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Abstract

An experiment is proposed which will measure the parameters of an exotic
S = +1 baryonic state recently observed in the reaction yn — K~-01t — K~ K'n.
Three closely connected studies are proposed here:

(1) The investigation of the reaction D(e, K nK ™)X, which will measure the
resonance mass and width with a resolution (FWHM) of 2.9 MeV and an angular
distribution of the decay products, which may allow determination of the ©* spin.

(2) The investigation of the reaction D(e, e’ K~ psop)X , which will measure the
resonance mass with an accuracy (systematic) of 1.3 MeV and width with a reso-
lution (FWHM) of 3.4 MeV; and estimate of the photon linear polarization asym-
metry, which may provide a key to ©F parity. Both measurements will find the
production cross section.

(3) The investigation of the reaction H(e, e’ K ~)X [and H(e, ¢/ K 7)X], which will
search for the ©* state partners, namely a ©*" in the mass range 1450-1620 MeV
and a E" in the mass range 1560-1860 MeV.

The experlment utilizes a 4.5(6.0) GeV electron beam in Hall A, HRS spectrom-
eters with the septum magnets, the BigBite spectrometer, and a large neutron
detector. This equipment exists or is under construction for recently approved
experiments. With 1116 hours of beam-time for all three measurements, data will
be obtained on the resonance width, mass, and quantum numbers. Such measure-
ments will dramatically increase our experimental confidence in the parameters of
the exotic state and its nature.



1 Introduction

A new baryon resonance (©%1) has been observed in K*n and K?p decays by several
independent experiments [3, 4, 5, 6, 7, 8, 9]. Because of its positive strangeness and baryon
number, the ©T is explicitly exotic, and its minimal quark content is uudds. Such a state was
predicted as a member of an antidecuplet of the flavor group SU(3)p [1]. This unitary iden-
tification assumes zero isospin of the ©T, and continues to be favored [10, 11, 12]. However,
other identifications with higher isospin have also been suggested in the literature [13, 14].
These suggestions imply the existence of related states such as the ©**. An alternative idea
on the origin of the small width of the © was suggested in [15].

The mass of the © was predicted to be 1530 MeV [1]. Several of the present experiments
give the nearby value of 1540 MeV, with a range of 1526-1555 MeV (see Tab. 1).

Aprroach/ Mass Width
Collaboration | Beam/Target | Channel (MeV) (MeV) | Ref.
Theoretical Predictions

| Chiral soluton | | | 1530 | <15 | [1] ]
Experimental Observations
LEPS ~12C nK+ 1540+10 <25 [3]
DIANA K*™Xe pK? 153942 <9 [4]
CLAS/yn ~vD nK™ 154245 <21 [5]
CLAS/~p vH nK+ 1555+16 <26 [6]
ELSA ~vH nK+ 1540+4+2 <25 [7]
ITEP /v vH,D,Ne/H pK? 153345 <20 [8]
HERMES eD pK? 1526+2+2 <18 [9]
Limits based on Non-Observations
USC K*d 1543 <6 [16]
GWU K*n 1540—1550 <1 [17]
Jiilich K*n 1545 <5 [18]

Table 1: Theoretical predictions, experimental observations and limits based on non-observation for the
production of the ©7.

The spin of the ©* is unknown, though there is weak evidence that J = 1/2 is preferred, as
was predicted [1]. Many models predicted a positive parity, but lattice gauge calculations [2]
and constituent quark model predicted a negative one. The parity puzzle has sparked lively
discussion in the literature, since uudds positive parity state requires at least one unit of
orbital angular momentum in the quark configuration.

The most intriguing property today is the width of the ©%. The original theoretical
prediction had T'g+ < 15 MeV [1]. Existing experiments cannot resolve I'g+, however they
place upper limits based upon the experimental resolution. Most experimental publications
give an upper boundary of 20 MeV, larger than expected by theory. The Xenon bubble
chamber data, corresponding in essence to the charge exchange Ktn — K%, provide a
tighter limit of 9 MeV [4]. An indirect data treatment [16], using the published K*d total



cross section data, leads to a stronger limitation I'g+ < 6 MeV. The partial-wave analysis of
available KN (elastic and charge exchange) scattering data appear to exclude even widths
above 1 MeV [17]. If the width is indeed so small, it is natural to expect that other members
of the same multiplet should have comparable widths. Such an expectation is supported by
recent evidence for another exotic state ==~ also having a narrow width [19]. A width on the
level of few MeV will indicate that the ©T has very different structure than known baryons.

Our primary goal will be a measurement of the width of the ©*. It will be achieved
by using basic JLab Hall A spectrometers which are capable of providing sub-MeV energy
resolution in electro/photo production of the resonance, small angle, high momentum particle
detection and excellent PID for few GeV kaons, and the “third” arms of Hall A which are
under development for the already approved experiments E01-014 [20] and E02-013 [21],
namely the BigBite spectrometer and the large neutron detector. The value of the © mass
will also be measured. The angular distribution of the decay products will be measured
and may allow for the determination of the resonance spin. The photon linear polarization
asymmetry will also be measured, which may provide a key to the ©T parity.

There are two other members of the possible antidecuplet which might also be readily
observed using the same detector system, namely the E and the EO A search for the ©F

member of the proposed isotensor multiplet [13] will also be performed A search, similar
to that of the ©F, has found no evidence for the ©T" in existing K*p scattering data [17],
where the authors did an evaluation for the mass range of 1520 to 1560 MeV and for the
width range of 0.1 to 10 MeV. The production process p(e, €' K~ )Z was discussed in detail
by [22]. The Hall A two septum setup has very high sensitivity in the search for both the
E‘I’_O and the ©,

We, therefore, propose a search and a study of the exotic baryon in electromagnetic re-
actions from the neutron and proton. The proposal is organized as follows. In section 1
we present the physics motivation and the goals of the proposed experiment. Section 2 in-
troduces the kinematics of the proposed measurements. In section 3 we describe essential
features of both the standard and the specialized equipment. Section 4 summarizes exper-
imental information for inclusive photo-production of the negative kaons in the diffractive
regime, which allow us to make an estimate of the non-resonant and accidental background
contributions to the expected data and calculation of the single rates in detectors. Section 5
presents the details of proposed measurements, the calculations of the mass resolution, event
rates, trigger logic, and event analysis. Expected results and a beam time request are shown
in section 6. Finally the proposal is summarized in section 7.



2 Kinematics

The diagram of the reaction is shown in Fig. 1. The quasi-real photons are produced
by electron scattering. A pair of kaons is produced through the diffractive mechanism with
t-channel dominance. The virtual kaon interaction with a neutron results in the ©*. The
Ot state decays into the K™ and the neutron. The narrow width of the ©1 means that its
decay is most likely to happen at a large distance from the target nuclei. The reaction is
characterized by small angle between negative kaon and photon momenta or low t-dominance.
The dominant exchange particles are the pseudo-scalar K* and the much more massive
vector K*. As illustrated in Figs. 2 and 3 this experiment will study the production of the

Figure 1: The diagram of the ©®F production process.

OT from a deuterium target. The high-energy forward-going negative kaon will be detected
in the Left High Resolution Spectrometer (HRS-left). In the first part of the experiment
(M1) the scattered electron will remain undetected. Both decay products of the ©F will be
detected and provide full information about the ©% four-momentum. The positive kaon will
be detected in BigBite and the neutron in the large neutron detector. In the second part of
experiment (M2), the secondary electron will be detected in HRS-right. The soft proton
will be detected in BigBite to complete information about the missing momentum and allow
accurate reconstruction of the ©T momentum and mass. These detectors are built or under
construction for approved experiments E01-014 [20] and E02-013 [21]. In the third part
of the experiment (M3) the high momentum kaon (positive in search for the X2 and
negative in search for the ©**) will be detected in HRS-left, and the scattered electron will
be detected in HRS-right. The order in which the measurements will be performed can differ
from the introduction above because of schedule opportunities and equipment readiness.
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Figure 2: The experimental setup for the first part of the experiment.

