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Kaon



Kaon
- K meson -
I(J7) = 5(07)

the lightest particle containing strange (anti-)quark

KO = ds, KO = ds K~ = us

mass 493677(1 6) MeV ex) ~1000 times heavier

than electron

lifetime | 1.2380(21) x 108 sec ~ 12 nsec




What I1s Kaonic atom !



Hydrogen atom

principal quantum number

n=1
electron
@




Kaonic hydrogen atom

principal quantum number

1) Initial capture —_

K_




Kaonic hydrogen atom

principal quantum number

1) Intial capture N ~ sqrt(M*/me) ~ 25
~ 323 MeV)




Kaonic hydrogen atom

X-rays




Kaonic hydrogen atom

X-rays




oW wWe observe
the strong Iinteraction ¢



X-ray spectroscopy

Kaonic hydrogen case

measure
2p
JJE{D;,S‘;_V@ 6 keV)
: _ )
1s e WIdH Tt |
1S (only Coulomby/ = -=--" Shift - AE1< strong int.
J

———————————————————————




X-ray spectroscopy

Kaonic hydrogen case

measure

AFE,, = EZP —
P s / 2p-1s X-ray (~ 6 keV)
Repulsive :

Shift = negative value

1S (only Coulomb)




X-ray spectroscopy

Kaonic hydrogen case

measure

2p

2p-1s X-ray (~ 6 keV)

1S (only COU'Om;’) . |- | Atractive :
S

Shift = positive value




Kaonic hydrogen



Kaonic hydrogen

-> the shift and width are basic information
of KP2"-N strong interaction at low energy limit.



Kaonic hydrogen

U.-G. MeiBner et al, Eur Phys J C35 (2004) 349

Shift Width K'p scattering length

Kaonic hydrogen (= Kp scattering amplitude at threshold )
Ka x-ray

can be directly deduced.




Kaonic hydrogen

QCD predictions

: successfully described by the
chiral perturbation theory e .

‘ﬂ
-
-
-
-
-
-
-
-
-
.......
----------

but NOT with
due to the presence of A(1405) resonance only 25 MeV below threshold



Chiral SU(3) effective theory
in combination with a relativistic
coupled-channels approach

Strong elastic K-p amplitude

T oy = VT i

Kaonic hydrogen

2T

A(1405)

KN
threshold

previous data
DEAR exp. ('95)

B. Borasoy, R. Nifler & W. Weise
PRL 94, 213401 (2005)



Experimental Difficulty



Difficulty of KH measurement

Density-dependent yield due to Stark mixing

@le field
oiton
C

Mixture between proton
Land@+1

S
induces transwﬁerent angular W

with the same principal quantum number.
-> When target density is high, the high n-state absorption rate will increase.

e-

Kaonic
Hydrogen

= |_ow density gaseous hydrogen target
= | ow energy Kaon with small energy spread



History



/0-80’s : Kaonic hydrogen puzzle

J. D. Davies et al., Phys. Lett. 83B, 55 (1979)
M. Izycki et al., Z. Phys. A 297, 11 (1980)
P. M. Bird et al., Nucl. Phys. A404, 482 (1983)

400 COUNTS/100eV |

P. M. Bird
(1983)

' theory shows
Attractive shift H\__rept?//sive

!’ \ \ :
/1\ /{ \\ i
14

Liquid target

ENERGY keV

KAONIC HYDROGEN A-C




997 :The first distinct peak @ KEK
- s P75, 207 7 KpX

A

Ti ﬂuorescence Kcomplex

(Kp,Ky,Ks,...)

Ko l

w
o

Counts /50 eV
N

X- ray energy (keV)

Kcomplex

- (Ks,KyKs,...

Counts /100 eV

Background
(Quadratic function)

: : ] ] N
Gas target
X-ray energy (keV)




2005 : Repulsive shift again @ LNF

G. Beer et al., PRL 94, 212302 (2005) D EA ‘ 2

(W
\®)

ek
ok

CCD has no
timing capability

[
-

\O

huge background

Counts/ 60 eV (x 103)

Repulsive shift

X—I‘ay enel‘gy (keV) G as ta rg et



Kaonic hydrogen : Shift vs. Width

Repulsive Attractive
shift

I s

-

!

