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Differential Photoproduction Cross Sections of the 3°(1385), A(1405), and A(1520)
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We report the exclusive photoproduction cross sections for the %°(1385), A(1405), and A(1520)
in the reactions v 4+ p — KT 4+ Y* using the CLAS detector for energies from near the respective
production thresholds up to a center-of-mass energy W of 2.85 GeV. The differential cross sections
are integrated to give the total exclusive cross sections for each hyperon. Comparisons are made to
current theoretical models based on the effective Lagrangian approach and fitted to previous data.
The accuracy of these models is seen to vary widely. The cross sections for the A(1405) region are
strikingly different for the X+n~, 3%2°, and ¥~ #" decay channels, indicating the effect of isospin
interference, especially at W values close to the threshold.

PACS numbers:

I. INTRODUCTION

The A(1405) (J¥ = 1/27), situated just below the N K
threshold, has been an enigmatic state in the spectrum of
strange baryons for decades. The differential photopro-
duction cross sections should provide information needed
to identify the dynamics that play a significant role in the
formation of the A(1405), and lead to a deeper under-
standing of any other structures that populate this mass
region. The A(1405) sits between two other well-known
hyperons, the %°(1385) (J¥ = 3/2%) and the A(1520)
(JF = 3/27). Also for these states, photoproduction
data have been scarce, and comparison of the three hy-
perons was not practical until now.

The CLAS measurements reported here are the first to
have been made for all three excited hyperon species at
the same time with the same apparatus and within the
same analysis. A critical comparison of the cross sections
for the combined set of hyperons, including the ground
states, may yield further insight into their structures. In
particular, since the A(1405) does not fit quantitatively
into quark model estimations of its mass [T}, 2], and since
it has always been thought to be strongly influenced by
the nearby NK and X7 thresholds [3, 4], one might ex-
pect differences in the mechanism of its production in
comparison to the more typical hyperons.

The outline of this paper is as follows. Section[[I]briefly
describes several previous hyperon photoproduction ex-
periments, together with several theoretical models that
have been proposed. Section [[II] outlines the setup of
the experiment and the steps taken toward cross section
extractions. Subsection [[TTA] discusses the yield extrac-
tion for the %°(1385) via the A7 decay mode and Subsec-
tion [[IT B] discusses the yields of the A(1405) and A(1520)
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via the three different ¥ decay modes. Subsection [[ITIC|
then discusses the acceptance calculations computed us-
ing a Monte Carlo (MC) method, and the photon beam
flux normalization. The systematic uncertainties of the
cross section results will be discussed in Subsection [T DL
Section shows the results for each hyperon individu-
ally, and then compares the hyperons to each other. We
recapitulate the main results in Sec. [V]

II. PAST EXPERIMENTS AND CURRENT
THEORY

For photoproduction of the ¥°(1385) on the proton
there are total cross section measurements from bubble
chamber work by the ABBHHM group [5] [6] and by the
CEA group [7]. Preliminary results from CLAS have
been presented [§], but the present analysis is indepen-
dent of that study, albeit using the same raw data set.
In all these measurements the hyperon was reconstructed
through its dominant decay to An®. Alternatively, the
LEPS Collaboration measured yn — KX~ (1385) using
a deuteron target and detected only the KT and the 7~
from the hyperon decay to Ax~ [d]. The LEPS result
showed a flat angular distribution for cos %% > 0.6 and
an energy dependence that rose from threshold to a wide
peak near W = 1.8 GeV. That result was compared with
an effective Lagrangian model of Oh et al. [10] in which
the dominant contribution came from ¢-channel K ex-
change and little from K*. Agreement was at best fair,
both for the cross section and for the beam asymmetry.
One may expect comparable cross sections in the reaction
vp — KTX°(1385), as will be discussed. We will com-
pare our results for this channel with the same model
calculation in Sec. [V Al

For photoproduction of the A(1520) there are previ-
ous experimental data from Boyarski et al. (SLAC) [11]
at E, = 11 GeV and Barber et al. (LAMP2, Dares-
bury) [12] at E, = 2.8 — 4.8 GeV. In more recent times,
the LEPS Collaboration has looked at photoproduction



of this hyperon in the energy region 1.9 < E, < 2.8
GeV using a forward-angle spectrometer [I3] [I4]. They
showed that the cross section is forward peaked, and that
this behavior is more consistent with a model dominated
by a gauge-invariance-preserving contact term [I5], [16],
and less consistent with models dominated by t—channel
vector meson K* exchange [I7, [I8]. However, the K*
exchange models are more consistent with the results at
higher photon energies (Ref. [I2]). The beam asymme-
try for the A(1520) was found to be small, much smaller
than for the ground state A, supporting the contact-term
model that found K* exchange is not important in the
threshold region. Furthermore, it was found that the en-
ergy dependence of the forward-angle cross section rises
from threshold to a maximum near W = 2.15 GeV, fol-
lowed by a decline. It was suggested that this could be an
effect of an N* intermediate resonance at 2.11 GeV [16].
The results in the present paper cover a broader kine-
matic range than previous data, and will be compared to
the approach in Ref. [I6] and also Ref. [I9] in Sec.

Additional A(1520) photoproduction data close to
threshold were published recently by SAPHIR [20], to
be discussed later. Pioneering measurements at Cor-
nell [2I] and CEA [22] will not be discussed. There is
also a A(1520) electroproduction result from CLAS [23]
at Q% > 0.9 GeV/c? that we will not discuss here.

For photoproduction of the A(1405) there was very
little information up to now. The LEPS Collaboration
produced the only significant measurement so far [24].
They estimated that the differential cross section for
0.8 < cosfy5 < 1.0 and 1.5 < B, < 2.0 GeV is about
0.4 ub (no error estimate given, but we suppose it to be
~ 50%). They also reported a steep decrease in A(1405)
production versus ¥:°(1385) production in the higher en-
ergy range 2.0 < E, < 2.4 GeV. They speculated that
this might be a hint of strong dynamical differences in the
production mechanisms. We will consider these findings

in Sec. [VCl

Considering recent theoretical approaches, the photo-
production cross section of the 3°(1385) has been stud-
ied in an effective Lagrangian model of Oh et al. [10].
They pointed out that since the cross section for this ex-
cited hyperon is comparable in size to those of the ground
state A and X°, it also may serve as a hunting ground
for high-mass non-strange resonances that may couple
to it. The calculation was evaluated at tree-level, with
single-channel Born and resonance contributions using
empirically obtained couplings. A set of four high mass
A and N* resonances was found to contribute to the to-
tal cross section for the reaction in the threshold region.
However, only a preliminary CLAS total cross section re-
sult [§] was available to fit, and the resonances played a
secondary role in matching the data. The contact inter-
action used to preserve gauge invariance was dominant.
Thus, the present paper that shows differential cross sec-
tions as well as the integrated total cross section should
help clarify the theoretical modeling of this reaction, in-
cluding any resonant content.

The photoproduction cross section of the A(1520) has
been studied theoretically by Nam et al. [I5]. In an ef-
fective Lagrangian approach, using Born terms and a
Rarita-Schwinger formalism for inclusion of the spin-3/2
A(1520), they tested various model assumptions against
scant previous data [I2] for the total cross section and
the t-dependence at E, = 3.8 GeV. They found that
the total cross section near threshold was mainly deter-
mined by the contact interaction included in order to pre-
serve gauge invariance in the presence of hadronic form
factors. They found only minor sensitivity, for photon
energies below 3 GeV, to the anomalous magnetic mo-
ment of the hyperon, kp«, and the coupling constant
gx+NA+- No N* (s-channel) resonances were found to be
necessary to qualitatively reproduce the cross sections.
In a subsequent paper [16] the effect of Reggeizing the
t—channel exchanges was studied. At CLAS energies (i.e.
for B, < 3.7 GeV) this effect was found to be negligible.

In another effective Lagrangian approach model for
the A(1520) cross section, He and Chen studied sys-
tematically the inclusion or exclusion of several higher-
mass Constituent Quark Model (CQM) nucleon reso-
nances [I9]. Their approach was to fit the differential
cross sections from LEPS and also the higher energy t-
dependence from SLAC. They concluded that the con-
tact term is the dominant contribution to the cross sec-
tion at all energies. Also, both K and K* exchanges
play a significant role, though the K™ only at the higher
SLAC energies. They found significant resonance contri-
bution only from the two-star N(2080)D;3, and a possi-
ble hint that a CQM D;5 resonance at nearly the same
mass could be needed. We note in passing that the
N (2080)D;3 is a state that is important in photoproduc-
tion of the ground-state A(1116) [25]. (Also note that
the most recent Particle Data Group (PDG) [26] evalua-
tion of the N*3/2~ D;3 partial wave splits this state into
two: one at 1875 MeV and one at 2120 MeV.) Their af-
firmative conclusion about the need for these resonances
is in disagreement with the previous work by Nam et al.
cited in Ref. [14], and their quantitative agreement with
the A(1520) differential cross section and with the beam
asymmetry were not good. We can expect that the more
complete angular distributions presented below will be
useful in refining these models.

