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The properties of a single-peripheral model of the Deck effect are presented as a proto-
type diffraction-dissociation process, using ~N —mpN as an example. The z-p mass spec-
trum, angular distributions, and the N -N momentum-transfer distribution are investigated.
We evaluate the effects on these distributions due to three major components of the model,
namely, the dissociation vertex, the propagation, and the diffraction scattering of the virtual
particle. It is found that many expected" properties (usually derived for asymptotic ener-
gies) of the diffraction-dissociation process do not obtain at finite energies. In particular,
there is considerably more structure in the momentum-transfer and angular distributions.
The mass dependence in the momentum-transfer slope found by others is reproduced in this
model. Structure in the angular distributions is seen to imply some uncertainty over tests
of helicity conservation for A& production. The peak in the mass spectrum (the Deck effect)
is found to have an undesirable dependence on incident momentum. This difficulty is traced
to the presence of spin in the model. Explicit numerical calculations and qualitative con-
siderations lead us to believe that many Reggeized calculations of the Deck effect share the
same difficulty. Their prediction of a sharp and s-independent peak is unjustified due to
neglect of external spin.

I. INTRODUCTION

Diffractive processes ' are of interest at high
energies because the interaction is peripheral and
the cross sections are large and approximately
constant. ' Furthermore, certain threshold en-
hancements such as the N*(1470), the A, (1080),
and the Q(1300) are presumably produced via dif-
fractive processes although their status as genuine
resonances have not been established. ' The basic
difficulty is'that such an enhancement may arise
either (a) from a nonresonant production ampli-
tude which peaks near threshold (i.e., some vari-
ation on the Deck effect'), (b) from a resonant
production amplitude, or (c) from a coherent com-:

bination of peaking background and resonance pro-
duction. In an earlier paper ' (RY), we presented
a model for the nonresonant amplitude using, as
an example, pion diffraction dissociation m —7l p
as the dominant contribution to low m-p masses in
the process

m+X-m+p+¹
Our model cannot yet resolve the ambiguity about
the origin of the enhancement. One reason is un-
certa. inty over the parameters of the model.
Another is a pathology in the model —an s-depen-
dent mass spectrum —although, as we shall argue,
this pathology can be present in other models. A
more compelling reason is that the reaction, due
to unitarity, between a resonance and its coherent
background is known only for special cases in final-
state interaction theory. ' In this paper, we study

the properties of the nonresonant amplitude
through explicit numerical calculations, bearing
in mind the fact that it is flexible enough to qualify
either as a. background to genuine resonance pro-
duction or as the entire kinematic explanation of
the enhancement.

Our model, represented by the three diagrams
(A), (B), and (C) in Fig. 1, is essentially a single-
peripheral process. It retains the elementarity of
the virtual particle which scatters diffractively.
In this respect, it differs with the double-periph-
eral model used by Berger and others, "in which
diagram 1(A) is not used but the virtual particles
in 1(B) and 1(C) are Reggeized. Strictly speaking,
the Berger-type model should be applicable only
when all the final-state subenergies are high, and
is preferred under such conditions since spin ef-
fects such as those due to the virtual vector meson
in diagram 1(C) are better treated. However, it
has been mostly applied to the low invariant m-p

mass region as a "Reggeized Deck effect" and
cia, imed to be able to account for the entire thresh-
old (A, ) enhancement. Why Reggeon exchange will
work at low subenergies is not clear. Presumably,
some justification' comes from the arguments of
duality. " But this justification is questionable on
theoretical grounds, "a,nd an experiment" involv-
ing charge exchange rather than diffraction scat-
tering also casts some doubt on its validity. Con-
ceptually, the conventional separation of back-
ground and resonance is of course lost if duality
arguments are used. Any detailed structure be-
sides that predicted by a Reggeon-exchange model
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in the resonance region would be difficult to ac-
count for in such an approach. One may ignore
duality and treat the Reggeon model as a conven-
tional background amplitude to be added to the
resonance production amplitude. But whether one
can safely add the resonance amplitude to a given
Reggeized background amplitude without over-
counting is still a nagging but unsettled question.
We mention for completeness that there exist more
ambitious dual" and nondual" models which con-
sider instead of reaction (i) the more general pro-
cess

a brief description of the notation and kinematics
used.

II. DETAILS OF THE MODEL

The notation and kinematics for process (i) are
described in the Appendix where we also discuss
how various kinematic quantities of interest are
specified. In the rest frame of the final-state n -p
system (see Fig. 2), the differential cross sec-
tion is related to the invariant amplitude for pro-
cess (i) by

in an attempt to satisfy crossing symmetry or
Bose symmetry" in the final 3n subsystem. We
shall comment on these and Reggeized models fur-
ther in Sec. IV.

In Sec. IE, we review briefly the model and the
parameters that are used to study its properties.
In Sec. III, we present numerical results on the
invariant n-p mass distribution, the squared-mo-
mentum-transfer t~ distribution, and the angular
distributions in the n prest -frame for process (i)
at 8 GeV/c incident pion momentum. We wi11 study
how the three major components in the model,
namely, (a) the dissociation vertex, (b) the propa-
gator, and (c) the diffraction scattering affect the
distributions. The contribution from each diagram
and the interference, among them are noted. A re-
port on the dependence on incident momentum
leads to a discussion in Sec. IV on the relevancy
of our model to three special topics of interest:
(1) spin and Reggeon exchange, (2) mass depen-
dence of the momentum-transfer slope, and
(3) helicity conservation. " The Appendix contains

des «~„dcos8 dQ ( m)' ~q~'z,

By, =Ma+Ma+ Mc . (2)

processes such as nucleon dissociation N-Np and
nondiffractive exchanges as illustrated by dia-
grams (0) and (E) in Fig. 1 are expected to be
small in the kinematic region of interest and are
therefore neglected. " The background distribu-
tions are then obtained by substituting By, for My,
in Eq. (1).

(b) The dissociation v -vp is common to all
three diagrams. One of the particles at the dis-
sociation vertex will be virtual. We treat it as an
elementary particle with corresponding propagator
and form factor. The following form factors are
used for diagrams (A), (B) (see Ref. 18), and (C},
respectively:

The model used to calculate the nonresonant or
background part Bz, of Mz, has been discussed in
some detail in RY. We repeat the essential as-
sumptions here for completeness.

