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From 730 X p E m+ events at 2.18 GeV/c a sample of 324 -*0(1531)decaying to m.+

has been analyzed. This sample yields a mass M= 1531.3 +0.6 MeV, corrected for system-
atic shifts. A width of I'= 8.4 +1.4 MeV is obtained; the mass resolution was unfolded taking
account of the non-Gaussian nature of the resolution function. In addition, the -* (1635) re-
ported by the Brandeis-Maryland-Syracuse- Tufts Collaboration is not detected. An upper
limit of less than 2 pb (90/ confidence level) is obtained for the cross section. The energy
dependence of the - X and *(1531)Kcross sections would suggest a substantial cross section
(-7.5 +3 pb) for -*(1635)Eat 2.18 GeV/c. Thus either this state does not exist, or the
energy dependence of its production cross section is different from that observed for the
- K and - *(1531)Xreactions.

INTRODUCTION

The =*'(1531)mass and width were previously
measured separately in two different experi-
ments. "%'e present here new values from a
study of 2.18-GeV/c K P interactions. The
Brandeis-Maryland-Syracuse-Tufts (BMST) Col-
laboration'4 has reported recently a =*'(1635)
state decaying to = m+. %e do not observe such a
state.

THE EXPERIMENT

Three exposures of the BNL 31-in. liquid-hydro-
gen bubble chamber with a four mole-percent ad-
mixture of neon and with tantalum and lead glass
plates mounted in the chamber were made in 1.968,
1970, and 19'71. These exposures resulted in 1.5

miQion pictures in three views each, containing
about 60 events/pb in total. A study of the reac-
tion

is described in this paper, from about one half of
the data obtained (0.8 million pictures or about 32
events/gb). The two topologies used have a beam
track associated with two outgoing charged prongs,
one of which decays, and have one or two V's as-
sociated. Thus reaction (1) was restricted to those
events having two or three visible strange-particle
decays. The .scanning and rough digitizing of the
events was performed at BNL and the University
of Michigan; the final digitizing was done by the
BNL Flying Spot Digitizer. Standard analysis
yieMed a sample of V30 examples of reaction (1).

Copyright Qc 1972 by the American Physical Society.
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FIG; 3. The X x+ mass distribution of events in the
Dalitz plot of Fig. 1.
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FIG. 1. Dalitz plot of 730 events from the reaction
X p —- Rom+ at 2.18 GeV/c.

The Dalitz plot for these events is shown in Pig. 1,
where the "*(1531)and the E*(890)bands are evi-
dent. The = m' and E'm' mass distributions are
shown in Figs. 2 and 3. The shaded region of Fig.
2 excludes the K* band, and the shaded area of
Fig. 3 is restricted to events in the =*(1531)band.
The absence of an excess of events in the =*(1635)
[1605&M(- II) & 1665 MeV] band indicated on Fig. 2

corresponds to a 90% confidence-level limit of
fewer than ten events. ' This upper limit for
=*(1685)production will be discussed below.

MASS AND WIDTH OF THE =-+(153i)

A sample of 324 events with a E'm' mass less
than 900 MeV [for I& mass squared values & (900

MeV)', the Dalitm-plot boundary does not allow all.II mass values in the =*(1531)band; see Fig. 1]
and a = w' mass between 1510 and 1555 MeV was
chosen for analysis. The - m' mass distribution
for this sample is shown in Fig. 4, and the fitted
-II mass errors are histogrammed in Fig. 5(a)
and "ideogrammed"' in Fig. 5(b). The light dashed
curve in Fig. 5(b) is an "equivalent" Gaussian,
having the same full width at half maximum
(FWHM) and the same area as the true resolution
function. To determine the mass and width of the
:.*(1581), we have followed the resolution-unfold-
ing procedure of Coyne et a/'. ' The shape of the
resolution function shown in Fig. 5(b) is well fitted
with a polynomial of the form [ga (4M)'"] ' with
n running from 0 to 3. This function was broad-
ened (i.e., aM was scaled by a multiplicative fac-
tor; see below), convoluted with an 8-wave Breit-
Wigner curve, added to a linear background, and
fitted to the observed mass spectrum. (We note
that a P-wave Breit-signer curve gives the same
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FIG. 2. The " x+ .mass distribution of events in the
Dalitz plot of Fig. 1. The - (1635) band is defined by
the dashed lines.

