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Motivation
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Why do we study the properties of hadron in nucleus ?
- as nuclear physics

• interested in the nature of the strong interaction
• study many-body systems governed by the strong force
• discover new bound systems of the strong interaction
• exotic states are interesting

- as hadron physics 
• in-medium change of hadron properties
• more fundamental interpretation in terms of QCD
• one of the key concept is partial restoration of chiral symmetry

- for other research areas
• provide basic informations of high density physics 
• important constraints accessible in experiments on earth



D. Jido HYP2015

Chiral Symmetry
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- a fundamental symmetry in QCD, 

- dynamically broken by physical states 

- dynamical ChS breaking determines vacuum property and  
describes low energy hadron dynamics

• most of light hadron properties is affected by ChSB

• hadrons are excitation modes upon vacuum

- DChSB is a phase transition phenomenon

• broken symmetry can be restored at extreme conditions, such as high density, high temp.

• partial (incomplete) restoration takes in nuclear medium

• pionic atom experiments and pion nucleus scattering with theoretical consideration have 

suggested that chiral symmetry is partially restored in nuclear matter with 30% reduction 

of quark condensate

light pion mass, 
mass generation etc.

DJ, Hatsuda, Kunihiro, PLB 670, 109 (08).

Kolomeitsev, Kaiser, Weise, PRL90, 092501 (03).

K. Suzuki et al. PRL92, 072302 (04)

Friedman et al. PRL93, 122302 (04)
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Chiral Symmetry

4

expectation in partial restoration of chiral symmetry in nuclear matter

- reduction of mass difference between parity partners
σ-π ρ- a1 N-N* etc.

amplitudes of NG bosons have energy dependence due to chiral symmetry 

a part of nucleon mass is generated by spontaneous breaking of chiral symmetry 

effective mass of nucleon in nuclear matter is 0.7 mN.

�

K+, �0

��

- wave function renormalization for Nambu-Goldstone bosons

- mass reduction of hadrons whose mass is generated by spontaneous 
breaking of chiral symmetry

Z =

✓
1� @⌃

@p 2
0

◆�1

probes chiral symmetry for N and N*(1535)

K+A scattering amplitude is enhanced due to Z

part of eta’ mass is generated by chiral symmetry breaking

DJ, Hatsuda, Kunihiro, PRD63, 011901(R); 
PLB 670 (2008), 109.
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       in nuclear medium
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a lots of studies on in-medium kaon
one of the difficulties in observation 

kaon is strongly absorbed in nuclear medium
mesonic KbarN to πY
nonmesonic KbarNN to YN 30% at ρ0 

large in-medium absorption

hard to identify Kbar-nucleus bound states, even if they exist

KbarN interaction as a fundamental interaction of KbarA

a recent review
Freedman, Gal, Phys.Rept. 425, 89 (2007)

K̄

Sekihara, Yamagata-Sekihara, DJ, 
Kanada-En’yo, PRC86, 065205 (12)

nature of Λ(1405) is extremely important to be revealed

Λ(1405) is sitting 30 MeV below the KbarN threshold 1435 MeV

1331 MeV

chiral symmetry determines low-energy KbarN interaction, but it may play a 
minor role on the in-medium Kbar properties, because dynamics of KbarN,  or 
Λ(1405), is more significant
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Nature of Λ(1405)
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how strong ??

- Λ(1405) is most probably a quasi-bound state of KbarN
low-energy theorem of chiral symmetry tells that KbarN interaction is attractive
(model independent Weinberg-Tomozawa interaction)

the I=0 interaction is enough strong to form a bound state

to confirm this scenario, 
we observe Λ(1405) produced by KbarN channel

the spectrum of Λ(1405) is explained by interference between 
two components, KbarN bound state and πΣ resonance.

Λ(1405) appears as a KbarN bound state with 15 MeV binding energy

dynamical calculations of the KbarN system with the chiral interaction and without sources 
of resonances conclude a KbarN bound state with 15 MeV binding energy

theoretically, KbarN interaction is not so strong. 
the binding energy is 15 MeV not 30 MeV

1460144014201400138013601340

Ec.m. [MeV]

πΣ Mass distribution

DJ, Oller, Oset, Ramos, Meissner, NPA725, 181 (’03)

Hyodo, Weise, PRC77, 035204 (‘08)

two-pole structure

a recent review, Hyodo, DJ, Prog. Part. Nucl. Phys. 67, 55 (’12)
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Subthreshold amplitude of KbarN
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K�d� �(1405)n

nuclear effect
 - fermi motion
 - two-body effect
KbarN selective production
 - strangeness carried by incident kaon

1435 MeV

1331 MeV

Λ(1405) is located below the KbarN threshold

cannot be produced by direct reaction K̄N � �(1405)

indirect reaction
use nuclear effect 
to see subthreshold amplitude

DJ, Oset, Sekihara, Eur.Phys.J.A. 42, 257 (2009).
Yamagata-Sekihara, Sekihara, DJ, PTEP 2013, 043D02

production mechanism be under control

N

K̄
d

K�

�

�

n

A T

Want to extract T-amplitude from experiment. 
For this purpose, need to understand the 
production mechanism described by A-amplitude.