(a) Bz, is given by t. he sum of the three diagrams
(A), (B), and (C) in Fig. 1:

N

(c)

iiN

N

(D) (E)

FIG. 1. Diagrams contributing to the background am-
plitude for ~hf xpA. (A), (B), and (C) are pion dis-
sociation processes and are assumed dominant for low
m-p masses. (D) is nucleon dissociation and (E) is non-
diffractive exchange, and both are assumed negligible
at low m-p masses. The shaded blob represents diffrac-
tion scattering

FIG. 2. Coordinate frame in the P +p =0 system for
the process qp —+PE.
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E„(ss ) =exp[a„(m„'-ss )],

Es «.8) = [1+&slq(ma')I'1"'/[1+&slq«, 8)l'1'",
(3)

Ec (t, ) = exp [A.c (t, -mc')],

where

~q(t, a) ~' = [t,8
—(m, -ms)']

x [t,s —(m, + ms)'] /4mB' .

f =j[$~, g ($~,. —y')gr/4s]e'~p (4)

where ~k~, is the momentum in the appropriate
center-of-mass frame, 0~ is the total cross sec-
tion, and a is the diffraction slope of the corre-
sponding elastic scattering. We have inserted a
step function, g (~k~, —k') with a cutoff g'. This
is a crude way to insure that only diffractive scat-
tering off the nucleon is used. Because the dif-
fraction scattering is off the mass shell, there is
actually some ambiguity in choosing the center of
mass momentum ~k~, „, in Eq. (4). We remove this
ambiguity by using only the momentum of the re-
coil nucleon in the appropriate center-of-mass
frame; viz. for diagram A, we take Ikl„..,„.= l~„l,
where ~o.„~ is defined in Eq. (6) below. For fixed
s, this choice will suppress the contribution to
high ~-p masses as the virtual particle goes far
off the mass shell.

(d) The parameters of the model are then v'r",
+z' ~ g ~pN

g „,, the pion coupling constant. Experimentally,
most of the parameters are known": g '/4m
= 2.4, and for the GeV region, &~ = o'pz, —- 30 mb,
a, N=ap„=7 (GeV/c) ', and nf=0.7 GeV/c. These
approximate numbers will suffice since we are not
attempting a fit to data. Note however that the
A, , 's remain arbitrary.

The amplitudes for diagrams (A), (B), and (C)
of Fig. 1 can now be written down explicitly as

There are, of course, other possible choices"
such as those used by Jackson and Pilkuhn" and
that given by Benecke and Durr. " We have not
tested all of them in our calculation. " Qbviously,
more reliable form factors must be found if a
comparison to experiment is to be detailed and
convincing. Our choice is intended to illustrate the
possible effects only.

(c) The elastic scattering off the target nucleon
is assumed to be diffractive and imaginary. For
simplicity, the nucleons are taken to be spinless
while the p-spin dependence in p-N scattering is
taken as 5„,. Explicitly, the elastic scattering
amplitude is of the form:

(2 y
)

gprwEA(s ay)
s8 -mA

Al g([~
~

~ c)gwNea&NtPa/2

s g p&&EB (48)
8

—PFL~

x ( r & I &I
g(~

~ )
N t /

B B T
P

gp~. rg(~qy
Mc =(ue~ q +vs~ ~ y) t„-~c'

(s cl g (~ o.
~

nc )apse'p&
P

where:

u = 1 —(m & m ~ )/m ~,

v=1+ (m, 2+ m ')/mc',

~Z„~'=[ss —(so -m )'][ss —(u+m„)']/4s, (6)

)& (' =[s„—(m„-m )'][s„—(m +m )']/4s

~Bc~' =[ss„(ms--m„)'][sa„- (ma+ m„)']/4sa„.

An approximate version of this background ampli-
tude in which only diagrams (B) and (C) of Fig. 1
are used has been given by Stodolsky. '4 The ap-
proximation is based on a kinematic relation [see
Eqs. (2) and (3) of Ref. 24]:

s& -m, ' t, ~ -m~ 2

IElp=.
(7)c'

which is valid for high-energy, small-angle scat-
tering of the virtual mesons tri diagrams (B) and
(C) of Fig. 1. There are still simpler models for
the background amplitude. We list four here for
later comparison.

(i) B&,.-—cons tant,

(ii) Br, ——constantx exp(-,'atp„),
(8)(iii) Br, —- constant/(ss -m, '),

(iv) Br, -—constantx exp(,'atp )/(sa -m—,'),
where a= 7 (GeV/c) '. Among these, model (i)
yields the kinematic phase space, while models
(ii), (iii), and (iv) represent different "explana-
tions" for the origin of the Deck effect. The oldest
explanation, "that the sharply peaked diffraction
scattering is responsible for the enhancement at
low subenergies, is represented by (ii). Stodol-
sky's argument that a 1/(s&„-m, ') factor is the
dominant mechanism is represented by (iii). (iv)
is a combination of (ii) and (iii) and is the approxi-
mate amplitude of Stodolsky with further neglect
of structure, spin, and interference effects.
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III. RESULTS

A. Mass Spectrum

A typical n-p mass spectrum in our model at 8
GeV/c incident momentum is shown in Fig. 3.
The following general features of the model de-
scribed in RY are evident: (a) each diagram con-
tributes a "Deck effect, " (b) all three diagrams
are comparable in magnitude, and (c) a destruc-
tive interference between Fig. 1(A) and the other
two diagrams results in the total background [Eq..
(2)] peaking closer to threshold than the individual
diagrams. Qualitatively, this cancellation can be
seen in the kinematic relation Eq. (7), and rep-
resents a unitary correction in the 0 (p-wave)
state provided by diagram 1(A). Were we to at-
tempt a comparison to data on the A, enhancement,
we would find the peak too far out (=1.35 GeV) and
too wide (=1 GeV). Therefore, it is of interest to
see how sensitive our model is to changes in its
parameters.

