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We construct a threshold IC matrix for the dominant PS11(eN} contribution to n. p
~+~ n that agrees with {1) the result of partial-wave isobar-model analyses above

1300 MeV, {2) the result of a single-arm-spectrometer experiment below j.300 MeV,
and {3) the predictions of the effective Lagrangian at threshold. We find that the chiral-
symmetry-breaking parameter ( is —0.2+ 0.3, and that by only 10 MeV above threshold,
isobar production accounts for roughly one-third of the total cross section.

There are at least three different sources of
information on vN —vvN: (1) 'partial-wave, iso-
bar-model analyses' ' of bubble-chamber data
in the region W& 1300 MeV; (2) a recent single-
arm-spectrometer experiment' on the m' distribu-
tion (in v p - v'v n) at several energies in the
region 1240& W~ 1360 MeV; (3) current-algebra
predictions for the threshold behavior of the
process. ' This prediction depends on one param-
eter $, whose value ()=0) is believed known
from quark-model consideration. ' The param-
eter $ characterizes the chiral transformation
properties of the chiral-symmetry-breaking
term in the I,agrangian that must be present to
give the pion its mass. ' This Letter investigates
the consistency of the information from these
three sources. All analyses of the bubble-cham-
ber data find a large imaginary part for the am-
plitude describing PSl l(eN) production' for 8'
a 1300 MeV. These results' ' are summarized
in Fig. 1. In the isobar model, this amplitude
must dominate at threshold since it is the only
one of those believed to be important' ' which
describes all particles in relative s waves. '
Furthermore, at threshold, current algebra is
believed to predict this amplitude. Because of
the large imaginary part of the amplitude for W

~1300 MeV, it is clear that unitarity must pro-
duce large corrections to the current-algebra
cross section predictions in the energy region
from threshold to 1300 MeV.

In the region 1240 & 8'& 1300 the cross sections
deduced from the single-arm-spectrometer ex-
periment are two to five times larger than the $
= 0 chiral-symmetry predictions, although, as
shown in Ref. 4, straightforward extrapolation
to threshold suggests $ =—0! In this Letter we
find that large PS11(eN) production through the
tail of the Roper (1470) resonance persists to-
ward»N threshold. We are, however, able to
separate isobar production from the chiral-sym-
metry contribution, and we show that $ = 0 im-
plies a contribution from the latter that is con-
sistent with the data, while other proposed val-
ues' such as $ = —2 are ruled out.

K-matrix parametrization Initially we a.—s-
sume that the eN channel (with overall I= 4= 2)
provides all the inelasticity in &N scattering at
the energies under consideration. The major
channels omitted in this approximation are
PP11(&6) and DS13(vb). Thus, assuming coupled
vN and eN channels, the isobar amplitude f~
may be written in terms of a 2 &2 K-matrix K»
(with angular momentum and isotopic-spin in-
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where W (expressed in MeV) is the overall c.m.
energy, 8"~=m„+ 2m, is the single-pion produc-
tion threshold, and the current-algebra contribu-
tion to K» can be shown to be

K '"=)(~)p"(W- W,) x10 ',
Z(() = v10(4.16 —1.84]),

(4)
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where p is the three momentum in MeV/c of the
initial particles in the c.m. system. In Etl. (4)
K» is the chiral-symmetry prediction of Ref. 5.
The total cross section for s p —m'v n may now

be written
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FIG. 1. The (s) real and (b) imaginary parts of the
PS11(tN) amplitude vs c. m. energy. The data points
are from various isobar-model analyses: circles with
crosses, D. H. Herndon et al. , Ref. 1; open circles,
R. S. Longacre and J. Dolbeau, Ref. 2; closed circles,
Ref. 3. The curves are our fits for the five-parameter
case with ( =0.

dices suppressed). Algebraic manipulation yields

where + is the appropriate sum of squares of
Clebsch-Gor dan coefficients.

K matrix fit-s. The abov—e K-matrix formalism
connects the bubble-chamber analyses' ' and the
single-arm-spectrometer results. We use Eqs.
(2) and (3) in Etl. (1). We begin by fitting the
free K-matrix parameters only to the PS11(eN)
amplitude obtained from partial-wave analyses
of the New system (Fig. 1). We consider two

cases (= 0 and g = -2. (The value $ =+ 1 is al-
ready disfavored by K„decay data. ") In Table I
we give the calculated cross sections at 1262
MeV predicted by the parameters obtained by
fitting to the bubble-chamber analysis PS11 am-
plitude using standard g' techniques. As can be
seen, the values of o are sensitive to whether
the sum in Eq. (2) starts off as (W- Wr) or (W
—Wr)'. Nevertheless, the $ = 0 results bracket
the experimental result of 62x4 pb, while (= —2

results do not.
We now fit the amplitudes (see Fig. 1) con-

strained by the total cross sections of Ref. 4.

f,„=K» exp(i() ~) cos(6,„)/(I - iK»). TABLE I. Cross section at 1262 MeV in microbarns.
N f N2 and N22 are defined by Eqs. (2) and (3) .

