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ABSTRACT *

Sigma hyperons produced with two pions by .15 Bev/c K~ on neutrons
in the 30-inch propane bubble cham.berl were used to study final state
interactions of the particles. The production of Y (1385) on protons
J in carbon‘was also studied. . .

We observed the Y] (1385), Y§ (1405), end Yy (1520). In addition,
the data indicates the existence of a T = 2 sigma-pion resonance at &
nmass of 1415 = 16 MeV, wi’ch. full-vidth at half-meximum of 50 MeV or less,.
The Spln and parity of this resonance have not been determined. Further,
the data shows a possible resonance in the region of 1750 MeV in the
reactions A « n+ and.ET n x . This mey be associated with the decay '
| of the 1765 MeV Y into these channels2 ,
' The production cross sections for $~ x” x' and - n~ n~ reactions

, ' ere 0.51 % 0.07 mb and 0.45 * 0.07 mb, respectively.

Py ‘
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I. INTRODUCTION = B '

Since the discovery of the Yi (l385)§ and the subsequent spin -deter-
: ' . 2
mination?.there has been continuous theoretical speculation regarding

the existence of a Y;.-

Dowell et al.5 observed a peak at a mass of 1550 £ 20 MeV, which may ‘
have an :Lsoto.pic spin of 2. But subsequent experiments have failed to ()
confirm their fi_ndi.ng'{'l2 These experimehts will be discussed in detail o
in the next section. ' '

In the present experiment, a search has been made for Yn resonances

" with T = 2 in the available energy region. The r_eaction studied is of

. is favorable for the observation of a T = 2 resonance for the following

the type

*

K~ + n(c) _,'):' + 1 + n+ + recoils (1)

where n(c) means neutrons embedded in the carbon nucleus. This, reaction. -

reasons:

1) AYZ

Both of these particles can be seen in the bubble chamber.

should decay into a 3 and a n~ at least part of the time,. .

2) If T3 is the Z component of the isotopic spin, then the ratio
of the amplitudes of T3‘.= -2 to 'I'3 = 0 for a‘Y'; decay is 6 to 1 as re-
quired by the Clebsch-Gordan coefficients. ~ ’ ' 7 '

3) If a Y; exists, it is most easily produced from a T =‘ 1 initial - e
state. The K'p system is a mixture of T =0 and T « 1 states, But the - o L
K'n system is a pu.re' T = 1 state.- _ | . ﬂ ‘:

The reaction . ' i ) i

K~ + n(c) —>2+ +x +x + re;::oils . (2)

does not give any information concerning a Y* T = 2 resonance, but has '

'




been studied for completeness.
Investigation was concentrated on categories(l) and(2) where the.
particles associated with K™n events could be observed in sufficient

abundance. K p interactions have been investigated thoroughly in previous

experiments9'll'and were not studied here.
Since the only known lémbda-pion resonance in this region 1s'tﬁe Y;
- (1385), we studied the reaétion
- K o+ ﬁ(c) —A+ " +n + recoils | . (3)

to see how a well known resonance is produced in carbon.

A

©
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S LITERATURE SURVEY

‘ The existing experiments can be put into the following three. classes

'ffllg : A;,Hassociate'production, B K o reactions, and C.- K'n reactions,,‘t-'*

.bj~ R ;fi - »-]w A Associate'Production ' _5 lfl,ff o "',"*fg .
- In a counter experiment Dowell et al5 measured ‘the cross section

for K production by negative pions on protons at 0 degree with a fixed K

7’f;'momentum of 0.94 BeV/c. The pion momentum was varied from 1.3 to 2.4 -
";~’fiBeV/c.‘ Since the cross section for any two-particle scattering increases L
ff“"when new outgoing channels become energetically possible, the cross sec~-

" tion for K production should rise when §~. or Yl (1385) is produced with

the K . Accordingly, they found peaks in the cross section when the missing

@;\‘j‘.mass reached 1197 MeV and 1385 MeV The missing mass is calculable from

N

=" the momenta of the ‘incoming T and the observed outgoing K .

. "In addition to the two: peaks noted above, they also observed a third‘ :_;}i:‘
:'enhancement at a mass of 1550 ‘ 20 MeV, which must have an isotopic. sPin i;{?lﬁiii
of 1lor 2 since it is ‘made with a K . A | » : '
f. Since the experiment of Dowell et al., a T = % resonance~in the x p
'."system at 2.1 BeV/ c was found by Diddens et a16. ‘I‘he effect observed at o

~ffi' o : 1550 MeV may be due to this pion-nucleon resonance. :
| " . Alexander et. al7 and Kalbfleisch et al§ studied the reactions: -
: AT +p o SHn K ’ji'g_ v“..7‘ p ”"‘v¢n~f? (h;ﬁ

The pion momentum was varied from 1.89 BeV/c to 2.36 Bev/c. In reaction f

(u), they observed Y (1&05), Y (1520), and K*" (885) In reaction (5),; .

" they found that X* (885) dominated the reaction. “ No. resonance with

"',f isotOpic spin of 1 or 2 vas found in the region below 1900 MeV. -
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B. K p Reactions

.These experiments cen be classified into two types: 1) sigma-three-

‘pion, and 2) sigma-two-piocn.

1. Sigmé-thrée-pion - ‘ 7 _ _—
‘ The only two channels.of this reaction that can be used to détect a
T =‘2 resonance are:
| K™ +.p -3 + AL ’ o (6)
T K +p-% +n +x +x ' | (7)
‘ Alston et al?'ll studied these reactions éxtensively. Tﬁe K~ momen-

tum was varied from 1.15 BeV/c to 1.70 BeV/c. They found the Yg (1405)

at 1.15 BeV/c? But the data at this momentum was limited by statistics.
The data at 1.22 BeV/ci0 1.51 Bev/ct®’™ and 1.70 Bev/c™ was dominated

by the productiop of Yz (1405) and YS (1520). In addition, the\data at
1.51 BeV/c and 1.70 BeV/c showed some Y; (1660) production in the sigma-
two-pion system. The fit ﬁo the phase space was 5ad at 1.70 BeV/c. Small
enhanceﬁents above phase space were observed in the 1450 MeV region in |
the 2+ 1(+ and 2' n+ systems. These were not s,tatistically significant. -

No T = 2 resonance was observed in any of thése experiments.

