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Abstract:

We propose to investigate the spin and parity of the exotic @ baryon in the reaction
9Be(¥, K~ K*n)®Be using a beam of linearly polarized photons. The photon asymmetry in
yn — K~©1T — K~ K'n and the decay distribution for ©" — K ™n determine uniquely the
parity of ©T; however, the extraction of its spin content is model dependent. We propose to
perform an experiment in Hall B at Jefferson Lab using the coherent bremsstrahlung facility,
the CEBAF Large Acceptance Spectrometer (CLAS), and a Low Energy Recoil Detector to
be located at the center of CLAS.
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1 Motivation

Over the past 15 months several experiments are claiming evidence for a pentaquark state
OT with strangeness S=+1, a mass around M=1.54 GeV, and width less than 25 MeV. The
narrow exotic baryon has been observed in the invariant mass of K*n and pK? (see Table 1
for details).

Experiment ©1Mass O©1TWidth Analyzed Statistical
(MeV) (MeV) reaction significance
SPring8 [1] 1540 £ 10 <25 yn— K K'n 4.60
SAPHIR [2] 1540 4+ 4 42 < 25 vp — KOK*n 4.80
CLAS-d [3] 1542 + 5 <21 vd—pK~K*tn | (5.240.6)0
CLAS-p [4] 1555 + 10 <26 yp =7t K~Ktn | (7.8+1.0)0
DIANA [5] 1539 + 2 <9 KtXe— K%X 440
HERMES [6] | 1528 £2.6+2.1 | 17+9+3 v*d — pK%n 460
SVD [8] 1526 + 3 + 3 <24 pA — pKIX 5.60
BEBC [7] 1533 £ 5 <20 vA — K%X 6.70
! 0
ZEUS [9] 1521.5 £ 1.5728 | 6.1+ 1.6729 ;1; - z,g %; 221 + 48 events
COSY-TOF [10] 1530 + 5 <18+4 pp — pUTKD 4-60

Table 1: Experimental evidence for a narrow S=+1 baryon with mass around 1540 MeV

The pentaquark state was predicted by Diakonov, Petrov, and Polyakov [11] in 1997 in the
chiral soliton model as the lowest member of a baryon anti-decuplet. Although the existence
of ©F has been observed experimentally, many of its basic properties such as its quantum
numbers undetermined. The naive SU(6) quark model and QCD sum rule calculations [12,
13] as well as Lattice QCD calculations [14, 15] predict a spin 1/2 negative parity state.
In contrast, the chiral/Skyrme soliton model [11, 16] and correlated quark models [17, 18]
predict a spin 1/2 positive parity isoscalar state. Goldstone boson exchange [19, 20] and color
magnetic exchange quark models [21] also predict a positive parity for ©7.

The measurement of the differential cross section is not sufficient to determine the spin
and parity of the narrow pentaquark state. We propose to employ linearly polarized photons
to extract the spin and parity of ©*. Its parity can be uniquely determined by measuring
the photon beam asymmetry 3. By measuring the spin density matrix elements p! and p?
(s being the spin quantum number of ©T), the intrinsic spin of the ©T can be determined,
but in a model dependent way [22, 23, 24].

In the following sections, we first outline the method to be employed in order to extract
the spin and parity of ©T, and then provide a description of the proposed experimental setup.

2 Basic concepts

2.1 Measurement of spin and parity

To extract the spin and parity of the exotic ©T baryon, we shall focus on the reaction
yn — K~ K™'n, which has been experimentally investigated by the LEPS [1] and CLAS [3]
Collaborations. However, since the neutron is bound in CH or 2H, the results suffer from
uncertainties in the correction for Fermi motion and, detection and measurement of spectator
proton. In our proposed experiment we shall employ a Beryllium target (°Be nucleus) because
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of its unique feature, namely that after removing a neutron from its ground state, two «-
particles appear from the excited states of a residual ®Be nucleus [25, 26], i.e.

'Be — n+ ®Be* —ntata (1)

The measurement of energy and direction of both recoil as provides an effectively free neutron
target, since its Fermi motion is known.

