahamyan et al., Phys. Rev. Lett. 108, 112502 (2012).
[31] A. Starostin et al., Phys. Rev. C 64, 055205 (2001).
[32] I. Anthony, J. D. Kellie, S. J. Hall, G. J. Miller, and J.

Ahrens, Nucl. Instrum. Methods Phys. Res., Sect. A 301,
230 (1991); S. J. Hall, G. J. Miller, R. Beck, and P.
Jennewein, Nucl. Instrum. Methods Phys. Res., Sect. A
368, 698 (1996).

[33] K.-H. Kaiser et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 593, 159 (2008).

[34] C. M. Tarbert et al., Phys. Rev. Lett. 100, 132301 (2008).
[35] D. Watts, in Proceedings of the 11th International

Conference on Calorimetry in Particle Physics, Perugia,
Italy, 2004 (World Scientific, Singapore, 2005), p. 560.

[36] G. Audit et al., Nucl. Instrum. Methods Phys. Res., Sect. A
301, 473 (1991).

[37] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[38] V. L. Kashevarov et al., Phys. Rev. C 85, 064610 (2012).
[39] W. J. Briscoe, I. I. Strakovsky, and R. L. Workman, Institute

of Nuclear Studies of The George Washington University
Database, http://gwdac.phys.gwu.edu/analysis/pr_analysis
.html.

[40] The MAID analyses are available through the Mainz
website: http://wwwkph.kph.uni‑mainz.de/MAID/. See also
D. Drechsel, S. S. Kamalov, and L. Tiator, Eur. Phys. J. A
34, 69 (2007)).

[41] The Bonn-Gatchina analyses are available through the
Bonn website: http://pwa.hiskp.uni‑bonn.de/. See also
A. V. Anisovich, R. Beck, E. Klempt, V. A. Nikonov, A.
V. Sarantsev, and U. Thoma, Eur. Phys. J. A 48, 15 (2012)).

[42] D. Drechsel, O. Hanstein, S. S. Kamalov, and L. Tiator,
Nucl. Phys. A645, 145 (1999).

[43] B. Krusche, J. Ahrens, R. Beck, S. Kamalov, V. Metag, R.
O. Owens, and H. Ströher, Phys. Lett. B 526, 287
(2002).

[44] To check the validity of approximating ρðrÞ by a single 2PF
distribution, the Fourier transforms of ρðrÞ and the fitted
2PF distribution were compared. In the momentum range up
to q ¼ 0.9 fm−1, over which the (γ, π0) cross section was
fitted to extract information about ρnðrÞ, the fractional

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

242502-5

difference between the two transforms only rises to 0.3% at
q ¼ 0.9 fm−1.

[45] M. Warda, X. Viñas, X. Roca-Maza, and M. Centelles,
Phys. Rev. C 81, 054309 (2010).

[46] R. W. Hasse and W. D. Myers, Geometrical Relationships
of Macroscopic Nuclear Physics (Springer-Verlag,
Heidelberg, 1988).

[47] M. Centelles, X. Roca-Maza, X. Viñas, and M. Warda,
Phys. Rev. C 82, 054314 (2010); X. Roca-Maza, M.
Centelles, X. Viñas, and M. Warda, Phys. Rev. Lett. 106,
252501 (2011).

[48] M. Warda, X. Viñas, X. Roca-Maza, and M. Centelles,
Phys. Rev. C 80, 024316 (2009).

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

242502-6

difference between the two transforms only rises to 0.3% at
q ¼ 0.9 fm−1.

[45] M. Warda, X. Viñas, X. Roca-Maza, and M. Centelles,
Phys. Rev. C 81, 054309 (2010).

[46] R. W. Hasse and W. D. Myers, Geometrical Relationships
of Macroscopic Nuclear Physics (Springer-Verlag,
Heidelberg, 1988).

[47] M. Centelles, X. Roca-Maza, X. Viñas, and M. Warda,
Phys. Rev. C 82, 054314 (2010); X. Roca-Maza, M.
Centelles, X. Viñas, and M. Warda, Phys. Rev. Lett. 106,
252501 (2011).

