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I. INTRODUCTION

.1 . . )
The Chew-Low cxtrapolation™ to find on-mass-shell scattering cross scetions
from reactions expected to involve scattering of a virtual particle depends eriti-
cally on what type of extrapolation function is used with a limited number of cvents
_ . 2 -0 . 3a
(scveral thousand). The work of Baton ct al.,” (7 7 scattering), Ma et al.,

+ . 4 -0 + - .
(7 p scattering), and Marateck ctal.,” (x 7 and 7 7 scaftering), showed that

lincar or quadratic extrapolation functions™ fit the data equally well but t'ie extrap-
olated cross scctions differ significantly: In general the higher order extrapola-
tion leads to larger cross sections. However, neither of these simple functions
. . 3a~b
may give the correct answer as was shown by Schlein and coworkers who
. + . + . .
used data on the reaction pp —p7 n to determine the 7 p elastic scattering cross
section in the A region (A = A(1236)) via the Chew-Low extrapnlation, Sincc the
+ . . Lo .

7 p elastic scattering cross section is well measured, this is a place where the
extrapc..tion procedure can be checked., Both linearly and quadratically extra-
polated cross section values did not reproduce the on-shell measurements. How-
ever, good agreement was found using the Diirr-Pilkuhn™ (DP) parameterization
which relates off-; hell and on-shell scattering cross sections.

Recently a slightly diffcrent parameterization for off-shell scattering ampli-

LT . .
tudes has been proposcd by Benecke and Diirr * (BD). As it turns out, their treat-
ment has certain advantages over that of Durr and Pilkuhn in that (a) it describes
" ] : 2 -

the data up to larger momentum transfers (up to ~1 GeV™ as compared to ~0.5

2 L. . .
GeV'), and (b) no additional form factor is requived by the data. At small t values

2 . . ' o}
(1t £0.3 GeVT) the BD and DP parameterizations lead to identical results. Sa,b



It. ONE-PION EXCIHANGE FORMULAL

Before going into detail, some well known formulae are given for the sake of

clarity.

Consider the OPE diagram (Fig. 1) for the reaction

- - 4
T p—T 7 N . (1)

The contribution of this diagram to the differential cross section for reaction (1)

is given by

where

p*

m
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For t :uz qy becomes the on-shell momentum g, q2 LI

g
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ditldm 2 m qo, . +(0,t) —55g I NN’/T(t) (2)
4mp*’s (t1”)

square of total cm energy
cm momentum in the initial state
pion mass
square of the four momentum transfer betwecen inco: iing and
outgoing nucleon

- +
7 7 rest mass

o -+

momentum of the exchanged pion in the 7 7 rest fraime:

)/ 4m” (3)

2

Q= (t=(m + p)°) (t=(mp

2
4

. 2 . .
NN7 coupling constant; g~ =2 %14, 6 in the case of reaction (1).

The unknown function: in Eqg. (2) are ¢___,(m,t), the cross scction for the
oY

: - + - + . . . X . . .
reaction # # —7 7 where onc of the incoming pions is virtual with a mass

squarcd of t, and I

NNARE the pionic form factor of the nucleon. The determina-
1 .

. X - . . . A
tion of the on-shell 7 7 clastic scattering cross scetion (rr"r"'(m) vian Chew-T.ow
i [



extrapolation is usually done by extrapolating the experimentally measured

quantity EW_T_[_(m,t) to the pion pole, t = “2

47113*23 1 (t_HZ)Z (12(y(m,t) 3
‘ -t dtfdm %)

Zﬂ_ﬂ,!,(ll) )=
m-q g

According to Eq. (2), 27r"7r+(m’t) in the OPE model is given by the following

expression:
4y p—gr(0,)
20 S oy T e ()

which when evaluated at the pion pole, reduces to O (1),
II. THE BENECKE DURR PARAMETERIZATION

In order to evaluate the OPE formulac (2), (4), we have to know Fana®) and
the relationship beiween off-shell and on-shell scattering cross sections. Let us
assume that the scattering at the nm vertex proceeds through a given angular
momentum state {. Then one can replace gﬂ_ﬂ“m,t) in Egs. (2), and (4) by the
partial cross section ogr_ﬁ(m,t).

