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Nonvanishing Cross Section for the Reaction ff+N ~ (m+n j+N at t =Of
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It is shown from experimental data that the extrapolated cross section for the reaction
n p —m x+n at 2.3 GeV/c is not only nonzero at t =0, but negative. This is in contrast with
higher-energy results where the cross section at t =0 is positive. One-pion-exchange calcu-
lations modified by absorptive corrections give results in general agreement with these ex-
periments.

The determination of the elastic wm cross sec-
tion is of current interest and several groups' '
have attempted to calculate this quantity using
the Chew-Low' extrapolation method of deter-
mining the nm cross section by extrapolating the
differential cross section to the pion pole, i.e.,
t= p' (t is the square of the four-momentum trans-
fer from initial to final nucleon; p. is the pion
mass). The problem is always that, with the
limited statistics available, the results of a proper
extrapolation always have large statistical errors
and are essentially meaningless. The basic re-
lation used for determining o(vw) at the pion pole
(i.e., limt- p,') in the reaction v p- v w'n is

where ~=m(vm), f is the v-nucleon coupling con-
stant, and p is the momentum of the incident m in
the laboratory system. ' The usual method of de-
termining o(wv) is to extrapolate smoothly either

or

E(s~ i~ (d )
o(mv) = lim

tf P.
' (3)

where

E(s, t, &u') =N(s, (u')(p'- t)'„„,(s, t, &o'),

N(Sy(d }= 2 Ig 2 2qllgsf (d(ghee —p, )

(4)

and s is the c.m. energy squared.
The expression (3) assumes the evasive hypo-

thesis d'ojdtd~'=0 at t=0, while (2) does not.
Unfortunately, even though expression (2) is more
likely to be correct, the statistical errors ob-
tained by its use are very large. ' Several experi-
menters have observed that I' is close to zero at
t =0 and so have assumed it to be zero for all mn

masses and even for extrapolation of moments
determined from angular distributions. ""This
assumption was not seen as very unreasonable,
as extrapolations using F(s, 0, uP) =0 gave w-w

cross sections at the p mass consistent with the
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p-wave unitarity limit. This was not true at all
incident momenta. At about 2 GeV/c or so the

extrapolated a(tr'tr ) at the p mass was about 20%

lower than the unitarity limit. '
Of more direct bearing on the question of

whether F vanishes at t=0 are the SLAC data at
15 GeV/c, ' which suggest that dv/dtd&d' (or F)
is positive at t=0 for + in the p region and that
a low-order polynomial extrapolation of Eq. (3)
is incorrect for p= 15 GeV/c.

Our data (p= 2.29 GeV/c) also show that the
evasive hypothesis is incorrect, but in contrast
to Ref. 7 our experimental results indicate that
E(s, 0, ar') is substantially negative for id in the

p region. (Note: t =0 is the unphysical region. )
We find, however, that this s dependence of
F(s, 0, ar') is expected on the basis of a reason-
able absorption-model calculation. Further, we

shall show that the absorption model can explain
a number of the difficulties met experimentally
in evasive Chew-Low extrapolations.

Our experimental analysis was performed on
a sample of 8291 events of the type

metrization is equivalent in form' to that em-
ployed recently' by Baton et aL, and the physical-
ly reasonable value for c is -0.11/p, ', which

comes from the cut' due to the NN- 3n channel at
t = 9 p,'. As proposed by Froggatt and Mor gan,

'
the parameter a takes into account possible non-

zero F(s, t, rd') at t=0.
Figure l(a) shows fits to Eqs. (6) and (7) to the

F(s, t, at') vs t for one sample of data, namely for
the nm mass interval between 750 and 780 MeV.
The two fits are quite similar and we have noticed
no statistically significant deviations between the

two forms of fits for all the mass ranges that we

considered. Figure 1(b) shows the value of
E(s,0, ai') as obtained by using the Pads approxi-
mant form [i.e., Eq. (7)j. The results of fitting
Eqs. (6) and (7) for other rrtr mass bins are very
similar in nature to those shown and are not pre-
sented in this paper. " We would like to point out
that F(s, 0, ar') is significantly below zero, especial-
ly for masses above 750 MeV. These data alone
show that F(s, 0, &o') cannot be assumed to be zero
for all values of ~ and incident momentum p.

