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A phenomenological fit of the data on single-pion photoproduction is presented for laboratory photon
energies up to 1.2 BeV. The analysis is made in terms of a simple model in which the photoproduction
amplitude consists of three separate contributions: (1) the Born approximation with electric coupling only;
(2) Breit-Wigner resonances for which the positions and widths are taken from pion-nucleon scattering
data, but whose amplitudes are adjustable parameters; and (3) additional contributions in the low partial
waves having J=1%, 4, and §. A criterion for success of the model is that these added terms, which are the
principal adjustable parameters, should vary smoothly with energy. Most of the resonances found in the
phase-shift analysis of pion-nucleon scattering are included in the fit. In particular, there is reasonably
good evidence in the photoproduction data for a broad S-wave resonance near 1560 MeV. The analysis is
carried out in terms of the helicity-amplitude formalism, which is more convenient for this purpose than
the conventional representation in terms of multipole amplitudes.

I. INTRODUCTION

IN the past few years there has been a considerable
improvement in our experimental knowledge of the
single-pion photoproduction processes in the low-energy
region below 1.5 BeV.! Extensive and relatively ac-
curate cross-section data have been obtained for =+
photoproduction and, to a lesser extent, for the produc-
tion of 70 from protons. In addition, a significant amount
of data is becoming available on ‘the polarization of
recoil protons in 7 production and on the asymmetries
in photoproduction from linearly polarized photons.
At the same time, there has been a revival of theoretical
interest in the results of a multipole analysis because of
its applications to the testing of sum rules and other
relations of current theoretical importance.?—%

Also during recent years, improvements in the ex-
perimental data on pion-nucleon scattering have made
it possible to carry out successful phase-shift analyses,
the results of which have been both interesting and
surprising.? These analyses have revealed new reso-
nances not suspected from any qualitative evidence.
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It is of interest to see what effect these resonances have
on the related photoproduction reactions.

A number of analyses of pion photoproduction data
have recently been made. One of the first was a fitting
of 7+ and #° data with an “isobar model” by Gourdin
and Salin.!® The experimental data have been consid-
erably augmented and improved since the time of their
work, so that a new analysis is needed. A recent analysis
has been carried out by Chau, Dombey, and Moor-
house,™ but it covers a rather restricted energy region,
and does not include the y# — 7~p reaction.

Other work, based on dispersion relations, has been
carried on over several years by Hohler, Schmidt, and
their colleagues at Karlsruhe. Most of this work has
concentrated on the low-energy region,'*~4 but recently
an extension to 1.2 BeV has been made.!s Other investi-
gations in the low-energy region include the analysis of
Donnachie and Shaw,'® and a prediction of photopro-
duction from pion-nucleon scattering data by means of
dispersion relations, made by Berends, Donnachie, and
Weaver.'?

It is probably not reasonable to attempt a fit of the
photoproduction data by asking a computer to search
for best values of all of the parameters in an unbiased
way. The difficulty is that the experimental information
on photoproduction is less complete than that on pion-
nucleon scattering, whereas there are approximately
twice as many parameters needed to describe photo-
production within a given range of angular momentum
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states. It therefore seems necessary to impose some
restrictions on the variations of the parameters. The
model used to impose these limitations in the present
anslysis is described in the next section.

II. MODEL

We wish to determine the multipole amplitudes, or
equivalent helicity amplitudes, as functions of energy.
Near a resonance, the resonant amplitude is expected
to vary rapidly with energy in a manner characteristic
of the resonance. We shall assume that this behavior is
adequately described by a Breit-Wigner function, real-
izing that this assumption may not be justified in view
of the remarkable behavior exhibited by some of the
pion-nucleon scattering amplitudes.®

In addition to the resonances, we shall include adjust-
able contributions to the partial-wave helicity ampli-
tudes in the states of low angular momentum J=3%, %,
and, to a small extent, J=%5. It is hoped that these
added nonresonant contributions will vary smoothly
with energy, and this is the criterion of success for the
model. In allowing arbitrary variations in the low partial
waves, we adopt the point of view that no theory at
present is capable of predicting the contributions in
these states of low angular momentum. It follows that
the relevance to photoproduction of any particular
Feynman diagram or particle exchange term can be
established only through its higher partial-wave
components.

