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structure of vacuum
—Deduction of chiral condensate at nuclear density—
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Material properties of vacuum
Properties of QCD vacuum 

depend on temperature and matter-density
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Rapp, Wambach, Hees, SpringerMaterials 23, 1 (2010)

QCD phase and chemical freezeout points 

Lattice



Chiral transition & Quark confinement

H. Suganuma, JPS symposium (2010) 4



Chiral transition & Quark confinement
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Lattice QCD calculated T dependence of chiral condensate 
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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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χ-symmetry
restored

χ-symmetry
broken

Remark: sign problem makes it difficult
for lattice to approach non-zero ρ region

Jon-Ivar Skullerud  
PRD105(2022)034504
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Symmetry 
broken

Chiral condensate, order parameter of chiral symmetry

Chiral condensate

u
u_ d

_
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One of order parameters of  
χ-symmetry breaking:

W.Weise, 
NPA553(93)59.

Early Universe

LHC, RHIC

CBM

Analysis of material properties 
of QCD vacuum

Remark: sign problem makes it difficult
for lattice to approach non-zero ρ region
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χ-symmetry
restored

χ-symmetry
broken

ρ dependence of chiral condensate
Chiral effective theories predict  

reduction by 50-70% at ρs 

and 76-82% at ρe
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Meson masses and QCD medium effect
Vector meson mass modification
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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
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Nagahiro et al, PRC 74, 045203 (2006)

ρ/ρs

NJL model

REMARK

⊿m between
η-η′, (σ, π)

(ρ, a1) are important

PS in high density medium
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Pionic atoms
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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
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π− w.f.
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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

Nuclear ρ

Overlap

←ρe ~ 0.6ρs

ρs
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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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High precision pionic hydrogen/deuterium measurement at PSI

Cyclotron trap 
gas cell

Spherically bent crystal

CCD

Bragg reflection
nλ= 2d×sinθB
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Si 111

spherically curved
R  = 3 m
F = 10 cm

l
X - rays

p- beam

¾®

®

t p ± = 26 ns
109 p /s

iron yoke

k

CRYOGENIC TARGETimage area

storage area

flexible boards

cooling (LN2)

­

¯

pixel size  

40 µm ́ 40 µm

CYCLOTRON TRAPLarge - Area  Focal  Plane  Detector
one coil removed

SOURCE

BRAGG CRYSTAL

3´2 CCD array

see talk by M. Jabua

N. Nelms et al., Nucl. Instr. Meth 484 (2002) 419 サイクロトロントラップ

X線凹面鏡

CCD検出器

High precision pionic hydrogen/deuterium measurement at PSI
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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

Tomozawa-Weinberg relation

Gell-Mann-Oakes-Renner relation
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Hirtl et al., EPJA57, 70 (2021)

Pionic hydrogen and deuterium

Isovector
interaction

<qq>e/<qq>0
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Attractive

Repusive
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Level shifts in pionic X-ray measurements

Atomic Number
Ericson-Ericson potential

Us(r)= b0 ρ + b1 (ρn − ρp) + B0 ρ2 s-wave = repulsive = negative shift
p-wave = attractive = positive shift
20
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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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s-wave interaction is dominant in 1s shift,
whereas p-wave is larger in 3d

Deeply bound states
are sensitive to s-wave

cf. Pionic X-rays are to p-wave

Ericson-Ericson potential

Us(r)= b0 ρ + b1 (ρn − ρp) + B0 ρ2
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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



Reaction spectroscopy of pionic atom

Search for pionic atoms 
GSI-S160 1996 208Pb(d,3He)

1s measurement 
GSI-S160 1998 206Pb(d,3He)

Systematic run with Sn 
GSI-S236 2002 116-124Sn(d,3He)

Pilot run at RIBF  
RIBF-27 2010 122Sn(d,3He)

Production  
RIBF-54R1 2014 117,122Sn(d,3He)