more sophisticated calculations given in 
Tuesday parallel session by Ohnishi and 
Miyagawa
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Λ(1405) in KbarN channel
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bubble chamber

Braun et al. NPB129,1,(’77)

peak position 1420 MeV

Λ(1405)

Λ(1520)

Experiment
πΣ invariant mass spectrum

initial K momentum

theoretical calculation in ChUMK�d� �+��n

686 ~ 844 MeV/c

385 μb @ 800MeV/c (exp.  410 ± 100 μb)
production cross section of Λ(1405)

agrees with data in shape and size 
inclusion of Σ* does not distort the shape.

brand-new experiment at J-PARC (E31)

2.02 GeV2 = (1.42 GeV)2

M(π+Σ-) GeV2

DJ, Oset, Sekihara, Eur.Phys.J.A. 42, 257 (09); ibid. A49, 95
Yamagata-Sekihara, Sekihara, DJ, PTEP 2013, 043D02
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Family of kaonic few-body systems
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NNNN
KK
--

KbarNN

NNKK
--KKN*

JP=1/2+

K*
KK
--KK KK

JP=0-

KbarKN KbarKK

KbarN and KbarK Weinberg-Tomozawa interactions are “similar” in a sense of chiral dynamics

1420 ~ 1465 MeVa new N* resonance N(1910)

Λ(1405)

NNKK
--

f0(980), a0(980) 

KKKK
--

BE ~10 MeV (30 MeV) BE ~10 MeV

BE ~20 MeV BE 20~60 MeV
BE ~20 MeV 
         or more

pion is too light to be bound in range of strong interaction

DJ, Kanada-En’yo, PRC78, 035203 (08). 
Martinez Torres, DJ, PRC82, 038202 (10).  
Martinez Torres, DJ, Kanada-En’yo, PRC83 
065205 (11).

KbarNNN

Akaishi, Yamazaki, Dote,..

KbarKbarNN

Barnea, Gal, Liverts,

and more KbarKbarN

Kanada-En’yo, DJ
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Stopped K- absorption into charged πΣ channel
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Sekihara, Yamagata-Sekihara, DJ, 
Kanada-En’yo, PRC86, 065205 (12)

BRANCHING RATIOS OF MESONIC AND NONMESONIC . . . PHYSICAL REVIEW C 86, 065205 (2012)
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FIG. 7. Absolute absorption potentials divided by ρN for total,
π 0#0, and π 0$ contributions as functions of nuclear density in
arbitrary units.

in addition to that the K−p energy in the realistic nuclear
density is within the range of the $∗ peak, the number of
the initial-state nucleons which can create $∗ becomes large
as the nuclear density increases, as seen in Eq. (8). Here we
note that moderate absorption width will be obtained when the
in-medium K̄N scattering amplitude rather than the free space
is used. Indeed, by using an approximation,

!

(π,Y )

p′
cmMY

8π2W

"
d%Y

##T med
πY (W ; ρ)

## ≈ −2 ImT med
K−p(W ; ρ),

(24)

for the in-medium K−N → MB scattering amplitude
T med

MB (W ; ρ) and taking value of ImT med
K−p(W ; ρ) from Ref. [21],

we roughly estimate the mesonic absorption potential with
the in-medium amplitude to be ImV one ∼ −40 MeV at the
saturation density ρ0. The obtained value is about two-fifths
of our results (see Fig. 6) and consistent with the preceding
works [21,43], in which in-medium scattering amplitudes
are employed to calculate the absorption potential. The
total mesonic absorption potential shows non-ρ1

N dependence
because of the $∗ doorway contributions. In order to see at
which density the $∗ contribution is large, we plot in Fig. 7 the
absolute absorption potentials divided by the nuclear density,
|ImV one|/ρN , for the total and the π0#0 and π0$ mesonic
channels as functions of the nuclear density. As one can see
from Eqs. (8) and (9), |ImV one|/ρN takes values approximately
proportional to the squared scattering amplitude |TπY |2 with
energies achieved by considering nuclear density [see also
Fig. 4(a)]. Therefore, |ImV one|/ρN reflects the structure of
the K−N → πY transition process. From Fig. 7, there is
no structure in the potential for the π0$ channel divided
by ρN , because the K−p → π0$ process does not have
the $∗ contribution. On the other hand, a local maximum
appears at ρN ≈ 0.05 fm−3 ≈ 0.3ρ0 in the case of the total as
well as the π0#0 channel, which indicates enhancement of
absorption due to the $∗ doorway contribution. The position
of the maximum reflects the matching condition of K−p
energy W to the $∗ peak position via the $∗ resonance
contribution. The fact that a local maximum of |ImV one|/ρN
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FIG. 8. Ratios of mesonic absorption potentials for
[π−#+]/[π+#−], [π+#−]/[π 0#0], and [π−#+]/[π 0#0] as
functions of nuclear density.

appears at ρN ≈ 0.05 fm−3 ≈ 0.3ρ0 is expected from Fig. 4,
which shows that this nuclear density corresponds to the peak
position of $∗ in K−p energy W ≈ 1420 MeV.