Additionally, we will use a beam of linearly polarized photons, which will allow for ex-
tracting the spin and parity of the ©% pentaquark by measuring the photon asymmetry
and decay distribution of © — K*n as function of the K~ production angle. The photon
asymmetry, 3, is given by [27, 28]

B do; —doj

= 2
daL-I-dU” ( )

where do | (doy) is the differential cross section for O for the incoming photon polarization
perpendicular (parallel) to the production plane.
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Figure 1: Photon asymmetry in the (yn) center-of-mass frame for both positive and negative
parity cases of ©T. Different curves correspond to different choices of the pseudoscalar—
pseudovector admixture for the K NOT coupling and the anomalous magnetic moment kg+
(from Ref. [23]).

As an example, Fig. 1 shows the photon asymmetry ¥ as function of the K~ production
angle, for positive (top) and negative (bottom) parity of ©F as predicted by Nakayama et
al. [23]. Theoretical predictions confirm that
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e the photon asymmetry is slightly [22, 24] or significantly [23] positive if the parity of
O is positive;

e the photon asymmetry is significantly negative [22, 23, 24] if the parity of ©T is negative.

The angular distribution of the decay particles, K™ and n, in the ©T rest frame depends
directly on J™ of ©%; however, without beam polarization the distributions are expected to
be ambiguous. See Ref. [22, 23] for details.

The following reaction will be investigated to extract the parity of ©7:
¥4+°Be — K-+ K" +n+a+a (3)

where two « particles will be detected in a Low Energy Recoil Detector (LERD), K~ and
K™ will be detected in CLAS. Since the polarized photon is tagged, the neutron can be
identified by missing mass. We can unambigiously reconstruct the reaction (3). The photon
asymmetry can be determined for background subtracted event samples where K ™n are the
decay products of O7.

2.2 Beryllium target

We propose to use a Be nucleus and investigate the reaction (3). The probabilities of a
feeding is governed by spectroscopic factors, which are the most important nuclear structure
ingredients in transition amplitudes for direct nuclear reactions [29]. The spectroscopic factors
are extracted from the “Be(p,d)®Be reaction.[30] In Table 2, energy levels of the excited
nucleus  Be* and the coefficients of fractional parentage g2 [32] are presented.

Table 2: Energy levels of ®Be and fractional parentage coefficients. (The normaliza-
tion used: Yg?=1)

Experiment Model
Ajzenberg-Selove [25] Barker [33] | Cohen-Kurath [34]
| B MeV) [JF| T; |T (keV) | decay || B; MeV) | g2 | E; MeV) | g7 |

0.00 0" 0 6.8 (eV) «a 0.00 0.110 0.00 0.112
3.04 2T 0 1500 «o 3.09 0.151 3.41 0.144
114 4+ 0 =~ 3500 «a 10.3 ~ 11.29 ~
16.63 2% | 1(40) 108 v, o 16.76 0.303 15.81 0.308
16.92 2% 1 0(+1) 74 v, o 16.89 0.086 14.44 0.095

Due to the binary and symmetric division of the excited nucleus 8Be*, the « particles
separate axially with equal momentum in the rest frame of ®Be* (which we further call the
center-of-mass system). Thus, in analogy of fission fragment angular correlation technique [26,
31], the measurement of the cr folding angle, fn4, translates into a determination of the ®Be*
momentum. The angles of a particles in the laboratory frame, 1);, are related to the angles
in the center-of-mass system 6., as

tan 7,01 = sin Gcm/(ajl =+ cos ecm) (4)
tan 1o = sin by, /(2 — €08 Ocp)

2 = (v/v})? and v, v} stand for the velocities of the ®Be* and a; in the center-of-mass

system, respectively.

where z
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3 Experimental setup

The Hall-B Tagger System [36] and CLAS detector [37] equipped with the Low Energy Recoil
Detector (LERD) [38, 39] will be used as for this experiment. The LERD will be based on
a Low Pressure Multiwire Proportional Chamber (LPMWPC) [38] and will be located in
the center of CLAS (see Fig. 2). Linearly polarized photons will be produced via coherent
bremsstrahlung, as successfully employed in CLAS-g8a [40, 41].
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Figure 2: Experimental setup for the © spin and parity determination.

3.1 Low Energy Recoil Detector

Since our experiment requires recoil detection, a thin target is desireable. In order to achieve
reasonable count rate, intense beam have to be employed. Therefore, any recoil detectors
should withstand a high radiation environment. The properties of the Low Energy Recoil
Detectors, namely the Low-Pressure Multiwire Proportional Chambers (LPMWPCs) [38] and
Low-Pressure Multi-Step Chambers (LPMSCs) [39] are very suitable for these goals.

