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Deeply Bound Pionic Atom by (d,3He) @ GSI

K. Suzuki et al.
Phys. Rev. Lett. 92(2004) 072302

GOR relation + Tomozawa-Weinberg Relation
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Sensitivity of the deeply bound pionic atom observables to
the pion-nucleon sigma term �⇡N
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We discuss the sensitivity of the observables of the deeply bound pionic atoms to the pion-nucleon
sigma term �⇡N to investigate the possibility of the precise determination of the value of �⇡N by the
accurate data of the deeply bound pionic atoms expected in the latest experiment at RIBF/RIKEN.
We find that the determination of the binding energy of the 1s pionic atoms with the accuracy of
± ⇤ ⇤ keV corresponds to the �⇡N value variation ± ⇤ ⇤ keV. To reduce the systematic error due to
the adopted theoretical model, we propose the simultaneous analyses of the observables of the Sn
isotopes.

PACS numbers:

I. INTRODUCTION

Meson-Nucleus systems are known to provide valuable information of the meson properties at finite density Refs. [9,
10]. Especially, we think spectroscopic study of the deeply bound pionic atoms are very useful to investigate the pion
properties in the nuclear medium [12] and the in-medium value of the chiral condensate were reported in Ref. [13]
by K. Suzuki et al., based on the theoretical supports [14], Recently, the experimental studies of the deeply bound
pionic atoms in Sn isotopes are performed at RIBF/RIKEN and the binding energies and widths of the pionic 1s
and 2p states have been measured very precisely [18]. In addition, the formation spectra of the (d,3He) reaction are
also measured precisely and succeeded to obtain the angular dependence of the formation cross section first time.
Further experiments have been planned to measure the deeply bound pionic atoms for the variety of nuclei such as
112,124Sn [19]. The theoretical studies of the pion properties and the aspects of the chiral symmetry at finite densities
are also developed and, for example, the model independent analysis [15] and the density dependence of the quark
condensate in isospin-asymmetric nuclear matter [8], which are interesting and important to proceed further the
studies of the partial restoration of the chiral symmetry in nucleus by the pionic atoms, are reported.

On the other hand, the value of the pion-nucleon sigma term �⇡N is controversial, recently. The discussion of the
obtained value �⇡N :

• Early stage: �⇡N ⇠ (20� 80) MeV

• Chiral e↵ective theory: �⇡N ⇠ (50� 60) MeV

• Lattice QCD calculations: �⇡N ⇠ (30� 50) MeV

• Friedman and Gal [6, 7]: �⇡N = 57± 7 MeV

Thus, in our study, we will consider the range 25 < �⇡N < 60 MeV.
�⇡N= 45 MeV by Ref. 18 of Jido-hatsuda-Kunihiro paper
* New paper of �⇡N in lattice QCD calculation [11]

There attempts to determine the �⇡N value from pionic atoms

• Recent theoretical analysis by Friedman Ref. [6]

• [Main story:] sigma term related to the lattice calculation. by Friedman-Gal [7]

⇤Electronic address: ikeno@tottori-u.ac.jp
†Electronic address: zaki@cc.nara-wu.ac.jp

By Natumi Ikeno (Tottori univ.), S. H.  
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FIG. 1: Density dependence of the b0(⇢) and b1(⇢) for the di↵erent �⇡N term. I will correct the figure. I need to put the y-axis
label.

C. the potential parameters b0 and b1 and the �⇡N term

The b1 parameter in the pion-nucleus potential corresponds to the in-medium value b1(⇢), and b1(⇢) is known to
be the connection of the �⇡N term as,

b1(⇢) = bfree1

✓
1� �⇡N

m2
⇡f

2
⇡

⇢

◆�1

, (12)

where bfree1 is the free-space ⇡N isovector parameter, and f⇡ is the free-space pion decay constant. With the intro-
duction of Eq. (12), we can see the e↵ect of the �⇡N term via b1 parameter in the pion-nucleus potential.

Furthermore, we consider the double-scattering contributions for the b0 parameter in the pion-nucleus potential
Vopt as

b0(⇢) = bfree0 � "1
3

2⇡
(bfree20 + 2b21(⇢))

✓
3⇡2

2
⇢

◆1/3

, (13)

where the local nuclear density is ⇢ = 2p3F /(3⇡
2) with the local Fermi momentum pF . In the r.h.s of Eq. (13), the b0

parameter is the free-space ⇡N isoscalar parameter, and the b1 parameter indicates the in-medium parameter b1(⇢)
of Eq. (12).

In Refs. [6, 7], they use these values of f⇡ = 92.2 MeV, bfree0 = 0.0076 m�1
⇡ , bfree1 = �0.0861 m�1

⇡ , �⇡N = 57±7 MeV.
We will change the value �⇡N from 30 25 MeV to 60 MeV, and then see the sensitivity for the cross section of the

deeply bound pionic atom.

III. RESULTS

In Fig. 1, we show the density dependence of the b0(⇢) and b1(⇢) for the di↵erent �⇡N term. The three values
�⇡N 25, 45, 60 MeV are considered. The parameters b0 and b1, especially b1, have the strong density dependence.
The larger �⇡N has stronger density dependence of the parameters, and thus the pion-nucleus optical potential has a
stronger repulsive e↵ect. By looking at the parameters b0 and b1 in Table I; Set (I) b0 = �0.0283m�1

⇡ , b1 = �0.12m�1
⇡ ,

and Set (II) b0 = �0.0226 m�1
⇡ , b1 = �0.1257 m�1

⇡ , these parameters are located between the �⇡N = 45 MeV and
the �⇡N = 60 MeV.

We calculate the structure of the pionic state in 123Sn with the parameters b0(⇢) and b1(⇢). In Fig. 2, we plot the
�⇡N dependence of the binding energies and widths in the pionic state of 123Sn. We can see that the binding energy
of 1s state has been strongly a↵ected by the �⇡N . The wave functions of the pionic 1s, 2p and 2s states in 123Sn for
the di↵erent �⇡N = 20, 45, 60 MeV are shown in Fig. 3.
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In this article, we discuss the sensitivity of the observables of the deeply bound pionic atoms to the pion-nucleon
sigma term �⇡N to investigate the possibility of the precise determination of the value of �⇡N by the accurate data
of the deeply bound pionic atoms expected in the latest experiment at RIBF/RIKEN.

—— refer at the formalism ——
Theoretical calculations of the deeply bound pionic atoms in Sn isotope at the forward angle have done in Ref. [20].
Here, we will calculate the formation spectra in the finite angle based on the latest theoretical models [23, 25].

* E↵ective density, Refs.[17, 22]
E↵ective density is a good representative value to see the nuclear density probed by the pion. ! the e↵ect of the
density dependence of b1 parameter

II. FORMALISM

We explain the theoretical formula to investigate the structure and formation of the deeply bound pionic atoms.
In order to see the e↵ect of the �⇡N term dependence in the pionic atoms observables, we consider two types of the
potential parameter sets.

In order to study the structure of the pionic atoms, we solve the Klein-Gordon equation [12, 22],

⇥
�r2 + µ2 + 2µVopt(r)

⇤
�(~r) = [E � Vem(r)]

2 �(~r), (1)

where µ is the pion-nucleus reduced mass, E the eigen energy written as E = µ� B⇡ � i

2
� with the binding energy

B⇡ and the width � of the atomic states. The electromagnetic interaction Vem is described as [25, 28],

Vem(r) = � e2

4⇡✏0

Z
⇢ch(r0)Q(|~r � ~r0|)

|~r � ~r0|
d~r0, (2)

where Q(r) is defined as,

Q(r) = 1 +
2

3⇡

e2

4⇡✏0

Z 1

1
du e�2meru

✓
1 +

1

2u2

◆
(u2 � 1)1/2

u2
(3)

with the electron mass me. This Vem includes the e↵ects of the finite nuclear charge distribution ⇢ch(r) and the
vacuum polarization. In Eq. (1), Vopt is the pion-nucleus optical potential. In this paper, we consider two types of
the optical potentials and the nuclear densities.

A. the previous traditional, or empirical formula

First we explain the formula which we have often used in our theoretical studies. In the pion-nucleus optical
potential Vopt in Eq. (1), we usually use the Ericson-Ericson type as [5],

2µVopt(r) = �4⇡[b(r) + "2B0⇢
2(r)] + 4⇡r · [c(r) + "�1

2 C0⇢
2(r)]L(r)r, (4)

with

b(r) = "1[b0⇢(r) + b1[⇢n(r)� ⇢p(r)]], (5)

c(r) = "�1
1 [c0⇢(r) + c1[⇢n(r)� ⇢p(r)]], (6)

L(r) =

⇢
1 +

4

3
⇡�[c(r) + "�1

2 C0⇢
2(r)]

��1

, (7)

where "1 and "2 are defined as "1 = 1 +
µ

M
and "2 = 1 +

µ

2M
with the nucleon mass M . The pion-nucleus optical

potential is composed of the s-wave and p-wave parts, which correspond to the first and second parts in r.h.s of Eq. (4).
The parameters b’s and c’s indicate the s-wave and p-wave ⇡N interaction, respectively. The potential terms with
parameter B0 and C0 are higher order contributions to the optical potential, and � the Lorentz-Lorenz correction.
We use a standard parameter set [27] for the potential parameters as shown in set (I) of Table I.
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FIG. 7: Formation cross section in the 112Sn(d,3He) reaction for the di↵erent angles. Left, middle and right panel is the result
for ✓dHe = 0�, 1�, 2�, respectively. The calculations are done with the parameter set (I).

IV. SUMMARY AND CONCLUSIONS

V. ACKNOWLEDGEMENT

The work was partly supported by JSPS KAKENHI Grant Number JP19K14709, No. JP16K05355, and ****.