Another interesting feature of the absorption potential
shown in Fig. 5 is that the behaviors of the absorption to the
π0#0, π+#−, and π−#+ channels are different from each
other, especially at higher densities (! 0.1 fm−3 ≈ 0.6ρ0).
This comes from the slight difference of the $∗ spectrum
in each channel stemming from the interference between $∗

in I = 0 and the I = 1 nonresonant background as shown in
Fig. 4(b). At the saturation density the K−p energy achieves ≈
1400 MeV, where the squared amplitude |Tπ−#+|2 is about two
times larger than |Tπ+#− |2 (see Fig. 4), hence the absorption
to the π−#+ channel becomes about two times larger than the
π+#− channel.

Even though the $∗ resonance sits in the I = 0 channel, the
interference between the I = 0 and I = 1 contributions makes
the peak position of the $∗ spectrum shift in the opposite
direction in the π±#∓ channels as seen in Fig. 4. The effect
of the peak shift can be clearly seen in the density dependence
of the ratios of K− absorption into (π#)0 channels, because
the density determines the accessible energy of the two-body
system of K− and a bound nucleon. In Fig. 8 we plot the
ratios of the mesonic absorption potential for the π0#0,
π+#−, and π−#+ channels. As one can see, while the ratio
[π−#+]/[π+#−], which we denote R+−, is less than unity in
ρN < 0.08 fm−3 ≈ 0.5ρ0, it gets larger as the density increases
and becomes ∼1.6 at the saturation density. This tendency
comes from the facts that the upward shift of the $∗ peak
is seen in the K−p → π+#− amplitude while the downward
shift in K−p → π−#+ and that the smaller Fermi momentum
for the nucleon, or the lower density, probes the $∗ spectrum in
energies closer to the threshold, while the higher density probes
the lower energy of the $∗ spectrum. We also show the ratios
of the mesonic absorption potentials for [π±#∓]/[π0#0] in
Fig. 8. Here we note that the π0#0 channel has no I = 1
contribution and can be a guide for the $∗ spectrum. The ratios
[π±#∓]/[π0#0] shows opposite behaviors to each other;
[π+#−]/[π0#0] ([π−#+]/[π0#0]) becomes weaker (large)

065205-7

[���+]/[�+��]

- ratio [���+]/[�+��] increases as density (fermi motion) increases

- nucleon with larger fermi motion can form Λ(1405) with lower KbarN energy

TAKAYASU SEKIHARA et al. PHYSICAL REVIEW C 86, 065205 (2012)
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energy of the K−p system, W (b). The vertical lines represent the
K̄N threshold.

with a 40 MeV width, which energy can be achieved by a pair of
K−p in nuclear matter with the density ρN ≈ 0.05–0.1 fm−3.
We also see that at the saturation density ρ0 = 0.17 fm−3 the
energy of the K−p pair is around 1400 MeV, which is in
the #∗ resonance peak. Owing to the presence of the #∗

resonance, the amplitudes have strong energy dependence.
This will make nontrivial ρN dependence on mesonic and
nonmesonic absorption potentials.

It is also important to note that the peak structure in the
(π")0 amplitude comes from #∗ with I = 0, but the peak
position is slightly different in each charged channel. This is
because the I = 1 nonresonant contributions are not so small
and the interference between the I = 0 and I = 1 contributes
in the opposite way for the π±"∓ channels.

A. Mesonic absorption

First we consider the mesonic absorption potential of K−.
We note that in mesonic absorption K−p → (π")0 processes
contain the #∗ resonance whereas K−p → π0# and K−n →
(πY )− processes do not have the #∗ contributions. We also
note that we expect that the mesonic absorption potential would
be proportional to ρN , if the K̄N amplitude would not depend
on energy.

In Fig. 5, we show the result of the mesonic absorption
potential of K− at rest in nuclear matter. From the figure, we
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FIG. 5. Mesonic absorption potential (ImV one) for K− at rest in
nuclear matter as a function of nuclear density. The potentials for
K−n → π−"0 and π 0"− have the same values owing to the isospin
symmetry.

find that absorption to the (π")0 states is dominant to the
other channels. Since the #∗ resonance appears selectively in
the K−p → (π")0 transitions, this result shows that the #∗

contribution is indeed important for the mesonic absorption
of K− in these densities, and that K− at rest is absorbed
through the #∗ resonance (#∗ doorway process). Thus, if one
observes large branching ratios of (π")0 in K− absorption into
nuclei, this observation indicates that the #∗ doorway process
dominates the K− absorption reaction. As for the density
dependence of the mesonic absorption potential, the potential
for the (π")0 channels does not show ρ1

N -like dependence
around ρN > 0.1 fm−3 ≈ 0.6ρ0, whereas that for the π0#,
π−#, and (π")− states shows ρ1

N dependence. This is owing
to the energy dependence of the K̄N amplitude coming from
the #∗ resonance.

The total sum of the mesonic absorption potential is shown
in Fig. 6 as a function of nuclear density. The total value
of the mesonic absorption width (= −2 ImV one) amounts to
about 200 MeV at the saturation density (ρ0 = 0.17 fm−3).
The large value of the absorption width is caused because,
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FIG. 6. Total sum of mesonic absorption potential (ImV one) for
K− at rest in nuclear matter as a function of nuclear density.