Reasonable changes in the diffraction scattering
parameters (o'r, a, and n') produce predictable
but insignif icant changes . For example, inc reas-
ing 0~~~ from 30 mb to 60 mb moves the peak out

to 1.5 GeV. Changing a,„=a ~ from 7 (GeV/c) '
to 10 (GeV/c) ' moves the peak inward to 1.28 GeV.
In short, the peak position and width have at best
10%%uo variations (with larger variations in magni-
tude, of course) for 40-100 /0 variations in or and
a. The cutoff e'; suppress high w-p masses. But
at 8 GeV incident energy, the effect is less than
10%%uo on peak position, width, or magnitude and
gets smaller with increasing energy. A similar
comment applies to our choice of ~k~, in Eq. (4)
to remove an off-mass-shell ambiguity.

A form factor enhances the probability for the
virtual particle to have diffraction kinematics and
is thus expected to sharpen the peak. Our calcu-
lation substantiates this observation. For exam-
ple, from no form factors (A.„=X~=Ac =0) to fairly
strong form factors [A.„=Ac =1.0 (GeV/c) ',
=49.0 (GeV/c) '], we c'a n change the magnitude by
an expected factor of 2 or 3 and the position and
width by as much as 30%%up. Were we now to fit this
to the A, , we would find our prediction lower and
flatter in the A, region. More seriously, a form
factor, unless it has mass dependence" built in,
loses its effectiveness as the incident energy in-
creases. Most of our later observations are based

3.0-

25-

2.0-

l.5—

l.o-

5-

l.5

(Gev)

P..O 3.0

FIG. 3. Contributions from diagrams (A) ( ~ ), (8) (- ~-), (C) (---) to the background (—) at 8 GeV/c incident momen-
tum are given separately. Parameters used are: 0 z~+= O.I'&+= 30 mb, hand a~& = a&~ = 7 (GeV/c) . No form'factors
(~A = ~a = ~c = 0) or cutoffs (nA =na = 0'c = 0) are used.
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on calculations without arbitrary form factors.
According to Stodolsky, '4 each propagator con-

tributes, via Eq. (7), a 1/(sa -m, '). factor which
is the dominant mechanism for threshold peaking.
Models (iii) and (iv) of Eq. (8) contain the essence
of this mechanism. We present in Fig. 4 the nu-
merical results for models (i)-(iv) and our model,
Eqs. (2), (5); It can be seen that both diffraction
scattering [model (ii)] and the propagator factor
[model (iii)] produce distortions of phase space,
but the propagator leads to a peak closer to thresh-
old and sharper, in support of the Stodolsky mech-
anism. Somewhat of a surprise is the fact that
our model, though more complicated, actually has
a peak farther out and flatter. Now, since the
simpler models are essentially spinless versions
of our model, one immediately surmises that the
p spin in our model is shifting and widening the
peak. We shall show in Sec. IV why spin can ren-
der the Stodolsky mechanism inoperative.

B. Momentum- Transfer Distribution

We expect that the distribution for the square of
the momentum transfer to the target nucleon t~

to be characterized by the input diffraction scat-
tering off the nucleon. In fact, the approximation
of Eq. (7), when applied to our model, implies
that the same tp dependence obtains for each dia-
gram. But the numerical calculation indicates
that there are sharp deviations.

For a given m-p mass e8 and small values ofBy
tp, the calculated distribution can be represented
as

V =A exp(bt~„)
By Pe.

for

where A and b are different for different diagrams.
In Fig. 5(a), we plot the resultant slope 6 as a
function of the n -p mass for each diagram. A
sharp deviation, which depends one-p mass, from
the input value a „=a „=7 (Geg/c) ' is present at
low m-p masses for diagram 1(B). An explanation
of this deviation has been given for a similar pro-
cess by Qh and Walker. " There are also large
deviations for diagram 1(C) due in part to spin ef-
fects associated with the virtual p. Form factors

3.0-

2.0-

I,O

(Gev)

P..O 5.0

FIG. 4. Comparison of our model (—) with the simplex models of Eq. (8): (i) (~ ~ ~ ), (ii) (—-), (iii) (- -), and (iv)
(- ~-), at 8 GeV/c incident momentum. Parameters used for our model are: Oz~+ = O.~z = 30 mb, a~& ——a&~ -—- 7(GeV/c)
A& ——Az ——

A& = 0, and G.'z = G.'z = n& ——0. Cross sections for models {i)-(iv) are in arbitrary units.
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enhance the deviation [see Fig. 5(b)], and the de-
viations persist at higher energies [see Fig. 5(c)].
We shall discuss the slope b further in Sec. IV.

In changing the parameters of the model, the ef-
fects ondo/dt~„are similar to those onda'/des
That is, the magnitude changes in the expected
way, but the shape, as characterized by a slope
for example, changes only by about 10%. Off-
mass-shell corrections are more effective in sup-
pressing higher momentum transfer values. Con-
sequently, the characteristic slope can change by
15% to 20%. Of some interest also is the momen-
tum-transfer distribution do/dt~ integrated over
a range of n-p masses. We find a turn-over at low

t~„due to an as dependence in t~" [see Eq. (A2)].
The distribution becomes flatter as higher m-p

mass states are included, as is to be expected
from Fig. 5.

C. Angular Distribution

lo'

5 E k

I I

i lO
V

0
OP6

LU

5
(h

10.
Q (c}

The approximation in Eq. (7), when applied to
our model, suggests that there is isotropy in the
azimuthal distribution for the m-p system in its
own rest frame. This isotropy has been noted in
RY to be a general property of diffraction-dis-
sociation processes where the incident particle,
such as a w, carries no azimuthal information.
Furthermore, the m-p system is dominantly Jp
=1' (s wave). Consequently, it is argued in RY
that the polar distribution is also approximately
isotropic, leading to a cos'8 decay distribution
for the p. In the numerical calculations, these
expected isotropies are not born out. Figure 6
demonstrates that there are structures in the an-
gular distributions. The kinematic factor ~kL
from diffraction scattering is responsible for the
azimuthal anisotropy in our model. The difference
in the contributions from diagrams 1(B) and l(C)
to do/dP reflects the difference in the P depen-

d . y.
dence of (Bs( and ~Bc(. The polar distribution gen-
erally favors forward (8 = 0) angles. That this is
true even for diagram 1 8, where a backward
(8 =s) peak is expected from the propagator,
suggests that the forward peak is governed by
other factors —spin effects and the ~k~ factor from
diffraction scattering. A smaller backward peak
appears at high m-p masses. Angular distributions
integrated over a range of m-p masses in the A,
region exhibit similar behavior.

