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Observation of kaonic hydrogen atom x rays
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We have measured theK-series x rays from kaonic hydrogen atoms and have succeeded for the first time in
observing a distinctKa peak. TheL x-ray peak has also been observed. The strong-interaction shift and width
of the kaonic hydrogen atom 1s state were determined from the transition energy and the line width of theKa
x rays. The sign of the strong-interaction shift was confirmed to be repulsive, with the resultsDE1s52323
663 (statistical)611 (systematic) eV andG1s540762086100 eV. The measured shift and width of the

1s state are consistent with those expected from other low energyK̄N data, and thus the long-standing kaonic
hydrogen puzzle is resolved. TheKa x-ray yield per stopped kaon was estimated to be 1.560.5 % at a
hydrogen target density of 10rSTP. @S0556-2813~98!05710-0#

PACS number~s!: 13.75.Jz, 25.80.Nv, 29.30.Kv, 36.10.Gv
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I. INTRODUCTION

The kaonic hydrogen atom, a system composed of a
ton and a negatively charged kaon bound by the Coulo
force, serves as a unique tool to probe theK̄N interaction at
the threshold energy. Its energy levels are shifted from th
pure electromagnetic values and have a finite absorp
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width due to the strong interaction between the kaon and
proton. The shift and width are appreciable only in thes
state and are negligible in other states in comparison. I
thus expected that the shift and width of the 1s state can be
determined by measuring the energy of theK-series x rays.
The 1s state shift and width can be related to the real a
imaginary parts of theK2p scattering lengthaK2p by the
Deser-Trueman formula@1#

DE1s1
i

2
G1s52a3m2aK2p5412 eV fm21 aK2p , ~1!

whereDE1s5E2p→1s
expt 2E2p→1s

E.M. , m is the reduced mass o
the K2p system, anda is the fine structure constant. Th
K2p s-wave scattering lengthaK2p is related to theK̄N
scattering lengths in theI 50 and I 51 channels through
aK2p5 1

2 (a01a1). Also, the 2p state width can be deter
mined by comparing the total intensity of theL x rays to the
Ka x rays. The width is related to the imaginary part of t
K2p p-wave scattering volume in a similar fashion to E
~1!.

The study of theK̄N interaction has vital importance in
understanding the strong interaction in the low-energy
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FIG. 1. Experimental apparatus~cross section!. Negative kaons of 600 MeV/c were slowed down in the carbon degrader and brough
rest in the hydrogen gas target, forming kaonic hydrogen atoms. The timing of the incoming beam was determined by the B2 coun
Lucite Čerenkov counters served forK/p separation. X rays from kaonic hydrogen atoms were detected with the Si~Li ! x-ray detectors
placed in the hydrogen volume. The two layers of scintillation counter arrays~T1 and T2!, the two cylindrical MWPCs~C1 and C2!, and the
water Čerenkov counter array surrounding the target served to detect two charged pions fromK2p absorption to select appropriate even
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gion. A resonant stateL(1405) couples to theK̄N system
just below the K̄N threshold in theI 50 channel. The
L(1405) is one of the most poorly understood objects am
low-mass baryons. The dispute about its structure, wheth
is a K̄N bound state@2–4# or a three-quark state@5,6#, is still
unresolved. Since theL(1405) resonance dominates theI

50 K̄N amplitude near threshold, it is expected that t
structure of theL(1405) can be investigated through stu
of the low-energyK̄N interaction, in particular, through mea
surement of kaonic hydrogen atom x rays. More importan
systematic studies of the low-energyKN and K̄N interac-
tions will allow a more reliable determination of theKN S
term (SKN), which is related to the strangeness content
the proton@7#.

At present experimental data are available for~a! K2p
elastic and inelastic cross sections,~b! branching ratios for
theK2 absorption at rest in hydrogen,~c! Sp invariant mass
distribution below theK̄N threshold@showing theL(1405)
resonance bump#, and~d! three measurements of kaonic h
drogen x rays@8–10#. The results of the previous studies
the low-energyK̄N interaction are quite puzzling. Conven
tional analyses of data for~a!–~c! find that ReaK2p,0. For
example, Martin@11# obtaineda0521.701 i0.68 fm and
a150.371 i0.60 fm. From Eq. ~1!, if ReaK2p,0, the
strong-interaction shift of the kaonic hydrogen atom 1s state
should be repulsive. The three previous measurements, h
ever, all reported an attractive shift. This discrepancy
been found to be impossible to reconcile in the conventio
theoretical framework and has been called ‘‘the kaonic
drogen puzzle.’’ The quality of the previous x-ray measu
ments, however, was also called into question. The x-
spectra suffered from a large background and low statis
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and hence x-ray signals were very difficult to identify. Ther
fore, a definitive experiment has been long awaited.

We have performed a new experiment at KEK to meas
kaonic hydrogen x rays, using novel experimental te
niques, and have succeeded in observing distinctK-series
kaonic hydrogen x rays with good signal-to-noise ratio in t
energy spectrum. A preliminary result has been repor
@12#. In this paper, we present a full account of our expe
ment, including the details of the analysis that have not b
previously reported.

II. EXPERIMENTAL METHOD AND APPARATUS

A kaonic hydrogen atom is formed when a negative ka
is stopped in hydrogen. A typical experimental procedure
the kaonic hydrogen x-ray measurement consists of expo
a hydrogen target to a low-energy kaon beam and detec
emitted x rays coincident with the incoming kaons by det
tors placed in or around the target. In this experiment,
addition to these, tagging on two charged pions from
K2p absorption was used in order to select appropri
events. The use of a gaseous target is another new featu
this experiment. A detailed description of the principles
the experiment and the experimental apparatus is given
separate paper@13#. Here we give a short account relevant
the later description of the data analysis procedure.

The experiment was performed at the K3 low-ener
separated beam line at the KEK Proton Synchrotron.
cross-sectional side view of the experimental apparatu
shown in Fig. 1. For later use, a Cartesian coordinate sys
(x,y,z) is defined with thez axis along the beam directio
~the beam travels in the positivez direction!, thex axis hori-
zontal, and they axis vertical. Also a cylindrical coordinate
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2368 PRC 58T. M. ITO et al.
system (r ,f,z) is defined with the same definition of thez
axis.

A. Beam counters

Negative kaons of 600 MeV/c from the K3 beam line
were slowed down in a carbon degrader and were brough
rest in the hydrogen gas target. The timing of the incom
particle was measured with a scintillation counter B2. Th
Lucite Čerenkov counters~LČ1, LČ2, LČ3! were used to
reject contaminating pions in the beam. The LCˇ counters
were of the total-internal-reflection type. Their efficien
was checked using time of flight between B2 and the scin
lation counter B1 placed further upstream in the K3 chann
and was found to be.99.99% for pions. Placed after th
carbon degrader were beam-defining counters B3 and
whose pulse height also served to identify kaons in the be
The carbon degrader was surrounded by plastic scintilla
counters~veto counters! to reject events in which a nuclea
reaction with the kaon occurred in the degrader. The be
was tuned so that the kaon stopping yield was maximized
was estimated from a Monte Carlo calculation that ab
0.06% of the incoming kaons stopped in the hydrogen
target. The average kaon intensity and theK/p ratio, both
after the carbon degrader, were 83103 per spill and 1/90,
respectively. The spill duration was 2 s and the repetition
rate was 1 spill per 4 s.

