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A new and very simple interpretation of the reaction m p 7t n based on intersecting,
real, p and p' Regge trajectories is proposed. The most dominant physical features of the
differential cross section and polarization data directly determine the main characteristics
of the p', which turn out to be completely different from those based on a belief in parallel
trajectories. The p' trajectory thus determined is compatible with the recently discovered
spin-one resonance of mass 1968 MeV.

I. INTRODUCTION

The absence of any physical p' particle has long
been an embarrassment in Regge analysis. On
the one hand, the necessity for something like a
p' trajectory in mp and np charge-exchange scat-
tering has been well established for some time."
On the other hand, no trace of a physical vector
meson p' has been found in the mass region 1000
& m, &1300 MeV, where the p' would show itself,
assuming that the slope of its trajectory is the
same as that of the p. The idea of the "universali-
ty" of the slopes of the Regge trajectories, which
is justified only on the grounds of simplicity, is
very much emphasized in the Veneziano model, '
which makes the specific prediction mp vlf
= (1264+ 20) MeV. A careful experimental search
has established that there is no evidence for p' in
the above-mentioned mass region. 4

A very simple resolution of this dilemma is sug-
gested by the new data on polarization in mp

charge-exchange scattering at 5 and 8 GeV/c. '
Since the polarization is extremely large for small
negative t, strong interference between p and p'
is called for. However, the polarization appears
to vanish near t= -1 (GeV/c)', indicating the need
for the p and p' contributions to have the same
phase, i.e., the need to have e, = n for a t value
in the above-mentioned region. Now the p trajec-
tory is rather well determined from numerous
sources, and it is also fairly weQ established
that at t =0, o. , (0) should be of the order of 0.6
The conjunction of these known results with the
need for crossing trajectories in the region t= -1
is enough to establish that n is an extremely flat
trajectory, ' and in consequence that a spin-one p'

particle should exist only in the very high mass
region

m, =2 GeV.

It is remarkable that there has recently been a
report by Benvenuti et al. ' of a sizable "bump" in

pp -K~Ks which they identify as a p' of mass
1968 MeV.

It is thus evident that a simple model based on
intersecting p and p' trajectories will provide an
elegant explanation of the polarization in mp

charge-exchange scattering and at the same time
resolve the dilemma of the p' by predicting for it
a very large mass.

Armed with the basic idea outlined above and re-
inforced by the experimental indication of a new
particle compatible with our proposed picture of
the p', we have constructed an extremely simple
model for np charge-exchange scattering involving
a minimal number of parameters and in which the
t variation of all functions is kept to an absolute
minimum. A remarkable feature is that we are
able to establish a close link between the structure
of the various physical features of the scattering
and the values of individual parameters of the
model. Thus it will be shown that qualitative argu-
ments alone suffice to pin down the form of the
model, and the detailed computer fits to the data
serve only to provide a quantitative confirmation
of these arguments.

It would perhaps be well to point out that the
model suggested here, with intersecting real p
and p' trajectories, has almost nothing in common
with some of the recent models based on the use
of cornPlex trajectories. ' Indeed a certain preju-
dice has built up that trajectories which intersect
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have to become complex. This is largely a result
of an unintended nuance in the original paper on
the subject, ' from which one could easily draw
the false conclusion that the case of trajectories
crossing and becoming complex is in some sense
"more natural" than the case in which they remain
real. It is perfectly obvious, though, that there is
nothing at all untoward in the picture of real inter-
secting trajectories.

In this connection, it is interesting to note that
in practice it is not even possible to construct a
simPle model with complex trajectories which is
compatible with certain general features of the
data. A plot of the "effective" trajectory, egff,
versus t supports the picture of crossing trajec-
tories, since it indicates a break, or change of
slope, in the region t & -0.7 (see Figs. I and 2).
However, if one tries to use complex intersecting
trajectories then firstly it requires very strongly
t-dependent imaginary parts of a in order to get
n and a ~ to pass satisfactorily through the p, g,
and p' particles, respectively, and secondly one
does not get zero polarization at the point of in-
tersection, so that one loses the physical connec-
tion between the polarization zero and the point
of intersection of the trajectories.

In Sec. II the model is defined and in Sec. III it
is shown how the detailed properties of the model
can be deduced from the structure of the data.
Section IV discusses the quantitative numerical
fit to the data, apd in Sec. V a comparison with
other models of m p -n'n is made. In Sec. VI we
comment rather speculatively about other reac-
tions in which the mechanism of intersection of
Regge trajectories could play a role. Conclusions
follow in Sec. VII.

II. DEFINITION OF THE MODEL

We deal throughout this paper with the ampli-
tudes A" ' and B' ' in terms of which one has

~ (~-p-~'n) =-vY~'-',

a(~-p- ~on) = -&2a'-',

and we sha11, for simplicity, write A" ' and J3' '

as A' and B everywhere in what follows.
The differential cross section and polarization

for m p-n'n are then given by

do' m2 t
8„,q.