One Born term, corresponding to the one-pion-ex-
change mechanism, contributes significantly to many
higher partial waves. As is well known,® this fact means
that one must include this term explicitly in any analysis
of charged pion photoproduction involving a finite
number of parameters. We have included the contri-
bution from this one-pion-exchange term together with
other Born terms which make it gauge-invariant. These
comprise the electric Born approximation of Sec. III 6.
In the energy region under investigation, other Born
diagrams contribute mainly to the low partial waves
and have not been included explicitly.

In summary, the photoproduction amplitude is made
up of the following three contributions: (1) the Born
approximation with electric coupling, as given explicitly
in Sec. III 6 (this part is the only contribution to the
states of higher angular momentum); (2) resonances
described by the Breit-Wigner formula of Sec. III 8;
and (3) additional contributions in the states of angular
momentum J=%, 2, and, to a minor extent, J=4. These
added contributions, together with the magnitudes of
the Breit-Wigner resonances, are the parameters ad-
justed in making the fit.

The model adopted here is not very different from the
isobar model used earlier by Gourdin and Salin,®
and it is also quite similar to the one employed in the
recent work of Chau, Dombey, and Moorhouse.!!

18 M. J. Moravcsik, Phys. Rev. 104, 1451 (1956).
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The principal objective of the present analysis was to
investigate photoproduction in the energy region
0.5-1.2 BeV, and most of the effort was devoted to this
aim. The analysis was extended to lower energies for
reasons of continuity and also to see how the same
approach would work there. However, because of limi-
tations in the data as well as in the analysis, the results
below 0.5 BeV are probably not as reliable as those
obtained by the use of dispersion relations. For these
results, which rest on a better theoretical basis, see
Refs. 12-17, and also other work referred to in these

papers.
III. FORMALISM

In this section is assembled a collection of formulas

used in the present analysis together with a few for-

mulas of general interest. The conventions and units
used in this work are also given here.

1. Kinematics and Units
Four-momenta of the incident photon, the outgoing
pion, the initial nucleon, and the final nucleon are
denoted by k=(k,k), q9= (q)w)’ P1= (p17E1)7 and
pa= (ps,E2). Helicities of these four particles are g,
Ao A1, and N, respectively. The incident photon has
polarization vector ¢, and the total energy in the c.m.

system is .
The kinematic variables s, ¢, and # are

s=(k+p)P=T0",
t=(k—q)*= —2kw(1—E cosd)+m2, (1)
u= (k—pz 2= ‘-ZkEz(l'—ﬁz COS@2)+M22.

We use 1 Bev as the unit of energy and other units
such that zZ=c¢=1. Then the unit of length is X,=1
BeV—1=1.972X10~% cm, and the unit of cross section is

X.2=1 BeV~%2=389.5 ub.

These units pertain to the “theoretical” formulas
only. All numerical values quoted for amplitudes,
helicity coefficients, etc., are in units ub'/2,

2. Photoproduction Amplitude
We define an amplitude 4, related to the S matrix by
S=1+4(2n) 464 (P;—P,;)(87WN) A, (2)

where P;=k+ p1, Py=q+p», and N is a normalization

factor:
N=(16kwE; E5)'/2. 3)

The spin dependence may be given by writing A as a
2X2 matrix whose columns and rows refer to initial
and final nucleon spins, respectively, and whose ele-
ments depend on the photon polarization as well as on ¢

and W:
A 12
) @

21 A22

A
A=(As)=
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The differential cross section and final nucleon polari-
zation in direction 4 are then

O=—2 % L= e )
a(0) =—~ i|2=—-"Tr ,
2 k spins 7 2k
19 1
P.d=--—Trdle- 64, (6)

2k a(0)

where these relations still refer to a given photon polari-
zation, and the Pauli-spin matrix ¢ is in the same co-
ordinate system used for the final-spin specification in
the matrix 4.

3. Helicity Amplitudes

In the center-of-momentum (c.m.) system, if we
quantize initial and final spins along the directions of
k and ¢, the elements of A are the helicity amplitudes
A,\(6,0), where A and u are the initial- and final-state
helicities A= Ak—)\l and u=)\q—)\z= —'A2.

Since A\x==1 for real, transverse photons, A takes on
the four values =% and £3, any one of which specifies
both A; and A; uniquely. The eight helicity amplitudes
A, are not independent, the four with A= —1 being
simply related to the four with A\¢=-41 by parity
symmetry!®:

Ay N(0,9)= —e' O 204, \(0,0) . ™)

Specifically, if we let Hy, - - -, H4 be the four helicity
amplitudes with N\z= -1, and choose ¢=0 in the direc-
tion defined by the outgoing pion, the 2X4 matrix
A (6,0) is given in Table I.