[1] H. Koura and M. Yamada, Nucl. Phys. A671, 96 (2000).
[2] T. Nishi et al. (piAF), Phys. Rev. Lett. 120, 152505 (2018).
[3] T. Nishi and K. Itahashi, private communication.
[4] S. Terashima et al., Phys. Rev. C 77, 024317 (2008).
[5] M. Ericson and T. E. O. Ericson, Annals Phys. 36, 323(1966).
[6] E. Friedman and A. Gal, Phys. Lett. B 792, 340 (2019).
[7] E. Friedman and A. Gal, Acta Phys. Polon. B 51, 45-54 (2020).
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We discuss a recent extraction of the ⇡N � term �⇡N from a large-scale
fit of pionic-atom strong-interaction data across the periodic table. The
value thus derived, �FG

⇡N = 57± 7 MeV, is directly connected via the Gell-
Mann–Oakes–Renner expression to the medium-renormalized ⇡N isovector
scattering amplitude near threshold. It compares well with the value de-
rived recently by the Bern–Bonn–Jülich group, �RS

⇡N = 58 ± 5 MeV, using
the Roy–Steiner equations to control the extrapolation of the vanishingly
small near-threshold ⇡N isoscalar scattering amplitude to zero pion mass.
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1. Introduction

The ⇡N � term

�⇡N =
m̄q

2mN

X

u,d

hN |q̄q|Ni , m̄q =
1

2
(mu +md) , (1)

sometimes called the nucleon � term �N , records the contribution of explicit
chiral symmetry breaking to the nucleon mass mN arising from the non-
zero value of the u and d quark masses in QCD. Early calculations yielded
a wide range of values, �⇡N ⇠ 20–80 MeV [1]. Recent calculations use two
distinct approaches: (i) pion–nucleon low-energy phenomenology guided by
chiral EFT, with or without solving Roy–Steiner equations, result in values
of �⇡N ⇠ 50–60 MeV [2–6], the most recent of which is 58± 5 MeV; and (ii)
lattice QCD (LQCD) calculations reach values of �⇡N ⇠ 30–50 MeV [7–13],
the most recent of which is 41.6±3.8 MeV. This dichotomy is demonstrated
in the left panel of Fig. 1. However, when augmented by chiral perturbation
expansions, LQCD calculations reach also values of ⇠ 50 MeV, see e.g.
Refs. [14–17]. Ambiguities in chiral extrapolations of LQCD calculations
to the physical pion mass are demonstrated in the right panel of Fig. 1.

⇤
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σπN ¼ 26ð3Þstatð5Þχð2Þa≠0 MeV; ð36Þ

σs ¼ 17ð18Þstatð9Þχ MeV; ð37Þ

whereOððaΛQCDÞ2Þ discretization errors are assigned to gS
and σπN . This error for σs is much smaller than its total
uncertainty and hence is neglected. As shown in Fig. 11, we
observe good agreement with previous estimates of gS
[18,21,61,62,69,70] and σs [7–11,25,26]. Figure 13 shows
a comparison of σπN with recent lattice [7–11] and
phenomenological estimates [12–16,72]. We observe good
agreement among lattice results, which are systematically
smaller than the phenomenology as mentioned in the
Introduction. While we observe the slow convergence of
Eq. (33), recent phenomenological estimates slightly rely
on ChPT by employing a dispersive analysis, and the
necessary chiral correction is estimated to be small [73].
Further studies are needed to resolve the tension with
phenomenology. We also show in Fig. 14 the comparison
of the results of the evaluations of the strange content of
nucleon. We see agreement between all results, although
some are affected by large uncertainty.
It is worth noting that the disconnected diagram gives

rise to a small contribution to gsS and hence σπN . Tables IV
and V show that it is only 3%–8% contribution at simulated
mπ’s, and this maintains down to mπ;phys. From the
extrapolated value of Sdiscuþd, the disconnected part σdiscuþd ¼
mudSdiscuþd ¼ 2.0ð2.3Þ MeV is only 8%% 9% contribution to
σπN . This is smaller than Oð1=NcÞ expected from the large
Nc arguments and in favor of the OZI rule.

VI. TENSOR CHARGES

For the tensor charges (9), we consider up, down and
strange quark contributions, δu, δd and δs, which are
needed to study new physics effects to nucleon observables
in the flavor basis. We also report on the isovector tensor
charge

gT ≡ 1

2mN
hpjūiσ03γ5u − d̄iσ03γ5djpi ¼ δu − δd; ð38Þ

which has been studied in one-loop ChPT [67,76] and
previous lattice studies [18,21,61,62,69,77,78].
Figure 15 shows the effective values of the tensor

charges at mud ¼ 0.015. The Gaussian smearing works
well to obtain plateaux, from which we determine the
tensor charges by the constant fit in Δt and Δt0. Numerical
results are summarized in Table VII. χ2=d:o:f: < 1.3 at all
simulation points. The isovector charge gT is a purely
connected contribution, and is determined with an accuracy
of a few percent. We observe that disconnected contribu-
tions to δu and δd are not large, similar to the case of gsS.
Their statistical accuracy is typically 3% and 10%, respec-
tively. On the other hand, δs is a purely disconnected one,
and is consistent with zero.
The one-loop ChPT formula for gT is available in

Refs. [67,76]. We fit our data to the formula of Ref. [76],

gT ¼ c0

!
1þ m2

π

4ð4πfπÞ2

"
ð1þ 8g2AÞ ln

#
μ2

m2
π

$
þ 2þ 3g2A

%&

þ c1m2
π; ð39Þ

This work
ETM(2016)

χQCD(2016)
RQCD(2016)

Ling et al.(2017)
BMW(2016)

Lutz et al.(2014)
QCDSF-UKQCD(2012)

Ruiz de Elvira et al.(2017)
Yao et al.(2016)

Hoferichter et al.(2015)
Alarcon et al.(2012)

 0  10  20  30  40  50  60  70
σπN (MeV)

FIG. 13. Our result for σπN (filled square) compared with those
from recent direct evaluations in lattice QCD (open squares,
RQCD [9], χQCD [8], ETM [11]), analyses of lattice QCD data
using Feynman-Hellmann theorem (black triangles, QCDSF-
UKQCD [7], Lutz et al. [74], BMW [10], Ling et al. [75])
and phenomenological studies (open circles, Alarcón et al. [12],
Hoferichter et al. [13], Yao et al. [15], Ruiz de Elvira et al. [16]).
As for our result, the smallest error bar denotes the statistical one,
and the largest one also takes into account those due to the
extrapolation and the discretization.
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FIG. 14. Our result for σs (filled square) compared with those
from recent direct evaluations in lattice QCD (open squares,
RQCD [9], χQCD [8], ETM [11]), analyses of lattice QCD data
using Feynman-Hellmann theorem (black triangles, QCDSF-
UKQCD [7], Ren et al. [72], Lutz et al. [74], BMW [10]) and
phenomenological studies (open circle, Alarcón et al. [12]). The
smallest error bar of our result denotes the statistical one, and the
largest one also takes into account those due to the extrapolation
and the discretization.

NUCLEON CHARGES WITH DYNAMICAL OVERLAP FERMIONS PHYS. REV. D 98, 054516 (2018)

054516-13

 

Nucleon charges with dynamical overlap fermions

N. Yamanaka*
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I. INTRODUCTION

The nucleon charges are very important input parameters
in the study of new physics beyond the standard model, and
accurate values are required in phenomenological analyses.
As a representative case, the nucleon scalar charge is
important in the direct search for dark matters [1–4].
The nucleon tensor charge relates the quark electric dipole
moment to that of the nucleon, which is an important
observable in the search for new sources of CP violation
[5,6]. The nucleon scalar and tensor charges are however
difficult to directly measure in experiments, and no accurate

experimental values are currently known. They are thus
important subjects to be studied in lattice QCD, since it is
the only known method to calculate hadronic quantities
with controlled uncertainties.
The nucleon charges have widely been studied in the

literature. The evaluation of the nucleon scalar charge in
lattice QCD first began in the context of the investigation of
the nucleon sigma term σπN ≡P

q¼u;d
mq

2mN
hNjq̄qjNi. It is

still a matter of debate due to the discrepancy between
results of recent lattice QCD calculations at the physical pion
mass, yielding values between 30 to 40 MeV [7–11], and
phenomenological ones, giving almost 60MeV [12–16]. The
nucleon scalar charge also contains the isovector one as well
as the strange content of the nucleon, which are now showing
importance in the analysis of new physics beyond stan-
dard model.
The nucleon tensor charge is the leading twist contri-

bution to the transversity distribution, one of the three
parton distribution functions of the polarized nucleon [17].
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FIG. 7: Formation cross section in the 112Sn(d,3He) reaction for the di↵erent angles. Left, middle and right panel is the result
for ✓dHe = 0�, 1�, 2�, respectively. The calculations are done with the parameter set (I).
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We present an analysis of the pion–nucleon �-term, �⇡N , using six ensembles with 2+1+1-flavor
highly improved staggered quark action generated by the MILC collaboration. The most serious
systematic e↵ect in lattice calculations of nucleon correlation functions is the contribution of excited
states. We estimate these using chiral perturbation theory (�PT), and show that the leading
contribution to the isoscalar scalar charge comes from N⇡ and N⇡⇡ states. Therefore, we carry
out two analyses of lattice data to remove excited-state contamination, the standard one and a new
one including N⇡ and N⇡⇡ states. We find that the standard analysis gives �⇡N = 40.4(4.7) MeV,
consistent with previous lattice calculations, while the �PT-motivated analysis gives �⇡N = 61.6(6.4)
MeV, which is consistent with phenomenological values obtained using ⇡N scattering data. Our data
on one physical pion mass ensemble was crucial for exposing this di↵erence, therefore, calculations
on additional physical mass ensembles are needed to confirm our result and resolve the tension
between lattice QCD and phenomenology.