3.0 GeV/c \\\\\

Cold D2 gas
beam

BigBite . \\\\\\\\\\ .

Proton __—
150 MeV/c

2.1 GeV/c

N\

Figure 3: The experimental setup for the second and the third (M2 and M3) parts of the experiment. In the
third part of the experiment BigBite will not be used.



2.1 The kinematics in M1

An electron beam with a current of 20 uA at an energy of 4.5 GeV will be used. The
density of the gas target will be adjusted to obtain an electron-nucleon luminosity Len (ucicon)
of 1-10%" cm~2s~!. The negative kaon will be detected in the magnetic spectrometer HRS-
left at a central angle of 6° with a septum magnet. The positive kaon will be detected in the
BigBite spectrometer at horizontal /vertical angles 18°/-15°, and the neutron will be detected
in the large neutron detector at horizontal /vertical angles 18°/+422° (see Fig. 2). HRS-left is
selected for kaon detection because it is equipped with threshold Cerenkov counters for pion
rejection at the trigger level [23] and the state-of-the art RICH detector for identifying the
kaon [24]. The selected kaon momentum of 3 GeV/c follows from improved kaon survival
probability at high momentum and the upper limit of the kaon PID (2.84 GeV/c¢). The
kaon momentum of 3 GeV/c is also consistent with the photon energy and the angle of
the spectrometer. The photon energy of 4 GeV leads to the choice of 4.5-5 GeV electron
beam energy because with higher beam energy the Feynman variable 2 become smaller and
inclusive K~ photo-production cross section is growing which leads to larger non-resonance
background. Also, at lower beam energy the flux of equivalent photons is reduced.

The direction of the ©F particle is about 18°. The relatively small momentum of the
produced O (of 1 GeV/c) and low energy yield in its decay to the K*n channel leads to a
large angle between K and neutron. The forward direction of the O leads to positioning
the detectors in a place with high background rate. Especially if the detectors are located
in the same plane as the negative kaon. So, we plan to put both detectors out-of-plane.
The BigBite will be installed in the direction down by 15° and the neutron detector in the
direction up by 22°. Such an arrangement has a relatively large angle between the beam line
and detectors (25-30°) and also a large range of angles between the ©* momentum and decay
products (due to the favorable aspect ratio of the acceptance in BigBite and the neutron
detector) which is very important for determining the resonance spin.

2.2 The kinematics in M2

An electron beam with a current of 110 pA at an energy of 6 GeV will be used. The
density of the gas target will be adjusted to obtain the L.y of 1.1-10% cm2?s7!. As was
suggested above, the negative kaon will be detected in the magnetic spectrometer HRS-left
at a central angle 6° with a septum magnet. The scattered electron will be detected in the
magnetic spectrometer HRS-right at a central angle 6° with the second septum magnet. The
soft proton will be detected in the BigBite spectrometer at a central angle of 70°.

In this measurement the resonance will remain undetected, but observed in the missing
mass spectrum in the reaction D(e, e’ K~ psop)X . It requires detection of the electron, the
negative kaon, and the proton. To achieve sufficient counting rate in this approach we rely
on the detection of a very soft proton. We propose using a cold gas target. Because of large
length of the cell, the required luminosity can be obtained with gas density which is only of
2-3% of the liquid deuterium density. The threshold momentum for the proton can be as



low as 150 MeV /c. We find that the optimum direction for the soft proton, in which BigBite
can be used together with two HRSs and septum magnets, is about 70°. We also note that
for such slow protons the time-of-flight can provide sufficient momentum resolution for this
experiment. The combination of the wire chamber and a segmented ToF plane could be
used instead of full BigBite spectrometer. However, because the background study was done
only for BigBite we will consider it as the primary option for the second measurement in
this proposal.

The central momentum of the kaon spectrometer will correspond to the quasi-free
production of the ©* from the neutron by a quasi-real photon with an energy of 4.0 GeV.
The significantly larger electron beam energy as compared to first measurement leads to a
larger energy of the final electron and larger momentum acceptance of the spectrometer. The
scattered electron energy will be about 2.1 GeV, which corresponds to the range of missing
masses of 1480 to 1620 MeV.

2.3 The kinematics in M3

An electron beam with a current of 100 A at an energy of 6 GeV Will be used. The density
of the gas target will be adjusted to obtain the £,y of 1-103 cm=2s~!. The measurement can
be done with the standard Hall A cryogenic target, but with a 51gn1ﬁcant loss of resolution due
to multiple scattering in the target. The kaon will be detected in the magnetic spectrometer
HRS-left at a central angle of 6° with a septum magnet. The scattered electron will be
detected in the magnetic spectrometer HRS-right at a central angle of 6° with the second
septum magnet. There will be one momentum setting in the search for the ©** and two
settings (to cover a larger range of the missing mass) in the search for the EO The polarity

of HRS-left will be positive in the search for the ¥°_and negative in search for the ©++. The
instrumental resolution in missing mass in such a measurement (FWHM) will be ~1.75 MeV.



3 Experimental Setup

The experiment will be performed in Hall A, where the spectrometers equipped with the
septum magnets provide access to scattering angles of 6°. The Hall A spectrometers also
have powerful particle ID. Kaon identification in HRS-left includes a time-of-flight system
with a resolution of 150 ps and threshold Cerenkov counters. A Ring Imaging Cerenkov
detector in HRS-left is being commissioned. For proton rejection in BigBite, a threshold
Cerenkov counter with a water radiator will be constructed. For pion rejection, another
threshold Cerenkov counter with the aerogel radiator will be constructed.

3.1 The CEBAF electron beam

The beam energy of 4.5 GeV will be used in the first part of this experiment. For the
second (and third) part of the experiment a higher beam energy of 6.0 GeV should give a
better signal-to-background ratio.

3.2 The cold gas deuterium target

The experiment will utilize the standard Hall A liquid hydrogen target system, but with
a new target cell, shown in Fig. 4. It is a 50-cm long combined machined-soldered cell with
2 cm diameter and 25 pm wall thickness of Al (or 100 pm of Be). The cell will be filled with
deuterium at 28 K and a pressure of about 2 atm. The density will be of 0.040 g/cm?. The
parameters will be adjusted for specific luminosity of each measurement. The large length of
the target allows us to reduce the gas density and pressure, which is important for reducing
soft proton scattering in the gas and the walls of the cell. Another important advantage of
the long target is the suppression of the accidental events.

Al foil 25 pm
cold deuterium gas gas flow deflector
rastered bea
— , Cohy
f IJ J\LW»

50 cm 2cm

Figure 4: The concept of the long cold gas target.

3.3 The High Resolution Spectrometer-left

Basic parameters of the HRS-left are given in Tab. 2. The spectrometer has very good
momentum and angular resolutions and moderate momentum and angular acceptances.

10



item value
central momentum range, p. [GeV/(] 0.3-4.3
momentum acceptance, Ap/p. [%] +45
momentum resolution, o, /p 1.1-1074
minimum angle for the central trajectory | 6° with septum
solid angle for the point target [msr] 6.2
coverage for scattering angle 3.1°
extended target acceptance, Y [cm)] +5

O4isp angular resolution (rms) [mr] 1.5
Orondisp angular resolution (rms) [mr] 2.0
target vertex Y resolution, o, [mm)] 1.5

path from the target to the trigger [m] 25.0
detector area (front chamber), [cm x cm] | 200 x 15
trigger segmentation 16

time resolution, o, , [ns ] 0.15

Table 2: The parameters of the HRS spectrometer.

