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Nine independent measurements have been performed on hyperons produced in E capture, and a set of
precise hyperon mass measurements has been obtained. The following mass values are reported (in MeV):
m~+ =1189.64+0.11, mg0 = 1192.41~0.14, my-= 1197.43~0.11, mg0 =1115.61+0.07; F0—mg0= 76.61
&0.28, mg- —my+ =7.89+0.12, m~- —F0 =4.99+0.12.

II. EXPERIMENTAL PROCEDURE) IN GENERAL

All measurements are made in an exposure of the
Columbia-BNL 30-in. H2 chamber to a separated EC

beam at the Brookhaven AGS. The beam has a trans-
port momentum of 700 MeVjc and passes through 800
g/cm' of carbon so that the bulk of the E mesons stop
in the center of the chamber. The chamber has a

TABLE I. Reactions analyzed and
corresponding measured quantities.

Reaction
No. of
events Measurement'

I. INTRODUCTION

E have performed a number of measurements on
the products of the capture of E mesons in the

hydrogen bubble chamber, in order to Gnd precise values
of the masses of the 2 and A hyperons. All previously
available precision measurements rely on range deter-
minations for the precision in the mass, and most of
these are performed in nuclear emulsions. Recently
some questions on the reliability of our knowledge of the
energy-range relations were raised. ' It may not be
useless, therefore, to present some new measurements
based on different techniques.

magnetic Geld of 14 000 G with nonuniformities which
attain 5% at the edge of the illuminated region. The
Geld distribution has been measured with a precision of
the order of 0.1% and these measurements are in-

corporated in the geometrical reconstruction program.
We point out at once that the spatial variation, but not
the absolute value of the Geld is used in the subsequent
analysis. The stopped E mesons interact to produce
hyperons in every case. In Table I we present the re-
actions which were studied, the number of examples
included in the final compilation, the quantity which is
tabulated in order to arrive at the mass value, and the
mass which is measured. As can be seen, there age 11
independent measurements. The unknown quantities
are the four hyperon masses, the absolute value of the
magnetic Geld and the density of the liquid, which
enters into the conversion of range to momentum. For
the latter we use the table in the GRIND program of
CERN. This table has been checked roughly by this
group in connection with another experiment. ' The
E, s=, s+, 7rs, ts,'and p masses , are assumed to be
known.

III. EXPERIMENTAL PROCEDURE AND
RESULTS FOR THE 11 REACTIONS

Reactions 1 and 2

3002 p(2r+) = 173.09 ~0.11
2919 p(x ) = 193.41 ~0.11
3824 p(s. ) = 181.70 &0.13
3825 p(n+) = 185.74 W0.12

208 p(Z') = 181.12 ~0.23

1a X +p ~Z +++
1b z ~ rl,+~
2a J"-+p ~Z++~-
2b Z+ ~ e+~+
3 X-+p ~ zo+~o

A'+e++e
4 Z' —+ A.'+e++e
5 X-+p ~z++~-

p+m'
6 z-+p ~ zo+~

A.'+e++e
7 Z-+p ~Ao+n
8 A' —+ p+~
9 E-+p ~Z-+~+

Events are selected for measurement only if the E—
ends in two collinear tracks and the decay of the Z is
clear so that no ambiguity exists on the sign of the Z
which decays. In particular very short Z tracks and
decays in which the Z decay pion is emitted backwards
with respect to the Z are often ambiguous and are not
accepted. After measurement, events are rejected unless
each pion has a length greater than 10 cm, dips less than
60, and the Z length is in the interval 0.2 cm&Ly-
&1.1 cm, 0.2 cm&L~+&0.95 cm. The upper limit on
the Z track length is introduced to eliminate Z's which

stop before decay.
For each accepted event, the capture-pion momen-

tum is measured, as well as the momentum of the decay
pion after transformation to the Z rest system. This
transformation depends, although insensitively, on
assumed masses of the nucleons, the E, the Z, as well

208 m(ZO) = 1191.97 +0.28

381 p(p) = 189.35 ~0.16

12 p(Z') = 62.91 ~1.06

85 p(A') = 289.17 a0.25
488 m (A ) = 1115.505&0.05
355 p(z ) = 173.98 ~0.11

a The values in this column are based on "zero values" of the masses and
the hydrogen density. (Masses are in Mev, momenta in Mev/c. )

*Work supported in part by the U. S. Atomic Energy Com-
mission.' W. H. Barkas, J. N. Dyer, and H. H. Heckman, Phys. Rev.
Letters 11, 26 (1963).