065205-6

Kbar”N"

- Λ(1405) spectra in πΣ channels are slightly different due to I=1 interference 

���+ �+��

few-body calculation is necessary

- fermi motion (density) selects the KbarN energy

K�p K�d K� 4He
K�C
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K+ - nucleus scattering revisited
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Kaon in nucleus 

Aoki, DJ, on going

- KN interaction is repulsive, and KN cross section is small 
- mean free path of K in nuclear medium is around 5 fm 
- Kaon has been consider to be a clean probe to investigate nuclear matter 
- no strong resonances in KN channel 
- relatively easy to investigate in-medium effects on kaon

breakdown of linear density approximation

review articles
Dover, Walker, Phys. Rept. 89, 1 (1982)
Freedman, Gal, Phys.Rept. 425, 89 (2007)

thanks to large mean free path, K+A scatting could be written well by single step 

�K+A ' A�K+N

the ratio of the cross sections is known to be larger than unity
�K+12C

6�K+d
> 1.0

plab. < 800 MeV/c
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K+ - nucleus scattering revisited
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Aoki, DJ, on going

Friedman, Gal, Phys.Rept. 425, 89 (2007)

E. Friedman, A. Gal / Physics Reports 452 (2007) 89 – 153 127

Table 7
Fits to the eight K+-nuclear integral cross sections [43] at each of the four laboratory momenta plab (in MeV/c), using different potentials

plab Vopt Re b0(fm) Im b0(fm) Re B(fm4) Im B(fm4) !2/N

488 t" −0.203(26) 0.172(7) 16.3
tfree" −0.178 0.153
Eq. (54) −0.178 0.122(5) 0.52(20) 0.88(8) 1.18
Eq. (56) −0.178 0.129(4) 0.17(11) 0.62(6) 0.27

531 t" −0.196(39) 0.202(9) 56.3
tfree" −0.172 0.170
Eq. (54) −0.172 0.155(14) 1.79(46) 0.72(27) 7.01
Eq. (56) −0.172 0.146(5) 0.46(21) 0.78(7) 3.94

656 t" −0.220(50) 0.262(12) 54.9
tfree" −0.165 0.213
Eq. (54) −0.165 0.203(18) 1.66(80) 0.89(36) 7.24
Eq. (56) −0.165 0.204(5) 2.07(19) 0.77(7) 0.32

714 t" −0.242(53) 0.285(15) 67.7
tfree" −0.161 0.228
Eq. (54) −0.161 0.218(24) 1.40(95) 1.10(48) 9.3
Eq. (56) −0.161 0.218(6) 1.51(43) 0.97(9) 1.24

interaction remained, as is shown below. Theoretical interest in K+-nuclear physics to some extent has been revived
recently [171–174], particularly in connection with possible contributions due to #+ pentaquark degrees of freedom,
as is also discussed below.

5.2. Kaon-nucleus optical potential

The starting form adopted for the kaon-nucleus optical potential Vopt, following Eq. (4) of Section 1.2, is the simplest
possible t" form:

2$(A)
red Vopt(r) = −4%FAb0"(r), (51)

where $(A)
red is the center-of-mass (c.m.) reduced energy,

($(A)
red )−1 = E−1

p + E−1
A (52)

in terms of the c.m. total energies for the projectile and target respectively, and

FA = MA
√

s

M(EA + Ep)
(53)

is a kinematical factor resulting from the transformation of amplitudes between the KN and the K+-nucleus c.m.
systems, with M the free nucleon mass, MA the mass of the target nucleus and

√
s the total projectile-nucleon energy in

their c.m. system. The parameter b0 in Eq. (51) reduces in the impulse approximation to the (complex) isospin-averaged
KN scattering amplitude in the forward direction. For 6Li and for 12C the modified harmonic oscillator (MHO) form
was used for the nuclear densities whereas for 28Si and for 40Ca the two-parameter Fermi (2 pF) form was used and
minor changes were made to parameters of the neutron density to check sensitivities to "n. The data base for the analysis
were the 32 integral cross sections for K+ on 6Li, 12C, 28Si and 40Ca from Ref. [43].

Fits to the integral cross sections were made [171,172] separately at each of the four momenta, varying the complex
parameter b0, and the results are summarized in Table 7, marked as t" for each momentum. From the values of !2 per
point it is seen that the fits are unacceptably poor and the resulting Re b0 and Im b0 disagree with the corresponding free
K+N values (marked as tfree" and derived from the KN phase shifts as given by SAID [175]). The discrepancies are
particularly noticeable for Im b0, which are determined to good accuracy. Evidently the experimental results indicate
significant increase in reactivity, as mentioned in Section 5.1.

breakdown of Tρ approximation

2m+

KV
opt

' �⇢TK+N

TK+N = �4⇡Ec.m.