3.3.1 The HRS-left particle identification

HRS-left has several means for particle identification, especially for selecting high energy
kaons. The PID can be used for on-line rejection of electrons and pions as well as for off-line
selection of a very clean kaon event sample. There are two threshold Cerenkov counters in
HRS-left called A1 and A2 with indices of refraction of 1.015 and 1.055, respectively. The
Al is perfectly suitable for use in the trigger for rejection of the electrons and pions with
kaon momentum up to 2.84 GeV/c. The effectiveness of these counters was shown during
experiments E98-108 and in 2001 and 2002 (see Fig. 5). The detector package in HRS has
two scintillator planes. Recently, the second plane in each HRS was replaced by a new one,
for which the time resolution (sigma) is about 150 ps per paddle. This will allow us to realize
identification of the beam bursts by using the electron arm and measuring the kaon ToF with
150 ps resolution for the flight path of 25 meters. For unique identification of the kaon, the
hyper-nuclei collaboration (E94-107) constructed a Ring Imaging Cerenkov detector. It has
a liquid freon radiator and is perfect for kaon identification in the few GeV momentum range.
The on-line rejection of electrons will be done using the A1l aerogel Cerenkov counter and
enhanced by a factor of 10 with the pion rejector-a two layer shower detector, installed in
the HRS-left.

3.4 The High Resolution Spectrometer-right

The second HRS, also with the septum magnet in 6° configuration, will be used to detect
the scattered electrons during the second part of experiment. This spectrometer also has a
vacuum connection to the scattering chamber. For electron identification the HRS-right has
a highly efficient gas Cerenkov counter and a preshower /shower lead-glass detector, which

11
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Figure 5: The missing mass spectra in H (e, e’ K*) measurement with different PID cuts applied. The data
are from experiment, E98-108.

12



off-line have a combined pion rejection factor about 105.

3.4.1 Operation with the septum magnet

The first septum magnet was commissioned in July-August 2003 with HRS-right during
E97-104 experiment. This experiment used a polarized 3He target, so in the first 180 cm after
the target the electrons pass through the air causing significant scattering. Figure 6 shows
the optic calibration data at a beam energy of 2.13 GeV. Raw analysis of the momentum
spectra is shown in Fig. 7. The reconstruction of the target vertex is shown in Fig. 8. These
data confirm that the HRS momentum and angular resolutions are about the same with and
without the septum.

Theta—tg vs Phi—tg, Run 2358
0.06

0.04

0.02

—-0.02

—0.04 -

o6 Lo
~0.03 —0.02

L I . . P P
—0.01 0 0.01 0.02 0.03

Figure 6: Sieve slit data for calibration of the optics at beam energy 2.13 GeV.

3.4.2 The HRS-right particle identification

The PID detectors will be used for on-line rejection of the negative pions as well as for
off-line analysis of the ToF. The HRS-right has a gas Cerenkov counter with a CO, radiator.
An on-line pion rejection factor of 20 and off-line factor of 200-300 were obtained. The
preshower/shower detector of HRS-right can also provide on-line pion rejection of a factor
of 10 and off-line about 100-300. A new scintillator plane with time resolution of 150 ps will
allow us to identify the beam bunch.

13
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Figure 7: Momentum spectra for electron scattering from '2C with the septum at the beam energy 2.13

GeV.
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Figure 8: The on-line result for the target vertex reconstruction with the septum from three 2C foils located
at -20, 0, and +10 cm along the beam direction.
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3.5 The BigBite spectrometer

The BigBite spectrometer consists of a 20 ton dipole magnet and its detector system,
which includes planes of drift chambers and trigger counters. The concept of such a spec-
trometer was developed and realized at NIKHEF [25]. The parameters observed for the
detection of scattered electrons at NIKHEF are given in Tab. 3. For operation in Hall A at

item value
nominal momentum coverage (at H=9 kG) [MeV/¢] | 200-900
momentum resolution, o,/p [%)] 0.5
solid angle for the point target [msr] 96

# angular resolution [mr] 4.0
target vertex resolution, o, [mm] 5

path from the target to the trigger [m] 4.0
detector area (front chamber), [cm x cm] 140x35

Table 3: The generic parameters of the BigBite spectrometer [25].

higher luminosity, the original detector system is being modified. The new detector has a
set of high resolution drift chambers. In both measurements (M1 and M2) the particle path
from the target to the front wire chamber of BigBite will be in vacuum. The MC studies
are done for the geometry of the present proposal for the detection of the Kt and the soft
proton. For 600 MeV/c momentum K, the relative momentum resolution was found to be
0.6% and an angular resolution of 1-2 mr.

3.5.1 The BigBite particle identification

BigBite is equipped with a two-layer scintillator trigger plane, which provide 0.20 ns
ToF resolution and AE/E information. In the first part of the experiment two segmented
Cerenkov counters with a water radiator (similar to that built for HKS [26]) and the aerogel
radiator (n = 1.055, similar to the A2 detector in HRS-left) will be added to the BigBite
detector package. Table 4 shows the calculated number of photo-electrons in the Cerenkov
counters and the ToF difference between kaon and pion for different momenta. The water
Cerenkov detector will be used for off-line positive identification of kaons at momenta above
600 MeV/c. Protons with momenta below 600 MeV /¢ will be rejected with a factor of
100 using ToF. In the second part of the experiment, BigBite will be used to detect low
momentum protons, which have time-of-flight in the range of 40-80 ns. The expected rate
of the scintillator plane is of order 27 MHz, mostly pions. For 24 segments in the trigger
plane this leads to about 1 MHz per paddle. The AE/FE analysis should be sufficient for the
suppression of the pion contamination by a factor of 20, after which pion contamination will
be below 10%. Correlation of the velocity and momentum will be used for the suppression
of accidental hits.

15



momentum average number of photo electrons A ToF
[MeV/c] | pin water | K in water | K in aerogel | 7 in water | 7 in aerogel | K — 7 [ns]
200 0 0 0 150 0 23.8
400 0 0 0 340 0 15.9
600 0 50 0 370 15 8.5
800 0 200 0 380 22 5.2
1000 270 0 390 24 3.5

Table 4: The light collection (the average number of photo-electrons) in the Cerenkov counters and the
difference between ToF for K and 7 in BigBite.

3.5.2 Momentum - Time-of-Flight and vertex correlations

For protons with momenta as low as 150 MeV /¢, the ToF information provides quite
accurate momentum determination. This information, used in combination with coordinates
in the front drift chamber, allow us to improve angular resolution in the dispersive direction.
Correlation between ToF and momentum measured via deflection also provide the means
for rejection of the accidental proton hits. In the present experiment two particles will
be detected in the HRSs and provide determination of the event vertex in the target with
an accuracy of 1 cm. This vertex position allows dramatic improvement in the angular
resolution in the horizontal plane, which is quite important for the accurate determination
of the missing mass.

3.6 The neutron detector

The large neutron detector is under construction for the GEN E02-103 experiment [21].
It consists of 244 neutron bars and 184 veto paddles. They are arranged in seven(six) layers
with the iron converters and two veto planes. Figure 9 shows the schematic view of the
detector cross section. The detector efficiency is about 20-30%, which takes into account a
significant loss of neutrons from interactions in the front shielding and interactions which fire
the veto counters. Each neutron bar is viewed by two PMTs, so the ToF resolution (rms)
is approximately 0.3 ns. Because the neutron energy in the proposed experiment is much
less than in GEN the trigger threshold will be reduced from 50 MeV to 20 MeV. We also
plan to reduce the front shielding from 2 inch to 1 inch of Pb and the thickness of the steel
plates (neutron converters), which also hold the plastic bars, from 1 inch to 0.5 inch. The
detector efficiency as calculated with a GEANT4-based code is shown in Fig. 10 for different
threshold levels.

