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Deeply bound pionic states
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Deeply bound pionic states
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Strong interaction and pionic states

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

m-A s-wave optical potential (s-wave)

2T
Va(r) = == lea{bop + brdp} + €2 Bop”]

P =Pp+ Pn
OP = Pp — Pn
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S. Itoh, Doctoral Dissertation, Univ. of Tokyo (2011)
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Strong interaction and pionic states

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

m-A s-wave optical potential (s-wave)

2T
Vs(r) = n e1{bop +|b116p} + €2 Bop”]

strong relation with quark condensate
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Isovector scattering length and
quark condensate

Tomozawa-Weinberg relation

Y.Tomozawa, NuovoCimA46(1966)707.
S.Weinberg, PRL17(1966)616.

b 1 My
1 =

4(1 + mW/MNucleon) 27Tf7%
b+: isovector scattering length

Gell-Mann-Oakes-Renner relation

M. Gell-Mann et al., PR175(1968)2195.
2.2 _ 2
fﬁmﬂ'i — — My <qCI> T O(mq)
fr: pion decay constant

W. Weise, NPA553(93)59
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Isovector scattering length and
quark condensate

Tomozawa-Weinberg relation

Y.Tomozawa, NuovoCimA46(1966)707.
S.Weinberg, PRL17(1966)616.
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N 4(1 + mW/MNucleon) 27Tf7%
b+: isovector scattering length

¢

b1

Gell-Mann-Oakes-Renner relation

M. Gell-Mann et al., PR175(1968)2195.
2.2 _ 2
fﬁmﬂ'i — — My <qCI> T O(mq)
fr: pion decay constant

<QQ>p=po by (:0 — 0) W. Weise, NPA553(93)59
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Conventional method; use r- beam

X rays during atomic cascade
/ — higher orbits / light nuclei

cars?;de (N 24Mg fOr 13)

pionic 1s state in H

— b1 In vacuum
H. Schrdder et al., Eur. Phys. J. C 21, 473 (2001).

Last orbital
Cops ~ Trag

Deeply bound region

% o _
%% AE>T, >T, for deep orplt iIn heavy nuclei
absorption is faster

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

This method cannot produce “deeply-bound” pionic atom...
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Production method; (d,’He) reaction
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Production method; (d,’He) reaction
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Deeply bound pionic atoms at GSI

— 24Sn(d3 1 1151 B T 1o
< 30__ Sn(d;3He) Calibration - 1181 BSOS O B 12 N I r h rt
12380 | 1s ] uciear cna
20_ : 117Te 118Te 115Te OTe
100 . e ey 5o
— L 4 116Sb 117Sh 118°Sh 1155 Sh J 1225h g 124Sh 1258bh 126°5h
51| © B[MeV] !
> O_ | | | | OI 1| 2| 3' 4| 5| | | | |:
© gy 29Sn(d3He) | : 1215n 1 1255n
= L .
= l
.E.' 20 Sn | 114In 116In 117In 118In 115In 120In 12Z1In 12ZIn 123In 124In
49 i
G 100
© i | SRRl 115CA PREEel 117Cd 118Cd 119Cd 120Cd 121Cd 122Cd 123Cd
L [ B[MeV] .
S ol . | o1T2345 !
~~ - |
Nb 0L 116Sn(d,3He) | 1124 11342 1144g 1154g 11647 1174c 1184z 1194g 1204g 1214g 1224Ag
o o |
- 115G :
20+ 111Pd 112Pd 113Pd 114Pd 115Pd 116Pd 117Pd 118Pd 115Pd 120Pd 1Z21Pd
100L =
X + 110Rh 1
45 L B[MeV] L 1 1 | | i - - .
of BN pionic atoms measured in GSI
360 365 370 e .
3He Kinetic Enerqy [MeV] =X B i 73 ™
K. Suzuki et al., PRLO2 072302 (2004) NuDat

Systematic study of pionic Sn isotopes

~ 3 month measurement for 3 isotopes
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Extract b; from experimental data

