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Various considerations and conjectures are made on the surprisingly large total cross sec-
tion for hadron production which has recently been observed in the e+-e colliding-beam ex-
periment at the Cambridge Electron Accelerator. First, they focus on the relative magnitude
of cross sections for one-photon annihilation and for the two-photon process. Second, the
asymptotic limit A of the ratio 0.(e++e hadrons)/0(e++e @++p, ) is predicted to be
& =—12m (fp + f~ + f~ ) = 5.5 + 0.7 from the PCDC (partially conserved dilation current) anomaly
and vector-meson dominance, and estimated to be less than 15 for I'(e —7l++x ) = 400 MeV
from the first evidence found at Frascati for hadron production by the two-photon process.
A comment is also made on the present and future e+-e colliding-beam experiments at
SLAC and DESY.

One of the most intriguing experimental discov-
eries recently reported is the surprisingly large
total cross section (=26 +6 nb) for hadron produc-
tion which has been observed in the g'-g collid-
ing-beam experiment at the Cambridge Electron
Accelerator (CEA).' The data have been analyzed
in such a way that the ratio R(q') of the observed
total cross section for e'+ e —hadrons to the the-
oretical cross section (=4vn'/3q—') for e'+e
+ p at q' =16 GeV' (where q' =4E' is the total
c.m. energy squared of colliding beams) is calcu-
lated to be 4.7+ 1.1. A naive comparison of the
CEA data with the Frascati data' leads to the con-
clusion that R(q') continues to rise as q' increases
from above 1 GeV' up to 16 GeV . In this paper, I
shall analyze and interpret the CEA data from a
theoretical point of view and comment on the col-
liding-beam experiments which are under way at
SLAG (SPEAR). I shall also predict the asymptotic
limit R =lim, , ~(q'), if it exists, from the PCDC
(partially conserved dilation current) anomaly and
vector-meson dominance, and estimate its upper
bound from the first evidence recently found at
Frascati for hadron production by the two-photon
process. ' 4 For these purposes, it may be help-
ful to discuss these matters by adopting a question-
and-answer style. This is done in what follows.

Let us define the theoretical R(q') by R(q')
=12''II(q') and

-(g~q' —q„q„)II(q') = Q (2v)'6(q —p„)

x &0lg„(0)Is)&sI&.(0)I o)

where J„is the hadronic electromagnetic current.
To the lowest order in n, the total cross section
for e'+e -hadrons can be expressed in terms

of R(q') as follows:

o(e'+e -hadrons) =(4va'/3q')R(q') .
The first few of several questions and answers are
the following.

Ql: Is the R(q') really rising'p Al: It depends
on whether the CEA data are purely one-photon
annihilation into hadrons.

Q2: Are the CEA data puret A2: It depends
on whether the possible contamination due to the
two-photon process has correctly been subtracted
from the data. Since the detector (BOLD) used in
the CEA experiment covers the solid angle of 2g sr
and particularly misses the forward and backward
angles, their data before the subtraction must
have been taken as events for e'+e —hadrons
+anything. As is widely accepted by now, the
most dangerous background to the one-photon an-
nihilation process e'+e - y*- hadrons comes
from the two-photon process

e +e —e +y*+e +y*

—g'+g +hadrons

in which electrons and positrons are scattered
predominantly within a small angle [ (m,/E)"'-
= 1 for E =2 GeV].'

Q3: Has contamination been correctly subtract-
ed' A3: It depends on whether both the estimate
of the asymptotic total cross section for y+ y-hadrons, o(y + y -hadrons) = 0.3 pb for large
s (the total c.m. energy squared of colliding Pho-
tons), and the "duality" suggested by Brodsky,
Kinoshita, and the present author' for hadron pro-
duction by two photons are correct. The reason
for this is that in the analysis of the CEA data, '
both of these assumptions have been made in order
to estimate the contamination due to the two-photon
process.
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Q4: Is the estimate correct& A4: Probably yes.
But only for s»1 GeV', since it is based on the
factorization' '

[o(y +p- hadrons)]'
o(y + y - hadrons) —=

Oj p+p- hadronsj

for large s, (3)

which is supported, for example, by the universal
coupling of the Pomeranchukon.

