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Events of the typer p—ny7* 7~ andw~ p—nzn=° at 18 GeVE are analyzed. The mass and width of the
neutral and charged(980) were determined. The neutral, is found to have a mass of (0.991
+0.0025) GeVe? and a width of (0.0680.011) GeVE?. A partial wave analysis technique yields
(0.9983+ 0.0040) and (0.0720.010) GeV£? for the mass and width of the chargagl.
[S0556-282(198)01823-3

PACS numbd(s): 13.25.Jx, 14.40.Cs

I. INTRODUCTION paratus. The E852 apparatus included several major new de-
tectors added to the Multi Particle SpectrometdPS) fa-
This paper presents the results of an analysis to determirglity: the addition of a Lead Glass DetectétGD) for
the parameters of charged and neus#ig980) mesons from photon detection, a large downstream drift chamber, target
the reactions # p—nm 7 n and 7 p—7na’n at region instrumentation, an upgraded data acquisition system
18.3 GeVt. The data were taken by the Experiment 852(DAQ), and a new trigger system. .
(E852 Collaboration during the 1994 running period of the The third section presents the results of our data analysis.

Alternating Gradient SynchrotrofhGS) at Brookhaven Na- The main points of this section include determination of the
tional Laboratory(BNL). mass and width of they(980) (formerly the §). Their low

Section Il gives a description of the experiment and ap_values have bee_n problematic when attgrr}ptmg t(.) assign this
state to the’P, qq nonet. The close proximity of this state to

KK threshold and the near degeneracy in mass with the
*Now at Thomas Jefferson National Accelerator Facility, New- fo(980) have led to several interpretations as to the nature of

port News, VA 23606. this state. Some of these interpretations of t@; state are that
"Now at Department of Physics, Rensselaer Polytechnic Institutei} is a qqqq system[1], a hybrid mesori2], a KK molecule
Troy, NY 12180. [3], a dynamically generated threshold eff¢di, and, of
*Now at Rafael, Haifa, Israel. course, an ordinargq meson. To further complicate mat-
SNow at Department of Physics, Kansas State University, Manters, a possible replacement for tag980) in the filled sca-
hattan, KS 66506. lar nonet has recently been repor{éd.
Now at Department of Physics, University of Arizona, Tucson, Several older experiments usiag(980) from f,(1285)
AZ 85721. decays[6,7] give a width near 0.06 Ge\¢f. The highest
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FIG. 1. A plan view of the experimental setup. The inset shows the target region, described in detail in the text. Proceeding downstream
from the target, the devices contained in the MPS magnetic field are a proportional wire ctiBiM@grdenoted as TPX1two multiplane
drift chambers, another PWJPX2), a lead scintillator sandwich photon veto countBEA), three drift chambers, a PWC and a drift
chamber. Further downstream and outside the MPS magnetic field are a large drift ci@B¥éy and the lead glass detectGD).

statistics recent experiments givd =(0.095-0.014) Beamline instrumentation provided momentum and position
GeV/c? for the chargeda,(980) (1040 events[8], andT’ analysis and particle identification. The maximum flux used
=(0.05412-0.00034-0.00012) GeV¢2 for the neutral by E852 was~2x1(° particles/sec. At 18.3GeV/the mo-
ap(980) [9]. (The number of events observed 8} was not mentum bite,Ap/p, was 3% and ther~ fraction of the
reported) beam approximately 99%.

In this paper we report on the parameters of the charged There were six tracking stations along HEUB. Each track-
ap(980) obtained fromf,(1285)/5(1295) decay(~1400 ing station consisted of proportional wire chamb@?8VCs
eventg and from directly produced neutrah(980) (=720  and scintillator hodoscopes. There were two tracking stations
eventg. The widths of the neutral and chargag(980) de-  upstream of momentum analyzing dipoles and two stations
termined in previous experiments were distinctly different.immediately downstream to provide a momentum measure-
This experiment is the first to determine the parameters ofnent with a resolutiongp/p, of less than 1%. An additional
the neutral and chargeah(980) from the same experiment two stations were placed immediately after a focusing quad-
thus helping to resolve the width discrepancy. rupole triplet to allow extrapolation of the beam track to the

