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Abstract

We propose a new CLAS experiment that will study kaon production on the deuteron using
circularly and linearly polarized photon beams. The main goals are to search for “missing”
baryon resonances, to improve our understanding of known ones, and to investigate the
interaction of polarized hyperons with nucleons. The self-analyzing decays of A and X
hyperons, combined with a 40-cm-long LD, target, will allow measurement of 8 polarization
observables at a high rate and with a low background.

High-statistics polarization data on strange decays of N* states photoproduced on the
neutron will provide stringent constraints for the new coupled-channels calculations aimed at
resolving the ambiguities inherent in previous approaches, and are especially important for
resonances that have significant neutron helicity amplitudes or that do not couple strongly
to pions. In particular, the large sensitivity of the yn — K OA channel to the much-debated
“missing” D;3(1900) resonance implies that the proposed experiment will resolve the con-
troversy regarding its existence.

Polarization observables are also sensitive to the rescattering predictions of different Y—N
interaction potentials, making the proposed experiment a natural complement to studies of
bound states in hypernuclei. Understanding the rescattering is also required for a reliable
interpretation of the quasifree processes. This issue will be addressed through calculations
and a direct comparison of the proton channels in the proposed experiment with earlier
experiments on the free proton, using linearly (g8b) and circularly (glc) polarized photons.

We have excellent theoretical support for all aspects of the experiment. Our beam time
request is for 15 days with circular and 33 days with linear photon polarization. The ex-
periment does not require any new hardware and is flexible in terms of beam energies and
polarizations, making it easy to schedule. In addition, the general nature of the setup will
make it possible to use the data for the analysis of many reaction channels that are not
covered by this proposal.
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1 Introduction and Motivation

Understanding the structure of the nucleon is a major goal of the research program at
Jefferson Lab. Measurement of the spectrum of excited baryons and their decay amplitudes
is an important part of this effort, and constitutes a DOE milestone. Of particular interest is
the search for “missing” resonances, predicted by the SU(6) x O(3) symmetry of constituent
quark models [1], but not found experimentally. In contrast, they do not appear in di-quark
models [2], which have fewer degrees of freedom. It is thus essential to establish whether the
difficulty in finding the “missing” states truly reflects the presence of a strongly correlated
quark pair inside the nucleon. To distinguish between the two cases, one does not need to
find all of the states in the “missing” multiplets. A few clear observations from different

multiplets that are incompatible with the di-quark model predictions would suffice.

In recent years, there have been several major developments in N* physics. On the
theory side, the introduction of coupled-channels analyses [3, 4, 5, 6] that include pion,
eta, and kaon production shows much promise in resolving the ambiguities present when
the resonance parameters are extracted from partial-wave analysis or from earlier (isobaric)
models [7, 8,9, 10, 11, 12, 13, 14]. Within the coupled-channels framework, data of reasonable
quality in many channels provide a better constraint than precise data in only a few. This
makes it imperative to focus not only on pion photoproduction on the proton, but also to
investigate other N* decay channels. Strange N* decays in particular offer the possibility
of finding resonances that do not couple strongly to pions [15, 16, 17]. The PAC comment
to our Letter of Intent [18] states that “the proposed hyperon channels would provide a
very valuable input to coupled-channel analyses that provide the best hope for ultimately
discovering as yet unidentified baryon resonances predicted by quark models, or ruling out

their existence”.

Another new development is the possibility to measure polarization observables as well

as cross sections in high-statistics experiments, which is important since the full power of
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coupled-channels analyses can only be seen when there are several observables available for
each channel. In an exclusive measurement with polarized photons, in addition to obtaining
the beam asymmetry (X), the self-analyzing A and ¥ decays give access to the hyperon
recoil polarization (P), target asymmetry (7'), and four polarization-transfer observables
(Ogr, O,y Cyry and Cy) [19, 20, 21]. Together with the unpolarized differential cross section
(09), this gives 8 observables out of 16 possible. As discussed in section 2.1, however, these
observables are not independent, and the remaining ones would have a limited impact on
coupled-channels analyses.

We thus propose an experiment using circularly and linearly polarized photon beams and
a liquid-deuterium target. This configuration has several advantages compared with HD or
frozen-spin (FROST) targets.

1. A 40-cm-long, undiluted LD, target (6.5 g/cm?) gives a luminosity that is more than
an order of magnitude higher for a given set of running conditions than can be achieved
with a 5-cm-long polarized target. This is important since target polarization is irrelevant
to the measurement of oy, P, X, Oy, O,, Cy, and C,, and in the case of linear photon
polarization, the beam current is limited by the photon tagger and not by the CLAS.

2. The systematic uncertainties are reduced by avoiding complications with deuteron ten-
sor polarization and backgrounds from high-Z materials, such as the deuterated butanol of a
frozen-spin target or the aluminum cooling wires inside the cell of an HD target, constituting
up to 10% of the target mass and requiring empty-target background subtraction.

3. All hardware has been used in previous experiments and is immediately available. The

experiment can begin taking data in the Fall of 2006.

The most urgent need of the coupled-channels analyses is for data on the elementary
processes, i.e., yn — K°A, yn — K°¥° and yn — KTX~. For the X, the neutron channels
are important in order to take full advantage of the isospin symmetry of the triplet, thereby

adding significant constraints on the coupling constants of the model [22]. These channels
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are, however, somewhat more complicated to interpret theoretically as they also couple to
A* (I = 3) states. The A channel is more straightforward. At low (W = /s), only

the S11(1650), P11(1710), and Pi3(1720) N* (I = 1) resonances® contribute significantly.
However, in contrast to the ¥ channels, where different predictions are at least in reasonable
agreement with each other, the scarce published calculations for the K°A channel span an
order of magnitude in total cross section [8]. This is mainly due to the poorly understood
3% D;3 resonance that should dominate at higher W. The only candidate for such a state
in the 1.8 < W < 2.2 GeV range that is listed by the Particle Data Group (PDG) [23]
is the two-star D;3(2080), which has been observed in pion experiments. Any other would
constitute a missing resonance. Thus, when proton data from SAPHIR [24, 25] showed an

enhancement at W ~ 1.9 GeV, it was identified by Bennhold et al. as the missing D;3(1900)

resonance [26, 27]. This structure was also seen in later CLAS experiments [28, 29].

A 3" Di; state around 1900 MeV can, however, only be called a “missing” N* reso-
nance if there were a 4" one at 2080 MeV. The latest GW coupled-channels results, based
on proton data, allow for a 4" resonance, but do not confirm it. The data from this pro-
posed experiment should settle this issue. The outcome is important since the GW analysis
demonstrates that the current proton data can be well described using all resonances with
a PDG rating of two stars or more, but no one-star or “missing” resonances. This assumes,
however, that the D;3(1900) and the previously reported D;3(2080) are the same resonance.
Should both be found, it would provide strong support for the constituent-quark models.
The predictions of these models, and the whole issue of the “missing” N* resonances, have
recently been called into question by the coupled-channels analyses of both the GW and
Giessen groups. In particular, the P;3(1900) would be expected to play an important role in
KA photoproduction. The analysis of the proton data also rule out any 3"¢ or 4** P;3 N*
resonance. Yet, the P;3 channel is the one where most quark models have predicted at least

3 or 4 extra states beyond the P;3(1720) and P;3(1900). Likewise, neither analysis found a

notation: Lar2(v/3)



374 S)1 or Pj; resonances. By resolving the D13(1900) / D;3(2080) controversy, the proposed
experiment thus has the potential to be an important step towards ruling out the existence
of “missing” N* resonances, and at the same time to firmly establish a two-star resonance.

In the comment to our Letter of Intent, the PAC also points out that while “the emphasis
of the proposed experiment is hyperon production from the neutron, with the goal of search-
ing for missing resonances that couple weakly to pion channels. In fact, both neutron and

proton data are essential to the extraction of photo-couplings of even existing N* resonances.”

Going beyond the elementary amplitudes, substantial partial N* decay widths are pre-
dicted for strange channels where either the kaon or the hyperon is in an excited state [17].
These channels will eventually have to be included in a complete model, but currently pho-
toproduction data on the proton are scarce and there are no neutron data. We hope to
remedy this by measuring N* decays into low-lying K*Y and KY™ final states. This will, of
course, make it possible to study hyperon resonances as well. A point of common interest
is that some N* resonances have been suggested to be “molecular” KN bound states. This
is also the case for the spin—% A(1405), which is predicted by potential models to have the
same mass as its spin-% partner, the A(1520). If the mass difference indeed were due to a
“molecular” structure, this would also have implications for the understanding of N* states.

Studying the quasifree reactions on the neutron is more complicated than for the proton
due to the initial- and final-state interactions in the target deuteron. These have to be under-
stood in order to select the best kinematics. The investigation such effects thus becomes an
important part of the proposed experiment. This will be achieved by directly comparing our
results for the proton channels with those on the free proton from the recent g8b experiment,
which was performed using the same equipment under nearly identical conditions, as well as
with the results of the circularly polarized glc experiment. Once the final-state interactions

in the proton channels are well understood, the same models can be applied to the neutron.



Moreover, final-state interactions also offer new physics opportunities [30, 31, 32]. One
example is the search for color transparency, which prompted Laget to develop a new rescat-
tering model [33]. His approach has recently allowed us to make the first direct observation
of ¥7(1385) scattering on the proton [34]. We also intend to investigate the less exotic, but
perhaps more important, A-—N interaction, where a recent calculation shows the sensitiv-
ity of polarization observables to the predictions of various modern A - N potentials [35].
A—N scattering would thus be a natural complement to hypernuclear experiments. K — N

rescattering will, of course, be measured as well.



2 Theory

2.1 Polarization observables

This section lists the polarization observables for kaon photoproduction and discusses some
of their properties. A more detailed treatment can be found in Refs [19], [21], and [36].

In total, 16 polarization observables can be defined. They can be divided into two groups:
single- and double-polarization observables. In contrast to electroproduction, there are no
triple-polarization observables (requiring beam, target, and recoil polarization) in kaon pho-

toproduction.

Single oo P ¥ T
Beam-Recoil Cy Cy Oy Oy
Target-Recoil Ty T, Ly Ly
Beam-Target E F G H
Beam-Target-Recoil | —— none

Table 1: Polarization observables in kaon photoproduction.

The recoil observables can be measured by taking advantage of the fact that the A and
> hyperons are self-analyzing. It is important to note that not only can all of the first eight
observables be measured without a polarized target but, with the exception of the target
asymmetry 7', they do not in any way benefit from one. The observables are not independent,

but related by a set of inequalities and six simple equations [36].

E’+F°+G*+H* = 1+P*-2*-T7 (1)
FG-EH = P-YXT, (2)
TZ+T5+ L5+ L% = 1+3>—P>-T? (3)
TyLy —TyLy = ¥ — PT, (4)



C%+C%2+04L+0% = 1+T%-P* -3 (5)

CyOy — CyO,y = T—PY. (6)

For example, if the recoil polarization P, the beam asymmetry Y, and the four beam-
recoil observables are known, one can calculate 7. In a similar way, the target-recoil and
beam-target observables are constrained by the single-polarization observables, which can be
measured with smaller uncertainties. Since the beam polarization is usually much higher and
better known than the target polarization, the beam-recoil observables can be obtained with
significantly higher accuracy than the target-recoil ones. Of course, if one is not restricted
to using a polarized target, the first 8 observables can be measured with a luminosity that is
an order of magnitude higher for equivalent running conditions, and with smaller systematic
uncertainties. For coupled-channels calculations, lower uncertainties and better kinematic
coverage are the most important. This is why we decided to use a polarized beam and a
thick LD, target. The eight observables can then be extracted from the expression for the

polarized cross section [21, 36].

do

a9 = 00 {1 — PiinX cos 2¢
+P, (—PiinOyp sin2¢p — Py, Cyr) (7)
—P, (=P + P, T cos2y)

—PZI (leOzl sin QQO + P@Czl)}

Here Py, and P, are respectively the degrees of transverse linear and right-handed cir-
cular photon polarization, and ¢ is the angle between the photon polarization vector and
the reaction plane. The orientations of the primed axes are shown in Fig. 1. In the case of
circular polarization, the asymmetries for C,» and C,. are constructed using the beam helic-
ity information rather than the ¢ dependence [37]. The target asymmetry (7°) is the most

problematic, since it has the same ¢ dependence as ¥ and the same P, (= acos ©,/) depen-
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Figure 1: Definition of the primed coordinate system. The angle ¢ between the photon
polarization vector and the reaction plane is shown in Fig. 27 below.

dence as P. Thus, the uncertainties from ¥ and P will propagate into the determination of
T.