MN
b0

linear density approximation

obtained by χsq fitting
free KN 

15% enhancement in in-medium KN scattering 

- nucleon-nucleon correlation 
- “swelling” of nucleon 
- mass reduction of vector mesons

possible explanation

etc.
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K+ - nucleus scattering revisited
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in the aspect of chiral symmetry
the 15% enhancement can be explained by wave function renormalization

Aoki, DJ, on going

argument by Kolomeitsev et al. for pion Kolomeitsev, Kaiser, Weise, PRL90, 092501 (03)

when self-energy is energy-dependent,  
equivalent energy-independent optical potential can be obtain as follows

2mV
opt

= �Z⇢TK+N

!2 �m2 � ⌃(!) = 0- consider in-medium dispersion relation
- expanding self-energy around ! = m

2mV
opt

(m⇤) = ⌃(m) + (!2 �m2)
@⌃

@!2

+ · · ·

'
✓
1 +

@⌃

@!2

◆
⌃(m) ' Z⌃(m)

one of the higher order corrections

Z = 1 + 0.1
⇢

⇢0
leading order chiral perturbation theory calculation

See also, DJ, Hatsuda, Kunihiro, PRD63, 011901(R); 
PLB 670 (2008), 109.
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π0 → γγ decay in nuclear medium
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Goda, DJ, PTEP 2014, 033D03 (2014).
Nebreda, DJ, in preparation.

M⇤
�� =

p
ZM̂��

no correction in the linear density  ←

M⇤
��

M��
=

p
Z

�⇤
��

���
= Z ' 1 + 0.4

⇢

⇢0

�
Z

��0

�

�

M̂��

in-medium decay amplitude

Z wave function renormalization

M̂�� 1-particle irreducible vertex correction

Meissner, Oller, Wirzbz, AnnPhys297, 27 (02)

in-medium change of the amplitude

40% enhancement in nuclear density
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η mesonic nuclei
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- eta N couples strongly to N*(1535) 
- N*(1535) is the first excited state with the opposite parity of nucleon 
- can be a chiral partner of nucleon 
- eta mesonic nuclei can prove chiral symmetry of N and N*

chiral double picture for nucleons

- nucleon and N*(1535) are chiral partners (chiral doublet) 
- masses of chiral doublets tend to degenerate when ChS is being restored 
- mass difference of N and N* decreases in nuclear medium

N*-hole

50 MeV

∆-hole

150 MeV N*-hole

medium effects ?

level crossing

N*-hole

48 MeV

no medium effects
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Spectral function of in-medium eta meson
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Fig. 4. The same as in Fig. 3 but calculated with C = 0.

Fig. 5. The η meson spectral density (14) in nuclear matter at densities 0.1ρ0, 0.5ρ0 and 1ρ0 for the vanishing momen-
tum. Dashed lines are calculated with the constant N∗ width ΓN∗ = 75 MeV. The solid lines show the results with the
energy and density dependent width shown in Fig. 2. The upper row is calculated with C = 0.2 and the lower one with
C = 0.

eta-mesonic mode. At higher densities a two-peak structure emerges. The second peak comes
from the N∗ − h mode which couples to the eta mode in nuclear medium. The coupling strength
increases as the density increases. The dashed curves are calculated with the constant N∗ width
ΓN∗ = 75 MeV. The solid curves are calculated with the full energy and density dependent N∗

width depicted in Fig. 2. We note that dashed and solid curves coincide almost perfectly. For
C = 0 the low-energy peak of the spectral density is stronger pronounced than for C = 0.2
though it is located at somewhat higher energies. It is interesting to see how these differences
in the spectral function reveal themselves in the finite nuclear systems and in eta production
reactions.
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Chiral Doublet Model [C=0.2]

Chiral Unitary Model( ,p)

Spectra of  12C( ,p)11B

12C target

missing mass spectra of emitted proton

in recoilless condition
(no momentum transfer)

p

η

bound region quasi-free region

no level crossing

level crossing

(γ,p) reaction

Nagahiro, Jido, Hirenzaki, PRC68, 035805 (03); NPA761, 92 (05)
Jido, Kolomeitsev, Nagahiro, Hirenzaki, NPA811,158 (08)

level crossing effect can be seen in 
quasi-free region as repulsive shift 
of eta meson
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Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

Scale factor/ p

ω(782) DECAY MODESω(782) DECAY MODESω(782) DECAY MODESω(782) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

π+π−π0 (89.2 ±0.7 ) % 327

π0γ ( 8.28±0.28) % S=2.1 380

π+π− ( 1.53+0.11
−0.13) % S=1.2 366

neutrals (excludingπ0 γ ) ( 8 +8
−5 ) × 10−3 S=1.1 –

ηγ ( 4.6 ±0.4 ) × 10−4 S=1.1 200

π0 e+ e− ( 7.7 ±0.6 ) × 10−4 380

π0µ+µ− ( 1.3 ±0.4 ) × 10−4 S=2.1 349

e+ e− ( 7.28±0.14) × 10−5 S=1.3 391

π+π−π0π0 < 2 × 10−4 CL=90% 262

π+π−γ < 3.6 × 10−3 CL=95% 366

π+π−π+π− < 1 × 10−3 CL=90% 256

π0π0γ ( 6.6 ±1.1 ) × 10−5 367

ηπ0γ < 3.3 × 10−5 CL=90% 162

µ+µ− ( 9.0 ±3.1 ) × 10−5 377

3γ < 1.9 × 10−4 CL=95% 391

Charge conjugation (C ) violating modesCharge conjugation (C ) violating modesCharge conjugation (C ) violating modesCharge conjugation (C ) violating modes

ηπ0 C < 2.1 × 10−4 CL=90% 162

2π0 C < 2.1 × 10−4 CL=90% 367

3π0 C < 2.3 × 10−4 CL=90% 330

η′(958)η′(958)η′(958)η′(958) IG (JPC ) = 0+(0 − +)