The differential cross section is the same for either
photon helicity because of the parity symmetry. It is

O“Iqiﬂz 8
6()—5; |H;2. ®)

=1

To write the recoil nucleon polarization in terms of the
helicity amplitudes H;, we use a coordinate system with
z axis along q and y axis in the direction of k)Xq. Then

SINGLE-PION PHOTOPRODUCTION
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Tasie I. Helicity amplitudes 4 ,,(6,0).
Ne=+1 Ne=—1
R
» 3 3 -3 -3
3 H, H, H, —Hj
—% H; H, —H, H,
for photon helicity A,=-41, Eq. (6) gives
. 1¢ 1
P-(kX§)=————Trdte, 4,
2k a(0)
so that the polarization in the direction £X§ is
g 1
P(8) = —~ — Im(H:Hs*+H.H¥). )
k a(6)

The same result holds for photon helicity A= —1
because of the parity symmetry.

Next we wish to find the asymmetry for linearly
polarized incident photons. The (circularly polarized)
helicity states of the photon have polarization vectors

ex=TF(1/V2)(é,£ié,), M==x1 (10)

where &, and &, are unit vectors along the x and y axes
of a coordinate system with z axis along k and y axis
in the direction of kXq. Thus q is in the xz plane and
has ¢=0. Linearly polarized photons with electric
vectors perpendicular or parallel to the production
plane have polarization vectors e, and e}, respectively,
where
a=8=(i/V2)(es+e),

e =8=—(1/V2)(er—2).

Combining the helicity amplitudes of Table I ac-
cording to these relations, we obtain the amplitudes for
linearly polarized photons given in Table II.

From Table IT, the cross sections for polarized photons
are

(11

01(0)=3(¢/k)(| HitHi|*+ [Ho—H;|?)

onO)=3 /B Er—H+ | HrtHe2). P

Tasie II. Amplitudes for linearly polarized photons.

cJ‘=‘,1—;=Z(i’—++8—) &= —\,iz(u—e-)
—\
u=-N\ ' 3 -3 3 —3%
: H\+H : Hy—H. 1 Hy—H ! Has+H.
3 .\/—2( 1+Hy) 5( 2—Hs) -VE( —Hy) —5( 2+Hy)
] 3 1 1
~3 é(m—m) é(mw.) —— @) —(E-H)

19 M. Jacob and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).
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The polarized photon asymmetry is
g,—0||

= b
o.tay

(13)

g 1
2(0) = RG(I11H4*—H2H3*) .
k a(6)

Note the interesting comparison between relations
(9) and (13), expressing the recoil nucleon polarization
and the asymmetry for linearly polarized photons,
respectively. Another similar relation, for which no
experimental data yet exist, is the asymmetry for a
polarized target. If o} and o_ are the differential cross
sections for target nucleons polarized “up” and “down”
in the direction of kXgq, then the polarized target

asymmetry is

T(o) =,
7t (14)
1
T(6) = —— T (HLH - HLH ).
ka(6)

4. Partial-Wave Analysis

Next we wish to write the helicity amplitudes in terms
of states of definite angular momentum and parity.
The partial-wave expansion?

An(0,8) =2 A (2j+1)dr?(0)e’ % (15)
i
expresses 4, (0,¢) in terms of the functions
2+ 1)1 12, 0) 0, (16)

which are mutually orthogonal and normalized to 4=

when integrated over df.
The orthogonality of these functions makes it easy
to express the integrated cross section o7 in terms of the

helicity coefficients A, 7=H 7. Integrating Eq. (8),

mzég S Q41| (a7)

Jj =1
The d functions may be expressed in terms of deriva-
tives of Legendre polynomials.'® Writing 7= j—1%,
(n+1)ds2,1/2°(6) = —[n(n+2) ]2
Xsinf cos3 (Pnyi/’ —Pr'"),
(n+1)d1/2,1/27(0) = €030 (Puir' —Pu')

(n+1)dsy2,-1/2(0) = [m(n+2) 72
Xsind sing8 (Pni'+2Pr"),

(m+1)dyj2,—1/27(0) = —sing0 (Puy/+P.’).

(Note that the first and third functions vanish for z=0,
so that the corresponding coefficients A .y1/2,3,2!/2 are zero

(18)
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as they must be since a j=4 state cannot have helicity
3)
2.