The photoproduction cross section of the A(1405) has
been studied theoretically by Nam et al. [27] within the
framework of the same model as discussed above for the
A(1520). Within their effective Lagrangian approach
there is a mass cutoff in the electromagnetic form fac-
tor for the yA*A* vertex. By varying this cutoff they
hoped to be sensitive to a size effect related to the spa-
tial structure of the A(1405). However, this u-channel
effect turned out to be too small in relation to other the-
oretical ambiguities to give useful sensitivity. They used
chiral unitary model results to estimate gx A+, but left
gr+NA+ as a free parameter. By comparing to the very
limited experimental data [24], they concluded that the
A(1405) is produced dominantly by the s-channel Born



contribution, without resonant intermediate states, and
not by meson exchange in the t-channel. In an older
model, by Williams, Ji and Cotanch [2§], emphasis was
placed on constraints from crossing symmetry and dual-
ity, but gauge invariance was not enforced. The K* ex-
change diagram was omitted, and the A(1405) appeared
via resonance in the w-channel. After satisfactory fits
were made to photoproduction data for the ground state
A and X°, a prediction for the threshold cross section of
the A(1405) was made. These two model cross sections
will be compared with our results later in Sec. [[VC]

Photoproduction of the A(1405) has also been stud-
ied by Nacher et al. [29] in the context of examining
the X7 line shapes. The study used an energy- and
angle-independent Weinberg-Tomozawa contact interac-
tion, implying a featureless differential cross section. So
while that study was crucial to our previous work in
Ref. [30], it is not relevant for the current work of ex-
amining the cross sections.

III. EXPERIMENTAL SETUP AND DATA
ANALYSIS

The data for this experiment were obtained with the
CLAS detector, located in Hall B at the Thomas Jeffer-
son National Accelerator Facility, during May and June
of 2004. The run, known as glla, used a 40-cm unpolar-
ized liquid hydrogen target and an incoming unpolarized
real photon beam. Bremsstrahlung photons were created
via the CEBAF accelerator electron beam and a thin
gold foil radiator, with an endpoint energy of 4.019 GeV.
Electrons that radiated a photon were detected with the
CLAS tagger [31] to obtain energy and timing informa-
tion over the range from 20% to 95% of the endpoint
energy. Discussion of the CLAS apparatus can be found
in Ref. [32]. All aspects of the data collection and initial
data handling were discussed in our previous paper [30]
that focused on the invariant mass distributions or “line
shapes” of the A(1405). The same analysis extracted the
cross sections presented here. Here we review and dis-
cuss the important steps related to obtaining the cross
sections.

The exclusive channels were reconstruction from the
detected K1 and all but one of the hyperon decay prod-
ucts. A one-constraint kinematic fit to the missing parti-
cle was used to select each of the channels; for the decays
A(1405)/A(1520) — %70 both a photon and a 7° were
missing, so a simpler missing-mass selection was used in-
stead. The hyperon yields for a given decay channel were
obtained in each photon energy and kaon angle bin using
an incoherent fit of MC simulations of signal and back-
ground channels. The energy bins in center-of-mass en-
ergy W were 100 MeV wide. The angle bins in the kaon
angle cos 035" were again in the center-of-mass system.
In all cases, the fits to each energy and angle bin were
treated independently. We next give some examples to
illustrate this process.

A. Yields for 3°(1385)

For photoproduction of the $:°(1385), the cross section
was reconstructed from the dominant decay mode to Axr°
(B.R. 87.0%), where a kinematic fit to the undetected 7°
was used to optimize the measurements of the energy and
momentum of the detected particles. Figure[l|shows two
typical sample bins in center-of-mass energy bins that are
100 MeV wide and span a range of 0.1 in cos 635", A full
MC simulation of the KTX°(1385) signal reaction was
done to create realistic templates which could be fitted
to the data. Similarly, the dominant K**A background
channel was simulated. As discussed in our previous pa-
per [30], the line shape function for the ¥°(1385) was
most realistically modeled using a non-relativistic Breit-
Wigner form. This fit the data best in all energy and
angle bins. The X°(1385) yield was taken to be the inte-
grated fitted counts in the template line shape.

In some bins in W there was kinematic overlap of the
signal hyperon and the background K*TA events. Tests
showed that there was no discernible coherent interfer-
ence between the signal and background channels. That
is, the cross section results did not change even when
a drastic (£1I' or ~ 100 MeV) cut was made to reject
events in the kinematic overlap region that contained
most of the K*TA events.

B. Yields for A(1405) and A(1520)

For photoproduction of the A(1405) and the A(1520),
the cross sections were determined using the X7 decay
mode (B.R 100% and 42%, respectively). How this was
done is illustrated in Fig.[2} Again, MC simulations were
used to realistically model the distribution of events from
each of the signal reactions. In the case of the A(1520)
the template shape was a relativistic Breit-Wigner us-
ing PDG parameters and processed through the CLAS
simulation. The A(1405) line shape was determined us-
ing an iterated MC method since it did not conform to
a simple Breit-Wigner shape. The figure shows the ini-
tial and the final iteration of the sample fit. The final
iteration matches the data much better in the A(1405)
region. The fit also included three background processes.
The first was photoproduction of K X°(1385), which has
a known small branching fraction to Xm. Its strength
therefore was not allowed to float in the fit, since the
dominant Am® decay mode determines its size in the X7
decay modes, after being corrected by the ratio of known
branching fractions and acceptance in each channel. The
second backgrounds were the K*9%+ channels that ap-
peared as a broad distribution in the example shown.
Finally there was photoproduction of a higher-mass Y*
centered around 1670 MeV /c?, which was modeled with a
simple Breit-Wigner line shape and not with the full MC
simulation, as can be discerned from the smooth curve in
Fig. 2

The important difference between the results for the
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A(1405) and A(1520) is that the particle yields for the
former depended significantly on the final charge state
(X7, X070 ¥=7+), while those for the latter did not,
as will be seen later. When integrating over all pro-
duction angles cos 635", the mass distribution or “line
shapes” in the charged decay modes of the A(1405) dif-
fered, as detailed in Ref. [30]. In contrast, for this paper
we take the summed yields across each X mass distribu-
tion and present the differential cross sections as a func-
tion of production angle.

Tests were carried out to verify that the K*9%+ back-
ground did not cause changes in the cross section or the
line shapes of the hyperons. Indeed, no interference ef-
fects were seen in the photoproduction line shapes [30]
or in the extracted differential cross sections, so that the
incoherent sum used here was justified.

The sum of the fit is shown in cyan.

[(B)] Same as in (a), but after two iterations of the A(1405)

C. Acceptance and normalization

A large number of MC events were processed using
the GEANT-based standard CLAS simulation package
GSIM. The event generator used a bremsstrahlung pho-
ton energy distribution. The kaon production angle dis-
tributions were taken to have an empirical ¢-slope match-
ing the one for ground state KA photoproduction [33].
All (quasi-) two-body decays were taken to be isotropic in
their own rest frames. The generated events were passed
through the detector simulation, and particle momenta
were smeared to match the actual data. In an earlier
detailed analysis of the glla data set [34], it was found
that the trigger conditions for this run were not ideally
simulated, so a momentum-dependent ad hoc trigger ef-
ficiency correction of ~ 5% was applied. After all cor-
rections were made, the simulated events were passed
through the same analysis procedures as the actual data.



TABLE I. The global systematic uncertainties in the experi-
ment. They can be divided into yield extraction, acceptance,
target characteristics, photon flux normalization, and branch-
ing ratios [26]. The total was calculated by adding the most
typical values in quadrature.

Source Value (%)
ATOF cuts 2-6
Confidence level on kinematic fit 3-12
Selection of intermediate hyperons 2-3
Target density 0.11
Target length 0.125
Photon normalization 7.3
Live-time correction 3
Photon transmission efficiency 0.5
$0(1385) — ¥, Am 1.5
A — pr™ 0.5
ot = pr® nat 0.30
X7 > nm 0.005
Total 11.6

A further small correction was applied for events with
a A in the strong final state that compensated for de-
cays that occurred outside the CLAS time-of-flight Start
Counter, as described in Ref. [30].

