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DOUBLE-REGGE-POLE MODEL ANALYSIS OF PP -pnw+ AT 28.5 GeV/c;
PION EXCHANGE AND THE 1400-MeV mN ENHANCEMENT*
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Physics Department, Dartmouth College, Hanover, New Hampshire,

and Physics Department, Brookhaven National Laboratory, Upton, New York
(Received 15 July 1968)

Experimental distributions in all kinematic variables for the reaction pp —pnm+ at
28.5 GeV/c are consistent with predictions of a double-Regge-pole model employing
Pomeranchuk and pion exchanges with the pion required to couple in conspiracy fashion
to np. The 1400-MeV ~N enhancement seen in these data is well fitted.

The double-Regge-pole exchange model' has
been applied to a sample of events of the three-
body type nPw+ produced in 28.5-GeV/c PP inter-
actions. ' Good agreement is obtained with ex-
perimental distributions in all variables. In par-
ticular, the broad enhancement seen in the nm+

invariant mass near 1400 MeV is well fitted. The
computation employs a single double-exchange
diagram involving pion and Pomeranchuk ex-
changes; the distribution in the momentum trans-
fer to n is indicative of pion conspiracy. '

I. The kinematics is defined by means of the
diagram given in Fig. 1. Symbols to be used be-
low refer to that diagram. We set S= (p, +P, )e,

Sp~+=(VI+0)', Snv+ (V2+~)', tn= (~2 ~2)', tP
=

(V I-P 1)'
II. Event selection. —(a) In order to compare

the model with an unbiased data sample, it was
essential to discard all events for which ltp l

&0.06 (GeV/c)e where detection efficiency is less
than 100'%%uo. ' (b) Because application of the dou-
ble-Regge-pole exchange model presumes a
three-body final state, events of a quasi-two-
body type should be removed. A strong &++n fi-
nal state is seen in the data. To eliminate its ef-
fects, and for a model-dependent reason to be
discussed below, a cut was taken to discard all
events for which M(Pr+) &2.0 GeV. (c) There
are 573 events in this remaining sample. Con-
sideration is not restricted here to events for
which ~nz+ is also large; indeed one of the im-
portant results of this study is the demonstra-
tion that the model adequately fits the rather
broad enhancement seen near M(nv+) = 1400 GeV
which dominates the reaction.

III. Double-Regge model. —The contribution of
baryon-exchange diagrams to nP~+ is deemed
negligible for two reasons: The distribution in
the momentum transfer to the 7T+ from either
proton shows no preference for values near the
kinematic limit and, secondly, the Dalitz plot in
Snz+ vs Sp~+ gives no evidence for any accumula-
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FlG. 1. Distribution in the square of the invariant
four-momentum transfer to the final n for the process
pp —pm~+ at 28.5 GeV/c. The plot contains 573 events
for which spz+& 4.0 GeV and 0.06 & I tp I & 1.0 (GeV jc)
Inset: Double-Regge-pole exchange diagram; the two
trajectories are denoted by n~ and n2. The pg and q~
are four-momenta.
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tion of events at large values of either of these
subenergies, such as one would expect (the "cor-
nering" effect of Chan et al. ') for baryon ex-
change.

Attention is thus focused on that class of dia-
grams with m+ emerging from the central vertex.
Quantum-number considerations provide a num-
ber of alternatives for the pair of trajectories
(a„ae), but the following argument suggests a
unique choice. Pomeranchuk exchange, if al-
lowed, provides the dominant contribution to a
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given process when the energy is relatively
large. Thus, if only events for which Sp~+ )4.0
GeV' are selected, a, may be identified as the
Pomeranchuk trajectory (P).

