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In the quark model, nuclei (B ~ 2) have exotic quantum numbers. Given a nuclear reaction
in which certain quantum numbers are exchanged, what is the scattering amplitude at high
energies, in the GeV region? Does it have Regge behavior? Is it dual? Are there multi-
baryon resonances'? In this context we present a general survey of all high-energy nuclear
reactions -mainly those involving light nuclei. For B = 0 exchange reactions, like md md

and m h m t (h=—He, t = H), there is the impulse and rescattering (Glauber) model. For
B= 1 exchange we discuss the one-pion-exchange (OPE) model for pp dr+, pd cip, and
yd pn, and the "knock-on" model forpd n'+t, dd tp, dh hd, yh pd, and yn pt.
In the case of B= 2 exchange we examine the impulse and rescattering diagrams for md d~,
yd dm, and yd dy, and use the OPE model to calculate cross sections forpd-t~, pt

tp, and ph Q. Briefly considered are: (1) backward elastic scattering from heavy
nuclei (pA Ap) and (2) inclusive nuclear reactions such as N+ A 6Li + anything and
pA d+ anything. We postulate that in general nuclear reactions have Regge behavior, but
are not dual, because so far there are no exotic multibaryon resonances. Nuclear reactions
appear to be completely dominated by anomalous singularities, whereas ordinary nonexotic
hadron reactions appear to be dominated by normal singularities and poles.

I. INTRODUCTION

Given a two-body nuclear reaction in which cer-
tain quantum numbers are exchanged, what is the
differential cross section at high energy, in the
GeV region? Forward diffraction scattering has
received the lion's share of the attention because
the cross sections are large and do not fall off
with energy. In this paper, we will be concerned
mainly with nondiffractive reactions, those in
which quantum numbers are exchanged.

Nuclei are weakly bound systems of protons and
neutrons. What is remarkable is that the nucleons
retain their identities and do not melt into a multi-
baryon state bearing no resemblance to its con-
stituents. The general expectation is that nuclear
reactions should be completely accountable in

terms of the more fundamental nucleon-nucleon
interactions. The specific mechanisms are be-
lieved to be very complicated and not really worth
investigating.

At asymptotic energies the problem might sim-
plify. Let us assume that the scattering amplitude
has Regge behavior at high energy. Recall that
Regge poles were first introduced into hadron
physics as a general prescription for ensuring that
unitary bounds on scattering amplitudes are not
violated. If only a spin-Z~ 2 object is exchanged,
the cross section will grow with energy, and
thereby violate the Froissart bound. Most of this
contribution must therefore be canceled by other
high-spin exchanges, and the Regge prescription
is the simplest way of ensuring this.

The p-pg channel has a bound state, the deuteron.
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There are no known excited states of the deuteron,
and above the p-z threshold no genuine dibaryon
resonances have yet been seen. Qne of the nucle-
ons comprising the deuteron can be excited into a
resonance, but the total dibaryon system is not an
eigenstate of spin and parity. Except for the deu-
teron, the channel appears to be empty.

If nuclear reactions have Regge behavior (at
least for nonexotic exchange), and the direct chan-
nel has no true resonances, then nuclear reactions
cannot be dual in the same sense as ordinary had-
ron (B & 1) reactions.

The most interesting characteristic of nuclei is
that they have "exotic" quantum numbers. (How-
ever, they are not the exotic states predicted by
duality diagrams, such as in BB-BB.~) The ex-
otic classification derives from the quark model,
Any hadron which cannot be constructed from qqq
or qq is defined to be exotic. The quark model
tells us nothing about nuclear forces, because they
are not quark-quark forces. So it should not be
too surprising if nuclear reactions are not dual.

Consider now a reaction in which the quantum
numbers of the deuteron are exchanged. At low
energies the momentum transfer is close to the
deuteron pole, and so it should dominate the am-
plitude. At high energies, the momentum transfer
goes to zero, and deuteron exchange should no
longer be a valid description. Is the leading )-
channel singularity a deuteron Regge trajectory?
But, except for the deuteron, this channel appears
to be empty. Is it valid to extrapolate a deuteron
trajectory, obtained from a potential description
near the deuteron pole at p = 4 GeV', all the way
over to )=0? Even if one could make such an ex-
trapolation, the trajectory would probably be high-
ly curved and have a very low intercept. A 4b,
or ~ g ~ Regge cut is likely to be the leading ]-

(0) (c)

FIG. 1. ~d 7)d: (a) Impulse, (b) elastic rescattering,
and (c) inelastic rescattering diagrams.

channel singularity which determines the high-en-
ergy behavior.

The only way these fundamental questions are
going to be answered is by investigating high-ener-
gy nuclear reactions where the cross sections are
small and falling rapidly with energy. In I we ex-
amined the simplest B= 1 exchange reactions;
namely, pp -pp', pp -pp', and pp-dp. In this
paper we present a general overview of all nuclear
reactions, concentrating mainly on those involving
only light nuclei. With heavy nuclei the basic
mechanism is likely to be obscured by multiple-
scattering effects. Also, isospin will be badly
broken by the large Coulomb fields.

In ana. lyzing the various nuclear reactions we
will assume that nuclei are simply composite
states of protons and neutrons, and nothing more.
This provides us with a fairly well-defined pre-
scription for computing cross sections which can
be compared with experimental data. Qur program
is to extend this simple picture to high-energy,
high-momentum-transfer, and large-baryon-
nurnber-exchange reactions, where the cross sec-
tions are likely to be very small. Qur predictions
may prove wrong, but at least we will be able to
spot any gross discrepancy, signaling, for ex-
ample, the production of a multibaryon resonance.
This is not so far-fetched, since, after all, ex-
oticity has not prevented nuclei from existing.

II. B=0 EXCHANGE

The simplest nuclear reaction is vd-sd. The impulse and elastic-rescattering diagrams in Figs. 1(a)
and 1(b) can give an accurate account of the scattering amplitude near the forward direction. ' Neglecting
spin, isospin, and the D-wave component of the deuteron wave function, a relativistic treatment leads to
the following relation between the g-g and g-+ scattering amplitudes":

T„,(s„,t) = 2G, (--,'t)[ T„(s,s& t)+ T„„(s,„, t)]

&f pG~(P ) T„p(s~„& ,'t+p —d p) T „(s„„,—,'t+p~—+d p),
4

(2 1)

where g = -d' and

4 ~ 4 2 P 4 2 (2.2)
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In terms of the deuteron wave function the form
factor is

Gq(q') = 'f d xe " *
/ g, (x)/

(2.3)

do I TI
dfI 64s's (2.4)

The energies in the m-d and the m-N systems are
related by

The scattering amplitude is normalized such that
for spinless particles the center-of-mass differ-
ential cross section is

The most important feature of the ~d- ~d ampli-
tude is that it is not dual. It has Regge behavior
at high energy, but there are no real resonances
in the direct channel. The amplitude still satisfies
a finite-energy sum rule, in that an extrapolation
of the high-energy behavior gives an average de-
scription of the bumps in the resonance region.

