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Frascati
20 km from Rome

K



Frascati
20 km from Rome

electron-position collider : DAΦNE

Laboratori nazionali di Frascati (LNF-INFN)

Main ring : ~30mΦ

(~ 510 MeV)

e+ + e- → Φ → K+ +   -K

http://it.wikipedia.org/w/index.php?title=Laboratori_nazionali_di_Frascati&action=edit&redlink=1
http://it.wikipedia.org/w/index.php?title=Laboratori_nazionali_di_Frascati&action=edit&redlink=1
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STRANGE MESONSSTRANGE MESONSSTRANGE MESONSSTRANGE MESONS
(S = ±1, C = B = 0)(S = ±1, C = B = 0)(S = ±1, C = B = 0)(S = ±1, C = B = 0)

K+ = us , K0 = ds, K0 = d s, K− = u s, similarly for K∗’s

K±K±
K±K± I (JP ) = 1

2 (0−)

Mass m = 493.677 ± 0.016 MeV [a] (S = 2.8)
Mean life τ = (1.2380 ± 0.0021) × 10−8 s (S = 1.9)

cτ = 3.712 m

Slope parameter gSlope parameter gSlope parameter gSlope parameter g [b]

(See Particle Listings for quadratic coefficients and alternative parametrization re-
lated to ππ scattering)

K± → π±π+π− g = −0.21134 ± 0.00017
(g+ − g−) / (g+ + g−) = (−1.5 ± 2.2) × 10−4

K± → π±π0π0 g = 0.626 ± 0.007
(g+ − g−) / (g+ + g−) = (1.8 ± 1.8) × 10−4

K± decay form factorsK± decay form factorsK± decay form factorsK± decay form factors [c,d]

Assuming µ-e universality

λ+(K+
µ3) = λ+(K+

e3) = (2.97 ± 0.05) × 10−2

λ0(K
+
µ3) = (1.95 ± 0.12) × 10−2

Not assuming µ-e universality

λ+(K+
e3) = (2.98 ± 0.05) × 10−2

λ+(K+
µ3) = (2.96 ± 0.17) × 10−2

λ0(K
+
µ3) = (1.96 ± 0.13) × 10−2

Ke3 form factor quadratic fit

λ’+ (K±
e3) linear coeff. = (2.49 ± 0.17) × 10−2

λ′′+(K±
e3) quadratic coeff. = (0.19 ± 0.09) × 10−2

K+
e3

∣

∣fS/f+
∣

∣ = (−0.3+0.8
−0.7) × 10−2

K+
e3

∣

∣fT /f+
∣

∣ = (−1.2 ± 2.3) × 10−2

K+
µ3

∣

∣fS/f+
∣

∣ = (0.2 ± 0.6) × 10−2

K+
µ3

∣

∣fT /f+
∣

∣ = (−0.1 ± 0.7) × 10−2

K+ → e+ νe γ
∣

∣FA + FV

∣

∣ = 0.133 ± 0.008 (S = 1.3)
K+ → µ+ νµ γ

∣

∣FA + FV

∣

∣ = 0.165 ± 0.013
K+ → e+ νe γ

∣

∣FA − FV

∣

∣ < 0.49
K+ → µ+ νµ γ

∣

∣FA − FV

∣

∣ = −0.24 to 0.04, CL = 90%
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the lightest particle containing strange (anti-)quark

strange anti-quark strange quark

- K meson -

mass 493.677(16) MeV ex) ~1000 times heavier
than electron

lifetime 1.2380(21) x 10-8 sec ~ 12 nsec

Kaon



What is Kaonic atom ?



electron
e-

p
K-

Hydrogen atom

n = 1
principal quantum number



Kaonic hydrogen atom e-

p

K-

principal quantum number

n = ?1) Initial capture



Kaonic hydrogen atom e-

p

K-

n ~ sqrt(M*/me) ~ 25
(M* : K-p reduced mass ~ 323 MeV)

principal quantum number

n = 1

1) Initial capture



Kaonic hydrogen atom e-

p
K- n = 1

2) Cascade

X-rays



Kaonic hydrogen atom e-

p
K- n = 1

X-rays

3) Strong interaction



How we observe
the strong interaction ?



X-ray spectroscopy
Kaonic hydrogen case

2p

1s (only Coulomb)

1s
Shift : ΔE1s

Width : Γ1s due to
strong int.

Nuclear absorption

2p-1s X-ray

measure

(~ 6 keV)



X-ray spectroscopy
Kaonic hydrogen case

2p

1s (only Coulomb)

1s

�E2p = Eexp
X � EEM

X 2p-1s X-ray

measure

Repulsive :
Shift = negative value

(~ 6 keV)



X-ray spectroscopy
Kaonic hydrogen case

2p

1s (only Coulomb)

�E2p = Eexp
X � EEM

X 2p-1s X-ray

measure

1s
Atractive :
Shift = positive value

(~ 6 keV)



Kaonic hydrogen



pK-

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

Kaonic hydrogen



Kaonic hydrogen

K-p scattering length
(= K-p scattering amplitude at threshold )

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

ε1s + iΓ1s/2 = 2α3 µ2
r aK−p

[
1 + 2α µr (1 − lnα) aK−p

]

Kaonic hydrogen
Kα x-ray

Shift Width

can be directly deduced.



π-H system : successfully described by the 
chiral perturbation theory

but NOT with K-H system
due to the presence of Λ(1405) resonance only 25 MeV below threshold

QCD predictions

Kaonic hydrogen

pK-



contributions of the nearby !!1405" resonance. By impos-
ing constraints from unitarity we perform the resummation
of the amplitudes obtained from the tree level amplitudes
and the loop integrals.

The relativistic tree level amplitudes Vbj;ai!s;";!;!0"
for the meson-baryon scattering processes B!

a"i ! B!0
b "j

(with spin indices !, !0) at leading chiral orders are
obtained from both the contact interactions and the direct
and crossed Born terms derived from the Lagrangian L.
Since we are primarily concerned with a narrow center-of-
mass energy region around the #KN threshold, it is suffi-
cient to restrict ourselves to the s-wave (matrix) amplitude
V!s" which is given by

V!s" # 1

8#

X2

!#1

Z

d"V!s;";!;!"; (6)

where we have averaged over the spin ! of the baryons and
s is the invariant energy squared.

For each partial wave unitarity imposes a restriction on
the (inverse) T matrix above the pertinent thresholds

Im T$1 # $ jqcmj
8#

!!!

s
p ; (7)

with the three-momentum qcm in the center-of-mass frame
of the channel under consideration. Hence the imaginary
part of T$1 is given by the imaginary part of the basic
scalar loop integral ~G above threshold,

~G!q2" #
Z ddl

!2#"d
i

%!q$ l"2 $M2
B & i$'%l2 $m2

" & i$' ;

(8)

where MB and m" are the physical masses of the baryon
and the meson, respectively. For the finite part G of ~G, one
obtains, e.g., in dimensional regularization:

G!q2" # a!%" & 1

32#2q2

"

q2
#

ln
$m2

"

%2

%

& ln
$
M2

B

%2

%

$ 2
&

& !m2
" $M2

B" ln
$m2

"

M2
B

%

$ 8
!!!!!

q2
q

jqcmj

( artanh
$

2
!!!!!

q2
p

jqcmj
!m" &MB"2 $ q2

%'

; (9)

where % is the regularization scale. The subtraction con-
stant a!%" cancels the scale dependence of the chiral
logarithms and simulates higher order contributions with
the value of a!%" depending on the respective channel;
cf. [5].