Heptane C.H o 4 SSD

2-3 Torr

Photon

e %Be A .

beam
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Figure 3: A schematic sketch of the Low Pressure Multiwire Proportional Chamber proposed
for the detection of recoil as in the reaction ®Be(¥, K~ K Tn)®Be.

Among the qualities are the following:

e High rate capability;

e An extreme insensitivity to gamma and relativistic particles;

e Capability to operate with external gate, which minimizes space charge effects;

e Negligible radiation damage;
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e High efficiency (~ 100%) for detecting low energy recoils;

e Negligible influence on the energy of recoils (the recoils move through the detectors
with practically constant velocity)

By means of this low-pressure technique it is possible to detect:

a) Protons with energy 0.1 — 5 MeV;
b) Deuterons with energy 0.2 — 10 MeV;
c) Alpha particles with energy 0.4 — 100 MeV;

as well as more heavy particles.

A Low Pressure Multiwire Proportional Chamber filled with a Heptane (C7Hyg) gas at
a pressure of 3 Torr will be used in our proposed experiment. This detector is insensitive
to electromagnetically interacting and minimum ionizing particles. The LPMWPC will be
cylindrical shaped, having a diameter of 12 cm and a length of 22 cm. Surrounding the
9Be target will be two cylindrical MWPCs (cf Fig. 3, diagonal cut view). The position and
timing of the measured as will be resolved to an uncertainty (FWHM) of 1 mm and 0.5 ns,
respectively. The two outgoing as will generate around 20 signals. Each detector provides
5 signals, four ADC-signals for a coordinate and one TDC-signal for time information. The
MWPC detectors have no window and particles go through the detectors without distortion.
The first cylindrical detector has a radius of 1.5 cm — the axis of the cylinder coincides with
the beam direction — and the second one a radius of 3.5 cm. Just outside of the second
detector there will be a Cylindrical Solid State Silicon Detector (CSSSD or just SSD) with a
thickness of 0.3 mm to measure the energy of a particles with a 0.1 MeV resolution. LERD
will have circular up- and downstream windows of 1.5 cm diameter, covered by a mylar foil
of 0.012 mm thickness.

’ Beam Polarisation vs Photon Energy ~=h306
Entries 1495250

Mean x 2.13
Mean y 11.88

RMS x 0.6824
,’ﬁi Coherent peak edge RMSy 2779

xg I 2 GeV

=
o
o

2]
o

Beam Pol. (%)

60

40

20

o) ) ! | O e L T I
15 2 25 3 35 4 45 5 55
E, (GeV)

[E

Figure 4: Beam polarization versus photon energy (CLAS-g8a data).

3.2 Beam and Target

Polarized tagged photon beam in the energy region of 2.0-4.0 GeV will be used (see Fig. 4).
For the beam collimation we propose to use the active collimator [42] with the diameter of
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2 mm, which collimates to a spot size of about 0.5 cm at the center of CLAS when the
collimator is located at the distance of 21.58 m from the radiator. It secures a good fraction
of the collimated tagged photons at the center of the CLAS.

In Fig. 5 the collimated spectrum of the liniarly polarized photon beam is presented,
obtained from g8a data.
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Figure 5: Collimated spectrum of linearly polarized photon beam (CLAS-g8a data).

As target we propose to use a thin tilted °Be foil with a thickness of 3 mg/em? located
inside the Low Energy Recoil Detector (LERD). The tilted target increases the effective target
length for incident photons, e.g. a tilt of 6° increases the effective target length by a factor
of 10.
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Figure 6: Deposited energy of a particles inside the proposed Beryllium target. The as are
produced from 8Be decay (see Table 2).