The trigger scheme of the neutron arm is based on summing the signals from all counters
of four vertical layers (total 32 bars) as shown in Fig. 9. The PMT signals in each two layers
are summed together (denoted as SS1-15) and then used for the overlapping sums (denoted
as S1-14). The output signals from S1-14 units will be discriminated and form the neutron
arm trigger. The expected rate of the neutron arm trigger is about 1.9 MHz for a threshold

16



of 20 MeVee. The rate of individual PMTs is expected to be about 60 kHz with a threshold
of 5 MeVee.
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Figure 9: The scheme of the neutron detector and the groups of the counters whose signals will be summed
for use in the trigger.
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Gen neutron detector with one Pb/Fe shielding section
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Figure 10: The efficiency of the neutron detector for different threshold levels.
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4 Inclusive electro-production

In this section the inclusive reactions, which define the singles rates of electrons, pions
and kaons in the spectrometers, are presented. In both the BigBite and the neutron arm
detectors the rates dominate in the low energy part of the particle spectra. We used a
DINREG-based code [27] for the calculation of the low energy part of the inclusive spectra
(Enadron << Epeam). DINREG reproduced published neutron and proton yields in electro-
nuclear reactions [28]. DINREG-based calculations for the wire chamber rates were found
to be in agreement with measurements in Hall A [30].

The HRS-left will be used to detect negatively charge particles with a momentum of
about 3 GeV /¢, where the single rate is dominated by electrons from deep inelastic scattering
(DIS) and photo-produced pions. The yields of negative pions and kaons were calculated by
using results from DESY and SLAC measurements of inclusive photo-production [31, 32, 33].
Similar analysis was done for the HRS-right, which will be used for the detection of scattered
electrons in the first and third proposed measurements.

4.1 Kinematics and definitions

The kinematic quantities of electro-production are presented in Fig. 11.

k’

" ] — X

Figure 11: Kinematics quantities for description of electron-nucleon scattering: k and k' are the four-
momenta of incoming and outgoing electrons, IV is the four-momentum of a nucleon with mass M. The
exchange photon transfers four-momentum ¢ = k — k' to the target.

The definitions of the kinematical variables are given for the reactione + N — ¢ + K + X.
The five four-momenta involved are:

— (B, k), for the incident electron
= (E', E’) for the scattered electron
— (M, P), for the target nucleon
K = (E,,p,), for the produced kaon
X = (E,,py), for the residual system
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A few kinematic variables are defined below as:
q2 — (k _ k./)2 — _Q2,
v=F—-F,
-1
e = |1+ Q%tanwf] ,
s =(qg+ N)? =W?
l = (q - K)27
em  the Feynman variable

K,z mazx

T, = py/p
The differential cross section of inelastic e/N scattering processes is written in the usual
notation as

2, 2 ’
dEU%dQe/ - 4E2sozn4(g) [W2(q2w)6082(%) +2W1(q2,u)sm2(g)].

In the approximation of E, E' >> My and finite ¢, v we will use

d’o a? Fy(¢*v)
dE'dQe/ ~ 4E2sin4(%) v :

l

The differential cross section for the electro-production of hadron a can be presented as:
d3a — F . da,y*«
dE'd(2,dSY, dQ,
where T" is the virtual photon flux factor, given by:
D — « Es—M?> 1
212 E 2M Q2 1—¢’

and d;g’f( is the cross section for kaon production by the virtual photon. At small scattering
K

angle, where Q? << 12, only transverse terms of the cross section contribute, so we will use
the form:
d(f,y* K dO’T do
K = + € &L cos(2
dsd,. dQd . dQ . ( ¢)7

where ¢ is the angle between the electron scattering plane and the kaon production plane.

3
In the approximation of limiting fragmentation, the invariant cross section F/ 23—2 for the

production of K is a function of x, and p3 [34]. At a photon energy of 6 GeV the accuracy
of such an approximation is estimated on the level of 30% for large z, and small p? [33] (see
Fig. 12).

4.2 The electron singles rates in HRS

In the present experiment the HRS will be at 6° and the central momentum at 2-3 GeV/c.
The kinematics for the beam energy of 6 GeV corresponds to Q? of 0.1-0.2 (GeV/c)?. The
DIS cross section can used to estimate the rate. It leads to a rate up to 600 kHz for the L.y
of 1.1 -10% ¢cm2s~!. A similar estimate can be obtained as mentioned above from the total
photo-production cross section and the flux of the virtual photons.
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Figure 12: Inclusive kaon photo-production cross section from the proton at different photon energy and
perpendicular momenta of the kaon vs. its rapidity [33].

spectrometer | momentum [GeV/c] | electron rate [kHz]
HRS-left 3.0 600
HRS-right 2.0 240

Table 5: The e~ rates for Eyeqm = 6 GeV, 0gpss = 6°, at Loy of 1.1 1038 cm2s~1.
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4.3 The pion and kaon rates in HRS

At high beam energy the inclusive processes in the regime of large momentum of the produced
hadron can be understood in the framework of the hypothesis of limiting fragmentation
(35, 34]. Cross sections are analyzed in terms of Feynman’s variable zp and p%. The
experimental results [32, 33] agreed quantitatively with quark model predictions. These
data are shown in Fig. 13. For the photon energies of this proposal (4 GeV) the applicability
of limiting fragmentation ideas can be justified by the reasonable agreement between high
energy results [32, 33] and measurement at E, = 3.2 GeV [31]. To estimate the particle
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Figure 13: Inclusive pion and kaon photo-production cross section from the proton at different perpendicular
momenta vs. Feynman’s variable z,. [33].
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yields the photon intensity must be calculated. The intensity of the equivalent photon flux
in electro-production experiment was calculated according to a prescription [36]. The photon
spectra are shown in Fig. 14. The resulting counting rates are shown in the Tab. 6.

Equivalent photon spectra: dny(co)/dm = N(w)/o

N(w) from V.M.Budney et al., Phys.Rep. 15C, 181, (1975}):
solid lines - Eq. 6.17b with gfra= Min(A5.4E{E-0}), A,=0.770 GeV. Valid at E-0>>m,

E=2GeV
8

\ E=1GeV
3
10

E =10 MeV

0.6 0.7 0.8 0.9 1

o/E,

Figure 14: The photon spectra according to Budnev [36].

spectrometer | momentum [GeV/c] | 7~ [kHz] | K~ [kHz]
HRS-left 3.0 40 0.088

Table 6: The 7~ and K~ singles rates for conditions of Tab. 5.

4.4 Coincidence rate between HRSs

In the second measurement both HRS’s will be used. The coincidence between them
will be used as a DAQ trigger. The rate of real electron-hadron coincidence was estimated
from the flux of virtual photons and hadron photo-production cross section as was described
above in this section. The aerogel counter A1 in the HRS-left can provide an on-line rejection

factor of 100 for the e~ and m, which will maintain the DAQ rate at low level of 10 Hz. (see
Tab. 7).
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event type em— eK~
rate [Hz] | rate [Hz]
real coinc. 85 1.2
accid. coinc. 480 0

Table 7: The 7~ and K~ real and accidental coincidence rates of the HRSs for conditions of Tab. 5.

