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Recently observed peripheral peaks in reactions where single-meson exchange is for-
bidden are explained as kinematical reflections. Experimental and theoretical implica-

tions are discussed.

A notable feature of strong interactions is the
apparent absence of exotic meson resonances.!
Recently, however, peripheral forward peaks
have been observed in differential cross sections
of certain quasi-two-body reactions for which
ordinary single-meson exchange is forbidden.?
Interpreted naively, these peaks suggest a dy-
namics involving exchange of meson states with
exotic quantum numbers, I>3 or |S|=2. In this
note, a simple alternative explanation is devel -
oped. Peripheral peaks of the type observed are
shown to be generated as reflections from com-
peting allowed processes. Calculated magni-
tudes and shapes are consistent with available
data.

Distinctive backward peaks are present in cer-
tain stable-particle two-body (= =2) reactions for
which the backward exchange () channel is exot-
ic. Examples are 7'7~ -7’7~ and K p ~Kn.3
However, because the peaks have been observed
to date only at very low energy, they are often
described simply as manifestations of prominent
resonances in the direct channel. It is not yet
clear whether a dual interpretation is tenable in
terms of exchange of exotic single-particle
states.* The present paper is concerned with
possibly exotic exchange phenomena in multipar-
ticle (» >2) data. The point emphasized here is
that physically significant reflections are gener-
ated by backward peaks associated a priori with
stable-particle two-body subchannels. The re-
flections can imitate exotic exchange. Specifical-
ly, for a reaction of type M*B —~ (M*B)+M*,
backward “scattering” in the final M"M~ (meson-
meson) rest frame produces reflections whose

characteristics are very similar to reported?®
forbidden peripheral production of decuplet states
(M'B). The reflected effects are large. They al-
so persist to fairly high energy, even though
backward scattering in the M"M~ system is ap-
preciable only at quite small values of M'M ™ in-
variant mass. These features may explain why
forbidden forward peaks are observed in decu-
plet production processes® (e.g., 7 p ~K'Y,*)
but not in similar reactions involving only stable
particles (e.g., 7 p~K'Z 7). Because of this
added ambiguity, great care is required experi-
mentally; perhaps the search for exotic exchange
effects is best confined to reactions (such as 77p
-~ Z7K" or pp - =Z) involving particles which are
stable with respect to strong interactions. Im-
plications for phenomenology, including 77 scat-
tering, are discussed at the end of the paper.

The model is best illustrated by explicit exam-
ples which will be treated in turn:

mtm—ntr"p [-7"A(1238)], (1)
1 p~71"K'A [~K'Y*(1385)], @)
K p—~n"K'E®° [-K*'E*~(1530)]. (3)

The pseudoexotic exchange processes are indi-
cated in parentheses.

Prominent features of the data for Reaction
(1) include peripheral production of the p° and f°
as well as the A", Backward® production of A**
is presumably mediated by baryon exchange; one
expects to observe a peak in the center-of-mass
differential cross section near cosf®™= -1,
However, after selecting events for which the in-
variant mass 7.+, is in the A" (1238) mass

1139



VoLuME 23, NUMBER 19

PHYSICAL REVIEW LETTERS

10 NOVEMBER 1969

band, one observes a pronounced peak near
cosfc™=+1, also. As will now be demonstrated,
an enhancement in the 7'p mass spectrum near
the A position as well as the peak near cos6¢™
=+1 result from decay of 777~ states formed in
the peripheral process 7'n—~ (7 7 7 )p.

A qualitative argument will be given first. The
diagram of Fig. 1(a) illustrates the effect. The
77~ pair is typically produced with a wide spec-
trum of invariant masses, but with most of the
events in the resonance region below ~1.5 GeV.
This peripherally produced nm system, traveling
forward with respect to the incident 7% beam, de-
cays with an angular distribution in its center-of-
mass frame characteristic of the resonant and
other low partial waves in the 77 spectrum. This
distribution changes with 7m mass, but is gener-
ally peaked near both z=-1and z=+1, or at
least has significant intensity in the backward
hemisphere.® With substantial probability, there-
fore, the decay 7" may proceed backwards, i.e.,
in the direction of the p. The result is an en-
hancement near threshold in the 7°p system.
Moreover, largely for kinematic reasons, the
enhancement is associated with very small val-
ues of the square of the invariant momentum
transfer, ¢,+,-, from incident 7" to final 7~.

