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Experimental results before SIDDHARTA

Target | Last Level shift
orbit Old experiments New experiments

H 1s Attractive Repulsive

Davies (79), Izycki (80), Bird (83) KpX(97), DEAR (05)
’D 1s No data No data
3He 2p No data No data
“He 2p Large Small

Wiegand (71), Batty (79), Baird (83) | KEK E570 (07)

Recently performed experimental results: different

SIDDHARTA experiment:
All'light targets  (from hydrogen to helium-4)

Confirmation of “New experimental results” and

from old data

Improvement of precession
First data of kaonic deuterium and kaonic helium-3




Introduction
-- History --



Width reV')

Kaonic atom data (Z>3)

CJ Batty ef al f Physics Reporis 287 (1997 ) 385-445
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Kaonic atom data (Z23)
Used for studies of KP&'N interaction

J.-:'f; Optlcal model

2 Véﬁt}(r) = —4m (1 + E)bup(r)-
m

| Experimental X-ray data of shift & width:

H i 0 fhir) W '
< Well fitted with optical potentials
n= n=0 .
; Expected shift of K-4He 2p state:
Y AE ~0eV

Shift [eV] Ref

[f' ’ -0.13+0.02 | Batty, NPA508(1990) 89c
-0.14+0.02 | Batty, NPA508(1990) 89¢c
Y PEWTE FRUNE FURTY PRUNS -0.4 Bianco, Nuo. Cim.22 (1999) 1

- fu: i i &0 %0 100 . .
z -1.5 Akaishi, Proc. EXAQ05




Counts/ 66 eV

Counts /100 eV

Counts/ 100 eV

¥ o8 Kaonic helium atom data (Z=2)
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Possible shift of Kaonic helium (Z=2)

AE,,

Y.Akaishi, EXAQ5 proceedings

eV Y.Akaishi:EXAO5

101 attractive
5 J
0 = —+

K--3He

sl K-_4He /
10 repulsive

_15_

Q: K-4He experimental results

100 200 300 Ug MeV

(~40 eV shift) correct?
Q: non-zero shift (~5 eV) on K-4He ?

Q: How about K-3He?
Large, small, tiny???

Need: New experiments

K-He4 exp
both on He-3 and He4
Large (-40 eV)

Prediction of
“deeply bound kaonic nuclei”
- “hot topics”

Large shift(-40eV) cannot be
explained by any models.

K-nucl model Optical model
Small (<+10 eV)} ( Tiny (~ OeV) ]

II disagree




K-*He 2p level shift

PLB653(07)387
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Solving the kaonic helium puzzle

/_

Old Experiments

j

Large shift

(- 43x£8 eV)
- /

<

>

ES570

/

Small shift

~

(+2+£2+2 eV)
\_ J

| More than 3o difference |

r

Experimental confirmation need!
- SIDDHARTA experiment

w




SIDDHARTA Experiment



SIDDHARTA Experimental Setup

DAFNE et*e- collider r ~

SDDs

510 MeV (e, e*)
Production of ¢ at rest

e+e -p-K’ +K‘|
degrader

K- beam at DAFNE
1. Monochromatic e—  » —

2. Low-energy
K* J \ Scintillators
Triple coincidence: :> Rejected:

3. No hadronic background
SDD. * Scint. * Scint Background events uncorrelated to
X K K K+K- pair productions

Efficient stops in Gas target




Comparison of X-ray detectors

Good time resolution Good energy resolution

| experiment KpX DEAR | E570
g Detector Si(Li) CCD SDD
Area [mm?2] 200 124 100
Thickness [mm] 5 0.03 0.26
T.Ishiwatari, A E (FWHM) | [eV] xlo 170 '
Hyp. Int. 194(09)165 ~
At (FWHM) | [ns] 200) X -| C430