462 Pi +st

d 0 sine
P = — Im(A'B*)dt 8n V's

b, o =-o(w p) —o(w'p) = —ImA. ' (t =0) .2

PL

We put

(4)

where q and p~ are the c.m. and lab momenta of
the pion respectively.

The difference of the m p and m'p total cross sec-
tions ls

eff-

p & 5GeV/c
i

ttt
tt'

jeff

p& 5 GeV/c

-0
)2

-2

(GeV/c) '

FIG. 1. Plot of O.,qz versus t.
FIG. 2. Chew-Frautschi plot of 0.

their relation to n,& .
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in which

(6)

g' =g (g)(1 + n )[j+tan(—,'ff n )](s/sp) &,

a =b (t)n (1+a )[i+tan(-,'ffn, )](s/sp)"f ',
and analogous expressions for the p' contribution.
The functions a(t) and b(t) are reduced residue
functions and it will be a basic requirement of the

model to make them as simple and constant as
possible. The expressions used in (6) are quite
standard and do not merit detailed discussion here.
s~ and s~, are scale factors. Substituting (6) and
(5) into (3) gives a very highly instructive expres-
sion for the polarization

(1+ n )(1+n, )(tan-,'ffn -tan-,'ffn, )(s a n, b, —s, a, n 5 )
do sin8 s p s

BEATS Sp Spf

in which it is assumed that o. (t) and n . (f) are
real, linear trajectories.

III. PH YSICAL DETERMINATION

OF THE PARAMETERS

%e shall demonstrate in this section how the
gross qualitative features of the data can be used
to determine the essential properties of the pa-
rameters occurring in Eq. (6).

(i) The assumption that a (t) is a linear trajec-
tory

anism of intersecting trajectories is noteworthy.
In fact, one can go even further. The intersec-

tion of two real trajectories will rather generaQy
lead to some sort of structure in do/dt as well.
We shall see in (vi) that the second maximum of
da/dt can also be linked to the intersection point.

(iii) From data on the electromagnetic form
factors of the nucleon one has long had some in-
formation on the signs and magnitudes of the pNÃ
electric and magnetic coupling constants. Trans-
lated in terms of our parameters one has, at
t = tPg

p

n (t) = o. (0) + a~'t a (m 2)&0, b (m 2)&0, with b&»az. (12)

and that it passes through the values 1 and 3 at
8= rn 2=0.585 Qeg~ and t= m =2.76 QeV2 respec-
tively, " serves to fix o.~(t) almost completely;
i.e., one has

n (0)= 0.5,

n '=-0.9.
(ii) The assumption that o, (t) is also linear,

np, (t) = n, ( )0c+f,'t, (10)

together with the requirement e ~ = I at the mass
of the newly discovered p' meson, "i.e., at t = mp

'
= 3.88 GeV' relates n, (0) to u, '. By looking at
the plot of n, ff versus t (Figs. 1 and 2) or alter-
natively by looking at the region in which the po-
larization vanishes (Fig. 5) and associating this
vanishing with the intersection of the p and p tra-
jectories, one can roughly pin down the point of
intersection (let us call it tf) to tf = -1 and thereby
obtain separate information on a~, (0) and o.'~ '.
One has

a, (0)~ 0,

e, ' =0.25.
It should be stressed that the break in o,,«and the

vanishing of the polarization are two quite indepen-
dent pieces of experimental information so that
their compatibility with the single physical mech-

with d & 0 (see Fig. 3) we must have, from (4) and

(6), that

a (0)&0

which is, of course, compatible with (13).
(v) From the shape of dff/dt at very small t (see

Fig. 4) it is well known that the spin-flip ampli-
tude dominates the nonf lip amplitude, i.e.,

l5,(f)I» l~, (f)l (16)

in a region near the forward direction. One would
then naturally expect the term in Eq. (7) involving

bp to dominate the polarization for very small t.
Then, using (V) and the fact that the polarization

In order to make our model as simple as possible
and to introduce the minimum number of param-
eters we should like to be able to take a, (t) and
ff (f) as constants (call them a and 5, respec-
tively), in which case we would have (12) holding
for all I,, i.e.,

a&0, b&0, b»a
p

'

We shall see in (vii) below that this is impossible
and that a (t) must change sign in the physical re-
gion.

(iv) Since the total cross section difference de-
fined in (4) is positive and since it varies approxi-
mately like
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2.0— is positive for very small t, we can assume that

1.0

+
b 0.5
1

I

b
—IoI

ci

, ()V

a, , (t)b (t)&0

for very small t. However, b~(t) is multiplied by
n~(t) in (t) so that as we move out to the point at
which cr~(t) =0, i.e., t = -0.6, it must be the term
involving a e .b which then controls the polariza-
tion. But as shown in Fig. 5, I is large and posi-
tive in the region t - -0.6 and thus,

' since n, & 0,
we must have

a (t)b, (t)&0

5
I I

10 20
p (GeV/c)

I I I I

30 40 50 60

FIG. 3. Fit to the total cross-section difference
~ (o(w p) —o(w+p)) versus laboratory momentum.

over some region around t = -0.6.
(vi) Consider now the second maximum of da/dt

which occurs at t=-0.9+0.1. Since 4' (and simi-
larly B) can be considered in an Argand diagram
as a vector given by the sum of the vectors A'
and A' it is clear that as the directions of A~ and
A~. vary, a vector A' of maximum length will re-
sult whenever A' and A

p
are parallel and pointing

in the same direction. In other words we expect
that jA'

~
will reach a maximum when the phases

of A
p

and A
p

are the same . To produce the sec-
ond maximum we thus require

(19)

100 100-

50

4.90 I' cv/c

10
0

C9

1

b

5.85 GeV/c

100 .

