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Introduction
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- chiral symmetry, ChS, is a fundamental symmetry in QCD

- ChSB is a phase transition phenomenon

chiral symmetry

- ChS is spontaneously broken by physical states

|quark condensate| does decrease in nuclear medium

- 30-40 % reduction at saturation density, 
  if believe linear extrapolation

- phenomenological analysis of 
  pionic atom and low energy pi-A scattering

K. Suzuki et al. 
PRL92, 072302, (04); 
Friedman et al., PRL93, 
122302 (04);
DJ, Hatsuda, Kunihiro, 
PLB 670, 109 (08).

partial (incomplete) restoration of Chiral Symmetry

we see that  
such change of the vacuum properties can be observed by NG boson properties 
and show possible in-medium changes of meson properties induced by the change of vacuum 

- vacuum properties depend on environment
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Weinberg-Glashow Relation
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Weinberg-Glashow relation in vacuum Glashow, Weinberg, 
PRL 20 (1968) 224

F�G1/2
� = �⇥q̄q⇤

chiral limit relation
connects pion properties and quark condensate 
Gπ is not direct observable

�0|Aa
µ(x)|⇥b(p)⇥ = �abipµF⇥e�ip·x

coupling of pseudoscalar field to pionpion decay constant

�0|⇤a
5(x)|⇥b(p)⇥ = �abG1/2

� e�ip·x

⇤a
5 = 1

2 q̄i�5⇥
aq
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Weinberg-Glashow relation in vacuum Glashow, Weinberg, 
PRL 20 (1968) 224

F�G1/2
� = �⇥q̄q⇤

chiral limit relation
connects pion properties and quark condensate 
Gπ is not direct observable

�0|Aa
µ(x)|⇥b(p)⇥ = �abipµF⇥e�ip·x

coupling of pseudoscalar field to pionpion decay constant

�0|⇤a
5(x)|⇥b(p)⇥ = �abG1/2

� e�ip·x

⇤a
5 = 1

2 q̄i�5⇥
aq

equivalent to Gell-Mann Oakes Renner relation

PCAC relation
⇥µAa

µ(x) = 2mq�
a
5(x) taking pion matrix element 

Gell-Mann Oakes Renner relation
F 2

�m2
� = �2mq⇥q̄q⇤

F�m2
� = 2mqG

1/2
�

eliminating unobservable Gπ 
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Weinberg-Glashow Relation
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Derivation of Weinberg-Glashow relation Glashow, Weinberg, 
PRL 20 (1968) 224

based on chiral Ward identity
consider the correlation function of axial vector current and pseudoscalar field

�ab
5 (q) = F.T. ⌅µ�0|T[Aa

µ(x)�b
5(0)]|0⇥,

take soft limit, q → 0
<latexit sha1_base64="GPeE+EEmqkmkwrX0VYnnyeE0JcQ="></latexit>

⇧ab
5 (0) = h0|[Qa

5 ,�
b
5(0)]|0i = �i�abh0|q̄q|0i

hadronic description of correlation function
insert hadronic complete set
only pionic modes contribute thanks to pseudoscalar field

<latexit sha1_base64="+7qMpvVCShLl/ke+wqKBULBHUQk="></latexit>

�iqµ
h0|Aa

µ|⇡ciih⇡c|�b
5|0i

q2 �m2 + i✏
=

q2 i�abFG1/2

q2 �m2 + i✏
! i�abFG1/2 for m = 0

only Nambu-Goldstone mode contributes in the soft limit

F�G1/2
� = �⇥q̄q⇤

�0|Aa
µ(x)|⇥b(p)⇥ = �abipµF⇥e�ip·x

wavefunction normalization

pion decay constant

�0|⇤a
5(x)|⇥b(p)⇥ = �abG1/2

� e�ip·x

generator of chiral transformation
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Weinberg-Glashow Relation
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Weinberg-Glashow relation in medium DJ, Hatsuda, Kunihiro, PLB 670 (2008), 109.

the derivation of  WG relation is based on chiral Ward identity (operator relation)
the in-medium extension is straightforward  

�ab
5 (q) = F.T. ⇤µ�⇥|T[Aa

µ(x)�b
5(0)]|⇥⇥

take soft limit 
<latexit sha1_base64="Wddfpz3D10l50oomtwKIlqdSuw0="></latexit>

⇧ab
5 (0) = h⌦|[Qa

5 ,�
b
5]|⌦i = �i�abhq̄qi⇤

calculate with in-medium hadronic quantities

⇥�b
⇤(k)|⇥a

5(x)|�⇤ = �abG⇤1/2
⇤ eik·x,

⇥�|Aa
µ(x)|�b

⇤(k)⇤ = i�ab[nµ(n · k)N⇤
⇤ + kµF ⇤

⇤ ]e�ik·x.

Lorentz invariance is lost due to the presence of nuclear matter

sum rule in chiral limit
�

�

Re
⇥
(N�

� + F �
�)G�1/2

�

⇤
= �⇥q̄q⇤�

sum up all the zero modes

in-medium ground state
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In-medium quark condensate
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DJ, Hatsuda, Kunihiro, PLB 670 (2008), 109.

linear density approximation

F t
�G�1/2

� = �⇥q̄q⇤�

phenomenological determination of in-medium condensate

<latexit sha1_base64="c2Fxl4oFFL9A8V+wLbJOd5vNNmY="></latexit>

F t
⇡

F⇡

G⇤1/2
⇡

G1/2
⇡

=
hq̄qi⇤

hq̄qi

scaling law

30-40% reduction at saturation density takes place

this conclusion has been obtained in linear density approximation

b1

b�1
=

�
F t

�

F�

⇥2pionic atom 
πA scattering

πN scattering 
amplitude

<latexit sha1_base64="EE2UreV8KyJtbBPKsB+AtR84ias="></latexit>

✓
G⇤

⇡

G⇡

◆1/2

=

 
1 + ⇢

@T (+)
⇡N

@!2

�����
!=0

!�1/2

→ theoretical issue:  
　 density dependence of quark condensate beyond linear density approximation 
　 phenomenological issue:
　 other phenomena expected by partial restoration

the sum rule can be simplified in the linear density approximation



What we expect  
in partial restoration of chiral symmetry 
～phenomenological approach～



Wavefunction Renormalization
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Wavefunction Renormalization
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In chiral effective theories, 
Nambu-Goldstone boson fields are parametrized as angular variables in chiral space

U = exp
�
i
⌃� · ⌃⇥
f

⇥
ex.

Angular variables is dimensionless. 
One needs an energy scale to normalize the NG boson field.
The scale should be given by the strength of the spontaneous 
breaking, i.e. the chiral condensate, because this is only the 
energy scale available in the chiral limit. 

When the partial restoration takes place with the change of the chiral condensate, we 
need to renormalize the NG boson field. Thus, wavefunction renormalization is 
one of the significant medium effects on the NG bosons.

DJ, Hatsuda, Kunihiro, 
PRD63, 011901R (01).

Significance of wavefunction renormalization is also concluded by the energy dependence of the 
in-medium self-energy of the NG boson. The interaction of NG bosons should be given in chiral 
expansion at low-energy according to the low energy theorem. 

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

<latexit sha1_base64="9gusGY8LvgwJ+gOklP++QLyfXLw=">AAACIXicZVDLSsNAFJ34rPUVdelmsBQqQkmKqAsXVTeupEJf0NQwmU7boZPn3Agl5GsE/0VxIYKC+DMmbRDbHhg495xzmXuv5QkuQdO+laXlldW19dxGfnNre2dX3dtvSjcMKGtQV7hB2yKSCe6wBnAQrO0FjNiWYC1rdJP6rUcWSO46dRh7rGuTgcP7nBJIJFOtRgYlAtdjMzK8Icd3cck/xobkNvOxbfp46l/F+AT7D5WsvE5Lg/ZckKZa0MraBHiR6BkpoAw1U301ei4NbeYAFUTKjq550I1IAJwKFueNUDKP0BEZsGiyX4yLidTDfTdIngN4os7kiC3l2LaSpE1gKOe9VPzziv/MTgj9i27EHS8E5tDpT/1QYHBxei3c4wGjIMaYUJoMHBJIBqFDEhAKyVWT5fX5VRdJs1LWz8ra/WmhepmdIYcO0REqIR2doyq6RTXUQBQ9ozf0ib6UJ+VFeVc+ptElJes5QDNQfn4BquuhQA==</latexit>

T�N (q) ' mqA+ q2B + · · ·
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π0 → γγ decay in nuclear medium
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Goda, DJ, PTEP 2014, 033D03 (2014).

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

in-medium chiral perturbation theory tells that  
Z for pion is enhanced 40% in normal density
Goda, DJ, PTEP 2014, 033D03 (2014). 
Huebsch, DJ. in preparation.
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K+ - nucleus scattering revisited
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breakdown of linear density approx.