Changes in the input total cross section or dif-
fraction slope will alter the over-all magnitude,
of course. But they can alter the shape mostly
through interference effects. From our experi-
ence with the mass spectrum, we expect such
changes to be small. On the other hand, changes
in the cutoff momentum ~~, ac will affect allowed

~ ~

I.O l.5

~&& (Gev)

2,0

values of (ks( and ~kc~ and thus the shape of both
angular distributions directly. Similarly, form
factors, which introduce additional cos8 depen-
dence into the final m-p state, will alter the shape
of the polar distributions. Numerical calculations
indicate that the effect is indeed considerable,
with less peaking in the forward 0 = 0 angles,
especially for diagram 1(B), as one would expect
from the 6} dependence of the variable t, 8 .

D. Dependence on Incident Energy

Our calculation in Secs. IIIA-III C has been made
at an incident pion momentum of 8 GeV/c. As the
incident momentum gets higher, we expect the
kinematic relation Eq. (7) to be a better approxi-
mation for a fixed value of the n-p invariant mass.
Consequently, the azimuthal distribution should
approach isotropy. And, in the absence of form

FIG. 5. Dependence of the diffraction slope on m-p

mass with (a) no form factors at 8 GeV/c; (b) form factor
effects at 8 GeV/c; and (c) no form factors at 20 GeV/c
incident momentum. Contributions from diagrams (A)

(~ ) (8) (-~-), and (C) (—-) to the background (—) are
given separately. Parameters used are: or~~ ——oP+= 30
mb, a„N= app' 7 (GeV/c) and o-'A o-'B o'c
(a) ~~=~a=~c= 0 (b) A~= ~c= 1 0 (GeV/c) A.~
= 49.0 (GeV/c); (c) A, &=A& ——A, c= 0.
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FIG. 6. An~mdar distributions at ra&
——1.0, 1.3, and 1.8 GeV, respectively, for 8 GeV/c incident momentum. Contri-

butions from diagrams (A) (~ ~ ), {8) (-~-), and {C) (---) to the background (=---) are given separately. Parameters used
are: oP»= og»= 30 mb, 4»= a&»---- 7 (GeV/cl 2, Xx= As ——Ac = 0, and ui .= us' ——uc~ ——0.
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6.0

5.0-

4.0

a.o-

2.0-

l.o-

l.G l.5
t p„(GeV)

2.0 2.5 3.0

FIG. 7. Mass spectrum at 20 GeV/c incident momentum. Contributions from diagrams (A) (~ ~ ~ ), (B) (-~-), and (C)
(---) to the background (—) are given separately. Parameters used are: or~ ——op = 30 mb, a~~ =a&~ ——7 (GeV/c)
A =A, =A =0, and+ =e =e =0.

factor and spin effects, it is expected that the po-
lar distribution should do likewise. However, nu-
merical calculation using the same parameters
shows that structures in the angular distributions
persist at the momentum (20 GeV/c) considered.
Furthermore, the mass dependence of the momen-
tum transfer slope also persists t see Fig. 5(c)].
But the most serious difficulty in the model is as-
soc iated with the shape of the mass spectrum as
the incident energy increases. %e see from Fig.
7 that the peak moves away from the threshold and
becomes wider as the incident energy increases.
The resultant total production cross section for
process (i) thus grows unreasonably with rising
incident energy. This difficulty is not alleviated
by the use of the form factors in Eq. (8) even
though their effect on angular distributions is con-
siderable. We have not investigated in detail
whether more drastic choices of form factors"
would remedy the situation. The difficulty can be
traced to the presence of spin, the p spin in our
case. In Fig. 8, we present a spinless calculation
where internal and external spins are ignored. It
can be seen that, indeed, the peak does nat move
with rising incident energy. The shape and the
total production cross section remains quite stable
over a range of 10' GeV in incident energy. Thus,
the difficulty in obtaining an s-independent peak is
closely related to the presence of spin in the mod-
el. In Sec. IV, we shall comment on it and the
relevancy of Beggeized models with regard to the
presence of spin. We mention, for later reference,
the fact that Eq. (8) for models (iii) and (iv) clearly

/
.t2-

(b)

2 ll

C9

E

3 ~ (c)

2 '

I.O l.5 2.0 2.5 3.0

~& (Gev)

FIG. 8. Spinless calculation with incident momentum
at (a) 8 GeV/c, (b) 64 GeV/c, and (c) 104 GeV/c. Con-
tributions from diagrams (A) ( ~ ) (B) (-.-), and (C)
(---) to the background (—) are given separately. Pa-
rameters used are: or" = ag =30 mb, a «=a&~= 7

(GeV/c) ', A~= A, &-—Ac= 0 and o~c o,a = ~cc 0 ~
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indicates no s dependence for peaks generated by
the Stodolsky mechanism.

IV. DISCUSSION

As suggested by the diagrams 1(B) and 1(C), there
is a very simple picture of a dissociation process,
say, z-zp. In this picture, the initial m state dis-
sociates into its component states m, m-p, etc.,
which are scattered back on the mass shell to form
various final states, among them, the final physi-
cal m-p states. The scattering back on the mass
shell is most probable if it is via diffraction scat-
tering off a target —a process where the target
plays a minimal and most inert role. Qne of the
basic notions behind this picture is the "expecta-
tion" that the final physical m-p state is not much
different from the initial virtual m-p state which
is part of the initial physical m state. In fact, the
closer the final m-p mass is to the initial m mass,
the closer is the "expected" resemblance. Such
"exp ctations" form the intuitive basis within
which the diffraction dissociation process is often
visualized and understood. In our model, many
"expected" properties can be derived explicitly by
applying Eq. (7). But our numerical calculation
has revealed many deviations. We discuss here
some deviations of interest.

