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A partial-wave analysis of 9082hp1p2n events produced in the reactionp2p→hp1p2n at 18.3 GeV/c
has been carried out using data from experiment 852 at Brookhaven National Laboratory. The data are
dominated byJPC5021 partial waves consistent with observation of theh(1295) and theh(1440). The mass
and width of theh(1295) were determined to be 128265 MeV and 66613 MeV, respectively, while the
h(1440) was observed with a mass of 140466 MeV and a width of 80621 MeV. Other partial waves of
importance include the 111 and the 112 waves. Results of the partial wave analysis are combined with results
of other experiments to estimatef 1(1285) branching fractions. These values are considerably different from
current values determined without the aid of amplitude analyses.

PACS number~s!: 14.40.Cs, 13.60.Le, 13.85.Hd
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I. INTRODUCTION

In this paper we present results of a partial-wave anal
of the hp1p2 system in the 1210 to 1530 MeV/c2 mass
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region, as obtained from the study of the reaction

p2p→hp1p2n, h→2g ~1!

at 18.3 GeV/c. The data sample was collected during t
summer of 1994 using the Multi-Particle Spectrome
~MPS! at the Alternating Gradient Synchrotron~AGS! facil-
ity of Brookhaven National Laboratory~BNL!.

The identification of the isoscalar members of theJPC

5021 and 111 nonets has been the subject of considera
interest, particularly with regard to searches for exotic m
sons. It is known that such states often havea0(980)p decay
modes. Since thea0(980) couples to bothhp and to KK̄
final states, comparison of the resonances produced in
hp1p2 andKK̄p reactions can lead to important informa
tion with regard to this identification.
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FIG. 1. E852 apparatus layout.
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The hp1p2 system is complicated, characterized by t
large range of accessible quantum numbers (JPC

5021,022,122,112,111,222, . . . ), a large number of
possible hp and pp intermediate isobars
„s,r(770),a0(980),f 2(1270),a2(1320)…,1 and the presence
of overlapping resonances„f 1(1285),h(1295)….

Historically, the low-mass region around th
1300 MeV/c2 enhancement in thehp1p2 andKK̄p mass
spectra was called the D region. Most early analyses@1–6#
made the assumption that a single state existed in this re
in the presence of an incoherent~non-interfering! back-
ground. The problem was then the determination of the
propriate quantum numbers of this state and its branch
ratio to hp1p2. Most early experiments showed a prefe
ence for JPC5111 quantum numbers for this state, no
referred to as thef 1(1285) @7#.

Later, sufficiently high statistics were collected to car
out a partial wave analysis of thehp1p2 system. Stanton
et al. @8# performed an analysis of the reactionp2p
→hp1p2n at 8.45 GeV/c. The low-mass region was fi
with a combination of 021, 111, and 112 partial waves.
Their analysis suggested the presence of a new state
JPC5021, the h(1295), as well as thef 1(1285). In addi-
tion, it was suggested that the fit could be improved cons
erably if the 021 partial waves were not allowed to interfe
with the other waves in the fit.

The KEK-E179 Collaboration performed two partial wa
analyses@9,10# of the same reaction at 8 GeV/c. They too
used a set of 021, 111, and 112 partial waves to describe
the low-mass region, and observed thef 1(1285) and
h(1295). Their analysis also suggested the presence o
additional state, now called@7# the h(1440), in the high-
mass region, which was earlier called the E region.

1We refer to thepp S wave ass. The form used for this is
discussed in Sec. IV A.
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II. APPARATUS

Figure 1 shows the elevation view of the experimen
layout. The detector system consists of a charged-par
spectrometer and a downstream 3045-element lead-g
electromagnetic calorimeter~LGD! @11,12# to provide neu-
tral particle detection.