Quark concepts such as exchange degeneracy are
irrelevant for nuclear reactions. For instance, in
~d - md, s-channel exoticity would imply that the
residue of the f trajectory is zero, which, of
course, is false. The root of the failure is that
nuclei should not even exist in the quark model.

The ~d- ~d amplitude is not dual, because in the
impulse approximation the amplitude is dominated
by a t-channel anomalous threshold at

s~g =2s~g +2 kB 2 2 (2.5) t =16m'=16m', (2.8)

which simply follows from setting the nucleon en-
ergy-momentum equal to half that of the deuteron.

The optical theorem applied to (2.1) gives'

0'« =0,~+O« — „O«
4'w

(2.6)

where

d'f G.(P)2n'
(2.7)

The last term in (2.6) can be interpreted as the
geometric shadowing of one nucleon by the other.
As the binding energy goes to zero, so does (r '),
in which case the impulse approximation [Fig. 1(a)]
becomes exact.

Ignoring the shadow term in (2.6) we see that at
high energies o.„„goes as a + b s '". The two terms
correspond to Pomeranchukon and f -trajectory ex-
change (the deuteron is isoscalar). In the reso-
nance region there are prominent bumps, which,
of course, are not genuine dibaryon resonances,
but are merely due to resonance excitation of one
of the nucleons in the deuteron. The N* and the
spectator nucleon are not in an eigenstate of spin
and parity. Although the bumps look like they are
due to poles on the second sheet, they are really
short cuts, that is, N* poles which are smeared
out by the Fermi momentum.

A clean way of distinguishing between a pole and
a short cut is to note that the energy relation (2.5)
depends on the meson mass. The bumps should be
at different c.m. energies in p-d scattering.

(e, = 2.224 MeV is the deuteron binding energy),
which is closer to the physical region than is the
normal threshold at t =4 p.'.

In general, anomalous singularities preclude du-
ality. But they are not unique to nuclear reactions,
they occur whenever the mass ratios are just
right. The impulse diagram dominates nd- ~d be-
cause the contributions from other singularities
are already included or are simply small. The
impulse term is remarkably complete, and in add-
ing corrections to it one must be careful not to
double count. '

Although Figs. 1(a) and 1(b) give a remarkably
accurate account of the md- md data, we expect
small but significant contributions from inelastic-
rescattering diagrams such as Fig. 1(c). It is rea-
sonable to expect that the diagrams in Fig. 1 give
a comPlete account of the 7j'd —nd amplitude, since
(in the absence of dibaryon resonances) it is diffi-
cult to draw any important diagrams which are not
already included.

Nondiffractive reactions such as yd- ~'d and
w h —~'t (where h ='He and t ='H) should also be
accountable in terms of impulse and rescattering
diagrams, such as in Fig. 1. The meager data
support this."

One can also look at double-charge-exchange re-
actions such as w ("Ni)- v'("Fe). Only reactions
in which the final nucleus breaks up have been de-
tected so far. One possible mechanism is a dou-
ble-scattering diagram like Fig. 1(b). For recent
reviews see Refs. 8-10.

1II. B=1 EXCHANGE

A detailed analysis of Pp- dm', pp- dp', and pd- dp was presented in I, so here we will simply review
the main results and make some refinements.
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A. pp~d7r, dp

These reactions are best described in terms of the one-pion-exchange (OPE) triangle diagram" in Fig.
2(a). The OPE model leads to the following expression relating the pp- dv and vN- Nv c.m. differential

cross sections:

do~~ "
~ ldl s„„do" " ~ do" ~ " dg"

=-2'G22'(u) —'" 3 — +3 +(cos8- -cos8)+interference terms,
dQg

(3.1)

k,'=2(m2 —u). (3.2)

The wN- N~ amplitude is assumed to be slowly
varying in k, ' at fixed s,„and cos5 (cos5-fixed
prescription).

The form factor Q~~ is defined in analogy with

G, in (2.3). In I we obtained

n "' GF(k ') 3k '
G22 +) 2 i& 2v(1 —r, a) ~, (k, +p') 2m

(3.3}

where 2., = 1.75 F, G2j42 = 14.7, a =(m&2)"2 = 45.7
MeV is the deuteron Fermi momentum, and

where s„and s,„are again related by (2.5), and

the pp- dw and YrN- Nm scattering amplitudes have
the same squared momentum transfer u. The for-
ward-backward symmetry of pP- dm is because the
initial protons are identical. The exchanged pion
(k, ) is off the mass shell, with mass given by

considerably larger than the value (& = 2.9) needed
to fit the data.

Theory and experiment" are compared in Fig. 3.
The bumps in pp- dw are due to b excitation at the
mN- Nm vertex, and their energies are correctly
predicted by (2.5). N» excitation is suppressed be-
cause the exchanged meson has I= 1."

We have calculated the interference term in (3.1)
from the ~-N phase shifts, and have obtained pre-
dictions for pp- d7r over the entire solid angle and
at all energies. The results are terrible, as far
as the angular distributions are concerned. On the
other hand, the model is very simple, and it does
give a decent over-all description of the forward-
scattering data at all energies. A formula similar
to (3.1) also gives a fair description of pp- dp'
data, ""which are mostly at high energies.

Even in vd- wd the impulse diagram [Fig. 1(a)]
does not by itself give a perfect fit to the data.
The rescattering diagram [Fig. 1(b}]is quite im-

$2+ 2 -1
F(k 2)

60', ' (3.4}
gs&p (GeV}

G2, (u) = V 2 $,(0)
GF(k 2) 3k 2 I/2

k,'+ p') 2m (3.5)

which follows straightforwardly in the fashion of
(3.17}-(3.19) below. Note that the OPE contribu-
tion vanishes when $,(0) =0, and not just when e,
=0. A Hulthdn wave function gives & =12, which is

is the Ferrari-Selleri" form factor for the ~NN

vertex. The OPE coupling strength & is a dimen-
sionless parameter characterizing the short-dis-
tance structure of the deuteron wave function.