In Sec. Il we first present effective mass distributions, target. .
then we describe our analysis and reconstruction methods There were three €&enkov counters in the beam line. The
and determine the parameters of the chamg@80). These first was a high pressure counter filled with freon used for
parameters are found by two methods, a simple peak fitting</ - separation. The two others were air-filled and were used
technique and a method involving the variation of thefor e/7 separation.
ay(980) parameters in a partial wave analydiWA). We E852 used a 12-in. liquid hydrogen target with a diameter
then present effective mass distributions from the two-bodyf approximately 2.5 in. The target vessel was constructed of
neutral final state reactiom™ p— nm°n—4yn, and deter- 0.087 inch thick aluminum with a 0.025 in. thick hemispheri-
mine the parameters of the neutegl 980). cal endcap on the downstream end. The hydrogen was con-
tained in a 0.0075 in. thick mylar vessel with domed ends
0.05 in. thick inside the aluminum vacuum vessel. The alu-
minum vessel was wrapped in 40 layers of superinsulation

The E852 apparatu@=ig. 1) consisted of a fully instru- (totaling 0.010 in. of mylagr and contained in an outer
mented beamline, a hydrogen target, a recoil particle speasacuum vessel also constructed of aluminum. This outermost
trometer, forward charged particle tracking, a large, segvessel had a 0.025 in. thick hemispherical aluminum endcap.
mented lead glass calorimeter and a nearly hermetic photofihe hydrogen content corresponded to 3% of an interaction
detection system. A flexible, programmable trigger allowedlength.
multiple final-state topologies to be collected simultaneously. The region surrounding the liquid hydrogen target was

The BNL high energy unseparated beam l{HEUB) de-  upgraded for E852 by the addition of a cylindrical drift
livered a beam of negatively charged particles to the MPSchamber(TCYL) and a cylindrical cesium iodidéCsl) de-

II. THE EXPERIMENT
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tector (barrel plus upstream end ringrhese detectors were stream chamber was not included in the trigger but was used
used to determine the identity of the recoil particle. Identifi-for track reconstruction.

cation of the recoil particle as a neutron or proton is required The large drift chamber farthest downstream, denoted
for analysis of exclusive final states. TDX4, was used to measure charged particles positions near

TCYL was instrumented to perform as both a trigger ele-the face of the LGD. Without TDX4 the standard MPS track-

ment and as position measuring device. The number of wire#g system would be inadequate to determine positions of
struck in each event was available to the trigger logic and théharged tracks at the face of the LGD with sufficient accu-
signal from each wire was also digitized to allow a positionfacy to reject showers in the LGD associated with hadronic
measurement. Charge division was used to obtain the longiDtéractions. The sensitive area of TDX4 measured
tudinal position and a resolution of 7 mm was achieved. The305 <200 cm, and consisted of five planes: three planes
azimuthal resolution was 0.4 mm. Details of the chambef! cathode wires with a 0.4 cm pitch and two planes of

design, construction, and instrumentation can be found ifiternating sense and field wires with a 0.8 cm pitch. The
[10] planes were separated by 1.6 cm. A spatial resolution of 150

Surrounding the target and TCYL was a segmented sofftm Was achieved.

. . . The Downstream Endcap ArrayDEA) was a lead/
Sii:]loetogry\gta;cl)s ngitgtjecée%;f #ﬁi tg;"'gg:;?grege?\?;ug 'to'scintillator sandwich designed to detect photons that would

q h f i whi N* or A iss the LGD and consisted of 4 sections forming a “picture
ecay photons from events in whichAaN™ or A was pro-  pamen arrangement. Each section consisted of 18 layers of