[48] M. Warda, X. Viñas, X. Roca-Maza, and M. Centelles,
Phys. Rev. C 80, 024316 (2009).

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

242502-6

Neutron Skin of 208Pb from Coherent Pion Photoproduction

C.M. Tarbert,1 D. P. Watts,1,* D. I. Glazier,1 P. Aguar,2 J. Ahrens,2 J. R. M. Annand,3 H. J. Arends,2 R. Beck,2,4

V. Bekrenev,5 B. Boillat,6 A. Braghieri,7 D. Branford,1 W. J. Briscoe,8 J. Brudvik,9 S. Cherepnya,10

R. Codling,3 E. J. Downie,3 K. Foehl,1 P. Grabmayr,11 R. Gregor,12 E. Heid,2 D. Hornidge,13 O. Jahn,2

V. L. Kashevarov,10 A. Knezevic,14 R. Kondratiev,15 M. Korolija,14 M. Kotulla,6 D. Krambrich,2,4 B. Krusche,6

M. Lang,2,4 V. Lisin,15 K. Livingston,3 S. Lugert,12 I. J. D. MacGregor,3 D. M. Manley,16 M. Martinez,2

J. C. McGeorge,3 D. Mekterovic,14 V. Metag,12 B. M. K. Nefkens,9 A. Nikolaev,2,4 R. Novotny,12 R. O. Owens,3

P. Pedroni,7 A. Polonski,15 S. N. Prakhov,9 J. W. Price,9 G. Rosner,3 M. Rost,2 T. Rostomyan,7 S. Schadmand,12

S. Schumann,2,4 D. Sober,17 A. Starostin,9 I. Supek,14 A. Thomas,2 M. Unverzagt,2,4 Th. Walcher,2 L. Zana,1 and F. Zehr6

(Crystal Ball at MAMI and A2 Collaboration)

1SUPA, School of Physics, University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
2Institut für Kernphysik, University of Mainz, Germany

3SUPA, Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom
4Helmholtz-Institut für Strahlen- und Kernphysik, University Bonn, Germany

5Petersburg Nuclear Physics Institute, Gatchina, Russia
6Institut für Physik, University of Basel, Basel, Switzerland

7INFN Sezione di Pavia, Pavia, Italy
8Center for Nuclear Studies, The George Washington University, Washington, D.C. 20052, USA

9University of California at Los Angeles, Los Angeles, California 90095, USA
10Lebedev Physical Institute, Moscow, Russia

11Physikalisches Institut Universität Tübingen, Tübingen, Germany
12II. Physikalisches Institut, University of Giessen, Germany

13Mount Allison University, Sackville, New Brunswick E4L 1E6, Canada
14Rudjer Boskovic Institute, Zagreb, Croatia

15Institute for Nuclear Research, Moscow, Russia
16Kent State University, Kent, Ohio 44240, USA

17The Catholic University of America, Washington, D.C. 20064, USA
(Received 2 February 2014; published 18 June 2014)

Information on the size and shape of the neutron skin on 208Pb is extracted from coherent pion
photoproduction cross sections measured using the Crystal Ball detector together with the Glasgow tagger
at the MAMI electron beam facility. On exploitation of an interpolated fit of a theoretical model to the
measured cross sections, the half-height radius and diffuseness of the neutron distribution are found to be
cn ¼ 6.70" 0.03ðstat.Þ fm and an ¼ 0.55" 0.01ðstat.Þþ0.02

−0.03 ðsys.Þ fm, respectively, corresponding to a
neutron skin thickness Δrnp ¼ 0.15" 0.03ðstat.Þþ0.01

−0.03 ðsys.Þ fm. The results give the first successful
extraction of a neutron skin thickness with an electromagnetic probe and indicate that the skin of 208Pb
has a halo character. The measurement provides valuable new constraints on both the structure of
nuclei and the equation of state for neutron-rich matter.

