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We report results from a study of 7" p—w at 6.0 GeV/c based on 28 000 events from a
charged and neutral spectrometer. Background under the wYis only 7%, a large improve-
ment over deuterium—bubble-chamber work. Density matrix elements, projected cross
sections, and effective trajectories for natural and unnatural exchanges are presented.

Previous work!~® on 7N -~ wN has been limited
by the difficulties of dealing with neutral parti-
cles in the final state, and the best data have so
far come from deuterium-bubble-chamber exper-
iments. We report here the results of a study of
7°p -~ w® at 6.0 GeV/c using a charged and neu-
tral spectrometer at the Argonne National Lab-
oratory zero-gradient synchrotron. Our sample
of 28000 w® events is 8 times larger than that of
any previous wN experiment.

The apparatus, described elsewhere,”® com-
bines a large-aperture magnetic spectrometer
with a y detector employing spark chambers and
a lead-glass Cherenkov array. The vector mo-
menta of both charged pions and both y’s from w
- 1*7”7° are measured; the neutron is unseen.

Histograms of 7*7~7° effective mass, and of
nucleon missing mass recoiling against the w°,
are shown for three intervals of ¢/ =¢ —f 5, in
Figs. 1(a)-1(f). There is no dependence of the
positions or widths of the n, w, or neutron peaks
ont’., The cuts which define w and neutron events
are indicated by vertical lines; control regions
BG in Figs. 1(a)-1(c) are used for background
subtraction. Background under the w averages
6.6%, and is 9.8% for 1£1<0.05 (GeV/c)®. This is
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a significant improvement over deuterium-bub-
ble-chamber experiments, where backgrounds
typically™* average more than 30% and are con-
siderably worse at small #/. A correction of (7
+ 1)% has been applied for w’s outside the mass
cut (in addition to the 10% for unseen decay
modes'?). The corrected w yield is stable against
reasonable changes in the width and location of
the control regions.

A rather tight cut (0.5 to 1.1 GeV/c?) has been
made on the nucleon mass to reduce further the
small contamination of w°A° which is not reject-
ed by veto counters® surrounding the target; a
correction of (13+2)% was applied for good neu-
trons rejected by this cut. The remaining wA
contamination [(3.8+ 0.5)%] has been estimated
and removed by examining events for which one
target veto counter fired, and also by fitting the
departure of the neutron peak from a symmetric
shape. Since w events with nucleon missing
mass 1.1-1.3 GeV/c? are found to have density
matrix elements and ¢’ distributions very simi-
lar to those inside the neutron cut we are confi-
dent that the effects of wA contamination in our
data are negligible.

A large change in #’ dependence of the back-



VOLUME 36, NUMBER 1

PHYSICAL REVIEW LETTERS

5 JANUARY 1976

ground occurs for events with 7*7"7° mass M,

just above the w, from a forward turnover at M,
=0.8 GeV/c® to a sharp forward peak by M,,=0.9
GeV/c?. It is important to understand the origin
of these very peripheral events, most of which
have 1#'1<0.05 (GeV/c)?, because our background
subtraction is based in part on the control region
0.845<M,,<0.890 GeV/c?. We find that most of
these events have the mass of the negatively
charged di-pion M -0 in the p region.'? Thus
the peripheral events are probably associated
p~N** production, possibly produced via pion ex-
change,’® and should not be subtracted as back-
ground under the w. We have excluded them by
the cut M, -,0<0.6 GeV/c? applied to both signal
and background; this cut was used in the spectra
shown in Figs. 1(a)-1(c). Its effect for 1#/1<0.05
(GeV/c)? is shown in Fig. 1(g), where the shaded
events are those removed by the cut. We empha-
size that the effect on the w peak is always neg-
ligible, and that the effect on the background is
negligible for |£/1>0.08 (GeV/c)®. (The penalty
for not making this di-pion cut is as follows: The
forward peaking of the density matrix element p,,
is increased even more, by 20% in the most for-
ward bin of ¢/; the turnovers in do/dt and p,do/
dt become even more pronounced; but p,,do/dt
remains nearly unchanged.)

The method of moments was used to extract the
density matrix elements from the angular distri-
bution f(cosf,¢) of the normal to the decay plane
in the s-channel helicity frame. A Monte Carlo
program simulated the acceptance limitations of
experimental geometry, interaction and decay of
final-state particles, and cuts on the 7°-decay
asymmetry and minimum shower energy. Both
the data and the several million Monte Carlo
events were binned in a 40x 36 grid of cosf,p;
events in the BG control regions were subtracted
in each bin. The Monte Carlo acceptances used
to weight the data showed a maximum variation
(as a function of cosf and @) of a factor 3 at a
given ¢’.