2, Sigma-two-pion

The reactions which can be studied are:

K-+p—>2-+ﬂ++ﬂ° - ‘ ' (8)
K +p-3 +2 +1° . - (9)
{ ' . KT+ p oSkt ' ' ©(20)

In these reactions, one cannot observe the T3 = 2 component of a T =2 -
resonence. The production of a T = 2 Y* in the'above channels must come

froma T =1 1nitial,state. The K p system is a mixture of T = 1 and



T = O states, .

Bastien et a1+2

MY
N

\\

“and 850 MeV/c;"Althqugh their data was low on statistics, they observed-”i;'

broad enhancements in the 1400 MeV region in the T = O and Ty = 1|

. , , .
channels. The enhancement in the T3 = 0 system was explained as Y, (1k05)
producﬁion. But the larger and sharper enhancement in the T lll

channel was explained as due to the ‘decay of the Y ‘(1385).

9-11

Alston et al? studied these reactions ' at 1.15 BeV/c, l 22 BeV/c,

10,11

PR
S

" and 1. 51 BeV/c Few events were observed at 1. 15 BeV/c and the
T results were not significant. The data at 1.22 BeV/c and 1.51 BeV/c
showed strong Y; (1L05) anq‘Y: (1520) proénction."fhey also absenved j'
- some enhancement in the 1L40C MeV region in the T3 = !l] system. The

' “enhancement in the data at 1.22 BeV/c was not statistically signifiéant.

. But the peak is especially sharp in the data at 1.51 BeV/c. The full- '

- width at half-maximum was of the order of 50 MeV. This was explained
, - |
as due to possible constructive interference between Y, (1385) and
. .
Y, (1660) or to p meson contamination,

¢, K-+n—->2'+x-+n+

Alston et al].‘l studied this reaction at a K~ beam momentum of 1.49

: * * ' * :
BeV/c. They found Y, (1405), Y, (1520),-114(1660) and possibly some

£ * N
, Y .(1815). Y, -(1520) dominated the reactibn. They concluded that there "~ -

are no T = 2 resonances below 1900 MeV, although the phase space did not .

agree very well with the P invariant mass distribution Deviations
from their phase Space 'were not insignificant in the 1600 MeV and 1800
MeV regions. There exists some enhancement in the 1450 Mev region but -

¥ 1t is within the statistics.

studied these reactions with K™ .momenta of 760 MeV/e
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The results of this reaction differs from the results of K + P2 2n
at 1.51 BeV/c discussed above. Yg (1520) dominated both production chan-
nels. But ¥; (1660) was not needed to explain the data at 1.51 BeV/ec. '

. Except for the peak at 1415 MeV in the T, = |1| system, the data agrees

3
with the production of only Y; (1405) and Yg (1520).
.D. Summary

As can be seen from the foregoing discussion, noT=2 resonance
. ’has been observed. Only one large-statistics expefiment has been done
with neutrons as target particles. In addition, the K~ momentum range
below 1.2 BeV/c has not been studied carefully. |

It is well known tﬂatdthe production of resonances can Vary'greatly
with energy. Furthef, when many resonances are produced in the same ’
reaction, interferences between these resonances can ma#e analysis
extremely difficult. Thus, the absence of a T = 2 resonancé in previous

experiments should not be considered as conclusive evidence that it

does not exist.
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ITI. THEORY
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A. Global Symmetry with Doublet Approximation

' There have been many theories proposed which require the existence

of a T = 2 resonance. In general, they are based on similarities between

pion-hyperon'ahd pion-nucleon scattering. The oldest of these theories

is global symmetry with doublet approximation.

_In this theory, one puts the sigmas and the lambda into the form of

two doublets to correspond to the two nucleons. These doublets are

( 2+, Y°) and (2°, 3°) wheré

yo A =% zo - AFZ°
o -

2

| The coupling is assumed to. be due to pilons and it neglects.the K-meson

contributions. In this way the problem 1s reduced to the same form as

that for the plon-nucleon scattering. i . -~

An analogy can be made with the T = 3/2,.J = 3/2 pion-nucleon re-

sonance with a mass of 1238 MeV and a full-width of 9k MeV. When extended
’ . I4) .
* to the hyperons, the theory predicts two resonances in the pion-hyperoni

' system corresponding to the (3,3) pion-nucleon resonance. The spin of

these resonances must be 3/2, the seme as that of the (3,3) resonance.

The isotopic-spins, masses, &nd widths can be obtained approximately .:,,'

in an empirical way. The isotopic-spin.ﬁ?is written as the sum of an

Tispin and Ktspin, T = f’+ K. The ftspin is the isotopic-spin component
. contributed by the pibn alone, whereas the Kispin is related to the K-

' meson. It is obvious then, for reactions involving only pions that T’: 1,

and © = 0, but if only kaons are involved, then T = O, end K = 1/2.

\

We assume the phenomenological mass formula for nucleons

and hyperons: ' e L,

b

1

+

n.
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M= m(K2) +aT.%
Here M is tge observed mass of a nucleon or a hyperon,rn(Kz) is the baryon
mass in the abseﬁce of pion interaction, and A 1s the mass.§iffefence
‘between the sigma and the lambda of -approximately 75 MeV. - -
From the observed masses and the knoﬁledge of-f{v K, m(K2) is calcu-
lated to be approximately 1171 MeV. | '

For a resonance between pions and baryons, we must add the pion mass

—'f‘and the total available kinetic energy Q of the resonance. The the mass

formula becomes:
<M=m('K2)+A'I”~?f+M,(+Q
For the special case of the sigma-pion resonance corresponding to
the (3,3) pion-nucieon reéonance, ve have:
T=3/2, K=1/2-T=2, T -8=3/4

M

1171 + (3/4) (75) + 140 + 230 = 1527 MeV

To obtain an approximéte width for the resonaﬁce, isotopié-spin
welght must be assigned to each final-state chennel. This must be.further
corrected by the differences in available phase space, (p*/p*N)élif vhere
p* is the C.M. momentum of the appropriate rééonance, p*N is the C.M.
momentum of the piom-nucleon resonance, and § is thé orbital angular
moﬁentum of the state considered.

