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A partial wave analysi§PWA) of the 7 system(where— y7y) produced in the charge exchange reaction
7 p— n7°n at an incident momentum of 18 Ge¥Iis presented as a function of ther® invariant mass
m,, -0 and momentum transfer squargd _, ., from the incidentr ™ to the outgoingy7° system.S P, and
D waves were included in the PWA. Tlag(980) anda,(1320) states are clearly observed in the ovepail
effective mass distribution as well as in the amplitudes associatedSwitve andD waves, respectively, after
partial wave decomposition. The observed distributions in mom@visrages of spherical harmoniasere
compared to the results from the PWA and the two are consistent. The distributipn i), for individual D
waves associated with natural and unnatural parity exchange in ¢hannel are consistent with Regge
phenomenology. Of particular interest in this study isPh&ave since this leads to an exofit®=1"" for the
n» system. AP wave is present in the data; however, attempts to describe the mass dependence of the
amplitude and phase motion with respect to Ehevave as a Breit-Wigner resonance are problematic. This has
implications regarding the existence of a reported exBitfc=1"" meson decaying intg=° with a mass near

1.4 GeVk?.
DOI: 10.1103/PhysRevD.67.094015 PACS nuni®erl3.25.Jx, 11.55.Jy, 11.80.Et, 14.40.Cs
[. INTRODUCTION and since the quantum numbers of low-lying glueballs are

not necessarily exotic, they should manifest themselves as

The observation nearly four decades ago that mesons ag&traneous states that cannot be accommodated wgthin
grouped in nonets, each characterized by unique values @fonets. Indeed there is evidence for a glueball §tdtbased
JPC—spin (3), parity (P), and charge conjugatidi®) quan-  on overpopulation of the scalar nonet but identification is
tum numbers—led to the development of the quark modeleomplicated since the observed states can be a mixture of a

Within this pict_ure, mesons a.re bound states of a quark glueball andaq. Excitations of the gluonic field binding the
and antiquark §). The three light-quark flavor@up, down,  quarks can also give rise to so-callegbrid mesons that can
and stranggesuffice to explain the spectroscopy of mostz—but be viewed as bound states of a quark, antiquark and valence
not all—of the lighter-mass mesoitise., below 3 GeVE”)  gluon (qqg). An alternative picture of hybrid mesons, one
that do not explicitly carry heavy flavoxsharm or flavored  supported by lattice QCD, is one in which a gluonic flux tube
quarks. Early observations yielded only tho38“ quantum  forms between the quark and antiquark and the excitations of
numbers consistent with a fernlion-antifermion bound statethis flux tube lead to so-calledybrid mesong2]. Conven-
The{Pc quantum numbers of @q system with a total quark  tional g mesons arise when the flux tube is in its ground
spin S and relative angular momentumare determined as state. Some hybrid mesons can have a unique signature, ex-
follows: J=L+S, P=(—1)-"! and C=(—1)-*S. Thus otic JPC,_ and theref(_)re the spectroscopy _of ex_otic hybrid
JPC quantum numbers such as0, 07—, 1~ " and 2"~ are  Mesons is not complicated by possible mixing with conven-

not allowed and are calleglxoticin this context. tional aq states. According to the flux-tube modé] and
Our understanding of how quarks form mesons hadattice gauge calculationg], one expects the lightest”©
evolved within quantum chromodynami¢d®CD) and we =1"" exotic hybrid to have a mass of about 1.9 Ge¥//In

now expect a richer spectrum of mesons that takes into acontrast, calculations based on the MIT bag mddet 6]
count not only the quark degrees of freedom but also th@lace the mass of the lightedf©=1"" hybrid meson at
gluonic degrees of freedom. Gluonic mesons with no quarksbout 1.4 GeVé?.

(gluebally are expected. These are bound states of gluons The spectroscopy of exotic mesons provides an attractive
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starting point for the study of gluonic excitations. Since flux system has been reported on in an earlier publicgtid).
tubes are thought to be responsible for the confinemertiere we present the PWA of data from p— 7#°n.
mechanism in QCD, experimental information on this spec- In contrast to theym~ system, charge conjugatidis a

troscopy is of fundamental importance. good quantum number for the neutrakr® system. In the
E852 experiment theym~ and »7° systems have different
A. Experimental situation systematics. The latter relies on measurements from an elec-

tromagnetic detector alone while the former also requires

After about two decades of experimental searches the.r{ formation from charged particle tracking in the forward

hE“C’e beie+n reports of experimental observations of states Wi ection. Moreover, as will be discussed below, two reso-
J™~=1"" by the Brookhaven E852 Collaboration #n p . — 0 L
nances dominate the™ p— n#°n reaction; the scalar§

interactions at 18 GeV¥/ One of these has a mass of wave a,(980) and the tensoi{ wave) a,(1320) providing

(15938729 MeV/c?>  and  width  of (168 )
+20" 139 MeV/c? and decays intp®7~ [7,8] and another benchmarks for the PWA. In contrast, only tag(1320) is
dominant in ther™ p— »#~ p reaction.

has a similar mass (159710"7) MeV/c?, but a larger
width (340+40729) MeV/c?, and decays intop’ 7~ [9].
The E852 Collaboration also reported observation of another
JPC€=1"" state with mass (13201623) MeV/c? and a This paper is organized as follows. The experimental
width of (385+ 407 $3) MeV/c? decaying intopm~ [10,11].  overview is presented in Sec. Il. Event reconstruction and
If an 7 system is in & wave, the resulting”® quantum  data selection are described in Sec. Ill. The details of the
number combination is exotic (1"). Critical to the identi- PWA formalism and results are given in Sec. IV along with
fication of this state is not only showing the presence Bf a the criteria used to select the physical solution from the set of
wave, but also that the resulting line shape is consistent witambiguous solutions. In Sec. V the results of leakage studies
a Breit-Wigner and that the phase motion of theas deter- are presented. In Sec. VI the distributions in moméatsr-
mined by its interference with the dominaDtwave cannot ages of spherical harmonicare compared with moments

be due solely to thea, (1320) resonance. Soon after the calculated from the PWA solutions. Fits to the moment dis-
E852 report, the Crystal Barrel Collaboration reported artributions are also presented. In Sec. VII the mass taghet
exotic J’°=1"" state produced ipn— =~ 7%7 obtained Pendence of the PWA solutions are presented and discussed.

by stopping antiprotons in liquid deuteriufi2]. They re-  In particular thet distributions for theD waves are described
ported a mass of (14&02038) MeV/c2 and a width of Within the context of Regge phenomenology. The conclu-

(310+ 50" 3)) MeV/c?. A later analysis opp— 7%7%% sup- sions are summarized in Sec. VIll,
ported this evidence for an exotic stafes].