The moments of the spherical harmonics
Y,*(cosf, ), obtained with the same method, test
our understanding of the experimental acceptance:
Imaginary parts of YML ’s should be zero, and
Y,*’s with L>2 are expected to be small. We
find that these “illegal” moments are very small
in the w°® region, with the largest contributing 2%
of the cross section. An additional check is avail -
able from the w Dalitz-plot density, where a lin-
ear population of events is expected in Ry = ID,
XD/ 1 (B XD ) ey | fOr the simplest decay matrix
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FIG. 1. (a)=(c) n*7n" 70 effective mass for [t/| intervals
0.0—0.05, 0.05—0.30, and 0.30-1.20 (GeV/c)?, respec-
tively. (d)—(f) Nucleon missing mass for w events in the
same [t’| intervals. (g) Effect of the di-pion mass cut
on the m*r" 7% spectrum for |#'|<0.05 (GeV/c)?. The
shaded events are removed by the cut. (h) Radial Da-
litz-plot density for events in the w region.

element; here P, and H. are the 7* and 7~ mo-
menta in the w center-of-mass frame. Figure
1(h) demonstrates that our data satisfy this linear
relation quite well even before the acceptance
correction is made.

It has been predicted™~ !¢ that pw interference
effects could lead to a sizable difference in the
projected cross sections py,do/dt at small ¢’ for
the charge-symmetric reactions 7°p - wn and
m'n—~wp. We are presently measuring this effect
by collecting data on both reactions in deuterium.
Very preliminary results indicate that p,,do/dt
for the n*n reaction is roughly 20% above that for
7°p for 1#/1<0.1 (GeV/c)?; this difference must
be kept in mind when comparing our data with
those from 7*n experiments.

Our results are presented in Fig. 2. The error
flags do not include an overall normalization un-
certainty of +8%. Density matrix elements p;; in
the s-channel helicity frame are shown in Figs.
2(a)-2(d), and the corresponding projected cross
sections p;; do/dt in Figs. 2(f)-2(i). To leading
order in 1/s, p,,do/dt and p,do/dt (p.do/dt) are,
respectively, the cross sections for producing
w’s of helicity 0 by unnatural parity exchange and
of helicity 1 by natural (unnatural) parity ex-
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FIG. 2. (a)—(e) Density-matrix elements and coher-
ence factor cosA in the s-channel helicity frame for 7" p

—w'% versus /. (f)-(i) Differential cross section and

projected differential cross section versus ¢’. (j) Effec-
tive trajectory for do/dt, from our data and those of
Ref. 3 (triangles) and of Ref. 1 (circles). (k) Effective
trajectories for natural and unnatural parity exchange
from our data and those of Ref. 1.

change. Coherence between unnatural-parity-ex-
change amplitudes for w’s with helicity 0 and 1 is
measured by cosA =V2 Rep,,/(py,p.)"2 [Fig. 2(e)].
Rough information on the energy dependence has
been obtained by combining our data with those
from a 77p counter experiment® at an average
momentum of 35 GeV/c, and from a 3500-event
deuterium-bubble-chamber experiment' at 4
GeV/c. Figure 2(j) shows the effective trajec-
tory a(t) for do/dt (from do/dt < P1,,**"?); the
points obtained from 6 and 35 GeV/c and those
from 4 and 6 GeV/c are in satisfactory agree-
ment. Separate trajectories for the natural- and
unnatural-parity cross sections p, do/dt and (pg,
+p.)dao/dt from the 4- and 6-GeV/c data are
shown in Fig. 2(k). The p trajectory determined
from 7°p — 7% is indicated for comparison by a
dashed line.

Several features of the data deserve special
comment:

(1) poodo/di has no strong forward turnover,
implying a sizable helicity-nonflip contribution.
Unless absorption causes large helicity-mixing
effects, this nonflip contribution cannot be ac-
commodated'™ ' by models employing-only p and
B exchanges with the associated cuts. An alter-
native is to invoke the exchange of another unnat-
ural-parity object “Z””!® whose simplest quantum
numbers would be JF¢=2"*, No experimentally
observed particle has these quantum numbers.