An 18.3 GeV/c p2 beam is incident on the 30-cm
liquid-hydrogen target located at the center of the MPS m
net. Three threshold Cˆ erenkov counters in the beam line a
used to tag the beam particles as pions. Surrounding the
get is a 198-element thallium-doped cesium iodide cylind
cal veto array~CsI! @13# used in off-line analysis to rejec
events with wide-angle, low-energy photons from the dec
of baryonic resonances. Between the target and the CsI
four-plane cylindrical drift chamber@14# for triggering on
recoil charged tracks. The downstream half of the magne
equipped with three proportional wire chambers~TPX1-3!
for triggering on forward charged-track multiplicity, and s
drift chamber modules~DX1-6! for measuring the momen
tum of forward charged tracks. Also in the magnet is
window-frame lead-scintillator sandwich photon ve
counter~DEA! which covers the solid-angle gap between t
CsI and the LGD. Two scintillation counters are mounted
DEA, a window-frame counter~CPVC! to distinguish be-
tween charged and neutral particles hitting DEA, and a re
angular counter which covers the hole in the DEA and
used, in conjunction with CPVC, to veto charged tracks
the all-neutral trigger. Beyond the magnet, and just upstre
of the LGD, is a final drift chamber consisting of tw
X-planes, and two scintillation counters for vetoing no
interacting beam particles and elastic-scattering events.
ther details regarding the equipment are given elsewh
@15#.

III. DATA SELECTION AND PROPERTIES

The trigger for the hp1p2 topology required a
Ĉerenkov-taggedp2 incident on the target, two charge
3-2
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FIG. 2. Twog invariant mass distribution~a! before cuts and~b! after data selection cuts.
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tracks emerging forward from the target, no charged re
track, and an effective mass greater than that of thep0 in the
LGD as determined by a hardware processor. Forty e
million triggers of this type were taken. From these, a fin
sample of events consistent with reaction 1 was selecte
requiring:

less than 20 MeV in the CsI to enhance recoil neut
events overN* events;

exactly two photons (h) reconstructed in the LGD;
a reconstructed beam track;
two forward charged tracks of opposite charge;
no recoil charged track;
a 3-constraintSQUAW @16# kinematic fit to reaction 1 with

a confidence level greater than 7%;
utu,3 GeV2/c2 after kinematic fitting, wheret is defined

as the magnitude of the four-momentum transfer squared
tween the target proton and the neutron in the final state

The two-gamma mass distributions for about 10% of
data are shown before and after the above data selection
in Figs. 2~a! and ~b! respectively. Theh signal is nearly
background free after cuts.

The hp1p2 mass distribution for these events is show
in Fig. 3. Theh8(958) is evident. When fit with a Gaussia
a mass of 961 MeV/c2 with s510 MeV/c2 is obtained.
This provides a measure of the mass resolution of the a
ratus in the 1000 MeV/c2 mass region after kinematic fit
ting. An enhancement in the 1300 MeV/c2 region2 is also
observed, which, when fit to a Gaussian plus a linear ba
ground, yields a mass of 1278 MeV/c2 and s
520 MeV/c2.

In Figs. 4a, 4b, and 4c we show thehp2, hp1 and
p1p2 effective mass distributions respectively for a thre
body mass between 1200 and 1540 MeV/c2. In Figs. 4a and

2A detailed description of the Dalitz plot in this region is given
elsewhere@15#.
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4b thea0(980) peak is seen. Ther(770) peak in Fig. 4c is
cut off on the high-mass side because of the limited ph
space available.

The same distributions are shown in Figs. 5~a!–~c! for the
low mass subset of the data between 1200 a
1350 MeV/c2. A very significant asymmetry between th
hp2 and thehp1 distributions is evident. This asymmetr
is due to the interference between I50 a0p and I51 rh
states, and is well-described in the partial-wave analysis
scribed in the next section.

For the following analysis, 9082 events were selec
from the above data set in the region 1205<M (hpp)
<1535 MeV/c2.

