SLAC-PUB-3682
May 1985

(T/E)

A STUDY OF THE RADIATIVE DECAY J/y — ~pp *

The MARK III Collaboration

R.M. Baltrusaitis,® D. Coffman, J. Hauser, D.G. Hitlin,
J.D. Richman,b J.J. Russell,’ and R.H. Schindler
California Institute of Technology, Pasadena, CA 91125

D.E. Dorfan, R. Fabrizio,d F. Grancagnolo,b R.P. Hamilton,®
C.A. Heusch, L. Kopke, R. Partridge, J. Perrier, H.F.W. Sadrozinski,
M. Scarlatella, T.L. Schalk, and A. Seiden
University of California at Santa Cruz, Santa Cruz, CA 95064

1.3. Becker, G.T. Blaylock, J.S. Brown, H. Cui,?
B.I. Eisenstein, G. Gladding, S.A. Plaetzer, A.L. Spada.fora.,h
J.J. Thaler, A. Wattenberg, and W.J. Wisniewski
Umverstty of Illinoss at Urbana-Champaign, Urbana, IL 61801

K.O. Bunnell, R.E. Cassell, D.H. Coward, K.F. Einsweiler,b

L. Moss, R.F. Mosley, A. Odian, J.R. Roehrig,' W. Toki,

Y. Unno,? F. Villa, N. Wermes, D. Wisinski, and G. Wolf
Stanford Linear Accelerator Center, Stanford, CA 94805

T.H. Burnett, V. Cook, C. Del Papa,® A.L. Duncan, -

P.M. Mockett, A. Nappi,k J.C. Sleeman,l and H.J. Willutzki
Unisversity of Washington, Seattle, WA 98195

Submitted to Physical Review D

* Work supported in part by the Department of Energy, contract numbers DE — AC03-76SF00515,

DE - AC02-76ER01195, DE - AC03-81ER40050, DE - AMO03-76SF00034, and by the National

Science Foundation.



ABSTRACT

We present an analysis of the decay J/v — 44~ in the final states yrtn~nta—
and yntx°x~x°. The branching fractions obtained are B(J/¢ — yrta—7t7n~) =
(3.05 £ 0.08 + 0.45) x 10~3 and B(J/¢ — yrta°r—xn°) = (8.3 + 0.2+ 3.1) x 10~3
for my, less than 2 GeV/cz. The 47 invariant mass distributions extend from 1.4
to 3.0 GeV/c? showing peaks at approximately 1.55 GeV/c? and 1.8 GeV/c2. In
an analysis of the 47 final state we find that ~ 50% of the events below 2 GeV /c?
are pseudoscalar pp, the product branching fraction of which is determined to be
B(¢ — vXy-)B(Xy- — pp) = (4.7 £0.3 £0.9) x 1073, No other significant pp
component is found, and upper limits on the product branching fraction B(J/¢ —

7X)B(X — pp) are presented for the 6(1690) and the gr states near 2.2 GeV /c2.



1. Introduction

Radiative decays of the J/ to states other than the 7, are believed to proceed
via a two-gluon intermediate statelll and are thus an excellent place to look for
gluon-gluon bound states, or glueballs, expected from QCD. Since quark-antiquark
states are observed in J/4 radiative decays as well, the physical final states are
expected to be mixtures of quark and gluon bound states such as ¢g, gg, and
perhaps ¢gg and ¢¢gg. In what follows, however, we shall follow current usage,
referring to such states as glueballs, while cognizant of their likely mixed character.

A large J/4 radiative coupling could be indicative of a large glueball component.

Two states found in J/¢ radiative decays do not seem to fit into ¢ nonets.
These are the pseudoscalar meson +(1440)(2:3] and the tensor meson 6(1690).[45]
They are thus viewed as glueball candidates. The three 217 states g7(2120),
g7(2200) and ¢7(2360), observed in 7~ p interactions,!8] have been interpreted as
glueballs, but they have not been observed in radiative J/t¢ decays. Since these
states were found to decay to ¢¢, from flavor symmetry one might expect compa-

rable pp decay branching fractions.

