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Symmetry 
broken

Order parameter of chiral symmetry 
depends on T and ρ

Chiral condensate
(= quark condensate)

u
u_

d
_
d

W.Weise, 
NPA553(93)59.

Early Universe

LHC, RHIC

CBM

Analysis of material properties 
of QCD vacuum

Chiral Condensate



Rapp, Wambach, Hees, SpringerMaterials 23, 1 (2010) 
P. Braun-Munzinger et al., QGP3, 491 (2004)

QCD phase and chemical freezeout points 

Lattice



Chiral transition & Quark confinement

H. Suganuma, JPS symposium (2010) 5



Chiral transition & Quark confinement

H. Suganuma, JPS symposium (2010) 6

Color confinement and CSB
Existence of correlation is obvious however 

the details are not yet known



Lattice QCD calculated T dependence of chiral condensate 

C
hi

ra
l c

on
de

ns
at

e

M. Cheng et al., Phys. Rev. D77(2008), 014511.

Temperature dependence of the chiral condensate from lattice 

QCD with 2 + 1 quark flavours and almost physical quark masses

χ-symmetry
restored

χ-symmetry
broken
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Lattice QCD calculated T dependence of chiral condensate 
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Remark: sign problem makes it difficult
for lattice to approach non-zero ρ region

Jon-Ivar Skullerud  
PRD105(2022)034504

χ-symmetry
restored

χ-symmetry
broken
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ρ dependence of chiral condensate
Chiral effective theories predict  

reduction by 50-70% at ρs 

and 76-82% at ρe

1.0

0.9

0.8

0.7

0.6

0.5

0.4
0.00 0.05 0.10 0.15 0.20 0.25

ρ [fm-3]

<q
q>
(ρ
)/<
qq
>(
0)

GodaLacour

Kaiser

Jido

Hübsch
Friedman

ρe ρs
Nuclear Saturation Density 

ρe

Suzuki et al. 
reported value

χ-symmetry
restored

χ-symmetry
broken



Meson masses and QCD medium effect
Vector meson mass modification in QCD sum rule 

(J-PARC E16)

Density / ρc
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Nagahiro et al., PRC 87 (2013) 045201
Jido et al., NPA 914 (2013) 354

Masses of Pseudo-Scalar Mesons 
with various symmetry breaking patterns

dynamical χ symmetry  
breaking

χ symmetry  
manifests

+ explicit χs  
breaking

π,K,η8,η0

π,K,η8

η0

UA(1) anomaly
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Nagahiro et al, PRC 74, 045203 (2006)
ρ/ρs

NJL model

REMARK 

Systematic measurement 
is important. 

PS in high density medium
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Pseudo-scalar mesons 
(in the lowest-mass nonet)

0− Pseudo-Scalar
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T. Hashimoto, J-PARC Hadron 2023

Spectroscopy of K-pp bound states
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photo credit: © J. Hosan/GSI/FAIR

GSI-S490 WASA at FRS for η’mesic nuclei(2022)

proton beam

deuteron

proton12C target

Top view

D-candidate: R. Sekiya
S490 Spokesperson: KI 

 co-Spokesperson: Y.K. Tanaka
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Pionic atoms

d
_

u
nucleus

π−

Ericson-Ericson potential

Us(r)= b0 ρ + b1 (ρn − ρp) + B0 ρ2

π− w.f.

Nuclear ρ

Overlap

←ρe ~ 0.6ρs

ρs

Ikeno et al., PTP126 (2011) 483

1s
2p

2p
1s
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Pion-nucleus interaction
Overlap between  

pion w.f. and nucleus 
→ π works as a probe 

 at ρe~0.6ρs

Ericson-Ericson potential

Us(r)= b0 ρ + b1 (ρn − ρp) + B0 ρ2

π-nucleus interaction is changed 
for wavefunction renormalization 

of medium effect

Ikeno et al., PTP126 (2011) 483

ρs

17

1s
2p

2p
1s

π− w.f.