I. INTRODUCTION

This paper presents results for the pion–nucleon �-
term, �⇡N ⌘ mud g

u+d
S ⌘ mud hN(k, s)|ūu + d̄d|N(k, s)i

calculated in the isospin symmetric limit with mud =
(mu + md)/2 the average of the light quark masses. It
is a fundamental parameter of QCD that quantifies the
amount of the nucleon mass generated by the u- and d-
quarks. It is determined on the lattice from the forward
matrix element of the scalar density q̄q between the nu-
cleon state, i.e., the scalar charge gqS defined by

gqS = hN(k = 0, s)|ZS q̄q|N(k = 0, s)i, (1)

where ZS is the renormalization constant and the nucleon
spinor has unit normalization. The connection between
gqS and the rate of variation of the nucleon mass, MN ,
with the quark mass is given by the Feynman–Hellmann
(FH) relation [1–3]

@MN

@mq
= hN(k, s)|q̄q|N(k, s)i = gqS/ZS . (2)

The charge, gqS , determines the coupling of the nucleon
to the scalar quark current with flavor q—an impor-
tant input quantity in the search for physics beyond
the Standard Model (SM), including in direct-detection
searches for dark matter [4–8], lepton flavor violation in

⇤ rajan@lanl.gov
† sungwoo@lanl.gov
‡ hoferichter@itp.unibe.ch
§ emereghetti@lanl.gov
¶ boram@lanl.gov

⇤⇤ tanmoy@lanl.gov

µ ! e conversion in nuclei [9, 10], and electric dipole
moments [11–14]. In particular, �⇡N is a rare example of
a matrix element that, despite the lack of scalar probes
in the SM, can still be extracted from phenomenology—
via the Cheng–Dashen low-energy theorem [15, 16]—and
thus defines an important benchmark quantity for lattice
QCD.

The low-energy theorem establishes a connection be-
tween �⇡N and a pion–nucleon (⇡N) scattering ampli-
tude, albeit evaluated at unphysical kinematics. With
one-loop corrections free of chiral logarithms [17, 18], the
remaining corrections to the low-energy theorem scale
as �⇡NM2

⇡/M
2

N ⇡ 1MeV, leaving the challenge of con-
trolling the analytic continuation of the ⇡N amplitude.
Stabilizing this extrapolation by means of dispersion re-
lations, Refs. [19–21] found �⇡N ⇡ 45MeV based on the
partial-wave analyses from Refs. [22, 23]. More recent
partial-wave analyses [24, 25] favor higher values, e.g.,
�⇡N = 64(8)MeV [26]. Similarly, �PT analyses depend
crucially on the ⇡N input, with �-term prediction vary-
ing accordingly [27, 28].

The analytic continuation can be further improved in
the framework of Roy–Steiner equations [29–37], whose
constraints on �⇡N become most powerful when com-
bined with pionic-atom data on threshold ⇡N scatter-
ing [38–42]. Slightly updating the result from Refs. [31,
33] to account for the latest data on the pionic hydrogen
width [40], one finds �⇡N = 59.0(3.5)MeV. In particu-
lar, this determination includes isospin-breaking correc-
tions [43–46] to ensure that �⇡N coincides with its defi-
nition in lattice QCD calculations [34]. The di↵erence
to Refs. [19–21] traces back to the scattering lengths
implied by Refs. [22, 23], which are incompatible with
the modern pionic-atom data. Independent constraints
from experiment are provided by low-energy ⇡N cross
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FIG. 8. Results for �⇡N = mudg
u+d
S from 2+1- and 2+1+1-flavor lattice calculations. The BMW 20 result from 1+1+1+1-flavor

lattices is listed along with the other 2+1+1-flavor calculations for brevity. Following the FLAG conventions, determinations
via the direct approach are indicated by squares and the FH method by triangles. Also, the symbols used for lattice estimates
that satisfy the FLAG criteria for inclusion in averages are filled green, and those not included are open red. The references
from which lattice results have been taken are: JLQCD 18 [60], �QCD 15A [57], BMW 15 [56], ETM 14A [63], ETM 19 [61],
and BMW 20 [62]. Phenomenological estimates using ⇡N scattering data (blue filled circles) are from Alarcon 11 [28],
Hoferichter 15 [31], and Ruiz de Elvira 17 [37].

choices of source–sink separation, ⌧ = 16a and ⌧ = 12a.
We list separately the corrections from diagram (a1) and
(b1) in Fig. 3, as the first is dominated by N⇡ excited
states, the second by N⇡⇡. Similarly, the N2LO correc-
tions from the diagrams proportional to the LECs c1,2,3
receive contributions from N⇡⇡ states, while the recoil
corrections in Eq. (B8) are dominated by N⇡. From
Table III we see that R

(1) and R
(2) are of similar size

and the most important contributions come from dia-
gram (a1) and from Eq. (B9). The nucleon source and
recoil contributions are substantially smaller.

We also note that the ESC is amplified by the presence
of several states close in energy. We can see this in the left
panel of Fig. 5, where the red and orange curves denote
the NLO and N2LO corrections, including states up to
|nmax| = 1, while the green and blue curves include states
up to |nmax| = 3. In the continuum, the e↵ect of the en-
tire tower of excited states can be resummed, with the
result shown in the last line of Table III and by the pur-
ple line in Fig. 5. The comparison to the di↵erent |nmax|

values indicates the degree of convergence, which is ulti-

mately determined by t and ⌧ via the exponential sup-
pression of the continuum integrals. Indeed, we see that
for ⌧ = 16a the corrections at t = 8a beyond |nmax| = 3
are around 10%, but twice as large for ⌧ = 12a, t = 6a.
Away from t ⇠ ⌧/2, the integrals become increasingly
dominated by large-momentum modes, leading to the
eventual breakdown of the chiral expansion. For this
reason, the expansion becomes less reliable for small and
large t, which explains why the functional form predicted
by �PT, see the right panel of Fig. 5, suggests a faster
decrease towards the edges than observed in the lattice
data, see Figs. 2 and 6. In the center, however, the EFT
expansion should be reliable, in particular for the ⌧ = 16a
variant, which leads to the conclusion that NLO and
N2LO contributions can each lead to a reduction of �⇡N

at the level of 10MeV. Note that Fig. 6 shows the behav-
ior versus t and ⌧ for the individual contributions, i.e.,
insertions on the u, the d, and the disconnected loop l.

While in Table III and Fig. 5 we focused on the en-
semble with the lightest pion mass, we find good agree-
ment between the �PT expectations and the fits in Fig. 2
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We discuss a recent extraction of the ⇡N � term �⇡N from a large-scale
fit of pionic-atom strong-interaction data across the periodic table. The
value thus derived, �FG

⇡N = 57± 7 MeV, is directly connected via the Gell-
Mann–Oakes–Renner expression to the medium-renormalized ⇡N isovector
scattering amplitude near threshold. It compares well with the value de-
rived recently by the Bern–Bonn–Jülich group, �RS

⇡N = 58 ± 5 MeV, using
the Roy–Steiner equations to control the extrapolation of the vanishingly
small near-threshold ⇡N isoscalar scattering amplitude to zero pion mass.
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1. Introduction

The ⇡N � term

�⇡N =
m̄q

2mN

X

u,d

hN |q̄q|Ni , m̄q =
1

2
(mu +md) , (1)

sometimes called the nucleon � term �N , records the contribution of explicit
chiral symmetry breaking to the nucleon mass mN arising from the non-
zero value of the u and d quark masses in QCD. Early calculations yielded
a wide range of values, �⇡N ⇠ 20–80 MeV [1]. Recent calculations use two
distinct approaches: (i) pion–nucleon low-energy phenomenology guided by
chiral EFT, with or without solving Roy–Steiner equations, result in values
of �⇡N ⇠ 50–60 MeV [2–6], the most recent of which is 58± 5 MeV; and (ii)
lattice QCD (LQCD) calculations reach values of �⇡N ⇠ 30–50 MeV [7–13],
the most recent of which is 41.6±3.8 MeV. This dichotomy is demonstrated
in the left panel of Fig. 1. However, when augmented by chiral perturbation
expansions, LQCD calculations reach also values of ⇠ 50 MeV, see e.g.
Refs. [14–17]. Ambiguities in chiral extrapolations of LQCD calculations
to the physical pion mass are demonstrated in the right panel of Fig. 1.

⇤
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We observed the atomic 1s and 2p states of π− bound to 121Sn nuclei as distinct peak structures in the
missing mass spectra of the 122Snðd; 3HeÞ nuclear reaction. A very intense deuteron beam and a
spectrometer with a large angular acceptance let us achieve a potential of discovery, which includes
the capability of determining the angle-dependent cross sections with high statistics. The 2p state in a Sn
nucleus was observed for the first time. The binding energies and widths of the pionic states are determined
and found to be consistent with previous experimental results of other Sn isotopes. The spectrum is
measured at finite reaction angles for the first time. The formation cross sections at the reaction angles
between 0° and 2° are determined. The observed reaction-angle dependence of each state is reproduced by
theoretical calculations. However, the quantitative comparison with our high-precision data reveals a
significant discrepancy between the measured and calculated formation cross sections of the pionic 1s state.

