Search for Exotic Pentaquark Θ^+ and Θ^{++} in Hall C at Jefferson Lab M. Ahmed, M. Blackston, D. Dutta, W. Chen, H. Gao (Spokesperson/Contact Person), C. Howell, K. Kramer, B. Perdue, X. Qian, H. Weller, W. Xu (Co-Spokesperson), Q. Ye, X. Zong Duke University

B.Q. Ma, Y.J. Mao Beijing University, Beijing, China

R.D. McKeown California Institute of Technology

T. Averett College of William and Mary

W. Boeglin, L. Kramer, J. Reinhold Florida International University

O.K. Baker, M.E. Christy, W. Hinton, C. Keppel, L. Tang Hampton University

B. Clasie, C. Crawford, S. Kowalski, J. Seely Massachusetts Institute of Technology

D.V. Jordan, J.I. McIntyre, D. Milbrath, G.A. Warren Pacific Northwest National Lab

R. Gilman, C, Glashausser, X.D. Jiang, R. Ransome Rutgers University

P. Bosted, J.P. Chen, R. Ent, D. Gaskell, M. Jones, D. Mack, D. Meekins, S. Wood, C. Yan Thomas Jefferson National Accelerator Facility

O. Hashimoto, S.N. Nakamura (Co-Spokesperson), Y. Fujii, M. Sumihama

Tohoku University, Japan

H. Huang, J.G. Ma, A. Tai University of California, Los Angles

Y. Oh University of Georgia

E.J. Beise, J.J. Kelly, P.G. Roos University of Maryland

J.R. Calarco, M. Holtrop University of New Hampshire

Abstract

Recent evidence for the existence of pentaquark Θ^+ particle from several experiments at several different laboratories around the world has caused great excitement and raised many unanswered questions. We propose a high resolution search for pentaquark states in Hall C using an untagged bremsstrahlung photon beam employing both the hydrogen and the deuterium targets. We propose to study the following processes: (I) γp → Θ^{++}K^−, and (II) γn → Θ^+K^−. The proposed experiment will be carried out in Hall C using the combination of the SOS and the HMS spectrometer for process (I), and the combination of SOS, HKS and a neutron counter for the γn → Θ^+K^− channel. An electron beam having an incident energy of 3.475/3.825 GeV with a maximum beam current of 50 μA will be employed for the search of the Θ^+ and the Θ^{++} particle. The γn → Σ^−K^+ process will be employed for the absolute mass calibration at an incident electron beam energy of 1.91 GeV. We request a total of 20 days for this experiment. The proposed experiment will determine the absolute mass of the Θ^+ particle to better than 0.5 MeV and determine the Θ^+ particle width to better than 1.3 MeV (σ). It will also provide unambiguous evidence for the existence or non-existence of the Θ^{++} particle from the γp → Θ^{++}K^− process, important for the determination of the isospin quantum number of the Θ^+ particle.

I. INTRODUCTION AND PHYSICS MOTIVATION

Quark models [1] are remarkably successful in classifying mesons and baryons as composite systems of quark-antiquark (qq̄) states for mesons and three quark (qqq) states for baryons. [2] Also, it is well known that the structure of hadrons should be more complicated than the simple lowest valence quark states, and there are additional sea quark-antiquark pairs and gluons inside the hadrons which have been probed by various deep inelastic processes. The situation can be well illustrated by the structure of the nucleon in terms of quark-gluon components as supported by a large amount of phenomenological evidence. The existence of the higher quark-gluon components in the nucleon structure can be described by perturbative quantum chromodynamics (pQCD) for the perturbative aspect and perhaps by the baryon-meson fluctuation configuration [3] for some of the non-perturbative aspects. Therefore a conventional baryon should be composed of various quark-gluon configurations in which the lowest is the three quark (qqq) state. From another point of view, there have been various theoretical and experimental investigations on the possibility of the existence of exotic hadrons beyond the conventional quark model spectroscopy, such as multiquark mesons (qqq̄q̄) and baryons (qqqqq̄), dibaryons (qqqqqq), hybrid states (qq̄g), and glueballs. [2] The first evidence of the observation of a pentaquark Θ^+ particle came from the LEPS collaboration [4] in which a sharp resonance was reported at a mass of (1.54±0.01) (GeV)/c^2. The experiment was carried out at Spring-8 using a laser back-scattered photon beam, a CH target, and the K^+ and K^− particles at forward angles from the γn → K^+K^−n reaction were detected. The DIANA collaboration [5] reported evidence for a resonance enhancement at M = 1539±2 MeV/c^2 and Γ ≤ 9 MeV/c^2 in the charge-exchange reaction K^+Xe → K^0pXe^′. The CLAS collaboration [6] reported a peak with a statistical significance of (5.3 ± 0.5)σ at the K^+n invariant mass of 1542±5 MeV/c^2 with a measured width of 21 MeV for the reaction γd → K^+K^−p(n) using a tagged photon beam. The SAPHIR [7] collaboration reported a peak at M_Θ+ = 1540 ± 4 ± 2 MeV (4.8 σ confidence level) and an upper limit of 25 MeV for the width with a 90% confidence level in the K^+n invariant mass distribution from the γp → nK^+K^0_s process. Furthermore, the SAPHIR Collaboration also reported the absence of a signal in the K^+p invariant mass distribution in the γp → pK^+K^− reaction and concluded that the Θ^+ particle is isoscalar. The HERMES collaboration [8] reported evidence of the Θ^+ particle from a deuterium target with the decay mode Θ^+ → pK^0_s → pπ^+π^− at 1526 ± 2 ± 2 (MeV) with a width of 7.5 MeV dominated by detector resolution. The CLAS Collaboration [10] also reported evidence on Θ^+ from a hydrogen target by studying the γp → π^+K^−Θ^+ process. They found a peak in the invariant mass of nK^+ at 1555 MeV with a width of about 26 MeV.

In summary, the experimental situation concerning the Θ^+ and Θ^{++} pentaquark states is the following. There is evidence from different experiments supporting the existence of the pentaquark Θ^+ state, but there is no evidence for the Θ^{++} particle. The mass of the Θ^+ particle is from 1526 MeV to 1555 MeV, and the width is found to be from 9 MeV to 28 MeV limited by detector resolutions of these experiments. Also, the existing data seem to suggest that the Θ^+ particle is an isoscalar particle. However, the existence of Θ^+ pentaquark is far from being confirmed experimentally [9]. Here we do not attempt to list all the experiments which report positive evidence for the Θ^+ particle, nor do we attempt to list all the experiments which show negative results.

The CERN NA49 Collaboration [11] reported an exotic S = −2, Q = −2 baryon resonance in proton-proton collisions with a mass of 1862 ± 2 MeV/c^2 and width below the detector resolution of 18 MeV/c^2 in the Ξ^−π^−, and Ξ^−π^+ invariant mass spectra. These two states are believed to be candidates for the dsdsū (Ξ^{−−}_{32} ) pentaquark state, and the dsusd̄ (Ξ^0_{32} ) pentaquark state, respectively. However, there is probably more evidence against the existence of the dsdsū and dsusd̄ pentaquark states [12]. Mostly recently, the H1 collaboration reported [13] evidence for a narrow anti-charmed baryon state, interpreting such a state as the pentaquark uuddc̄ state.