The helicity coefficients 4,»’ depend only on the
energy W. They may be projected from the helicity
amplitudes 4,1(6,¢) by using the orthonormal properties
of functions (16) to invert Eq. (15):

1
A;mj=z /dQ Aun(0,0)dr (0)e=i 0w (19)
T

This inversion process was first carried out by Ball.20

The coefficients 4,)7 refer to states of definite ; but
mixed parity. Final states of definite parity are formed
by the sum and difference of final states having opposite
helicity, p and —u.2! Thus the sum and difference,
App £ A_17207, of the two final helicity states for given
initial helicity do correspond to definite parity and we
call these combinations “helicity elements,” defined as
follows??:

A= —1/V2) (412,16 A_12,1127)
A = (1/V2) (A28 — A-app,107)
Buy=[2/n(n+2)1"2(A1s2,354 A_172,32%), n>1
Bniny—=—[2/n(n+2)1*(A1s2,32' — A_172,3%), n> 1

where #= j—3 and the subscript notation of the 4’s
and B’s corresponds to that of CGLN 23; e.g., By, refers
to a state with pion orbital angular momentum 7 and
total angular momentum j=I43%.

Using the definitions (20) to express the 4 ,)7in terms
of the 4’s and B’s, and putting the explicit expressions
(18) for the d functions in Eq. (15), we obtain the follow-
ing expressions for the helicity amplitudes:

(20)

H1(0,¢)=A1y2,32=(1/V2)e’ sinf cosif

X2 Buy=B ) (Pn'—Pnpi),

n=1

H,(0,¢)=A1/2,12=V2 cos}0

X2 (A=A (nyy-)(Pn' —Pryy'),

n=0

(21)
H3(0,¢0) EA_1/2,3/2 = (1/\/2)32’.4’ sinf sin%@

X Z (Brt++B(n+l)—) (.Pn”‘{“P,H_lN)’
n=1
Hy(0,¢)=A_y2,2=V2e** sinf

X Z (A n++A (n+1)—) (Pnl+Pn+ll) .

n=0

27, S. Ball, Phys. Rev. 124, 2014 (1961).

21 See Eq. (41) of Ref. 19.

22 The notation and normalization of the 4’s and B’s are taken
from Jean Hebb, who first introduced them.

% G. F. Chew, M. L. Goldberger, F. E. Low, and Y. Nambu,
Phys. Rev. 106, 1345 (1957).
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In terms of the A’s and B’s, the integral cross section
is

0T=47FZ éo Lo+ (| Ay |2+ ][4 -2

+in(n+1)(0+2)(| B |+ Banin-[)]. (22)

5. CGLN Amplitudes

CGLN 28 write the amplitude (4) in terms of the
following combinations of Pauli-spin matrices:
id=1io-eF1+o-do- (kX e)Fotio kG- eFs

+io-4g-eFs, (23)

where § and £ are unit vectors along q and k. Putting
e=g, = —(1/V2)(¢,+1¢,) for photon helicity 41, and
taking matrix elements between Pauli spinors corre-
sponding to the appropriate final and initial nucleon
helicity states, one obtains the helicity amplitudes in
terms of the CGLN &’s:

H,(0,0)= —(1/V2)e' sinf cost b (Fs+Fs),
H2(0,¢) =2 COS%@ [(‘Jz —51)
+3(1—cos6)(F5—F4)],
H3(0,0)=(1/V2)€** sinf sin}f (Fs—F4) ,
H4(6,0)=V2e% sini 0 [ (F1+F2)+3 (14 cosb) (Fs+F) 1.
CGLN give a well-known expansion of the &’s in terms
of multipole coefficients My and E;y. By using this
expansion in (24) and comparing with (21), one can find

the following relations between the CGLN multipole
coefficients and the helicity elements:

E0+:A0+7 Ml--:Al—-,

(24)

and for /> 1,
Ey=(+1)"Y(An+351By),
My = (+1)"[Ay—50+2)By ],
Egy—=—0+1)"[Aan-—30+2)Ban-],
M(z+1)_= (l+ 1)_1(14 (l+1)—-+%lB(H-1)—) .