20000 —~————— e 40 T " .
%Fe (Mn K,)| 35 | | i
. 15000 Si(Li) _E 30 | SDD |
% :Z_; 25 -
10000~ S 20 TiKa ]
g j';f 15 | '
S I E 10 - | Mn Kp i
5000 - 18 _ ;
®pe (Mn Kﬁ) 5 | | Tl K[i | ]\ |
0 10 12 $ 6 8 12
Energy (keV) Energy [keV]
I ——
experiment KpX DEAR E570
o Detector Si(Li) CCD SDD
Area [mm?2] 200 124 100
Thickness [mm] 5 0.03 0.26
T.Ishiwatari, A E (FWHM) | [eV] XIO 170 '
Hyp. Int. 194(09)165 -
At (FWHM) | [ns] 200) X -| C430




Kaonic He-4 X-rays at SIDDHARTA

2009

Target Cell Vacuum chamber

Titanium Foilf———|

TIET

Fe Sourcel

Lead shield

ete” Interaction Point

[

o
¥
10 cm .
————— Kaon Detector Beam Pipe

Target size: r=6cm, h=12 cm
Target density:27 K, 0.95 bar = 10 bar at NTP

Degrader 7
? <

[ |

For precise determination:

Fe source+ Ti foil Installed

First measurement with gas target (4.5 keV & 5.9 keV X-rays

as in-beam calibration lines
Installed SDD:144 cm?, Used in Analysis: 60 cm? )

SDD operation temp. :170 K,
SDD Energy resolution: ~150 eV (at 6 keV)



Counts /10 eV

Counts / 30 eV

KHe-4 energy spectrum at SIDDHARTA

x10° |

100

80

60

40

20 |2

K-He data taking

PLB681(2009)310; NIM A 628(2011)264
Ti foil
- | No-coincidence Mn Ko =
3 E I Target
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z TiKB K z Fe55 | |
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40 |

20 |

Shift [eV]

40 |

60 |

Summary of KHe-4 shifts (up to 2007)

-20
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60 T
SIDDHARTA 1 | Akaishi Prediction
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Data taking periods of SIDDHARTA in 2009

K-He4 data with Fe source

He-4 | | ] |

He-3 | |
Dt i i
H 1 I =]
01/01 | DSJI"DI‘I — USJ:'D"F T CI!T}U'I‘I | GQ}DI“F ' I“F‘i.a’[]l'I

55Fe source:
Good for reduce sys. error on K-*He
Bad for “background” events on K-H,K-D

C——> Removed 55Fe source in other data

Counts / 30 eV

PLB681(2009)310

100

KHe Lo

80 } Mn K q‘ i

'Jél gﬁ 55 Iaﬁlléﬁllﬁdl 15 IEG
Energy [keV]
Use of
Mn Ka (5.9 keV) from >>Fe

1

Systematic error = +/-2 eV




Data taking periods of SIDDHARTA in 2009

DAFNE shutdown in Summer | > gel"n‘r’] F?rltllgvr:amse/rlllt gt;etulo

\I K-He3 data (~4days)
I " /
He-4 ' M 1 | | I ~
I r'q
He-3 | @ ]
|
Dt H BN 1
|
H W , W
e D
01/01 03/01 05/01 07101 09/01 11101

55Fe source:
Good for reduce sys. error on K-*He
Bad for “background” events on K-H,K-D

C——> Removed 55Fe source in other data



2000

Data taking scheme at DAFNE

-y
&
=
o=

Instead of Fe source,
“X-ray tube” data taken

L

Estimated
systematic error ~ 5 eV

I calibration data |\

I SDDs

1000 f

Current [mA]

500

1{)0!3 EGGD 453
time [s [

J Production data

00 ﬁ 8000

| 1
SDDs
[
degrader-—»# Ti/Cu foil —+

_ , e — | —
= g

1! \ N
Scintillat X-ray tube
\ o cintilla ors/ \ /




Calibration data

with X-ray tube

SDD X-ray energy spectra

| Calibration Ti&Cu

| calibration data |

Ti/Cu foil

:/ SDDs

€ —»

L
T

4—e+

X-ray tube




Calibration data

with X-ray tube

<

—

o
B

Production data

Not correlated to

Kaon signals

count / 30 eV

(23]

SDD X-ray energy spectra

| Calibration Ti&Cu

Energy scale determined

by X-ray tube data

Energy spectrum with
uncorrected to kaon timing

[Fig. ()]

X- SDDs
Energy [keV] I - I/
T
#
X +
e—— > ¢' \ <—e

T«




SDD X-ray energy spectra

Kaon detector ]