B. Target and Si„Li … detectors

A kaon stopped in hydrogen is trapped in an atomic o
around a hydrogen nucleus, forming a kaonic hydrog
atom. The x rays from the kaonic hydrogen atoms were
tected with lithium-drifted silicon@Si~Li !# x-ray detectors.
The target density is a very important factor in designing
experiment: increasing the pressure increases the kaon
ping rate but also decreases the x-ray yield due to the S
mixing effect. To obtain an optimum signal-to-noise ratio
low-temperature pressurized gaseous target~100 K, 4 atm!
was chosen as a compromise between the two. The de
of the target was;0.9431023 g/cm3;10rSTP (rSTP being
the density at the standard temperature and pressure!, giving
an effective thickness of 50 mg/cm2. In previous experi-
ments, the Si~Li ! detectors were separated from the liqu
hydrogen target by beryllium windows, which not only a
tenuate x rays and distort the energy spectra, but also re
the solid angle subtended by the Si~Li ! detectors. In this
experiment, the use of a gaseous target allowed us to p
the Si~Li ! detectors directly in the target volume, eliminatin
the need for windows. In order to obtain a large acceptan
we installed 60 Si~Li ! detectors, each with an effective d
tection area of 200 mm2. The average number of Si~Li ! de-
tectors used during the experiment, however, was kep
;45 because if more than this number were in simultane
operation, the reset of one Si~Li ! detector induced seriou
cross talk in the other Si~Li ! detectors. The reason for th
behavior is still unknown. These windowless Si~Li ! detectors
were developed in cooperation with and provided by JE
Engineering Co.@14#

At the downstream end of the target chamber, there w
hole with a beryllium window through which an55Fe source
could illuminate the x-ray detectors for calibration purpos
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The 55Fe source was attached to one end of a rod so th
could be removed by pulling from outside the target. T
55Fe source was inserted periodically when the beam was
to determine the calibration of each Si~Li ! detector. The in-
ner surface of the target chamber and the final Teflon
grader in the gas volume were lined with thin titanium foi
Titanium x rays~emitted when beam and other particles pr
duced in various reactions passed through the foils! served as
an in-beam energy calibration source.

C. Two-pion tagging system

The K2p absorption, which occurs as the final stage
the atomic cascade of the kaonic hydrogen atom, produ
various reaction products including high-energyg rays.
These high-energyg rays, which are mainly due to the de
cays ofp0, L, andS0, were a major background source
previous experiments. There are, however, reaction mo
that have nog rays in the final state:K2p→S6p7 followed
by S6→ np6. These modes~branching ratio;50%) are
characterized by the presence of two charged pions with
menta higher than 150 MeV/c in the final state. There are
no reaction modes in whichg rays are emitted along with
two charged pions with momenta higher than 150 MeVc.
Thus, by tagging on two charged pions with momenta hig
than 150 MeV/c, we can exclude all the reactions produ
ing high-energyg rays.

In addition, this two-pion tagging method serves to dist
guish kaons stopped in hydrogen from those stopped in o
materials and those which undergo in-flight decay or re
tions in hydrogen. Since the lifetime of the chargedS par-
ticle is short, theK2p reaction and theS decay can be
regarded as taking place approximately at the same p
~several millimeters apart!. Thus theK2p reaction point can
be obtained as the vertex of the trajectories of the t
charged pions. Also, the time taken for the kaon to sl
down and come to rest in hydrogen gas is several nano
onds and can be measured as the time difference betwee
kaon injection into the target and the pion emission from
target. For stopped kaons, the time of flight~TOF! is deter-
mined uniquely as a function of the range in hydrogen. Th
the requirement that the two-pion vertex occur in the hyd
gen volume and have an appropriate time of flight clea
selects only kaons stopping in hydrogen and forming kao
hydrogen atoms.

To achieve this two-pion tag, the target was surround
with two layers of scintillation counter arrays T1 and T2~for
the timing of the outgoing particles! and two layers of mul-
tiwire proportional chambers~MWPC’s! C1 and C2~for re-
construction of the particle trajectories! as shown in Fig. 1.
Both T1 and T2 were segmented into 16 in thef direction in
order to reduce the rate of multihits on the same counter
also to give a rough position in thef direction. Each T2
counter was viewed by two photomultiplier tubes, one
each end, which gave a rough position in thez direction. C1
and C2 had essentially the same structure, except for t
sizes. The anode wires were stretched parallel to the cylin
axis, whereas the cathode strips ran at angles of635° in C1
and 645° in C2 with respect to the anode wires. With th
configuration, it was possible to determine thez coordinate
as well as thef coordinate of the position of the avalanch
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by finding the intersection of the anode wire and the cath
strips which were fired. The anode and both cathode pla
were read out by the charge-division method. The outerm
layer was an array of water Cˇ erenkov counters~WČ!, which
served to reject false triggers caused bye6, which are
mainly produced byg-ray conversion. The water Cˇ erenkov
array was also segmented into 16 in thef direction. Because
the thickness of the T2 counters was 1 cm, the pulse he
information was also used to distinguish between pions fr
the K2p reaction (b;0.8) ande6 produced byg-ray con-
version (b;1.0). This two-pion tagging system~T1, T2, C1,
C2, and WČ! subtended a solid angle of about 70% at t
target chamber, thus providing an acceptance of 50%
events with two charged pions.

D. Trigger and data acquisition

For the trigger we required that the incoming particle b
kaon and that there be at least two particles outgoing fr
the target. Thus the trigger condition wasK3(T1>2)

3(T2>2), whereK5B23(LČ1øLČ2øLČ3)3B33B4
3VETO. Note that neither the Si~Li ! x-ray detectors nor the
water Čerenkov counters were included in the trigger. T
typical trigger rate was 250 per spill and about 70% of
triggers were accepted by the data aquisition system.
each trigger, the following information was recorded: t
pulse height information and the timing information for th
beam counters~B2, B3, B4! and the Lucite Cˇ erenkov
counters~LČ1, LČ2, LČ3!, the timing information for each
T1, the pulse height and timing information for each T2 a
WČ, the pulse height information for the MWPC’s, and t
pulse height and the timing information for each Si~Li ! de-
tector. The signals from the Si~Li ! detectors were processe
by Ortec 570 shaping amplifiers set to 10-ms Gaussian shap
ing and incorporating dc base line restoration circuitry. T
pulse height information~the output of the shaping amplifier!
of each Si~Li ! detector was recorded by a peak-sens
analog-to-digital converter~ADC! with a 20-ms gate width.
The timing information, which was used to reject pileups
well as to select x-ray signals in coincidence with the inco
ing kaons, was recorded by a multihit~up to 16 hits! long-
range (64-ms time gate! LeCroy 2277 time-to-digital con-
verter ~TDC!. The timing of beam pions striking the bea
counters was also recorded with a long-range TDC in or
to reject later, in the off-line analysis, the Si~Li ! signals in-
duced by beam pions. Data were collected for three per
of time, each about 2 weeks long, for a total of 6 weeks o
the period from February 1995 to June 1995. In total, 1
3108 events were accumulated over 763.2 h.

III. DATA ANALYSIS

A. Overview

The detector analysis procedure can be divided into
major parts: selection of ‘‘valid events’’ and creation of
ray energy spectra by collecting Si~Li ! signals for such valid
events. Here ‘‘valid events’’ are those in which the incomi
kaon stops in the hydrogen target and two charged pions
detected by the two-pion tagging system.

Valid events were identified by going through the follow
ing procedure for each event:~1! Identify the kaon in the
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beam using information from the beam counters.~2! Analyze
the MWPC data to identify two outgoing particle trajectori
and reconstruct the vertex point.~3! Identify whether the two
outgoing particles were pions, using the WCˇ ADC and the
T2 ADC information. ~4! Identify whether the kaon was
stopped in the hydrogen target~5hydrogen stop! by looking
at the correlation between the vertex point and the time
flight between B2 and T2~TOF cut!.

For such selected events, the Si~Li ! data were analyzed
through the following steps:~1! Select those Si~Li ! detectors
which had a hit coincident with the incident kaon timing.~2!
Reject data from Si~Li ! detectors which were hit by outgoin
pions.~3! Reject Si~Li ! data time correlated with beam pion
Finally, collecting the selected Si~Li ! data, an x-ray energy
spectrum was obtained.

Before undertaking this event-by-event analysis,
Si~Li ! detector calibration parameters were determined us
the manganese x-ray peaks from the data taken with the55Fe
source inserted and the beam off and the titanium x-
peaks from the data taken with the beam on.