�K+A ' A�K+N

・ratio of cross sections is larger than 1
�K+12C

6�K+d
> 1.0

plab. < 800 MeV/c

thanks to large mean free path (5 fm),  
     elastic scattering is expected to be described by a single step processK+A

（small inelasticity）

（multiple steps effects are small）

Bugg, et al. Phys.Rev.168, 1466 (1968)
Weise, Nuovo Cim. A102, 265 (1989) 

should be smaller than 1, if one considers 

nuclear shadowing effect

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.

2m+
KVopt ' �⇢TK+N

TK+N = �4⇡Ec.m.

MN
b0

linear density approx.

fit by experiments
free KN 

・Tρ approximation is broken down

K＋optical potential

“experiment”

expectation

in-medium K+N amplitude is enhanced in 15％

Aoki, DJ, 
PTEP2017,103D01(17)

“expectation”
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K+ - nucleus scattering revisited
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- nucleon-nucleon correlation  
- nucleon “swelling” 
- mass reduction of vector meson

possible explanations

etc.

2mVopt = �Z⇢TK+N

WFR can be counted as one of the corrections beyond linear density

in-medium K+N amplitude is enhanced in 15％

Z = 1 + 0.1
⇢

⇢0

ChPT leading order calculation 
of KN scattering amplitude

Aoki, DJ, 
PTEP2017,103D01(17)

more systematic calculation is necessary based on in-medium chiral perturbation theory 
I=0 KN amplitude has ambiguity at low energy

Kolomeitsev, Kaiser, Weise, 
PRL90, 092501 (03)
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Expectations in partial restoration
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- reduction of mass difference between chiral partners
・chiral partner : transformed by chiral symmetry 

　　π-σ、ρ- a1、N-N*(1535) etc. 

・chiral partners should degenerate in chiral restoration limit 

・reduction of the mass difference in partial restoration 
　　(more precisely, their spectral functions tend to degenerate)

ηmeson couples to N-N*(1535)  

→ probes chiral symmetry of N and N*
�

DJ, Nagahiro, Hirenzaki, PRC66, 045202 (02).
Nagahiro, DJ, Hirenzaki, PRC68, 035805 (03); NPA761, 92 (05)
DJ, Kolomeitsev, Nagahiro, Hirenzaki, NPA811,158 (08)

parity partner nucleon N and excited nucleon N*

N and N*
N

N*

hq̄qi 6= 0
<latexit sha1_base64="Nzpkud1mOO2YoAyKuVw/2uSbSL8=">AAACK3icbVDLSgMxFM3UV62vUZeCBEvBVZkRQRcuCm5cVrAP6JSSSe+0oZnMNMkIQ+nOrxFc6Z+4Utz6C65N23ExrQcCJ+ec5F6OH3OmtON8WIW19Y3NreJ2aWd3b//APjxqqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX90O/NbjyAVi8SDTmPohmQgWMAo0Ubq2aceJ2LAAXs+kXg8xp7M7gLG2OnZZafqzIFXiZuRMspQ79k/Xj+iSQhCU06U6rhOrLsTIjWjHKYlL1EQEzoiA5jMt5/iipH6OIikOULjuZrLkVCpNPRNMiR6qJa9mfiv54e5eZ1EB9fdCRNxokHQxeAg4VhHeFYN7jMJVPPUEEIlMxtjOiSSUG0KzP0cQCrCeFqpVP6oKcpdrmWVNC+qrlN17y/LtZussiI6QWfoHLnoCtXQHaqjBqLoCT2jV/RmvVjv1qf1tYgWrOzNMcrB+v4Fbp2nTw==</latexit><latexit sha1_base64="Nzpkud1mOO2YoAyKuVw/2uSbSL8=">AAACK3icbVDLSgMxFM3UV62vUZeCBEvBVZkRQRcuCm5cVrAP6JSSSe+0oZnMNMkIQ+nOrxFc6Z+4Utz6C65N23ExrQcCJ+ec5F6OH3OmtON8WIW19Y3NreJ2aWd3b//APjxqqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX90O/NbjyAVi8SDTmPohmQgWMAo0Ubq2aceJ2LAAXs+kXg8xp7M7gLG2OnZZafqzIFXiZuRMspQ79k/Xj+iSQhCU06U6rhOrLsTIjWjHKYlL1EQEzoiA5jMt5/iipH6OIikOULjuZrLkVCpNPRNMiR6qJa9mfiv54e5eZ1EB9fdCRNxokHQxeAg4VhHeFYN7jMJVPPUEEIlMxtjOiSSUG0KzP0cQCrCeFqpVP6oKcpdrmWVNC+qrlN17y/LtZussiI6QWfoHLnoCtXQHaqjBqLoCT2jV/RmvVjv1qf1tYgWrOzNMcrB+v4Fbp2nTw==</latexit><latexit sha1_base64="Nzpkud1mOO2YoAyKuVw/2uSbSL8=">AAACK3icbVDLSgMxFM3UV62vUZeCBEvBVZkRQRcuCm5cVrAP6JSSSe+0oZnMNMkIQ+nOrxFc6Z+4Utz6C65N23ExrQcCJ+ec5F6OH3OmtON8WIW19Y3NreJ2aWd3b//APjxqqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX90O/NbjyAVi8SDTmPohmQgWMAo0Ubq2aceJ2LAAXs+kXg8xp7M7gLG2OnZZafqzIFXiZuRMspQ79k/Xj+iSQhCU06U6rhOrLsTIjWjHKYlL1EQEzoiA5jMt5/iipH6OIikOULjuZrLkVCpNPRNMiR6qJa9mfiv54e5eZ1EB9fdCRNxokHQxeAg4VhHeFYN7jMJVPPUEEIlMxtjOiSSUG0KzP0cQCrCeFqpVP6oKcpdrmWVNC+qrlN17y/LtZussiI6QWfoHLnoCtXQHaqjBqLoCT2jV/RmvVjv1qf1tYgWrOzNMcrB+v4Fbp2nTw==</latexit><latexit sha1_base64="Nzpkud1mOO2YoAyKuVw/2uSbSL8=">AAACK3icbVDLSgMxFM3UV62vUZeCBEvBVZkRQRcuCm5cVrAP6JSSSe+0oZnMNMkIQ+nOrxFc6Z+4Utz6C65N23ExrQcCJ+ec5F6OH3OmtON8WIW19Y3NreJ2aWd3b//APjxqqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX90O/NbjyAVi8SDTmPohmQgWMAo0Ubq2aceJ2LAAXs+kXg8xp7M7gLG2OnZZafqzIFXiZuRMspQ79k/Xj+iSQhCU06U6rhOrLsTIjWjHKYlL1EQEzoiA5jMt5/iipH6OIikOULjuZrLkVCpNPRNMiR6qJa9mfiv54e5eZ1EB9fdCRNxokHQxeAg4VhHeFYN7jMJVPPUEEIlMxtjOiSSUG0KzP0cQCrCeFqpVP6oKcpdrmWVNC+qrlN17y/LtZussiI6QWfoHLnoCtXQHaqjBqLoCT2jV/RmvVjv1qf1tYgWrOzNMcrB+v4Fbp2nTw==</latexit><latexit sha1_base64="Nzpkud1mOO2YoAyKuVw/2uSbSL8=">AAACK3icbVDLSgMxFM3UV62vUZeCBEvBVZkRQRcuCm5cVrAP6JSSSe+0oZnMNMkIQ+nOrxFc6Z+4Utz6C65N23ExrQcCJ+ec5F6OH3OmtON8WIW19Y3NreJ2aWd3b//APjxqqiiRFBo04pFs+0QBZwIammkO7VgCCX0OLX90O/NbjyAVi8SDTmPohmQgWMAo0Ubq2aceJ2LAAXs+kXg8xp7M7gLG2OnZZafqzIFXiZuRMspQ79k/Xj+iSQhCU06U6rhOrLsTIjWjHKYlL1EQEzoiA5jMt5/iipH6OIikOULjuZrLkVCpNPRNMiR6qJa9mfiv54e5eZ1EB9fdCRNxokHQxeAg4VhHeFYN7jMJVPPUEEIlMxtjOiSSUG0KzP0cQCrCeFqpVP6oKcpdrmWVNC+qrlN17y/LtZussiI6QWfoHLnoCtXQHaqjBqLoCT2jV/RmvVjv1qf1tYgWrOzNMcrB+v4Fbp2nTw==</latexit>

hq̄qi = 0
<latexit sha1_base64="XmSwIoZ2tY/ssx8z2bSjOTf4/LA=">AAACKHicbVDNS8MwHE3n15xfVY+7BEfB0+ic+AEKAy8eJ7g5WMdIs3QLS9IuSYUydvCvETzpf+JNdvWP8GzbVaHOB4GX917y+/HcgFGlbXtuFFZW19Y3ipulre2d3T1z/6Ct/FBi0sI+82XHRYowKkhLU81IJ5AEcZeRB3d8k/gPj0Qq6ot7HQWkx9FQUI9ipGOpb5YdhsSQEei4SMLJBDpycb+Gdt+s2FU7BVwmtYxUQIZm3/xyBj4OOREaM6RUt2YHujdFUlPMyKzkhIoECI/RkEzT1WfQiqUB9HwZH6FhquZyiCsVcTdOcqRH6q+XiP96Ls/N64bau+hNqQhCTQReDPZCBrUPk17ggEqCNYtigrCk8cYQj5BEWMft5X72SCR4MLMs64emRV0mOPutZZm0T6q1erV+d1ppXGWVFUEZHIFjUAPnoAFuQRO0AAZP4Bm8gjfjxXg3Poz5IlowsjeHIAfj8xusSaYF</latexit>

N

N*

partial restoration

one of the difficulties is that bound states have a large width.