Nuclear ρ

Overlap

←ρe ~ 0.6ρs
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Ericson-Ericson potential

Us(r)= b0 ρ + b1 (ρn − ρp) + B0 ρ2

Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)

γ=0.184±0.003

In-medium Glashow-Weinberg relation

Pion-nucleus interaction and chiral condensate

π-nucleus interaction is changed 
for wavefunction renormalization 

of medium effect

Overlap between  
pion w.f. and nucleus 
→ π works as a probe 

 at ρe~0.6ρs

v
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Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)

γ=0.184±0.003

In-medium Glashow-Weinberg relation

Pion-nucleus interaction and chiral condensate

M. Gell-Mann et al., PR175(1968)2195.
Y. Tomozawa, NuovoCimA46(1966)707.
S. Weinberg, PRL17(1966)616.

Tomozawa-Weinberg relation

Gell-Mann-Oakes-Renner relation
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Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)

γ=0.184±0.003

In-medium Glashow-Weinberg relation

Pion-nucleus interaction and chiral condensate

v
f2

�m2
� = �2mq �q̄q�

b1 = � m�

8�f2
�

�q̄q��
�q̄q�0

� bfree
1

b1(�)
b1 = 0.0866±0.0010

Hirtl et al., EPJA57, 70 (2021)

Pionic hydrogen and deuterium

Isovector
interaction

<qq>e/<qq>0
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v
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theories
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Gell-Mann-Oakes-Renner relation
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Deeply bound pionic atoms
Level shifts

Pionic Sn atom Pionic Pb atom

1s
2p

Atomic Number

p-wave

s-wave

Deeply bound atoms have "super" repulsive shifts 
and provide s-wave information

{Pionic X-ray
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Pion bound state 
(coupled with n hole)

Excitation energy

threshold

quasi-f
ree

Momentum transfer

Magic momentum

Missing mass spectroscopy to measure excitation spectrum of pionic atoms

Spectroscopy of pionic atoms in (d,3He) reactions

Direct production of 
pionic atoms
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F5

F7

Target

SRC

Scintillator

MWDC x 2
Scintillator

TOF measurement ΔE measurement

d beam >1012 /s,  500 MeV

p 105 /s

3He 102 /s

3He Tracking

BigRIPS

Dispersive focal plane

(d,3He) Reaction Spectroscopy in RIBF
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GSI RIBF

d beam Intensity 1011/spill >1012/s

Target 20 mg/cm2 10 mg/cm2

Δpd/pd (FWHM) 0.02% 0.04%

Resolution (FWHM) 400 keV ~800 keV

Acceptance (mrad) 15H, 10V 40H, 60V

RIKEN-RIBF

0 50 m

SRC

IRC

fRC

AVF

RRC

RIPS

RILAC

BigRIPS

Target

RI Beam Factory

×50!!
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RIKEN-RIBF

0 50 m

SRC

IRC

fRC

AVF

RRC

RIPS

RILAC

BigRIPS

Target

SRC tuning + 
Dispersion matching 

required

RI Beam Factory

GSI RIBF

d beam Intensity 1011/spill >1012/s

Target 20 mg/cm2 10 mg/cm2

Δpd/pd (FWHM) 0.02% 0.04%

Resolution (FWHM) 400 keV < 300 keV

Acceptance (mrad) 15H, 10V 40H, 60V

×50!!
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Resolution improvement technique

Dispersion matching 
Analysis of beam energy in the beam line

Pilot (2010) Standard

σpprimary [%] 0.04 0.04

σxF0 [mm] 0.7 1

resolutionexp [keV] 500 800

45 mm/%

+δp -δp

target

focal plane



Dispersion matching to eliminate contribution of beam 
momentum spread in spectral resolution

Spectrometer
(BigRIPS)

SRC-BT Line  
(T-course)
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xfp = · · ·+ (S11A16 + CS16)�p0