50-

Po/0

-50-

785 Gev/c

100-

13.3 GeV/c

18.2 GeV/c

50

-50-

25 GeV/c

.01
, 5 1.5

(GeV/c) ~

I I I I I I I I I I I I I I I

0.5 1.0 1.5 4l '

I(Gev/c) j

FIG. 4. Fit to the differential cross section for x p
7r n. Also shown is the prediction for a lab momen-

tum of 25 GeV/c.

FIG. 5. Fit to the new polarization data for x p
n n. Also shown is the prediction for lab momentum

of 25 GeV/c.
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and

a, (t)a,.(i) & 0, (20)

(21)b, (t)b, , (t)&0

in a region around t = -0.9.
(vii) We can now ask whether it is possible to

make the ultimate simplification of taking all of
~

p
~

p 0, and 0p. independent of t. Comparing
(17) and (21) under the assumption that a, , b, ,
and b are constants leads to

a,b, &0, (22)

a (t)b (i)&0 for -O.8 &i& -0.6

which would contradict (12) if we tried to take both
az(i) and b~(t) as constants. Thus, bearing in
mind (15), either a (i) changes sign somewhere in
the region i&0 or b (i) changes sign for t& m '.
Since 5 (t) dominates d&r/dt, a zero in i& 0 would
certainly be incompatible with the data. So if b,
has the zero, it lies in 0~t& m '. But, we have

I t, (i) i
» io, (i) I

both at i = m~' and at i & 0 so a zero in b (i}would
imply that b, (i) varies extremely strongly with t.
We thus choose the smoother of the two possibili-
ties and take

b, (t) =5,& 0

and

which is not incompatible with any other conditions
on a, or b, . On the other hand, the regions in-
volved in (18) and (21) essentially overlap, so that
b~, (t) can be eliminated, giving

IV. QUANTITATIVE FIT TQ THE DATA

With the parameters given by the simple forms
discussed in Sec. III, we have carried out a nu-
merical fit to the data using the MINUIT minimiza-
tion program on the University of London CDC
6600.

We have utilized the following data:
(a) The difference between o(n p) and o(n'p) for

~ 100-

Cl 4.90 GeV/c

50
b

(s/s )"u' and (s/s, ) &" .
Since experimentally the falloff of da/dt is ex-
tremely sharp and is known to be compatible with
a p contribution in which s = 1 Ge7', and since
Qf

p
~ Ap it is clear that we must have s, & 8 in

p p
order that the p' contribution cut itself off suf-
ficiently fast in t.

In summary, we see that granted the assumption
of maximal simplicity, and smoothness for the
model parameters, there exists a very close and
direct connection between the values of the param-
eters and the gross features of the experimental
data. Our final model is then defined by Egs. (23)-
(26}.

a (t) =a (0)(1+et) (c&0).

From (23) and (17) we can now take

a, (t) =a,, &0

and from (23) and (21)

(24}

(25)

(26)b, (t) =—b, &0.

Moreover (24), (26), and (18) now imply a value
for c such that zero of a (t) lies in the range
-0.6 & i&0. In practice the zero in az(t) is much
more closely determined than implied above,
since a zero at very small t or very close to -0.6
gives too large or too small a value for do/dt at
the dip, respectively.

(viii) Lastly, we note that the exponentia1 cutoff
in t is provided in Eq. (6) by the factors

0~O

—t (6eV/g)

(s/s }"~"' and (s/sp, ) ~'"'

or more precisely by
FIG. 6. Relative contributions to P and do/dt of the

two terms I and 6 of Eq. (7}, as defined in Sec. IV.
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5 &P~ &65 GeV/c (see Refs. 13 and 14).

(b) Measurements of do/dt for

-2 &t &0 (GeV/c)'

and

FIG. 7. Sensitivity of do/dt to variations in c or,
equivalently, to variation in the position of the zero in
A&. Also shown is the contribution of the spin-flip
amplitude to do/dt ~

This corresponds to c =158.9 (GeV/c) ' in Eq. (24).

g p
— 139 (pb)&'2

b 1624 (pbP12 (GeV/c) '.
It is seen that the best-fit parameters are in com-
plete agreement with the qualitative estimates
made for them in Sec. III on the basis of the domi-
nant features of the experimental data.

The relative contribution of the terms involving
a, n b and a n, b, , to the polarization [see Eq.
(7)] is of some interest. These contributions
(labeled I and II respectively) to Pdo/dt and P are
shown in Fig. 6.

We have also examined the sensitivity of our re-
sults to variations in c [see Eq. (24)] and n, .'.

