
VOLUME 28, NUMBER 22 PHYSICAL RKVIKW LKTTKRS 29 Mzv 1972

g (O)

0
0

+ O. IO

+ ALL KI

~ ALL K~~
o K+~ DALITZ PLOT

l
8
Pl ~

I I I

o g (O)= -O.62+O. Z8

X+= 0.024+ O.OI9

K»' experiments, $(0) =-0.85+0.20, X,=0.017
+0.008; and the summary of all K» data, $(0)
= —0.65 + 0.20 and X,=0.034 + 0.006. It is desir-
able to consider the results from various classes
of analyses separately, as differences in the val-
ues of the parameters so calculated would indi-
cate violations of the usual premises of weak-in-
teraction calculations such as p. -e universality,
the absence of second-class currents and the lo-
cality of weak interactions. We note that our
present results are closer to the best fit to all
previous data on the decay correlations in E»'
decays+

We wish to express our appreciation for the
asistance and cooperation of the Argonne National
Laboratory staff. Dr. Irwin Spirn was primarily
responsible for the design and construction of the
separated K-meson beam, and we are very much
indebted to Dr. Spirn for his invaluable contribu-
tions to the operation of the beam throughout the
experiment.

FIG. 3. Fit to the Dalitz-plot distribution in terms of
t {0) and &+. The contours show the loci where the )('
probability is less than the maximum probability by the
factors indicated. Results of other analyses are also
shown. These are discussed in the text.

the summary of Gaillard and Chounet of the whole
previous K»' decay distribution results, derived
mainly from the work of Kijewski ef, al. ' and
D. Haidt et al. ,

' $(0) = —1.00 + 0.40 and A, =0.043
+0.017; the summary derived from all previous
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Besults are presented of a study of the reaction m'+p-p+p at 2.67 GeV jc incident x+ mo-
mentum. The contributions due to given spin-parity exchanges are isolated; and, by com-

,bining these results with those of a similar ~ experiment, the I& =0 component of each
series is separated. The ~ (I=O,J o=1 ) exchange contribution shows a pronounced
dip at -t =0.4 (GeV/c) . Evidence is presented for the exchange of a state of minimum
quantum numbers, II {I= 0,J o = 1+ ) .

This Letter reports the results of a high-statis-
tics hydrogen-bubble-chamber experiment to
study the reaction n'p —p'p a,t an incident x+ mo-
mentum of 2.67 GeV/c. ' A sample of some 9500

events of the reaction 71'p —n'px' has been ob-
tained from a 300000-picture exposure of the 25-
in. hydrogen bubble chamber at the Bevatron.
The events were measured on the flying spot dig-
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itizer, and in addition to conventional kinematic
fitting, the automatically obtained ionization in-
formation has been used to aid in the separation
of hypotheses. The Dalitz plot of the events as-
signed to m production shows that this reaction
is dominated by the quasi-two-body final states
p+p, b.++no, and b.+m+, and also exhibits smaller
amounts of final states involving higher-mass
1V*'s and diffractive dissociation of the proton.

A maximum-likelihood fit has been made to
determine the amounts and parameters of each
of the several identifiable processes. The events
have been fitted with a distribution of the form
D=gb~w, +4, where for the ttth process, b„ is a
Breit-signer line shape, of given orbital angular
momentum, for which the mass and width were
allowed to vary for the major processes; m„ is
the s-channel helicity decay distribution whose
parameters (the spin-density-matrix elements)
were allowed to vary for the major processes;
and 4 is a constant representing phase space. '
The amount of "phase-space" background 4 is
found by this fit to be 0. Some 50%%uc of the events
are attributed to p+ production. This corres-
ponds to a total cross section for p+ production
of 1.40+0.08 mb.

To determine the physical parameters as a
function of four-momentum transfer to the pro-
ton, t, the domain of t was first subdivided into
"coarse" intervals and a fit using all identified
processes (from the fit to the full domain) was
made for each interval. Any process not contri-
buting in a given interval was excluded from the
distribution for further fits within that interval.
The intervals were then subdivided into finer
bins and another fit performed. The results for
the differential production cross section of p+

and its spin-density-matrix elements are pre-
sented in Figs. 1(a)-l(c). The density-matrix
elements in the t-channel helicity (or Gottfried-
Jackson) frame were calculated from the mo-
ments of all events (in a given t bin) weighted
according to their probability of resulting from
p+ production as found by the maximum-likeli-
hood fit (in the s-channel). The values obtained
are shown in Figs. 1(d)-1(f).

By making appropriate linear combinations of
the density-matrix elements, it is possible to
isolate, to order 1/s, the contribution to the
cross section of the exchange of a given spin-par-
ity series as follows': (1) p»do/dt, which mea-
sures meson helicity-nonf lip unnatural parity ex-
change, (2) (p» —p, ,) da/dt, which measures
meson helicity-flip unnatural parity exchange,
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FIG. 1, Spin-density-matrix elements of the p+ pro-
duced in tt'+P p+P at 2.67 GeV/c. Superscripts indi-
cate the channel in which the p helicity is measured.

and (3) (p»+ p, ,) dv/dt, which measures natural
parity exchange (necessarily meson helicity flip).
Graphs of these products in the t-channel helicity
frame are shown in Figs. 2(d)-2(f). Also shown
in Figs. 2(b) and 2(c) are the product (1) and the
product Rep»do/dt in the 's-channel helicity
fr anle.