To the order we are working the inverse of the T matrix
is written as

T$1 # V$1 &G (10)

which yields

T # %1& V ) G'$1V: (11)

Equation (11) is understood as a matrix equation in each
partial wave. The diagonal matrix G collects the loop
integrals in each channel. This amounts to a summation
of a bubble chain to all orders in the s channel, equivalent
to solving a Bethe-Salpeter equation with V as driving
term.

We perform a global &2 fit to a large amount of data,
including K$p scattering into coupled S # $1 channels,
the threshold branching ratios of K$p into #$ and #0!
channels, the #$ mass spectrum, and the shift and width of
kaonic hydrogen recently measured at DEAR [1]. The
resulting values of the subtraction constants a!%" at % #
1 GeV are a #KN!%" # 0:95( 10$3, a#!!%" # $0:59(
10$3, a#$!%" # 1:80( 10$3, a'!!%" # 2:92( 10$3,
a'$!%" # 0:98( 10$3, and aK%!%" # 2:90( 10$3. For
the couplings bi; di we find (in units of GeV$1) b0 #
$0:362, bD # 0:002, bF # $0:128, and d1 # $0:11,
d2 # 0:05, d3 # 0:31, d4 # $0:32. The decay constant
in the chiral limit, f, is varied between the physical values
of the pion decay constant F# # 92:4 MeV and the kaon
decay constant, FK # 112:7 MeV, since both pions and
kaons are involved in the coupled channels. The present fit
yields f # 103:1 MeV.

The Coulomb interaction has been shown to yield
significant contributions to the elastic K$p scatter-
ing amplitude up to kaon laboratory momenta of
100–150 MeV=c [12]. Close to K$p threshold the elec-
tromagnetic meson-baryon interactions are thus important
and should not be neglected as in previous coupled-
channels calculations [3–6,8]. We account for these cor-
rections by adding the quantum mechanical Coulomb scat-
tering amplitude to the strong elastic K$p amplitude,
fstrK$p!K$p # 1=!8# !!!

s
p "Tstr

K$p!K$p. The total elastic cross
section is then obtained by performing the integration over
the center-of-mass scattering angle. Since this integral is
infrared divergent in the presence of the Coulomb ampli-
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FIG. 1. Real (solid line) and the imaginary part (dashed line)
of the strong K$p ! K$p amplitude, fstrK$p!K$p, as defined in
the text. The data points represent the real and imaginary parts of
the K$p scattering length, derived from the DEAR experiment
[1] with inclusion of isospin breaking corrections according to
Ref. [18].
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Kaonic hydrogen

previous data

inconsistency between data and theory



Experimental Difficulty



K-

e-

proton

Kaonic
Hydrogen

proton

Dipole field

Mixture between
ℓandℓ+1

Density-dependent yield due to Stark mixing 

➡ Low density gaseous hydrogen target 
➡ Low energy Kaon with small energy spread

induces transition between different angular momentum state
with the same principal quantum number.

-> When target density is high, the high n-state absorption rate will increase.

Difficulty of KH measurement



History



70-80’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)

EM
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ue

K-
p 

Kα

Kα

EM
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al
ue

K-
p 

Kα

P. M. Bird
(1983)

Attractive shift
theory shows
repulsive ...

Liquid target
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target at 4 atm and 100 K (⌅0.94 3 1023 g⇤cm3) giving

an effective thickness of 50 mg⇤cm 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 (K⇤p ⌅
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

decays⇤reactions, 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 [EEM�Ka⇥] 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

1997 : The first distinct peak @ KEK

Repulsive shift

Kα

M. Iwasaki et al., PRL 78, 3067 (1997)

Gas target

KpX



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.
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X-ray detector



FET electric field gradient

e-
e+

anode

X-ray

Silicon Drift Detector - SDD



( C = ε0S / d )

anode
cathode

electrode
Si(Li) SDD

small anode

small capacitance

High resolution
with thin depletion layer

Suppress a background
due to Compton scattering

inside the detector

parallel plate type
of silicon detector

Silicon Drift Detector - SDD



KpX, 1998 DEAR, 2005 SIDDHARTA

Detector Si(Li) CCD SDD
Energy Resolution 360 eV 180 eV 150 eV

Thickness sub 10 mm sub mm sub mm

Effective area 120 cm2 116 cm2 114 cm2

Time resolution sub μsec ~ 30 sec sub μsec

Efficiency @ 6keV ~ 100 % ~ 60 % ~ 100 %

Silicon Drift Detector - SDD
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DAFNE : e- e+ collider



DAFNE : e- e+ collider

Suitable for Kaonic atom exp.

 Φ → K- K+ (49.1%)
 Monochromatic low-energy K- (~127MeV/c)
 Less hadronic background due to the beam

  ( compare to hadron beam line : e.g. KEK )
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Kapton : C22H10O5N2
(polyimide film)

target cell

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



SIDDHARTA setup

SDDs & Target
(inside vacuum)

Kaon detector



Kaon detector



Silicon Drift Detectors

1 cm2 x 144 SDDs
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Timing of coincidence signals
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Kaonic Kapton X-rays

K-p and K-d spectra
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rad
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rad ⇤⇤2p

abs . ⌅15�

Figure 7 shows uncertainties coming from the not-well-
determined parameter kstk . The hatched areas correspond to
the range of the Stark parameter kstk⇧1.5–2.5. It should be
noted that for a liquid target, K� and K⇧ are stronger than
K⌦ due to the large Stark mixing rate even when the theo-
retical errors are taken into account. Reference �4� reported
an anomalously large K�/K⌦ ratio together with a small
K⇧/K⌦ ratio. The old experimental data should be reexam-
ined by considering the large K� and K⇧ yields.
In Fig. 8, we demonstrate a stream of the cascade-down

process. The populations at very high-n states distribute with
nearly statistical ⌅2l⇤1� weight. This is due to the large
Stark-mixing rate, not because the initial distribution is taken
to be statistical. In the case of a liquid target, the absorption
occurs from s orbits, mainly 3s–6s . On the other hand, in
the case of a gas target the p-orbit absorption increases, be-
cause the Stark effect in the low-n region is weaker than that

in the case of a liquid. However, the fact that the population
for the high-n region seems similar to those of a liquid
means that the Stark effect still dominates in high-n states
even for a gas target.
Finally, we show the expected x-ray spectrum at various

target densities. In Fig. 9, the peak distribution is assumed to
be of Lorentzian form without including the detector resolu-
tion. As is shown in the figures, K � lines form a superposed
peak around 8 keV. In order to make a direct measurement of
(⌃E1s)strong and ⇤1s

abs , the K⌦ line (⇥6.5 keV� must be well
separated from the K � lines. It would be also possible to
extract the shift and width from the superposed K � lines
with the help of the cascade calculation, though its accuracy
would be lower than those from the direct measurement of
the K⌦ yield. The ratio K⌦/K � becomes larger as the target
density becomes lower. Thus, the liquid target is not suitable
for a precise determination of the shift and width, in spite of
a large stopping power of K⇥.
At a seven-atom gas target, which corresponds to the ex-

periment at KEK �12�, the K⌦ peak would be barely recog-
nized when the detector resolution is considered. Of course,
the smaller ⇤2p

abs makes the K⌦ yield larger. However, ⇤2p
abs⌅ 1

meV is suggested from the old experiments, as discussed in
Fig. 6. The ratio K⌦/K � as well as the ratio K⌦/Lall gives
information about the width ⇤2p

abs . To guarantee a clear ob-
servation of K⌦ , a lower density target is favorable even
though it sacrifices the stopping efficiency of K⇥. A gas
target of about one atom would be the most appropriate case,
since the absolute K⌦ yield becomes maximum at this den-
sity.