The first claim of an exotic meson decaying intar®
with a mass of 1400 Me\¢” was made by the GAMS Col-  The E852 apparatugl9] was built around and included
laboration in the reactionm™ p— n7°n [14] but a later the Multi-Particle SpectrometefMPS) at BNL. The data
analysis by the groufdl5] led to ambiguous results. The VES used for the analysis reported in this paper were collected in
Collaboration also presented evidence foP-&vave contri- 1994 and 1995 using a nearly pure 95%) beam of nega-
bution in » [16] and at KEK a claim was made for an tive pions of momentum 18.3 Gev/ A 30-cm-long liquid
exotic » state[17] as well but with a mass and width close hydrogen target was surrounded by a cylindrical drift cham-
to that of thea,(1320) and leakage from the dominadt ber [20] and an array of thallium-doped Csl crystail]
wave could not be excluded. arranged in a barrel, all located inside the MPS dipole mag-

Indeed, in all the observations, ther P wave enhance- net. Drift chambers were used to track charged particles
ments have cross sections that are substantially smaller thalwwnstream of the target. Two proportional wire chambers
the dominanta,(1320) so this leakage, usually due to an(PWC's), downstream of the target, were used in requiring
imperfect understanding of experimental acceptance, is gpecific charged particle multiplicities in the event trigger. A
source of concern. For example, an observed enhancement3000-element lead glass detectaGD) [22] measured the
the P wave in thepw system at low mass was reported in energies and positions of photons in the forward direction.
referenceq7,8] as being due to leakage. Apart from theseThe dimensions of the LGD matched the downstream aper-
experimental issues, the interpretation of the nature of lowture of the MPS magnet. Photons missing the LGD were
mass 7 P wave amplitude and phase motion should bedetected by the Csl array or by a lead-scintillator sandwich
guided by the principle of parsimony—less exotic interpre-array (DEA) downstream of the target and arranged around
tations must also be considered. an aperture to allow for the passage of charged particles.

This work presents a partial wave analyedRWVA) of the The first level trigger required that the unscattered or elas-
nm° system produced int~p interactions at an incident tically scattered beam not enter an arrangement of two small
momentum of 18 Ge\W using the E852 apparatus. In this beam-veto scintillation counters located in front of the LGD.
analysis both they and #° are detected through theiry2 The next level of trigger required that there be no signal in
decays. The starting point uses data corresponding to thtae DEA and no charged particles recorded in the cylindrical
reactionm p—4vyn. A subset of these data correspond todrift chamber surrounding the target or in the PWGm
7 p—m°7°n and the partial wave analysis of the’7®  all-neutral triggey. In the 1994 run all layers of the cylindri-

B. Outline for this paper

Il. EXPERIMENTAL OVERVIEW
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< T =0.135 GeVt?, m,,=0.540 GeVt? are dominated by
S oo b A nm° events.
§ o Studies were carried out comparing the 1994 and 1995
2 o8l data sets for botar®7° and »7° events. In each case distri-
g . butions in the decay angles of the®7® (or 77°) system
0.7 | were studied in mass bins of 40 Me#/and in four bins of
F t, wheret is the square of the momentum transferred from the
0.6 beam 7~ to the outgoing 4 system. A Kolmogorov test
; measured the probability that the two distributi¢h894 and
0.8 E 1995 data in each case were consistent with having been
04 [ drawn from the same parent distribution. The conclusion of
r this study is that the 1994 and 1995 data sets are statistically
0.3 [ indistinguishable.
; , Events consistent with the production of twd’s domi-
02 - nate the sample. The partial wave analysis of tHer®
r : events is presented in an unpublished thesis of GUa®r
08 e and in a previous papdn8]. The identification of events
g Fece 8 from the reactionm~ p— »«’n is described in the unpub-

ol b b b b b b Loy
0O 01 02 03 04 05 06 0.7 0.8 09 21 lished thesis of Lindenbusdl24].
mass (GeV/c") The sample of 45006 p— 57°n events was selected

from the 13 million four photon events by imposing various
analysis criteria. It was required that no charged particles
were registered in the MPS drift chambers or the cylindrical
drift chamber surrounding the liquid hydrogen target. This

ut was performed at the pre-reconstruction level and was

ased on total hit multiplicity. Any event with a photon
within 8 cm of the center of the beam hole or the outer edge
of the LGD was removed.

FIG. 1. The plot of pairs of di-photon effective masses;(vs

my,) for all pairs of photonsi(j,k,l) is dominated by ther®z°
signal. Clear evidence is also seen for the productioryo¥.

cal drift chamber were used in the trigger requiremen
whereas in the 1995 run, only the outer layer was used.

common off-line analysis criterion required no hits in the
cylindrical drift chamber. The final trigger requirement was a

minimum deposition of electromagnetic energy in the LGD Monte Carlo studies were carried out to determine the
[22] corresponding to 12 GeV. criteria needed to selechw" events and eliminate back-

The LGD is central to this analysis. The LGD was inj- 9rounds from other Processes, esopecially frofr® gvents.
tially calibrated by moving each module into a monoener-EVeNts corresponding ta”«", »a, 77, and 7’7" were
getic electron beam. Further calibration was performed by@enerated and passed through detector simulation, recon-
adjusting the calibration constant for each module until theStruction, kinematic fitting, and other event selection soft-
width of the 7° and 5 peaks in theyy effective mass distri- Ware. OTheX -returned from kinematic fitting to therp
bution was minimized. The calibration constants were alsg_ /" n reaction hypothesis was required to be less thg” 7.8
used for a trigger processor that did a digital calculation of95% C-'-O- foor a three-constraint fitThe two-constraing*
energy deposited in the LGD and the effective mass of phofor the @ a7~ hypothesis(no requirement that the missing
tons striking the LGO{22]. A laser-based monitoring system Mass be consistent with the neutron magas required to be
allowed for tracking the gains of individual modules. greater than 100. It was found that this latter cut eliminated

. : . 1S 0,0 : 0,0

Studies were made of various algorithms for finding clus-irué = 7 events that have a poor fit to thep—m"7"n
ters of energies deposited by photons, including issues diypothesis. A further dgmand was thag none of the othezr final
photon-to-photon separation and position finding resolutionState hypotheses consideregzn, »’-n) had a betteyy

These are also described in REZ2). than that used to select ther°n hypothesis. _
The final criterion was that the Csl detector registered less

than 20 MeV, a cut which eliminated events with low-energy
m%'s. Background studie$24] estimated the nomr back-
Experiment E852 took data in 1994 and 1995 with anground in themp— 77°n. The signal-to-noise ratio varies
approximate sevenfold increase in statistics collected in 199om about 5.1:1 in they7° mass region 1.2 to 1.5 Getd
compared to 1994. The combined data sets taken in 1994 and 2.5:1 in they7° mass regions below this range and above
1995 contain approximately 70 million all-neutral triggered this range up to 1.8 Ge¢f.
events. Of these events, approximately 13 million were The 5#° effective mass distribution is shown in Figa®
found to have four photons in the LGD. Figure 1 shows aThe a(980) anda,(1320) states, one a scalar and the other
scatterplot of one di-photon effective mass against the othed tensor, are clearly observed. The presence of both states is
di-photon combination in the event. There are clear indicaimportant for this analysis since it provides a basis, as will be
tions of the presence of’7° and »7° events in the sample. discussed below, for selecting the physical solutions from
The single clustering an,,=m,,,=0.135 GeVt? is domi-  among mathematically ambiguous solutions in doing the par-
nated by 7°7° events and the two clusterings at,, tial wave analysis. This distribution inm° effective mass is

Ill. EVENT RECONSTRUCTION AND DATA SELECTION
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FIG. 2. Distribution in the(@ 7#° effective mass(b) momentum-transfer-squaree (.- ,,,) from the incomingz~ to the outgoing
n° system. These distributions are not corrected for losses due to acceptance.

