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Spin-parity analysis of diffractive np ~(pm. )p and the fiuestion of a parity-change rule

J. G. Rushbrooke, R. Raja, R. E. Ansorge, J. R. Carter, and W. W. Neale
Cavendish Laboratory, Cambridge, England~

(Received 7 October 1975)

A spin-parity analysis is performed of the low-mass (& 1.75 GeV/c ) pm system in diffractive np~(pn )p
using new data at 13 GeV/c and 20 GeV/c. In the context of a l3eck-plus-resonances model a good fit to the

pm angular moments is found only if the Gribov-Morrison parity-change rule does not hold and spin states

up to j =
& are included. In particular the presence of a considerable fraction of spin-parity 2 state is

indicated.

I. INTRODUCTION

The process of diffraction dissociation (DD) of
hadrons has been clearly identified experimental-
ly, ' but still awaits a satisfactory theoretical ex-
planation. An important question for any theory
of DD is whether or not there exists a parity-
change rule, such as that proposed by Morrison, '
which has come to be known as the Gribov-
Morrison rule. ' To establish such a rule experi-
mentally will obviously require measurements of
the spin-parity composition of dissociated sys-
tems, knowledge of which will further our under-
standing of DD whether or not a parity-change
rule exists.

Spin-parity analyses of meson dissociations
have been carried out in some detail for Sm' and
Knm' systems. These tend to show that the DD
cross section is to a large extent made up of final
states (A„Q, . . . ) obeying the proposed Gribov-
Morrison (GM) rule &I' = (-1)~~, for the change
in parity AP and spin &J between the initial par-
ticle and the dissociated system. However, an
important exception to this rule is possibly the A,
meson which has recently been observed' in co-
herent production off nuclei. It is probably fair
to say, therefore, that the GM rule lacks firm
experimental and theoretical support here.

Nucleon DD is even less well understood. In
the 3-body reactions wN- w(Nw) and NN-N(Nw) a
broad low-mass (Nw) enhancement has been identi-
fied as DD using the technique of isospin analysis
to isolate isoscalar exchange. Complete spin-par-
ity analyses of these reactions, which would re-
quire measurements of nucleon polarizations,
have not been attempted. There have been some
analyses' of I = —,

' Nm-system decay distributions,
but these analyses assume that only the P», D13,
and E|5 partial waves (i.e. 2', 2, and —,

"final
states) contribute in accordance with the GM

rule, rather than trying to test the rule itself.
A more recent studys of wN w(Nw) at 14 GeV/c

has used the reaction mN- m& as a partial-wave
analyzer for DD, and has shown that a consider-
able fraction of the diffractive nN system in the
4 mass region ((1.325 GeV/c') is comprised of
the S„wave (i.e., —,

' final state), in disagreement
with the rule.

Without nucleon polarization measurements a
spin-parity analysis of nucleon DD can only be
made within the framework of a particular model.
In this paper we present an analysis of new data
on sp-(pw )P in the momentum range 9-24 GeV/c,
using a model which combines a one-pion-ex-
change (i.e., Deck) amplitude and a diffractive
Ã,*&, resonance production amplitude. %'e show
that this model is able to give a satisfactory ex-
planation of pm mass distributions and decay an-
gular moment distributions. To calculate angular
moments means evaluating interferences between
the amplitudes for Deck and resonance production
in different partial waves, and hence knowledge of
the partial-wave composition of the Deck ampli-
tude is required. The Deck model affords a natur-
al explanation of the bump in the Nm mass distri-
bution below 1.40 GeV observed in all the above
experiments; this avoids assuming' a Priori some
quasiresonant N*(1300) state produced in DD, at
a lower mass than and distinct from the nN- mN

partial-wave-analysis resonances (though these
explanations are possibly related in the sense of
duality). Interpretations of the A, enhancement in
terms of a Deck model have already met with
success. 4

In Sec. II the spin-parity formalism for a mo-
ments analysis is described, the underlying as-
sumptions (such as t-channel helicity conserva-
tion, etc. ) discussed in relation to the experimen-
tal data, and formulas are given for the angular
moments. In Sec. III details of the partial-wave
decomposition of the Deck amplitude are given
and the model used in the spin-parity analysis is
described. The procedure for fitting the model
to the experimental data, and the results of the
fit, are given in Sec. IV.
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II. SPIN-PARITY FORMALISM FOR N ~ Nn.