DOI: 10.1103/PhysRevLett.112.242502 PACS numbers: 25.20.Lj, 21.65.Cd, 21.65.Ef, 27.80.+w

Obtaining an accurate determination of the character
of the neutron distribution in nuclei has proven elusive
despite decades of study. This has been a long-standing
and serious shortcoming in our understanding of nuclear
structure. The difference between the neutron and proton
distributions is often expressed as a neutron skin thick-
ness (Δrnp), defined as the difference between the root
mean square radii for the neutron and proton distribu-
tions. This convention was adopted as many previous
measurements had little or no sensitivity to the diffuse-
ness of the density distributions, excluding analysis based
on the more familiar half-height radius and diffuseness of

a two-parameter Fermi distribution [1]. State-of-the-art
nuclear theories predict Δrnp values for 208Pb that range
from 0.05 to 0.35 fm [2], despite all being constrained by
the same nuclear data. Recently, it was pointed out that
the magnitude of Δrnp in heavy nuclei shows a tight,
model-independent correlation with the density depend-
ence of the symmetry energy for neutron matter [3,4]. The
character of the neutron skin, therefore, has a wide impact
and the potential to give important new information on
neutron star structure and cooling mechanisms [5–9],
searches for physics beyond the standard model [10,11],
the nature of three-body forces in nuclei [12,13],
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collective nuclear excitations [14–17], and flows in
heavy-ion collisions [18,19].
The potential impact of obtaining an accurate determi-

nation of Δrnp has led to much theoretical and experimental
interest in recent years. Many studies have focused on 208Pb,
which has a relatively well-understood structure due to the
closed proton (Z ¼ 82) and neutron (N ¼ 126) shells. A
goal of a "0.05 fm accuracy in Δrnp is quoted [2] as the
requirement to constrain the equation of state sufficiently to
remove the current major ambiguities. A recent review of the
experimental attempts to measure Δrnp in 208Pb is given by
Tsang et al. [12]. Recent analysis of proton [20] and pion
[21] scattering data gave Δrnp ¼ 0.211" 0.06 fm and
Δrnp ¼ 0.16" 0.07 fm, respectively. Studies of the anni-
hilation of antiprotons on the nuclear surface [22,23] gave
Δrnp ¼ 0.18" 0.04ðexpt:Þ " 0.05ðtheor:Þ fm. Isospin dif-
fusion in heavy-ion collisions gave Δrnp ¼ 0.22" 0.04 fm
[24]. Measurements of pygmy dipole resonances and electric
dipole polarizabilities of nuclei [15,17,25] gave Δrnp values
ranging from 0.156 to 0.194 fm with quoted accuracies as
small as "0.024 fm, although the model dependence is still
debated [26] and an accuracy of "0.05 fm is taken
in Ref. [12].
Experiments with electromagnetic probes [27–29] have

systematic errors different from those with the strongly
interacting probes described above and have the advantage
of probing the full nuclear volume. However, there have
been no successful measurements of the neutron distribu-
tion. A measurement using an electroweak probe has very
recently been obtained in parity-violating electron scatter-
ing on nuclei, utilizing the preferential coupling of the
exchanged weak boson to neutrons. A first measurement at
a single momentum transfer gave Δrnp ¼ 0.33" 0.17 fm
in 208Pb [30].
This Letter establishes the coherent photoproduction of

π0 mesons from 208Pb as an accurate probe of the nuclear
shape, which has sufficient sensitivity to detect and
characterize the neutron skin. In the coherent reaction,
the target nucleus is left in its ground state, which ensures
that all the nucleons contribute coherently to the reaction
amplitude. For our data at incident photon energies
180–240 MeV, where Δ excitation is the dominant mecha-
nism, the amplitudes for neutron and proton Δ excitation
are expected to be identical [29]. The coherent (γ, π0) cross
section, therefore, determines the nucleon density distri-
bution in much the same way that elastic electron scattering
determines the charge distribution. Compared to hadronic
probes that have been used to study the neutron skin,
interpretation of the (γ, π0) reaction is advantageous as it is
not complicated by initial state interactions. However, final
state interactions between π0 and nucleus are significant;
they produce both a shift in the pion emission angle and a
modification of the outgoing flux, which must be accu-
rately treated in the theoretical calculation of the (γ, π0)
cross section if reliable nuclear shape information is to be