An equivalent expression for the form factor is"

20 3.0 4.0
IOOO —,

5.0 6.0

ioo A:
'I

~ l r
I
I

lO =
E

biC,
'

p+p~d+ sr+

cos 8=-I

~ 4r)derson et al.
' Other published doto

77

(o)

O. l =

.5
I I I I I I I I I I I I I I I I I I I I

1'
I

2 4 6 8 lO l2 14 I6 l8 20 22

Tp (G eV}

FIG. 2. (a) OPE diagram for pp de (pp dp);
(b) a possible rescattering contribution analogous to
Fig. 1(b). To get the full amplitude, the initial protons
must be antisymmetrized.

FIG. 3. The center-of-mass forward differential cross
section for pp d7I as a function of the incident proton
kinetic energy in the lab (adapted from Ref. 14). The
dashed curve is the OPE prediction from (3.1), ignoring
the interference terms.
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portant, particularly in the resonance region and
at large angles. Correspondingly, in pp- dm we

can expect a rescattering diagram [Fig. 2(b)] to be
important in the resonance region, where the mN

—wN cross section is large.
It has been argued" "that, because the pp- dm

cross section in the 3-3 resonance region is close
to the unitary bound, there must occur a genuine
dibaryon resonance, a bound S state of N-h, which
couples weakly to the 'D, wave of p-p. The follow-
ing are criticisms of this interpretation: (i) The
experimental angular distribution differs signifi-
cantly from the expected (1+3cos'8)." (ii) vd- vd

is also large in the 3-3 resonance region, but it is
due to a short cut rather than a pole. (iii) Unitar-
ity cannot be relied on to drive the higher n exci-
tations resonant.

B. pd~dp

Using only t-channel factorization the OPE model
can also be applied to pd- dp [Fig. 4(a)], giv-
e ~l, 13,23

da " ~ jpl s„„3 do ~

dfle ~ Idl s~ 2 dn~

where

2
Sgg = 2S ff g + m

(3.6)

(3.7)

This relation is simpler than (3.1), because there
are no interference or crossed terms. Most of the
P-d backward scattering data ' are in the 3-3
resonance region, where the OPE relation (3.6)
affords a good fit. We expect that rescattering
contributions, which are important in pp- nd, are
small for Pd- dP, because NN- NN does not have
any prominent resonances.

At low energies the momentum transfer u is
close to the nucleon pole, which therefore domi-
nates the amplitude. This is the familiar one-nu-
cleon-exchange (ONE) mechanism responsible for
the deuteron-stripping reactions in nuclear phys-
ics. With increasing energy u . goes from m' to
zero, and we would expect a Regge description in-
volving all the resonances on the N trajectory to
be more appropriate. As can be seen from Fig.
4(b), the OPE triangle serves as the d-p-N resi-
due.

The ONE diagram should not be added to the OPE
diagram [Fig. 4(a)], because they both contain Fig.
4(b). They merely differ in how the interaction
bubble is drawn. At low energies, ONE is an ac-
curate approximation, whereas above, say, the
threshold for pion production, OPE is more appro-
priate.

The OPE diagram for pd-dp already contains
much of the rescattering diagram, such as Fig.

1(b), and the two contributions should not be add-
ed." Fortunately, the impulse and the elastic-re-
scattering diagrams are too small to account for
the pd- dp backward peak. "

The OPE triangle diagrams in Figs. 2(a} and 4(a)
have an anomalous threshold at

u= m'+2p(p+2a), (3.8)

which is below the normal threshold at (m+ p}'.
The nucleon pole at u= m' should not be counted,
because it is already contained in the wN- Nm scat-
tering vertex.

C. Polarization

The OPE model predicts that the polarization in
pd- dp (with the initial proton polarized) should be
the same as in pp- dm, at the corresponding angle
and energy. At 425 MeV the polarization in pd- dp
(Ref. 30}was found to be substantially larger than
in PP- dm. " The discrepancy might be because the
energy is too low. ONE or Glauber scattering ex-
tended to the backward direction is likely to give a
more accurate description of pd-dp at low ener-
gies.

Another test" is to relate the p polarizations in
PP- dp and ~N- Np. If we can safely ignore the in-
terference term in (3.1), the OPE prediction fol-
lows from the replacement

dg dg
dQ dQ

-Pz~' (3.9)

(b)

FIG. 4. (a) OPE diagram for pd +. This already
includes the ONE diagram (b). How the interaction
bubble is drawn determines what picture is emphasized.

The p-spin density matrices can be easily deter-
mined from the p- wm decay distributions. But in
order to relate the pp- dp and ~N- Np density ma-
trices, the nN- Np cross sections must also be
measured. Also, there is the ambiguity of choos-
ing a frame in which the ~N- Np density matrices
are slowly varying when the pion goes off the mass
shell.

Polarization measurements may eventually pro-
vide important tests of the OPE model, but they
have the drawback that the polarization is kinemat-
ically zero at 0' and 180', where the model is most
reliable.
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255 MeV 305 MeV 405 MeV

0
0

bQ
0 i I I i

p
o oo

180 0 180 0 60 1200 60 120 60 120

8 (degrees)
FIG. 5. The c.m. differential cross section for yd pn. The solid lines are the OPE predictions from (3.10),

neglecting the interference terms. The data are from Ref. 33.

D. yd~pn

Although yd- Pn cannot be related to a simple
linear combination of yN-Nw cross sections [as
in (3.1}], almost all the data are in the 3-3 reso-
nance region where the yN- N~ amplitude is al-
most purely I=-,'. In the 3-3 region the OPE mod-
el gives

do " ~, Ip[ )pyl syp 4 day~

dQ+ ~
Idyl iP„l sy& 3 dQ&

= G~,'(u}

+ (cos8- -cos8) + interference terms,

(3.10}

where

(3.11)Syg = 2Syp+ 2m

and G~, (u) is given by (3.3) with g =2.9 (the same
as for wd- pp).

