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The nm~ system has been studied in the reaction 7~ p — nm p at
18 GeV/c. A large asymmetry in the angular distribution is observed in-
dicating interference between L-even and L-odd partial waves. The data
require interference between the a»(1320) and an exotic JF¢ = 1= reso-
nance 71 (1400) with M = (1370 £ 1613)) MeV/c? and I' = (385 £40755,)
MeV/c?. A second exotic J¥C = 17+ resonance 7 (1600) has been found
in the reaction 77p — w7 7 p in the pr channel. A mass-dependent
fit yields M = (1593 + 8+22) MeV/c? and I' = (168 + 20715°) MeV /2.
Presumably the same resonance is also found in the 1'(959)7~ final state
with M = (1589 +9) MeV/c? and I' = (380 + 22) MeV /2.

PACS numbers: 12.39.Mk, 13.25.Jx, 13.85.Hd, 14.40.Cs

1. Introduction

According to the quark model a gg meson with orbital momentum /[
and total spin s must have parity P = (—)'*! and charge conjugation
C = (—)"s. This excludes states with JP¢ = 0,07, 1"+, 2t 3 Fetc.
Resonances with these exotic quantum numbers could be hybrids, states
consisting of a quark, an antiquark and a gluon; or multiquark states.

The properties of exotic states have been predicted by several models
[1-7]. These models include the bag model which predicts JF¢ = 1=+
hybrids with masses around 1.4 GeV/c?, the flux tube model which has
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masses of hybrids near 1.8 GeV/c? and lattice gauge calculations [8] with
estimates for hybrid masses between 1.7 GeV/c? and 2.1 GeV/c2.
Experiment E852 was performed at the Multi-Particle Spectrometer fa-
cility (MPS) at Brookhaven National Laboratory (BNL). The experiment
took data in 1994 (2.47 x 106 triggers), 1995 (8.12 x 106 triggers), 1997
(2.56 x 10° triggers) and 1998 (6.23 x 10° triggers). A detailed description

of the apparatus can be found in [9].

2. Study of the reaction #~p —» 7™ p

In this data set of 47 200 events (94 data) the 7 was detected through
its 27y decay mode, see Fig. 1(a).
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Fig.1. (a) Two-photon effective mass distribution. The central cross-hatched region
shows the events which remain after kinematic fitting. The shaded sidebands show

the regions selected to estimate the background; (b) nn~ effective mass distribution.
The shaded region is an estimate of the background.

The nm~ invariant mass spectrum in Fig. 1(b) is dominated by the
a2(1320). The acceptance-corrected angular distribution in the Gottfried—
Jackson reference frame shows a strong forward—backward asymmetry (not
shown). This points towards interference between even and odd spins and
indicates the existence of odd-L partial waves. A rank one partial wave
analysis ! up to spin 2 was done with 7 waves: Sy, Py, P_, Dy, D_ and Py,
D . The first set of 5 waves (not shown) has unnatural parity exchange [10]
and is consistent with zero for nm-masses above 1.3 GeV/c?. The unnatu-
ral parity exchange waves suffer from an eightfold mathematical ambiguity
leading to the same angular distribution [11]. Since they are small, the nat-
ural parity exchange waves P,, D, are only indirectly affected by this to
the extent that the number of events in a given mass bin is constant. The

! The PWA formalism defines the amplitudes in the reflectivity basis, so they are
characterized by the naturality (¢) of the exchanged particle, the orbital angular

momentum of the nm system (L), and the projection of the angular momentum L
along the beam direction (M).
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result of the partial wave analysis for the Py and D, waves and their phase
difference are shown in Fig. 2.
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Fig.2. Results of the partial wave amplitude analysis. Shown are (a) the fitted
intensity distributions for the D and (b) the Py partial waves, and (c) their phase
difference A® . The range of values for the eight ambiguous solutions is shown by
the central bar and the extent of the maximum error is shown by the error bars.
Also shown as curves in (a), (b), and (c) are the results of the mass dependent
analysis. The lines in (d) correspond to (1) the fitted D Breit—-Wigner phase, (2)
the fitted P, Breit—-Wigner phase, (3) the fitted relative production phase ¢, and
(4) the overall phase difference A®.