\V x
o B

with X-ray tube

Calibration data

count/30e

=

Not correlated to
Kaon signals

count/ 30 eV

Production data

U DL B B N N LR T :\
r i MIP 1
Cu Ka | (a) 3 L2 .
Ti Kat 1| z=f A
g I kK
_; ::(:IE_J 37:. '. 4 10
‘ _. ] 36 F \ I/
_: [ MIPs 111
(b) ] 15)| DU D DI DI T SN S D | ¥
- % 34 35 36 37 38 39 40 41 42
Cu Ka E & Time difference [ns] /
\ Au Lo :
3 Time difference between
7 SDD & Kaon detector
1400 P T ]

1200 |

e dl (C 1000

K-He3 Lp : !
K-He3Ly , (=T

counts /100 ns

Selected with K+K-
& SDD timing

5 6 7 8 9 10 11 \ 02 :/
Energy [keV] SDD timing [us]




Calibration data

SDD X-ray energy spectra

with X-ray tube

Production data

Not correlated to

T,tngh rate o (@

=
@
= High rate
g
8

o B IAWA HIE
—y° Low rate (b) :

26 Cu Ka

Kaon signals
V
o

Low rate (b)
Cu

count/ 30 e
3
i

\ Au Lo :

4 S 6 7 8 9 10 11
Energy [keV]

Rate dependency
Peak position shifts due to hit rate of SDDs:
Hit rate in (a) is ~10 times higher than in (b)

Calibration in (a): not reliable!

~10 eV peak shift
compared to (a)

Significant for
K-He measurement




SDD X-ray energy spectra

Peak shift [eV]

S o
83
_5?“UEE:....,....,....,....,....,....,.... TiHighrate cu (8)
S <[k Cu Ko (a)
=5 ® LF TiKa _ E
8;%1;“ High rate 3
SDD hit rate Low ratecu (b)
5 . . . . >
%
{
0 | B i
!
-5+t '
10t % After beam time,
l (X-ray tube only)
~10 eV peak shift
-15 ' ' ' ' '
0 5 0 5 10 15 20 Sel A IDE)
X-ray tube current [mA] Significant for
K-He measurement




Calibration data

with X-ray tube

Production data

Not correlated to

Kaon signals

count / 30 eV

V

count/ 30 e

-

-

o
(=]

SDD X-ray energy spectra

Cu Ka | ]
_ (a) E 1. Good SDD selection
High rate <:': 2. Gain adjustment,
¥ 3. correction of
A : time-dependent fluctuation
Low rate (b) :

Cu Ka

\ Au La .
<;_.j Precise energy calibration

6 7 8 9 10 11
Energy [keV]



Ti/Cu/Au lines: compared to
the reference values

Average: shifted to lower
Systematic fluctuation??

- SDD X-ray energy spectra
S|l = 0
| _
c|l 85 - i
Sl 2| 3 (b) :
(&) o O| <o 2 Low rate Cu Ka 2
Jlloc| @ ulLa ]
Bll=X| & 24 .
o1l © 5 :
a2 § e E
20 :
‘TE O TRNE TR [N TNT SN T VNN [T YN TN U U [N O T TRNT W T 1 1
5 6 7 8 9 10 11
Energy [keV]
5 . :
K-He3 data
— | -
T 3 Ti Ka l
T = Cu Ka
w
> > ST Au La
=
© ©
>
= 10 }
=
-15 :
4 5 7 8 2] 10 " 12

Energy [keV]

Sy

Data analysis
of other target




Evaluation of systematic error

Sum of data of

K-D, K-3He, K-4He

After shut down

(=same geometry)

I Summer shutdown I

3 T T -.I. T

l
D | mi
Ht | l

S -

He-4:- :@ 8

@

1 energy shift [eV]

01/01 M fgﬂ}‘ﬁ 11/01

5
|-65ev |
0
Au La I
1
[ TiKa '
---------------------------------------------------------------------------------------- +-35 eV |
f
10 |
Cu Ka
15 ;
4 5 6 7 8 9 10 11 12

Energy [keV]