A. e& Dependence of t„, Distribution

For example, one would "expect" the momentum-
transfer distribution for the scattering of the ini-
tial v state into a low-mass final m-p state to
closely resemble that for the input diffraction scat-
tering of the virtual (m and p) components in the
initial m state. If the momentum-transfer distribu-
tion is as parametrized in Eq. (9), then we
"expect" the s.'ope 6 for each diagram to be the
same as the input diffraction slope a in Eq. (4) and
to be independent of the m-p invariant mass. But
in fact, Fig. 5 shows that this "expectation" is not
realized. The deviation is sharpest at lower m-p
masses. Such a mass dependence in the slope has
been observed experimentally in the production of
nucleon resonances" and in threshold enhance-
ments" like the 4, , Q, and%*(1470). Elitzur, "
using scaling and a model of nucleon structure,
derives an explicit formula relating the slope to
the nucleon resonance mass. The predicted slopes
are generally smaller ' than the input nucleon-
diffraction scattering slope. An explanation of the
mass dependence of the slope for dissociation pro-
cesses has been given by Qh and Walker within
the context of an elementary particle model such
as ours. The propagator in diagram 1(B) intro-
duces through kinematics a sharper t~ depen-
dence, predicting slopes which at low e 8 values

are generally larger" than the input diffraction
slope (see Fig. 5). Essentially the same reason
has been given by Berger" for the Reggeized ver-
sion, The same general mass dependence is also
observed in dual model calculations. " But. no
simple explicit formula, like that of Elitzur, has
been proposed. Indeed, short of an explicit cal-
culation in each case, we do not have a grasp of
how the mass dependence of b changes as we
change the parameters in the dissociation pro-
cess. For example, one may ask whether the
same mass dependence obtains for the dissocia-
tion m-mp if nucleon targets are replaced by nu-
clear targets. " Qr, whether the mass dependence
is sensitive to the detailed nature of very similar
dissociated subsystems, say, between K-K*m
and K-Kp. Qr whether the mass dependence
changes as the incident. energy changes. Qn this
last question, at least, something qualitative can
be said. For sufficiently high s, the relation in
Eq. (7) should hold and the propagator will cease
to contribute to a sharper t~ dependence. The t~„
distribution should then be identical to the input
diffraction scattering distribution for each dia-
gram. " In this limit, there is no dependence on
the final m-p mass (as long as it is low) or on the
character of all particles (as long as the input dif-
fraction scattering is the same). Unfortunately,
this observation is hard to check. Eq. (7) may be
a truly asymptotic limit, not realizable at finite
energies. Form factor and spin effects introduce
competing t~ dependences, and energy dependence
in the input slope further confuses the picture.
Our spinless model shows that at 10~ Geg/c in-
cident momentum, the mass dependence has not
completely disappeared.

B. Anisotropic Angular Distributions

Flat distribution in the azimuthal angle Q has
often been expected as a property of m- or K-
initiated diffraction dissociation processes. With-
in our model, it can be obtained by applying the
approximation in Eq. (7) together with high sub-
energies. In particular, since our coordinate
frame corresponds to the so-called "Gottfried-
Jackson" frame, "a nonuniform distribution in P
would be considered as evidence against the "con-
servation" of t-channel helicities. " In fact, such
a criterion has been used in testing" the helicity
conservation hypothesis for diffractively produced
"resonances" such as the A, and Q. However, our
detailed calculation shows (see Fig. 6), that flat
distributions in Q at finite incident energies are
in general not obtained for diagrams 1(B) and 1(C).
The reason for the nonflatness in our model is
simply due to the factors

~ Bs~ and ( nc~ in Eq. (6)



PROPERTIES OF A SINGLE-PERIPHERAL MODEL OF THE. 1581

which are dependent on P through the subenergy
variables sz„and s „. Regge models have the
same factors. A nonflat Q distribution consider-
ably clouds the picture regarding t-channel helici-
ty conservation for the case of the A, or Q where
no separation of "resonance" and background is
performed on the experimental data. If the A, is
considered a resonance to be separated from a
background, then a model such as ours serves as
the dominant background. If the A, is considered
the dual to a cross-channel Reggeon, then of
course, there is no background. But in either
case, there is, theoretically, Q anisotropy, which
will be hard to separate out in a model-indepen-
dent way. Similar results are obtained if we ex-
amine the amplitudes in the over-all center-of-
mass frame as directed by considerations of s-
channel helicity conservation. " Here, it is the
propagator and form factor in diagrams 1(B) or
1(C) which lead to a corresponding j& anisotropy.
In any case, we believe that $ tests of helicity
conservation in multiparticle final states are not
reliable unless certain kinematic conditions, such
as those needed for Eq. (7) to hold, are satisfied. "

The polar distribution also furnishes certain in-
formation regarding helicity conservation that is
usually extracted in the form of density matrix
elements, p i. For the production m-A, , t-
channel helicity conservation implies" that only

pop is expec ted to be nonze ro in the Gottf r ied-
Jackson frame. An isotropic polar distribution in
the subsequent s-wave dissociation A, -mp is ex-
pected to result. Our calculation (see Fig. 6)
again indicates that these expectations are not re-
alized. There is structure in the A., region which
can be understood qualitatively in our model on
the basis of opposing effects from the propagator
and form factor on the one hand, and spin and a
diffraction scattering factor [~k~ in Eq. (4)] on the
other. Anisotropy is also obtained in a Reggeon
model, ' although the shape is, as expected, dif-
ferent because of a different momentum-transfer
dependence. Clearly, the same difficulty and
ambiguity" surrounding Q tests are present in 8

tests of helicity conservation for resonances not
separated from the multiparticle final state back-
ground.