B. Event selection

1. Identification of kaons in the beam

Although the LČcounters had a high efficiency for veto
ing pions in the beam at the trigger level, there was still so
pion contamination in the trigger caused by the imperf
tions in the electronics. This remaining contamination w
rejected off line by using the pulse height information fro
the LČ counters. Also, since slow~stopping! kaons and fast
pions had quite different energy deposits on B3 and B4,
pulse height information of B3 and B4 was used to furth
reduce the pion contamination. In Fig. 2, the pulse hei
spectra of B3 and B4 are shown. At the top are the r
spectra without any cuts. At the bottom, the same spectra
shown but with stopped kaons in hydrogen selected using
TOF cut~B2-T2 time-of-flight information using the metho
described in Sec. III B 4!. It can be seen that the identifica

FIG. 2. ADC spectra of the beam defining counters. For each
B3 ~left! and B4~right!, the raw spectra~top! and the spectra with
stopped kaons in hydrogen selected~bottom! are shown. We re-
jected events for which either the B3 ADC is below 340 channe
the B4 ADC is below 360 channel.
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tion of the kaon in the beam by the beam counters is
crucial since the stopped kaon selection eliminates virtu
all the pions in the beam.

2. Vertex reconstruction I: Single combination events

Since the trigger required that the T1 and T2 arrays e
have two or more hits, each of C1 and C2 probably had
or more hits in an event. The hits on the MWPC’s may
due to particles created by aK2-nuclear reaction in or
around the target, or may be due to beam pions acciden
coincident with the incoming kaon. The hits on the MWPC
which were due to the two charged pions from kaons stop
in hydrogen must be selected and their trajectories de
mined.

Since the MWPC’s were read out by the charge divis
method, a hit on a MWPC shows up as two adjacent pre
plifiers fired on each of the anode and the two catho
planes. The first step in the vertex reconsctruction was th
fore to seek pairs of fired preamplifiers on each plane. T
ratio of the charges collected by the two preamplifiers
such a pair determines a line on which the hit on the MW
is located. If there was only one hit in each event, the po
tion of the hit would be obtained by finding the intersecti
of three such lines~one from each plane!. However, in our
case, there were in general more than two particles hit
the MWPC’s. If two particles hit the MWPC’s in two adja
cent sectors of charge division, then information from one
more planes may be unresolvable, and thus useless in re
structing the vertex. Thus the intersection of only two lin
was also taken as a candidate for the position of the hits.
C2, thez position of the intersection of two lines was r
quired to be consistent with that obtained by the T2 count

The position of one candidate hit from C1 and one fro
C2 gives a candidate particle trajectory. A natural way
find the correct position of hits and their correct combin
tions would be to look for the combination of candidate h
which gives the two trajectories for which the miminum d
tance between the tracks is the smallest among all the
sible combinations. In our case, however, such a comb
tion may not always be the correct one for the following tw
reasons:~1! The two charged pions are not created at
same point: the points where they are created are sepa
by several milimeters because the chargedS travels several
milimeters before decaying.~2! The vertex resolution of ou
tracking system for two-charged-pion tracks was estima
to be as large as 10 mm, by a Monte Carlo study, due to
multiple scattering effects in the target chamber and
vacuum vessel.

Thus we also used the B2-T2 time-of-flight informatio
~use of this information to select stops in hydrogen will
described in Sec. III B 4! to select a valid combination. W
will come to this point later in Sec. III B 5 and here we on
deal with events with only one possible combination of ca
didate hits.

In Figs. 3 and 4, we show thex-y andz distributions of
the positions of the vertices for such events. In Fig. 3, we
the Si~Li !-detector holder and the Si~Li ! detectors at the top
and the bottom of the holder. In Fig. 4, we see the pe
corresponding to the front and the back walls of the tar
system. From the fit to the Teflon plate peak, the ver
spatial resolution was determined to be 9 mm rms. Also
t
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Fig. 5, we show the vertex distribution in ther direction. In
Fig. 5 ~top!, we clearly see events corresponding to kao
stopping in the Si~Li ! detectors and their holder. With th
TOF cut, the kaons stopping in the Si~Li ! detectors and their
holder are suppressed considerably. The fiducial volu
chosen for analysis,240 mm,z,300 mm andr,125 mm,
was chosen to maximize the statistical precision of o
result.

3. Selection of two-pion events

The trajectories reconstructed as described above con
electrons and positrons as well as pions. Thep/e separation
can be achieved by using the pulse height information of
T2 counters and the WCˇ counters. Figure 6~left! shows the
correlation between the pulse heights of the WCˇ counter and
the T2 counter along the same particle trajectory. In the
ure, regions corresponding to individual pion and electr
~or positron! tracks are seen along with events in which bo
an electron and a positron created byg conversion pass
through corresponding detectors (2e6). We required that
both of the trajectories fall in the region enclosed by the so
curve.

4. Stopped K2 identification: Kaon ‘‘range-TOF’’ analysis

Since the target density is quite low, far more kaons u
dergo ‘‘in-flight’’ decay in the hydrogen target than a
stopped. Although most of the in-flightK2 decays are re-
jected by the two-pion cut which has just been described
is important to further reduce theK2 decay contamination in

FIG. 3. Distribution of the vertex in thex-y plane. For this plot,
vertices with 0 mm,z,300 mm are selected and the two-pio
cut ~described in Sec. III B 3! is applied.

FIG. 4. Distribution of the vertex in thez direction. For this plot,
vertices with r ,80 mm are selected and the two-pion cut~de-
scribed in Sec. III B 3! is applied.
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order to achieve a good signal-to-noise ratio. Also, in-flig
K2p reactions cannot be distinguished from stopped ka
by the two-pion cut.

Shown in Fig. 7 is a contour plot of the time differenc
between B2 and T2 (T2 TDC2B2 TDC) against thez value
of the vertex. For this plot, events with vertices withr
,80 mm were selected and the two-pion cut has alre
been applied. Since the particles detected by the T2 cou
are much faster than slowing-down kaons, the time diff
ence between B2 and T2 is to a good approximation the t
of flight of the slowing-down kaons. In the figure, pea

FIG. 5. Distribution of the vertex in ther direction~weighted by
1/r ) without the TOF cut~top! and with the TOF cut~bottom!. For
this plot, vertices with 0,z,300 mm are selected and the tw
pion cut ~described in Sec. III B 3! is applied. We requiredr
,125 mm.

FIG. 6. The WČpulse height versus the T2 pulse height, wit
out any cuts~left! and with the TOF cut~right!. It can be seen tha
the e1/e2 events are suppressed with the TOF cut.
t
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corresponding to the front and the back walls of the tar
system are seen and, in the hydrogen region, stops are cl
separated from decays or reactions in flight. Events in
region enclosed by the solid lines were selected as stop
kaons.

This clear separation can be understood by looking at F
8. The curves drawn in the figure are trajectories of the
coming kaons having different initial velocities when ente
ing the hydrogen target. The curves are drawn in steps
0.01c, with the highest beingb50.4. The slope of the curve
is the reciprocal of the velocity. As the kaon proceeds
loses its kinetic energy and the curve bends upwards. Aft
time interval which is uniquely determined by the incide
velocity ~neglecting the range straggling and multiple sc
tering inside the target!, the kaon comes to rest, if it has no
decayed, and the slope of the curve becomes infinite as
trajectory terminates. The larger the initial velocity, th
longer the time it takes the kaon to come to rest and
farther away from the entrance wall the stopping point
This is why the stopped kaons distribute as in Fig. 7. T
clear ridge that has been identified as kaons at rest is

FIG. 7. Time difference between B2 and T2 versus vertexz. It
can be seen that hydrogen stops are well separated from decay
reactions in flight. For this plot, events with vertices withr
,80 mm are selected and the two-pion cut is applied. We acce
the events in the region enclosed by the solid curves.

FIG. 8. Calculated trajectory for kaons in hydrogen with diffe
ent initial velocity. Compare to the ‘‘time-of-flight vs vertexz’’ plot
shown in Fig. 7.
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indication of the effectiveness of the 2p trigger. In Fig. 6
~right!, the WČADC versus T2 ADC plot with this TOF cu
is shown. It can be seen that thee6 events are significantly
suppressed.

5. Vertex reconstruction II: Multiple combination events

In order to select the correct position of hits on the MW
PC’s from the candidate hits and find their correct combi
tions even for events with multiple combinations, the info
mation from the range-TOF analysis was also used.
following procedure was adopted to identify the correct co
bination of the candidate hits: the minimum intertrack d
tance between the two particle trajectories~DIFF! was re-
quired to be less than 60 mm. If there is more than one s
combination, the one with an appropriate range-TOF co
lation for a stopped kaon was chosen. When this proced
selected more than one combination, the one with the sm
est intertrack distance was chosen.