The quantity 6,~ appearing in the above equation
is the complex pion-nucleon (Pll) phase shift. "
The matrix K is real and symmetric; its ele-
ments are labeled by channels, with "1"ref er-
ring to pN and "2" referring to eN. We param-

N(

93
43

131
91

0 (expt)

62+ 4

67
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FIG. 2. X vs ( for nineteen degrees of freedom with
@(&=1, N&=3, and F22=2.

T'"=uv Q+Pv (q —q) (7)

The contribution of p-wave pions to the total
cross section, represented by a term proportion-
al to P' [Eq. (7) ] tends to cancel the decrease in
cross section resulting from (i) above. We have
taken these cross-section corrections into ac-

The g' is plotted in Fig. 2 for a five-parameter
fit (N, = 1, N, = 3, N» = 2), and yields" ]= 0.2 ~ 0.3
This is our central result. Physically, the rea-
son that $ = —2 is ruled out is that large values
are obtained from the bubble-chamber analyses
for imaginary f,„for W&1300 MeV. This result,
vith any reasonable extrapolation, implies both a
nonnegligible imaginary part for W& 1300 MeV
and a large, rapidly varying real part. These two
effects by themselves explain the excess of the
cross section measured by the spectrometer ex-
periment below 1300 MeV, over the pure )= 0
chiral-symmetry contribution; a nonnegligible
$ &0 would then predict too large a. cross section.

Additional contributions and corrections. —,j)
Qur isobar-model amplitude includes the full s-
wave 7tr scattering amplitude, which, above
threshold, differs considerably from its scatter-
ing-length approximation (the latter appears in
the current-algebra expression). This difference
in dependence on &r subenergy decreases the
overlap between current-algebra and isobar con-
tributions, and tends to lower the cross section
predicted from adding these two contributions in
the T matrix below the obtained from Eq. (2).
(ii) In Ref. 3 we gave explicit curves showing the
chiral-symmetry prediction for production of p-
wave pions. Near threshold, the full current-
a.lgebra amplitude. for m(Q) +N( —Q) —m(q, ) + v(q, )
+N is of the form'~

count in the fits given above; they did not signifi-
cantly affect the results for $. (iii) We have con-
sidered the contribution for the PP11(vs) and
DS13(nh) isobar amplitudes" to the total cross
section and find it to be quite small (-2%). In
addition, there is further cancellation from the
negative overlap of these waves with the chiral
background.

v' angular distribution. —The single-arm-spec-
trometer experiment shows the &' peaking in the
direction of the initial Tl beam. As pointed out
in Ref. 3, this property is shared by the bubble-
chamber data; for example, at 1360+10 MeV,
1400 v p-&'7t n events give"

v(z&0) —v(z&0)
v(z& 0) + v(z&0)

where v(z&0) is the total cross section for v'
production in the direction of the incoming m .
The chiral-symmetry amplitude (4) predicts,
near threshold, R =—0.63(vsvA)' '/(v~+ v"). vs

(and v") are the cross sections for producing
pion pairs with even (and odd) two-body c.m. J
values. These are plotted in Fig. 7(a') of Ref. 3.
Including PSII(eN) isobar production in A by re-
placing 0 by v —0, implies 8~0.20 to within a
few MeV of threshold (with a linear decrease from
there toward threshold). This value of R is of
the order obtained from the single-arm-spec-
trometer data. " R is very sensitive to isobar
production; it is enhanced by PSII(dV) produc-
tion, and above 1260 MeV, it is decreased by
admixtures of PPII(~h) and DS13(vb) of the few
percent discussed earlier. Detailed analysis
of g could provide important information on the
small isobar amplitudes, and conceivably, on &r

scattering.
The isobar-model analysis of the spectrometer

and bubble-chamber data favors the value ) =0.
This value implies that the chiral invariance of
the phenomenological Lagrangian is broken by a
term which transforms according to the (-,', —,')
representation of chiral SU(2) SSU(2). This re-
sult is consistent with the quark model, ' hard-
pion current algebra, "and the I= 0 vr scattering
length extracted from K,~ decay (as discussed in
Ref. 3). We note that the result of this analysis
()= 0) agrees with that of Ref. 3 in which the size
of the SPII(eN) amplitude was used to determine

The present analysis leads to the following
picture of the v p - v'v-n amplitude: Within a
few MeV of threshold, the amplitude is well rep-
resented by the real contributions of tree dia-
grams evaluated with the phenomenological La-

68
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grangian with $ = 0. In this region the amplitude
has only PS11(eV) wave. By 10 MeV above thresh-
old, interference with dispersive corrections to
the PS11(sN) current-algebra amplitude accounts
for 30% of the cross section, and production of
p-wave pions accounts for 1'//& of the cross sec-
tion. By 50 MeV above threshold, the imaginary
part of the PS11(eN) amplitude and the disper-
sive correction to the (real) chiral-symmetry
contribution, are both as large as the chiral-
symmetry contribution itself. Furthermore, by
this energy, p-wave &N production is of the same
order and the PP11(&b) and DS13(n~) contribu-
tions are large enough to affect the &' angular
distributions, although not the cross section.

