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Radiative Kaon Capture at Rest in Hydrogen
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The photon spectrum from EC stopping in liquid hydrogen has been measured with a high-resolution
(1.5% FWHM at 300 MeV) NaI(T1) detector. The branching ratios for K p~ Ay (E„=281.4 MeV)
and K p X y (E„219.5 MeV) were obtained. The results are R»=(0.86~0.07 —+II;Q) x10 and
Rxo„(1.44 ~0.20 +—

II )()x10, where the first error is statistical and the second systematic. These re-
sults are not in good agreement with published predictions or with previous Ay measurements.

PACS numbers: 14.20.Jn, 13.40.Hq, 13.75.Jz

The low-energy EC p system has been the object of
study for some years. Early in these investigations' it
became evident that there might be a Y* resonance
below the 1432-MeV EC p threshold. This J =

2 state
is now known as the A(1405).

At first this resonance was identified as a K p bound
state. With the advent of nonrelativistic constituent-
quark models, such as the Isgur-Karl model, it was pos-
tulated to be a three-quark configuration. However, its
mass was not well predicted. The MIT bag model pre-
dicts two low-lying J 2 states which might be

identified with the A(1405); however, a recent calcula-
tion by Umino and Myhrer in a chiral bag model with
broken SU(2) & SU(2) symmetry shows that one of these
states moves up substantially in energy compared with
the prediction of Ref. 3. The low-energy K p system
has also been studied theoretically with a chir al
SU(3)nxSU(3)L extension of the cloudy bag model.
In that model, calculations of the s-wave ECN scattering
cross sections indicate that the A(1405) is dominantly a
ECN bound state. The recent EC p data of Hemingway
show that the resonance shape is not well described by a
Breit-Wigner line shape, but it is in agreement with the
shape predicted by the cloudy bag model or EC-matrix
theory. After more than 25 years of investigation, the
structure of the A(1405) is still rather uncertain.

In both atomic and nuclear physics, studies of radia-
tive decays of excited states have provided the key to our
understanding of their structure. While radiative widths
of a number of excited baryon states with S =0 have
been measured, only the radiative decay of the A(1520)
excited state has been observed for S —1 baryons.
The published experiment of Mast et al. suffered from
low statistics as well as a substantial background, and
the unpublished experiment of Bertini et al. had rather
poor photon-energy resolution and a large background.

Consistent results were not obtained by the two groups.
The experiment reported below was performed to pro-

vide information on the radiative widths of the A(1405)
for the decays A(1405)~ Ay and A(1405)~ X y. The
branching ratios RA„and Rzo„ for the stopped-K reac-
tions EC p~Ay and K p~ Z y were measured. To
the extent that the participation of the intermediate
A(1405) in the radiative capture is understood, the radi-
ative widths can be determined from the branching ra-
tios.

Two theoretical calculations' " of these branching
ratios were carried out in anticipation of the results from
this experiment. The Isgur-Karl model and the extended
cloudy bag model were used, respectively. In both calcu-
lations, the radiative widths of the A(1405) were taken
from the respective models; however, it is difficult to
compare the two calculations directly since they differ
greatly in the choice of diagrams included.

In a complementary approach, two groups of au-
thors' ' have used baryon-pole models to parametrize
the radiative-capture branching ratios as a function of
A(1405) transition moments tc as defined below. The ra-
diative width is given by' '

r(A(1405) Ay) =r e E /4+M,'.
An equivalent expression holds for the A(1405)~ Z y
width. All of the couplings were taken from experiment
or symmetry relations except for the A(1405)Ay and
A(1405)Z y vertices. The branching ratios are then cal-
culated as a function of the transition moment, and this
parametrization is compared with the experimental
branching ratio to obtain x.

At present there is disagreement between the various
authors as to which diagrams should be used, and as to
whether on-shell couplings will overestimate the contri-
bution of the Born graphs. Also at issue is how the
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denominator for the branching ratio, K p anything,
should be evaluated. ' ' '

The experiment was performed in the C8 low-energy
separated beam at the Brookhaven National Laboratory
Alternating Gradient Synchrotron (AGS). Kaons of
momentum 680 MeV/c (Ap/p- ~2%) were identified

by six scintillation counters S& 4 and E & 2, a two-
dimensional hodoscope 0, plus a Cerenkov counter F
which selected kaons (see Fig. 1). The K were slowed
in a Cu degrader and were stopped in a liquid-hydrogen
(LH2) target 30.5 cm long and 20.3 cm in diameter.
Pulse-height (dE/dx) information was obtained from
E&, E2, and S4 which was located immediately upstream
of the target vacuum window. Events with multiple hits
in the hodoscope or with the IC in the outer portion of
the beam envelope were rejected; the latter requirement
minimized the background due to interactions in the tar-
get walls. A IC-stop candidate was defined as the time
coincidence of the beam counters, S~ S2.F.S3 E ~

E2 S4. On average, there were 250000 K incident on
the degrader, 40000 survived the degrader, and 160900
stopped in the target per AGS beam burst.

