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Fig. 5. Symmetry breaking pattern for pseudoscalar mesons as described in the text. 

massless Goldstone bosom. The gap equation (3.10): m, = -4G,(tiu), together with 
the condensate relation (3.1 l), 

(iiu)= - 3 2 m”A ‘[l-$ln(l+$)], (4.21) 

gives an immediate order-of-magnitude estimate for the dimensionless constant 
G,A*. Suppose that we wish to have a dynamical quark mass m, = A. Then GIA2/47r 
should be of order one. A finer tuning shows that the condensate value, together 
with the physical value f r  =93 MeV of the pion decay constant (4.10), is well 
approached with G,A 2 = 5 and A = 1 GeV, which then gives m, = 0.3 GeV. 

(ii) The next step is to turn on the ‘t Hooft interaction L&. The resulting explicit 
U(l)+, breaking acts selectively to shift the n’ mass up, still leaving the SU(3) flavour 
octet of pions, kaons and n as massless Goidstone bosons of the spontaneously 
broken SU(3)=~SU(3~~ symmetry. 

(iii) Finally, the introduction of non-zero current quark masses rnz = rn”d = 5 MeV 
and m”- s - 130 MeV shifts the pseudoscalar meson masses to their proper places as 
shown in fig. 5. 

The complete scheme includes the coupling of the pseudoscalar and the 
longitudinal axial vector channels which also influences the pseudoscalar meson 
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Study of K-nucl. interaction
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Two experimental approaches

Reaction formation 
(search for deeply bound K- cluster)

Precision x-ray measurement

complementary

Nuclear state

Precision x-ray measurement
(strong interaction at threshold)

Kaon-nucleus interaction
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Experiments (past and future)

K− p KEK E228
DEAR
SIDDHARTA

K− d

K− 4He

K− 3He

KEK E570

SIDDHARTA2
J-PARC E57

SIDDHARTA

SIDDHARTA
J-PARC E62

J-PARC E62

Precise information of K−p, 
K−n scattering lengths

Essential inputs of chiral 
SU(3) dynamics

Understanding Λ(1405)

Kaon-nucleus potential 
depth

‘deep-or-shallow problem’

Antikaon-nuclear cluster

Chiral unitary vs 
Phenomenological model

ExperimentTarget Physics
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“Light” Kaonic Atoms
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Kaonic atom spectroscopy
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Kaonic atom spectroscopy

Shift ΔE1s

Width Γ1s

e.g., Kaonic hydrogen (K-p)

2p

1s

Coulomb only

～～～～～
～

X-ray spectrometer

Deser-type formula

�E1s �
i

2
�1s = �2↵3µ2aK�p

Scattering length

aK�p =
1

2
(a0 + a1)

[isospin 0 and 1]

modified by U.-G. Meißner, U. Raha, A. Rusetsky, Eur. Phys. J. C 35, 349 (2004)

S. Deser, M.L. Goldberger, K. Baumann and W. Thirring, Phys. Rev. 96 (1954) 774

X-ray
~ 6 keV

nuclear absorption
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slowed-down 
K− beam

How to measure x-rays
Target
(gas/liquid)

KEK-PS/J-PARC 
(proton synchrotron), Japan

DAΦNE (e+e- collider), Italy

X-ray 
detectors

Beam 
counters

～
～

Key points of experiment
1. low absolute yield  

→ long measurement / large area 
2. high background 

(beam synchronous/asynchronous)  
→ event selection / timing cuts 

3. calibration  
→ well-known characteristic x-rays 

4. need high energy resolution

・high intensity beam

・slow and monochromatic K-

� ! K+K�

Decay counters

・secondary K- beam line
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target at 4 atm and 100 K (,0.94 3 1023 gycm3) giving
an effective thickness of 50 mgycm 2.
An array of 60 Si(Li) crystals, each with a sensitive

area of 200 mm2, was positioned directly in the hydrogen
gas inside the aluminum target vessel to view the stopping
volume of the kaons. The inner surface of the vessel was
covered by thin titanium (Ti) foils whose fluorescence
served as an in-beam energy calibration.
Since the kaon beam is contaminated by pions (Kyp ,

0.01 just before the target), the timing of the x-ray signal
is important for reducing the accidental background.
After time walk corrections of the Si(Li) detectors, a
resolution of 290 6 10 nsec (FWHM) was obtained for
the summed time spectrum. We defined a “prompt time”
gate for kaons with a 6360 nsec width. We recorded
the time of beam pions striking the beam counters and
rejected signals of the Si(Li) detectors coincident with
these pions.
An 55Fe source was inserted periodically when beam

was off to determine the calibration of each Si(Li) detector.
Only Si(Li) detectors whose resolution was better than
400 eV (,25 detectors on average) were selected and
summed.
The Ti fluorescence x rays in the prompt time gate

(shown in Fig. 2) were used as an in-beam energy
calibration source to monitor the gain stability. By
fitting the summed spectrum of Ti Ka1 , Ka2 , and Kb

with the known intensity ratios and energies [11], we
obtained an energy resolution of 407 6 7 eV (FWHM).
This resolution is consistent with that obtained using 55Fe.
It is predominantly determined by microphonic noise
and its energy dependence is negligible in the region of
interest.

FIG. 2. X-ray spectrum in the prompt time gate. The inset
shows the typical x-ray time spectrum for the x rays from 2 to
20 keV. The dashed line is the prompt time gate.