The photon flux in each energy bin was determined
so that the differential cross sections could be computed.
This was done using the CLAS-standard method based
on counting out-of-time electrons in the photon tagger
within well-defined time windows. Also, a correction
was made for the measured ~ 70% transmission of pho-
tons from the tagger, through collimators, to the physics
target. Other corrections were made to handle photon
tagger counters not in the primary trigger, and for the
overall measured ~85% DAQ live-time for this data set.
Thus, the cross sections reported here are absolutely nor-
malized. As mentioned previously, other published CLAS
data sets used the same normalization procedures and
have the same level of normalization uncertainty.

D. Systematic uncertainties

There were overall or global systematic uncertainties
from the yield extraction and acceptance, flux normal-
ization, and the line shape fitting procedures. These are
discussed in Ref. [30] and at more length in Ref. [35)].
For the final systematic uncertainty, the most typical
global uncertainties were added in quadrature to yield
a final value of 11.6%. A summary of each uncertainty
is shown in Table [l The largest single contribution was
from the overall flux normalization. This was monitored
on an hour-by-hour basis by measuring the w production
yield [36], and the uncertainty for the normalization was
determined to be 7.3%.

IV. RESULTS
A. Results for %°(1385)

The X9(1385) differential cross section was determined
through its dominant decay mode to A7, as discussed
above, and corrected by the PDG branching fraction of
87% to arrive at the final results. The differential cross
sections in 100-MeV-wide bins of W are shown in Fig.
as a function of center-of-mass kaon angles. They are
forward peaked with a fairly smooth fall-off as a function
of angle, but also with a moderate rise in the backward
direction at higher energies. These are the hallmarks of
t-channel dominated meson exchange in the production
mechanism, with a hint of u-channel baryon exchange to
account for the back-angle rise. The red curves shown
are the calculation of Oh [37] based on the model of
Ref. [I0]. In general, the calculation matches the data
extremely well at the higher energies, but undershoots
the mid-angles at center-of-mass energies between 2.25
and 2.55 GeV. This may suggest that for X°(1385) pho-
toproduction, besides the dominant ¢-channel exchange
mechanism, there may be some resonant contribution.

The model of Ref. [10] is essentially a prediction based
only on a preliminary total cross section measurement. In
that model, several N* resonances with one- and two-star
ratings were included to produce the “peak” in the cross
section near E, = 2.0 GeV. Our new differential cross
section results should allow refinement of these estimates.

The only other data available are two data points from
the LEPS Collaboration [24] at SPring-8, shown as green
hollow circles at forward angles in the four lowest W bins.
These two points are plotted twice each since they were
obtained in wide energy bins of 1.5n < E, < 2.0 GeV
and 2.0 < E, < 2.4 GeV. The LEPS data were taken at
more forward angles than our measurements, and while
the lower energy data is in fair agreement with our mea-
surements, the higher energy point seems to be somewhat
higher than expected from extrapolation of our results.

Figure [f] shows the differential cross section in just one
bin of W. The acceptance of CLAS is such that there
are holes in the forward and the backward directions.
In order to estimate the total cross section an extrapo-
lation into these regions was necessary. In the absence
of a trusted theoretical model for this purpose, we aver-
aged an array of plausible functions. The multiple lines
in this figure show the ad hoc fits that were performed
for this purpose. These were made in a purely empirical
way in order to estimate how much variation can rea-
sonably exist, subject to the constraint that the fits re-
mained positive-definite and that the extrapolations were
not unreasonably wild.

The functions, using z = cos 0%/ were:

1. absolute square of Legendre polynomials P;(z) with
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FIG. 3. (Color online) Differential cross section for yp — K 1t%°(1385) for the indicated 100 MeV wide bins in W (GeV). The
CLAS results are the filled blue points, with error bars that show the combined statistical and signal channel fit (see Fig.
uncertainties. The green hollow points are from LEPS [24]. The solid red lines are the model prediction of Ref. [10].

complex coefficients ¢; given in the form of 3. the form of Eq. , with a multiplicative overall
exponential function Ce~P*, with L = 1,2, 3.

L 2
B 4. two exponentials Cie~P1% and ChetP?? added to
fz) = ZCZPZ(Z) ’ (1) the form of Eq. , to take into account both the
1=0 forward and the backward rises. The order used

was L = 2.

with the maximum order L being either 2 or 3.
Each of these fits was integrated to determine the span of

2. the f(2) from Eq. (1) with an additive exponen- variation that the total cross section could have. Figure[]
tial of the form Ce™"* to account for the forward illustrates how this method of estimating the total cross
rise. In this case the maximum order used for the section varied depending on the choice of fit function. We
Legendre polynomials was L = 1,2, 3. ascribe no physical interpretation to any of the fit func-



tions; they merely allowed us to estimate the total cross
sections. We computed the weighted average of all the
individual points at a given W and assigned that value as
the total cross section, and used the standard deviation
of those points as the estimate of the uncertainty on the
total cross sections.

235
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cosg; ™
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FIG. 4. (Color online) Differential cross section for vp —
Kt%°(1385) with possible extrapolations in a single W bin
for 2.05 < W < 2.15 GeV. Some of the nine curves lie on top
of each other. See text for discussion.
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FIG. 5. (Color online) Total cross section of X°(1385) as a
function of E, showing at each E, the collection of alterna-
tive extrapolations of the differential cross sections tested.
The lower black points show the summed unextrapolated
data. The large red points show the averaged extrapolated
values.

The final total cross section result for ~p —
K*¥9(1385) is shown in Fig. @ The small blue points are
the summed data across the production angles accessible
in CLAS, while the large red points are the result of the
extrapolations to all angles. For comparison, we see good
agreement between these results and the much coarser,
early bubble chamber data of Refs. [5H7]. The solid black
curve is due to the calculation of Oh [37], and again there
is very good agreement at the higher energies, but there
is some disagreement in the region of 2.0 < E, < 2.5
GeV.
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FIG. 6. (Color online) Total cross section for vp —

KT%°(1385) as a function of photon energy E,. The small
blue points are the summed contribution from the measured
range of angles in CLAS. The large red points are the extrap-
olated total cross sections using the method discussed in the
text. The four dark brown square data points with cross-like
error bars are bubble chamber data from Refs. [5H7]. The
solid black curve shows the model of Ref. [I0].

B. Results for A(1520)

As discussed in Sec. the A(1520) yields were ob-
tained using template fits in each energy and angle bin.
All charge combinations, X277 —, Y 7", and X%70 were
examined. For the ¥t decays, the two modes pr® and
nmT could be compared for consistency. Figure [7] shows
this comparison in a typical W bin. The two channels
show good consistency. The lower gray band shows the
angle-by-angle systematic discrepancy, computed as the
difference between the measured final states with the
summed statistical uncertainties subtracted in quadra-
ture. This quantity is plotted when the difference be-
tween the data points is larger than the sum of the two
error bars. Note that the vertical scale is logarithmic.
The following results use the weighted average of the two
YT final state measurements.

Each of the three ¥ decay modes was reconstructed
in the analysis, so next we compare these three modes
for the A(1520). This is shown in Fig. [§] for two typi-
cal bins in W. The agreement among the three decay
modes is fair to good across the range of center-of-mass
kaon production angles. In principle these should all be
identical in the absence of interference among different
isospin contributions to the reaction mechanism. This
was true for the A(1520), but as shown later, not for the
A(1405), where strong differences are seen depending on
the Y7 channel. It was assumed, for the A(1520) there-
fore, that each decay mode contributes 1/3 to the total
decays to X7, and the measurements scaled accordingly
and averaged in each bin over the measured channels.
The overall branching fraction of 42% for A(1520) — X
was applied to obtain the final values of the differential
cross section for the A(1520).

The resultant differential cross section for the A(1520)
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FIG. 7. (Color online) Comparison of the two ¥ 7~ channels
for the A(1520) with 2.45 < W < 2.55 GeV. The gray band is
the estimated systematic discrepancy between measurements
using the two reconstructed final states. Note the logarithmic
vertical scale.
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FIG. 8. (Color online) Comparison of the three X decay

modes for the A(1520) in two energy bins at [(a)] 2.05 < W <
2.15 GeV and @ 245 < W < 2.55 GeV as a function of
center-of-mass kaon angle. The data points have been shifted
slightly to prevent overlaps, for clarity.

in a single typical W bin is shown in Fig.[9} As in Fig.[d]
one sees that the CLAS acceptance did not extend to
the extreme forward and backward kaon production an-
gles, due to the openings in the spectrometer in those
directions. We fitted a series of functions in the same
manner as done previously for the ¥°(1385) discussed in
Section [[VA] We took the weighted average of all these
variants and their standard deviation as the best esti-
mated uncertainty for the total cross section.
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FIG. 9. (Color online) Differential cross section for vp —

KT A(1520) with fit results to a single W bin for 2.75 < W <
2.85 GeV. The various curves represent possible extrapola-
tions to obtain the total cross section. Some of the nine curves
lie on top of each other.