'N. Gelfand, D. Miller, M. Nussbaum, J. Ratau, J. Schultz,
J. Steinberger, T. H. 'Tan, L. Kirsch, and R. Piano, Phys. Rev.
Letters 11,436 (1963).
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as on the density of the liquid. For this purpose we use
what we may call "zero values" of these quantities. The
following zero values are used' (masses in MeV):

m +0= 139.58,

m '= 939.507,

mg' ——1115.36,
mgo' ——1191.5,
m~'= 493.98,

m o'= 135.0,
m„o= 938.213,

my-' ——1196.0,
my+'= 1189.4,

p'=1.063&& (density assumed for range-energy table in
GRzND). The subsequent analysis is by a linear expansion
in the deviations from these zero values. The 7r+-7r' mass
difference is assumed to be so well known that it is not
varied. We calculate the momentum of the decay pion
after the transformation by means of the "zero values, "
as well as the derivatives of these momenta with respect
to changes in these "zero values".

In Figs. 1-4 we present the momentum distributions
so obtained. The error in each measurement is typically
6 MeV/c.

A function of the form

A+8 exp)—(1/P —1/p)'/2o'1 (A)

is Gtted to the experimental distributions to determine
the best values of A, 8, 1/p and o. We Gnd:

I I I I j I

4.52 4.68 4.84 5.00 5.I6 5.32 5.48 5.64 5.80 5.96
INVERSE MOMENTUM IN BeV '

Fxo. 2. Inverse momentum distribution of 71- in the z rest
system for E +p —+ Z +71-+, Z —+ n+~ .
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The sums of the two momenta in 1a and 1b as well as
those in 2a and 2b are essentially independent of the 2
masses. They depend on the masses which we assume
known and serve as calibration of the magnetic field.
The absolute value of the Geld is then known with a,

precision substantially better than O. l%%uo. This un-

certainty contributes a negligible amount to the errors
in all other reactions. The reaction most sensitive to the
Geld is reaction 5, where the error due to the field

Reaction 1a,

1b,

2a

2b,

p += 173.054&0.107 MeV/c;

p -= 193.407&0.111 MeV/c;

p -= 181.698&0.127 MeV/c;

p += 185.741&0.116 MeV/c.

0
4.80

I I I I I

5.12 5.4' 5,76
INVERSE MOMENTUM IN BeV

I6.08

' M. Roos, Rev. Mod. Phys. 35, 314 (1963).
FIG. 3. Inverse momentum distribution of m in

E-+p ~Z++~-, Z+ ~ n+~+.
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uncertainty is approximately one-third of the error
contributed by other sources. In the following the
magnetic field is therefore considered as known.

For the mass determinations we use the ratios of the
pion momenta of the u and b reactions. Reaction 1 yields
then the Z mass and Reaction 2, the Z+ mass. We will

express the masses in terms of deviations from the zero
values: m=m'+Am. The results are

a~&-——1.529W0.078,
Dmq+= 0.241&0.084.

The errors do not include uncertainties in the masses of
the kaon, pion, and nucleon. For the purpose of the

FIG. 6. Combined mass distribution of At,+e .

subsequent analyses, we also state here the results for
these two experiments as linear expansions in the devi-
ations from the zero values of the masses:

—3.013~0.154= 1.08 hm~
—1 97(d,m.p Am„-)—0 148—hm. -; (1)

—0.489+0.171=1.06 hm~
2 03(—hm .+ dm) —0 052—hm. . (2)

Reactions 3:X +P-+ X0+m' and 4:X ~ e++e +A.'

There are 1309 measured events for which the p-
ending is accompanied by a Dalitz pair and h.o. The
requirement that the errors in the combined momentum
of A.', e+, and e and the combined mass of h.', e+, and
e be each less than 10 MeV reduces the sample to 928
events. Most of these are background; the Dalitz pair
is from x' decay, not from Z' decay. We then plot in
Fig. 5 the distribution in the combined h.oe+e momen-

turn, for 208 events in the mass interval mgo, +;= 1192.0
&7.0. This momentum measurement, as well as those
of the h. 's in Eq. (7), rests chieQy on the proton range.
In Fig. 6, we present the distribution in the combined
A.'e+e mass for those events in the interval of combined
momentum

( yg+y, ++y;( =181&8.0.