DOI: 10.1103/PhysRevLett.120.152505

The spectroscopy of pionic atoms has contributed to
the fundamental knowledge of the nontrivial structure of
the vacuum in terms of chiral symmetry and quantum
chromodynamics (QCD) in the low energy region [1]. The
spatial overlaps between the pionic orbitals and the core
nuclei peak near the half-density radii of the nuclei. The
pions are excellent probes for the study of medium effects
in the nuclear matter. An order parameter of the chiral
symmetry [2–4], a quark condensate expectation value
hq̄qi, was deduced at the nuclear density in investigations
on in-medium modification of an isovector π-nucleon
strong interaction through the wave function renormali-
zation [5–11].
The low energy pion-nucleus interaction is described by

a phenomenological optical potential. Parameter sets of the
potential were obtained by fitting many known pionic-atom

and pion-nucleus-scattering data including isotope shifts
of pionic atoms with different neutron numbers [9–13].
Among these parameters is an s-wave isovector parameter
b1, which is closely related to the order parameter of the
chiral symmetry breaking in the nuclear medium hq̄qiρ [5].
Low-lying pionic orbitals are located in a close vicinity of
the core nuclei for Z ≳ 50 [14]. This localized distribution
is due to integration of the attractive Coulomb potential and
the repulsive and absorptive strong interaction potential.
Determining the levels and widths of the bound states
provides quantum-mechanical information that leads to
constraints on the strong interaction. Previous experiments
discovered methods of directly populating the low-lying
orbitals, analyzed them spectroscopically [15–17], and
measured pionic states in Pb and Sn nuclei. The ratio of
hq̄qiρ to the in-vacuum value hq̄qi0 was evaluated to be

PHYSICAL REVIEW LETTERS 120, 152505 (2018)
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constraints on the strong interaction. Previous experiments
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The pðd; 3HeÞπ0 reaction has also been used to calibrate
the effective beam intensity on the target. The reaction cross
section has been estimated to be 7.6 μb=sr in the θ range of
0°–0.5° based on an extrapolation of the data at a slightly
higher energy to ours [25]. For this we have used the
measured beam energy dependence in Ref. [26]. After
applying an acceptance correction of the spectrometer
evaluated by a Monte Carlo simulation, we have estimated
a systematic error for the absolute cross section scale of 30%.
The experimental resolution has been estimated by the

quadratic sum of contributions from the incident beam
emittance and intrinsic momentum spread, the target thick-
ness, and the optical aberrations of the spectrometer. We
have found a quadratic dependence of the resolution on Eex
due to combined effects of multiple scattering at a vacuum
window at F5 and higher-order optical aberrations.
This dependence has been estimated to be RðEexÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
min þ ½0.122 × ðEex − 139.799 MeVÞ&2

p
ðFWHMÞ with

the resolution minimum Rmin ¼ 0.42 MeV, which agrees
with the measured spectral responses in the calibration
reaction of pðd; 3HeÞπ0.
Figure 2 (top panel) displays the measured excitation

spectrum for nearly the full acceptance of the spectrometer.
The abscissa is the excitation energy and the ordinate is
the double differential cross section of the 122Snðd; 3HeÞ
reaction. The π− emission threshold is indicated by the
vertical solid line at 139.571 MeV. On the left side of the
spectrum in the range of Eex < 134 MeV, a linear back-
ground is observed for nuclear excitation without pion
production. Above the emission threshold a continuum is
observed due to quasifree pion production.
Three prominent peaks are observed below the pion

emission threshold in the region of 134 MeV≲ Eex≲
139 MeV. The leftmost peak is due to the formation of a
pionic 1s state mainly coupled with a neutron hole
state of ð3s1=2Þ−1n . The middle peak contains contributions
from the configurations ð1sÞπð2d5=2Þ−1n , ð2pÞπð3s1=2Þ−1n , and
ð2pÞπð2d3=2Þ−1n . The peak on the right side originates mainly
from the ð2sÞπð3s1=2Þ−1n and ð2pÞπð2d5=2Þ−1n configurations.
The spectrum has been fitted in an excitation energy

region [128.0,138.0] MeV with calculated spectra based
on theoretical pionic atom formation cross sections in
Ref. [27] folded by the experimental resolution expressed
by Gaussian functions. Pionic 1s, 2p, 2s, 3p, and 3s states
have been taken into considerations and other higher states
as well as the quasi-free contributions have been neglected.
In the fit 8 parameters have been used: the differential cross
sections (dσ=dΩ) of pionic ðnlÞ states I1s, I2p, the binding
energies B1s, B2p, the 1s width Γ1s, and a slope and an
offset for the linear background. The 2p width has been
fixed to a calculated value of 0.109 MeV [19,28] since it is
much smaller than the experimental resolution. Since
contributions from the other states 2s, 3p, and 3s are
small, their binding energies and widths have been fixed to
theoretical values and their relative cross section ratios
I2s=I1s, I3s=I1s, and I3p=I2p to theoretical ratios [19,28].

The resolution minimum Rmin has also been used as a
free parameter.
The fitted curve is presented with contributions from the

pionic 1s and 2p states. The overall fit has a χ2/n.d.f of
135.8=92. Figure 2 (bottompanel) shows the decomposition
of the 1s and 2p formation cross sections into different
neutron hole states of 121Sn as indicated. The peak on the left
is coupled with pionic 1s and the one on the right with 2p.
We have evaluated the systematic errors attributed to the

deduced binding energies and width resulting from (i) abso-
lute Eex scale error arising from the energy calibration, the
uncertainty of the primary beam energy, the uncertainty of
the target thickness and the ion-optical properties of the
spectrometer, (ii) the Eex dependence of the resolution
within evaluated errors, (iii) the fitting region, and (iv) 20%
errors in the spectroscopic factors of relevant neutron holes.
The systematic errors of the binding energies are mainly
arising from the energy calibration and the dispersion of the
spectrometer.
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FIG. 2. (Top panel) Measured excitation spectrum of the
122Snðd; 3HeÞ reaction at the angular range of 0 < θ < 2°. Three
distinct peaks are observed in the region Eex ¼ ½134; 139& MeV.
The left and middle peaks are mainly originating from formation
of pionic 1s and 2p states, respectively. The right peak is partly
contributed from the other pionic states (2s, 3p, and 3s). The
spectrum is fitted in the region indicated. The fitting curve and
contributions from the 1s and the 2p states are presented by solid,
dashed, and dotted lines, respectively. (Bottom panel) Decom-
position of the pionic 1s and 2p strengths into contributions from
each neutron hole state of 121Sn as indicated. Note that fragmen-
tation is taken into consideration for ð2d5=2Þ−1n .
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spectrometer.
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FIG. 2. (Top panel) Measured excitation spectrum of the
122Snðd; 3HeÞ reaction at the angular range of 0 < θ < 2°. Three
distinct peaks are observed in the region Eex ¼ ½134; 139& MeV.
The left and middle peaks are mainly originating from formation
of pionic 1s and 2p states, respectively. The right peak is partly
contributed from the other pionic states (2s, 3p, and 3s). The
spectrum is fitted in the region indicated. The fitting curve and
contributions from the 1s and the 2p states are presented by solid,
dashed, and dotted lines, respectively. (Bottom panel) Decom-
position of the pionic 1s and 2p strengths into contributions from
each neutron hole state of 121Sn as indicated. Note that fragmen-
tation is taken into consideration for ð2d5=2Þ−1n .
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Note that the entire data were accumulated within 15 h,
which is showing the potential of the facility RIBF for
spectroscopy experiments. Continuous development is in
progress aiming at a better spectral resolution of
≤ 150 keV. The major accomplishments in the present
experiment will be succeeded by experiments with
improved resolution, statistics, and systematics errors to
deduce π-nucleus isovector scattering length b1 with better
accuracy [31]. A new series of experiments to study pionic
atoms over a wide range of nuclei is in preparation and will
lead to a better understanding of the fundamental structure
of the QCD vacuum based on measurements.
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FIG. 4. (Top panel) Determined pionic-nl-state formation cross
sections InlðθÞ for different θ ranges. Statistical errors are shown
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deduced cross sections are compared with the theoretical calcu-
lations [19,28]. (Bottom panel) I2pðθÞ=I1sðθÞ. Systematic errors
are canceled by taking the ratios.
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The binding energies and width are deduced to be

B1s ¼ 3.828" 0.013ðstatÞþ0.036
−0.033ðsystÞ MeV;

Γ1s ¼ 0.252" 0.054ðstatÞþ0.053
−0.070ðsystÞ MeV;

B2p ¼ 2.238" 0.015ðstatÞþ0.046
−0.043ðsystÞ MeV;

with the statistical and systematic errors. The achieved
resolution minimum of Rmin ¼ 0.394þ0.064

−0.044 MeV is con-
sistent with the estimation of 0.42 MeV described above.
B1s and B2p of a pionic Sn isotope are determined
simultaneously for the first time. The deduced B1s, Γ1s,
and B2p fairly well agree with the theoretical values
Btheo
1s ¼ 3.787–3.850 MeV, Γtheo

1s ¼ 0.306–0.324 MeV,
and Btheo

2p ¼ 2.257–2.276 MeV [19,28].
The measured spectrum has been decomposed into

different θ ranges expecting the θ dependence of the
formation cross sections [19,27,29]. Figure 3 shows the
excitation spectra for θ in the ranges of 1.5°–2.0°, 1.0°–1.5°,
0.5°–1.0°, and 0°–0.5°. The peak structures are clearly
observed for each θ range. The peak positions and widths
are nearly constant for the different θ ranges, which
demonstrates the high quality of the measurement.
The decomposed spectra have been fitted to deduce θ-

dependent cross sections for the pionic 1s and 2p states,
I1sðθÞ and I2pðθÞ, with other parameters fixed to those
determined in the fitting procedure described above. The
linear background has been scaled by a parameter for
each angular range. The resulting fitting curves are shown
together with curves for 1s and 2p contributions.
Figure 4 (top panel) depicts I1sðθÞ (black) and I2pðθÞ

(gray). The abscissa is θ represented by the weighted
averages of the solid angles. The boxes show the statistical
errors and the bars the systematic errors in addition. They
have been studied in the same way as those conducted for
the binding energies and widths. An overall systematic
error of 30% is attributed to the absolute scale of the cross
section. The dashed curves show theoretically calculated
cross sections of the pionic 1s and 2p states using
phenomenological neutron wave functions of Koura-type
given in Ref. [30]. The solid curves show the same but
scaled with fitted factors of 0.17 and 0.79 for the 1s and 2p
states, respectively. We observe that the theoretical θ
dependences reproduce well the experimental data, which
confirms the assignments of the angular momenta of the
states. In principle, this suggests that the theoretical models
of finite momentum transfer [19] are valid. However, the
absolute value of measured I1sðθÞ is much smaller than
the theoretical calculation. Figure 4 (bottom panel) shows
the ratios of the I2pðθÞ and I1sðθÞ. The large discrepancies
between the experimental data and the theory suggest
missing factors of the formation cross sections which have
to be independently applied to the pionic states.
In conclusion, we have performed spectroscopy of

pionic 121Sn atoms and observed the 1s and 2p states as

prominent peak structures. For Sn, the 2p state is observed
as a peak structure for the first time. We have determined
the binding energies of the 1s and 2p states and the width of
the 1s state. The reaction-angle dependences of the pionic
atom formation cross sections are measured and found to
agree with the theoretical dependences, which supports the
assignments of the quantum numbers of the measured peak
structures. We also find remarkable agreement with theo-
retically calculated 2p formation cross sections over a wide
range of reaction angles. However, the measured absolute
cross sections of the 1s state are smaller by a factor of ∼5.
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Abstract
In this document we present an update of the physical significance and status of the preparation
for the experiment to elaborate the beamtime required to accomplish the objectives of the RIBF-
135 experiment. Hereby we request extension of the proposal and a beamtime of 10.0 days, which
updates 8.0 days recommended for approval by PAC for the RIBF-135 proposal. We have made
significant progress in the development of the detectors and the charged ion optics to improve
the spectral resolution from 250 keV (FWHM) to 150 keV, which satisfies required conditions
in the proposal. We are ready to conduct the experiment and request early allocation of the
beamtime.