A. Formula

q)
spin j, parity g,

mass m

(O' Y~~) = W(8, P) Y~~(8, Q) dQ . (2.1)

We are seeking information on the spin andparity
of the Xm system produced diffractively according
to Fig. 1(a), where A. is an unspecified hadron.
Qne assumes, in accordance with observation 'o

that the DD amplitude is factorizable in the t
channel. The t-channel exchange may be char-
acterized by a naturality quantum number e; at
high energy one expects e --+1 (natural-parity ex-
change) to dominate, "e.g. , the Pomeron pole.
We assume further that t-channel helicity con-
servation (TCHC) holds, or is at least dominant;
the experimental situation here will be discussed
below. Then there is only one independent ampli-
tude for each spin j and parity q of the Nm system,
which we label as L„., where L is the spectro-
scopic symbol for the angular momentum 3=j + —,',
with q = -(—1)'. Each amplitude is a function of s,
t, and the Nm mass m.

The spin-parity information is to be obtained
from measurements of the moments (a Yz~) of the

decay angular distribution W(8, P), defined by

A

q)

-v= p xi/ /P'xq
(

(b)
FIG. f. (a) Diagram for diffractive process

1VA (Nr)A ~here A is a hadron. (b) Decay angles
(0, P) of nucleon in the Gottfried-Jackson frame.

The angles (8, P) may be taken as those of the de-
cay nucleon in the Gottfried-Jackson" or t-channel
helicity frame, with the z axis along the incident
nucleon direction and the y axis normal to the pro-
duction plane [see Fig. 1(b)]. With the above as-
sumptions it can be shown" that

4
II+(-I) ' ' Rii' —zal~o)'~~o~„L2)12'

(2j+1)(2j'+1)"' ~, (+ i

yyti i 4' 2J+1 (2.2)

Moments that can be nonvanishing are those with J & j+j'. The important result that only M=O moments
are nonvanishing is a consequence of TCHC, which has the absence of Q dependence as a necessary con-
dition. Also, without TCHC there would be an unmanageable number of amplitudes: (2j+1) for each j,
in fact. In writing (2.2) we have allowed the naturality c to be different for production of different j"'s
(amplitudes of the same j" and different c's do not interfere). This is because in practice the -', state of-
ten contains a significant & contribution, for which one expects a strong m-exchange (unnatural-parity)
contribution. So we shall assume there is a P; amplitude with e = —1, but that all other amplitudes have
e =+1, which we write S„P„P„D3,

If (v Yzo)c0 for, say, J & 5 only, this means we need only include j & —,
' amplitudes. Formulas for these

moments are then as follows:

~4~ (»..&= IS,I'+ IP, I'+ IP.,I'+ IP. I'+ ID,I'+ IE,I', (2.3)

v'12m (o Y„)=2 Re(S,*P,)+2@2 Re(S,*P,) +2' Re(P,*D,) + —', Re(P~~D, ) + Re(P,*D,) + Re(D,*E,)6&6, KO
5

+,65 Re(D,*E,), (2.4)

v'20m (cY20)=2@2 Re(S,*D,)+2W3Re(S,*D,)+2&2 Re(P,*P,)+2&3Re(P,*E,)+~P,p+ 7 Re(P,*E,)+[D,p

+
7

— Re(D,*D,) + —', ID, I'+ —', I E,l'+ IP;I', (2.5)

$28v(o'Y„) =2v 3 Re(S,*E,) +2&'3 Re(P*„D,)+ —", Re(P,*D,) + Re(P,*D,) + Re(D,*E,) + IRe(D,*E,),
4v6 „4W6

v'36m (o'Y„)=
7

Re(P f E,) +
7

Re(D,*Q)+~ID,I'+-,'
I E,I',

12' „12' (2.6)

(2.7)

v'44m(o Y5, )= —", Re(D,*E,) . (2.8)
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As mentioned above there are no terms involving
interference between the natural-parity-exchange
amplitude and P, ; the term (P;$ appears in o and
(o 1'») only, and its presence can be simply sub-
tracted out, as we shall see in the next section.