Peak shift: - 6.5 eV
sAccuracy of energy
determination: +/- 3.5 eV



Evaluation of systematic error

Time (or target) dependency

K-D (=Red)

K-3He (=Blue)

K-4He (=Black)
After shut down
(=same geometry)

Summer shutdown I

—

He-4 + IR

D | a2
Hi |

S -

energy shift [eV]
n
[R= ==

+/- 3.5-i|

| | Cu K
0 0l

® 4 5 6 7 8 9
Energy [keV]

@ | ePeak shift: - 6.5 eV
H «Accuracy of energy

01/01 M fgﬂ}‘ﬁ 11/01

determination: +/- 3.5 eV



SDD X-ray energy spectra

with X-ray tube

Calibration data
count/ 30 eV

| Production data

Not correlated to
Kaon signals

Cu

|4
li

Energy [keV]

peak shift due to rate dependency: 6.5 eV

Precision of energy calibration :+-3.5eV
evaluated from known X-ray energy peaks -
(Ti, Mn, Cu, Au lines and kaonic C, O lines)

—
- —
-

Correction term:

+6.5+ 3.5 eV




Counts / 50 eV

Kaonic Helium-3 energy spectrum

| X-ray energy of K-3He 3d-2p |

L B I e S B I B O O R O [N B S T

350 | :

| [crewaz] | | Eep =6223.0+ 2.4(sta) £ 3.5(sys) eV |

250 N\ | QEDvalve: E, =6224.6 eV

200 — 5

150 | ] — _
- TiKa E AEZp - EeXp Eem

100 [ K-C K-O | i K-N a —

i +>% M \‘ \JAEZIO = -2+ 2(sta) = 4(sys) ev‘
? ++++ : 1"Jf++'Irl:++r++++++' e {++++++++++++4T+++++T - 'T++§+%

a0 s o 10 s World First !

Energy [keV] Observation of K-3He X-rays

Determination of

arXiv:1010.4631v1 [nucl-ex], PLB697(2011)199 strong-interaction shift




PLB697(2011)199

K-3He (3d-2p)

e
350 |
300 | /

250
DAFNE shutdown in Summer 3 o :
| =k ]
\I ;% 150
I 100
He-4 -1 1 | J 1| | '
I 50
He-3 , @[—I > . _ _
D} . | - | | Energy [keV]
|
Hr I o IAEZp = -2 2(sta) = 4(sys) eV I_
|
01/01 0301 0501  07/01  09/01 11/01



 — K-4He (3d-2p) ‘

200 -‘
N h / _|AE2p = +5 3(sta) £ 4(sys) eV |
- TED;- |
% 125 | -
R o / PLB697(2011)199
50 [ !
; ] K-3He (3d-2p)
25 Mr W i:lJ"} Lﬂ& b 350;— g i
° I4_|5I ‘ .5_|D. B I5|5 | 611:; - 615 - I'r_jr::‘ - ?5 - 8.0 300; / -
Energy [keV] ! 2505_ f
DAFNE shutdown in Summer 3 2005_ !
\, ; -
I 100
He-4 -1l 1 | J I :
| N
He-3 | [—| > 0
D} . | - Energy [keV]
|
H ¢ I I | H IAEZp =2+ Z(Sta) + 4(5}/5) eV I_
01/01  03/01  05/01  07/01 09/01 11/01



Comparison of results

Kaonic 4He 2p level shift

Target Shift [eV]
KEK E570 Liquid +2+2+2 eV
SIDDHARTA (w/ 55Fe) | Gas +0X+6+=2 eV
SIDDHARTA (New) Gas +5+3+4 eV

Kaonic 3He 2p level shift

Target Shift [eV]
SIDDHARTA Gas 2+2+4 eV
J-PARC E17 Liquid ??7x?7x7eV

shift AE,, =E,,—E AE,, > 0("attractive' shift),
AE,, <O("repulsive’ shift),

exp e.m.