IV. RESULTS OF KAONIC DEUTERIUM

Since there exist no x-ray data for K⇥-d atoms, the en-
ergy shift and the absorption width are obtained by solving a
Klein-Gordon equation with a relevant optical potential. The
equation is

⌅ ⇥ 1⇤
↵

MA
⇤�2⇤⌅↵⇥VCoul�2⇥⌥2�✏⇧2↵Vstrong✏ ,

⌅16�

FIG. 5. Density dependence of K⇥-p atom x-ray yields with
varying (⌃E1s)strong and ⇤1s

abs . The solid lines and the dashed lines
are the cases which suffer the strongest ⌅Conboy et 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 ⇤2p

abs is taken to be 1 meV. The free
parameter kstk is fixed to 2.0.

TABLE I. Theoretical predictions of the energy shift and width of K⇥-p atoms and experimental data
obtained by the previous x-ray measurements. The energy shift, defined as positive, is attractive.

Scattering length a ⌅fm� (⌃E1s)strong ⌅eV� ⇤1s
abs ⌅eV� Refs.

Theories
Kim -0.76 ⇤ i0.72 -313 594 �5�
Chao et al . -0.87 ⇤ i0.70 -358 577 �6�
Martin and Ross -0.90 ⇤ i0.67 -371 552 �7�
Martin -0.66 ⇤ i0.64 -272 528 �8�
Dalitz et al . -0.73 ⇤ i0.63 -301 519 �9�
Conboy et al . -0.09 ⇤ i0.84 -37 692 �10�
Tanaka and Suzuki -1.11 ⇤ i0.70 -457 577 �11�
Experiments
Davis et al . ⇤0.11�0.14 ⇤ i0.00⇥0.00

⇤0.28 ⇤45�58 0⇥0
⇤230 �2�

Izycki et al . ⇤0.65�0.19 ⇤ i0.68�0.31 ⇤268�78 561�256 �3�
Bird et al . ⇤0.47�0.14 ⇤ i0.31⇥0.10

⇤0.27 ⇤194�58 82⇥82
⇤220 �4�
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8.3%

6 STP Kα/Kall ~ 15%

The results of K⇥-p atoms are summarized as follows.
⌅1⌥ The dependence of x-ray yields on ⇤1s

abs and
(⌃E1s)strong can be seen only for a high density target, while
⇤2p
abs greatly affects the absolute x-ray yield of K lines at all
densities. ⇤2p

abs⌅1 meV is suggested by comparing with the
previous x-ray data.
⌅2⌥ The K yield becomes maximum at about one atom

gas, though its absolute values are not determined because of
the ambiguity of ⇤2p

abs . Below one atom, a considerable frac-
tion of K⇥ decays on atomic orbits by a weak interaction
during the cascade-down process. This feature is independent
of strong-interaction parameters.
⌅3⌥ It is expected that the x-ray spectrum shows only two

distinct peaks, K (⇥ 6.5 keV⌥ and the superposition of
K�↵ (⇥ 8 keV⌥. The ratio K /K�↵ becomes larger as the
target density becomes lower. It is found that the most favor-
able case for the clear observation of K would be about one
atom gas target, though the stopping efficiency is low. The
ratio K /K�↵ and/or K /Lall give the information about
⇤2p
abs .
In the case of K⇥-d atom, the x-ray yield is smaller by

one order than that of K⇥-p atoms due to a larger absorption
width. Nevertheless, the x-ray measurement is worth being
done since it gives information about the isospin dependence
of the K⇥N interaction, the relation with the puzzle for
K⇥- 4He atoms, and the two-body absorption mechanism of
the K⇥ in the nucleus.
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APPENDIX:

In the cascade calculation with Stark mixing, the transi-
tion among the same n but different l states causes a diffi-
culty compared with usual cascade calculations. One method
is that the reshuffling of the population of the angular mo-
mentum states is repeated at each n until the population be-
comes below a sufficiently small value, for example, 10⇥3.
This procedure is used in Refs. ⌦16,18�.
We employ another method using a matrix introduced in

Ref. ⌦13�. Let us define Nn ,l and Ñn ,l , where Nn ,l is the
starting population of the (n ,l) level before Stark mixing and
Ñn ,l is the arrival fraction of (n ,l) level resulting from Stark
mixing. Then, the relation

Ñn ,l⌃Nn ,l⇤Ñn ,l⇤1
⇤n ,l⇤ 1! n,l
Stark

⇤n ,l⇤1
total ⇤Ñn ,l⇥1

⇤n ,l⇥ 1! n,l
Stark

⇤n ,l⇥1
total ,

⌅A1⌥

⇤n ,l
total⌃ ⇧

n8⇧n ,l8
⌅⇤n,l!n8,l8

mol ⇤⇤n,l!n8,l8
Aug ⇤⇤n,l!n8,l8

rad ⌥

⇤⇤n,l
abs⇤⇤weak⇤⇤n ,l!n ,l⇤ 1

Stark ⇤⇤n,l!n,l⇥ 1
Stark ⌅A2⌥

holds for each (n ,l) level. Now, the n-dimensional vectors
Nn , Ñn are introduced by

Nn⌃⇥ Nn ,l⌃ 0

�
Nn ,l⌃n⇥ 1

⇤ , Ñn⌃⇥ Ñn ,l⌃ 0

�

Ñn ,l⌃n⇥ 1

⇤ . ⌅A3⌥

Then, Eq. ⌅18⌥ for l ⌃ 0 ⇥ n⇥1 becomes

AÑn⌃Nn , ⌅A4⌥

where A is the following n�n matrix:

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.

FIG. 11. Density dependence of K⇥-d atom x-ray yields with
varying the free parameter kstk ⌃ 1.5–2.5. The strong-interaction
parameters are Batty’s ones.
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0.87%

6 STP Kα/Kall ~ 5.8%

Cascade calculation

~ 1/10 yields
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✓SDD rate dependence

✓ADC linearity

✓SDD response function

✓Possible Kaonic deuterium x-rays

✓Kaonic atom lines overlapped with KH x-rays

       ( <-- including in the statistical error )

✓Distribution of KH higher transitions

✓Energy resolution (constant noise)

Systematic error of KH shift & width

<- dominant for shift

<- dominant for width
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SIDDHARTA

Result

ε1s = -283 ± 36(stat) ± 6(syst) eV
Γ1s = 541 ± 89(stat) eV ± 22(syst) eV
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With a recent theoretical value

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

solely from K-p scattering data !!

