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A model which consists of direct-channel resonances and a nonresonant background of nucleon and 4.
pole terms is used to fit the data below 2-GeV c.m. energy for the process 7~+p — n+n. A good fit is
achieved with x*=82 for 83 data. The branching fractions are calculated for the decay of the isospin-}
nucleon resonances into the nV channel, and a realistic upper limit of 0.5 is placed upon the n-nucleon

coupling constant.

I. INTRODUCTION

EVERAL phenomenological models have been de-

veloped'= in an attempt to explain the behavior
of the total and differential cross sections'*™* for the
reaction 7~+p— n+n at low energy (below 2 GeV
cm. energy). The lowest mass meson which can be
exchanged in this process is the 4, meson, and all of
these models'™ have neglected this contribution.
There are several reasons for leaving out the A, (i)
The A4, is a spin-2 particle, and the spin-2 contribution
to the production amplitudes is rather complicated.
(ii) Several additional unknown parameters are intro-
duced, and until the experimental situation is signifi-
cantly improved, there is no hope for a unique deter-
mination of these parameters. (iii) A fairly good fit to
the data below 2 GeV c.m. energy has been obtained” %1
without the 4. (iv) There may be the risk of a small
amount of double counting!®; however, this is ques-
tionable at low energy with particle exchange rather
than Regge-pole exchange. Although these may be
good reasons for neglecting the A, there are also
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several reasons for doing a calculation which includes
the 4,. (i) We can find the rather complicated spin-2
contribution to the spin-flip and non-spin-flip ampli-
tudes. (ii) The success of 4, Regge pole exchange at
higher energy'®—18 suggests that 4, exchange may be
Important at lower energy. (iii) Although there is no
hope for a unique determination of the parameters
until the experimentalists provide us with a complete
set of measured observables,”® it is possible to set a
realistic upper limit (within the framework of the
model) on the #-nucleon coupling constant and to find
a solution for the resonance contributions with a back-
ground composed of both nucleon poles and 4 ; exchange
rather than just nucleon pole terms. (iv) The differential
cross-section data indicate a slight trend toward
peaking in the forward direction which may be an 4-
exchange effect. This could mean that the resonance
parameters obtained with the 4, included in the non-
resonant background may be a better set than those
obtained without the 4, We believe these are sufficient
reasons for considering a pole-resonance model for the
process m——+ p — 7+ which includes 4, exchange.

Our procedure will be first to calculate the A.-
exchange contribution to the spin-flip and non-spin-
flip amplitudes. Second, we will develop a pole-reso-
nance model for the process under consideration.
Finally, we will discuss the values of the pole and
resonance parameters obtained by fitting the data and
their implications for unitary symmetry.

II. 4;-EXCHANGE CONTRIBUTION

We shall calculate the 4s-exchange contribution to
the 4 and B amplitudes, defined in Ref. 20, for the
process 7 +p—> n+n. The Feynman graph for 4.
exchange is shown in Fig. 1, and the four-momenta of
the particles are given by %, ¢, p1, and ps for 7, n, p,
and 7, respectively. We use the convention of Feynman
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rules developed by Sakurai* to calculate the Feynman
amplitude

""’iMf,,‘= U(P2) V;LVP(A 2)#1«1[97)0!/3 U(Pl) ] (1)

where V,, is the vertex factor at the NNA, vertex,
2qp 1s the vertex factor at the w94 5 vertex, and P(43)uag
is the A, propagator. (There is an understood sum
over the repeated indices.) U(p1) and U(ps) are the
Dirac spinors associated with the incoming and out-
going nucleons.

The vertex factors are given by?%

Vw=L[Q/M) (v P47, Pu)Gi4-P PG/ 4 M?
+(1/iM?) (Q%,—Qu0))Gs]  (2)
and
vap= (1/im*)[KaKglF 1+ (L%ag— LaLg)F2],  (3)
where
P=pit+ps, Q=p1—p2, K=q+k,
sz—gy m*=m,,+m,,, (4)
M 1is the nucleon mass, m is the mass of the 4, meson,
and the v, are the Dirac v matrices. We have chosen
the vertex factors so that the quantities Iy, s, G1, Go,
and G3 are dimensionless. We shall assume that these
quantities are constants which can be adjusted to fit
the experimental data.