(25)

6. Born Approximation

The Born approximation, obtained by evaluating the
Feynman diagrams of Fig. 1, is conveniently expressed
in terms of the CGLN amplitudes §;. In the formulas
below, the appropriate couplings are to be used for each
specific reaction. The couplings G for the pion-nucleon
vertex are

Grt= —Gr-= —VIGrp=VIGsa=V2G,  (26)

where G?/4r=14.7. €., €1, and e; are the charges in
units e of the pion, the initial nucleon, and the final
nucleon, respectively. (For example, e,=0 for =°
production, and e,= — 1 for #~; ¢; or ea= Ofor aneutron.)
p1 and ue are the anomalous magnetic moments of the
initial and final nucleons, with values 1.793 and —1.913

SINGLE-PION PHOTOPRODUCTION

1733

m Ny 7
\ 2 7
\ /
\ /
\ /
7? S 6
Y N Y N, Y N,

F1. 1. Feynman diagrams for the Born approximation.

for proton and neutron, respectively. Finally, some
square-root signs are avoided in the formulas by letting
Z1= (E1+M1)”2 and Z2= (Ez-’—Mz)lI?.

The Born approximation for electric coupling e is

eGr 217> /61 ke
‘J1= ! ))
dr WAMLN2W  u— M2
eGr qZ1 [« ke
1o L
dr Zo(WAHMD)\2W  u—M 22
eG, quz/ €r € 27)
‘53= ):
dr WZ\i—m.? u—My?
eGr q2Z1/ €r €2 )
dr WZNi—my? u—Ms2)

The Born approximation for the anomalous magnetic
moment terms is

5 eGr kZo /;1.1 ,11,2212 2/.1.2(W+M1)>
1= - - ]
dr AWZ\My EMs  u—My?
eGr qk /[.1.1Z12 U2 | 2/.1,2(W+M1)>
s

M—Mzz

dr AWZZ\Mik M
Gy sk Zo WM,
dr WMy Zy u—M2’
eGr uegk  q WM,
dr OWMsZiZo u—Ms2

(28)
ffs =

7. Isospin Decomposition

The photon interaction has an isovector part and an
isoscalar part. The vector part gives final states of
isospin £ and %, with amplitudes A7* and A", respec-
tively. The scalar part gives final states of isospin 3
with amplitude 45. Amplitudes for the four physical
photopion reactions may be written in terms of these

in a form first given by Watson?*:
w4+ = (VAT — (VH(ATI—45),
n0: 40 = (VDA (VA (AT - 45,
w: A = (VHATI = (V) (A4 45),
n0: A= (\/3)AV3+ (/3 (A7 45).
"2 K. M. Watson, Phys. Rev. 85, 852 (1952).

(29)
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8. Resonances

The following Breit-Wigner form is used for a resonant
amplitude:

kl}q 1/2 W I‘l/ZI‘ 1/2
A(W>=A(Wo><——°) " (30)
kq So—S—’iWOP
where
q 2141 q02+X2 l
r=r(2) (Grg)
oM 31)

EN\ 297 (B2 X2\ 97
merl) Go)
ko k24X?
where Wy is the “mass” of the resonance, and &, go,
and s, are the values of %, ¢, and s at the resonance

energy W=W,. A resonance is thus described by the
parameters W, T'o, A(Wy), I, ,, and X.

IV. PROCEDURE
Among the individual reactions
atiy+p—attn,
0 y+p— 19,
iyt n—a+p,
nrl: y+n— wl+n,

(32)

the first two have been investigated most thoroughly,
both experimentally and in the present analysis. Data
on the 7~ reaction are still rather limited and the #~
fits must be regarded as tentative. No consideration has
yet been given to the fourth reaction (#«?). The parame-

T 6 :
lrr M Ha
Bs'/’\ e P

/ 7N . N
/EZ"'*-7‘\ // P
[~ V| S o g \ <
s /\ 17 \
A - -/
N\
B2. Y A4
-4
-6
o° 90° 180° ©° 90° 180°
T 6 :
B H >~ . H 4T
L\
A2 P
: \>, 1 2 A% N T
YR v o 1 e \ N /
Aos | /\ \NIRY/
[ eranees} ‘7‘ S 2 \-/ \\
AL - N
/
Az -4
-6
o° 90° 180" 0o 90° 180°

F1G. 2. Contributions to the four helicity amplitudes H,(6) of
individual helicity elements with j<$. A curve marked By, for
example, corresponds to a value unity for the element By, and
all other parameters equal zero. These curves are simply the func-
tions dy,7(6), suitably normalized.
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ters used in fitting the separate reactions have been
treated as independent except that the resonances are
ascribed to specific isospin states so that their relative
contribution to =+ and #° production is given by the
appropriate Clebsch-Gordan coefficients as in Egs. (29).

