‘l DN

2024

y
L

Chiral Symmetry in Nuclear Medium
Observed in Pionic Atoms

RIKEN Nishina Center
Kenta Itahashi

nature physics T. Nishi, K.l. et al., Nat. Phys. (2023)

Article https://doi.org/10.1038/s41567-023-02001-x

Chiralsymmetry restoration at high matter
density observedin pionicatoms

e T.Nishi, Kl et al., N. Phys. 19, 788 (2023)
Article DOI: 10.1038/s41567-023-02001-x
e Nature Physics (2023/3/23)

News and Views "Modified in Medium"




Chiral Symmetry

e Dominant symmetry of the vacuum in low-energy region.
e Spontaneous breakdown due to non-perturbative strong interaction.
e Non-trivial structure of the QCD vacuum.
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Chiral condensate gq on Tp plane

An order parameters of
X-symmetry Symmetry  » |<qq>|

broken BT
) @) FONRS
y Na VAN D)

- #\‘\ normal nuclear
\_<~ density

.’/v

b AN

S T /
ot VnN© > W ry fully restore’ P
W.Weise,
LHC, RHIC NPA553(93)59.

Material properties
of QCD vacuum



Lattice QCD calculated T dependence of <qg>
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o dependence of <qq> known so far

1 O A | | | | | | | | | | | | | | | | | | | | | | | |
i Chiral effective theories predict i
B reduction by 50-70% at ps 1 y-symmetr
0.9 - and 76-82% at pe 1 X lzlroken /
S 0.8 -
é_ i Suzuki et al. i
o - reported value has -
%\_ 0.7 :_ _Iarge uncertainties_:
- . er
. B . O
- o Friedman o ¥
05 [ o Jido X-symmetry
- restored
O 4 - | | | | | | | | | | | | | | |

| | | |
0. OO 0.05 0.10 0.15 0.20 0.25
Suzuki et al,, PRL92, 072302 (2004). Tp [fm-B] T
P

Kaiser, Homont, Weise, PRC77, 025204 (2008)
Goda and Jido, PRC88, 065204 (201 3)

Huebsch, Jido, PRC104, 015202 (2021)

Friedman, Gal, PLB792, 340 (2019)

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

Lacour, Oller, Meissner, J. Phys. G. 37, 125002 (2010)

Nuclear Saturation Density



p dependence of <qg> known so far
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Precision Spectroscopy of Pionic Atoms

nucleus
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Pion-nucleus strong interaction

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

)\ 4

m-nucleus interaction is changed in
nuclear medium for wavefunction

renormalization effect
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Strong interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe
at pe~0.58ps

)\ 4

m-nucleus interaction is changed in
nuclear medium for wavefunction
renormalization effect

Ericson-Ericson potential
Uopt () = Us(r) + Up(r),
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In-medium Glashow-Weinberg relation
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Strong interaction and chiral condensate

Overlap between
pion w.f. and nucleus

— 11 works as a probe (@q)* _ (b1 Ve P
at pe~0.58p; (qq) b, 4
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In-medium Glashow-Weinberg relation
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rm-nucleus interaction is Changed IN Pionic hydrogen and deuterium
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Deduction of pion-nucleus interaction in medium by

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

Based on energy-momentum conservation law:

Excitation energy ~ Tq— T3He

Direct excitation of Pionic atoms
pionic atoms coupled with n hole

Excitation energy



Deduction of pion-nucleus interaction in medium by

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

Based on energy-momentum conservation law:

Excitation energy ~ Tq— T3He

300 [y Pionic atoms
Momentum transfer 1  coupled with n hole
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(d,3He) Reaction Spectroscopy in RIBF

BigRIPS

MWDC x 2
Scintillator

Kenta Itahashi, RIKEN
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First pionic atom in RIBF (2010)
Pionic 121Sn atom
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1s and 2p pionic atom cross sections in (d,3He)

Theory
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First pionic atom in RIBF (2010) 40
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High Precision Spectrum of 22Sn(d,3He) in RIBF-54
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b1 parameter
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Nuclear p distribution measured in Sn(p,p’')
at RCNP, Osaka
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Neutron spectroscopic factors in Sn isotopes