Benecke and Diirr have studied the connection between on-shell and off-shell

scattering assuming that the elastic scattering of particles a, and b via

at+th=a'+h

can be approximated by the exchange of a scali:r particle x with mass m . {Sce
Fig. 2.) Going off the mass shell, e.g., with particle a, the relation between the
off-shell and the on-shell sceattering amplitude is obtained as a function of the

~ . . e e ¢ N
mass of the virtual particle a. The result for gﬂ_ﬂvr(m,t) is:

a, (1)

{ A A A
Ao (m,t) = HQ(('{N) (j(fr{.’l_‘___(lll) (

¢
~——



where 1/mX has been put cqual to R,

1
1) =y Qf<1 + F) (6)

2x X
and Qﬁ(z) arc the Legendre functions of the second kind, TFor £ = 1 for example,

one finds

2
u,(x) = L2+l (4x2 +1) -1 (7
1 022 2

X 4x

The functions uﬁ(x) have the [ollowing general properties

1. uQ(X) NXZQ for x «< 1.

Hence, near threshold onc gets back the Born result;

20
q
/4 t
Q0 (1) :{—q—} o _.4(m) (qR, g, R<1) (8)
1 2
2. uﬁ(x)'v—g fn (4x7) for x>1.

X

i.e., for large t the off-shell cross secction decreases like It]_3 in corntirast to
the Diirr-Pilkuhn paramecterization which leads to a fall off proportional to ltl—l.
An estimate of the paramecter R may be found in the following way: The form
factor Fopelt) associated with a vertex abe is defined as the ratio of the actual
vertex function to the vertex function given by the Born result., In the BD param-

eterization this leads for the prm vertex to

L q u(aR ) .
‘pTTW() q u {(qR ) )
t { p

Interpreting () as the IFourier (ransformation of a spherically symmetrical den-

. et . 2>1/2 . 9
sity distribution, the rms radius <¢ can be calculated from

2 n
™ = ¢ E—}{, evaluated at t' = 0 (10)

D
where t' =t -,



Trormulace similar to IXg. (5) are obtained for wN off-shell scattering (for
details sce Ref. 8b).  The BD parameterization has a free parameter the constant
R. It will be assumed that there is one parameter R for each partial wave con-
tributing to the off-shell scattering cross section; e, g., a Rp for the p-wave
amplitude of the 7 system, o RA for the (3/2, 3/2) partial wave of the 7N system,
ete,

For bound state scatlering, as in the case of the NN7 vertex, the off-shell
behavior will be calculated a la Diirr-Pilkuhn since the BD paramcterization

leads to complex expressions. Thercfore,

2 2
~ 1 +R.Q
Fanelt) = 2 2 (11)
1+ RNQt
with
2 2 2
g TH (dmy-u)
Q 5
4mN
and
2
9 —t(4mN - t)
Q 2z
My

where m. . nucleon mass; R

N N is a parameter,

IV. FIT OF THE R PARAMETERS

The OPE model with the BD parameterizaticn was applied to the reactions

— =+t

pp—A A ' (12)
++

PpP—A n (13)

+ 44

Tp—Ap° (11)

7T-p—+n/)0 (15)
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There are three free parameters which enter into the OPE cross scctions
for reuactions (12-15): RA’ R

OPE cxpressions to the differential cross scctions dg/dit] for the reactions (12-

N’ and Rp' They were determined by [fitting the

15) as measured for beam momenta between 1.6 and 10 GeV/c. 10-13 Figures

3 through 6 show the experimental data together with the OPE curves. The OPE
curves give an excellent description of the differential cross sections up to

ltl <1 Ge\72 for all four reactions, and at all momenta. In a separate fit the OPE
cross sections were multiplied with the square of a function G(t), which may be
thought of as a correction to the pion propagator. The following ansatz was made
for G(t):

c-t
2
C—i

G(t) = (16)

2

In addition to RA’ R, Rp the parameter ¢ was varied. The fit gave ¢ = 140 GeV

N
which shows that the data do not require an additional form factor.