These results show a number of striking fea-
tures:

(i) The differential cross section [Fig. 2(a)]
has a sharp forward peak, a dip at —t = 0.4, a
broader second maximum, and a second mini-
mum at —t =1.6.

(ii) The natural-parity-exchange contribution
[product (3), Fig. 2(d)) shows a turnover in the
very forward direction, a pronounced dip at —t
= 0.4, and a suggestion of a dip at —t- = 1.6. The
minimum quantum numbers for this contribution
should be represented by ut (I =O, J =1 ) and

W (f =1 J '=2'-)
(iii) The nonf lip unnatural-exchange contribu-

tion [product (1), Fig. 2(e)] falls off smoothly
from a strong forward peak, showing no evidence
of any structure below —t =1.0. On the other
hand, poo' [Fig. 1(d)] drops from a value of about
0.7 in the forward direction, rises to about 0.9
at —t =0.4, and then decreases smoothly with in-
creasing momentum transfer. This shows that
nonf lip unnatural parity exchange accounts for
some 90/c of the cross section at the first dip in
der/dt. The w and a 1+ object, e.g. , A.~ or H,
should represent the minimum quantum numbers



VOLUME 28, NUMBER 22 PHYSICAL REVIEW LETTERS 29 MA+ 1972

(a)

I.O —;

I'

d CJ

dt (b) pS do
«df (c) Re pS|0 df

~0.0)-
IO

E l.o

O. I

I I I

(d) ( )d~ i (e)P)1 Pl 1 df

t

tt

II

I

I I

f do
OOdf

&e

QQ $ g)1 ~ ~ ~ ~ g ~ ~ ~

IQ

— 0.1-

0
I I

1 2 0 I 2
-t (GeV/c)

0)-
0 I 2

FIG, 2. (a) Differential cross section for &+P-p+P at 2.67 GeV/&. (b)-(f) Products of the differential cross sec-
tion with pertinent combinations of spin. -density-matrix elements.

for this contribution.
(iv) The helicity-flip unnatural-parity contri-

bution [product (2), Fig. 2(f)] shows a sharp for-
ward spike, and some discontinuity at —t = 1.6.
Again, A, or II should represent the minimum
quantum numbers for this contribution.

(v) In both s- and t-channel helicity frames,
Rep» has significantly nonzero values. In the t
channel [Fig. 1(f)J it starts at negative values
near —t = 0 and rises to zero at —t = 0.65. Ex-
amination of the t-channel helicity amplitudes
shows that these nonzero values of Rep„' imply
the presence of nonzero-spin unnatural parity
exchanges (i.e. , minimum 7 =1+). This ob-
served behavior of Rep„ is essentially identical
to that observed in p production, and since in
particular the sign is the same, it indicates that
the interference is among isoscalar exchanges.
In the s channel [Fig. 1(c)] Rep»' reaches its
maximum allowed value near —t = 0.3, then drops
to zero at —t = 0.65. The product Rep»' do /dt,
[Fig. 2(c)] also first reaches zero at —t = 0.65.

(vi) The produce p»'do/dt [Fig. (2b)J drops
very sharply from a forward peak, then remains
approximately constant to beyond —t = 1. Strong-
cut models of this reaction have predicted a dip
in this quantity at —t = 0.5 and a corresponding
zero in Rep»'do/dt. In wrong-signature non-
sense-zero (WSNZ) models this structure would
be expected closer to —t =1, but the introduction
of weak cuts could modify this prediction.

Additional information may be obtained by com-
bining these results with those of a similar high-
statistics bubble-chamber experiment using a

beam of m 's at 2.77 GeV/c in which the reactions
p p - p p and n p —p'n were studied. 7 Appropri-
ate linear combinations of the differential cross
sections and the products (1)-(3)for p' and p
production serve to separate the isospin compo-
nents of that quantity. ' Since the I, =1 component
of the amplitude changes sign under charge con-
jugation while the I, =0 component does not, the
isoscalar, To, and isoveetor, T„ t -channel am-
plitudes appear in the combinations T, + T, for p'
production and V 2 T~ for p production. Hence,
the I, = 0 component of a quantity X is given by
Xo(t) =

& [X (t) +X (t) —X (t)J, and the I, = 1 compo-
nent by X,(t) = 2X (t), where X' and X are the
corresponding quantities for the reactions pro-
ducing p' and p, respectively. Similarly, the
relative phase 6 between the isoscalar and iso-
vector exchange components is given by cos5(t)
=[X (t) -X'(t)]/4[X, (t)X,(t)]"'. The I, =0 contri-
butions to the differential cross section and the
products (l)-(3) are shown in Figs. 3(a)-3(d).
The eosines of the relative isosealar and isovec-
tor phases for the differential cross section and
the products (1) and (2) are shown in Figs. 3(e)-
3(g). The density-matrix element Rep»'tz 0 de-
fined as Xo(Rep»' do /dt) /Xo(do /d t), is plotted in
Fig. 3(b)."