Chiral SU(3) unitary approaches
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Conclusion

reached a quality which will demand refined
calculations of the low-energy KN interaction

new constraints on theories



contributions of the nearby !!1405" resonance. By impos-
ing constraints from unitarity we perform the resummation
of the amplitudes obtained from the tree level amplitudes
and the loop integrals.

The relativistic tree level amplitudes Vbj;ai!s;";!;!0"
for the meson-baryon scattering processes B!

a"i ! B!0
b "j

(with spin indices !, !0) at leading chiral orders are
obtained from both the contact interactions and the direct
and crossed Born terms derived from the Lagrangian L.
Since we are primarily concerned with a narrow center-of-
mass energy region around the #KN threshold, it is suffi-
cient to restrict ourselves to the s-wave (matrix) amplitude
V!s" which is given by

V!s" # 1

8#

X2

!#1

Z

d"V!s;";!;!"; (6)

where we have averaged over the spin ! of the baryons and
s is the invariant energy squared.

For each partial wave unitarity imposes a restriction on
the (inverse) T matrix above the pertinent thresholds

Im T$1 # $ jqcmj
8#

!!!

s
p ; (7)

with the three-momentum qcm in the center-of-mass frame
of the channel under consideration. Hence the imaginary
part of T$1 is given by the imaginary part of the basic
scalar loop integral ~G above threshold,

~G!q2" #
Z ddl

!2#"d
i

%!q$ l"2 $M2
B & i$'%l2 $m2

" & i$' ;

(8)

where MB and m" are the physical masses of the baryon
and the meson, respectively. For the finite part G of ~G, one
obtains, e.g., in dimensional regularization:

G!q2" # a!%" & 1

32#2q2

"

q2
#

ln
$m2

"

%2

%

& ln
$
M2

B

%2

%

$ 2
&

& !m2
" $M2

B" ln
$m2

"

M2
B

%

$ 8
!!!!!

q2
q

jqcmj

( artanh
$

2
!!!!!

q2
p

jqcmj
!m" &MB"2 $ q2

%'

; (9)

where % is the regularization scale. The subtraction con-
stant a!%" cancels the scale dependence of the chiral
logarithms and simulates higher order contributions with
the value of a!%" depending on the respective channel;
cf. [5].

To the order we are working the inverse of the T matrix
is written as

T$1 # V$1 &G (10)

which yields

T # %1& V ) G'$1V: (11)

Equation (11) is understood as a matrix equation in each
partial wave. The diagonal matrix G collects the loop
integrals in each channel. This amounts to a summation
of a bubble chain to all orders in the s channel, equivalent
to solving a Bethe-Salpeter equation with V as driving
term.

We perform a global &2 fit to a large amount of data,
including K$p scattering into coupled S # $1 channels,
the threshold branching ratios of K$p into #$ and #0!
channels, the #$ mass spectrum, and the shift and width of
kaonic hydrogen recently measured at DEAR [1]. The
resulting values of the subtraction constants a!%" at % #
1 GeV are a #KN!%" # 0:95( 10$3, a#!!%" # $0:59(
10$3, a#$!%" # 1:80( 10$3, a'!!%" # 2:92( 10$3,
a'$!%" # 0:98( 10$3, and aK%!%" # 2:90( 10$3. For
the couplings bi; di we find (in units of GeV$1) b0 #
$0:362, bD # 0:002, bF # $0:128, and d1 # $0:11,
d2 # 0:05, d3 # 0:31, d4 # $0:32. The decay constant
in the chiral limit, f, is varied between the physical values
of the pion decay constant F# # 92:4 MeV and the kaon
decay constant, FK # 112:7 MeV, since both pions and
kaons are involved in the coupled channels. The present fit
yields f # 103:1 MeV.

The Coulomb interaction has been shown to yield
significant contributions to the elastic K$p scatter-
ing amplitude up to kaon laboratory momenta of
100–150 MeV=c [12]. Close to K$p threshold the elec-
tromagnetic meson-baryon interactions are thus important
and should not be neglected as in previous coupled-
channels calculations [3–6,8]. We account for these cor-
rections by adding the quantum mechanical Coulomb scat-
tering amplitude to the strong elastic K$p amplitude,
fstrK$p!K$p # 1=!8# !!!

s
p "Tstr

K$p!K$p. The total elastic cross
section is then obtained by performing the integration over
the center-of-mass scattering angle. Since this integral is
infrared divergent in the presence of the Coulomb ampli-
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FIG. 1. Real (solid line) and the imaginary part (dashed line)
of the strong K$p ! K$p amplitude, fstrK$p!K$p, as defined in
the text. The data points represent the real and imaginary parts of
the K$p scattering length, derived from the DEAR experiment
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Fig. 4. Real part (left) and imaginary part (right) of the K−p → K−p forward scattering amplitude obtained from
the NLO calculation and extrapolated to the subthreshold region. The empirical real and imaginary parts of the K−p

scattering length deduced from the recent kaonic hydrogen measurement (SIDDHARTA [15]) are indicated by the dots
including statistical and systematic errors. The shaded uncertainty bands are explained in the text.

z1 = 1424 − i26 MeV, z2 = 1381 − i81 MeV.

The higher energy z1 pole is dominated by the K̄N channel and the lower energy z2 pole receives
stronger weight from the πΣ channel. This confirms the two-poles scenario of the Λ(1405) [7,
22,23]. Actually, the existence of two poles around the Λ(1405) resonance had been found in
previous NLO calculations [8,9], but the precise location of the poles, especially of the lower
one, could not be determined in these earlier studies, given the lack of precision in the empirical
constraints.

In the present analysis, the SIDDHARTA measurement provides much more severe con-
straints also on the pole positions. The real parts of z1 and z2 are remarkably stable in all three
TW, TWB and NLO schemes. The imaginary parts deviate within ! 20 MeV between these
schemes, as seen in Table 3. Using the error analysis from Eq. (23) together with the best-fit
NLO results, one finds:

z1 = 1424+7
−23 − i26+3

−14 MeV, z2 = 1381+18
−6 − i81+19

−8 MeV. (24)

The uncertainties of the pole locations are thus significantly reduced from previous work, and the
two-poles structure of the Λ(1405) is now consistently established with the constraints from the
precise kaonic hydrogen measurement. Because of isospin symmetry, the two poles are stable
against variations of the I = 1 subtraction constants (the ones in the πΛ and ηΣ channels). The
error assignments in the pole positions and half widths are mainly reflecting the uncertainties of
the K̄N and πΣ subtraction constants.