10—

0
I I I I I

I 72 I74 l76 l78 I 80 l82 I/4 I88 l88 t90
MOMENTUM II4 MeV

FIG. 5. Combined momentum distribution of Ae+e .

The average momentum and Z' mass are extracted
from the data of Figs. 5 and 6 by expressions of the
type (A). The results can be presented in the form of the
linearized equations (3) and (4).
—1.175&0.23= 1.07(b m~+hm~ —gamy')+0. 40hmg

—54.8hp —1.046m-, (3)

+0.473&0.28='mz' —~m"—3 4~p.
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Reaction 5: X +p ~ X+++- X+-+p+m'

Clear collinear EC-capture events are selected in which
the hyperon decays to a heavy positive track which
stops in the chamber. The Z track is required to have a
length in the interval 0.2&A~ ~ 1.1 and the proton to
have a length in excess of 0.4 cm. The measurement
rests chiefly on the range of the proton. The capture x
meson is measured also and furnishes the angles of the
Z+ more precisely than this short track could. The
momentum of the proton, found on the basis of the
range, is transformed to the Z+ rest frame. The resulting
distribution is shown in Fig. 7. Again we fit a distri-
bution of Hat background and Gaussian of the type (A)
to 6nd the average momentum. The result is

0.250+0.155=hmg+ —hm„—48.6 hp —0.59 Dm . (5)

Reaction 6:X +P —+ X'+n

Events are selected in which a Z from a collinear
capture ends in a Dalitz pair and A. . The Z has the
characteristic range, 0.95&R~-& 1.20, of a Z which
comes to rest without decay. The events are rare, but
free of ambiguity. The distribution in the Z' momentum
is shown in Fig. 8. The result for the Z -Z mass differ-
ence, weighting each event inversely with the square of
the error, is given in Eq. (6):
0.541&0.12=Dms- —0.955 hm'o+0. 046 hm'

—O.O81 ~m. 4.4 Z p. (6)—
Reaction 7: X +P~ A.'+ n

Events are selected in which a 2, emitted in a
collinear capture, stops with the length characteristic of

V)I-
w 2-
w

X +p Z +n
L A + e++ e

X MOMENTUM
l2 EVENTS

0 —,
56

I I I I I I
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FiG. 8. Combined momentum distribution of Ae+e for
z-+p ~ zo+e, zo ~xo+e++e-.

Reaction 8: A.0-+ m +p
We have measured several A.'s for which both the

pion and proton end in the chamber. The h. may be
produced either in E capture or Z capture, but
nothing is assumed about its momentum. The experi-
ment is used to find a relationship between the A.' mass
and the hydrogen density which is necessary in order to
calibrate the range-energy relation. Assuming the
"zero-value" density, the result can be presented in
terms of a distribution in the h. mass (Fig. 10).Typical
errors in the h.' mass are 04 Mev per event. The
linearized result for the average of the distribution,
after weighting each event with the inverse of the square
of the error, is

a 2 coming to rest, 0.95 &R~-&1.20, and the h. is
associated. The distribution in A' momentum obtained
by Gtting with the GRIND program is shown in Fig. 9.
The typical error in the h.' momentum is 3 MeV. The
linearized result based on the distribution, each event
weighted inversely as the square of the associated error,
is written in Eq. (7):

1.895+0.153= 1.81 Amp. -—1.30 hmg
—20.2 5p—1.127 hm . (7)

80-

60—

+p X +7r
L p+vr

p MOMENTUM IN Z REST SYSTEM

38I EVENTS

0.145&0.052= (Dm~ —6m~) —20.2 Dp —1.13 dm . (8)

t8

!6—

I4—

X +p - A'+n
A MOMENTUM

85 EVENTS

V)I-
w 40
LLI

l2—

IO-

20—

(h 8—
LLI

LaJ

0 I ~

I I I I I I I

I 76 I80 I 84 I 88 I92 !96 200 204 208 2I2
MOMENTUM IN MeV

Fxo. '1. Momentum distribution of the proton in the Z+ rest
system for X +p —+ Z++m, Z+ ~ p+Q,

I I

2 78 280 282 284 286 288 290 292 294 296 298 300
MOMENTUM IN MeV
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to the compilation of Rosenfeld et al.':
m„= 938.256~0.005,
m„= 939.550a0.005.