K2p absorption produces various reaction products in-
cluding high energy g rays which were the major back-
ground source of the previous experiments. By selecting
the branches K2p ! S6p7 followed by S6 ! np6,
we can exclude all reactions producing high energy g
rays. These branches (,50%) were identified by tagging
on two charged pions.
Furthermore, this two-charged-pion tag enables us to

determine the kaon reaction point as a vertex by tracking
both pion trajectories. We used two layers of cylindrical
wire chambers to reconstruct the vertex point and two
layers of plastic scintillation counters to trigger those
events. We applied the fiducial selection of the target
volume using the vertex point. False triggers caused by
high energy electrons, which are mainly produced by g-
ray conversion, were rejected by water Čerenkov counters
placed just behind the trigger counters.
In order to identify the formation of kaonic hydro-

gen atoms and to reject the contaminating in-flight
decaysyreactions, we utilized the correlation between the
kaon range and its time of flight in the hydrogen gas.
Because the stopping power of our gaseous target is quite
low, the “kaon stop” events have a large delay depending
on their range in the gas.
After applying these event selections, we obtained the

x-ray energy spectrum shown in Fig. 3. In the spectrum,
we clearly observed kaonic hydrogen K-series x rays at
about 6 and 8 keV, which are identified to be Ka (2p
to 1s) and Kcomplex (3p or higher to 1s), respectively.
The pure electromagnetic value of the kaonic hydrogen
Ka x-ray energy [EEMsKad] is 6.480 6 0.001 keV, which

FIG. 3. Kaonic hydrogen x-ray spectrum. The inset shows
the result of peak fitting and the components.

3068

Kaonic hydrogen experiment (1)

nent, apart from a normalization factor, was used to fit both
spectra. All the fluorescence lines were normalized with
the same factor. The fit range was selected to be from 2.9 to
10.4 keV, excluding the Khigh energy range (7.74–
8.82 keV), in order to avoid model dependency as far as
the intensities were concerned. The systematic errors in-
troduced by these cuts were studied by Monte Carlo simu-
lations and included in the global systematic error.

Analysis II used as a background spectrum the sum of
kaonic nitrogen data [13] and a subset (low CCD occu-
pancy) of no-collision data. By means of activation analy-
ses performed in the laboratory it was checked that the
silicon and iron fluorescence peaks do have the same origin
(CCD itself and its support) in both signal and background
spectra. Consequently, the intensity ratio of the silicon
fluorescence peaks with respect to the integrated continu-
ous background in the two spectra, described by two
independent cubic polynomials, was used to normalize
the iron fluorescence peak in the kaonic hydrogen
spectrum.

Concerning the influence of the Khigh transitions, the fit
range was restricted to a region where this contribution is
marginal, given only by their low-energy tails. In order to
study this contribution, different values for the Khigh=K!

yields ratios, obtained from cascade calculations [15], were
imposed in the fit. The effect of varying the yields ratios as
well as the fit energy range was studied and included in the
systematic error.

The two analyses gave consistent results. In both, the fit
without kaonic hydrogen contribution gave a "2=NDOF !

1:25 where NDOF indicate the number of degrees of free-
dom. By including (K"p) lines, in analysis I "2=NDOF
turned out to be 1.04, and in analysis II the value was 1.02.
In Fig. 1, the fitted kaonic hydrogen x-ray spectrum is
shown (spectra look the same in both analyses). A zoom
of the (K"p) K# region shows the disentangling of the Fe
K# and (K"p) K# lines. In Fig. 2, the fitted measured
background spectra used in the two analyses are shown.
Figure 3 shows the kaonic hydrogen x-ray spectrum after
continuous and structured background subtraction for both
analyses. The fitting curves of the various kaonic hydrogen
lines are as well shown. Shifts and widths obtained in the
two analyses are reported.

The weighted average of the two independent analyses
for the K# transition energy gave 6287# 37 (stat) #6
(syst) eV, where the statistical error is the smaller of the
two individual ones.

The pure electromagnetic value of the kaonic hydrogen
K# x ray is 6480# 1 eV. Hence, the resulting ground-state
shift $1s is

$1s ! "193# 37 $stat% # 6 $syst% eV: (1)

The weighted 1s strong interaction width (FWHM) !1s is

!1s ! 249# 111 $stat% # 30 $syst% eV: (2)

Systematic error contributions from detector energy cali-
bration and energy resolution, as well as from analysis (fit
range and method), were included.

Our result is consistent with the KEK measurement [11]

$1s ! "323# 63 $stat% # 11 $syst% eV; (3)

!1s ! 407# 208 $stat% # 100 $syst% eV; (4)

within 1% of their respective errors and confirms the re-
pulsive character of the K"p interaction at threshold.

They differ significantly, however, in three important
aspects: (1) the uncertainty of the DEAR result is about 2
times smaller than that of the KEK values; (2) the absolute
values of $1s and !1s are 40% lower, which points towards
a less repulsive strong interaction; (3) DEAR observed the

FIG. 1. The measured kaonic hydrogen x-ray spectrum. The
kaonic hydrogen transitions (indicated by boxes) and the elec-
tronic excitations coming from setup materials are visible. The
fit curves (total and components) are shown. Upper-right inset:
zoom of the kaonic hydrogen K# line region with the continuous
background; the iron K# and the kaonic hydrogen K# lines
disentangled. Lower-left inset: zoom of the silicon peak region
with the aluminum, silicon, and calcium escape peaks.

FIG. 2. The measured background spectra used in the two
analysis methods: (a) no-collision data spectrum, in analysis I;
(b) sum of the kaonic nitrogen data and of a subset (low CCD
occupancy) of no-collision data, in analysis II. The fitting
functions (overall peaks and continuous components) are shown.

PRL 94, 212302 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
3 JUNE 2005

212302-3

KEK-PS E228 (1997) DAΦNE DEAR (2005)
・Si(Li) x-ray detector (120 cm2) 
・360 eV FWHM at 6 keV 
・sub-μs timing information 
・event selection (low BG)

・CCD x-ray detector (116 cm2) 
・180 eV FWHM at 6 keV 
・no timing information (high BG) 
・overlay with Mn and Fe peaks

M. Iwasaki et al., Phys. Rev. Lett. 78 (1997) 3067 G. Beer et al., Phys. Rev. Lett. 94 (2005) 212302
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Fig. 2. Kaon identification using timing of the coincidence signals in the kaon de-
tector with respect to the RF signal of ∼ 368.7 MHz from DA!NE.

Fig. 3. Time difference spectrum between kaon arrival and X-ray detection for K −

triggered events of hydrogen data, where a time-walk correction was applied.

The time difference between kaon arrival and X-ray detection
for hydrogen data is shown in Fig. 3. The peak represents correla-
tion between X-rays and kaons, while the flat underlying structure
is from uncorrelated accidental background. A typical width of the
time-correlation, after a time-walk correction, was about 800 ns
(FWHM) which reflected the drift-time distribution of the electrons
in the SDD.