The final differential cross sections for the A(1520) in
all bins of W are shown in Fig. Near threshold the
CLAS cross section is fairly flat. Due to the A(1520)
threshold at 2.013 GeV, the lowest W bin was normal-
ized using the uniform integrated photon flux between
2.020 GeV and 2.050 GeV, a 30 MeV wide region. The
other bins are 100 MeV wide. There is an additional
estimated +36% systematic scale uncertainty in this W
bin due to the finite width of the hyperon, acceptance,
and threshold effects. In the highest energy bin the cross
section is quite forward peaked with a hint of plateauing
toward the most forward angles. Also evident is that the
cross section flattens or even rises slightly toward large
angles. These are the qualitative hallmarks of t-channel
dominance with at least two poles/trajectories at low —¢
and possible s— or u-channel baryon exchange at large
angles.

For comparison with the CLAS results, the data from
LEPS are shown. Ref. [I3] measured the differential cross
section in several final states using various methods that
were presented as equivalently accurate. These points
are shown as open squares in Fig. In the threshold
region, Ref. [14] measured the rapidly-rising differential
cross section with finer energy binning than our present
results. Points that overlap with our bins are shown as
the open circles in Fig. Agreement between CLAS
and LEPS is good or very good across all overlapping
bins.

The red solid curves are the model of Nam et al. [16]
computed for the present kinematics [38]. No Regge con-
tributions were included, and no K* exchange in the ¢



channel. Also, the A(1520) anomalous magnetic moment
was set to zero, implying no u-channel exchanges. This
leaves the dominant contact term interaction as well as
small contributions from ¢ and s channel Born terms.
Note that this model was developed to match the scant
higher energy data from Ref. [I2]. This is seen in Fig.
where the red solid curve comes closest to the Ref. [12]
data set but is significantly higher than the new CLAS
results. This model overestimates the cross section and
lacks sufficient strength at large angles.

The black dashed curves in Fig. show the model
prediction of He and Chen [19] computed for the present
kinematics [39]. Evidently this model is a closer match
to the new data, but the comparison is not perfect. It
captures the slight rise at backward angles and is mostly
closer in magnitude to the data. It also tends to follow
the flattening of the total cross section at forward angles.
This model includes K* exchange, and although this is
more important at higher energies, it may help repro-
duce the forward-angle behavior we see. This model also
includes the s-channel N(2080)D;3 resonance that was
quite significant when matching the data of Kohri et al.
from LEPS [I4]. (See also the earlier work in Ref. [40].)
This resonance is also responsible for the fairly narrow
peak in the total cross section near 2 GeV shown in
Fig. We can conclude that this model, using sev-
eral additional interaction elements compared to Nam et
al. [16], is able to come closer to reproducing the present
differential and total cross section data for the A(1520).

Figure shows the total photoproduction cross sec-
tion for the A(1520). The recent SAPHIR data [20]
is in rather strong disagreement with the data from
SLAC/LAMP2 [12]. The new CLAS results lie almost
exactly between these two measurements. The small blue
data points show the CLAS data summed over the use-
ful acceptance of the detector, and the larger solid red
points show the extrapolated total cross section. The
model curves correspond to those of Fig.

C. Results for A(1405)

The case of the A(1405) is somewhat different from the
others because each of the X7 charged final states yields
a different cross section. In our previous paper [30] this
was traced to the fact that there is considerable interfer-
ence of an [ = 1 J¥ = 1/2~ amplitude with the I = 0
JP =1/2~ amplitude that, by definition, represents the
A(1405). In Refs. [30] and [41], isospin decompositions
were done in an attempt to separate those amplitudes as
a function of the X7 mass and of W. In those articles
the data were integrated over all kaon production angles,
but in the present situation we wish to extract the cross
section as a function of kaon production angle while in-
tegrating over the 7 mass distributions. Unfortunately,
with the statistics available in this measurement it was
not possible to do the isospin decomposition in each en-
ergy and angle bin separately. Instead, we present the
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results when integrating the X7 mass range from thresh-
old up to 1.5 GeV. Thus, we say that this experiment has
measured the cross section in the “region” of the A(1405),
without explicit separation of the isospin amplitudes.

As in Sec. for the case of the A(1520), there were
two decay modes for reconstructing the ¥*. A sample
comparison of these two modes is shown in Fig. The
agreement between the decay modes was usually good to
very good. In each case, the yield of what we nominally
call the A(1405) was taken from the line shape templates
in the relevant mass range discussed in Sec. [[ITB] The
gray systematic error band is the difference between the
measured values with the summed point-to-point uncer-
tainties subtracted off in quadrature. These two mea-
surements were then averaged together to give the cross
section in the 77~ decay mode.

Comparison of the X*7F and X°7° decay modes of the
A(1405) mass region is shown in Figs. [13]| and [14] for all
bins in W. In the lower W bins there are very significant
differences between the measured cross sections. Below
about W = 2.3 GeV there is clearly some additional dy-
namics present causing the charge states to have quite
different cross sections. We interpret this as being due
to the interference of I = 0 and I = 1 amplitudes in the
production mechanism in the A(1405) mass range. The
steep drop in the X%7% cross section at large angles for
the lower W bins was checked and found to be correct in
this analysis. Toward the higher end of the W range the
three cross sections tend to merge together into a char-
acteristic forward peak, indicating ¢t-channel dominance
in the reaction mechanism.

At present there is no model calculation available that
can explain this interference effect. Due to the lower c.m.
momenta at lower W, one may speculate that the elec-
tromagnetic and hadronic interactions have more time
to develop at lower W, hence showing more interference
effects. Below W = 2.3 GeV the mean A(1405) decay
distance is less than the incoming photon wavelength.

To combine these three channels into one effective cross
section for the A(1405) mass region, we simply added the
three components together. In Ref. [30] it was shown that
if ¢t is the amplitude for the I = 0 production and if ¢;
is the amplitude for the I = 1 mechanism that interferes
with it, then the sum of the three decay modes is propor-
tional to |tg|? +|t1|?, with cancellation of the interference
cross terms.

The resulting summed differential cross sections for the
A(1405) mass range are shown in Fig. The overall
trends are quite similar to the other two hyperons. We
will make a direct comparison later. The X°7° cross sec-
tion was not measured in the forward-most angle bin for
W = 2.00 GeV, as seen in Fig. The summation used
the neighboring value for this datum, with an error bar
enlarged to the size of the difference between the two
neigboring points.

The only data comparison available is the LEPS Col-
laboration result by Niiyama et al. [24] in the lowest W
bins. Their two data points are plotted twice each since



T T T T 7T [ I I I

1E 202<w<2.05 T 2.05<W<2.15 ]

C oo ]

et _

I 6, T 1

e Q
. ¢

1 ++ ¢ +¥+ £+ i

107 __*f +++++ : ;
[ | | | il | | | ( | | | (]
i | | | K] | | | K] | | i

—_
Q 2.25<W<2.35 2.35<W<2.45 .
S i3 =3 E
E: + a "#CI T .
ol® | i 1 '
Ol _[;.} ________ 1 1 |
3 L%* .

0 F E3 E
-I | | | I--I | | | I“I | | | I-
L | | ! JL | ! | 1L | ! | ]
1F 255<W<2.65 T 265<W<2.75 E: =
107 ' E: E: E
-2 = == = 3
L0 El | | | [+l | | 17 13

0.5

FIG. 10.

0.5

(Color online) Differential cross section for yp — KT A(1520) for nine bins in center-of-mass energy W (GeV). The

solid blue circular points are the measured CLAS data. Measurements from LEPS are shown by the various colored hollow
square points [13]. The hollow circular points show separate LEPS results [14]; in the lowest W bin they are for W = 2.01 GeV
(red), 2.03 GeV (blue), and 2.05 GeV (green). The lowest W bin is 30 MeV wide, while the others are all 100 MeV wide. The
black dashed curve is the model calculation by He et al. [19], while the red solid curve is the model calculation by Nam et
al. [I6]. Note that the first bin in W is 30 MeV wide while the others are 100 MeV wide.

their energy bins were quite wide compared to ours. The
claim made in that paper was that the ratio of A(1405)
to X9(1385) drops from 0.54 £ 0.17 to 0.084 + 0.076 be-
tween their two energy bins. The CLAS results do not
support the LEPS observation. For W between 2.15 and
2.35 GeV the CLAS cross sections are about a factor of
six larger than those of the previous experiment.