4.5 Singles rates in the BigBite

The proposed configuration of the detectors was analyzed for singles rates, which defined
the maximum usable luminosity and possible production rate. This section deals with the
calculation and measurement of the singles rate in the BigBite spectrometer for both parts
of proposed experiment.

Figure 15 shows the expected rate of electrons at different momenta. The proton rates are
shown in Fig. 16. To cross check these calculations we made a measurement of the counting
rate of a multi-wire proportional chamber located behind BigBite at 65° and a distance of
8 m from the target. During measurements the beam energy was 4.2 GeV. The observed
rate was found to be about half the calculated rate [30]. In the analysis below we used the
calculated rate as a conservative estimate of the background.
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Figure 15: Electron rate at L.x of 2.75- 1037 cm?s~!. The detector solid angle is 0.01 st in this plot.

For the first measurement, BigBite will be installed out of plane at a polar angle 27°, at
larger than the nominal distance from the target, so the solid angle will be 38 msr. The
rates integrated over the acceptance are shown in the Tab. 8.
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Figure 16: Proton rate at L.y of 2.75- 1037 cm?s~!. The detector solid angle is 0.01 sr in this plot.

Field of 9 kG | e~ | #F | proton
rate [MH7] 0.10 | 2.2 1.1

Table 8: The singles rates in BigBite at L.y of 11037 cm?s~! for the configuration of first measurement.
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In the second measurement, BigBite will be installed at 70° and used for the detection of
the soft protons with momenta 150-300 MeV/c. Tonization density for soft protons will be
about 10-20 times higher that for background electrons and pions. This allows us to reduce
the high voltage on the drift chambers and make them sensitive primarily to these slow
protons. Other particles will contribute only to the rate of the scintillator counters which
have high rate performance and segmentation. In the second measurement, the BigBite
information will be used in off-line analysis only. Table 9 shows expected particle rates in
BigBite during the second measurement. Independent estimate of the soft proton rate was
done by using the deuteron photo-disintegration cross section and the intensity of the low
energy photons based on the article [36].

Field of 7kG | e* | nF | proton
rate [MHz] 6.8 | 136 | 6.8

Table 9: The singles rates in BigBite at L.y of 1.1-10%® cm?s™! for the second measurement.

4.6 Singles rate in the neutron detector

In the proposed experiment we will use the neutron detector N-200, which is under prepa-
ration for the GEN experiment E02-013 [21]. In 2002 we built a 10% segment of the full
detector (20 neutron bars and 8 veto paddles) and used it for measurement of the singles
rates and trigger rates at a distance of 8 m from the target and 25° from the beam line.
Rates were found to be in reasonable agreement with DINREG-based calculations [29].

Figure 17 shows the expected rate of pions at different momenta, which contribute to the
rate in N-200. The rate of neutrons is shown in Fig. 18.  Table 10 shows the expected
detectors rates in N-200 during the first measurement.

veto paddle | N-bar PMT, above 5 MeVee | trigger, above 20 MeVee
rate [MH7] 0.40 0.02-0.06 1.9

Table 10: The rates in the neutron detector at L.n of 1-1037 cm?s~! for the first measurement.
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Figure 17: Pion rate at L.n of 2.75-10%” cm?s~!. The detector solid angle is 0.01 sr in this plot.
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Figure 18: Neutron rate at L.n of 2.75 - 1037 cm?s~!. The detector solid angle is 0.01 sr in this plot.
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5 Proposed measurements

Three separate measurements are proposed. The first will allow observation of a narrow
OT state in an invariant mass spectrum and collect an angular distribution of the decay
products. The second will allow observation a ©F state in a missing mass spectrum over
a wide range of masses, to perform an accurate measurement of the mass value, and to find
the linear polarized photon asymmetry. The third measurement is designed to search for
the O state’s partners in the antidecuplet and in the tensor multiplet; we will find them or
put a very strict upper limit on the photo-production cross section. The key experimental
elements of the present proposal are

e tagging on a high momentum kaon produced by a photon;

e a concept of post-target photon tagging;

e an assumption of the diffractive mechanism of ©" production;
e a pair of high resolution spectrometers HRS in Hall A;

e a pair of novel septum magnets for HRS, which allow detection of particles for the
central trajectory in each spectrometer at an angle of 6°;

e a large acceptance magnetic spectrometer BigBite, with a high resolution detector pack-
age under construction for the GEN experiment;

e a large array of the neutron counters, which is also a part of the GEN experimental
setup;

e a 50 cm long cold gas Deuterium target;
e the experimental data on forward angle kaon photo-production [31, 32, 33].

The high energy forward negative kaon presents a very important tag, which reduces
dramatically the contribution of competing reactions into K *-neutron event sample. The
post-target tagging approach, often used in hyper-nuclei experiments, is a low Q? electro-
production study of photo-production processes. Because the HRS spectrometer momentum
resolution (rms) is about 1.1-10~* such tagging has unique resolution. The effective flux of
photons is also much higher than achievable with a tagged real photon beam if the electron
scattering angle is sufficiently small. The photo-production mechanism of the ©O7 is un-
known. However, it is logical to expect that it is similar to the t-channel dominated process
for producing the A(1520). The important parameters to measure in this case are the total
cross section and its t-dependent slope. The cross section may also have a o, term, where
the ratio to the o, is related to the ¥ photon polarization observable and can be estimated
from this experiment because of significant out-of-plane acceptance. For small scattering an-
gles the effective degree of linear photon polarization can be presented as (1+E2/(2EE!))
which is =60% for the conditions of the M2 measurement.
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The measurements will use a 50 cm long cold gas Deuterium or Hydrogen target. An

alternative target in the first measurement is a set of thin and narrow foils of Beryllium or
Carbon.

5.1 The invariant mass experiment (M1)

We are going to study the reaction n(y, K nK™). The concept of the measurement is
shown in Fig. 2. An electron beam with a current of 20 pA at an energy of 4.5 GeV will
be used. The density of gas will be adjusted to obtain the L.y of 1-103" cm=2s~!. The
negative kaon will be detected in the magnetic spectrometer HRS-left at a central angle of
6° with a septum magnet. The positive kaon will be detected in the BigBite spectrometer
at horizontal /vertical angles 18°/-15°, and the neutron will be detected in the large neutron
detector at horizontal/vertical angles 18°/+22°. The invariant mass resolution (FWHM) is
about 2.9 MeV. If an actual resonance width is found less than 2 MeV, the experiment can be
continued with the HKS spectrometer [26] for detecting the K+, where the mass resolution
(FWHM) will be of order 2 MeV, however the counting rate will be less, an angular coverage
and the range of invariant mass much smaller.