not corrected for the acceptance of the apparatus but thef the final statep#°#°n and in particular that subset cor-
PWA procedure does take into account the effects of experiresponding td ,(1285) where thef; decays ta,m°. There
mental acceptance. events can enter the sample under study if one ofrthe

The distribution int .- _,, . is shown in Fig. 20). Figure 3  escapes detection. From a Monte Carlo study of this sample
shows the four-photon effective mass distribution for event§24] based on a measurementfgf{1285) production in this
with a diphoton mass combination consistent witrhand  experimenf19] it is estimated that at most 10% of the events
the other di-photon mass either below or above thmass in the ag(980) region are due to this background process.
region for a portion of the total four-photon sample. The The acceptance im=° effective mass and.-_,,, was
resultingyy° spectra do not show the enhancements at thestimated by generating Monte Carlo events corresponding
ao(980) anda,(1320) observed in theym® spectrum. to the reactionm~ p— 57°n. The acceptance functions as a

A possible source of background in then°® in the  function of »#° effective mass are shown in Fig. 4. The
a0(980) mass region are events corresponding to productioacceptance irnt,-_,, . increases for—t near zero. This
comes about because of the all-neutral requirement in the
trigger. The recoil neutron produced in the reaction can in-
teract and cause a signal in the Csl detector thereby vetoing
— m(y)<mn) true 7°7%n events but for small values df| the neutron

___________ m(yy) > m(m) cannot escape the LLHarget and the event will not be ve-
toed.

100

]
[=]
T

IV. PARTIAL WAVE ANALYSIS

Partial wave analysis is used to extract production ampli-
tudes(partial wavegfrom the observed decay angular distri-
butions of the »#° system. A process such as p
— n7°n, dominated byt-channel meson exchange, is con-
veniently analyzed in the Gottfried-Jackson reference frame.
The Gottfried-Jackson frame is defined as a right-handed co-
ordinate system in the center of mass of the produged
system with thez axis defined by the beam particle momen-
tum and they axis perpendicular to the plane defined by the
i beam and recoil neutron momenta. The decay andleg)(

events/0.040 GeV/c?
IS @

T T . | Ll are determined by the four-momentum vector. At a fixed
1.2 1.4 16 18 2 22 24 beam momentum, an event is fully specified by
RO'YY effective mass (GeV/cz) (m,.,t,0,¢). The acceptances of the E852 apparatus for the

Gottfried-Jackson angles were studied using Monte Carlo
FIG. 3. Distribution in the four photon effective mass for events Simulations. Results for thg=° effective mass region from
with a reconstructedr® and the otheryy effective mass combina- 1.3 GeVk? to 1.4 GeVt? are shown in Fig. 5.
tion falling below (solid) and above(dashedl the » mass region. The production amplitudes and their relative phases are
Neither distribution shows the structure observedfer® events. extracted from the accumulated angular distributions, for
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bins inm,,, andt, using an extended maximum likelihood fit tion is made that in this peripheral process the produge?l

to the distributions in ¢,¢) [23—25. Fits were performed State results from a—channe_l exchange from Fhe nucleon
for three bins int_— (or simply t) which we label as Vertex to the meson production vertex. Alternatively one can
low-|t| for |t|<0.7714 (éTeVb)z mediumit| for 0.14<|t| view the production vertex as a time-reversed decay of the

<0.31 (GeVt)?, and hight| for [t|>0.31 (GeVt)2. For producedzn#° state into the beam particler] and the ex-

eacht bin the PWA fits were performed in 0.04 Ged/wide ~ changed particle. , L
»m° mass bins. Parity conservation in the strong interactions implies a

Events corresponding to the reactian p— 77°n were relation_ship betvv_een the magnetic quantum nunMemnd
processed through PWA software that extracts partial wav@aturality. Following Ref[25] we choose a basis character-
amplitudes and phase differences between various partifd€d Py the naturality of the exchanged partitiatural par-
waves. This procedure takes into account information aboutY excgange obtains if parity and spin are related Ras
the acceptance of the apparatus. The PWA formalism used i (~1)” (€.9.,p meson exchangend the exchange isn-
this analysis is model independent since the three-body findlaturalif P=(—1)""" (e.g., meson exchange
state follows from a quasi-two-body interaction. This is in  1NiS basis, theeflectivitybasis, is one that does not pos-
contrast to thésobar model needed for more complex final S€SS the mixed symmetries of thefunctions or spherical
states, for example, in which one makes specific assumptiorf@@rmonics under rotations about theaxis. ForM>0 the
about a series of sequential decays leading to the final staté€ar combination with positive reflectivity, corresponding

under consideration. to natural parity exchange, is
The decay angular distributions are described by an ex-
pansion in partial waves that are products of a production 1
amplitude for a state of angular momentiinand associated  *Dp,o( ¢, 6,00= 7[Dk,|0(¢, 6,00— (—1)MD" \,0(#,6,0)]
magnetic quantum numb&t and a decay amplitude, also for 2
a givenL andM. The angular momentuinis between they @

and ther®. The production amplitude takes into account the
spin degrees of freedom of the initial and final nucleons andnd the linear combination with negative reflectivity, corre-
the naturality of the exchange particle. That is, the assumpsponding to unnatural parity exchange, is

0.4 T T T T T T T — T T T T T T
(@ )
0.25}F 4
3 g 02 ]
=1 =] .
s s FIG. 5. Acceptance in
5 8 015F . Gottfried-Jackson angles for the
S S pm0 effective mass region from
s S 01t . 1.3 to 1.4GeWw? for (a
coss), (0) dey-
0.05F L
0 N 1 M 1 M 1 M 1 N 1 M 1

1 2 3 4 5 6

¢ (radians)
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I g FIG. 6. PWA solution for the
F @ Sy and (b) D, waves as a
4000f i I ) g 3000 | i T function of «° effective mass.
> i All mathematically ambiguous so-
i | k= | i lutions are shown.
") ¢
b 4
ki LR o Lt . til
6 1.8 1 .

0.8 1 12 14 1.

nr effective mass (GeV/cz)

1 only S, P, and D waves there are up to eight ambiguous
“Diyo(#,60,00= —=[Dyo( b, 0,00+ (—1)MD" (¢, 6,0)]. solutions. For a given bin im, .o these multiple solutions
V2 can be found by randomly seeding the(fising sets of dif-
(2)  ferent initial values for the amplitudesind doing multiple
fits.

For M=0 the reflectivity is negative and It is also possible to find the ambiguous solutions analyti-

L AL cally, starting with one of the solutions found from the fitting
Doo($.6.00=Dgo 4.6.0). 3 procedure using the method of Barrelet zerf2d. In this
The distribution of events im, .., t, 6 and is given by analysis the ambiguous solutions found from multiple ran-

domly seeded fits were found to be consistent with the am-
2 biguous solutions found analytically.

As an example, all ambiguous solutions are shown for the

Sy andD . waves for the full range inin Fig. 6. The pres-

2 ence of the dominan&,(1320) in theD wave leads to a
, clustering of solutions about the expected Breit-Wigner line

shape. The solutions for tH&wave are more widely distrib-

(4)  uted.