The largest allowed value for the DIFF was determined
be 60 mm by making a sample of events with only o
possible combination of candidate hits and an appropr
range-TOF correlation for a stopped kaon, and looking at
DIFF distribution for such events. By using this procedu
for finding the correct combination of candidate hits, w
achieved almost twice the analysis efficiency@analysis effi-
ciency 5 ~the number of valid events recognized as vali!/
~the number of valid events!# for hydrogen-stop events tha
obtained by simply seeking the combination giving the t
trajectories with the smallest minimum intertrack distance

6. Summary of event selection

By the method described above, 7.93105 valid events
were selected out of the 1.183108 events which had satisfie
the trigger condition and had been recorded on the magn
tape.

Using this number of valid events, the efficiency of t
two-pion tracking system~including the analysis efficiency!
for the two-pion events was estimated to be;40%. On the
other hand, the measured efficiency of the tracking sys
for cosmic rays was slightly greater than 50%. Here the
ficiency for cosmic rays was defined to be the ratio of
number of events in which both C1 and C2 have two hits,
four of which can be fitted by a straight line, to the numb
of events in which the uppermost and lowermost T2 coun
fire.

Considering that under the beam-on condition the MW
efficiency decreases due to the multiparticle hits in the sa
or adjacent sectors~mostly due to beam pions!, an efficiency
of ;40% for the two-pion events is reasonable.

C. X-ray detector analysis

1. Energy calibration I: Calibration of the individual detectors

First, for each data set~set of data taken under one ru
ning condition, which typically lasted for several days to
weeks!, the energy calibration parameters for individual
ray detectors were determined using the data which w
taken before and after the runs with the55Fe source inserted
and with the beam off. In this process, the pedestal was
sumed to be the zero energy point. In Fig. 9, ADC spectra
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some typical detectors for55Fe data are shown. Titanium a
well as manganese x rays from55Fe can be seen because
rays from 55Fe excite titaniumK-shell electrons.

In order to demonstrate the linearity of our x-ray detecti
system, the deviation of the position of each x-ray line fro
the position obtained using the calibration parameter de
mined by the position of the manganeseKa line and the
pedestal position is shown in Fig. 10. The linearity is bet
than several30.1% for the beam-off condition, using th
pedestal as the zero energy point.

In Fig. 11, an x-ray spectrum summed over all Si~Li !
detectors whose resolution was better than 400 eV for55Fe
data is shown. The individual detectors had been energy c
brated. On average, the number of such good Si~Li ! detectors
was;25 out of the;45 that were used.

2. Timing selection

Since we used a secondary kaon beam which was c
taminated by pions, good timing resolution of the x-ray s
nal is indispensable in reducing the accidental backgro
due to pions. Also, in order to avoid distortion of x-ray e
ergy spectra, any x-ray signal which is piled up with oth
signals must be rejected.

FIG. 9. Typical x-ray ADC spectra of single Si~Li ! detectors for
data with the55Fe source inserted and the beam off. ManganeseKa
andKb x rays from the55Fe source~energy55.895 keV and 6.490
keV, respectively! and titaniumKa x rays~energy54.511 keV for
Ka1) can be seen.

FIG. 10. Deviation of the position of each x-ray line from th
position obtained using the calibration parameter determined by
position of manganeseKa line and the pedestal position.
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In Fig. 12, a typical distribution of the multihit TDC mul
tiplicity of a Si~Li ! is shown. Here the TDC multiplicity is
defined to be the number of TDC hits on a single Si~Li !
detector in one event~the time gate width is 64ms). It is
seen that for most of the events, the multiplicity is 0 or 1:
any Si~Li ! detector, the ratio of events with multiplicity>2
to all the events is less than 1%. In order to avoid pileups,
rejected data with multiplicity>2.

In order to achieve a good signal-to-noise ratio, all t
individual Si~Li ! detectors were time-walk corrected for ea
data set. A function of the following form was used:

TDCj5p1 j1p2 j3ADCj
p3 j ,

where p1 j , p2 j , and p3 j are parameters for each detect
determined from a fit to the data.

The time-walk-corrected time spectrum summed over
the good Si~Li ! detectors for the energy range 2–20 ke
with the TOF cut applied is shown in Fig. 13 for a typic
data set. The time resolution after the time-walk correct
was 290610 ns @full width at half maximum~FWHM!#.
We defined a ‘‘prompt time gate’’ and x-ray signals with
this gate were taken as being coincident with the kaon.

FIG. 11. Typical summed x-ray energy spectrum of data w
the 55Fe source inserted and the beam off. An energy resolutio
36161 eV ~FWHM! at 5.895 keV was obtained by a fit to the M
Ka peak.

FIG. 12. Typical TDC multiplicity distribution for a Si~Li !. For
most of the events, the multiplicity is 0 or 1.
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gate width for a typical data set was6360 ns. In the figure,
we see a bump at around 3000–4000 ns which is discu
in the next section.

3. Rejection of data of Si(Li) detectors hit by outgoing pions

Data were rejected for Si~Li ! detectors through which the
outgoing particle trajectories obtained by the MWPC ana
sis went.

In most cases, a Si~Li ! detector which was hit by an out
going charged particle gave a huge pulse which did not
fect the Si~Li ! x-ray spectrum in the energy region of inte
est. However, we found that the bump found in Fig.
disappears when such Si~Li ! data are rejected. One explan
tion is that the bump is due to pions hitting the Si~Li ! detec-
tor in the inefficient region where it takes time to colle
charges deposited. In fact, the timing of the signals resul
in the bump has such an energy dependence that, the lo
the energy, the later the signal even after applying the tim
walk correction developed for ‘‘normal’’ signals. In Fig. 14
the time-walk-corrected Si~Li ! time spectrum is plotted as
solid-line histogram, rejecting data of Si~Li ! detectors which
are hit by outgoing particles. The prompt time gate is sho
as dashed lines. Now the time spectrum is quite flat exc
for the peak att50. The flat part is mainly created by th
continuous beam pions. Thus from an x-ray spectrum ga
on the delayed and advanced part of the time spectrum,
background due to accidental beam-pion hits can be e
mated.

4. Rejection of data time correlated with beam pions

To reduce accidental background due to beam pions,
timing of these pions was monitored using a multihit~up to
16 hits! long-range (16ms) TDC. Si~Li ! data that were time
correlated with pions were rejected. The TDC was opera
in the common stop mode and the stop signal to the T
was the trigger signal delayed by 8ms. Thus the ‘‘beam-
pion timing monitor’’ covered the time range of68 ms
with respect to the trigger timing. Shown as a dashed-l
histogram in Fig. 14 is the Si~Li ! time spectrum after the
beam-pion cut is applied. It is plotted only for the time ran

of
FIG. 13. The time-walk-corrected time spectrum summed o

all the good Si~Li ! detectors for the energy range 2–20 keV with t
TOF cut applied for a typical data set. A bump is seen at aro
3000–4000 ns.
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2374 PRC 58T. M. ITO et al.
of the TDC. This time range was not made longer in orde
keep the multiplicity to a reasonable value compared to
maximum number of allowed hits of the TDC.

5. Energy calibration II: In-beam stability

The titanium x rays were used to monitor the gain and
stability when the beam was on. Irrespective of the data
when the x-ray data are analyzed using the calibration
tained in Sec. III C 1 from the beam-off55Fe source data, the
titanium x-ray peak in the summed spectrum appear at p
tions about 2% higher than those for the beam-off data w
the width of the peak remains more or less the same.
interpreted this as a change in the gain, not a change in
zero-energy point, and accordingly rescaled the factor
convert ADC channel to energy. The validity of this proc
dure was checked by processing in the same way the
taken with the beam on and copper as well as titanium f
attached on the inner surface of the target chamber. The
ergy of the copperKa1 x ray, which is the most predomi
nant, is 8.048 keV. After rescaling the ADC-energy conv
sion factor to bring the titanium peak to the correct ener
the energy of the copper x-ray peak was within 0.4% of
known value. This discrepancy is much smaller than ot
relevant errors in this experiment.