3.3.3. K−p and K−n scattering lengths
A discussion of low-energy K̄-nuclear interactions requires the knowledge of both the K−p

and K−n amplitudes near threshold. The complete K̄N threshold information involves both
isospin I = 0 and I = 1 channels. The K−p scattering length a(K−p) = [a0 +a1]/2 is given by
the average of the I = 0 and I = 1 components, whereas the K−n scattering length a(K−n) = a1
is purely in I = 1. Note that Coulomb corrections to a(K−p) and isospin breaking effects in
threshold energies may be significant [11] and must be taken into account in a detailed quantita-
tive analysis.
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We first extract the scattering length a(K−p) from the SIDDHARTA measurements [15]
using Eq. (17). The result is:

Rea
(
K−p

)
= −0.65 ± 0.10 fm, Ima

(
K−p

)
= 0.81 ± 0.15 fm, (25)

where the uncertainties reflect the experimental errors. The predictions from chiral SU(3) dy-
namics, proceeding again through the sequence of TW, TWB and full NLO schemes, gives the
following values for the K−p scattering length:

a
(
K−p

)
= −0.93 + i0.82 fm (TW), (26)

a
(
K−p

)
= −0.94 + i0.85 fm (TWB), (27)

a
(
K−p

)
= −0.70 + i0.89 fm (NLO). (28)

The large magnitude of Rea(K−p) in the TW and TWB schemes corresponds to the overesti-
mation of the kaonic hydrogen energy shift in these approaches, while the best-fit NLO result is
fully compatible with the value (25) deduced from the experimental data.

To calculate the K−n scattering length, we construct the coupled-channels amplitudes in the
charge Q = −1 sector (K−n, π−Λ, π−Σ0, π0Σ−, ηΣ− and K0Ξ−), again using physical
meson and baryon masses in order to take into account isospin breaking effects in the thresh-
old energies. With the same subtraction constants as in the Q = 0 sector, the calculated K−n

scattering lengths are:

a
(
K−n

)
= 0.29 + i0.76 fm (TW), (29)

a
(
K−n

)
= 0.27 + i0.74 fm (TWB), (30)

a
(
K−n

)
= 0.57 + i0.73 fm (NLO). (31)

The relatively large jump in Rea(K−n) when passing from “TW” and “TWB” to the best-fit
“NLO” scheme is strongly correlated to the corresponding change in Rea(K−p). Thus, to deter-
mine the I = 1 component of the K̄N scattering length, it is highly desirable to extract the K−n

scattering length, e.g. from a precise measurement of kaonic deuterium [24,17].
Next, consider the subthreshold extrapolation of the complex elastic K−n amplitude. Fig. 5

shows the real and imaginary parts of this amplitude. Note that the I = 1 K̄N interaction is also
attractive but weaker than the I = 0 interaction so that f (K−n → K−n) is non-resonant. In the
absence of empirical threshold constraints for the K−n scattering length one still faces relatively
large uncertainties. Variation of the subtraction constants within the range of Eq. (23) applied to
the NLO scheme leads to the following estimated uncertainties:

a
(
K−n

)
= 0.57+0.04

−0.21 + i0.72+0.26
−0.41 fm. (32)

The errors in a(K−n) relate primarily to the uncertainty of the subtraction constant in the πΛ

channel.

3.3.4. πΣ invariant mass distribution
One of the important features of chiral SU(3) coupled-channels dynamics is the pronounced

channel dependence of the Λ(1405) production spectra reflecting the two-poles nature of the
Λ(1405) [22]. To demonstrate this two-mode structure, we show the imaginary parts of the scat-
tering amplitudes πΣ → πΣ (Fig. 6, left) and K̄N → K̄N (Fig. 6, right) in the I = 0 channel.
These strength functions exhibit the Λ(1405) spectrum as seen in different channels. Evidently,
there is no single universal invariant mass distribution of the Λ(1405). As seen in the figure, the
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fij (
√

s) = 1
8π

√
s
Tij (

√
s). (16)

The K−p elastic scattering amplitude at threshold defines the scattering length, a(K−p) =
f11(

√
s = mK− + Mp), a complex number because of the absorptive channels converting K−p

into πΣ and πΛ. The energy shift and width of the 1s state of kaonic hydrogen are related to
the K−p scattering length, with important second order corrections, as follows [11]:

$E − iΓ /2 = −2α3µ2
r a

(
K−p

)[
1 + 2αµr(1 − lnα)a

(
K−p

)]
, (17)

where α is the fine-structure constant and the K−p reduced mass is given by µr = mK−Mp/

(mK− + Mp).
The total reaction cross sections in the various meson–baryon scattering channels are given

by

σij (
√

s) = qi

qj

|Tij (
√

s)|2
16πs

, (18)

where the cross section is defined for
√

s > Mi + mi , above the threshold of the final-state chan-
nel i. For the K−p elastic cross section, we also take into account electromagnetic interactions
which are important near the K−p threshold [8]. The Coulomb interaction gives an additional
contribution to the diagonal amplitude in the K−p channel:

f Coul
11 (

√
s, θcm) = 1

2q2
1aB sin2(θcm/2)

× Γ (1 − i/(q1aB))

Γ (1 + i/(q1aB))
exp

(
2i

q1aB
ln sin

θcm

2

)
, (19)

with aB = 84 fm, the Bohr radius of the K−p system, and θcm denoting scattering angle. This
Coulomb amplitude is added to the strong interaction amplitude and the scattering angle is inte-
grated up to cos θcm < 0.966 to avoid the divergence at θcm = 0.

Several combinations of K−p inelastic yields at threshold are known in the form of branching
ratios defined as

γ = Γ
(
K−p → π+Σ−)

Γ
(
K−p → π−Σ+) = σ51

σ61
, Rn = Γ

(
K−p → π0Λ

)

Γ
(
K−p → neutral states

) = σ31

σ31 + σ41
,

Rc = Γ
(
K−p → π+Σ−,π−Σ+)

Γ
(
K−p → all inelastic channels

) = σ51 + σ61

σ31 + σ41 + σ51 + σ61
, (20)

with all partial cross sections σij calculated at the K−p threshold.

3. Results and discussion

3.1. Fitting procedure

We now describe the systematic fitting procedure used in the framework of the chiral SU(3)
dynamics at NLO level. We first summarize the empirical constraints that enter this study.
Important constraints are the kaonic hydrogen shift and width from the SIDDHARTA measure-
ments [15]:

$E = 283 ± 36(stat) ± 6(syst) eV, Γ = 541 ± 89(stat) ± 22(syst) eV.
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We first extract the scattering length a(K−p) from the SIDDHARTA measurements [15]
using Eq. (17). The result is:

Rea
(
K−p

)
= −0.65 ± 0.10 fm, Ima

(
K−p

)
= 0.81 ± 0.15 fm, (25)

where the uncertainties reflect the experimental errors. The predictions from chiral SU(3) dy-
namics, proceeding again through the sequence of TW, TWB and full NLO schemes, gives the
following values for the K−p scattering length:

a
(
K−p

)
= −0.93 + i0.82 fm (TW), (26)

a
(
K−p

)
= −0.94 + i0.85 fm (TWB), (27)

a
(
K−p

)
= −0.70 + i0.89 fm (NLO). (28)

The large magnitude of Rea(K−p) in the TW and TWB schemes corresponds to the overesti-
mation of the kaonic hydrogen energy shift in these approaches, while the best-fit NLO result is
fully compatible with the value (25) deduced from the experimental data.