Q5: Is the "duality" correct? A5: Yes and no.
It is probably true that o(y + y- hadrons) with the

C =+ resonances modulates its asymptotic value.
However, one may make a big error when applying
it to the following formula in the equivalent-photon
approximation:

o(e'+e —e'+e +hadrons)

= 2(a/v)'[in(E/m. )]'
'~'ds

f(Ws/2—E)o(y + y - hadrons),
~e S

(4)

where f(x) is Low's function' given by f(x)
= -(2 +x')' lnx —(I —x')(3 +x'). This is because
the integral in (4) is weighted heavily toward small
s so that it may be strongly enhanced by low-mass
meson resonances with C =+. Unless e(y + y
-hadrons) oscillates around its asymptotic value
very quickly, the estimate of

o(e'+e —e'+e +hadrons}

based' on the factorization and the "duality" can
easily be wrong by a factor of 2 or 3 or even lar-
ger. In fact, the upper bound on

o(e'+e - e'+e +hadrons)

recently estimated by Gatto and Preparata, ' based
on the Cabibbo-Radicati sum rule, is roughly four
times larger (-10 nb at E =2 GeV) than the cross
section predicted in Ref. 5 (-2.6 nb), although the
latter lies between the upper and lower bounds given in
Ref. 9. Thus it is possible, though unlikely, that
the number of two-photon events, which was
claimed to be less than 2 or 3 events among the
88 events in the CEA data, is in fact as large as
20-30, accounting for 20-30% of the observed
events. If this should be true, the data would turn
out to be consistent with the three-triplet-colored-
quark model recently advocated by Gell-Mann"
(R =2} as well as the Han-Nambu model" (R =4)."

Q6: Can we make a better estimate of

o(e'+ e —e'+e +hadrons)?

A6: Yes, we can if we know the decay width I'~
for all the C =+ mesons M' whose masses are

smaller than 4E'. A problem is, however, that
all the relevant widths we know are only those for
z' and g, whose main decay modes are ~ yy.

What emerges from the above dialogue is that
the total cross sections for e'+ e - hadrons and
g'+g - g'+g +hadrons as functions of 4E' are
equally difficult to predict. As an opposite ex-'

treme, in the analysis of the CEA data, one could
have subtracted the one-pboton annihilation events
by assuming scaling, i.e. , R(q2) =constant, and
for example, the three-triplet model (R =2), leav-
ing the two-photon cross section. Of course, such
an analysis may sound ridiculous. However, what
I am trying to emphasize in this paper is that the
relative magnitude of the one- and two-photon
cross sections for hadron production is not known
so precisely as one might think. This point would
be more emphasized by the following ansatz: If
the measured R(q') in e'+e - hadrons is unex-
pectedly large (-4-6), then

o(e'+e —e'+e +hadrons)

is also much larger than expected. This ansatz
cannot be proved but is supported by a combination
of the predicted relation for the one-photon annihi-
lation, "

(5)

where Q, and Qf are the charges of spin--,' and -0
constituents of the electromagnetic current, and
the rough guess for the two-photon process,

o(y+y hadrons) = g Q& o(y+y p, '+p )
f

+ g Q, ')rr(y+y-w'+w ),
f

(6}

where, exclusively in (6}, p, and v are symbolic
of spin- —,

' and -0 posntlske particles, respectively.
The relation (6) has been proved in the Gross-
Treiman limit' for hadron production by highly
virtual photons, "but is very much a conjecture
for real or almost real photons.

I have so far pointed out the possibility that the
CEA data may substantially be contaminated by
the two-photon process. However, suppose, for
a moment, that we can ignore such a possibility.
Then we must admit that R(q') is still rising, not
yet reaching scaling at q' as large as 16 GeV .
Then the following two extremely interesting ques-
tions are ready to be asked.