To couple properly at the middle mPn, vertex,
the trajectory a, must have G parity -1 and iso-
spin 1; the candidates are m, A„and A, . Vari-
ous arguments favor w only. (a) A comparison
of the on-mass-shell rp elastic and mP -AP
cross sections indicates that the strength of the
m-m-P coupling is at least a factor of 10 greater
than the m-A-P coupling. Because such coupling
constants enter at the middle vertex of the pro-
posed diagrams, that with r exchange would ap-
pear to be overwhelmingly favored. (b) A calcu-
lation of the contribution of the Am-exchange dia-

gram was performed. The distance of the A,
singularity from the physical region plus the
need for a ghost-eliminating mechanism~ near
t„=-0.3 (where aA —-0), taken together with
three-body kinematics, effectively rule out a
significant A2 contribution for It„ I &0.4 (GeV/c) .
However, a glance at Fig. 1 demonstrates a sub-
stantial preference for very small values of tn.

Therefore, for the remainder of this study, it
will be assumed that a unique double-Regge-
pole diagram with &,—= P and +2=m provides the
dominant mechanism for producing Pnm+ with
Sp~+ &4.0 GeV'.

IV. Matrix element. —The double-Regge-pole
hypothesis' was adopted for the invariant matrix
element squared, summed over final spins, and
averaged over initial spins:

IMI'=N G (t )I G(t, t, u)l G (t ).0~nk S„ n'P' i S„PP'

In Eq. (1), Gz(tn) is the product of the Reggeized
pion propagator, its signature factor, and the
reduced residue function describing its coupling
to the Pn vertex. Similarly, Gp(tp) refers to the
Pomeranehuk and its coupling to the PP vertex.
In G(tz, tp, v), describing the coupling of the two
trajectories to the physical r at the central ver-
tex; ~ is the Toiler rotation angle defined in
Bali, Chew, and Pignotti's (BCP) work' or the
angle @ of Chan et al. ' Explicitly, (S„~+ ) is
the numerator of the cosh( Toiler variable of
BCP, the denominator of which is absorbed into
G~(t„) as a kinematic factor. Likewise for Sp~+:

S . =S t-M-
nv+ nm+ p p

(S q
~ ~ )=S +-t -M 2

Pr+ Pm+ n P

(3)

For simplicity, P was chosen to be a, fixed
opeI, '~ ap= 1, and its associated Gp(tp) para-

metrized as Gp(tp) = exp(8tp). The model makes
no prediction as to the dependence of G(tp, t„, &u)

on ~; such dependence was assumed absent in
this calculation, and the assumption seems justi-
fied by the resulting fits. See especially Fig.
2(b)

The pion trajectory was assumed linear, ez
= o'~'(t-Mv ), with slope o'~' left as an adjustable

parameter. If one makes the assertion that a
simple Reggeized pion is being exchanged, then
in the limit t„-M~, G„(t„)must approach that
for elementary one-pion exchange (OPE),

n 7r

(4)

The scale constants in Eq. (1) were treated as
follows: S„was fixed at 1.0 GeV' and Smp was
left as the second variable parameter in the fit.
The overall normalization constant, N„was de-
termined by adjusting one of the calculated dis-
tributions (tha. t in t„) to the data, as shown in

This form predicts that the distribution in In
should fall off for small tn. The explicit charac-
ter' of this effect is given by the dashed curve
in Fig. 1. The falloff is clearly not seen in the
data, a situation analogous to that in nP charge
exchange. ' In order to maintain the assertion of
a Regge-pole exchange mechanism, one must re-
sort to a conspiracy' whereby the amplitude
need no longer vanish at tn = 0. This is accom-
plished here simply by removing the factor of
t„. Moreover, G„(t„)was then assumed to be
given by the product of the Reggeized propagator
and signature factor, with no other vertex struc-
ture:

(vn ')'M '
(t )=

w n 2(1-cosvo! )
'
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FIG. 2. (a) Distribution in the Trieman-Yang angle,
defined in the pm+ rest frame as

y =cos [(pox qg) ~ (p2& 42)/I pgxi[LII p2xq21).

(b) Distribution in the Toiler angle ~, defined in the sr+

rest frame as

~=ccs '[(p, &&qi)'(pox q~)/I ps" qgllp2~@l).

The H, egge model adequately fits the distribution with-
out requiring explicit ~ dependence in the matrix ele-
ment. Both (a) and (b) contain 391 events for which
sp7t+) 4.0 GeV, It~ I & 0.8 (GeU/c)2, and 0.06 & Itp I & 1.0
(GeU/c)2.