C. Spin and the Mass Spectrum

In the Stodolsky mechanism, "it is the closeness
of the final n-p state to the initial n state which is
expected to cause threshold peaking in the m-p
mass spectrum. Our results in Figs. 4 and 7 how-
ever, demonstrate that the single-peripheral mod-
el with a p spin fails to exhibit the expected domi-
nance by a Stodolsky mechanism, while a spinless

= (r~ "x6 x 6-x6t, (10)
By

where N, 6', F, S are factors affecting the mass
spectrum which are, in general, diagram- and
model-dependent. N represents threshold effects
due to phase space (N = 1) and spin (¹1); 6' rep-
resents the effect of the virtual particle propaga-
tor, Reggeized and otherwise; 8 represents addi-
tional spin and phase space effects which cause the
mass spectrum to rise at high es values and 7
represents effects such as diffraction scattering,
form factor, cutoff, phase-space limit, or any
other correction which cause the mass spectrum
to fall off at high e 8 . An integration over angular
and momenta-transfer dependences is assumed.
If we assume the factors O', F, and (R to be smooth
functions of cs, then within the kinematic limits
of e 8 [see Eq. (Al)] there is only one maximum. "
The position and shape of the peak is determined
by two factors: (i) how fast the mass spectrum
rises from threshold, e 8

' = ms + m, and (ii) how
fast the mass spectrum vanishes at the upper limit,
e8@' =so -m . Clearly, the faster the mass spec-
trum rises from threshold and the faster it falls
to zero again, then the sharper and closer to
threshold is the resultant peak. Furthermore, if
the rise from threshold and the falloff at high
masses are s-independent, then so is the resultant
peak. This, we believe, is the basic kinematic
mechanism that controls the Deck effect. Now, we
consider, qualitatively, contributions to N, d', 5, $
for each model.

For model (iv) of Eq. (8), explicit forms are ob-
tained. With no spin and s-wave dissociation, we
set N =1 and 8 =constant;

and

6' =1/(ss„-m, ')'

5 = exp (q) && (I —exp[a (f ~" —t ' ')]]/a,

where

q = -am~'/(s6') .

version does exhibit it. We propose a more gen-
eral but nevertheless kinematic mechanism. In
what follows, we will attempt to show through qual-
itative but model-independent arguments that what-
ever controls the high m-p mass behavior will de-
termine the essential features of the Deck effect.
This controlling factor will be strongly spin-de-
pendent and will be different for different (spinless,
single peripheral, and Reggeized) models.

For ease of reference we write the P-y mass
spectrum for each diagram of topology (A) or (B)
in Fig. 1 as
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The form for 5 is valid for m~ =m and e8 not
near the upper limit e~s'. Models (i), (ii), and (iii)
are contained in Eq. (11)as obvious approxima-
tions. The only contribution to growth at high e

&

comes from the threshold phase space factor ~y~

but (P contains more than sufficient inverse powers
of e 8 to compensate. This resultant suppression
of high e 8 states by 6' is, furthermore, s-inde-
pendent. There is an additional damping at high

from 5, but this damping can be seen from
Eq. (11) to become less effective with increasing
s. For this model then, 6' is providing the s-inde-
pendent damping of high e& and is the controlling
mechanism of the Deck effect, as argued by
Stodolsky. On the other hand, we see that peaks
controlled by 7 [see models (i) and (ii) in Fig. 4]
are generally farther out, wider, and more im-
portantly, s -dependent.

The spinless version of our model is slightly
more complicated. The approximation in Eq. (7)
is not used, but no explicit forms like Eq. (11) are
obtained. Furthermore, the cutoff k' in Eq. (4)
contributes to 7, though it also becomes less ef-
fective as s increases. Nevertheless, our explicit
calculation (see Figs. 4 and 8) shows that the mass
spectrum is essentially still governed by the Sto-
dolsky mechanism. With (P controlling the high

behavior, the resultant peak behaves like a
genuine resonance with a slight dependence on s
and the parameters of S and F.

The single peripheral model Eqs. (2), (5) has a
p spin which will generally contribute powers of
e

&
to do/de 8, leading to growth at high e z

For example, if the P-y system is in p wave [as in
diagram 1(A)], then N =3 instead of N =1. Not only
is the rise from threshold slower, but so is the
damping at high e 8 . Spin contributes additionally
to S. The external p in each diagram contribute '
a factor proportional to @~8 . The virtual p in dia-
gram 1(C), being elementary, further compounds
the difficulty by contributing another factor of e48

Just the contribution to 8 from the external p spin
is sufficient to neutralize the propagator factor 6'
as the dominant high c8 damping mechanism.
This is why the Stodolsky mechanism fails to op-
erate in our model with spin. The damping is now
controlled by whatever else contributes to S and

Our experience with models (i)-(iv) above sug-
gests that diffraction &cattering probably cannot
provide an s -independent damping mechanism in
5 for the simple kinematical reason that after in-
tegration over t~, both t~+' and t(~ ' have their s
and es dependences interwound. Even at fixed s,
the resultant peak will be farther out and flatter.
We suspect that the same will be true of a form
factor that is a function of one momentum-trans-
fer variable only. " A more ambitious way would

be to incorporate into F final-state interaction ef-
fects on the mass spectrum. Such a correction
can be applied in the form of a DWBA ' for exam-
ple. Being a correction at high e

& values, it will
not change the character of our amplitude as a
possible background to any genuine diffractively-
produced resonance occurring Bt lower e&„values,
but will supply a much sharper suppression of the
high e 8 states in the background amplitude since
it is well-known from 2-2 reactions that DWBA
provides a much sharper cutoff" in the relevant
momentum-transfer variable than the usual form
factor. Unfortunately, we also learn from 2-2
reactions that DWBA-type corrections are not very
effective ~' when high spin exchanges are involved.
Thus for our model, a DWBA-type consideration
would still be inadequate for diagram 1(C).