1 Physics Motivations
Motivations to study pionic atoms have been enhanced by recent theoretical investigations,
which showed that the meson spectra in nuclear medium reflect non-trivial structure of the
QCD vacuum and underlying symmetry [1]. Pseudo-scalar meson masses are widely distributed
from the lightest meson, pion 140 MeV/c2 to η′ 958 MeV/c2 in the vacuum. The wide spectrum is
originating in the broken chiral symmetry and axial U(1) symmetry of the QCD vacuum, which
are related to the structures of the vacuum in the quark and gluon sectors [2]. Figure 1 shows
theoretical mass spectra of the pseudo-scalar mesons with various symmetry breaking patterns.
Spectroscopy of meson-nucleus bound systems yields direct information of their masses in nuclear
medium, where the chiral symmetry is partially restored. Modification of the mass spectra of the
mesons in nuclear medium is directly related to the change of the symmetry and the structure
of the vacuum.

Spectroscopy of pionic atoms provides information on the chiral symmetry in the nuclear
medium. Chiral condensate 〈q̄q〉, an order parameter of the dynamical chiral symmetry, is
quantitatively evaluated at the nuclear density [3] and contribution of explicit chiral symmetry
breaking to the nucleon mass is discussed based on the spectroscopy data [4]. The proposed
experiment aims at performing systematic high precision spectroscopy of pionic atoms with a

1

Proposal Update and Extension Request for NP1512-RIBF135

High Precision Spectroscopy of Pionic Atoms in Tin
Isotopes by (d,3He) reactions
K. Itahashia
(piAF Collaboration)
G.P.A Bergb, H. Fujiokac, N. Fukudaa, N. Fukunishia, H. Geisseld, R.S. Hayanoe, S. Hirenzakif ,
N. Ikenog, N. Inabea, K. Itahashia, M. Iwasakia, T. Kuboa, S.Y. Matsumotoa,h. S. Michimasai,
H. Miyai, H. Nagahirof , S. Nojij , S. Otai, K. Ozawak, N. Sakamotoa, A. Sakaueh, H. Suzukia,
K. Suzukil, H. Takedaa, Y.K. Tanakaa,d, T. Uesakaa, Y.N. Watanabee, H. Weickd, and K. Yoshidaa.
aRIKEN,
bJINA-CEE and Department of Physics, University of Notre Dame,
cDepartment of Physics, Tokyo Institute of Technology,
dGSI Helmholtzzentrum für Schwerionenforschung GmbH,
eDepartment of Physics, The University of Tokyo,
f Department of Physics, Nara Women’s University,
gDepartment of Agricultural, Life and Environmental Sciences, Tottori University,
hDepartment of Physics, Kyoto University,
iCNS, The University of Tokyo,
jNSCL,
kInstitute of Particle and Nuclear Studies, KEK,
lStefan Meyer Institute for Subatomic Physics, Austrian Academy of Sciences.

Abstract
In this document we present an update of the physical significance and status of the preparation
for the experiment to elaborate the beamtime required to accomplish the objectives of the RIBF-
135 experiment. Hereby we request extension of the proposal and a beamtime of 10.0 days, which
updates 8.0 days recommended for approval by PAC for the RIBF-135 proposal. We have made
significant progress in the development of the detectors and the charged ion optics to improve
the spectral resolution from 250 keV (FWHM) to 150 keV, which satisfies required conditions
in the proposal. We are ready to conduct the experiment and request early allocation of the
beamtime.

1 Physics Motivations
Motivations to study pionic atoms have been enhanced by recent theoretical investigations,
which showed that the meson spectra in nuclear medium reflect non-trivial structure of the
QCD vacuum and underlying symmetry [1]. Pseudo-scalar meson masses are widely distributed
from the lightest meson, pion 140 MeV/c2 to η′ 958 MeV/c2 in the vacuum. The wide spectrum is
originating in the broken chiral symmetry and axial U(1) symmetry of the QCD vacuum, which
are related to the structures of the vacuum in the quark and gluon sectors [2]. Figure 1 shows
theoretical mass spectra of the pseudo-scalar mesons with various symmetry breaking patterns.
Spectroscopy of meson-nucleus bound systems yields direct information of their masses in nuclear
medium, where the chiral symmetry is partially restored. Modification of the mass spectra of the
mesons in nuclear medium is directly related to the change of the symmetry and the structure
of the vacuum.

Spectroscopy of pionic atoms provides information on the chiral symmetry in the nuclear
medium. Chiral condensate 〈q̄q〉, an order parameter of the dynamical chiral symmetry, is
quantitatively evaluated at the nuclear density [3] and contribution of explicit chiral symmetry
breaking to the nucleon mass is discussed based on the spectroscopy data [4]. The proposed
experiment aims at performing systematic high precision spectroscopy of pionic atoms with a

1



ET
A0

7 
in

 P
en

is
co

la
, 1

1 
M

ay
 2

00
7Characteristic information from Deeply Bound Pionic Atoms

＊ multi-state (1s, 2p, 2s) observation for each nuclei

＊Cross section data (Formation spectra)  

＊High sensitivity (expected) to the sigma term

（＊Long isotope chain information for Sn ）



ET
A0

7 
in

 P
en

is
co

la
, 1

1 
M

ay
 2

00
7

4

-0.18

-0.16

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

 0

 0.02

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18

b0

b1

b
0
, 

b
1
 [

m
π

-1
] 

ρ [fm-3] 

σπ N= 25 MeV
σπ N= 45 MeV
σπ N= 60 MeV

FIG. 1: Density dependence of the b0(⇢) and b1(⇢) for the di↵erent �⇡N term.

C. the potential parameters b0 and b1 and the �⇡N term

The b1 parameter in the pion-nucleus potential corresponds to the in-medium value b1(⇢), and b1(⇢) is known to
be the connection of the �⇡N term as,

b1(⇢) = bfree1

✓
1� �⇡N

m2
⇡f

2
⇡

⇢

◆�1

, (12)

where bfree1 is the free-space ⇡N isovector parameter, and f⇡ is the free-space pion decay constant. With the intro-
duction of Eq. (12), we can see the e↵ect of the �⇡N term via b1 parameter in the pion-nucleus potential.

Furthermore, we consider the double-scattering contributions for the b0 parameter in the pion-nucleus potential
Vopt as

b0(⇢) = bfree0 � "1
3

2⇡
(bfree20 + 2b21(⇢))

✓
3⇡2

2
⇢

◆1/3

, (13)

where the local nuclear density is ⇢ = 2p3F /(3⇡
2) with the local Fermi momentum pF . In the r.h.s of Eq. (13), the b0

parameter is the free-space ⇡N isoscalar parameter, and the b1 parameter indicates the in-medium parameter b1(⇢)
of Eq. (12).

In Refs. [6, 7], they use these values of f⇡ = 92.2 MeV, bfree0 = 0.0076 m�1
⇡ , bfree1 = �0.0861 m�1

⇡ , �⇡N = 57±7 MeV.
We will change the value �⇡N from 30 25 MeV to 60 MeV, and then see the sensitivity for the cross section of the

deeply bound pionic atom.

III. RESULTS

In Fig. 1, we show the density dependence of the b0(⇢) and b1(⇢) for the di↵erent �⇡N term. The three values
�⇡N 25, 45, 60 MeV are considered. The parameters b0 and b1, especially b1, have the strong density dependence.
The larger �⇡N has stronger density dependence of the parameters, and thus the pion-nucleus optical potential has a
stronger repulsive e↵ect. By looking at the parameters b0 and b1 in Table I; Set (I) b0 = �0.0283m�1

⇡ , b1 = �0.12m�1
⇡ ,

and Set (II) b0 = �0.0226 m�1
⇡ , b1 = �0.1257 m�1

⇡ , these parameters are located between the �⇡N = 45 MeV and
the �⇡N = 60 MeV.

We calculate the structure of the pionic state in 123Sn with the parameters b0(⇢) and b1(⇢). In Fig. 2, we plot the
�⇡N dependence of the binding energies and widths in the pionic state of 123Sn. We can see that the binding energy
of 1s state has been strongly a↵ected by the �⇡N . The wave functions of the pionic 1s, 2p and 2s states in 123Sn for
the di↵erent �⇡N = 20, 45, 60 MeV are shown in Fig. 3.

Sensitivity of the deeply bound pionic atom observables to
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We discuss the sensitivity of the observables of the deeply bound pionic atoms to the pion-nucleon
sigma term �⇡N to investigate the possibility of the precise determination of the value of �⇡N by the
accurate data of the deeply bound pionic atoms expected in the latest experiment at RIBF/RIKEN.
We find that the determination of the binding energy of the 1s pionic atoms with the accuracy of
± ⇤ ⇤ keV corresponds to the �⇡N value variation ± ⇤ ⇤ keV. To reduce the systematic error due to
the adopted theoretical model, we propose the simultaneous analyses of the observables of the Sn
isotopes.