In order to perform a complete measurement determining all amplitudes up to an overall
phase and eliminate the discrete ambiguities, two additional double-polarization observables
would be required [19]. This is, however, a very challenging task, considering that full
model independence requires full kinematic coverage with good uncertainties. Thus, although
our primary goal is to provide precise data for coupled-channels analyses, this proposed
experiment will be of great benefit for such an endeavor. The better statistical and systematic
uncertainties that can be reached over a wider kinematic range for oy, P, X, Oy, Oy, Cypr,

and C,/, will significantly reduce the model dependence.

2.2 Coupled-channels calculations

Baryon resonances are identified by their quantum numbers, such as orbital angular mo-
mentum, spin, isospin, and parity. These quantum numbers determine the partial waves
responsible for their excitation. Baryon resonances are categorized by their appearance in
a given partial wave. An example of such a sequence are the D;3(1520), D;3(1700), and
D13(2080) resonances listed by the Particle Data Group (PDG) [23]. For the first resonance

in each partial wave, different analyses usually agree to within 20% regarding properties
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such as mass, decay width, and helicity amplitudes. In contrast, only rough agreement is
found for the mass of the second resonance, and in most cases there is a wide variation in
the extracted decay widths and helicity amplitudes. In most partial waves, the situation is

even worse for the third resonance.

As part of the effort to investigate the baryon resonances, Waluyo and Bennhold have
made significant progress in developing a new coupled-channels “Chiral-Symmetry-Inspired”
(CSI) model [6]. It is based on the work by Feuster and Mosel [38], but the driving terms
of the original model, which are defined through traditional effective Lagrangians, have
been replaced by ones with new background and resonance parts. The new background is
obtained from a potential that takes into account the requirements of SU(3) chiral dynamics.
This involves expanding the chiral Lagrangian to a given order, and includes contact terms
permitted to that order. At the same time, the resonance contributions have been updated
using the modern covariant resonance Lagrangians derived by Pascalutsa [39]. This fixes the
incorrect spin degree of freedom and discards the ambiguous off-shell terms inherent in the

old Rarita-Schwinger types of Lagrangians, which are still used in other analyses.

Having these modifications in place, new background amplitudes are reconstructed from
the standard s, ¢, and v Born terms, o and a, scalar-meson resonances, p,w, and K* vector-
meson resonances, as well as Weinberg-Tomozawa and higher-order chiral contact terms.

The new resonance amplitudes are constructed from the s- and u-channel pole diagrams

where spin-%, %, and % baryon resonances propagate in the intermediate states. This is the
first coupled-channels model where baryon resonances are included using modern hadronic

and electromagnetic interaction Lagrangians.

The CSI model includes five asymptotic states of 7N, 20N, nN, KA, and K. The 27
system is for the moment approximated using the scalar-isovector ¢ particle. The Bethe-
Salpeter equation is solved in the K-matrix approximation. To ensure that the CSI model is
gauge-invariant, the gauge-invariance restoration scheme of Davidson and Workman [40] has

been implemented. The model is used to investigate baryon resonance states through meson
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Figure 2: Differential cross sections for yp — KT A at high W, given as function of the kaon
angle in the cm frame. The solid and dashed lines show, respectively, the calculation using
the CSI model with and without the D;3(1900) resonance. Data are from McNabb et al. [28].

hadro- and photoproduction reactions, and is currently implemented in the energy region
of W < 2 GeV, but should soon be extended up to 2.3 GeV. As input, it uses the most
recent high-quality photoproduction data provided by the CLAS collaboration [28, 29, 41].
Fits to the yp — KA differential cross-section data [28, 42] at high W are shown in Fig. 2.

Additional proton results can be found in the Appendix.

From a theoretical point of view, polarization observables provide an advantage over
the differential cross section for projecting out the role of a baryon resonance in a specific
channel, since they contain interferences of electromagnetic multipoles. For example, the
double-polarization observable O, can be written in terms of the helicity amplitudes for

meson photoproduction:

' s([H1[? + [Ho|? + |H3| + |Hy[?)’

13



The helicity amplitudes can then be expressed in terms of CGLN amplitudes [21, 43]:

-1
H, = ﬁsinﬁ(F3+F4cose),
—1
H, = —(2F, —2F,cosf + Fysin?#), 9
2 \/5( 1 2 4 S11 ) ( )
-1
H3 = EF4Sin20,
1
H4 = —(2F2+F3+F4COSG).

V2

The CGLN amplitudes can, in turn, be expanded in terms of electromagnetic multipoles:

F
Fy
F;

Fy

DAMy + E )P +[(L+1)M, + B [P},

1<0

MU+ 1)My +1E_|P, (10)

<1

S (B — My) Py + (Bie + M )P},
<1

> (M — By — My— — B )P/

1<2

In the energy range of 1.8 < W < 2.0 GeV, four possible missing-resonance states were

investigated using the CSI model and the available proton data. They are the Si1, Pi1, Pi3,

and Dq3. Each would constitute the third state in its respective partial wave. No evidence

was seen for the first three. A possible D;3 state was found with a mass of 1961 MeV and a

total width of 313 MeV. Its properties, and a comparison with the values from other analy-

ses, are shown in Tables 2 and 3. Should it be confirmed, the D;3(1900) missing resonance

would fall into the PDG [23] 2-star category, where a resonance state is found in different

analyses with rough agreement of mass values, but with disagreement with respect to other

properties, such as decay width or helicity amplitudes. Until the neutron data are available,

all these parameters have to be regarded as preliminary.

Polarization observables are also important because the extracted resonance parameters
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D;3(1900) Mass Lot Brn  Boxn  Byn Bra Bks
CSI model 1961 313 7 48 0.5 15 31
Penner and Mosel [3] | 1946(1) 859(7) 12(2) 59(8) 7(2) 0.2(0.2) 0.7(0.4)
Vrana et al. [44] 1940 412 10 75 14 0 -

Table 2: Preliminary properties of the D;3(1900) resonance extracted from proton data. The
mass and total width are given in MeV, and the decay ratios 8 are in %. Penner and Mosel
also find some branching into wN.

depend on the choice of hadronic form factors [38], which are necessary to reproduce the
high-energy part of the data even in a single-channel analysis. Where there are no data,
this translates into a systematic uncertainty in the predicted cross section. The CSI model
considers three functional forms that (i) are only functions of ¢2, (i) have no poles on the
real axis, and (iii) for which F(m?) = 1 at ¢> = m? [6]. While various functional forms
can reproduce the cross section, addition observables will restrict the choice, making the

extracted resonance parameters more reliable.

Until now, the evidence for the D;3(1900) comes from the available KA and K3 pho-
toproduction differential cross-section data on the proton [24, 28, 42]. Although current
coupled-channels analyses [3, 6] give a fairly good description of the proton data, most of
the extracted properties of the missing D;3(1900) resonance vary widely. New data are thus
needed to provide more stringent constraints for the extraction of its properties or to rule out
its existence. A careful look at the helicity amplitudes of the D3(1900) resonance, shown

in Table 3, suggests which new data sets are needed. The values of A% and A% are large,

D15(1900) ATy Agp | ATy Af
CSI model +21 -1 | +130 +123

Penner and Mosel [3] | +12 -10 | +23 -9

Table 3: Preliminary electromagnetic helicity amplitudes, in 1072 GeV /2, for the D;5(1900)
resonance extracted from proton data. The superscript p or n indicates the proton or neutron
helicity amplitude.
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Figure 3: The predictions of the CSI model for the seven observables in the yn — K°A
channel that will be measured in this proposed experiment in addition to the unpolarized
cross section. The red and blue curves are the predictions with and without the missing
D13(1900) resonance, respectively.

indicating that a large sensitivity to the D;3(1900) is present in the neutron channel of KA
photoproduction, namely, the yn — K°A reaction.

The ¥ channels are not sensitive to the D;3 resonances, but in order to take full advantage
of the isospin symmetry of the 3, data are needed for KX~ as well as for KX and KX°.
The first of these can be studied only with a neutron target. The symmetry is important
since, in contrast to the A, the ¥ channels in general, and the X° in particular, also couple to
A* (I = 3) states. The data will thus allow a reliable measurement of N* (I = 1) resonances
other than the S11(1650), P11(1710), and P;3(1720), which dominate at low W.

The current predictions of the CSI model for the observables in our beam-recoil polariza-
tion experiment for the K°A reaction are shown in Fig. 3, with and without the D;3(1900).

The predictions for the K™Y~ channel are shown in Fig. 4. The full results of the CSI model
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Figure 4: The predictions of the CSI model for the seven observables in the yn — K*Y¥~
channel that will be measured in the proposed experiment in addition to this unpolarized
cross section.

for both the A and X channels have been incorporated into a new event generator [45] for
calculating the experimental acceptances..

From the point of view of coupled-channels analyses, a measurement of the remaining in-
dependent observables (see section 2.1) would have a limited impact unless the uncertainties
were comparable in all kinematic bins (E.,, cos(0%")) with those that can be obtained using
polarized photon beams and the hyperon recoil polarization.

It is important to note the analysis of the K°A channel will not be a simple comparison
of the data with the predictions with and without the D;3(1900) resonance. Instead, all
of the 520 data points measured for each channel in the proposed experiment (at least
400 of which will have small uncertainties for yn — K°A) will be used to make a new
global fit to all channels. This fit will be strongly constrained, allowing extraction of the

resonance parameters for, among others, the D;3(1900) and D;3(2080) resonances with a

17



high confidence level.

It is also important to stress that the sensitivity of polarization observables, and their
importance in unambiguously projecting out the properties of known, and possibly miss-
ing, resonances, does not depend on the details of the CSI model. In the analysis of the
data we will also use models from two other theoretical groups with whom we have strong

collaborative links: Gent (Belgium) and KVI, Groningen (The Netherlands).

The Gent model, developed by Janssen et al. [11, 12, 13], is an effective field theory
which takes into account contributing tree-level diagrams only. In addition to the s-channel
resonance diagrams of interest, t-channel K* and Y exchange is included as well as standard
Born terms. The advantage of a tree-level approach lies in its simplicity; the number of
parameters required to be determined by fits to the data is generally much smaller than
for coupled-channels approaches. Despite the reduction in fitting parameters, however, it
has been shown [46] that the interpretation of current data using this approach is plagued
by ambiguities. It might nevertheless be argued that, with uncertainty surrounding the
choice of gauge restoration scheme and form factor parametrization, it may be useful to also
compare the data with a simpler model describing its gross features. It is, however, clear
that coupled-channels effects are important, and will have to be taken into account in a full
interpretation of data. For instance, Chang et al. [47] showed that the contribution of an

intermediate 7N channel to yp — KY cross-sections is of the order of 20%.

Corthals et al. [48] have further developed the Gent model by including a new method
of constraining the background in yp — KY reactions. High-energy data (E, > 4 GeV)
are used to fix the parameters of the background processes, and a Regge-model approach
is used to extrapolate this background to the resonance region. The general shape of the
cross section as a function of photon energy is quite well described by this Regge model,
as demonstrated earlier by Guidal et al. [49]. But by definition, the Regge model cannot
account for any features which appear as strong s-channel resonances, and therefore a limited

number of s-channel resonances are also included. This gives rise to a Regge-Plus-Resonance
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(RPR) model. It is argued in [48] that even though the notion of duality might suggest a
problem with double counting in the kinematics of the resonance region, this is not likely
to be a big problem. At any rate, this new method of dealing with the background has
many advantages over previous attempts that relied on heavy interference with Born terms,
and were not applicable at photon energies above 2 GeV. It also reduces the number of free
parameters to a handful of coupling constants for the s-channel resonances. An additional

feature of the Gent model is that it can be used to calculate strangeness electroproduction.