A recent prediction for the A(1405) photoproduction
cross section due to Nam et al. [27] is plotted in Fig.

In their effective Lagrangian model the s-channel Born
term is dominant. There is interference with K* ex-
change, and the three curves stem from letting gp«na+
take the values 0 (solid red), +3.18 (dotted red), or —3.18
(dashed red). Evidently, this model omits a very signifi-
cant t-channel-like piece of the reaction mechanism. Also
in Fig. in the bin centered at W = 2.0 GeV, we show
in dashed magenta the flat curve from Williams, Ji, and
Cotanch [28]; this was their prediction based on crossing-
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FIG. 11.  (Color online) Total cross section of A(1520) as

a function of E,. The small blue points are the CLAS data
summed over the acceptance of the detector, while the larger
solid red points show the extrapolation over all space. The
error bars are the combined statistical and extrapolation un-
certainties. The dashed black curve is a calculation by He
et al. [19] and the solid red curve is a calculation by Nam
et al. [16]. The green hollow squares are measurements by
SAPHIR [20], and the green hollow circles are measurements
from SLAC/LAMP2 [12].
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FIG. 12. (Color online) Comparison of the two X7 decay
modes for the A(1405) with 2.45 < W < 2.55 GeV. The
gray band is the estimated systematic discrepancy between
measurements using the two reconstructed final states. The
points have been shifted for visual clarity.

symmetry and duality constraints using no intermediate
N* resonances, and using their lowest estimate for the
K NA(1405) coupling constant. Evidently this predic-
tion of the cross section was too large by at least a factor
of two.

Ref [30] presents the ¥z mass distributions (“line
shapes”) of the A(1405) region. It was not possible to
do a kinematic fit in the %70 analysis to achieve back-
ground rejection as good as for the ¥+ 7F channels. Some
cos 0% angle-integrated line shape fits had considerable
possibly-incoherent background due to particle misiden-
tification, higher mass hyperons, or other sources. (See
Figs. 20, 21, and 22 in Ref [30].) For the present differen-
tial cross section analysis, this background could not be

0.5 1
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measured separately in each angle bin because of statis-
tical limitations. In Ref [30] the model assumed a linear
background from threshold up to 1.6 GeV, but in fact
we do not have definite knowledge of the background
that may have escaped our simulations near 1.6 GeV,
nor its shape under the A(1405). How this background
is distributed in angle also cannot be determined accu-
rately from our measurements. Only an experiment with
even better X070 identification will be able to clarify this
point. In this article we do not subtract any estimated
background from the A(1405) cross sections.

Figure shows the total cross section. The small
black data points show the CLAS data summed over the
useful acceptance of the detector, and the larger solid red
points again show the extrapolated total cross section.
The curves correspond to calculations of Nam et al. [38].
Clearly, the calculations do not match the overall scale
of the cross sections, nor the dominant forward peaking
behavior.

D. Comparison of results

Figure [I7] shows the differential cross sections for the
¥0(1385), A(1520), and the A(1405) region on a single
plot. It is evident that the overall behavior of the three
hyperons is quite similar. Near threshold the respec-
tive phase space volumes differ and the magnitudes differ
greatly. But away from threshold, each of them falls with
increasing kaon production angle and then rises again in
the backward hemisphere. The A(1405) region, despite
its peculiar charge-dependent line shapes, has a quali-
tatively similar differential cross section behavior as the
$0(1385) and A(1520).

The total cross sections for all three hyperons are
shown together in Fig. The fall-offs after the initial
rise of the cross sections are similar for the X°(1385) and
the A(1520), and slightly slower for the A(1405). The
A(1405) is photoproduced with about half the strength
of its isospin partner A(1520), while the X°(1385) lies
in between. Recall, however, that the branching frac-
tion of the A(1520) to Xx is 42%, since it lies above the
NK threshold, while the below-threshold A(1405) decays
100% to Xm. One can therefore say that the A(1405) and
the A(1520) have close to equal strength for decaying to
these final states. We plot for comparison the total pho-
toproduction cross sections of the ground state A and
30 [33]. Above about 2.1 GeV, we see that cross sections
for the excited hyperons differ from those of the ground
state hyperons by factors of less than two to three.

V. CONCLUSIONS

We have measured for the first time in a single exper-
iment the differential cross sections for photoproduction
of the $°(1385), A(1520), and A(1405). The X°(1385)
was measured through its dominant decay mode to Ax®,
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FIG. 13. (Color online) Differential cross sections for yp — KTY™* in the A(1405) mass region from threshold to 1.5 GeV /c?

for each of the three X7 charge states. The ranges of center-of-mass energies W (GeV) are indicated. The X7~

channel is

shown as red circles/solid line, the ©°7° channel is shown as blue squares/dashed line, and the ¥~ 7" channel is shown as green
triangles/dot-dashed line. The curves are simply spline fits to guide the eye.

while the other two were measured through all three X7
decay combinations. They are all of similar size and an-
gular dependence, and summarized in Figs. [I7] and
However, the A(1405) region is qualitatively different be-
cause the angular dependencies of the three charge com-
binations are quite different, as shown in Fig. This
is naturally explained if one allows strong isospin inter-
ference in the production of the X7 final state in the
A(1405) mass region.

This is of particular interest to chiral unitary mod-
els that describe the A(1405) in terms of a two-pole

I = 0 structure (for a recent review, see Ref. [42]).
The strong angular and energy dependence of the pro-
duction is a challenge to models that so far use only a
Weinberg-Tomozawa-type contact interaction to gener-
ate the A(1405). If it is the case that significant I = 1
strength is present in the A(1405) production mechanism,
it will be more difficult to develop a complete theory of
its creation, at least in photoproduction.

Existing model calculations compared to the present
results are moderately successful at reproducing the dif-
ferential cross sections of the ¥.°(1385) and A(1520). The
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models were all effective Lagrangian calculations with
semi-empirical fits of coupling constants to match the
very sparse previous data. These new data will, however,
allow these and other models to be refined in the future.
In particular, the role of K* and N* contributions to the
reaction mechanisms may now be more closely studied.
Much more work is needed to model the A(1405).

In the future it would be helpful to get much higher
statistics for photoproduction of the A(1405) to make it
possible to do an isospin analysis in each energy and angle
bin separately. This is necessary to unravel the nature of
this state in more detail. Nevertheless, the present study

has provided the first comprehensive look at the group
of low-lying excited hyperons in photoproduction. The-
oretical understanding of their production and internal
structure should be improved as a result.
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Appendix: Numerical Results

The total cross section results from the present work
are given in Table [ Each row corresponds to a given
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section results from the present work are given Table [[TI|
Each row corresponds to a given energy bin W and c.m.
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form do /d cos %% . The quoted uncertainties are the sta-
tistical errors resulting from the yield fitting, acceptance
calculation, photon normalization, and the extrapolation

Systematic uncertainties were dis-
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FIG. 17. (Color online) Comparison of the differential cross sections of the %.°(1385) (black circles), A(1405) (blue triangles),
and A(1520) (red squares) as a function of kaon production angle cos 633" for each 100 MeV wide bin in energy W (GeV). (For
the A(1520) the threshold bin has 2.02 < W < 2.05 GeV.)
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FIG. 18. (Color online) Comparison of total cross sections for the 3°(1385) (black circles, solid line), A(1405) (blue triangles,
dashed line), and A(1520) (red squares, dot-dashed line) vs. E,. The points for the A(1405) and A(1520) have been offset by
20 MeV for visual clarity. The open green circles and open magenta squares are the ground state A and X" total cross sections,
respectively, from Ref. [33].

TABLE II. Results of CLAS measurements of v+ p — K* +Y*. The columns marked oio: are the total cross sections
for the X°(1385), A(1405), and A(1520), respectively, while the columns marked “+” are the associated standard statistical
uncertainties. The cross section units are in ub.