Systematic Measurement 
RIBF-135 2021 112-124Sn(d,3He)

Inverse (pilot) 
RIBF-214 D(136Xe,3He)

Inverse D(X, 3He)

25

(p,2He), (p,2p) in RCNP
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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% 0.06%

Resolution (FWHM) 400 keV ~1000 keV

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

RIKEN-RIBF

0 50 m

SRC

IRC

fRC

AVF

RRC

RIPS

RILAC

BigRIPS

Target

RI Beam Factory
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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% 0.06%

Resolution (FWHM) 400 keV ~300 keV

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

Dispersion matching

RIKEN-RIBF

0 50 m

SRC

IRC

fRC

AVF

RRC

RIPS

RILAC

BigRIPS

Target

RI Beam Factory
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Resolution improvement technique

F0 (dispersive target position) 

Sn strip target
Δx = 1 mm
10 mg/cm2

3He, d

Primary beam - δp+ δp

Dispersion matching 
Analysis of beam energy in the beam line

pilot (2010) 2014

σpprimary [%] 0.04 0.03

σxF0 [mm] 0.7 0.2

resolutionexp [keV] 500 280

45 mm/%
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EDC

MDC1
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calculate the transfer matrix 
using Runge-Kutta method

Object point = EDC

magnetic field in the magnet 

   

Resolution improvement technique



30

Beam Transfer line

dispersion matching

BigRIPS

pIDQ analysis

   
   
 

   
   
 

dispersion: 62 mm/%

T. Nishi et al.: Nucl. Instrum. Methods. in Phys. Res. B 317 290-293 (2013) 

Resolution improvement technique

Measured observable (= position at focal plane) reflects only Q-value



Resolution estimation

FWHM [keV] 2014 2021

Target thickness 110 30

Multiple scattering 120 45

Beam & optics 200 85

Total ~280 ~100?

32
cf. 400 keV in GSI and in 2010



First observation of 
θ dependence of  

π atom cross section

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

Our beam

ΔL ~ R × q

Pionic 121Sn atom
Pilot run 

15 hours DAQ in 2010
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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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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
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Pionic 121Sn atom 122Sn(d,3He) 1sπ 2pπ

0

0

10

10

15

20

30

40

d2
σ/

(d
Ω・

dE
) [

μb
/(s

r・M
eV

)]

Fit region

128 130 132 134 136 138 140 142 144
Excitation Energy [MeV]

5

0

5
0

5

0.0-2.0o

(2d3/2)n-1

(2d5/2)n-1

(3s1/2)n-1

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

However, precision was not enough…

Decomposition of pionic levels

Decomposition of  
nuclear excitations

2p observed as a peak with 
high stat. significance 

↓ 
Smaller systematic errors  

for differences 
σB1s > σ(B1s−B2p )



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

Terashima et al., PHYSICAL REVIEW C 77, 024317 (2008) 37



Residual interaction

Ikeno＠Hadron 2013 38



Theoretical predictions

Ikeno＠Hadron 2013 39



Ikeno＠Hadron 2013

Residual interaction

Nose-Togawa et al., PRC71, 061601(R) (2005)

Effect of ~10keV
40



122Sn(d,3He) spectra calculated with Neff and 
Green’s function methods

300 keV FWHM

N. Ikeno et al., PTEP 2015, 033D01 (2015)
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ρ dependence of chiral condensate
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Summary

• The binding energies and widths of the 1s and 2p states in Sn121 were determined with 

very high precision. Difference between the 1s and 2p values reduces the systematic errors 

drastically. 

• Recent theoretical progress was adopted for the < qbar q> evaluation, which directly 

relates the chiral condensate and the pion-nucleus interaction. 

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

• We conducted measurement of ρ dependence of chiral condensate in systematic study. 

We plan measurement with “inverse kinematic” reactions for pionic xenon, which leads 
to future experiments for pionic unstable nuclei.