At KVI, Usov and Scholten [50] have recently developed a coupled-channels model for
strangeness photoproduction. This model is similar to the CSI model in that a K matrix
with an effective Lagrangian is used to preserve many symmetries of a full-field theoretical
approach, while accounting for coupled channels. The final states included in this model
are KA, KXY, ¢N, nN, pN, and vN. Coupling among these channels is taken into account
explicitly in the K matrix, and coupling to other channels is modeled by an explicit dissipative
part in the kernel. In Ref. [50] it is asserted that the effects of channel coupling are not just
a smooth change of the energy dependence of the cross section, but that they can also
give rise to structures in the cross section that might otherwise be incorrectly attributed to
resonances. Consequently, a more thorough measurement of a range of observables in several
isospin channels, such as the one that we are proposing, will be essential in resolving whether

additional resonances are required to explain the data.

The KVI group is currently working on a data-fitting scheme similar to that applied to
the Gent model [46]. Thus, by the time the data taken by the measurements we propose are
ready for interpretation, we will be able to perform a quantitative comparison among the

various models, thereby strengthening any conclusions we may be able to draw.

Both the Gent and the KVI theory groups also have a strong tradition in nuclear-structure
physics and are thus well placed to bring their experience to bear on the problem of dealing

with rescattering effects in the deuteron as well.
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(1) (1V)

Figure 5: The relevant graphs in the yd — nK*tA reaction. I: Quasifree kaon photopro-
duction. II: Kaon-nucleon rescattering. III: Lambda-nucleon rescattering. IV: Intermediate-
state interactions.

2.3 Rescattering

The dominant processes in the photoproduction of kaons from the deuteron are shown in
Fig. 5. The detailed expressions for the corresponding amplitudes are given in Ref. [33].
Here, we give only a brief sketch of the underlying physics and an update of the choice of the
parametrization of the elementary amplitudes at lower energies. As an example, we consider
the vd — nK*A reaction, but the extension to the yd — pK°A or vd — nK*TA*(1520)
channels, as well as the ¥ production channels, is straightforward. Event generators for
both K*A and K°A are ready.

Graph I represents the quasifree production of the K* on the proton, the neutron being
a spectator. It dominates at low values of the spectator neutron momentum p,,, where the
cross section takes the simple form [33, 51]:

do do.

(yp = AK™) (11)
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where 8, = p,/E, and 6, are the velocity and the angle of the spectator nucleon. This is
nothing but the relation between the yield and the elementary cross section for the production
of a kaon on a nucleon which moves with the velocity — ﬁ;. The number of target nucleons is
p(|pn|)dpy,, where p(|p,|) is the momentum distribution of the proton in the deuteron (which
we take from the Paris potential), while (1 + (3, cosf,) is the flux of photons seen by the

moving target nucleon.

When the neutron momentum increases, its momentum distribution decreases very quickly,
and kaon-nucleon (graph II) as well as lambda-nucleon (graph III) rescatterings become dom-
inant above p, ~ 300 MeV /c. Since the available energy in each rescattering vertex is larger
than the sum of the masses of the two particles which rescatter, both can be on-shell in
the intermediate state. This induces a logarithmic singularity in each rescattering inte-
gral [33, 51]. Tts effect is maximal on the cross section when the minimum momentum pp;,
of the spectator nucleon in the loop, for which the two particles which rescatter are on-shell,
vanishes.

At the top of the corresponding peaks, the physical picture is the following. The A, or
the K, is produced on a nucleon at rest and rescatters on the second nucleon, also at rest
in the deuteron, which then recoils with the observed momentum p,,. Here, the rescattering
amplitude is on solid ground, since it depends on on-shell elementary matrix elements and
relies on the low-momentum components of the deuteron wave function. This is a good place
to study the interactions with nucleons of short-lived particles (such as the various hyperons)
or to look for elusive narrow resonant states (e.g., in the K *n channel).

Graph IV represents the case where the kaon is produced by the rescattering of an
intermediate pion. This graph has not yet been included in the model, but will contribute
to the rescattering cross section shown in Fig. 16 in section 3.4. Experimentally, it can be
studied using the same minimum-momentum approach as graphs II and III.

Figure 6 shows various observables which emphasize the kaon-nucleon rescattering sector.

The endpoint energy of the real photon beam has been set to £, = 2 GeV. The panels show
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Figure 6: The kaon-nucleon rescattering sector. The solid line is the full calculation and
the dashed line is the quasifree contribution. The upper plots show the minimum initial
momentum (p,) of the spectator nucleon for two different cuts on the final momentum.
The lower plots show Wk, for final spectator momenta (ng) of 500 and 300 MeV, with a
400-MeV cut around zero for its initial minimum momentum.

cross sections integrated over the various bins within the CLAS fiducial acceptance. The top
panels show the distribution of the minimum momentum p,,;, (nK) of the spectator neutron,
in the kaon-nucleon scattering loop, for which the pion can propagate on-shell. On the left,
the cut 400 < ng < 600 MeV /c has been applied on the momentum p,, of the slow nucleon:
the kaon-nucleon rescattering peak clearly appears at p,,;, = 0. On the right, the cut
250 < ngr < 350 MeV /c has been applied; rescattering effects are small here, and the shape of
the distribution reflects the kinematics and the detector acceptance. This is a good reference
point that emphasizes the quasifree process. A further cut -200 < ppin(nK) < 200 MeV/c
has been applied in the bottom parts of Fig. 6, which emphasize kaon-nucleon rescattering.
The distribution of the mass Wy, of the K™n system is plotted on the left for the high-

recoil-momentum and on the right for the low-recoil-momentum bands.
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Figure 7: The lambda-nucleon rescattering sector. The solid line is the full calculation and
the dashed line is the quasifree contribution. The upper plots show the minimum initial
momentum (p,) of the spectator nucleon for two different cuts on the final momentum.
The lower plots show Wk, for final spectator momenta (ng) of 500 and 300 MeV, with a
400-MeV cut around zero for its initial minimum momentum.

Figure 7 shows the same observables in the A-n rescattering sector. Now, the minimum
momentum P, (nA) is the lowest value of the momentum of the spectator neutron for which
the A can propagate on-shell in the A-N scattering loop. For the low-recoil-momentum
(~ 300 MeV/c) band (bottom right), strong S-wave rescattering enhances the distribution
of the mass Wy, of the An system near the A production threshold, but the quasifree process
contributes less for recoil momenta above ~ 300 MeV /c. For the high-recoil-momentum (~
500 MeV/c) band (bottom left), the CLAS acceptance suppresses the kinematical region near
the A production threshold, but the contribution from the quasifree process is nevertheless
smaller here. The cusp in the An scattering amplitude clearly appears at the ¥ production

threshold; it comes from the coupling between the A and the X channels.

Contrary to Ref. [33], which contains high-energy descriptions of the elementary scat-
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tering amplitudes, we will here focus on the low-energy phase-shift expansions discussed in
Ref. [52]. This approach has already led to a good description of kaon production in pp
scattering [53, 54], but was not able to disentangle the A and 3 channels. This becomes
possible with the CLAS, which opens up the possibility to map out (for the first time) the
hyperon-nucleon amplitudes in the vicinity of the 3 threshold and above. This will provide
a strong constraint on the models that try to describe the interaction between hadrons.

In Fig. 6, An rescattering gives a contribution under the K*n rescattering peak. In a
similar way, K*n rescattering gives a contribution under the An rescattering peak shown in
Fig. 7. These contaminations can be removed by cutting out the overlapping region in the
joint distribution of the rescattering singularities, which is shown in Fig. 8.

In all of these histograms, the model has been folded with the CLAS geometrical accep-

tance and physical cuts have been performed according to the method that is described in
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Figure 8: The joint distributions of the logarithmic singularities for K*n and An rescattering.

The K-n and A-n projections, for different cuts on the final spectator momentum, are shown
in Figs. 6 and 7.
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Ref. [33]. Only the geometrical fiducial cut of the kaon has been taken into account. This is
the most important cut since it defines the momentum transfer between the photon and the
kaon. Neither the in-flight decay of the kaon nor the A — pm~— decay have been taken into
account here; they can be handled by the Monte Carlo simulation, and are expected to lead
to an almost constant overall reduction factor.

The new event generators allow the model to be folded with the full acceptance and
efficiency of the CLAS. Besides normalization effects, the mass resolution effects will be im-

portant in trying to sort out the narrow structure of the cusp at the 3 production threshold.
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3 Experiment

3.1 Previous experiments

There are currently no published data for the elementary strangeness photoproduction chan-
nels on the deuteron. This section will therefore only mention a few other experiments that
show a relevant degree of similarity. More importantly, it illustrates why CEBAF/CLAS
before the 12-GeV upgrade is the only place in the world where the proposed experiment

can be performed.

For the proton there are several published results, notably by the SAPHIR [24, 25] and
CLAS [28, 29, 37, 42, 55] collaborations - the latter using the glc data set. The published
total cross section are shown in Fig. 9, and the C,y and C} polarization transfer observ-
ables in Fig. 10. Figure 11 shows beam asymmetry measurements from g8a, which was the
commissioning experiment for the coherent bremsstrahlung facility in Hall B. The program
on the proton continues at JLab with the g8b experiment, currently in the last stages of

calibration, and the FROST program.
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Figure 9: Total cross sections for A and X° photoproduction on the proton [29]. The en-
hancement near W = 1.9 GeV that has been identified with the missing D;3(1900) resonance
can be seen clearly in the left panel.
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Figure 10: Polarization-transfer observables have been measured in CLAS for both the A
and Y% channels on the proton using a circularly polarized photon beam [37].
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Figure 11: Beam asymmetry ¥ for the yp — KA channel. The figure illustrates the
importance of large acceptance. Even the rather poor data from the commissioning of
the coherent bremsstrahlung facility in Hall B (g8a) are more important for constraining

models than the current data from Spring-8. Calculations are by Ireland, Janssen, and
Ryckebusch [46].
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3.1.1 Deuteron experiments at Jefferson Lab

There are two real-photon data sets from CLAS using a deuteron target: g2 and gl0. An-
other, eg3, is soon to become available. The latter is, however, an unpolarized high-energy
(Ee ~ 6 GeV), and high-current (i.e., high-background) experiment aimed at measuring
excited and exotic (pentaquark) = states. Since only the part of the tagger covering photon

energies above 4.5 GeV was in the trigger, the data are not suitable for N* physics.

One of the four approved experiments from the g2 run period, and the only one dealing
with strangeness, was E-89-045 [56]. It envisaged both inclusive and exclusive measurements
of the cross sections for the six elementary strangeness production channels on the nucleon

as well as the investigation of the hyperon-nucleon interaction.

There are inclusive [57] and exclusive [58] cross-section analyses in progress for the
yn — K1Y~ channel using the g2 data. The recent high-statistics (10 billion triggers)
g10 experiment [59], has also made it possible to start exclusive analyses for the yn — KJA
and yn — K% neutron channels [60], as well as the KT~ [61], aimed at extracting the

differential cross sections and the recoil polarization.

Unfortunately, neither of these two data sets allows further polarization studies. In the
case of g2, which did use a circularly polarized photon beam, the main obstacle is insufficient
statistics. Today, progress in operation of the accelerator also allows higher electron-beam
polarization (80 - 85%), which translates into higher (circular) photon polarization. During
the g10 run period, however, a polarized electron beam was not requested and was not

delivered.