In order to sum up the individual SDDs, the energy calibration
of each single SDD was performed by periodic measurements of
fluorescence X-ray lines from titanium and copper foils, excited by
an X-ray tube, with the e+e− beams in kaon production mode.
A remote-controlled system moved the kaon detector out and the
X-ray tube in for these calibration measurements, once every ∼ 4
hours.

The refined in-situ calibration in gain (energy) and resolution
(response shape) of the summed spectrum of all SDDs was ob-
tained using titanium, copper, and gold fluorescence lines excited
by the uncorrelated background without trigger (see [29,30] for
more details), and also using the kaonic carbon lines from wall
stops in the triggered mode.

Fig. 4 shows the final kaonic hydrogen and deuterium X-ray
energy spectra. K -series X-rays of kaonic hydrogen were clearly
observed while those for kaonic deuterium were not visible. This
appears to be consistent with the theoretical expectation of lower
X-ray yield and greater transition width for deuterium (e.g., [31]).

The vertical dot-dashed line in Fig. 4 indicates the X-ray energy
of kaonic-hydrogen Kα calculated using only the electro-magnetic
interaction (EM). Comparing the kaonic-hydrogen Kα peak and the
EM value, a repulsive shift (negative ϵ1s) of the kaonic-hydrogen
1s-energy level is easily seen.

Many other lines from kaonic-atom X-rays and characteristic
X-rays were detected in both spectra as indicated with arrows
in the figure. These kaonic-atom lines result from high-n X-ray
transitions of kaons stopped in the target-cell wall made of Kapton

Fig. 4. A global simultaneous fit result of the X-ray energy spectra of hydrogen
and deuterium data. (a) Residuals of the measured kaonic-hydrogen X-ray spectrum
after subtraction of the fitted background, clearly displaying the kaonic-hydrogen
K -series transitions. The fit components of the K − p transitions are also shown,
where the sum of the function is drawn for the higher transitions (greater than Kβ).
(b), (c) Measured energy spectra with the fit lines. Fit components of the back-
ground X-ray lines and a continuous background are also shown. The dot-dashed
vertical line indicates the EM value of the kaonic-hydrogen Kα energy. (Note that
the fluorescence Kα line consists of Kα1 and Kα2 lines, both of which are shown.)

(C22H10O5N2) and its support frames made of aluminium. There
are also characteristic X-rays from titanium and copper foils in-
stalled for X-ray energy calibration.

We performed a global simultaneous fit of the hydrogen and
deuterium spectra. The intensities of the three background X-
ray lines overlapping with the kaonic-hydrogen signals (kaonic
oxygen 7–6, kaonic nitrogen 6–5, and copper Kα) were deter-
mined using both spectra and a normalization factor defined by
the ratio of the high-statistics kaonic-carbon 5–4 peak in the
K −p and K −d spectra. Fig. 4 (b) and (c) show the fit result
with the components of the background X-ray lines and a con-
tinuous background; (a) shows the residuals of the measured
kaonic-hydrogen X-ray spectrum after subtraction of the fitted
background, clearly displaying the kaonic-hydrogen K -series tran-
sitions.

Kaonic hydrogen experiment (2)
DAΦNE SIDDHARTA (2011)
・Silicon Drift Detector (114 cm2) 
・150 eV FWHM at 6 keV 
・sub-μs timing information

K-d x-ray yield 
~1/10 of K-p

global fit with 
K-d spectrum

114 SIDDHARTA Collaboration / Physics Letters B 704 (2011) 113–117

bound kaonic systems (e.g., [4–7]). Recent progress in this field is
summarized in [8].

The shift and width are deduced from the spectroscopy of
the K -series kaonic-hydrogen X-rays. The first distinct peaks of
the kaonic-hydrogen X-rays were observed by the KEK-PS E228
group [9] following the absorption of a stopped K − within
a gaseous hydrogen target using Si(Li) detectors. The observed re-
pulsive shift was consistent with the analysis of the low energy
K N scattering data, resolving the long-standing sign discrepancy
generated by old experiments [10–12].

The most recent values were reported by the DEAR experi-
ment [13], in which the errors were reduced by a factor of 2 when
compared with those of E228 [9].

Using the results obtained by DEAR, theoretical studies have
been performed with possible higher order contributions using
several models [14–24]. However, the question still remains that
most of them had difficulties in explaining all the experimental re-
sults in a consistent way. See also [25,26].

Here we report on results based on the X-ray detection tech-
nique recently developed by the SIDDHARTA (Silicon Drift Detector
for Hadronic Atom Research by Timing Application) collaboration,
using the microsecond timing and excellent energy resolution of
large area silicon drift detectors (SDDs) [27]. This technique re-
duced the large X-ray background coming from beam losses and
improved the signal-to-background ratio by more than a factor
of 10 with respect to the corresponding DEAR ratio of about 1/100.

2. Experiment

The SIDDHARTA experiment was performed at the DA!NE
electron–positron collider at the Laboratori Nazionali di Frascati of
INFN. The φ-resonances produced decay into back-to-back K +K −

pairs emitted with a branching ratio of about 49%. The monochro-
matic low-energy kaons (∼ 16 MeV of kinetic energy) are stopped
efficiently in a gaseous target to produce kaonic hydrogen atoms.
It is essential to use a gaseous target for the measurements since
the X-ray yields quickly decrease towards higher density due to
the Stark mixing effect. Therefore, a cryogenic gaseous hydrogen
target was used at typical values of a pressure 0.1 MPa and a tem-
perature 23 K, resulting in a density of 1.3 × 10−3 g/cm3 of the
isotopically pure hydrogen.

Fig. 1 shows the SIDDHARTA setup. To detect the back-to-
back correlated K +K − pairs from φ decay, two plastic scintillation
counters (1.5 mm thick), called the kaon detector, were mounted
above and below the e+e− interaction point where the φ reso-
nance is produced. A kaon trigger was defined by the coincidence
of the two scintillators. Minimum ionizing particles (MIPs) coming
from beam losses were highly suppressed by setting a high pulse-
height threshold in the kaon detector – the slow kaons deposit
much more energy in the scintillators than the faster MIPs.