PACS numbers:

I. INTRODUCTION

Meson-Nucleus systems are known to provide valuable information of the meson properties at finite density Refs. [9,
10]. Especially, we think spectroscopic study of the deeply bound pionic atoms are very useful to investigate the pion
properties in the nuclear medium [12] and the in-medium value of the chiral condensate were reported in Ref. [13]
by K. Suzuki et al., based on the theoretical supports [14], Recently, the experimental studies of the deeply bound
pionic atoms in Sn isotopes are performed at RIBF/RIKEN and the binding energies and widths of the pionic 1s
and 2p states have been measured very precisely [18]. In addition, the formation spectra of the (d,3He) reaction are
also measured precisely and succeeded to obtain the angular dependence of the formation cross section first time.
Further experiments have been planned to measure the deeply bound pionic atoms for the variety of nuclei such as
112,124Sn [19]. The theoretical studies of the pion properties and the aspects of the chiral symmetry at finite densities
are also developed and, for example, the model independent analysis [15] and the density dependence of the quark
condensate in isospin-asymmetric nuclear matter [8], which are interesting and important to proceed further the
studies of the partial restoration of the chiral symmetry in nucleus by the pionic atoms, are reported.

On the other hand, the value of the pion-nucleon sigma term �⇡N is controversial, recently. The discussion of the
obtained value �⇡N :

• Early stage: �⇡N ⇠ (20� 80) MeV

• Chiral e↵ective theory: �⇡N ⇠ (50� 60) MeV

• Lattice QCD calculations: �⇡N ⇠ (30� 50) MeV

• Friedman and Gal [6, 7]: �⇡N = 57± 7 MeV

Thus, in our study, we will consider the range 25 < �⇡N < 60 MeV.
�⇡N= 45 MeV by Ref. 18 of Jido-hatsuda-Kunihiro paper
* New paper of �⇡N in lattice QCD calculation [11]

There attempts to determine the �⇡N value from pionic atoms

• Recent theoretical analysis by Friedman Ref. [6]

• [Main story:] sigma term related to the lattice calculation. by Friedman-Gal [7]

⇤Electronic address: ikeno@tottori-u.ac.jp
†Electronic address: zaki@cc.nara-wu.ac.jp

4

FIG. 1: Density dependence of the b0(⇢) and b1(⇢) for the di↵erent �⇡N term. I will correct the figure. I need to put the y-axis
label.

C. the potential parameters b0 and b1 and the �⇡N term

The b1 parameter in the pion-nucleus potential corresponds to the in-medium value b1(⇢), and b1(⇢) is known to
be the connection of the �⇡N term as,

b1(⇢) = bfree1
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where bfree1 is the free-space ⇡N isovector parameter, and f⇡ is the free-space pion decay constant. With the intro-
duction of Eq. (12), we can see the e↵ect of the �⇡N term via b1 parameter in the pion-nucleus potential.
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where the local nuclear density is ⇢ = 2p3F /(3⇡
2) with the local Fermi momentum pF . In the r.h.s of Eq. (13), the b0

parameter is the free-space ⇡N isoscalar parameter, and the b1 parameter indicates the in-medium parameter b1(⇢)
of Eq. (12).
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⇡ , bfree1 = �0.0861 m�1

⇡ , �⇡N = 57±7 MeV.
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deeply bound pionic atom.

III. RESULTS

In Fig. 1, we show the density dependence of the b0(⇢) and b1(⇢) for the di↵erent �⇡N term. The three values
�⇡N 25, 45, 60 MeV are considered. The parameters b0 and b1, especially b1, have the strong density dependence.
The larger �⇡N has stronger density dependence of the parameters, and thus the pion-nucleus optical potential has a
stronger repulsive e↵ect. By looking at the parameters b0 and b1 in Table I; Set (I) b0 = �0.0283m�1

⇡ , b1 = �0.12m�1
⇡ ,

and Set (II) b0 = �0.0226 m�1
⇡ , b1 = �0.1257 m�1

⇡ , these parameters are located between the �⇡N = 45 MeV and
the �⇡N = 60 MeV.

We calculate the structure of the pionic state in 123Sn with the parameters b0(⇢) and b1(⇢). In Fig. 2, we plot the
�⇡N dependence of the binding energies and widths in the pionic state of 123Sn. We can see that the binding energy
of 1s state has been strongly a↵ected by the �⇡N . The wave functions of the pionic 1s, 2p and 2s states in 123Sn for
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2
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⇢

◆�1

, (12)
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◆1/3
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where the local nuclear density is ⇢ = 2p3F /(3⇡
2) with the local Fermi momentum pF . In the r.h.s of Eq. (13), the b0
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⇡ , b1 = �0.12m�1
⇡ ,

and Set (II) b0 = �0.0226 m�1
⇡ , b1 = �0.1257 m�1

⇡ , these parameters are located between the �⇡N = 45 MeV and
the �⇡N = 60 MeV.

We calculate the structure of the pionic state in 123Sn with the parameters b0(⇢) and b1(⇢). In Fig. 2, we plot the
�⇡N dependence of the binding energies and widths in the pionic state of 123Sn. We can see that the binding energy
of 1s state has been strongly a↵ected by the �⇡N . The wave functions of the pionic 1s, 2p and 2s states in 123Sn for
the di↵erent �⇡N = 20, 45, 60 MeV are shown in Fig. 3.
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Residual Interaction Effects (p)  results at 1999 and 2005 

" For Pb (S wave int. only)

" For Sn ( S+P wave int.)

Residual Interaction Effects

N. Nose-Togawa, H. Nagahiro, S. Hirenzaki, K. Kume,

PRC71(05)061601

S. Hirenzaki, H. Kaneyasu, K. Kume, H. Toki, Y. Umemoto,

PRC60(99)058202

(Boson       Fermion-hole)

NOW ＊ Better data for mesic atoms 
＊ Mesic nuclear states  

TABLE I. Calculated complex energy shifts due to the residual interaction. The results are shown in units
of keV for all configurations !(nl)" ! jn

!1#J included in the present calculation. The numerical values in the
parentheses are the results obtained with the pionic wave functions calculated only with the finite-size
Coulomb potential.

Mixing probability $0.2%

!p1/2
!1#

1s 2s 3s
J"1/2 !15.0!2.7 i %!142.8& !3.9!0.6 i %!27.9& !1.6 ! 0.3 i %!10.0&

2p 3p
J"1/2 !8.8!2.9 i %!23.8& !2.9!1.0 i %!7.4&
J"3/2 !8.8!2.9 i %!23.8& !2.9!1.0 i %!7.3&

3d
J"3/2 !1.6!0.6 i %!1.4&
J"5/2 !1.6!0.6 i %!1.4&

!p3/2
!1#

1s 2s 3s
J"3/2 !14.3!2.6 i %!148.0& !3.7!0.6 i %!29.4& !1.5!0.3 i %!10.6&

2p 3p
J"1/2 !17.2!6.1 i %!51.0& !5.5!2.0 i %!15.0&
J"3/2 !1.8!0.7 i %!5.6& !0.6!0.2 i %!1.5&
J"5/2 !10.2!3.6 i %!30.1& !3.3!1.2 i %!8.8&

3d
J"1/2 !3.1!1.2 i %!2.6&
J"3/2 !1.6!0.6 i %!1.3&
J"5/2 !0.4!0.2 i %!0.4&
J"7/2 !2.0!0.7 i %!1.7&

! f 5/2
!1#

1s 2s 3s
J"5/2 !14.1!3.5 i %!137.6& !3.8!0.9 i %!24.0& !1.6!0.4 i %!8.2&

2p 3p
J"3/2 !15.2!5.7 i %!51.3& !5.0!2.0 i %!15.7&
J"5/2 !0.7!0.3 i %!2.3& !0.2!0.1 i %!0.7&
J"7/2 !10.8!4.0 i %!36.2& !3.6!1.5 i %!11.1&

3d
J"1/2 !4.4!2.0 i %!3.7&
J"3/2 !0.6!0.3 i %!0.5&
J"5/2 !1.7!0.8 i %!1.4&
J"7/2 !0.2!0.1 i %!0.2&
J"9/2 !2.1!0.9 i %!1.8&

! i13/2
!1 #

1s 2s 3s
J"13/2 !19.3!5.6 i %!99.1& !5.4!1.5 i %!10.4& !2.3!0.7 i %!2.9&

2p 3p
J"11/2 !17.2!8.2 i %!53.9& !5.8!3.0 i %!16.3&
J"13/2 !0.2!0.1i %!0.5& !0.1!0.0 i %!0.2&
J"15/2 !14.9!7.1 i %!46.7& !5.1!2.6 i %!14.1&

3d
J"9/2 !4.2!2.3 i %!3.4&
J"11/2 !0.1!0.1 i %!0.1&
J"13/2 !2.5!1.3 i %!1.9&
J"15/2 !0.1!0.0 i %!0.0&
J"17/2 !3.1!1.7 i %!2.6&
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We have studied the residual interaction effects theoretically on the various mesic atoms and
mesic nuclei. For the deeply bound pionic atoms, the effects should be evaluated carefully to deduce
the precise information on pion-nucleus interaction at finite density from the high precision data
obtained recently. For mesic nuclear states, since the overlaps between the wavefunctions of the
bound meson and those of the nucleon-hole are larger than the mesic atom cases, the residual
interaction effects are expected to be larger. In addition, for the kaon-nucleus bound systems the
study of the residual interaction effects is very interesting because of the coexistence of the atomic
and nuclear states for meson. The obtained results are ...

I. INTRODUCTION

The studies of the meson-nucleus bound systems have
been studied for a long time since the study of in-medium
meson properties and meson-nucleus interactions at fi-
nite densities are believed to provide important informa-
tion on the aspects of the symmetry of the strong in-
teraction [1–3]. Especially, the partial restoration of the
chiral symmetry in the nuclear medium has been con-
cluded based on the observation of the deeply bound pi-
onic atoms in Refs. [4, 5].