IV. PARTIAL-WAVE ANALYSIS

A. Fitting procedure

The formalism used in this analysis is based on the pap
of Chung @17# and Chung and Trueman@18#. The analysis
techique involved the use of the reflectivity basis to descr
the individual partial waves and the maximization of an e
tended log likelihood function in the fitting procedure. Fi
are carried out independently in eachhp1p2 mass bin. The
procedure and analysis programs are described by C
mings and Weygand@19#.

FIG. 3. hp1p2 three-body mass distribution~not corrected for
acceptance!.
3-3
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FIG. 4. Two-body mass distributions:~a! hp2, ~b! hp1, and~c! p1p2 for the hp1p2 mass region between 1200 and 1540 MeV/c2.
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Due to the large number of possible partial waves acc
sible to thehp1p2 system, a complete analysis requirin
all possible isobars and partial waves is not practical gi
the limited statistics. In principle one would like to includ
all possible isobars:s,r,a0 , f 2 ,a2 and a large set of partia
waves (J,4). Because this analysis is limited to the low
mass region, we can neglect thea2 and thef 2 isobars.3 Fur-
thermore, we choose to consider only amplitudes withJ,2
since there are no known states with higher spin in this lo
mass region which decay intohpp.

An incoherent isotropic background was included in so
trial fits, but it was not used in the final fit. This type o
background is, except for thepp mass dependence of th
amplitude, similar to a non-interferingJ50, sh partial
wave, making them quite difficult to differentiate.

In order to determine whether both spin-flip and non-fl
amplitudes at the baryon vertex are required to fit the d
01200
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n
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e

a,

fits were attempted for both rank 1 and 2.~If both types of
amplitudes are not necessary, the rank 1 fit will give a go
description of the data.! The likelihood function was im-
proved greatly when the fit rank was increased to two.
addition, rank 1 fits to the data were found to become
stable in the absence of a background wave. We conc
that a rank 2 fit is required to fit the data; rank 1 fits were n
used.

The r isobar was modeled by a relativistic Breit-Wign
amplitude with parameters extracted from the Particle D
Group ~PDG! book @7#. For the final fit thea0 isobar was
modeled as a Breit-Wigner form with a mass
980 MeV/c2 and a width of 72 MeV/c2 @15#. The pp S
wave ~the s) was represented by a parametrization of t
p1p2 S wave provided by Auet al. @20#. Alternate param-
etrizations of thea0 and thes were explored@21#. However
it was found that the particular choice of parametrization h
FIG. 5. Two-body mass distributions:~a! hp2, ~b! hp1, and~c! p1p2 for the hp1p2 mass region between 1200 and 1350 MeV/c2.

3The f 2(1270) could in principle reach this final state through thea2p mode, but this is highly suppressed by phase space.
3-4
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PARTIAL-WAVE ANALYSIS OF THE hp1p2 SYSTEM . . . PHYSICAL REVIEW D62 012003
little effect on the final results.
To determine the appropriate waves for t

1200–1350 MeV/c2 region, a fit was performed using
coarse bin width of 50 MeV/c2 with all waves withJ,2
included. Waves were then discarded from the fit if th
removal had little effect on the value of the likelihood fun
tion (uDLu,5). Selected waves were then re-introduced
the fit to insure the stability of the solution. In total, seve
hundred different sets of partial waves were fit. For ea
combination of partial waves, the binning,t cuts, and starting
values of the fit parameters were varied to insure stability
the final solution. The set of waves chosen for the final fi
shown in Table I.

For the final fit, a bin width of 30 MeV/c2 was chosen.
This was a compromise between achieving adequate st
tics in each mass bin and acquiring the best possible res
tion in the entire mass region 1200–1540 MeV/c2. The
starting values of the fit were randomly chosen and the en
spectrum was re-fit several times to insure stability with
finer bin width. For bin widths smaller than 30 MeV/c2 the
fits often became unstable, converging to different soluti
depending upon the starting values.