FIG. 4. The ™~x+mass distribution in the ™~(1531)
mass band; only those events from the Dalitz plot of
Fig. 1 with m(E x+}&900 MeV are shown. The solid
curve is the result of a fit to this spectrum (see text);
the dashed curve is the ginear) background estimate.



REACTION K p- ™K'II' AT 2.18 GeV/c 1561

(a) 2. I8 GeV/c
K p~H Kw+

40 324 0+ EVENTS

30-
O

M
I—z 20w

LLI

~
/

~

-
' (b)—ACTUAL RESOLUTION

FUNCTION

w
--- GAUSSIAN CURVE

C3

LL

Io-

00
I I

2 4
SM(H-~') (Mev)

—8 -4 0 4
AM (0 ~+) ( Me V )

FIG. 5. (a) n+ mass error (standard deviation)
distribution for the ™*(1531)events of Fig. 4. (b) Resolu-
tion function {solid curve} obtained from the events. -in

(a); the dashed curve is a Gaussian with the same area
and the same full width at half maximum as the resolu-
tion function.
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FIG. 6. Mdss spectra with scaled resolution functions
of approximately 2200 " -Am, A px events; the
masses are calculated using the measured (unfitted)
values of momentum. (a) M {pm ); the central mass
value 1116.0+ 0.1 is indicated. (b) M(px m ).; the cen-
tral mass value 1322.2.+ 0.1 is indicated.

results, within errors, as an S-wave Breit-Wig-
ner curve. )

%e have assumed that deviations from flatness
of the probability distribution obtained from the
kinematic fits to the final state " K'n' can be re-
moved by multiplying each kinematic X' value by
a constarit factor f'. First the probability distribu-
tions for the kinematic X' were examined for flat-
ness. The highly constrained fits to reaction (1)
involve three or four vertices with usually eight
or fourteen constraints. If each y' is multiplied
by a factor f', a value of this factor can be found
which makes the probability distribution nearly
flat." Then f ' is the factor by which the. errors
of Fig. 5 must be scaled. For the 324:-*(153l)'s,
a value of f (:-*)= 0.88 t 0.04 is obtained, where

the error in f includes an estimate of the system-
atic error. As a check, this procedure has also
been applied to the reactions K p -A~, ~- n+m m'

and K P A&]&, &f& K-+K T. he values f(&u) and f(Q)
for these two channels are both 0.82 ~ 0.04. The
values 10.5 + 1.5 and 3.8+ 0.6 MeV were then ob-
tained for the widths F and F&, respectively.
These are to be compared with the known values'
11.4+0.9 and 4.0+0.3 MeV, respectively, or with
the "world average" ~ width of Coyne et al.' of
10.1 +0.7 MeV.

The value f(.*)=0.88, corresponding to a =II
mass resolution I'„=6.0 MeV (FWHM), was used
to obtain the fitted curve shown in Fig. 4. We ob-
tain an uncorrected mass M =1531.9+0.5 MeV and
a width I'=8.4+1.4 MeV. The background level
shown matches that required by the mass distribu-
tion of Fig. 2. The errors include estimates of
systematic effects. To give an idea of the size of
the width correction obtained by scaling all 4M
values by f ', we note that a value of f =1.0 would