To obtain a uniform distribution of K − momenta entering the
gaseous target, a shaped degrader made of mylar foils with a thick-
ness ranging from 100 to 800 µm was placed as shown in Fig. 1,
to correct for a slight momentum boost of the φ resulting from
the 55 mrad e+e− crossing angle.

The cylindrical target cell, 13.7 cm in diameter and 15.5 cm
high, was located just above the degrader inside the vacuum cham-
ber. The lateral wall and the bottom window were made of Kapton
Polyimide film of 75 µm and 50 µm thickness.

The SDDs, used to detect the kaonic-atom X-rays, were devel-
oped within a European research project devoted to this experi-
ment [27]. Each of the 144 SDDs used in the apparatus has an
area of 1 cm2 and a thickness of 450 µm. The SDDs, operated at
a temperature of ∼ 170 K, had an energy resolution of 183 eV
(FWHM) at 8 keV (a factor of 2 better than Si(Li) detectors used

Fig. 1. A schematic side view of the SIDDHARTA setup installed at the e+e− inter-
action point of DA!NE.

in E228 [9]) and timing resolution below 1 µsec in contrast to the
CCD detectors used in DEAR [28] which had no timing capability.
Using the coincidence between K +K − pairs and X-rays measured
by SDDs, the main source of background coming from beam losses
was highly suppressed.

To test our experimental technique and optimize the degrader
thickness, we repeatedly changed the target filling to helium gas
and measured the L-transitions of kaonic 4He. Due to the high
yield of this kaonic atom X-ray transition, one day of measurement
was sufficient for each check.

The physics results of the strong-interaction 2p-level shifts of
kaonic 3He and kaonic 4He atoms are available in our recent pub-
lications [29,30].

In addition, we have performed the first-ever exploratory mea-
surement of kaonic-deuterium K -series X-rays with the same ex-
perimental setup. In the kaonic-hydrogen analysis, it turned out
to be essential to use the kaonic-deuterium spectrum to quantify
the kaonic background X-ray lines – originating from kaons cap-
tured in heavier elements such as carbon, nitrogen and oxygen
contained in organic construction materials – which overlap the
kaonic-hydrogen signal.

Data were accumulated over six months in 2009 with in-
tegrated luminosities of ∼ 340 pb−1 for the hydrogen and ∼
100 pb−1 for the deuterium measurement.

3. Data analysis

The data acquisition system records the signal amplitudes seen
by the 144 detectors along with the global time information.
Whenever a kaon trigger occurred, the time difference between
the X-ray and kaon was recorded as well as the time correlations
between the signals on each of the scintillators and the DA!NE
bunch frequency. From these data, the time-of-flight information
of the kaon detector, the position of the hit detector and rates of
the SDDs, rate of kaon production, etc., could be extracted in the
off-line analysis.

The timing distribution of the coincidence signals in the kaon
detector with respect to the RF signal from DA!NE shows clearly
that kaon events can be separated from MIPs by setting a time
gate as indicated by arrows in Fig. 2.

M. Bazzi et al., Phys. Lett. B 704 (2011) 113
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local minima with the results preferring the models B2 and B4 [18]. On the other hand, the theo-
retical models still find it difficult to explain the peaks in the πΣ mass spectra observed in the pp
collisions by the HADES experiment [45]. Apparently, more dedicated studies accounting properly
for the dynamics of the πΣ production in those processes are needed before more conclusive results
can be reached, particularly for the πΣ related pole.
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Figure 1: Kaonic hydrogen characteristics and pole positions for various approaches.

The energy dependences of the K−p and K−n amplitudes generated by the NLO models are
shown in Figure 2. Once again, the models have no problem to reproduce the experimental data
available at the K−p threshold energy, the branching ratios Eq. (1) and the kaonic hydrogen
characteristics. However, the models differ significantly when going to subthreshold energies in
the K−p amplitude or when the predictions for the K−n amplitude are made. Particularly, we
note that the model differences in the subthreshold region are much larger than bands (or zones)
of theoretical uncertainties derived from standard deviations of the fitted parameters within a
particular approach. Once again, the experimental data available at the threshold and at higher
energies do not constrain the theoretical models sufficiently when exploring physics in those sectors.
Thus, further improvement of experimental data, e.g. on the very old cross sections as proposed
in Ref. [46], is of huge importance for this strongly debated field. Additional constrains on the
K̄N energy dependence at subthreshold energies should be provided by analysis of the πΣ mass
spectra observed in various processes. The CLAS data on πΣ photoproduction [17] were already
used in Ref. [18] while the coming data on the K−d → πΣn reaction and the Λc → ππΣ decay can
provide further constrains on the theoretical models as discussed in Ref. [12]. However, we note
that a proper analysis of the πΣ spectra observed in these processes hinges on realistic treatments
of the involved reaction dynamics.

For the K−p amplitude at subthreshold energies the Prague model provides the largest and
most pronounced attraction (in the real part of the K−p amplitude) and peak (in the imaginary
part) at energies about 30 MeV below the K̄N threshold with a shape in agreement with the
Kyoto-Munich and MI models that have the resonance structure at slightly higher energies. The
MII and both Bonn models generate apparently different energy dependence, with the Bonn models
deviating from the other ones at energies above the K̄N threshold as well. It is interesting that
both Murcia models agree with the Prague and Kyoto-Munich ones at energies above the K̄N
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Figure 2: The K−p (top panels) and K−n (bottom panels) elastic scattering amplitudes generated by the NLO
approaches considered in our work. The various lines refer to the models: B2 (dotted, purple), B4 (dot-dashed, red),
MI (dashed, blue), MII (long-dashed, green), PNLO (dot-long-dashed, violet), KMNLO(continuous, black).

threshold despite the fact that the Murcia parameter sets were fitted to additional experimental
data available for higher energies.