Knowing the values of R RN’ and Rp one can go on fo fit the R parameters

A
of other partial waves of the 77 and the 7N systems. For instance with the as-
sumption that the reactions

T p —nf® (17)
and

7 p—ng° (18)

procecd via OPE the measuved differential cross scctions for (17) and (18) were
usecd to fit the R paramecters for the f77 and gnw vertices, The agreement hetween

-
the dataM 15

and the OPE {it is good (sce Tig. 7).
~In Table 1 the values of the parameter R and the rms radii deduced {rom
them arc listed for various vertices. In some cases only estimated values are

given due to Himited statistics of the experimental data,  The values of the rms

radii range from 0.6 to 1. 11,



The pionic radius of the nucleon, (¢ = 1.06 + 0,04 £, is larger than

1/

9 (
the electric charge radius of the proton (112)) “ =0.83 + 0, 02f 16 by about 20
1/2

2 .1/2
N’

. . . . . 2
percent, but its value is close to the rms radius for 7N interactions, <rN7>
{
1. 1f, obtained from an optical model analysis of 7N diffraction scattering,
o i 2 1/2
The rms radius for the AN7 vertex, <rAN7'> /
i

with the value of 0. 84f determined for the ANy vertex from the M1 transition

=0, 86 £ 0. 02f agreces rather well

. } 7
form factor measured in ep scattering, 1
Table I suggests {hat for £ >1, the rms radii for the baryonic vertices are
of the order of 0.8 - 1, 0f and for the mesonic vertices 0.6 - 0, 7. Therefore,

a good gucss for the value of R and hence {or the form factor can be obtained

from Eg. (10) choosing a proper (r2>1/2 value, e.g., 0.9 for the baryonic ver-

tices and 0.65{ for pionic vertices., This can be a useful procedure in the case
of small partial waves for which it is difficult to determine the R parameter
from the t distributions. For s-wave states the value of R is practically zero,

implying uﬁ(qtR)/uQ(qR) =~ 1 for thesc vertices.
V. IMPLICATIONS FOR THE EXTRAPOLATION FUNCTION

We are now in a position to calculate form factors and off-shell cross sce-
tions for various vertices in the BD paramecterization. Figure 8 shows the
square of the form factor as a function of t for the NNw, ANw, pnw and {77 ver-
tices. The fall-off witlh increasing -t is roughly the same in all four cases.,

The hchavior of the off-shell scattering cross sections can be read off from

-t 9 (40 g 7y (T 1) q,0, _(m,t)
the t dependence of the quantities —21- FN Nr( )s _Lé.l.\ﬁ‘;_.m.m , and t frm )
% ‘ quN?T( ) 4oy

where (, q are the magnitudes of the three momenta of the on-shell and the off-

shell pion respectively in the A, p and [ rest frames,.  There is a striking difference



in the behavior ol the cross seetion ratios for the various cases: wherceas the ratio is
practically cqual to unity for the pam and the {77 vertices, in the case of the NN7
and AN7 vertices a rapid incrcase with inereasing -t is observed. The explana-
tion for the phcenomenon is that in the case of the NN7 and ANw vertices onc is

close to threshold (q, q, = 0), hence e g,

9\ 2
¢ GANW(m,t)z T qor/_\NW(m) (19)
For the pmm and {77 vertices, one is far from threshold (m = 2u), therefore (for

“t £0.3 Gev?)

q o (m,t)y~qgo (m) (20)

(p T O\
£ f

The analysis indicates that also for other vertices, this type of correspondence
holds when one is far from threshold and [|t] is small.
Let us now turn to the function Er*w“(m’t) defined in Eqgs. (3), and (4).