When possible, mass-bin to mass-bin continuity along
where theA  are the production amplitudes and we refer towith other independent criteria must be used to select the
the various waves a$,=Aq, P.=Aj;, P_.=Ap;, Py  physical solutions among the ambiguous solutions. In this
=Al,, D,=Aj;, D_=A,,, andDy=A,. analysis the presence of the well-establistag@980) and

In this analysis we considergd=0,1,2 (the nomenclature a,(1320) states, as observed in tlyer mass distribution,
is S P, andD, respectively. Waves are further characterized provides a means by which to select the physical solution.
by a subscript 0 iM =0 and+ or — if [M|=1. As noted in  For eachm, . mass bin the solution selected pisysicalis
Ref. [25], amplitudes with|M|>1 are not expected to be one where thes, and D, amplitudes and the phase differ-
important for the production of mesons ip quasi-two- enceAd(Dy—S;) all as a function ofpm mass, are simul-
body processes. This assumption is borne out by PWA fits ttaneously most consistent with two interfering Breit-Wigner
these data indicating little contribution froMM|>1. We  amplitudes with masses and widths for thg(980) and
present these results after the discussion of fitting the moa,(1320) as listed by the Particle Data Gro(RDG) [27].
ments distributions. The amplitudes considered in this analyFor example, referring to Fig. 6, th§, amplitude of the
sis, Sy, Pg, P_, Dy, andD_ are produced viannatural  physical solution in the 1.0 Ge# region should be large
exchange and®, and D, are produced vienatural ex- and its correspondingD. amplitude small and in the
change. Waves of different naturality do not interfere. Sincel.3 GeVk? mass region th® . amplitude should be large
the nucleon polarization is not being measured, in(Bpthe  and theS, amplitude should be small. It was found that the
dependence on the nucleon helicity is implicit in the producrequirement that th&, andD , solutions simultaneously lie
tion amplitude, e.g.|D ., |?=|DX"|?+|D |? with the up-  close to the expected line shapes leaves a few ambiguities
per labels referring to the target and recoil nucleon helicitieghat are removed when the criterion of proximity to the ex-
and the two amplitudes representing nucleon helicity flip angpected value oA ®(Dy—S,) is imposed. We note that al-
nonflip. though thea,(1320) is dominant in th® , wave, the crite-

Ambiguities and finding the physical solutiofhere are rion for selection involved the phase difference between the
multiple discrete sets of partial wave amplitudes that carD, andS, waves—theD , andS, waves do not interfere. In

give rise to exactly the same angular distributi@b]. It can ~ summary, these criteria were sufficient to uniquely select the
be shown that for the production of two pseudoscalars wittphysical solution.

I(m7;71'1t101¢): E AITM(mrlfrr ,t) JrDk/lO( 6!(71)10)
LM

J’_

% Alw(m, . ,H) " Di(6,¢,0)
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low [ 71 medium | 71 highl ¢ that the intensity and phase motion of tBg wave is also
00T 2000 200 T consistent with the presence of both thg(980) and the
;ﬁ B So - 1500} So ay(1450). Theay(1450) resonance parameters have been
sooE [ extracted from a coupled channel analysis of final states pro-

ducted inpp annihilations[28]. This may account for the
excess of events in the 1.4 G&¥/ mass region for the
Sp-wave intensity. However, because of the large statistical
errors in this region we have not been able to unambigously
extract theay(1450) resonance parameters. We will return to

"'I:n!:!
I Py [ X

o 3 u F
2500 |- 1 [ 2500 |-

1500 F 1500 F

events per 0.040 GeV/c2
g

l(sm lg this issue in Secs. VI and VII.
0
S5 ° V. LEAKAGE STUDIES
LB 5
5 ol Incomplete or incorrect understanding of the experimental
S i:; acceptance can lead to serious systematic effects in this type

P TI1416162 D TI2416152  Ds 1121416152 of analysis. In particular, it is possible that part of a large,
nr effective mass (GeV/c?) dominant partial wavéfor exampleD ) could appear as a
spurious signal in a different partial wave. We refer to this
FIG. 7. Physical PWA solution for théiop) S, (middle) D, phenomenon akakageand study it by intentionally using
waves and(bottom) A®(S,—D,) phase difference for lod{,  an incorrect model of the acceptance.
medium+t|, and hlgh|'t| as a function Of?]’ITO effective mass. The A Monte Carlo Samp'e of puraz(lgzo) events was gen-
curves are the Brgit-Wigner line shapes used_ as c_riteria for selectingyated including botD, andD , waves. This Monte Carlo
the physical solution and more details are given in the text. sample included the effects of experimental acceptance. This
sample was analyzed in two ways, in one case our best esti-
In the discussion below that follows the description of fits mate of the acceptance was used, in the second no correction
to experimentally observed moments distributions, we disfor the acceptance was made.
cuss additional quantitative measures for discarding other The analysis using the acceptance correction should pro-
ambiguous solutions as well as the effect of their inclusiorduce as output onl{p, and D waves with all others con-
on the stability of the final results. In addition, as discusseaistent with zero. This was found to be the case and the
below, thet dependences of the selectBedwave solutions  resultingS, andP, solutions are compared to tie, inten-
are well-described by Regge phenomenology as is the ratisity in Fig. 8a). A similar result was obtained for all other
(Do—D_)/D., giving us confidence in the selection proce- waves. We conclude that there are no pathological defects in
dure. our method since we were able to reproduce correct output
In Fig. 7 the selected physical solution in each of the low-from known input.
[t|, mediumit|, and high}t| regions is shown as a function ~ The second analysis provides an upper limit as to the
of »7° mass for theSy-wave, D , -wave, and theA®(S,  contribution of leakage in this analysis. The acceptance is
—Dy) phase difference. Also shown are the correspondingnown to be significantly different than 100% and a function
line shapes and phase differences assuming two interferingf the kinematic variables, see, for example, Fig. 4. Approxi-
Breit-Wigner forms for theay(980) anda,(1320)—the basis mating the acceptance as equal to 100% independent of the
for the criteria used to select the physical solutions. We not&inematic variables simulates a situation where our under-

including acceptance ignoring acceptance
16 1 1 1 1 . 1 1 1 1
S 20 -
144 o Dt wave ¥ @@ F * o PD+ wave 1 (b) FIG. 8. Results of leakage
o P+ O Lhwave § studies. A sample of Monte Carlo
12 - wave i O SO wave t ted d-
A SOwave % § N, 1.5 i events was generated correspon
10 - | ; ) ing to production of thea,(1320)
[N § populatingD waves. The sample
8 - 5 . O 1.0 | was passed through cuts simulat-
$ 8 ) §§§§ ing detector acceptance and then
6 B g through the PWA fitting software.
| 5 ¥ I ] In one case€a) the detector accep-
4 & 054 -
(] - < (1] § § tance was used in the fitting and in
2 am ' . - 2 st mQ§ %ﬁigi the other(b) the acceptance infor-
0 e®°* 8 Hl TR | b 0 - fo ] !; mation was ignored.
- I~ 1 1
1.0 1.2 14 1.6 10 12 14 16