The forward-backward symmetry of (3.10) is
due to the fact that only an isovector photon can
produce a 3-3 resonance. In the 3-3 region

doy' ~'
(x,= 16' (5 —3cos'8),

dgg 16m
(3.12)

and we expect a similar angular distribution for
p&- pn. Neglecting the interference term in (3.10),
and using the cos5-fixed prescription to relate 8
and 5, we get the results displayed in Fig. 5."
The 3-3 resonance should give a peak at about 300
MeV. The model gives a fair account of the data

above 260 MeV, below which ONE gives a better
description.

It is double counting to add the ONE and OPE
contributions (as done in Ref. 34). It is also dou-
ble counting to add the deuteron-pole diagram in
Fig. 6, because the pion plays an important role
in binding the deuteron.

E. K d~AN, ZN

There are no data on these processes. For the
OPE predictions see Ref. 35.

F. md~pe

This reaction, in which the quantum numbers of
the A" are exchanged, has been proposed as a
probe of the 6-6 content of the deuteron wave
function. " The problem is that the OPE contribu-
tion [Fig. 7(a)] has to be picked out, by means of
the missing mass, from the large background
coming from deuteron breakup [Fig. 7(b)]. In fact,
Fig. 7(a) is really a final-state-interaction correc-
tion to Fig. 7(b).

It is important to note that the triangle diagram
[Fig. 7(a)] has no u-channel anomalous singularity.
Even if it did, it would be canceled by the same
singularity in Fig. 7(b)." The only anomalous sin-
gularity comes from Fig. 7(c), and is very far
away. It would be very surprising if the m d- pb
differential cross section were not extremely
small.

(0) (b) (c)

FIG. 6. Deuteron-pole diagram for pn dy.
FIG. 7. ~ d pb: (a) OPE, (b) background, and (c)

exchange diagrams.
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G. pd~mt

A natural ansatz is the OPE diagram in Fig. 8(a).
The energies in pd- wt and wE E-w are related by

+d(p) ) 3/2 g 1

(2M )1/2 (P 2 m2)
= ( w} (Pd (n -

2

=
]I

d'x (t/dd'(x) exp[ix ~ (n ——2d)],

s« = 3s„„+6m2—2p2. (3.13)
(3.17)

Unfortunately, the two spectator nucleons must be
in an unbound I= 1 state. This diagram should give
a contribution proportional to the I=-,' exchange
wE- Ew cross section (3v' —a +3o'), but it is very
hard to estimate the value of the off-shell w-d-(pp)
vertex. In order to get a deuteron spectator, an
isoscalar meson would have to be exchanged.

Another contribution comes from the "knock-on"
diagram in Fig. 8(b). ~ 40 The diagram in Fig. 8(c)
is likely to be relatively unimportant. This can be
checked by seeing whether, say, "C(p, w ) "0 is
suppressed relative to "C(p, w') "C. Recent data"
indicate that (p, w ) is generally suppressed by a
factor 100-200.

In the literature ' ' the knock-on contribution
has been calculated only nonrelativistically. Since
the process is inelastic, this is probably inappro-
priate at high energies. In the following we pre-
sent a relativistic treatment similar to that for

fed d

The amplitude corresponding to the diagram in
Fig. 8(b) is (neglecting spin)

~ ~ ~

d'n 4 (P' e)Td' '"(s, u P' d')4, (d' n')
(2w)' (p,'+m'-ie)(n +m'-is)(d, '+Md' —ts) '

(3.14}

where 4, and 4, are the d-P-n and t-d-n vertex
functions, respectively. The impulse approxima-
tion corresponds to putting the spectator neutron
on the mass shell by means of the prescription

(rP+ m' —ie) '- 2wi5'(n'+ m')

= —5{n,—(n'+ m')'") . (3.15}
0

4'((d I') 2„s/w
(2M )"' (d '+M ')

d'xft x exp -ix ~ n ——,'t

the amplitude (3.14) becomes

(3.18)

dn
(M M )' (t) (n ——'d)(t) (n —-'F)T '(s u n)

0

(3.19)

which in the peaking approximation leads to

Td' "(s„,, u)= v 6Gdd(n. )T "(s„,u),

(3.20}

where

&„(&*)= jd'*8 "'ll:(*)( (*),

~ =-,d--, t .

(3.21}

(3.22)

Ignoring spin, (3.20) gives the result

,(,)
It, l lp, l s„dodd

(3.23)

which differs from that in Refs. 38-40.
The relation between s„, and s„, is determined

by the value of n at which Q,*(t) t peaks. If the ver-
tex functions 4, and 4 t are constant, this will oc-
cur when

(i) the internal deuteron is on the mass shell (n
=-, t);

This gives

P,'=(d-nP=-m +2(n-~d}~+2msd,

d, =(t —n)'=-Md +3(n- t)~+2Md(e, —&d}.

In terms of the wave functions

(3.16}

d, '+ M,' =0, p, '+ m' =-', (m' —u), (3.24)

S 7r t = 2 S ff g + 3 PPg —
2 P,

2 & 2 (3.25}

in which case the 3-3 resonance bump should occur
at a proton kinetic energy T~=450 MeV in pd- ~t;
or when

(ii) the internal proton is on the mass shell (n
= -'d)

I=I .. + n

d, +Md =d(m —u), P, +m =0,

s&t 2S&d+ m t
2

(3.26)

(3.27)

(o) (b) (c)

FIG. 8. pd tv+: (a) OPE, (b) knock-on, and (c) knock-
on with isovector NN state.

in which case the resonance bump should be at T~
=600 MeV. The energy relation (3.25) is compati-
ble with (3.13) and (2.5), whereas (3.27) is not.
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40-

th

20-

b
D D

pd TI't
22) into (3.23}and solve for G«'(n'). The energies
are related by (3.25}, and the scattering angles are
related by equating the momentum transfers in the
two processes (u-fixed prescription). In Fig. 10,
the experimental values for G«2 are plotted versus
", and n, ' [defined by (3.28) and (3.29)]. A fit to
the form (3.32) gives

(a) «, =0.7, P, =115MeV,

(b) «, =02, P, =300MeV.

0
.5 ~ 5

T, (Gev)
~7

In Fig. 9 the pd- vt forward-cross-section
data42 "peak at about 450 MeV, thus favoring
(3.25). This implies that the triton vertex function
4, falls off more rapidly than 4~.

Another tricky ambiguity is that b, 2 is not a rela-
tivistic invariant. Two possible prescriptions are
to replace 42 by

(a) n.'=Z'-( ,'d, ,'t,)'---

FIG. 9. The e.m. forward differential cross section for
pd m+t at various proton lab energies. The data are
from Refs. 42—47.

