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Chiral condensate, order parameter of chiral symmetry

One of order parameters of
X-symmetry breaking:
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Lattice QCD calculated T dependence of chiral condensate
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Temperature dependence of the chiral condensate from lattice

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

Remark: sigh problem makes it difficult
for lattice to approach non-zero p region

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



p dependence of chiral condensate
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nucleus

Pionic atoms

Ericson-Ericson potential
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Pion-nucleus interaction

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

¥

m-nucleus interaction is changed
for wavefunction renormalization
of medium effect
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Pion-nucleus interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

¥

m-nucleus interaction is changed
for wavefunction renormalization
of medium effect

Ericson-Ericson potential
Uopt () = Us(r) + Up(r),

Us(r)=bo p + b1 (pn — pp) + Bo p?
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In-medium Glashow-Weinberg relation
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Pion-nucleus interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

¥

m-nucleus interaction is changed
for wavefunction renormalization
of medium effect

0.7 0.75

In-medium GW relation

In-medium Glashow-Weinberg relation

() r2)
(C_Iq> B b1 L0

v=0.184+0.003
Jido, Hatsuda, Kunihiro, PLB670, 109 (2008)

Pionic hydrogen and deuterium

b= 0.0866=+0.0010
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Spectroscopy of pionic atoms in (d,3He) reactions
Missing mass spectroscopy to measure excitation spectrum of pionic atoms

Direct production of
pionic atoms

Momentum transfer

Pion bound state
(coupled with n hole)
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(d,3He) Reaction Spectroscopy in RIBF

BigRIPS

MWDC x 2
Scintillator

Dispersive focal plane

Kenta Itahashi, RIKEN




Pionic 121Sn atom 4o
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d?o/(dQ +dE) [ub/(sr-MeV)]
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Pionic 121Sn atom 4o

= 22Sn(dHe) ., TT emission :
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High Precision Spectrum of 122Sn(d,3He) in 2014 run

Pionic atom unveils hidden structure of QCD vacuum
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High Precision Spectrum of 122Sn(d,3He) in 2014 run
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Deduced b1 from pionic Sn spectrum
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Deduced b, with corrections
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Deduced b, with corrections
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Result: deduced chiral condensate
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Result: deduced chiral condensate
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Analysis is ongoing for RIBF-135

Systematic spectroscopy of pionic Sn isotopes
for higher precision <qq> deduction
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RIBF-135 (2021) for higher precision <qq> deduction
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New plan for d<qq>/dp at pe
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New plan for d<qq>/dp at pe
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Experimental deduction of onn
oy = m2my2, ;<N gq N>

quark contribution to nucleon mass

bl <a9>@) _,_ owle( 3k 9
b)) <ag>©0 U m 10MF ~ S6M )"
Two approaches:

1. derivation from b1(p)
keno et al., PTEP 2023, 033D03

2. determine d<gg>/dp at pe
and extrapolate to p=0



Previous values of o,n
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Next experiment RIBF-214

PAC approval with rank A

Proposing D(13¢Xe,3He) reaction at T = 250 MeV/u at RIBF
Inverse kinematics for higher precision!
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First application of

NP2212-RIBF214

inverse kinematics reactions

Normal kinematics (d,3He) reactions

250 MeV/uD

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

e This method can be applied to pionicRI

spectroscopy

RIBF-27 (2010)
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First application of NP2212-RIBF214

inverse kinematics reactions

250 MeV/u 136Xe m-135Xe
¢ /
We make use of BigRIPS as D 3He ~ 20 MeV/u

spectrometer and deduce MM by
3He momentum measurement
1 Tm 3He p analysis

k. s l- B l ER I PS i
F7 e -'#'.'--.‘g-'.'-ﬁ'f* "3" "% >

e We measure 3He energy for missing-mass L F5 ™
and deduce mass of reaction product e —

vﬂ: D target

\
I

i 7136

e This method can be applied to plonlc Ri gl

spectroscopy 136X b Wai=
e beam "

RS

29



NP2212-RIBF214

Experimental setup

250 MeV/u 136Xe m-135Xe
345 MeV/u 136Xe beam
(RRC-RC-IRC-SRC) L, /
Be degrader 8.14 mm — G

Energy straggling = 0.2 MeV/u (o)
Angular straggling = 1.15 mrad (o)
Charge state stays by 92.5%

We make use of BigRIPS as D 3He
spectrometer and deduce MM by
3He momentum measurement

BigRIPS as spectrometer to measure
~1 Tm 3He momentum

S 'l” | BlgRIPS o= {2 bﬁu .
F 7 fra .‘--'_'-'-fih? *:* 3% é‘s. o

1-atm deuterium gas target at FO
with thin membrane windows

136Xe beam

RS

30



NP2212-RIBF214

Missing mass resolution can be improved!

Estimated missing mass resolution and target thickness

MM resolution (FWHM) [keV]

500

400

300

200

100

Target thickness [cm]

Unprecedented resolution can be achieved

— Important for resolving higher orbitals and
determine the widths
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NP2212-RIBF214

Striking spectrum with 150 keV resolution

36 hours with 1019/s 136Xe beam 4 cm target
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NP2212-RIBF214

Striking spectrum with 150 keV resolution

36 hours with 1019/s 136Xe beam 4 cm target
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Summary

- Chiral condensate at peis 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 <qqg> 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 <qg>.

- We also plan measurement in “inverse kinematics” reactions for pionic Xe 136, which may
lead to pionic RI. Resolution will be further improved. Now, we are aiming at the N o term.



