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 exotic hadronic atoms are bound by Coulomb force - QED

 e.g. +-, -p, -d, Kp, Kd, … 

 Bohr radii > as the typical scale of strong interaction, but..

 observable effects of QCD
 energy shift from pure Coulomb value
 decay width
 access to scattering at zero energy

 these scattering lengths are sensitive to chiral and isospin 
symmetry breaking in QCD

 can be analysed systematically in the framework of low-
energy Effective Field Theory

Motivation to study hadronic atoms
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“normal” hydrogen

n=1

p

e-

K-

“exotic”  (kaonic)  hydrogen

2p  → 1s
K transition

Forming  “exotic”  atoms

K-
X-ray

n=2

n~25
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X-ray transitions to the 1s state

HADRON 2019 5

E2p  1s (e.m.) (K-p) = 6480  1 eV

E2p  1s (e.m.) (K-d) = 7820  1 eV

K ~ 6.2 keV
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Scattering  lengths
Deser-type relation connects shift 1s and width 1s

to the real and imaginary part of ɑK-p

(µ .. reduced mass of the Kp system,  .. fine-structure constant)

𝝐1𝑠 −
𝑖

2
1𝑠 = −2𝛼3𝜇𝒂𝑲−𝒑

 the measurement of kaonic deuterium
will allow to extract antikaon-nucleon isospin dependent scattering lengths
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Charged kaon production

 DANE at Laboratori Nazionali di Frascati

 J-PARC - Japan Proton Accelerator Research Complex



Low energy charged kaons at DANE

e+-e-

collider

Accu.

IR
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operates at the centre-of-mass 
energy of the  meson

mass      m = 1019.413 ± .008 MeV
width     = 4.43 ± 0.06 MeV

 produced via e+e- collision 
(e+e- → ) ~ 5 µb

→ monochromatic kaon beam
(127 MeV/c)



Neutrino beam

Japan Proton Accelerator Research Complex  - J-PARC

LINAC  400 MeV

Rapid Cycle 

Synchrotron

3.5 GeV 

Material and Life 

Science Facility

Hadron

Hall
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Primary beam:       30 GeV/c protons
Repetition cycle:    5 sec
Flat top:                   3 sec
Production target:  Au
Kaon momentum:  1.2 GeV/c (max.)
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Status kaonic hydrogen

 SIDDHARTA at DANE
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repulsive attractive

KpX (KEK)
M. Iwasaki et al, 1997
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Kaonic hydrogen “puzzle”  
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Alu-grid

Side wall:
Kapton 50 µm

Kaon entrance
Window:
Kapton 75 µm

working T  25 K
working P  1.5 bar         

SIDDHARTA: cryogenic target + X-ray detector
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K-p spectrum,  BG subtracted 
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ε1s = -283 ± 36(stat) ± 6(syst) eV
Γ1s =  541 ± 89(stat) ± 22(syst) eV



Kaonic hydrogen results  
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ε1s = -283 ± 36(stat) ± 6(syst) eV
Γ1s =  541 ± 89(stat) ± 22(syst) eV



Improved constraints on chiral SU(3) dynamics from 
kaonic hydrogen
Y. Ikeda, T. Hyodo and W. Weise, PLB 706 (2011) 63

Real part and imaginary part of the Kp  Kp forward scattering
amplitude extrapolated to the subthreshold region, deduced from the
SIDDHARTA kaonic hydrogen measurement.
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Chiral EFT motivated KN approaches
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Kyoto-Munich Murcia 1 Prague

Bonn 2 Murcia 2                 Barcelona

Bonn 4 

A. Cieplý

MENU 2019

Kp  Kp forward scattering amplitude
 subthreshold amplitudes not yet well determined
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Kyoto-Munich Murcia 1 Prague

Bonn 2 Murcia 2                 Barcelona

Bonn 4 

A. Cieplý

MENU 2019

Kn  Kn forward scattering amplitude
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Towards kaonic deuterium

 SIDDHARTA-2 at DANE

 E57 at J-PARC
 Kaonic hydrogen pilot run



QED

K

K

Khigh
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signal: shift - 800 eV 
width 800 eV

density: 5% (LHD)
detector area: 246 cm2

K yield:  0.1 %
with the yield ratio 
as in Kp

S/B ~ 1 : 4

INPUT

The scientific goal of SIDDHARTA-2 and E57

achievable precision:
shift: 30 eV
width: 75 eV

Geant4  simulated  Kd X-ray spectrum 

 a first measurement of kaonic deuterium 
to extract the KN isospin dependent scattering lengths 