What is the theoretical situation regarding the pentaquark state? Many papers have been written since the LEPS collaboration reported the first evidence for the existence of the Θ^+ pentaquark state. Refs. [14–28] are only a subset of these papers. We do not attempt to review all theoretical work here, but will discuss in some details the chiral soliton model by Diakonov et al. [14] and the diquark model by Jaffe and Wilczek [16]. The chiral soliton model motivated the original work at LEPS, and the diquark model by Jaffe and Wilczek gives distinctively different predictions from those of the chiral soliton model. For a review of theoretical development on pentaquarks, we refer to reference [29].

The original chiral soliton model prediction by Diakonov, Petrov and Polyakov [14], which largely motivated the LEPS search, gave a mass of 1530 MeV and a total width of less than 15 MeV for the Θ^+ particle. They also predicted that the Θ^+ particle is a spin 1 2 isoscalar particle. In their chiral soliton model, the lowest multiplets are the octet (8,^1_2 ), the decuplet (10,^3_2 ), and the antidecuplet ( ¯10,^1_2 ). To fix a fundamental quantity in their model, they identified one of the members of the anti-decuplet which has the same nucleon quantum numbers as the well-known N(1710,^1_2^+) nucleon resonance. The lightest baryon in the antidecuplet is therefore identified as the exotic Θ^+ particle with a predicted mass of 1530 MeV and a predicted width of less than 15 MeV. Another feature of this model is that the equidistant splittings inside the anti-decuplet states are predicted to be ∼ 180 MeV. In this model the predicted mass for the Ξ_{3/2} state is 2070 MeV.

Jaffe and Wilczek [16] proposed the correlated diquark picture to explain the observed Θ^+ resonance with a narrow width. In their model, the diquarks QQ are correlated in an antisymmetric color, flavor and spin state. In the case of the Θ^+ pentaquark state, it is a bound state of two highly correlated ud pairs and an antiquark. In this model, the Θ^+ is predicted to have positive parity and it is the lightest member of the flavor antidecuplet. By identifying the lightest state of the flavor antidecuplet to the observed Θ^+ (1540 MeV) particle, the M_0 + m_s parameter was fixed to be ∼ 1540 MeV in the model, where the Hamiltonian including SU(3) violation is H_s = M_0 +(n_s +n_{s̄})m_s +n_sα, and α =^3_4 (M_Λ −M_Σ). The narrowness of the width of the Θ^+ particle can be explained in this model by the weak coupling between the K^+n continuum and the bound state of the two diquark pairs and the antiquark, [ud]^2s̄. One of the very interesting predictions of this model, which also differs from the chiral soliton model prediction, is the mass of the cascade isospin^3_2 multiple Ξ_{3/2}([us]^2d̄). Jaffe and Wilczek predict that the exotic cascade state mass to be around 1750 MeV with a width about 50% greater than that of the Θ^+ particle, while the chiral soliton model predicts much heavier cascade states. The NA49 Collaboration [11] show evidence for the observation of such isospin-3/2 cascade resonance states, but at a higher mass, 1862 MeV.

Capstick, Page and Roberts [15] hypothesized the Θ^+ particle as an isotensor resonance to explain the observed narrow width of the Θ^+ particle. The decay of the Θ^+ particle to the K^+n state is via isospin-violating strong decays and is estimated to have a decay width of sub-MeV, much smaller than the experimental upper bound of the Θ^+ decay width. The hypothesis that Θ^+ is an isotensor particle implies the existence of Θ^{∗∗+++}, Θ^{∗∗++}, Θ^{∗∗0}, and Θ^{∗∗−} states. Gerasyuta and Kochkin [30] calculated the mass spectra of the isotensor Theta-pentaquarks with J^p =^1_2^±,^3_2^± in a relativistic quark model. The predicted mass for Θ^{∗∗++} is 1575 MeV (1761 MeV) for J^p =^1_2^± (J^p =^3_2^±). Here we follow the convention in the literature that Θ represents the I=0 state in anti-decuplet, Θ^∗ represents the I=1 state in 27-plet and Θ^{∗∗} the I=2 state in 35-plet.

Following the success of the chiral soliton model by Diakonov et al. [14] in predicting the Θ^+ particle mass, width and isospin, Walliser and Kopeliovich [31] investigated the implications of the Θ^+ exotic pentaquark for the baryon spectrum in topological soliton models. They estimate the positions of other pentaquark and septuquark states with exotic and with non-exotic quantum numbers, particularly within the 27-plet baryon and the 35- plet multiplets in SU(3) soliton model. In the 27-plet, the J =^3_2 , T = 1 multiple (Θ^{∗0}, Θ^{∗+}, Θ^{∗++}) are estimated to have a mass of 1.65 to 1.69 GeV. Most recently, Wu and Ma [32] studied the mass and width of the pentaquark Θ^∗ states in the 27 baryon multiplet from chiral soliton model. Their calculations show that the mass of Θ^∗ is about 1.61 GeV and the width for the process Θ^∗ → KN is less than 44 MeV. Bijker et al. [33] constructed a complete classification of qqqqq̄ states in terms of the flavor-spin SU(6) representation and found that only the anti-decuplet, 27-plets and the 35-plets contain exotic states which can not be constructed by three quarks only. In this model, the ground state pentaquark is identified as the observed Θ^+(1540) state, and is predicted to be an isosinglet anti-decuplet state. The predicted masses for the excited exotic baryons are 1660 MeV and 1775 MeV.

While it is important to determine the quantum number of the Θ^+ particle, particularly the spin and the parity and to search for other members in the exotic baryon family, we believe it is more essential at the present time to confirm the existence of the Θ^+ particle with significantly improved statistics, and to determine the mass and the width of the Θ^+ particle more precisely. Karliner and Lipkin [34] derived an upper bound on the mass difference between the Ξ^∗ and Θ^+ based on simple assumptions about SU(3)_f symmetry breaking and quantum mechanical variational method. The resulting rather robust bound is more than 20 MeV below the experimentally reported Ξ^∗ - Θ^+ mass difference. It is also very important to verify definitely the non-existence or the existence of the Θ^{++} particle^1. Once the existence of the Θ^+ has been confirmed with high statistics, it is essential to determine the cross-section for producing such an exotic particle, which in turn will help us understand the underlying mechanism for the pentaquark exotics in QCD. So far, there is no reliable experimental information on the production cross-section for the exotic pentaquark Θ^+. The proposed experiment will allow for a determination of the differential cross-section for the Θ^+ particle for the first time. As was mentioned previously the existing data give a rather large range for the mass of the Θ^+ particle, 1526 - 1555 MeV, with a width between 9 - 28 MeV, limited by the detector resolutions. So far, all experiments reporting evidence

1Here we drop the notation of Θ^{∗++} and Θ^{∗∗++} for simplicity.