For linearly polarized photon beams, there are currently no CLAS data on the deuteron.
The recent g8b run did, however, clearly demonstrate the capabilities of the coherent-
bremsstrahlung facility in Hall B, reaching 92% linear polarization with the coherent photon
peak at 1.3 GeV. In this kind of experiment, the capability of CEBAF and the CLAS before

the 12 GeV upgrade are unique. No other laboratory offers a comparable combination of en-
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ergy, luminosity, polarization, and charged-particle acceptance that is required for exclusive

measurements.

3.1.2 Deuteron experiments at other facilities

Other photon facilities include GRAAL in Grenoble and MAMI in Mainz, which have (or
will have) beam energies of 1.5 GeV (in the latter case after the planned upgrade). This is
below the threshold of most third-tier N* resonances, including the D;3(1900).

The ELSA facility in Bonn [62] uses the same coherent-bremsstrahlung method to pro-
duce linearly polarized beams that is employed at JLab, but its maximum electron energy
is considerably lower (nominally 3.5 GeV). Since the degree of linear photon polarization
increases with the ratio of E,/E.,, the facility in Hall B is significantly better for higher
photon energies. More importantly, the current detector configuration at ELSA is intended
for neutral particles, and can therefore be seen as complementary to the CLAS.

LEPS at Spring-8 [63] has highly polarized back-scattered photon beams (up to 2.4 GeV
using a 351-nm laser). Recently, beam polarization asymmetries for the yp — K*A and
¥p — KTX° channels were published [64]. Preliminary results from an inclusive measure-
ment of the differential cross section (0p) and beam asymmetry (X) in the yn — K3~
channel are now also available [65]. It will be interesting to compare them with the corre-
sponding CLAS analysis [57]. In contrast to the CLAS, however, the detector acceptance
is limited to very forward angles, which is not suited for exclusive measurements, and gives
very poor kinematic coverage. Therefore, polarization observables that involve the hyperon
recoil polarization (P, T, Oy, O, Cypr,Cy Ty, Ty, Ly, L) cannot be measured. Neither is it
possible to separate rescattering events from quasifree ones. Thus, this facility cannot be
used for studying the physics presented in this proposal; such data can be helpful only in

determining the total cross section.
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3.2 N7* decays to KA and KY

The photon polarization will allow us to extract new observables, but much of the basic
analysis will be similar to that for the exclusive cross-section measurements of the yn — K°A,
yn — K°%° and yn — KX~ reactions. We thus have a good handle on channel selection
and identification of the quasifree events. The analysis of the KT~ channel requires the
detection of a K* and a 7, as well as a neutron in the electromagnetic calorimeter. A
detailed description of the analysis of this reaction, using the g2 data set, is available in the

form of a CLAS analysis note [58].

The unpolarized K° channels for the neutron are part of a CLAS Approved Analysis
(CAA-HS06-01) using the gl0 data set [60]. Here, all four final-state particles from the
charged decays of K — 77~ and A — pr~ are detected in CLAS. For pions and protons,
particle identification is straightforward. The energy-loss corrections are calculated from the

decay vertices, which are also used to determine the primary reaction vertex.

Figure 12 shows the pr~ and 777~ invariant masses, used for channel selection, with only
particle-ID cuts. The standard gl0 tagger [66], momentum, and beam-energy corrections
have been applied, and the plots include both possible 7~ assignments. Events that fall
within 30 of the K?A peak for both cases are shown in the superimposed histograms in the
left panels (after multiplication by 100). Half of them constitute a combinatoric background,
which is on average less than 0.1%. Cuts on missing mass, as well as vertex position and
time, dramatically reduce all background, practically eliminating the ambiguous events from

all kinematic bins.

The quality of the event selection and vertex reconstruction can be judged by how well
the K? and A lifetimes are reproduced for lifetimes above the range dominated by the CLAS
resolution. The fits in Fig. 13 show that the decay constant for the A matches exactly the
value listed by the Particle Data Group (PDG) [23], and the K? falls within 0.1 ns™! of the

PDG value.
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Figure 12: Combinatoric background. The invariant masses of 777~ and pr~ from the low-
torus-field part of g10 shows the KA peak (right) and its projections (left). Only particle-ID
cuts have been applied. In the panels on the right the invariant masses are summed over
both possible 7~ assignments. Ambiguous events that, for both cases, fall within 3¢ of the
KA peak are shown (multiplied by 100) in the superimposed (green) histograms on the left.
Half of these events constitute a combinatoric background, which is less than 0.1%, and is
eliminated by missing-mass cuts.

Since the X0 decays into Ay with a branching ratio of 100%, it is essential to separate
a A from the X% decay from one produced directly. When using a proton target, this can
be done using the kaon missing mass. Owing to Fermi motion, this is no longer possible for
deuterium. Figure 14 shows, however, that by combining the kaon missing mass, as it would
appear in an inclusive measurement, with the missing mass of K?A, one can see that the A
and Y peaks are clearly separated. The projections on the K?A-axis, in the same figure,

show the background to be very small. A double-Gaussian fit gives a good description of

the KA missing-mass distribution, making it possible to determine the 3° tail under the

31



Entries 30578 X’/ndf 9795 / 64
Constant 7.899
Slope -3.676

1000

800

600 [ 102
400 | r
L 10 &
200 | g
O C L L 7\ - ‘ N ‘ | ‘ N ‘
0 10 20 30 0 0.5 1 1.5 2
cm ns
A path A lifetime fitted over 0.4 — 1.7 ns
C Entries 31130 E X /ndf  62.38 49
“/ /
1400 P Constant 8.341
F 10° Slope -11.20
1200 [ g
1000 [ -
L 102
800 | £
600 r
= 10 &
400 £ g
200 1 r M” [‘ H
O E E\ Lol ‘ L1 ‘ L1 ‘ NI ‘ L
0 10 20 30 0 0.2 0.4 0.6 0.8 1
cm ns
K® path K lifetime fitted over 0.15 — 0.65 ns

Figure 13: K? and A paths and lifetimes. As expected from the CLAS resolution, there is
a slight deficit of events with short path lengths. The agreement of the fits with the PDG
values [23], 11.2 ns™! for the K? and 3.8 ns™! for the A, are good, indicating a satisfactory
event selection and vertex reconstruction.

A peak with good accuracy. In principle, the fit could be improved by taking into account
the background from events with an additional 7% (the threshold is at 1.07 GeV due to the
slight shift in the proton missing mass). But since this component is increasing with the
K?A missing mass, and yet the number of events in the upper tail of the X% peak is close to
zero, one can conclude that it gives a negligible correction in the region of the ¥° and none
for the A. The yields for both channels can be reliably extracted from a simultaneous fit
to both peaks in the K?A missing-mass distribution, without the complication of having to
detect the v from the X decay in the electromagnetic calorimeter. The latter would introduce

significant statistical and systematic uncertainties due to, respectively, a reduced and altered
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Figure 14: A good A —X° separation can be achieved using the missing mass of the kaon (the
hyperon mass) and K?A (the spectator-proton mass). An undetected y from X° decay makes
the latter distribution broader, peaking to the right of the A (top left). The projection (bot-
tom left) shows that the data are well described by a double-Gaussian fit. The background
is small. On the right are projections for two K? missing-mass ranges indicated in the top
left panel, the lower showing that a clean A signal can be extracted with a reasonable loss
in statistics. In addition to the cuts on the K? and A invariant masses, these histograms
require that pspectator < 0.2 GeV (see Fig. 15).

acceptance. Due to a higher background, the uncertainty in the yield extraction from the
Y% invariant mass would also be higher. The lower right panel in Fig. 14 also shows that by
imposing a cut on the K° missing mass, one can define a subset containing at least half of the
K?A events where there is no X° contamination. This gives three options for the extraction
of polarization observables for the K°A channel. One can use the reduced set, which gives a
larger statistical uncertainty. One can treat the X° admixture as a systematic uncertainty.

Or, since this admixture will be well known, the mixed data can be used as input for the
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Figure 15: Spectator-proton selection. Top left: missing (proton) momentum. Bottom
left: spectator-proton angular distribution. The distribution of low-momentum spectators
is isotropic in the lab frame for exclusive KA events. The undetected photon emitted
from forward-moving X% makes the missing protons from those events appear to be forward
peaked. Top right: Pmissing vs. mm(KPA), showing exclusive K?A events on the left, a band
with extra pions on the right, and K?%° events in the middle. Bottom right: Exclusive
K?A events with spectators in the lower band and protons that have undergone final-state
interactions in the at high momenta and forward angles. Color coding on the left: exclusive
K?A (blue and cyan), K%° (green), and inclusive K°A with one (magenta) or both (red)
protons detected.

coupled-channels analysis. The approach will be chosen depending on the statistics and the
ratio between the A and X° cross sections in each bin. One should also note that the problem
of A-X° separation does not occur in the KTX~ channel. In total, there are about 30,000
KPA and 20,000 K% quasifree events in the low-torus-field part of g10.

While the ultimate goal is to have a unified description of both the elementary processes

and final-state interactions, currently it is important to select kinematics that enhance the
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quasifree process. The most straightforward way is to remove events with spectator momenta
in the tail of the Fermi distribution. The lower right panel in Fig. 15 shows that final-state
interactions involving the spectator proton dominate above 300 MeV /¢ (which is also the
CLAS proton detection threshold). A cut at 150 MeV /c is, however, a more prudent choice.
The upper left panel shows that the loss in statistics is modest, and the resulting cos 64)
distribution (lower panel) is almost flat. An isotropic distribution of the reconstructed
spectators is, of course, what we expect from Fermi motion alone. In fact, the situation
is better than Fig. 15 suggests, since a cut on only the KA missing mass includes a small
tail of X% events. These are forward-peaked, as the undetected photon comes from the decay
of a forward-moving X°. A naive extrapolation from the high-momentum tail of the missing-
momentum distribution nevertheless indicates some remaining events below the quasifree
peak. This is, however, a worst-case scenario. The calculations shown in Fig. 16 indicate

that the cross section for rescattering with almost zero momentum transfer is small.
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Figure 16: Rescattering contributions for the yp(n) — KTA(n) channel calculated using
the model described in section 2.3. The solid line is the full calculation. The dashed shows
the quasifree cross section. The left panel shows the rescattering as a function of the final
spectator momentum, and the right as a function of £,. The latter also includes data points
from McNabb et al. and a fit to the full calculation.
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It is also not clear if such interactions would have any impact on the angular distributions
used to extract the polarization observables. In order to minimize final-state interactions
one can add cuts on the polar angle of the missing momentum, or the p,,;, of the spectator
(see section 2.3). More importantly, varying the cuts on these parameters will provide yet
another way of determining the systematic uncertainty due to rescattering of low-momentum
spectators, in addition to model calculations and comparisons of our proton channels with
measurements on a free proton target using the g8b (linear polarization) and glc (circular
polarization) data sets. The part with linearly polarized photons will be analyzed in a
consistent fashion by the same group (Ireland, Livingston, et al.) that is analyzing kaon
production in g8b. The analysis of the glc data already has been completed by the CMU
group [37]. In the extraction of polarization observables, asymmetries are constructed from
yields. When the contribution from final-state interactions is known, it can be subtracted
in each bin separately. The resulting uncertainty (see section 4.5) is thus not the fraction of

rescattered events, but only the uncertainty in the subtraction.