The decay J/v — ~p°p° was first observed by Mark ILI"] The pp mass distribu-
tion was found to be concentrated below 2 GeV /c? with structure near 1.65 GeV /c2.
Several authors!8] have pointed out that if this structure was due to the 6(1690),
the branching fraction for J/¢¥ — 76(1690) would be ~ 5 x 1073, a factor of three
larger than that observed for nn and KK final states, which would make a glueball

interpretation of this state more likely.

Enhancements in pp final states with masses below 2 GeV /c2 have also been
found in hadronic interactions®) and in photon-photon collisions.[19] Interpreta-
tions of these enhancements include resonance production of ¢g§, ¢¢gg, ¢gg, and

gg bound states. Because the observation of large pp production cross sections



near threshold in ~v collisions and radiative J/y decays bear some similarity, it
has been proposed[u] that the underlying dynamics has the same origin. A spin-
parity analysis[u] of 77 — p°p° indicates that the pp system is mostly 07 below
1.7 GeV/ ¢ and mostly 2+ above, but cannot rule out an isotropic model. Negative

parity, however, is excluded by the analysis.

This paper presents results from an analysis of the decays J/y — ynta~nta~
and J/¢ — yrTx°n~x°, ° — ~+, obtained with the Mark III detector at SPEAR
using (2.71:+0.16) x 108 J /4 produced in et e~ collisions. A multichannelspin-parity
analysis of the final states is employed to investigate the pp component of the 4«
system. Section 2 describes the event selection procedures and background analysis.
The spin-parity analysis is described in Section 3. Discussion of the results and
conclusions are presented in Section 4. Details of the spin-parity analysis method

are relegated to the Appendix.
2. Detector and Event Selection

The Mark III detector has been fully described elsewhere.[13] This analysis uses
information from the central cylindrical drift chamber, which measures momenta
of charged tracks with a resolution of op/p = 2% at 1 GeV /c. Tracks are accepted
for which [cosf| < 0.83, where 8 is the polar angle with respect to the beam direc-
tion. Photons are reconstructed with electromagnetic shower counters, which cover
94% of the solid angle and detect photons with an energy resolution of og/E =
17%/+/E(GeV) and with 100% detection efficiency for energies greater than 100
MeV. Kinematically constrained fits of the exclusive final states considered here
improve the resolution of the photon energy measurement. Since hadronic interac-
tions of charged pions in the shower counters produce spurious showers that may
be mistaken for primary photons, photon candidates are defined as showers outside

a cone of half-angle 18° around any charged particle.



Candidates for the decay J/¢ — yrx~ 7+ 7n~ are selected by requiring exactly
four charged tracks in the drift chamber with zero total charge. Events are required
to have between 1 and 3 photons to allow for spurious signals discussed above.
At least one photon is required to have an energy greater than 100 MeV and to
lie within |cosf,| < 0.7. A small background due to KgKg is rejected by =x
mass cuts (jmyx —m Kg.l > 20 MeV/c2). The difference between the missing energy
recoiling against the four—pion system and the magnitude of the missing momentum
is denoted by U. A cut of |U| < 0.1 GeV is required which removes events for which
the invariant mass of the neutrals is greater than mye, as well as events with charged
kaons. Kinematically constrained fits (4C) are applied to improve the resolution as
discussed above, and also to select the radiative photon when there is more than

one photon candidate in the event.

Events of the type J/¢ — yn+x°xr~7° are selected by requiring two oppositely
charged tracks in the drift chamber and between 5 and 7 photons. Fiducial cuts for
the photons require |cos 8| < 0.80 or 0.85 < |cosfy| < 0.95. A minimum energy
of 40 MeV is required for photons. Kinematic fits (6C) are applied which include
the two 7° mass constraints. For events with more than five showers fits are also
performed to determine whether the hypothesis J/¢ — 57 has a smaller x? than
the signal hypothesis, and if so, the candidate is rejected. The combination with
the smallest x? is used for further analysis. Apart from improving the resolution,
the kinematic fits are used to identify the radiative photon and the photons from
the 7° decays. The quantity U can now be calcuated as above using the measured
momenta for the charged pions. For 7°’s the energies and momenta obtained from
a 1C fit of the photon pairs to the #° hypothesis are used. A cut |U| < 0.25 GeV

is imposed.

