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Deeply bound pionic atoms

121Sn
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very unique objects in terms of

 Overlapping 1) Bound system of meson-nucleus
One of the two “meson in nucleus”
system established so far
2) Quasi-stable state
Quantitative evaluation of
radius [fm] strong interaction in medium

N. Ikeno et al., PTP126(2011)483.



B1s"/ MNs"and chiral symmetry in medium

BE, I' of 1s pionic state
& strong interaction effect

m-A s-wave optical potential (s-wave)
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D. Jido T. Hatsuda, T. Kunihiro, PLB 670, 109(2008).

(qq) & Chiral symmetry in medium

is probed by pionic atom!
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B1s"/ MNs"and chiral symmetry in medium

BE, I' of 1s pionic state
& strong interaction effect

m-A s-wave optical potential (s-wave)
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(qq) & Chiral symmetry in medium

is probed by pionic atom!

W. Weise, Nucl. Phys. A, vol. 5533, pp. 59-72, Mar. 1993.



Conventional production; m- beam

X-ray
“~._ / cascade
AN .
region

l_‘abs <I rad

Last orbital
I

abs ~ 1—‘rad

+ Deeply bound region

\\\ %/ )
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Yamazaki et al, Phys. Rep. 514, 1(2012)

X rays during atomic cascade
— higher orbits / light nuclei
(~ 24Mg for 1s)

pionic 1s state in H

— b+ In vacuum
H. Schroder et al., Eur. Phys. J. C 21, 473 (2001).

[ abs > [ rad
for deep orbit in heavy nuclel
absorption is faster

This method can NOT produce “deeply-bound” pionic atom...



Direct production: (d,3He) reaction
ASn(d,*He)

recoilless condition is satisfied
350 @T4 =250 MeV/u
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SHe kinetic energy



Prior research: Experiment at GSI

experimental spectrum for pIOnIC 207Pb@GSI experlmental spectrum for plonlc 205Pb@GSI
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Prior research Experlment at GSI

: 124Sn(d3He)

Calibration
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K. Suzuki et al., PRL92 072302 (2004)

NuDat2 (https://www.nndc.bnl.gov/nudat2/)

Systematic study of pionic Sn isotopes

~ 2 month measurement for 3 isotopes (w/ detector tuning etc..

)



Extract b1 from exp. data at GSI

Contour plot of x2
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T-A s-wave optical potential

2T
Vs(r) = ’ e1{bop + b15p} + €2 Bop”]

error of b1 in medium is still large
compared with that in vacuum!!
two main sources are

* experimental error

* neutron distribution ambiguities

10

J

To extract b1 with higher precision
Improve resolution / calibration
systematic study by Isotope shift

% bo , ReBo are deduced from data of light / symmetric pionic atoms
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Comparison between RIBF and GSI

GSl facilities RIKEN RIBF facilities
RILAC
AVF
RIPS =
SRC <~
fRC RRC 2t L 7
| BIgRIPS|
IRC

GSI (FRS) RIBF (BigRIPS) Improvement

Intensity ~ 1011/ 6 s (1 spill)

.........................................................................................................................................................................................................................................................................................

angular acceptance
(H / V)

.........................................................................................................................................................................................................................................................................................

resolution (FWHM) 400keV ~  200-300keV improve

by dispersion matching optics cf. I'1s~ 300 keV



Experimental setup at RIBF

F7

RIKEN Fragment Separator
BigRIPS

IRl = | I

F'5

Superconducting
Ring
Cyclotron

SHe ~ 102Hz p ~ 105 Hz
(signal) (break up/ background)

d beam 250 MeV/u
~ 1012 /s
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Experimental setup at RIBF : pID

SHe ~ 102Hz p ~ 105 Hz
(signal) (break up/ background)
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Experimental setup at RIBF : tracking

RIKEN Fragment Separator
BigRIPS

3He ~ 102Hz
(signal)

p~105Hz
(break up/ background)
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Experimental setup at RIBF : optics tuning

Dispersion matching:
Eliminate contribution of beam momentum spread
> w/ usual primary beam settings, the contribution become ~ 800 keV (FWHM)

Spectrometer - Analyzer
(BigRIPS) réaction| | Beam Transfer Line)
T fp S11 S12 Sie I 0 O Ain A Ass X
O/p | = | S21 S22 S26 0 1 O Aor Az A 0o
0D #p 0 0 1 0 0 C 0 0 1 0Po
F5 *C: kinematical factor = 1.31 inside SRC