A specific request that was made by one of the PAC readers of our Letter of Intent [18]
was to investigate any correlations in the azimuthal angle ¢ between the spectator nucleon
and the kaon or the lambda. As shown in Fig. 17, the (-distributions of the K and A
reflect the structure of the CLAS sectors, although not as sharply as for particles detected
directly through their decay products, while that of the reconstructed spectator is flat.
The differences in ¢ do, however, suggest that the A prefers to move in the ¢-direction of
the original target nucleon, while the kaon and the spectator nucleon tend to move in the
opposite direction. This behavior is qualitatively well reproduced by a phase-space Monte
Carlo calculation using realistic Fermi motion, based on the Paris potential, but without
any final-state interactions. Results using the Argonne potential were similar. In reality, the
cross section is more forward-peaked for the kaon (and vice versa for the A). The simulation
thus gives larger transverse momenta for both strange particles, and somewhat different

acceptances. In CLAS, the relative uncertainty in the measurement of small transverse
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Figure 17: The distribution in ¢ is flat for the spectator protons (p < 0.2 GeV/c), and
the K2 and A go back to back. Both the gl0 data (left) and a phase-space Monte Carlo
with Fermi motion, but without final-state interactions (right), show similar correlations in
¢ between the K, the A, and the spectator proton.
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Figure 18: At high spectator momenta (p > 0.3 GeV/c), where one would expect the g10
data (left) to be dominated by final-state interactions, they are still in good agreement with
the Monte Carlo (right). This suggests that rescattering is not a major factor in the observed
p-correlations.
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momenta is large. Since the spectator is reconstructed from the missing momentum, it
will be assigned any error in the measurement. At high spectator momenta, where one
would expect the data to be dominated by final-state interactions, the correlations look very
different (Fig. 18). This is, however, also reproduced by the Monte Carlo, which suggests
that correlations in ¢ are not very sensitive to rescattering.

Our conclusion from this study is therefore that there is no reason to doubt the conven-
tional wisdom, supported by calculations (see, e.g., Fig. 16), that the contribution to the
cross section from final-state interactions involving low-momentum spectators is relatively
small. The same applies to any initial-state interactions, which also transfer momentum
to the spectator nucleon. Instead, we are confident that the observed -correlations are
due to a combination of kinematics, acceptance, and uncertainty in the measurement of the
transverse momentum.

The raw KA and K930 yields for the low-field part of the g10 data are shown in Fig. 19.
Although corrections for acceptance and photon flux can change the shape of these spectra,
the figure shows how the events are distributed, thus serving as a guideline for the circu-
larly polarized part of the measurement, which will have a similar photon spectrum. The
1.7 < W < 2.3 GeV region is well covered, but there is a significant difference in statistics
between upper and lower ends. This has to be kept in mind when comparing with the yields
for linearly polarized photons, where the time allocated for each photon energy can be ad-
justed individually. In order to have the same statistics in the high-energy bins for both

polarizations, the total yield has to be higher when using circularly polarized photons.
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Figure 19: Preliminary total yields from the low-field part of gl0, not corrected for photon
flux or CLAS acceptance. They are plotted as functions of W = /s, calculated from the
final state (top left), and E, (bottom left). On the right are W — E., correlations for inclusive
(bottom) and exclusive (top) K°A events. Color coding, and missing mass cuts, on the left
are as in Fig. 15: exclusive KA (blue and cyan), K?%° (green), and inclusive KA with one
(magenta) or both (red) protons detected. All have 30 cuts on the invariant masses of the
A and the K?.

3.3 N* decays to K*Y and KY*

So far, coupled-channels analyses for N* physics have mostly been performed using pion,
eta, and kaon production. In the future, more constraints can be added by including K*Y
and KY* channels. A study of N* decays by Capstick and Roberts [17], using a quark-pair
creation model, has predicted that some low-lying negative-parity states, including several
missing nucleon resonances, could couple strongly to the K*Y and KY* channels. There

are several ongoing analyses using existing CLAS g10 and gl1 data, for the yp — K*TA,
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vp — K*%+, yp — K+3°(1385) [67], and yn — KX (1385) [60] channels. The K7 7 p
final state of the last one is well suited for exclusive measurements in CLAS, but since neither
g10 nor gl1 used polarized photons, no polarization observables other than the cross section
and recoil polarization (P) can be determined. The analysis of the proton channels has
already resulted in preliminary total cross sections [68]. The systematic uncertainty due to
normalization and model dependence of the yield extraction is estimated to be about 20%.
The KY* and K*Y cross sections do not seem to be negligible compared with that for K+A,
suggesting that these channels should be incorporated into future coupled-channels analyses.
These preliminary results are likely to change with further studies of the systematics, but
they can serve as a guide for the statistics that we can expect in our proposed experiment.

Although no theoretical calculation is yet available for the sensitivity of polarization
observables to the nucleon resonances for the K*Y and KY* channels, there is no reason
to assume that it should be smaller than for the K'Y case. There is, however, a theoretical
interest to include these reactions in the coupled-channels analyses. The first calculations of

the background contributions are already available [69].

For the K*Y channels, Capstick and Roberts predict that the two-star state N3], (2080)
and the weakly established N[ ];(2090) state couple to KA and K*A with comparable
strength. It has been pointed out that the t-channel vector-meson exchange and the seagull
term are proportional to the charge of the outgoing K* meson [70]. The suppression of
t-channel background processes makes neutral K* production seem very promising. Here,
a deuteron target is advantageous since it allows the study of the reaction yn — K*°A —
K*n~n~p. As noted for the K737 (1385), this final state is well suited for the CLAS. An
exclusive measurement of the K*° channel on the proton would, on the other hand, require
the detection of either the neutron or 7° from the decay of the ¥*. Missing-mass techniques
can be used for the cross section, but are not suitable for the determination of polarization

observables.

Currently, only a few K'Y™* cross-section measurements have been made, all using proton
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targets. There are, however, several N* states, including the N[3 |5(2070) (established
in pion production) and the A[37]3(2145), that are predicted to couple strongly to KY*
channels, in particular the K'3(1385). The low-lying K'Y™* channels should also be important
for lighter missing resonances, such as the N[g+]2(1980) and A[%+]3(1985), which are below
the K*Y threshold. As for the K*°, preliminary differential-cross-section results for the
vp — KT3°(1385) reaction, obtained using the gl1 data set, show a smaller contribution

from ¢-channel processes than is the case for the K**A channel.
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3.4 Rescattering

Rescattering can be studied using the Laget approach [33], which predicts a strong enhance-
ment close to zero for the calculated minimum possible momentum of the “spectator” proton
before the rescattering, assuming that both hadrons propagate on shell. Figure 20 shows
the preliminary p,,;, distribution that we presented at NSTAR 2005 [34, 71]. What appears
to be a ¥7(1385) rescattering peak can be clearly seen at zero. The statistics in the plot
are modest, since it was required that all five final-state particles be detected in CLAS, as
well as that —t > 0.5 GeV? and 0.4 < Dspectator < 0.6 GeV. It demonstrates, however, that a
reasonably clean sample of events can be selected for which the hyperon was rescattered on

the spectator nucleon. Events where the kaon was rescattered can be removed in a similar
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Figure 20: The ¥~ (1385) rescattering peak can be seen in the minimum momentum p;,;,, (Xp)
that the spectator proton could have had before the rescattering (see section 2.3). The
statistics are modest because a -t > 0.5 GeV? cut has been applied and the detection of all
final-state particles is required. In this particular histogram, possible K** background has
not been eliminated.
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way, which is made easier by the fact that the background under the kaon peak is smaller.
This also applies to the less exotic, but perhaps more important, A — N scattering.

The statistics can be increased by looking at event topologies where either the spectator
nucleon or the kaon is not detected, but reconstructed from kinematics. The latter is particu-
larly attractive when dealing with the K°, only a third of which decay into 77 ~. When not
rescattered, the angular distribution for the kaons also tends to be strongly forward-peaked,
whereas that for true spectator protons is isotropic in the lab frame (see Fig. 15). Although
rescattering changes this picture somewhat, the acceptance for these protons remains sig-
nificantly larger than that for both pions from the K? decay. Nevertheless, the number of
events in the tail of the spectator-nucleon momentum distribution will always be smaller
than for the quasifree case (where the spectator momentum usually is below the detection
threshold).

The ability to select rescattering events also opens up the possibility of studying polar-
ization degrees of freedom. As predicted in [49], measurements on the free nucleon show
a significant hyperon recoil polarization at moderate momentum transfer (¢). Rescattering
effects in the deuteron are thus very well suited for investigating the Y — N interaction.
Even without cuts on the reconstructed initial minimum spectator momentum, calculations
demonstrate a high sensitivity of polarization observables to various interaction potentials
and partial waves [35]. Obtaining good polarization data with a large-acceptance detec-
tor, required for exclusive measurements, would thus open a new window on this field, not

accessible through the study of bound hypernuclear states.
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4 Running Conditions

This proposal requests two separate running conditions, one with linearly and one with
circularly polarized photons. The former is required for the measurement of four observables
(3, T, Oy, O,). The latter adds Cyr and C,,. Both can be used to measure oy and P.

The circular measurement can make effective use of low-energy beams (~ 2.4 GeV), and
thus can run concurrently with experiments like G0O. In contrast, the preferred beam energy
for a linear measurement would be 4-5 GeV, although some data could be taken at 3 GeV.
Neither measurement requires any new hardware or non-standard running conditions. A

summary of the running conditions is given in Table 4.

Running condition | Circular polarization | Linear polarization
main torus current -1500 A -1500 A
trigger two-sector two-sector, no tagger
tagger rate 16 MHz 47 MHz
photon flux 14 MHz 10 MHz

beam current 18 nA 10 nA
radiator 1074 1l diamond (50 pm,)
target LD, LD,

target length 40 cm 40 cm

target position -20 cm -20 cm

Table 4: Summary of running conditions.

4.1 Linear photon polarization
4.1.1 Photon energies

The data to be taken with linear photon polarization are naturally divided into energy bins

corresponding to different positions of the relatively narrow coherent-photon peak. The six
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settings that interest us the most are when the upper edge of the coherent peak is located
at 1.3, 1.5, 1.7, 1.9, 2.1, and 2.3 GeV, covering the 1.7 < W < 2.3 GeV range. Another
advantage of selecting these particular points is that they were used in the g8 experiments
(the first five in g8b), making it straightforward to compare reactions on a free proton with

one bound in the deuteron.

4.1.2 Beam energy and photon polarization

Figure 21 shows the level of linear polarization as a function of the selected position of the
coherent-photon peak for 5- and 3-GeV electron beams based on the analytic bremsstrahlung
calculation by Natter et al. [72]. The photon polarization is largest for the highest electron
energies and the lowest photon energies. On the other hand, it is critical that the position
of the beam on the diamond radiator be stable, which is easier to achieve when the electron
energy is slightly below maximum. The optimum electron beam energy would thus be around
5 GeV.

Figure 21 also shows the photon spectra (the relative intensity is called “enhancement”
in the figure) for each photon energy bite. A comparison with g8b data is shown in Fig. 22.
As the edge of the coherent peak is moved to higher E,, the width of the peak increases.
With a 5-GeV electron beam, the polarization is reasonably constant over a 200-MeV region,
but decreases rapidly in the tail of the distribution. The relative change in intensity for this
bin between the first (1.3 GeV) and last (2.3 GeV) settings is almost a factor of two. At
3 GeV, the polarization drops off faster - more than 10% over 100 MeV. More beam time
is thus required, especially for the bins at higher E,, in order to have a constant flux. The
10% decrease in maximum polarization also increases the need for statistics at 3 GeV. In
both cases, some of the beam time will also have to be allocated for runs with an amorphous
radiator.

In general, one would avoid running with anything but the highest possible polarization.

45



E | =
RN AN .
. / \ | a0 /)
SRVANIR RS WA : /
// \ \ C ‘\\4 - - / \\\
e e B = . \
L oo
L0 g/
INNANATAYs, - S RS/
02- t ¥ o.zf/ ‘ / ‘ \
v, /S 4 A ol BAIVE S
8 WWW@%M 800 900 1000 1100 1200 1300 1400 TS0 Teoy 7o 1800

Figure 21: Calculated linear photon polarization and enhancement (i.e., photon flux in
arbitrary units) as a function of E, for 5 GeV (left) and 3 GeV (right) electron beams. The
colors correspond to various settings of the goniometer, which is used to shift the edge of
the coherent-photon peak.