At this point a loose cut x? < 20 is made on both samples yielding 17933

~yrtr—ntr— and 29341 4wt a°7r~7° candidates. Fig. 1(a) and (b) show the (con-
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strained) 47 mass distributions for these events. These distributions are dominated
by background from J/¢ — 57 where a 7° decays asymmetrically and one of the
decay photons is misinterpreted as the radiative photon. To study this background,
a sample of J/¢p — w°nrta~xTx~ events is selected, using 5C fits and requiring
that the 7° not decay too asymmetrically, |Ey; — E4;|/Exe < 0.8. The 7t 7~ ntn~
mass distribution for these events is shown in Fig. 1(c). The overall shape of Figs.
1(a)-(c) is similar. Structure below 2 GeV /c2, however, is observed only in (a) and
(b), but not in (c). The observation of the n. decay to 4w, shown in the insert of

Fig. 1(a), is reported elsewhere.[14]

Next the 57 background is subtracted and the remaining structures are shown
to be due to the 44w final state. The amount of background from J/¢¥ — 57
can be estimated by a technique that uses the measured direction of the radiative

photon.[15] The transverse momentum of the 47 system relative to that direction is

defined by
P?,, =4- |541r|2 : sin2(5/2),

where pyr is the momentum vector of the four—pion system and é is the angle be-
tween the radiative photon and the four-pion momentum vector. For yrtn—ntx—
this quantity is calculated using the unconstrained measurements. For ~rtrnr ™ w®
the 7° momenta are derived from 1C fits to the 7° mass constraint. Background
events from J/¢¥ — 57 with a missing photon lead to a distribution of pg’ that
is broad compared with the experimental resolution. Examination of pg7 allows a
statistical separation of radiative from non-radiative decays. Further advantages
of the use of this variable are that it does not depend on the measured energy of
the radiative photon, and that the resolution is nearly independent of the 47 mass.
Fig. 2(a) shows the p%" distribution for the #t#—#x+tx~ data sample. The shaded
band is the Monte Carlo expectation for the 57 background reaction normalized in

the tail of the distribution, 0.004 (GeV /c)? < p%‘7 < 0.01 (GeV/c)?, after correcting
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for leakage from the signal region. The dashed line represents the Monte Carlo
simulation for v47 events, added to the background contribution. The events above
the band represent the radiative signal. The uncertainty in the branching fraction
introduced by the normalization procedure is less than 5%. We find 1727483 events
with ptzq < 0.0015 (GeV /c)? and myy below 2 GeV/c2.

The corresponding plot for J/¢p — ~x*x°x~#° is shown in Fig. 2(b). The
separation between the radiative and the 57 reaction is much less reliable in this
case, because the background also peaks at low ptz‘,. Therefore the P%,, distribution,
as obtained from the data, is compared to Monte Carlo calculations using y47 and
57 events generated according to phase space. The dashed line in Fig. 2(b) is the
result of a fit of the Monte Carlo generated distributions to the data. The solid
line is the 57 portion. The number of events above this line is due to J/1 — ~4.
The uncertainty in the branching fraction introduced in this case is 40%. There
are 1104 + 410 events with p?1 < 0.004 (GeV/c)? for four-pion masses less than
2 GeV/c2.

Figures 3(a),(b) show the four-pion mass distribution after cuts of
pfq < 0.0015 (GeV/c)? (a) and p?q < 0.0040 (GeV/c)? (b) are applied. The sum
of the distributions is shown in Fig. 3(c). The contributions from J/¢ — 5, are
indicated by the shaded bands, which also display the uncertainty in the normali-
zation of this background. The subtracted distributions, which represent radiative
J/¥ — ~4m, are shown in Figs. 4(a) and (b). Two peaks are evident at masses of
~ 1.55 GeV/c? and ~ 1.8 GeV/c2, respectively, both approximately 0.1 GeV/c2

wide.