In our case, p= = 270 MeV/c; p*N = 230 MeV/c; the half-width of the .
(3,3) resonance ;s L7 MeV; the (3,3) resonance is 8 py/, resonance, |
therefore, 4= 1. ‘Since the resonance under consideration can decay'
only into.a sigma and a pion, the isotopic-spin weight is 1. So we have:

r/2 = (47) (270/230)° = 76 Mev

Thus, the theory predicts a T = 2 sigma-pion resonance with a mass
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of 1527 MeV and a half-width of 76 MeV.

B. Limited Symmetry

Essentially these theories are generalizations of the global symmetry

”theory with doublet approximation. They take into aécount the difference
) in couplings between the lambda and the sigma in addition to their mass
difference.
As an example, Amati et a1X* nave considered the pidn-hyperbn scat-

tering ﬁsing a static meson model analogous to the one plon exchange

‘.. model for plon-nucleon scattering. The calculation takes into account

" the two channels, pion-lambda and pion-sigma. In addition, the non-
symmetrical coupling and the mass difference of lambda and sigma are

Antroduced.

1n this theory, three reesonances in each of the two possible J state,

1/2 and 3/2, are allowed. They are inT =0, T=1, and T = 2 systems,

The interesting observation here is that if the couplihg constant jﬁ%i

¥

falls to zero, the Y_ predicted in the J = 3/2 system persists and rises. -

2
in mass value relative to that of the predicted_Yi and resonates at the
same mass as the Yz. This mass is 1625 MeV if the mass of the T = 1

resonance is-assumed to be 1385 MeV as observed for the YI (1385)}5

hed

It should be noted that the theory reduces to the global symmetry

theory when the more limited assumptions of the global symmetry are

introduced.
C. Ssu
—3

This is a method of considering the meson-baryon resonances-in the * i

hope that some "higher-symmetries" exist, The resonances and particles

are grouped into multiplets according to their isotopic spin and hyper- :

’
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charge. If this "higher-symmetry" exists,-then, in reality it must be
broken, |

If the symmetry-breaking interaction is assuﬁgd to have definite
transformation properties; a'mass formulea éan be defived by a first-order
perturbation théory calculation%6 The Hémiltonian is éeparated into two

terms; one is'invariant under the group SU, and the other transfo;ms

3
in this group like the hypercharge. This separation'is unique when

‘“‘M’possible; The mass formula then gives definite spacings'of the masses
in the multiplets.

The theory does not:predict the existence of a Y;.
*

Y2 exists, it must be in the 27 or higher dimensional representation.

However, if a
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“IV. EXPERIMENTAL PROCEDURES }

A detailed'deséription of this beam has been published by Eberhard
et al%7 Figure 1 shows the beam layout. The average momentum of the
beam;was found to be 1.104 # 0.607 BeV/c at the center of the propane”
bubble cham.ber].‘8 |

.During the exposﬁre of this experiment, 'a magnetic field of 13.5 .

kilogauss'was applied over the 30-inch propane bubble chamber. Approxi-

”7f7rmate1y'10h,000 pairs of stereo pictures were exposed. Only 86,489 frames

. were used for the actual experiment after pictures of poor qpalitygwere
: ; %

rejected. _

" Two independent methods.were used to determine the number of K~

particles.
A. Tau Decays ‘ RS . A
Since T decays of K, 1. e., L

K™ = + n-’+ n+
Qere,unambiguously identifiable on tﬁe scan table, the number of K~ in
the beam‘can bevaccurately determined by fiﬁding the number off T in the.
pictures. Since the beam momentum (1.104 BeV/c), mean life of K',.
(1.224 + 0.013) x 10'8 sec, and the branching ratio for this mode of
decay, (5.66%), were all known, we calculated the number of K~ per
freme to be 3.47 £ 0.31. This number was obtained from the scanning of
9237 frames of pictures which resulted in izf tau décays. o

" B. Delta-ray Prodﬁction

The cross section of delta rays produced at a given momentum is a .
. function of the velocity of the particle which gives rise to delta rays.

Therefore, particles with different masses but with the same moﬁentum

b .
|
{

T
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have different cross sections for produciné delta rayé'with a -given
momentum. At our beam momentum of 1i104 BeV/c, the X~ camnot produce

delta .rays of kinetic energy above 5 MeV. Consequently, by finding the

number of delta rays with a kinetic energy above 5 MeV, we can find the
contamination of plons end muons in the beam.

A total of 10,080 chamber lengths of track were looked at. If there
were any interactions along thé‘%racks, the lengths were measured up to
.g'—”“;’the point of interaction. A total of. 1,125 delta réys of kinetic energy

above 5 MeV were found and 37 of these were on tracks which interacted

subsequently.-
For comparison, we reﬁéated the procedure.in a previous 30-inch
' {  " propeane chambgr run, where the beam consisted mainly of negative pions f *
: at 1.08 BeV/c and had a 10 + 2% muon conteminationt’ There were, on the
. average, 24 delta rays and 25.6 interactions per 100 chamﬁer leﬁgths.
When the delta'ray counts from the two ékperiments were compared;
the percent of K  in the beam was calculated to be.56.3 + 4,59, Since

a muon cannot undergo ; significant number of strong interactions, those

"~ which did interact were pions. In this way, we sepérated the pioh and

muon contaminations. Pion contamination was found to be (11.4 = 3.2)%; -

~ muon contamination was (32.3 * 3.2)%.