Otherwise it will, at best, take longer to achieve the desired result. Our request is thus
made for a 5-GeV electron beam. However, should beam time be available at lower energies,
it might nevertheless be preferable to run part of the experiment under such conditions.
Scheduling flexibility is a major advantage of the proposed experiment. The polarization
calculations show that one should avoid running with an electron beam energy that is less
than twice the desired maximum photon energy. A 3-GeV beam would thus be acceptable for
the two lowest energy settings, which would then have a maximum polarization comparable

with the highest setting, with the coherent edge at 2.3 GeV.
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Figure 22: Comparison of a coherent bremsstrahlung calculation with g8b data.

4.1.3 Inner calorimeter

Moving the target upstream will also make it possible to use the inner calorimeter (IC) that
was built for the e1-DVCS experiment. This would extend the acceptance for forward-going
particles, both charged and neutral (e.g., the K?), to smaller angles. Tt is not feasible to use
it in a regular bremsstrahlung experiment (like our run with circular polarization), since the
hadronic rate would be very small compared with the electromagnetic background, which
is mainly caused by the low-energy part of the photon spectrum. For linear polarization,
however, the narrow photon peak that is produced by the diamond radiator has only a small
low-energy tail. While not required for the proposed experiment, the IC would provide a

useful additional feature.
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4.1.4 Trigger

The g8b experiment, using a one-sector trigger with a single-track level-2 requirement, was
limited by the tagger, but the data-acquisition system was operating close to its maximum
capacity. In our case, the hadronic rate will be approximately doubled by substituting deu-
terium for hydrogen, requiring a more restrictive two-sector trigger (using the start counter),
with a possible level-2 requirement. A significantly pre-scaled single-track trigger will make
it possible to evaluate any trigger inefficiencies for events with two particles. For multi-track
events this correction would be small. While not required for any of the reaction channels in
the proposed experiment, it is possible to add a pre-scaled one charged + one neutral trigger
for the benefit of other analyses. The rate in the tagger will be too high to have it in the

trigger.

4.1.5 Tagger

Figure 23 shows the tagger-rate distribution for the 1.3 < E,, < 1.5 GeV bin from the g8b run
when the total rate on the tagger was 45 MHz (22 ns™!). This corresponds to a collimated
rate (photon flux) on the target of 9.6 MHz in the coherent peak. The substitution of
deuterium for hydrogen will not increase the electromagnetic background, and the hadronic
background in CLAS will remain small. The new multi-hit TDCs allow each T-counter to
register many photons for each trigger. However, since most of the photons are close in
energy, it will be difficult to select the correct one if two or more arrive within the same
beam bucket (2 ns). Such events can, however, be easily identified. At the proposed rate

(one electron in the tagger every 22 ns) the number of such accidentals will be acceptable.
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Figure 23: The rate per T-counter in the tagger for running conditions corresponding to g8b
with the coherent peak at 1.3 - 1.5 GeV before and after collimation (yellow).

4.2 Circular photon polarization

4.2.1 Beam energy and photon polarization

For circularly polarized photons, the polarization is highest when the ratio of the bremsstrahlung
photon energy to the electron energy is the highest, as shown in Fig. 24 [73]. Our fo-
cus is to have sufficient statistics and good polarization for W between 1.8 and 2.3 GeV
(1.3 < E, < 2.3 GeV). The optimal electron beam energy is thus 2.4 GeV, although energies
up to 3 GeV would be acceptable. The maximum longitudinal electron-beam polarization at
JLab is 80-85%. Using the lower value as a conservative estimate, a 2.4-GeV electron beam

would give 75% polarization at E, = 1.9 GeV and 45% at E, = 1.1 GeV.
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Figure 24: Circular photon polarization as function of E,/E.. The photon polarization is
also proportional to the longitudinal electron-beam polarization, which can reach 80-85% at
JLab.

4.2.2 Trigger and Tagger

A two-sector trigger with a two-track level-2 requirement will be used. With a 2.4-GeV
electron beam, the tagger covers photon energies in the 0.5 - 2.3 GeV range. The A threshold
is at 0.91 GeV. Since the photon flux is the highest at the lowest energies, the dead time can
be markedly reduced by excluding the tagger T-counters 42 to 61 from the trigger. If the
tagger were to be put in the trigger, the total rate would have to be kept much lower since

the trigger gate is 20 ns long (compared with the 2-ns separation between bunches).
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4.3 Rate estimate

Since there are not yet any published strangeness photoproduction data on the neutron to
constrain the theory, model-dependent cross sections have very large uncertainties. One
of the PAC readers of our Letter of Intent thus strongly recommended trying to obtain
model-independent rates, which could serve as a basis for a realistic beam-time request. Our
method is to scale the actual CLAS yields from the low-field part of the g10 run period [60]
by the ratios of the photon flux, target length, and acceptance for each bin in the proposed
experiment, for both photon polarizations. Monte Carlo simulations are then used to obtain
the acceptance ratio, which carries a much smaller uncertainty than a simulation of the

acceptance itself.

4.3.1 Binning

Using linearly polarized photons, the six settings for the coherent peak form a natural binning
in E,. Data from each setting will be divided into ten bins in cos(#$*). Since the variation of
the polarization observables is greater in cos(f%") than in E,, this makes a balanced binning
that is equally suitable for circular polarization. The latter will also allow for a threshold
bin (0.9 - 1.1 GeV). In total, 520 data points (6 x 80 + 1 x 40)will be measured for each
channel, at least 400 of which will have sufficiently small uncertainties to make a significant

impact on coupled-channels calculations.

4.3.2 Acceptance

The measurement of all of the exclusive processes listed in this proposal requires detection of
one or two negatively charged particles, such as the 7~ from A decay, together with positively
charged particles. In order to maximize the acceptance, the data need to be taken with a
low main torus field. This was done for half of the g10 data set, where a torus current of
2250 A was used. In g8b, 1930 A was used. From the elc 2.567-GeV data, taken with

both 2250 A and 1500 A settings, we know that the acceptance is significantly better for the
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cos(07) [-0.7 05 -0.3 01 01 03 05 0.7 09
E, (GeV)

1.1-1.3 08 1.1 12 13 15 1.3 14 12 1.2
1.3-1.5 1.0 13 15 15 16 15 16 1.8 1.2
1.5-1.7 1.2 16 17 16 16 16 1.5 1.7 1.3
1.7-1.9 1.7 18 18 15 16 15 14 15 14
1.9-2.1 1.9 17 1.8 15 15 14 15 15 1.9
2.1-2.3 21 20 1.8 15 15 1.3 1.3 14 1.2

Table 5: Acceptance ratios (-1500 A / 1500 A) for the yn — K°A reaction, showing the
advantage of using a field with reversed polarity. The Monte Carlo used 2 million generated
events for each setting.

latter, with a modest (< 30%) increase in sigma for the invariant (and missing) mass of the
A. For completeness, simulations were also made for 1920 A and 1700 A. The yn — K°A
acceptance was further increased by reversing the polarity of the field, which was beneficial
for low-momentum pions from the hyperon decays. The improvement due to the field reversal
is shown for each kinematic bin in Table 5. Due to the low Monte Carlo statistics in the most
backward cos(0%*) = —0.9 bin, the corresponding values for cos(65") = —0.7 were used.
The acceptance will be further increased by moving our 40-cm-long LD, target upstream
by 20 cm, as was done in g8b. In g10, a 24-cm-long target was moved 25 cm upstream. The
full acceptance ratios for the yn — K?A channel between the proposed running conditions

and those for gl0 are shown in Table 6. FEight million events were generated for each

Monte Carlo. Despite the better statistics, the uncertainties in the cos(8%*) = —0.9 and
cos(057) = —0.7 bins are still considerable; but due to the small number of events there, the

rate estimate for each E, bin is not significantly affected.

4.3.3 Linear polarization

For the linearly polarized part of the proposed experiment, the rates can be obtained from

the g10 rates, multiplied by the ratios of the target lengths (32), acceptances in each bin (see
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cos(07) [-0.7 05 -0.3 01 01 03 05 0.7 09
E, (GeV)

1.1-1.3 13 87 6.2 6.0 49 50 51 6.8 9.7
1.3-1.5 8 6.9 54 47 42 40 4.3 58 7.8
1.5-1.7 11 72 49 39 34 34 35 51 7.9
1.7-19 15 6.0 43 33 3.1 27 31 34 7.6
1.9-21 17 56 40 3.0 27 25 28 39 7.1
2.1-2.3 19 59 3.6 28 25 24 25 35 b2

Table 6: Acceptance ratios for the yn — K?A channel for the proposed running conditions
with respect to the gl10 experiment. The larger ratios for the most forward and backward
bins show a much improved kinematic coverage.

Table 6), and the photon flux. In the low-field part of gl10, with 15 allocated beam days, the
integrated photon flux for 1.1 < E, < 2.3 GeV was 2.4 x 103, The ratio is taken between
the proposed photon flux over each coherent-peak setting and the fraction of the g10 flux in

the corresponding E., bin.

We evaluated two options for our flux. One was to use values from the FROST proposals
(5 MHz in the eta proposal and 6 MHz in the kaon proposal). The other was to use values
from the g8b run. During most of the latter experiment, when running at 10 nA with the 50-
pm diamond radiator, a flux of 10 MHz was reached. Towards the end, tests were made with
even higher rates. The g8b experiment is still being calibrated, and no data are yet available
to evaluate the effects in terms of K+ identification or A - X° separation. The total rate
on the target is not a linear function of the flux in the tagger, and a higher rate will create
significantly more accidentals (see section 4.1). We have used 10 MHz for our estimates,
although this may be somewhat optimistic for the higher E, bins where the coherent peak

has a larger tail, increasing the total rate in the tagger.

The tagger is the limiting factor for our event rate. Due to strong collimation, the
accidentals in CLAS will not be a problem. The g8b experiment was run with a single-track

trigger. The nucleon density for LD, is somewhat higher than for LHy (p = 162 mg/cm?
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vs 71 mg/cm?, giving a target thickness of 6.5 g/cm?). The charge is the same, however,
and we do not expect an increase in the electromagnetic background. The less significant
hadronic background will increase, but by less than a factor of two because the neutron cross
sections are lower than those for the proton. With the lower torus field, more tracks may
reach region 2 of the drift chamber, but this is not a limiting factor.

A fraction of the beam time allocated for linear polarization, 20% in our estimate, will
have to be run with an amorphous carbon radiator, for normalization purposes. The remain-
ing time will be divided equally between two settings (PERP and PARA) where the beam
polarization is rotated by 90° in (. The time required for the runs with the amorphous ra-
diator has been included in the estimates of our statistical uncertainties (see Figs. 30 and 31

below), but not in the rates presented in Table 7 below.

4.3.4 Circular polarization

The part of the proposed experiment using circular polarization can be compared directly
with g10. Our assumption for the rate estimate is that we will run at the same luminosity.
Using the same radiator, this means that due to our longer target (%), the beam current
will be 40% lower. The new rates are thus simply the gl10 rates multiplied by the acceptance
ratio for each bin (see Table 6). Both the yields predicted for this experiment, corresponding
to 15 allocated beam days, and the yields from the low-field part of g10 are shown in Fig. 25.

The g10 run used little collimation of the photon beam, keeping down the total rate in
the tagger. Should the electromagnetic (eTe™) background in CLAS turn out to be larger
than expected, it is possible to make the collimation more restrictive. If, on the other hand,
the background turns out to be lower than expected, it will be possible to increase the beam
current somewhat. With a lower torus field it is likely that the occupancies in Region 2 of the
drift chambers will be higher, but the crucial point is to keep the Region-1 occupancies at a
reasonable level. In terms of background, we will also benefit from the lower photon endpoint

energy (2.3 vs 3.6 GeV). During the low-field part of gl10, 4.71 billion production triggers
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Figure 25: Predicted yields for the yn — K?A channel, using circular photon polarization,
shown as function of cos(65") and compared with g10 low-field data. Both correspond to 15
allocated beam days. The uncertainties in predictions for the two most backward bins are
large at high F., but the improvement in kinematic coverage is evident.

were collected, a significant fraction of which came from photons below the A threshold. By

excluding tagger T-counters 42 through 61, we will thus significantly lower the dead time.