yield a =*(1531)width of 9+1 MeV.
The mass value must be corrected for systemat-

ic shifts as determined by shifts seen for the A

and - masses. The normalization of the magnetic
field of the bubble chamber was adjusted using K'
and A decays from abundant one- V events. These
mass distributions yield a normalization of the
field which agrees closely with the Hall probe mea-
surements of the magnetic field. The K' mass ob-
tained was 497.4+ 0.1 MeV versus 497.8 MeV ex-
pected; and the A mass obtained was 1116.2 ~0.1
MeV versus 1115.6 MeV expected. In addition, the
A and = masses from cascade events (all events
where a = -Am, A-pm decay sequence is ob-
served) were examined. The pv (A) and pII II (= )
mass distributions for this 2200-event sample are
shown in Fig. 6. The solid curves shown are the
resolution functions calculated from the geometry
errors and scaled by factors of 0.89+0.04 and
1.03+0.04, respectively. The mass of the A and
the = are shifted from the accepted values' by
+0.4+0.1 and +0.9+0.1 MeV, respectively. The
mass of the = using fitted A -pn decays from
the 324-event:-* sample (histogram not shown)
gives a mass which is too high by +0.6+0.3 MeV.
We estimate from this that the uncorrected -*
mass is too high by 0.6 + 0.3 MeV. Qur value for
the mass of the .*(1531)is then 1531.3 +0.6 MeV,
and we find its width to be 8.4 + 1.4 MeV. These
are to be compared with the previously determined
values of 1528.9 ~ 1.1 MeV and 7.3*1.7 MeV, re-
spectively. "'

"~(1635)

The 90%%uII confidence-level upper limit for the
production of "*(1635)in our data was found to be
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10 events. %'e wish to make a comparison of our
data with the BMST results'4 and a report by
Ross et aE." The cross sections" 22 for the four
reactions K p-. K', :-'K', .* (1531)K', and
=*'(1531)K'versus the incident K momentum p
are shown in Fig. V. These cross sections rise
rapidly at threshold, level off, and then fall with
increasing momentum with a dependence between

p ~ and p '. In addition we note that the =*(1815),
:-*(1940)have been observed to have the same gen-
eral behavior within the limited data available 23

Thus these curves are typical of =*production
cross sections in general -a rapid rise to the
maximum value at a beam momentum about 0.2
GeV/c to 0."I GeV/c above threshold, followed by
a power-law falloff at higher energies. Ross et
al.'0 give an upper limit of 1.5 pb for the =~(1635)
cross section at 3.3 GeV/c. The BMST Collabora-
tion reports 40+ 12:-*(1635)events and 200 + 14
:-*(1531)events. ' We have an upper limit of 10
=*(1635}events (90% confidence level) and 324
- *(1531)events. The ratio of the numbers of

:-*'(1635)to =*'(1531)events times the cross sec-
tions for =*'(1531)from ihe data in Fig. V(d} yields
the values o (=*'(1635))=3.6 a 1.6 pb at 2.8'I GeV/c
and &2 pb (90%) at 2.18 GeV/c. These =*(1635)
cross sections are shown in Fig. 8. The shaded
region shown superimposed on these data repre-
sent the shape of all the "K and -*K cross sec-
tions shown in Pig. 7; the cross-hatched region is
that of the =*(1531)Kcross sections only [Figs.
V(c) and V(d)]. For Fig. 8 all the =K and =*K
cross-section points of Fig. I were shifted (scaled)
parallel to the momentum axis so that their thresh-
oM.beam momenta coincide with that of the
=*(1635)Kreaction. The envelopes defined by the
one-standard-deviation cross-section error bars
were then shifted (scaled) vertically so that the
upper-limit envelopes passed through the BMST
upper limit, and the lower-limit envelopes passed
through the BMST lower limit. The ='K' reaction
suggests a lower limit just meeting our upper lim-
-it. Vfe note that the K momentum of our experi-
ment, 2.18 GeV/e, corresponds to the maximum
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of the "*(1635)cross section expected from Fig.
'7; the cross-hatched region of Fig. 8 suggests that
ihe -*(1635)cross section should be 1.5+3 pb at
2.18 GeV/e, which is inconsistent with our upper
limit. Conversely, our upper limit, using the
curves of Fig. 8, wouM suggest at most 10 events
in the BMST experiment, which could not consti-
tute a significant signal for them. We conclude
that either the energy dependence of the =*(1635)K
production cross section is strikingly different
from that for the =K and =*(1531)Kreactions (and
for other "*Kreactions), or that an experimental
fluctuation is responsible for the enhancement at
1635 MeV seen in the BMST data.