(2) p,do/dt shows a dramatic forward turnover
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of nearly an order of magnitude which is respon-
sible for most of the turnover in do/d¢t. This is
in pronounced contrast to the behavior of p, do/
dt in m7p = p°n, which shows a sharp forward peak
usually attributed to absorptive effects (cuts); in
a pure Regge-pole model p, do/dt will vanish at
t=0. On the other hand p,do¢/dt does not behave
as if it is dominated at all f by p-pole exchange.
There is only a suggestion of a dip near |£1=0.6
(GeV/c)? where the p trajectory crosses zero.
Also, the trajectory ay for natural parity ex-
change lies increasingly below the accepted p
trajectory at high |#1.

(3) The coherence factor cosA, which would be
unity in simple B-pole exchange models, has a
maximum near ¢ =-0.4 (GeV/c)? and is small
both near ¢ =0 and also at large |¢|, implying spin
and/or phase incoherence there.

(4) The effective trajectory ay for unnatural
parity exchange lies considerably below a in the
vicinity of £ =-0.4 (GeV/c)?. Since this is also
the region of maximum coherence it is perhaps
the most reliable estimate of a point on the B
trajectory. The small-f behavior of oy is domi-
nated by the “Z” effect.
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Why Color Fails to Show in Electroproduction and Neutrino Scattering Experiments
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We show that the suppression of color-brightening effects in 1eptoproductioh is a gener-
al property of a class of spontaneously broken color-gauge theories, based on integer-

charge quarks.

(1) For gauge theories':? based on integer-
charge quarks, belonging for example to a (4, 3%,
1) representation of a symmetry group SU(4)
®SUB)'® U(1)’, electric charge has two compo-
nents: @=@Quaency + @eolor- A major dilemma for
such theories is the experimental result from
electroproduction experiments3 that @, is
fractional and approximately equals @,y
There is little evidence for color to be produced
on a par with valency. We shall refer to this ex-
perimental fact as lack of “color brightening.”
In this note we wish to show that the failure of
color to brighten is a perfectly general property
of all (spontaneously broken) gauge theories
where (1) leptons are color singlets, and (2) va~
lency and color are gauged independently, with
weak interactions associated with valency gaug-
ing and strong with color gauging.

The argument is simple: Express the gauging
pattern above symbolic¢ally in the form L,
=gW,(J, " +J, ') +fV,J, !, Here W stands for
the weak and V for the strong gauges, while the
photon field A, is a mixture of W, and 3(V3'V,
+Vy). Notice now that before spontaneous sym-
metry breaking (when all fields are massless),
leptons interact with the valency current through
the intermediacy of W “’s——'but theve is no inter-
action between J'*° and J°°!, Because of sponta-
neous symmetry breaking, valency and color-
gauge mesons mix. This generates (through di-
agonalization of fields) the massless color pho-
ton A,, but inevitably also the orthogonal color

quar

gauge partner INJ“ (with mass m,), both of which
contribute to lepton-color interaction. The pho-
ton and the U contributions would exactly cancel
each other except for the difference in their prop-
agators. It is on account of this cancelation
mechanism that color brightening is suppressed
and asymptotically integer-charge quarks behave
as if they carried their fractional valeney charges.
(2) Valency and color gauging.—Though the re-
sult stated in Sect. 1 is general, we present its
derivation within the gauge model® SU, (2)® SUL2)
® SU(4)’. This has the advantage that the effects
of spontaneous symmetry breaking and the result-
ing mass matrix are available in detail. The ba-
sic fermion multiplet is a hexadecaplet consisting
of three quartets of red, yellow, and blue quarks
and four leptons. The six gauges W,, Wy, cor-
responding to SU, (2)® SUL(2), act on valency in-
dices [(u, d)+(c, s)|;,  while fifteen gauges V(15)
=V(8)+X(3) + X(3*) +S°(1) correspond to local
color symmetry SU(4)’.” The reduction of V(15)
shown above is under the SU(3)’ subgroup of
SU(4)’, which acts on the red, yellow, and blue
quarks. [The leptons are singlets of this SU(3)".]
The gauge couplings associated with W, . and V
are g,°/4n ~g.?/4n~2a and f?/4n~1 to 10. Spon-
taneous symmetry breaking is introduced through
Higgs-Kibble fields® to yield m,,, ,~75 GeV, My,
Z 200 GeV, and m,~mg~10° GeV, while the
SU(3)" octet of color gluons V(8)=(V,*, Vi x*, V,,
V,) acquire masses of the order of 3 to 5 GeV.
There are five neutral gauge fields W;; g,
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