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Thehp2 system has been studied in the reactionp2p ! hp2p at 18 GeVyc. A large asymmetry
in the angular distribution is observed indicating interference betweenL-even andL-odd partial
waves. Thea2s1320d is observed in theJPC ­ 211 wave, as is a broad enhancement between
1.2 and1.6 GeVyc2 in the 121 wave. The observed phase difference between these waves shows
that there is phase motion in addition to that due toa2s1320d decay. The data can be fitted by
interference between thea2s1320d and an exotic121 resonance withM ­ s1370 6 16 150

230
d MeVyc2

andG ­ s385 6 40 165
2105d MeVyc2. [S0031-9007(97)03976-8]

PACS numbers: 13.85.Fb, 12.39.Mk, 14.40.Cs
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The question of whether or not hadrons outside
scope of the constituent quark model exist is one wh
answer speaks directly to the fullness of our understand
of quantum chromodynamics (QCD) [1]. However, no
qq mesons (or exotic mesons) have proven difficult
distinguish from the many conventionalqq states which
populate the various mesonic spectra. For this rea
much attention has been focused on those states
manifestly exoticJPC quantum numbers.

A qq meson with orbital angular momentum, and total
spin s must haveP ­ s21d,11 andC ­ s21d,1s. Thus
a resonance withJPC ­ 022, 012, 121, 212, . . . must
be exotic. Such a state could be a gluonic excitation s
as a hybridsqqgd or glueballs2g, 3g, . . .d, or a multiquark
sqqqqd state. In a relativeP wave (L ­ 1), the hp2

system hasJPC ­ 121. Having isospinI ­ 1, it could
not be a glueball, but it could be a hybrid or a multiqua
state.

Production and decay properties of exotic states h
been predicted using several models [2–8]. A calcu
tion based upon the MIT bag model predicts [3] tha
121 hybrid sqqgd will have a mass near1.4 GeVyc2.
On the other hand, the flux-tube model [4,5] predi
the mass of the lowest-lying hybrid state to be arou
1.8 GeVyc2. Characteristics of bag-modelS-wave mul-
tiquark states (which would haveJP ­ 01, 11, or 21)
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have been predicted [7], but those for a12 state have
not. Finally, recent lattice calculations [8] of the121 hy-
brid meson estimate its mass to be in the range of
to 2.1 GeV.

The hp system has been studied in several rece
experiments, with apparently inconsistent results. Al
et al. [9], in a study ofp2p interactions at100 GeVyc
at CERN (the GAMS experiment), claimed to observe
121 state in thehp0 system at1.4 GeVyc2 produced
via unnatural parity exchange (theP0 partial wave—
the naming convention is discussed below) [10]. Aoya
et al. [11], in a p2p experiment at6.3 GeVyc at KEK,
observed a rather narrow enhancement in thehp2

system at1.3 GeVyc2 in the natural parity exchange
121 spectrumsP1d. Beladidzeet al. [12], in the VES
experiment at IHEP (p2N interactions at37 GeVyc),
also reported aP1 signal in thehp2 state, but their
signal was broader and had a significantly different pha
variation from that of the KEK experiment. While the
phase difference between theP1 and D1 waves was
independent ofhp mass in the KEK analysis, that phas
difference did show significant mass dependence in
VES analysis. (Since the phase variation for theD1 wave
follows a classic Breit-Wigner pattern for thea2s1320d
meson, the phase difference between these waves
determine the phase variation of the unknownP1 wave.)
© 1997 The American Physical Society



VOLUME 79, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 1 SEPTEMBER1997

d
e
e
S
4
t
e
k

t
a
S

c
ig

t
s
n
h

in

n

e

ti-
nce

at

e
ed

e

ty
)
r
in
0

h
ity

nte
ted

-
e
nt-
the
ted
li-

se

e-
y
2

nd
he
age
ows
Here we study thehp2 system in the reactionp2p !
hp2p, at 18 GeVyc. Our data sample was collecte
in the first data run of E852 at the AGS at Brookhav
National Laboratory with the Multi-Particle Spectromet
(MPS) [13] using a liquid hydrogen target. The MP
which was equipped with six drift-chamber modules [1
and three proportional wire chambers, was augmen
by: a four-layer cylindrical drift chamber surrounding th
target [15]; a soft-photon detector consisting of 198 bloc
of thallium-doped cesium iodide [16] also surroundin
the target; a window-frame lead-scintillator photon-ve
counter; a large drift chamber; and a 3045-element le
glass detector (LGD) [17] downstream of the MP
Further details are given elsewhere [18].

A total of 47 million triggers which required one
forward-going charged track, one recoil charged tra
and an LGD trigger-processor signal enhancing h
electromagnetic effective mass was recorded. Of the
47 200 events were reconstructed which were consis
with the hp2psh ! 2gd final state. These events sati
fied topological and fiducial volume cuts, as well as e
ergy/momentum conservation for production and for t
h ! 2g decay with a confidence level.10% [19]. The
2g mass resolution at theh mass iss ­ 0.03 GeVyc2.