The spin-2 propagator is developed by Pilkuhn? and
is given by

P4 2)Mva8= [1/1:(7”'2—‘0][} (P#QPV5+PﬂI3P”a>
—%Pwpaﬂ] ) (5)

J);ul = 6/,w+Q/.th m? (6)

where

and

t=—(k—q)*.
We now insert Egs. (2), (3), and (5) into Eq. (1),
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and after a rather long calculation, we obtain
M yi=U (po) (A+5iv, K, B)U (p1) , ()

where
A=[12m2m* M2 (m2— 1) ]
X {162 E G (22 2m,2— 1) — (m—m,2)]
+mPF G ({—4M?) (I—2m2— 2m,2)
+ ({—4AM?2) (m2—m2)2m2— 3 (u—s)?]
F12m20\G3[ 1 (1= 2m 2 — 2m.2) + (m2—m,2)¥ ]
— 12m2*M2(4) F 3G+ 3m2FGo 1 (t— 4M?) ]} (8)
and
B=A4FGi(s—u)/ Mm*(m2—1). (9)

The variables s and # are given by s=— (p1+£)? and
u=— (p1—¢)% The expressions for 4 and B have been
obtained under the assumption that the initial and
final nucleons have the same mass. If this assumption
is not made, then these equations have several addi-
tional terms.

Itis now a simple matter to calculate the 4 ;-exchange
contribution to the spin-flip and non-spin-flip ampli-
tudes Fs and Fy from the 4 and B amplitudes. In the

TaBLE I. Parameters for model A in the notation of Refs. 8 and 9.*

Resonance parameters

Resonance (Yr-pYan)t/2
I' (MeV) (MeV) Ton/I a (qn) a (AK)P
S11(1550), 130 11.0+£0.7 ) 0.4 =£0.1 2.0 1.5
__0_5:}:0.2 1.s:i:[).S
S11(1710), 300 6.9+2.0 0.03 =£0.02 0.9 1.9 .
0.6:t0.1 ].1:!:0.2
P11(1470), 210 6.8-+2.2 0.9 3.2 ¢
060l _gp+0.3
P11(1751), 327 9.84+2.4 0.09 =+0.05 1.2:‘:0 2 1.8:’:0 2
0.3 : 1.2 :
P13(1863), 296 —1.0+£1.2 0.00340.003 0.8 1.7
O‘7:H).2 1.3:5:0.3
Di3(1525), 115 8.94+1.3 0.003+£0.001 1.1 2.2
0'4:1:().1 0.810.5
D13(1700), 150 2.0£2.0 0.02 =0.02 1.2 1.6
0.310.5 1_4:l:1.0
D15(1680), 170 —2.74+1.2 0.00640.004 0.9 1.8
O.G:H)'l I.Zi().l
F15(1690), 130 —4.531.8 0.0030.002 0.9 1.7
0 6:1:0.2 1‘33:0.2
FF17(1983), 225 2.6+1.7 0.02 =+0.02 1.1 1.8
0 4:&0.3 1.2 +0.3
Pole parameters
Parameter
(dimensionless) Best value
gyNNY/ 4T 0.0025
F1Gr 0.47
F1G2 —0.68
FiGs —4.13
FsGt 5.10
FsGe —7.37
x? 82

a 83 data pt were used when adjusting the parameters to minimize x2.

b The values of « in this column are from S. R, Deans, W. G. Holladay,
and J. E. Rush, Vanderbilt University, 1968 (unpublished), where further
work was done on the process #~p — K°A. The mixing parameter « is given
in terms of the partial reduced widths by a(AK) =33 +/6(vAK/vz-p)12
and a(qn) =16 (’Ynn/’)‘fr"p)”z-

‘ ¢ Note that this is the only case where there is no common possible value
or a.
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F16. 2. Differential cross section for model A (dashed line) and model B (solid line). The data are from Ref. 12.

notation of Ref. 8, the amplitudes 4 and B can be
used to calculate amplitudes ¢ and b which are related
to Fs and Fy by Fy=a and Fg=10 sind.

III. POLE-RESONANCE MODEL

The model consists of ten isospin-§ nucleon reso-
nances in the direct channel (see Table I), together
with a nonresonant background composed of nucleon-
pole terms in the s and # channels, and 4, exchange in
the ¢ channel. This is exactly the same model con-
sidered by Deans® plus the addition of the 4, exchange.
The notation for resonance parameters, the details of
calculation, and the treatment of data have been
presented in Refs. 8 and 9 and need not be repeated
here.

We wish to emphasize that this model can be applied
only at low energy—below approximately 2 GeV c.m.
energy. At high energy, the contribution from the
spin-2 particle would dominate and lead to divergent
cross sections.