5.1.1 The MC simulation

The distributions shown below are generated from MC simulated data, in which a 3 MeV
width of the resonance was assumed. The statistics correspond to 20 days of data collection
with the production cross section of 50 nb at luminosity of 1-103" cm™2s~!. A momentum
resolution for BigBite of 0.6% and time resolution for the neutron arm of 0.4 ns were used
in calculations. The rms of the instrumental resolution is 1.3 MeV. Figure 19 shows the
invariant mass distribution and an instrumental resolution. At the peak inside the width
of I' = 4.2 MeV the estimated ratio of the signal to the background is about 3.6. The
background mainly consists of real coincidence events. Measuring the angular distribution
of the K™n in the cm system may allow us to establish the spin of the ©F. The angular
distribution for the .J = % is isotropic, but in case of the J = % it can vary. Figure 20 shows
the distributions of MC simulated events over the cosine of the angle between the K and the
OT in the ©F rest frame. The plot shows two distributions. The solid line shows the case of
the uniform distribution in the cm frame deformed by the acceptance of the detector system,
the dotted line shows the case of J = % if there is a dominance of the substates M = i%.
The extra weight of the M = j:% component will be determined with an accuracy of 0.1.
The distribution over four-momentum ¢ ranges from -0.10 to -0.20 (GeV/c)?, which can be
used for initial estimation of the slope B of ¢ dependence with an accuracy of +1.6 (GeV/c¢)?.
Figure 21 presents distributions over the incident photon energy, the resonance momentum,
the neutron momentum, the positive kaon momentum, and the correlation of the neutron
and kaon momenta. One of the results of this MC is a value of probability (P,) to have all
three particles (a negative kaon, a positive kaon, and a neutron) in the acceptance of their
arms. The value of P, was found about 1.7 - 10~* for the configuration under discussion.
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5.1.2 The calculation of the ©" production rate

In calculating the ©F production rate we used the value of total photo-production cross
section of 50 nb as an estimate based on information from CLAS experiment (60-160 nb) [38]
and the photo-production cross section [39], which gives 130 nb at a photon energy of 4 GeV.
The value 130 nb agrees with the only presently published result of 200 nb at 1.7-2.5 GeV [7].
We took into account a 50% branching ratio for the decay to nK*. We assumed the reso-
nance width (FWHM) of 3 MeV. For the parameter of the ¢ dependence of the K~ angular
distribution we used a conservative value of 3 (GeV/c) ™2, which is much less than the known
slope of 6 (GeV/c)™2 for the A(1520). We have found that for the detectors in this proposal
the resulting production rate is almost the same for slope values between 2 and 6 (GeV/c)™2.
The photon-neutron luminosity was calculated as

Lon(eutron) = 5 - 0.015 - 57 - Loy & 5.25 - 1074 Loy = 5.25-10% em %57,

where £, and AE, are defined by the kaon momentum and its range accepted in HRS-
left, < E, >= 4.0 GeV and AE, = 0.28 GeV; L.y is the electron-nucleon luminosity,
L.y = 1-10% em~2s7*. Such a value of L., (cutron) is about 10° times higher than what one
can obtain with real-photon tagging. This leads to the production rate

[k - ot HRS decay decay -
Vo k-ni+ = Lo = 05y~ [352  fux+ - = M [+ - bare+ = 55 events per day,

31



80 F 120 [
70 F 100 -
60 | :
50 | 80 |
40 60 |
30 a0 |
20 | :
10 20

L L [ . | . | . .

0 39 4 4.1 0 095 1 105 11

photon energy [GeV] resonance momentum [GeV/c]
r 0.75

0 | O o7 | d)
50 | -
- 065 |
40 F s
i 06 |
30 F g
10 | 05

7 P S L. 9 o W N N B B

0 03 04 05 06 07 045 03 04 05 06 07

neutron momentum [GeV/c] P(K") vs. P(n)

Figure 21: The event distributions a) the photon energy spectrum; b) the ®F momentum; c) the final
neutron momentum; and d) the correlation between the neutron and kaon momenta.

32



where 09" is the cross section of 50 nb; the f7f% is a fraction of K~ associated with
O" production within HRS angular and momentum acceptances, it is ~0.034; f,x+ is a
fraction of ©* events when both decay products are in angular acceptance of BigBite and

N-arm detectors, fox+ is ~0.005; 2% = (.33 is the survival probability of a K~ after a 25
meter path in the HRS; 7, = 0.24 is the detection efficiency of the neutron; fis® = 0.36 is
the average survival probab1l1ty of KT after flight of a 5 meter path from the target to the
BigBite trigger detector' and b, g+ is the branching ratio for ©F decay to nK™, b,x+ = 0.5.
The actual rate v° K i+ may be higher or smaller depending upon the cross sectlon

5.1.3 The singles and correlated rates

The singles rates in the HRS, BigBite, and the neutron detector were calculated based on
the analysis presented in Sec. 4. For the luminosity proposed for the first measurement the
rates are presented in Tab. 11.

detector momentum rate [kHz] | rate [kHz] | rate [kHz]
HRS-left 3.0 GeV/c Ve=>55 v,-=4.0 | vg-=0.008
BigBite >0.10 GeV/c v,=100 Vot =2200 v,=1100

N-arm Agum >20 MeVee ‘ viris =200 ‘ l/mg =1700 ‘ ‘

Table 11: The singles rates in the HRS, the BigBite and N-arm at L.y of 1-10%" cm~2s™! for the config-
uration of the first measurement.

The correlated rate due to real coincidences between the HRS-left, BigBite, and the
neutron detector was estimated from inclusive K~ rate and a phase space for the nK™
system with the assumption that it has isotropic decay in cm system. Such an estimate is
about 10 times higher than the © production rate, but non-resonance events are distributed
over a wide range of invariant mass (see Fig. 19). Additional correlated rate on trigger level
is due to misidentification of the particles in the detectors. For example in the on-line HRS’s
event sample will have about 50% of 7~, in almost all BigBite events there are the pions
and protons, the neutron detector trigger rate is dominated by charged pions.

5.1.4 Trigger rate and event analysis

The trigger will use a single trigger of HRS-left. The on-line rejection factor of the
electrons in the HRS is about 1000 based on the combination of shower detector and aerogel
Cerenkov counter. On-line rejection of pions in the HRS is about 100 based on the Al
aerogel Cerenkov counter. The trigger rate estimate is of order 100 Hz. The rate of BigBite
scintillator trigger plane is expected to be on the level of 3 MHz. In case of unexpectedly high
rate in HRS the experiment will use HRS-BigBite coincidence with a 50 ns time window,
which will provide a reduction of the trigger rate by a factor of 6.
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Off-line analysis should allow us to obtain a higher rejection factor of pions and electrons
in HRS by means of the RICH by at least by a factor of 10. Off-line analysis of BigBite time-
of-flight and water and aerogel Cerenkov amplitudes will give rejection factors on the level
of 1000 for protons and pions (see for performance of the water Cerenkov counter [26]). The
check of the event vertex in the target provides an additional factor of 10 for the rejection
of accidental events. Off-line analysis of the neutron arm veto information will allow us
to reduce pion/proton contribution into the trigger rate by a factor of 50. The remaining
rate of the neutron arm trigger, mostly from neutrons, will be at the level of 200 kHz. The
accidental coincidence rate between HRS+BigBite and the neutron arm, within a 100 ns
time window for neutrons, will be on the order of 107® Hz. These events will make a very
small background in the invariant mass spectra distributed in a 100+ MeV wide region.
For non-resonance real coincidence event rate, as it was discussed before, the upper limit
can be estimated from HRS-left inclusive K~ rate and acceptance of the detectors for nK™.
This rate is about 0.0035 Hz. The expected O state production rate of 0.00064 Hz will
be concentrated in a region of 4.2 MeV. A good ratio (signal/background of 4/1) provides
sufficient insurance for the case that the actual photo-production cross section is even smaller
than assumed in our estimation. The rejection factors used above are quite conservative as
well.

5.2 The missing mass experiment (M2)

An electron beam with a current of 110 pA at an energy of 6 GeV will be used. The
density of gas will be adjusted to obtain the L.y of 1.1-10% cm™2s7!. As was suggested
above, the negative kaon will be detected in the magnetic spectrometer HRS-left at a central
angle of 6° with a septum magnet. The scattered electron will be detected in the magnetic
spectrometer HRS-right at central angle 6° with the second septum magnet. The soft proton
will be detected in the BigBite spectrometer at a central angle of 70°.