for the existence of the Θ^+ particle employed large acceptance detection systems, which could be more sensitive to issues such as kinematic reflection raised by Dzierba et al. [35]. In their study, Dzierba et al. showed that the narrow enhancement in the invariant mass spectrum of the K^+n system around 1540 MeV can be generated as kinematic reflections resulting from the decay of mesons, such as the f_2(1275), the a_2(1320), and the ρ_3(1690). Kinematic reflection is the enhancement in the invariant mass spectrum of the K^+n system when the invariant mass of the photon-nucleon system exceeds the production thresholds for higher mass mesons such as f_2(1275), a_2(1320), ρ_3(1690). This is because several of these mesons are known to have a production cross-section comparable to the total crosssection for the K^+K^− production, and the branching ratio for these mesons decaying into K^+K^− is of several percent. However, the peak position of such an enhancement in the invariant mass spectrum of the K^+n system depends on the incident beam momentum. Therefore, high statistics measurements using high resolution, small-acceptance magnetic spectrometers with different incident beam momenta are very crucial for the confirmation of the Θ^+ particle, and for the more accurate determination of its mass and width. While one may argue about the validity of the quenched Lattice QCD calculations, there is no conclusive evidence for the existence of the Θ^+ particle from lattice calculations [36,37].

So far there has been no evidence for the existence of Θ^{++} particle from photon induced reactions [6,7]. Chen, Mao and Ma [38] suggested that the observation of null Θ^{++} peak in photoproduction can exclude I = 1 and I = 2 for Θ if the production of Θ is through the isoscalar component of the photon. On the other hand, if the production of Θ is through I = 1 electromagnetic current dominantly, then the absence of the Θ^{++} particle in photoproduction can not exclude an isovector Θ^+. Recently, the missing mass technique [39] was employed by the Hall A experiment E04-012 [40] in searching the Θ^{++} particle. Such a technique is difficult in identifying a small signal from overwhelmingly large backgrounds. This method would be especially challenging if the Θ^{++} state is not a very narrow state. While there is no evidence on Θ^{++} from Hall A experiment E04-012 [40], data [43] from RHIC suggest the existence of Θ^{++} particle. Therefore, a new experiment with much better sensitivity in probing the existence of Θ^{++} particle from photoproduction is urgently needed. Such an experiment is essential in determining the isospin quantum number of the Θ^+ particle following the confirmation of its existence.

We propose to carry out a systematic, high resolution search of the Θ^+, and the Θ^{++} particle with high statistical accuracy from hydrogen and deuterium targets using magnetic spectrometers in combination with a neutron counter (in the case of Θ^+). The pentaquark mass can be determined to better than 0.5 MeV. The width (σ) can be determined to 2.8 MeV and 1.3 MeV for the Θ^{++} and the Θ^+ particles, respectively, using the Hall C magnetic spectrometers and a neutron counter.

II. THE EXPERIMENT

A. Experimental Overview

We propose to carry out a systematic search for pentaquark states Θ^+, and Θ^{++} particle in Hall C using magnetic spectrometers in combination with a neutron counter (Θ^+) by studying two different physical processes. The experiment requires an electron beam at an incident beam energy of 3.475/3.825 GeV with a maximum beam current of 50μA. The experiment will employ both the Hall C 4-cm long cryogenic liquid hydrogen and deuterium targets, and a 6% Cu radiator. For the Θ^{++} search, the Short Orbit Spectrometer (SOS) and the High Momentum Spectrometer (HMS) will be employed. For the Θ^+ search, the SOS, the High resolution Kaon Spectrometer (HKS), and a neutron counter will be used. We propose to study the following two processes:

• γn → Θ^+K^−, where Θ^+ decays via Θ^+ → K^+n. Due to the lack of a free neutron target, a liquid deuterium target will be used. The K^− particle will be detected in the SOS spectrometer in coincidence with the K^+ and the neutron which will be detected in the HKS spectrometer, and the neutron counter, respectively. By detecting all three particles, the untagged bremsstrahlung photon energy, and the initial neutron momentum inside the deuteron can be reconstructed completely. Furthermore, the Θ^+ mass can be reconstructed directly from the detected K^+ and the neutron.

• γp → Θ^{++}K^−, where Θ^{++} → K^+p. The K^− particle will be detected in SOS in coincidence with the proton which will be detected in the HMS spectrometer. One can also detect the decay K^+ particle in HMS in coincidence with the K^− particle. The coincidence rate will be significantly lower than that with detecting the proton because of the rather low K^+ momentum and the 25-meter HMS flight path. Therefore, we propose to carry out the search of the Θ^{++} particle as a function of the reconstructed invariant mass of the K^+p by detecting the proton from the Θ^{++} decay. Once the existence of the Θ^{++} particle is demonstrated, a dedicated measurement will be carried out by detecting the K^− and K^+ in coincidence to provide additional confirmation. The reconstructed mass resolution by detecting the K^+ particle is 2.8 MeV (σ), while the mass resolution is 3.85 MeV (σ) when detecting the proton. By tagging the proton or the K^+ particle from the Θ^{++} decay, backgrounds from other physical processes having a final state different from the K^+K^−p final state will be suppressed. Backgrounds from physical processes which have the same K^+K^−p final state are suppressed by cuts in the reconstructed photon energy spectrum, in the reconstructed invariant mass spectra of the K^+K^−, and the K^−p system.

B. Proposed Experimental Setup

In designing the experiment, the following factors need to be considered:

• For the γn → Θ^+K^− channels, detection of both the K^+ and K^− particles are needed.

The mean life of the kaon in its rest frame is about 1.2 × 10^{−8} second. Therefore, spectrometers with short flight path are very crucial for such an experiment. The Short-Orbit Spectrometer (SOS) and the High Resolution Kaon (HKS) spectrometer in Hall C serve these purposes well.

• For the γn → Θ^+K^− process, neutron detection is required in addition to the detection of the K^+ and the K^− particles. We propose to use a neutron detector similar to what was employed by the JLab Hall C experiment E93-026 [41] or similar to the neutron counter for the upcoming G^n_E experiment (E02-013) in Hall A.

• For the γp → Θ^{++}K^− process, the majority of the proposed measurements require the detection of the proton and the K^− particle. Therefore, the combination of the existing SOS/HMS spectrometer is sufficient for these measurements. A radiator system was used successfully in Hall C deuteron photodisintegration experiments E89012 and E96003. Therefore, the proposed program on Θ^{++} search can be carried out right away.

• The maximum central momentum of HKS is 1.2 GeV. This limits HKS to be served as a K^+ detector for the γn → Θ^+K^− process.

• The two spectrometers with reversed polarities will be used for the calibration of the mass determination using the γn → Σ^−π^+ process (see Section F).

• In the dispersion plane of the HKS spectrometer, the most forward angle the neutron counter can be positioned is 59^∘ with respect to the electron beam line at a distance of 4.2 meters from the target. However, the neutron counter is required to be at 39^∘ kinematically. The solution we proposed is to position both HKS spectrometer and Neutron Counter at -23^∘ with respect to the electron beam line^2 in the horizontal plane. HKS will go down -11^∘ vertically and Neutron Counter will go up +14^∘ vertically. Design for new supports for HKS and the Neutron Counter is required.