The effect of these variations is shown in Figs.
7, 8, and 9. As mentioned in (vii) of Sec. Ill the
value of c [or equivalently the position of the zero
in a~(t)] is rather strongly restricted. In Fig. 7
we show also to what extent the spin-flip amplitude
dominates the differential cross section.

It should be noted that the energy variation of
the polarization, as given by a literal interpreta-
tion of the data point at t =-0 5(se.e Fig. 5), seems
quite unphysical, and would be almost impossible
to reproduce in any Regge-like model. If future
experiments give a smaller polarization at p~ = 5
GeV/c and t =-0.5, say P- (30-50)%%up, then the en-
ergy variation of P will be completely compatible

100

5.85 & P~ &18.2 GeV/c (see Ref. 15).

(c) The new polarization measurements' for

-2 &t &0 (GeV/c)'

and

P~=4.90 and 7.85 GeV/c.

50
Ol

0
tD

C5

10

18.2 GeV/c

The best fit to these data is shown respectively in
Figs. 3, 4, and 5. It can be seen that an excellent
fit is obtained. The X' value is 1.3 per data point.
The final value of the parameters are listed below.

(I (0) =0.51,
p trajectory

Scale factor: s =0.72 Qev',

fr~, (0)=-0.15,
p trajectory

~
~'=0.3 (

Scale factor: s, =0.47 QeV',

a,(t) =70(1+2.27t) (pb)'"
b, =3129 (pb)'" (GeV/~) '

~ 5-

n,.=0.2

~ ~O4

~ 05-

~ 5 15 2

(6eV/c) ~

FIG. 8. Sensitivity of do/dt to variations in up I ' .
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0~O

CL

~O0

CL 0

= 1.8 4 9P GeV/'c

-t [(Gev/c) ]

4.90 GeV/c

7

I

1.5

Another difference lies in the physical interpre-
tation of the p'. There being no p' resonance at
mp 1000 MeV Barger and Phil lips as sumed that
what is fitted as a "p' Regge pole" is really an
"effective p' pole, " i.e., a combination of poles
and cuts.

It is not possible, in our case, to prove that the
p' is a pole. However, the existence of a potential
p' resonance at 1968 MeV, as discussed earlier,
suggests that perhaps the pole picture is the cor-
rect one. A further comment on this question is
made in Sec. VD.

Finally we want to underline that a clear-cut ex-
perimental test in order to distinguish between
the Barger and Phillips model and our model can
be made by careful measurements of the polariza-
tion in m p-m'n for more energies and large t.
Namely, in both models the energy variation of the
polarization is formally the same,

I

.5 1

-t (Gev/c) ]

I

1.5
~~SP (t)-&P( ) S~P (o)-n(o)-(0;P'-OPi )pP

FIG. 9. Sensitivity Of P to variations in c and n
p
',

with that given by the p +p' model and one w'ill

have greater flexibility in fixing the parameters;
in particular one will have the zero in/i~(t) at a
smaller value of ~t~.

V. COMPARISON WITH OTHER MODELS OF w p~g n

It is of some interest to compare our interpreta-
tion of charge-exchange scattering with those of
earlier work.

A. Barger and Phillips Model

These authors ' made an analysis of nN scatter-
ing in terms of five Regge poles (I', P', P", p,
and p'). They supplemented the high-energy data
with low-energy data by using continuous-moment
sum rules.

One of the interesting points concerning the iso-
spin-I exchanges is the fact that the p and p' pa-
rameters tend to be correlated. Therefore, in or-
der to separate the p and p' contributions to the
amplitudes, Barger and Phillips were forced to
assume that the p and p' trajectories are spaced
well apart and have similar slopes; i.e., their
nonintersecting p and p' are not a result of the
continuous-moment sum rules, but simply an hy-
pothesis of their model. In our model the very
different slopes of the p and p' Regge trajectories
are a consequence of the connection between the
zero in the PoLarization near t = -1 (GeV/c)' and
the intersection of the trajectories in this t region;
the intercepts of p and p' being similar to those
obtained by Barger and Phi11ips.

However, in the Barger and Phillips model the
slopes of the p and p' are the same, and theypre-
dict a ~aPid and t-independent decrease of the po-
larization with energy, while in our model n '
—e, '-0.5 and therefore we predict a slow de-P
crease with energy at larger ~t~. New experiments
on the polarization in n p-m'n would therefore be
extremely interesting.

B. Kogitz and Logan Model

This model" includes a p Regge pole plus a
"background" term, which is represented by a
fixed pole singu-larity, a, = -0.47 which is as-
sumed to contribute only to the A' amplitude. The
Kogitz and Logan model presents two features in
common with our model: (a) For small t the scat-
tering amplitude is dominated by the p Regge term,
while for large t the "background" (p') term dom-
inates; (b) the zero in the polarization at t = -1
(GeV/c)' is obtained when the fixed pole crosses
the p Regge pole. However, in order to obtain the
second maximum of do'/dt at t = -0.9 + 0.1, Kogitz
and Logan are forced to introduce a complicated
ad hoc t dependence of the "background" term,

e -[a+a(t-t )2]~~2

where a, b, and t, are free parameters. As ex-
plained in Sec. III, we obtain the second maximum
in da/dt simply because around the intersection
point (o~= a~.) the phases of the p and p' contribu-
tions are the same.