Y

The average number of beam tracks per picture was sik; The number
of K 's per picture was found to be 3.38 t 0.27.

For cross section calculations, the average of the two independent

';“. results was used -- namely, 3.42 * 0.20 K 's per picture. .
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V. DATA PROCESSING.
A. Scanning | “
| The pictures were scanned for sigma production'eQenés with one dr

~ more visible pions. | |

The identification of the sigma hyperons depended completely on the
ionizetion change at the point of decay. Tﬁus; a proton which scatters
after leaving the carbon atom lo;ks exactly like the positive sigma
production followed by the profonic~ﬁ5dé of decay. For this reason, we
rejected all positive sigmas which decayed via the protonic mude except
when there was a definite change in ioﬂizgtion.or wﬁen one or two gamma
pairs were observed to be pointing at the decay point. All sigﬁas
shorter than 3 mm were rejected because of inaccuracies in measurement.

When an event was found, the picture number and the type of event
were‘then written down on the scanning.sheet. In one-quarter of the film,
all sigmas found were recorded on scan cards. In £hree-quarters of the
film, only those events with two or three'pions and zero or one proton
were recorded on scan cards. |
B. Measuring |

The events_op scan cards were submitted for measurement on a pre-
cision-measuring digitized microscope. Infqrmation on the sc;n card,
in addition to locating the event for the measurer, also assigned the
event to a defin%te prescribed category;

The actual measurement, in effect, recorded the coordinates of .
several points along the measured track with respect to the positiéns S
of the f1duc1al marks on tbe bottom of the chamber. This was done for -

both views of the picture. By knowing the positions of the cameras, -the



1%

spatial‘location.of the track could be reconstructed.

C. Computer Analysis

The measureﬁénts were analyzed by the IBM 709h through the FOG-CLOUDY -
FAIR system?o o o ' , ' - p
The FOG pfogram'reconstructs eacﬁ track“;n sPéce from the separate
measurements'in the two stereo views of the picture.. The momente are
obtained from a parabola fit to the Space-reconstfué£ed points for each
track except when detefmined by range measurement, The angles in space
are also claculated.

The CLOUDY program' performs kinematic constraints in addition to

calculating the errors end other quantities of interest, such as in-

-variant mass.

The FAIR program governs the output of information. This may be
in the form of page output, tape, histograms, etc.

D. Constraint of Sigma

The pion tracks involved in this experiment were, in general, long:-
end the momenta were well-determined except when the pion left the chamber
in a short distance. The mgmenta of the sigmes were high and the average
length was 1.1 cm. Only a minimum value of the momentum could be ob-
tained from range measuremeﬁti |

Further information can be 6btained from the visible decay pion or
proton from the sigma. The angle of decay and the pion or proton momen-
tun were used to célculate the momentum of the sigma. This often reéultéd

in solutions which were double-valued corresponding to forward or back- .

 fward decay of the sigme in the C.M. system. In almost all cases the

ionization of the sigma was used to resolve this ambiguity. The range-
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moméntum'pelatiohéhip'ﬁas used to find the s;éma momentum at the produc-
tion ;ertex,_but no constraints were applied'at'this point.

: The actual computation was done by thg 0C constraint in the CLOUDY
program used. This is described in the flow chart, Figure 2.

The measurement errors for the tracks in the 30-inch propane chambe
20

"have been studied in detail® The errors on the pion momenta involved

were of the order of 12%. The angular errors werebof the order of one
degreef The errors on the sigma momenta were'recalculated from the
errors on the momenta of the decaying partic;e and on their decay aﬁgles
with respect to the sigma direction since lhe meusurement erroro chc
not meaningful. The average error of the sigma momenta calculﬁted after

the OC constraint at the decay vertex was approximately 20%.

.

r

i
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VI. PRELIMINARY CHECKS

A. Lifetime Test for Sigmas

Before the data were analyzed, we checked to see if we were obéerving
real sigmas gnd to find the number of short sigmas missed in scanning
by finding the mead;life of the'siémas. |
To do this, we calculated the value of L/P, where L was the total
length of the sigma end P was the magnitude of'its'momentum, for all
’A’sigmaé with a momenta in the range of 600 to 900 MeV/c. The reason we
applied this cut was because c¢alculation éhowed that the momenta of the
sigmas. produced with two pilons lay in this region. Sigmas with only one
visible plon were also used here. |

From the exponential decay law, N = Né-e-t/T

t, -t

, we see

where T is the mean-life of the sigma; Nl and N2 are the number of sigmas

found to decay at times tl and t2 respectively. This equation can'.be

'expressed in terms of L/P:

~

Lo - L
P 2

.o B P P
TEe | GmE] -0 W,

The term in thé bracket is the slope of the straight line in the life- -

" time plot, Figures 3 or 4. The straight lines were obtained by a least-
square-fit to the data. '

From -our fits,. we found the mean life of the sigma plus to be 0.73 %

- 0.09

- 0.13 x 10-10 sec and the mean life of the sigma minus to be 1.12 * 0.20
X 10'10 sec. These values are to be compared to the quoted values of
O.Blt 8'82 x 2070 sec and 1.617 9% x 10710 sec respectively.

’
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oo ' In each of the Figures 3 and 4, the first box was not usedjin the‘giﬁffrjtg%
! -fitting Of the data, because’each ooxbcontained events which were rejecfed.;ngf;_

1,f'iA by tne 3 mm cut in our 'scanning. From. the Geviations from:the’straight. S

. i line £its we got 2k, h + 5.6% missing for positive sigmas. and 13.2 * 5%
d7t events missing'for negative sigmas - Note that the ratio of the missing .
levents in the first box for Sigma plus ‘to sigma minus is approximately
two. This reflects the one-nalf factor. in the life times.

‘- Sigmas of lower and higner momenta gave similar results."