Variation of the parameters in order to obtain a fit
to the data was carried out not by a computer search
but in the following subjective manner: Using a set of
trial values of the parameters, the quantities o(6),
P(8), and Z(8) were calculated for comparison with the
data, and the helicity amplitudes H;(6) were also printed
out. By considering the effect of the parameters A4,y
and By, on the helicity amplitudes as shown graphically
in Fig. 2 and the resulting effect on o(6), P(6), and Z(6),
as given by Egs. (8), (9), and (13), it was generally
possible to find an improved set of values for the
parameters. The values of the parameters obtained in
this way were then plotted as functions of energy and
changes were made in an attempt to smooth out the
energy-dependent curves. This effort was only partially
successful, as may be seen from the results quoted in
Sec. V.

Other prejudices applied when varying the parameters
were (a) to keep the added contributions A4, and AB;,
as small as possible, especially for the j=$ terms, and
(b) to avoid introducing imaginary parts in these added
terms, except where variation of the real parts was
inadequate to fit the data. An exception is the imaginary
parts of A for o+ and #°% which have been chosen in
the low-energy region to make the 4,4 phases approxi-
mately equal to the relevant #V scattering phase shifts.

Evidence for a resonance may show up in two ways.
If a large imaginary part for some amplitude seems
needed in a given energy region, a natural way to supply
it is to make this amplitude resonant. The other way in
which a resonance may manifest itself is by producing
a rapid variation with energy in the real part of the
corresponding amplitude. If both types of evidence
exist, the relative signs must be self-consistent, provid-
ing a check. Typical behaviors of the real and imaginary
parts of a resonant amplitude are shown in Fig. 3.

10 TAY I
\
i\ Be-
T+ RESONANCE
i Y | reozmey
ya \ IR
5 7 Ay
/ ! 3
/ ’ \ ImB,._|
7 <
Vi N
/ r/ \\"-
- Seeda
o - l
\ g
\ ReB,.
-5
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W, TOTAL ENERGY IN CM, SYSTEM, IN BeV

Fic. 3. Typical behavior of the real and imaginary parts of a
resonant amplitude. The resonance parameters are those of the
Bj_(1519) resonance of Table III, except the amplitude is unity.
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Tasre ITI. Resonance parameters used in the Breit-Wigner formula of Sec. III 8. A*(W,), A°(W), and A~ (W) are
the amplitudes at resonance for the physical reactions yp — n*n, vp — 7%, and yn — =~ p, respectively.
Resonant TIso- Energy Width
helicity spin Wo Ty X A*(Wy) AW o) A~(Wy)
element I (BeV) (BeV) ! Jv (BeV) (ubl/2) (ubt/2) (ubt/2)
At 3 1.236 0.120 1 1 0.160 1.000 1414 1.000
Byy 3 1.236 0.120 1 1 0.160 —2.430 —3.430 —2.430
Aa 3 1.519 0.102 2 1 0.350 —0.200 0.140 0
B, 3 1.519 0.102 2 1 0.350 —1.320 0.940 —1.150
B;_ 3 1.672 0.104 3 2 0.350 —0.600 0.425 —0.500
Aos % 1.561 0.180 0 1 0.350 —0.650 0.460 —0.800
A= 3 1.471 0.200 1 1 0.350 —0.250 0.177 0s
B, 3 1.652 0.134 2 2 0.350 0.141 —0.100 0.141

s An A1_ resonance in =~ photoproduction with amplitude —0.250 could be used to supply the imaginary 41- contribution of Table VI. However, the
behavior of the real part of AA:_ indicates, if anything, a resonance with the opposite sign. Thus neither the presence nor the absence of the A1-(1471)

resonance seems to be established in =~ production.

V. RESULTS

In Table IIT are listed values of the parameters for
the resonances used in the fit. The resonant amplitudes
are obtained from these parameters according to the
formulas of Sec. III 8. The energies and widths of the
resonances were taken from a table due to Lovelace.?®

In Tables IV-VI are listed values of the extra con-
tributions in the low partial waves added to the reso-
nances and electric Born terms [contribution (3) of
Sec. IT]. As mentioned when describing the procedure,
an attempt was made to find a fit in which the energy
dependence of these adjustable contributions would be
smooth and, if possible, free from large variations.
Although the variations with energy shown in Tables
IV-VI are greater than I would like, this attempt was
probably as successful as one might expect in view of the
simple model and fitting procedure. In fact, most of
the rapid variations occur in amplitudes which are
resonant, in the energy region of the resonance. This
behavior should be allowed in order to correct for the
inadequacy of the simple Breit-Wigner resonance
formula and because the choice of resonance energies
and widths may not be optimal. Finally, some rapid
variations in A for 7+ and 70 near W= 1.5 BeV were
included purposely to account for the behavior of the
7t cross sections at 0° and 180° in this energy region.
This point will be discussed in Sec. VI 10.