In Fig. 15, we show the x-ray spectrum with the time c
applied, summed over all the good Si~Li ! detectors and al
the data sets. It should be noted here that this summed s
trum is smooth even in the region below 3 keV althou
TDC threshold levels of the individual detectors distribute
this region and the detection efficiency in this region is n
known. By fitting to the titanium peak (Ka1 , Ka2 , and
Kb) in this spectrum with the known intensity ratios@15#, an
energy resolution of 40767 eV ~FWHM! was obtained at
4.511 keV for the beam-on condition. This value for t
energy resolution of our x-ray detector was used when in
preting experimental x-ray spectra in Sec. IV.

Since the energy resolution is predominantly determin
by the microphonic noise~noise due to the feedback capac

FIG. 14. The time-walk-corrected time spectrum summed o
all the good Si~Li ! detectors for the energy range 2–20 keV with t
TOF cut applied for a typical data set. The data of the Si~Li ! detec-
tors which are hit by outgoing particles are rejected. It is seen
the bump disappeared. Shown as a dashed histogram is the
spectrum with the beam-pion cut. Dashed lines indicate the pro
time gate.
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tance of the preamplifier picking up the vibration caused
boiling liquid nitrogen!, it is expected that the energy depe
dence is negligible in the region of interest. The energy
pendence was estimated by assuming that the energy re
tion is given by

DE ~FWHM!52.35vAWN
2 1

FE

v
, ~2!

whereWN represents the contribution of noise to the reso
tion ~independent of the x-ray energy!, E is the x-ray energy,
F is the Fano factor ('0.12 for Si!, andv is the amount of
energy necessary to create an electron-hole pair~3.68 eV for
Si!. ObtainingWN by using the resolution at 4.511 keV, th
energy dependence of the energy resolution can be calcu
using Eq. ~2!. The difference in the energy resolution
4.511 keV and at 10 keV is only about 4%. To a very go
approximation, a constant energy resolution can be used
the range of interest when x-ray spectra are fitted in Sec.

6. Cross-talk problem

Even with the number of Si~Li ! detectors in operation
maintained at;45, occasionally, a reset of one Si~Li ! detec-
tor induced a signal in other Si~Li ! detectors. If this strange
shaped pulse adds to a real x-ray signal, the resultant en
spectrum is distorted. The effect of cross-talk should the
fore be eliminated to obtain an undistorted energy spectr
These cross-talk events are characterized by high multip
ity. By looking at the ADC multiplicity @estimated as the
number of Si~Li ! detectors with an ADC above a certa
threshold (;1 keV)], cross-talk events can be rejected.

Figure 16 is a plot of Si~Li ! energy versus Si~Li ! multi-
plicity. For this figure, all the cuts described above except
the beam-pion cut are applied, i.e., the stopped kaon se
tion by the TOF cut and the two-pion cut, the Si~Li ! timing

r

at
me
pt

FIG. 15. X-ray spectrum obtained with the prompt time cut. N
structure is seen except for the titanium x-ray peak and a sm
bump at around 8 keV. An energy resolution of 40767 eV
~FWHM! at 4.511 keV for the beam-on condition was obtained
fitting to the titanium peak~see inset!.
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selection, and the outgoing and beam-pion cuts. Events
multiplicity >8 were rejected as cross-talk events.

IV. ANALYSIS AND INTERPRETATION OF THE X-RAY
SPECTRUM

A. Determination of the 1s shift and width

1. Description of the spectral region

The solid-line histogram in Fig. 17 shows the ‘‘promp
time-gate spectrum’’ obtained after applying all the eve
selection cuts. Also shown as a dashed-line histogram is
‘‘off-time-gate’’ spectrum obtained by gating on the delay
and advanced part of the x-ray time spectrum in Fig.
normalized by the ratio of the gate widths.

The 4.5-keV titanium x rays used for calibration a
clearly seen in both prompt and off-time-gate spectra. Th
were ;0.25 beam pions passing through B3 during t
720-ns prompt-time-gate width, whereas there is always

FIG. 16. Si~Li ! energy versus Si~Li ! multiplicity. Those events
with multiplicity >8 were rejected as cross-talk events.

FIG. 17. X-ray spectrum obtained after applying all the cu
Also shown in dashed-line histogram is the off-time-gate spect
~see text!. The dashed line indicates the pure electromagnetic
ergy of theKa x ray.
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kaon in the prompt time gate. The difference in the titaniu
x-ray intensities between the prompt-time-gate and the
time-gate spectra is somewhat larger than the ratio of
rates of kaons and pions~51/0.25!. This is due to different
K-shell ionization and excitation cross sections for the f
pion and the slow stopping kaon.

The off-time-gate spectrum has no structure except for
small titanium peak, as expected. However, the accide
background seen in the off-time-gate spectrum does not f
account for the background observed in the prompt-time-g
spectrum. This difference may be caused by the two out
ing charged pions passing through the target. Bremsstrah
from thed rays produced by the pions is a possible mec
nism.

The structure in the 6–9 keV region is attributed to t
kaonic hydrogenK x-ray series. The peak around 6 keV
Ka x rays and the structure around 8 keV isKcomplex that
consists of theKb and higher x rays. Comparison of Figs. 1
and 17 reveals the dramatic improvement in the signal
noise ratio resulting from the event selection requireme
The dashed line in Fig. 17 indicates the pure electromagn
energy of theKa x ray. Clearly, the kaonic hydrogenKa
peak is located on the lower-energy side of its pure elec
magnetic value, and the shift is thusrepulsive. The pure elec-
tromagnetic energies of kaonic hydrogenK-series x rays are
listed in Table I.

2. Fitting function and background estimation

In order to obtain the position and the width of theKa
peak, the spectrum was fitted with an appropriate functi
The maximum likelihood method was used in fitting. Assu
ing that the number of counts in each bin is Poisson dist
uted, we determined the parameters of the fitting function
minimizing the Poisson likelihood chi square@18#

xP
25(

i
@2~Ni

f2Ni
obs!12Ni

obsln~Ni
obs/Ni

f!#, ~3!

whereNi
obs is the observed number of events in thei th bin

andNi
f is the number predicted from the fitting function. Th

change in a parameter value which causes a change inxP
2 by

unity was assigned as the statistical error of the parame
Since the energy of x rays which have a natural line wid

was measured using detectors whose response can b
proximated by a Gaussian function, eachK-series line is rep-
resented by a Lorentz function with a width corresponding
the natural width convoluted by a Gaussian function with
width corresponding to the detector resolution~the Voigt
function!. The Voigt functions used were calculated from t
complex error function@19#, of which the numerical evalua
tion was performed using the algorithm by Gautschi@20#.

The shift and width being appreciable only in the 1s state,
the energy spacing between the differentK-series lines is
determined by the electromagnetic value and all theK-series
lines have the same increase in width. Thus, we used
following function for the kaonic hydrogen x-ray part of th
fitting function:

I K~E!5 (
n52

`

Anp→1sV~E,Enp→1s
E.M. 1DE1s ,G1s ,s!, ~4!

.
m
n-
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TABLE I. Calculated values of the kaonic hydrogen electromagnetic energies~top! andK x-ray energies
~bottom left! @16#. Vacuum polarization, the finite size effect, and the relativistic effect were included.
uncertainty of the energy of each atomic level due to the numerical error is about an electron volt fors
state and a few tenths of an electron volt for the other states. This difference is due to the unknown
distribution of the kaon~the uncertainty due to this is indicated in parentheses!. Also, the uncertainty of the
kaon mass taken from Ref.@17# (493.67760.016 MeV) causes a 1s energy uncertainty of 0.0003 keV
Consequently, the transition energies have an uncertainty of about one electron volt. CalculatedL x-ray
energies are also shown~bottom right!. When calculating theL x-ray energies, corrections to all thed-state
energies were neglected.

State Total Nonrelativistic Vacuum Relativistic Finite size Higher-orde
energy energy polarization correction effect vacuum pola
~keV! ~keV! ~keV! ~keV! ~keV! ization ~keV!