nr effective mass (GeV/c2)
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' T T T ] A J ! I(b ™ TABLE I. The mass and width for thay(980), a,(1320) and a
H(00) i @ H(10) ﬂﬁ ) P-wave resonance obtained from a simultaneous fit to the distribu-
| i ] i Hh T tions in each of 12 moments. Details are given in the text. F@hfit
8 | HHHHH i the P-wave mass and width are allowed to float. For(fl) the
P-wave parameters are fixed at the values reported in[REf. The
i "‘ Hg 1 1"5{{&5 J x? per degree of freedonx% is also given for the two fits.
- i H , :
ey ‘!’Mﬁﬁ;ﬂ : [ ; ] low-|t| mediumi| highd|
L . S # by o Mo (1) 0.987+0.002 0.98a:0.005 1.005:0.01
08 I 12 14 16 18 % I 12 14 16 18 0
. 2 . 2
nr effective mass (GeV/c®) nr effective mass (GeV/c™) M ao(”) 0.987+0.002 0.98% 0.007 0.996- 0.006
' ' E ' ! ' L e Fao(l) 0.094+0.011 0.246:0.031 0.37#0.050
Heo) § © | H(30) @I
| ﬂ ] IIN(D) 0.094+0.010 0.21-0.04 0.31+0.04
H H - ﬂ H H HH - Ma2(|) 1.318+0.003 1.329-0.002 1.332:0.003
Hhﬁﬂﬂ H H 'ﬂ EI}HHH ﬂ ﬂ H H 7 Mg, (11) 1.318+0.003 1.32%0.002 1.335:0.003
i ;5 H - | ﬂ i 1IN 0.141+0.0093 0.1550.0067 0.172-0.0092
E
;g'-u"‘ T {{ . . H . L, () 0.141+0.009  0.14#0.007  0.1740.009
08 I 12 14 16 18 8 1 12 14 16 18 2
. 2 . 2 Mx(1) 1.386+0.032 9.9%8.77 3.420.70

nn effective mass (GeV/c”) nr effective mass (GeV/c)

FIG. 9. Comparison between experimentally observed momen¥x(11) 137 1.37 1.37
distributions(filled circles and moments calculated using PWA so- I'x(1) 0.363+0.081 0.1#+0.31 0.1¢-0.27
lutions (open circle} as a function ofpm° effective mass for the
moments(a) H(00), (b) H(10), (c) H(20), and(d) H(30). The  T'x(Il) 0.37 0.37 0.37
relation between moments and PWA amplitudes and phase differg?(I) 1.55 1.40 1.43
ences is given in the text. x2(11) 1.54 1.70 2.00

standing of the acceptance is as incorrect as possible, thus
providing a limit on the effect of leakage.

is limited to S, P, and D waves with|M|<1 there are 12

It was found that ignoring the acceptance does generatgonzero moments and the following relations hold:

spurious signals in other partial waves. Results for Bhe
and S, partial waves are shown in Fig(l8. Crucial to the
interpretation of this spurious . partial wave is the fact that
even when ignoring corrections for the acceptance, the
Ad(P,—D,) phase difference is independent of mass. As
we will show below, the observed® (P, —D ) phase dif-
ference is a strong function oj7® mass.

VI. EXPERIMENTAL MOMENTS

To check the results of PWA fitting, moments of the
spherical harmonics were calculated for each bimip.o for
each of the threé regions. These moments are labeled as
H(LM) and are defined as

H(LM)=J 1(Q)Dyo(#,6,0dQ. (5)
Since
H(OO):f 1(Q)dQ, (6)

H(00)/(4) is just the number of events. Moments are di-

rectly measured observables and therefore not subject to am-
biguities. Given a set of amplitudes, the expected values of
the moments can be calculated. If the partial wave expansion
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FIG. 11. The observedH(10) moment as a function ofm®

effective mass for different ranges of momentum-transfer-squaredffective mass for different ranges of momentum-transfer-squared

[t.-_ ,al: (@ low-|t|, (b) mediumit|, and(c) high4t|. The curves

are results of fits described in the textl(00)=|Sy|?+|Py|?
+[P_[?+[Dg|*+[D_|?+|P,|>+|D, |.

2 2 /3

+ iRe{DOD’i}, (11)

72
1 /3 1 /3
H(22)=5\/2|F’|2—5\[2|F’+|2
1\FD 2 1\FD 2 12
t3 §| —|—7 §| +% (12
6 [3 6
H(30)—7\/ Re{PoD%} — \/,Re{P D*}

f Re[P,D*}, (13

|t~ =l (@ low-[t], (b) mediumit|, and(c) high{t|. The curves
are results of fits described in the text(10)= 2/.3 RgS,P}
+ 4/15RgP,D%} + 2/\5 R{P_D*}+ 2/\/5 RgP,D*}.

4 [3 6
H(31)—7\/;Re{POD*}Jr?\/gRe[P_DS}, (14
2 3 2 3
H(40)= fID |2~ ID szilD & (16)
Y A Y L

2 [5
H(41) = 7\/3R6{D0D*}, (17)

H(42)= \/ ID_[= \flml2 (18)

We note that thed(1M) and H(3M) moments involve
only terms linear in thé® wave and theH(4M) moments
only involve D waves. The above equations also underscore
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FIG. 12. The observedi(11) moment as a function of7° FIG. 13. The observeti(20) moment as a function ofm®

effective mass for different ranges of momentum-transfer-squaredffective mass for different ranges of momentum-transfer-squared
[t.-_ ,al (@ low-|t|, (b) medium}t|, and(c) high4t|. The curves |t~ .|: (@) low-|t|, (b) mediumit|, and(c) high{t|. The curves

are results of fits described in the text(11)= 2/./6 ReS,P*} are results of fits described in the text(20)= 2/\5 RgS,D%}
+2/J10R¢P,D* } - 2/J30R¢P D }. +£|Pol >~ §|P_|?= 5|P. >+ [Do|*+ 7|D_|*+ 7|D [

the inherent ambiguities in this partial wave analysis. Solv- h - is the break t f

ing for the amplitudes and their interferences in terms of thd/"erea= (m,m;,m,) is € breakup momentum ol mass

non-ambiguous observable moments does not lead to . AL'V' is a complex, mass-independent normallzatlon,_ anq

unique solution. m, is mass of the resonance. The energy dependent width is
In Fig. 9 we show the comparison of moments computediVen by

directly from data with those calculated from the above ex-

pressions using the selected PWA solutions for KH@0), Cay(m BL[(qR)?]\?

H(10), H(20), andH(30) moments. The agreement is ex- I (m)=T, q,/\ m/)\B[(q,R)?] (20
cellent and similar results were obtained for the other mo-

ments.

Fitting the momentsThe moments as function of°® W_'th dr=A(m;,m;,m,) and the barrier factors, (x)
mass were fitted using the above equations and assumiff’en Py  Bo(})=1,  Bi(x)=vX/(1+Xx),  Ba(X)
Breit-Wigner resonance line shapes for thg(980), =X*/[(x—3)"+9x], where theR parametrizes the range
a,(1320), and a possiblé-wave resonance. These line of the interaction. In the cross section, phase space intro-
shapes specify the form of the mass dependence of the arduces a factor ofy which multiplies the intensity function
plitudes and phasesnterference termsin the above equa- given in Eq.(4). Finally the Swave contribution was modi-
tions. fied by adding an incoherent background parametrized as a

A relativistic Breit-Wigner form was used: linear function inm, .