It should be noted these values are not the same as the
"zero mass values" used in the Eqs. (1)—(9).

Of the nine experimental results, reactions 1, 2, 4,
and 6 do not depend on the range-energy relation. For
these we And

IO—

I I I

I I I2.0 I I I 3.6
I

I I I5, 2
MASS IN MeV

Lr
II I6.8 II l8. 4

from (1), Dmz-=(1.529&0.078)
+0.548 5mzr 0.075—hm +Am„;

from (2), Amx+= (0.241&0.084)
+0.522 dmx —0.026 Am +Am„;

FIG. 10. Mass distribution for h.' ~ p+m. where both the
proton and m stop in the chamber.

Reaction 9: X +P~X +zz

Here we measure the range distribution of Z 's which
are produced in collinear capture events, and which
come to rest in the chamber. The range interval is
chosen as 0.95(E~—(1.20. The distribution is shown
in Fig. 11.The resulting linearized equation is

from (4), mzo —mz, o= 76.61+0.28;

from (6), mx- —mzo= 4.99&0.12.

These equations with the above masses yield

mg- ——1197.47+0.11,
my+= 1189.59+0.11,
mgo ——1192.47&0.16,
mgo = 1115.86&0.32.

—0.595~0.11= —1.17 Amp-

+1.08(hmzr+Am„) 0.676 Am ——44.2 hp.
Subjecting all equations except number 9 (Z range)

(9) to a least-squares fit& a good Gt (y'=2.9, 3 constraints)
is obtained with the following mass relations:

IV. HYPERON MASSES

We have performed 11 independent measurements.
Two of these serve to calibrate the field. The remaining
nine results have been written as linear expansions in
deviations from "zero-value" parameters. The seven
parameters are the Z, A., E, and z masses and the
density p of the hydrogen. The parameters should now
be picked to give the best possible fit. However, the
resultant errors in the masses a,re large unless the pion
and kaon masses are assumed known.

For the pion mass, we use the recent measurement of
Shafer et al.4:

m„-= 239.58%0.015.

This value and the Q value' (75.11&0.14) for the decay
E+~ zr++zr++zr yields the E+ mass, m&+=493.85
%0.16. We combine this with the measurement of
Barkas et ul. ,

' m~-=493. 7&0.3, to 6nd the value for the
E+ mass which is used in the following:

32—

I I I

K +p-Z +sr+
Z RANGE

555 EVENTS

28—

24—

20-
CA

Z
w l6—
4J

I2—

Dmg= (0.242&0.058)+0.199dmzr+0. 763 Am +6m»,
Dmq+= (0.288&0.077)+0.510 hmzr —0.069 Am +Am~,
Amzo= (0.965+0.113)+0.534 Amp+0. 106 Am +Am~,
Amp-= (1.490&0.069)+0.548 dms+0 004 hm .+8m„.

m~+ ——493.80~0.15.

For the nucleon masses we use the new values according

R. E. chafer, K. M. Crowe, and D. A. Jenkins, Phys. Rev.
I.etters 14, 923 (1965).' E. R. Cohen, K. M. Crowe, and J. W. M. DuMond, I'unda-
mental Constants of Physics (Interscience Publishers, Inc. , New
York, 1957), Vol. I, p. 65.

l
I I I I I I.88 .96 I.04

RANGE IN Cm

r
I I

I. I 2 I.20

FIG. 11. Range distribution of z in E +p ~ z +71+.

6A. H. Rosenfeld, A. Barbaro-Galtieri, W. H. Barkas, P. L.
Bastien, J. Kirz, and M. Roos, Rev. Mod. Phys. 36, 977 (1964).
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These relations give the following masses:

mtt= 1115.61&0.07,
my+= 1189.64+0.11,
myo = 1192.41~0.14,
my;= 1197.43&0.11.