Although the variable 4,2 seems to give a better
fit, it entails an unacceptably large value for P, .
[Note Addedin ~oof.There is an error in Eq.
(3.29). The quantity u -u should be divided by
6. Consequently, the fit to the form (3.32) with
"=&,' really yields «, =0.03 and P, =95 MeV. ]

The diagrams in Fig. 8 have the essential fea-
tures that they have Regge behavior at high energy
and they already contain the ONE pole. Although
there clearly seems to be a 3-3 resonance bump
at 450 MeV in Pd-vt, all three diagrams in Fig. 8
suggest a bump at this energy, and our analysis
cannot be considered as proof that Fig. 8(b) is the
dominant one.

H. dd~tp and dh~hd

or

= —,'(m' —u)

=Q~ Q.

(b) ~a'="-"~

(3.28}

(3.29)

We want to relate dd-Pt to Pd-dP using a knock-
on diagram like Fig. 8(b}. Unfortunately, the ini-
tial deuterons are identical and must be symme-
trized, giving rise to incalculable interference
terms.

No interference term arises in Fig. 11, which
relates

The Gaussian wave functions

p 2 3/4

gd(x) = —' exp( «Pd x ) -~ (3.30)

dn "
~( 2) Iddl sdd do d

dgg ' It~] s„„dQe
where

(3.33)

p
2 3/4

(x) =x "' ~ exp(--,'P, 'x')

[where pd=87MeV(Ref. 48), p, =106MeV(Ref.
49)] inserted into (3.21) yield

(3.31)

2' P,Gdg(n) xt Q pg exp t,p~ +pg
(3.32)

p, (x} is the d-n component of the triton wave func-
tion, and ~, is the total probability that the triton
is in such a configuration. If the internucleon cor-
relations can be neglected, then a, =-,', meaning
that the triton has an equal probability of being in
an N-(NN), , configuration. " In obtaining the es-
timate P, =106 MeV we had to assume that the deu-
teron radius is much smaller than the triton radi-
us, which is certainly very questionable.

We insert the experimental differential cross
sections for pd- vt (Refs. 42-47) and pp-dv (Ref.

Sgg =2 gg™2 (3.34)

and G«(n, ') is the same as in(3.23}. The scatter-
ing angles are related by equating the momentum
transfers u. There are no high-energy data on
either dd- tp or dh -hd.

I. yh ~pd and yn ~pt

We expect that the knock-on model (3.23) should
also relate yh —Pd to yd-Pn. The yh —Pd cross
section at 90' has been measured up to Ey 500
MeV, "and there is no indication of a 3-3 reso-
nance bump expected at around 300 MeV. However,
the 3-3 also appears to be washed out in yd» pn. "
Perhaps the energy is too low and the angle too
large for the model to be applicable. On the other
hand, there is a distinct bump in yn - pt at about
300 MeV for scattering at 90'."
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FIG. 10. The form factor G~~ (dP} calculated from (3.23), and the pp —d7t and pd 7ft cross-section data (Refs. 22,42-47) at various proton lab energies. The squared momentum transfer is u = -(d-t)2. The lines are fits to the
Gaussian form (3,32), (See Note added in proof on p. 1448).

J. A(P, 71+)A + 1 and A(d g)A + 1 IV. B= 2 EXCHANGE

The I=-,', B =1 exchange amplitudes for these
processes are related by the knock-on mechanism
to pp- dn and pd-dp, respectively. The model is
compatible with the very sparse data on A(p, v')A
+1, where A ='He, He, ' C, '~C, '4N (Refs. 51 and
52), although rescattering effects are certainly
very important.

The only B =2 exchange reaction involving non-
exotic hadrons is P-P backward scattering. At 5
GeVjc the differential cross section has a promi-
nent backward peak, "which when combined with
lcwer-energy data goes as (do/du), -s ", corre-
sponding to an effective-trajectory intercept of
a„(o)=-3.7.
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The energies in (4.1) are related' at the peak val-
ue of

ygy, ~(p, '+m*) '(p, '+m')-', (4.3)
FIG. 11. Knock-on diagram for dt td or dk hd.

A. md~de

This is the simplest dibaryon-exchange nuclear
reaction. In Fig. 12 the experimental backward
differential cross section" "is plotted versus the
energy. The backward cross section appears to
fall off exponentially rather than as a power of the
energy. Throughout this energy range, md- md is
peaked near the forward direction and flat near
180'.

The most distinctive feature of the data is the
bump at 580 MeV." Is it a genuine dibaryon reso-
nance? This is certainly a good place to look for
them, since the "background" due to the impulse
and rescattering diagrams in Figs. 1(a) and 1(b) is
small and falling rapidly with energy.

Up to about 180 MeV, which is the threshold for
pion production, it has been demonstrated"'" that
the impulse and rescattering diagrams can account
for the differential cross section data over the en-
tire solid angle. The question is, can this "back-
ground" also account for the data above 180 MeV?
Progressively refined calculations over the past
two decades have shown that simple Glauber scat-
tering' gives a surprisingly accurate account of
the data all the way out to t = 2 GeV'. The model
works far better than expected.

Consider first the impulse diagram in Fig. 1(a}.
The c.m. energies of the w-d and w-N systems are
related by (2.5); in other words, the incident pion
kinetic energy is the same for both targets,

which occurs when one of the nucleons of ~N- ~N
is on the mass shell and the other is off;

p, '=(-,'d)' =-m',

p =(d'- —'d} =-m' —'t. — (4.4)

(4.6)

IO

b, ( l2 36)
IO'-

The amplitude should be symmetrized in P,' and

p, ', but this is unnecessary for nd- md.

The off-mass-shell ~-N amplitude can be related
to the physical one by assuming slow off-mass-
shell variation at fixed t„„orat fixed cos8„„.
With t,„fixed, the angular boundaries do not
match up; cos8„~ = -1 corresponds to cos8,„&-1.
Whereas with cos 8„„fixed, -1 & cos8„„&1maps
into -1 ~cos8„&1.

At large t the double-scattering term in Fig. 1(b)
should dominate the amplitude, because transfer-
ring the momentum in two steps minimizes the
form-factor suppression. In the weak-binding
limit we may write

i 1
T~q(swq~ t)= —

2 Tns (sr~, ~t). (4.5)
2wM~ kl r

If T„„is taken to be the physical amplitude, with
the internal nucleons nearly on the mass shell,
then the internal pion must have mass squared

~(~) ~(~)
W (4.1)

irrespective of momentum transfer. In wN- AN

the resonances a(1236}, N(1520), and N(1688) oc-
cur at T '„"'= 180, 580, and 900 MeV, respectively,
which closely correspond to the bump positions in
Fig. 12.