A Monte Carlo simulation including all of the analysis cuts determines the
detection efficiency to be 0.208 + 0.024 for ywtn#~x+tx~ and 0.049 + 0.006 for

yntn°mr~7n°, both independent of my,. This leads to branching fractions for my,



masses below 2 GeV /c? of

B(J/¢y — Artx~xta~) = (3.05+ 0.08 + 0.45) x 1073
B(J/¢ — ~yxta°r~x°) = (8.3+0.2+3.1) x 1073,

The ratio of the branching
fractions is B(J/¢ — ~nrtx°n~x°)/B(J/Y — Arta~atx~) = 2.7+ 1.1. This
is consistent with a value of 2 which is expected if the 47 system is isoscalar and
the 7*x~ (r%x°) systems are isovector. For the 7+ 7~ 7+~ mode the branching

fraction for my, less than 3 GeV/c? is
B(J/¢Y — yrta~atn~) = (6.4 £ 0.2+ 0.8) x 1073,

For the remainder of this paper, the ratio of v47 signal to 57 background is
maximized. This is achieved for J/¢p — yntx~ w7~ by considering only events
with exactly one photon and by increasing the fiducial region for photon detection
to the range used for J/¢p — Aatx°xr~#°. For the latter at most one spurious
photon outside the 18° cone around charged tracks with energy less than 80 MeV
is required. In addition the x? probability of the kinematic fits is required to be
greater than 5% for both modes. There are 4065 and 4798 events below 3 GeV /c2
in the two samples, respectively, for which the four-pion mass distributions are

shown in Fig. 5.

Clear pp signals from the decay J/¢ — ~pp are evident in the m7 mass corre-
lations plotted in Figs. 6(a), (b). The same plots for the wrong sign mass combi-
nations of the four pions, Figs. 6(c),(d), do not show any evidence for pp enhance-
ments. The mass combinations for the 57 event sample of Fig. 1(c) also do not

exhibit enhancements in the pp mass regions.

The fraction of the pp component in the four-pion final state is determined

using a maximum likelihood technique. Two populations described by isotropic pp
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and 47 phase space are assumed. The weights used in this fit are presented in the
Appendix (egs. A.1 - A.3); this is the same technique used by Mark ILI"] The pp

distributions thus obtained are shown in Figs. 7(a), (b).

We conclude, in agreement with Ref. 7, that a large fraction of the v47 events
below 2 GeV/c? is J/ — ~pp. Note that the decay J /¥ — w°p°p° would violate
C-parity conservation and therefore is not a possible background; J/¢ — w°ptp—,

however, is not forbidden.
3. Spin-Parity Analysis of the Final State

The spin-parity of the pp system is examined using two approaches. A decay
plane analysis is performed using the yr*#~#tx~ final state only. Then a full

multichannel likelihood fit using both final states is presented.

3.1 DECAY PLANE ANALYSIS

A complete description of the final state resulting from the sequence ete™ —
J/¥ — ~pp — 4~ requires, for unpolarized beams, seven angles and two #7 sub-
masses. The angles providing the greatest sensitivity to the spin and parity of the
pp system are the polar angles of the pions in their respective p helicity frames and
X, the sum of the azimuthal angles of the pions from the respective p decays, mea-
sured in the pp center of mass system. It was pointed out by Chang and Nelson!16]
and Truemanl!!?] that for decays into two vector mesons, the angle x between the
p decay planes provides a unique signature for even spin and odd parity, in anal-
ogy with Yang’s parity test for the 7°.[18] We have previously used this method to
determine the spin-parity of the 5. using the decay into ¢¢.[19] The present analy-
sis, however, differs in that there are two possible pp combinations per event (and
two x angles) with potential interference effects, and that the event sample is not

background-free. For a pp sample of unique spin-parity and free of background, the



distribution of x takes the form
dN/dx =1+ B cos(2x),

where [ is a constant which depends only on the spin-parity of the pp system and
is independent of its polarization. This is true for either pp combination. Values of
B are given in Ref. 19 for the lowest allowed values of the relative orbital angular
momentum of the pp system, L,,; B is zero for odd spin and nonzero for even spin
and its sign is the parity of the pp system. In particular, for J¥ = 0—, Bis —1,
ie. dN/dx sin? x with the two p’s in a relative P-wave, while for JP = 27,0 is
—0.4,if Lyp = 1.