When Fq. (9) is included in the fit, the 7t' increases to
63 for four constraints.

The Z mass, as calculated from Eq. (9) alone, is
m~-=1196.53~0.24. A parallel to this discrepancy has
been pointed out by Barkas. ' In emulsion studies the
measurement of the Z mass based on the Z range in
reaction (9) yields mz-=1195.96&0.30,' whereas the
value based on the pion range in reaction (1a) yields the
value mz- ——1197.6&0.5.' The discrepancy is attributed
to a possible difhculty in the range-energy relation of
slow negative particles in emulsions. We seem to And a
similar problem in the case of hydrogen. In any case we
follow the example of Barkas and exclude the Z -range
measurements from the compilation until the discrep-
ancy may become clearer.

V. CONCLUSION

TABLE II. Previous hyperon mass measurements, in MeV.

A0 mass

1115.42~0.19 Bogdanowicz et al.'
1115.42&0.15 Bhowmik et al."

1115.55+0.15 Lodge et al. '

1115.36~0.14 Bark as et gl."
1115.42~0.1 Average

my, —mg0

4.75~0.10 3urnstein et al.'

Emulsion, stop IC

Emulsion, E beam; p,
vr stop

Emulsion, X;p, m.

ranges

Emulsion; p, 7r ranges

Chamber: Z +p —+Z'+n
at rest

4.87~0.12 Dosch et al.g

4.79~0.08 Average

Z+ mass

1189.6 &0.4 Swami"

1189.2 &0.5 Evans et al. '

1189.35&0.15 Barkas et ul. &

Emulsion; Z+(rest) —+ p
stop

Emulsion; Z+(rest) -+ p
stop

Emulsion; Z+ —+ p+m'
n+~+

4.45+0.4 Barkas and Rosenfeld' Berge, Rosenfeld, Ross,
Solmitz, and Tripp'

Chamber: Z +p ~Z'+n

We have found the following mass values:

mtt= 1115.61+0.07,
my+ = 1189.64+0.11,
mgo = 1192.41~0.$4,

mr =1197.43&0.11,-

and the following mass differences:

mr, o—msgr = 76.61&0.28,

my. ——my. 0= 4.99~0.12,

mr, -—my+= 7.89&0.12.

These can be compared with previously reported
measurements "summarized in Table II.

1189.5 +0.5 Burnstein et al.'

1189.33+0.22 Barkas et al.~

Also

1190.3 &0.5 White"

1189.35~0.11 Average

Z mass

1197.6 &0.5 Barkas'et al. &

1196.9 &0.36 Burnstein et al.'
1197.0 ~0.24 Burnstein et al.'
1197.1 +0.2 Average

Chamber: Z+(rest) -+ p
stop. Used as check in
density.

Emulsion; Z+(rest) —& p
stop

Z+(rest) —+ p stop;
emulsion

E-+p ~a++~+; ~
ranges +Z+ mass;
emulsion

Chamber: Z range

Chamber: Z +p —+A'+n

J. Bogdanowicz, M. Danysz, A. Filipkowski, E. Marquit,
E. Skrzypczak, A. Wroblewski, and J. Zakrzewski, Nuovo
Cimento 11, 727 (1959).

SB. Bhowmik, D. P. Goyal, and N. K. Yamdagni, Nuovo
Cimento 22, 296 (1961).

J. Lodge, F. Anderson, E. B. Brucker, A. Pevsner, and R.
Strand, Nuovo Cimento 18, 147 (1960).

W. H. Barkas, J. N. Dyer, C. J. Mason, N. A. Nickols, and
F. M. Smith, Phys. Rev. 124, 1209 (1961)."R. A. Burnstein, T. B. Day, B. Kehoe, B. Sechi-Zorn, and
G. A. Snow, Phys. Rev. Letters 13, 66 (1964).

's W. H. Barkas and A. H. Rosenfeld, in Proceedings of the 1960
Annlul International Conference on High-Energy Physics at
Rochester, edited by E. C. G. Sudarshan, J. H. Tinlot, and A. C.
Melissinos (Interscience Publishers, Inc. , New York, 1960) p. 877.

"H. C. Dosch, R. Engelmann, H. Filthuth, V. Hepp, E.
Kluge, K. Marish, and A. Minguzzi-Ranzi, Phys. Letters 14, 239
(1965).

