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Spin-parity analysis of pp =E(1420)X
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A Dalitz-plot analysis of 620 E(1420) events was performed on the reaction pp~(EzE+m )X at
6.6 GeV/c, obtained at the Brookhaven National Laboratory Multiparticle Spectrometer facility.
The mass and width of the E(1420) peak are 1424+3 and 60+10 MeV, respectively. The best At to
the E{1420) is a J =0 + state with a substantial 5m decay mode, produced over a large non-

resonant background of 1++ K E and phase space. This fit shows the same characteristics as the

E(1420) observed in our companion m p experiment.

A Dalitz-plot analysis was performed on the EEn sys-

tern in the mass range 1.32—1.60 GeV. The data were

produced by the reaction

pp~(EsE+m )X at 6.6 GeV/c, (1)

where X represents missing particles. In this mass range
two peaks D(1285) and E/i(1420 —1460) are observed

which decay to KKm. The procedure that was used to
determine the J~ (spin-parity, C parity) is the same as
that used in our previously reported analysis' of the reac-
tion

MeV, while the ~ peak is between 1440 and 1460 MeV de-

pending on cuts.
A high-statistics experiment to study this E/i, region

was performed at the Brookhaven National Laboratory
Multiparticle Spectrometer (MPS) facility using both n

and p beams. Analysis of the n -beam results on 2000
E(1420) events has been reported' and preliminary results
of the p-beam data have been reported at several confer-
ences. '

The experimental apparatus and analysis method used
for the pp data are discussed in more detail in Ref. 11.
The experimental layout is shown in Fig. 1. The MPS

m p~(EsE+m )n at 8.0 GeV/c . (2)

The E(1420) was first observed in 1963 by Armenteros
et a/. The first systematic study of the J c and decay
modes of about 800 events obtained in pp annihilation at
rest was performed by Baillon et a/. , with the determina-
tion that J~ =0 +. A later reanalysis using maximum
likelihood on the same data confirmed the J assign-
ment. In 1980 Dionisi et al. observed in m. p
~K~K+-m+n a bump at the same mass with about 150
events, but determined J = 1++. Since then several oth-
er hadron-production experiments have also observed
peaks at the same mass with J determinations of either
0 + (Ref. 6) or 1++ (Ref. 7). Interest in this peak in-

creased when a broader resonance was observed by several
groups in the radiative decay of the J/P with a mass of
1440—1460 MeV. The spin-parity of this object was
determined to be 0 +. Since the Particle Data Group
had already listed the E(1420) as 1++, this peak from ra-
diative decay J/g~(EEm)y was named th. e ~(1440). It is
perhaps noteworthy that all the hadron-production experi-
ments observe the E peak at a mass within 5 MeV of 1421
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FIG. 1. Experimental apparatus. The arrow points to the
60-cm liquid-hydrogen target, surrounded by a scintillator box
(TB). P1—P3 are proportional wire chambers; DC1—DC7 are
drift chamber modules; H1,H2 are scintillator-counter hodo-
scopes; C1 is a high-pressure Cherenkov counter.
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FIG. 2. m+m mass spectrum for the decay vertex. Curve is
fitted with Gaussian and fIat background, giving a Kq mass of
498+1 MeV.

facility consists of seven drift-chamber modules
(DC1—DC7) with seven planes each, ' plus three propor-
tional wire chambers (Pl, P2, P3) interspersed, all within
the MPS magnet, with the field set at 0.5 T. Downstream
of the magnet were the Cherenkov counter (Cl), set at
y,h, „„d——10, and two scintillator hodoscopes (Hl, H2).
The liquid-hydrogen target was 60 cm long (compared to
30 cm for the vr run} and was surrounded by a scintilla-
tor target box (TB). The trigger consisted of a fast-
forward E+ or p and a multiplicity requirement to enrich
the sample with Vs, which decay to charged particles.
The fast-forward K+ or p selection was made by two in-
dependent coincidence matrices: P 2 XP 3 XH 2 for
momentum determination and P2XP3X(H1 C 1) for
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FIG. 4. K+Kqm mass spectrum corrected for acceptance.
Top curve is a fit with two Breit-%igner functions for the D
and the E plus a polynomial background. Mass and width of D
is 1277+2 and 32+8 MeV; that of E is 1424+3 and 60210
MeV. Dashed line is background; bottom curves are the two
Breit-signer functions.

particle identification. For this data the momentum selec-
tion was at ~ 1.5 GeV/c with a corresponding Cherenkov
cell (Cl) in veto mode. In addition, the multiplicity was
&2 in Pl and )4 in P2. (For the vr beam experiment
the multiplicity requirement was exactly 2 in P1 and ex-
actly 4 in P2.) The efficiency of the high-pressure
Cherenkov counter Cl was above 99% for pions of mo-
menta above 1.5 GeV/c.