It is interesting to note that the final waves selected for
low-mass region are consistent with those used by Stantoet
al. @8# and by Fukuiet al. @9#. The only exception is that we
do not use a 112a0p wave. While the inclusion of this wave
in the fit for the low-mass region is reasonable, providing
natural explanation for the odd-even isospin interference

TABLE I. Partial waves used in final fit.

Isospin JPC Isobar l m e

1 122 r 1 0 21
0 021 a0 0 0 11
0 021 s 0 0 11
0 111 a0 1 0 11
0 111 s 1 0 11
1 112 r 0 0 11
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served in the data, we found that the fit could not distingu
this wave from the 112rh wave in this mass range. Due t
the unambiguous presence of therh partial wave at higher
mass, it was decided not to include the 112a0p partial wave
in the final set.

B. Results of partial wave analysis

1. JPCÄ0À¿ partial waves

The fitted intensity distribution for the 021 a0p wave as
a function ofhp1p2 effective mass is shown in Fig. 6a. A
sharp peak at'1300 MeV/c2 is evident, consistent with the
observation ofh(1295)→a0p. Some intensity is seen ex
tending out to 1400 MeV/c2. It should be noted that the
majority of the signal for this wave comes from the seco
rank of the fit. This indicates a different production mech
nism than that for the 112 and the 111 waves~which are
produced dominantly in the first rank! and means that thes
latter waves do not interfere with the 021 wave~see discus-
sion below!.

As shown in Fig. 6b, the 021sh wave is double-peaked
with structure suggestive ofh(1295) andh(1440) produc-
tion. The dominant nature of the structure seen in the hi
mass region in this wave is somewhat inconsistent with p
vious analyses@9,10# which observe the presence of ash
decay of theh(1440), but do not see it as dominant.

A large fraction of the 021 signal occurs in the secon
rank, especially for thesh partial waves in the high-mas
region. Because these waves do not interfere with the o
dominant waves in the fit, reliable relative phase moti
could not be obtained.

The a0p and sh 021 waves were added coherently
each rank and then summed incoherently. The resul
shown in Fig. 6c. Theh(1295) andh(1440) peaks are
clearly visible. The spectrum was fit with two spin-0 Bre
Wigner forms plus a quadratic background. Fitted values
the masses and widths are given in Table II. In addition,
a0p/sh branching ratio were determined from Fig. 6 fo
FIG. 6. ~a! 021a0p intensity; ~b! 021sh intensity; ~c! total 021 intensity.
3-5
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both theh(1295) and theh(1440). These values are als
given in Table II.

2. JPCÄ1¿¿ partial waves

In Fig. 7a the 111a0p partial wave intensity distribution
is shown. This wave shows evidence for thef 1(1285). The
amount off 1 signal is comparable to the 021 signal in the
a0p channel. No significant structure is observed at hig
mass.

In Fig. 7b the 111sh partial wave intensity distribution
is shown. This wave does not show any structure, but
necessary to the fit for bins above 1450 MeV/c2.

In Fig. 7c the coherent sum of the 111 partial waves is
shown. This sum displays a peak in the vicinity of t
f 1(1285) and a rise at high mass. A comparison of Fig.
and Fig. 6c reveals that the majority of the signal strength
the 1200–1500 MeV/c2 mass region arises not from 111

partial waves, but from the 021 wave. This observation is
especially important for the low-mass region because sev
previous analyses@2,6# for branching ratio estimates as
sumed that the low-mass region was dominated by the 111

wave. We find that the ratio of the 111 intensity to the sum
of the 111 and 021 intensities in the region
1235–1325 MeV/c2 is 0.1960.06.

The observedf 1(1285) signal in Fig. 7c is in the sam
mass region with a very similar width as theh(1295). To
eliminate the possibility that this 111 ( f 1) signal is an arti-
fact, due to ‘‘leakage’’ from the larger 021 (h) signal, a
Monte-Carlo study was performed. The measured am
tudes, with the contribution due to the 111 wave removed,
were used to generate Monte-Carlo events taking into

TABLE II. Properties of theJPC5021 states.