Figs. 8(a), (b) show the distribution of x for #tx#~#t7~ masses less than
2 GeV/cz, for events from the yrt7~7t7x~ and 57 samples, respectively, with
two entries per event. Fig. 8(a) shows the presence of a strong sin? xy component
in the x distribution giving evidence for even spin and odd parity. In contrast,
the background distribution shown in Fig. 8(b) is flat. As shown later, the only
significant contribution of this type is J¥ = 0~. This suggests describing the x
distribution in Fig. 8(a) by the sum of a sin? x and a flat contribution. The solid
line in Fig. 8(a) shows the result of a fit with a + bsin? x. Defining a = b/(2a+b),
§ve obtain a = 0.37 £ 0.03 which can be interpreted as the pseudoscalar fraction

below 2 GeV/ c2.

The my, dependence of a is determined by fitting the x distribution in slices
of 100 MeV /c? in my,. Fig. 9(a) displays the results of these fits showing the sinZx
fraction for each mass bin. This fraction amounts to ~ 50% for masses between
1.5 GeV/c? and 2.0 GeV/c? except for a drop to ~ 20% at 1.8 GeV/c%. Note that
this is the mass value of the second peak in Fig. 3. The high value of sin? x in the
mass bin from 2.9 to 3.0 GeV/c2 is consistent with the expected number of events

from the decay n, — 47.[14] The same fit procedure, when applied to the 57 sam-



ple (Fig. 9(b)) yields a sin?x contribution consistent with zero. Fig. 9(c) shows the
number of events attributed to the flat component obtained from the fit, i.e. (1—-a)
multiplied by the measured four-pion mass distribution for the events of Fig. 5(a).
It shows an indication of a peak at 1.8 GeV/c2. The contribution from 57 events
to this flat component is indicated by the curve whose absolute normalization is
uncertain by ~ 30%. The remainder is the radiative y47 component which has a
flat x distribution.

We conclude that there is a large even spin, odd parity pp component below

2 GeV/c2.

3.2 MULTICHANNEL SPIN-PARITY ANALYSIS

The multichannel likelihood technique is employed to use all of the information
contained in the y4x final state. The complete formalism is described in the Ap-
pendix. Briefly, each event in a given my, mass range is assigned a weight for each
of ten hypotheses: isotropic pp, by which we mean J/¢) — ~ypp without taking into
account angular correlations, prm and 4, also without angular correlations, and six
channels for J/¢ — X, X — pp with spin-parity 0%, 1%, and 2%. An Agm channel
is also included to account for possible feedthrough from J/¢ R Asgp, Ay — pm.
This channel also absorbs possible contributions from J/¢ — yA;7. The weights
are normalized including the experimental acceptance. Maximizing the likelihood
provides an estimate of the fraction of events from each source. A basic assumption
is that the above list of channels is complete in that no significant channel has been
excluded. Other assumptions reducing the number of unknowns are: @) only the
lowest possible angular momentum of the pp system is allowed to contribute for a
given spin-parity, b) the ratios of the production helicity amplitudes, z = A;/A,,
y = Az/Ap, are assumed real, and ¢) the different channels do not interfere. Re-

striction a) is plausible for pp masses close to the pp threshold and b) holds for other
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resonances produced in radiative J/y decays.[5]

The results of this multichannel fit are presented in Figs. 10 and 11 for
Arta~xtx~ and yxt 77~ x°, respectively, showing the number of events in each
channel as a function of my,. The errors shown are statistical only. The most
prominent channels are 47 phase space and 0~ pp. The contributions to the other
channels are generally small. The pseudoscalar component is very stable under
variations of the fit assumptions. The fractions for JE = 0~ are consistent with the
decay plane analysis of the previous section, showing that the sin® x contribution is
indeed associated with pseudoscalar pp. The pseudoscalar component drops off at
1.8 GeV/ c2. Cross checks are performed by applying the same procedure to Monte
Carlo event samples and using J/v — 57 events. The latter are displayed in Fig. 12
where no significant 0~ component is found. The events mainly populate the 47
phase space channel (Fig. 12(c)). There are small contributions found in the pxn

and A7 channels, but no significant contribution in any pp channel.

In Fig. 13 the events with my, < 2 GeV /c2 are compared with Monte Carlo
calculations for various spin hypotheses in the three angles, cos 0~, the polar angle
of the radiative photon in the J/t rest frame, cos 6} the pion polar angle in the
p helicity frame, and the x angle. The curves represent Monte Carlo simulations
mixing in equal proportions isotropic 47 with pp spin—parities 0%, 0—, 2+, 2~. For
the spin 2 simulations the relative helicity amplitude ratios x and y have been chosen

to be z = y = 1, i.e. equal amounts of helicities 0, 1, and 2.