η’ meson
as an example of in-medium reduction of mass which 
is generated by spontaneous breaking of chiral symmetry
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η' meson and chiral symmetry
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η' is a PS meson having 1 GeV mass. 

looks nothing special

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
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1 GeV is a typical mass scale of hadrons

special mesons are π, K, η 
     light mass because they are Nambu-Goldstone bosons associated with ChSB

chiral symmetry in QCD 

(small) PCAC anomaly

�µA(0)
µ = 2i(muū�5u + mdd̄�5d + mss̄�5s) +

3�s

8�
F a

µ�F̃µ�
a

�µA(8)
µ =

i�
3
(muū�5u + mdd̄�5d� 2mss̄�5s) (small) PCAC

singlet chiral symmetry is always broken by anomaly explicitly

singlet axial current is NOT conserved due to quantum anomaly

η’ fails to become a NG boson, and is not necessarily massless, 
when ChSB takes place

octet axial currents are (almost) conserved

SU(3)L � SU(3)R � SU(3)Voctet chiral symmetry is spontaneously broken

F̃µ�

A(1)
µ

Fµ�

�

�

�
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if chiral symmetry is manifest or restored,
π, η8 and η0 should degenerate even though anomaly is there

dynamical argument is given by Lee and Hatsuda Lee, Hatsuda, PRD54, 1871 (1996)

Scalar and Pseudoscalar mesons
(3̄,3)� (3, 3̄)
both octet and singlet contain

⇥,K, �8, �0 ⇥, a0,�, f0

q̄i�5qj , q̄iqj

q̄L
i qR

j q̄R
i qL

j 9 scalar and 9 pseudoscalar 
parity eigenstate

q̄L
i qL

j q̄R
i qR

j(8,1)� (1,8)
Vector and Axial vector mesons

8 vector and 8 axial vector

3x3bar=8+1
q̄i�µqj , q̄i�5�µqj

parity eigenstate

flavor single is independent

SUL(3)� SUR(3)Group theoretical argument of 

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

no matter how UA(1) is
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When chiral symmetry is restored...

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

in order for UA(1) anomaly to affect 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

mass difference between η and η’ stems from chiral symmetry breaking with help of UA(1) anomaly
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DJ, Nagahiro, Hirenzaki, 
PRC85 (12) 032201(R)

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

η’ mass should get reduced when chiral symmetry is restored in nuclear medium

we expect strong η’ mass reduction Δmη’ ~ 120 MeV @ ρ = ρ0

partial restoration of ChS take place with 30% at ρ0

η’-η mass difference (400 MeV) be dependent on quark condensate linearly

simple order estimation

linear sigma model 

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

Δmη’ ~ 150 MeV @ ρ = ρ0

Δmη’ ~ 80 MeV @ ρ = ρ0

Sakai, DJ, PRC88 (13) 064906 

chiral effective theories tell similar results.

Δ(mη’ - mη) ~ 130 MeV @ ρ = ρ0
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strong attraction in η’-N with sigma exchange

this is the origin of the strong scalar attraction in NN interaction

(a part of) nucleon mass is generated also by spontaneous breaking of ChS

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

Sakai, DJ, PRC88 (13) 064906;
PTEP2017, 013D01 (17).

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

interpretation of in-medium η’ mass reduction in nuclear physics

B term : anomaly effect

m2
�0

� m2
�8

= 6B⇥�0⇤ →  presence of strong coupling ση'η'

we could have repulsive vector potential like ω exchange in nuclear force
we have no Weinberg-Tomozawa type interaction for η’N channel

remark

induced by vector meson exchange

DJ, Masutani, Hirenzaki, 
PTEP 2019, 053D02 (2019)

this provides a strong scalar potential for η’ in nucleus 



D. Jido APCTP Focus Program 2021

Possible bound state spectra

22

relativistic mean field theory (RMF)

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

currently,  
no distinct structure was observed in formation experiments at GSI and SPring8

Tanaka et al. (η-PRiME/Super-FRS Collaboration), 
PRL117 (16) 202501; PRC97 (18) 015202

PTEP 2019, 053D02 D. Jido et al.

Table 4. Coupling constants of the σ–η′ interaction. These are determined so as to reproduce the effective
η′ mass 80 MeV smaller than the in-vacuum mass at the saturation density.

No. 1 2 3 4 5 6 7 8 9

gση′ 2.21 2.51 2.94 2.17 2.44 2.82 2.13 2.38 2.70

Fig. 2. Binding energy spectrum of the η′–16O system measured from the η′+16O threshold. The binding
energy is defined as EB = Etot − E16O − mη′ with the value of the normal 16O energy, E16O, taken from our
calculation for the normal nucleus. The letter appearing on the left of each energy level shows the quantum
number nr# of the η′ state with the radial quantum number nr and the orbital angular momentum #, while
the number appearing on the right represents the binding energy in units of MeV. The binding energies are
calculated with three parameter sets. Parameter sets 2 and 7 provide soft and hard nuclear media in higher
densities, respectively, and parameter set 5 gives medium nuclear matter.

We solve the Klein–Gordon equation (22) with a definite angular momentum for η′ and obtain the
η′ energy Eη′ for each angular momentum. We also calculate radial excitation states if they exist.
We do not consider nuclear excited states; nucleons are in the ground state of the η′–nucleus bound
system.

The energy spectrum of the η′–16O system is shown in Fig. 2. Here we show the binding energy
defined by EB = Etot − E16O − mη′ , in which Etot is the total energy of the system calculated as
shown in Eq. (25) and E16O is the total energy of the normal 16O calculated in the current model
without the η′ meson. We find four bound states for η′, the 1s, 1p, 1d, and 2s states. In Table 5, we
show the details of the energy contents of the η′ mesonic nucleus. There we show the binding energy
EB measured from the threshold of 16O + η′, the η′ binding energy, Eη′ − mη′ , the average of the
nucleon binding energy, Enuc/A − mN , and the mean field energy per particle, Emean/(A + 1), with
A = 16 for 16O.

It is interesting to note that for the case of the η′ meson bound in the s states the total binding
energy is smaller than the η′ binding energy in magnitude, while for the higher # states the total
binding energy is larger than the η′ binding energy in magnitude. This implies that, first of all, the
nuclear modification effects are substantially large and should not be ignored. In particular, for the
1d state the η′ binding energy is about 10 MeV, but the total binding energy is as large as about 40
MeV. The difference stems from the larger binding energies of the nucleons in magnitude compared
with the normal nucleus. With the η′ meson in the nucleus, thanks to the strong η′–σ coupling, the σ
mean field combines with the η′ meson and attracts the nucleons. Thus, the binding energies of the
nucleons get larger in magnitude. The attraction also makes the nuclear density higher. As seen later,
the central nuclear density for a mesonic nucleus with the 1s η′ state gets about 1.5 times larger than

10/22

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article-abstract/2019/5/053D

02/5488935 by Tokyo Institute of Technology user on 14 M
ay 2019

DJ, Masutani, Hirenzaki, 
PTEP 2019, 053D02 (2019)

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

four bound states of η’ meson in Oxygen nucleus 

N. Tomida et al. [LEPS2/BGOegg],
Phys. Rev. Lett. 124, 202501 (2020)

PTEP 2019, 053D02 D. Jido et al.

(a) (b)

(c) (d)

Fig. 3. Nuclear density profiles of theη′ bound systems in 16O. The dotted line stands for the density distribution
of the normal nucleus 16O without η′ calculated with parameter set 5.

Fig. 4. Density of η′ in the 1s orbit of the η′ mesonic nucleus for 16O.