The P beam at 6.6 GeV/c was electrostatically separat-
ed and also identified by the veto of three Cherenkov
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FIG. 3. I( +Kqm Inass spectrum and acceptance curve.
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FIG. 5. Missing mass squared (X) in pp ~(E+Kqm )X.
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counters. On the average about 100000 p's reached the
hydrogen target per pulse. The efficiency of tagging the

p s was better than 99%, but the beam had a misidentified
m contamination of a few percent. The integrated beam
fiux was 19X10 p particles with a beam momentum
spread of 1.5%.

About S X 10 triggers were recorded on tape. Topology
selection, Es mass cut, and a —0.2(t (1.2 (GeV/c )

cut, where t is the momentum transfer squared from the p
to the (EsE+m ) system, yielded a data sample of about
12000 events. The E~ mass spectrum is shown in Fig. 2;
a Gaussian function plus flat background fit gave a mass
of 498+1 MeV. The uncorrected EzE+m mass spec-
trum is shown in Fig. 3. Our estimate of the mass resolu-
tion (0 ) in the E(1420) region is 10 MeV. The acceptance
of E+Esn events is also shown in Fig. 3 and falls rapid-
ly with mass. It is about 6% at the D(1285) and 3% at
the E(1420). The acceptance has three parts: first, about
45% of the E+'s decay before reaching the end of the ap-
paratus (i.e., H2 shown in Fig. 1, which is part of the
trigger); second, to select the Es~m+m, the Es vertex
was required to be separated from the primary vertex by
& 3.0 cm, corresponding to a loss of another 45% of the
events; third, geometrically all the pions were required to
travel to at least P2 (Fig. 1) and the E+ all the way to H2
at the end of the apparatus. Monte Carlo simulation of
events traversing through the equipment showed the ac™
ceptance to vary less than 10% over a Dalitz-plot surface
in the variables of square of mass of Esn and E+n.
Monte Carlo simulation, including track-reconstruction
efficiency, showed that the event-reconstruction failure
rate to be very small (there are 49 drift-chamber planes),
and the overall reconstruction efficiency to be above 95%
and insensitive to event topology. The inefficiencies of
the trigger elements were determined to be independent of
event topology and EEm mass. The mass spectrum
corrected for acceptance, shown in Fig. 4, was fitted to

two Breit-Wigner functions and a polynomial back-
ground. For the D(1285), the fit gave a mass and width
of 1277+2 and 32+8 MeV, and for the E(1420), 1424+3
and 60+10 MeV. The D and E peaks, before acceptance
correction, correspond to 420+40 and 620+50 events,
respectivel, within one full width of maximum. The
non-E+Esm' background under the peaks come from
three sources. The largest source is misidentified E+'s.
The Cherenkov counter C1 in Fig. 1 eliminates m+'s with
better than 99% efficiency, but cannot differentiate a E+
from a proton. Second, about 25% of the Es signal is ac-
cidental m. +m combinations that come close to the E
mass. Third, some p s are mislabeled as m 's. Fortunate-
ly, the non-E+Esm background does not interfere with
the real events and merely creates a background which is
parametrized by a simple phase-space function. Some of
the events under the peak are real E+E~m. events, but
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FIG. 6. E+Kq mass, uncorrected for acceptance.
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the exact proportion cannot be determined.
The distribution of the square of the missing mass

(namely, the mass of X in pp~K+Ksm X) is shown in

Fig. S. It displays only one significant structure. The
peak between 0.5 and 1.0 GeV is most likely the
p~m+m . A p cut was applied and the resulting EKm
mass spectrum showed both the D and E, bui with statis-
tics so reduced that an analysis was not possible. The
usual production quantity distributions (rapidity, breakup
angle, transverse and longitudinal momentum) are con-
sistent with annihilation production.

Figures 6 and 7 show the intermediate states, Il:~K+,
Ksm. , and K+m . The steep threshold enhancement of
KK in Fig. 6 is identified as the 5~KsK+. The peaks at
890 MeV in Fig. 7 are K'~Km.