In order to understand the nature of the P, wave a mass-dependent fit
to the results of the mass independent amplitude analysis was done. In this
fit one assumes that the D, wave and the P, wave decay amplitudes are
resonant and can be described by using relativistic Breit-Wigner forms?.
The results of the fit are shown as smooth curves in Fig. 2. The mass

and width of the JP¢ = 17+ state are (1370 £ 16730) MeéV/c? and (385 +

2 One further assumes that the production phase difference is constant.
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40185.) MeV/c?. This fit gives a x2/dof of 1.49. If one fits the data with a
nonresonant P, wave one obtains a very poor fit with a x2/dof of 7.08. If one
allows a mass-dependent production phase a x> /dof of 1.55 is obtained, but
the production phase must have a very rapid variation with mass, requiring a
slope of —4.3 radians/(GeV /c?). This cannot be excluded but is not expected
for any known model. The details of this analysis can be found in [12,13].
In 1995 another data set was obtained with some 62 000 events. The data,
although they have systematic differences, were analyzed in the same way as
described above. The results for the JP¢ determination, mass, width and
phase difference are consistent with the results of the 1994 analysis. This is
shown in Fig. 3.
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Fig.3. Comparison of the nm~ PWA results obtained on the 1994 data sample
(dashed lines) and the 1995 data sample (solid lines). (a) The fitted intensity
distributions for the P, wave; (b) its phase difference with the D, wave.

3. Study of the reaction 77p = 7wt~ 7" p

This data set (1994) contains 2.5 x 10° events after kinematic cuts were
applied. The 7t7~ 7~ and 777~ invariant mass spectra are shown in Fig. 4.

The three-pion spectrum is dominated by the well known a;(1260),
a2(1320) and m(1670) resonances. The two-pion spectrum shows strong
signals from p(770) and f2(1270). A partial-wave analysis of these data was
performed. Each event is considered in the framework of the isobar model:
an initial decay of a parent particle into a w7 isobar and an unpaired pion
followed by the subsequent decay of the isobar. Each partial wave is char-
acterized by the quantum numbers JFC[isobar] LM® — here JFC are spin,
parity and C-parity of the partial wave; M is the absolute value of the spin
projection on the quantization axis; € is the reflectivity (and corresponds
to the naturality of the exchanged particle); L is the orbital angular mo-
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Fig.4. Experimental effective mass distribution with acceptance correction:
(a) 7~ 7~ mass spectrum, (b) 77~ mass spectrum (two entries per event).

mentum between the isobar and the unpaired pion. It was determined that
a minimal set of 21 partial waves is required in order to achieve a reason-
able agreement between the experimental and predicted moments. This set
takes into account all relevant decay modes of the known resonances. It
includes three 0+ waves, four 171 waves, three 1= waves, two 27+ waves,
seven 27T waves, one 37T wave, and a non-interfering isotropic wave (which
turned out to be rather small). The 1=+ waves were found to be essential
for the description of the moments.

The acceptance-corrected numbers of events for the major non-exotic
spin-parity states predicted by the PWA fit are shown in Fig. 5.

The JP¢ = 17+ wave corresponding to the a;(1260) meson is dominant
and accounts for almost half of the total number of events in the sample. The
a2(1320) is prominent in the J¥¢ = 2+% waves, and the m9(1670) dominates
the JP¢ = 271 waves. The JP¢ = 0=t spectrum is quite complex. Its
shape below 1.6 GeV/c? is very sensitive to the choice of the 7tn~ S-wave
parameterization. Despite this complexity, the w(1800) state is clearly seen
in the spectrum.

The intensities of the exotic waves are shown in Fig. 6.

All three 17T [p(770)]P waves with M®¢ = 07,17,1" (denoted as P,
P_, and P,) show broad enhancements in the 1.1-1.4 GeV/c? and 1.6-
1.7 GeV/c? regions. At the same time, the 17[f,(1270)] D1t wave (not
shown) is consistent with zero. Monte Carlo studies showed that there is
considerable leakage from the a;(1260) into these waves at low masses. How-
ever, the 1.6 GeV/c? region does not suffer from this.
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Fig. 5. Combined intensities of all (a) 0~ waves, (b) 1T+ waves, (c) 2= waves,

(d) 2+ waves.
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Fig.6. Wave intensities of the 1~ *[p(770)] P exotic waves: (a) the M€ = 0~ and
1~ waves combined, (b) the M¢ = 1T wave. The PWA fit to the data is shown as
the points with error bars and the shaded histograms show estimated contributions
from all non-exotic waves due to leakage.

The phase difference between the 171 [p(770)]P1* wave and all other
significant natural parity exchange waves indicates a rapid increase in the
phase of the 171 wave across the 1.5-1.7 GeV /c? region; this is consistent
with resonant behaviour.
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To determine the resonance parameters, a series of two-state x? fits of
the 17+ [p(770)]P1* and 27 1[f5(1270)]S0" waves as a function of mass was
made. Both waves are parameterized with relativistic Breit-Wigner forms
including Blatt—Weisskopf barrier factors. In addition to Breit-Wigner
phases, a production phase difference which varies linearly with mass is
assumed. The fit yields x> = 25.8 for 22 degrees of freedom, with the
production phase difference between the two waves being almost constant
throughout the region of the fit. If instead the 1~% wave is assumed to
be non-resonant (with no phase motion), then the fit has x2 = 50.8 for
22 degrees of freedom, and requires a production phase with a slope of 7.6
radians/(GeV /c?). Such rapid variation of the production phase makes a
non-resonant interpretation of the 1~ wave unlikely.