Additionally, the tilted target allows for recoil as to escape the ?Be target. GEANT
simulation results as well as nuclear data tables [35] show that a-particles with an energy of
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at least 8 MeV are capable to leave a Be target of 3 mg/cm? thickness. Table 2 shows that
a-particles coming from the quantum levels 2+ are capable to escape the target. According
to our Monte-Carlo simulations, such as account for about 40 % of all a products escaping
the target. In Fig. 6 GEANT simulated results are presented for the deposited energy that
a particles lose in the proposed Be target. « particles lose in average 16 % of their energy
inside the Beryllium target. The lowest energetic « particles have at least 4.5 MeV kinetic
energy just after getting out from the target, which is sufficient to reach the Solid State
Detector. The direction of these as is being reconstructed by two MWPC on their path.
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Figure 7: Acceptance of the LERD for « particles. Top: 8 acceptance; bottom: ¢ acceptance.
The blue (dark) distribution shows the MC-generated events, the red (light) distribution
those a particles that were reconstructed in MWPCs and SSD.
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3.3 LERD acceptance

Figure 7 shows the polar and azimuth angle distributions for generated « particles (blue
histogram) and for reconstructed as in MWPCs and SSD (red histogram). Only « particles
in the very forward or backward directions (at 0 < 6 < 10° or 170° < € < 180°) will not be
detectable.

3.4 Trigger and event reconstruction

In order to measure the reaction (3), we propose to trigger on the coincidence of Tagger-
Master OR (to be configured to expand over the coherent peak), 2 signals from the Low
Energy Recoil Detector, and the Time of Flight (TOF) counters in CLAS. For the second
level trigger (readout trigger) we require to have hit patterns of two tracks detected in the
CLAS Drift chamber system. Directions and energies of the two « particles will be measured
by LERD, while the two charged particles (K~, K) will be identified using the CLAS
detector.

Events with two as and two Kaons will be at the center of our scientific interest. The missing
neutron will be identified via missing mass and missing momentum. Tagging information (E.,)
and reconstructed 4-momenta of the recoil as allow us to specify the center-of-mass frame
of yn — K~ K™'n, and thus the emission angle of K~. The O baryon is then identified
via sideband subtraction (and/or signal+background fit) in the invariant mass spectrum of
(K*n) or the missing mass distribution of yn — K~ X. Finally, beam asymmetry and
decay angular distribution are being extracted as function of the K~ emission angle. We
will require 2 different orientations of the photon polarization (crystal orientation in coherent
bremsstrahlung).

4 Count rate estimate

The yield of the events with ©F and 2a particles as a decay products of an excited ®Be
nucleus caused by tagged photon beam [36] in the energy region of 3 GeV can be estimated
by the relation ,

Ng+ = 1ot Noy N ot foa fr.ErD for,A8 for Tday (5)

where the total cross section of ©1 production according to many theoretical predictions is
to be from 15-200 nb, and for a count rate estimate we will take 100nb, i.e. o4 = 10~ 3'em?.
We plan to make use of five targets, which will effectively increase the count rate by a factor
of five. The thin-foil targets will be spaced 3 cm apart and sandwiched between each target
will be a thin sheet of paper-like material to prevent forward-going alphas from interacting
with its neighbor target. The exact details are to be worked out. We can further increase this
count rate by increasing the flux by a factor of two to three. We will, however, need to install
a finer segmented T-Counter array in the coherent peak to afford for this increase, since the
T-Counters cannot sustain a rate exceeding 6 MHz. The number of photons in 3 GeV energy
region is N, = 107y/sec, and the number of nucleus in *Be per cm? is N, Be = 102nuc. /cm?.
The fy, factor is introduced to account for the Monte-Carlo calculations that only 40 % of
all o particles can get out from the “Be target, hence fo, = 0.4 (see Table 2). The frLerp
factor accounts for the 0.8 x 47 acceptance of a particle detection in the Low Energy Recoil
Detector, hence frrrp = 0.8. foras is the factor to account for a CLAS acceptance for K~
and K, which is about (0.3 x 47), hence fcras=0.3. f3, stands to account for a number of
neutrons in the Beryllium nucleus fy, = 5/9 = 0.56, and Ty, is the data taking time per day,
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hence Tyqy = 8.64 X 10* sec. Taking into account all this, the estimated number of events
with ©F per day is Ng+ = 46.

5 Summary

We propose to measure the spin and parity of the recently discovered exotic baryon ©T. A
9Be target will be used since it provides an effectively free neutron target — by measuring
energy and direction of the two recoil as in a Low Energy Recoil Detector. The photon
asymmetry and decay distribution for yn — K~©1 — K~ K*n will be measured, which
are directely related to the spin and parity of ©T. The coherent bremsstrahlung facility and
the CLAS detector in Hall B at Jefferson Lab along with the proposed Low Energy Recoil
Detector based on Low Pressure MWPC technique, are the ideal facilities for performing this
experiment.
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