duced. It also served to tag soft photons in the final state thal,q and 18 layers of scintillator. The first 12 layers of lead
would otherwise miss the LGD. were 0.073 in. thick(1/3 radiation lengthand the next 6
~ The Csl detector consisted of a barrel and an upstreayers were each 0.146 in thi¢R/3 radiation lengths Each
ring, designated CIB and CIR, respectively. CIB consisted ofayer of scintillator was 0.196 in. thick. The thickness of the
10 rings of 18 crystals, each 5.0 cm lofgslength and 7.5  entire detector corresponds to 8.21 radiation lengths.
cm thick (radial length. CIR consisted of a single ring of 18 To avoid vetoing events in which only a charged track
crystals, each 7.5 cm long and 12.8 cm thick. The radiatiorstruck the DEA, a large scintillation detect@€PVC) that
length of the cesium iodide is 1.85 cm. A Hamamatsumirrored the geometry of the DEA was placed directly up-
3590-01 photodiode was mounted on each block. Details aftream of the DEA. A coincidence could be formed between
this detector’s design and performance characteristics can lbese detectors, with a photon hit corresponding to
found in[11]. CPVC-DEA. In addition, a charged particle ve{€PVB)
Charged particle reconstruction was achieved with a magwas placed in the aperture of DEA to increase the veto effi-
netic spectrometer. The MPS magnet was a large, “C”ciency for non-interacting beam particles. Both CPVB and
shaped dipole magnet 450 cm long, with a vertical apertur€PVC were 5 mm thick.
of 130 cm and a horizontal aperture of 280 cm providing a The pretrigger for the experiment required an interaction
1-T field. in the target. At 18 GeV, the elastic scattering cross-section
The primary E852 tracking components are six identicalaccounts for 4 mtp17] of the total#~ p cross section of 25
drift chambers. The active regions of the chambers measureadb [18,19. It was desirable, therefore, to veto as much of
102 cm iny (the magnetic field direction was alongy) and  the elastic cross section as possible. This was accomplished
174 cm inx (towards the top of Fig.)1 Each chamber con- by exploiting the fact that the elastic cross-section is very
sisted of seven planes: threeplanes, twoy planes, onai strongly peaked in the forward directiduo/dt~exp(2)
plane, and one plane(theu andv planes are rotatest 30°  [17]].
with respect to thex planes. Onex and oney plane in each Two counters, the beam vet®V) and the elastic veto
chamber is offset by 1/2 the wire spacing in order to resolvéEV, not shown in Fig. 1 but located immediately upstream
the left/right ambiguity associated with drift chambers. Theof BV), were installed between the LGD and TDX4. The BV
wire spacing was 0.25 in. The readout electronics were cussonsists of a &6 in. piece of 1/4 in. thick scintillator. EV
tom built at BNL, and consisted of a 256-bit shift-register was a larger, circular counter, 12 in. in diameter. BV was
TDC for each channel. The full drift-distance spanned 16positioned in the center of EV. The combined EV/BV system
TDC bins, each bin 4 ns in width. Digitization was per- vetoed 89% of elastic scattering events.
formed in FASTBUS modulegalso built at BNL which The Lead Glass Detect@t.GD) consisted of an array of
encoded the data into a buffer for readout by the DAQ sys3045 4 cnx4 cmx45 cm type F8-00 lead glass blocks with
tem. Drift chamber spatial resolution was 4Q6n. The aradiation length of 3.17 cm stacked in a 43 blgdk. block
chamber construction and electronics design is fully docurectangle(four corner blocks were removed for ventilation
mented elsewhergl2-16. purposes and four central blocks were removed to allow pas-
Proportional wire chamberWCs9 were used for trig- sage of the beamThe blocks were wrapped in 1 mil. alu-
gering and tracking. These chambers were of identical conminized mylar for optical isolation. €&enkov light produced
struction, each chamber consisting of 672 wires spaced 0MRy interacting photons and electrons was measured by type
in. apart. The first two chambers were used for triggering asEU-84-3 Russian-built photomultipliers. High voltage for
well as offline track reconstruction. The number of hits con-the photomultipliers was supplied by computer-controlled
tained in the central regions of these chambers was availabl@ockcroft-Walton type bases. The tube/base assemblies were
to the trigger system via custom electronics. The most downheld in an aluminum and soft iron structure. The entire as-
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sembly was carried by a transporter to allow each module ténumber of TPX2 hits For example, for events with two
be placed in an electron beam for calibration. A laser-basedharged particles in the final state and a neutron recoil the
monitoring system was used to illuminate the detector tdrigger is denoted 0-2-2. No requirement on the state of the
monitor fluctuations in phototube gains. The glass, photoCsl was imposed.
multipliers and bases are described in detail in RéX8,21. An important feature of the level 2 trigger was the ability
The calibration of the LGD was monitored by a laser 0 calculate the effective mass and total energy of the photon
based monitoring system. A pulsed nitrogen laser excited &yStém detected in the LGD. To accomplish this, the neutral
small cylinder of scintillator inside the laser enclosure. The€Nergy deposited in the LGD was read out, digitized by fast
scintillator illuminated a bundle of optical fibers, 18 of which ADCS, and processed by a fast trigger processor in a total
carried light to the edges of three 39%69 inx0.5 in. time of approximately 1Qus. The trigger processor was a}ble
acrylic sheets mounted directly in front of the wall of lead 10 handle up to 1Devents per second at 10% dead time.
glass blocks. Sufficient light was scattered out of the acrylid€tails of the trigger processor can be found2a]. .
sheets and onto the photocathodes to give a pulse with an The final experimental triggers from the level 2 trigger
amplitude equivalentot a 7 GeV shower, approximately WEre:

1000 counts in the analog to digital convertédCs). An 0-0-0- TriggerProcessgfergy
additional four fibers carried light to an RCA 8575 photo- ~ 1-1-1-TriggerProcessey,
multiplier tube in the darkroom at the sartwntrolled tem- 0-2-2-TriggerProcesseg

perature as the photomultipliers of the lead-glass wall. In 1-3-3-TriggerProcessgg,

addition, this control tube was magnetically shielded. The 1-3-3 .

signals from this tube were used to measure the pulse tyhere TriggerProcessgg.g denotes the requirement that the
pulse variation of the laser output. LGD contained energy consistent with the beam energy and

One of the important design features of E852 was thel figgerProcessgy, denotes the requirement that the trigger
ability to trigger on multiple final state topologies simulta- Processor detected an effective mass in the LGD greater than

neously. In order to accomplish this goal, a multi-level pro-the mass of the pion.
grammable trigger system was constructed. The trigger was

implemented in three stages, pretrigger, level 1 and level 2. . ANALYSIS
The pretrigger(an interaction requiremenproduced gates ] ) ]
for various detector components. The level 1 trig@rarged Data for this analysis were collected using the zero and

particle multiplicity and photon vetos outside the LGD ac- tWo forward-going charged track topology triggers which we
ceptance aréaselected events with specific charged particledenote as 0-0-0 and 0-2-2 respectively. In both samples we
multiplicities and good photon containment. The level 2 trig-deémand a reconstructegi—2y decay. We also assume that
ger selected events using energy and effective mass inform#1€ forward going charged particles in the 0-2-2 system are
tion from the LGD programmable trigger processor. pions. .

The pretrigger was defined as a pattern of hits in the The 7 system is analyzed for the; andag parameters
beamline scintillators andeZenkov counters consistent with using the full power of the experiment, including our sensi-
the passage of a single charged pion with no hit in EV ofivity to different channels and PWA techniques. Although
BV. This fast trigger component selected interacting pions. we clearly observe thag directly throughm~p—adn and

The level 1 trigger combined the interaction information use this to derive its parameters, we observe at best a very
with the trigger requirement from all remaining detectorweak signal ofa, in 7~ p—ag p in the 1-1-1 data sample.
components except the LGD trigger processor, that is, thgVe therefore determine the, parameters in the reaction
DEA, CPVB, CPVC, TCYL and the first two PWCs. Logical 7~ p— na" 7~ n with M omm Near 1.29 GeWw?.
functions of these trigger elements were evaluated using The analyses of the different charge states ofapere
memory lookup units. These logical functions selected theiliscussed in the following two subsections.
charged particle topology of the events. Several triggers were
implemented corresponding to zero, one, two, three or four
charged tracks going forward.

The zero-track topology required that there be no signals Events with two reconstructed, forward going tra¢ks-
in DEA, CPVB, CPVC, TCYL or the first two PWCs. Be- sumed to be pionsare considered first. Figure 2 shows the
cause the forward going tracks from other topologies couldbservedpw* = effective mass distribution. Events in this
strike the inner cylinders of TCYL, the TCYL requirement plot were selected by requiring that there were exactly two
was relaxed for these topologies. Triggers with an odd numreconstructed charged tracks, exactly two photon clusters in
ber of forward tracks required the correct number of hits inthe lead glass detector, and that the effective mass of the
the first two PWCs and at least one hit in each cylinder of thephoton pair be between 0.5 and 0.6 Ge¥// The photon
inner three cylinders of TCYL and exactly one hit in the energies were fitted using thgand neutron masses as con-
outermost cylinder(This single hit was from the recoiling straints and the fitted values were used for the evaluation of
charged particle required by charge conservatifior even the effective masses presented below.
multiplicity triggers the trigger required the absence of hits Clear structures associated with thg(958) and near
in the outermost cylinder. The naming convention for thesel.28 GeVt? are seen. Additionally, a shoulder near
triggers is(number of TCYL tracks(number of TPX1 hits 1.4 GeVk? can be seen. We defer comment on the nature of

A. The charged a,
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The 7’ seen in this decay mode and in (a) nr'm Mass (GeV/c*)

n'—nm’7°—67y (see Fig. 3 has been used to verify the
mass scale of the experiment. The results for the mass of th
7' as determined from these two modes are consistent witt
each other and, with the world average, within
0.001 GeV¢t2.

There are two known states decaying intgrm near
1.28 GeVt? and we will refer to this structure as
f1(1285)/57(1295) in the following.