B. Selection of date
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We now turn to a more detailed consideration of
the assumptions underlying Eq. (2.2) in relation to
experiment. We present new data on the reaction
nP- PPn at 9—24 GeV/c, based on 5966 events ob-
tained from an exposure of the CERN 2-m hydro-
gen bubble chamber to a neutron beam; basic de-
tails of this experiment have been described else-
where. ' The final protons are labeled P& and P,
according to their c.m. s. production cosines
(cos6& & cos.,*). The quantity t' =) f —t„„„tbetween
p, and the target proton is shown in Fig. 2(a), and

Figs. 2(c) and 2(d) give distributions in m(P&m )
and m(P, m ). The c.m. s. production cosine of the
w [Fig. 2(b) j is found to have a minimum at about
—0.3 which may be used to associate the pion with
either p& or P„ following a method established by
Dahl-Jensen et a/. " We define two event samples,

(a) np - (pz~-) p,, (cosg+ & —0.3, 5178 events),

(b) zp-pz(p, q-) (cos+& —0.3, 788 events),

which are shown as the dashed histograms in Figs.
2(c) and 2(d). The former shows a large diffrac-
tive bump centered on about 1.35 GeV/c' and the
latter shows a strong &' signal. The analysis will
be based on sample (a), which we represent by
the diagram shown in Fig. 3(a).

We can infer from a recent isospin analysis" of
NN-N(Nm) that 90—95% of the cross section for
Fig. 3(a) proceeds by t-channel isospin I, =0 ex-
change in the momentum range covered by this ex-
periment. Furthermore, a substantial part of the
remaining 5-10% is the production of pzm in an
I = —,

' state, necessarily by I, =1 exchange. One
can show from isospin that there should be equal
amounts of ~' production in both the above event
samples (a) and (b). We see a clear &'(p, w ) sig-
nal of approximately 200 events in the dashed
histogram of Fig. 2(d); we therefore know that
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FIG. 2. Experimental distributions for events
np —pp7t at 9—24 GeV/c, where the final protons are
labeled p& and p, according to their c.m. s. production
cosines. (a) t'= (t —in~ ( between p, and target proton;
(b) c.m. s. cosine of pion; (c) distributions in m(p& 7t ),
and (d) in m(p& 7t ). The dashed histograms in (c) and
(d) are obtained after associating the pion with either
proton as indicated.
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FIG. 3. Diagrams for np (p&7t )p, as defined in the

text.
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there is about 200/5178 =4%%uo of b'(P~v ) included
in sample (a). We take the unnatural-parity-ex-
change amplitude P, to represent 4'(Pzm ) pro-
duction by n exchange, since the analysis of Dahl-
Jensen e~ E. "has shown that production of the
I =2 Nv state inNN N(Nv) is mainly by m ex-
change. The effect of this &'(p~7 ), via IP, I' only
in (2.3) and (2.5) for (o Yoo) and (o Y»), respective-
ly, can be subtracted out. This was done by sub-
tracting from the value ofN; (the number of events)
and(N;Y„) in each tth bin of m(pzm )&1.3 GeV,
the corresponding values for p, w (involving about
145 events after the t' cuts described below). We
therefore conclude that our sample of nP- (Pzw )P,
events to be analyzed is a 95%%uo I, =0 exchange; the
remaining &,

5%%uo will be mostly I = —,
'

Nw produced
by I, = 1 exchange.