To calculate the K−n scattering length, we construct the coupled-channels amplitudes in the
charge Q = −1 sector (K−n, π−Λ, π−Σ0, π0Σ−, ηΣ− and K0Ξ−), again using physical
meson and baryon masses in order to take into account isospin breaking effects in the thresh-
old energies. With the same subtraction constants as in the Q = 0 sector, the calculated K−n

scattering lengths are:

a
(
K−n

)
= 0.29 + i0.76 fm (TW), (29)

a
(
K−n

)
= 0.27 + i0.74 fm (TWB), (30)

a
(
K−n

)
= 0.57 + i0.73 fm (NLO). (31)

The relatively large jump in Rea(K−n) when passing from “TW” and “TWB” to the best-fit
“NLO” scheme is strongly correlated to the corresponding change in Rea(K−p). Thus, to deter-
mine the I = 1 component of the K̄N scattering length, it is highly desirable to extract the K−n

scattering length, e.g. from a precise measurement of kaonic deuterium [24,17].
Next, consider the subthreshold extrapolation of the complex elastic K−n amplitude. Fig. 5

shows the real and imaginary parts of this amplitude. Note that the I = 1 K̄N interaction is also
attractive but weaker than the I = 0 interaction so that f (K−n → K−n) is non-resonant. In the
absence of empirical threshold constraints for the K−n scattering length one still faces relatively
large uncertainties. Variation of the subtraction constants within the range of Eq. (23) applied to
the NLO scheme leads to the following estimated uncertainties:

a
(
K−n

)
= 0.57+0.04

−0.21 + i0.72+0.26
−0.41 fm. (32)

The errors in a(K−n) relate primarily to the uncertainty of the subtraction constant in the πΛ

channel.

3.3.4. πΣ invariant mass distribution
One of the important features of chiral SU(3) coupled-channels dynamics is the pronounced

channel dependence of the Λ(1405) production spectra reflecting the two-poles nature of the
Λ(1405) [22]. To demonstrate this two-mode structure, we show the imaginary parts of the scat-
tering amplitudes πΣ → πΣ (Fig. 6, left) and K̄N → K̄N (Fig. 6, right) in the I = 0 channel.
These strength functions exhibit the Λ(1405) spectrum as seen in different channels. Evidently,
there is no single universal invariant mass distribution of the Λ(1405). As seen in the figure, the
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We first extract the scattering length a(K−p) from the SIDDHARTA measurements [15]
using Eq. (17). The result is:

Rea
(
K−p

)
= −0.65 ± 0.10 fm, Ima

(
K−p

)
= 0.81 ± 0.15 fm, (25)

where the uncertainties reflect the experimental errors. The predictions from chiral SU(3) dy-
namics, proceeding again through the sequence of TW, TWB and full NLO schemes, gives the
following values for the K−p scattering length:

a
(
K−p

)
= −0.93 + i0.82 fm (TW), (26)

a
(
K−p

)
= −0.94 + i0.85 fm (TWB), (27)

a
(
K−p

)
= −0.70 + i0.89 fm (NLO). (28)

The large magnitude of Rea(K−p) in the TW and TWB schemes corresponds to the overesti-
mation of the kaonic hydrogen energy shift in these approaches, while the best-fit NLO result is
fully compatible with the value (25) deduced from the experimental data.

To calculate the K−n scattering length, we construct the coupled-channels amplitudes in the
charge Q = −1 sector (K−n, π−Λ, π−Σ0, π0Σ−, ηΣ− and K0Ξ−), again using physical
meson and baryon masses in order to take into account isospin breaking effects in the thresh-
old energies. With the same subtraction constants as in the Q = 0 sector, the calculated K−n

scattering lengths are:

a
(
K−n

)
= 0.29 + i0.76 fm (TW), (29)

a
(
K−n

)
= 0.27 + i0.74 fm (TWB), (30)

a
(
K−n

)
= 0.57 + i0.73 fm (NLO). (31)

The relatively large jump in Rea(K−n) when passing from “TW” and “TWB” to the best-fit
“NLO” scheme is strongly correlated to the corresponding change in Rea(K−p). Thus, to deter-
mine the I = 1 component of the K̄N scattering length, it is highly desirable to extract the K−n

scattering length, e.g. from a precise measurement of kaonic deuterium [24,17].
Next, consider the subthreshold extrapolation of the complex elastic K−n amplitude. Fig. 5

shows the real and imaginary parts of this amplitude. Note that the I = 1 K̄N interaction is also
attractive but weaker than the I = 0 interaction so that f (K−n → K−n) is non-resonant. In the
absence of empirical threshold constraints for the K−n scattering length one still faces relatively
large uncertainties. Variation of the subtraction constants within the range of Eq. (23) applied to
the NLO scheme leads to the following estimated uncertainties:

a
(
K−n

)
= 0.57+0.04

−0.21 + i0.72+0.26
−0.41 fm. (32)

The errors in a(K−n) relate primarily to the uncertainty of the subtraction constant in the πΛ

channel.

3.3.4. πΣ invariant mass distribution
One of the important features of chiral SU(3) coupled-channels dynamics is the pronounced

channel dependence of the Λ(1405) production spectra reflecting the two-poles nature of the
Λ(1405) [22]. To demonstrate this two-mode structure, we show the imaginary parts of the scat-
tering amplitudes πΣ → πΣ (Fig. 6, left) and K̄N → K̄N (Fig. 6, right) in the I = 0 channel.
These strength functions exhibit the Λ(1405) spectrum as seen in different channels. Evidently,
there is no single universal invariant mass distribution of the Λ(1405). As seen in the figure, the
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Fig. 4. Real part (left) and imaginary part (right) of the K−p → K−p forward scattering amplitude obtained from
the NLO calculation and extrapolated to the subthreshold region. The empirical real and imaginary parts of the K−p

scattering length deduced from the recent kaonic hydrogen measurement (SIDDHARTA [15]) are indicated by the dots
including statistical and systematic errors. The shaded uncertainty bands are explained in the text.

z1 = 1424 − i26 MeV, z2 = 1381 − i81 MeV.

The higher energy z1 pole is dominated by the K̄N channel and the lower energy z2 pole receives
stronger weight from the πΣ channel. This confirms the two-poles scenario of the Λ(1405) [7,
22,23]. Actually, the existence of two poles around the Λ(1405) resonance had been found in
previous NLO calculations [8,9], but the precise location of the poles, especially of the lower
one, could not be determined in these earlier studies, given the lack of precision in the empirical
constraints.

In the present analysis, the SIDDHARTA measurement provides much more severe con-
straints also on the pole positions. The real parts of z1 and z2 are remarkably stable in all three
TW, TWB and NLO schemes. The imaginary parts deviate within ! 20 MeV between these
schemes, as seen in Table 3. Using the error analysis from Eq. (23) together with the best-fit
NLO results, one finds:

z1 = 1424+7
−23 − i26+3

−14 MeV, z2 = 1381+18
−6 − i81+19

−8 MeV. (24)

The uncertainties of the pole locations are thus significantly reduced from previous work, and the
two-poles structure of the Λ(1405) is now consistently established with the constraints from the
precise kaonic hydrogen measurement. Because of isospin symmetry, the two poles are stable
against variations of the I = 1 subtraction constants (the ones in the πΛ and ηΣ channels). The
error assignments in the pole positions and half widths are mainly reflecting the uncertainties of
the K̄N and πΣ subtraction constants.