The a2s1320d is the dominant feature of thehp2

mass spectrum shown in Fig. 1(a). Background h
been estimated using side bands in both the 2-g mass
distribution and the missing-mass distribution, thus tak
into account background from non-h sources as well as
from sources due to production of other final states. T
background level is approximately 7% at1.2 GeVyc2,
falling to 1% at1.3 GeVyc2.

The acceptance-corrected distribution ofjt0j ­ jtj 2

jtjmin, wheret is the four-momentum-transfer, is show
for jt0j . 0.08sGeVycd2 in Fig. 1(b). [Our acceptance
is quite low below 0.08 sGeVycd2 due to a trigger
requirement.] The shape of this distribution is consist
with previous experiments and has been shown to
consistent with natural-parity exchange production
Regge-pole phenomenology [20,21].

The acceptance-corrected distribution of cosu, the co-
sine of the angle between theh and the beam track in
the Gottfried-Jackson frame [22] of thehp2 system, is

FIG. 1. (a) Thehp2 effective mass distribution. (b) Distri-
bution of jt0j ­ jtj 2 jtjmin.
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shown in Fig. 2(a) for1.22 , Mshp2d , 1.42 GeVyc2.
There is a forward-backward asymmetry in cosu. The
asymmetry forj cosuj , 0.8 is plotted as a function of
hp2 mass in Fig. 2(b). The asymmetry is large, statis
cally significant, and mass dependent. Since the prese
of only even values ofL would yield a symmetric dis-
tribution in cosu, the observed asymmetry requires th
odd-L partial waves be present to describe the data.

A partial-wave analysis (PWA) [23,24] based on th
extended maximum likelihood method has been us
to study the spin-parity structure of thehp2 system.
The partial waves are parametrized in terms of th
quantum numbersJPC as well asm, the absolute value
of the angular momentum projection, and the reflectivi
e [which is positive (negative) for natural (unnatural
parity exchange [25] ]. In our naming convention, a lette
indicates the angular momentum of the partial wave
standard spectroscopic notation, while a subscript of
meansm ­ 0, e ­ 21, and a subscript of1s2d means
m ­ 1, e ­ 11s21d. Thus,S0 denotes the partial wave
havingJPCme ­ 01102, while P2 signifies12112, D1

means21111, and so on. We consider partial waves wit
m # 1, and we assume that the production spin-dens
matrix has rank one.

The experimental acceptance is determined by a Mo
Carlo method. Peripherally produced events are genera
[26] with isotropic angular distributions in the Gottfried
Jackson frame. After adding detector simulation [27], th
Monte Carlo event sample is subjected to the same eve
selection cuts and run through the same analysis as
data. The experimental acceptance is then incorpora
into the PWA by using these events to calculate norma
zation integrals (see Ref. [23]).

Goodness-of-fit is determined by calculation of ax2

from comparison of the experimental moments with tho

FIG. 2. The open circles show (a) the acceptanc
corrected distribution of the cosine of the deca
angle in the Gottfried-Jackson frame for events with 1.2
, Mshp2d , 1.42 GeVyc2, and (b) the uncorrected forward-
backward decay asymmetry as a function ofMshp2d. The
asymmetry­ sF 2 BdysF 1 Bd whereFsBd is the number of
events for which theh’s momentum is forward (backward) in
the Gottfried-Jackson frame. The solid histograms in (a) a
(b) show the values predicted by the PWA fit to the data. T
dashed curve and the right-hand scale in (a) show the aver
acceptance in this mass region. The dashed curve in (b) sh
the acceptance-corrected asymmetry.
1631
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predicted by the results of the PWA fit. A systema
study has been performed to determine the effect
goodness-of-fit of adding and subtracting partial waves
J # 2 and m # 1. All such waves have been include
in the final fit. We have also performed fits includin
partial waves with J ­ 3 and J ­ 4. Contributions
from these partial waves are found to be insignifica
for Mshp2d , 1.8 GeVyc2. Thus, PWA fits shown or
referred to in this Letter include all partial waves wit
J # 2 and m # 1 (i.e., S0, P0, P2, D0, D2, P1, and
D1). The background described above was included a
noninterfering, isotropic term of fixed magnitude.

The results of the PWA fit in40 MeVyc2 bins for
0.98 , Mshp2d , 1.82 GeVyc2 and 0.10 , jtj ,

0.95 GeV2 are shown in Figs. 3(a)–3(c). Here, th
acceptance-corrected numbers of events predicted
the PWA fit for theD1 and P1 waves and their phase
difference DFsD1 2 P1d are shown as a function o
Mshp2d. There are eight ambiguous solutions in t
fit [24,28,29], each of which leads to the same angu
distribution. We show the range of fitted values for the
ambiguous solutions in the vertical rectangular bar
each mass bin, and the maximum extent of their error
shown as the error bar. Thea2s1320d is clearly observed
in the D1 partial wave [Fig. 3(a)]. A broad peak i
seen in theP1 wave at about1.4 GeVyc2 [Fig. 3(b)].
DFsD1 2 P1d increases through thea2s1320d region,
and then decreases above about1.5 GeVyc2 [Fig. 3(c)].