It is often argued that (4.1) is true only at f =0,
and that the actual energy relation is momentum-
transfer dependent. However, the suggested al-
ternatives have serious defects. For instance, the
relation advocated by Alberi and Bertocchi" vio-
lates energy conservation at the d-p-n vertex,
whereas in a previous work' a forceful argument
was given for (4.1).

In the impulse diagram, the momentum transfers
in md-md and ~N-~N are equal:

(4.2)

2
IO =

00
CO

bj& IO-

IO
0 .I .2 .3 .4 .5 .6 .7 .8 .c} I.O

T~(GeV )

FIG. 12. The xd xd c.m. differential cross section
at 180 versus the pion kinetic energy in the lab. The
data are taken from Refs. 54-59. The curve is simply
an eyeball fit. The resonance energies in mV mN are
indicated.
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b„,Nf2

FIG. 13. The inelastic-rescattering diagram for ~d
d7) is the same as Fig. 1(c) untwisted, and with the
intermediate pions factored into two bunches. This
diagram contains a Hegge cut.

Near t =0 the diagrams in Figs. 1(a) and 1(b)
should give an accurate account of the scattering,
but at large momentum transfers the inelastic re-
scattering diagram in Fig. 1(c) should dominate.

The inelastic rescattering contribution to md-dn
can be estimated by simply replacing the ~N- mN

amplitudes in (4.5) by the amplitudes for wN- N
+ anything. For large I, we estimate

(4 7)

which like (2.6) also follows from geometrical con-
siderations. It is very difficult to make a more
accurate calculation. Fortunately, the multipion
intermediate states are unlikely to be terribly im-
portant for the energies of interest in Fig. 12.

Barring the existence of dibaryon resonances
which couple to nuclei, the diagrams in Fig. 1
should give a complete account of md- md at all an-
gles and energies. The common feature of these
diagrams is the energy relation (4.1). More spe-
cific predictions are very sensitive to the deuteron
wave function at short distances.

What is the asymptotic energy dependence of ~d- dm? This is hard to measure experimentally,
because already at 900 MeV the background due to
protons coming from deuteron breakup becomes
prohibitive. So far the backward cross section
falls off exponentially with energy, but this is un-
likely to continue indefinitely. A Regge cut imply-
ing a power-law behavior should eventually domi-
nate.

Neither the impulse diagram [Fig. 1(a)) nor the
elastic rescattering diagram [Fig. 1(b)] is Regge-
behaved in the backward direction. But the inelas-
tic rescattering diagram [Fig. 1(c)] has a h I84
Regge cut, as can be seen in Fig. 13, which is just
Fig. 1(c) untwisted and with the multipion interme-
diate state factored into two bunches. The elastic
rescattering diagram does not have a Regge cut

FIG. 14. Triangle diagram relating md d7(' to NN
ÃN at high energy.

FIG. 15. Deuteron-exchange pole in yd dy.

because it cannot be so factored.
Asymptotically the ~-d backward differential

cross section should go as s'" ', where o =2o~(0)
—1=-0.7. The 4b. residue may be small, in
which case N Sa or N SN would be the leading
cut.

A relation between md- dw and Pp-Pp is sug-
gested by the triangle diagram in Fig. 14, which
has an anomalous threshold at

u =4m' - (p, —2a)'. (4.8)

However, this diagram is already contained in
Fig. 13. Nevertheless, the ~-d and p-p backward
differential cross sections could turn out to be
proportional at very high energies.

B. yd~dmo

The yd- n'd differential cross section at 180'
has been measured between 200 and 300 MeV."
The impulse and elastic rescattering diagrams
imply a 3-3 resonance bump at about 300 MeV.
The bump in yd-d~' appears to be centered
around 250 MeV.

C. yd~dp

D. pd~tn

The knock-on diagram [Fig. 16(a)] cannot account
for the backward-scattering data (n, ' & 0.12 GeV')
in Fig. 10(a). Therefore, some other mechanism
must be responsible for the backward scattering.

The OPE diagram in Fig. 16(b) leads to the re-
lation

In contrast with md- dm, both I= 0 and 5=1 can
be exchanged. The I= 0 part has a deuteron-ex-
change pole (Fig. 15). At low energies the deuter-
on pole is certainly important, but will it also be
important at high energies? Can the deuteron
Regge trajectory obtained from potential scattering
be extrapolated all the way over to u =0? Even if
it could, would a Regge cut dominate?

We have postulated that diagrams such as Fig. 1
can give a complete account of the scattering. The
deuteron pole is produced by meson-exchange
forces, and these are already included in Fig. 13.
It would be double counting to simply add Figs. 13
and 15. In other words, the deuteron pole is some-
how related to the n I83 6 (or N 8 N ) Regge cut.
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E. pt~fp

(a) (b)

FIG. 16. pd tv+: (a) Knock-on diagram for pd wt

IFig. 8(b) j at 180'; (b) OPE diagram.

The impulse diagrams in Figs. 18(a) and 1S(b)
do not have Regge behavior near the backward di-
rection, but the OPE diagram in Fig. 18(c}does.
Its contribution is given by

(4.13)

dg~" " 2, jt j sg dg""
(4.9) where

2
S&, = ~S«+ ~m (4.14}

where

s« = qsffz+37R z
2 1 2

k, '=-', [4m' +(t-p)'],

GF(k ) 2k
G~, (k, ') =y, (0)M6

(4.10)

(4.11)

(4.12)

k,' =-', (4m' —u~, ), (4.15)

and cose = -1 corresponds to cos5 = -1. For P,(0)
we use the value needed to fit the pd- tv data in
Fig. 17. The OPE prediction for Pt- tP is plotted
in Fig. 19(a). The angular distribution should be
flat near the backward direction.

The form factor (4.12) was obtained in a fashion
similar to (3.5). The v 2 factor is due to the fact
that the triton has two helicity states. The scatter-
ing angles are related via the cos5-fixed prescrip-
tion, where cos8 = -1 corresponds to cos5 = -i.