F5

Dispersion matching of primary beam

F5

F5

F5
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EDC

MDC1

MDC2 MDC3

EBM

Azimuthal angle [deg.]
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SRC

calculate the transfer matrix 
using Runge-Kutta method

Object point = EDC

magnetic field in the magnet 

   

Dispersion matching of primary beam
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xfp = · · ·+ (S11A16 + CS16)�p0
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xfp = · · ·+ (S11A16 + CS16)�p0

position at F0

magnification of  
BigRIPS

   red : δp = +0.5%
green : δp =     0%
  blue : δp = -0.5%

Dispersion matching of primary beam
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xfp = · · ·+ (S11A16 + CS16)�p0
Cancel out

   red : δp = +0.5%
green : δp =     0%
  blue : δp = -0.5%

design values: S11 = -1.8 A16 = 44.6 mm/%  
                        C    = 1.31 S16 = 62    mm/%

Dispersion matching of primary beam
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xfp = · · ·+ (S11A16 + CS16)�p0
Cancel out

   red : δp = +0.5%
green : δp =     0%
  blue : δp = -0.5%

design values: S11 = -1.8 A16 = 44.6 mm/%  
                        C    = 1.31 S16 = 62    mm/%

Dispersion matching of primary beam
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F5

F7

Target

SRC

Detector Installation                                                 

     
   

RIKEN-BigRIPS

xF5→δ

New Method for Dispersion Matching Tuning

Track back to F0 using F3 and F5 trackers

• DM tuning is not trivial w/o tackers at F0 in D.M conditions. 
ex. (x|δ)≠0 and (a|δ)≠0 makes fake (x|a) correlation. 

• We established a new method “Trace-back method” by taking 
point-to-point image at F3 and dispersion measurement at F5

xF3→xF0 

aF3→aF0
F0

F3

33

ppac

ppac



BigRIPS
F5

F7

Target

SRC

     
   

RIKEN-BigRIPS

F3

F0

T11

Track back to T11 using F3 and F5 trackers

xF3→xF0

aF3→aF0

xF3→xT11

aF3→aT11

xF5→δ

(x|δ) ~ 0(x|δ) ~ 44.75 mm/% 
(designed value: 44.6)

F0 (x|δ) F0 (x|δ)

We have in our hands capability of 
freely tuning optical conditions at F0

34

SRC F0SRC F0

New Method for Dispersion Matching Tuning



Position of 3He at F5 [mm]

Position of 3He at F5 [mm]

p(d,3He)π0

122Sn(d,3He)121Sn π-

same position
10 mm

Improved dispersion matching in 2021

35

Even with 20mm displacement at TA, 
same position at F5 for same "physics"



2nd (x|ad) and 3rd (x|aaa) order aberrations correction is required.

Higher-order aberration corrections
of BigRIPS as a spectrometer
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@F3 
DPPAC×2

@F5 
DPPAC×2 

@F7 
PPAC 

plastic scintillator

Primary beam : 18O 230 MeV / u 
target : 30mm Be 

fragment : 9C ~ 1kcps (Bρ=2.47 Tm)

• ToF(F3-F7) : dE @F7 for PI 
• Measure aberration at F3/F5 by selecting δ by ToF (RF-F7) 
• Change SX settings respecting symmetry

Higher-order aberration corrections
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We achieved reduction of 2nd (x|ad) and 3rd (x|aaa) order aberrations.

Higher-order aberration corrections

Ready for high resolution spectroscopy!!