We also show the details of the energy contents of the η′–40Ca system in Table 6. We find a similar
tendency to the case of 16O. The nuclear modification effects are sufficiently large. With the η′

meson, the nucleons get more binding energy. In particular, for the case of the η′ meson in the states
with higher angular momentum " > 0, the binding energies of the η′–nucleus system become larger
than the η′ binding energy in magnitude. Consequently the energy levels of the first nodal mode get
closer and might overlap with each other if these states get an absorption width due to the strong
interaction. In the 1s state, stronger model dependence is observed. In Fig. 6, we show the nuclear
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explicit ChS breaking
flavor symmetry breaking

anomaly term
breaks UA(1) symmetry

L =
1

2
Tr[@µM@µM†]� µ2

2
Tr[MM†]� �

4
Tr[(MM†)2]� �0

4

�
Tr[MM†]

�2

�ATr[�M† + �†M ] +
p
3B(detM + detM†)
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SU(3) linear σ model

L =q̄(@/ �m)q + gs

"✓
q̄
�a

2
q

◆2

+

✓
q̄i�5

�a

2
q

◆2
#

+
gd
2

{det[q̄(1 + �5)q] + det[q̄(1� �5)q]}

SU(3) NJL model

• μ2 < 0 → spontaneous breaking 

• gs > gs crit → spontaneous breaking 

with anomaly term, ChS can be broken even if above conditions is not satisfied

question whether anomaly term would play minor role for ChS breaking
chiral symmetry is broken without anomaly term

Kono, DJ, Kuroda, Harada, 
PTEP accepted
DOI: 10.1093/ptep/ptab084
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chiral limit just for simplicity

NJL model

phase diagram (SSB takes place in gray areas)
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Figure 3: Upper (1): Phase diagram for the dimensionless coupling
constants GD and GS in the chiral limit. The dimensionless parame-
ters are given in Eqs. (37). The black and grey areas indicate pairs of
the coupling constants where chiral symmetry is dynamically broken.
In region I, the η0 meson is found as a bound state, while it is a virtual
state or a resonance in region II. In region III, there is no solution for
η0. Lower (2): The dynamical quark mass Mq obtained with a pa-
rameter set (GS ,GD) in the chiral limit. The black area labeled by ‘a’
denotes the dynamical quark mass obtained with the anomaly driven
breaking GS < 1, while the gray area labeled by ‘b’ stands for Mq

obtained with the normal symmetry breaking GS ≥ 1.

GD > 0 for further calculations.

For the σ0 mass, it is known that the σ0 mass is equal
to 2Mq in the chiral limit with GD = 0 in the ladder ap-
proximation [34]. For GD < 0 the anomaly term works
attractively to the σ0 channel. Thus, the σ0 meson is
a bound state of the quark and antiquark for GD < 0,
while the anomaly term with GD > 0 contribute to the
σ0 channel repulsively and the σ0 is found to be a reso-
nance state.

In Fig. 4 we show the correlation of the masses of
the σ0 and η0 masses obtained by the parameter set
(GS ,GD) shown in region I and II of Fig. 3(1). The
black area shows again the masses obtained in the
anomaly driven breaking with GS < 1. This figure
shows that in the anomaly driven breaking the η0 mass is
always larger than that of the σ0 meson. Furthermore,
only the standard breaking can take place for large σ0

masses. These are consistent with the linear σ model.

Let us now introduce the explicit chiral symmetry
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Figure 4: Correlation between the σ0 and η0 masses obtained in
the chiral limit with the parameter set (GS ,GD) in region I and II of
Fig. 3(1). The dashed line stands for mη0 = mσ0 . The black area
labeled by ‘a’ denotes the meson masses obtained with the anomaly
driven breaking GS < 1, while the gray area labeled by ‘b’ stands for
mσ0 and mη0 obtained with the normal symmetry breaking GS ≥ 1.

breaking with finite current quark masses. We deter-
mine the values of the current quark masses so as to
reproduce the isospin averaged masses of the pion and
kaon as mπ = 138.04 MeV and mK = 495.65 MeV, re-
spectively, for each model parameter set (GS ,GD). We
take the model parameters in the region of

0.8 ≤ GS ≤ 1.2, −1.3 ≤ GD ≤ 0.0. (38)

Within the above parameter region, we show the results
when the pion and kaon are found to be bound state so-
lutions of Eq. (32) with the observed masses. These
parameter sets are shown in Fig. 5 as the grey and black
ares. The values of the current quark masses are found
to be distributed in the following ranges:

4.3 MeV < mq < 5.8 MeV, ave. 5.5 MeV, (39a)

120 MeV < ms < 170 MeV, ave. 141 MeV. (39b)

As seen in Fig. 5, while the anomaly driven symme-
try breaking takes place with wider parameter area than
in the chiral limit, the η0 meson becomes less stable.
With larger GD in magnitude, the η0 meson becomes un-
bound. The white area in Fig. 5 means that the pion and
kaon cannot be reproduced with the physical masses as
bound states of the dynamical quarks.

We calculate the dynamical quark masses Mq and
Ms for each parameter set (GS ,GD) by the gap equa-
tions (28). The obtained dynamical masses are shown
in Fig. 6. Again with the larger GD we obtain the heav-
ier dynamical masses, and the dynamical masses are
smaller in the anomaly driven breaking than in the stan-
dard breaking for each GD.
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Figure 3: Upper (1): Phase diagram for the dimensionless coupling
constants GD and GS in the chiral limit. The dimensionless parame-
ters are given in Eqs. (37). The black and grey areas indicate pairs of
the coupling constants where chiral symmetry is dynamically broken.
In region I, the η0 meson is found as a bound state, while it is a virtual
state or a resonance in region II. In region III, there is no solution for
η0. Lower (2): The dynamical quark mass Mq obtained with a pa-
rameter set (GS ,GD) in the chiral limit. The black area labeled by ‘a’
denotes the dynamical quark mass obtained with the anomaly driven
breaking GS < 1, while the gray area labeled by ‘b’ stands for Mq

obtained with the normal symmetry breaking GS ≥ 1.

GD > 0 for further calculations.

For the σ0 mass, it is known that the σ0 mass is equal
to 2Mq in the chiral limit with GD = 0 in the ladder ap-
proximation [34]. For GD < 0 the anomaly term works
attractively to the σ0 channel. Thus, the σ0 meson is
a bound state of the quark and antiquark for GD < 0,
while the anomaly term with GD > 0 contribute to the
σ0 channel repulsively and the σ0 is found to be a reso-
nance state.

In Fig. 4 we show the correlation of the masses of
the σ0 and η0 masses obtained by the parameter set
(GS ,GD) shown in region I and II of Fig. 3(1). The
black area shows again the masses obtained in the
anomaly driven breaking with GS < 1. This figure
shows that in the anomaly driven breaking the η0 mass is
always larger than that of the σ0 meson. Furthermore,
only the standard breaking can take place for large σ0

masses. These are consistent with the linear σ model.

Let us now introduce the explicit chiral symmetry
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Figure 4: Correlation between the σ0 and η0 masses obtained in
the chiral limit with the parameter set (GS ,GD) in region I and II of
Fig. 3(1). The dashed line stands for mη0 = mσ0 . The black area
labeled by ‘a’ denotes the meson masses obtained with the anomaly
driven breaking GS < 1, while the gray area labeled by ‘b’ stands for
mσ0 and mη0 obtained with the normal symmetry breaking GS ≥ 1.

breaking with finite current quark masses. We deter-
mine the values of the current quark masses so as to
reproduce the isospin averaged masses of the pion and
kaon as mπ = 138.04 MeV and mK = 495.65 MeV, re-
spectively, for each model parameter set (GS ,GD). We
take the model parameters in the region of

0.8 ≤ GS ≤ 1.2, −1.3 ≤ GD ≤ 0.0. (38)

Within the above parameter region, we show the results
when the pion and kaon are found to be bound state so-
lutions of Eq. (32) with the observed masses. These
parameter sets are shown in Fig. 5 as the grey and black
ares. The values of the current quark masses are found
to be distributed in the following ranges:

4.3 MeV < mq < 5.8 MeV, ave. 5.5 MeV, (39a)

120 MeV < ms < 170 MeV, ave. 141 MeV. (39b)

As seen in Fig. 5, while the anomaly driven symme-
try breaking takes place with wider parameter area than
in the chiral limit, the η0 meson becomes less stable.
With larger GD in magnitude, the η0 meson becomes un-
bound. The white area in Fig. 5 means that the pion and
kaon cannot be reproduced with the physical masses as
bound states of the dynamical quarks.

We calculate the dynamical quark masses Mq and
Ms for each parameter set (GS ,GD) by the gap equa-
tions (28). The obtained dynamical masses are shown
in Fig. 6. Again with the larger GD we obtain the heav-
ier dynamical masses, and the dynamical masses are
smaller in the anomaly driven breaking than in the stan-
dard breaking for each GD.
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chiral limit just for simplicity
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Figure 3: Upper (1): Phase diagram for the dimensionless coupling
constants GD and GS in the chiral limit. The dimensionless parame-
ters are given in Eqs. (37). The black and grey areas indicate pairs of
the coupling constants where chiral symmetry is dynamically broken.
In region I, the η0 meson is found as a bound state, while it is a virtual
state or a resonance in region II. In region III, there is no solution for
η0. Lower (2): The dynamical quark mass Mq obtained with a pa-
rameter set (GS ,GD) in the chiral limit. The black area labeled by ‘a’
denotes the dynamical quark mass obtained with the anomaly driven
breaking GS < 1, while the gray area labeled by ‘b’ stands for Mq

obtained with the normal symmetry breaking GS ≥ 1.