7gp =0 (S11As + CS10)0p0



Experimental setup at RIBF : optics tuning

Dispersion matching:
Eliminate contribution of beam momentum spread

> w/ usual primary beam settings, the contribution become ~ 800 keV (FWHM)
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Experimental setup at RIBF : optics tuning N

Use BIgRIPS as a diagnostics of BT line
- measure the position / angle at F3 and F5 focal plane XFo VS O
- trace back to FO J R R

25000
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measured dispersion in BT line
— 24 mm/% !
( cf. designed value: 44.6 mm/%)

The difference may be caused by the optics inside SRC

After phenomenological tuning, dispersion is improved to be 28 mm/%
& reduce the contribution of dp by ~ 40%

After optimization of primary beam emittance — contribution ~ 220 keV



Experimental setup at RIBF : optical correction

Acceptance correction Optical correction
reproduced by MC simulation (MOCADI) by 3rd-order matrix element
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Experimental setup at RIBF : calibration
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Experimental setup at RIBF : tracking

RIKEN Fragment Separator SHe ~ 102Hz p~105Hz
BigRIPS (signal) (break up/ background)
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Polot experiment @ RIKEN in 2010

Oreaction < 2.0°
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(grow up with finite reaction angle)
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*N. Ikeno et al.,

Eur. Phys. J. A47, 161 (2011)



Polot experiment @ RIKEN in 2010
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reaction angle [°]

* Oreaction dependence

— well reproduced by theoretical calculation

- absolute value of the reaction cross section

T. Nishi et al, PRL.120.152505 (2018)

— S48%p = Sqctheory x 0,17 |Angular configuration is well understood.
SopXP = Spptheory x 0.8 |Angular dependences are almost reproduced
quite well except S1s/S2p ratio.

Missing factor for reaction dynamics ?7



Precision measurement @ RIKEN in 2014: 117,121Gn

@ Presicion measurement (~11 days)
target: 1225n, 1175n
goal : precision measurement of pionic states in 1215n
first measurement of pionic states in odd nuclel

* Improve optics — improve resolution

» simultaneous measurement of1s, 2p — reduce systematic error:
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Precision measurement @ RIKEN in 2014: 121§Sn
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Precision measurement @ RIKEN in 2014: 121§Sn
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Deduce b1 parameter from B, I'™

b1, ImBo:
Solve Klein-Gordon equation and search best parameter
to reproduce experimental results.

S. Terashima et al., Phys. Rev. C 77, 024317 (2008).

27T
Va(r) = = ler{bop + brdp} + ea Bop”]
* bo, ReBo:
simultaneous fit with symmetric light nuclei (160, 20Ne, 285i)
+ p-wave parameters (co, c1, ReCo, ImCo):

fixed to global fit results
% E. Friedman and A. Gal, Nucl. Phys. A 724 (2003)

o

Density (fm™)
O
(-
O,

o

o

O
=)
o

Density (fm™)

o

Radius (fm)

o

O
(-
o

Improved points for the analysis
* neutron distribution (p-elastic exp. @RCNP)

Density (fm™)

o

- Effective number approach < Green function method* Radius (fm)
- Residual interaction between pion and neutron hole** % N. lkeno et al., Prog. Theor. Exp. Phys. 2015, 033D01 (2015).
- modification of absorption term (,O pZ + 2 OnPp+ b\Z) %% N. Nose-Togawa et al., Phys. Rev. C 71, 061601 (2005).

* Nnew spectroscopic factor data. Szwec et al., Phys. Rev. C 104, 054308 (2021).



Deduce b1 parameter from B, I'™

b1, ImBo:
Solve Klein-Gordon equation and search best parameter
to reproduce experimental results.

b1 In vacuum
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Deduce b1 parameter from B, I'™
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b1, ImBo:

Solve Klein-Gordon equation and search best parameter
to reproduce experimental results.

b1 In vacuum
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alysis method improvement
Abr ~ 0.02
state info. alone does not determine

b1 precisely at RIKEN exp.
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b1

IS determined most precisely
far from 1s and Z2p info.

— (-0.1163 £ 0.0056)m !



Chiral symmetry in medium

b1 In medium & chiral symmetry IN medium
from K. Itahashi ef al., Hadron 2023
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<qg>p=0 bl (,0) ,0() E | E broken

s » , Chiral theories
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P e Mal]
. & [ e Hilbsch -
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Summary

- Deeply bound pionic atom is a unigue “meson in nucleus” system, and is a good probe
for the QCD in finite density.