Photons in time coincidence with a K-stop candidate
were detected by a high-resolution NaI(T1) detector'
55.9 cm deep and 49.5 cm in diameter. It was surround-
ed by a 12.7-cm-thick plastic-scintillator annular veto
shield. To reject charged particles, the front was covered
with a 2.5-cm-thick plastic scintillation counter. The
data were taken during two different running periods.
The detector viewed the target through a 12.7-cm-diam
tungsten collimator, which was at 62.2 cm and 86.4 cm
from the target center during the respective running

periods.
The analog signals from each NaI phototube were

clipped, and then charge integrated and digitized by
LeCroy 2249W analog-to-digital converters (ADC's)
with a gate width of 500 ns. Since such a long gate was
necessary to obtained the best energy resolution, pulse
pileup was carefully monitored. The pileup spectrum
shape was measured on a continuous basis by triggering
events randomly at —10 Hz during the beam-on portion
of the AGS cycle. The resulting spectrum was that of
the ADC pedestal plus the pileup. This pileup shape was
then used in the data analysis.

The detector energy calibration was determined by
stopping x in the LH2 target, and the intrinsic resolu-
tion was measured to be 1.3% FTHM for the 129.5-
MeV Panofsky y ray. The gain stability of the detector-
electronics system was monitored with the monoenerget-
ic x+ from the reaction K p~ Z x+ (T 82.6
MeV). The temperatures of the crystal and the analog
electronics were also monitored. Data from periods
where the temperature was not stable were discarded, as
the energy resolution was signi6cantly degraded. The
remaining gain drifts were corrected with the informa-
tion from the n+ and the radiative-capture data from
stopped x . A gain-corrected summed spectrum was
produced for each detector geometry.

The neutron-induced and target-wall backgrounds
were studied experimentally. Time-correlated low-

energy neutrons were clearly separated from photons in a
two-dimensional plot of energy versus the NaI(T1) time
relative to the K-stop candidate. The neutron back-
ground was negligible in the signal region of the spec-
trum. To obtain the shape of the spectrum from interac-
tions in the target walls and vacuum vessel, the LH2 was
removed from the target and data were accumulated
with all other conditions the same.

In the analysis of the data it was necessary to model
the photon spectrum resulting from all the reaction
channels of the K p system plus other background pro-
cesses (see Table I). Additional background contribu-
tions come from in-flight K p Yx reactions, and the
charge-exchange reaction K p K n followed by
Kg m x . The photon spectrum from each back-

BU NaI

TA~LE I. The dominant reaction channels available to the

K p system at rest and secondary processes which produce
photons. (The decay m yy is implied. ) R denotes branch-

ing ratio.

FIG. 1. A plan drawing of the experiment. The S; were
plastic scintillators, E; were 1.26-cm-thick plastic scintillators
used for dE/dx information, F was a velocity-selecting
Cerenkov counter, and H was a 6X6-element hodoscope. The
NaI detector was surrounded by 10 cm of steel and 7.6 cm of
Pb.
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ground channel was modeled with the relative intensities
of the four stopped K p Yx channels, ' Z charge
exchange, ' and the branching ratios for secondary de-
cays' fixed at the published values. The X from Z
charge exchange are lower in energy than those pro-
duced directly, T~o 1.6 compared with 13.7 MeV, and
thus the decay photons appear as a sharp peak on top of
the broader distribution from the decay of directly pro-
duced X [see Fig. 2(a)].

The NaI response function was modeled' with an
EGs-based code which included estimates of the effects of
crystal nonuniformities. This procedure produced line
shapes in good agreement with measured spectra for
electrons at 300 MeV and in excellent agreement for
photons at 129 MeV. ' The NaI line shapes and the
measured pileup shapes were folded into the two calcu-
lated spectra which were then fitted to the gain-corrected
spectra. Smearing from imperfect gain correction of the
data was modeled by folding a Gaussian function into
the calculated spectrum. The width of this Gaussian ob-
tained from fits to the data was found to be small, 0.8%
for one data set and 0% for the other.