GD > 0 for further calculations.

For the σ0 mass, it is known that the σ0 mass is equal
to 2Mq in the chiral limit with GD = 0 in the ladder ap-
proximation [34]. For GD < 0 the anomaly term works
attractively to the σ0 channel. Thus, the σ0 meson is
a bound state of the quark and antiquark for GD < 0,
while the anomaly term with GD > 0 contribute to the
σ0 channel repulsively and the σ0 is found to be a reso-
nance state.

In Fig. 4 we show the correlation of the masses of
the σ0 and η0 masses obtained by the parameter set
(GS ,GD) shown in region I and II of Fig. 3(1). The
black area shows again the masses obtained in the
anomaly driven breaking with GS < 1. This figure
shows that in the anomaly driven breaking the η0 mass is
always larger than that of the σ0 meson. Furthermore,
only the standard breaking can take place for large σ0

masses. These are consistent with the linear σ model.

Let us now introduce the explicit chiral symmetry
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Figure 4: Correlation between the σ0 and η0 masses obtained in
the chiral limit with the parameter set (GS ,GD) in region I and II of
Fig. 3(1). The dashed line stands for mη0 = mσ0 . The black area
labeled by ‘a’ denotes the meson masses obtained with the anomaly
driven breaking GS < 1, while the gray area labeled by ‘b’ stands for
mσ0 and mη0 obtained with the normal symmetry breaking GS ≥ 1.

breaking with finite current quark masses. We deter-
mine the values of the current quark masses so as to
reproduce the isospin averaged masses of the pion and
kaon as mπ = 138.04 MeV and mK = 495.65 MeV, re-
spectively, for each model parameter set (GS ,GD). We
take the model parameters in the region of

0.8 ≤ GS ≤ 1.2, −1.3 ≤ GD ≤ 0.0. (38)

Within the above parameter region, we show the results
when the pion and kaon are found to be bound state so-
lutions of Eq. (32) with the observed masses. These
parameter sets are shown in Fig. 5 as the grey and black
ares. The values of the current quark masses are found
to be distributed in the following ranges:

4.3 MeV < mq < 5.8 MeV, ave. 5.5 MeV, (39a)

120 MeV < ms < 170 MeV, ave. 141 MeV. (39b)

As seen in Fig. 5, while the anomaly driven symme-
try breaking takes place with wider parameter area than
in the chiral limit, the η0 meson becomes less stable.
With larger GD in magnitude, the η0 meson becomes un-
bound. The white area in Fig. 5 means that the pion and
kaon cannot be reproduced with the physical masses as
bound states of the dynamical quarks.

We calculate the dynamical quark masses Mq and
Ms for each parameter set (GS ,GD) by the gap equa-
tions (28). The obtained dynamical masses are shown
in Fig. 6. Again with the larger GD we obtain the heav-
ier dynamical masses, and the dynamical masses are
smaller in the anomaly driven breaking than in the stan-
dard breaking for each GD.
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GD > 0 for further calculations.

For the σ0 mass, it is known that the σ0 mass is equal
to 2Mq in the chiral limit with GD = 0 in the ladder ap-
proximation [34]. For GD < 0 the anomaly term works
attractively to the σ0 channel. Thus, the σ0 meson is
a bound state of the quark and antiquark for GD < 0,
while the anomaly term with GD > 0 contribute to the
σ0 channel repulsively and the σ0 is found to be a reso-
nance state.

In Fig. 4 we show the correlation of the masses of
the σ0 and η0 masses obtained by the parameter set
(GS ,GD) shown in region I and II of Fig. 3(1). The
black area shows again the masses obtained in the
anomaly driven breaking with GS < 1. This figure
shows that in the anomaly driven breaking the η0 mass is
always larger than that of the σ0 meson. Furthermore,
only the standard breaking can take place for large σ0

masses. These are consistent with the linear σ model.

Let us now introduce the explicit chiral symmetry
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breaking with finite current quark masses. We deter-
mine the values of the current quark masses so as to
reproduce the isospin averaged masses of the pion and
kaon as mπ = 138.04 MeV and mK = 495.65 MeV, re-
spectively, for each model parameter set (GS ,GD). We
take the model parameters in the region of

0.8 ≤ GS ≤ 1.2, −1.3 ≤ GD ≤ 0.0. (38)

Within the above parameter region, we show the results
when the pion and kaon are found to be bound state so-
lutions of Eq. (32) with the observed masses. These
parameter sets are shown in Fig. 5 as the grey and black
ares. The values of the current quark masses are found
to be distributed in the following ranges:

4.3 MeV < mq < 5.8 MeV, ave. 5.5 MeV, (39a)

120 MeV < ms < 170 MeV, ave. 141 MeV. (39b)

As seen in Fig. 5, while the anomaly driven symme-
try breaking takes place with wider parameter area than
in the chiral limit, the η0 meson becomes less stable.
With larger GD in magnitude, the η0 meson becomes un-
bound. The white area in Fig. 5 means that the pion and
kaon cannot be reproduced with the physical masses as
bound states of the dynamical quarks.

We calculate the dynamical quark masses Mq and
Ms for each parameter set (GS ,GD) by the gap equa-
tions (28). The obtained dynamical masses are shown
in Fig. 6. Again with the larger GD we obtain the heav-
ier dynamical masses, and the dynamical masses are
smaller in the anomaly driven breaking than in the stan-
dard breaking for each GD.
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Figure 2: Schematic plot of the effective potential calculated by the
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terms for comparison. The calculation is done with GS = 0.96, GD =

−0.65 (dashed line), GS = 0.96, GD = −0.7 (solid line) and GS =

1.01, GD = −0.7 (dotted line). See text for the details.

This implies that for gS > gcrit
S , where the critical value

is defined by gcrit
S = 2π2/(3Λ2), the effective potential

has a local maximum at M = 0 and the minimum value
at M = Mq with a finite Mq. This is the standard sce-
nario of the dynamical breaking of chiral symmetry in
the NJL model.

Even though the effective potential has a local min-
imum at the origin with gS < gcrit

S , if Eq. (34) has a
solution with a finite Mq and the effective potential has
the minimum value there, chiral symmetry is dynami-
cally broken. That is possible with negative values of
gD provinding

∂2Ṽ(M)

∂M2

∣

∣

∣

∣

∣

∣

M=Mq

> 0, Ṽ(Mq) < Ṽ(0), (36)

with a finite Mq satisfying Eq. (34). We call this situa-
tion anomaly driven symmetry breaking.

In Fig. 2, we show three examples of the effective
potential as functions of the dynamical quark mass M
scaled to the nontrivial solution of the gap equation, Mq.
In the plot, trivial constant terms are removed for com-
parison. Here we have introduced dimensionless cou-
pling constants defined by

GS =
gS

gcrit
S

=
3Λ2

2π2
gS , (37a)

GD =
ΛgD

(gcrit
S )2

= Λ

(

3Λ2

2π2

)2

gD. (37b)

The calculation is done with three examples; dashed
line (GS ,GD) = (0.96,−0.65), solid line (GS ,GD) =
(0.96,−0.7) and dotted line (GS ,GD) = (1.01,−0.7).

For GS = 1.01, gS is larger than the critical value gcrit
S

and the effective action does not have a local minimum
at M = 0, and thus chiral symmetry is broken dynami-
cally without the anomaly term. In contrast, for GS < 1,
the effective potential has a local minimum at M = 0
and with sufficiently large GD in magnitude the effec-
tive potential has the minimum at a nonzero quark mass.
The latter situation is the anomaly driven breaking.

In order to see the condition of the dynamical break-
ing in more details, we show in Fig. 3 (1) a phase dia-
gram for the dimensionless model parameters (GD,GS )
with which the dynamical breaking of chiral symme-
try takes place with a finite quark mass Mq. The figure
shows the dynamical breaking phase in the black and
gray areas. As one sees, for GD < 0, chiral symmetry is
dynamically broken, even though the coupling constant
Gs is smaller than its critical value.

In Fig. 3 (2), we show the dynamical quark masses
obtained by a parameter set (GS ,GD). It is shown that
the stronger GD in magnitude provides the larger dy-
namical mass. In the black area labeled by ‘a’, the dy-
namical quark mass is obtained with the anomaly driven
breaking, that is GS < 1, while in the gray area labeled
by ‘b’, it is obtained with the standard symmetry break-
ing GS ≥ 1. The figure shows that the dynamical quark
mass in the anomaly driven breaking is smaller than that
in the standard symmetry breaking for each GD.