In summary, the domain in which the correc-
tions to the chiral-symmetry cross-section pre-
diction are less than 10' extends to only a few

MeV above threshold. Nevertheless, the low-
and high-energy data are sufficiently correlated
by unitarity that one can obtain the chiral-sym-
metry-breaking parameter $ by fitting the known

71-production data up to 1400 MeV in parameter-
ized K-matrix formalism. Our result is g= -0.2

~ 0.3.
We are grateful to E. Lomon, D. M. Manley,

and G. Rebka for a number of discussions of their
spectrometer experiment. One of us (V.L.T.) is
grateful to J. Sucher for the hospitality of the
Center for Theoretical Physics at the University
of Maryland. This work was supported in part
by the National Science Foundation and the U. S.
Department of Energy.

"Permanent address: Department of Physics, Vir-
ginia Polytechnic Institute and State University, Blacks-
burg, Va. 24061.

D. J. Herndon et a/. , Phys. Rev. D 11, 3183 (1975) .
R. S. Longacre and J. Dolbeau, Nucl. Phys. B122,

493 (1977). See also K. W. J. Barnham, invited talk
presented at Proceedings of the Topical Conference on

Baryon Resonances, Oxford, England, 1976 (unpub-
lished) .

SR. A. Amdt et al. , Phys. Rev. D 20, 651 (1979) .
4C. W. Bjork et a/. , preceding Letter [Phys. Rev.

Lett. 44, 62 (1980)l.
L.-N. Ch~&g, Phys. Rev. 162, 1497 (1967); M. G.

Olsson and L. Turner, Phys. Rev. Lett. 20, 1127 (1968),
and Phys. Rev. 181, 2141 (1969); M. Q. Olsson et a/. ,
Phys. Rev. Lett. 38, 296 (1977), and 39, 52(E) (1977);
W. F. Long and J. S. Kovacs, Phys. Rev. D 1, 1333
(1970); R. Rockmore, Phys. Rev. Lett. 35, 1408 (1975),
and Phys. Rev. C ll, 1953 (1975).

Within quantum chromodynamics t is expected to be
zero; this result follows from calculating current corn
mutators in a quark model as discussed by M. Gell-
Mann, R. Oakes, and B.Renner, Phys. Rev. 175, 2195
(1968), and J. F. Gunion, P. C. McNamee, and M. D.
Scadron, Nucl. Phys. B128, 445 (1977). J. Schwinger
has suggested $ = +1 [Phys. Lett. 24B, 473 (1967)] and

( = -2 [in I'woceedings of the Seventh Hawaii ToPical
Conference on Particle Physics, 197T, edited by J.
Okada (Univ. of Hawaii, Honolulu, 1977) ] .

YS. Weinberg, Phys. Rev. 166, 1568 (1968).
The standard notation used here is (I- (initial), l.

(final), twice total I, twice total J].
We believe that n.

S&& and 7t S3& production can be ne-
glected because (i) ds$$ is greater than ~&s3f ) y and both
are considerably smaller than &» over their respective
phase spaces; (ii) Fig. 2 of Ref. 8 shows that, in the
bubble-chamber data, 7tn isobar production is much

larger than ~N isobar production and that the latter is
consistent with an I= 2 assignment.

V. S. Zidell, R. A. Amdt, and D. A. Roper, unpub-

lished. Note that & of +'=mN+2m~ is ~1.4' so that

~f,s( ~ at threshold is just the current-algebra contri-
bution to K~2 to one part in 10 .

See, for example, E. P. Tryon, Phys. Rev. D 10,
1595 (1974); L. Rosselet et al. , Phys. Rev. D 15, 574
(1977).

The result for the four-parameter fit is ( = +0.3+ 0.2.
P is less model dependent than n; in particular, it

does not depend on (.
4We fit these amplitudes using the same methods de-

scribed in the text for the p$11(eN). The pS11(n&) wa, s
treated as an independent production channel in that we
did not consider its coupling to PS11(&1V).

~Here z is the cosine of the angle of the m+ momentum
vector with respect to the momentum vector of the in-
cident ~; this is the negative of the z of Ref. 3.

6We are grateful to G. Rebka for making available to
us the angular distribution data from the spectrometer
experiment of Ref. 4.

H, . Arnowitt, M. H. Friedman, P. Nath, and R. Suitor,
Phys. Rev. 175, 1820 (1968).

69