Figure 4 shows ther™ 7, nort andpw~ effective mass
distributions. Structures associated with g{&70), a5(980)
anda,(1320) are clearly visible. It will be shown below that
thea(980) is associated with, (1285)/7(1295) decays and
this fact is exploited to select a nearly pure sample of
a,(980) events. The structures near threshold in these plot

(o)

Events per 0.001 GeV/c

15 —

are due to the large number gf — 7" 7~ events present 0 [
in this data sample. L

Figure 5 shows the Dalitz plot and its projections for + + +
events with anpmm mass near 1.28 Gew?. A clear aj * H H + +H
band is seen but there is scant evidence foragnband. + +
Monte-Carlo calculation has shown that this is not an effect o L ++ \ \+ L L \ E—— +
of the finite acceptance of the apparatus. A P\discussed oo oot o 0% (;mz) o8 °2'99
below) indicates this effect is due to interference between an® nr T Mass (GeV/c™)

isospin onep 7 state and the isospin zefg(1285)/7(1295)
states. These effects show that caution must be exercis%%
when fitting projections of the Dalitz plot.

A PWA is used to extract the; mass and width using @ -+~ system was described as a superposition of states
Breit-Wigner parametrization. Ihe PWA is also used to eStharacterized by spin, parity, and C-parit)’f), the abso-
tablish cuts which enhance tlag signal in such a way that |yte value of projection of spin on the quantization axis)

a simple “peak-background” fit yields consistent results. the isobar of the decay, the orbital angular momentum be-
We use this data sample for a fit with the parametrization otween the isobar and the bachelby, (and the reflectivitye),

Flatte [22]. The PWA method used to determine the Breit-which is defined to correspond to the naturality of the ex-
Wigner parameters of they is described below. changed particle. We have applied the parametrization of

Multiple partial wave fits were performed on thert 7~ Chung and Truemaf23], which ensures that the conditions
data set in thef,(1285)/7(1295) region (1.268m,.,  of positivity and parity conservation in the production pro-
<1.305 GeVt?). For each fit, the mass and apparent widthcess are satisfied with the minimum number of parameters.
of the a; were varied until a minimum in the negative log The method used is described in detail elsewlerd and
likelihood function was found. The apparent width so ob-some explicit formulas are given in the appendix.
tained was then corrected for experimental resolution. The The intensity distribution is described by:

FIG. 3. Thepw" 7~ and y7°#° effective mass distributions
ar the mass of the'.
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refers to the two sets of mutually noninterfering amplitudes

(=2 “p,u, ALT)A(7) (3.1 corresponding to nucleon spin flip and non-flip used in this
o analysis.
where Each fit was performed on 13187 " 7 n events in the
p " w~ mass region between 1.265—1.305 GeA//The fit-
v=JPCIm{isobat{bachelo} (3.2

ting programsQUAW [25] was used to determine the kine-
en . - matic variables used for these fits. All fits used the set of
aﬁ‘a Itsh(tahiu?)rgep(lqltjueiet goer Ct:; gfefﬁ g i%fot)h;t T}:e zgisr:?crlgnsiﬁfaves shown in Table I, with the addition of an incoherent
matrix is given by: gckground wave. F'ItS with different values of the mass and
width of theay(980) isobar were made, and the negative log
likelihood function was obtained for each fit. The results of
these fits as a function of the parameters ofdhE980) are
shown in Fig. 6. Using this method the mass and the width of
where €V, are complex parameters obtained in the fit andthe ay were determined to be (0.9983.0040) and (0.072
are proportional to the production amplitudes. The inlex *0.010) GeV£?, respectively. A change in the log likeli-

*
EpVV’ = 2 Evkavy'k
k
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of the effective mass squared in 50 bins. The units are (63%/ L. h
The range ofpm* 7~ effective mass used to fill the plots was [ .
(1.28-1.29) GeWw?. w0865 Lt
hood function of 1/2 was used to determine the quoted er- ‘., et )
rors. A correction for the width, discussed below, has been I Teeet
applied. 1086 |-
Because the above analysis determined that the . .
f1(1285)/7(1295) has a decay intgm via agm this fact 0.07 0.08 70.00
can be exploited to select a set of events with an enhanced (b) Width (GeV/c?)

population ofag— 5 decays. To take into account interfer-
ence effects a Monte Carlo data set withO andl =1 in- FIG. 6. The results of partial wave analysis fits. Shown is
terference was studied. It was found that eliminating events In(£) as a function of the massop) and apparent width of the
with M __=0.65 GeVE2 (near the mass of the and events a0(980) used in tlje fits. The apparent width does not include cor-
with IMW——O-99<0-04O GeVE? (near the mass of the rections for experimental resolution.

a, ) allowed the recovery of the, parameters used to gen-
erate the Monte Carlo sample.