For convenience these events of type (a) were
subdivided into two data sets having neutron beam
momentum p, above and below 16 GeV/c, and the
further restrictions t '&0.2 GeV' and m(pzm ) &1.75
GeV/c' were made for this analysis. Experimen-
tal distributions in the number of events N and the
angular moments ( Yzo(8, Q)) in each bin of m(p&v )
were determined for the data sets

(A) 9&p, &16 GeV/c ((p, )=12.7 GeV/c,

1290 events),

(B) 16 &p, & 24 GeV/c ((p,)= 19.9 GeV/c,

1807 events),

and are shown in Fig. 4 for J up to 3. As a check
on any t' dependence we shall also refer to a third
data set for which t' & 0.1 GeV' and m(pzv ) & 1.75
GeV/c', but with no p, selection (since there is
little p, dependence in our data) to get adequate
statistics:

(C) 9 &p, & 24 GeV/c ((p, )= 16.6 GeV/c,

2323 events).
In addition to Fig. 4 the moments (ReY~„) and
(1mY~„) for Mg0 were consistent with zero ex-
cept for (ReY») and to a lesser extent (ReY»);
some of these are shown in Fig. 5. We recall that
to avoid an unmanageable gumber of amplitudes
our analysis requires TCHC, which means that
these real moments should vanish, so the implica-
tions of this result for our analysis will now be
(hscussed.

C. t-channel helicity conservation

Our event sample shows clear evidence of TCHC
violation; similar effects have been seen in other
experiments" at about the same level. We shall
now demonstrate that this effect does not invali-
date our analysis, or may only do so at a level
below a few percent.

The fact that (ReY„) and (ReY») are nonzero
implies a cosP dependence which is apparent in
Fig. 6 for data set (C); the P distribution is of the
form &(P) ~1 —0.29cosg. Now any P dependence
enters the diffractive amplitude in the form
e'&~n "'@, where X„ is the helicity of the incoming
neutron and a is the z component of j (in the t-
channel frame defined above). We therefore write
the amplitude in the form A = a+Pe'@, where a
and P are TCHC-obeying and TCHC-violating
parts, respectively, (independent of P). On re-
quiring no sing dependence so that (Im Y~, )=0,
as observed (and as required by parity conserva-
tion), we have

lV(p) ~ IAI' =
I o.l'+ lP I' + 2I o.lIPI cosp,

from which the data give I nI2 =0.98, I PI2 =0.022.
Equation (2.1) then means that

(oY,.)~ J (lo.l'+IPI') Y,.d~,

and so the values of (oY~, ) which we shall use in
our analysis are affected by the TCHC-violating
part only at the 2% level. This justifies our in-
clusion of only TCHC-satisfying amplitudes in the
model analysis to be described.

The same analysis was carried out in each bin
of m(pzm ), and the above effect was always below
3%: the result was similar with data sets A and
B.

Finally, we observe that larger amounts of he-
licity flip (such as e"~ in the amplitude) are ab-
sent since the moments for M «2 are consistent
with zero.

Before leaving the subject of a Q dependence of
the data, we refer to the dashed histogram of Fig.
6. This subset of the data was obtained after fur-
ther requiring backward Jackson angles, cos6I
& —0.5, and shows no P dependence. According
to the recent arguments of Berger, "this is to be
interpreted as revealing that there is no nucleon
exchange occurring, and that these events prob-
ably arise from resonance production. The Q-
dependent events at forward Jackson angles can
come (according to Berger) from pion exchange.
The above arguments apply equally to events in
any region of m(p~w ), and substantiate the pion-
exchange-plus-resonance model employed in this
analysis.

D. Summary

The above formulas (2.3) to (2.8) for the mo-
ments (o Yz, ) depend on a diffractive amplitude
with the following properties:

a. factorizability in the t channel,
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FIG. 4. Mass and angular moment distributions for np —(p&n )p at is and 20 GeV/|. , for t' &0.2 GeV (data sets A
and B). The full curves are the fits obtained with the model described in Sec. IV, without the Gribov-Morrison rule.
The dashed curves are from the best fit that could be obtained assuming the rule to be true (see text).