'4 M. S. Swami, Phys. Rev. 114, 333 (1959)."D. Evans, et a/. , Nuovo Cimento 15, 873 (1960).
R. S. White, Proceedings of the Seventh Annual Rochester

Conference on High Energy Xuclear Ph-ysics, ltt57 (Interscience
Publishers, Inc. , New York, 1957), Sec. VIII, p. 31.

my —my+

8.25~0.25 Dosch et al.g Chamber:
E +p —+Z++m.

a See Ref. 7. & See Ref. 12. & See Ref. 25.
b See Ref. 8. ~See Ref. 12. t See Ref. 1.
c See Ref. 9 I See Ref. 13. &See Ref. 16.
& See Ref. 10. & See Ref. 14.
&University of California Radiation Laboratory Report No. 8030 (un-

published), and private communication.

Our mass values are generally higher than previous
values by approximately 0.2—0.3 MeV. This is not a
large amount, but, nevertheless, statistically significant.
The differences should, therefore, probably be laid to
systematic origins.

In this connection we may be permitted to note that
at least some of our measurements are independent of
uncertainties in the shape of the range-energy relation.
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Measurement of the K' Mass and the K'-K—Mass Difference*

J. K. KIN, L. KntscH, AND D. MILLER)

Colgmbia University, Rem York, Rem York

(Received 21 July 1965)

From the decay of the E10 in a hydrogen bubble chamber, vie have measured the mass of the E to be
497.44+0.33 MeV. From the reaction

%+%-

we have Ineasured the Eo-X mass difference to be 3.71+0.35 MeV.

I. INTRODUCTlON

HE E' mass was measured by two independent
methods in the Columbia-BNL 30-in. hydrogen

bubble chamber exposed to p and E—from the low-

energy separated beam at the Brookhaven alternating
gradient synchrotron (AGS). The 6rst procedure was
based on the study of a large sample of two-body decays
of E' mesons produced by stopping antiprotons. The
second procedure was to determine b, , the E -E mass
difference, from the charge exchange reaction

E p~E'm

followed by elastic scattering of the neutron.
A discussion is included of the tests used to determine

an absolute scale factor for the conversion of curvature
measurements to momenta, and to check the validity
of the error assignments.

G. Xo MASS FROM DECAY

A sample of V's was Gtted to the three-constraint
hypothesis E' —+ m+z using the measured directions of
the neutral E meson and the measured momenta and
directions of the pions. The 6ts were performed using
the GRxND kinematics program. ' Since the program is
unable to treat the mass as a variable, we 6t each event
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$ Present address: Massachusetts Institute of Technology,

Cambridge, Massachusetts.
' R. Bock, CERN Report 61-29, 1961 (unpublished).

using Ave values of the E mass, ranging from 496.5 to
498.5 MeV in steps of 0.5 MeV. Near the minimum, the
curve of y2 versus E mass is a parabola with the
minimum located at the best value of the mass. For each
event, the lowest three values of g' are Qtted to a
parabola to determine the value of g' at the minimum,
and if this value exceeds 5.0, the event is rejected. The
accepted sample contains 2223 events. The best value
of the E mass from these events is determined by
fitting the curve P; P"XP versus mass to a parabola
as shown in Fig. 1. The result is mao=49'l. 44&0.23
MeV, where the error is obtained from the values of the
mass for which P~XP= (P;XP); +1.0. This error
reQects the measurement and multiple-scattering errors
assigned to each track.

We have two independent checks on the error assign-
ments. The experimental width of the momentum
distribution for a set of events produced at a axed
momentum should equal the width of the resolution
function for the same sample. The resolution function
is obtained by multiplying the assigned momentum
error for each event by V2 and then plotting a Gaussian
ideogram about the Axed momentum. The pion mo-
menta from the reactions Ep +Km and pp~m. +7r'—
are used to perform this test. Good agreement is
achieved in both cases, indicating not only a correct
magnitude, but also a correct momentum dependence
for the errors. The curves for the reaction pp ~w+~

are plotted in Fig. 2.
The second check is whether or not the errors which

are determined by the fitting program based on the
assigned errors are correct far the three-constraint fit.