In Fig. 17, the predicted pd- ~t differential cross
section at 180' is compared with the data. ~'4'"'"'"
The value of g, (0) needed to fit the data is a factor
of v 10 smaller than that suggested by the Gaussian
form (3.32) with ~, =-,' and P, =100 MeV. The bump
predicted at about 1.05 GeV corresponds to the
N*(1520) (?) bump in wd-dv (Fig. 12). Near 180',
pd- wf should have a flat angular distribution like
7Td ~ ltd.

10—

pd~7Tt

F. ph~hp

cg 1 dg
du 4 dn

(4.16)

The only high-energy datum" on pk -h p [Fig.
19(b)] is considerably higher than the OPE predic-
tion from (4.13) and (4.16). The following are pos-
sible reasons for the discrepancy:

(i) There may be a large I=0 exchange contribu-
tion, such as from the isoscalar-meson-exchange
diagram in Fig. 1S(d) (which has Regge behavior

Although it is easier to measure, ph -h p is the-
oretically more complicated than pt- tp, because
both I= 0 and I= 1 can be exchanged. If the I=0 ex-
change amplitude is small, then isospin invariance
implies

0
O

~ m IO

(b)

IO .3 A .5 .6 .7 .8 .9 I.O I. I I.2 I 3
T, (GeV)

(c)
FIG. 17. The c.m. differential cross section for

pd n't at 180 . The data are f'rom Refs. 42, 43, 45,
47. The curve is the OPE prediction from (4.9) with
the normalization, g, (0), chosen to fit the data.

FIG. 18. pt tp andph Q: (a), (b) Impulse dia-
grams; (c) OPE diagram. The isoscalar-meson-ex-
change diagram (d) can only contribute to ph hp.
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FIG. 19. The (a) pt -pt and (b) ph ph c.m. differential cross sections at 180'. The OPE predictions are from
(4.13) and (4.16), and the estimate of the deuteron-exchange contribution is from Ref. 66. The datum point is from
Ref. 65.

at high energy).
(ii) The deuteron-exchange pole may still domi-

nate. The estimate" of the d-pole contribution
plotted in Fig. 19(b) is extremely sensitive to the
short-distance structure of the helion wave func-
tion, which was chosen so as to fit the datum point.
The diagram in Fig. 18(d) already contains the d-
exchange pole, but we have no way of evaluating it
at this time.

(iii) The OPE model may also fail for pt- tp, in
which case the impulse diagrams in Figs. 18(a)
and 18(b) (and also rescattering) may still be im-
portant. Unfortunately, their contributions are
hard to estimate with any confidence. Moreover,
Fig. 18(a} is to a large extent already contained in
Figs. 18(c) and 18(d).

(iv) Perhaps a 'Li resonance is being produced,
but it is hard to tell from the data.

V. 803 EXCHANGE

IO

10-
pa- = pa

IO

2IQ—

due to the large mass of the target nucleus. Pre-
sumably we should use T~ instead of s. Even then,
it would be presumptuous to expect this form to fit
low-energy data. On the other hand, the Regge
form does embody the empirical feature that the
power of falloff increases with the baryon number
exchanged.

The world data consist of a few points (Fig. 20)
for pa- ap (Ref. 65) and p('Li)- ('Li)p." So far
the backward cross sections fall off rapidly with
no sign of any structure. Generally, the falloff is
faster the larger the baryon number exchanged. "

0

IQ

bla

2a —1 = 2(A —1)[(y~(0}—1]+ 1

=1 —1.7(A —1) . (5.1)

However, at present energies s is nearly constant

A. Regge Model

Asymptotically, pA-Ap should be dominated by
a " "Regge-cut exchange, implying an energy
dependence of s' ', where

-I
IQ

I I I I I I III
3

IO

10
IO IO

T (Mev)

FIG. 20. The c.m. differential cross section for p 4He

p 48e at 169 . The high-energy datum is f'rom Ref. 65.
The line is simply an eyeball fit.
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B. Impulse Term f -k 'J',(kR sin(v —8}). (5.5}

C. Optical Picture

In backward scattering from heavy nuclei, multi-
ple scattering is likely to be very important, in
which case an optical formalism would seem most
appropriate.

The impact-parameter representation for the
scattering amplitude is (neglecting spin)

f(s, t) = bdb j,(b~t)a(b, s).
0

The differential cross section

(5.3)

(5.4)

falls off rapidly with t for any reasonable opacity
function a(b, s). For example, a Gaussian a
=exp( b'/2R') giv-es f -exp(-2R't), while a black
disk gives f - (-t) ". The impact-parameter
representation has little value for backward scat-
tering because it is very sensitive to the exact
form of the opacity function.

In an optical picture, backward scattering is be-
lieved to be interpretable in terms of the glory
effect' encountered in meteorology and in reflect-
ing street signs. It is a classical effect in which
the incident wave is internally reflected from the
back surface of the target, with c.m. amplitude

How does the impulse contribution, which is pro-
portional to the square of the form factor

d(q)=fd', .d' „e""'(I( (*, x„l(l',

(5.2)

fall off with momentum transfer? In (5.2) the
e"'"» factor averages to zero, except in the re-
gion Ix, I& I qI '. Consequently we can interpret
G„(q') as the probability of finding the ith nucleon
within a radius (-t) " of the center of mass of
nucleus A. Since the wave function is unlikely to
blow up near g =0," we can expect the form fac-
tor to fall very rapidly, perhaps exponentially,
with momentum transfer.

Previous estimates of PA-Ap at high energy
were made by Blokhintsev, "who postulated that
the backward cross section is proportional to the
probability that all the nucleons of A are within a
volume (-t) "'. If the wave function is constant
near the origin, this leads to a backward cross
section falling off as T~

"" ", which is consis-
tent with the meager data available. " However,
this model cannot be interpreted in terms of Feyn-
man diagrams, and it is unable to account for the
bumpy structure seen in Pd-dP and md-dm.

Data for 20-50-MeV z particles scattering off
spinless nuclei can be fitted by a Bessel function
near the backward direction, "but the energy fall-
off is much faster than the k ' predicted by (5.5).
Moreover, (5.5) implies a rapidly varying opacity
function characteristic of a shiny reflecting sur-
face." It is highly doubtful whether the classical
glory effect has any relevance for high-energy
backward scattering from "black" nuclear matter.