'''''''''''''

f {;j;B.'-Scanning Bias Test

<

" Detection efficiency!decreases when the track in the buoble;chamber
_ y o0 ! )

V*‘.goes'toward or away from the cemeras..- To check this blas, we looked at

- ;the azimuthal anglefdispribution'of the outgoing particle with respect‘

"to the incoming particle, The azimuthal angle, ®, is zero degrees when.f;"f[.fyﬂ*-

b g
zb the outgoing particle goes toward the'cameras, (upward in the cnamber):f{“mi
‘% -and 180 degrees when 1t goes away from the cameras, (downward in the. 1
g chamber).v'The azimuthal anglefdistribution should be isotropic if thegéljﬁfiPﬂ;g
: § - 'were no bias. ; “ ' C o S | ‘ | s N
i o S . , ,
flg L Two azimuthal angles were involved The first was the one the

sigma made with the incoming K. The second was the one the decay

: particle of the sigma made. with the sigma direction. >

.

The distribution at the production vertex, Figure 5,'is isotropic'

- flfﬁfwithin statistics. Figure 6 shows a twice-folded plot of the events" 3“2 

l’**ﬁ‘against ¢ for the decay pions There 1s a marked bias-against*thoseipfév{_
,T?;V pion tracks going toward or avay from the cameras. As a result of tnis;* B

4‘3‘bias,,approximately 25 £ 2% of the'events were lQStf )

e e ey son + ey
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C. Scanning Efficiency Determination

To find the number of évents missed in the scanning, approximately
one-third of the total "good" film was scanned independently by two
different scanners. The scanning7efficiency.of any one scanner could
then be found froﬁ the formula

N.
ei=ﬁ'_l£'“n"
. T J
where Nij 15 the numper of events found by b&fh scanner i:and j, and
n‘j is the number of events found 5y scanner J and missed by 1. Assuming

. "that the scanning efficiency of the scanner stayed constant, the total
number of events in the film scanned by the scanner 1s ~ Just the ratio
of the events actually found by the scanner i and his efficiency, i.e.,
Ni/ei' N

The over-all average scanning efficiency for this exﬁeriment was

found to be 89.7 * 6% for the sigma-two-pion events.



N '
. .

"action length was 4O cm. But because of interactions, the average %%th

-where § is the interaction:length and A is the mean-free path lengtg;

we found the average path length per beeam kaon to be 35.3 = 2.5 cm.

‘presented in Tables 1 and 2.

\ . ’ (AR

: VII. PRODUCTION CROSS SECTION

. In order to celculate the cross section for the.sigma-tw04pion '
, .

production on neutrons, it was necessary to know the total beam path

length., The fiducial volume was.defined'in such a way that the intéfll
B . oY)

Pt
- ¥
i
4
A

PR

length per beam kaon had to be calculated from known mean-free path

' length for kaons. This was computed, from.the K-nucleon total crosgyi

sections?l to be 159 + 11 cm. From the formula

-2 :
L=@)(L-eh). ¥

S

Vi

After multiplying the total frames scanned and the ayerage_number of

kaons per picture by the average path length per beam kaon, we found

6

" the total kaon track length in this experiment to be 10.44 * 0.95 x 10 ocm.:

The sigma plus cross section was based on the events where the }:+ "

decayed into a n+ and a'neutron. It was then multiplied by two to’ take |-

‘care of the protonic decay mode which was eliminated from‘the‘cross

section determination. At the production point,. the zero and one préton
events were added together because the protons were assumed to be Jus£
recoils and not associated with the sigma production events. All the
data were added in’this fashion.

The density of propane used in the croés sectidn calculations for
the sigma-two-pion e&eﬁts was 0.415 gm/cm3. The summafy of the scanning

results and the cross sections, along with the corrections made, 1is

Paa
T e




TABLE I

Type Number Number | Number with Number
of Found in - on Difficulties | Rejected as

Event Scanning Qutput | in Measurement| Not Sigma

ST a1 237 217 5 9

DEEE 93 75 8 6

St " 127 105 3 18

+ - - : ~
T 1 omop 53 7 - 4

vy

-98—
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TABIE II -

.y =

IR

e~
o B

P

'Decay Scanning

nge Found Total Life-Tine Bias Efficiency Total *‘Cross
Event (Corrected) | Ovserved | Correction 25 + o4 | 89.7 + 6% Corrected Section
ST . 228 | 13.2 % 5% | 0.51
.+ 315 484 sho 540 ,
$ oW P 87 363 : + 0.07 mb
son w0 85 oh.2 + 5.6% | . - (241) (2) 0.45
F - < : 123 . 216 o1 | A i
T, TP 38 . ‘ 162 - 482 - + 0.07 mb
.‘/. ;
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VIII. PHASE SPACE AND RESOLUTION

-A. Phase Space - ' '

!The standard method of looking for resonances in an n-body system
is to look for deviation from phase space in the invariant mass plot.

The invariant mass of an n-particle system is defined as -

: n o n ;é é]
M, = [(121-\3:;) - (1§1 .Pi,)

When many resonances exist in the same energy region, a resonance

1/2

in one invariant mass can be obscured by the reflection of another.
Alternatively, one can look for clustering of events on a Dalitz plot.
A Delitz plot is a séatter-diagram of the appr0priaté,qpantities

from which one can deduce the consfancy of the square of the matrix '

element for the reaction. In the absence of any resonance, i.e., constant

or slowly vafying matrix element, the.points representing the\events
should be populated uniformly on the plot. The limit of the Dglitz»plot
is governed by the available energy.

In collisions with single nucleons, the total4energy of the outgoihg‘
particles is fixed by the beam momgntum. In 6ur case, the c;rbon nucleus
can take some energy whicﬁ may be unobserved. The appropriate Daiitz |
plot uses the square of the invariant mass of the sigmé-pion system.

This still preserves the érOperty that every element ;f area has equal'
& priori probability of being occupied, énd at the same time allows all
the events with' the same mass of the sigma-pion system to fall oﬁ the
same line. The alternative of using C.M. kinetic energies of the two

pions 1s not sultable here because of our inability to transform the

laboratory quantities into the é.M. system properly.
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In our case, we had a variable C.M. energy avallable becéuse of the

Férmivﬁomentum of the nucleon in the carbon nucleus. The phase space and
the boundary of the Dalitz plot are no longer defined by the beam momen-
tum. - To calculaté the tptal phase space, we adopted the following proce-
dure: !