CONCLUSION

l.5 2,5 3.5
(6eV/c)

We have presented data on 730 examples of the
reaction K p- - K'w' at 2.18 GeV/c and obtained
new values for the =*'(1531)mass and width:
1531.3+0.6 MeV and 8.4+ 1.4 Me7, respectively.
In addition, we do not observe the =*'(1635) re-
ported by the BMST Conaboration.

FIG. 8. Cross section ve&sus beam momentum for
X P " {1635)E . The upper and lower limits for the
range of values for this cross section are taken from
the data of Fig. 7 (shaded area.},with the cross-hatched
region corresponding to X p - *(1531)Xonly (see text).
The cross-section values for X p "*0(1635)XOinferred
for the BMST Collaboration (Ref. 4) as well as upper
limits on this cross section from the present experi-
ment and that of Ross et a/. (Ref. 10) are also shown.
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Interference in the XZ decay mode of the f0 and A2 mesons is discussed in terms of the
mass-matrix formalism. It is shown that the measurement of the f0 KEY branching ratio
can be in error by an order of magnitude if interference is not properly accounted for. Data
from x+p and x p reactions at 18.5 GeV/c are used to determine the (f EQC)/(f ' m)
branching ratio R&0 using the known A2 JCT7 branching ratio and assuming a value
for the coherence factor. We find 9%~Ryo ~18%.

I. INTRODUCTION

The f'- KK branching ratio has been a rather
difficult quantity to measure for several reasons.
First, the rate is small. But perhaps more im-
portant, interpretation of the (KK)0 mass spectrum
is complicated by the presence of the A,'. Since
the A,'and f' both have J~= 2' and have masses
which are close relative to their widths, inter-
ference in the (KK)' mass spectrum is expected
to be strong. ' The A, -KtT branching ratio itself
can be determined without this complication by
looking at the K'K' decay mode since the A, has
I =1.

Previous experiments' have attempted to mea-
sure the f'-KK branching ratio without taking
interference into account. Here we describe the
interference effects in detail and show that dif-
ferences in the branching ratio of one order of
magnitude can arise depending on whether the
interference is constructive or destructive. This
theory, based on the mass-matrix formalism, is
developed in Sec. II. The experimental data are
discussed in Sec. III and the data are fitted using
the interference formalism in Sec. IV.

II. THEORY

If one observes a KK pair of invariant mass m
from the decay of either an f' or an A'„ the
amplitude for this observation is given, in the
mass-matrix formalism, ' by the matrix product

S(KK)=(B, B,)P(m)
2

where B, and B, are the f' and A,' production
amplitudes and the T's are their KK decay
amplitudes. The matrix P is given by

( ), (m —m +iy~)
(m-m, +iy, )

' (2)

where m, and m, are the f' and A', masses, the
y, 's are their half-widths, and 5= -(f'~M~A', )
denotes the f'-A2 transition due to the electro-
magnetic mass operator. (Here 5 must be elec-
tromagnetic because of the different isospins of
the f' and the A, .) Neglecting terms of order 5',
Eqs. (1) and (2) yield

S(KK) = B,T~b~ + B2 Tabm —5(B~ T2+ B2 T~)(b~ b2),

(3)

where b; =1/(m —m, +iy;). The B's and T's in (3)
are complex, and thus the expression is quite com-
plicated in general. The magnitude of these am-
plitudes can be estimated from the f' and 420

production cross sections and from their KK
partial widths. Furthermore, an estimate of 5
can be obtained from the work of Coleman. ' These
estimates show that the absolute magnitude of the
third term in (3) is less than 5% of the magnitude
of the first two terms, and thus we neglect the
term linear in 5. Thus we can write

d&(KK)/dm= ~B,T,b, +B,T,b, P