C. Cut Models

In a recent review paper" Field shows that, us-
ing the standard prescriptions for calculating p-
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Pomeranchukon Regge cuts, it is impossible to
fit the new polarization data' with Regge cuts
and the p alone. Both the weak-cut model and the
strong-cut model violently disagree with the po-
larization data, giving a zero in the polarization
for small values of t (-t= 0.2-~0.4), clearly not
seen in the data.

D. Vasavada Model

In this model" the m p-m n polarization arises
from interference between the p Regge-pole term
and the p -P' Regge cut. The parameters of this
cut,

n, (0) = 2 o. (0) —1, a, ' =-,' n ',
with u~(0)-0.5 and az'-0. 8 (GeV/c) ', are not far
from the parameters of our p'. Therefore similar
predictions are given in both models [the form of
n,« in the region 0& -I & 2 (GeV/c), the variation
of the polarization with energy, etc.], but the ba-
sic ideas are different. Also, it has been argued
by Worden" that the p -P' and ~ -A., cuts should
approximately cancel in. m p - n'n, and there is a
similar cancellation also in yp-n'p. Thus there
is some doubt as to whether the p' (or a possible
m') can be considered as an effective cut contribu-
tion.

E. Halzen and Michael Amplitude Analysis

of nN Scattering at 6 GeV/c

Using data on w~p m~p and n p m. on the authors20
attempt to deduce the I =0 and I =1 s-channel ae-
p/itgdes in a model-independent fashion. However,
there is in pxinciPle one arbitrary t-dependent
phase, which they chose as the phase of the I=0
amplitude given by the five-pole model of Barger
and Phillips. ' Thus the real and imaginary yarts
of the Halzen-Michael I= I amplitudes depend in-
herently on their assumed I =0 phase. Neverthe-
less it is of interest to compare the real ~d imag-
inary parts of our I=1 amplitudes with the & and

~~

I =1 amplitudes, respectively, of Halzen and
Michael. Their shapes and general structure are
very similar. However, the zero that apyears in
(F'„)

~~
at t = -0.2 (GeV/c)~, and which is directly

connected to the crossover zero in the n'p- w'p
differential cross sections, occurs in our Im E,',
at I = -0.4 (GeV/c)'. There is no disagreement
here, since a ratio ReE', /lmE'„- ——,

' (a not un-
realistic phase" ) in this region of I is sufficient
to make the positions of the zeros compatible with
each other.

VI. SOME CONSEQUENCES OF THE MODEL

The simplest consequences obtained by extrap-
olating our results to higher energies are shown

0
ED

C9

~1-

b

1
\

\
i

I

I
I

'1s ~
41

ll

Ii

n'p —m" 6"

.01 i

2
—t (Gev/c) '

FIG. 10. der/dt for the reaction m p 7t 4++ at 3-4
GeV/c. The curve is simply a fit by eye.

in Figs. 4 and 5. It will be very interesting to
compare the predictions with experimental results
at these energies. In particular we predict no
dramatic changes with energy in either d&z/dt or P,
but the shape of P is rather unusual, being some-
what like a "pulse" in the region -O.V + t & 0 and
very small for t & -O.V.

Since the principal features of our results for
m p- m'n follow from the intersection of the p and
p' trajectories it is clear that one should expect
some consequences of this property to appear in
any reaction which is dominated by p exchange,
i.e., one might expect to find some structure in the
differential cross section, and the vanishing of
some spin density matrix elements at roughly the
point corresponding to the intersection.

However, it is not trivial to find reactions where
it is consistent to assume that J~ = i exchange
alone dominates. For example, in m'p- &6"and
m'n -~, although the p is expected to dominate,
the density matrix elements show quite clearly
that some admixture of J~ =I+ is needed. This is
usually provided by either the B meson or an ab-
sorytive correction. "

The only class of reactions in which we can be
absolutely sure that I =1' and J =1 alone is ex-
changed are those of the type

n'X mY.
As an example we show in Fig. 10 do/d I for the

reaction "
v'p -mob, ' " at $-4 GeV/c .

It is seen that the second maximum occurs in the
same region as for m p -mon .
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It is also probable that the zero found in the non-
flip amplitude A' at t- -0.45 will, via factorization,
have some effect in other processes. However, it
does not seem possible to discuss these without a
detailed treatment of each reaction.

Our simple picture involving intersecting real p
and p' trajectories raises also the tantalizing ques-
tion as to what is happening in the closely related
channel with quantum numbers of the ~.

Just as n p-n'n isolates p exchange, so, as
was shown by Contogouris et al., '~ the combination

/

do'
x, =„(w p-p p)+ (m'p-p'p)

isolates exactly an exchange with I=0, G = -1, i.e.,
with the quantum numbers of the (d.