Some salient features of these results are:
(I) The I, =0 differential cross section [Fig. 3(a)J

shows structure similar to that observed for nat-
ural parity exchange above, especially the sharp
dip at —t = 0.4. Such a dip in Xo(der/dt) has been
reported previously. ""

(IO The I, = 0 natural parity contribution [Fig.
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FIG. 3. (a)-(d) Isoscalar components of the differential cross section and particular spin-parity contributions.
(e}-(g) Cosine of the relative phase to (a)-(c). (h) Isoscalar density-matrix element Rep tot [compare Fig. 1(f)].

3(b)] shows this same dip structure (and in fact
is consistent with zero at —t = 0.4) indicating the
source of this structure as a system having the
quantum numbers of the ~ meson. In a WSNZ
Regge model this would fix the zero of the ~ tra-
jectory at -t =0.4+0.05. Together with the ~
mass this implies a trajectory n~(t) = 0.4+t, lying
somewhat lower than the commonly accepted p
trajectory.

(111) The I, = 0 nonf lip unnatural-exchange con-
tribution [Fig. 3(c)] shows a strong forward peak,
representing about one half the total forward
peak in I, = 0. This must be explained by the pres-
ence of an effective excha, nge having minimum
qua. ntum numbers I=0, J =1', e.g. , the II me-
son or a m-p Regge-Regge cut. Likewise the I,
= 0 component of Rep»' [Fig. 3(h)] can be non-
zero only if such a, state is present. The pres-
ence of such a state would also be sufficient to
account for the observed behavior of Rep, o' for
the p+ data alone [compare Figs. 1(f) and 3(h)].
The I, = 0 helicity-flip unnatural-exchange com-
ponent [Fig. 3(d)], which to order 1/s measures
this same state, is nonzero in the same region of
momentum transfer.

(IV) The cosine of the relative phase between
isoscalar and isovector exchanges can serve to
indicate exchange degeneracy in a given spin and
parity series, since this cosine will be zero for
exchange-degenerate states. The converse state-
ment is not generally true, but is essentially true
in particular cases. For (he natural series, re-
presenting co andes, this cosine [Fig. 3(f)] is
consistently nonzero (negative). For the unnatu-
ral series, representing predominantly m and II,

this cosine [Fig. 3(g)] is consistent with zero in
the region of significant II signal, an indication
that the II is exchange degenerate with the pion.

In summary, the natural-parity exchange con-
tribution to p+ production has features generally
associated with ~ exchange, and this is confirmed
by separation of the I, = 0 component. The unnatu-
ral-parity contribution shows features generally
associated with m exchange, but nonzero values
of Rep„' indicate the presence also of nonzero-
spin unnatural parity exchanges. This is con-
firmed by separation of the I, = 0 component,
where a strong signal is seen in X,(p»do/dt)
This can be explained only by the presence of a
state of minimum effective quantum numbers,
H (I=0 J —1' )
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Averaging methods are used to discuss the electron spin motion in a magnetic mirror
trap of the sort used in precision g-2 experiments. An expression is obtained for the
difference frequency correct up to second order in the field nonuniformity. When applied
to the experiments this result removes the discrepancy between the last two precision
g-2 measurements and yields a corrected value for the gyromagnetic anomaly: a
= (1159656.7 + 3.5) x 10 ~.

In precision g —2 experiments" electrons are
confined in a weak magnetic mirror trap, i.e. ,
a nearly uniform axially symmetric magnetic
field which increases in strength on either side
of a median plane. The electron's motion is a
superposition of a rapid rotation (cyclotron mo-
tion) about the symmetry axis and a much slower
longitudinal oscillation along the axis. The ex-
periments measure the difference frequency ~D
which is the long-time average precession rate
of the electron's spin relative to its velocity.
Previous analyses of these experiments have
used a theoretical expression for ~D obtained by
time averaging the uniform-field result over the
field in the trap, ' a procedure which is not in
general correct. Here we give a perturbation ex-
pansion for ~D, obtained using averaging methods,
correct up to second order in the field nonuni-
formity. We then apply this result to the last two
precision g —2 measurements to obtain corrected
values for the gyromagnetic anomaly.

Choosing the field symmetry axis as the z axis,

the magnetic field in the trap is of the form

where b represents the small perturbation of the
uniform field. The electron's orbital equations
of motion are

dr/dt=v, dv/dt=~&&v,

where (a=ed/ymc with y=(l —v'/c ) ' . Since
the experiments measure the spin relative to the
velocity, it is appropriate to write the spin equa-
tions of motion in a coordinate system in which
v is fixed, i.e. , one rotating with instantaneous
angular velocity &. The resulting equation is

dS/dt=gxS,

where'

Q=a[y(ru —v cue)+v a&v],

with a the gyromagnetic anamoly. In general P~

is time dependent through the dependence of B,
and hence +, upon electron position.
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