1) The invariant mass of the total three-body system was calculated
for each event. This was the available energy in the C.M. for the three-

body system.

2) The standard three-body phase space was calculated for each

' event corresponding to the:C. M. energy available to the system.

3) All the phase space distributions calculated for each event
were then added. Each distribution was given the same weight in the
summation. ‘ o .

B. Resolution

The two weighted histograms of the errors in the invariant masses
are shown in Figures 7 and 8. The resolution is the half-width at half:
maximum of the error histogram. The resolution was 16 MeV for the
sigma-pion invariant mass and 8 MeV fér'the pilon-pion invariant mass,

It should be pointed out here that the resolution obtained for the .
sigma-pion invariant mass was an average. It was noticed that the errors

were directly proportional to the magnitudes of the invariant mass.
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'IX. RESULTS AWD DISCUSSIO!
In this‘sectign.ve will consid. :ae nuc%eon.Fermi momentum in
carbon. Then we will discuss resonances in the tﬁree- and two-body
invariant mass systems. ) R

A. TFermi Momentum Distribution

t
E
To check if our data is consistent ‘with single neutron interacvioh;

- in carbon hypothesis, we plotted the transverse mgmentum imbalance of .,
“"the out-going I 2x systeﬁ; This imbelance i; independent of the beam .
momentum. Only 2 2x events with no protoné wére psed. In order LO
mihimize thq errors on -the Franéverse moﬁentum‘imbqlance, those eventsé
with all the pions greater ;r équal to 10 cm in length were used exclui
sively. Thg distribufion is shown in Figure 9. There Qere 12 events
with momenta greater than 600 MeV/c. |
The nucleon Fermi momentum‘distribution in;carbon had been measured :“
- by Azhgirey et 8123 using protons with an energy of 660 MeV as incidenﬁ
:‘particles. Their data was fitted by a sum of two Gauésian distributions:
~exp (- p°/ 35) + 0 exp (- p7/ SS)A N
where @ = 0,09; si / 2m = 16 MeV; s: / 2m = 50 MeV; p is the momentum
- and m'is the mass of the nucleon in carbon. We used the same fit. The
distribution is not normalized in Figure 9. The agreement 1é‘excellent
This indicates that it is reasonabWe to assume that the. production of the
2 en events took place on & single neutron in carbon.
B, Y- 2n System -
We followed the procedure outlined and calculated the three—particle B

" _inveriant masses f£Or the lambda and sigma two-pion events.

The distributions are shown in Figures 10 and 11. In the plots,

(I
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- to the resonance noted.

H

r.

Qe noted the appearance of some enhancement in the 1750 MeV region.. This

is the area where Tripp et él? observed a bump in the KN scattering cross
sectidn corresponding to a resonance which has an isotopic spin of 1. We
believe this effect is not due to statistical fluctuations or to the™

effects of scattering on carbon nucleus. This enhancement may be due

C. Lambda-two-pion Events : . : &K

As a first step in our search for sigme plon resonances, it is ",
e

: . ‘ )
necessary to show that similor resonances can be produced in carbon 4

PP e

B
.
)

analyzed. _Since the neutrons are bound in carbon, we must show that the

s

proposed metﬁod of calculaﬁing phase space 1s reasonablé. To.do this,
we decided to look for the well-known Yi (1385) in éur lambda date.
| The lambda events were a by-product of a previous experiment con-

cerned with Yi (1385)?2 The accepted events for analysis were such that
they satisfied the following criteria: ‘

1) The events constrained.as lambdas at the decay verticesA(see
Figure 3, Reference 22). | ‘ . -

2) The efen£s were constrained as interactions on free protons,

When the chi square of the fit was 12 or lower, the events were accepted -

as free proton interactions. If 3° x~ n+‘events were constrained as

Ax” n+, the chi sqﬁare of the fit would peak at & vélue of 25. We
accepted dnly events where the chi square of the fit was above 50
(See Figure k4, Reference 22.)

From FigurelQO we see that there is a wide variation in the C.M.l .

- energy available to the lambda-two-pion system. To obtain a reasonable

sample of events for further analysis; we selected only:those events.



‘roughly fitted when the phase space wvwas weighted by 115 Y*

~ because of the large interference effects known to exist in this energy

~ variant mass plots have different central values. This is true -to some

r.

with A 5 % inveriant mass between 1600 and 1855 MeV. The lower cut

was determined by the phase space available for the production of the

Yi, and the upper cut was the available C.M. energy in the absence of

nuclear Fermi momentun. S P
. . ‘ i

# i r

The two-body phase spaces for tne 391 remaining events were caléu-

;&

"lated following the prescribed procedure. The mass value used for ﬁhe

Yl in the calculation was 1378 MeV as found .in ‘our own hydrogen data.
The width used was the standard 50 MeV, although our own data showed

the widths to be different for the Yi and Y*7; the widths being 58 MeV

l )

.end 70 MeV resPectively?2' The calculated "carbon".phase spaces are

i
Ay
.

shown in Figure 12,
:The invariant mass distributions.for the lembda-pion systems are
shoﬁn in Figure 13. The chi-square probability for a worse fi? to the
non-resonating phase space was less than 5% for the A n+ aistribution
end 1% for the A x invariant mass distribupion. The existence of Yi-

(1385) is clear, indicating that resonances produced in carbon can be .

observed. The Y*+ (1385) 1s known to be suppressed in this epergy

region by a factor of 1.5 relative to the Y (1385) The data was - ;
R |
and 241 background. The chi-square obtained for the A,n and A i‘

distributions gave a 20% and 60% probability, respectively, for a worse

fit. The nﬁmber of Y*

1 used in the fit should not be taken too seriously

region?u It is quite obvious that the pesks in the A n+ and A in-

extent even in our hydrogen data?2 In addition, our hydrogen data gave
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“bo-
wider widths for Y§7 and Y§+. Thus, it is clear that if we used different
mass values and different widths for Yi' and Y§+, we would have gotten

more Yi produétion in our fit.