In Fig. 3 (1), the properties of the η0 meson are cat-
egorized by the gray scale. The black region labeled
by ‘I’ represents where the η0 meson is found as a bound
state of a quark and an antiquark. In region I, only the
usual chiral symmetry breaking takes place. This is con-
sistent with the linear σ model where for the lighter η0

masses the usual symmetry breaking takes place. The
dark gray area specified by ‘II’ in Fig. 3 (1) shows the
region that the η0 meson is found as a resonance or a vir-
tual state in the second Riemann sheet, where the reso-
nances appear above the 2Mq threshold. In region II, the
anomaly driven breaking can take place. This implies
that for a heavier η0 mass the anomaly driven breaking
can take place. This is also consistent with the linear
σ model. In the gray areas labeled by ‘III’, no solution
of Eq. (32) for the η0 meson is found in the region of

Re mη0
< 2

√

M2
q + Λ

2 1 and −Im mη0
< 2Mq. In partic-

ular, for GD = 0 the η0 meson would be found massless
as a Nambu-Goldstone boson associated with the dy-
namical breaking of the U(3)L⊗U(3)R chiral symmetry,
and for GD > 0, the η0 meson receives further attrac-
tion which makes η0 unstable. Thus, we do not consider

1The loop functions J(M) have a singularity at
√

s = 2
√

M2 + Λ2.
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chiral limit
vacuum condition at tree level + mass formula
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<latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit>

usual breaking

anomaly driven 
breaking

linear sigma model

where σ is the chiral partner of pion

Kono, DJ, Kuroda, Harada, 
PTEP accepted
DOI: 10.1093/ptep/ptab084

<latexit sha1_base64="tbSYbU7lNLk5jE8qKYsdQ6BkIMg=">AAACA3icbVBLSwMxGMz6rPW16tFLsAqe6m4r6kkKXjxWsA/oY8mm37ahye6SZIWy9OjFv+JFxIuCd/+C/8Zs20tbBwLDzIRkxo85U9pxfq2V1bX1jc3cVn57Z3dv3z44rKsokRRqNOKRbPpEAWch1DTTHJqxBCJ8Dg1/eJf5jSeQikXhox7F0BGkH7KAUaKN5NmnwkvbivUF8Zxxt4RvcSaAJt12LJkAo12UPbvgFJ0J8DJxZ6SAZqh69k+7F9FEQKgpJ0q1XCfWnZRIzSiHcb6dKIgJHZI+pJMOY3xmpB4OImlOqPFEncsRodRI+CYpiB6oRS8T//NaiQ5uOikL40RDSKcPBQnHOsLZILjHJFDNR4YQKpn5IaYDIgnVZra8qe4uFl0m9VLRvSqWHy4LlcpshBw6RifoHLnoGlXQPaqiGqLoBb2hT/RlPVuv1rv1MY2uWLM7R2gO1vcfuaKWtQ==</latexit>

m2
�0

> m2
⌘0/3

<latexit sha1_base64="SalHb6Qp3Nx3zXMmCnAyk1uo3Rw=">AAACA3icbVBLSwMxGMz6rPW16tFLsAqe6m4r6sFDwYvHCvYBfSzZ9Ns2NNldkqxQlh69+Fe8iHhR8O5f8N+YbXtp60BgmJmQzPgxZ0o7zq+1srq2vrGZ28pv7+zu7dsHh3UVJZJCjUY8kk2fKOAshJpmmkMzlkCEz6HhD+8yv/EEUrEofNSjGDqC9EMWMEq0kTz7VHhpW7G+IJ4z7pbwLc4E0KTbjiUTYLSLsmcXnKIzAV4m7owU0AxVz/5p9yKaCAg15USpluvEupMSqRnlMM63EwUxoUPSh3TSYYzPjNTDQSTNCTWeqHM5IpQaCd8kBdEDtehl4n9eK9HBTSdlYZxoCOn0oSDhWEc4GwT3mASq+cgQQiUzP8R0QCSh2syWN9XdxaLLpF4qulfF8sNloVKZjZBDx+gEnSMXXaMKukdVVEMUvaA39Im+rGfr1Xq3PqbRFWt25wjNwfr+A7aGlrM=</latexit>

m2
�0

< m2
⌘0/3
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chiral limit
vacuum condition at tree level + mass formula

relation between σ and η’ masses and μ2

µ2 < 0
<latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit>

µ2 > 0
<latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit>

usual breaking

anomaly driven 
breaking

linear sigma model

where σ is the chiral partner of pion

µ2 < 0
<latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit><latexit sha1_base64="hfTsSZwyTFQKK1IK3oTHlliJTJk=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoAsXBTcuK9iHtLVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBwOGcE+49N0iUtOh5vyS3sbm1vZPfLeztHxweFY9PGjZODRd1HqvYtAJmhZKRqKNEJVqJEUwHSjSD0d3Mb74IY2UcPeI4EV3NBpEMJWfopKeOTp8r9JZ6vWLJK3tz0HXiZ6QEGWq94k+nH/NUiwi5Yta2fS/B7oQZlFyJaaGTWpEwPmIDMZmvOaUXTurTMDbuRUjn6lKOaWvHOnBJzXBoV72Z+J/XTjG86U5klKQoIr4YFKaKYkxnnWlfGsFRjR1h3Ei3IeVDZhhHd5mCq+6vFl0njUrZd/zhqlStZkfIwxmcwyX4cA1VuIca1IGDhjf4hC8yJK/knXwsojmS/TmFJZDvPwUiivc=</latexit>

µ2 > 0
<latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit><latexit sha1_base64="L5fYp7Lg0cgANzJSc/75RuW7Bmo=">AAAB5nicbVDLSgMxFL2pr1pfVZdugkVwVWaKoCspuHFZwT6krSWTZtrQZGZI7gil9BfciLhR8HP8Bf/GtJ1NWw8EDueccO+5QaKkRc/7JbmNza3tnfxuYW//4PCoeHzSsHFquKjzWMWmFTArlIxEHSUq0UqMYDpQohmM7mZ+80UYK+PoEceJ6Go2iGQoOUMnPXV0+lyht9TrFUte2ZuDrhM/IyXIUOsVfzr9mKdaRMgVs7btewl2J8yg5EpMC53UioTxERuIyXzNKb1wUp+GsXEvQjpXl3JMWzvWgUtqhkO76s3E/7x2iuFNdyKjJEUR8cWgMFUUYzrrTPvSCI5q7AjjRroNKR8ywzi6yxRcdX+16DppVMq+4w9XpWo1O0IezuAcLsGHa6jCPdSgDhw0vMEnfJEheSXv5GMRzZHszyksgXz/AQgaivk=</latexit>

<latexit sha1_base64="P7NUhv2gQRo22S12FlyHMMUfJ30=">AAAB/XicbVDLSsNAFL2pr1pfUZeCDBbBVZlI0a6k4MaNUME+oClhMp20Q2eSMDMRSihu/BU3Im4U/AV/wb8xbbNp64GBwzlnuPcePxZcG4x/rcLa+sbmVnG7tLO7t39gHx61dJQoypo0EpHq+EQzwUPWNNwI1okVI9IXrO2Pbqd++4kpzaPw0Yxj1pNkEPKAU2IyybNPpZe6mg8k8fAE3aBaFaPUVRK56J61Jp5dxhU8A1olTk7KkKPh2T9uP6KJZKGhgmjddXBseilRhlPBJiU30SwmdEQGLJ1tP0HnmdRHQaSyFxo0UxdyRGo9ln6WlMQM9bI3Ff/zuokJar2Uh3FiWEjng4JEIBOhaRWozxWjRowzQqji2YaIDoki1GSFlbLTneVDV0nrsuJcVfBDtVyv5yUU4QTO4AIcuIY63EEDmkDhBd7gE76sZ+vVerc+5tGClf85hgVY33/oXJNW</latexit>

m�0 > 840 MeV
<latexit sha1_base64="oYr2MR2UuxNlSLhSfMchCAtasMk=">AAAB/XicbVDLSsNAFL2pr1pfUZeCDBbBVZlI0S5cFNy4ESrYBzQlTKaTduhMEmYmQgnFjb/iRsSNgr/gL/g3pm02bT0wcDjnDPfe48eCa4Pxr1VYW9/Y3Cpul3Z29/YP7MOjlo4SRVmTRiJSHZ9oJnjImoYbwTqxYkT6grX90e3Ubz8xpXkUPppxzHqSDEIecEpMJnn2qfRSV/OBJB6eoBtUq2KUukoiF92z1sSzy7iCZ0CrxMlJGXI0PPvH7Uc0kSw0VBCtuw6OTS8lynAq2KTkJprFhI7IgKWz7SfoPJP6KIhU9kKDZupCjkitx9LPkpKYoV72puJ/XjcxQa2X8jBODAvpfFCQCGQiNK0C9bli1IhxRghVPNsQ0SFRhJqssFJ2urN86CppXVacqwp+qJbr9byEIpzAGVyAA9dQhztoQBMovMAbfMKX9Wy9Wu/WxzxasPI/x7AA6/sP5UiTVA==</latexit>

m�0 < 840 MeV

anomaly driven symmetry breaking is possible, 
if singlet sigma mass is smaller than 840 MeV.