0 :
i
t\3\ \§§ i\
TGN

0




Kaonic hydrogen : Shift vs. Width

Repulsive

do not agree perfectly SIDDHARTA : KH measurement
-> need more accurate measurem again at L NF (aﬂ:er DE AR>
with x-ray detector having
excellent timing and energy resolution
drastically improved
S/N ratio




X-ray detector



Silicon Drift Detector - SDD

FET <]

External
Amplifier

electric field gradient

"
‘\ - -
\ A\ N\ WD

. \
| ] \
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Silicon Drift Detector - SDD

electrode

(C=¢e0S/d)

\_

Si(Li)
anode
cathode

parallel plate type
of silicon detector

SDD

~N

small anode

&

small capacitance

High resolution
with thin depletion layer

-

N
Suppress a background

due to Compton scattering
iInside the detector




Silicon Drift Detector - SDD

KpX, 1998 | DEAR, 2005 | SIDDHARTA
Detector SIT() CCD SDD
Energy Resolution| 360 eV 180 eV 150 eV
Thickness sub 10 mm sub mm sub mm
Effective area 120 cm? 116 cm? 114 cm?
Time resolution | sub usec ~ 30 sec sub usec
Efficiency @ 6keV| ~ 100 % ~ 060 % ~ 100 %




Silicon Drift Detector - SDD

(

&

Final testing and
assembling at SM

(

J

Gluing and bonding at
Fraunhofer Institut - Berlin

\

v




DA®GNE
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P - g o e AT

N T S R—— " ©

LDAFI\IE e o7 colhder

QCI)—» K K+(491%)
*"@ Monochromatic low-energy K" (~127MeV/c) |

/ \ ® Less hadronic background due to the beam \

compare to hadron beam Ilne €.g. KEK)

' i
¢ WA
\ \ - ¢ N\

w Smtable 1{o] Kaonlc atom exp.

LY N =T S 84,
. 8




Experimental Setup






i Detect

@ Kaon detector




Detect

@ Kaon detector




Kapton : C22H1005N>

ZZ2

(polyimide film) I r ____________________________
I i

stopped Kaonsin Kapton wall
-> K-C, K-O and K-N are produced (background)

J




SIDDHARTA setup ﬁ

.

SDDs & Target
(inside vacuum) t-l.n

-
|




| H







Analysis



Kaon identification

Timing of coincidence signals

with respect to the RF signal from DAFNE
(~ 368.7 MHz)

hot—4—

4
94

NN
Y/

.

Timing [nsec]

two scintillators



Timing on SDDs

Time difference spectrum
between kaon arrival and x-ray detection

2 3
Timing [usec]

two scintillators



Energy vs. Timing on SDDs

y
/

-| After slewing
-| correction

T

- Ti KC KH KH KC
- Ka KB 6-5 Ko Complex 7-5

Timing [usec]

Co 1
10
Counts
x 10°

] — Kaon gate

i «— Background gate

_llllIllllIllllllllllllllllllllllll_ (asynChronOUSbaCkground)
S 6 14 38 9 10 11

Energy [keV]




K-p and K-d spectra

Hydrogen Deuterium

—h
N
| |
N

—
o

Counts / 50 [eV]
Counts / 50 [eV]

Clearly II Not visible

|
observed ! small signal

he ob wide width
4Mf¢”*ﬁuf

IR ; +
YA g f i *ﬂw +*+*++*+*+++++*$+”+*#w+¢+*+f+

| ] i K 1 | 1 | | )

] ] |
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Energy [keV] Energy [keV]
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(e} {pNoo] (o} {pNoo]
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XX\ el
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j
3
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Fluorescence

X- . Kapton
- Kaonic Kapton X-rays




Nl O

Kp

aNd K-C
Cascade calculation

=y

Koike et al., PRC53(1996)79

K-d

L ALLLL ! IIIIIII| I 1II:IIII| ! lIIIIIII T 1T

T T TTTTTT
L1 1 11l

K"—p K line

|

L LLILILAL
1 L1111

| |l||||| 1 1 I;l\llll
101 100 10l 10° 103
target density (og,)
6 STP Kao/Kall ~15%

FIG. 5. Density dependence of K -p atom x-ray yields with
varying (OE)yong and ™ | The solid lines and the dashed lines
are the cases which suffer the strongest (Conboy e al. [10]) and
the weakest (Tanaka and Suzuki [11]) Stark effects among the pa-
rameters given in Table I, respectively. The other cases in Table I lie
between these lines. The width Fg‘;’f is taken to be 1 meV. The free
parameter kg, 1s fixed to 2.0.
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X—ray yield per stopped K~ (%)