In this measurement the resonance will remain undetected, but observed in the missing
mass spectra in the reaction D(e, 'K psop)X . It requires detection of the electron, the
negative kaon, and the proton. To achieve sufficient counting rate in this approach we rely
on the detection of a very soft proton. The number of such protons can be calculated from
the spectral function for the deuteron, which is shown in Fig. 22. For example, the fraction
of protons with momentum above 200 MeV /¢ is 6.8%. In addition to the events related to
the spectator protons, we estimate that a similar number of events will be related to the
re-scattering of the proton, kaon and ©% particle. The measurement of the proton spectra
will provide information about the reaction mechanism and may be even hint at the cross
section of the proton-O7 scattering. The technique for detecting the soft proton was recently
developed for the ChPT E01-014 experiment [20], based on the BigBite spectrometer. The
ChPT experiment was designed for a proton momentum above 180 MeV/c. With the long
cold gas target proposed here the threshold can be lowered to 150 MeV/c. In the deuteron,
there are 13.5% protons with momenta above 150 MeV /c. Detection of the scattered electron
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provides the opportunity to observe the linear polarization photon asymmetry by using the
event distribution over the out-of-plane angle between the electron scattering and the K~
production planes. According to recent predictions [40, 41], this observable has a strong
sensitivity to the ©F parity.

5.2.1 The MC simulation

The Monte Carlo simulation of this setup was also done in the framework of GEANT-3.
The results were confirmed by analytical calculations. The probability for the negative kaon
to be in the angular acceptance of HRS-left in this measurement is about 5%, which is even
larger than in the first measurement because the virtual photon direction is closer to HRS-
left. The probability of soft proton detection with a momentum above 150 MeV /¢ was found
from effective solid angle of BigBite for an extended target. For a nominal target length of
50 cm and a BigBite angle of 70°, the average solid angle is 86 msr. The fraction of protons
in the deuteron with momenta above 150 MeV/c (Pi5) was found from the distribution
shown in Fig. 22 as

Piso = | n(p)p* dp/ [ n(p) p* dp

We estimated from the value of the K™ p elastic cross section that the probability to find a
proton in the reaction D(e, €' K psop)X with a momentum above 150 MeV /¢ can be higher
than P59 by a factor of 1.3-2. The momentum and angular resolutions of BigBite for a
soft proton were found from an additional MC simulation, which includes all elements of
the setup (see results in Tab. 12). For a proton with a momentum of 150 MeV/c a relative
resolution about 1.7% is obtained. The missing mass spectra and the instrumental resolution
are shown in Fig. 23. The instrumental resolution (rms) is about 1.5 MeV. Figure 24 shows
the event distributions over ¢ four-momenta and difference ¢ — t,, where ¢, is the minimum
value of ¢ corresponding to zero angle between the K~ and the virtual photon. Recently,
two calculations [40, 41] have found a large difference in the polarized photon asymmetry
for the cases of the positive and negative parity of the O state. The result [41] for 4 GeV
photon energy is about —0.2 for the positive parity and —0.8 for negative one. The value
of the asymmetry has a dependence on the angle between the K~ and the photon. At zero
angle, where t = t,, the asymmetry is zero. Preliminary value of the asymmetry averaged
over the acceptance of our experiment (see Fig. 24) is about -0.71. The events distribution
over the out-of-plane angle of K~ in the proposed experiment is shown in Fig. 25 for the case
of 0,,./0, = 0, and in Fig. 26 for the case of 0,,. /0, = —0.71. The difference between the
expected raw asymmetries (it includes the factors of 60% photon polarization and backgound
dilution) in two cases of the ©F parity is about —0.33 * 0.75 = 0.25, which allows for 4-5
sigma significance of the result.
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Figure 22: The proton spectra function in deuteron [37].

momentum p [MeV/c] | 0,/p [%] | 00,inplane [MI] | 00 out plane [Mr] | z vertex resolution [cm)]
140 1.9 16.5 13 4.5
160 1.5 14.0 10 3.7
180 1.2 12.5 8 2.9
200 1.1 11.0 6 2.4
220 1.0 10.0 5 2.2
240 0.9 94 5 2.0

Table 12: The resolutions of the BigBite spectrometer for soft protons in the proposed experiment.
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Figure 23: The distribution over missing mass and the instrumental resolution in the second measurement.
The peak corresponds to the resonance width 3 MeV combined with an instrumental resolution (FWHM) =
3.4 MeV. Background level is due to accidental coincidences at the L.n of 1.1-103® cm=2s7!.
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the K~ and the virtual photon.
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Figure 26: The event distribution over K~ out-of-plane angle for the value of the polarized photon asymmetry
of -0.71. The experimental asymmetry is of -0.33 due to 60% photon polarization, real and accidental
background. The accuracy of the asymmetry measurement (sigma) is 0.052.
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5.2.2 The O1 events rate

The estimation of the production rate is quite similar to that shown above for the first
measurement. The detector configuration in the second measurement allows us to use much
higher luminosity. The calculations for the production and background are made for the
Loy of 1.1-10% ¢cm™2s7!. The virtual photon-neutron luminosity was calculated as (see
definitions in Sec. 4)

Longentron) = 3 522 5 25t 10 - AQAE - Loy ~ 05107 Loy = 5.5-10% em s,

where ' and AF, are defined by the HRS-right momentum and its range. This leads to the
production rate

ot . o+ HRS decay AQ
Veert—p = Loyn - 0yn - [ - fe= " - Piso - 97 = 37 events per day,
. . . . _9 _ + .
where L., is the virtual photon-neutron luminosity of 5.5 - 10> ecm=?s™"; 6%, is the cross

section of 50 nb; fII%2 is the fraction of K~ associated with ©F production within HRS

angular and momentum acceptances, found from MC simulation to be 0.049; f%“¥ — (.33 is
the survival probability of a K~ after a 25 meter path in the HRS; P50 = 0.14 is the prob-
ability for a proton in the deuteron to have momentum above 150 MeV/¢; and AQ=86 msr
is the BigBite solid angle.

5.2.3 Trigger rate and event analysis

The trigger will use a coincidence between the two HRSs. The on-line rejection factor
of the electrons in HRS-left is 1000 based on the combination the shower detector and the
aerogel Cerenkov counter. On-line rejection of hadrons in HRS-right is at least 10° based on
the use of a gas Cerenkov counter and a shower counter. A luminosity of 1.1 -10% cm 25!
and 50 ns coincidence time window leads to comfortable coincidence rate of 100 Hz mostly
between pions and electrons. The on-line use of the aerogel Cerenkov counter in HRS-left
will reject most of pions also. Off-line analysis of the ToF allows us to cut the accidental
rate by a factor of 25, to a level when both particles are produced in the same beam bunch.
Analysis of the event vertex (HRS-left vs HRS-right) allows us to cut the accidental rate by
an additional factor of 10 to the level of 0.001 Hz. For real coincidence of the electron and
7, the two last rejection factors are not applicable; however, the difference in ToF between
kaons and pions is about 1.0 ns which will provide separation by a factor of 20. The real
coincidence rate of the electron and K~ is about 0.08 Hz.

The BigBite rate includes a 6.8 MHz soft proton rate and a 14 MHz rate of pions and
electrons. The time window of 42 ns is needed for coincidence with HRSs because of the
spread of the ToF for our interval of proton momenta. In this first step of the analysis, there
is an accidental proton in 28% of the e K~ events. On the second step we will use the wire
chamber. The wire chamber rate will be defined mainly by protons due to the reduced HV
setting. The 200 ns time window of the back plane wire chamber and large amplitude pulse
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in the scintillator will allow us to identify the proton track in the back wire chamber plane
and the scintillator. The correlation between HRS’s event vertex position, position of the
proton hit in the back plane and position of the proton trajectory in the front plane allow
us identify the right track in the front wire chamber and cut the probability of accidental
proton by a factor of 8-12. On this third step we will calculate the proton momentum. The
correlation between time-of-flight and the reconstructed momentum allows the selection of
the reduced time interval of 3-4 ns which cuts off accidental hits by a factor of 10-12. After
the cuts the probability of accidental proton is about 0.23% or the rate of accidental events
of 0.00075 Hz, which is distributed over a 1004+ MeV range in the missing mass spectrum.