We propose to carry out the proposed experiment in two phases: phase A and phase B. Phase A can be carried out right away on the Θ^{++} search using the combination of the SOS and the HMS spectrometers. The phase B on the Θ^+ search requires major installation and a detailed discussion concerning phase B is described below.

Given the fact that we are proposing to use the SOS, the target will be a 4 cm LH2 (LD2) target, the maximum target length seen by the SOS at 90^∘. Since the LH2 (LD2) target is at the SOS pivot and the distance from the SOS-HMS pivot to the E01-011 target position (downstream) is about 4.6 meters, we tried to position the HKS such that the flight path for the K^+ is as short as possible. This is achieved by moving the HKS upstream towards the SOS pivot from the position used in the Hypernuclear experiment, E01-011. Since beamline will be blocked by HKS if HKS is at-23^∘, we also plan to use the splitter magnet to bend the K^+ events outward to a larger angle. The minimum distance that the splitter magnet could be positioned due to the size of the scattering chamber is 1.25 m from the target. Keeping the splitter plus HKS system identical to that of experiment E01-011, we thus need to move the splitter to a 1.25 m from the SOS pivot. By rotating the splitter plus HKS system -12.1^∘/-11.0^∘ away from the beam line from the E01-011 configuration, we can achieve the necessary configuration. The HKS will be physically at an angle of -32.0^∘/-11.0^∘ to the right of the electron beam line facing the beam dump. The corresponding central scattering angle for HKS is -23.0^∘/−11.0^∘ with the splitter magnet in front. The neutron detector will be positioned on the same side of the HKS, and it is at an angle of -23.0^∘/+14.0^∘ with respect to the incident electron momentum direction. The SOS spectrometer is positioned at an angle of 20.0^∘ (or 48.0^∘) to the left of the incident electron beam momentum direction. Figs.

2negative sign here refers beam right when facing the beam dump

1 and 2 show two different views of the proposed experimental setup in Hall C for Phase B. This experiment will need a smaller platform to hold the HKS detector stack rather than using the T_{20} platform that E01-011 will use.

The detector package in the SOS spectrometer consists of two wire chambers for tracking and position measurements, scintillator hodoscopes for timing, a gas Cerenkov counter, an aerogel counter and a segmented Pb glass shower counter for particle identification. The momentum resolution of SOS is better than 0.1%. General characteristics of the HKS spectrometer are listed in Table I and the momentum resolution is 10^{−4}. The HKS detector configuration is similar to that of the SOS spectrometer. As in Experiment E01-011, the singles rate in HKS is dominated by the singles pion rate. Two layers of aerogel Cerenkov counter with index of refraction of 1.05, which will be installed for Experiment E01-011 to achieve efficient rejection of pions, will be beneficial to the proposed experiment. A lucite Cerenkov counter with wavelength shifter will be employed for proton rejection. The timing resolution of 80 ps aimed for the time-of-flight scintillators of HKS will help further for particle identification. The tracking chambers of HKS are capable of accepting rates as high as a few MHz.

The neutron detector shown in Fig. 3 is 10 m from the target, covered by a 12 cm Pb plate to suppress the background from the target area. The background from the radiator stacked around by more than 12 inches of lead with water cooling is negligible. The neutron detector consists of multiple vertical layers of segmented plastic scintillators. Two thin layers of scintillator paddles sandwiched by three 2 cm steel plates are used as veto detectors to distinguish charged particles. The front steel plate can suppress low energy particles generated from target, beamline and the Pb plate; The back steel plate is used mainly to reduce low energy particles generated within the thin layer of scintillator paddles of the veto detector. Behind the veto detectors, three layers of thick scintillator paddles are used for detecting the neutrons. The surface area of each scintillator paddle is 160 cm × 10 cm. The thickness of a thin scintillator paddle is less than 1 cm and the thickness of a thick scintillator paddle is 10 cm. All scintillators are equipped with photo-multiplier tubes on both ends to provide spatial and timing information for the detected particles.

The entire volume for neutron detection is 160 cm wide, 160 cm tall and 30 cm deep. The timing resolution is expected to be about 300 ps which determines the momentum resolution for the neutron detection from the Time-of-Flight information. The neutron momentum range for the proposed experiment is between 500 MeV to 880 MeV. The spatial resolution for the neutron counter is 5-10 cm. We used the detector development tool GEANT in combination with the FLUKA and MICAP packages for the design of this neutron detector. The background fluxes from target were obtained by Gdinr M. C [42]. calculation. The neutron detection efficiency shown in Fig 4 is a ratio of detected neutron events, in which neutron signals are above a threshold of 30 MeV to the total incident neutron events. The average neutron detection efficiency in the neutron momentum range for the proposed experiment is about 30%^3. The rates of individual PMTs from Gdinr M. C. calculation and GEANT simulation for both veto and neutron counter are listed in Table II. The maximum

3The more realistic value for the neutron efficiency is assumed to be 20% in projecting the proposed measurements rate of each scintillator paddle is around 500 KHz. This requires the upper limit of beam current not to exceed 100 μA and the location of the neutron detector not to be close to the beamline. With a beam current of 50 μA, the expected rate of the neutron counter is less than 0.5 MHz for a threshold of 30 MeV.

C. Kinematics

The kinematics for the proposed measurements were chosen based on the following considerations:

• The kinematics chosen for the γp → Θ^{++}K^− process and the γn → Θ^+K^− process correspond to a K^− center-of-mass angle range of ∼ 35^∘ − 55^∘, and ∼ 40^∘ − 70^∘, respectively.

• The HKS spectrometer can handle higher overall singles rates (a few MHz) than the SOS spectrometer (1 MHz). The SOS spectrometer will be used for detecting K^− particles at a central scattering angle of +20^∘ and the K^+ particle will be detected in the HKS spectrometer at a central scattering angle of -23^∘/-11^∘ with the splitter magnet in front of the HKS for the Θ^+ kinematics.

• Three different kinematic settings were chosen for the γp → Θ^{++}K^− process corresponding to a possible Θ^{++} particle mass of 1540 MeV, 1660 MeV and 1750 MeV, respectively. Therefore, the proposed experiment allows a thorough search for the Θ^{++} particle in the mass range of 1500 MeV to 1800 MeV.

Table III and Table IV list the kinematics of the proposed experiment. Fig. 5 contains various kinematics plots for the proposed Θ^+ measurement. Fig. 6 and Fig. 7 are kinematics plots for the Θ^{++} search by detecting the coincidence K^−p and K^−K^+, respectively.

D. Simulations

For the two-body process γp → Θ^{++}K^− (Θ^{++} → K^+p), one can reconstruct the energy of the incident real photon and the undetected Θ^{++} particle mass from the coincidence measurement of the K^− momentum and angle, and the proton or K^+ momentum and angle from the Θ^{++} → K^+p decay. For the Θ^{++} particle, there is no evidence so far for the existence of such a particle with a mass of 1540 MeV from photoproduction γp → Θ^{++}K^− process. However, there is evidence [43] suggesting the existence of such a state around 1530 MeV from RHIC. Furthermore, such a particle may exist with a larger mass as suggested by Bijker et al. [33] and Gerasyuta and Kochkin [30]. In addition to the detection of the K^− particle, the proton or the K^+ particle from Θ^{++} decay will be detected in coincidence with the K^− particle to suppress backgrounds from other physical processes which have final states different from K^+K^−p final state. In this proposal, three spectrometer settings for SOS and HMS are proposed corresponding to a reconstructed central K^+p invariant mass of 1540, 1670 and 1750 MeV, respectively. Thus, the proposed experiment allows for the search of the Θ^{++} particle in the mass range of 1500 MeV to 1800 MeV.