Index  E, (GeV) »0(1385) A(1405) A(1520)
Ttot + Ttot + Ttot +
1) 1.662 0.921  0.414 0489 0.244  0.000  0.000
2) 1.881 0.818 0.083 0615 0.008 0.557  0.065
3) 2.110 0.532  0.043 0.371  0.005 0.729  0.029
4) 2.350 0.457 0.026 0.309 0.011 0.625 0.015
5) 2.600 0.339  0.039 0285 0.008 0.549 0.014
6) 2.862 0268  0.027  0.216  0.008  0.460  0.015
7 3.133 0.189 0.085 0.176 0.014 0.383  0.017
8) 3.416 0.151  0.124  0.144 0.014 0.299  0.016
9) 3.709 0.151  0.041  0.138 0.010 0.297  0.032




TABLE III: Results of CLAS measurements of v +p — K+ 4+ Y™*. Most
energy bins are 100 MeV wide in W, centered on the value given in
the second column. The threshold W bin for the A(1520) is only 30
MeV wide. Most angle bins are 0.1 wide in cos 632", centered on the
value given in the third column. The columns marked do/d cos 635 are
the differential cross sections for the X°(1385), A(1520), and A(1405),
respectively, while the columns marked “+” are the associated total
point-to-point uncertainties. The cross section units are in ub.
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Index W (GeV) cos 052 %7(1385) A(1520) A(1405) — X n~  A(1405) — %727 A(1405) —» X«
do/dcos03% £ do/dcosOyF +  do/dcos6iF £ do/dcosby £ do/dcosfyY £

1; 2.000 -0.85 0.0000  0.0000 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000
2 2.000  -0.75 0.0000  0.0000 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000
3 2.000  -0.65 0.0000  0.0000 0.0471  0.0062  0.0000  0.0000  0.0523  0.0056
4 2.000  -0.55 0.3327  0.0440 0.0478  0.0053  0.0000  0.0000  0.0379  0.0039
5 2.000  -0.45 0.2887  0.0324 0.0683  0.0058  0.0000  0.0000  0.0462  0.0037
6 2.000  -0.35 0.3424  0.0299 0.0771  0.0059  0.0000  0.0000  0.0486  0.0039
7 2.000  -0.25 0.4201  0.0290 0.0707  0.0054  0.0054  0.0033  0.0509  0.0039
8 2.000  -0.15 0.4202  0.0258 0.1027  0.0067  0.0374  0.0081  0.0596  0.0041
9) 2.000  -0.05 0.4074  0.0240 0.0893  0.0058  0.0369  0.0086  0.0642  0.0039
10 2.000 0.05 0.4483  0.0188 0.1074  0.0048  0.1481  0.0146  0.0668  0.0031
11 2.000 0.15 0.4882  0.0175 0.1214  0.0056  0.1439  0.0131  0.0712  0.0030
12 2.000 0.25 0.5392  0.0175 0.1304  0.0054  0.1571  0.0145  0.0752  0.0030
13 2.000 0.35 0.5712  0.0182 0.1198  0.0054  0.1597  0.0134  0.0844  0.0033
14 2.000 0.45 0.5861  0.0176 0.1219  0.0047  0.1748  0.0137  0.0860  0.0032
15 2.000 0.55 0.6110  0.0181 0.1124  0.0049  0.1537  0.0130  0.0936  0.0033
16 2.000 0.65 0.5737  0.0187 0.1174  0.0044  0.1572  0.0140  0.1032  0.0036
17 2.000 0.75 0.6170  0.0223 0.1082  0.0043  0.1302  0.0162  0.1121  0.0038
18 2.000 0.84 0.6719  0.0342 0.1111  0.0077  0.0000  0.0000  0.1073  0.0055
19 2.035  -0.85 0.0000  0.0000

20 2.035  -0.75 0.3818  0.1687

21 2.035  -0.65 0.0736  0.0253

22 2.035  -0.55 0.1091  0.0251

23 2.035  -0.45 0.1303  0.0350

24 2.035  -0.35 0.1177  0.0282

25 2.035  -0.25 0.0553  0.0127

26 2.035  -0.15 0.0786  0.0127

27 2.035  -0.05 0.1016  0.0148

28 2.035 0.05 0.0802  0.0120

29 2.035 0.15 0.0834  0.0121

30 2.035 0.25 0.1078  0.0140

31 2.035 0.35 0.1296  0.0164

32 2.035 0.45 0.1583  0.0180

33 2.035 0.55 0.1054  0.0145

34 2.035 0.65 0.1694  0.0209

35 2.035 0.75 0.1316  0.0299

36 2.035 0.84 0.0000  0.0000

37 2.100  -0.85 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000
38 2.100  -0.75 0.0000  0.0000  0.1347  0.0536  0.0927  0.0121  0.0000  0.0000  0.0117  0.0042
39 2.100  -0.65 0.1585  0.0357  0.1150  0.0168  0.0926  0.0071  0.0000  0.0000  0.0152  0.0028
40 2.100  -0.55 0.1757  0.0245  0.1086  0.0150  0.0934  0.0069  0.0000  0.0000  0.0219  0.0027
41 2.100  -0.45 0.2133  0.0214  0.0982  0.0139  0.0993  0.0062  0.0207  0.0070  0.0301  0.0027
42 2.100  -0.35 0.2733  0.0200  0.1287  0.0418  0.0936  0.0064  0.0460  0.0083  0.0345  0.0028
43 2.100  -0.25 0.3303  0.0194  0.1782  0.0552  0.1102  0.0063  0.0965  0.0150  0.0425  0.0031
44 2.100  -0.15 0.3370  0.0185  0.1353  0.0274  0.1249  0.0068  0.1017  0.0107  0.0466  0.0030
45 2.100  -0.05 0.3729  0.0216  0.1264  0.0193  0.1420  0.0074  0.1679  0.0181  0.0561  0.0035
46 2.100 0.05 0.4288  0.0152  0.1742  0.0250  0.1510  0.0058  0.1558  0.0104  0.0597  0.0027
47 2.100 0.15 0.4534  0.0147  0.1934  0.0213  0.1637  0.0056  0.1567  0.0106  0.0606  0.0025
48 2.100 0.25 0.5092  0.0151  0.3059  0.0286  0.1752  0.0052  0.1832  0.0108  0.0695  0.0026
49 2.100 0.35 0.5776  0.0150  0.3563  0.0293  0.1811  0.0057  0.1631  0.0104  0.0760  0.0026
50 2.100 0.45 0.5759  0.0146  0.3760  0.0283  0.1843  0.0049  0.1916  0.0096  0.0894  0.0027
51 2.100 0.55 0.6492  0.0161  0.4561  0.0313  0.1580  0.0045  0.1900  0.0102  0.1027  0.0029
52 2.100 0.65 0.6577  0.0172  0.4245  0.0248  0.1371  0.0046  0.1858  0.0117  0.1231  0.0034
53 2.100 0.75 0.6869  0.0198  0.6135  0.0396  0.1277  0.0046  0.2033  0.0143  0.1417  0.0043
54 2.100 0.84 0.7114  0.0280  0.6366  0.0652  0.0919  0.0061  0.1778  0.0188  0.1459  0.0049
55 2.200  -0.85 0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0090  0.0045
56 2.200  -0.75 0.0000  0.0000  0.2219  0.0236  0.0766  0.0086  0.0000  0.0000  0.0166  0.0031
57 2.200  -0.65 0.0802  0.0246  0.1840  0.0162  0.0648  0.0066 ~ 0.0000  0.0000  0.0164  0.0027
58 2.200  -0.55 0.1080  0.0169  0.1402  0.0139  0.0426  0.0057  0.0092  0.0056  0.0103  0.0020
59 2.200  -0.45 0.1225  0.0145  0.1566  0.0447  0.0319  0.0045  0.0187  0.0080  0.0137  0.0021
60 2.200  -0.35 0.1582  0.0133  0.1707  0.0433  0.0274  0.0047  0.0501  0.0117  0.0237  0.0024
61 2.200  -0.25 0.1660  0.0128  0.0894  0.0264  0.0195  0.0042  0.0490  0.0097  0.0210  0.0024