So far, we have deduced the information by comparing
the theoretically calculated binding energies, widths and
spectra by the experimental data obtained by the x-ray
spectroscopy and hadron reactions such as (d,3He) [6, 7],
(p,d)[8, 9] and (K,p) reaction[10]. In the hadron reaction
cases, the final bound states are composed of the me-
son and the daughter nucleus with the one nucleon hole.
Thus, the residual interaction effects between the hole
and meson could affect the binding energies, widths and
formation spectra. The effects have been evaluated be-
fore for the deeply bound pionic atoms in Sn and Pb and
the typical size of the energy shifts and widths change
have been found to be around *** keV[11, 12].

In this study, we investigate

for pion, with revised density, up to date calculation
for new experiment
Sn isotopes for new experiment (and other isotopes)[13,
14] .

for kaon, effects in mesic nucleis, coexistence case of
atom and nuclear [15–17]
Sn for comparison with pion, C for cases of Ichikawa

experiment[18] and η(958)[19–21].

for η(958), mesic nucleus, for new experiment at GSI
for C for GSI experiment [22, 23].

II. RESIDUAL INTERACTION EFFECTS

We describe the formulation to evaluate the residual
interaction effects in this section.
We consider the mesic states whose Hamiltonian is ex-

pressed as follows;

H =
∑

i

ωic
+
i ci +

∑

i

εia
+
i ai +

∑

ijk!

Vji,!kc
+
j a

+
i akc! , (1)

where the c+ (c) and a+ (a) are creation (annihilation)
operators of the pion and the nucleon respectively. The
indices characterize their quantum numbers. In Eq. (1),
ωi is the meson binding energy , εi the single-nucleon en-
ergy and Vji,!k indicate the matrix elements of the pion-
nucleon residual interaction.
Since we make use of the single-neutron pickup (d,3 He)

reaction, each final state is the meson plus single neutron-
hole state with respect to the target nucleus. To calcu-
late the residual-interaction effects between meson and
the neutron-hole, we introduce a neutron-hole creation
(annihilation) operator b†(b) , which are defined as;

a+jm = (−1)j−mbj−m . (2)

Here, we show the angular momentum quantum numbers
explicitly while the isospin indices are abbreviated. The

2

third term in Eq. (1) can be rewritten as

∑

ijk!

Vji,!kc
+
j a

+
i akc! −→ V̂ =

∑

ijk!

Vjk,!ic
+
j b

+
k bic! , (3)

where we discarded the core contribution which is al-
ready included in the second term of Eq. (1) and Vjk,!i

are the interaction matrix elements between meson and
the nucleon hole which correspond to the Pandya trans-
formation of the meson-nucleon interaction.

The state of mesic atom with a single neutron-hole
state can be expressed as

|φξ, Nα; J〉 = (c+ξ ⊗ b+α )
J |0〉 , (4)

where the suffixes ξ and α specify the quantum numbers
of the meson and the neutron-hole, respectively. The
matrix elements of the Hamiltonian with respect to these

states are expressed as

〈φξ′ , Nβ ; J |H|φξ, Nα; J〉 = (ωξ − εα)δξ,ξ′δα,β

+ 〈φξ′ , Nβ ; J |V̂ |φξ, Nα; J〉 ,(5)

where ωξ is the eigenenergy of the mesic state specified
as ξ, and εα is the separation energy of neutron from the
target nucleus.
As a residual interaction, the case of pion is given below

as an example. The same formulation can be applied to
other mesons. We consider both the s- and the p-wave
pion-nucleon interaction as below,

V = − 2π

mπ
[b0 + b1τ · I+ (c0 + c1τ · I)∇ ·∇]δ(r). (6)

Here, the gradient operators act on the right and the left-
hand-side pion wave functions, respectively. In Ref. [11],
only the contribution of the s-wave part of this is consid-
ered. The effect of pion absorption on the core nucleus
is assumed to be small and is omitted in the present cal-
culation of the residual interaction,.
Then, the interaction matrix elements between the

pion and the nucleon hole are expressed as,

〈φξ′ , Nβ ; J |V̂ |φξ, Nα; J〉

= − 1

2mπ
(−1)−J+jα+jβ+1/2

√
(2jα + 1)(2jβ + 1)(2(α + 1)(2(β + 1)(2(′π + 1)(2(π + 1)

×
∑

L

(−1)L
{
(
′

π jβ J
jα (π L

}{
(α jα

1
2

jβ (β L

}
((β0(α0 | L0)((π0(

′

π0 | L0)

×
[
(b0 + b1)

∫ ∞

0
drr2R∗

!β (r)R!α(r)R!′π (r)R!π (r)

+(c0 + c1)

∫ ∞

0
drr2R∗

!β (r)R!α(r)

×
{(

dR!′π (r)

dr

)(
dR!π (r)

dr

)
+
(π((π + 1) + (

′

π((
′

π + 1)− L(L+ 1)

2

R!′π (r)R!π (r)

r2

}]
. (7)

Here R!π (r) and R!α(r) are the radial part of the pion
and neutron-hole wave function, respectively. We can
evaluate the residual interaction effects by diagonalizing
the matrix elements of the whole Hamiltonian describing
the pion-nucleus system shown in Eq. (5).

The meson wave functions φξ()r ) and the complex en-
ergies used to calculate the matrix elements described
above are obtained by solving the Klein-Gordon (KG)
equation [3],

[−∇2 + µ2 + 2µUopt(r)]φ()r ) = [E − Vem(r)]
2φ()r ), (8)

where µ is the meson-nucleus reduced mass, E the com-

plex eigen energy written as E = µ − B − i

2
Γ with the

binding energy B and the width Γ of the meson bound
states.
Vem is the meson-nucleus electromagnetic interaction
which includes the effects of the finite nuclear charge dis-
tribution ρch(r) and the vacuum polarization. We take
the same prescription as in Refs. [7, 24] and write the
electromagnetic interaction Vem as,

Vem(r) = − e2

4πε0

∫
ρch(r′)Q(|)r − )r′|)

|)r − )r′|
d)r′, (9)

where the function Q(r) is defined as,

2
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where we discarded the core contribution which is al-
ready included in the second term of Eq. (1) and Vjk,!i

are the interaction matrix elements between meson and
the nucleon hole which correspond to the Pandya trans-
formation of the meson-nucleon interaction.
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state can be expressed as
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of the meson and the neutron-hole, respectively. The
matrix elements of the Hamiltonian with respect to these

states are expressed as

〈φξ′ , Nβ ; J |H|φξ, Nα; J〉 = (ωξ − εα)δξ,ξ′δα,β
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where ωξ is the eigenenergy of the mesic state specified
as ξ, and εα is the separation energy of neutron from the
target nucleus.
As a residual interaction, the case of pion is given below

as an example. The same formulation can be applied to
other mesons. We consider both the s- and the p-wave
pion-nucleon interaction as below,
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is assumed to be small and is omitted in the present cal-
culation of the residual interaction,.
Then, the interaction matrix elements between the

pion and the nucleon hole are expressed as,

〈φξ′ , Nβ ; J |V̂ |φξ, Nα; J〉

= − 1

2mπ
(−1)−J+jα+jβ+1/2

√
(2jα + 1)(2jβ + 1)(2(α + 1)(2(β + 1)(2(′π + 1)(2(π + 1)

×
∑

L

(−1)L
{
(
′

π jβ J
jα (π L

}{
(α jα

1
2

jβ (β L

}
((β0(α0 | L0)((π0(

′

π0 | L0)

×
[
(b0 + b1)

∫ ∞

0
drr2R∗

!β (r)R!α(r)R!′π (r)R!π (r)

+(c0 + c1)

∫ ∞

0
drr2R∗

!β (r)R!α(r)

×
{(

dR!′π (r)

dr

)(
dR!π (r)

dr

)
+
(π((π + 1) + (

′

π((
′

π + 1)− L(L+ 1)

2

R!′π (r)R!π (r)

r2

}]
. (7)

Here R!π (r) and R!α(r) are the radial part of the pion
and neutron-hole wave function, respectively. We can
evaluate the residual interaction effects by diagonalizing
the matrix elements of the whole Hamiltonian describing
the pion-nucleus system shown in Eq. (5).

The meson wave functions φξ()r ) and the complex en-
ergies used to calculate the matrix elements described
above are obtained by solving the Klein-Gordon (KG)
equation [3],
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Γ with the

binding energy B and the width Γ of the meson bound
states.
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tribution ρch(r) and the vacuum polarization. We take
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matrix elements of the Hamiltonian with respect to these

states are expressed as

〈φξ′ , Nβ ; J |H|φξ, Nα; J〉 = (ωξ − εα)δξ,ξ′δα,β

+ 〈φξ′ , Nβ ; J |V̂ |φξ, Nα; J〉 ,(5)

where ωξ is the eigenenergy of the mesic state specified
as ξ, and εα is the separation energy of neutron from the
target nucleus.
As a residual interaction, the case of pion is given below

as an example. The same formulation can be applied to
other mesons. We consider both the s- and the p-wave
pion-nucleon interaction as below,

V = − 2π

mπ
[b0 + b1τ · I+ (c0 + c1τ · I)∇ ·∇]δ(r). (6)

Here, the gradient operators act on the right and the left-
hand-side pion wave functions, respectively. In Ref. [11],
only the contribution of the s-wave part of this is consid-
ered. The effect of pion absorption on the core nucleus
is assumed to be small and is omitted in the present cal-
culation of the residual interaction,.
Then, the interaction matrix elements between the

pion and the nucleon hole are expressed as,

〈φξ′ , Nβ ; J |V̂ |φξ, Nα; J〉

= − 1

2mπ
(−1)−J+jα+jβ+1/2

√
(2jα + 1)(2jβ + 1)(2(α + 1)(2(β + 1)(2(′π + 1)(2(π + 1)

×
∑

L

(−1)L
{
(
′

π jβ J
jα (π L

}{
(α jα

1
2

jβ (β L

}
((β0(α0 | L0)((π0(

′

π0 | L0)

×
[
(b0 + b1)

∫ ∞

0
drr2R∗

!β (r)R!α(r)R!′π (r)R!π (r)

+(c0 + c1)

∫ ∞

0
drr2R∗

!β (r)R!α(r)

×
{(

dR!′π (r)

dr

)(
dR!π (r)

dr

)
+
(π((π + 1) + (

′

π((
′

π + 1)− L(L+ 1)

2

R!′π (r)R!π (r)

r2

}]
. (7)

Here R!π (r) and R!α(r) are the radial part of the pion
and neutron-hole wave function, respectively. We can
evaluate the residual interaction effects by diagonalizing
the matrix elements of the whole Hamiltonian describing
the pion-nucleus system shown in Eq. (5).