For the γn → Θ^+K^− process, a deuterium target will be employed. The K^+ and the neutron from the Θ^+ decay will be detected, which allows the reconstruction of the Θ^+ mass in a straightforward way, achieving a mass resolution better than 1.3 MeV (σ). Since the K^− particle will also be detected, the incident real photon energy as well as the initial neutron momentum inside the deuteron can be reconstructed. This technique was used successfully in a recent Hall A experiment [44] on photopion production γn → π^−p process.

A Monte Carlo simulation code was written for the purpose of the reconstruction of the Θ^{++} and the Θ^+ exotic baryon masses from the two processes discussed above. In our simulation, we used rms momentum resolutions of δp/p = 2×10^{−4} for the HKS, 1×10^{−3} for the SOS and the HMS spectrometer. We used 1.0 mr (5.5/0.8 mr) and 3.0 mr (0.5/1.2 mr) for the horizontal and vertical rms spectrometer angular resolutions of the HKS (SOS/HMS), respectively. We used 300 ps for the neutron counter timing resolution and 5 cm for its spatial resolution in the simulation. Multiple scattering in the target, windows, and air gaps were included in the simulation, along with straggling and energy loss for the outgoing particles. The simulated mass spectra for the Θ^+ particle from the proposed measurement is shown in Fig. 8. The simulated mass spectra for the Θ^{++} particle for the three proposed coincidence measurements of K^− and proton are shown in Figs. 9, 10, and 11. For the proposed Θ^{++} search by detecting the K^−K^+ in coincidence, the simulated spectrum is shown in Fig. 12, which gives a significantly smaller width than that by detecting the proton. The overall experimental resolution in determining the width (σ) of the Θ^+ (Θ^{++}) particle is 1.3 (2.8) MeV^4.

E. Backgrounds

The primary sources of the physics background for the proposed γp → Θ^{++}K^− process and the γn(D) → Θ^+K^− process are: (i) ϕ meson production, (ii) γ + p → K^+ + Λ(1520) where, Λ(1520) → p + K^−, and (iii) three-body final state K^+K^− production [45]. Monte Carlo simulations have been carried out to study these backgrounds, taking into account the momentum and angular resolutions of the two hadron spectrometers (SOS and HKS) and the full momentum and angular acceptances of SOS and HKS for the Θ^+ case, and the combination of the SOS and HMS spectrometers for the Θ^{++} particle search. As mentioned before, multiple scattering in the target, windows and air gaps were also included. The total resonant and non-resonant K^+K^− photo-production cross section is estimated to be about 1.5 μb and differential cross sections for the ϕ meson photo-production and Λ production at a photon energy of around 3 GeV are known from existing data. The spectrometer momentum and angle settings based on the two-body kinematics of the γp → Θ^{++}K^− and the γn → Θ^+K^− processes together with the reconstructed photon energy cut (E_0 − 125 ≤ E_γ ≤ E_0 − 25 MeV), where E_0 is the incident electron beam energy, effectively suppress the background contributions from the aforementioned physical processes. Cuts can be applied in the invariant mass of the K^+p (K^+n) system in order to suppress these backgrounds further. Fig. 13 shows two-dimensional spectra plotted among various reconstructed quantities for

4From coincidence measurement of K^−K^+ the Θ^+ kinematics: the reconstructed photon energy (E_γ ), the invariant mass of the K^+K^− pair, the invariant mass of the K^−p system, and the invariant mass of the K^+N system for any event which is in the acceptance of the spectrometers. Therefore, it is clear that both the ϕ production and the Λ(1520) channels are suppressed even without a 100 MeV of E_γ cut. Furthermore, backgrounds due to kinematic reflections discussed previously from the f_2(1275), the a_2(1320), and the ρ_3(1690) channels are shown to be suppressed as well without a 100 MeV of E_γ cut. Fig. 14 show similar two-dimensional spectra for the Θ^{++} kinematics by detecting the the K^− and the proton in coincidence.

A preliminary GEANT3 monte carlo simulation [46] has been carried out for the proposed experimental configuration with a 6% copper radiator in front of the LD2 target to address the potential background issue in the neutron counter and the HKS spectrometer raised by PAC 26. For a total of 1 × 10^7 electrons simulated, there is no hit recorded in either the neutron counter or the HKS. Simulations with improved statistics is ongoing.

F. Calibration

In order to determine the absolute mass of the Θ^+ particle to better than 0.5 MeV, calibration of the proposed method of mass determination is essential. We propose to use the following reaction to carry out the mass calibration: γn → Σ^−K^+. The particle data book value for the mass of the Σ^− is 1197.436 ± 0.033 MeV. The Σ^− particle will be reconstructed by its decay to a neutron and a π^− particle. The neutron will be detected in the neutron counter in coincidence with the π^−, and the mass of the Σ^− particle will be reconstructed in a similar way as the mass of the Θ^+, which is reconstructed by detecting the neutron and the K^+ particle in coincidence. In addition, the K^+ particle will be detected in the SOS spectrometer at an angle of +48^∘ with the reversed polarity in coincidence with the neutron and the π^− particle. The HKS spectrometer polarity will also be reversed in order to detect the π^− particle from the Σ^− decay, but the spectrometer physical configuration and location will be identical to those for the pentaquark Θ^+ kinematics. The neutron counter orientation will need to be rotated from −23^∘/ + 14^∘ down to −23^∘/ + 7^∘ in order to carry out the proposed mass calibration measurements. For the calibration measurement, we propose an incident electron beam energy of 1.910 GeV corresponding to a W value of 2.11 GeV. The kinematics for the calibration reaction is listed in Table III. For the proposed kinematics, the corresponding central K^+ center-of-mass angle is 102^∘ for the γn → Σ^−K^+ reaction. For an incident electron beam current of 50μA, the total Σ^− events are 10^4, and 3.5 × 10^3 with a 100 MeV cut in the reconstructed photon beam energy for a total beam time of 50 hours based on the known Σ^− photoproduction cross section. Fig. 15 shows the simulated calibration measurement for the Σ^− particle mass determination and the its mass can be calibrated to better than 0.3 MeV. The upper panel shows the simulation result for the γn → Σ^−K^+, Σ^− → π^−n reaction only, while the lower panel result included accidental and other possible physical backgrounds. One can see clearly that the measurement is very clean by detecting all three final state particles.

For the case of the Θ^{++} particle search, the combination of the SOS and HMS spectrometer was well calibrated in previous Hall C measurements on kaon electroproduction [47]. The absolute mass of the Θ^{++} particle can be determined to better than 1.0 MeV.