The preceding argument may be made more
quantitative. An approximate form for the abso-
lute square of the relevant invariant amplitude
[Fig. 1(b)] is

~
Z|W|2=2g26‘—_‘fnp“zj§|z4ww-|2
p m

XexP[)\(tnp —m'nz)], (4)
|A +p=(Sptn-,2)2=(87)s 1, (O, /dR). (5)

Below s, =2.9 GeV?, the physical 7*n~ elastic-
scattering angular distribution do,,/dQ can be
represented by actual, nonextrapolated data’ re-
stricted to values |#,,| < 0.2 GeV®. Above 2.9
GeV?, a smooth Regge-pole amplitude is em-
ployed; it is constructed using parameters for
the P, P’, and p trajectories obtained through
factorization® and has no backward peak. The
value of A in Eq. (4) was determined to be 6.0
(GeV/c) 72 by a fit to do/dt for mn"p —p°n. In Eq.
(4) the pion-nucleon coupling constant is g2/4n
=14.5; there are no free parameters.

Results are shown in Fig. 2; to facilitate com-
parison with the data,® the p mass band was ex-
cluded from the integrations. As will be noted,
the decaying 7*7~ system generates a sizable re-
flection near threshold in the 7'p mass spec-
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FIG. 1. Diagrams illustrating the process. In (a) on~
ly the final-state particles are shown; p and f repre-
sent, more generally, the peripherally produced 77
system. In (b), the “blob” stands for the complete 77
amplitude.
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FIG. 2. Distributions obtained from Eq. (4) for (a) in-
variant mass of 7*p and (b) cosine of the 7*(in) to
m~ (out) scattering angle in the overall c.m. frame.
The p band (0.64 <m 4+, ~<0.88) was excluded. Other
cuts are indicated; T denotes the unit vector three mo-
mentum of a pion in the overall c.m. frame.
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trum. Moreover, the effect is produced very
peripherally: For m,.,< 1.36 GeV, do/dt ., -
cexp(Tt +,-) at 2.0 GeV/c and xexp(11f,+,-) at
6.0 GeV/c. Because of the more restricted
phase space, the two peaks shown in Fig. 2(a)
are not resolved at 2.0 GeV/c; the near-thresh-
old enhancement appears as a shoulder only. At
6.0 GeV/c, the center-of-mass production angu-
lar distribution is qualitatively similar to Fig.
2(b), but considerably more forward peaked, as
indicated by the dashed line in Fig. 2(a).

A comparison with sizes of analogous peaks in
reactions for which single-meson exchange is al-
lowed demonstrates that the magnitude of the cal-
culated effect is indeed large. For example, the
observed forward peak in do/dQ for n*p —71°A™"*
is only a factor of 2-3 larger.® At 2, 4, 6, and
10 GeV/c, with A™=m .+, < 1.36 GeV and p re-
stored, o(r*n~7"A"") is 0.50, 0.18, 0.07, and
0.02 mb, respectively.

Except, perhaps, for the full width of the mass
enhancement, these results are in agreement
with the available data.>!° The width issue will
be discussed after the next example is treated.

A complete treatment of Reaction (2) requires
consideration of both pseudoscalar (K) and vector
(K*) exchange components, known to be present
in peripheral production of the K*(890) and
K*(1420).'! For simplicity, only pseudoscalar
is retained here; however, the effect obtained is
qualitatively similar with K* exchange included.
For n7p —~ (K*77)A, via K exchange,

_ 2 (mp-m,)?—t
lenlz—gl\z (? A_mKZ)zAlAKﬂlz
P

Xexp[2(t,p—mg®)Ins].  (6)

The elastic K'n~ amplitude A x, was represented
as a sum of Breit-Wigner expressions for the
K*(890) and K*(1420), with spin J=1 and 2, re-
spectively, and width having energy dependence
@/q:es)*’**. In the calculations, the KpA coupling
constant has been chosen to be g,2/4n = 14; other
choices will scale the results proportionately.
An additional ¢ dependence of Regge type (s2%k)
has been included'?; away from the dip at the for-
ward direction, the differential cross section for
A production integrated over all K7 masses, is

< exp(4t,y)-

The resulting peripheral enhancement in the
7~ A mass spectrum is shown in Fig. 3. Also il-
lustrated is the direct association of the back-
ward hemisphere in 7 "K* -7 "K"* with low-mass
structure in the 7"A system. When the appropri-