usual breaking
m⌘8 = 550 MeV

<latexit sha1_base64="7vMmID0mhVD4VLK/7R+td8BIJT8=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiRisRuh4MaNUME+oClhMr1ph84kYWYilBA3/oobETcKfoO/4N84fWzaemDgcM4Z7r0nSDhT2nF+rcLa+sbmVnG7tLO7t39gHx61VJxKCk0a81h2AqKAswiammkOnUQCEQGHdjC6nfjtJ5CKxdGjHifQE2QQsZBRoo3k26fCzzzQxK/l+AbjatXBmScF9vA9tHLfLjsVZwq8Stw5KaM5Gr794/VjmgqINOVEqa7rJLqXEakZ5ZCXvFRBQuiIDCCbLp/jcyP1cRhL8yKNp+pCjgilxiIwSUH0UC17E/E/r5vqsNbLWJSkGiI6GxSmHOsYT5rAfSaBaj42hFDJzIaYDokkVJu+SuZ0d/nQVdK6rLiGP1yV6/V5CUV0gs7QBXLRNaqjO9RATUTRC3pDn+jLerZerXfrYxYtWPM/x2gB1vcfqXCSlQ==</latexit><latexit sha1_base64="7vMmID0mhVD4VLK/7R+td8BIJT8=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiRisRuh4MaNUME+oClhMr1ph84kYWYilBA3/oobETcKfoO/4N84fWzaemDgcM4Z7r0nSDhT2nF+rcLa+sbmVnG7tLO7t39gHx61VJxKCk0a81h2AqKAswiammkOnUQCEQGHdjC6nfjtJ5CKxdGjHifQE2QQsZBRoo3k26fCzzzQxK/l+AbjatXBmScF9vA9tHLfLjsVZwq8Stw5KaM5Gr794/VjmgqINOVEqa7rJLqXEakZ5ZCXvFRBQuiIDCCbLp/jcyP1cRhL8yKNp+pCjgilxiIwSUH0UC17E/E/r5vqsNbLWJSkGiI6GxSmHOsYT5rAfSaBaj42hFDJzIaYDokkVJu+SuZ0d/nQVdK6rLiGP1yV6/V5CUV0gs7QBXLRNaqjO9RATUTRC3pDn+jLerZerXfrYxYtWPM/x2gB1vcfqXCSlQ==</latexit><latexit sha1_base64="7vMmID0mhVD4VLK/7R+td8BIJT8=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiRisRuh4MaNUME+oClhMr1ph84kYWYilBA3/oobETcKfoO/4N84fWzaemDgcM4Z7r0nSDhT2nF+rcLa+sbmVnG7tLO7t39gHx61VJxKCk0a81h2AqKAswiammkOnUQCEQGHdjC6nfjtJ5CKxdGjHifQE2QQsZBRoo3k26fCzzzQxK/l+AbjatXBmScF9vA9tHLfLjsVZwq8Stw5KaM5Gr794/VjmgqINOVEqa7rJLqXEakZ5ZCXvFRBQuiIDCCbLp/jcyP1cRhL8yKNp+pCjgilxiIwSUH0UC17E/E/r5vqsNbLWJSkGiI6GxSmHOsYT5rAfSaBaj42hFDJzIaYDokkVJu+SuZ0d/nQVdK6rLiGP1yV6/V5CUV0gs7QBXLRNaqjO9RATUTRC3pDn+jLerZerXfrYxYtWPM/x2gB1vcfqXCSlQ==</latexit><latexit sha1_base64="7vMmID0mhVD4VLK/7R+td8BIJT8=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiRisRuh4MaNUME+oClhMr1ph84kYWYilBA3/oobETcKfoO/4N84fWzaemDgcM4Z7r0nSDhT2nF+rcLa+sbmVnG7tLO7t39gHx61VJxKCk0a81h2AqKAswiammkOnUQCEQGHdjC6nfjtJ5CKxdGjHifQE2QQsZBRoo3k26fCzzzQxK/l+AbjatXBmScF9vA9tHLfLjsVZwq8Stw5KaM5Gr794/VjmgqINOVEqa7rJLqXEakZ5ZCXvFRBQuiIDCCbLp/jcyP1cRhL8yKNp+pCjgilxiIwSUH0UC17E/E/r5vqsNbLWJSkGiI6GxSmHOsYT5rAfSaBaj42hFDJzIaYDokkVJu+SuZ0d/nQVdK6rLiGP1yV6/V5CUV0gs7QBXLRNaqjO9RATUTRC3pDn+jLerZerXfrYxYtWPM/x2gB1vcfqXCSlQ==</latexit><latexit sha1_base64="7vMmID0mhVD4VLK/7R+td8BIJT8=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiRisRuh4MaNUME+oClhMr1ph84kYWYilBA3/oobETcKfoO/4N84fWzaemDgcM4Z7r0nSDhT2nF+rcLa+sbmVnG7tLO7t39gHx61VJxKCk0a81h2AqKAswiammkOnUQCEQGHdjC6nfjtJ5CKxdGjHifQE2QQsZBRoo3k26fCzzzQxK/l+AbjatXBmScF9vA9tHLfLjsVZwq8Stw5KaM5Gr794/VjmgqINOVEqa7rJLqXEakZ5ZCXvFRBQuiIDCCbLp/jcyP1cRhL8yKNp+pCjgilxiIwSUH0UC17E/E/r5vqsNbLWJSkGiI6GxSmHOsYT5rAfSaBaj42hFDJzIaYDokkVJu+SuZ0d/nQVdK6rLiGP1yV6/V5CUV0gs7QBXLRNaqjO9RATUTRC3pDn+jLerZerXfrYxYtWPM/x2gB1vcfqXCSlQ==</latexit>

m⌘0 = 958 MeV
<latexit sha1_base64="0Es5knDI+tftcW8GcIUz7Q+jmCo=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiSiWBdCwY0boYJ9QFPCZDpth84kYeZGKCFu/BU3Im4U/AZ/wb9x2mbT1gMDh3POcO89QSy4Bsf5tQorq2vrG8XN0tb2zu6evX/Q1FGiKGvQSESqHRDNBA9ZAzgI1o4VIzIQrBWMbid+64kpzaPwEcYx60oyCHmfUwJG8u1j6aceA+I7Gb7B+PqyilNPSezhe9bMfLvsVJwp8DJxc1JGOeq+/eP1IppIFgIVROuO68TQTYkCTgXLSl6iWUzoiAxYOl0+w6dG6uF+pMwLAU/VuRyRWo9lYJKSwFAvehPxP6+TQL/aTXkYJ8BCOhvUTwSGCE+awD2uGAUxNoRQxc2GmA6JIhRMXyVzurt46DJpnldcwx8uyrVaXkIRHaETdIZcdIVq6A7VUQNR9ILe0Cf6sp6tV+vd+phFC1b+5xDNwfr+A69Qkpk=</latexit><latexit sha1_base64="0Es5knDI+tftcW8GcIUz7Q+jmCo=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiSiWBdCwY0boYJ9QFPCZDpth84kYeZGKCFu/BU3Im4U/AZ/wb9x2mbT1gMDh3POcO89QSy4Bsf5tQorq2vrG8XN0tb2zu6evX/Q1FGiKGvQSESqHRDNBA9ZAzgI1o4VIzIQrBWMbid+64kpzaPwEcYx60oyCHmfUwJG8u1j6aceA+I7Gb7B+PqyilNPSezhe9bMfLvsVJwp8DJxc1JGOeq+/eP1IppIFgIVROuO68TQTYkCTgXLSl6iWUzoiAxYOl0+w6dG6uF+pMwLAU/VuRyRWo9lYJKSwFAvehPxP6+TQL/aTXkYJ8BCOhvUTwSGCE+awD2uGAUxNoRQxc2GmA6JIhRMXyVzurt46DJpnldcwx8uyrVaXkIRHaETdIZcdIVq6A7VUQNR9ILe0Cf6sp6tV+vd+phFC1b+5xDNwfr+A69Qkpk=</latexit><latexit sha1_base64="0Es5knDI+tftcW8GcIUz7Q+jmCo=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiSiWBdCwY0boYJ9QFPCZDpth84kYeZGKCFu/BU3Im4U/AZ/wb9x2mbT1gMDh3POcO89QSy4Bsf5tQorq2vrG8XN0tb2zu6evX/Q1FGiKGvQSESqHRDNBA9ZAzgI1o4VIzIQrBWMbid+64kpzaPwEcYx60oyCHmfUwJG8u1j6aceA+I7Gb7B+PqyilNPSezhe9bMfLvsVJwp8DJxc1JGOeq+/eP1IppIFgIVROuO68TQTYkCTgXLSl6iWUzoiAxYOl0+w6dG6uF+pMwLAU/VuRyRWo9lYJKSwFAvehPxP6+TQL/aTXkYJ8BCOhvUTwSGCE+awD2uGAUxNoRQxc2GmA6JIhRMXyVzurt46DJpnldcwx8uyrVaXkIRHaETdIZcdIVq6A7VUQNR9ILe0Cf6sp6tV+vd+phFC1b+5xDNwfr+A69Qkpk=</latexit><latexit sha1_base64="0Es5knDI+tftcW8GcIUz7Q+jmCo=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiSiWBdCwY0boYJ9QFPCZDpth84kYeZGKCFu/BU3Im4U/AZ/wb9x2mbT1gMDh3POcO89QSy4Bsf5tQorq2vrG8XN0tb2zu6evX/Q1FGiKGvQSESqHRDNBA9ZAzgI1o4VIzIQrBWMbid+64kpzaPwEcYx60oyCHmfUwJG8u1j6aceA+I7Gb7B+PqyilNPSezhe9bMfLvsVJwp8DJxc1JGOeq+/eP1IppIFgIVROuO68TQTYkCTgXLSl6iWUzoiAxYOl0+w6dG6uF+pMwLAU/VuRyRWo9lYJKSwFAvehPxP6+TQL/aTXkYJ8BCOhvUTwSGCE+awD2uGAUxNoRQxc2GmA6JIhRMXyVzurt46DJpnldcwx8uyrVaXkIRHaETdIZcdIVq6A7VUQNR9ILe0Cf6sp6tV+vd+phFC1b+5xDNwfr+A69Qkpk=</latexit><latexit sha1_base64="0Es5knDI+tftcW8GcIUz7Q+jmCo=">AAAB/HicbVDLSsNAFJ3UV62vqEsRBovgqiSiWBdCwY0boYJ9QFPCZDpth84kYeZGKCFu/BU3Im4U/AZ/wb9x2mbT1gMDh3POcO89QSy4Bsf5tQorq2vrG8XN0tb2zu6evX/Q1FGiKGvQSESqHRDNBA9ZAzgI1o4VIzIQrBWMbid+64kpzaPwEcYx60oyCHmfUwJG8u1j6aceA+I7Gb7B+PqyilNPSezhe9bMfLvsVJwp8DJxc1JGOeq+/eP1IppIFgIVROuO68TQTYkCTgXLSl6iWUzoiAxYOl0+w6dG6uF+pMwLAU/VuRyRWo9lYJKSwFAvehPxP6+TQL/aTXkYJ8BCOhvUTwSGCE+awD2uGAUxNoRQxc2GmA6JIhRMXyVzurt46DJpnldcwx8uyrVaXkIRHaETdIZcdIVq6A7VUQNR9ILe0Cf6sp6tV+vd+phFC1b+5xDNwfr+A69Qkpk=</latexit>