Fig. 1. The values e~'= l.2 and ~20= 2&p+n
provided the best overall fit; distributions cal-
culated using these values are given in Figs. 1
through 3, with the same cuts made in the com-
putations as taken in the data.

On the several distributions, only that in the
Treiman-Yang angle, Fig. 2(a), is very sensi-
tive to the value of +~'. This is as expected be-
cause that distribution reflects the spin charac-
ter of the trajectory which couples to the nP ver-
tex. If A exchange is included, contributing as
discussed above mostly to the region Itn i&0.4
(GeV/c)', best fits are realized with av' =1.0
GeV ' and S2a=0.8 GeV'.

V. Conclusions. —(a) Conspiracy is not neces-

FIG. 3. (a) Distribution in the square of the invari-
an mass ot ass of the nor+ system containing 404 events for

2
iwhich Sp7[-+) 4.0 GeV, 0.06 & Itp I &1.0 (GeV/c), and It„

&1.0 (GeV/c) . (b) Distribution of the square of the in-
variant mass of the p7[ system containing 538 events
for which It„l&0.8 (GeV/c)2 and 0.06&ltpI&1. 0 (GeV/
c) . The prominent A~ peak containing 101 events is
not shown.

sary in order to obtain good fit to the Sn~+ dis-
tribution alone; a nonconspiring pion model or
an OPE model (with form-factor in t„) would
also serve. However, neither would reproduce
the tn distribution nor the double-differential
cross section d o/dt„dszz+ over any range in

S„z+. To the extent that a double-Regge model
is correct, the presence of a conspiracy type of
coupling of the pion to nP is certainly evident.
The possibility that the middle vertex is contri-
buting a factor of t to cancel the factor tn of
Eq. (4) cannot be entirely ruled out, of course.
However this is deemed highly unlikely because
the reaction PP -Pr &++ at this same energy
should also be dominated by the combination of
Pomeranchuk and pion exchanges whereas there
is no evidence in fits to the data for an extra fac-
tor of, in this case, tg ' coming from the cen-
tral vertex.
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(h) The good fit to the nw+ mass spectrum in
the region of the 1400-MeV enhancement raises
the question of the resonance interpretation of
this phenomenon. One experimental difficulty
clouds the issue. The rather small number of
events and, in particular, the loss of events with
ltp ~ & 0.06 (GeV/c)' makes it difficult for one to
determine a slope for der/dtf, having selected
Mnz in the 1400-MeV region. The missing-mass
counter experiments suggest a dependence of
exp(Xtp) with A. =14-18 GeV ', if the missing
mass is in the region of 1400 MeV. However,
the present data are consistent with a much
smaller X—viz. , 8-10 (GeV/c) ' for events with
M(nw+) &1500 MeV, in agreement with the model.

Nevertheless, in line with recent work on Reg-
ge-pole theory, "the appropriate conclusion
would seem to be that although the exchange
model yields agreement with the data, such
agreement fails to imply the absence of one or
more resonances in that structure.

I am indebted to Richard Morrow for insight
into three-body kinematics and deeply grateful
to Robert Panvini and W. Edwin Ellis for help in
understanding the data and for generously pro-
viding the various distributions essential to this
work.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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REGGE STRUCTURE OF THE B AMPLITUDE IN mN SCATTERING*
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Applying the technique of finite-energy sum rules to the recent CERN ~N phase-shift(-)analysis, me investigate the Regge structure of B at large momentum transfer. The
features found are most easily explained by an additional fixed pole at n = -1. Some of
its implications are discussed.

We have redone the calculations explained in
earlier work and continued them to lower t val-
ues, using the recent phase-shift analysis of the
CERN group. ' A particularly interesting struc-
ture reveals itself in the Sn of B' '. The expect-
ed Regge expansion of this amplitude is

P (t)a.v.
B =z (1 e i(-) q ~ i i inc. -

+. 'I'(a. +1)sinma
2 2 2

The sum is extended over the possible poles with
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the r ight quantum numbers. The high-energy
data are believed to be accounted for by the p
pole. The finite-energy sum rules (FESR) read