Measured spectra, pion-nucleus interaction, 
 and deduction of chiral condensate



Pionic 121Sn atom
Pilot run of 122Sn(d,3He) 
15 hours DAQ in 2010

44

Theoretical spectra

Observed online

Ikeno, Hirenzaki

1s

2s
Itoh Dthesis

~430 keV resolution

122Sn(d,3He)



Pionic 121Sn atom
Pilot run of 122Sn(d,3He) 
15 hours DAQ in 2010

45

~430 keV resolution

Itoh Dthesis

Suzuki et al., PRL 92

Observed online

~30 days

122Sn(d,3He)

GSI



Pionic 121Sn atom
Pilot run of 122Sn(d,3He) 
15 hours DAQ in 2010

46

Itoh Dthesis

Suzuki et al., PRL 92

Observed online

~430 keV resolution

122Sn(d,3He)

~30 daysGSI



First observation of 
θ dependence of  

π atom cross section

Pionic 121Sn atom
Pilot run of 122Sn(d,3He) 
15 hours DAQ in 2010

47

Itoh Dthesis

Observed online
T. Nishi KI et al.,  PRL120, 152505 (2018)

~430 keV resolution

122Sn(d,3He)
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1s and 2p pionic atom cross sections in (d,3He)

T. Nishi KI et al.,  PRL120, 152505 (2018)

θ dependence is well reproduced.
Theory calculates 5x larger cross section for 1s
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Pionic 121Sn atom 122Sn(d,3He) 1sπ 2pπ
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5

0.0-2.0o

(2d3/2)n-1

(2d5/2)n-1

(3s1/2)n-1

π− emission
threshold
↓            

Resolution 394 keV (FWHM)

Theories
B1s= 3.787–3.850 MeV

Γ1s= 0.306–0.324 MeV

B2p= 2.257–2.276 MeV

Pilot run 
15 hours DAQ in 2010

First simultaneous 1s and 2p  
observation

Decomposition of pionic levels

Decomposition of  
nuclear excitations

T. Nishi KI et al.,  PRL120, 152505 (2018)
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Pionic 121Sn atom 122Sn(d,3He) 1sπ 2pπ
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T. Nishi KI et al.,  PRL120, 152505 (2018)

π− emission
threshold
↓            

Resolution 394 keV (FWHM)

Theories
B1s= 3.787–3.850 MeV

Γ1s= 0.306–0.324 MeV

B2p= 2.257–2.276 MeV

Pilot run 
15 hours DAQ in 2010

First simultaneous 1s and 2p  
observation

Decomposition of pionic levels

Decomposition of  
nuclear excitations

T. Nishi KI et al.,  PRL120, 152505 (2018)

2p observed as a peak with 
high stat. significance 

↓ 
Smaller systematic errors  

for differences 
σB1s > σ(B1s−B2p )

However, precision was not enough… 
DM tuning is needed!!



High Precision Spectrum of 122Sn(d,3He) in 2014 run

Nature Physics 19, 788 (2023/3/23) 
Article DOI: 10.1038/s41567-023-02001-x 

2p observed as a peak with 
high stat. significance 

↓ 
Smaller systematic errors  

for differences 
σB1s > σ(B1s−B2p )

51

Optimized DM



2p observed as a peak with 
high stat. significance 

↓ 
Smaller systematic errors  

for differences 
σB1s > σ(B1s−B2p )

High Precision Spectrum of 122Sn(d,3He) in 2014 run

Best resolution 287 keV (FWHM) 52
Nature Physics 19, 788 (2023/3/23) 
Article DOI: 10.1038/s41567-023-02001-x 
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Isovector
interaction

χ-condensate
<qq>e/<qq>0

b1
In-vacuum b1

v

-0.15 -0.14 -0.13 -0.12 -0.11 -0.10 -0.09 -0.08

0.7 0.75 0.8 0.85 0.9

theories

b1 = -0.1005 is deduced

Nishi, KI et al., Nat. Phys. (2023)

Pionic 121Sn

Deduced b1 from pionic Sn spectrum
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Pionic 121Sn

Deduced b1 from pionic Sn spectrum

LLE：short-range correction 
Sn ρ：neutron density distribution 

Abs.：representation of absorption term 
Green：cross section calculation method 

Res. : Residual interaction 
Spec. : neutron spectroscopic factors

N. Ikeno et al., PTEP 2015, 033D01 (2015) 
Terashima et al., PHYSICAL REVIEW C 77, 024317 (2008)  
Nose-Togawa et al., PRC71, 061601(R) (2005) 
Szwec et al., PRC104,054308 (2022)