RUSHBROOKE, RAJA, ANSORGE, CARTER, AND NEAI E

0.1- 0.1

e Y» rn Y&
4 4

4

-0.1- —01—

0.1- 0.1—

44 4
mY2) 0 4

—0.1— -01—

0.1— 0.1—

e Y2& 0 , 4&k
Y

'
1

Il b
fTlY3& 0

y y
I y y ~ ~ 1 t

-0.1-
I I I

1.2 1.3 1.4 1.5 16 1-7 1.8

m{p, Tt:-) (GeV)

-0.1-
i

1.2 1.3 1A 1.5 1.6 1.7 1.8

m{p& Tt:-) (Gev)

FIG. 5. Angular moment distributions for np —(p&7t' )p, for t' &O.i GeV, and 9 &po &24 GeV/c (data set C).

~ 200-
UJ

—~ (1-0.29 cosQ)

b. natural-parity exchange, which is assumed to
be in the PomeronP,

c. TCHC,
d. j ~—', only (since (Y'~p) is consistent with zero

for J& 6).

In view of the discussion of the previous sections
we shall assume that our data sample is consistent
with these assumptions.

III. DECK-PLUS-RESONANCE MODEL
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FIG. 6. Distribution in Q for np —(p&~ )p, for
t' &O.i GeV2 and 9 & po &24 GeV/c (data set C). The
dashed histogram is for the further restriction to events
having cos 0 &—0.5.

A. Introduction

As indicated in Sec. I, we choose as model am-
plitude a sum of one-pion exchange [i.e., the Deck
diagram, Fig. 3(b)] and resonance production [Fig.
3(c)]. According to duality the latter would be
equivalent to A, and other (non-z) exchange in a
double-Regge-exchange model. The exchange at
the bottom vertex in Fig. 3(b) is assumed to be
dominated by the Pomeron; our data show a small
(6 6%%up) I, = I exchange (see Sec. II B), and this
would be naturally represented by a small amount
of p (and other non-Pomeron) exchange included
in the diffractive vertex of Fig. 3(b).

We exclude from consideration other model dia-
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grams such as nucleon exchange for the reasons
given in Sec. II C. We also neglect absorptive cor-
rections to the Deck amplitude, which have been
shown" not to affect the major features of the low-
mass enhancement, such as spin-parity content
and mass and angular distributions, at low (t )

(&, 0.3 GeV').
To calculate the interferences between the dia-

grams of Figs. 3(b) and 3(c) one requires know-
ledge of the partial-wave composition of the Deck
amplitude, which will now be discussed.

B. Deck amplitude in partial waves

The partial-wave analysis of the deck amplitude
for NN-N(Nn) has been considered by Resnick"
and by Rushbrooke. " It can be shown that the
partial cross section for producing a pfm state
of spin j, parity q, and mass m, according to
the diagram of Fig. 3(b), is given by the expres-
sion

=(2w)-'. . . q j+ — )UP,ddt L

with

(3.1)

q = (-1)'"/':I/ = i417~2G dz[J+J' P, „/, (z.) JJ,'P-„,/, (z)](&'+p. ') ':h(z)E(bP), (3.2)

where J,=(Z„+M)'/', J', =(E/+M)'/', z = —cos8.
The factor f~ allows for isospin and is equal to 2;
p. is the pion mass, I is the nucleon mass, and
the coupling strength G is given by G'/4w = 14.4;
p~ is the laboratory momentum of the beam neu-
tron; E„and Ef are the total energies of the neu-
tron and P~ in the rest frame of pfw, and q is the
three-momentum of the n in that frame. &' is
the four-momentum squared of the exchanged
pion, which is assumed to scatter diffractively
from the target proton (making U pure imaginary).
At this mN mN vertex the t dependence is given by
g(t) =exp(bt+ct'); values b =9, c=2.5 from experi-
mental data were taken (b' & 0 and t & 0 in the physi-
cal region). E(&') is a form factor to be deter-
mined by comparison with the data. The function
h(z) is defined as