Q7: Can we estimate the asymptotic value R
from presently available data' A7: Yes, we can.
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8"„=f, m, '~ + (R/32's) F'„„F,"", (6)

where g„„is the stress-energy tensor, & is the
scalar meson field assumed to dominate the nor-
mal part of 8&, Q'„, =e„p', -8„+'„+/&& p~ I „, with
the F'„being external fields coupled to the SU(3)
x SU(3} currents, and k(» are the structure con-
stants of SU(3) x SU(3). Furthermore, the eyy
coupling constant defined by

2,"~'„=-(e'g,„~/2)eF„„F~
is predicted to be g,z &

= Jt/12m'f„ to ~ giving

r, ,„=-(a'/144m')(m, /f, )'m, It'.
The gag coupling constant defined by

eff i
as~~*&&~&

was predicted earlier by Crewther" and Ellis"
to be g„,-=m, '/f„giving

(9)

r, ,+, -=(I/16v)(m, /f, }om,(I 4m, '/m—,')'",
(10)

and, therefore, "
r, „„,/r, „,+, -=(oft/3m)'(1-4 „'/m, ')-'".

For q production, the formula (4) can be simplified
to

Surprisingly enough, we can estimate it not direct-
ly from the CEA data for the one-photon annihila-
tion into hadrons, but from the new Frascati data' '
in which the first evidence for hadron px'oduction

by the two-photon process has been found. It has
been reported that two of the recorded events in
which both the scattered electron and the positron
are tagged" may be interpreted as due to the two-
photon process g'+e - e'+e +p'+p . The upper
bound on the total cross section is estimated to be"

o(e++e e++e +v +s )& 3.3x3 nb

(95% confidence level) at 2S' =2.7 GeV.

On the other hand, Crewther" and, independently,
Chanowitz and Ellis" have recently pointed out,
on the canonical anomaly existing in PCDC,""
that the coefficient of the anomalous term is com-
pletely determined by the asymptotic value B as
follows:

estimate the upper bound on ft from (7) to be

It& 15 (90% confidence level)

for ~,= 700 MeV and I', ~+ ~
= 400 MeV.

(13)

The authors of Refs. 18 and 19 have calculated the
form factor at (k, —k, )' = 0 (k,' = k,' =0) to be

)(0) =he' fdxd)'x y(0(T(Z„(ALP()))),"(0))(0)

= (e'/6w')ft. (15)

Assuming vector-meson dominance, the left-hand
side of Eq. (14) can be approximated by

(e'/f, ')&p(ei. kt} I ei(0}I p(e. k.}&

+(o) and (t) terms), (16)

where f is the y-p coupling constant (fq /4v = 2.2
+0.3)." Furthermore, the matrix element in (16)
can be evaluated by the definition of the stress-
energy tensor when ka =&s, namely

&p(e k}Ie o(o)Ip(e k})

=-2koko(e, ~ e, —e, ke, k/k ) ~ (1V}

Thus we obtain the following approximate result:

Notice that this upper bound is presumably over-
estimated since I have assumed that all the pion
pairs in g'+g -e'+g +7t'+g are produced by &

decay. I believe that not only a considerable im-
provement of this useful bound on g but also a
rough estimation of g can be expected when more
information on the two-photon process e++g - g'
+g +g'+g becomes availab1e.

The asymptotic value R can also be predicted
without assuming scalar-meson dominance fox
the stress-energy tensor, but with the usual vec-
tor-meson dominance for the electromagnetic
current. To this end, let us define the photon
form factor for the trace of the stress-energy
tensor by

&y(e„k,) I
6„"(0)Iy(~„k,))

=-(e e k k, -e, k,e, k,)F((k, -k,)'). (14)

o(e'+e -e'+e +e) =(16'('r, „„„/m,') F(0)=—2e'/fo'+((o and p terms) . (16)

x „' '- ')~.)1'f(m, /2k).
(12)

Combining (11) and (12) and taking the branching
»tio I", ,+,-/I', „o„o=2 into account, I finally F(0)—= 2e'(f, -'+f -'+fo-') . (19)

The isoscalar ((d and p) contribution [f '/4v =19+ 4

and f&'/4s = 14 + I (Ref. 25)] can be calculated in
a similar way so that
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Comparing these two results (15) and (19), I finally
predict

E =—12e (f '+f '+f& ') = 5.5+O.V.