The meson wave functions φξ()r ) and the complex en-
ergies used to calculate the matrix elements described
above are obtained by solving the Klein-Gordon (KG)
equation [3],

[−∇2 + µ2 + 2µUopt(r)]φ()r ) = [E − Vem(r)]
2φ()r ), (8)

where µ is the meson-nucleus reduced mass, E the com-

plex eigen energy written as E = µ − B − i

2
Γ with the

binding energy B and the width Γ of the meson bound
states.
Vem is the meson-nucleus electromagnetic interaction
which includes the effects of the finite nuclear charge dis-
tribution ρch(r) and the vacuum polarization. We take
the same prescription as in Refs. [7, 24] and write the
electromagnetic interaction Vem as,

Vem(r) = − e2

4πε0

∫
ρch(r′)Q(|)r − )r′|)

|)r − )r′|
d)r′, (9)

where the function Q(r) is defined as,
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＊ Important to deduce sub-hadronic info.  from 
spectroscopy precisely 

Ex.) Kaon case 
＊ Coexistence of atomic states and nuclear states

＊ Shifts and configuration mixing for mesic nucleus states
(maybe large ?) 

＊ Even mixing between atomic and nuclear states ??

Residual Interaction Effects



ET
A0

7 
in

 P
en

is
co

la
, 1

1 
M

ay
 2

00
7

＊Some Preliminary results for kaon case (Kaon-115Sn ) 

【model space (Potential based on Chiral Unitary model)】
n-hole : s1/2, d3/2, d5/2, g7/2, h11/2
K nucl: 1s, 2s, 2p, K Atom: 1s, 2s, 3s, 4s, 2p, 3p, 4p, 3d, 4d

【maximum energy shift 】
Nuclear (2s)x(s012) (j=1/2)  Shift[keV]= -332.03016 -790.41411
Atomic (2p)x(d032) (j=1/2)   Shift[keV]= 11.61673 1.07724

【Level Mixing：larger than 0.1 fraction for Sn115 】
(two level mix for  j=5/2: (2p nuclear, d3/2) and (2p nuclear g7/2))
＊ |1>= 0.31921 |2p nuclear, d3/2> + 0.63809 |2p nuclear, g7/2>
＊ |2>= 0.67889 |2p nuclear, d3/2> + 0.28909 |2p nuclear, g7/2>

Analysis in progress including other mesic nuclear systems  

Residual interaction effects on mesic atoms and mesic nuclei

N. Nose-Togawa
Research Center for Nuclear Physics (RCNP), Ibaraki, Osaka 567-0047, Japan

N. Ikeno
Department of Agricultural, Life and Environmental Sciences, Tottori University, Tottori 680-8551, Japan

J. Yamagata-Sekihara
Deparatment of Physics, Kyoto Sangyo University,

436 Motoyama Kamigamo, Kita-ku, Kyoto 603-8555, Japan

S. Hirenzaki
Department of Physics and Mathematics, Nara Women’s University, Nara 630-8506, Japan

(Dated: June 19, 2021)

We have studied the residual interaction effects theoretically on the various mesic atoms and
mesic nuclei. For the deeply bound pionic atoms, the effects should be evaluated carefully to deduce
the precise information on pion-nucleus interaction at finite density from the high precision data
obtained recently. For mesic nuclear states, since the overlaps between the wavefunctions of the
bound meson and those of the nucleon-hole are larger than the mesic atom cases, the residual
interaction effects are expected to be larger. In addition, for the kaon-nucleus bound systems the
study of the residual interaction effects is very interesting because of the coexistence of the atomic
and nuclear states for meson. The obtained results are ...

I. INTRODUCTION

The studies of the meson-nucleus bound systems have
been studied for a long time since the study of in-medium
meson properties and meson-nucleus interactions at fi-
nite densities are believed to provide important informa-
tion on the aspects of the symmetry of the strong in-
teraction [1–3]. Especially, the partial restoration of the
chiral symmetry in the nuclear medium has been con-
cluded based on the observation of the deeply bound pi-
onic atoms in Refs. [4, 5].

So far, we have deduced the information by comparing
the theoretically calculated binding energies, widths and
spectra by the experimental data obtained by the x-ray
spectroscopy and hadron reactions such as (d,3He) [6, 7],
(p,d)[8, 9] and (K,p) reaction[10]. In the hadron reaction
cases, the final bound states are composed of the me-
son and the daughter nucleus with the one nucleon hole.
Thus, the residual interaction effects between the hole
and meson could affect the binding energies, widths and
formation spectra. The effects have been evaluated be-
fore for the deeply bound pionic atoms in Sn and Pb and
the typical size of the energy shifts and widths change
have been found to be around *** keV[11, 12].

In this study, we investigate

for pion, with revised density, up to date calculation
for new experiment
Sn isotopes for new experiment (and other isotopes)[13,
14] .

for kaon, effects in mesic nucleis, coexistence case of
atom and nuclear [15–17]
Sn for comparison with pion, C for cases of Ichikawa

experiment[18] and η(958)[19–21].

for η(958), mesic nucleus, for new experiment at GSI
for C for GSI experiment [22, 23].

II. RESIDUAL INTERACTION EFFECTS

We describe the formulation to evaluate the residual
interaction effects in this section.
We consider the mesic states whose Hamiltonian is ex-

pressed as follows;

H =
∑

i

ωic
+
i ci +

∑

i

εia
+
i ai +

∑

ijk!

Vji,!kc
+
j a

+
i akc! , (1)

where the c+ (c) and a+ (a) are creation (annihilation)
operators of the pion and the nucleon respectively. The
indices characterize their quantum numbers. In Eq. (1),
ωi is the meson binding energy , εi the single-nucleon en-
ergy and Vji,!k indicate the matrix elements of the pion-
nucleon residual interaction.
Since we make use of the single-neutron pickup (d,3 He)

reaction, each final state is the meson plus single neutron-
hole state with respect to the target nucleus. To calcu-
late the residual-interaction effects between meson and
the neutron-hole, we introduce a neutron-hole creation
(annihilation) operator b†(b) , which are defined as;

a+jm = (−1)j−mbj−m . (2)

Here, we show the angular momentum quantum numbers
explicitly while the isospin indices are abbreviated. The

N. Nose-Togawa (RCNP, Osaka), 
N. Ikeno (Tottori) , J. Yamagata-Sekihara (Kyoto Sangyou univ.) , S. H. 
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【０】 Introduction 

【1】 Pionic Atom and 
with high-precision data at RIBF/RIKEN

【2】 Residual Interaction effects 
to mesic Atoms and mesic Nuclei

【3】 Possibility to higher densities than   

【４】 Summary
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RMF(Relativistic Mean Field) Model
J. Mares, E. Friedman, A. Gal,
NPA770(06)84

OTHER WORKS 

Dote, Horiuchi, 
Akaishi, Yamazaki, 
PRC70(04)044313 

Mares, Friedman, 
Gal, NPA770(06)84 

Density contours of the nucleon distributions 

Dote, Horiuchi, Akaishi, Yamazaki,
PRC70(04)044313



ET
A0

7 
in

 P
en

is
co

la
, 1

1 
M

ay
 2

00
7

＊ No width (absorptive process) for eta(958) states

η(958) case
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＊ Large deformation (compression) for 1s eta(958)

1.6 times larger 
central density
for 1s state 

‘Compression’ 
general 

phenomena
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Enucleus[⇢] =

Z
d3r✏(⇢n(~r), ⇢p(~r)) + F0

Z
d3r|r⇢(~r)|2

+
e2

2

Z
d3r

Z
d3r0

⇢p(~r)⇢p(~r0)

|~r � ~r0|

Thomas-Fermi model
Oyamatsu, NPA561(93)181

-20

 0

 20

 40

 0  0.1  0.2  0.3  0.4

¡/
l 

[M
eV

]

l [fm-3]

⇢ = ⇢n, ⇢p = 0

⇢p = ⇢n

Etotal[⇢] = Enucleus[⇢] + Emeson[⇢]

⇢ =
⇢0

1 + exp((r � c)/a)
⇥ Factor +

A

(⇡b2)3/2
exp

✓
� r2

b2

◆
⇥ (1� Factor)

By J. Yamagata-Sekihara, S. H. 

＊ Systematic study for 
the various systems 
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# From systematic study by Thomas-Fermi

Compression is general and more significant for 

＊Lighter nuclei 

＊Heavier meson 

＊Stronger attraction 

! Effects could be significant enough for 
‘HEAVY’ meson bound systems in light nuclei 
to probe higher densities by the bound meson 
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【４】 Summary

＊Deeply bound Pionic atoms 
Sensitivity to the σ term 
( within the linear dependence to ρ )

＊Residual interaction effects 
Mesic nuclear states, configuration mixing 
Importance to deduce meson properties from the 
bound meson spectra 

＊Possibility to the higher densities than normal nucleus
Heavier meson bound states in Lighter nuclei 
could be interesting 

(access to various ‘non-linear density dependence’ ?) 


