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Masses of Pseudo-Scalar Mesons
with various symmetry breaking patterns
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Motivations in mesic atoms/nuclei
[MeV/c?]

Hadrons as probes
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Explicit X-symmetry breaking

— Quantitative est. of quark condensate



Deeply bound pionic states

nucleus

Ericson-Ericson potential

Uupl(r) = Us(r) + Up(v.'r_).

Us(r)=bo p + b1 (pn — pp) + Bo p?
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Deeply bound pionic states

Overlap between
pion w.f. and nucleus
— chance to study local
s-wave interaction Us(r)

Ericson-Ericson potential

Uppi(r) = Us(r) + Up(r),
Us(r)=bo p + b1 (pn — pp) + Bo p?
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Pionic-nucleus interaction and
chiral symmetry

M. Gell-Mann et al., PR175(1968)2195.

Gell-Mann-Oakes-Renner relation

fami = —2mg (qq)

fr : pion decay constant

Overlap between
pion w.f. and nucleus
—) Y. Tomozawa, NuovoCimA46(1966)707.
Chan.ce to StUdy Iocal S.Weinberg, PRL17(1966)616.
s-wave interaction Us(r)

Tomozawa-Weinberg relation

Ericson-Ericson potential

Uupl(r) = Us(r) + Up(v.'r_).

Us(r)=bo p + b1 (pn — pp) + Bo p?
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Jido, Hatsuda, Kunihiro, Phys.Lett.B670:109-1 13,2008.
Kolomeitsey, Kaiser, Weise, Phys. Rev. Lett. 90(2003)092501



Order parameter at nuclear density
-

Symmetry 4 |<qq>|

broken P.T
S S8 * <30 % reduction
I/ L~ Normal nuclear
~f density

W.Weise,
LHC’ RHIC NPA553(93)59.

X-condensate decreases by 30 7% at po

R

Kenta Itahashi, RIKEN




Strong interaction and pionic level shifts

s-wave interaction is
dominating in 1s shift,
whereas p-wave is larger in 3d

Deeply bound states
are sensitive to Us(r)

Energy Shift [MeV]

Ericson-Ericson potential
Uppi(r) = Us(r) + Up(r), S-wave

-3.0 + p-wave

Us(r)=bo p + b1 (pn — pp) + Bo p?
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M PHYSICAL REVIEW €, VOLUME 62, 021604

Isatope dependence of deeply bound pionie states in Sn and Pbh

Y. Uipeinote,' S, Hireneaki,' K Kume, wud H. Toki’



d%c/(dE dQ) [ub/(MeV sr)]

Present b, precision
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In-medium b, is calculated based on deeply bound pionic
states data combined with light spherical pionic atom data.
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TT=-nucleus interaction and X-symmetry

X-perturbation QCD
theory sum rule
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We intended to improve the precision.



Precision measurement of deeply bound

pionic Sn atoms in RIBF
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Spectroscopy of pionic atoms in (d,>He)
reactions

Direct production
in (d,*He) nuclear reaction

Missing mass spectroscopy
to measure excitation spectrum
in Q-value measurement

Pion bound state

. . , (coupled with n hole)
A pion bound state is produced coupling

with a neutron hole state.
threshold

A peak structure is expected below
the threshold if the pion bound state is
produced.

Excitation energy



Reaction Spectroscopy in RIBF

BigRIPS

MWDC x 2
Scintillator

' 3He Tracking

Dispersive focal plane

DAQ
2010 15 hours
2%/ 2014 ~3 days

‘N R e—
NiSHINA Kenta Itahashi, RIKEN
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2010 Pilot run
|5 hours DAQ

Recently finalized
to be submitted
within < | month



Pionic '12!Sn atom 2010 Pilot run

|5 hours DAQ
|225n(d,3|_|e) TT~ emission
0-2° threshold

(2p)m(3s1/2..)n

(I8)m(3s12)» 2s,3s...

Fitting region

Recently finalized

to be submitted o
within < | month T. Nishi



Pionic 12!Snh atom

First observation of
O dependence of
TT atom Cross section

Excitation Energy [MeV]



O dependence of
TT atom cross section

reaction angle
¢

momentum transfer
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O dependence of
TT atom cross section
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Is and 2p pionic atom formation cross sections

2p/ls cross section ratio has
least systematic uncertainties

T. Nishi et al., to be submitted ”



Is and 2p pionic atom formation cross sections

) Theory
(Ikeno et al.)

Theory x factor

Angular dependence
is quite well reproduced.
|'s cross section shows discrepancies.
2p/ls ratio also.

T. Nishi et al., to be submitted "



Comparison with preceding resuits

Ericson-Ericson potential

Uopt(r) = Us(r) + Up(r), 2010 pilot run
|5 hours

Us(t)=bo p + b1 (pn = pp) + Bo p* . .
analysis finalized

. 27 - _. e e
Up(r) = y V-lcr) +& Gp(r)ILinV

2y T. Nishi et al., to be submitted




Binding energies and widths and potential parameters

Binding energies
for pionic tin isotopes
with b| contours

Analysis of pilot run (2010)
shows consistent result.

2010 pilot run
|5 hours
analysis finalized

Calculated Bs w. different b
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Preliminary spectrum from 2014

T(-

Fitting region

2014 main run
~3 days
analysis ongoing
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For your eyes only
2014 data analysis ongoing

Ericson-Ericson potential

Uppl(r) = Us(r) 4 Up(r),

Us(r)=bo p + b1 (pn — pp) + Bo p?
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Binding energies and widths and potential parameters

Binding energies
for pionic tin isotopes
with b contours

Calculated Bs w. different b
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Future perspectives

Density dependence of potential parameters
Bis [MeV]
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Future perspectives

Density dependence of potential parameters
Bis [MeV]
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— Challenge toward higher precision aiming at study of p dependence of X
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Resalution [MeV] (FWHW)

Resolution Improvement Program
for Primary Beam w. Disp. Matching

Present best resolution

Resolution vs. Position
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Resolution Improvement Program
for Primary Beam w. Disp. Matching
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Present status and near-future plans

Measurement of pionic atoms over the long chain of tin isotopes
with a similar statistical precision level of ~ 3 keV
to deduce isovector part of pi-nucleus interaction
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NPI512-RIBF135
Summary of the proposal

Expected spectra at O degree

Beam time approval of 7 days with 300 keV (FWHM)

12000 =194 3 Simulation

10000 — Sn(d’ He) s |6 hours
. 8000 |
Syster.natolc spectroscopy of .
plonic tin isotopes 000 |
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— small systematic errors
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Density dependence of chiral condensate and
Pionic atoms with unstable nuclei

Experimental Setup

Pionic atoms with unstable nuclei >llicon Detector (Micron W1)

using inverse kinematics reactions |, D, MWDC}},{"I.-'-'- AR AR A
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| —

33



Summary

* Study of meson properties in nuclear medium provides information at high density, low-
temperature region of QCD.

* Spectroscopy of mesic atoms and mesic nuclei provide information with less uncertainties
because the observed states are in well-defined quantum states with Lorentz invariance.

* A large overlap between pion w.f. and nucleus is essential in deduction of the pion
properties in nuclear medium leading to the understanding of the QCD and non-trivial
structure of vacuum.

* Binding energies, widths, formation cross sections are determined. X-condensate at p° is
deduced from pionic atom data to be 30% reduced from that in vacuum.

* Angular dependence of the cross section is determined and compared with theories. 2p
agrees but |s does not agree.

* New experiments with better precision is in preparation to study density dependence of

X-condensate as well as pionic atoms with unstable nuclei.
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