TABLE III — continued

20

Index W (GeV) cos 052 %7(1385) A(1520) A(1405) — XTn~  A(1405) — %720 A(1405) - X«
do/dcos0% +  do/dcosfyh £  do/dcosbiF £ do/dcosOyY £ do/dcosfiy £
62 2200 -0.15 0.1873  0.0118  0.2019  0.0410  0.0220  0.0036  0.0488  0.0117  0.0238  0.0024
63 2.200  -0.05 0.1936  0.0134  0.2077  0.0263  0.0349  0.0046  0.0622  0.0103  0.0294  0.0027
64 2.200 0.05 0.2185  0.0097  0.2698  0.0257  0.0456  0.0042  0.0842  0.0079  0.0346  0.0020
65 2.200 0.15 0.2817  0.0102  0.2544  0.0227  0.0620  0.0039  0.0710  0.0077  0.0334  0.0020
66 2.200 0.25 0.3265  0.0108  0.3722  0.0256  0.0889  0.0047  0.0999  0.0070  0.0386  0.0021
67 2.200 0.35 0.3327  0.0102  0.3629  0.0223  0.1037  0.0043  0.0763  0.0067  0.0527  0.0022
68 2.200 0.45 0.3703  0.0101  0.5110  0.0256  0.1104  0.0040  0.1168  0.0070  0.0678  0.0024
69 2.200 0.55 0.4328  0.0116  0.5309  0.0245  0.1116  0.0046  0.1201  0.0073  0.0846  0.0026
70 2.200 0.65 0.4921  0.0131  0.6959  0.0308  0.1133  0.0043  0.1327  0.0079  0.1020  0.0030
71 2.200 0.75 0.4580  0.0143  0.7051  0.0350  0.1085  0.0048  0.1531  0.0098  0.1106  0.0034
72 2.200 0.84 0.5509  0.0202  0.6578  0.0532  0.0810  0.0049  0.1886  0.0142  0.1234  0.0047
73 2.300  -0.85 0.0000  0.0000  0.2232  0.0584  0.0396  0.0088  0.0000  0.0000  0.0289  0.0070
74 2.300  -0.75 0.0000  0.0000  0.1442  0.0169  0.0335  0.0066  0.0000  0.0000  0.0299  0.0032
75 2.300  -0.65 0.1029  0.0254  0.1310  0.0148  0.0203  0.0038  0.0000  0.0000  0.0195  0.0027
76 2.300  -0.55 0.1300  0.0173  0.1458  0.0123  0.0267  0.0032  0.0244  0.0097  0.0124  0.0020
77 2.300  -0.45 0.0861  0.0114  0.1244  0.0112  0.0187  0.0026  0.0167  0.0090  0.0150  0.0018
78 2.300  -0.35 0.0971  0.0099  0.1252  0.0281  0.0175  0.0026  0.0170  0.0070  0.0187  0.0021
79 2.300  -0.25 0.0768  0.0091  0.1405  0.0212  0.0086  0.0019  0.0188  0.0069  0.0212  0.0020
80 2.300  -0.15 0.0959  0.0081  0.1818  0.0283  0.0264  0.0026  0.0245  0.0065  0.0206  0.0020
81 2.300  -0.05 0.1108  0.0087  0.1836  0.0192  0.0129  0.0021  0.0229  0.0060  0.0201  0.0019
82 2.300 0.05 0.1394  0.0071  0.2169  0.0195  0.0273  0.0021  0.0215  0.0044  0.0214  0.0016
83 2.300 0.15 0.1632  0.0072  0.2596  0.0197  0.0424  0.0024  0.0351  0.0047  0.0274  0.0017
84 2.300 0.25 0.1958  0.0074  0.3080  0.0198  0.0507  0.0026  0.0438  0.0051  0.0396  0.0019
85 2.300 0.35 0.2373  0.0073  0.3974  0.0197  0.0632  0.0026  0.0519  0.0048  0.0513  0.0019
86 2.300 0.45 0.2652  0.0078  0.4039  0.0194  0.0699  0.0039  0.0592  0.0050  0.0708  0.0022
87 2.300 0.55 0.3007  0.0086  0.5180  0.0229  0.0841  0.0039  0.0814  0.0062  0.0927  0.0025
88 2.300 0.65 0.3534  0.0103  0.5526  0.0240  0.0953  0.0051  0.1353  0.0073  0.1184  0.0030
89 2.300 0.75 0.4469  0.0123  0.5873  0.0288  0.0779  0.0050  0.1637  0.0081  0.1241  0.0032
90 2.300 0.84 0.5282  0.0174  0.6168  0.0374  0.0723  0.0069  0.1685  0.0123  0.1306  0.0043
91 2.400  -0.85 0.0000  0.0000  0.1033  0.0241  0.0179  0.0055  0.0000  0.0000  0.0350  0.0054
92 2.400  -0.75 0.0000  0.0000  0.0830  0.0144  0.0222  0.0053  0.0000  0.0000  0.0362  0.0033
93 2.400  -0.65 0.0591  0.0231  0.1001  0.0122  0.0092  0.0028  0.0000  0.0000  0.0282  0.0028
94 2.400  -0.55 0.0785  0.0135  0.1486  0.0610  0.0185  0.0033  0.0255  0.0098  0.0194  0.0021
95 2.400  -0.45 0.0514  0.0091  0.1126  0.0429  0.0075  0.0018  0.0200  0.0079  0.0140  0.0017
96 2.400  -0.35 0.0609  0.0083  0.1135  0.0288  0.0121  0.0019  0.0191  0.0070  0.0182  0.0018
97 2.400  -0.25 0.0530  0.0066  0.1002  0.0208  0.0073  0.0016  0.0127  0.0050  0.0134  0.0017
98 2.400  -0.15 0.0625  0.0071  0.1194  0.0263  0.0117  0.0019  0.0168  0.0063  0.0055  0.0016
99 2.400  -0.05 0.0669  0.0059  0.1538  0.0177  0.0118  0.0018  0.0178  0.0042  0.0115  0.0013
100)  2.400 0.05 0.0907  0.0054  0.1674  0.0161  0.0148  0.0015  0.0153  0.0032  0.0134  0.0014
101)  2.400 0.15 0.1088  0.0059  0.1796  0.0170  0.0296  0.0018  0.0221  0.0040  0.0176  0.0015
102)  2.400 0.25 0.1180  0.0055  0.2611  0.0164  0.0327  0.0020  0.0353  0.0040  0.0296  0.0016
103)  2.400 0.35 0.1453  0.0055  0.3293  0.0174  0.0414  0.0020  0.0446  0.0040  0.0409  0.0018
104)  2.400 0.45 0.1661  0.0061  0.3724  0.0178  0.0642  0.0023  0.0533  0.0047  0.0627  0.0020
105)  2.400 0.55 0.2275  0.0073  0.4989  0.0225  0.0726  0.0030  0.0815  0.0052  0.0855  0.0024
106)  2.400 0.65 0.2746  0.0090  0.5422  0.0256  0.0905  0.0036  0.0822  0.0064  0.1065  0.0029
107)  2.400 0.75 0.3637  0.0108  0.6443  0.0300  0.1096  0.0043  0.1486  0.0075  0.1301  0.0033
108)  2.400 0.84 0.5110  0.0160  0.6536  0.0389  0.0994  0.0062  0.1660  0.0106  0.1305  0.0043
109) 2500  -0.85 0.0000  0.0000  0.0639  0.0227  0.0197  0.0054  0.0000  0.0000  0.0303  0.0046
110) 2500  -0.75 0.0000  0.0000  0.0685  0.0126  0.0152  0.0035  0.0000  0.0000  0.0222  0.0028
111) 2500  -0.65 0.0638  0.0250  0.0656  0.0099  0.0121  0.0024  0.0000  0.0000  0.0193  0.0022
112) 2,500  -0.55 0.0329  0.0094  0.0736  0.0088  0.0127  0.0023  0.0106  0.0087  0.0146  0.0017
113) 2500  -0.45 0.0322  0.0064  0.0625  0.0072  0.0083  0.0013  0.0156  0.0061  0.0103  0.0014
114) 2500  -0.35 0.0305  0.0063  0.0833  0.0282  0.0131  0.0018  0.0092  0.0055  0.0087  0.0014
115) 2,500  -0.25 0.0264  0.0045  0.0516  0.0068  0.0067  0.0011  0.0048  0.0024  0.0067  0.0012
116) 2500  -0.15 0.0181  0.0047  0.0719  0.0196  0.0059  0.0012  0.0082  0.0035  0.0097  0.0014
117) 2500  -0.05 0.0357  0.0038  0.0707  0.0101  0.0061  0.0010  0.0100  0.0028  0.0054  0.0009
118)  2.500 0.05 0.0481  0.0038  0.1340  0.0132  0.0082  0.0010  0.0085  0.0021  0.0050  0.0009
119)  2.500 0.15 0.0658  0.0041  0.1291  0.0108  0.0102  0.0010  0.0151  0.0026  0.0087  0.0010
120)  2.500 0.25 0.0821  0.0039  0.2324  0.0130  0.0176  0.0011  0.0199  0.0027  0.0132  0.0011
121)  2.500 0.35 0.0949  0.0042  0.2539  0.0124  0.0230  0.0013  0.0277  0.0029  0.0244  0.0013
122)  2.500 0.45 0.1190  0.0046  0.3256  0.0145  0.0392  0.0016  0.0303  0.0031  0.0421  0.0016
123)  2.500 0.55 0.1570  0.0057  0.3979  0.0177  0.0529  0.0021  0.0592  0.0041  0.0622  0.0020
124)  2.500 0.65 0.2177  0.0071  0.4366  0.0193  0.0765  0.0025  0.0719  0.0048  0.0808  0.0024
125)  2.500 0.75 0.3179  0.0092  0.5848  0.0255  0.0913  0.0030  0.1058  0.0060  0.1009  0.0028
126)  2.500 0.84 0.4095  0.0137  0.5648  0.0314  0.1048  0.0049  0.1361  0.0096  0.1110  0.0039
127)  2.600  -0.85 0.0000  0.0000  0.0573  0.0150  0.0060  0.0028  0.0000  0.0000  0.0232  0.0044
128)  2.600  -0.75 0.0000  0.0000  0.0521  0.0109  0.0129  0.0030  0.0000  0.0000  0.0194  0.0023
129)  2.600  -0.65 0.0832  0.0299  0.0461  0.0078  0.0068  0.0017  0.0000  0.0000  0.0113  0.0017
130)  2.600  -0.55 0.0435  0.0102  0.0428  0.0069  0.0100  0.0017  0.0112  0.0079  0.0056  0.0012