- So far, we performed the precision measurement of the deeply bound pionic atom at RIKEN
RIBF to evaluate the chiral symmetry in medium.

- In the pilot experiment in 2010, we measure the Eex of 121Sn, and succeeded in

- establishment of the experimental method for pionic atom spectroscopy,

- observation of the angular dependence of (d, 3He) reaction cross section

- discovery of the discrepancy S1s/Sgp iIn measurement and theoretical prediction.

- In the precision experiment in 2014, we improved experimental/analytical methods and
succeeded In

- Simultaneous and precision measurement of (7S)n, (2p)n State
- determination of b1 with unprecedented precision, which indicate the (¢g)(p,) is reduced by

77 + 2 %, corresponding to the 68 + 3 % reduction of (gg)(p,) with linear extrapolation.



Targets In the experiment at RIKEN

PIZ2IN LS Btdly | 1151 BEIGIN 1171 21181 ST EERZOIN i 1221 R

z Nuclear chart

111Te 112Te 113Te 114Te 115Te 116Te 117Te 118Te 115Te pRoyR 1217¢c RSV RRRCINE RO YN BVEY- A RVCYNE 127 Te

110Sh 111Sh 112Sbh 113Sb 114Sb 1155k 116Sh 117Sh 118Sh 118Sh| 120%h 1225h BRERY] 1245h 1258h 126Sh
51

SEENERISENEERE 1 175y, RERTM SRl 1155n] 1165 | 11750 | SUESHE 11950 §1205n [REREEE 17

108In 109In 110In 1iiln 117In ERE Y 114in BEISeE 116In 117In "123In 124In
46

terdell 105ca e ekl 110Cd 11ca RE e IPRP el 115cq PR e] 117Cd 118Cd 119Cd 120Cd 121Cd 122Cd 123Cd

106Ag 10?Ag 10842 109Ag 1104g 111hg 1124g 1134g 11dAg 115Ag 1164z 1174g 118Ag 1194g 1204g 1214z 12242

105Pd | 106Pd | 107Pd | 105Pd [ke=izz8 110Pd

Target at Prior experiment at GSI

111Pd 112£

59 61 63 65 67 69 71 73 M

NuDat2 (https://www.nndc.bnl.gov/nudat2/)

Target at RIBF54 experiment in 2010, 2014
104Rh 105Rh 106Rh 107Rh 10SRh 10SRh 110Rh mpTarget at RIBF135 experlment in 2021 :
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Purpose of the next exp. :
Study of density dependence of potential parameters

<qqg-~
Densities that can be probed by ‘ A ‘ + 5 9
pionic atoms «—
depend on mass number A | Qe
40 %
reduction

----------------------------------

O.épo pb

1128 1228n

Pionic atoms are known to probe ~0.6p0
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Purpose of the next exp. :
Study of density dependence of potential parameters

1<qq>|
Densities that can be probed by \ +5 %
pionic atoms —

depend on mass number A ] R B
................................ 40 %

& reduction
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Quadratic ??

O.épo pb

1128 1228n

Pionic atoms are known to probe ~0.6p0
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Targets In the experiment at RIKEN

58 Nucleus Q Ce Ce Ce
136Xe
>24E+21y
8.8573%

56 Ba

Cs

148Pr / Z# —
54 _ a Xe Xe Xe Xe Xe

g . - Target at RIBF214 experlment in 202X ...........................................
(First experiment with inverse kinematics!!)
50 — unstable pionic atom...???

48 Cd | Cd ¢ Cd cd | cd
| Ag Ag | Ag

| | | | |
66 68 70 72 74 76 78 80 82

Neutron (N) #
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Current works: beam dynamics x machine learning

not deep learning

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Optlcs tuning at RIBF:
many operatlon parameters (2 600) under environmental changes

21 = S| S 2y Welcome for the various difficult
requirements to the primary beam !

BEO720F4716 TREOEBREEDS 4 :{
~BRRIE—L7 7k —~ =~ |

ILE EH L L | (not just beam intensity-:-)
C. M. Bishop, Pattern Recognitr;n ‘
and Machine Learning, Springer (2006) : g Ty - '
Beam dynamics calculation Beam dynamics calculation 5 '
@ @ % feedback v >
'Manual tuning based on rOptimize beyond human Machine learning :
15 years of experience Continuous adjustment Beam dynamics x BPM* -

¥ Beam Position Monitor
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past 15 years at the lwasaki Lab.!
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