F(s, t, ai ) =A+ Bt+ Ci (6)

where A. , B, and C are functions of u and were
fitted to the data in 20-40-MeV-wide mm mass
intervals. The second method used the Pads
approximant form

F(s, t, ai }= a+ bt
1+et '

where a, b, and c are functions of u. This para-

Several other aspects of these data have already
been published. ' these data were obtained from
an exposure of 2.29-GeV/c tr mesons in the 15-in.
hydrogen-filled bubble chamber at the Princeton-
Pennsylvania Accelerator. About 50 000 2-prong
events were measured using the University of
Pennsylvania Flying Spot Digitizer (Hough-Powell
Device or HPD} and processed through the Univer-
sity of Pennsylvania's Automatic Track-Following
(ATF) and minimum-guidance event-recognition
computer programs. About 8% of the events failed
the semiautomatic system and were remeasured
using conventional measuring machines. Because
of the very accurate nature of the measuring tech-
nique, the fraction of misidentified events was
estimated to be less than 1/o for reaction (5).

The present analysis was done with 2900 events
with —t & 10p,'. The cross section at t = 0 was de-
termined by extrapolating F in Eq. (4) using two
separate methods. In the first method F was ex-
panded in a Taylor series of the form
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FIG. 1. (a) Fits of the extrapolation function I'(s, t, ~2),
for the dipion mass interval 750-780 MeV, for the two
forms of I'. (b) Extrapolation function F(s, t, & ) at t =0
versus invariant dipion mass (M«), using the Pads
approximant form of F.
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These results are in disagreement with the
evasive one-pion-exchange (OPE} model, but it
has long been recognized that absorptive correc-
tions~" constitute a substantial background to
the OPE contribution in n p- m e'n. The data of
Ref. f at 15 GeV/c show qualitative agreement
with absorption-model predictions'4 even in the
very near-forward direction where 0& —t c p, ',
and thus substantiate the presence of a sizeable
absorption background near t=0. Here we inves-
tigate the effects of absorption corrections at
t =0 at lower beam momenta as well.

In the Gottfried- Jackson frame, one can obtain
information on the individual nm phase shifts by
measuring the cos8 (8 is the sw scattering angle}
distribution of E(s, t, ~'),

(s, t, (d', 8) =N(s, (o')(iI' —t}' „d',„'

(6)

which, if only s- and p-wave wv phase shifts con-
tribute, can be written

(s, t, aP, 8) =Ae(s, t, sP) +A, (s, t, ~e) cos8
dcos8

+A, (s, t, ~I) cos'8

and

E(S, t, A&I) = 2AI(S, t, uP) + I A, (S, t, &OI) . (10)

Detailed absorption-modified OPE models for
the three-body final state m p- w w'n have recent-
ly been formulated. » '" ' In these models the den-
sity matrix elements p" arising from wv partial
waves l and l' are proportional to b, b,*, where in
terms of ww phase shifts 5f

5, =p CI exp(i6II) sin5, ,
I

and C, =3, C, =1, and C, = 3.
Thus the cosine moments of (9) can be written in

the evocative way,

FRR(s, pa NI) =E(e(s, QI MI)

=FIII(S, iII uP) =-1,
E~'(s, p, I, (u') = 0.

(12}

~ ~ ~ M =710MeV; —M =770MeV I- —M~~=83OMeV

Oeb 0 I I I

(o)
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s Q (0 2

If absorptive corrections were neglected, the QPE
contribution alone would predict F" (s, 0, ~I) =0.
We are interested here in the deviation from this
result arising from the absorption corrections,
which are calculated using the absorption model
of Ref. 16.