The deviations between the Bonn and other approaches are of great conceptual importance,
which become most evident at energies above the K̄N threshold. They arise due to the fact that,
in contrast to the other considered approaches, no s-wave projection of the interaction kernel is
performed in the Bonn approach. Therefore, terms of the NLO Lagrangian proportional to the
cosine of the scattering angle are explicitly accounted for in this approach. This issue is completely
irrelevant when s-wave quantities are compared (such as scattering lengths), but may play an
important role when addressing total cross sections. In general, the latter do not discriminate
between various partial waves. Thus, neglecting higher partial waves in the calculation of the total
cross sections is an additional assumption. It is not clear a priori, where this assumption breaks
down, but it certainly will happen at some energies above the K̄N threshold. As a matter of fact,
the experimental data in this region are actually dominated by the measurement of the total cross
sections.

The model predictions for the K−n amplitude were calculated as an isovector K̄N amplitude
with the hadron masses set to isospin averaged values. The results are shown in the bottom panels

10

Kaonic hydrogen exp. and theory
Parallel session C6 by A. CIEPLY

A. Cieplý, M. Mai, Ulf-G. Meißner, J. Smejkal, https://arxiv.org/abs/1603.02531v2

Real K-p Img K-p

Real K-n Img K-n

・theory reproduces the K−p results at threshold
・various predictions for K−n scattering length (pure isospin 1)
・K− d result is awaited to determine the isospin dependence

https://arxiv.org/find/hep-ph/1/au:+Cieply_A/0/1/0/all/0/1
https://arxiv.org/find/hep-ph/1/au:+Mai_M/0/1/0/all/0/1
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20 
 

 
Figure 21: The simulated spectrum of K�d for SIDDHARTA-2 for 800 pb-1 (the Ka line is at 7 keV, 

while from 8 to 10 keV there is the K-complex) 

 

 
By fitting a set of simulated spectra, we extracted the shift and width for the kaonic 
deuterium 1s level induced by the presence of the strong interaction with a precision 
of: 
 H(1s) = 30 eV and *(1s) = 70 eV 
with a statistical significance of the KD line of ~ 20 V. 
 
This precision is comparable with that obtained for kaonic hydrogen with 
SIDDHARTA and will allow to extract the antikaon-nucleon isospin dependent 
scattering lengths with a similar precision, required for the theories dealing with 
non-perturbative QCD including strangeness. 
 
 
5)  Conclusions and outlook 
 
The kaonic deuterium measurement by SIDDHARTA-2 is the object of the present 
report. With the planned setup improvements and with an integrated luminosity of 
about 800 pb-1, SIDDHARTA-2 will be able to perform the first X-ray measurement 
of the strong interaction parameters - the energy displacement and the width of the 
kaonic deuterium ground state – data which are eagerly awaited by theoreticians. 
The shift will be determined with a precision of about 30 eV (expected shift 800 – 
1000 eV) and the width with 70 eV (expected width 1000 eV). 

Kaonic Deuterium (1)
DAΦNE SIDDHARTA2

9 
 

 
Figure 6: The final SIDDHARTA-2 setup 

 
3) The new Silicon Drift Detectors for kaonic deuterium spectroscopy 
 

Silicon Drift Detectors (SDDs) are ideally suited for low energy X-ray spectroscopy. 

The energy resolution of SDDs is much better than the resolution of Si(Li) detectors, 

and the time resolution is of the same order. The main feature of the SDDs is the 

small value of the anode capacitance, which provides a shorter rise time and a larger 

amplitude of the output signal, hence permitting to achieve good resolution in 

energy and time as well as less noise in subsequent electronic components.  This 

capacitance is practically independent of the active area, allowing the development 

of a detector with large area and reduced thickness. This reduced thickness in the 

depletion layer results in less sensitivity to background events caused by high-

energy J-rays or electrons. 

SIDDHARTA-2 requires an X-ray detector with a large active area and good 

resolution in energy and time because of the small yields of the kaonic deuterium 

atom X-ray lines and the large low energy background environment. SDDs will 

provide excellent background suppression by using the time correlation between the 

kaonic X-rays  and  the  back-to-back  correlated  kaon pairs at the DA)NE electron 

– positron collider.   

 
 
 

・gaseous deuterium target 
・high geometrical efficiency 
・new SDDs 200 cm2 
・130 eV FWHM at 6 keV 
・400 ns timing resolution 
・efficient trigger and event  
    selection with K+ tag and VETO

from LNF scientific committee SIDDHARTA2 status report (2016)

e− e+Φ

>10 times better S/B

SIDDHARTA (2011)
SIDDHARTA2 
(simulation)
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J-PARC E57

Kaonic Deuterium (2)

6 kaonic-deuterium printed on January 23, 2015

The K1.8BR multi-purpose spectrometer [39] (see Fig. 2) has a quite
unique features for our needs, namely a large acceptance cylindrical spec-
trometer system (CDS), consisting of a cylindrical drift chamber (CDC) for
charged particle tracking, essential for e�cient background reduction for the
proposed study of kaonic deuterium X-rays. The cylindrical drift chamber,
with a diameter of 1060 mm and length of 950 mm, is surrounded by a
cylindrical detector hodoscope (CDH) to trigger on decay particles. These
parts of the experimental setup will be utilized for the proposed experi-
ment. They will be upgraded with a cryogenic target system and a novel
X-ray detector system with a total area of 246 cm2, having excellent en-
ergy resolution (better than 150 eV at 6 keV) and improved timing (⇠100
ns). The proposed setup (Fig. 3) will allow tracking of the incoming kaons
with segmented plastic scintillators – used also as start counters (T1, T0) –
and the beam line chamber (BLC). The charged particles produced due to
kaon absorption on the nucleus will be tracked by the large cylindrical drift
chamber (CDC), while the cylindrical detector hodoscope (CDH) is used as
the trigger in coincidence with the start counters (T1, T0).

Fig. 3. Sketch of the proposed setup for the kaonic deuterium measurement.

4.2. New Silicon Drift Detectors (SDDs)

We plan to use new SDD chips, which were developed in collaboration
with Fondazione Bruno Kessler FBK and Politecnico di Milano in Italy.