(3.3)

where o „,(u&) is the total cross section of ~N

scattering and &u is the invariant energy [The.
manner of calculation of h(z) is indicated in Refs.
19 and 20, though there the asymptotic approxi-
mation o „,= 28 mb was used and this factor was
not included in the definition of h(z). ] The inte-
grand is of course a function of Q, which means
that the Deck amplitude has a TCHC-violating
component (as implied in Sec. IIC). One can show

by direct calculation that the influence of this part
of the amplitude on model values of (I'«) is & l(F/~,
and will not significantly disturb our solutions for
TCHC-satisfying amplitudes. The P dependence
of the Deck model is qualitatively in accord with
that of our data (such as is shown in Fig. 6), but
any quantitative investigation of the M c0 moments

would lie outside the scope of this analysis for the
reasons given in Sec. II.

At this point we recall that the Deck amplitude
alone is to explain the characteristic enhancement
at about 1.35 GeV/c' in the mass spectrum (Figs.
4 and 7), which is well below the mass of known
nucleon resonances. We have chosen a function
E(&') which brings the Deck model into agreement
with the experiment for masses ~ 1.35 GeV2. Pro-
vided one ensures a fairly sharp cut-off with &'
the exact choice of function is not critical in that
the relative contribution of different partial waves
are essentially unaffected; we have used a Gauss-
ian E(bP) =exp[-2(&'+ p, ')'], and the result is
shown in Fig. 8. The curves drawn are the values
of f(d'o/dmdt)dt, where the integral runs over
0& t'&0.1 GeV', for each partial wave separately,
and for the sum over all partial waves.

There is a further calculational point; in conf ront-
ing the data we need partial-wave cross sections
integrated over t, whereas the formulas (2.3)-
(2.8) are in terms of amplitudes (with appropriate
phases). We adopt the expedient of taking the Deck
amplitude in any partial wave h (standing for spin
j and parity q) to be

y 2g 1/2

D, =-iq( 1)'-'/' -dt
dm dt

(3.4)

where we have preserved the phase of U in the
manner indicated (the sign of U in a given partial
wave may be shown to be the same at all values of
u and t). Values of (Y'«) calculated from (3.4) for
the range t '&0.1 GeV', according to Eqs. (2.4)—
(2.6), are shown for J =1, 2, 3 as the dot-dashed
curves in Fig. V. There is seen to be considerable
disagreement with the data points [set (C)]. Equi-
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np —(pf ~ )p for t' &O.i GeV, and 9 &po &24 GeV/c
(data set C). The solid curves are the fits obtained
with the model described in Sec. IV, without the Gribov-
Morrison rule. The dashed curves are from the best
fit that could be obtained assuming the rule to be true
(see text). The dot-dashed curves are the predictions of
the Deck model alone.

valently, we show m(P&w ) distributions for the
Jackson angle selections (a) cose&0 and (b) cosS
&0 as the dot-dashed curves in Fig. 9 where again
there is marked disagreement with the data. We
now try to resolve these disagreements by the in-
clusion of resonances.

(3.6)

A, = x,f (x,}D, +xI,R g e ' t ~»+ e"~i, (3.7}

where the amounts of the resonances are adjusted
by the unknowns x&, and of the Deck contribution
by the parameter x, . The factor f(x,} is a small

and the width I'(m, ) is given by Eqs. (Al) and (AS)
of Ref. 12. [Note that we refer to do/dm and not
der/dm' as in Ref. 12. We have also chosen
ft, (m =m, ) = I.]