FIG. 3. Results of the partial wave amplitude analys
Shown are (a) the fitted intensity distributions for theD1

and (b) theP1 partial waves, and (c)DFsD1 2 P1d, their
phase difference. The range of values for the eight ambigu
solutions is shown by the central bar and the extent of
maximum error is shown by the error bars. Also shown
curves in (a), (b), and (c) are the results of the mass depen
analysis described in the text. The lines in (d) correspo
to (1) the fitted D1 Breit-Wigner phase, (2) the fittedP1

Breit-Wigner phase, (3) the fittedD1 2 P1 relative production
phase, and (4) the overallD1 2 P1 phase difference as show
in (c), but with a different scale.
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The intensities for the waves of negative reflectivity (n
shown) are generally small and are all consistent w
zero above about1.3 GeVyc2.

These results are quite consistent with the VES resu
[12]. In particular, the shape of the phase differen
is virtually identical to that reported by VES. (The
magnitude of the phase difference is shifted by about 2±

relative to that of VES.)
Consistency checks and tests of the data have b

carried out to determine whether the observation
the structure in theP1 wave could be an artifact due
to assumptions made in the analysis or to accepta
problems. These include: fitting the data in restricte
ranges of the decay angle; inclusion of higher angu
momentum states; fitting the data with varioust cuts;
fitting the data using different parametrizations of th
background; making cuts on other kinematic variabl
such as thep2p or thehp effective masses; and fitting
data using events withh ! p1p2p0 decays (with rather
different acceptance from the2g events). The results are
very stable and, in particular, the behavior ofDFsD1 2

P1d does not change in any of these checks.
Fits were also carried out on Monte Carlo even

generated with a pureD1 wave to determine whetherP1-
wave structure could be artificially induced by acceptan
effects, resolution, or statistical fluctuations. We do fin
that someP1 intensity can be induced by resolution and
or acceptance effects. Such “leakage” leads to aP1 wave
that mimics the generatedD1 intensity [and in our case
would therefore have the shape of thea2s1320d] with
a DFsD1 2 P1d that is independent of mass. Neithe
property is seen in our result.

In an attempt to understand the nature of theP1

wave observed in our experiment, we have carried ou
mass-dependentfit to the results of the mass-independe
amplitude analysis. The fit has been carried out in t
hp mass range from 1.1 to1.6 GeVyc2. The input
quantities to the fit included, in each mass bin, theP1-
wave intensity; theD1-wave intensity; and theD1 2 P1

phase difference. Each of these quantities was tak
with its error and correlation coefficients from the resu
of the amplitude analysis. In this fit, we have assum
that theD1-wave and theP1-wave decay amplitudes are
resonant and have used relativistic Breit-Wigner form
[30] for these amplitudes. We introduce a consta
relative production phase between theP1-wave andD1-
wave amplitudes. The parameters of the fit includ
the D1-wave mass, width, and intensity; theP1-wave
mass, width, and intensity; and theD1 2 P1 production
phase difference. One can view this fit as a test of t
hypothesis that the correlation between the fitted P-wa
intensity and its phase (as a function of mass) can be
with a resonant Breit-Wigner amplitude.

Results of the fit are shown as the smooth curves
Figs. 3(a)–3(c). The mass and width of theJPC ­ 211

state [Fig. 3(a)] ares1317 61 62d MeVyc2 ands127 6

2 62d MeVyc2, respectively [31]. (The first error given
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th
is statistical and the second is systematic [32].) Th
mass and width of theJPC ­ 121 state as shown
in Fig. 3(b) are s1370 616 150

230d MeVyc2 and s385 6

40 165
2105d MeVyc2, respectively. Shown in Fig. 3(d) are

the Breit-Wigner phase dependences for thea2s1320d
(line 1) and theP1 waves (line 2); the fittedD1 2

P1 production phase difference (line 3); and the fitte
D1 2 P1 phase difference (line 4). [Line 4, which is
identical to the fitted curve shown in Fig. 3(c), is obtaine
as line1 2 line 2 1 line 3.]

The fit to the resonance hypothesis has ax2ydof of
1.49. The fact that the production phase difference c
be fit by a mass-independent constant (of 0.6 rad)
consistent with Regge-pole phenomenology [33] in th
absence of final-state interactions. If one fits the data t
nonresonant (constant phase)P1 wave, and also assumes
a Gaussian intensity distribution for theP1 wave, one
obtains a very poor fit with ax2ydof of 7.08. If one
allows a mass-dependent production phase, ax2ydof
of 1.55 is obtained for the nonresonant hypothesis, b
the production phase must have a very rapid variati
with mass [34]. Such a phase variation cannot b
excluded, but is not expected for any known model. No
that for these nonresonant hypotheses one must hav
separate explanation for the observed structure in theP1

intensity—a structure which is explained naturally b
the resonance hypothesis. We thus conclude that th
is credible evidence for the production of aJPC ­ 121

exotic meson.
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