The OPE helicity amplitudes for the reaction
v p- (s s'),n are of the form (suppressing heliciiy
labels)«

~ RI2

&'(i)=, , (&'(~)II=„Il, (13)

where 7 = t —te (te is the kinematical limit of t) and

n is the net helicity flip. We have followed Durand
and Chiu" in eliminating the often unitarity-violat-
ing "extraordinary" terms of (13) by evaluating
the polynomial P'(7') at the pion pole. The absorp-
tion-modified helicity amplitudes are then calcu-
lated in the usual way according to Ref. 16 and de-
pend on the absorption parameters C and A. We
take A=3I A„=12 (GeV/c) ' and C=1.4, which
corresponds to A =2.6 (A = 4vAC/cr; o =32 mb) and
agrees with the A value of "2 to 3" obtained by
Ross, Henyey, and Kane in their absorption-model
analyses of reactions dominated by n exchange. "

Figures 2(a)-2(d) show the absorption-model
prediction for F" at t =0 as a function of beam
momentum and dipion effective mass. Like all ab-
sorption-model calculations, these are somewhat
dependent in magnitude on the absorption strength
C, but for C in the "canonical" strong absorption

Ae(s, t, uP) =2 2m

a&

I g" Fe (s, ~, &') + —' F", (s, t, (dI)
0

O. l pp

o "=0" )
I I0

0

-0. l

- -0.2

-O. I

,
'(s, ~=o,

~ ~ ~ R~

A ( t)= (~~) RII(, (,")8R, (,(t'), ,

AI(S, t, u&) = I ~l&&PFII(S t &uI)
27

where 0 is the momentum of each of the final pions
in the dipion rest frame. The dimensionless func-
tions E'„' (s, t, &uI) are independent of phase shifts
and have the convenient normalization

-0.2

-0 p ( Fo (s,t=O, cu )
/ sa

-0.2
- -Op. F~ (s, t=o, ~ )

/ np
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FIG. 2. Absorption-model predictions of I'~ (s, t, cu )
at t =0.
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FIG. 3. Absorption-model prediction of the extrapolat-
ing function I'(s, t, ~ ) at t =0.

range 1-1.4 the following qualitative features hold:

(a) Fo'(s, 0 ~') F;~(s, 0 ur') and F~'(s, 0, uP) are
negative and deviate increasingly from the evasive
hypothesis E„" (s, 0, &u'} =0 with decreasing beam
momenta and increasing mn effective mass. Equa-
tions (9}and (11}show that an evasive extrapola-
tion of A, and A, would tend to underestimate
Re(bob,*}and

~ b, ~'. Experimental evidence at low

beam momenta supports the latter prediction. '
(b) The p-wave "leakage" contribution, F~~(s,0,~'),

is positive. Since from (11) one sees that in the
effective-mass region of the p A (s, 0, &u') is domi-
nated by the leakage term F,~(s, 0, uP), evasive ex-
trapolation of Ao is expected to overestimate ( bop.
This prediction also describes the experimental
situation. '

(c) Asymptotically in s, Eo'(s, 0, ~')-0,
F~~(s, 0 uF)-0, and Fo~(s, 0 &us) =-9F~~~(s, 0, us)
all in agreement with the nonevasive high-energy
extrapolation models of Refs. 15 and 19.

To calculate E(s, 0, H) = 2A (s, 0, uP) + —',A, (s, 0, uP)
requires from Eq. (11) a knowledge of the ss phase
shifts, and we show in Fig. 3 the absorption-model
results using the mn phase shifts listed in Ref. 18,
corresponding to the "down-down" solution for
50.' This figure shows dramatically the noneva-
sive character of the absorption-model prediction.
For C in the "canonical" range 1-1.4, the absorp-
tion model predicts that in the dipion mass region
of the p, F(s, 0, uP) moves from a significantly neg-
ative value at p =2.0 GeV/c to a positive value at
higher energies.