obtained. The π0-nucleus interaction varies with energy,
and the validity of its treatment can, therefore, be assessed
from the consistency of the nuclear shape parameters
obtained from (γ, π0) angular distributions at different
incident photon energies. The analysis below presents data
for the Eγ range of 180–240 MeV. Data have also been
obtained from the threshold up to 180 MeV, but extensions
to the theoretical calculation are required before these data
can be used, to allow for different photon couplings to
neutrons and protons. Above Eγ ¼ 240 MeV the extracted
shape parameters become unreliable, probably as a result of
the rapid increase in the π0-nucleus interaction in the Δ
resonance region.
Previous (γ, π0) measurements for 208Pb [27,29] either

did not use isotopically pure targets or did not achieve the
precision needed to study the neutron skin, mainly because
they used π0 detection systems with limited angular cover-
age resulting in a small detection efficiency with too large a
dependence on pion energy and angle to give definitive
results. In the present experiment, these problems are
almost completely removed by utilizing a large solid-angle
photon detector, the Crystal Ball (CB) [31], in conjunction
with the Glasgow photon tagger [32] and the MAMI
electron microtron [33]. The experimental setup is
described in detail in Ref. [34]. The tagged photon beam
had a resolution of ∼2 MeV full width and an intensity of
∼2 × 105γ s−1 MeV−1. The tagged photons were incident
on a 0.52" 0.01 mm thick isotopically enriched (99.5%)
208Pb target placed at the center of the CB detector. The CB
is a 672 element NaI detector covering 94% of 4π sr. A
central detector system provided charged particle identi-
fication [35] and track information [36] and allowed the
target position to be determined within ∼0.5 mm.
Neutral pions were identified in the CB from their 2γ

decay, and their momenta were reconstructed from the
energies and angles of the decay photons [34]. The
coherent events were isolated from background by using
the energy difference ΔEdiff:

π defined as

ΔEdiff:
π ¼ Ec.m.

π − Edet .
π : ð1Þ

Ec.m.
π is the energy of the pion in the center-of-mass (c.m.)

frame of the incident photon and nucleus at rest, calculated
using the incident photon energy assuming coherent π0

production from a 208Pb nucleus. Edet .
π is the detected π0

energy in the c.m. frame. For a coherent reaction, ΔEdiff:
π

should be close to zero. Example spectra for ΔEdiff:
π are

shown in Fig. 1. In the first maximum of the π0 angular
distribution, the coherent process dominates and allows
the determination of the width of the coherent peak. The
measured Ediff:

π resolution ranged from 2 MeV near thresh-
old to 9 MeV at Eγ ¼ 240 MeV, in excellent agreement
with a Geant4 [37] (G4) simulation. Near the diffraction
minima a background arising from one or more non-
coherent processes is evident. An additional Gaussian term
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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.
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Introductions: Neutron Skin Thickness

Neutron skin thickness (∆rnp)

Neutron distribution in nuclei

no sensitivity to the diffuseness of the density distributions

Δrnp ≡ r2
n
− r2

p

difference of the root mean 
square radii of n and p

Predictions of “state of the art” nuclear theories

Δrnp = 0.05 − 0.35 fm

• Neutron star structure/cooling mechanism [5-9]
• Physics beyond the standard model [10,11]
• Three-body forces in nuclei [12,13]
• Collective nuclear excitations [14-17]
• Flows in heavy-ion collision [18-19]

density dependence of the symmetry energy



Introductions: Neutron Skin Thickness
Neutron distribution in nuclei

two parameter Fermi (2PF) distribution



Introductions: The case of 208Pb
A goal of 0.05 fm accuracy is quoted [2] [2] R. J. Furnstahl, NPA706, 85 (2002).

to constrain the EoS suffi

proton scattering Δrnp = 0.211± 0.06 fm [20]

pion scattering Δrnp = 0.16 ± 0.07 fm
Δrnp = 0.18 ± 0.04exp. ± 0.05theor . fmanti-proton annihilation

Isospin-diffusion heavy 
ion collision

Δrnp = 0.22 ± 0.04 fm

pygmy dipole Δrnp = 0.156 − 0.194 fm
dipole polarizability with quoted accuracy of ±0.024 fm

although the model dependency is still debated 


[21]