No peaking was observed in the n+~invariant mass distridbution.

‘D, =¥ %" 5" Events

We took the same C.M. energy cuts for the sigmas as for the lambdgs.

The phase spaces calculated in the prescribed menner are shown in Figures

“~"14 and 15. The masses and widths used in the calculations were: 1405

' MeV, 50 MeV; 1520 MeV, 16 MeV. These are the best known values for these

roaononcee.

Figure 16 shows the Daiitz plot for the events. The different.
ellipses are the kinematical limits for several available energies. In )
the Ef*yf'invariant mass plot, Figure 17,. each event was enter?d twice
because of the two negative pions. The probability for a worse fit to
the non-resonating phase space was approxiﬁately 3%, while the probabil-
ity for a worse fit to the phase space with resonances was 45%. The
phase space with resonence contain 26 YZ (1405), 18 Yg (1520), end 50
non-resonating background. The dominating resonance is’clearly the

.YZ (1520). But it appears to be somewhat lower and broader than the .

values used in the phase space'calculation. The same lower and broader

‘values were observed by Alston et al. in their date at P - = 1.49 BeV/c%;

K

igure 18 shows the invariant mass distribution of the negative

!

‘pions. There are no well-established T = 2 pion-pion resonances in
‘our energy region, There are no statistically significant peaks in
_our plot. A pion-pion resonance would result in a cluster of events

about & diagonal line with slope equal to -1 in ‘the Dalitz plot, Figure 16,
i
t
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We see.no evidence for a pi-pi resonance.

E. 3 " " Events

1) Discussion é
Following again the' procedure outlined above, the phase spaces‘ﬁére

I

- 3
calculated. They 'are shown in Figures 19 and 20. 1In the X K+ invariant

mass distribution plotted in Figure 21, we see the familiar.Yz (1405)

end an indication of the YZ (1520). But unlike the sigma plus events,

“the Yz'(lhos) is clearly the dominant resonance here. The chi-square

' probability for obtaining a worse fit to the non-resonating phase space

was 20% and 10% respectively for the 3~ n and T n invariant mass
distriﬁutions%s The probabiiity for a worse fit to the phase spacé with
resonance was 50% for the 3~ x" distribution and 90% for the %~ n”
disfr;bution. The phase space with resonances was weighted by 46 Yz--
(1405), 35 Y3 (1405), 10 Yy (1520), end 9% background.  The x~ x'
invariant mass distribution showé nothing out of the ordinary, (Figure
22). The resonance fits were all approximate.

The strong enhancement observed at 1415 MeV in the %~ n~ invarient
mass plot in Figure 23 is less then 50 MeV wide. A comparison with

Figure 19 shows that the reflection of the Yg (1405) or Yz (1520) cannot

give this sharp peak. - For example, the width at half-maximum of the

Yg (1520) reflection is approximately 70 MeV. And.on the Dalitz plot
(Figure 24) we see that there is comparatively sparse clustering in the

T3 = 0 system at 1405 or 1520 MeV. The main bunching is located at an

invariant mass squared value of approximatelyAz (BeV)2 in the T, = -2 .

3

system. Thus, the 1415 enhancement is not due to reflections of Y;

(1k05), Yg (1520) or pion-pion resonances., A comparison with the 2+ '
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invarian‘t'; mass plo‘(;‘, Figure 17, indicates "‘ghat this enhancement pi‘ob.ablyl
cannot be 'attributed' to ~car‘§on production effects, |
We wili vnow try to find out what kind of biés , contemination, or
A ofher effects in thils experiment can give the' sharp peeak observed..
2) Scanning Bias |
- We were biased against events wheré the pion tracks from the sigma
decays were steep in the cﬁambér. When we removed this bias by taking
only event‘s ﬁetween 45 and 90 de.grees (Figure 6). the peak persisted aﬁd,
in fact, Bécame more pronounced. These invariant mass distributions
with the bias removed are shown in Figure 25.
, .
3) Contamination
In our scanning we found 181 events of the'fc;llowing types:
IR \
Tt "y
P
A xp
These events. most likely' came from the charge exchange of one pion in
~ carbon in the following reactions: |
K +po 3 +xt+x°
.Kﬁ'+p—+2t+n;+'n++n-. >
K-+p—>zi+n;+.n°+;;°
The same number of events can charge exchange into the Zi :r'*.' T chann,els:
To sée if the i)eakihg could have been due to this contamination, .we
plotted all the relevant quantities. 1In the plot of the three -body v

inveriant mass, Figure 26, we found that only about one-third of these

events are in the region used in our Ei 7" % data (1600 MeV to 1865 MeV).

| .
! 2
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tory system. One group's total\laboratory\kinetic energy fell between -

-56 -
This shows that the maximum possiﬁie éohtéﬁinatibn is 64 events.

When we look at the invariant mass plots of the sigma-pion systen,
Figure 27, we sée nothing extraordinary,. Thé small enhancémént in the
>* 5" invariant mass plot at 1405 MeV is probably due to statistics...
Of course, this may be a resonance produced in these reactions. 3But

if we assume that this is not due to resonance production, and is not

due to statistics, we can subtract this contamination from the 2-51-

- — invariant mass plot. This would be the maximum amount of contamination.