1s 8.6339 8.6128 10.0219 10.0006 20.0016 10.0002
(60.0003) (60.0006)

2p 2.1540 2.1532 10.0008
3p 0.9572 0.9570 10.0002
4p 0.5384 0.5383 10.0001
5p 0.3445 0.3445
6p 0.2392 0.2392
7p 0.1758 0.1758
8p 0.1346 0.1346

Transition X-ray name Energy~keV! Transition X-ray name Energy~keV!

2p→1s Ka 6.4799 3d→2p La 1.1972
3p→1s Kb 7.6767 4d→2p Lb 1.6159
4p→1s Kg 8.0955 5d→2p Lg 1.8097
5p→1s Kd 8.2894 6d→2p Ld 1.9150
6p→1s Ke 8.3947 7d→2p Le 1.9784
7p→1s Kz 8.4581 8d→2p Lz 2.0196
8p→1s Kh 8.4993 9d→2p Lh 2.0479

`→1s K` 8.6339 `→2p L` 2.1542
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whereV(E, E0 , G, s) represents a properly normalize
Voigt function withE0 , G, ands being its central position
Lorentzian, and Gaussian widths, respectively, andA its am-
plitude. The electromagnetic transition energiesEnp→1s

E.M. are
listed in Table I.

The intensity of each line~and of course the intensit
ratios among the lines! depends on the details of the casca
process, including the initial capture process and collis
with surrounding hydrogen atoms, and cannot be calcul
in a model-independent way. Nevertheless, it is gene
true that for largen, the contribution from thenp to 1s
transition can be safely ignored, becauseE1 transitions with
a largeDn are quite improbable. The values ofAnp→1s were
set to 0 forn>9 in agreement with results obtained using
cascade code of Borie and Leon@21#. For s, the detector
resolution of 407 eV~FWHM!, which was obtained in Sec
III C 5, was used. The energy dependence was ignored.
systematic error in the final fitted results due to the un
tainty in the detector energy calibration and that associ
with ignoring the energy dependence of the x-ray dete
resolution will be discussed in Sec. IV A 5.

Assuming that the background is a smooth function
energy, we determined the shape of the background by fi
a quadratic function to the prompt-time-gate spectrum in
energy region from 3 to 4 keV and from 10 to 18 keV, wh
no structure is expected.
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For the titanium x-ray peak, three Gaussian functions w
a width of the detector resolution@407 eV ~FWHM!# and
with the known intensity ratios@15# for theKa1 , Ka2 , and
Kb were used.

3. Iterative fit

In order to avoid uncertainties due to the unknown int
sity ratios of the individualK-lines and thus minimize th
source of systematic uncertainty, we used only theKa peak,
which is well separated from other lines, at the cost of
increased statistical uncertainty to derive the shift and wi
However, the contribution of theKcomplexmust be estimated
Thus, the following iterative procedure was adopted to fit
spectrum~see Fig. 18!.

~1! A region RKa around theKa peak was fitted with a
single Voigt function for theKa peak and a background t
determine the shift and width. The free parameters were
shift, the width, and the amplitude of theKa peak.

~2! The 3–10 keV region was fitted with the full functio
keeping the shift and width fixed and allowing the amplitu
of each line to vary.

~3! The regionRKa was refitted, this time using the fu
function and treating the tail ofKcomplex and the titanium
peak as part of the background. The shift, width, and am
tude of theKa peak were free parameters. All the para
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eters forKcomplexand the titanium peak were fixed~note that
separate values of the shift and width were used forKa and
Kcomplex at this step, although not physical!.

~4! The last two steps were repeated until the values of
shift and width converged.

The convergence was quite fast~see Table II! and five
iterations were sufficient. Also, the contribution from the t
of the Kcomplex to theKa fit was small.

There is a certain arbitrariness in the choice of the reg
RKa , which may cause a bias in the fitted result. Thus,
estimate the systematic uncertainty associated with this
cedure, the width ofRKa was varied between 0.7 keV an
2.7 keV in steps of 0.2 keV with the center of the region ke
at 6.1 keV~see Fig. 19!. In Fig. 20, the fitted values for the
shift and width were plotted against the width ofRKa . The
average values for the shift and width and their statist
errors for the region 1.3 keV<RKa<2.1 keV were taken as
our final result and the spread of the values was used as
systematic error associated with this procedure. That is,

DE1s5
1

N (
i 5$1.3, . . .,2.1%

DE1s
~ i ! , ~5a!

FIG. 18. Iterative fit procedure.~1! Fit a regionRKa around the
Ka peak with a single Voigt function for theKa peak and the
background to determine the shift and width. The free parame
are the shift, the width, and the amplitude of theKa peak.~2! Fit
the 3–10 keV region with the full function with the shift and wid
fixed and the amplitude of each line allowed to vary.~3! Again fit
the regionRKa , this time using the full function treating the tail o
the Kcomplex and the titanium peak as part of the background. T
shift, width, and amplitude of theKa are free parameters. All the
parameters for theKcomplex and the titanium peak are fixed.~4!
Repeat steps~2! and ~3! until the values of the shift and width
converge.
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sstat~DE1s!5
1

N (
i 5$1.3, . . .,2.1%

sstat~DE1s
~ i !!, ~5b!

and

ssys
~ IF!~DE1s!5A 1

N21 (
i 5$1.3, . . .,2.1%

~DE1s
~ i !2DE1s!

2,

~5c!

and similar expressions for the width and its statistical a
systematic errors, whereN is the number ofRKa’s used.
Note that, although we callssys

(IF)(DE1s) andssys
(IF)(G1s) sys-

tematic errors for convenience, they are in essence statis
in that they will tend to zero for high statistics.

For the procedure described above, the shift and wi
obtained were

DE1s5232366365 eV

and

G1s54076208663 eV,

where the first error is statistical and the second is the s
tematic error associated with this procedure. The system
error associated with the energy calibration procedure
the background estimation will be given in Sec. IV A 5.
Fig. 21 and Table III, the results of the fitting forRKa
51.7 keV are shown.

rs

e

FIG. 19. DifferentRKa widths plotted on the x-ray spectrum
The average of the values for 1.3 keV<RKa<2.1 keV were taken
to obtain the final results.
.
TABLE II. Values of the shift and width for each iteration. The width ofRKa was chosen to be 1.7 keV
It is seen that the convergence is quite fast.

No. of iteration 1 2 3 4 5

Shift ~eV! 2299668 2330662 2384661 2327662 2326662
Width ~eV! 5956249 3636194 4046198 3946200 3976200
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4. Cascade-constrained iterative fit

The fit to the 3–10 keV region performed as the last s
of the iterative fitting procedure in the previous section ga
rather unrealistic intensity ratios for theK-series lines in
Kcomplex, although our criterion for the iterative procedu
was that as long as the shape of the left side of theKcomplex
peak is reproduced~without regard to the intensity ratios fo
the lines in theKcomplex), the correct values for the shift an
width can be obtained.

In order to check the validity of the iterative procedure
is appropriate to check whether the same result can be
tained when more realistic intensity ratios for the lines in
Kcomplexare used. An iterative fitting procedure was therefo
examined with the intensity ratios of the lines inKcomplex
constrained by the cascade code of Borie and Leon@21#.

~1! The region RKa was fitted as in the cascade
unconstrained fit described in the preceding section. The
parameters were the shift, the width, and the amplitude of
Ka peak.

FIG. 20. The shift and width versus theRKa width for the
cascade-unconstrained iterative fit.

TABLE III. Results of the cascade-unconstrained iterative
The values of the fitting parameters were obtained from the
iteration forRKa51.7 keV. The error values for the intensities
Kg and higher lines for the 3–10 keV fit are not shown beca
they are strongly correlated.

Ka region fit 3–10 keV fit

DOF a 31 132
xP

2 24.446 154.9
xP

2/DOF 0.789 1.17

DE1s ~eV! 2326662 2326 ~fixed!

G1s ~eV! 3976200 397~fixed!