Mass m = 957.78 ± 0.06 MeV
Full width Γ = 0.198 ± 0.009 MeV

p

η′(958) DECAY MODESη′(958) DECAY MODESη′(958) DECAY MODESη′(958) DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

π+π−η (42.9 ±0.7 ) % 232

ρ0γ (including non-resonant
π+ π− γ)

(29.1 ±0.5 ) % 165

π0π0η (22.2 ±0.8 ) % 239

ωγ ( 2.75±0.23) % 159

γγ ( 2.20±0.08) % 479

3π0 ( 2.14±0.20) × 10−3 430

µ+µ−γ ( 1.08±0.27) × 10−4 467

π+π−µ+µ− < 2.9 × 10−5 90% 401

π+π−π0 ( 3.8 ±0.4 ) × 10−3 428

π0ρ0 < 4 % 90% 111

2(π+π−) < 2.4 × 10−4 90% 372

HTTP://PDG.LBL.GOV Page 5 Created: 8/25/2014 17:06

Large eta’ mass stems from quantum anomaly, which 
breaks axial U(1) symmetry. eta’ failed to get a Nambu-
Goldstone boson due to anomaly. 

eta’ meson has a strong connection also to chiral symmetry breaking. 
in order that UA(1) anomaly affects the η’ mass, 
chiral symmetry is necessarily broken spontaneously and/or explicitly.

ChSB

anomaly anomaly

ChSB
gluon dynamics

�s
4� Fµ� F̃µ�

η’ η’

R

LL RL

L RR

L R

nonchiral gluon field cannot couple to pseudoscalar states without chiral symmetry breaking.

DJ, Nagahiro, Hirenzaki, 
PRC85 (12) 032201(R)

when chiral symmetry is restored, η and η’ should degenerate due to SU(3) 
chiral symmetry. thus, η - η’ mass difference is generated by chiral symmetry 
breaking 
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When chiral symmetry is restored...

⇥,K, �8, �0 ⇥, a0,�, f09 PS 9 S get degenerate

in order that UA(1) anomaly affects the η’ mass, chiral symmetry is necessarily broken 
spontaneously and/or explicitly.

SUL(3)� SUR(3)as a consequence of

DJ, Nagahiro, Hirenzaki, 
PRC85 (12) 032201(R)

ChS manifest ChS broken dynamically

⇥,K, �8, �0

⇥,K, �8

�0

massless

UA(1) anomaly

�q̄q⇥ = 0 ⇥q̄q⇤ �= 0
mq = ms = 0 mq �= ms �= 0

ChS broken dynamically 
and explicitly

mq = ms = 0
⇥q̄q⇤ �= 0

�

K

�

��

get degenerate 
somewhere
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we expect strong η’ mass reduction Δmη’ ~ 100 MeV @ ρ = ρ0

partial restoration of ChS takes place with 35% at ρ0

a simple order estimation
linear dependence of quark condensate on η’-η mass difference (400 MeV)

DJ, Nagahiro, Hirenzaki, 
PRC85 (12) 032201(R)

the mass gap of η' and η is generated by chiral symmetry breaking

linear sigma model 

NJL model P. Costa, M. C. Ruivo, and Y. L. Kalinovsky, PLB560, 171 (03). 
Nagahiro, Takizawa, Hirenzaki, PRC74,045203 (2006)

NAGAHIRO, TAKIZAWA, AND HIRENZAKI PHYSICAL REVIEW C 74, 045203 (2006)

TABLE I. Input parameters determined in Ref. [59] and calcu-
lated results in vacuum in three-flavor NJL model.

Input parameters Calculated results [MeV]

! = 602.3 [MeV] Mu,d = 367.6 fπ = 92.4
gS!

2 = 3.67 Ms = 549.5 mπ = 135.0
gD!5 = −12.36 ⟨ūu⟩1/3 = −241.9 mη = 514.8

mu,d = 5.5 [MeV] ⟨s̄s⟩1/3 = −257.7 mη′ = 957.7
ms = 140.7 [MeV]

q2-dependence, θ cannot be interpreted as the η − η′ mixing
angle. The origin of the q2-dependence is that the η and η′

mesons have the internal structures.
We obtain the dynamical quark and meson masses in

vacuum as compiled in Table I with the input parameters de-
termined in Ref. [59]. In Ref. [59], the four model parameters,
namely, cutoff !, four-quark coupling constant gS , six-quark
coupling constant gD and the current s-quark mass ms have
been fixed so as to reproduce the observed values of the pion,
kaon, η′ masses and the pion decay constant, while the current
u, d-quark mass has been fixed at 5.5 MeV, which has been
taken from the results of the chiral perturbation theory and
QCD sum rule approaches. This parameter set gives an η
mass of mη = 514.8 MeV, which is about 6% smaller than the
observed value mη = 547.75 MeV. One is able to fit the mass of
η instead of the η′. The reason why we have used the present
parameter set is just we are more interested in the η′-mesic
nucleus than the η-mesic nucleus in this article because we
consider that the former is more suitable for observing the
finite density effect of the UA(1) anomaly.