The added contributions A4,y and AB,y are given
in Tables IV-VI for the physical charge states rather
than for isospin states, because this is the form in which
they have entered the fitting procedure, and conversion
to isospin states could be misleading. For example,
suppose the w0 data require an imaginary part of an
amplitude 4, in some energy region, whereas the =+
data are quite insensitive to Im4,_, which is therefore
left equal to zero. Conversion to isospin-3 and -}
amplitudes would make each of them appear significant,
although neither would have been well determined.

2% See P. G. Murphy, in Proceedings of the Thirteenth Inier-
national Conference on High-Energy Physics, Berkeley, 1966
(University of California Press, Berkeley, 1967), p. 176.

The total helicity elements projected from the com-
plete photoproduction amplitudes are given in Tables
VII-IX for partial waves with j<$§. Higher partial
waves have the Born-approximation values.

Some of the fits resulting from the parameters of
Tables III-VI are shown together with experimental
data in Figs. 4-8. Data which were taken into account
when making the fits are to be found in the following ref-
erences, grouped according to the type of measurement:

(1) =t differential cross sections: Refs. 26-44.

2 R, L. Walker, J. G. Teasdale, V. Z. Peterson, and J. I. Vette,
Phys. Rev. 99, 210 (1955).

7 S8, D. Ecklund and R. L. Walker, Phys. Rev. 159, 1195 (1967).

% M. Beneventano, G. Bernardini, D. Carlson-Lee, G. Stoppini,
and L. Tau [Nuovo Cimento 4, 323 (1956) ] include data from the
following: G. Bernardini and E. L. Goldwasser, Phys. Rev. 94,
729 (1954); 95, 857 (1954); also, T. L. Jenkins, D. Luckey, T. R.
Palfrey, and R. R. Wilson, sbid. 95, 179 (1954).

* M. Beneventano, R. Finzi, L. Mezzetti, L. Paoluzi, and S.
Tazzari, Nuovo Cimento 28, 1464 (1963).

% A. V. Tollestrup, J. C. Keck, and R. M. Worlock, Phys. Rev.
99, 220 (1955).

31 H. A. Thiessen, Phys. Rev. 155, 1488 (1967).

#D. Freytag, W. J. Schwille, and R. J. Wedemeyer, Z. Physik
186, 1 (1965).

# C. Freitag, D. Freytag, K. Lubelsmeyer, and W. Paul,
Z. Physik 175, 1 (1963).

# M. I. Adamovich, E. G. Gorzhevskaya, V. G. Larionova,
N. M. Panova, S. P. Kharlamov, and F. R. Yagudina, in Proceed-
ings of the International Conference on High-Energy Physics,
Geneva, 1962, edited by J. Prentki (CERN, Geneva, 1962), p. 207;
also, A. M. Baldin, in Proceedings of the Tenth Annual Inter-
national Conference on High-Energy Physics, Rochester, 1960,
edited by E. C. G. Sudarshan (Wiley-Interscience, Inc., New
York, 1961), pp. 26, 330.

% J. C. Bizot, J. Perez y Jorba, and D. Treille, Phys. Letters
7, 489 (1967).

36 K. Althoff, H. Fischer, and W. Paul, Z. Physik 175, 19 (1963).

% L. Hand and C. Schaerf, Phys. Rev. Letters 6, 229 (1961).

3 C, Schaerf, Nuovo Cimento lﬁi, 504 (1966).

% Alan J. Lazarus, W. K. H. Panofsky, and F. R. Tangherlini,
Phys. Rev. 113, 1330 (1959).

“D. W. G. S. Leith, R. Little, and E. M. Lawson, Phys.
Letters 8, 355 (1964).

4 R. A. Alvarez, Phys. Rev. 142, 957 (1966).

42 Edward A. Knapp, Robert W. Kenney, and Victor Perez-
Mendez, Phys. Rev. 114, 605 (1959).

#R. J. Walker, T. R, Palfrey, Jr., R.JO. Haxby, and B. M. K.
Nefkens, Phys. Rev. 132, 26564(1963).