TABLE III — continued
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Index W (GeV) cos 052 %7(1385) A(1520) A(1405) — XTn~  A(1405) — %720 A(1405) - X«
do/dcos0% +  do/dcosfyh £  do/dcosbiF £ do/dcosOyY £ do/dcosfiy £
131) 2.600 -0.45 0.0280  0.0065  0.0270  0.0056  0.0090  0.0013  0.0043  0.0038  0.0084  0.0011
132)  2.600  -0.35 0.0197  0.0045  0.0214  0.0063  0.0083  0.0013  0.0075  0.0029  0.0072  0.0011
133)  2.600  -0.25 0.0178  0.0035  0.0306  0.0051  0.0080  0.0010  0.0056  0.0026  0.0052  0.0010
134)  2.600  -0.15 0.0081  0.0032  0.0276  0.0047  0.0046  0.0008  0.0046  0.0025  0.0079  0.0010
135)  2.600  -0.05 0.0185  0.0027  0.0437  0.0090  0.0044  0.0006  0.0114  0.0026  0.0013  0.0006
136)  2.600 0.05 0.0314  0.0028  0.0539  0.0070  0.0036  0.0007  0.0041  0.0014  0.0027  0.0006
137)  2.600 0.15 0.0444  0.0028  0.0867  0.0080  0.0055  0.0007  0.0058  0.0016  0.0022  0.0006
138)  2.600 0.25 0.0481  0.0028  0.1252  0.0080  0.0099  0.0008  0.0125  0.0017  0.0060  0.0007
139)  2.600 0.35 0.0548  0.0030  0.1944  0.0100  0.0112  0.0008  0.0181  0.0021  0.0125  0.0009
140)  2.600 0.45 0.0706  0.0034  0.2559  0.0115  0.0255  0.0012  0.0298  0.0024  0.0247  0.0012
141)  2.600 0.55 0.1106  0.0046  0.3306  0.0159  0.0427  0.0016  0.0340  0.0031  0.0412  0.0016
142)  2.600 0.65 0.1580  0.0055  0.3906  0.0178  0.0649  0.0020  0.0555  0.0039  0.0606  0.0019
143)  2.600 0.75 0.2498  0.0078  0.5053  0.0214  0.0922  0.0029  0.0903  0.0052  0.0773  0.0024
144)  2.600 0.84 0.3048  0.0118  0.6184  0.0341  0.0982  0.0040  0.1164  0.0081  0.0924  0.0035
145)  2.700  -0.85 0.0000  0.0000  0.0362  0.0213  0.0093  0.0043  0.0000  0.0000  0.0151  0.0041
146) 2700  -0.75 0.0000  0.0000  0.0551  0.0120  0.0074  0.0024  0.0000  0.0000  0.0120  0.0021
147)  2.700  -0.65 0.1310  0.0433  0.0329  0.0066  0.0059  0.0016  0.0000  0.0000  0.0041  0.0012
148)  2.700  -0.55 0.0336  0.0106  0.0243  0.0061  0.0066  0.0014  0.0117  0.0068  0.0045  0.0011
149) 2700 -0.45 0.0220  0.0073  0.0293  0.0054  0.0063  0.0010  0.0061  0.0040  0.0046  0.0009
150)  2.700  -0.35 0.0107  0.0042  0.0214  0.0046  0.0068  0.0010  0.0057  0.0038  0.0041  0.0008
151) 2700  -0.25 0.0098  0.0038  0.0248  0.0054  0.0070  0.0014  0.0027  0.0026  0.0037  0.0008
152) 2700 -0.15 0.0089  0.0026  0.0181  0.0036  0.0030  0.0006  0.0032  0.0018  0.0032  0.0006
153)  2.700  -0.05 0.0138  0.0022  0.0281  0.0035  0.0030  0.0005  0.0015  0.0013  0.0023  0.0005
154)  2.700 0.05 0.0170  0.0022  0.0498  0.0093  0.0043  0.0006  0.0040  0.0015  0.0018  0.0005
155)  2.700 0.15 0.0216  0.0021  0.0496  0.0061  0.0038  0.0006  0.0036  0.0012  0.0013  0.0004
156)  2.700 0.25 0.0233  0.0021  0.0908  0.0078  0.0056  0.0006  0.0042  0.0012  0.0027  0.0005
157)  2.700 0.35 0.0352  0.0024  0.1365  0.0092  0.0057  0.0007  0.0124  0.0017  0.0068  0.0007
158)  2.700 0.45 0.0516  0.0030  0.1467  0.0098  0.0147  0.0010  0.0154  0.0021  0.0118  0.0010
159)  2.700 0.55 0.0802  0.0040  0.2389  0.0135  0.0287  0.0014  0.0310  0.0027  0.0258  0.0014
160)  2.700 0.65 0.1194  0.0050  0.3309  0.0168  0.0480  0.0018  0.0466  0.0033  0.0413  0.0017
161)  2.700 0.75 0.1963  0.0072  0.4330  0.0202  0.0720  0.0026  0.0862  0.0051  0.0661  0.0024
162)  2.700 0.83 0.2617  0.0124  0.4765  0.0317  0.0851  0.0048  0.1070  0.0083  0.0785  0.0040
163)  2.800  -0.85 0.0000  0.0000  0.0000  0.0000  0.0036  0.0020  0.0000  0.0000  0.0227  0.0051
164) 2.800  -0.75 0.0000  0.0000  0.0400  0.0163  0.0113 ~ 0.0028  0.0000  0.0000  0.0077  0.0022
165) 2.800  -0.65 0.1617  0.1126  0.0320  0.0071  0.0061  0.0021  0.0000  0.0000  0.0052  0.0014
166)  2.800  -0.55 0.0289  0.0160  0.0143  0.0049  0.0052  0.0011  0.0000  0.0000  0.0025  0.0008
167) 2.800  -0.45 0.0172  0.0081  0.0163  0.0046  0.0072  0.0013  0.0044  0.0046  0.0018  0.0006
168)  2.800  -0.35 0.0100  0.0055  0.0177  0.0039  0.0042  0.0009  0.0009  0.0028  0.0019  0.0006
169)  2.800  -0.25 0.0160  0.0059  0.0137  0.0058  0.0035  0.0008  0.0013  0.0021  0.0022  0.0007
170)  2.800  -0.15 0.0069  0.0023  0.0221  0.0036  0.0023  0.0005  0.0034  0.0018  0.0029  0.0005
171)  2.800  -0.05 0.0092  0.0019  0.0264  0.0033  0.0026  0.0006  0.0040  0.0014  0.0021  0.0004
172)  2.800 0.05 0.0108  0.0019  0.0348  0.0072  0.0019  0.0004  0.0033  0.0013  0.0014  0.0004
173)  2.800 0.15 0.0108  0.0017  0.0441  0.0036  0.0032  0.0004  0.0035  0.0012  0.0019  0.0004
174)  2.800 0.25 0.0100  0.0015  0.0429  0.0057  0.0042  0.0005  0.0026  0.0011  0.0016  0.0004
175)  2.800 0.35 0.0261  0.0021  0.0786  0.0076  0.0044  0.0006  0.0075  0.0013  0.0034  0.0006
176)  2.800 0.45 0.0357  0.0028  0.1259  0.0098  0.0092  0.0008  0.0104  0.0019  0.0093  0.0009
177)  2.800 0.55 0.0694  0.0037  0.1690  0.0113  0.0190  0.0012  0.0195  0.0025  0.0201  0.0013
178)  2.800 0.65 0.1050  0.0048  0.2986  0.0153  0.0376  0.0017  0.0409  0.0033  0.0367  0.0018
179)  2.800 0.75 0.1832  0.0074  0.4212  0.0209  0.0724  0.0028  0.0645  0.0048  0.0574  0.0026
180)  2.800 0.83 0.2172  0.0118  0.4534  0.0323  0.0862  0.0050  0.1155  0.0088  0.0770  0.0045
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