From the above discussion it is clear that in the p region and above the t depend-

. . 2 s .
&) 3 7 - { J . T 11 o ' 3
ence of Erw-i‘(m’t) is mainly that of FNNW(t)' (Note: This is also true if the
T s-waves are taken into account since q O’Q:O(Dl,t) =~ gQ:O(m). ) Since F?\INn(t)

drops with increasing momentum transfer the function Eﬂ_w+(n1,t,) will rise when
going to the pole. 18

In Fig. 9, the values of Eﬂ_ﬂ,{,(m,t) as obtained by Marateck et al. ,4 for
events sclected from a 20 MeV band around the po miass are shown. The data
came from a compilation of a large sample of events (14,890 cvents for reaction
(1) at 1.9 GeV/e and 3.0 GeV/e incident momenium).  Also shown in Fig. 9 are
a lincar extrapolation and one which uses the BD parameterization. Analogous
to the situction in pp —pnat discussed by Prol. Schlein at this conference,

(a) the accuracy of the data does not allow a distinetion between the two

procedures, i, c., both [if the data cqually well,  As can be seen from

-9 -



Fig, 9, this is duc to the fact that the two curves depart {rom each
, 2
other only at very small t values (-t <4 ).

(b) the extrapolated cross scction values differ by 30-50 percent depending
on which extrapolation function is used: the linear exirapolation leads
to ¢_— 4+(m ) =85 + 15 mb, the BD parameterization yields ¢ __,(m ) =

O.’/T ,n.}-( p) ’ b y G7T 7T+( p)
124 £4 mb. From unitarity we cxpeet the cross section to be cither
116 mb or 132 mb depending on whether only the resonant p wave is con-
sidered or a resonating T = ¢ s-wave is also taken into account. HHence
the cross section value obtained using the BD parameterization agrees
with the expected value whercas the lincar extrapolation underestimates

the cross section by ~40 percent.
VI. CONCLUSION

The number of events presently available does not allow a model independent

determination of the 77w scaticring cross sections via a Chew-Low extrapolation.
Reliable results can be expected when the Benecke-Durr (BD) parameterization
is used for the pole extrapolation as was shown for reaction (1) in the p region.
This conclusion is strengthened
, , s . -, 8b
(a) by the sucess of the OPE [its to the reactions (12-15);
; . ++

(b) Dby the fact that in the case of the reaction pp—~A  n the Chew-Low ex-

. R .
trapolation lead to the correet values lor the elastic 7 p scattering cross
scetion in the A region when the Dirr-Pilkuhn (DP) parameterization

. . 3a,b
was applicd;

.(¢)y by the good results obtained with the DP parameterization for reactions
. . e 9D, 19 .
ol the type KN —NKw#. The last two points apply as well for the
BD parameterization since at small t values (sce Introductiony both

procedures ave cquivalent,

~-10 -
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TABLIE I:

. o 2N1/2
R parameters and rms radii &) /

fits to the momentum transfer distributions.

as obtained from

R R (r2>-1/2
Vertex (Gev'l) @) (f)
Ry NN7 2.86 % 0. 08 0.57 0, 02 1.06 + 0, 04
R, ANT 1.76 + 0,03 0.35 % 0,01 0.86 = 0, 02
Rp prT 2.31 % 0,19 0.46 + 0, 04 0.65 % 0. 05
Rg1q S11 N7 0. 03 0. 0.
: \f £i
Rpiq P11 N7 0. 34 fixed 0.1 0.14
Rp1s D13 4,5 fixed 0.9 0.9
Ry D15 N 5.5
. 5 fiwve
RFlS 15 N7 4.5 fixed 0.9 0.8
RFl’? F17 N7 4.5 fixed 0.9
1 \ 1y e
RF37 F37 N7 4,5 fixed 0.9 0.7
R (7T7T)T:0(7r7r) 0.0 0. 0.
00
Ry f 3.23 + 1.46 .65+ .29 0.58 =+ 0.26
Rg g ar 4.5 fixed 0.9 0.5
20 (mmy 2000 L 00 0.0 0. 0.
my T2, 072 3.59 4 1.19 72 4 0.24 72 4 0. 24
R22 (7TH) (7T7T) . 1 o 1 O L - O < O. - O. g
Ry, am) 75 | a5 fised 0.9 0.6
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FIGURE CAPTIONS