It is fitting at this point to add to our comments
in the Introduction on Reggeized double periph-
eral" and dual '3 models. We question there why it
should work at low subenergies. But, from the
point of view of finding more damping at high sub-
energies, a Reggeized model would be a good
candidate indeed since, being double peripheral,
it is presumably valid in this region. By abandon-
ing the elementarity of the virtual particle, a Reg-
geon model suppresses the contribution to 8 due
to high spin exchange in the cross channel such as
in diagram 1(C) by introducing the Hegge factor
(e8 ) v"~z', where o.'is the p trajectory. Even
for spinless exchange, the corresponding Begge
factor will contribute to 5 by suppressing high e 8By
states through its coupled dependence of the sub-
energy and momentum-transfer variables. Such
suppression is much more effective than that pro-
vided by diffractive scattering or the usual form
factors. The resultant peak, whether s-dependent
or not, is expected to be comparatively sharper
and closer to threshold than the one for the cor-
responding elementary-particle model. We em-
phasize that, interpreted this way, the use of a
Reggeized mechanism is a kinematic explanation
of the Deck effect. No dynamic concept such as
duality, "global or local, need be invoked. In par-
ticular, no sequence of peaks is expected as in
local duality' "; and, for a nondiffractive disso-
ciation process involving charge exchange, since
duality is not invoked, one is not involved in the
question of exotic resonances. "

However, the Reggeized Deck effect is still pre-
dicated on the assumption that the Regge factor,
together with the propagator factor 6' not only can
cancel any effect of a rising mass spectrum due to
spin effects in 8, but has enough inverse powers
of e& left at high e& to st.'ll dominate over other
damping effects, such as form factor, diffraction
scattering, or phase space, which are generally



PROPERTIES OF A SINGLE-PERIPHERAL MODEL OF THE. 1583

s-dependent. This may not be always possible.
Unfortunately, in Reggeized calculations done so
far, ""3the spin of the external particle involved
in the dissociation (p in our case) has usually been
ignored. As we have pointed out before, had we
ignored external spin in our elementary particle
model, we would have obtained s-independent peaks
for all diagrams except 1(C) where there is a vir-
tual vector meson. In particular, we see little dif-
ference between our model with a form factor and
a Reggeized version for diagram 1(B) if the spin
of the external particle p is not considered. In
our model, the external p spin contribution in dia-
gram 1(B)completely cancels the damping effect
of the propagator at high e 8 . For the correspond-
ing Reggeized model, an additional, but mild,
damping is provided by a m-Regge factor
(e &

)'"~"~8& estimated" to be approximately
(c8 ) ".Whether this factor is sufficient to
dominate at high c 8 the s-dependent damping of
diffraction scattering, etc. , mentioned above is
not clear without numerical calculations. But,
regardless of this, what is clear is that, with the
inclusion of spin, the resultant weaker damping at
least implies a peak much wider and farther out
than is claimed in the spinless Reggeized calcula-
tions of diagram 1(B). Besides, the usual practice
in these calculations to "isolate" particular dia-
grams as being dominant through cuts in momen-
tum-transfer variables is questionable since it has
been demonstrated in explicit calculations" that
all diagrams are comparable in magnitude and
similar in the predicted mass spectra. Moreover,
as emphasized by Gottfried and Jackson, "the con-
sideration of external spin is particularly impor-
tant in the case where the external particle is a
resonance and its subsequent decay is analyzed to
provide information on the production mechanism
of the resonance itself. In short, we believe that
Reggeon exchange can be an attractive and effi-
cient way to obtain more high e 8 damping in order
to generate a low e8 peak. But, besides the ques-
tion of why it can be extended to low es values, it
has yet to be demonstrated that external spin is
indeed a "nonessential complication" that causes
no difficulties in such a model. We believe other-
wise.

V. CONCLUSION

Our discussions on the momentum-transfer slope
and on the question of helicity conservation lead
us to conclude that one should be wary of tests
based on "expected" properties of the diffraction-
dissociation process which are expected only un-
der restrictive kinematic conditions. For exam-
ple, in our model if Eq. (7) does not hold, then

one cannot expect P isotropy in the Gottfried-Jack-
son frame, or 8 isotropy, or f& in Eq. (9) being equal
to the input slope. To be sure, such expected
properties are intuitively appealing because they
are easy to understand and visualize. However,
the fact that these "expected" properties are not
realized at the energies considered cautions us
that physically, the target nucleon is still playing
an active role and that diagrams of topology 1(B)
cannot yet be reduced, via duality or Eq. (7) to
simpler diagrams of topology 1(A). The failure of
"expected" properties to occur is also found in the
ma, ss spectrum peak. To understand the failure of
our model, we have argued that it is not the close-
ness of the final (» -p) state to the initial (») state
which is expected to cause peaking at low masses"
but rather, the damping at high masses. Within
the many possible ways to damp high masses is
surely hidden a cure for the s dependence. So,
the failure of our model at high masses is again a
warning that it is unreasonable to expect a single
peripheral process to hold outside its kinematic
region of established validity —low masses —with-
out significant modifications. Indeed, to stretch
the point further, one may well suspect the "ex-
pectation" that diagrams like 1(B) or l(C), how-
ever modified at high mass, can and should ac-
count for the entire mass spectrum, and thus the
total production cross section, since at high mass-
es—in the double peripheral region —diagrams
like (D) and (E) in Fig. 1 and other competing pro-
cesses can no longer be neglected. " Our point
here is that the failure of the single peripheral
process to reproduce a peak at low masses is not
fatal since the mechanism for the peak eventually
involves considerations of competing processes
outside its region of claimed validity —low masses
in a subsystem. Within this region however, the
single peripheral process should still be useful
in analyzing angular and momentum-transfer dis-
tributions, and especially decay distributions,
since spins are easy to account for in this model.
In fact, our model, without form factors, has been
compared directly with experiments on the disso-
ciations m-xp (Ref. 45) and K-K*v."'47 It is
found that a reasonable fit to momentum-transfer,
angular, and decay distributions at low masses
can be obtained. ""However, the predicted mass
spectrum is found to have a much slower falloff
at higher masses" ' and to exhibit an unreason-
able dependence on incident energies. " Reggeized
models, as calculated, exhibit no such s depen-
dence. However, our analyses have demonstrated
where this s dependence is coming from —the pres-
ence of spin —and that the s independence in Reg-
geized models is not really established until ex-
ternal spins are accounted for.
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APPENDIX