m⇡ = 140 MeV
<latexit sha1_base64="dcNfcisJtqiwX7AK/ajYTGL7Ii8=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuCqJFOpCoeDGjVDBPqApYTKdtENnkjAzUUrsp7gRcaPgb/gL/o3TNpu2Hhg4nHOGe+8JEs6Udpxfq7C2vrG5Vdwu7ezu7R/Yh0ctFaeS0CaJeSw7AVaUs4g2NdOcdhJJsQg4bQej26nffqJSsTh61OOE9gQeRCxkBGsj+faJ8L2EoRvkVh0PZZ4U6J62Jr5ddirODGiVuDkpQ46Gb/94/ZikgkaacKxU13US3cuw1IxwOil5qaIJJiM8oNls6wk6N1IfhbE0L9Jopi7ksFBqLAKTFFgP1bI3Ff/zuqkOr3oZi5JU04jMB4UpRzpG0wpQn0lKNB8bgolkZkNEhlhiok1RJXO6u3zoKmldVlzDH6rl+nVeQhFO4QwuwIUa1OEOGtAEAi/wBp/wZT1br9a79TGPFqz8zzEswPr+AyQ+kBY=</latexit><latexit sha1_base64="dcNfcisJtqiwX7AK/ajYTGL7Ii8=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuCqJFOpCoeDGjVDBPqApYTKdtENnkjAzUUrsp7gRcaPgb/gL/o3TNpu2Hhg4nHOGe+8JEs6Udpxfq7C2vrG5Vdwu7ezu7R/Yh0ctFaeS0CaJeSw7AVaUs4g2NdOcdhJJsQg4bQej26nffqJSsTh61OOE9gQeRCxkBGsj+faJ8L2EoRvkVh0PZZ4U6J62Jr5ddirODGiVuDkpQ46Gb/94/ZikgkaacKxU13US3cuw1IxwOil5qaIJJiM8oNls6wk6N1IfhbE0L9Jopi7ksFBqLAKTFFgP1bI3Ff/zuqkOr3oZi5JU04jMB4UpRzpG0wpQn0lKNB8bgolkZkNEhlhiok1RJXO6u3zoKmldVlzDH6rl+nVeQhFO4QwuwIUa1OEOGtAEAi/wBp/wZT1br9a79TGPFqz8zzEswPr+AyQ+kBY=</latexit><latexit sha1_base64="dcNfcisJtqiwX7AK/ajYTGL7Ii8=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuCqJFOpCoeDGjVDBPqApYTKdtENnkjAzUUrsp7gRcaPgb/gL/o3TNpu2Hhg4nHOGe+8JEs6Udpxfq7C2vrG5Vdwu7ezu7R/Yh0ctFaeS0CaJeSw7AVaUs4g2NdOcdhJJsQg4bQej26nffqJSsTh61OOE9gQeRCxkBGsj+faJ8L2EoRvkVh0PZZ4U6J62Jr5ddirODGiVuDkpQ46Gb/94/ZikgkaacKxU13US3cuw1IxwOil5qaIJJiM8oNls6wk6N1IfhbE0L9Jopi7ksFBqLAKTFFgP1bI3Ff/zuqkOr3oZi5JU04jMB4UpRzpG0wpQn0lKNB8bgolkZkNEhlhiok1RJXO6u3zoKmldVlzDH6rl+nVeQhFO4QwuwIUa1OEOGtAEAi/wBp/wZT1br9a79TGPFqz8zzEswPr+AyQ+kBY=</latexit><latexit sha1_base64="dcNfcisJtqiwX7AK/ajYTGL7Ii8=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuCqJFOpCoeDGjVDBPqApYTKdtENnkjAzUUrsp7gRcaPgb/gL/o3TNpu2Hhg4nHOGe+8JEs6Udpxfq7C2vrG5Vdwu7ezu7R/Yh0ctFaeS0CaJeSw7AVaUs4g2NdOcdhJJsQg4bQej26nffqJSsTh61OOE9gQeRCxkBGsj+faJ8L2EoRvkVh0PZZ4U6J62Jr5ddirODGiVuDkpQ46Gb/94/ZikgkaacKxU13US3cuw1IxwOil5qaIJJiM8oNls6wk6N1IfhbE0L9Jopi7ksFBqLAKTFFgP1bI3Ff/zuqkOr3oZi5JU04jMB4UpRzpG0wpQn0lKNB8bgolkZkNEhlhiok1RJXO6u3zoKmldVlzDH6rl+nVeQhFO4QwuwIUa1OEOGtAEAi/wBp/wZT1br9a79TGPFqz8zzEswPr+AyQ+kBY=</latexit><latexit sha1_base64="dcNfcisJtqiwX7AK/ajYTGL7Ii8=">AAAB9XicbVDLSsNAFL2pr1pfUcGNm8EiuCqJFOpCoeDGjVDBPqApYTKdtENnkjAzUUrsp7gRcaPgb/gL/o3TNpu2Hhg4nHOGe+8JEs6Udpxfq7C2vrG5Vdwu7ezu7R/Yh0ctFaeS0CaJeSw7AVaUs4g2NdOcdhJJsQg4bQej26nffqJSsTh61OOE9gQeRCxkBGsj+faJ8L2EoRvkVh0PZZ4U6J62Jr5ddirODGiVuDkpQ46Gb/94/ZikgkaacKxU13US3cuw1IxwOil5qaIJJiM8oNls6wk6N1IfhbE0L9Jopi7ksFBqLAKTFFgP1bI3Ff/zuqkOr3oZi5JU04jMB4UpRzpG0wpQn0lKNB8bgolkZkNEhlhiok1RJXO6u3zoKmldVlzDH6rl+nVeQhFO4QwuwIUa1OEOGtAEAi/wBp/wZT1br9a79TGPFqz8zzEswPr+AyQ+kBY=</latexit>
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• partial restoration of chiral symmetry = reduction of magnitude of quark condensate 

   in-medium modification of pion properties → change of quark condensate 

   change of quark condensate → possible property changes of other hadrons

• expectations when partial restoration of chiral symmetry takes place in nuclear matter 

- wave function renormalization of NG bosons 
- reduction of mass difference of chiral partners 
- reduction of (a part of) hadron mass

• role of the anomaly term in spontaneous breaking of chiral symmetry 

- anomaly driven breaking is possible 

- such a case,  sigma as a chiral partner of pion should have a lighter mass (than 840 MeV) 

- this could shed light on nature of a chiral partner of pion