As shown in section 3.2, about 30,000 K°A and 20,000 K°%° quasifree events were re-
constructed using the gl0 low-field data, before application of CLAS fiducial cuts. Only a

small fraction of these came from photons with energies above 2.3 GeV (see Fig. 19).
In addition to the 2100 reconstructed KA and 1400 K9%° events per allocated beam
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Figure 26: Preliminary gl10 low-field yields for yn — K+X~ before background subtraction.
With only fiducial and missing-momentum cuts applied, the background is about 50%.

day, rates for other gl0 channels include close to 1000 K+~ (1385) events per day. This
comparatively high rate results mainly from the fact that only one K° out of three decays
to 7t7~ and that the acceptance is better for the KT than the K. Also, the rate for the
three-particle final state of the K™%~ channel is comparable to those for K?A and K?%°,
despite the fact that detection of a neutron is required. The challenge in this channel is
to deal with the background, for instance from yn — nw*7~. This is in contrast to the A
and X0 channels, where the background is at the percent level. The final g2 analysis for the
KT~ channel also shows a small background [58]. Very preliminary results from an analysis
by Rossi et al. [61] demonstrate the statistics in gl0. However, no background subtraction
has been made for the yields shown in Figure 26, where the background is at the 50% level.

This may improve as cuts are refined.

The cross section is lower for rescattering than for quasifree reactions. But although it
is small for low spectator momenta and high photon energies, it still makes up a significant
fraction of the total cross section. In the K?A channel, at least 20% might be reasonable

estimate.
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E, (GeV) gl0 Circular polarization | Linear polarization
1.1-1.3 440 2680 11600
1.3-1.5 550 2730 13700
1.5-1.7 400 1740 9710
1.7-1.9 330 1210 7860
1.9-2.1 210 740 5320
2.1-23 170 540 4300

total 2100 9640 N/A

Table 7: Rates for the yn — KPA reaction (in events per allocated beam day) estimated
from g10 data, corrected for the photon flux, target geometry, and the acceptance ratio for
the two configurations. The last of these was based on a -1500 A (reversed polarity) main
torus current. Only events that are correctly reconstructed in the CLAS are included. With
linear photon polarization, each setting is run separately. The column for linear polarization
does not include any data using an amorphous radiator.

4.3.5 Rates

Table 7 shows our model-independent event rate estimates for the yn — K?A channel for
each E, bin. The linearly polarized settings will be run separately. About 20% of the time an
amorphous radiator will be used for normalization purposes. For the circular polarization, the
abundance of events at low E, will compensate for the drop in circular photon polarization,
and will be valuable for our rescattering studies. The most important improvement, will
result from the fact that the acceptance will be much flatter in cos(6%") using the proposed
main-torus current. This redistributes our statistical uncertainties in a more favorable way
(see Figs. 30 and 31 below), which is very significant because our systematic uncertainties
are relatively small. By extending the measurement to forward and backward angles, we will
increase the effective number of data points measured in the experiment, and they will cover

a wider kinematic range.
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4.4 Determination of polarization observables and their statistical

uncertainties from the experimental data

The extraction of polarization observables for quasifree K'Y production on the neutron from
the experimental data is based on Eq. 12 [21]. For each (E.,,cos(6%")) bin, the normalized

yield can be expressed as

dr dN

Y 1 P, Ycos?
Nodpsingds — 17 Pln¥cos2o

+ Py (= PinOy sin 2¢p — Py Cly) (12)
—Py (=P + Py T cos 2¢p)

— P, (BmOz’ sin 2§0 + P(DCZ’)}a

Figure 27: Definition of the ¢ angle. The primed coordinate system is shown in Figure 1. The
7’ axis points along the kaon momentum, the y’ axis is perpendicular to the reaction plane
and defined by p; x px. The x’ axis is in the reaction plane and completes a right-handed
coordinate system.

where N is the number of events in a solid angle dysinfdf, Ny is the total number of
events for the (E,, cos(§%")) bin (the unpolarized rate), ¢ is the angle between the photon

polarization vector and the reaction plane, as shown in Fig. 27, and Py, = acosO,, , ,.
[ 0,y 52
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Here, a = 0.642 £ 0.013 is the self-analyzing power of the A in its decay to pmr~—. The
asymmetries can be analyzed either by a fit to a distribution differential in ¢ and € or to
one that is integrated over one or both of them. The first approach is difficult without
very large statistics, but both of the latter will be used in the final analysis since they
have somewhat different systematic uncertainties. The value that is usually quoted as the
statistical uncertainty for an asymmetry, corresponding to its value at zero, is independent,
of the choice of method. Strictly speaking, this is an upper limit, but the uncertainty is
not significantly smaller even when the asymmetry is large. It will be derived here using
integration over both angles. This approach is the most straightforward, and the one that

is least sensitive to final-state interactions.

4.4.1 Determination of the beam-spin asymmetry X
For a linearly polarized photon beam, Eq. 12 becomes

2 dN

——— = 1—P;,= 2. 13
Ny do )in 2 COS 20 (13)

We define N{', N, N2”, and Nj- according to Fig. 28.

Y
nl
3n/4 v (w2 / /4
I I
N F M
T ‘ 2n
| | X
Sn/4 /4

Nl 3n/2

Figure 28: Definition of the four quadrants in ¢, which is the angle between the reaction
plane and the polarization vector of the photon, used in the extraction of ¥ and 7.
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T T
N = No [0 RS cos20)dp = No(5 — FinY) (14)
4
3
Nt = NO/ " (1= PunE cos 20)dip = No(§ + PinY) (15)
T
5w
T T
N = N [ (- RS cos20)de = No(5 — FinY) (16)
4
T
N+ = N /5: (1 = PypX cos2¢)dp = No(g + PiY) (17)
s
Thus
N1 = N+ N = 2No(5 - Pia®), (18)
Nt = Ni+nNt= 2N0(g + PY).
We can then construct the asymmetry
N+ — Nl 2P Y
= . (19)
N+ + NI T
Therefore, 3 and its statistical uncertainty > are determined from
m Nt — NI
Y = 20
2P, NL 4 NI’ (20)
T 1
0x = 21
2BinVNJ‘+N”’ ( )
where N* + NIl = Ny is the total number of unpolarized events in a given kinematic bin

(Ey, cos(0%"))-

4.4.2 Determination of the recoil polarization P

The recoil polarization can be determined in an experiment either with a linearly or circularly

polarized photon beam. We shall do both, but let us here consider the case of linearly
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polarized photons, for which Eq. 12 becomes

47 dN

Nodpsinbydg, | Tln>cosZ Oy (P — PynT cos 2¢), 22
No dysin 0,df, 1in > €08 20 + . cos By ( jinT €08 2¢0) (22)

where cos 0 is the y-direction cosine of the 3-momentum vector of the decay proton in the

rest frame of the A. We define N*, N~ as

2r 3 dN aP

Nt = / / Y osinbydf, = No(1+ 5 23
o Jo dypsiné,db, P by @y o1+ 2 ) (23)
2 dN aP

N- :/ /—d in 6, df, = No(1 — ). 24
o s dpsingyde, 29SO dy = No(l = 57) (24)

We can then construct the asymmetry

Nt —N~— P
e S (25)
N+ + N- 2
The recoil polarization P and its statistical uncertainty P are thus determined
2Nt —N—
P = — 26
aNt+ N- (26)
oP = 2 ! (27)
~ ay/NT+N-’
where Nt + N~ = Ny is the total number of unpolarized events in a given kinematic bin

(Ey; cos(0F"))-

4.4.3 Determination of the target asymmetry 7

The target asymmetry 7" will be determined using linearly polarized photon beams. We use

Eq. 22 and define NIt NlI= N1+ and Nt~ as

$[5 AN ¥ 5 dN
N||+:/4/ AN / /—d odn —
w o dgsinbyds, I T i Sy dgsing, e, S
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= L 9P,y — — 28
™+ 2 1 5 (28)
T orm dN T oqr dN
NI- = // Y Josing,do, / /—d in 0, df, =
w |z dpsinyddy O VY T w2 dgsing,ae, I Py
P PunT
T 5 dN T 5 dN
Nt = /4/2—61 inf,d, / / ———dpsinfydi, =
s Jo dpsinydd, TN T [ o dpsimoe,de, S v
P P T
LY L (30)
g dN T dN
Nt = // Y 4ysing,do, / /—d in 0, df, =
= Jz dpsinbydb, iy diy + sz Jz dosinfydf, Pl Ty @y
P PunT
- w—%ntmmz—alT. (31)

Therefore, 1" and its statistical uncertainty are determined from

oo 2 (Nt + NlI=) — (N+= 4+ Nt (32)
~ aPy, N+ NI=4 NL- 4 N+
2 1
o7 = T : (33)
aPin / N1+ + NI- 4 N1- 4 NI+

where N+* + Nl- + N+= 4 NI+ = Nj is the total number of unpolarized events in a given

kinematic bin (E,, cos(0%")).

4.4.4 Determination of the double-polarization observables O, and O,

Determination of these two observables requires linearly polarized photon beams. Let us

first consider O, . Equation 12 then becomes

A7 dN

ﬁo m = 1= PynXcos2¢ — aPin Oy sin 2 cos O, (34)

We define Nt NL= NE+ and N® according to Fig. 29:

53 dN = 5 4N
NEF = / / AN sing,dd, / /—d 06 d0, —
o Jo dpsingyday S T | | G sin g, da, 0P 5
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Figure 29: Definition of the four quadrants in ¢, which is the angle between the polarization
vector of the photon and the reaction plane, used in the extraction of O, and O,..

™ aPlinOa:’
= o - 2y, (3)
57 dN 5o dN
Ve L g [T,
o Jz dosinfydf, pam * = Jz dpsinbydl, pem
Pinoz’
= 25+ 5 ), (36)

2 2

T % dN 3 dN
L+ = ? - 1 / / ? - ] ! ] =
N N /g /0 dpsin 0,db, dpsin Ol + / 8x /0 d sin 0, df dpsin O dy

™ aBinO:c’
= o 4 OO (37)
Ly dN 2r rm dN
NI = //—d in 0, dfy / /—d in 0, df, =
r Jz dpsinbOydiy P * 3= Jz dysinOydfy v
™ aBinOz’

= (5~ )- (38)

2 2

Thus, one can determine O, and its statistical uncertainty 6O, from

O B T (NR— +NL—|—) _ (NR-I- +NL_)
= aPy, NE- 4 NL+ 4 NR+ 4 NL-
T 1

oPyn /NE= + NL+ + NR+ + NL='

00y =
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In a similar way one can determine O, and 6O, from

T (NRf +NL—|—) _ (NR+ +NL7)

O, = , 41
OZI_)lin NE- + NL+ + NE+ + NL- ( )
T 1
00, = , 42
® @B, VNE- + NI+ 4 NEF 4 NI- (42)
where the upper labels ”-” and ”+” correspond to integration over the negative and the

positive intervals of cosf,, respectively.

4.4.5 Determination of the double-polarization observables C,; and C,

Determination of these two observables requires circularly polarized photon beams. Let us

first consider C;. Here, Eq. 12 becomes

2 dN

—_ = 1- 0, PoyCly. 43
NO sin 956/ d@w, reos © ( )

If we label with N* and N~ the number of events for a given range of cos 8, corresponding to
positive and negative beam helicity states, respectively, the observable C; can be obtained

from the asymmetry

o _ 2 (NU AN - (NP 4N ) "
¥ T aPy Nt +N-t+Ntt+N— '

where Nt~ + N~ T+ N*t+t 4+ N~ = Nj is the total number of unpolarized events for a given
kinematic bin (E,, cos(#%")). The first upper label in the above notation shows the helicity
state of the circularly polarized photon beam, while the second upper label corresponds to
the interval of cos 8,y over which the integration has been done (“+” labels integration over 0
to —1 and “-” labels integration over —1 to 0). The statistical uncertainty 6C, is determined

from

2 1

§Cy .
aPo/NT +N T+ Nt + N -

(45)
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The double-polarization observable C',; and its statistical uncertainty 6C',» can be calculated

from analogous expressions, integrating over cosf,.