Ka x ray ~counts! 113.9624.7 115.9617.8
Kb x ray ~counts! 55.2 ~fixed! 55.1628.8
Kg x ray ~counts! 37.8 ~fixed! 37.3
Kd x ray ~counts! 80.4 ~fixed! 81.5
Ke x ray ~counts! 0.0 ~fixed! 0.0
Kz x ray ~counts! 0.0 ~fixed! 0.0
Kh x ray ~counts! 142.2~fixed! 141.8

aDegree of freedom.
p
e

t
b-

e
e

ee
e

~2! The 3–10 keV region was fitted to the full functio
keeping the shift and width fixed and varying the amplitu
of each line. Here the intensity ratios among theKcomplex
were constrained by the cascade code whose parameterkstk
andT were fixed at 1.8 and 1.0 eV and onlyG2p was allowed
to vary.

~3! Again the regionRKa was fitted, as in the cascade
unconstrained fit described in the preceding section, this t
using the full function treating the tail ofKcomplex and the
titanium peak as part of the background. The shift, wid
and amplitude of theKa peak were free parameters.

~4! The last two steps were repeated until the values of
shift and width converged.

RKa was varied as in the preceding section and the fit
results were evaluated in the same way. The shift and w
obtained were

DE1s5232366165 eV

and

G1s54066206665 eV,

where again the first error is statistical and the second is
systematic error associated with this procedure. These re
are fully consistent with those obtained with the casca
unconstrained iterative fit. The value obtained forG2p from
the fit was;0.3 meV, which was within the range of com
monly accepted values. Also, the resultant intensity ofKa,
which was not cascade constrained, agreed with the v
predicted by the cascade code within 10%.

5. Systematic errors associated with the background estimatio
and the energy calibration

The systematic error associated with the background e
mation was evaluated by varying each coefficient of the q
dratic function by one standard deviation, fitting the spe
trum by the iterative method with the new background, a
observing the change in the fitted results. The backgro
function was expanded around theKa electromagnetic en-
ergy so that the changes in the fitted results by the varia
of different coefficients are uncorrelated, that is,

I BG~E!5c01c1~E2E2p→1s
E.M. !1c2~E2E2p→1s

E.M. !2. ~6!

FIG. 21. X-ray spectrum with the fitted curve. This is the res
of the last step of the cascade-unconstrained fit forRKa

51.7 keV. The bar chart indicates the energy and the relative
tensity of each line.
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The change in the fitted result obtained by variation of e
coefficient is shown in Table IV, together with the syste
atic error associated with the iterative fitting procedure. T
change in the fitted results due to the variation of differ
coefficients can be added in quadrature. The systematic e
on the fitted result for the background estimation so obtai
was

ssys
~BG!~DE1s!55 eV, ssys

~BG!~G1s!537 eV.

The systematic errors associated with the energy cali
tion were also estimated. The error associated with the
termination of the energy scale was estimated by scaling
statistical error in fitting the titanium peak in Fig. 15 to th
energy of theKa peak. The error associated with the det
mination of the detector resolution was estimated by vary
the width obtained by the fit to the titanium peak in Fig.
by one standard deviation and observing the change in ths
shift and width. These data are also tabulated in Table I

Note again that the ‘‘systematic’’ errors associated w
the background estimation and the energy calibration are
tistical in that they will tend to zero for high statistics.

As seen in Sec. III C 5, there is a slight energy dep
dence in the x-ray detector energy resolution, although it w
ignored. The effect on the final result should be estima
Since it is rather involved to fully incorporate the ener
dependence of the detector resolution in the fitting pro
dure, the following approximate expression was used
place of Eq.~4! and checked to see if there was any diffe
ence in the fitted results:

I K~E!

5 (
n52

`

Anp→1s

3V„E,Enp→1s
E.M. 1DE1s ,G1s ,s~Enp→1s

E.M. 1DE1s!…, ~7!

wheres(E) is the energy-dependent detector resolution a
the energy dependence estimated in Sec. III C 5 was u
Again the values ofAnp→1s were set to 0 forn>9.

The differences between the shift and width obtained
ing Eq. ~4! and those obtained with Eq.~7! were 0.1 eV and
4 eV, respectively. These are small compared to ot
sources of error and thus the energy dependence of the x
detector resolution can be safely neglected.

TABLE IV. Systematic errors associated with background e
mation and energy calibration. The systematic errors associ
with the iterative fitting procedure are also tabulated.

Parameter
Change in shift

~eV!
Change in width

~eV!

RKa 5 63

c0 4 36
c1 3 8
c2 0 1

Titanium peak position 4 0
Detector resolution 0 7
h
-
e
t
ror
d

a-
e-
e
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g

1

ta-
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n

d
d.

s-
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ray

6. Cascade-constrained noniterative fit

To further investigate the robustness of our fitting tec
nique, an independent methodology was tried. In this ca
the full spectral region~3–15 keV! was fit. The amplitudes
Anp→1s in Eq. ~4! were constrained by the cascade code
Borie and Leon@21#. This assumption imposes a mode
dependent bias for which we do not know how to assig
systematic uncertainty. In order to also investigate the se
tivity of the result to the choice of the cascade code para
eters, we tried two different cascade parameter sets:~a!
kstrk51.8, T51.0 eV, and G2p5free and ~b! kstrk
5free, T5free, andG2p5free.

It should be noted that because this analysis mainly u
Kcomplex to determine the shift and width, these results a
nearly statistically independent of the iterativeKa fit de-
scribed above.

The values obtained wereDE1s52250644 eV and
G1s55846110 eV for parameter set~a! and DE1s52307
641 eV and G1s56056107 eV for parameter set~b!,
where the errors quoted are statistical only. The consiste
of these results with the iterative fit is evidence that the s
tematic uncertainties associated with the iterative proced
are correctly estimated.

B. Determination of the Ka x-ray yield

In the prompt-time-gate spectrum in Fig. 17, there a
113.9624.7 kaonic hydrogenKa x rays and 238.4618.4
titanium K (Ka andKb) x rays. The kaonic hydrogenKa
x-ray yield per stopped kaon was estimated by calculat
the expected intensity of the titaniumK x rays and compar-
ing the titaniumK x-ray and kaonic hydrogenKa x-ray in-
tensities in the prompt-time-gate spectrum.

The main contribution to the production of titaniumK x
rays comes from the incoming kaons exciting titanium ato
when passing through the titanium foil attached to the Tefl
degrader. Other sources of titaniumK x rays are the two
tagged pions from theK2p reaction, which pass through th
titanium foil on the side walls, the beam pions which g
through the titanium foil at the front and on the side wal
and low-energy x rays, which can excite titanium by t
photoelectric effect.

Since all the kaons stopped in the hydrogen target pas
through the titanium foil when entering the target, the sa
number of kaons contributes to the numbers of the kao
hydrogen x rays and the titanium x rays in the prompt-tim
gate spectrum. Also the number of titaniumK x rays due to
the two tagged pions is proportional to the number of kao
stopped in the hydrogen, since there is a pair of tagged p
per stopped kaon. For these two contributions, it is poss
to estimate the number of titanium x rays generated
stopped kaon and the probability of a generated x ray be
detected by the Si~Li ! detector. Therefore, when ignoring th
contributions from beam pions and low-energy x rays,
kaonic hydrogenKa x-ray yield can be obtained by simpl
multiplying the estimated number of titaniumK x rays per
stopped kaon by the ratio of the number of observed x r
and dividing it by the ratio of the detector acceptance to
respective x rays.

As to the contributions from the beam pions and lo
energy x rays, they are not directly proportional to the nu

-
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ber of stopped kaons. However, it is possible to estim
their contributions to the number of titanium x rays observ
in the prompt-time-gate spectrum as we will see belo
hence allowing us to subtract these contributions from
total number of observed titaniumK x rays before taking the
above mentioned ratio.

Therefore the kaonic hydrogenKa x-ray yield per
stopped kaon,YKa , is given by the following expression:

YKa5YTi

NKa
obs

NTi
obs2NTi

beamp 2NTi
x ray

VTi

VKa

5
NKa

obs

NTi
obs2NTi

beanp 2NTi
x ray

YTi
K VTi

K 1YTi
2p VTi

2p

VKa
, ~8!

where Y stands for the number of x rays produced p
stopped kaon,N for the observed or estimated number of
rays in the prompt-time-gate spectrum, andV for the detec-
tor acceptance for a produced x ray, with an obvious nota
for subscripts and superscripts.