VI. INCLUSIVE REACTIONS

As for two-body reactions, we expect inclusive
nuclear reactions to involve the impulse approxi-
mation, factorization, and Regge behavior, but not
duality. Inclusive nuclear reactions promise to be
an important source of information about exotic
channels. They are the simplest reactions to mea-
sure experimentally, and there already exists a
wealth of data —so much in fact, that we must de-
fer a more complete account to a future paper.
Here we mention a few interesting examples to
illustrate the possibilities.

A. ' X+A~X+anything

Fragments (X='Li, "C, etc.}are seen which
have small momenta in the rest frame of the inci-
dent 29-GeV ' N ions. v Also, the momentum
spectra and relative abundances of the fragments
are independent of the target nucleus A =P, "C.

To understand these results, consider the im-
pulse diagram in Fig. 21(a), where A scatters off
an N -X constituent of "N without disturbing the
spectator X. The momentum transfer between N
and X is close to the N-X pole. Unitarity, the
optical theorem, and factorization imply that

o(NA- X+ ) =a, (NA) x (probability of finding

an X cluster in "N),
(6.1)

which is consistent with the experimental obser-
vations. "

(o) (b)

FIG. 21. N+A N+A: (a) Impulse scattering
from an N-X cluster of ~4N; (b) rescattering from the
spectator X.
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The factorization property hinges on X being a
spectator. If the rescattering diagram in Fig.
21(b} contributes substantially to the "N-A total
cross section, then factorization could break
down.

There is some evidence for charge-exchange
scattering, where X='~C, "O. Significantly, no

B ~ 15 fragments are seen, but reactions of this
type are most interesting from our point of view.

B. p+A ~X+anything

The inclusive cross sections for X=d, p, m' pro-
duction were measured" at 6.8 GeV/c for X emis-
sion at 15 mrad and 1.23 GeV/c, which is in the
central region and is much larger than the Fermi
momentum. The inclusive cross sections o (p)
=Edo/d'p go as A, where 6,+ =0.45+0.03, 6,
=0.69~0.03, and 5, =1.24+0.01.

This can be interpreted as follows: Inclusive
cross sections are discontinuities, so p and g'
production should be proportional to the total cross
section and go roughly as A"'. Since the deuteron
is weakly bound, o'(d) should be proportional to
the two-particle inclusive cross section o"~(zd, -', d}.
If the two nucleons are uncorrelated,

o"(d) = If~ I'[o'(2d)]'/o~. ~ (P») (6.2}

o "(h)o'(-', h) = [o'(-',h)]'. (6.4)

It would be very interesting to measure the A de-
pendences of these inclusive cross sections.

VII. DISCUSSION

On the basis of our examination of a number of
high-energy nuclear reactions, let us abstract a
few useful hypotheses which may prove to be of
general validity.

l. Above the multinucleon normal threshold,
the B~ 2 channel is empty of any real resonances.

Z. Nuclei couple directly only to nucleons.
Specifically, the bare d-N-N* coupling should be
zero. A d-N-N* vertex can be generated from the
d-p-n vertex by a final-state interaction, such as
OPE, and adding an N-N" (1688) component to the
deuteron wave function" would run the risk of

This goes as A"' if the np-d amplitude, f„, is
proportional to the time the nucleon pair spends in
the nucleus (~R ~A"').'

The data for antideuteron production by high-en-
ergy protons"" can be accounted for by"

o'(d) o'(2d)
o' (d) 2(-,'3)

Also, the meager data on h production" are con-
sistent with

double counting. By the same criterion, b, nu-

clei"' should also be ruled out.
3. Diagrams soith anomalous singularities domi-

nate the scattering amplitude. This is a precise
statement of the tacit assumption usually made

when one is interested in calculating a cross sec-
tion, namely that nuclei are just weakly bound

states of nucleons, and nothing more. This is a
very strong statement, but as yet there is no

clear evidence to contradict it. It implies, for
instance, that m d- pb, should come only from
the backward tail of w d- n p (see Sec. III F}.

In contrast, in the strongly-couPled suorld of non-
exotic hadrons, only normal thresholds and poles
appea~ to be important. The dual-resonance model
is the living epitome of this. In fact, the domi-
nance of normal singularities might serve as a
precise definition of the bootstrap. Surely the
bootstrap hypothesis would never have been for-
mulated in a world dominated by anomalous singu-
larities.

There might exist amplitudes in which both
anomalous and normal singularities are important.
In pZ - gZ, for example, the t channel has a
(K-N) anomalous singularity, but the s channel
is nonexotic and contains several resonances.

4. Nuclear reactions have Regge behavior at
very high energy. In exotic-exchange reactions, a
Regge cut is likely to dominate over the Regge
trajectory associated with low-energy potential
scattering.

5. The asymptotically leading diagram also
leads in the resonance region. It would be very
unsmooth for the leading diagram to suddenly
loose its dominance. An extrapolation of the
asymptotic behavior should average the bumps in
the resonance region. However, due to the domi-
nance of anomalous singularities, nuclear reac-
tions are not dual, because the high-energy Regge
behavior is not built up from real resonances.

6. The amplitude factorizes in the t channel,
at least for nonexotic exchange.

7. Belou~ the threshold for pion production, toe
can revert back to old-fashioned nuclear physics.

These rules provide a fairly well-defined frame-
work for calculating high-energy nuclear cross
sections. Our program is to push these hypotheses
as far as possible, and to look for a possible
breakdown. If they hold true, then B ~ 1 hadrons
would occupy an aristocratic status, while nuclei
would be strictly composite. These are the stakes.

It may eventually prove necessary to distinguish
two types of hadrons: those associated with a
nearby threshold, and those, like p, p, m, etc. ,
whose nature seems to be determined by global
considerations. Raj asekaran~ has suggested that
global states correspond to poles in the K matrix,
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whereas threshold-associated states do not. Of
course, both types are poles in the S matrix.

The trouble with this classification is that there
are several well-established nucleon resonances
that fit nicely into the quark dual-resonance pic-
ture, yet appear to be intimately connected with a
particular threshold. This ambiguity does not ap-
ply to exotic states, such as nuclei, hypernuclei,
and g*'s, which should not even exist in the quark
model.

The quark model may still have some relevance
for the nuclear potential. The potential is known
to transform as an SU(2} singlet, but what about
SU(3}? It is probably badly broken, but it might
be broken in a simple way, such that the potential
transforms, say, as the eighth component of an

octet. ' This is quite possible, since the potential,
which is due to meson exchanges, is very sensitive
to the meson masses, and these are split by a
medium-strong interaction transforming as the
eighth component of an octet.
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