ALuBL(qRY?] There are 21 parameters allowed to vary in the simulta-
v (19  neous fits to the distributions of the 12 moments as a func-
tion of »7® mass. Thes., P-, andD-wave Breit-Wigners are

ALy(m)=

m?—m?+im, T (m)’

094015-10
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FIG. 14. The observedi(21) moment as a function of7° FIG. 15. The observeti(22) moment as a function ofm®

effective mass for different ranges of momentum-transfer-squaredffective mass for different ranges of momentum-transfer-squared
[t.-_ ,al: (@ low-|t|, (b) mediumit|, and(c) high4t|. The curves |t~ .|: (@) low-|t|, (b) mediumit|, and(c) high{t|. The curves
are results of fits described in the tekt(21)= 2/VIORESD*}  are results of fits described in the text(22)=22[P_|2
2./3 * *
+§VARAPP* )+ 21712 RADED . ~1V3P.I2+ 3ED_2- 3ED. 2

each characterized by a mass and width for a total of six
parameters. Each of the seven waves is characterized byla37 GeVt? and the width was fixed at 0.37 Ged/ These
complex number but the overall phase for each reflectivity ire the parameters reported for tRewave exotic in the
fixed accounting for 12 more parameters. Finally the slope77 channel in Ref[11].
and intercept of the background and Rearameter account  In the lowt region, theS, wave is prominent am,, .o
for the final three parameters. The values of these parametersl GeV/c? and agrees well with the expected contribution
resulting from the fits are shown in Table I. We have alsoto the 77° spectrum from the decay of tha(980) meson.
attempted to include a secofg-wave resonance to account The S, wave is produced without flipping helicities at the
for a possibleay(1450) in the data. The moment fits were, meson vertex and therefore it is dominant at lownd de-
however, not able to constrain tlag(1450) resonance pa- creases with increasinglt|. The structure atm, o
rameters. We therefore removed thg1450) from the mo- ~1 GeV/c? in theH(10) andH(11) momentgFigs. 11 and
ments fits. This has no effect on the results and interpretatioh2, respectivelyreflects the interference between tBand
of the P-wave fits. P waves and it is noticeable only at lotwwhere theS-wave
The outcome of the fitting is shown for all moments for production is the strongest. THe, wave dominates the
the three ranges df described above in Figs. 10—21. The spectrum am, o~1.3 GeVk? and since it is produced with
moments shown are corrected for acceptance using the pre-meson helicity flip it is suppressed at Idavand it is the
cedure described in Rdf25]. The solid curves are the result largest in the mediunb-region. In all threet-regions, how-
of fits in which all of the 21 parameters described aboveever, it is well described by a Breit-Wigner shape corre-
were allowed to float. The dashed curves are the results afponding to thea,(1320) meson. As th® , production in-
fits where theP-wave Breit-Wigner mass was fixed at creasesto medium and largé regiong, the structure in the
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FIG. 17. The observeti(31) moment as a function ofm®

effective mass for different ranges of momentum-transfer-squaredffective mass for different ranges of momentum-transfer-squared

[t,-_ ,-: (@ low-|t], (b) mediumit|, and(c) high{t|. The curves
are results of fits described in the te>k1.(30):§\/§Re{PoD3}
- 6/75 RgP_D*}- 6/7\/5 RgP_ D*}.

momentH (10) (Fig. 11) moves to thea, region and a simi-
lar structure in the momer (30) (Fig. 16) appears. Simi-
larly, the interference of the negative reflectivi®/ waves
with the negative reflectivityp waves is reflected in the mo-
mentsH(11) andH(31) (Figs. 12 and 17, respectivelat
m, 0~1.3 GeVk2.

The fit corresponding to the fixe®-wave parameters
(dashed curveis significantly worse irH(10) (Fig. 1)—a
moment linear in theéP>-wave and somewhat worse or no
better in the other moments that are linear in Bhevave—
H(11) (Fig. 12, H(30) (Fig. 16 andH(31) (Fig. 17. In
addition to the H(00) moment distribution, the other
moments—H (20), H(22), H(40), andH(42)—are prima-
rily sensitive to the presence of tla@ meson, and therefore
are not very sensitive to treatmentfwaves in the fit. The

|t~ =l (@ low-[t], (b) mediumit|, and(c) high{t|. The curves

are results of fits described in the tekl(Sl):é\/gRe{PoD’i}
+6/7y5 R§P_D}}.

ever, it was found that no single set of consistent parameters
could be found for thé®> waves across the threeanges. In
the lowt range theP wave with mass of 1.39 Ge¥? and
width of 0.36 GeV£t? was found, which is the only solution
consistent with what was reported for ther~ channe[11].
However, even in this range other solutions could also be
found with masses ranging from 1 to 5 Ge¥/ For ex-
ample, a solution for & wave with a mass of 0.91 Getd
and a width of 1.05 Ge\W? had ay?=1.57. This is because
the interference with th® waves is weak at low-and theS
wave is too narrow to constrain tieaway from them,, .o
~1.3 GeVk? region. The mediunt-to larget range should
be the best for constraining tiewaves. Here th® waves
are dominant and sonf&wave is still present. In thisrange,
however, acceptable solutiofiwith comparablexﬁ) differ-

fit with the P-wave parameters fixed gives a significantly ent from the one listed in Table I could not be found.

worse y° per degree of freedomxé from 1.70 to 2.00 as
compared to the case when tRewave parameters are al-
lowed to float (¢ from 1.37 to 1.4R In the later case, how-

The nonvanishing moment$(10) (Fig. 11), H(11) (Fig.
12), H(30) (Fig. 16), H(31) (Fig. 17, andH(32) (Fig. 18
clearly indicate a presence offawave in they=° system.
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FIG. 18. The observedi(32) moment as a function ofz° FIG. 19. The observeti(40) moment as a function ofyz°

effective mass for different ranges of momentum-transfer-squaredffective mass for different ranges of momentum-transfer-squared
[t ,=: (@ low-|t], (b) mediumit|, and(c) high{t|. The curves |t,-_,.|: (& low-|t], (b) mediumit|, and(c) high{t|. The curves
are results of fits described in the tekt(32)=2+/2Re(P_D*} are resulgs of fits described in the tekt(40)=%|Do|*~ 7D |
~23ReP.D*}. ~alD %

refer the reader to similar plots shown in Fig. 7 for B¢

The large values of mass and width found indicate that th ndD, amplitudes and th&d(S,—D,) phase difference
Breit-Wigner parametrization for these waves is most Iikelyalong ¥he curves used to select the sglutions.

inadequate. The results of the fits to the momer(tecalling that the
moments are unambiguguaere used to study the possible
VIl. MASS AND t DEPENDENCE OF PARTIAL WAVES inclusion of other ambiguous solutions not selected as the
physical solutions. We compute )& that measures the de-
viation of other ambiguous solutions from the partial wave
In Figs. 22—24 various partial waves and phase differsolutions obtained from the moments fits. This requirement
ences are shown as a function »#° mass for the lowt|, was imposed separately for ti8 and D, waves and the
mediumit|, and high{t| ranges. In particular we show the A®(S,—D,) phase difference. In some cases several am-
mass dependence of th&, and D, amplitudes and the biguous solutions were found to hayé similar to the se-
AD(Sy—Dy) phase difference. Also shown is the mass de-ected solutions and these are included in Figs. 22—24 as the
pendence of thé®>, and D, amplitudes and th® (P, open circles with dashed error bars. The mass-dependent fits
—D.) phase difference. The filled data points indicate theinvolving only theP, andD, amplitudes and thaA® (P,
selectedphysica) solutions. The additional points indicated —D , )—as described below—phase difference were insensi-
by open circles and dashed error bars are those ambiguotise to the inclusion of these solutions.
solutions that satisfy the conditions described below. The fits shown in Figs. 22—24 describe thg andD | in
The curves are the result of the fits to the moments wherell three [t| regions. The values obtained for the mass and
the P-wave Breit-Wigner parameters are allowed to float. Wewidth of the a,(1320) as shown in Table | are consistent