Contour plot of x2
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Extract b; from experimental data

Contour plot of x2
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Extract b; from experimental data

Contour plot of x2
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Experiment at RIBF, RIKEN

RILAC
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Experiment at RIBF, RIKEN

RILAC
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Improvement
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First production experiment in 2014
@ RIKEN (11 days)

|7

More people were working...

aim of the experiment
- iImprove the resolution ~ 300 keV

- first step of the systematic study with enough statistics

NiSHINA
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First production experiment in 2014
@ RIKEN (11 days)
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NuDat
1 Nuclear chart
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1225n: relatively large cross section
175n: first odd-A target (even-A pionic Sn)
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Experimental setup

RIKEN Fragment Separator
BigRIPS

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

Superconducting
Ring
Cyclotron

d beam 250 MeV/u

At N\ -

~ 1012 /s
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20

Experimental setup

RIKEN Fragment Separator
BigRIPS

BigRIPS

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

beam 250 MeV/u
~ 1012 /s
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Experimental setup: detectors

21

Tracking by MWDC = °He ~ 10°Hz p ~ 105 Hz
(signal)  (break up/ background)

Measured position, angle @F5
+
transfer matrix

PsHe + reaction angle at target

r“f_f{ml ==

Multi Wire Drift Chamber
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20
Experimental setup: detectors
large part of p: SHe ~ 10%Hz p~10°5Hz
swept out in F5 - F7 (signal)  (break up/ background)

AE / TOF measurement
(pID, hardware trigger)
by plastic scintillator
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Production run: 22Sn target

Op/p spectrum of 3He

cf. theoretical spectrum (0°)
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ikeno et al, Prog.Theor.Phys. 126 (2011)

The spectrum seems to achieve the best resolution
among the past deeply-bound pionic atom experiment.
= The spectrum seems consistent with
AY . L
‘% the theoretical calc. qualitatively.

NISHINA
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Production run: 7Sn target

Op/p spectrum of 3He

cf. theoretical spectrum (0°)

ereaC p " 301 ]17Sn(dr3He) n /1S]n®0:mund 1
> /

d’6/dOdE [ub/sr/MeV]

0 2
BE [MeV]
ikeno et al, Prog. Theor. Exp. Phys. 063D01 (2013)

The first observation of pionic Sn with even-number A.
The spectrum seems consistent with
“\} the theoretical calc. qualitatively.

Al
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Fitting of the Eex spectrum : 122Sn target
\ Oreac < 1‘.00
18121Sn ..... 38 ..... e solid e - fit function
p ;"""'aﬁ'é's'f:%?'e"em{z"- ........
' wenes| fit region > 4_ production threshold

139.57 MeV

The Eex spectrum is fit by the function with several components
— deduce binding energies and widths of pionic states

NISHINA % calibration of Eex is still on going...
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Fitting of the Eex spectrum : 225n target
Oreac < 1.00

26

background (solid line / flat)

+ 1s pionic state (dashed line)

each pionic state

— several configuration

with different neutron holes
1972, 2ds(i), (ii) each configuration

\\ — Voigtian / exp is fixed

o ol oo STy
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T 0.006 . 0.001
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@ |2 t12t 012
NISHINA | 2 1403 | 0.06
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27
Fitting of the Eex spectrum : 225n target
PN - Orexe< 10
e background (solid line / flat)
2p :

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

+ 1s pionic state (dashed line)
+ 2p pionic state (dashed line)

RRRRR
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28
Fitting of the Eex spectrum : 225n target
PN - O }0
s background (solid line / flat)
2p :

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

+ 1s pionic state (dashed line)

+ 2p pionic state (dashed line)
+

IIIII
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29
Fitting of the Eex spectrum : 225n target
N - Orexe< LU
I S yd background (solid line / flat)
+ 1s pionic state (dashed line)
+ 2p pionic state (dashed line)
+ 3p, 35 state (dashed line)
Fitting parameter Fixed parameter
- relative strength of each state * BEsp, BEss
* BE13, BEZp, BEZS ’ I_ZS, r3p, I_3S

k%
N * [1s, [2p

NISHINA
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Fitting of the Eex spectrum : 225n target
Oreac < 1'.00

30

: quasi-free 7" :
,;;.. fit region Mg <« production threshold :
A i 13957 MeV i

Deduced BE+s, ['1s, BE2p
— b1, ImBoin r-A s-wave optical potential

Vi(r) = —7[61{500("“) + b16p(r)} + €2Bop(r)*}].