IV. COMPARISON WITH EXPERIMENT

In making a comparison with the data from Refs.
12 and 13, the parameters were allowed to vary until
X2 was minimized, where

oy [{la’/ dQ(theor) —da/ dﬂﬁ(expt)]2 (o)
data

expt error

The best values obtained for the parameters (in the
notation of Refs. 8 and 9) are given in Table I. Figures

2(a)-2(g) show the differential cross sections at seven
energies for (i) the model discussed in Sec. ITI, which
we shall refer to as model A, and (ii) a model which
represents a best fit to the data using 4, and nucleon-
pole terms only—no resonance terms included (model
B). The parameters obtained for this model are given
in Table II. Figure 3 shows the total cross sections for
these two models.

V. DISCUSSION OF RESULTS

The minimum X? obtained for the model consisting
of resonance terms and pole terms (model A) was 82
with 83 data. (In view of disagreement among certain
points of the two sets of experimental data,>13 we have
increased the error bars on three of the 83 data. This
was also done in Ref. 9.) This is to be compared with
X?=98 when the 4, is not included® in the calculation.
Thus, we find some improvement in the minimum X2.
The major improvement comes from (i) a more rapid
rise close to threshold, which yields better fits to the

TasLE II. Parameters for model B. All
parameters are dimensionless.?

Parameters Best values
oyt 0.14
F\Gy —0.46
Gy 0.11
F\Gs 12.08
IyGy 2.81
1"2(1‘2 —0.69
x2 260

@83 data pt were used when adjusting the parameters to minimize x2.
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very low-energy data, and (i) more background
provided at the higher energies (7,=1117, 1300 MeV)
which improves the fits in that region.

Model B, which consists of nonresonant background
alone, was included for comparison (X2=260). This
model yields a good fit near threshold; however, it is
not satisfactory in the energy region where the differen-
tial cross section ceases to be isotropic. Thus, we see
the importance of the resonance contributions in fitting
all of the data. It is interesting to note that a model
consisting of only nucleon-pole terms yields a minimum
X2 of 1288, and a model consisting of only 4, exchange
gives 855. The combined effect (X2=260) is significantly
better.
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T16. 4. Total cross section close to threshold as a function of
the c.m. momentum of the ». The dashed line (g,nx?%/47=0.0025)
and the solid line (g,xn2/47w=0.14) are for model A and model B,
respectively. The data of Jones ef al. (Ref. 14) have been normal-
ized to the data of Bulos ef al. (Ref. 11) with R,,=0.38, where
Ryy=(n = vv)/ (n — all modes).
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The resonance parameters obtained here, although
different, have not undergone significant change from
the earlier results.® We calculate the branching fraction
I',./T for each resonance which lies above threshold
and give these values in Table I.

If we make the assumptions that each of the resonant
states is a member of an SU(3) octet, and the partial
reduced widths in the Breit-Wigner formula measure
the SU(3) invariant coupling strengths; then in the
limit of exact SU(3) symmetry, we can calculate the
mixing parameter o for PBB’ coupling, as was done by
Rush? for low-energy AK® production. The results of
these calculations are given in Table I. The values
obtained for « are to be compared with those given by
Rush.?

We find a value for the n-nucleon coupling constant
of g,wn%/4r=0.0025-£0.0020. It was felt that since
the error came from the error matrix,2® it might be
somewhat optimistic. We therefore attempted to fit
the data with larger fixed values for the n-nucleon
coupling constant. The other parameters were allowed
to vary and X? was minimized. We eliminate all solu-
tions with X2>2(X?),, and we find that realistic limits
on the n-nucleon coupling constant are

0< gywn?/4m - 0.5. (11)

We find that the above inequality still holds even
if the P11(1470) resonance, which is below threshold,
is inserted as a pole with the same quantum numbers
as the nucleon. In order to obtain a cancellation effect
by this approach, it would be necessary to assume an
energy dependence for g.n+ng,n+n such that g.y+ngnen
(T,r=1300 MeV)zIO SrN*NEyN*N (threshold), and we
know of no justification for such an assumption.

Our limits on the n-nucleon coupling constant are in
agreement with the value found by Botke, but in
disagreement with the value obtained by Sasaki.?” We
believe that the disagreement may be traced either to
the use of Eq. (2) in the paper by Sasaki?” or to the
problem of multiple minima. Several approximations
must be made in order to obtain the equation, and it is
not clear that all of them are beyond question. (If ¢-
channel effects were important at threshold, then the
additional terms would render the equation useless;
however, we find that these effects are probably negligi-
ble compared to #-channel effects.) The problem of
multiple minima is always present in this type of
calculation. Is the Sasaki solution”*" for the Py; partial-
wave amplitude unique? Perhaps the solution which
Sasaki abandons (g,yx/47=0.4) should be studied
more carefully. This solution was abandoned because
it did not properly reproduce the enhancement of
the n-production cross section near threshold. We have
no difficulty reproducing the enhancement (see Fig. 4)

% J. E. Rush, Phys. Rev. 173, 1776 (1968).