A. PWA solutions and fits to the moments
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FIG. 20. The observe#i(41) moment as a function ofm® FIG. 21. The observeti(42) moment as a function ofyz°

effective mass for different ranges of momentum-transfer-squaredffective mass for different ranges of momentum-transfer-squared
[tz ,al: (@ low-[t], (b) mediumit|, and(c) high{t|. The curves |t~ |: (a) low-|t|, (b) mediumit|, and(c) high{t|. The curves

are results of fits described in the tekt(41)=2+/3Re{DoD* 1. are\/LesuI‘Ts 0|f2 fits described in the text(42)= y10/21|D_|
— J10/21D . |2.

with nominal values for this well understood state. Thes
well described in the lowt| region and the mass and width

shown in Table | for theay(980) agree with published val- . .
ues. As|t| increases the production of tilag(980) decreases of the dominaniD., wave strongly suggesting leakage. We

and the description of th§, wave in Fig. 24, for the higlt| also note tha_lt_theP+ wave has an additional '°_Wer mass
range is problematic. In this region ti& wave includes p_eak in the vicinity of thEﬁO(gSQ) in the lowit| r_eglon[see
mostly structureless background naturally subsumed into thE!9S- 22 and 23 where production of tag(980) is strong—
S, wave. Requiring that thg, wave be described by a Breit- 292N suggesting Ieakab@ur Monte Carlo studies indicate .
Wigner wave yields a width that is wide and driven by the that leakage of dominant waves can lead to false peaks in
phase motion of the,(1320) via theAd(S,—D,) phase Other amplitudes but it is unlikely to cause false phase mo-
difference. As noted above, the moment fits did not constraifion. Indeed this?, wave enhancement at about the mass of
the parameters of a possible second scalar resonance, ttheao(980) follows closely the behavior of tigwave in its
ag(1450). In the mass-dependent amplitude and phase diflependence on both mass and momentum transfer squared.
ference fits, the inclusion of a second scalar resonance in ttfeurthermore as shown in Fig. 22 and especially in Fig. 23 the
low-t region yields M=1.34+0.06 GeV and I'=0.41 additional solutions allowed by the selection critefilose
+0.09 GeV for the mass and width of the secandreso- indicated by open circlgglo not alter theS wave shape but
nance, while in the mediurn-region we obtainM=1.44  reduce the amplitude of th®, wave in the region of
+0.03 GeV and '=0.25+0.06 GeV, respectively. No ~1 GeV/c?. Furthermore, the fits to the moments do not
stable fit was found for high-data. reveal anyP wave signal at~1 GeV/c? and due to angular
The moments fits poorly describe thi®e, waves in all ~momentum barrier effects it is expected that at low breakup
three|t| regions and thé, amplitude peaks in the vicinity momentum theS wave should dominate over tliewave.
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FIG. 22. PWA solutions for thdeft top) Sy and(left middle) D FIG. 23. PWA solutions for thdeft top) S, and(left middle) D,
waves andleft bottom AP (S,—Dg) phase difference and for the waves andleft bottom) A®(S;—D,) phase difference and for the
(right top P, and (right middle D, waves and(right bottom) (right top P, and (right middle D, waves and(right bottom
A®(P,—D,) phase difference for the loyt} region. The fits are A® (P, —D,) phase difference for the mediuftj-region. The fits
a result of the fit to the moments. The filled diamonds correspond tare a result of the fit to the moments. The filled diamonds corre-
the selected solution. The open circles are additional solutions akpond to the selected solution. The open circles are additional so-
lowed by the criteria described in the text. lutions allowed by the criteria described in the text.

B. Systematics and the fitting procedure separately for the three rangestiare presented in the plots

The assumption was made earlier that waves With of Fig. 27 and the fit parameters are listed in Table II. In Fig.
>1 were not important. In order to test this assumption the2g theP-wave parameters obtained from the mass dependent
additional|[M|=2 D waves, one for each reflectivity, were fits are compared to those reported in Ré¢fisl—13. The
included in the fits for all the moments including th€43)  P-wave mass obtained for the highrange is consistent with
and H(44) moments. The Breit-Wigner distributions corre- that reported in thepm~ channel but the width observed
sponding to the resulting fits are shown in Fig. 25 for thenere js significantly higher. The values obtained for the mass
D., Do, D waves and the tw®y -, waves of opposite iy the Jow+t and hight ranges are lower than for them ™
reflectivities (the twoM =2 curves are indistinguishable in channel. The conclusion is that no consistent set of resonant
the plog. This supports our original assumption. P-wave parameters can describe the data while the resonant

walhsiu?i/:éefrgﬁﬁé Ofwvgé/'?(?r t?”e %?;ﬁ'{?l?egfoiijénfﬁgonsparameters obtained for tlag(1320) are consistent for vari-
" : ingpar° istent with well-
results are shown in the plot of Fig. 26. We chose to studyOus ranges inyn” mass andt| and consistent with w

this hight| region since the description of tHe, wave established parameters from earlier experiments.
amplitude is poorest for this regidsee Fig. 24 The curve
is the result of the overall fit to the moments. The shaded
region corresponds to the variations in the fit by letting the
Breit-Wigner parameters for all the other waves vary in all Figure 29 shows the dependence of Bhe, D,, andD _
possible combinations—that is, being fixed at nominal val\yayves as a function af-_ .. Since thea,(1320) is domi-
ues or allowed to float. ThB . wave is within the system- ant in these waves and the production of these waves is
atic errors. associated with exchanges well known from Regge phenom-
enology, a comparison of data with this known phenomenol-
ogy is a check on the methodology. Indeed tlidependence
The dependence of the measuf2d andP_ amplitudes is well described.
and theA®(P,.—D,) phase difference as a function of TheD. wave is produced via a naturethannel charge
% mass was fitted to two interfering Breit-Wigner line exchange which is dominated by tpetrajectory and is pa-

nir
shapes following the method of Rdfl1]. Fits carried out rametrized by29]

D. Description of thet dependence of theD waves

C. Mass-dependent fits
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FIG. 26. TheD , wave as a function of;#° effective mass for
the high{t| range. The curve is the result of an overall fit to the
moments, including &-wave resonance, as described in the text.
The shaded area is an estimate of the systematic errors derived from
a variation of all combinations of the Breit-Wigner parameters for
the S P, andD amplitudes—as described in the text.

a result of the fit to the moments. The filled diamonds correspond to
the selected solution. The open circles are additional solutions al-
lowed by the criteria described in the text.
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_t/
Di =r\/-—=Di".
+ 4mN +