. . - -+
OPE diagram for the recaction 7 p -7 7 n.
Approximation of the scattering process a +b —~a' + b' by the exchange of a
scalar particle x with mass m_.
Differential cross sections do/dlt] for events of reaction (12) in the A™
++ . . Al 3
A mass region. The curves give the result of the OPE fit.
10a

() at 3.6 GeV/c "~ (1.13 GeV < Mz < 1.33 GeV)
10c

(b) at 5.7 GeV/c (1.15 GeV < My \ < 1.35 GeV).
Differential cross sections dg/d |t} for cvents of reaction (13) in the N
region. The curves give the result of the OPE fit.

(a) at4 Gev/e'1? (1,08 Gev < M < 1.40 Gev)

(b) at 10 Gev/c P (1,125 < M < 1.325 Gev).

Differential cross sections dg/d |t] for events of reaction (14) in the A++,

p° region, The curves in (a) - (d) give the result of the OPE {it. The curve

for the 16 GeV/c case, (e), is a prediction of the OPE model.

(a) at 2.35 (3(—3\7/012?1 (0.675 GeV <m < 0,825 GeV, 1.185 GeV <M < 1.285
GeV).

(b)y at3-4 G(—:V/c12

b(O. 68 GeV<m <0.86 GeV, 1.12 GeV < M < 1.32 GeV).
(c) at4 GeV/chd(O. 66 GeV<m <0.86 GeV, 1.12 GeV < M < 1.32 GeV).
(d) at 6.95 Gov/c120 (0.64 GeV <m <0.88 GeV, 1.12 GeV < M < 1.42 GeV).
(¢) at 16 00\7/0121(01.68 GeV <m < 0.86 GeV, 1.12 GeV < M < 1.32 GeV).

. . . . . 0
The differential cross scctions dg/d [t| for events of reaction (15) in the £

region. The curves give the results of the OPE [it,

(@) at 1.59 GeV/e ™™ (0.616 GeV <m < 0.85 Gov)

[}
(by at2.75 GCV/cldb (0. 65 GeV <m < 0.85 GeV)

(¢y at 3.0 (Io\r’/(:ldC (¢.675 GeV<m < 0.875 GeV).
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The differential cross soctions dg/d [t] for the events of the reaction
Tp —~nf’, The curves give the result of the OPL fit,

(a) at4 GeV/cM (1.16 GevV <m < 1.38 GeV)

(b) at 8 Gev/el® (1.17 GeV < m < 1,37 GeV)

The differential cross scction dg/d 1L] for the events of the reaction
7r‘p——>ngo. The curve gives the result of the OPE fit,

-
(¢) at8 GeV/e'® (1.60 GeV< m <1.75 GeV).

The t dependence of the form factor and the off-shell cross section (sec text)

for the vertices
(a) NN=

(b) ANm

(c) prrm

d) faw

The function Z, _+(m,t) as measured for events of the reaction

T p—T % n

with an effective mass of the 7 7" system between 0. 76 GeV and 0. 78 GeV4

Also shown are two different extrapolations of Eﬂ_ﬁJr(m,t) to the pion pole
(t =u2): one which assumes a linear t dependence for Z)W_w+(1n,t), another

which utilizes the Benecke-Diirr (BD) parameterization.

- 18 -
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