The process (i) is written:

m (q ) + N (p) -N (o.) + p (p ) + m (y),

where (p, q, n, p, y) are each a collective label for
the four-momenta, spin, and internal quantum
numbers of the respective particles. We employ
a metric such that Q' = Z ' —No' = -m ~', m~ being
the mass of particle a. The virtual particles in
diagrams (A), (B), (C) of Fig. 1 are, for our mod-
el, 7t, m, p and their masses are denoted rn„, m~,
mc, respectively. We use values where m (proton)
=936.2 MeV, m(p) =760 MeV, and m(n) =139.6
MeV. Kinematic invariants of interest are s
=-(p+q)', s„8 = (o. +p)',-etc. , t, „=-(q -n)', etc. ,
and t, = -(p -n)', etc. The polarization vectors
of the p meson are denoted e ~. We shall have oc-
casion to evaluate quantities in the laboratory
(p =0) frame and the over-all center-of-mass
(p+q=0) frame. In such cases, we use an explicit
subscript, viz. (o.,) +-, is the energy of particle
n in the p+q =0 frame. Otherwise, quantities
without such subscripts are to be evaluated in the
m'-p rest (P+y=0) frame. The orientation of the
P+ y= 0 frame is chosen to coincide with a Gott-
fried-Jackson frame" illustrated in Fig. 2.

The input variables to Eq. (1) are IqI 0 (the
incident momentum), es (the P-y invariant mass),
t~„(sq rue aof the four-momentum transfer from
p to o.), and 8 . , Q (the angles in the p-y rest
frame). Their ranges are:

g(t) «g & g(Q)

«t', „),

0&F9, &71,

0 &Q, &2w,

K = mp + m + 2m'(qo)

(P,)p, „,= (s + m~' —m, ')/2~,

(o.,)p, q, = (s+ m„' —ss )/2~,

2

S='N

Given a set of values for the input variables, we
can specify a momentum configuration for q +p- n+P +y in the P +y =0 frame (see Fig. 2). Let
any three-vector v be written as v = (v„, v„, v, ),
then.

q= IqI(0, 0, 1),
o. =

I nl (sin8„„0,cos8, ),
y= IyI(sin8 cosy, sin8 sing, cos8 ), (A4)

p= o. +q,

where:

(Ro = (s —m~ —s s )/2e s

Po = (s s + ms m)/2E 8-
yo =& sy po-
q, =(ss +m, ' —t, „)/2es

p, =(s8 +m~' —t~„)/2@8

cos8„,= (t, -m„' -m, ' —2o.,q, )/(2Io. I Iqj) .

(A5)

Note that the momentum-transfer variables t, &

and t, are dependent on the polar angle 8, but
the subenergy variables s 8 and s „are addition-
ally dependent on the azimuthal angle P
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physics, see J. D. Jackson in Rev. Mod. Phys. 37,
484 (1965).

4~N. M. Carson et al. , Phys. Rev. Lett. 18, 880 (1967);
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et al. , Nucl. Phys. B23, 84 (1970). See also Sec. III
in this paper.

44K. Gottfried and J. D. Jackson, Nuovo Cimento 34,

735 (1964).
45See G. W. Brandenburg et al. , Ref. 8.
46J. C. Park et al. , phys. Rev. t.ett. 20, 171 (1968).
TF. Bomse et al. , Phys. Rev. Lett. 20, 1519 (1968).
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A new class of sum rules is developed within the context of the m system. One of these
sum rules is used to extract the pox Regge residue function from the recent xm. data of
Carroll et a/. , for a wide range of momentum transfer. The residue has a zero near t = —0.5
GeV, in agreement with duality and with a new prediction which we make from the dual ab-
sorption model together with 7tp and pp data. The vr7( charge-exchange amplitude is shown
to be dominated by p exchange above 1.0 GeV. We also derive a new representation which
expresses m7t amplitudes in terms of a single subtraction parameter and integrals over
physical-region absorptive parts. The representation is valid over a substantial portion of
the physical region, and constitutes a powerful tool for studying the 7f7r interaction. Finally,
we show that a unitarized Veneziano model proposed earlier by the present author is an ex-
cellent approximation to nature below about 800 MeV, despite its neglect of Pomeranchon
exchange and EE; production.

I. INTRODUCTION AND SUMMARY

Standard assumptions of S-matrix theory enable
us to express scattering amplitudes in terms of
fixed-s dispersion relations (D.R. s) and alterna-
tively, in terms of fixed-t Q.H. .'s. By taking dif-
ferences between such D.R.'s, it is possible to
eliminate the subtraction terms, and thereby
obtain sum rules equating certain integrals over
absorptive parts to zero.

In the present paper, we apply this technique to
the mm system. We obtain sum rules which are
similar to, but more powerful than, the sum
rules of Wanders, ' Roskies, ' and Roy. ' We use
one of these sum rules to extract the pew Regge
residue function from the recent mm data, of Carroll
et al. , and obtain results with uncertainties of
the order of 10%. The residue has a zero near t
= -0.5 GeV', in agreement with duality and with a
new prediction which we make from the dual ab-
sorption model' together with 7|P and PP data.

We show that in the sense of local averages,
the mm charge-exchange amplitude of Carroll et al.
can be well approximated above 1.0 GeV by
Reggeized p exchange, with our value for the resi-
due function.

We derive a new representation which expresses

II. DISPERSION RELATIONS AND SUM RULES

We denote the mm elastic amplitude with isospin
I in the s channel by A'(s, t ), and the amplitude
with isospin I in the t channel by TI(s, t). Accord-
ing to standard assumptions' of analyticity and
crossing symmetry, the A' and I' are related by

Ar(s t) = TI(t, s),
and also by

(la)

X'(s, t) = g C„,T'(s, t),
I'-- o

where C= C ' denotes the s-t crossing matrix

(ib)

g77 amplitudes in terms of a single subtraction
parameter and integrals over physical-region
absorptive parts. Qur representation is valid over
the same portion of the physical region as the
twice-subtracted representations of Roskies' and

Roy, ' and therefore constitutes a powerful tool
for studying the wm interaction.

Finally, we show that a unitarized Veneziano mm

model proposed earlier6 by the present author is an
excellent approximation to nature below about 800
MeV, despite its neglect of Pomeranchon exchange
and KK production.