It is striking that this predicted value agrees per-
fectly with the preliminary data for q' =25 GeV'
from CEA' as well as the rough estimate from the
Frascati two-photon data. " Notice also that this
prediction, though it looks similar, is independent
of and different from those made by Bramon,
Etim, and Greco" and by Sakurai, "based on an
infinite series of vector-meson resorrances or
on the "new duality, " since I have assumed the
most conventional form of vector-meson domi-
nance for rea1 photons.

The relation (20) can also be interpreted in the
following way": Suppose one considers the prob-
ability of finding hadronic components in a real
photon; it is roughly estimated to be e'(f~ '+f
+fz ') in the vector-dominance model. If one takes
the vector mesons as bound states of quark-anti-
quark-pairs, the same probability is roughly pro-
portional to @(eQ,)'. Combining this considera-
tion and the relation (5), one would end up with the
conclusion that a sum of the fundamental constants

f '+f '+f& ' may be simply related to the con-
stant R by Eq. (20}. I think this is a very important
result. Notice also that the relation (20) needs
two corrections: One is due to the extrapolation
of the matrix element from j'p' =~~' to jP =0 and
the other is due to vector states with negative
charge conjugation other than p, &u, and P, such
as p'. These corrections are supposed to be less
than 10%%u~. In any case, future e'-e colliding-beam
experiments at SLAC (SPEAR) and DESY (Doris)
mill decide whether our prediction based on the
PCDC anomaly agrees with the data.

The other question related to the rising II(q') is
the following.

Q8: Why has the scaling in the one-photon anni-
hilation into hadrons not started yet at such high
mass Qf the virtual photon as q = 16 QeV, as it
has in the SLAC-MIT deep-inelastic electropro-
duction experiments at -q' =1-2 GeV'P A8:
There are two differences between these process-
es: (1}the timelike photon vs the spacelike pho-
ton and (2) the vacuum expectation value for the
product of currents vs the matrix element between
the hadron states. A small negative value for q'
is sufficient to-keep the virtual photon away from
the resonance region, while a timelike photon with
such high mass may stQl suffer from possible
vector-meson resonances with C =-. If the dif-
ference (2) is the more important one, then an
approximate Bjorken scaling of the structure func-
tions in the inclusive process, for example g'+e

- y~- w'+anything, will be seen at presently
available energies, although the scaling of the
total cross section has not yet been observed.
This possibility, considered by Pestieau and the
present author, "is taken seriously in a new for-
malism of the parton model by Sanda, "who has
shown an interesting relation between the rising
B(q') and the more rapidly rising multiplicity
n(q').

The last question is addressed to experimental-
ists.

Q9: Is there any reliable method to distinguish
between one-photon annihilation and the two-photon
process'p A9: Yes, there are at least two such
methods. One is the electron tagging already
established at Frascati 6; the other j.s the perfor-
mance of both e'e and e e colliding-beam ex-
periments, which is possible exclusively at DESY
(Doris). There are a few other methods which are
less reliable: (1) Measure the total energy of
produced particles and find whether it agrees with
the total energy of colliding beams. (2) Find the
exact collinearity of two tracks for two-particle
productions by one-photon annihilation or find the
approximately coplanar but noncollinear two tracks
for two-particle productions by the two-photon
process. Notice, however, that this is only ap-
plicable to two-particle production and that the
coplanarity in the two-photon process has a large
error of an order (~,/E)"' (-7' for E =2 GeV). '
(2) Identify particles produced with large trans-
verse momentum with those from one-photon an-
nihilation. The criterion (2) is the least reliable
since the ratio

do(e'+e - e'+e +w+anything)
do(e'+e - y*- v+anything)

is as model-dependent as the ratio

cr(e'+e - e'+e +hadrons)
o(e'+e -hadrons)