Even after the subtractioﬁ, the zfrn- invariant mass plot is still
left with a sharp peak at 1415 MeV. This enhancemgnt cannot be explained
away by invoking charge excgange effects.,

4) Kinetic Energy Distributions

Some of the i*'s which decayed in the carbon nucleus were ﬁoving

\

slowly. Evidence of this would be a peak in the laboratory kinetic

energy distribution of the pion from the Y* decay. This peek would

exist even if the pion underwent elastic scattering before escaping
frqm the carbon pucleus. For a X* with a mass of 1415 MeV, thg peak
in the laboratory kinetic distribution of the pion from the Y* decay
should appear at approximately 70 MeV.
We calculatéd the total kinepic energy of the threg particle system

in the laboratory system for the Efin; x events (Figure 28). We divided

. the events into two groups. to see the possible variations of the pion -

kinetic energy distribution.with the totai‘kinetic energy in the labora- -

™

"350 and 500 MeV; the other between 500 and 720 MeV, The plots of the

pion kinetic energy in the laboratory system are shown in Figures 29 and
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30. There appears to be no_vériation-between the two negative pion

istributions. Thé positions‘of the peéks agree with that of the decay
of a lhlB:MeV Y whiéh'is at rest or moving very .slowly. When similar
ﬁroceduré waslcargied out for the Ef n+ n and 2+ n+ n~ p events, we
observed ﬁoipeaking in the positive ?ion kineti¢~energy distributioﬂgl

% _ .
AY ‘with a mass of 1415 MeV and a width of 50 MeV would travel

about 2 fermis in one mean-life. Using 3 fermis as the radius’ of the

_ carbon nucleus, we found the average path length fo be about 4 fermis.

From known X N cross sections?l we calculated the average path length

for K~ before interaction in carbon to be of thé order of 2.1 fermis.

\ .

4
'

This left an average path length in carbon of l:9lfermis for the secon-
dary particles prb@uced. ‘Thus, on thévaverage, one-third of the Y*'s .
would get out of the carboﬁ'nugleus before decaying. We would see these
events in t£e invariant mass plot. Some of the sigmas and piors from a
Y* which decayed in carbon would éscape from the nucleus without inter-‘
action. We would see these events in the invariant mass plot also. We
estimaté‘that approximately one-half of the Y*'s produced ﬁoul@ be
observed in this fashion. Part of the remaining events may be observed
by plottiﬁg the pion kineti¢ energy distrlbutionst

When the X~ n-.invariant mass vas plotted for the events with the
negative pion laboratory kinetic energy'betweeﬁ 50 and’?S MeV, the dis-
tributioﬁ looked like the éhasg‘SPace without resoﬁance; Thié shows fhat
the events in the.pion‘kiﬁetic'enefgy béak were not the ;ame events.

: ‘ ,

observed in the 3  x7' invariant mass peak. We believe. these events

are those vherein the sigma-pion resonance wes producéd and then

' decayéd.in the carbon nucleus. When these events were subtracted from

the invarient mass plot, the peak became more pronounced.
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Since the invariant mass of the thre;;barticle'system does not
necessarily have a one-éne correSpondenée with its total laboratory
kinetic energy in our experiment, we plotted the sigma-pion invariant .
mass with the total laboratory kinetic energy cuts stated above (Figures
31 and 32). Although low on statistics, we notice that the peaking 1s
essentially in the 350 MeV to 500 NMeV cut. But this should nop be

suprising, since, as we see frémf¢he Dalitz plot (Figure 24), the main

.~ T econtribution to the peak is in the 1700 to 1800 MeV total invariant mass

interval. This corresponds approximately t0 the kinetic energy cut.

5) Reflection

To check the possibili%y that this peak ié'due to reflection of
resonances not in the sigma-pion or pion-pion systems, we chose the most

plausible reaction, that is: XK +20N>2 +n + N§3. Figure 33 shows

the phase spaces calculated for this process.' It is highly‘imprébable‘
that this will give the sharp peeking observed.

Since no simple interference effects .are known-to give the sharp
enhancement observed and the excess is more than 3 standérd deviations
from the phase Space Qithoqt resonance; we conclude that the éeaking

observed is due to & YZ resonance.

As we pointed out before, there have been enhancements observed in

the 1400 MeV region in the T, = | 1| channel that have been attributed

3.

to other effects. In the data &t P . = 1.5l BeV/c,lo the enhancement

at 1415 MeV in the"I'3 =1]l! system can be explained as the T, =1

3

'component of the T = 2 resonance.
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X. CONCLUSION

In addition to the well-known Yé (1405), Y; (1520), and'Yi (1385),
we see an enhancement in the'hyperon-two-pion system in the 1750 MeV
region. .This may be attributed to the Yi-(l765). ,‘ oo

In particular, we observed a narrow peék in the 3 n invariant
mass distribution. The Dalitz plot showed that the éeak is not due to
the refléction of resonances in the §f'xT or. st~ n+ systems. A comparison
with the Ef'n- invariant mass distribution indicated that this pegk
probgbly Eanhot be.attributed to carboﬁ production effects. We found

that all the known biases and contaminations of the data dld not give

this enhancement. No simple interference phenomena are known to give

_the sharp peaking observed. TFurther, the departure from the non-

resonating phase space is more than 3 standard deviations. In\addition,
the laboratory kinetic energy distribution of the negative pilon indicated .
the production of a resonance. Therefore, we concluded that the peak
in the $ n  system is due to the production of a T = 2 resonance. The
mass is 1415 * 16 MeV. The width is not determined because of the large
background involved; but from the aéproximate fit, it should be of the
order of 50 MeV.or less.. The spin and parity of this resonance have
not been obtained because of low statistics and begause of the impdssi-
bility of getting the proper center-of-mess qpantities.‘

The location of this resonance does not agree with the global
symmetry or limitéd'symmetry predictions., If the SU3 tﬁeory is corréct,

then this is the beginning of a 27 multiplet. There should be 22 other.

{

. members.

It is interesting to note that there appear to be two resonances
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in the 1400 MeV regiont one with T = O and the other with T = 2. The
limited symmetry theory predicted taat this would be the case as jg%z

. *
falls-to zero. If this theory is correct, then there should be a Yl

below 1385 MeV. - ' —.

The cross sections for S x x and S x n productions from
the X~ + n(c) initis)l state were found to be 0.51L % 0.07 mb an@ 0.45
0.07 mb respectively. ‘;

An experiment in deuterium is being done to verify these results.

74
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