In this paper, we investigate the finite density effects on
the meson mass spectra for the following three cases with the
different strengths gD of the determinant KMT interaction as

(a) gD(ρ) = gD

(b) gD(ρ) = 0 (19)

(c) gD(ρ) = gD exp[−(ρ/ρ0)2],

where gD is the vacuum strength of the determinant interaction
as shown in Table I. The gD(ρ) has no density dependence for
cases (a) and (b). In case (a), the meson vacuum properties
are well reproduced as shown in Table I, while there are no
anomaly effects in case (b). For gD = 0 case, we use slightly
different parameter set as shown in Table I in Ref. [60] to
reproduce the meson masses and the pion decay constant in
vacuum without anomaly effect. In case (c), we simply assume
the density dependence of gD as this form in order to examine
the medium effect due to density dependence of gD itself on
the meson mass spectra in finite density.

Here it may be interesting for our study to notice that there
are theoretical suggestions about possible density dependence
of gD [61,62]. In Ref. [62], the effective coupling constant
of the instanton-induced interaction is suggested to have
chemical potential dependence for Nf = 2 systems. For Nf =
3 systems, we can expect to have the similar µ dependence,
though it is not easy to show explicitly. We are interested in
studying the effect of such density dependence discussed in
Ref. [62] on meson mass spectra as future works.

(a) (b) (c)

FIG. 1. Density dependence of the quark condensates in the
SU(2) symmetric matter, ρu = ρd and ρs = 0, where ⟨ūu⟩ = ⟨d̄d⟩.
Three panels correspond to the cases (a), (b), and (c) defined in
Eq. (19), respectively. The nucleon density ρ is defined in Eq. (7) and
ρ0 is the normal nuclear density ρ0 = 0.17 fm−3.

In Fig. 1, we show the calculated quark condensates as
functions of density for three types of gD(ρ) defined in
Eq. (19). In case (b), we have switched off the effect of the
instanton-induced flavor mixing interaction and therefore the
s-quark condensate has not changed in the SU(2) symmetric
matter. The absolute values of the u,d-quark condensate
decreases significantly faster in case (c) than in case (a) when
the density goes up. It means that the contribution of the
instanton-induced interaction on the u,d-quak condensate is
sizable.

In Fig. 2, we show the calculated density dependence of the
meson mass spectra for three cases defined in Eq. (19). In the
case of constant gD (a), we find that the mass of η′ decreases
rapidly as a function of the density, while the masses of π and η
gradually increase. The instanton-induced interaction is repul-
sive for the flavor singlet q̄q channel and the effective coupling
strength is gD(⟨ūu⟩ + ⟨d̄d⟩ + ⟨s̄s⟩)/3. Since the absolute val-
ues of the quark condensates decrease as the density increase,
the effective repulsive interaction in the flavor singlet q̄q chan-
nel becomes small as the density increases. That is the reason
why the η′ mass decrease. In Fig. 2(b), we find that π and η are
degenerate completely and their masses increase gradually as
density, and the mass of η′ has no density dependence without
the UA(1) anomaly effects. Without the UA(1) anomaly effects,

(a) (b) (c)

FIG. 2. Density dependence of the meson mass spectra. Three
panels corresponds to the cases (a), (b), and (c) defined in Eq. (19),
respectively. The nucleon density ρ is defined in Eq. (7) and ρ0 is the
normal nuclear density ρ0 = 0.17 fm−3.

045203-4

NJL model

Δmη’ ~ 150 MeV @ ρ = ρ0

Δmη’ ~ 80 MeV @ ρ = ρ0

Sakai, DJ, PRC88 (13) 064906 

chiral effective theories tell similar results.

mη’ - mη ~ 130 MeV @ ρ = ρ0

the η’ mass get reduced when chiral symmetry is being restored in nuclear medium
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V��(r) = V0
�(r)
�0

a simple η’ optical potential 
(Woods-Saxon type)

proportional to nuclear density 

Δm = 150 MeV
Γ/2 = 20 MeV

well-separated bound states
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for realistic calculation

core polarization effect could be important

11C

Re: theoretical expectation

Im: phenomenological observation

DJ, Nagahiro, Hirenzaki, 
PRC85 (12) 032201(R)

mass reduction in nuclear matter provides a scalar potential in finite nucleus 

NAGAHIRO, JIDO, FUJIOKA, ITAHASHI, AND HIRENZAKI PHYSICAL REVIEW C 87, 045201 (2013)

FIG. 3. Calculated spectrum of the 12C(p,d)11C ⊗ η′ reaction for
the formation of η′-nucleus systems with proton kinetic energy Tp =
2.5 GeV and deuteron angle θd = 0◦ as a function of the excited
energy Eex. E0 is the η′ production threshold. The depths of the
η′-nucleus optical potential are (a) (V0, W0) = −(0, 10) MeV, and
(b) (V0,W0) = −(100, 10) MeV. The thick solid line shows the total
spectrum and dashed lines indicate subcomponents. The neutron-hole
states are indicated as (nℓj )−1

n and the η′ states as ℓη′ .