A recent measurement of the above combination
by Crennell et al."at 6 GeV/c seems to indicate
a very elean, Regge-like exchange amplitude,
much as der/dt(m p- w'n) did for p exchange.

Bearing in mind our experience with m p m n,
it becomes imperative to measure the polarization
in the above combination of reactions, i.e.,

do' do'X=P + P
dt ~ p pp dt ~+p p+p

d&—P
P Poof

which also isolates the quantum numbers of the ~.
In this way one will be able to answer directly

the following intriguing questions:
(i) Are exchange mechanisms, after all, simPle,

i.e., somehow free of Regge-cut complications, as
is indeed suggested by the above-mentioned data
on p and ~ exchange?

(ii) Is the ~ channel really pure ur exchange, or
is there some influence of an ~'? (From exchange
degeneracy one might expect an &u'. ) The polariza-
tion data would give an immediate answer.

It is of some interest to note that although we
have imposed no duality constraints, and although
our p and p' trajectories are nonparallel; neverthe-
less, exchange degeneracy in the nm system still
holds approximately. This is because the p' tra-
jectory, as obtained from the high-energy charge-
exchange data, is compatible (see Fig. 2) with a
spin-zero meson with mass approximately equal
to m, i.e., with an e. Thus one ean have approxi-
mate p-f degeneracy and one can consider p'-e
as its degenerate, nonparallel, first daughter.
The possibility of nonparalel daughters in nn scat-
tering was first suggested, in the framework of
Veneziano model, by Copley and Eilbeck, "but it
has not been investigated in depth.

Finally, let us note that the new p' particle (and,
possibly, an u&' particle) could also have some in-
teresting consequences for the pion, kaon, and
nucleon form factors. As remarked by Bernardi-
ni" the relatively high cross section observed at
Adone in the e+e -pp reaction at 2X1.05 QeV
(i.e., in the measurement of the proton form fac-
tors at s = 4.3 GeV') could be related to the bump
discovered by Benvenuti et al. ' at I968 MeV, and
interpretable as a p'. Also, the pion form factor
seems to be better fitted with a p' of mass around
2 GeV (in addition to the p) rather than with a p'
of lower mass. " The recently discovered very
broad peak in the cross section of e'e -m'n m'w

(Ref. 29) between 1500 and 1800 MeV could equally
be the manifestation of a new vector meson of
high mass. " Obviously, however, much more ac-
curate experimental data are necessary in order
to conclude with any certainty the location, the
width, and the coupling constants of the p' particle.

VII. CONCLUSIONS

The underlying physical picture used by us is
very different from the absorptive-type models
and the models based on intersecting complex tra-
jectories. Indeed it is suggested that in the latter
case it would be very difficult to arrange to fit
both u,«and p, g, and p' particles with any rea-
sonable parametrization of the trajectories. Also,
with complex trajectories, the polarization would
not in general vanish at the point of intersection.
Insofar as absorption is concerned it is perhaps
significant that absorptive corrections are usually
important in those reactions in which they can con-
tribute with opposite normality [P (-1) ] to that of
the dominant exchanged pole. Such a situation
cannot arise in w p-n n since the wm system cou-
ples only to positive normality.

It will have been noticed that we have made no
attempt to explain quantitatively the infamous
crossover zero, i.e., the point at which the differ-
ential cross sections for n'p - n'p and m p-m p
cross each other, usuaQy quoted as occurring at
t = -0.15, and which must be controlled by the in-
terference between I = 0 and I = I amplitudes. It is
common practice' to insert this zero by forcing
A' to vanish at or very close to the crossover
point. We have verified (as can be seen from the
results discussed in Sec. IV) that it is quite im-
possible to shift the zero which the charge-ex-
change data alone forces into A.

~
at t= -0.45, near-

er to the crossover point. (See however the dis-
cussion at the end of Sec. IV.)

On the other hand, the addition of the p' shifts
this zero to t = -0.3 in the imaginary part of the
total amplitude A'. The precise position of the
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crossover zero can only be determined from a de-
tailed knowledge of the I = 0 amplitude. For ex-
ample, if ReA'"'/ImA'"'=- —,

' around t =-0.2,
then we can obtain a crossover zero near I;=-0.15.
A more quantitative study will be given elsewhere.

The model presented here relies on the inter-
section of linear real p and p' Regge trajectories,
in order to explain both the structure of the polar-
ization in m p -m'n at high energies and the break
in the plot of "e effective" versus t. It was found
possible to fit all.the data using an extremely
simple parametrization of the residue functions
and it was shown that this structure is essentially
minimal in the sense that a very close connection
could be established between the dominant features
of the data and each of the parameters of the mod-
el. In particular, the present paper differs from
all previous work in that a direct physical link is
established between an important characteristic
of the data, namely, the zero in the polarization
near t = -1 (GeV/c)' and the properties of the p'.
It is this feature which leads to intersecting tra-

jectories, which avoids the embarrassment of the
usual low-mass p', and which leads to the predic-
tion that there should exist a p' with mass m, =2
GeV.