Gatto and Preparata' have calculated the former
ratio to be less than 1%; for p,"& 1 GeV at 2E
=5 GeV, assuming Bjorken scaling for one-photon
annihilation as well as Feynman scaling plus the
exponential falloff with transverse momentum for
the two-photon process, while Berman, Bjorken,
and Kogut" estimated the same ratio to be about
20%%u, from the parton model applied to both process-
es. I shall give another argument which suggests
even larger values for the ratio. Pais and
Treiman3' have proposed the inclusive soft-pion
production by one-photon annihilation, e'+e - y*
—v(soft) +anything, as an experiment for measur-
ing the spectral function of the axial-vector cur-
rent propagator defined by
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(g-„„q
* —q„q„)II'„"(q')+q„q, II ~~ (q')

= g (27r)'5(q —p„)(0 [ A p'(0) [ n)(n ) A „"(0)( n) .

(21)

Assuming the PCAC hypothesis and current alge-
bra, they have shown (f,= 95 —MeV)

do(e +e y~ Tr +anything)
d p,

2(2m)'f '

If one further assumes the SU(3) symmetry II'„'
=——,'ll „' and the asymptotic chiral symmetry
II„=II„ for large q, one can obtain

do(e'+e - y*- x+anything)
d3~'F

-',o(e'+e - hadrons) I 11,23)
22m f

A similar relation hoMs for' the two-photon pro-
cess, based on the same assumptions plus the
approximate chiral symmetry even for small q',
which means that the cross section for vector-
photon-axial-vector-photon scattering is approx-
imately equal to that for photon-photon scattering.
Prom these two relations I conjecture

do(e'+e -e'+e +v+anything)
do(e'+e - y*- v+anything)

o(e'+e - e'+e +hadrons) for small p„o{e'+e - hadrons)

(S4i

which shows that the relevant ratio can be of order
unity. This indicates that the inclusive experi-
ments e'+e - m+anything may seriously be con-
taminated by the two-photon process unless scat-
tered leptons are tagged or unless observed pion
momenta are much la.rger than, say 1 QeV.

The author would like to thank Professor A. Pais
for many suggestions which have been very helpful
to improve the manuscript. He also wishes to
thank Professor M. A. B. Beg, Dr. P. I.angacker,
Dr. S. -S. Shei, and Professor H. Sugawara for
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Note added in proof. It cannot be stressed too
strongly that our application of the vector meson-
dominance to the vacuum expectation value of the
"softer" oPerator Product T(J„{x)d„(y)0&(0))for
real photons is perfectly consistent with the PCDC

, anomaly and the nonvanisking constant R. We have
never applied vector-meson dominance directly to
the vacuum expectation value of the "hard" oper-
ator product T(J„(x)d„(0)). If one were to do this,
one would reach the contradictory result R =0 un-
less one adopts the "new duality". "~' In this con-
nection, it is worth mentioning here that the old
application of vector-meson dominance to the de-
cay of mo into 2y by Gell-Mann, Sharp, and Wagner
is still consistent with the present data, indepen-
dent of the PCAC anomaly.
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An analysis of ~N KA and EN —7lA is presented in which the imaginary parts of the ampli-
tudes are in approximate agreement with finite-energy sum rules and the real parts are cal-

l

culated in terms of the imaginary parts via fixed-t dispersion relations. The resulting differ-
ential cross sections and polarizations are in fair agreement with experiment. Certain fea-
tures and implications of the amplitude structure are discussed.

I. INTRODUCTION

Line-reversed hypercharge-exchange reactions
present a number of intriguing features which can-
not be understood in terms of simple Regge phe.-
nomenology. For example, it has been known for
quite some time' that a model with a pair of ex-

change-degenerate Regge poles K*-E**is in clear
contradiction with basic experimental facts. One
may hope that amplitude analysis, which has
thrown much light on the structure of mN ampli-
tudes, will provide some insight into the problems
of hypercharge exchange as well. One may also
hope that through such an analysis a common pic-