The widths of the hole states are taken into account in
the present calculation. The width of the neutron-hole states in
11C have been estimated to be $((0s1/2)−1) = 12.1 MeV for the
excited state and $((0p3/2)−1) = 0 MeV for the ground state by
using the data in Ref. [32]. As for 39Ca, we use $ = 7.7 MeV
[(1s1/2)−1], 3.7 MeV [(0d5/2)−1], 21.6 MeV [(0p3/2,1/2)−1],
and 30.6 MeV [(0s1/2)−1] estimated from the data in Ref. [33],
considering the width of the ground state (0d3/2)−1 to be 0 and
assuming the same widths for neutron-hole states as those of
proton holes.

In the Green’s function method [28], one can separately
calculate each contribution to the spectrum coming from the
different η′ processes. On the prescription of Ref. [28], we
rewrite equivalently the imaginary part of the Green’s function
of η′ as

Im G = (1 + G†U
†
η′ ) Im G0(1 + Uη′G) + G† Im Uη′G,

(12)

where G and G0 denote the full and free Green’s functions for
η′ and Uη′ is the η′-nucleus optical potential. We abbreviate the

integral symbols in Eq. (12). The first term of the right-hand
side of Eq. (12) represents the contribution from the escape
η′ from the daughter nucleus and the second term describes
the conversion process caused by the η′ absorption into the
nucleus. By evaluating only the conversion part, we obtain
spectra associated with decays (or absorptions) of the η′

mesons in the nucleus, which correspond to the coincident
measurements in real experiments.

III. NUMERICAL RESULTS

First, we show in Fig. 2 the momentum transfer of the (p,d)
reactions for the formation of the η′ meson. We also show those
for the η, ω, and φ meson production cases. Those mesons,
which have relatively closer masses to that of η′, can contribute
to the (p,d) spectrum in the same energy region [15]. We find
that the recoilless condition can be satisfied only for the η
production case in this energy region. For the η′ production
case, the recoilless condition is never satisfied even for the
η′ bound states with the binding energy of 100 MeV. The
momentum transfer at Tp = 2.5 GeV, which is the energy
considered in Ref. [12], is around 400–500 MeV/c, and thus
various contributions of (nℓj )−1

n ⊗ ℓη′ will contribute to the
(p,d) spectrum.

We show the calculated formation spectra of an η′-nucleus
system for the 12C target case with the potential strength
(V0,W0) = −(0, 10) and −(100, 10) MeV cases in Fig. 3. As
we can see from the figure, the existence of the attractive
interaction and bound states can be seen as the peak structures
in the (p,d) spectrum. We find that there is a clear difference
between the cases with attractive and nonattractive potentials.

In Fig. 4, we show the effects of the absorption interaction
by varying the strength of the imaginary part W0 of the
optical potential. We can see the clear peaks corresponding
to bound states in the s, p and d states, although the width
of each peak becomes wider as W0 is increased. We also find
that there are peak structures in the fη′ -wave component just
above the threshold (Eex − E0 = 0) owing to the so-called
threshold enhancement. While there are no bound states in
the fη′ state of η′, the attractive η′-nucleus interaction pulls

FIG. 4. Calculated spectra of the 12C(p,d)11C ⊗ η′ reaction for the formation of η′-nucleus systems with proton kinetic energy Tp = 2.5 GeV
and deuteron angle θd = 0◦ as functions of the excited energy Eex. E0 is the η′ production threshold. The η′-nucleus optical potentials are (a)
(V0,W0) = −(150, 5) MeV, (b) −(150, 10) MeV, (c) −(150, 15) MeV, and (d) −(150, 20) MeV. The thick solid lines show the total spectra
and dashed lines indicate subcomponents. The neutron-hole states are indicated as (nℓj )−1

n and the η′ states as ℓη′ .

045201-4

12C(p, d)

Nagahiro, DJ, Fujioka, Itahashi, 
Hirenzaki,  PRC87 (12) 045201
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η’-N interaction
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we expect strong attraction in η’-N in scalar-isoscalar exchange

this is the origin of the scalar attraction in NN interaction

nucleon mass is generated also by spontaneous breaking of ChS

mN = g��0� →  presence of strong coupling σNN

Sakai, DJ, PRC88 (13) 064906;
in preparation

chiral symmetry breaking generates a part of eta’ meson with help of anomaly

in linear sigma model

in the same way

with this attraction
two body η’N bound state is expected with several MeV binding energy

two-body bound state ~ 6 MeV

calculated in the same way as Λ(1405) of KbarN bound state

coupled channel effect (η'N, ηN) BE = 12 - 3i [MeV]

B term : anomaly effect

m2
�0

� m2
�8

= 6B⇥�0⇤ →  presence of strong coupling ση'η'
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we have discussed mesons in nuclear medium under the situation that 
chiral symmetry is partially (30%) restored in nuclear medium

expectations in partial restoration of chiral symmetry

- reduction of mass difference of chiral partners

the reduction of N-N* mass difference could be seen in eta mesonic nuclei

- substantial effect  from wave function renormalization of NG bosons

self-energy of NG boson has energy dependence (low energy theorem)

Z =

✓
1� @⌃

@p 2
0

◆�1

large enhancement of π0 → γγ in medium is expected

enhancement of K+A scattering is explained by K+ wave function renorm.

- reduction of hadron mass
a part of eta’ meson mass is generated by chiral symmetry breaking

strong attraction of eta’-N int. from isoscalar-scalar σ exchange
100 MeV reduction of eta’ mass is expected in nuclear density