Here theDT~ andD " are the nucleon helicity flip and
nonflip amplitudes, respectively, with=7 in Eq. (22) ac-
cording to Ref[29] and
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FIG. 27. PWA solution for thétop) P, and(middle) D . waves
and (bottom) A® (P, —D,) phase difference for loy, medium-
|t|, and highlt| as a function ofy#° effective mass. The curves are
the result of a mass-dependent fit assuming Breit-Wigner resonance
forms for theP, andD , waves.
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TABLE Il. The masses and widths obtained from a simulta- with the parameters of the two trajectories given cb‘ylz
neous fit toD ., intensity, theP, intensity and theAd® (P, —D,) — 037409 [GeVZ] a;=0.9 [GeVz] andb, =b,=b
phase difference. For these fits both waves are parametrized as 2 ' ' 1 m
Breit-Wigner resonances. In addition to the fits for the three ranges_4'51 GeVv: [30]_' .
of t we also include the fit for the fuli range to compare with the The D_ wave is produced by unnatural parity exchange

results of Ref[11]. and itst dependence is given iy _(t)= \/—t’/4m2NDO(t).
The fit to the measuredd, wave intensity has two
all [t] low-[t]  mediumft|  high{t| parameters—the normalization of the nucleon helicity flip
M., 1326 1316 1329 1326 and nonflip amplitudes—and is also shown in Fig. 29.
+0.0023 +0.0049 +0.0029 +0.0036 )
T, 0.169 0.127 0.154 0.166 E. Ratio of D waves
+0.0069  +0.014 +0.0082 +0.01 In a paper discussing the PWA of thgr system pro-
My 1.272 1.301 1.268 1.356 duced in peripherakrp interactions[31], Sadovsky uses a
+0.017 +0.014 +0.023 +0.021 criterion for selecting the physical solution among the am-
Iy 0.66 0.19 0.67 0.629 biguous solutions. The test involves a measurement of the
+0.048 +0.032 +0.087 +0.064 ratiors=(Dy—D_)/D, . According to Regge phenomenol-
X2 3.23 2.13 1.51 1.60 ogy this ratio should fall agx/p, where « is determined

from other experiments. Ap .=18 GeVC this ratio is ex-
pected to be s=0.80. Integrating the distributions in Fig. 29
The parameters of the trajectory are given byr,(t)=0.5  over allt we obtainrs=0.72£0.12.

+0.94[GeV?], b,=3.25GeV? [30]. The fit of the

t-distribution given by Eq(22) to the measuretdistribution VIIl. CONCLUSIONS

involves one parameter—the overall normalization—and is

shown in Fig. 29. Some discrepancy is seen at large . . : .
wn in g 1€ discrepancy 1 - rzg. monic9 analysis of data collected in experiment E852 from
particular the characteristic dip of theexchange at=my is L0 0 X
A . . the reactionm~ p— n7-n (where — vyy) as a function of
not seen. This indicates that there is some absorption re- g . d d
uired for thea nm effective mass an momentum-transfer—square was
’ The D wavg is produced via unnatural exchange and isperformed. The presence of two well-establisheg980)
expected o be dorginated by the in the nucleon hgelicit anda,(1320) resonances allows for the imposition of criteria
p pam litude and the tensoZytra'ector 0PS =27 1) iny for selecting the physical solution among the mathematically
thg, nor?fli amolitude. These carJ1 ara%netrize_c[IQ] ambiguous solutions. The physical solution is consistent with
b-amp ' P the presence of two interfering Breit-Wigner resonances for
these states. The distribution in 12 acceptance-corrected mo-
PR et t by toy i ey (12 mentsH(L,M) calculated directly from the data are consis-
Do =i 4m3 1-rz|etexe ™ tent with moments calculated from the PWA solutions.
Every term in the moments withdd L (5 of the 12 is
xXT[— abl(t)]sir[ wabl(t)IZ], (24 linear in theP wave and the observed moments distributions
are nonzero clearing indicating that the data demand the
i+ pamiman()i2 presence of & wave. To allow for the inclusion of a possible
Do "=e’Ze T2 [1— az(t)Jcod maz(1)/2] (25  resonance with exotic quantum numbers, the moments are

A partial wave and momentaverages of spherical har-

a

—e— -
Crystal Barrel
FIG. 28. Comparison of
P-wave mass and widths among
E852 -mn - e HH various studies. A mass dependent
fit to the D, and P, amplitudes
T]Tto - high-It —a— and A®(P,.—D,) phase differ-
ence, assuming Breit-Wigner line
shapes was carried out for the
N0 - medium-Itl  +—e— —a— E852 data fornm® (this study
and »7~. Results are also com-
10 - low-It o - pared to the Crystal Barrel results.
I I I I I ) I I 1 1 |
125 130 135 140 145 02 04 06 08
mass (GeV/c?) width (GeV/c?)
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5000 . . data, the resonance representation ofRheave is problem-
atic. The data unambiguously indicated that the phase of the
P wave increases as the function of tler® mass which
corresponds to an attractive interaction in the® P wave
channel. However, the data do not require the phase d?the
wave to increase over 90° nor is there compelling evidence
for the intensity of the® wave to have a resonance shape in
the mass range studied, i.e., from threshold to 1.8 GeV.
Mass-dependent fits, restricted to the andD . ampli-
tudes andA®(P,—D,) phase difference, following the
method of Ref[11] reporting an exoticdJ”°=1"" meson
decaying intoy7~, yield results inconsistent with those of
Ref.[11] and among the threeranges in this analysis. The
discrepancy in the resonance parameters found by fitting the
natural waves alone is, however, smaller than the one found
by fitting the full data samplémoments.
¢ (GeV. /C)z However, by restricting the study to onB, , D, waves
and the phasé&\® (P, —D ), important additional informa-
FIG. 29. Dependence db, (circles, D, (triangles, andD_  tion from the remaining data is ignored. For example, an
(diamonds waves on|t’| or |t,- ., |—|tm|. The curves are the exotic P wave resonance should have the same resonance
results of fits to forms for these distributions expected from Regggparameters in all threB_ , Py, andP, waves. These waves
phenomenology. represent different spin projections of the resonance and the
data should discriminate between their production strengths.
thus fit with the aSSUmption of three interfering Breit-Wigner Furthermore, we have found that the intensity of the weak
resonances for th§ andD, andP waves. waves, i.e.,P and S wave above thea, region are more
The data suggest weak production of #1450). The  affected by leakage from the stron,waves due to the.,
ap(1450) was established by the Crystal Barrel Collaborathan are the phase differences. Thus, since the mass-
tion in pp— 7°#%y and pp— #°7» [28] with production  dependent fit to the natural waves alone, is strongly con-
ratios foray(1450):2a,(980):a,(1320) equal to4:6:33 and  strained by the intensity distribution of tiewave, it tends
11:14:25, respectively. These are qualitatively consistento follow the a, line shape, and force the fit to mimic a
with our results. The dominam . , Dy, andD _ waves are P-wave resonance with mass near #iemass.
consistent with production of the,(1320) and fits to the In a separate paper we will present an alternative descrip-
their line shapes are consistent with the resonance parametéisn of the mass dependeRtwave amplitude and phase that
of this well-established tensor resonance. Moreover, the oldoes not require the existence of an exotic meson but is
servedt dependence of the individu@ll waves are well de- consistent withn7r rescattering.
scribed by Regge phenomenology as is their ratio. Finally
theay anda, in the data are well described as Breit-Wigner
resonances produced viat@&hannel exchange mechanisms
regardless the treatment of th® wave and/or incoherent The authors wish to thank the members of the MPS group
background. at BNL as well as the staffs of the AGS and BNL. This work
While the Breit-Wigner parametrization of tisavave and  was supported in part by the National Science Foundation
D wave is physically well motivated and confirmed by the and the U.S. Department of Energy.
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