G. Counting Rates

To estimate the coincidence rate for the γp → Θ^{++}K^− and the γn → Θ^+K^− measurements, we used the differential cross-section calculated by Oh et al. [20,21,48] shown in Fig. 16 for Θ^+ for an incident photon beam energy of 3.5 GeV. The black solid curve is the result without the K^∗ contribution. The green and the red curves correspond to the g_K∗_{NΘ} = −0.7g_{KNΘ}, and g_K∗_{NΘ} = 0.7g_{KNΘ}, respectively. Fig. 17 shows the calculated differential cross section by Close and Zhao [50] as a function of K^− center-of-mass angle for the γn → Θ^+K^− reaction for two different incident photon beam energies. The so-called “fall-apart” mechanism is adopted which leads to a larger K^∗NΘ coupling constant than that of KNΘ coupling by a factor of √ 3. A 1 MeV width for the Θ^+ particle is used in this calculation, and a larger width will correspond to a larger cross section by simple scaling. The solid line is the result in the Born limit without K^∗ exchanges, while the dashed and dotted curves are results including K^∗ exchanges of different signs. In the K^− angular coverage of the proposed kinematics, both calculations give very similar angular dependence.

Table V and Table VI list the calculated coincidence rates together with the singles rates (see discussion below) at the proposed kinematics with the spectrometer acceptances taken into account. In estimating the rates, we used a beam current of 25 (50) μA corresponding to a luminosity of 2.63 × 10^{37} (6.36 × 10^{37})/(cm^2 sec) for a 4-cm LH2 (LD2) target cell. For the HKS (HMS) and SOS spectrometers, we used solid angles of 5.8 (6.0) msr and 9.0 msr for the extended target and 0.9 for the detection efficiency. In addition, we used a photon energy bin of 100 MeV near the end point, giving a centroid of the photon energy bin around 75 MeV below the end point.

Singles hadron rates in the HKS (HMS) and SOS spectrometers were estimated using the Lightbody and O’Connell code [49]. Quasifree kaon production was assumed to scale as A^{0.8} and normalized to the data from Hall C experiment E89-009, giving an upper limit of 2320 Hz for the HKS for this experiment. The singles electron rates were estimated from the code QFS. Table IV shows the expected singles rates for the HKS (HMS) and SOS spectrometers for this experiment. Both the SOS and HKS total rates for this experiment are dominated by the singles π^+(π^−) rates. All three spectrometers (HKS, HMS and SOS) can handle a total rate up to a few MHz. The maximum total singles rates estimated for SOS from this experiment is 0.5 MHz, 0.4 MHz for HMS and the maximum HKS singles rate is 0.954 MHz.

Since both the SOS and the HKS (HMS) spectrometers have good particle identification capabilities, the accidental coincidence rate for the coincidence K^−p, K^+K^−, and the coincidence K^+K^−n measurements are negligible compared with the coincidence signal rate for a coincidence timing window of 2 ns with particle identification cuts taking into account detector ineffciencies in particle identification. Fig. 18 and Fig. 19 show the accidental and the corrected coincidence timing spectrum for the coincidence K^−p and K^−K^+ measurement, respectively. The expected total Θ^{++} events and Θ^+ events are given in Table IV based on the requested running time (see next section). The expected Θ^{++} events from the γp → Θ^{++}K^− process is based on the differential cross-section calculated by Oh [48]. For the kinematics of the proposed experiment, the differential cross-section^{dσ}_{dΩ cm} is around 2.0 nb/sr. Therefore, the proposed experiment will have a sensitivity to the existence or non-existence of Θ^{++} particle to a level of 100 pb/sr with a total number of expected events over 3σ above the background events. Please note the aforementioned 100 MeV E_γ cut is only important for the determination of the production differential cross-section once the existence of the particle has been established. In order to establish the existence of such exotic particles, this E_γ cut is not necessary as shown clearly in the simulated results (Figs. 8-12). Therefore, the total projected events for Θ^+ particle (Θ^{++}) is 5837 (around 15K to 23 K) based on the input differential cross-section we used in our simulations.

H. Beam Time Estimate

For the proposed Phase A on the search of the Θ^{++} particle via the γp → Θ^{++}K^− process, we request a beam time of 75 hours by detecting the K^− and the proton in coincidence for three different kinematic settings corresponding to a possible Θ^{++} particle mass of 1540 MeV, 1660 MeV and 1750 MeV, respectively. In addition, we request a beam time of 50 hours for the coincidence K^+K^− detection for one of the three aforementioned kinematic settings. In addition, we request 50 hours for background data taking and target/radiator/spectrometer changes. So the total beam time request for the Θ^{++} search (Phase A) is 175 hours. Here we emphasize again that the proposed Phase A measurements can be carried out right away with the existing Hall C SOS and the HMS spectrometers.

For Phase B, the γn → Θ^+K^− process, we request a beam time of 150 hours for production data taking with 100 % efficiency and an additional 150 hours for spectrometer and detector checkout, calibration measurements, target/radiator/spectrometer changes, and for background data taking. The total request for Phase B is 300 hours.

In total we request 475 hours (20 days) of beam time.

III. COLLABORATION BACKGROUND AND RESPONSIBILITIES

This experiment requires a bremsstrahlung photon radiator, the standard Hall C liquid hydrogen and deuterium target, the Hall C SOS and HMS spectrometers, the new High resolution Kaon Spectrometer (HKS), and a neutron counter similar to that which was used for the Hall C experiment E93-026 or the neutron counter for the Hall A experiment E02-013. For the Phase A part of the proposal, the proposed measurements can be carried out right away using the existing Hall C SOS and the HMS spectrometers. The collaboration overlaps significantly with the E01-011 collaboration. The Caltech group and the Duke group will take on the major responsibility of assembling a neutron counter for this experiment. The experiment requires engineering and technical support from the Jefferson Lab in configuring a new platform for the HKS for the running configuration of this experiment, and for the installation of a neutron counter in Hall C. Many members in our collaboration have extensive experience in experiments with bremsstrahlung photon beams both in Hall C and in Hall A. The expertise and manpower of this collaboration is adequate to carry out the proposed experiment. This collaboration also has strong theoretical support.

TABLES

Configuration QQD and horizontal bend Central momentum range 0.42 GeV/c - 1.20 GeV/c Momentum acceptance ±10% Momentum resolution (Δp/p) 2 ×10^{−4} Solid angle 5.8 msr with splitter Angular acceptance-scattering angle ± 49.5 mrad Angular acceptance-out of plane ± 29.6 mrad Angular resolution-scattering angle 1 mrad Angular resolution-out of plane 3 mrad Kaon detection angle Horizontal: 23.0^∘ Vertical: -11.0^∘ Particle flight path 10.0 m

TABLE I. HKS spectrometer specifications specific to the proposed experimental geometry.