A comparison of Figs. 1(b) and 3 shows a quali-
tative agreement between our experimental deter-
mination of E(s, 0, uP) and the absorption-model

prediction, particularly in the (d' dependence and

in the rather surprising negative sign of F(s, 0, uP)

obtained experimentally in the p region. The s de-
pendence of F(s, 0, uP) shown in Fig. 3 is also con-
sistent with the data of Ref. 7 at 15 GeV/c, which
indicate that F(s, 0, A)2) is positive at 15 GeV/c.
There is a difference in magnitude of about a fac-
tor of 2 between the model prediction and our ex-
perimental determination of F(s, 0, &u2) at 2.3 GeV/
c, but since the absorption model neglects s-chan-
nel effects, as well as s p-s n, ' effects (although
the latter are almost nonexistent for events with
-t & 10',2), we do not expect exact agreement at
the relatively low energy of this experiment and

have not attempted to adjust the model for a more
quantitative fit. The nearby s channel N(2190),
which is known to decay into the ¹nchannel,
could influence the value of F(s, 0, uP) at our en-
ergy. However, the energy trend predicted by the
absorption model in Fig. 3 does suggest that the

seemingly contradictory experimental results that
F(s, 0, uP) is negative for p = 2.3 GeV/c, zero (with-
in large error bars) for p=2. '77 GeV/c, ' and posi-
tive at high (15-GeV/c} energies' may be qualita-
tively understood on the basis of absorptive pion
exchange.

Another recent experiment by Grayer et al. at
high energy, v p- v v'n at 1'7.l GeV/c, 2' finds
their data not compatible with zero cross section
at I;=0.

Thus we conclude from our experimental results
that F(s, 0, sr~) is significantly negative for ~ in the

p region and that an evasive extrapolation of
F(s, t, uP) is incorrect for p = 2.29 GeV/c. It can
be inferred that F(s, 0, uP) is positive for ~ in the

p region from the data of Ref. '7 at 15 GeV/c. We
find that a reasonable absorption model qualitative-
ly interpolates between these results. On the basis
of the absorption-model calculations, we conclude
in addition that this model predicts that the eva-
sive hypothesis is incorrect in extrapolations of
E, Ao, and A, to determine ws phase shifts. The
same holds true for A, for beam momenta below
approximately 6 GeV/c.
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The low-mass Km7( enhancement (the Q effect) has been observed in K'N interactions only
in the same charge state as the incident beam particle. The lack of observation of the Q in
reactions involving nucleon charge exchange has been cited as evidence for the diffractive
nature of Q production. We have searched for Qo and Q++ production in E induced reactions
by combining relevant world data. We have also carried out a double-Regge exchange cal-
culation in order to estimate the magnitude of the expected signal for Q production in charge-
exchange processes.

The low-mass ICmr (Q) enhancement' has been
studied extensively in K'N interactions by means
of bubble chambers exposed to beams of high-mo-
mentum kaons. The puzzling situation now exists
in which the spin-parity of the entire Q region is
measured to be predominantly 1', but there re-
mains considerable controversy as to whether
this enhancement is due to one, two, or more res-
onances, or whether the entire phenomenon can
be understood as arising from threshold kinematic
effects.

The Q enhancement has thus far only been ob-
served to occur in Ewm systems which are pro-
duced in association with the target nucleon. No
Q enhancement has ever been observed in a K~nN
final state in which the nucleon undergoes charge

exchange. This, along with the observation of a
slow variation of the production cross section as
a function of incident beam momentum, a steep
momentum-transfer dependence, and an alignment
of the polarization vector for the Knm system per-
pendicular to the incident beam direction, is con-
sistent with a diffractive production mechanism.

Production mechanisms other than the exchange
of vacuum quantum numbers appear to contribute
to Q production. ' Consequently, the Q should also
be observed, although at a reduced level, in re-
actions involving charge exchange to the nucleon
(hereafter referred to as Qc~ production). An
individual experiment (such as our 10-event/pb
12.7-GeV/c E'p bubble-chamber exposure) would
very likely be insensitive to the expected level of