ate proportion of K* exchange is included, the
valley between the two peaks of Fig. 3(a) is filled
in somewhat, and the low-mass peak moves to
1.5 GeV. For m, ,=1.4 GeV, at 2, 6, and 10
GeV/c, do/dt(my,~ - K')xexp(bt), with b=10, 13,
and 16 (GeV/c) "2, respectively. The slope b de-
creases as m;, is increased, a characteristic
feature of doubly peripheral processes.!?
Forward production of ¥,*~(1385) in kaon-in-
duced reactions may be similarly explained.
Consider K p ~n*r~A. Here also, an appreci-
able fraction of the peripherally produced 77~
system will decay in such a manner that the 7~
travels backwards and “catches up” with the A.
As they stand, the full widths of mass enhance-
ments shown in Figs. 2(a) and 3(a) are too broad
for direct identification with the A**(1238) and
Y,*(1385), respectively. However, the curves
do indicate a large probability for the 7* and p
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FIG. 3. Distributions calculated from Eq. (6). Cuts
are indicated; the dot-dashed curve in (a) was obtained
after setting P;(z) =P ;(0) for 2 <0 in expressions for
the K*(890) and K*(1420). Symbols T and K denote unit-
vector three-momenta of 7 and K, respectively, in the
overall c.m. frame.
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(or 77 and A) to have relative momentum charac-
teristic of these resonant states. Moreover,
partial-wave analysis of the amplitudes in Eqgs.
(4) and (6) shows that at low invariant masses
the p-wave component in the 7p and 7 "A rest
frames is substantial.* Inasmuch as strong res-
onant effects are known to be present in those
partial waves, it appears that final-state rescat-
tering effects will be important in reshaping fi-
nal mass peaks. Indeed, the approximate effect
of final-state interaction is to multiply the JP

= 2* component of the amplitudes by a Breit-Wig-
ner form.'® Unfortunately, the multiplicative
scale factor associated with final -state rescat-
tering is not determinable unless explicit mod-
els are introduced; however, the usual result of
an additional attractive interaction is to augment
the effect.

The final-state mechanism may be invoked to
explain production of =*~ in Reaction (3). A two-
step process is involved. First, in K p ~K KA,
values of the K A invariant mass near threshold
are enhanced as a reflection of backward scatter-
ing at low energies in the K" K* system. An es-
tablished KA state above threshold is the Z*(1815),
but exothermic rescattering may transform KA
- E*7(1530) - 7 " E°.

In addition to the question of exotic states, oth-
er consequences of reflections should be noted.
(1) The analysis given here generally emphasizes
again the need for better understanding of inter-
ference effects among competing two-body chan-
nels in a three-body final-state reaction. In
fact, the discussion can be reversed: The back-
ward peak for 7*7~ =777, extracted from data
on 7 p—-n*n"n, for example, may be severely
biased by the presence of peripherally produced
N*~ states. This effect has important bearing
for current research on 77 and K7 phase shifts.
(2) In phenomenological analyses based on a mul-
tiperipheral approach, events are often assigned
to specific diagrams based on an ordering of mo-
mentum transfer, longitudinal momenta, or re-
lated scattering-angle variables. When subener-
gy values are small, the analysis of this note
demonstrates that these ordering schemes are
likely to be misleading.'® (3) Consider m*p — 7" 7%.
There are no exotic channels, and the peripheral
quasi-two-body final state 7°A** is presumably
mediated by p exchange.® However, here again,
the competing channel 7*p — (7°7%)p complicates
the problem by generating a sizable reflection
which looks like 7°A** is peripheral, and must
be treated coherently.
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Finally, a comment is in order on the relation-
ship of the approach outlined here to box-diagram
or two-meson-exchange schemes.' In essence,
once final-state interactions are included (e.g.,
to shape a final-state mass distribution), the to-
pology of the overall scattering diagram is that
of a box. In this paper, in the direct channel, for
reactions M B — MMB, the intermediate states of
the box are B and (MM). An important distinc-
tion should be noted. Here, a complete spectrum
of (MM) mass values is retained, whereas, usu-
ally only narrow resonant components are used.
This has dramatic consequences for both overall
magnitude and energy dependence of the effective
box diagram. In particular, consider 7'n ~7"A™,
discussed earlier. The cross section for the
two-pion-exchange box with pp direct-channel in-
termediate state has energy dependence py *.
However, with the complete 77 spectrum re-
tained (rather than just p), numerical values giv-
en earlier show that the rapid decrease in fact
sets in very slowly, not reaching full strength
until pp > 10 GeV/c.

I am indebted to Geoffrey Fox and J. David
Jackson for important suggestions and criticism.
I am grateful to Geoffrey Chew for hospitality at
the Lawrence Radiation Laboratory.
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VENEZIANO REPRESENTATION FOR CHARGED-

PION PHOTOPRODUCTION. M. Ahmad, Fayya-
zuddin, and Riazuddin [Phys. Rev. Letters 23,
504 (1969)].

We have been informed by Dr. M. B. Halpern
that a representation similar to ours has also
been considered by R. C. Brower and M. B. Hal-
pern [Phys. Rev. 182, 1779 (1969)].

PARAMETRIC CONVERSION OF X RAYS. Isaac
Freund and B. F. Levine [Phys. Rev. Letters 23,
854 (1969)].

In the first paragraph, the third line,“s««pro-
tone - - ” should read “s«+photon+-+.” In Eq. (14),
replace 0 by 20;. In Ref. 8 we did not cite the
work of Byer and Harris correctly; the correct
citation is Phys. Rev. 168, 1064 (1968).
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