Monolithic arrays with 9 detector segments with a total area of 5.76
cm2 (see Fig. 4) are ideally suited for the proposed experiment. For these
SDDs, special preamplifier chips (CUBE), were developed. First test mea-
surements were performed successfully. For example, a 72 hour stability
test, performed at an SDD temperature of 120 K, achieved an energy res-
olution of 130 eV at 6 keV (see Fig. 5). The drift time at this working
temperature was measured to be around 200 ns.

8 kaonic-deuterium printed on January 23, 2015

Fig. 6. Design of the cryogenic target and X-ray detector system. The target cell,
with a diameter of 65 mm and a length of 160 mm, is closely surrounded by SDDs,
about 5 mm away from the target wall.

5. Monte Carlo studies

5.1. Degrader optimisation, kaon stopping distribution

The kaon beam properties were taken from a measurement at the K1.8
BR in June 2012 with a kaon momentum of 1000 MeV/c. For use as a kaon
degrader, several materials (carbon, polyethylene and iron) were compared
in a simulation for kaons with a central momentum of 700 MeV/c. The
highest stopping rates were obtained with a carbon degrader of about 40
cm thickness. In Table 2 the optimised results for the carbon degrader
thicknesses are summarised for gas and liquid targets. An additional prism-
shaped degrader was used to compensate for the position dependence of the
momentum. The results of the kaon stopping optimisation in gaseous and
liquid deuterium targets respectively is shown in Fig. 7. The simulation to
optimise the kaon stops in deuterium started with 7 · 106 K� and a kaon
momentum of 0.7 GeV/c. All further calculations are performed only for a
gaseous target with a density of 5% LDD.

5.2. X-ray yields, cascade calculations

The most recent cascade calculations for kaonic deuterium are shown
in Fig. 8, where the X-ray yields per stopped kaon for K

↵

, K
�

and K
�

transitions over a wide density range were calculated. As input in our
Monte Carlo simulation we used a K

↵

yield of 0.1% for the gas targets and

・high beam intensity 
・gaseous deuterium target 
・new SDDs 246 cm2 
・130 eV FWHM at 6 keV 
・400 ns timing resolution 
・event selection with CDC

at K1.8 BR beam line

from J-PARC proposal E57, J. Zmeskal et al.

K−
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Experiments (past and future)

K− p KEK E228
DEAR
SIDDHARTA

K− d

K− 4He

K− 3He

KEK E570

SIDDHARTA2
J-PARC E57

SIDDHARTA

SIDDHARTA
J-PARC E62

J-PARC E62

Precise information of K−p, 
K−n scattering lengths

Essential inputs of chiral 
SU(3) dynamics

Understanding Λ(1405)

Kaon-nucleus potential 
depth

‘deep-or-shallow problem’

Antikaon-nuclear cluster

Chiral unitary vs 
Phenomenological model

ExperimentTarget Physics
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“Deep-or-Shallow” problem

deep (~200 MeV)

po
te
nt
ia
l d
ep
th

shallow (~50 MeV)

Phenomenological model 
(fit of various kaonic atom data)

Chiral unitary model

r
similar results at 
atomic states
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Kaonic helium strong interaction shift (theory)

deep shallow

Phenomenological 
Vopt(r=0) ~ - (180 + 73i) MeV

Chiral unitary 
Vopt(r=0) ~ - (40 + 55i) MeV

K-4He 2p state -0.41 eV -0.09 eV

K-3He 2p state 0.23 eV -0.10 eV

Isotope shift (K-4He - K-3He) -0.64 eV 0.01 eV

A recent theoretical 
calculation

J. Yamagata-Sekihara and S. Hirenzaki : 
— Strong-interaction Shift & Width calc.
E. Hiyama : 
— Charge-density dist calc. for 4He&3He

two typical models : 
 [Pheno.] Mares, Friedman, Gal, NPA770(06)84 
 [Chiral] Ramos, Oset, NPA671(00)481

preliminary

Width : 2 ~ 4 eV
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deep shallow

Phenomenological 
Vopt(r=0) ~ - (180 + 73i) MeV

Chiral unitary 
Vopt(r=0) ~ - (40 + 55i) MeV

K-4He 2p state -0.41 eV -0.09 eV

K-3He 2p state 0.23 eV -0.10 eV

Isotope shift (K-4He - K-3He) -0.64 eV 0.01 eV

A recent theoretical 
calculation

J. Yamagata-Sekihara and S. Hirenzaki : 
— Strong-interaction Shift & Width calc.
E. Hiyama : 
— Charge-density dist calc. for 4He&3He

two typical models : 
 [Pheno.] Mares, Friedman, Gal, NPA770(06)84 
 [Chiral] Ramos, Oset, NPA671(00)481

preliminary

Width : 2 ~ 4 eVDominant systematic uncertainty (~0.15 eV)

due to kaon-mass uncertainty will be cancelled.

Kaonic helium strong interaction shift (theory)
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M.Bazzi et al., Phys. Lett. B 697, 199 (2011)
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X-ray detector : SDD(E17) → TES(E62)
3

SDD 
(FWHM ~ 150 eV)

TES 
(FWHM ~ 5 eV)

✓ Shift : precision goal “2eV → 0.2 eV” 

✓ Width : sensitive for Γ2p > ~2eV

@ ~ 6 keV

SDD to TES
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TE
S 
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r.)

normal 
conducting 
sate

super- 
conducting 

sate

0 Temperature

Re
si

st
an

ce

~ 100 mK

Width of transition edge
ΔE~ a few mK

--> developed by Stanford / NIST at the beginning

Dynamic range
Emax � CTC/�

 Trade-off between dynamic range and 
energy resolution : ΔE ~ √Emax

( Johnson noise and phonon noise are
the most fundamental )

Energy resolution (σ)

�E =

�
kBT 2C

�

Thermometer sensitivity

� � d lnR

d lnT
� 102�3

Absorber
Heat capacity : C

Thermal conductance : G

Low temperature heat sink

~ pJ/K

~ nW/K

Thermometer

T

X-ray energy : E
super-

conducting 
state

normal-
conducting 
state

E
max

/ C

↵

↵ =

d logR

d log Ta few mK

✓ Excellent energy resolution < ~ 5eV@6 keV
✓ Large active area with multiplexing (240 ch)
✓ Compact detector package

The substrate is a grid structure of 275-µm thick Si wafer, the parts behind each TES are
removed. A thermal heat sink layer of 500-nm thick Au is deposited on the backside of
substrate. This heat sink is connected to the low temperature thermal bath.