7 | " | |
10_3 | LIbiil 1 1 e 4§11l [ R 1 1 1 11l F I A
10=°  10~1 100 101 107 103
target density (o)
6 STP Kao/Kall ~ 5.8%

FIG. 10. Density dependence of K -d atom x-ray yields with
varying the strong-interaction parameters. The solid lines are the
case of Martin’s K matrix + Fermi average + binding effect. The
dashed lines are for Batty’s optical potential.

<aoNIC Kapton X-rays

~ 1/10 yields




Deuterium

X
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Counts / 50 [eV]
S
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RS,

Counts / 50 [eV]
N

EM \llalue
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i
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Residuals of K-p x-ray spectrum
after subtraction of fitted background
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Systematic error of KH shift & wic

th

v/ SDD rate dependence

v ADC linearity

v/ SDD response function

v Possible Kaonic deuterium x-rays

v Kaonic atom lines overlapped with KH x-rays
( <-- including in the statistical error )

Vv Distribution of KH higher transitions

v Energy resolution (constant noise)




Result



Width s[eV]

Result

| | I | | | |

SIDDHARTA

€1s = -283 + 36(stat) + 6(syst) eV
[1s = 541 + 89(stat) eV + 22(syst) eV

KEK-PS
E228 DEAR

| l | | | l | ] l | | | |

400 -300  -200 _ -100 0
Shift /5 [eV]



With a recent theoretical value

B.Borasoy et.al.
WT

WTB
Full

SIDDHARTA

Width Is[eV]
(@)
S

O

B. Borasoy et.al.,
PRC74, 055201 (2006)
-

Chiral SU(3) unitary approaches

solely from K-p scattering data !!

KEK-PS
E228 DEAR

| | l | | | | l | ] l | | | |

400 -300  -200 _ -100 0
Shift €15 [eV]




Conclusion

=
2,

Z
15
=
S
=

B.Borasoy et.al.

WT
WTB
Full

| SIDDHARTA

new constraints on theories

reached a quality which will demand refinead

calculations of the low-energy KN |

o

‘eraction




K-p amplitude

Inconsistency between
data and theory

7 previous exp.
' DEAR (1995)

Strong elastic K-p amplitude

1.36 1.38 1.40 1.42 ) B. Borasoy, R. NiBler & W. Weise
\s (GeV) PRL 94, 213401 (2005)

Y. [keda, T. Hyodo & W. Weise, NPA 881 (2012) 98

2.5

Re f(K~p — K™ p) [fm]
Im f(K™p — K™ p) [fm]

SIDDHA

1340 1360 1380 1400 1420 1340 1360 1380 1400 1420 1440

vs Mev] SIDDHARTA V5 [MeV]




K-p scattering length by SIDDHARTA

U.-G. MeiBner et al, EPJ C35 (2004) 349

AE —il/2 = -2 u2a(K~ p)[1 4+ 2au, (1 — Ina)a(K ™ p)],

scattering Rea(K_p) = —0.65£0.10 fm,
length

by SIDDHARTA| Ima (K~ p) =0.81 +0.15 fm,

= —0.93 4+10.82 fm (TW), now fully
Y. Ikeda et al, . : -
NPA 881(2012)98 ) = —0.94 4+ i0.85 fm (TWB), |compatible
= —0.70 +i0.89 fm (NLO).

However ...

a(K~p)=lap+ail/2

average of I=0 and I=1 components



-uture experiment



Kaonic deuterium measurement

Now a precise KH data is available; however ...

impulse approximation term

\ larger than leading term

/

N\ | | /
4 n
ag + al] Q—g = [;Zi n Zi} a9 1L ¢
1 1
CL(O) = §[aK—p—|—aK—n] = Z[@O —|'3@1]

SIDDHARTA-2

with one order better S/N




pDroposed new operation scheme

S\DDI—IARTA 2

after KLOE-2 data taklng &@‘M o




Feature

Larger acceptance (changing seometry)

Higher target gas density (new cryostat system)

Discrimination of K+ (new detector)

Active shielding (anti-coincidence counter)