26 R. A. Arndt and M. H. MacGregor, in Methods of Compuia-

tional Physics (Academic Press Inc., New York, 1966), Vol. 6.
21 S. Sasaki, Progr. Theoret. Phys. (Kyoto) 40, 188 (1968).
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with even smaller values for the p-nucleon coupling
constant, but we have not been able to find a solution
which violates the inequality given by Eq. (11). In
Fig. 4, we show the behavior of the total cross section
in the neighborhood of threshold. The data are from
Refs. 11 and 14 and were not used in minimizing X2.

It is interesting that Botke! predicts a wide bump
in the total cross section centered at T>=1.75 GeV.
Our model does not predict this bump.?® We predict
Ctotat (T p— qm)=0.56 mb at T,=1.75 GeV, and
Botke! obtains a value approximately twice as large.
The data at 7,=1300 MeV were hard to fit in Botke’s
model,’¥ and we have no trouble in that energy region
[see Figs. 2(g) and 3].

VI. CONCLUSIONS

We have been able to fit the data for the process
7~p— nn below 2 GeV c.m. energy by using a model
which consists of direct-channel resonances and nucleon

28 Note that Botke includes resonances above 2 GeV c.m.
energy, and we do not attempt to fit data at the higher energies.
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and 4 pole terms for the nonresonant background. In
order to develop this model, we had to calculate the
rather complicated spin-2 contribution to the spin-flip
and non-spin-flip amplitudes. It has, therefore, been
possible to give a quantitative assessment of the relative
importance of A4, exchange in this process. The mini-
mum X? dropped from 98 to 82 (with 83 data) when the
A, was added.

It was found that a realistic upper limit of 0.5 could
be placed on the n-nucleon coupling constant, with a
value in the neighborhood of 0.0025 favored. In un-
broken SU(3) symmetry, this corresponds to a D/F
ratio between 2/1 and 3/1, with the favored value
close to 3/1.
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By comparing the {-channel Regge-pole amplitude with the s-channel Regge amplitude, we apply self-
consistency for near-forward scattering. Under certain plausible assumptions, this enables us to evaluate
the high-energy behavior of the Regge-trajectory function as a(s) — (slns)!/2 and that of the residue
function as B(s) — sx©®~1/2(Ins)"1/2. We also determine that two trajectories will have the same shape if
their derivatives at s=0 are the same, since this derivative alone determines the trajectory shape com-
pletely. The resonance content of these trajectories at high s is also examined and found to be empty in

the usual sense.

I. INTRODUCTION

ECENTLY, there has been a good deal of interest
among Regge enthusiasts in examining the partial-
wave projections of the leading crossed-channel Regge
pole. Beginning with Schmid,! a number of theorists
have ‘demonstrated that such a projection produces
partial-wave amplitudes which trace out arcs of circles
in the Argand plane as the energy increases. Schmid
originally conjectured this to be evidence for the
existence of resonances in the direct channel. He worked
in the region of 1-3 GeV for I between 2 and 6 and found
a reasonable correspondence between generated reso-
nances and experimentally known ones.
Combined with the work of Dolen, Horn, and Schmid?
on finite-energy sum rules, this information was in-
1 Christoph Schmid, Phys. Rev. Letters 20, 689 (1968).

2 R. Dolen, D. Horn, and C. Schmid, Phys. Rev. 166, 1768
(1968) ; Phys. Rev. Letters 19, 402 (1967).

terpreted to give evidence of severe double counting in
the intermediate-energy interference model of Barger
and Cline.® Shortly thereafter, doubt began to arise
about the resonance interpretation of the Argand
circles.

Kugler! demonstrated that Argand circles also occur
for high mass and high spin when /~+/s. If these are
really resonances, then he conjectured that for large s
Regge trajectories must behave like /s (omitting
logarithmic factors). Collins, Johnson, and Squires® also’
demonstrated the existence of high-/ Argand circles but
doubted their interpretation as resonances partly be-
cause all such circles would have to be so interpreted.

#V. Barger and D. Cline, Phys. Rev. Letters 16, 913 (1966) ;
Phys. Rev. 155, 1792 (1967).

¢ M. Kugler, Phys. Rev. Letters 21, 570 (1968).

8P. D. B. Collins, R. C. Johnson, and E. J. Squires, Phys.
Letters 27B, 23 (1968). S