Lastly we include an unknown additive phase
angle Q, ~, to be determined for each resonance
in fitting the data. All known N,*&, resonances
(five of them, see Table I) of mass &1.7 GeV were
included; masses and widths were given their
listed values" in the case of the D, (1520),
D, (16"lO), and E,(1688), but left as unknowns to be
fitted in the case of the S,(1535) and P, (1470) The.
full amplitude for any partial wave k was then tak-
en to be
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FIG. 9. Mass distributions for the data of Fig. 8 for
the Gottfried-Jackson frame decay angle cuts (a)
cos8&0, (b) cos 8&0. The curves are as described for
Fig. 8.

correction to avoid the possibility of double count-
ing (in the duality sense) in A», by reducing the
Deck contribution at high%@ mass and thereby
allowing for any m exchange "contained" in P~.
In practice a suitable form, giving a smooth fall-
off with increasing mass, was found to be

f(x, ) =1.0, m &1.3 GeV,

f (x, ) =exp(-x, (m —1.3)'), m & 1.3 GeV,

where x, is an adjustable parameter. To fit the
data it was found that x, = (1.27 + 0.53) GeV ',
thereby reducing the total Deck contribution by
-5-10% in all.

IV. FITTING TO THE DATA

The data of Fig. 4 were fitted by minimizing X'
defined by

2 g P (+m&» +fit) tG (+me» +fii) (4 I )
mass
binS

where 0&"' is the vector of measured quantities
N„(N, I'«) (J = 1, . . . 5) in any mass bin, and o,.
is the vector calculated from Eils. (3.7) and (2.3)—
(2.8); G;& is the inverse of the error matrix
(5o; "'5o,". "'). At each beam momentum the 13
mass bins meant a total of 78 points to be fitted
by adjusting the 16 parameters described in the
previous section. Unique fits were obtained with
y'/nD of 1.6, and 2.0 at 20 GeV/c and 13 GeV/c,
respectively, and are shown as the solid curves
in Fig. 4, where the trend of the data is seen to
be generally well explained. The slightly worse
g' for 13 GeV/c comes from the large experimen-
tal values of (I"») just above threshold. One can-
not explain this, except as a statistical fluctua-
tion, without postulating the existence of a new
resonance just above threshold. We are able to
discount any residual effect of the 4.

Table I shows the contributions to the cross
section at each momentum of the Deck diagram
and each resonance separately; values of masses,
widths, and phases were in agreement at the two
momenta within the ranges shown. The S, and P,
resonance masses are seen to be significantly low-
er than the listed values but this fact should prob-
ably not be taken too seriously in view of the dual
relationship of Figs. 3(b) and 3(c). The Deck con-
tribution was fairly independent of beam momen-
tum, but the amounts of S, and P, resonances
varied considerably. The momentum dependence
of the solutions is shown more vividly in the plots
of imaginary versus real parts of the whole ampli-
tude (3.7) shown in Fig. 10. Further fitting was
done with events in the smaller f' range (data set
C) and gave similar answers; the results are
listed in Table I and shown as the solid curves in
Figs. 7 and 9. The phase p, reiluires theoretical
explanation; naively a Pomeron signature factor
in the amplitude of Fig. 3(b) would lead one to ex-
pect i', = —,

'
ii for all resonances. A desirable im-

provement of the model would be to use a Regge-
ized pion in the Deck amplitude with its signature
factor exp[- i-', iio.,(bP)]. However, it seems very
unlikely that this could alter significantly the sizes
of the different resonant contributions nor account
for the very large difference between the values
of iji, for the different resonances (particularly
the S, and P, resonances), since the major con-
tribution to the Deck amplitude comes from 4'
~ 0.2, when the Regge phase is only ~ 20'.
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TABLE I. Results of fits to diffractive events np (p~7)' )p~ for the data sets indicated (see
Section II.B) using the amplitude of Eq. (3.7). The experimental cross sections at 13 GeV/c
and 20 GeV/& were normalized to an np pp& cross section at these momenta of 0.92 mb

and 0.73 mb, respectively. ~ The solid curves in Figs. 4, 7, and 9 correspond to these fits.