Better S

D

D time resolution (lower temperature)




Summary



Summary

g
v/ measured Kaonic x-ray spectra with several gas targets /=18&2 :

» K-p : provided the most precise values ( )

€1s = -283 *+ 36(stat) + 6(syst) eV
[\s =541 £ 89(stat) eV £ 22(syst) eV

p K-d :first-time “exploratory’” measurement -> small signal (large width)

p K-3He (L-series) : first-time measurement (PLB697(201 1)199)

p K-4He (L-series) : measured In gaseous target for the first time (PLR681(2009)310)

v future experiment : Kaonic deuterium @ SIDDHARTA-2




Kaonic helium



Kaonic helium

— In the case of Kaonic hydrogen —

measure

2p
JJQZIP;,S‘:;_V (~ 6 keV)
: _ )
1S ,r— Width : I'2p }_due to
1s (only Coulomby/ = ==--" Shift - AEzp strong Int.
J

———————————————————————




Kaonic helium

3d/\/\/\f\f\f*

3d-2p X-ray

/ unobservable

v too low yield
v too large width

1s

———————————————————————




/=1 L=2

K-hydrogen K-helium

2p-1s X-ray 3d-2p x-ray

~ b keV ~ b keV



/=1

K-hydrogen
2p-1s
X-ray
Large

L

Width

L=2

K-helium

Small

3d-2p
X-ray



/=1

K-hydrogen

2p-1s
X-ray

Large

Low

/\l

Width

Yield

L=2

K-helium

Small

High

3d-2p
X-ray




K-hydrogen K-helium
2p-1s 3d-25
i X-ray
Large Width Small
i
Low Yield High
High stat.

Improved S/N High precision



Kaonic helium puzzie ...

) Wiegand
80 1971



30q COUNTS/100ev

—
[6)]
o

—
o
o

Counts /50 eV
N N
[oNoNoeNe]

(&)
o

1) Silicon drift detector
2) In-beam energy calib.
3) Low background

ENERGY ke (by tracking the secondary particles)

Fig. 3. X-ray spectrum measured with (2.3 +1.2)x 10’ kaons stapping in liquid helium.

Fit residuals

KAONIC HELIUM

NS

KEK E570

past 3 exp.

_Wiegand S. Okada et al.,
1971 PLB 653(2007)387




SIDDHARTA

using 144 SDDs

KEK E570 KMo 1L S

using 8 SDDs |[ELIeis ................................................................................... .............................

>
()
o
(]
—
n
-—
c
>
o
@)

Fit residuals

8
Energy [keV]

accumulated data

7000 8000 0 11000
Energy [keV]

accumulating data



Summary of Kaonic helium results

Shift [eV] Publication
KEK-E570 K*He +2 + 2(stat) + 2(syst) | PLB 653(2007)387
Ko a part of dataset | 0 + G(stat) + 2(syst) | PLB 681(2009)310
SIDDHARTA increased statistics | +5 + 3(stat) + 4(syst) | Preliminary ez eo7zo11199

;
2,
=
=
7y

K3He -2 + 2(stat) = 4(syst) | PLB 697(2011)199

ES/70

SIDDHARTA

¥’ Confirmed E570 result
v No large shift (~40eV) any more.

-> To precisely discuss whether the shift
has finite value or not, much more

accurate measurements are necessary
Error bars show quadratically added

statistical and systematic errors.



Summary of Kaonic helium results

Experiments [ heories




Next-generation K-atom exp.



Next-generation K-atom exp.

1. Crystal spectrometer 2. Microcalorimeter

Au absorber

Ti-Au TES

position-sensitive detector SiNx membrane (Thermal link)
Charge-Coupled Device (CCD)

pionic atom exp. : D. Gotta (Trento’06) X-ray observation satellite (ASTRO-H)

-> small acceptance



Why Microcalorimeter !