The TES array is operated at about 100 mK around the critical temperature, and
is cooled with a pulse-tube-backed adiabatic demagnetization refrigerator (ADR). The
pulse tube cools the system from 300K to 3K for 16 hours. Then 4-Tesla magnetic field
is applied to the two-stage salt pills∗ through superconducting coils. By releasing the
magnetic field adiabatically, the system is cooled down to 600 mK and finally to 75mK,
which is regulated by a temperature controller. The fluctuation of temperature regulation
was about 7 µK in the test experiment at PSI. The regulation hold time is 36 hours, after
that the ADR cycle (magnetic field up and down) takes 3 hours. The initial set point
of the TES temperature is decided by adjusting the TES resistance with applying bias
voltage. The TES resistance is chosen to be the 20-30% of the normal resistance with
optimizing the dynamic range and energy resolution.

The TES signal is read with the time division multiplexing (TDM) chip [27]. A TDM
chip can read 30 channels in 9.6 µs (1 ch / 0.32 µs) by switching the each SQUID, thus
the sampling rate is 0.1 MHz for each channel. The 240 channels of array are read with 8
TDM chips in parallel. The all TESs data are streamed in a PC server without any dead
time, and only the self-triggered events are recorded. Figure 5 shows a typical recorded
pulse of a pixel. The recorded number of samples is 1024 (=9.83 ms), the first 256 samples
are pre-trigger data to define the baseline. In Fig.5, the baseline is already subtracted.
The rise time is ∼200 µsec, and the decay time is ∼600 µsec.

Figure 5: A typical recorded pulse of the TES with the time division multiplexing chip.

∗GGG: Gadolinium-Gallium Garnet, and FAA: Ferric-Ammonium Alum

9

0 42-2 6
Time [ms]

�EFWHM = 2.355

r
kBT 2C

↵

Transition edge sensors
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NIST TES system

8

J.N. Ullom et al., Synchrotron Radiation News, Vol. 27, 24 (2014) 

Bi + TES

Au coated Si collimator

33 cm

1cmPhoto credit : J. Uhlig

‣ NIST designed cryostat
‣ Pulse tube (60K,3K) + ADR (1K, 50mK)
‣ ADR hold time: > 1 day
‣ Manufactured by High Precision Devices, Inc.  
http://www.hpd-online.com/102_cryostat.php

‣ Detector snout
‣ 240 pixel Mo-Cu bilayer TES 

30 ch TDM(time division multiplexing) readout
‣ 1 pixel : 300 x 320 um
‣ 4 um Bi absorber → efficiency ~0.85@6 keV, ~0.4@10 keV 

Cryostat 
・Pulse tube (50K, 3K) + ADR (1K, 50mK) 
・Temp regulation (75mK) hold time 36 hours 
・Manufactured by HPD, designed at NIST

TES array 
・240 pixel Mo-Cu bilayer TESs 
・4-µm thick Bi absorber → 85% efficiency at 6 keV 
・pixel area: 305 µm x 320 µm → total 23mm2

TES spectrometer
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BC1
BC2

BC4
Carbon
moderator

Lead
collimator

π beam
~170 MeV/c

TES array Carbon
target

X-ray tube

Overhead view

BC3

Lead shield

6cm

ADR cryostat

Beam intensity 
monitor

Fig. 1 Overhead view of the setup for the π-12C x-ray measurement at the PSI πM1 beam line.
The BCs are beam-line counters made with plastic scintillators and photo multiplier tubes to
trigger the stopped pions. The distance from the TES array to the beam center is 6 cm.

2 Demonstration experiment at the PSI πM1 beam line

Figure 1 shows the experimental setup at the PSI πM1 beam line. Incident 170
MeV/c pions are slowed down in carbon moderators, and stopped in a carbon
sample target. Pionic-carbon (π-12C) x-rays are detected by the TES spectrometer.
To provide calibration x-rays constantly, Bremsstrahlung emission from an x-ray
tube induces fluorescence in high purity Cr and Co foil targets. These fluorescence
x-rays pass through a hole in the carbon sample target, allowing in-situ energy
calibration of the TESs during the measurements. The x-rays enter through the
cryostat’s vacuum window (150-µm thick Be) and pass through three layers of
IR-blocking filters (each 5-µm thick Al) at three temperature stages (50K, 3K,
and 50 mK) before reaching the 240-pixel TES array7. Each TES consists of a
superconducting bilayer of thin Mo and Cu films with an additional 4-µm thick
Bi absorber (∼ 80% absorption efficiency for 6.4 keV x-rays), and has an active
area of 320 µm × 305 µm set by a gold-coated Si collimator placed in front of
the array, thus the total active area of the array is about 23 mm2. The TES array is
cooled with a pulse-tube-backed adiabatic demagnetization refrigerator (ADR)8.
The ADR’s bath temperature is regulated to 75 mK ±7 µK (r.m.s). The TES
pixels are then electrically biased to their superconducting critical temperature of
TC ∼ 100 mK. The TESs’ time-division-multiplexing readout system samples the
current signal of the 240 sensors through 8 SQUID columns9,10. The effective
sampling rate of each detector is 104 kHz. The recorded number of samples is
1024 (= 9.83 ms) for each x-ray pulse.

3 Energy calibration

The x-ray pulse height is calculated with the optimal filter technique11. The opti-
mal filter is constructed from the average pulse shape and the noise power spectral
density. The pulse-height and energy relation of each sensor is determined with Cr

✓ TES in-beam performance study
✓ measured πC 4-3 transition x-rays ~6.4 keV
✓ in-situ energy calibration (Cr and Co fluorescence)

Feasibility test at the PSI πM1 beam line
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πC 4-3 X rays

10

π-atom peak 
with clear timing 

correlation

FWHM 
~ 7 eV

Prelim
inary

✓ Excellent energy resolution  
even in the hadron beam

✓ Good timing resolution 
comparable with SDDs

✓ Accurate energy calibration  
using Cr&Co lines

✓ piC x-ray energies 
agree with EM calc.