Comparison of results
PLB653(2007)387 Kaonic 4He 2p level shift

Target Shift [eV]
KEK E570 Liquid +2i@2?
Sato, ECT* Workshop 2009 1. calibration/ and peak shape
m In-beam calibration from Ti (4.5 keV) and Cu (8.0 keV).
. WA Apply for K-4He (6.4 keV)
x10° 1500 2000 2500 3000 3500 . . . ) .
o 2sf  ]Tika NiKe  (a) Calib, | 2. Simulation of Compton tall_u3|_ng |
2 2 E570 data measured kaon stopping distribution.
{g ol SDD self trigger Sys err = uncertainty of above
=] MNi Kp '
O 10 A : -
T e— e sy —
I I I ] %J;L
Energy [keV] A -
i S N— K~beam
& 4500 E
2 10 i | forKeiHe | [ &=
8 &0 |- \ Pileup }\ % j:zzg HJ WH |
5, N\ W v o] o [
- R N L A = Due to Compton /
i -Eg w"i??‘w‘ﬂeﬁﬂ”*fwﬁ#&?ﬁm lizz scattering = | i
I S Ve S e R e | 0 U D o N N
Energy [kﬂhﬂ 5600 5300 6000 6200 6400 6600 6300 7000

Energy [eV]




Comparison of results

PLB681(2009)310

Kaonic 4He 2p level shift

Target Shift [eV]

SIDDHARTA (Test)

Ishiwatari, ECT* Workshop 2009

Gas +O-_l-6%?

1. Calibration and peak shape

from Mn (5.9 keV)

x10% f : Sys err = energy non-linearity, uncertainty
. 2 |No-coincidence e 1 |Bes of corrections of temporal
o o i mao .
o * : fluctuation & rate dependency
3 3 .
= " TiKa
3 4 Ti Kp
TE e E NIM A 628(2011)264
o
100 - coincidence L
> Y }
[1}] L
E} * - Ti Ka i ,-"i'"l with correction
5 0F s I[N h
3 tj_ i = h Ed A /
8 s oEE N VA SV
20 = 2 5 "u.f,- \‘q\ r”E £
il sy s B of wosw we e / \\z—"
45 50 45 6.0 6.5 7.0 W i
al
Energy [keV] . . . . . . . . .
] 2 & 6 g 10 12 14 16 18 20
time [per 10 runs]




Comparison of results

PLB697(2011)199
Target Shift [eV]
SIDDHARTA (He-4) Gas +5+364 e\
SIDDHARTA (He-3) Gas 24264 e

Ti

Ti High rate

Low rate
Cu

Cu

Compared to several X-ray peaks
with known energy
Sys err = uncertainty of
energy determination
obtained from them

Correction term:

e=4+65+35eV




shift [eV]

Comparison of results

Shift [eV] | Reference
KEK E570 +2+2+2 | PLB653(2007)387
SIDDHARTA (He4 with 55Fe) | +0+6=+2 | PLB681(2009)310
SIDDHARTA (He4) +5+3+4 | arXiv:1010.4631,
SIDDHARTA (He3) -2+2+4 | PLB697(2011)199

20 ) ) ' ) 20 . ’ . .
d ‘}’ 3 15 | SIDDHARTA
A

20 b -35+12 ; 10 | 4 A
% E570

40 | ¢ 1 -43t8———  ° | 4} ? KHe3

“ED I i b D 1 :.: l
-50+12

80 ¢ -41%33 ] 5 |

-100 ! - * * - 0 =005 2008 2010

1960 1970 1980 1990 2000 2010 2020

Year *error bar = i\/ (stat)” + (syst)?



Comparison of results

But

Shift [eV] | Reference
KEK E570 +2+2+2 | PLB653(2007)387
SIDDHARTA (He4 with 55Fe) | +0+6=+2 | PLB681(2009)310
SIDDHARTA (He4) +5+£3+4 | arXiv:1010.4631,
SIDDHARTA (He3) -2+2+4 | PLB697(2011)199
20
- ] B
Question: both 0-eV shift” i | SIDDHARTA
A
- - N
Within error, consistent with O eV, & B8 S
4} KHe3
Within error, cannot exclude 0-eV shift 0 I 0 l
T
Possible isotope shift!? 10 ; ; .
2006 2008 2010

- Gold of J-PARC E17

*error bar = i\/ (stat)® +(syst)*



Summary

To check whether abnormal shift on K-3He and
4He 2p state, kaonic He 3d-2p transition was
measured in SIDDHATRA

First measurement in gas targets
First observation of kaonic 3He, prior to J-PARC
Shift both of 3He and 4He was found to be small

Shift [eV] Reference

K-He4 (with 55Fe) +0+6+2 | PLB681(2009)310

K-He4 +5+3*+4 | arXiv:1010.4631,
PLB697(2011)199

K-He3 2+x2+4




Outlook

sotope shift between He3& He4??