In this experiment only the 6 parity can be determined.
Since both the D and the E/~ are known to have isotopic
spin I =0, then the charge-conjugation parity C is equal
to the 6 parity, i.e., C =G. Nevertheless, the notation of
J instead of J will be used for the remainder of this
paper. A mass-independent Dalitz-plot analysis was per-
formed to determine the J of the D(128S) and E(1420).
The Zemach amplitudes' were used to represent the dif-
ferent J waves. The isobar model was used with two
intermediate states: 5m, 5~KK for both the D and E,
and, in addition, K'K, K'~Km for the E. The 5 was
parametrized as given by Flatte' (and used by Dionisi
et al. and Chung et al. ') and the K' was parametrized
by a conventional Breit-Wagner function.

Considering only I =0, 1 and J =0, 1 waves, two KEm.

20000
(a)

15000-

8000 I

(a)

6000—

I I I

4000—

5 000-
(3

O Q'

I) 4 000—
LLj

0-+K' K

—2000—

o
o (1)

~ 10000—

UJ

I +K K

2 000—
5P

o 5QQQ

(c)

15 000—
0 +Total

(c)

15 000—
I++ Total

10000— 10000—

5 OOO— 5 000—

1.32
I I

I AO IA8 1.56
Mass (K K~) (GeV)

.32 IAO IA8 1.56
Mass(KKTr) (GeV)

FIG. 8. Results of Dalitz-plot analysis of J =0 + waves. FIG. 9. Results of Dalitz-plot analysis of I = 1++ waves.
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TABLE I. Parametrizations. Fsw{m)=1/[r m— (—irI ){q,q/q, '&) '+'], where m is the observed

mass of system, r the resonance mass, I the width at half maximum, q,b the breakup momentum of
mass m into masses a and b, and 1 the angular momentum between particles a and b. For the F~~(5)
we have taken r =d —zg (1 „)(@zan/qz )=971 MeV and I =I „(q„+g q &)/qz, where d is the ob-

served resonance mass of 5 in qm. data, I „ the observed width of 5 in gm data, y~~ =(m~ —
4 d )'

m~ is the average mass of K+/Kq, g the ratio of SU(3) coupling coefficients for the decays:
5+~K K+/5+~pm+. g =

z and P(pi, pl@2) stands for the momentum of p[ evaluated in the p&p2

rest frame.

Decay
1

&r
0
1

K'K
0

Mode
JPG

0 a

Parametrization of amplitude

Fg~(5)
Fg~(5)P(m', 5m )

Fg~(K )P(Kg, Kgm )+(G)Fg~(K )P(K+;K+m )

Fsw{K )[P{Ks,Kse ) P{K+;KsK+n )]
+{G)Fsw{K )[P{K+;K+rr ) P{Ks,KsK+m )]

Fsw(K )[P{Ks,Ksrr ) XP{K+;KsK+rr )]
+{G)F {K"')[P{K+K+~-) XP{K'K'K'~-)]

states are possible for the D(1285), 0 + and 1++, each
decaying into 5m-, eight EKn. states are possible for the
E(1420); 0 + and 1++, each decaying into 5m and K'K,
and 0, 1+, 1 +, and I, each decaying only into
1'K. Also used were phase-space background and in-
coherent 5m and K'K waves. States of the same J were
allowed to interfere. See Table I for the explicit parame-
trizations.

A maximum-likelihood analysis was performed with
the logarithm of the likelihood given by

n F(p. }
1nL = g ln (3)

FpAp p

where F(p) is the square of the sum of the J ampli-

tudes at the phase space point p. A (p) is the acceptance
of our apparatus, which was calculated using the Monte
Carlo simulation discussed before. The acceptance of
events of a particular mass varied by less than 10%, in-

dependent of whether the production was phase space, 5m.

decay, or K'K decay. The results of the analysis of the
D(1285) region showed that the assignment of 1++ is
slightly preferred over 0 +. As seen in Table I, the pa-
rametrization of the 0 + 5m and 1++ 5ir differ only by
the 5n breakup momentum. Because the D(1285) is so
close to threshold, it has minimal phase space as com-
pared to the E(1420}region and hence the background be-
comes relatively more significant. Thus, even though the
signal-to-background ratios of the D(1285) and E(1420)
are about the same, a J determination of the D(1285)
was not possible by the Dalitz-plot method.