1. Possibility of large acceptance

* Multi device (Array)
» Large absorber

2. High mobility
available only short term of
OCCUPAaNcCy (at J-PARC, DADNE etc.)



cnergy resolution
@ 6 keV (FWHM)

4 )

difficult to determine

the energy and width

with ~ eV order

Silicon FWHM
detector |~ 200 [eV]

N £

5500 6000 . 6500
X-ray energy [eV]




cnergy resolution
@ 6 keV (FWHM)

_ TES FWHM
Microcalorimeter |~ 2.8 [eV]
T A\ T

y 4
L) l L) 1} | ] ' ' T ' |
/ :
J
|

two-order
Improved

'+ Silicon FWHM
- detector ||~200 [eV]

|

|
-
-’ v h
-
b J‘
- e —— —

6000 6500
X ray energy [eV]

Ref : hit www.astro.isas.jaxa.]



http://www.astro.isas.jaxa.jp/~tes/index.php?%BA%C7%BF%B7%C0%AE%B2%CC
http://www.astro.isas.jaxa.jp/~tes/index.php?%BA%C7%BF%B7%C0%AE%B2%CC

cnergy resolution
@ 6 keV (FWHM)

_ TES FWHM
Microcalorimeter |~ 2.8 [eV]
T \ T T I T T ' T T / T Y ' T y y T
/ FWHM 2.810.3eV
%Mn Ko 2
Mn Ka 1

Silicon
detector

6500
X ray energy [eV]

Ref : hitp://www.astro.isas.jaxa.]



http://www.astro.isas.jaxa.jp/~tes/index.php?%BA%C7%BF%B7%C0%AE%B2%CC
http://www.astro.isas.jaxa.jp/~tes/index.php?%BA%C7%BF%B7%C0%AE%B2%CC

X-ray microcalorimeter

a thermal detector measuring the energy
of an incident x-ray photon as a temperature rise

) Temperature rise
X-ray energy =E/C(~1mK)
E ; thermometer

Decay time constant
=C/G(~100 ps)

capacity

C

El;?]rgsli[c . Absorber size : e.g.,
0.2 x 0.2 [mm?] ...

Au absorber

e.g, Absorber:Au (0.3 mmx0.3 mm wide, 300 nm thick) I
Thermometer : thin bilayer film of Ti (40nm) and Au(l 10 nm) e Ti_AuTES

SiNx membrane (Thermal link)




TES microcalorimeter

TES = Transition Edge Sensor

--> using the sharp transition between normal and
superconducting state to sense the temperature.

Thermometer
sensitivity

dln R
~ 1000

super- normal
conducting conducting

state state Energy resolution

T:C

Temperature
~100 mK “

AE oc

Energy resolution ~ | eV at most
( Johnson noise and phonon noise are the most fundamental. )



started the investigation

funding status

e oot a small research fund in RIKEN for R&D
* applying another funding now...

enhancing partnerships

e RIKEN (Tamagawa-lab.: Dr.Yamada)

e [okyo Metropolitan University (Ohashi-lab.)
NS




NIST microcalorimeter

detector plane
for now: use TESs _ A e
designed for o Mﬂ
o5—-10 keV X-rays &=

Sy

- NIST’s standard TES sensor
- . T 350 x 350 pm2, 160 array
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synchrotron spectroscopy our spectrometer results ler

W.B. Doriese, TES Workshop @ ASC (Portland), October 8, 2012

60 kW operation :
K-He La 3-days data acquisition : 300 events
K-C 5-4 (K-mass ) 7-days data acquisition : 7000 events



Kaon mass measurement

WEIGHTED AVERAGE
493.677+0.013 (Error scaled by 2.4)

13eV “Assuming K-C 5-4 yield = K-He La yield x 107,
size of --> ~ 7000 [events/1week] with NIST MC array
error bar L whose resolution is 4~5 eV (FWHM)@ 10 keV.

> AE = 4/2.35 / sqrt(7000)~ 0.02 [eV]

Difference

AE (for x-ray energy) ~ 0.02 [eV]
--> Am (for K- mass) ~ 1 [keV]

. J

A 4

will improve one order of

magnrtude In accuracy of K-mass
(~ | month data accumulation w/60kWV)

_4

493.55 493.6 493.65 493.7 493.75




Summary



Summary

- K-Helium and K- mass -

v/ measured Kaonic helium x-ray spectra :

» K-3He (L-series) : first-time measurement (PLB697(2011)199)

» K-"He (L-series) : measured in gaseous target for the first time (pLBes1(2009)310)

Vv get started to investigate the next-generation of K-atom exp.
v/ TES Microcalorimeter : high mobility and a large acceptance
v/ open new door to investigate K-nucleus strong interaction

v\ provide new accurate charged kaon mass value, which would be the first
measurement in this project




[hank you