The detector acceptance for kaonic hydrogenKa x rays
VKa , which in this case is simply the solid angle subtend
by the detector at the kaon stopping volume since the x
absorption in hydrogen is negligible, was estimated to
2.4460.24 % by a Monte Carlo calculation using the me
sured kaon stopping distribution. A 10% error was assig
to the estimated value of the solid angle from comparis
with the solid angles obtained by changing the kaon stopp
distribution to various limiting cases.

In order to estimateYTi
K , the titaniumK x-ray production

rate per incomingK2 for kaons that eventually stop in th
hydrogen, the velocity distribution of the incoming kaons
they pass through the titanium foil and the titaniumK x-ray
production cross section for kaon impact as a function of
velocity of the kaon are necessary. The kaon velocity dis
bution at the titanium foil was obtained from a Monte Ca
calculation. For theK x-ray production cross section, th
experimental data for proton impact@22# were simply used,
since the cross section is only a function of the projec
velocity @23#. Averaging over the kaon velocity, the avera
titaniumK x-ray production cross section for the kaons pa
ing through the titanium foil was calculated to be 7
6100 b, where the error was estimated from the experim
tal error of Ref.@22#. For a 50-mm-thick titanium foil, this
turns out to be (2.1360.29)31021 K x rays produced pe
kaon passing through the foil.

EstimatingVTi
K requires both the solid angle subtended

the Si~Li ! detectors at the points where the titanium x ra
are produced and the absorption of the titanium x rays in
titanium foil to be calculated. A Monte Carlo calculation w
performed to calculate the distribution of points where
incoming kaons enter the titanium foil. Using this result, a
assuming that the points where titanium x rays are produ
distribute uniformly in the foil in the beam direction, th
probability of a titaniumK x ray produced in the titanium
foil being detected was calculated~using another Monte
Carlo calculation! to be (3.0460.15)31023. The error was
estimated by changing the distribution of points where t
nium x rays are produced to various limiting cases.

The contribution from the two tagged pions was estima
te
d
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in a similar way to that from the incoming kaons and fou
to be 5.3% of the contribution from the kaons, that
YTi VTi5YTi

K VTi
K 1YTi

2p VTi
2p51.053YTi

K VTi
K in Eq. ~8!.

The contribution from the low-energy x rays was es
mated by assuming that the rate of x rays arriving at
inner surface of the target chamber is uniform over the wh
surface and that the x-ray energy spectrum is the same a
prompt-time-gate spectrum. The number of titanium x ra
NTi

x ray in the prompt-time-gate spectrum due to the lo
energy x rays exciting the titanium foil was estimated to
18.1.

The number of titanium x rays due to the beam pions c
be obtained using the fact that the numbers of titanium x r
due to the beam pions should be the same in both
prompt-time-gate spectrum and the off-time-gate spectr
and the number of titanium x rays in the off-time-gate sp
trum should be the sum of the number of titanium x rays d
to the beam pions and the number created by the low-en
x rays. Therefore, the number of titanium x rays due to
beam pions in the off-time-gate spectrum was estimated
applying the same calculation for the low-energy x-ray co
tribution to the off-time-gate spectrum and subtracting
from the number of titanium x rays observed in the off-tim
gate spectrum. The result obtained wasNTi

beamp 59.2.
Putting all these together, the kaonic hydrogenKa x-ray

yield per stopped kaon can be estimated to be

YKa5
113.9624.7

$238.4218.129.2%618.4

3
$~2.1360.29!31021%$~3.0460.15!31023%

~2.4460.24!31022

31.053

51.560.5%. ~9!

The above procedure was also carried out with the sp
trum obtained from a smaller fiducial volume to confirm th
the observed titanium x rays were not created by ka
stopped in the foil. The result obtained is consistent with
result obtained with the standard fiducial volume.

C. Observation of theL x rays

A peak is also observed in the 1.5–2.1 keV region of
prompt-time-gate spectrum. Some of the detectors were q
noisy in this region; so discriminator threshold level settin
ranged from 0.8 to 3 keV. This could potentially produ
spurious peaks, but this would be expected to appear in
off-time-gate spectrum and also that in Fig 15, which a
quite smooth in this region. For this reason we attribute t
peak instead to the kaonic hydrogenL x rays. However, be-
cause we are unable to estimate the efficiency of the dete
array at this energy, it is not possible to obtain a reliableK/L
x-ray yield ratio.

V. RESULTS AND DISCUSSION

Based on ourKa iterative fit and combining the variou
systematic errors in quadrature, the strong interaction s
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and width of the kaonic hydrogen atom 1s state were found
to be

DE1s52323663611 eV

and

G1s540762086100 eV,

respectively, where the first error is statistical and the sec
is systematic. Simply applying the Deser-Truman form
@Eq. ~1!#, the complexK2p scattering length is

aK2p5~20.7860.1560.03!1~0.4960.2560.12!i fm.

In Fig. 22, the one-standard-deviation regions~the statis-
tical and systematic errors are added in quadrature! of the
shift and width are plotted. The results of the three previo
measurements@8–10# and some of the analyses of the low
energyK̄N data@11,24–30# are also shown for comparison
Some of the predictions based on a phenomenological po
tial model@31–33#, the cloudy bag model@3,4#, and the con-
stituent quark model@6# are also plotted. The sign of ou
shift is opposite to those obtained in previous experime
and our result is consistent with the analyses of other lo
energyK̄N data. This means that the analyses of the lo
energy K̄N data ~constant scattering length andK matrix!
were correct and that there is no anomalous energy de
dence of theK̄N amplitude near threshold. There is thus

FIG. 22. The shift and width obtained in the present experime
The one standard deviation region is plotted. The statistical
systematic errors are added in quadrature. Also plotted in comp
son are the results of the three previous measurements@8–10#, some

of the analyses of the low energyK̄N data@11,24–30#, and some of
the predictions based on a phenomenological potential model@31–
33#, the cloudy bag model@3,4#, and the constituent quark mode
@6#.
d
a

s

n-

ts
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inconsistency among the low-energyK̄N data andthe long-
standing kaonic hydrogen puzzle is resolved.

As to the kaonic hydrogenKa x-ray yield, the value ob-
tained from this experiment is significantly below 4.38%, t
intensity predicted by the cascade code calculation w
G2p;0.3 meV ~a value obtained from the cascad
constrained iterative fit!, kstrk51.8, andT51.0 eV ~values

known to reproduce thep2p and p̄p x-ray data fairly well!.
However, theKa to K total ratio of 0.27 obtained from this
experiment is consistent with the cascade code predictio
0.24 obtained with the parameters given above. If theG2p
value of the cascade calculation is changed so that theKa
x-ray yield is consistent with the experimental value, th
the Ka/K total becomes inconsistent with the experimen
value. For example, a parameter set ofG2p
50.8 meV, kstrk51.8, andT51.0 eV givesYKa51.53%
andKa/K total50.16

VI. CONCLUSION AND OUTLOOK

In conclusion, kaonic hydrogen atom x rays have be
correctly measured for the first time and a distinctKa peak
has been resolved. The experimental method, especially
two-pion tagging method, proved to be very effective in im
proving the signal-to-noise ratio.

The strong interaction shift of the kaonic hydrogens
state was found to be repulsive. The shift and width w
determined to be DE1s52323663 (statistical)
611 (systematic) eV and G1s54076208 (statistical)
6100 (systematic) eV, respectively. These results
consistent with the conventional analysis of low-energyK̄N
data. This resolves the long-standing kaonic hydrog
puzzle.

The next step for the further understanding of the lo
energyK̄N interaction would be precision measurements
both kaonic hydrogen and kaonic deuterium x rays. Kao
hydrogen x rays provide information on the isospin-averag
K̄N interaction at threshold, whereas kaonic deuterium
rays provide information on a different combination of th
I 50 andI 51 amplitudes at threshold. Thus, combining r
sults of measurements of kaonic hydrogen and deuteriu
rays, one can resolve the isospin dependence of theK̄N in-
teraction at threshold.
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