The analysis of the E(1420) region was performed in
40-Me V mass intervals in the I%:Em mass range,
1.32—1.60 GeV. The 0, 1,1, and incoherent
waves were found not to contribute and were not included
in the final fits. The likelihoods of various fits of interest
are shown in Table II. The interpretation of the fits is
complicated by the fact that there is a large non-
E+Eqm background. Even though phase space should

TABLE II. Comparison of likelihoods, E region. All fits include phase-space background.

%'aves in fit
1.34—1.38

(GeV)

Difference in ln likelihood
from best fit

1.38—1.42 1.42—1.46
(GeV) (GeV)

1.46—1.52
(GeV)

Q
—+

1 ++
0—+

Q
—+

1++
0—+
1+—
Q +

Q
—+

Q +

1++ 1+
1+—
1 ++
1+—

1++ K'K 1+-
K*K 1++ K*K
5m 1++ 5m

0
—6

—12
—12
—14

—44
—7

0
—10
—12
—13
—20
—25
—55
—12
—18
—70

0
—7

—14
—19
—25
—38
—55
—13
—25
—66

0
—5

—6
—13
—20
—18
—16
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FIG. 11. Acceptance-corrected phase-space background for
the best fit.
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this analysis is a resonance in the 0 + wave. The possi-
bility of a smaller 1++ resonance cannot be excluded by
this data. The significance of the resonant 0 + wave de-

caying into 5m over a flat background is about 3 standard
deviations, while the total 0 + wave resonance (5n and
E E) is about 2.5 standard deviations. On the other
hand, the peak in the 1++ wave has a significance of only
1.2 standard deviations and is less than one-fourth the size
of the 0 + peak. This analysis also prefers a branching
ratio of over 75% for the 0 + wave decaying into 5'
The analysis has shown us that is is very important to
determine the partial waves of a peak in several mass bins.
When the analysis was performed in one mass bin of 100-
MeV width, the 1++ wave was almost as significant as
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Mass(KKvr) (GeV) 1.58& M{KK~)& 1.42

1 eQ 1 I I I I
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142& M(KK~) & 1.46
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FIG, 10. Results of Dalitz-plot analysis of J =1+ and 1+
total vvaves.

describe this background, it can affect the fits, especially
when only one J is considered. In determining which
wave resonates, the important factor is the change across
the mass spectrum. When only one wave is fitted, be it
0 +, 1++, or 1+, that wave will show resonance since
the data have a peak at the E(1420) mass. The best fit
contained 0 +, 1++, and 1+ waves and a phase-space
background. Plots of the results of this fit are shown in

Figs. 8—11. Dalitz plots in the E(1420) region of the data
and of Monte Carlo —generated events using the parame-
ters of the best fit are shown in Fig. 12.

The peak at 1420 MeV is weH established in our data.
The significance is over 10 standard deviations. The mass
is too far from the more recently quoted i, masses of about
1460 MeV. Extracting which wave resonates is much
more difficult. It is clear that these data need all three
J =0 +, 1++, and 1+ waves. %'hat is preferred by
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FIG. 12. Dahtz plots of data and Monte Carlo events gen-
erated using parameters from the best maximum-likelihood fit.
(a) and (b) are data; (c) and (d) are Monte Carlo —simulated
events.



D. F. REEVES et aL 34

the 0 + wave. Also, when we fitted the data in 40-MeV
mass bins with just a phase-space background and only

one wave, then the 1++ wave was preferred over the 0 +

wave. Both Dionisi et al. and Armstrong et al. used

one mass bin and conclude that the resonance is 1++,
similar to our results. On the other hand, the fit in 40-
MeV Ej'm mass intervals yields results which are essen-

tially the same as the mass-independent fits of Chung
et al. ' of m p~K+Kzm n and of Ando et al. of
m p~qmmn. Our results are also in agreement with the

only other pp experiment, that of Baillon et al.
In conclusion, these data add more evidence, albeit

weak, that the hadronically produced E(1420) is a
resonant 0 + wave with a large branching ratio into 5sr.

The data do not exclude a smaller 1++ resonance, and in

addition require both 1++ and 1+ waves to exist. Even
though the z is also most likely a 0 + resonance that de-
cays primarily into 5tr, the mass and width difference
from the E raises the possibility that these are two dif-
ferent resonances.
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