A fundamental question which remains is: Is the
p' a genuine Regge pole or just a parametrization
of our ignorance of the I=1 exchange mechanism?
The finding by Benvenuti;et al.8 of a possible p' at
mass 1968 MeV makes the interpretation given in
our model all the more interesting. But, of
course, more experimental effort is needed to
confirm the existence of the p' with massm .=2
GeV.

ACKNOWLEDGMENTS

The authors are grateful to the United Kingdom
Science Research Council for financial support.
One of us (B.N. ) wishes to thank the Physics De-
partment of Westfield College for its kind hospi-
tality during the autumn of 1971.

*Laboratoire associe au Centre National de la Re-
cherche Seientifique.

H. Hogaasen and A. Frisk, Phys. Letters 99, 9p
(1966); H. Hogaasen and W. Fischer, ibid. 22, 516 (1966).

2R. Dolen, D. Horn, and C. Schmid, Phys. Rev. 166,
1768 (1968).

3G. Veneziano, Nuovo Cimento 57A, 190 (1968).
4E. L. Berger, in Phenomenology in Particle Physics,

1971, proceedings of the conference held at Caltech,
1971, edited by C. B. Chiu, G. C. Fox, and A. J. Hey
(Caltech, Pasadena, 1971).

5P. Bonamy, P. Borgeaud, M. Crozon, J. P. Guillaud,
O. Guisan, P. Le Du, P. Sonderegger, J.K. Bienlein,
S. Mango, L. Paul, and H. Dinter, Nucl. Phys. (to be pub-
lished). We are grateful to Dr. Bonamy for giving us the

~

final version of the data, in Proceedings of the Amster-
dam International Conference on Elementary Particles,
edited by A. G. Tenner and M. Veltman (North-Holland,
Amsterdam, 1972).

~V. Barger and R. J. N. Phillips, Phys. Rev. 187,
2210 (1969).

TWe are, of course, for simplicity, assuming a linear
trajectory.

A. Benvenuti, D. Cline, R. Rutz, D. D. Reeder, and
V. R. Scherer, Phys. Rev. Letters 27, 283 (1971).

98. R. Desai, P. Kaus, R. T. Park, and F. Zacharia-
sen, Phys. Rev. Letters 25, 1389 (1970).

~OH. Cheng, Phys. Rev. 130, 1283 (1963).
~~Particle Data Group, Rev. Mod. Phys. 43, S1 (1971).

It should be noted that even if the Benvenuti et al.
{Ref. 8) "bump" is not a p', the results of our analysis
are unchanged, but, of course, we then predict the
existence of p' in the 2 GeV region.

~3A. Citron, W. Galbraith, T. F. Kycia, B. A. Leontic,
R. H. Phillips, A. Rousset, and P. H. Sharp, Phys. Rev.
144, 1101 (1966); K. J ~ Foley, R. S ~ Jones, S. J. Linden-

baum, W. A. Love, S. Ozaki, E. D. Platner, C. A.
Quarles, and E. H. Willen, Phys. Rev, Letters 19,
330 (1967); L. M. Vasiljev, Yu. P. Gorin, S. P. Denisov,
Yu. P. Dmitrevski, V.S. Seleznev, D. A. Stoyanova,
and R. S. Shuvalov, in High Energy Physics, proceedings
of the Fifteenth International Conference on High Energy
Physics, Kiev, 1970, edited by V. Shelest (Naukova,
Dumka, Kiev, U.S.S.R., 1972); N. Giordenescu, V. I.
Ivanov, N. S. Moroz, V. B.Radomanov, V. S. Stavinsky,
and V. ¹ Aubarev, ibid.

~4The new controversial Serpukhov data for this differ-
ence of total cross sections are not taken into account,
because of the serious problem of normalization correc-
tions. [For the data see: S. P. Denisov, S. V. Donskov,
Yu. P. Gorin, A. I. Petrukhin, Yu. D. Prokoshkin, D. A.
Stoyanova, J. U. Allaby, and G. Giacomelli, Phys.
Letters 36B, 415 (1971); S. P. Denisov, Yu. P. Dmitrev-
ski, S. V. Donskov, Yu. P. Gorin, Yu. M. Melnik, A. I.
Petrukhin, Yu. D. Prokoshkin, V. S. Seleznev, R. S.
Shuvalov, D. A. Stoyanova, and M. Vasiljev, ibid. 36B,
528 (1971).] As observed by R. J. N. Phillips [rap-
porteur talk, in Proceedings of the Amsterdam Interna-
tional Conference on Elementary Particles, 1971, edited
by A. G. Tenner and M. J.Veltman (North-Holland,
Amsterdam, 1972)], a normalization correction of
0.2 mb would give a complete agreement with the be-
havior stressed in Eq. (14).

A. V. Stirling, P. Sonderegger, J. Kirz, P. Falk-
Vairant, O. Guisan, C. Bruneton, P. Borgeaud, M. Yvert,
J. P. Guillaud, C. Caversazio, and B.Amblard, Phys.
Rev. Letters 14, 763 (1965); P. Sonderegger, J. Kirz,
O. Guisan, P. Falk-Vairant, C. Bruneton, P. Borgeaud,
A. V. Stirling, C. Caversazio, J. P. Guillaud, M. Yvert,
and B.Amblard, Phys. Letters 20, 75 (1966).