The »7* effective mass distribution, subject to the re-
qguirements above and the additional requirement that th
pmm mass be within=0.020 GeVt? of 1.29 GeVt?, is
shown as Fig. 7. The mass and width of té are deter- — ,
mined to be(0.9964-0.0016 and (0.062+0.006 GeV/c2  theay(980) based on a coupled channeix,KK) descrip-
respectively. A relativistic, S-wave Breit-Wigner form was fion is available. Briefly,
used to extract these parameters. The two determinations of

width of theay(980). These data sets were subjected to the
same fitting procedures used for the experimental data. The
uoted width is the Monte Carlo input value that reproduced
the observed width of the fit to the data.
Another parametrization, due to Flaf22] of the shape of

the mass and width are statistically consistent. d_“ =C| A|2 3.4
The width has been corrected for detector resolution by a dMm
Monte Carlo calculation that reproduces the observed width
(0.0251 GeVt?) of the yy system from they decay. Monte ~ with
Carlo data sets were generated with varying input values for
A Vol =M, 3
TABLE |. Partial waves used in the fit. M2-M2=iM (L et Tick) (3.9
PC ;
J isobar/bachelor | m € r =00 (3.6)
1 pln P 0 -
1~ pln S 0 + and
O_+ aol’TT S 0 + - . > 7
1+ agl p 0 + I'kk=1gkk VM= (M/2) (3.7
(O alny S 0 +
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0 ) L ! ) L L ! ! h
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nr Effective Mass (GeV/c?)

FIG. 7. The observedyw" effective mass distribution and a fit

to a Breit-Wigner plus third order polynomial. Thé per degree of
freedom was 1.24 for 63 degrees of freedom.

Tk =0gkk V(M/2)?— M

above thresholdq is the momentum of the; in the rest

(3.9

frame of theay(980), gkk andg,,, are coupling constants to

the two final stated\, is the mass of tha,(980) andM is
the mass of the kaon. Following Flattdne parametef is
set tog,,,q evaluated aM =M, . We choosey,,, and

R= KK

Oy (3.9

PHYSICAL REVIEW D 59 012001

400 -

300 -

Events per 0.01 GeV/c?

200 -

100 | ¥

i1
. ‘ W:WW"WW.- .
1 1.5 2 2.5
nno Effective Mass (GeV/cz)

FIG. 9. The observed;° effective mass distribution. Thg?
per degree of freedom was 0.99 for 90 degrees of freedom. The
smooth curve is a sum of two Breit-Wigner distributions plus a
third order polynomial.

be evaluated aM =M, . The value we obtain, after a reso-
lution correction as discussed above, E=(0.070
+0.005) GeVt2.

B. The neutral a,

In this experiment we also observe the neua@l980) in
the decayay(980)— n7°—4y. A data sample was selected
by requiring:

There were no charged tracks in the event.

Exactly four photons were reconstructed in the LGD.

The total energy deposited in the LGD was consistent
with a forward going system decaying entirely into photons.
This selected events which were fully contained in the LGD
active area.

There were no clusters in the LGD within 2 cm of the
edge of the beam hole. These events were eliminated because
the energy and position of photons near the beam hole is
poorly measured due to energy losses into the uninstru-

as our fit parameters. The best fit of our data obtained witmented beam hole.

this parametrization is shown in Fig. 8.

The parameters found were M,=(1.001
+0.0019) GeVt?, g,,=0.243:0.015 and R=0.91
+0.10. These values can be compared to Bugal.
[26] who obtain R=1.16-0.18 and M,=(0.999
+0.005) GeVt?. Given a value 0f,,andofM,, I', . can

60 -

40 -

Events per 0.005 GeV/c?

(-]
-

0.7 * 0:8 0:9 ‘i 111
nr* Effective mass (GeV/c?)

FIG. 8. The observedyw" effective mass distribution and a fit

to the parametrization of Flatfgus third order polynomial. Thg?
per degree of freedom was 1.17 for 62 degrees of freedom.

The x? probability for the best combination of photons
under them#° hypothesis was less than 3%.

The x? probability for the best combination of photons
under then® hypothesis was greater than 15%.

A constrained fit using only the; and #° masses was
performed to get an improved estimate of the photon ener-
gies. The photon momenta were calculated geometrically us-
ing the observed position of the photon cluster in the LGD
and the center of the target to determine the photon direction.
The resultingn® effective mass distribution is shown as
Fig. 9.