(d,3He) requires n-spectroscopic
factor information
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Neutron spectroscopic factors in Sn isotopes
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Deduced b1 with updated parameters
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Result: deduced chiral condensate
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Result: deduced chiral condensate
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Result: deduced chiral condensate

1.0

Present datas

7712%

_# ® ,_Chiral theories

Updated values

after review process X-symmetry

broken

Support existence of non-trivial
structure in the vacuum

Oh

Pe

29

- - JIEY 60"'3% at ps < | X-symmetry
i - restored
i | | | | | | | | | | | | | | | | | | | | | | | |
.00 0.05 0.10 30.15 0.20 0.25
Tp [fm ] T Nishi, KI et al., Nat. Phys. 19, 788(2023)
Suzuki et al., PRL92, 072302 (2004)

Kaiser, Homont,Weise, PRC77,025204 (2008)
Goda and Jido, PRC88, 065204 (2013)

Huebsch, Jido, PRC104,015202 (2021)

Friedman, Gal, PLB792, 340 (2019)

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

Lacour, Oller, Meissner, J. Phys. G. 37, 125002 (2010)

Ps



To step further forward,
RIBF-135 for systematic study of Sn isotopes



NPI512-RIBF135
Density Dependence of Chiral Condensate

Q. what can be achieved by measuring isotopes?
why not single isotope? How far can we discuss?

Ans.: p derivative of <qq>= d<qq>/dp can be
studied based on pionic Sn isotopes

\<qq>\

Densities probed by pionic
Sn with wide range of A

Important for onnfor
investigation of origin of
matter mass

0.6ps pPs

Pionic atoms are known to probe ~0.6ps




Systematic spectroscopy of pionic Sn isotopes
RIBF-135
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Online spectra in RIBF-135 (2021)

el THRAL
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Counts /20keV

600

200

We are preparing for

Inverse kinematics (RIBF-214)

For kinematical reasons, ambiguities in the
incident beam energy do not affect the results.
The resolution will be even improved.

Proposing D(36Xe,3He) reaction at T = 250 MeV/u at RIBF

72 hours with 1010/s 136Xe beam
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. NP2212-RIBF214
Experimental setup

250 MeV/u 136Xe m-135Xe
345 MeV/u 136Xe beam
(RRC-fRC-IRC-SRC) / o
Be degrader 8.14 mm
Energy straggling = 0.2 MeV/u (o)
Angular straggling = 1.15 mrad (o) D 3He

Charge state stays by 92.5%

1-atm deuterium gas target at FO BigRIPS as spectrometer to measure

with graphenic carbon windows ~1Tm 3He momentum |
oon Wind o i BlgRIPS — e
.* sty g ':-%"‘"* g%f?
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S. Purushothaman et al.,, APR 53, 134 (2019)
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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 [N. Phys. 19 (2023) 788].

- The binding energies and widths of the pionic 1s and 2p states in Sn121 are determined
with very high precision. Difference between the 1s and 2p values drastically reduces the
systematic errors.

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

- We included various updates for the first time. The updated parameters made substantial
effects leading to much higher accuracy.

- For future, we are analyzing data of systematic study of pionic Sn isotopes to deduce p
derivative of chiral condensate. We also plan measurement with “inverse kinematics”
reactions for pionic xenon, which leads to future experiments for pionic unstable nuclei.
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Hadron 2025 (Osaka, Mar. 27-31)
Hadron in Nucleus 2025 (Kyoto, Apr. 2-4)



for yielding different V(0) values. If we allow Re B, to be
varied, we have to change the V(0) value accordingly. How-
ever the two parameters, b, and Re B, are interrelated as in

the Seki-Masutani relation obtained by reading from Fig. 1
in Ref. [26],

bop(0)+0.50XRe Byp?(0)=0.062 fm~ 2. (4.8)

This relation can be derived by asserting that the binding
energies are determined essentially by the local potential
strength at the nuclear radius (r=R;). Since p(Ry)
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