Mass
(GeV/c2)

Width
(GeV/c2)

a0p/sh
branching ratio

h(1295) 1.28260.005 0.06660.013 0.4860.22
h(1440) 1.40460.006 0.08060.021 0.1560.04
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count the experimental resolution, acceptance and statis
These events were then analyzed in exactly the same ma
as the data. The resulting 111 intensity in the low-mass
region was found to be less than 2% of the total signal, a
consistent with zero. This leads to the conclusion that
observed signals are not artifacts of the analysis or appara
and are, in fact, two distinct resonances.

3. rh partial waves

The intensity distribution for the 112rh wave is shown
in Fig. 8a. This wave was seen in all previous analyses an
significant in the low-mass region. Previous experiments@9#
have claimed this wave to show evidence for production
the b1(1235) with arh decay mode. However, we do no
observe any structure in the 112 wave to support this con
jecture. As mentioned earlier, this wave is, nevertheless,
sential for producing thea0

1/a0
2 asymmetry observed in th

data.
In Fig. 8b the 122rh intensity distribution is shown. This

is the only negative-reflectivity partial wave in our analys
and it does not interfere with any other partial waves in
fit. The wave steadily increases throughout the low-mass
gion, consistent with its being the low-mass tail of th
r(1700).

V. DISCUSSION OF THE f 1„1285… BRANCHING
FRACTIONS

Production of theh(1295) dominates the low-mass pea
accounting for roughly 80% of the signal. This observati
has implications on thef 1→hpp branching fraction. Previ-
ous experiments@1,2,5,6# have determined thef 1→hpp
branching fraction without the aid of a partial wave analy
under the assumption that the low-mass peak consists
single f 1 state resting on top of an incoherent backgrou
This assumption is clearly incorrect, and values for the e
lier determinations of the branching fractions need to be c
rected.

Corden et al. @2# studied the reactionsp2p→hp1p2
FIG. 7. ~a! 111a0p intensity; ~b! 111sh intensity; ~c! total 111 intensity.
3-6
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FIG. 8. ~a! 112rh intensity; ~b! 122rh intensity ~negative reflectivity partial wave!.
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and p2p→KK̄pn at 15 GeV/c. In their analysis they ob-

tained aKK̄p/hpp branching ratio in the low-mass regio
of 0.560.2 without the aid of a partial wave analysis. It
reasonable to assume that the relative production off 1(1285)
andh(1295) is the same in the present experiment as in
of Ref. @2# since the experiments are close in energy a
study the same final state. It is also reasonable to assume
the KK̄p decay at low mass is entirely due tof 1(1285)
decay since this conclusion was reached by a partial w
analysis@22# of the data. Thus theKK̄p/hpp branching
ratio of the f 1(1285), as quoted by Cordenet al., should be
corrected by dividing it by the fraction of the low-mass pe
which is due to f 1(1285) decay. We thus obtain (0.
60.2)/(0.1960.06)52.661.4 for this branching ratio.

We can perform the same type of estimate using, inst
of our own analysis, the results of KEK-E179@9# for the
reactionp2p→hp1p2 at 8.95 GeV/c. In that experiment,
the fraction of the low-mass peak which is due tof 1(1285)
decay is claimed to be 50%. Again, using the results
Cordenet al. ~although in this case the difference in the e
ergies of the experiments is larger!, we obtain an alternate
estimate of theKK̄p/hpp branching ratio forf 1 decay to
be 1.060.4.