Clear structures associated with they(980) and
a,(1320) are visible in Fig. 9. There are720 ay(980)
events and~4900 a,(1320) events. A preliminary partial
wave analysis indicates that the structure near 0.980 GeV/
hasJPC consistent with 0 * [27,28. The distribution shown
in Fig. 9 was fitted to the sum of two Breit-Wigner distribu-
tions and a third order polynomial over the region from the
0.8 to 1.8 GeV¢2. The result for theay(980) was M
=(0.9910+0.0025) GeVt? and an apparent width of
0.082 GeVt? which, when corrected for experimental ac-
ceptance yielded = (0.069+0.011) GeVt?. A fit over the

012001-8
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TABLE II. The parameters of tha,(980) with a comparisonto assistance of the staffs of the AGS and BNL, and of the
previous results. The different analysis methods used for this exvarious collaborating institutions. This research was sup-
periment are referred to as A, a fit to tag(980) parameters using ported in part by the National Science Foundation, the U.S.
a partial wave analysis B, a fit to an effective mass distribution a“Cbepartment of Energy and the Russian Ministry of Science

C, afit to an effective mass distribution with the Flafisem and Technologies. C.S. was supported by the Heinrich Hertz
Foundation.
Chargeda,
Mass (GeVt?) Width (GeVic?) Ref. APPENDIX A
0.986 *0.003 0.062 *=0.011 (6] The kinematics of the event
0.990 +0.007 0.060 +0.011 [7]
0.984 +0.004 0.095 +0.011 [8] 7 p—Xn (A1)
0.999 +0.005 [22]
0.976 +0.006 [2s)  followed by
0.9983 +0.0040 0.072 +0.010 E852A) X— {isobat{bachelof (A2)
0.9958 +0.0016 0.062 +0.006 E852B)
1.0013 +0.0019 0.070 +0.005 E852C) and
Neutrala,
Mass (GeVE?) Width (GeVic?) Ref. {isoba}—ab (A3)
0.98445 +0.00123  0.05412 +0.00034 [9]

is specified completely by the beam momentum, momentum
+0.00034 +0.00012 transfer ¢), mass of particleX, 4 angles and the effective

0.9910 +0.0025 0.069 +0.011 E852B) mass of the 4,b) system.

The decay angles of— {isobak{bachelo} are denoted as

. . . W .. (0,d), {isobay—ab as(6,¢) and the effective mass of the
region of theay(980) using a single Breit-Wigner and a first (a,b) system asv. The angleg®,d) are the polar and azi-

order polynomial was also performed yielding a masifof muthal angles of the isobar momentum vector in the center

- 2 i i i i
=0.9910 GeV¢“, consistent with the third order polynomial of mass of the parent particl (the Gottfried-Jackson

fit given at_Jove. The W'.dth has bgen corrected for experlmenf—rame_ The momentum of the isobar in this frame is denoted
tal resolution as described previously.

as p below. The Gottfried-Jackson frame is oriented such
that thez-axis is parallel to the beam momentum and the
y-axis is along the production normal, defined to be the cross

The results of the fits discussed above are summarized igroduct of the beam momentum with the momentunXah

Table Il and a comparison with previous results is giventhe center of mass of the (beartarget) system.
Additionally, the Flatteparameters The angleg6,¢) are the polar and azimuthal angles of the

momentum vector of one of the decay produtsor b,

4.1) denoted agy below) in the rest frame of the isobar. The
' z-axis of this frame is defined as parallel to the momentum
vector of the isobar in the Gottfried-Jackson frame. The

and y-axis is parallel to the cross product of the Gottfried-
Jackson frame-axis with the isobar momentum evaluated in

R=0.91+0.10 (4.2 the Gottfried-Jackson frame.

To analyze an experiment in terms of a partial wave ex-

are determined. This experiment favors slightly higher valPansion it is necessary to write the decay amplitude for each
ues for the mass of the,(980) than have been previously partial wave n(_eedeq to despnbe th.e. data. _Thls amplitude de-
observed. This is found for both the neutral and chargecﬂ’e”ds’_ on all eight kinematic quantities defined above. In the
a,(980). The neutrah, is found to have a width within 1.4 following, we assume a constant beam momentum and that
o of the highest statistics previous measurement. Thé1e analysis will be performed in a small “bin” of three
chargeda, is found to have a width consistent with recent P0dy effective mass and momentum transfer.

previous measurements. The data prefer a chaag€@B0) The amplitude associated with a particular partial wave
slightly more massive than the neutegj(980). now depends only on five kinematic quantities. That is,