[22,23]

[24]

[15,17,25]

Δrnp = 0.156 − 0.021+ 0.025 fm [17]208Pb DP
Δrnp = 0.168 ± 0.022 fm J. Piekarewicz et al., PRC85, 041302(R) (2012)

X. Roca-Maza et al.,  PRC88, 024316(2013) �ΔRnp = 0 .165 ± (0 .009)expt ± (0 .013)theor ± (0 .021)est fm 

Taken from [12] M. B. Tsang et al., PRC86, 015803 (2012).
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V.E. Starodubsky et al., PRC18, 2641(1994)

Neutron Density (Proton Scattering)
[22] J. Zenihiro et al., PRC82, 044611 
(2010)

Rch=5.503(2), Rp=5.458, Rn=5.655(42) 
fm Rn-Rp=0.197(42) fm

Rn-Rp=0.211 fm
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Dipole Polarizability (αD)

Dipole Polarizability is strongly correlated with Rn-Rp [17]

0.156+0.025-0.021 fm

J. Piekarewicz et al., PRC85, 041302(2012)

Rn-Rp = 0.168±0.022 fm for 208Pb

AT et al. PRL107,062502(2011) [27]

Determination of αD by an 
Electro-Magnetic Probe

∫ ∫==
ω

π
ϖ

ω

σ

π
α

)1(
9
8

2 22

EdBdc abs
D
!

including model uncertainty.
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Parity Violating (PV) Cross Section Asymmetry 
in Electron Scattering [30]

in PWBA

R L

e e

ϑ ϑ

R (L): Right (Left) helicity 

longitudinal polarization

GF: Fermi coupling constant
α: fine structure constant
Q: four-momentum transfer (ω,q)
FW: weak form factor
Fch: charge form factor

interference between 
EM and weak 
interactions

helicityCoulomb distortion effect is included in the real 
analysis [9], also other effects [10].

Fourier transform of 
the weak charge 
density

γ 0Z
−e −e

+
2

≈σ
APV    from  
interference

208Pb 208Pb

208Pb
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Weak Charge

Weak charge distribution is primarily 
determined by the neutron distribution

J-F. Rajotte, arxiv:1110.2218v1

ϑw: Weinberg Angle or Weak Mixing Angle

sin2 ϑw=0.23116(12) c.f. PDG 2012

~ 0.08 0.0721
-0.9878

with radiative 
correction

in the standard model

BUT weak interaction is VERY weak...

APV ~ 656 ppb = 0.000000656



Standard Model

Backup Slides



Electro-weak Interaction

charged fields

neutral fields (mass eigenstates)
Electro-Magnetic Field

Electro-weak neutral current interaction

Backup Slides



Electro-magnetic interaction

Electro-weak neutral current interaction

Vector coupling

Vector coupling

V-A coupling

produces parity-violation

=L-helicity projection 
operator

Backup Slides



Result

Is this analysis really 
model independent?

“provides the first electroweak 
observation of the neutron skin”

In abstract

“A future run is planned which will 
reduce the quoted uncertainty by a factor 
of 3 [43], to discriminate between models 
and allow predictions relevant for the 
description of neutron stars and parity 
violation in atomic systems.”

In summary

No discussion on the 
impact of the result?



Introductions: The case of 208Pb

no successful measurement on neutron density distribution

Δrnp = 0.33± 0.17 fm

Experiments with electromagnetic probes [27-29]

Electroweak probe: parity-violating electron scattering PREX [30]

Coherent π0 Photo-production:
• Electro-magnetic probe
• Suffi



Coherent π0 Photopdroduction
• Electro-magnetic probe
• Suffi

All the nucleons contribute coherently to the reaction amplitude

γ
π0

γ
γ

The target nucleus stays 
in the ground state

γ
γ

π0

π0elementary 


∆ excitation is the dominant 
process at 180-240 MeV

neutron and proton ∆ excitations 
are expected to be identical



Coherent π0 Photopdroduction

fi
between π0 and the 
nucleus

• The initial state interaction is electromagnetic and is simple
• The fi

fi 
fifl 


• The π0-nucleus interaction is energy dependent.  
 