Flux Density Detected Rate Notes (#/cm^2 − sec) (Hz) Particles (> 0.5MeV )

π^± 240.0 μ^± 4.2 e^± 3.2 p 168.0 n 55.2 Photons 40.0 Total 510.6 408,480 one paddle of veto rates Neutrals (> 30MeV )

N 50 eff=0.2 Photons 20 eff=0.55 Total Neutrals 21 33,808 one front paddle of NC rates

TABLE II. Estimated rate at 26.7^∘ (-23.0^∘/+14.0^∘) in 10cm×160cm veto and neutron counter paddles behind 12cm Pb and 2cm steel from 50μA of 3.5GeV electrons on a 4-cm LD2 target.

E_e θ_{SOS} P_{SOS} θ_{HMS} p_{HMS} (GeV) (degree) (GeV/c) (degree) (GeV/c) 3.825 (H,p,M_Θ++ = 1540 MeV) 16.0 1.708 -20.0 1.180 3.825 (H,p,M_Θ++ = 1660 MeV) 15.0 1.708 -20.0 1.455 3.825 (H,p,M_Θ++ = 1750 MeV) 15.0 1.708 -20.0 1.670 3.825 (H,K^+,M_Θ++ = 1540 MeV) 16.0 1.708 -20.0 0.841

TABLE III. Kinematics for the proposed γp → Θ^{++}K^− → K^+pK^−, where p indicates that the K^− and p will be detected by SOS and HMS, respectively, while K^+ represents the measurement in which the K^− and K^+ will be detected in coincidence. The negative sign indicates that the HMS spectrometer is on the right hand side of the beam line facing the beam dump. The centroid of the photon energy is 75 MeV below the incident electron beam energy.

E_e θ_{SOS} P_{SOS} θ_{HKS}/ϕ_{HKS} p_{HKS} θ_n/ϕ_n (GeV) (degree) (GeV/c) (degree) (GeV/c) (degree) 3.475 (D, Θ^+) 20.0 1.800 -23.0/-11.0 0.880 -23.0/+14.0 1.910 (D, Σ^−) 48.0 0.700 -23.0/-11.0 0.540 -23.0/+7

TABLE IV. Kinematics for the proposed γn → Θ^+K^− reactions, and the calibration reaction γn → Σ^−K^+. The negative sign indicates that the HKS spectrometer and the neutron counter are on the right hand side of the beam line facing the beam dump. The centroid of the photon energy is 75 MeV below the incident electron beam energy. The negative momentum settings for the SOS and the HKS spectrometers indicate that both spectrometer polarities will be reversed for the calibration reaction.

SOS HMS(p) E_γ Beam π^− e^− K^− π^+ p K^+ Beam time Expected (GeV) (μA) (kHz) (kHz) (Hz) (kHz) (kHz) (Hz) (hours) events 3.750(H,p,1540 MeV) 25 136.7 53.8 ∼1170 77.0 121.4 ∼1430 25 23360 3.750(H,p,1660 MeV) 25 189.2 51.9 ∼1170 55.2 76.1 ∼1430 25 16555 3.750(H,p,1750 MeV) 25 208.7 44.9 ∼1170 45.5 36.1 ∼1430 25 15100 3.750(H,K^+,1540 MeV) 25 136.7 53.8 ∼1170 268.5.0 134.2 ∼1430 50 781

TABLE V. Singles rate estimate and the coincidence signal rate for the proposed γp → Θ^{++}K^−. The expected Θ^{++} events for 25 hours of beam time at 100% efficiency is 15-23 K total for the γp → Θ^{++}K^− → K^+pK^−, where K^− and p will be detected by SOS and HMS, respectively; Θ^{++} events for 50 hours of beam time at 100% efficiency is about 800 total for the γp → Θ^{++}K^− → K^+pK^− process, where K^− and K^+ will be detected by SOS and HMS, respectively.

SOS HKS E_γ Beam π^− e^− K^− π^+ p K^+ neutron Beam time Expected Events (GeV) (μA) (kHz) (kHz) (Hz) (kHz) (kHz) (Hz) (kHz) (hours) 3.400(D) 50 336 133 2320 535 419 992 338 150 952(5837) HKS SOS 1.910(D) 50 26.0 54.6 - 7.6 7.6 1700 - 50 2328(7246)

TABLE VI. Singles rate estimate and the coincidence signal rate for the proposed γn → Θ^+K^− measurements, and the calibration reaction γn → Σ^−K^+. The expected Θ^+ events for 150 hours of beam time at 100% efficiency is 5837 total and 952 with a 100 MeV E_γ cut.

REFERENCES

[1] M. Gell-Mann, Phys. Lett. 8 (1964) 214; G. Zweig, Preprint CERN-8182/Th.401 (Jan.

1964), unpublished; and Preprint CERN-8419/Th.412 (Feb. 1964), unpublished. [2] Particle Data Group, C. Caso et al., Eur. Phys. J. C 3 (1998) 1, see notes on pages 609, 627, and 676.

[3] See, e.g., S.J. Brodsky and B.-Q. Ma, Phys. Lett. B 381 (1996) 317, and references therein.

[4] T. Nakano et al., Phys. Rev. Lett. 91, 012002 (2003). [5] V.V. Barmin et al., hep-ex/0304040.

[6] S. Stepanyan et al., hep-ex/0307018, Phys. Rev. Lett. 91, 252001 (2003). [7] J. Barth et al., hep-ph/0307083.

[8] W. Lorenzon for the HERMES Collaboration, presented at the Pentaquark Workshop, Nov 6-8, 2003, Jefferson Lab.

[9] A.R. Dzierba et al., pep-ph/0311125; R. Cahn and G. Trilling, Phys. Rev. D 69, 011501 (2004); J.Z. Bai et al., [BES Collaboration], hep-exp/0402012; K.T. Knöpflet et al., hep-ex/0403020.

[10] V. Kubarovsky, L. Guo et al., Phys. Rev. Letts. 92, 032001 (2004). [11] NA49 Collaboration, hep-ex/0310014.

[12] H.G. Fischer and S. Wenig, hep-ex/0401014; K.T. Knöpflet et al., hep-ex/0403020. [13] H1 Collaboration, hep-ex/0403017.

[14] D. Diakonov, V. Petrov, M. Polyakov, hep-ph/9703373. [15] S. Capstick, P.R. Page, and W. Roberts, Phys. Lett. B 570, 185 (2003). [16] R. Jaffe and F. Wilczek, hep-ph/0307341, Phys. Rev. Lett. 91,232003 (2003). [17] x. Chen, Y. Mao, and B.Q. Ma. hep-ph/0307381. [18] S.L. Zhu, hep-ph/0307345.

[19] P.Z. Huang, W.Z. Den, X.L. Chen, S.L. Zhu, hep-ph/0311108. [20] Y. Oh, H. Kim, and S.H. Lee, hep-ph/0310019. [21] Y. Oh, H. Kim, and S.H. Lee, hep-ph/0310117. [22] Y. Oh, et al., Phys. Rev. D 70, 094022 (2004). [23] Q. Zhao, hep-ph/0310350.