The fitted mass and width of the 17+ state are M = (1593 £ 87%7)
MeV/c? and I' = (168 + 20715%) MeV/c2. The error values correspond to
statistical and systematic uncertainties, respectively. The systematic errors
were estimated by fitting the PWA results obtained for different sets of
partial waves and different rank of the PWA fit. A more detailed description
of this analysis can be found in [14].

In 1995 a second data set was obtained with much larger statistics, 5x 10°
events. The three-pion and two-pion mass spectra are shown in Fig. 7. They
are remarkably similar to the data shown in Fig. 4 and will allow a much
more detailed partial wave analysis which is in progress now.
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Fig. 7. Experimental effective mass distribution for 1995 data sample: (a) 77~ 7~
mass spectrum, (b) 77~ mass spectrum (the p3(1690) region is shown in inset).

4. Study of the reaction w~p — 7'(959)7 " p

This data set contains, after kinematic cuts, 6 040 events (1995 data) of
the type m p — 7/(959)7 p where 7'(959) — nnt7~ and n — . Shown
in Fig. 8 are the 2y, nn™n~ and n'nr~ effective mass distributions for the
data.



2622 H.J. WILLUTZKI

i 4000

3000 P

— (10 || ~ 200

b 2000 MeV | ©

> bins) | =

3 2000F | 0o o 150 ¢

©° . - 2| © 3

8. M(yy) GeV/c S 100 1

S e

% 1000} 3 -

=i =] 50 £

() (5]

a i i
T . 0 L . . s s .

0 14 16 138 12 14 1.6 1.8 2.0 2.2

M(nn'n") GeVie? M) GeV/c?

Fig. 8. Distribution of the 2 effective mass (inset), the nntm_ effective mass (left)
and the /7~ effective mass (right).

Clear evidence for the 7 is seen in the 2y mass distribution. These
photon pairs were kinematically constrained to be consistent with an 7. The
resulting nm 7~ mass distribution shows a clear 7’ signal. After constraining
the nmTm~ system to be consistent with the 7/, the resulting #'r~ mass
distribution shown in the figure 8 contains structure in the 1.6 GeV/c? region.
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Fig.9. Natural parity exchange waves from the mass-independent n'm~ PWA.

Amplitude analyses were carried out using the standard E852 PWA
package. The waves used in the fit included, for natural parity exchange
(e = +1), P, D, and (in some cases) G waves; and for unnatural parity
exchange, (¢ = —1), S, P, and D waves. We also assume |M| < 1. (Note
that for e = +1, M = 0 is forbidden.) In this paper, we denote the natural
parity waves as P, , Dy, and G4; and the unnatural parity waves as Sy, P,
and Dy for the M = 0 waves and P_ and D_ for the |M| = 1 waves.
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The main features of the amplitudes are: the strong production of the
P, wave in Fig. 9a; structure in Fig. 9b in the a9(1320) region and at higher
mass; and significant structure in the phase difference plots of Figs. 9d, e,
and f.

The unnatural parity exchange waves (not shown) are all quite small
although they are required to obtain good fits to the data. We find a satis-
factory description of the data if we assume the presence of a single exotic
P-wave resonance, a pair of D-wave resonances, and a G-wave resonance.
A preliminary fit leads to the values for the mass and width of the 1=T
exotic state of 1598 + 9 MeV /c? and 380 £ 22 MeV /c? respectively. This is
most likely the same state (the m1(1600)) observed previously [14] decaying
to pm. The fitted parameters of the lower-mass D-wave resonance are con-
sistent with those of the a2(1320); and the parameters of the G-wave state
(M = 2030 & 40 MeV/c? and I' = 320 + 140 MeV/c?) are consistent with
production of the a4(2040).

Fits were carried out with two P-wave resonances. The fits did improve
somewhat when the 71(1400) was included but since a satisfactory fit was at-
tained without this second state, we can only say that our data is consistent
with its production but the fit does not require it. The second D-wave res-
onance in the fits is very broad (=500-600 MeV /c? wide) and peaks around
1.8 GeV/c?. Although this may be a resonant state, the very broad width
suggests that it represents the production of a slowly varying non-resonant
D-wave system.
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