3.3.3. K−p and K−n scattering lengths
A discussion of low-energy K̄-nuclear interactions requires the knowledge of both the K−p

and K−n amplitudes near threshold. The complete K̄N threshold information involves both
isospin I = 0 and I = 1 channels. The K−p scattering length a(K−p) = [a0 +a1]/2 is given by
the average of the I = 0 and I = 1 components, whereas the K−n scattering length a(K−n) = a1
is purely in I = 1. Note that Coulomb corrections to a(K−p) and isospin breaking effects in
threshold energies may be significant [11] and must be taken into account in a detailed quantita-
tive analysis.

average of I=0 and I=1 components

However ...

K-p scattering length by SIDDHARTA
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Kaonic deuterium measurement

 SIDDHARTA-2

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

aK�p =
1
2
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impulse approximation term
larger than leading term

aK�d =
4[mN + mK ]
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1
2
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1
4
[a0 + 3a1]

with one order better S/N



proposed new operation scheme
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Fig. 1. – The DAΦNE complex.

both neutral and charged. In most of the following we will assume that all analysis
are carried out in the φ-meson center of mass. While this is in fact what we do, it is
appropriate to recall that the electron and positron collide at an angle of π-0.025 radians.
The φ-mesons produced in the collisions therefore move in the laboratory system toward
the center of the storage rings with a momentum of about 13 MeV corresponding to
βφ∼0.015, γφ∼1.0001. K mesons from φ-decay are therefore not monochromatic in the
laboratory, fig. 3.

All discussion to follow refers to a system of coordinates with the x-axis in the hor-
izontal plane, toward the center of DAΦNE, the y axis vertical, pointing upwards and
the z-axis bisecting the angle of the two beam lines. The momentum of neutral kaons
varies between 104 and 116 MeV and is a single valued function of the angle between
the kaon momentum in the laboratory and the φ-momentum, i.e. the x-axis. Knowledge
of the kaon direction to a few degrees allows to return to the φ-meson center of mass,
fig. 3. The mean charged kaon momentum is 127 MeV.

Fig. 2. – The Adone building.
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Feature

• Larger acceptance (changing geometry)

• Higher target gas density (new cryostat system)

• Discrimination of K+ (new detector)

• Active shielding (anti-coincidence counter)

• Better SDD time resolution (lower temperature)



Summary



✓ measured Kaonic x-ray spectra with several gas targets Z=1&2 :

‣ K-p : provided the most precise values (PLB704(2011)133)

 

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

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

‣ K-4He (L-series) : measured in gaseous target for the first time (PLB681(2009)310)

✓ future experiment : Kaonic deuterium @ SIDDHARTA-2

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

Summary
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2p

1s (only Coulomb)

1s
Shift : ΔE2p

Width : Γ2p due to
strong int.

Nuclear absorption

2p-1s X-ray

measure

(~ 6 keV)

in the case of Kaonic hydrogen

Kaonic helium



2p

Nuclear absorption

3d-2p X-ray

1s

3d

✓ too low yield
✓ too large width

n = 1 :
unobservable

n = 2 level is 
measurable !

Kaonic helium
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The yield values are presented in table 3 where they are compared  with the 
results of previous experiments  and calculated values. The measured relative yield 
values are seen to be in comparat ively good agreement.  From the absolute values 
the total K-series yield is found to be 0.123 + 0.062 X-rays / s topped  pion which is 
rather lower than, but still in agreement  with, the value of 0.197 :t: 0.049 obtained 
by Backenstoss et  al.  4). In earlier experiments,  values of 0.095 + 0.014 have been 
measured by Wetmore  et  al.  6), and 0 .18± 0 .05  by Berezin et al.  7). In view of the 
large spread in the experimental  values and their relatively large errors it is difficult 
to draw any conclusions f rom these various experimental  results except to say that 
they reflect the great difficulty in measuring absolute yield values. 

4,2. KAONIC AND SIGMA HELIUM 

The data obtained with kaons stopping in liquid helium are shown in fig. 3. For 
clarity this is shown with an energy dispersion of 100 eV/channel  but much of the 
numerical analysis and fitting used a dispersion of 50 eV/channel .  The L-series 
transitions leading to the n = 2 state are clearly observed. There  was no evidence 
for transitions to the n = 1 state and a limit on their yield f rom this experiment  is 
~<0.002 X-rays per stopping kaon. 
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Fig. 3. X-ray spectrum measured with (2.3 ± 1.2) x 1 0  7 kaons stopping in liquid helium. 
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Next-generation K-atom exp.



spherically bent Bragg crystal

ultimate energy resolution

position & energy resolution

� background reduction
by analysis of hit pattern

high stop density

� high    X - ray line yields

� bright X - ray source
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単素子での成果 †

インハウスで製作したTESカロリメータで、5.9keVのX線に対してエネルギー分解能 2.8eVを達成しました。
(2009年6月現在)

　

図の説明:
インハウスで製作したTESマイクロカロリメータ(左図)および55Fe線源を照射した際に得られたX線スペクトル(右図)。
SiNx(シリコン窒化)膜上に、Ti(チタン)及びAu(金)の薄膜によりTESマイクロカロリメータを作成し、吸収体としてAuを
使用している。大きさは約200um(マイクロメートル)。
右図で赤線は左のTESにFe線源からのX線を照射した際の実験データである。比較のために半導体検出器で測定した際の
データを黒線で示す。青はMnK!線の微細構造モデルに基づく実験データへのベストフィットモデル。右上の囲みは5840
から5940eVのMn線を拡大したもの。K!1線(5.899 keV) と、K!2線(5.888 keV) が明瞭に分離されており分解能は
FWHMで 2.8eVである。
参照

Akamatsu et al., AIP Conf. Proc., submitted
江副祐一郎ほか：日本物理学会誌 Vol. 64 No. 8, 2009

!

アレイでの成果 †

図の説明:
インハウスで製作した16"16(256)ピクセルのTESマイクロカロリメータアレイ(左図)、およびそのうちの一つの素子に
55Fe線源のX線を照射した際のスペクトル(右図)。
右図の赤線が実験データ、青線はMnK!線の微細構造モデルに基づく実験データへのベストフィットモデル。微細構造の
主要なX線であるK!1線(5.899 keV) と、K!2線(5.888 keV) が明瞭に分離されており、分解能は FWHMで 4.4eVであ
る。
参照

Yoshitake et al., IEEE Trans. Appl. Conductivity, 2009, Vol. 19, pp. 456-460
Ezoe et al., AIP Conf. Proc., submitted
江副祐一郎ほか：日本物理学会誌 Vol. 64 No. 8, 2009
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Why Microcalorimeter ?

1. Possibility of large acceptance
• Multi device (Array)
• Large absorber

2. High mobility
available only short term of 
occupancy (at J-PARC, DAΦNE etc.)
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X-ray microcalorimeter
a thermal detector measuring the energy

of an incident x-ray photon as a temperature riseCHAPTER 2. INSTRUMENT DESCRIPTION 7

Figure 2.1: Schematic view of an X-ray microcalorimeter. The calorimeter consists of an
absorber and a thermometer which have a heat capacity C, and are connected to a heat
sink with a thermal conductance G of the thermal link.