In addition to the overall normalization of the Yn
channels and the signal-channel amplitudes, the free pa-
rameters in the fit included the amplitudes for
EC ~ x, Z charge exchange, and in-liight Yx re-
actions, the amplitude for z p ny or nz, as well as
contributions from the target-empty and neutron back-
grounds. The total number of stopped K p interactions
was determined from a fit to the Am "shoulder" [see
Fig. 2(a)] over the energy range 230-285 MeV. Con-
sistent results were obtained for fits to the X x "shoul-
der" and the X ~ Ay peak which dominates the low-

energy region of the spectrum [Fig. 2(a)]. The results
quoted below were obtained using the Az channel for
normalization.

The systematic errors studied in the analysis included
uncertainties in the following: the Gaussian width intro-
duced by gain correction, the small disagreement be-
tween the predicted and measured low-energy tail ob-
served in the NaI response to 330-MeV electrons, ' the
branching ratio for the Ax channel, and the shape of
the momentum spectrum of IC which react in Aight.
For example, it is this latter uncertainty which dom-
inates, and gives systematic errors of -+oo4X10 and
—Q Q2 x 10 for the two Ay data sets.

In Fig. 2(a) the entire photon spectrum is shown. In
addition to the two signal channels and the Z decay
photons, the sharp edges of the distributions of z decay
photons from K p ~ X n at 205 MeV and IC p~ Ano at 271 MeV can be seen. In Figs. 2(b) and 2(c)
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FIG. 2. (a) The experimental spectrum of data from one of
the two running periods showing the two signal peaks plus
backgrounds discussed in the text. (b) The region of the spec-
trum containing the Z y signal. The smooth solid curve is the
total background; the solid histogram is the fit to the data. The
signal contribution to the fit is shown separately at the bottom
of the figure. (c) The end-point region of the photon spectrum showing the Ay radiative-capture peak and the end-point region of
the x decay photons from the Az channel. The solid curve is the best fit. The background from EC decays plus target empty is
shown as a dot-dashed curve, while the contribution from in-Bight interactions is shown by a dashed line. The latter are the dom-
inant contribution above the end point. The Ay signal contribution is shown as a separate dashed line.
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TABLE II. Experimental and theoretical radiative-capture
branching ratios. For this experiment, the first error is statisti-
cal and the second is systematic. All branching ratios (R) are
in units of 10

Experiment Theory
Present Ref. 18 Ref. 19 Ref. 10 Ref. 11

Rg„0.86+'0.07+Ii;Q 2.8 ~ 1.4 2.8 ~0.8
Rxo„1.44+' 0.20 —+II.Q

1.71 ~ 0.30
Rg„

3.4
2.6

0.76

1.9
2.3

1.2

the two signal regions are shown. The solid curve repre-
sents a best fit of the calculated spectrum to the data.
The detector response to monoenergetic photons, which
was calculated with EGs, ' can be seen in Figs. 2(b) and
2(c) where the signal channels (plus pileup) are plotted
separately at the bottoms of the figures.

The branching ratios obtained are given in Table II
along with Ay results from two earlier experiments's'
and the theoretical predictions. A total of 499 Ay events
and 850 Z y events were observed. Neither of the previ-
ous experiments' ' obtained as clear an identification of
the Ay channel as is obtained in the present experiment.
Our data suggest that with the poor energy resolution
available previously, most of the events formerly attri-
buted to radiative capture at rest were either from in-
Ilight Am production or pileup.

As for the recent calculations, ' "neither agrees with
our measured branching ratios. However, if one takes
the ratio of the two branching ratios, where some of the
theoretical uncertainties cancel, the chiral bag model
comes closer. Two additional calculations are in pro-
gress. ' ' The pole-model calculation of Workman and
Fearing' is compatible with our data for the value of
the transition moment, xA= —0.35 and x&= —0.2 or
+0.65. In the nonrelativistic quark model if the
A(1405) is a pure SU(3) singlet, then rcz= J3xA which
is clearly not the case experimentally.

In principle, the pole-model calculations' ' should
permit one to obtain a radiative width directly from the
branching ratio. As mentioned above, this is not yet pos-
sible because of theoretical questions currently under
study. A resolution of these issues is expected in the
near future.
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