Amplitude

Fitted
mass range

(MeV)

Fitted Phase Cross section (pb)
width $0 13 GeV/& 20 GeV/& 16.6 GeV/&

(MeV) (degrees) t' &0.2 (Set A) t' &0.2 (Set B) t' &0.1 (Set C)

Deck
S((1535)
Pi(1470)
a,(1520)
a,(1670)
F,,(1688)

1400—1420
1400-1425

1520
1670
1688

145+ 30 0+ 16
273+ 90 146+ 23

125 125 + 75
140 31+41
140 0+ 20

247+ 17
69+ 21

334+ 30
13+ 7
19+4

6

261+ 13
181+22
82+ 22
13+4
12+ 5
11+3

280+ 14
211+30

98+ 7
7+2
7+2
5y4

Total fitted cross section (including interferences) 455 388 361

Experimental cross section

Number of events

of fit

459+ 12

1290

391&9

1807

362+ 8

2323

126

8- =
0

P- p
LJJ

LLI

20 GeV/c ~

13 GeV/c 1.675
1.725~

4
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2

I ~

-4 -2
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FIG. 10. Plots of imaginary versus real of the whole
amplitude [Eg. (3.7)] obtained as best fit with the model
described in Sec. IV, without the Gribov-Morrison rule,
corresponding to the data and solid curves of Fig. 4.

Having established that our model amplitude
gives a good phenomenological fit to the data with-
out any parity-change rule, we next tested the GM

rule in the following ways: (i) by allowing only the
P 1 D3 and F, resonances to contribute together
with the Deck amplitude, and (ii) in an extreme
form of the rule by suppressing all but the P„

D3 and F, waves in the De ck amplitude as we l l
(which as we see in Fig. 7, contains a large S,
contribution). In (i), a poorer fit (y'/nD -3) was
obtained than previously, shown by the dashed
curves in Fig. 4; it fails to reproduce the dip in

(Y») near 1.4 GeV, particularly noticeable at
20 GeV/c. It is perhaps worth remarking that
this feature was satisfactorily accounted for in
the previous (i.e., non-GM rule) fit as due mostly
to interference between the S, resonance and the

P, and P, Deck partial waves. The poor result
of a similar fit to the data set C is shown as the
dashed curves in Figs. 8 and 9. In case (ii), only
poor fits to the data could be obtained (not shown),
with y'/n~-4-5. Other hypothesis were tried,
e.g. , allowing only P„D„and F, resonances
(i.e., no Deck contribution) but with masses and
widths free; no acceptable fits were obtained.

Concerning the cross sections for resonance
production given in Table I, we may compare
these with the counter measurements of the pro-
cess pp -N*p at 6-30 GeV/c of Edelstein «al. 22

Allowing for t dependence, N*-Nm branching
ratio, and isospin, we estimate cross sections
for the equivalent diffractive process pp- (nm')p
to be

N*(1410)+N*(1500)=170 pb,
N*(1690)=80 p, b,

whereas Table I gives (on average)

S,(1535)+P, (1470)+D, (1520) = 346 p.b,

D, (1670)+E,(1688)= 24 p, b.
Considering the very different techniques for
handling background and identifying resonances,
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the difference between these figures is hardly
surprising.

Finally, we may compare the Table I cross-sec-
tion values with those from nN phase-shift analy-
ses. Using the listed" values of masses and
widths, we calculate the values of
4m it. "(Z+ —,')(I'„/I')' in mb for each of the reso-
nances in the order of Table I to be 2.8, 10.0,

V. 5, and 16.0. Our analysis points to a
much enhanced role for the J = —,

' resonances in
diffractive production as compared to elastic
scattering.

np- (pfv )p, at 13 GeV/c and 20 GeV/c. The in-
fluence of an apparently small degree of TCHC
violation has been discussed. When ply spin
states up to j = —,' are used, a satisfactory fit to
the experimental data (y'/n~-1. 6-2) could be
obtained provided those states which the proposed
Gribov-Morrison rule would otherwise exclude,
particularly the j =-,' state (S, partial wave), are
included. The (I'„,) moment plays an important
role in showing that this partial wave is required.
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