Measured nuclear density distribution of Sn isotopes 
Sn(p,p') reaction at RCNP, Osaka

Terashima, Sakaguchi et al., PHYSICAL REVIEW C 77, 024317 (2008) 55
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LLE

Sn ρn(r)

Absorption term 

Green

Residual interaction

LLE：short-range correction 
Sn ρ：neutron density distribution 

Abs.：representation of absorption term 
Green：cross section calculation method 

Res. : Residual interaction 
Spec. : neutron spectroscopic factors

Neutron spec. factors
Nishi, KI et al., Nat. Phys. (2023)

N. Ikeno et al., PTEP 2015, 033D01 (2015) 
Terashima et al., PHYSICAL REVIEW C 77, 024317 (2008)  
Nose-Togawa et al., PRC71, 061601(R) (2005) 
Szwec et al., PRC104,054308 (2022)

Deduced b1 with corrections

56
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Nishi, KI et al., Nat. Phys. (2023)

χ-condensate
<qq>e/<qq>0

b1
In-vacuum b1

v

-0.15 -0.14 -0.13 -0.12 -0.11 -0.10 -0.09 -0.08

0.7 0.75 0.8 0.85 0.9

theories

57

Deduced b1 with corrections

LLE：short-range correction 
Sn ρ：neutron density distribution 

Abs.：representation of absorption term 
Green：cross section calculation method 

Res. : Residual interaction 
Spec. : neutron spectroscopic factors

N. Ikeno et al., PTEP 2015, 033D01 (2015) 
Terashima et al., PHYSICAL REVIEW C 77, 024317 (2008)  
Nose-Togawa et al., PRC71, 061601(R) (2005) 
Szwec et al., PRC104,054308 (2022)

LLE

Sn ρn(r)

Absorption term 

Green

Residual interaction

Neutron spec. factors

b1 = −0.1163 ± 0.0056 

57
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broken

Result: deduced chiral condensate

ρe
ρe ρs

1.0

0.9

0.8

0.7

0.6

0.5

0.40.00 0.05 0.10 0.15 0.20 0.25
ρ [fm-3]

<q
q>
(ρ
)/<
qq
>(
0)

GodaLacour

Kaiser

Jido

Hübsch
Friedman

Chiral theories

Nature Physics 19, 788 (2023/3/23) 
Article DOI: 10.1038/s41567-023-02001-x 



χ-symmetry
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broken
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60±3% at ρs
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Result: deduced chiral condensate
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Next Experiments and Future plans
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Systematic spectroscopy of pionic Sn isotopes  
RIBF-135

for better precision



Online spectra in RIBF-135 (2021)
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Now, we are interested in σπN

b0
1

b1(ρ)
=

< q̄q > (ρ)
< q̄q > (0)

≃ 1 −
ρσπN

f 2
πm2

π (1 −
3k2

F

10M2
N

+
9k4

F

56M4
N ) + O(ρ2)

σπN ≡ mq/2mNΣu,d < N | q̄q |N >

Two approaches: 
1. derivation from b1(ρ) 

Ikeno et al., PTEP 2023,  033D03 
2. determine d<qq>/dρ at ρe  

and extrapolate to ρ=0

quark contribution to nucleon mass

kF = (3/2π2ρ)1/3
Kaiser et al., PRC77, 025204 (2008) 

Gubler, Sato, PPNP106,1(2019)



Now, we are interested in σπN

Alarcon, EPJ Spec. Top. (2021) 230:1609–1622  
https://doi.org/10.1140/ep js/s11734-021-00145-6

piN scattering 
Lattice QCD 
Chiral effective theory…
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New interest in σπN term 

assumed 
ρ2 term
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Probing density ρe changes according to the pionic 
levels and nuclei by ±5%. Improving precision by a 
factor of 2 to measure the slope at ρe, we have a 
chance to deduce σπN by precision of ~25 MeV. 
We need high precision measurement for this!!