We can estimate the effect which these results can h
on the f 1(1285) branching fractions by assuming that t
low-mass signal observed in theKK̄p, gr0, and 4p decay
modes is due only tof 1(1285) decay. This is the most rea
sonable for theKK̄p mode as mentioned above because
other two decay modes (gr0,4p) have not been as thor
oughly investigated.4 Nevertheless, using the PDG98 branc
ing ratios@7# of 0.27160.016 forKK̄p/4p and 0.4560.18
for gr0/2p12p2, the f 1(1285) branching fractions can b
calculated. ~We also assume the branching ratio f

4Of these modes the 4p branching fraction is most suspect due
the large number of interfering partial waves which contribute t
4p data set.
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4p/2p12p253 as in@7#.! In Table III we list thef 1(1285)
branching fractions derived by the above procedure.

Assigning systematic errors to thesef 1(1285) branching
fractions is difficult because of the undetermined uncerta
ties in branching ratios for the 4p and gr0 decay modes.
However, it is clear from the above exercise that the res
from the present experiment and the KEK experiment for
f 1(1285) branching fractions are consistent, and those lis
in the particle data book@7# need to be corrected. The mo
significant result is the large reduction in thef 1→hpp
branching fraction.

VI. SUMMARY AND CONCLUSIONS

A partial wave analysis was performed on 9082hp1p2n
events in the 1205<M (hp1p2)<1535 MeV/c2 mass in-
terval. The analysis used a rank 2 fit with 30 MeV/c2 bins
and a set of 6 partial waves. The partial waves used in th
were: 021a0p, 021sh, 112rh, 111a0p, 111sh and
122rh.

The low-mass region was found to include a large con
bution from the 021 wave which indicates the production o
h(1295). Evidence off 1(1285) production was seen in th
111 wave. The fact that the region is dominated byh(1295)
production leads to significant changes in thef 1(1285)
branching fractions as discussed in Sec. V.

Theh(1295) was seen to decay to botha0p andsh. The
a0p/sh branching ratio forh(1295) was estimated to b
0.4860.22. The mass and width of theh(1295) were deter-
mined to be 128265 MeV/c2 and 66613 MeV/c2, respec-
tively. This result is consistent with the PDG98 summary
h(1295) mass and width of 129762.8 MeV/c2 and 53
66 MeV/c2, respectively.

The high-mass region is dominated by a large 021sh
signal present in the second rank of the fit. This signa
consistent with production of a single state, theh(1440).
The mass and width of theh(1440) are estimated to b
140466 MeV/c2 and 80621 MeV/c2. This result is con-
sistent with the PDG98@7# weighted average value for th
mass and width of theh(1440) determined from thehpp

a

3-7
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mode of 140565 MeV/c2 and 5667 MeV/c2, respec-
tively.

Theh(1440) has been previously observed in the reac
p2p→KK̄pn, in pp̄ annihilation, and in the radiative deca
of J/c, with decays in thea0p andKK̄* modes. Studies o
the p2p→hp1p2n reaction have yielded both ash and
ana0p component of theh(1440). In the present analysis,
is found that thesh decay dominates, while the KEK analy
ses@9,10# suggest a largera0p component. The estimate o
the a0p/sh branching ratio forh(1440) from the presen
analysis is 0.1560.04. The systematic errors are unassign
but assumed to be large due to the difficulty of the fit

TABLE III. f 1 branching fractions.

Decay mode PDG@7# BNL-E852 KEK-E179@9,10#

4p 3564% 6564% 5965%
hpp 50618% 763% 1665%
gr0 5.461.2% 1064% 963%

KK̄p 9.661.2% 1861% 1661%
01200
n

,

distinguishing 021a0p and 021sh waves from each other
In addition to thef 1(1285), h(1295) and theh(1440)

contributions, a large, relatively structureless signal in
112rh wave was observed throughout the low mass regi
This wave has also been observed in all previous pa
wave analyses of thep2p→hp1p2 system. There is no
obvious resonance interpretation of this structure, but
presence is required to account for the largea0

1/a0
2 produc-

tion asymmetry seen in the low mass region. A 122rh par-
tial wave, consistent with the low-mass tail of ther(1700),
is also seen.
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