The fraction of events from 47 and 57 background that are due to 0~ pp
(Fig. 10(f)) is obtained from the fit to be (46 + 8)% below 2 GeV /c? decreasing to
about 20% above 2 GeV /c2. The (46+8)% is consistent with the (37+3)% from the
decay plane analysis. Correcting for the 57 background, which is (11 + 3)% below
2 GeV/c2, the 0~ pp contribution to radiative v4~ is (51 £ 9)%. Summing the pp

contributions to the individual spin-parity channels the fraction of pp events that
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have 0~ spin-parity is (76 + 11)% below 2 GeV/c2. It is interesting to note that
the strong pseudoscalar pp component has a counterpart in the decay J/¢ — yww,

where a strong JP = 0~ ww component is also observed in the same mass region.[20]
4. Discussion of Results and Conclusions

In Section 2 evidence was presented for the radiative decay J/¢ — 47 in modes
with two and four charged pions. The 47 mass spectrum extends from 1.4 GeV /c? to
3.0 GeV/c?, showing peaks at 1.55 GeV/c? and 1.8 GeV/c2 both about 0.1 GeV /c?
wide. A large pp component is found at 47 masses below 2 GeV/cz. The multi-
channel spin-parity analysis establishes that this pp component is predominantly
JP = 0~ and amounts to (51 £ 9)% of the radiative v4w. The product branching

fraction for pseudoscalar pp is
B(J/¥ — 7Xy-) - B(Xy- — pp) = (4.7+£ 0.3 +0.9) x 1073,

which is obtained from the p°p° mode correcting for isospin.

The spin-parity analysis cannot unambiguously identify both peaks with pseu-
doscalar pp. The 07 pp mass distribution, Figs. 10(f), 11(f), although not incon-
sistent in shape with a two peak structure, does not exhibit two clear peaks and
decreases at the location of the second peak at 1.8 GeV/cZ. Moreover, the re-
maining radiative component, which is the part above the curve in Fig. 9(c), is
not clearly associated with any single other channel in the multichannel fit. The
distribution of this component is inconsistent with J/¢ — ~4r phase space and

shows an indication of structure around 1.8 GeV/c2.

Achasov and Shestakov/21] have suggested, based on a preliminary version of
these results,[zzl that the pseudoscalar pp component can be accounted for by the

¢(1440), interfering with the tail of the n’ and distorted by phase space and P-wave

11



factors. Our best estimate for the pseudoscalar pp component, which is an average
of Figs. 10(f) and 11(f), is shown in Fig. 14 superimposed with the y47 phase space
weighted by p Breit-Wigner and P-wave factors (solid line). The ratio between the
data and the phase space prediction is proportional to the matrix element squared,
and is largest in the 1.4 — 1.5 GeV /<:2 region, supporting the suggestion of Ref. 21.
A comparison of our results for the final states YK Kn, vpp, and '7ww,[3’20] all of
which appear to be pseudoscalar, and also q'yp,[u] has been performed[23] to test

the consistency of the data with this model.

While the ¢(1440) could account for at least part of the structures reported here,
other plausible assignments are the radial excitations of the n and the n’ ,[25] both

of which are expected in the mass region between 1.3 GeV/c? and ~ 2 GeV /c2.

The first observation of structure in J/¢ — ~pp gave rise to speculations that
this might be a large decay mode of the 6(1690). This interpretation is ruled out
by the analysis presented here. We determine the 90% C.L. upper limits for the
6(1690) and the g states/4]

B(J/¢y — ~8) - B(6 — pp) < 5.5 x 1074
B(J/¥ — ~gr) - BlgT — pp) < 6.0 x 1074,

These limits are obtained from the contributions to the 2+ channel in the mass
regions 1.6 GeV/c? — 1.85 GeV/c? for the §(1690) and 2.1 GeV/c2 — 2.4 GeV/c2

for the g7 states, omitting from the fit the 1¥ and 2~ channels.
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Appendix: The Spin-Parity Analysis Method

Here we present details of the channel-likelihood method which is used to obtain

the results in Section 3.