5 eV (beam off)→7 eV (beam on)
[FWHM@ 6.4 keV]

< 0.1 eV accuracy @ FeKa 

✓ ΔEFWHM ~ 7eV (beam on)  
at 6.4 keV

✓ ΔtFWHM =1.2 µs

✓ FeKα energy uncertainty  
±0.04 eV

✓ πC 4f-3d syst 
uncertainty~ ±0.1 eV

Fe Kα 
fluorescence 
(stainless steel) 
excited by x-ray 
tube

TESs work!!

π-C 4f→3d, 4d→3p x-rays measurement at PSI
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Experimental setup at J-PARC K1.8BR

11

K- beam

existing target system 
for Liq. Helium 3 & 4 

(used for K-pp search, E15 expt.)

stop K- in a target

NIST TES system

Kaon beam detectors

J-PARC E62 setup at K1.8 BR beam line

Our TES system @ J-PARC June 2
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Expected spectrum in J-PARC E62

13
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 2p→3d 
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Stat. accuracies 
  K-4He : ~0.2 
  K-3He : ~0.35

Assuming 
6 eV FWHM resolution

240 counts

120 counts

Asynchronous bg. : 1.5 counts /eV 
Synchronous bg. : 6 counts /eV

Fe Kα intensities are controllable 
with applied voltage of x-ray tube

precision
eV
eV

Expected J-PARC E62 x-ray spectrum
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Summary

available the precise results of SIDDHARTA K−p
various predictions of K−n (isospin 1)

K−d 2p→1s x-ray measurement is awaited 

SIDDHARTA2 and J-PARC E57 with new SDDs (2017)

KN interaction

K−nucleus potential depth
deep-or-shallow problem
strong interaction shift of K− 3He and 4He 2p state
precision goal ΔE2p ±0.2 eV
J-PARC E62 with TESs (2017)
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Backup
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e−
beam
stop

K−

Nucleus

Coulomb capture

n� � ne

�
m�

K

me

mK* reduced kaon mass

・highly excited states

・~103 times reduced mass
・keV order energy levels

Kaonic atoms

K−

Nucleus

Auger

X-ray

Cascade down 
(de-excitation)

・nuclear absorption
・Auger & radiative

e-
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“Deep-or-Shallow” problem
Open problem on Kaonic atom

8

Phenomenological Model 
— deep potential — 

typically 180 MeV deep

Chiral Unitary Model 
— shallow potential — 

typically 50 MeV deep

Two theoretical approaches

→ Closely related to K- nuclear cluster study 
→ Current data quality is not good enough 
    to determine K-nucl. potential strength

40% C.J. Batty et al. IPhysics Reports 287 (1997) 385445 

Kaonic atoms 
lo4 

F (a) 
c 

1 ).&I n=3 
IO3 B n=4 n=5 n 

f 

1 

-I 
10 

0 lo 20 30 40 50 60 70 80 90 100 
Z 

Fig. IT. Shift and width values for kaonic atoms. The continuous lines join points calculated with the 
potential discussed in Section 4.2. 

best-fit optical 

Ref. [44]. For ease of reference, the complete data set listed in [44] will be referred to as ALL. 
The data set with 180 and 98Mo omitted will be denoted LESS, whilst the measurements for the 
two isotope pairs 160-180 and 92Mo-98Mo will be referred to as ISO. 
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C.J. Batty, E. Friedman, and A. Gal, 
Physics Reports 287 (1997) 385

S. Hirenzaki, Y. Okumura, H. Toki, E. Oset, and 
A. Ramos, Phys. Rev. C 61 (2000) 055205
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beam off

1.45 MHz
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Figure 7: An x-ray energy spectrum mea-
sured with an x-ray tube shining the Cr
and Co calibration foils in beam-off con-
dition. The Cr Kα, Cr Kβ, Co Kα, and
Co Kβ lines are used for the energy cal-
ibration. Lower-yield x rays, Fe Kα (6.4
keV) and Cu Kα (8.0 keV), originate re-
spectively from surrounded stainless steels
and Cu inside of the detector package.

TES array, (b) the projection on the time axis, (c) the projection on the energy axis by
selecting stopped-π− time gate indicated in the time spectrum, and (d) an x-ray energy
spectrum of a SDD used as a reference in this experiment. A fit of the energy spectrum
gives a FWHM energy resolution of 7.2 eV at 6.4 keV with beam-on condition. A time
resolution is obtained to be ∼ 1.2 µsec with which the timing cut improved a signal-to-
noise ratio in energy spectrum from 2 to 10. At around 6.43 keV, a sharp peak from
the pionic-carbon 4f → 3d transition together with its parallel transition 4d → 3p was
successfully observed with a clear timing correlation with the beam. The x-ray tube has
been turned on during the data taking and weakly shins surrounded materials containing
iron; thus Fe Kα1 (6.404 keV) and Fe Kα2 (6.391 keV) lines are observed uncorrelated
with beam timing. The major parameters of those plots in Fig.8 summarized below:

Data acquisition : ∼ 13.5 hours
Beam rate (BC1 rate) : 1.45 MHz (with 2.2 mA of primary proton)
Stopped π− trigger rate : 34.5 kHz
x-ray tube : ON with calibration foils of Cr & Co
TES hit rate : 4.8 Hz/pixel of which 0.4 Hz is due to beam
Selected TES pixel : 213 pixels
Analysis efficiency : 80% (rejected events : pileup 4% + thermal crosstalk 16%)

A preliminary spectral fit result of Fe Kα and pionic carbon lines is shown in Fig. 8
(c). The energy-calibration accuracy is assessed by the fit result of Fe Kα line. Resulting
energy of Fe Kα11 is

6404.07 ± 0.10(stat.)+0.06
−0.04(syst.) eV (preliminary)

where the first error is statistical and the second is systematic. The quoted systematic er-
ror is a quadratic summation of the contributions from continuum background parameter
and asymmetry of the fit function. A comparison with the reference value of 6404.148(2)
eV [27] shows a good agreement within errors. The energy-calibration accuracy is there-
fore evaluated to be less than ±0.1 eV.
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