New interest in σπN term 

assumed 
ρ2 term



Next Experiment RIBF-214 
PAC approved with A

Proposing D(136Xe,3He) reaction at T = 250 MeV/u at RIBF

67
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Crossing point of 
long isotope and isotone chains

Systematic measurement 
of isotone chain may have 
smaller ambiguities from  

nuclear density distributions

N=82



NP2212-RIBF214First application of  

inverse kinematics reactions 

250 MeV/u D 3He

Normal kinematics (d,3He) reactions

We measure 3He energy for missing-mass 
and deduce mass of reaction product

T. Nishi et al., PRL 120, 152505 (2018)

122Sn(d,3He) 1sπ 2pπ
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NP2212-RIBF214

136Xe beam
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D target

1 Tm 3He p analysis

250 MeV/u 136Xe π-135Xe

D 3He ~ 20 MeV/u

136Xe beam

We make use of BigRIPS 
as spectrometer and 

deduce MM by 3He  
momentum measurement

First application of  

inverse kinematics reactions 
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136Xe beam

F5

30 cm 50 cm

PPAC Scintillators

PPAC

3He trigger by ΔE (and TOF)

1 mmt

3He

Experimental  setup

D target

1 Tm 3He p analysis

136Xe beam
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136Xe beam
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1-atm deuterium gas target at F0 
with thin membrane windows

Experimental  setup

345 MeV/u 136Xe beam 
(RRC-fRC-IRC-SRC)

136Xe beam

Be degrader 8.14 mm 
Energy straggling = 0.2 MeV/u (σ) 
Angular straggling = 1.15 mrad (σ) 

Charge state stays by 92.5%

250 MeV/u 136Xe π-135Xe

D 3He

BigRIPS as spectrometer to measure 
~1 Tm 3He momentum

D target



Deuterium gas target development
Beam test in 2024/4-5 
to hold 0.5-1 atm He

S. Purushothaman et al., APR 53, 134 (2019)

irradiation tested 
at AVF

1 μm graphene foil 
tested till breakdown 

with 5 MeV Ne beam (2018)
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Missing mass resolution
Estimated missing mass resolution and target thickness
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Target thickness [cm]

GSI S236

RIBF-27
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Unprecedented resolution can be achieved 
→ Important for resolving higher orbitals and 

determine the widths

Estimated missing mass resolution and target thickness
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cf. For normal kinematics, 
resolution has been limited  

by beam properties.

Missing mass resolution can be improved!
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36 hours with 1010/s 136Xe beam  4 cm target
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Striking spectrum with 150 keV resolution
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Striking spectrum with 150 keV resolution
36 hours with 1010/s 136Xe beam  4 cm target
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Simulated spectrum

Nishi et al., N. Phys. (2023)



Summary
• Chiral condensate at ρe is evaluated to be reduced by 77±2%, which is linearly  

extrapolated to 60±3% at the nuclear saturation density. 

• The binding energies and widths of the pionic 1s and 2p states in Sn121 were determined 
with high precision. Taking difference between the 1s and 2p values drastically reduces the 
systematic errors. 

• Recent theoretical progress was adopted to the <qq> deduction, which directly relates the 
chiral condensate and the pion-nucleus interaction. 

• We calculated various corrections for the first time and applied them. The corrections 
made substantial effects. After the corrections, the chiral condensate ratio was deduced 
with much higher reliability. 

• For future, we are analyzing data of systematic study of pionic Sn isotopes to achieve 
higher precision <qq>. 

• We also plan measurement in “inverse kinematics” reactions for pionic Xe 136. The 
resolution will be further improved. Now, we are aiming at determination of the πN σ term.