IV. CONCLUSIONS

9,-=0.24£0.015
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ing efforts, the results presented here could not have begqpartial wave.
obtained. We would also like to acknowledge the invaluable This amplitude can be written as
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‘A (O,D,0,p,w)xc\/(25+1)A(M)f(w)y2l+1
x 2, (I0S\[IN)[D3 (0, )
A

+eDnn(0,@,¢)]d55(0)  (A5)
where the bracketed sum ofDfunctions” describes the
angular dependence of the decayXof the finald-function
describes the decay of the isobar, given the decay ahd

PHYSICAL REVIEW D 59 012001

f(w) contains all dependence of the amplitude on the mass

of the isobar and the mass of tha, ) system.J is the total
spin of X andm its z-components is the total spin of the
isobar and\ its helicity. | is the orbital angular momentum
of the isobar-bachelor systemis the “reflectivity,” defined
to equal the naturality of the exchange particl®sj |JI\) is

a Clebsch-Gordon coefficient. The functidnis given by

(J-M)1(J+m)! (cos®/2)P A "M(—gin@/2)™ *

1
A(m)=— if m>0
V2
1L if m=0
=0 if m<O. (AB)
The d-functions are given by
Bo(0)= \| o Y26, ) (A7)
N0 2s+1 5 '

Notice that the spherical harmonid& (6, ¢), contain a fac-
tor of ¢ so that thed-functions do not depend og.
The D-functions are given by29]

J @ =
Om (@2 8)= N (T 1a=m)!

where ,F(«a,B,7;2) is the hypergeometric seri¢30]

emMPeM,E (m—J,—A—J,m—\+1;—tar? O/2)

oF1(a,B,v,2)= 1+k21

Notice that this series terminates for integer valuea of 8.

The dependence of the amplitude on the mass of the

(a,b) system is given by

f(w)=F(p)Fs(q)BW(w), (A10)

BW(W)= — ZVO.FO : (A11)
wo—w—iwgIl'(w)

Fw— . WodFs(@). (A12
W=To g 2an)”

wy and I'y are the mass and width of the isobary
=q(wp) and F¢(q) are the centrifugal-barrier factors as
given by Hippel and Quig§31]. For example,

Fo(q)=1 (A13)
(A14)

with

(m—x)!
(A8)
a(a+1)-(at+k—1)B(B+1)(B+k—1)
Kly(y+ 1) (y+k—1) z" (A9)
[

2
2= (A15)

ar

We have takemg as 0.1973 Ge\.

The total observed intensity is given by the square of a
sum over the partial waves used in a particular analysis. Let
v be the set of quantum numbers of a particular partial wave,
that is,

v=JPCIm{isobai{bachelo}. (A16)
The intensity distribution is then given by
(=2 2 Vu Vi ALDAL(T) (AL
k EI/V,

where the summation extends over the partial waves consid-
ered and theV,, are to be determined by a fit to the data.
Defining

Epwr=; Vo Ve, (A18)

where indexk extends over two non-interfering sets of am-
plitudes corresponding to spin flip and spin non-flip at the
nucleon vertex allows us to write

012001-10
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()= 2 D AN AL (D). (A19) =2 P j (1) A1) A (dT (A24)

EVV,

To determine the parametef¥/, we use a maximum and the order of the summation and integration can be ex-
likelihood method. The likelihood of finding events in a  changed. The final step is to approximate the acceptance as a
given bin is defined as a product of probabilities, sum over accepted Monte Carlo events divided by the num-

ber of generated events. That is

—n n
n" - I(7;)
@ N - -
S S TererE (A20 . L My )
J ()AL AL (T~ T 2 A7) AT (7))
where 7(7) is the experimental acceptance. The quantity (A25)

— q whereM is the total number of Monte Carlo events gener-
n=| I(1)n(n)dr (A21) ated,M, is the total number of accepted Monte Carlo events
and the summation extends only over accepted events.

is the number of events expected in the bin as predicted by Defining the numerical factor

the intensity function. The likelihood function can then be

written as M,
WXZV (A26)
n
co{l‘[ I(7) exp[—f I(1)p(r)dT (A22)
! and a function
where terms that do not depend on the parameters of the fit 1 M«
have been dropped. The integral in E422) can be calcu- WY, (1)= M > AL ) AT (7)) (A27)

lated by the Monte-Carlo method. We begin by inserting the i

expression folt (7) into the integral
allows us to write the log-likelihood function in the more

= f 2D poA(DAY(dr.  (A29)  compact form

EVV,

n
Now, because the fitted parameters do not depend on the In £=2, In((7)— 5,2 PV, (7). (A28)
kinematic variables, i

EVV,
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