5.3 The search for ©" partners (M3)

In this measurement we propose to study reactions H(e, e’ K )X and H(e, e’ K1)X. The
goal is to find the ©F " partner and the X2 partner of the O state or put very strong limit
on its photo-production cross section. The physics motivation for this proposed search was
discussed in the Sec. 1. The basic idea—a tag on high momentum K-as well as, the rate
analysis are very similar to the one discussed above.

5.3.1 The kinematics

An electron beam with a current of 100 pA at an energy of 6 GeV will be used. The density
of the gas will be adjusted to obtain the L.y of 1-10%® ¢cm2?s~!. The negative (or positive)
kaon will be detected in the magnetic spectrometer HRS-left at a central angle 6° with a
septum magnet. The scattered electron will be detected in the magnetic spectrometer HRS-
right at a central angle 6° with the second septum magnet. There will be three settings of
the HRS’s magnets. Their kinematics are similar to the one used in previous measurements.
The polarity of HRS-left will be positive in the search for the E‘l’_o and negative in search for

the ©**. The momentum settings and other parameters are shown in the Tab. 13.

run momentum HRS-left [GeV/c] | momentum HRS-right [ GeV/¢] | mass range [MeV]

o+t -3.0 -2.1 1450-1620
Z‘l’_n #1 +3.0 -1.9 1560-1720
2‘1’_0 #2 +3.0 -1.6 1700-1860

Table 13: The parameters of data taking in the third measurement.

5.3.2 The events rate

The estimation of the production rate is quite similar to the one shown above for the sec-
ond measurement. Assuming 0.5 nb production cross section the rate of the ©**+ production
is
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ettt _ . ~OtT  fHRS | pdecay __
Veeric+ = Lyp Oy k- Jxg- = 700 events per day,

where L., is the virtual photon-proton luminosity of 1 -10% cm™2s™!; a?fr is the cross
section of 0.5 nb; fﬁf‘}f, is the fraction of K~ associated with the ©*" production within
HRS angular and momentum acceptances, found from MC simulation to be 0.049; fi«® —

0.33 is the survival probability of a K~ after a 25 meter path in the HRS. The simulated
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Figure 27: The missing mass spectra expected in the third measurement after 30 hours of data taking, if
photo-production cross section of the resonance is 0.5 nb. The peak corresponds to an instrumental resolution
(FWHM) = 1.75 MeV and the resonance width (FWHM) = 3 MeV.

missing mass spectra is shown in Fig. 27 for the cross section of the resonance of 0.5 nb
with assumed mass of 1560 MeV in 30 hours of data taking. The instrumental resolution of
the missing mass in the M3 measurement (FWHM) is about 1.75 MeV. The width of the
resonance 3 MeV leads to combined width of the peak of 3.5 MeV. In 45 hours of data taking
we can collect about 1300 events in the resonance peak. Non-resonance background under
the peak will have about 3400 events. The M3 measurement can easily put an upper limit
(two sigma) on the production cross section at the level of 0.05 nb, which is 1/1000 of the
OT state estimated photo-production cross section.
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6 Expected results and beam time request

6.1 Parameters of the OF state

The analysis presented above was performed for the ©% total photo production cross
section of 50 nb (at 4 GeV photon energy), however presently available information doesn’t
exclude much smaller cross section of 5 nb. The important results on the width and the mass
will be obtained with good accuracy even for 5 nb value of the cross section. In the case
of larger cross section and statistics additional very interesting results on the ©% quantum
numbers will be produced. Two measurements M1 and M2 are providing a very important
complementarity, which insure obtaining reliable physics information on the ©% state.

6.1.1 The width of the 6F

For the width I';.; = 3 MeV the experimental result will be 3.0 + 1.0(syst) MeV.
If the production cross section is only 5 nb, then in the invariant mass approach, which
provide cleaner event sample, the result will be 3.0+0.5(stat) +1.0(syst) MeV. The expected
distributions (for 50 nb cross section) are shown in Figs. 19 and 23.

6.1.2 The mass of the OF

In the missing mass approach the absolute value of the © mass is defined by knowledge
of the beam energy and spectrometers calibration. An accuracy of the absolute calibration
of the beam energy of 1.2 MeV for 6 GeV, which was obtained in Hall A [42]; the knowledge
of an angle for the central trajectories in HRSs of 1 mr; and an absolute calibration of the
HRS momenta on the level of 1 MeV/c lead to an estimate of achievable accuracy for the
value of the ©" mass about 1.3 MeV.

6.1.3 The other results

The differential photo-production cross section do/dt will be found for the ¢ — ¢, interval
between -0.1 and -0.2 (GeV/c)? in M1 measurement and between 0.0 and -0.1 (GeV/c)?
im M2 measurement. The angular distribution of decay products will allow us to find or
constrain the spin of the ©T as illustrated in Fig. 20. The ¥ photon asymmetry will be
measured with an accuracy ~ 0.05, which may be sufficient for distinction between negative
and positive parity of the ©%.

6.2 Search for partners of the O state

The experiment will find the ©T" or put an upper limit on the photo-production cross
section of ©TT1 at the level of 0.05 nb in the mass interval 1450-1620 MeV. A similar result
for the Zi’_o will be obtained in the mass interval 1560 - 1860 MeV.

44



6.3 Beam time request

The purpose of this experiment is to measure the parameters of the the ©% state and a
search for its partners. The experiment will be performed at two beam energies 4.5 and 6.0
GeV, with currents up to 110 pA. Table 14 summarizes the beam time for data taking. We
plan to do measurements in order M3, M2, M1. The M3 measurement is the simplest to
prepare, and it will allow us to tune the kinematical conditions for the two triple coincidence
measurements. The M2 measurement requires BigBite for the detection of the soft proton.
Most of the new equipment in this run is under construction for the ChPT experiment EO1-
014 [20]. The M1 measurement needs more complicated installation and the detectors of the
GEN experiment E02-013 [21]. If the full energy of 6.0 GeV will be not available, a slight
change of the spectrometers momentum settings will be done.

kin. current | energy | time
M# | type of measurement [A] [GeV] | [hr]
HRS and BigBite 10 2.0 12
calibration
beam energy 1 6.0 4
measurement
M3 partners search 100 6.0 140
M2 | ©F via missing mass 110 6.0 430
M1 | O via invariant mass 20 4.5 480
[Total | | | [ 1116 |

Table 14: The time allocation assuming 100% efficiency.

In total we request 47 days of beam-time to perform the proposed measurements.
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7 Conclusions

We request 1116 hours of beam-time to measure the electro-production of the ©% res-
onance in two reactions and to conduct a search for the possible ©** and Z partners.

Measurement of the width with an instrumental resolution (rms) of 1.3 MeV will reveal the
state’s width and enhance our understanding of the nature of this exotic state. The value
of the mass will be established with an accuracy of 1.3 MeV. Furthermore, the proposed
experiment will collect a sample of about 1800 ©* events (for an assumed 50 nb production
cross section) and investigate the resonance properties. We propose an experiment which can
establish the nature of the resonance. The status of the equipment needed in the proposed
measurements should permit the experiment to be realized in a time scale of one to two
years. Additional resources may allow a reduction in preparation time.
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