The final state pions are labelled such that 1 and 3 have the same charge, so

that possible pairings to form p’s are (12)(34) and (14)(32). Any amplitude must

state can be represented by nine variables in addition to my,: m12, mg4, the masses
of the (12) and (34) pairs; 6, the polar angle of the photon in the lab; 8, and ¢,
the polar and azimuthal angles of the (12) system in the 47 helicity frame; and 8,
¢1, 03, ¢3, the polar and the azimuthal angles of pion 1 and pion 3 in the (12) and
(34) helicity frames.

For each hypothetical channel, a weight is determined that reflects the proba-
bility to find an event with the particular final state configuration. The different
weights for each channel must be normalized properly. Let £ represent the set of
the nine variables discussed above. Then, if gJ-(f) is the amplitude for configuration
¢ and channel j, the weight w;(¢) is defined by

w;(€) = lg; (€)1 ’
J deA(©)lg; (&P

where d¢ is the Lorentz-invariant phase space element and A(¢) is the experimental

(4.1)

acceptance and efficiency. Note that d¢ is also invariant under exchange of any pair
of final state pions. With this normalization convention, the amplitude for 47 phase
space is a constant: g4r = 1. The likelihood function is then given by

Ney Nch Nch
logL = Zlog Z A; wi(&) — New Z A, (A.2)

which is maximized varying the channel fractions A, and any other parameters on
which the w; may depend, in particular the helicity ratios z and y defined below.

N,y and N, denote the number of events and the number of channels, respectively.
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The amplitudes which do not involve angular correlations are products and sums

of appropriate Breit-Wigner factors. For pp, prm, and Aa7 the expressions are
90 = 1/VZ [Bp(m12) - Bp(msq) + Bp(mys) - Bp(mas)] (A.3)

. [Bp(mlz) + Bp(m34) + Bp(m14) -+ Bp(m23)] y (A.4)

N =

Joxx =

GAyr = % : [Bp(m12) - [Bag(m123) + B4, (mi24)]
+ Bp(m34) - [B,(m341) + By, (m3q2)]
+ By(my4) - [Ba,(mi142) + By, (migs)]

+ Bp(ma3) - [Ba,(m231) + By, (m234)]],

where Bj,(m;;) denotes the relativistic p Breit-Wigner amplitude for 77 combination

(A.5)

) [26]
mp . rp . ;Tn-l?
B,(m) = - A6
p(m) m(m2 —m? — im,T)) (4.6)
where
pt 3 2pt2
I‘pzro-(;> 'To*z; Fo=155MeV;
o Po b4
and
s L 2 am2 =1 /m2 _amz.
p 2 ) po - 2 p ©

B 4,(my;) is defined similarly.

The helicity formalism [27] is used to represent vpp final states with a given pp
spin-parity. The amplitude for the decay J/¢¥ — vX, X — pp, p — 7 for a state
X with spin-parity J is given by

m + Acosb
2

sinb.

V2

where m = +1 and A = %1 are the ¥ polarisation and the ~ helicity respectively.

m — Acosd
Fy + Az—-z—le,\] , (A.7)

T == [Ao Fop— A

Ay, p < min{2,J}, are the unknown amplitudes for production of the state X with

helicity u, and Fy, is a function of the pion variables, given below, for its decay.
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Squaring (A.7) and introducing z = A;/Ap and y = A3 /Ag, which are assumed to

be real, the rate, or unnormalized weight is:

D ITmal? = (1 + cos® 8) - | Fol?
— zV/2cos 0 sin by - Re (Fy (Ff — F*,))
+ z%sin? 6, - (|F1|2 + |F_1|2)
(A.8)
+ ysin? 0y Re (Fo (F5 + F*,))
+ zyv/2sin by cos b - Re (FLFy — F_4F2,)

1
+v8-3 (1+ cos? o) - (IF2f2 + F_g?).

The decay amplitudes F, are given by

Fp = Bp(m12)Bp(m34)[Qp (m47rs mi2, m34)]L

(A.9)

1
- Y Cij D}o(01)D2o(Q5)Dy i () + (1 3)
i)j=_1

with rotation matrices

D] () =d] ()t w—v)9

and p center of mass momentum

Qp(m,my,my) = \/[mz —(my + m2)2] [m2 — (m; — mg)?] /4m? .