E57 / SIDDHARTA-2  targeted precision

21
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Experimental challenges towards K-d

 X-ray yield: K-p  ~ 1 %

K-d  ~ 0.1 %

 1s state width: K-p  ~ 540 eV

K-d  ~ 800 – 1000 eV

BG sources: asynchronous BG   timing
synchronous BG   spatial correlation



SIDDHARTA-2
SIlicon Drift Detector for Hadronic Atom Research by Timing Applications



SIDDHARTA-2
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The new 4x2 SDD array for Kd

SDD-chip back side with 
bonding pads

connector

9 holes for 

bondings

CUBE

preamplifier

SDD-chip glued to ceramic 
board, bonded to CUBE 
preamplifier

25



X-ray detector for SIDDHARTA-2 and E57
New SDD technology with 
CUBE preamplifier

55Fe spectrum

123.0 eV FWHM
CUBE
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SIDDHARTA – 2  successfully installed

at DANE in April 2019
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more details:
Session 4, 
Aug. 20 at 9:15
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Towards kaonic deuterium

 SIDDHARTA-2 at DANE

 E57 at J-PARC
 Kaonic hydrogen pilot run
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Solenoid

Cylindrical detector hodoscope

Cylindrical drift chamber

Cryogenic target cell

surrounded by SDDs

Refrigerator for 

target and SDDs

E57 within E15 spectrometer (CDS)

C-degrader:
~ 500 mm
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K-d cryogenic target and SDD setup

Line driver boards

Ultra-pure Al cooling lines

Analogue signal and HV-LV cables

16-channel amplifier boards

2-stage closed cycle cryo-cooler

Cryo target + SDDs
HADRON 2019
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K

start counter T0

entrance window 75 µm Kapton

Al reinforced side wall 75 µm Kapton

12 x 4 SDD arrays

SDD cooling and support

target cell:  l = 160 mm, d = 65 mm
target pressure max.: 0.35 MPa
target temperature:  23 – 30 K
SDD active area: 246 cm2

density: 5% LHD 
(29K/0.35 MPa)

Combined target and SDD design

32
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Towards kaonic deuterium

 SIDDHARTA-2 at DANE

 E57 at J-PARC
 Kaonic hydrogen pilot run



K1.8BR area February 2019

E15 CDS

H2/D2 gas target
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Kaonic hydrogen/helium pilot run



E57 pilot run geometry

Kaonic hydrogen/helium pilot run
Feb. - April 2019 for a total of 6 days
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 successfully optimized kaon stop density 

Kaonic hydrogen/helium pilot run
Feb. - April 2019 for a total of 6 days

K+ stopping tune: Range curve

kaon momentum 0.7 GeV/c
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Kaonic Helium-4 spectrum  
6 hour data taking

K-He
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Kaon trigger

DEF cut

DEF & CDC cut
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~80 K-He (3d  2p) events

to be compared with MC

 S/BG ~100/1

Kaonic Helium-4 spectrum 
6 hour data taking

K-He   3d2p

4
d


2
p

5
d


2
p

T. Hashimoto
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Kaon trigger

DEF cut

DEF & CDC cut

B
i-
L


B
i-
L


T
i-

K


Z
r-

K


Z
n
-K


K
C

/K
O

/K
A

l

C
u
-K


K
C

HADRON 2019 41



Kaonic hydrogen spectrum 
90 hour data taking

 Higher X-ray transitions are observed 

 K events less than expected, analysis ongoing
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Summary

 A first measurement of kaonic deuterium is urgently 
needed and will be performed at DANE and J-PARC

 SIDDHARTA-2
 Apparatus installed at DANE in April 2019
 Commissioning until Nov. 2019
 Data taking planned for 2020

 E57 
 Kaonic hydrogen/helium pilot run (Feb.-April 2019)
 Data analysis ongoing, together with improvements 

on the dedicated MC



For more infos:

Rev. Mod. Phys. 91, 025006 – Published June 2019
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