C
d∆T

dt
= −G∆T (2.2)

where G is the thermal conductance of the thermal link. Thus, the temparature rise
decays exponentially, with a time constant is

τ =
C

G
(2.3)

The energy resolution is limited by thermodynamic fluctuation in the detector. The
number of phonons in the calorimeter pixel is N ∼ CT/kBT = C/kB. Thus, the thermo-
dynamic fluctuation is given by

∆E ∼
√

NkBT =
√

kBT 2C (2.4)

Fundamental energy resolution limit can be written as

∆EFWHM ∼ 2.35 ξ
√

kBT 2C (2.5)

where ξ is a parameter which depends on the thermometer sensitivity and the operating
condition. Considering the temperature dependence of C, the energy resolution strongly
depends on the temperature, and by operating at extremely low temperature (≤ 0.1 K),
very high energy resolution can be achieved.

Using a thermistor, the temperature rise is sensed as a dynamical change of a resistance.
The thermometer sensitivity α is define by

α ≡ d ln R

d ln T
=

T

R

dR

dT
(2.6)

Temperature rise
= E / C ( ~ 1 mK )

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

Absorber size : e.g.,
0.2 x 0.2 [mm2] ...

e.g.,   Absorber : Au (0.3 mm×0.3 mm wide, 300 nm thick)
        Thermometer : thin bilayer film of Ti (40nm) and Au(110 nm)
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TES microcalorimeter
TES = Transition Edge Sensor

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

456
Z[

A56
Z[

1mK ~!T

0 $%

FG

Temperature

Re
si

st
an

ce

normal
conducting

state

super-
conducting

state

~100 mK

~ 1000

CHAPTER 2. INSTRUMENT DESCRIPTION 7

Figure 2.1: Schematic view of an X-ray microcalorimeter. The calorimeter consists of an
absorber and a thermometer which have a heat capacity C, and are connected to a heat
sink with a thermal conductance G of the thermal link.
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d∆T

dt
= −G∆T (2.2)

where G is the thermal conductance of the thermal link. Thus, the temparature rise
decays exponentially, with a time constant is

τ =
C

G
(2.3)

The energy resolution is limited by thermodynamic fluctuation in the detector. The
number of phonons in the calorimeter pixel is N ∼ CT/kBT = C/kB. Thus, the thermo-
dynamic fluctuation is given by

∆E ∼
√

NkBT =
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kBT 2C (2.4)

Fundamental energy resolution limit can be written as

∆EFWHM ∼ 2.35 ξ
√

kBT 2C (2.5)

where ξ is a parameter which depends on the thermometer sensitivity and the operating
condition. Considering the temperature dependence of C, the energy resolution strongly
depends on the temperature, and by operating at extremely low temperature (≤ 0.1 K),
very high energy resolution can be achieved.

Using a thermistor, the temperature rise is sensed as a dynamical change of a resistance.
The thermometer sensitivity α is define by

α ≡ d ln R

d ln T
=

T

R

dR

dT
(2.6)

Thermometer
sensitivity

Energy resolution
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Energy resolution ~ 1 eV at most
( Johnson noise and phonon noise are the most fundamental. )



started the investigation

• got a small research fund in RIKEN for R&D
• applying another funding now...

funding status

enhancing partnerships
• RIKEN (Tamagawa-lab. : Dr. Yamada)
• Tokyo Metropolitan University (Ohashi-lab.)
• NIST



NIST microcalorimeter

NIST’s standard TES sensor

350 x 350 μm2, 160 array

--> ~20 [mm2]
( 2~3 eV (FWHM)@ 6 keV )

( 4~5 eV (FWHM)@ 10 keV )

( 6~8 eV (FWHM)@ 15 keV )

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

 W.B. Doriese, TES Workshop @ ASC (Portland), October 8, 2012 
synchrotron spectroscopy    our spectrometer    results 

detector plane 
for now:  use TESs 
designed for             
5&10 keV X-rays    
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WEIGHTED AVERAGE
493.677±0.013 (Error scaled by 2.4)

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only.  They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

BACKENSTO... 73 CNTR 0.1
CHENG 75 CNTR 1.0
BARKOV 79 EMUL 0.1
LUM 81 CNTR 0.5
GALL 88 CNTR 13.6
DENISOV 91 CNTR 7.7

χ
2

      22.9
(Confidence Level  0.001)

493.55 493.6 493.65 493.7 493.75 493.8 493.85

m
K± (MeV)

mK+ − mK−mK+ − mK−mK+ − mK−mK+ − mK−

Test of CPT.

VALUE (MeV) EVTS DOCUMENT ID TECN CHG

−0.032±0.090−0.032±0.090−0.032±0.090−0.032±0.090 1.5M 4 FORD 72 ASPK ±
4 FORD 72 uses m

π+ − m
π− = +28 ± 70 keV.

K± MEAN LIFEK± MEAN LIFEK± MEAN LIFEK± MEAN LIFE

VALUE (10−8 s) EVTS DOCUMENT ID TECN CHG COMMENT

1.2385±0.0024 OUR FIT1.2385±0.0024 OUR FIT1.2385±0.0024 OUR FIT1.2385±0.0024 OUR FIT Error includes scale factor of 2.0.
1.2385±0.0025 OUR AVERAGE1.2385±0.0025 OUR AVERAGE1.2385±0.0025 OUR AVERAGE1.2385±0.0025 OUR AVERAGE Error includes scale factor of 2.1. See the ideogram
below.
1.2451±0.0030 250k KOPTEV 95 CNTR K at rest, U tar-

get
1.2368±0.0041 150k KOPTEV 95 CNTR K at rest, Cu

target
1.2380±0.0016 3M OTT 71 CNTR + K at rest
1.2272±0.0036 LOBKOWICZ 69 CNTR + K in flight
1.2443±0.0038 FITCH 65B CNTR + K at rest

• • • We do not use the following data for averages, fits, limits, etc. • • •

1.2415±0.0024 400k 5 KOPTEV 95 CNTR K at rest
1.221 ±0.011 FORD 67 CNTR ±
1.231 ±0.011 BOYARSKI 62 CNTR +

HTTP://PDG.LBL.GOV Page 2 Created: 6/7/2007 11:39

Most recent 
two experimentsCPb, W

Difference
60 keV

7 [keV]
11 [keV]

Error :

13eV
size of
error bar

“Assuming K-C 5-4 yield = K-He Lα yield x 10”,
-->  ~ 7000 [events/1week] with NIST MC array
whose resolution is 4~5 eV (FWHM)@ 10 keV.
-->  ΔE = 4 / 2.35 / sqrt(7000)~ 0.02 [eV]

Kaon mass measurement

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

will improve one order of 
magnitude in accuracy of K-mass

(~ 1 month data accumulation w/60kW)



Summary



✓ measured Kaonic helium x-ray spectra :

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

‣ K-4He (L-series) : measured in gaseous target for the first time (PLB681(2009)310)

✓get started to investigate the next-generation of K-atom exp.

✓ TES Microcalorimeter : high mobility and a large acceptance

✓ open new door to investigate K-nucleus strong interaction

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

-  K-Helium and K- mass  -
Summary



Thank you