'''''



MENU2016, Kyoto, July 28th 2016

Fitting of the Eex spectrum : 225n target
Oreac < 1.00

31

: quasi-free 7" :
,;;.. fit region Mg <« production threshold :
A i 13957 MeV i

Deduced BE+s, ['1s, BE2p
— b1, ImBoin r-A s-wave optical potential

Vi(r) = —?[61{500(7“) + b16p(r)} + €2Bop(r)*}].

'''''
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Fitting of the Eex spectrum : 17Sn target
Oreac < 1'.00

32

: quasi-free 7" :
,;;.. fit region Mg <« production threshold :
A i 13957 MeV i

Deduced BE+s, ['1s, BE2p
— b1, ImBoin r-A s-wave optical potential

Vi(r) = —7[61{500("“) + b16p(r)} + €2Bop(r)*}].

'''''
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Breac dependence of each components

(pionic states | in 121Sn)
0.0-057

33

0.5-1.0°

Solid line : theoretical prediction
(N. lkeno, private communication / normalized)

Large Breac
. — large momentum transfer

.— large angular momentum transfer
. — finite n state increase (2p)

NISHINA
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Breac dependence of each components
(pionic states i in 116Sn)
0.0 - 1 0° /|

34

/11.0-1.5°

Solid line : theoretical prediction
(N. lkeno, private communication / normalized)

Large Oreac
. — large momentum transfer

. — large angular momentum transfer

. — finite n state increase (2p)
‘ : 4 ......................................................................................................................... i

NISHINA
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Breac dependence of each components
(pionic states i in 116Sn)
0.0 - 1 0° /|

35

11.0-1.5°

~ Large angular acceptance of o/ normaiized)
the spectrometer@RIKEN

;‘ — angular dependence of d°o/ dEerSfer
, - > |arge angular momentum transfer

. — finite n state increase (2p)

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

NISHINA
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Summary

- Deeply-bound pionic atom is good probe for QCD in finite density,
especially for quark condensate via b1 parameter in 11 - A potential.

- To determine the b1 precisely, experiments of pionic Sn isotopes
are on going at RIKEN.

- In the first exp. , we measured with the target of 1'7.12Sn, and succeed in

- improvement of the resolution,
- observation of the pionic 1s, 2p and 2s states (at least) in 127 116G,
- observation of angular dependence of these states.

- Analysis to deduce b1 from measured BE1s, BEop, [2s IS In progress.

NISHINA

36
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(Near) future works

1121 1131 1141 1151 1141 1171 1151 1151 1201 1211 123 N
z uclear chart
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1105b 111Sb 112S5b 1138b 1145b 1155b 116Sbhb 1178b 1155b 1155h 120°h phaR«E 1225h PN 1245h [L258h 1265h
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49

"B Measured targets in exp. at GSI
« ““B Measured targets in exp. 2014 at RIKEN

105Pd 2

104Rh 105RKR 106Rh 107Rh 105FRh 105RL 110Rh 111Fh 112FRh 115FRh 114Rh 115FRh 116FRh 117FRh 118FRh 115Rh 1Z0Rh
45

114In pEEISE 116In 117In 118In 115In 120In 1Z1In  1Z2ZI%e@Siesedlt4din

59 61 63 65 67 69 71 TiE. M

The next exp. are already approved in PAC at RIKEN
with wider range of isotopes.
The exp. will be performed in a few years.
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