4.5 Systematic uncertainties

A summary of systematic uncertainties for this experiment is given in Table 8.

Systematic uncertainty

Circular polarization

Linear polarization

at 2% 2%

background subtraction? < 5% < 5%
beam polarization 2% 3-4%
total 6% 6-7%

Table 8: Systematic uncertainties: ! not for ; ? for the K?A and K?>° channels only.

The following sources of systematic uncertainties are common to both the linearly and cir-

cularly polarized parts of the experiment:

e The uncertainty of the value of the self-analyzing power of the A hyperon «. In the

PDG this value is listed as a = 0.642 4 0.013, corresponding to an uncertainty of 2%.

e The uncertainty of the extracted quasifree KA yields due to background contributions.

There are two types of contributions which have to be considered:

— the contributions from other physics channels. The yield extraction will be mainly

based on the K A missing-mass distribution, where the spectator-proton mass peak

can be clearly identified. Background subtraction will be performed in order to

remove events from the tail of the distribution. The systematic uncertainty of the

yield extraction due to this background can be reduced, as discussed in section 3.2

and exemplified by our analysis of the g10 data. We estimate this uncertainty to
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be 2%. With the proposed torus current of -1500 A, this uncertainty may increase

somewhat due to the decreased momentum resolution.

— the contribution from non-quasifree events (FSI). As described in section 3.2, we
select the quasifree channels by making a cut on the momentum distribution of the
missing proton (see Fig. 15). Thus, our sample maight contain rescattering events.
The contribution of rescattering events can be estimated ia various ways, which are
also discussed in section 3.2. For a very conservative estimate, one can extrapolate
the high-momentum tail of the missing-proton momentum distribution under the
spectator-momentum peak. This can be done either by using a model or just
assuming a linear dependence. The background contribution itself, estimated
using the latter method , is at the level of 5%. This background can be subtracted
from the yield in each kinematic bin, thus reducing the systematic uncertainty
to the uncertainty in the subtraction. The subtraction will be optimized through

our studies of the final-state interactions (see section 3.4).

A very conservative estimate of the total systematic uncertainty due to back-

ground subtraction is thus less than 5%.

e The uncertainty due to bin centering will be small.

4.5.1 Linearly polarized photon beam

The following sources of systematic uncertainties pertain to the linearly polarized part of

the experiment:

e Determination of the linear polarization of the photon beam ‘slfﬂ. The linear polariza-

lin

tion of the photons will be determined by fitting a model to the experimental energy
distributions, as was done for g8b where this uncertainty was found to be 3 - 4%.
We take this estimate as the expected uncertainty of the photon polarization for our

proposed experiment.
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e The CLAS acceptance. As discussed in section 4.4, we obtain our double-polarization
observables by integrating yields over quadrants in ¢ (Lab System) and/or halves of
the cos pr, ranges in the A rest frame. Thus, any differences in the CLAS acceptance

in these angular ranges can produce false asymmetries.

Differences in ¢ acceptance will be studied with high statistics and corrected using the
integrated KA yields over these ¢ quadrants, and by rotating the linear polarization
in the experiment by 90°. This should lead to results independent of the p-acceptance.

Therefore, we do not anticipate any significant systematic uncertainty from this source.

This leaves only two observables, P and 7', which can be dependent on the CLAS ac-
ceptance in terms of cos pr,. The latter would, however, only contribute to false asym-
metries if, for each kinematic bin (E,, cos(0%")), the CLAS acceptance for cos 6, , > 0
differs from that for cos Opy, < 0. This can happen only if the two halves of the cosine
interval correspond to different kinematic coverage of py, s and 6, 1s. For unpolarized
and circularly polarized beams, the reaction plane (to which the y’-axis is perpendicu-
lar) does not have a preferred g-orientation, and in any statistically significant sample
the condition is satisfied by symmetry. In order to make sure that it is also satisfied
for the linearly polarized case, we use a realistic GSIM simulation of the K°A reaction,
assuming an unpolarized A decay. For each of the 60 kinematics bins of interest, we

N*—N~ which turned out to be consistent with zero. This

constructed the asymmetry NTIN—

is because the two halves of the cos 9py, interval correspond to exactly the same ranges
in p, s and 6, 1s. Thus, we do not expect any significant systematic uncertainty due

to the CLAS cos pr, acceptance.

4.5.2 Circularly polarized photon beam

Circular polarization will be used to determine the observables C/, C,/, and P. We anticipate

the following sources of systematic uncertainties:
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e Determination of the photon circular polarization ‘Spig. This uncertainty depends on
the uncertainty of the polarization of electron beam §P,-, which will be determined
using the Mgller polarimeter in Hall B. Based on previous experiments requiring Mgller
measurements (such as glc, g3, el-6, and eglb), we estimate this uncertainty to be

around 2%.

e The CLAS acceptance. Since we are going to use an acceptance-independent method

to determine C, and C,/, we will have no such systematic uncertainty.

e Instrumental asymmetries, beam position, and electron-beam charge asymmetry. These
will be studied, and corrected for, using the total K'Y yields (integrated over all the
angles of the proton from the A decay). For this case, the beam-helicity asymmetry

%I;%: must be zero. We expect these systematic uncertainties to be negligible.
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4.6 Beam time

Our beam-time request is divided into two parts, one requiring a 5-GeV electron beam, and
one with a longitudinally polarized 2.4-GeV electron beam. The former will use the coherent-
bremsstrahlung facility in Hall B to produce linearly polarized photon beams. Beam time
is requested for six settings, each covering 200 MeV of the 1.1 < E, < 2.3 range. The
latter will produce circularly polarized photons with a regular bremsstrahlung spectrum,
covering energies from the A threshold up to 2.3 GeV. These are the assumptions used for

the counting-rate estimates in Table 6 of section 4.2.

However, as noted in sections 4.1 and 4.2, there is considerable flexibility in the electron-
beam energies and polarizations. For the part using circular polarization, energies of up to
3 GeV would be acceptable. For the linearly polarized case, although high beam energies
are desirable, the lowest two points can be taken with a 3-GeV beam. This flexibility makes

the experiment easy to schedule.

The requested beam time is based on the necessary limits on the statistical uncertainties
for the polarization observables in the yn — KA channel. These are determined by the
sensitivity of the observables, as exemplified by the CSI model predictions for the D;3(1900)
resonance (see also section 2.2). Both the uncertainties and predictions averaged over the
corresponding E, bin are shown in Figs. 30 and 31. The uncertainties for the ¥ channels, as
well as for the Y* and K™ final states, will be somewaht larger. The focus is mainly on ¥,
O, and O, for the linearly polarized part and on C, and C, for the circularly polarized
part. The recoil polarization P can be determined in both parts of the proposed experiment,
and its statistical uncertainty can therefore be reduced by combining the data samples and
propagating the corresponding systematic uncertainties. The actual value of 6P will thus
be better than shown in Fig. 30, which is based only on the linearly polarized data sample.
We also want to have comparable uncertainties of a given observable over as wide a cos(65)

range as possible for each photon energy.
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As can be seen in section 4.4, the statistical uncertainty of each polarization observable
for a specific kinematic (E,, cos(0%")) bin is inversely proportional to Ny (the total number
of unpolarized events in this kinematic bin). We know the latter from our rate estimates,
based on actual gl0 data, corrected for the differences in acceptance, target length, and
incoming photon flux (see section 4.3).

In order to achieve the uncertainties shown in Figs. 30 and 31, we require 15 days with
circular polarization and 5 +4 + 5+ 6 + 6 + 7 = 33 days with linear polarization. The

subtotals refer to the six photon energy bins centered at 1.2, 1.4, 1.6, 1.8, 2.0, and 2.2 GeV.

4.6.1 Beam-time request

In terms of 24-hour days with uninterrupted beam time, we request 15 days using a highly
polarized 2.4-GeV electron beam for the circularly polarized measurement and 33 days with

a 5-GeV electron beam for the linearly polarized measurements.
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Figure 30: The statistical uncertainties for P, ¥, and T in the yn — KPA channel with
5+4+5+6+6+7 = 33 allocated beam days. The predictions of the CSI model (see
section 2.2) with (red) and without (blue) the D;3(1900) resonance are shown as well.
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Appendix

Selected results from the coupled-channels calculations
for the proton by Bennhold and Waluyo [6].
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Figure 32: Differential cross sections for yp — KA at low energies. The solid lines show the
full calculation, while the dashed, dotted, and dot-dashed lines show calculations without
the Dy3(1700), P;3(1720), and Born contributions, respectively. Data are from Ref. [28].
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Figure 33: Differential cross sections for yp — KA at high energies. The solid lines show
the full calculation, while the dashed, dotted, and dot-dashed lines show calculations without
the D;3(1900), P13(1900), and K* contributions, respectively. Data points marked by open
circles are from Ref [28] and the triangles are from Ref. [74].
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Figure 34: Energy distribution cross sections for yp — KA. The solid lines show the full
calculation, while the dashed and dotted lines show calculations without the D;3(1900) and
P;3(1900) respectively. Data are from Ref. [28].
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Figure 35: The recoil polarization P, for yp — K*A. The solid lines show the full calculation,
while the dashed, dotted, and dot-dashed lines show the calculation without the Py3(1720),
D15(1900), and Py;3(1900) contributions. Data are from Ref. [28].
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Figure 36: The photon beam asymmetry X for yp — KA. The solid lines show the full
calculations, while the dashed and dotted lines show the calculation without the D;3(1900)
and P;3(1900) contributions. Data are from Ref. [74].
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Figure 37: Differential cross sections for yp — KX at low energies. The solid lines show the
full calculation, while the dashed and dotted lines show calculations without the D;3(1700)
and Ds3(1700) contributions. Data are from Ref. [28].
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Figure 38: Differential cross sections for yp — K+X° at higher energies. The solid lines
show the full calculation, while the dashed and dotted lines show calculations without the
P3,(1900) and Ps3(1920) contributions. Data are from Ref. [28].
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Figure 39: X0 recoil polarization for yp — K% The solid lines show the full calculation,
while the dashed, dotted, dot-dashed, and double-dotted lines show calculations without the
D13(1700), S31(1900), P3;(1900), and P33(1920) contributions, respectively. Data are from
Ref. [28].
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Figure 40: The photon beam asymmetry 3 for yp — K+X°. The solid lines show the full
calculations, while the dashed, dotted, and dot-dashed lines show the calculation without
the D13(1900), P33(1920), and D35(1930) contributions. Data are from Ref. [74].

83



03F W=1.797GeV 1t W=1898GeV 1 W=1995GeV 1 W= 2.0&TGey
1 1 ] /

o
<
e B \
3. 02¢
01 7/ \\\
©
o

~ * . .
- = = ¢
co0®0 @ [ Tee.a6

0.0 — AR SD =" Yy 6o,
1.0 -05 0.0 05 -1.0 -05 0.0 05 -1.0 -05 0.0 05 -1.0 -05 0.0 05 1.0

CcoSs ﬂcm

Figure 41: yp — K%+ differential cross section at lower energies. The solid lines show the
full calculation, while the dashed, dotted, and dot-dashed lines show the calculation without
the D13(1700), D35(1900), and D;5(2000) contributions. Data are from Ref. [55].
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Figure 42: yn — K1Y~ differential cross sections at higher energies [58]. The solid lines
show the full calculations, while the dashed, dotted, dot-dashed, and double-dotted show
the calculation without the D;3(1700), P3;(1900), Ps3(1920), and D;5(2000) contributions.
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Figure 43: Pion photoproduction proton electric and magnetic multipoles resulting from
global fits. Electric and magnetic multipole single-energy solutions are taken from GW-DAC.
The solid lines show full solutions while the dashed lines show the background contribution.
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Figure 44: Pion photoproduction neutron electric and magnetic multipoles resulting from
the global fits. The solid lines show full solutions while the dashed lines show the background
contribution.
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