Determination of width

Determination of X-ray yields between gas &liquid
~urther kaonic atom measurements with Z>=3

Shift [eV] Reference

K-He4 (with 55Fe) +0+6+2 | PLB681(2009)310

K-He4 +5+3*+4 | arXiv:1010.4631,
PLB697(2011)199

K-He3 2+x2+4
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Evaluation of systematic error
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count/ 50 eV

Evaluation of systematic error

“kaon-coincidence” with K-d data

Fit of kaonic (C/O/Al) atom X-ray lines
with known energy
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Evaluation of systematic error

confirmation of the accuracy of energy determinatio n & peak shift
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To obtain absolute energy
from a fit value |,

Eexp = Efit t&
e=+65+35eV

Average of three points: consistent
with the systematic error band




Photon cross section in helium

In helium, cross section
of Compton effect

IS significant even in
low-energy photons
(~6.5 keV).
1/3=Compton effect

photon cross section [cm”"2/g]
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10% of X-rays in Lig. He (E570)
- 10 eV peak shift (if Compton neglected)

0.1 % of X-rays in 10 bar He (SIDDHARTA)
—0.1 eV peak shift (if Compton neglected)
—->We can neglect this shift!



x—ray yvields per stopped K- (%)

Expected X-ray yields in helium gas

Y. Akaishi (EXAQO5 Presentation)

Density dependence of K —*He alom x—ray yields
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Need to check!



Kaonic atom data with Z>3

1. Errors on shift & width are large.
2. Isotope difference on shift & width were not
measured in almost all the targets (Except Boron).
3. X-ray yield vs. target density
4. Metal or solid targets were used
(Except: hydrogen, deuterium, He-3&He-4, nitrogen)

Text book:Fundamentals in hadronic atom theory (A. Deloff)
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Kaonic atom data with Z>3

E. Friedman et al. / Nuclear Physics A579 (1994) 518-538 521
Table 1
Compilation of K~ atomic data
Nucleus  Transition e (keV) I (keV) Y T, (eV) Ref.
He 322 —0.04 +0.03 ~ - - [15]
—0035+0012 0.03 +0.03 - - [16]
Li 352 0.00240.026  0.055+0.029 0.95+0.30 - [17]
Be 32 -0.079+0.021 _ 0.17240.58 0.25 +0.09 0.04+0.02  [17]
B 352 —~0.208+0.035 0.810+0.100 - - (18]
B ;] 352 ~0.167+0.035 0.700+0.080 - - [18]
C 352 —~0.590+0.080 1.730+0.150 0.07+0.013 0.99+0.20 [18]
0 43 ~0.025+0.018 0.017+0.014 - - [19]
Mg 43 -0.027+0.015 0.214+0.015 0.78+0.06 0.08+0.03 [19]
Al 43 -0.130+0.050  0.490+0160 - - [20]
~0.076+0.014 044240022 055+0.03 0.30+0.04 [19]
Si 43 ~024040.050 0.810+0.120 - - [20]
~0.130+0.015  0.800+0.033  049+0.03 0.53+0.06 [19]
P 43 ~0.330+0.08 1.440+0.120 026+0.03 1.8940.30 [18)
S 43 ~0.550+0.06 233040200 022+0.02 3.10+0.36  [18]
-043 +0.12 231040170 - - [21]
—0.462+0054 196 +0.17 0.23+0.03 29 405 [19]
Cl 43 —0.770£0.40 3.80 +1.0 0.16 + 0.04 58 +1.7 [18)
—0.94 +0.40 3.92 +0.99 - - [22]

Determined shift and width using natural abundance,

assuming the same shift & width & yield

Nitrogen data missing!
Isotope difference between 10B and 11B(??)

[21]