• Below 180 MeV, different photon coupling for p and n
• Above 240 MeV, the result is unreliable probably 



γ
π0

γ
γ



Coherent π0 Photopdroduction

Slide by D.P. Watts



Experiment

Slide by D.P. Watts



Experiment



Experiment



Experiment



Experiment
MAMI electron microtron [33]



Experiment
Glasgow Photon Tagger [32]
2 MeV (FWHM)
2✕105 γ sec-1 MeV-1

plastic scintillators (2 mmt) 


e at 855 MeV



Experiment
Glasgow Photon Tagger [32]
2 MeV (FWHM)
2✕105 γ sec-1 MeV-1



Experiment
Target: 
208Pb 99.5%, 0.52±0.01 mm thick (~590 mg/cm2)

η



Experiment
Crystal Ball (CB) [31]

• inner radius = 25.3 cm
• outer radius = 66.0 cm
• icosahedron:  




• wrapped with refl


NaI Crystal



ExperimentCrystal Ball (CB) [31]

• four veto scintillators 


• 0.76 mm stainless steel
• maintained at temperature 20±1℃

π0

η



ExperimentCrystal Ball (CB) [31]

Slide by D.P. Watts



Analysis

Slide by D.P. Watts



Analysis

Slide by D.P. Watts

Gausssian 


Resolution: 


B.G:
non-coherent 




Analysis

Slide by D.P. Watts



Analysis
[42] D. Drechsel, et al., NPA645, 145 (1999).

Unitary Isobar Model

pion photo-production on a nucleon



Analysis

[42] D. Drechsel, et al., NPA645, 145 (1999).

pion nucleus optical potential

A fi
fi
ρ2-dependent term to the π+- - 12C total and differential 
cross sections



Analysis

[43] B. Krusche et al., PLB526, 287(2002)

pion photo-production on nuclei

Self-energy term in the ∆ propagation  
fi



Analysis
[45]

Density Distribution

two parameter Fermi (2PF) distributionap = 0.447 fm

ρ p r( )
cp = 6.680 fm

ρn r( )

ap = 0.35 − 0.65 fmcp = 6.28 − 7.07 fm
calculated in the 35 grids ranging

Fitted to the data in q=0.3-0.9. 


ρ r( ) = Z
A
ρ p r( )+ N

A
ρn r( )

fi

→ DWIA calculation

smeared with experimental q resolution of 0.02-0.03 fm-1, 


→ converted to point charge distribution  
fi

• discrepancy at high-q, probably due to inability of 2PF for 
describing the details of the density distribution

• discrepancy at high-E, probably due to the rapid increase 
of the π0 absorption c.s. in the ∆ resonance energy



Analysis



Analysis

Slide by D.P. Watts



Results

Slide by D.P. Watts



Results
Systematic Error

Half-height radius: 6.70±0.03(stat.) fm

Diffuseness: 0.55±0.01(stat.)+0.02-0.03(sys.) fm

• Analysis using only the fi 


• Variation of the relative weighting of the p and n amplitudes by 10% 


• Variation in the modeling of the background 


→ ∆rnp = 0.15±0.03(stat.)+0.01-0.03(sys.) fm

←How is the systematic error?

←How is the error in radius?

Isn’t the fl

Results

←How consistent?

How is error in the reaction model?



Results

Slide by D.P. Watts



Discussions

Slide by D.P. Watts

Conclusive evidence that the neutron diffuseness is larger than the 
proton diffuseness → Halo?



Critical Discussions
• Why only at 180-240 MeV?
• Why only at q=0.3-0.9 fm-1?
• How large is the model dependence of π0-nucleus interaction?
• How is the assumption of the “single” two parameter Ferm 

distribution good enough?
• Pion charge-exchange contribution?
• Medium modifi


• Uncertainty of the optical potential and pion 

 ± π0

N N

See also A. Gardestig , C.J. Horowitz, et al., arXiv:1504.08347



Discussions

Slide by D.P. Watts



Summary