[24] B.K. Jennings, K. Maltman, hep-ph/0308286. [25] P. Bicuro and G.M. Marques, hep-ph/0308073. [26] T. Hyodo, A. Hosaka, and E. Oset, nucl-th/0307105. [27] M. Karliner, and H.J. Lipkin, hep-ph/0307243, hep-ph/0307343. [28] W. Liu, C.M. Kuo, nucl-th/0309023; L.W. Chen, V. Greco, C.M. Kuo, S.H. Lee, and W. Liu, nucl-th/0308006; W. Liu, C.M. Kuo, V. Kubarovsky, nucl-th/0310087; W. Liu, C.M. Kuo, nucl-th/0309023, Phy. Rev. C 68, 045203 (2003).

[29] S.L. Zhu, hep-ph/0410002.

[30] S.M. Gerasyuta and V.I. Kochkin, hep-ph/0310227. [31] H. Walliser and V.B. Kopeliovich, hep-ph/0304058. [32] B. Wu and B.Q. Ma, Phys. Lett. B 586, 62 (2004), hep-ph/0312326. [33] R. Bijker, M.M. Giannini and E. Santopinto, hep-ph/0310281. [34] M. Karliner and H.J. Lipkin, hep-ph/0402008. [35] A.R. Dzierba et al., hep-ph/0311125.

[36] K.F. Liu, presented at the Pentaquark Workshop, Nov 6-8, 2003, Jefferson Lab.

[37] S. Sasaki, hep-lat/0410016.

[38] X. Chen, Y. Mao, B.Q. Ma, hep-ph/0307381, published in Mod. Phys. Lett. A19, 2289 (2004).

[39] H. Gao and B.Q. Ma, Mod. Phys. Lett. A 14, 2313 (1999).

[40] Jefferson Lab experiment E04-012, Spokespersons: B. Wojtsekhowski and P.E. Reimer. [41] G. Warren et al., nucl-ex/0308021.

[42] P.V. Degtyarenko, Applications of the Photonuclear Fragmentation Model to Radiation Protection Problems, Proceedings of the Second Specialist’s Meeting on Shielding Aspects of Accelerators, Targets and Irradiation Facilities (SATIF2), 12-13 October 1995, CERN, Geneva, Switzerland, p. 67; P.V. Degtyarenko, M.V.Kossov, H-P. Wellisch, Chiral Invariant Phase Space Event Generator, I. Nucleon-antinucleon annihilation at rest, Eur. Phys. J. A 8, p. 217 (2000).

[43] H. Huang, private communication.

[44] L.Y. Zhu et al., Phys. Rev. Lett. 91, 022003 (2003); L.Y. Zhu et al., submitted to Phys.

Rev. C, nucl-exp/0409018.

[45] D.C. Fries et al., Nucl. Phys. B143, 408 (1978); D.P. Barber et al., Z. Phys. C12, 1 (1982).

[46] M. sumihama, private communication.

[47] G. Niculescu et al., Phys. Rev. Lett. 81, 1805 (1998). [48] Y. Oh, private communication.

[49] J. O’Connell and J. Lightbody, Comp. in Phys., May-June 57 (1998). [50] F. Close and Q. Zhao, hep-ph/0403159.

FIGURES

FIG. 1. Top view of the experimental setup for the proposed experiment (Phase B)

FIG. 2. Isometric view of the experimental setup for the proposed experiment (Phase B).

FIG. 3. A schematics diagram of the neutron detector setup.

FIG. 4. The neutron detection efficiency as a function of neutron momentum (see text).

FIG. 5. The kinematics plots for the proposed Θ^+ search corresponding to a mass of 1540 MeV. a) the reconstructed E_γ ; b) E_γ versus momentum of K^−; c) scattering angle of K^− in c.m. versus t; d) the correlation between the K^+ and the neutron momentum.

FIG. 6. The kinematics plots for the proposed Θ^{++} search corresponding to a mass of 1540 MeV for the coincidence K^−p measurement. a) the reconstructed E_γ ; b) E_γ versus momentum of K^−; c) scattering angle of K^− in c.m.; d) the correlation between the K^− and the proton momenta in the γ(p, K^−p) process.

FIG. 7. The kinematics plots for the proposed Θ^{++} search corresponding to a mass of 1540 MeV for the coincidence K^−K^+ measurement. a) the reconstructed E_γ ; b) E_γ versus momentum of K^−; c) scattering angle of K^− in c.m.; d) the correlation between the K^− and the proton momenta in the γ(p, K^−K^+) process.

FIG. 8. Reconstructed Θ^+ mass spectra for the proposed experiment. In this simulation, physics events were generated from the γn → Θ^+K^− process with a Θ^+ mass of 1540 MeV; The background is from the γn → K^+K^−n three-body final state, and the accidental background coincidence rate (which is negligible.).

FIG. 9. Reconstructed Θ^{++} mass spectra from the γ(p, K^−p) process for the proposed experiment. In this simulation, physics events of interest were generated from the γp → Θ^{++}K^− process with a Θ^{++} mass of 1540 MeV; The background is The background is from the γp → K^+K^−p three-body final state, and the accidental background coincidence rate (which is negligible).

FIG. 10. Reconstructed Θ^{++} mass spectra in γ(p, K^−p) process for the proposed experiment. In this simulation, physics events of interest were generated from the γp → Θ^{++}K^− process with a Θ^{++} mass of 1660 MeV; The background is from the γp → K^+K^−p three-body final state, and the accidental background coincidence events (which are negligible).

FIG. 11. Reconstructed Θ^{++} mass spectra in γ(p, K^−p) process for the proposed experiment. In this simulation, physics events of interest were generated from the γp → Θ^{++}K^− process with a Θ^{++} mass of 1660 MeV; The background is from the γp → K^+K^−p three-body final state, and the accidental background coincidence events (which are negligible).

FIG. 12. Reconstructed Θ^{++} mass spectra from the γ(p, K^−K^+) process for the proposed experiment. In this simulation, physics events of interest were generated from the γp → Θ^{++}K^− process with a Θ^{++} mass of 1540 MeV; The background is from the γp → K^+K^−p three-body final state, and the accidental background coincidence events (which are negligible).

FIG. 13. Two-dimensional spectra for a Θ^+ of mass of 1540 MeV among various reconstructed quantities: the reconstructed photon energy (E_γ , in MeV), the invariant mass of the K^−K^+ pair (in MeV), the invariant mass of the K^−Nucleon pair (in MeV) and the invariant mass of the K^+Nucleon pair (in MeV) for any event inside the acceptance of the spectrometers.

FIG. 14. Two-dimensional spectra for a Θ^{++} of mass of 1540 MeV among various reconstructed quantities: the reconstructed photon energy (E_γ , in MeV), the invariant mass of the K^−K^+ pair (in MeV), the invariant mass of the K^−p pair (in MeV) and the invariant mass of the K^+p pair (in MeV) for any event inside the acceptance of the spectrometers for the coincidence measurement of K^− and the proton.

FIG. 15. The reconstructed Σ^− mass from the γn → Σ^−K^+, Σ^− → π^−n reaction (see text).

FIG. 16. The calculated differential cross section by Oh et al. [20,21,48]. See text for details.

FIG. 17. The calculated differential cross section by Close and Zhao [50]. See text for details.

FIG. 18. The coincidence timing spectrum for the γ(p, K^−p) process.

FIG. 19. The coincidence timing spectrum for the γ(p, K^−K^+) process.