~68. Kogitz and R. K. Logan, Phys. Rev. D 4, 3289
(1971).



846 E. LEADER AND B. NICOLESCU

~7R. D. Field, Jr., Ph.D. thesis, University of Californ-
ia, Lawrence Berkeley Laboratory, 1971 (unpublished),
and references cited therein.

~ K. V. Vasavada, Phys. Letters 34B, 215 (1971).
~R. Worden, in Proceedings of the Fourth International

Conference on High Energy Collisions, Oxford, 1972
(Oxford Univ. Press, to be published).

F. Halzen and C. Michael, Phys. Letters 36B, 367.(1971).
2'Private communication from G. L. Kane.
226. C. Fox and L. Sertorio, Phys. Rev. 176, 1739

(1968); K. Kajantie and P. V. Ruuskanen, Nucl. Phys.
B13, 437 (1969); M. LeBellac and. G. Plaut, Lett.
Nuovo Cimento 1, 721 (1969).

G. Gidal, G. Borreani, D. Grether, F. Lott, R. W.
Birge, S. Y. Fung, W. Jackson, and R. Poe, Phys. Rev.
Letters 23, 995 (1969).

24A. P. Contogouris, J. Tran Thanh Van, and H. J.
Lubatti, Phys. Rev. Letters 19, 1352 (1967).

25D. J. Crennell, H. A. Gordon, M. L. Ioffredo, Kwan-
Wu Lai, and J. M. Scarr, Phys. Rev. Letters 27, 1674
(1971).
26L. A. Copley and J. C. Eilbeck, Lett. Nuovo Cimento

4, 7 (1970).
C. Bernardini, in Proceedings of the International

Symposium on Elect~on and Photon Interactions at High
Energies, 1971, edited by N. B. Mistry (Cornell Univ.
Press, Ithaca, N. Y., 1972).

M. Gourdin, G. Bonneau, and F. Martin (private com-
munication) .

2~6. Barbarino, F. Ceradini, M. Conversi, M. Grilli,
E. Iarocci, M. Nigro, L. Paoluzi, R. Santonico,
P. Spillantini, L. Trasatti, V. Valente, R. Visentin,
and G. T. Zorn, Lett. Nuovo Cimento 3, 689 (1972).

3 A. Bramon and M. Greco [Lett. Nuovo Cimento 3, 693
(1972)] interpreted this broad peak as due to a p' with
mass 1600 MeV.

PHYSICAL REVIE W D VOLUME 7, NUMBER 3 1 FEBRUARY 1973

Quark-Model Predictions for Reactions with Hyperon Beams'

Harry J. Lipkint
Argonne National Laboratory, Argonne, Illinois 60489

and National Accelerator Laboratory, Batavia, Illinois 60510
(Received 22 September 1972)

Quark-model predictions are discussed for Primakoff excitation of hyperon resonances,
total hyperon-nucleon cross sections, and diffractive excitation. The U-spin selection rule
forbidding electromagnetic excitation of negatively charged decuplet resonances is shown to
hold even in the presence of large SU(3)-symmetry breaking. A new model for diffractive
excitation is presented which suggests the existence of new hyperon resonances, not yet dis-
covered, which would be observed in diffractive excitation but only weakly coupled to two-
body formation and decay channels. The SU(3) partners of the Roper resonance N(1470) might
be such states and be found with hyperon beams.

The availability of hyperon beams raises the
possibility of observing new strong-interaction
phenomena not previously available to experiment.
The presence of a strange baryon in the initial
state allows the study of strange-baryon transi-
tions without strangeness exchange. The present
discussion considers three types of strangeness-
conserving hyperon transitions that appear to be
of interest: (l) electromagnetic transitions, (2)
hadron reactions with exchanges of nonstrange
Reggeons (p, ~, etc.), and (3) diffractive excita-
tion. Electromagnetic transitions can be studied
by the Primakoff effect, for which a strong excita-
tion of the —,

'' decuplet is expected. However, a U-
spin selection rule forbids this excitation for neg-
atively charged hyperons but allows it for neutral
and positive baryons. The extent to which this
selection rule is violated by SU(3)-symmetry
breaking is of particular interest, since the most
readily available hyperon beams have negative
charge. The couplings of nonstrange bosons and

Reggeons to strange baryons is of interest because
of still untested quark-model and symmetry pre-
dictions for these couplings. Diffractive excita-
tion might produce new hyperon resonances which
are not excited by strangeness exchange and which
appear only weakly in phase-shift analyses —e.g. ,
the SU(3) partners of the Roper resonance N(1470)
and other diffractively excited nonstrange baryon
resonances.

Theoretical understanding of these questions is
not very well founded, but the quark model seems
to give a good description of hadron systematics
and spectroscopy. These points will therefore be
examined with the aid of the quark model to see if
any new insight can be obtained.

I. ELECTROMAGNETIC EXCITATION OF
BARYON RESONANCES

Decuplet baryons can be excited by the electro-
magnetic reactions