L is the angular momentum between the two p’s.

The notation (1 < 3) represents symmetrization with respect to the interchange of
pion 1 and 3, and C;; are decay helicity amplitudes which are given by products of

Clebsch-Gordan coefficients when projecting onto the LS-basis.[27]

For JP = 0~, (A.9) can be written as

= [Ep(mIZ)Ep(mIM) - Ep(m14)§p(m23)]

- p*(m12)p* (m34)Qp(myx, my2, m3y4) sin 01 sin 83 sin(py + ¢3),

(A.10)

16



where

By(m) = By(m)/p*(m) and p*(m)=y/m2/4—m2.

In A.10 the sum of azimuthal angles, ¢; + ¢3, defines the orientation between the
p decay planes and is denoted as the x angle in section 3. Note the relative minus
sign between the pp Breit-Wigner amplitudes required for JP = 0~, which is not
obvious in (A.9).
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Figure Captions

(a) m,+ g— gt o~ and (b) M 4 o, - xo distributions after event selection.
The notation v(7°) indicates that both y47 and 57 events are present.
(c) my, distribution from J/¢ — x°7Tx~n+tx~ events. The insert
in (a) displays the region 2.5 GeV/c? to 3.1 GeV/c? in 10 MeV /c2

bins after additional cuts.[14]

2
pt—,

distributions for (a) 4(7°)xtx~x*x~ and (b) v(n°)rtx°7r—x°
final states. The band in (a) and the solid line in (b) are the back-
ground contribution from J/4 — 57. The dashed lines are Monte

Carlo calculations for J/¢ — ~44r added to the 57 contributions.

my, distributions for (a) #t7#~x+x~ and (b) ata°7r—7°, for events
with pfq < 0.0015 (GeV/c)? (a) and p?q < 0.0040 (GeV/c)2 (b). The
bands display the 57 background distribution estimated from Fig. 2.
Figure (c) is the sum of (a) and (b).

Background subtracted my, distributions for (a) y#+ta~7wtx~ and

(b) 47T x°x~n° events obtained by subtracting the center values of

the bands in Fig. 3.

my, distributions for the event sample used in the spin—parity ana-

lyses.

Two dimensional histograms of (a) m,+,- versus m_4 .- and (b)

xtx
M, +,0 VErsus m,—,o with two entries per event; (c) m,+ .+ versus
m,-,~,and (d) m,+,- versus myo o with one entry per event; (e),(f)

opposite and equal sign mass combinations for 57 events. The units
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Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.

are in GeV/ c2.

Mass distributions of the pp component of (a) J/¢p — yrtr—rtn~
and (b) J/¢ — Antx°n~x° events as determined from a two channel

fit.

Distributions of x, the angle between the p decay planes, for (a)
J/Yy — ArtxTxtr~ events with myy, < 2 GeV/c? and for (b)
events from J/¢ — 5n. The curve in (a) is a fit with @ + bsin? x

and in (b) a fit with a constant.

Results of fits to the x angle distribution as a function of my,: (a) the
sin2x fraction for J/¢ — 447 candidate events, (b) the sin2y frac-
tion for J/¢ — 57 events, (c) the flat component (1 - ) multiplied
by the four-pion mass distribution. The solid line in (c) shows the

contribution from J/¢ — 5.
Results of the channel-likelihood fits for J/¢p — ~Antr—7ta—.
Results of the channel-likelihood fits for J/¢ — ~ynta°x—7°.

Results of the channel-likelihood fits for J/¢ — n°rtn~ 7+t 7~ back-

ground events.

Comparison of data (crosses) and Monte Carlo simulations for 0, 0™,
2%, and 27 in (a) cosf,, (b) cosf}, and (c) the x angle, for events
with myy < 2 GeV /c2. The spin—parity Monte Carlo calculations
are mixed with a 50% isotropic component for the background. The

histogram shows the distribution for J/¢ — 57 events.
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0

Pt
h

Mass distribution of the pseudoscalar pp component. The solid line

displays P-wave phase space for J/¢¥ — vpp.
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