4 M. Heinberg, W. M. McClelland, F. Turkot, W. M. Wood-
ward, R. R. Wilson, and D. M. Zipoy, Phys. Rev. flO, 1211 (1958),
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(2) = differential cross sections: Refs. 45-65.

(3) #~ differential cross sections: Refs. 66-68.

(4) Recoil proton polarization for #%: Refs. 69-76.

(5) Recoil proton polarization for 7—: Ref. 77.

(6) Recoil neutron polarization for #+: Ref. 78.

(7) #t asymmetry from polarized photons: Refs.
79-83. ‘

(8) m® asymmetry from polarized photons: Refs.
84-86.

(Not all of the data considered are shown in Figs. 4-8.)
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Tasie VI. Contributions to the helicity elements for the reaction y# — 7~p, added to the resonance and Born terms. (See caption of Table IV.)
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TaBLE VII. Total helicity elements projected from the complete amplitudes for vp — n*n,
( ]gala‘b,) 0.200 0.250 0.300 0.350 0.400 0.450 0.500 0.550 0.603 0.647
e
w 1.121 1.162 1.201 1.240 1.277 1.313 1.349 1.383 1.418 1.447
(BeV)

Aoy —3.26 —2.75 —2.35 —2.00 —1.84 —1.78 —1.75 —1.69 —1.65 —1.61
(=0.01) (=0.01) (—002) (—003) (—004) (—0.06) (—0.09) (—012) (—0.18) (—0.25)

41 —0.26 —0.42 —0.50 —-0.53 - —0.55 —0.56 —0.57 —0.55 —0.50 —0.41
(=001) (—=0.01) (—002) (—004) (—0.08) (—0.14) (—021) (—0.25)

A1y 0.11 0.36 0.36 —0.26 —0.49 —0.51 —0.52 —0.51 —0.50 —0.46
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0.01

As- 0.03 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.06
B —0.05 —0.11 —0.15 —0.18 —0.20 —0.22 —0.24 —0.25 —0.25 —0.27
. (—0.01) (—0.01)

It is clear from Figs. 4-8 that some of the data are
not reproduced very well by the present parametri-
zation. In some cases, the discrepancy is not significant
in the sense that it could be easily removed by making
small changes in the parameters. For example, in the
region of the N*(1236) resonance, the new #? data from
Bonn* do not agree in normalization with older data.
Either can be fitted well by varying the dominant
Ay and By amplitudes by small amounts.

On the other hand, a number of deviations from the
data are difficult to improve. Some of these are:

actions ot High Energies (Stanford Linear Accelerator Center,
Stanford, Calif., 1967), p. 593.
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Moscow, 1966), Vol. I., p. 838.

(1) The =+ differential cross section at k= 0.813 BeV

at backward angles.

(2) The #* differential cross sections at the highest

energies k~1.2 BeV.

(3) The #° cross sections and polarizations in the

region 0.700-0.800 BeV.

(4) The 7° polarization data in the region 0.500-0.600

BeV.
(5) The polarized photon asymmetry for =+ at 90°
c.m. in the region 0.500-0.800 MeV.

(6) The =° differential cross sections in the higher-
energy region are probably not correctly represented,
but the present data are inadequate. New data should
be available soon to improve this situation.

VI. OBSERVATIONS AND DISCUSSION

A number of observations on the way in which cer-
tain features of the data determine some of the fitting
parameters will be made in this section.

1. =% Production near First Resonance

In the energy region near 300 MeV, x° photoproduc-
tion is dominated by the N*(1236) resonance. As a
result, the helicity amplitudes are predominantly imagi-
nary so that the differential cross section is insensitive
to small changes in the real parts of other amplitudes,
but is quite sensitive to small changes in the imaginary
parts. The helicity amplitudes H,(6) at k=350 MeV
are shown in Fig. 9. The differential cross section near
90° comes mainly from the imaginary part of Bi4,
whereas the differential cross sections at 0° and 180°
come mainly from the imaginary parts of H; and Hj,
respectively.



182 SINGLE-PION PHOTOPRODUCTION 1739
in units of ub!/2, Imaginary parts, where nonzero, are given in parentheses.
0.698 0.752 0.813 0.857 0.902 0.951 1.002 1.056 1.102 1.162 1.204
1.480 1.514 1.551 1.578 1.604 1.632 1.662 1.692 1.717 1.750 1.772
—1.66 —1.26 —0.93 —0.83 —0.79 —0.70 —0.63 —0.53 —0.46 —0.39 —0.35
(—0.38) (—0.54) (—0.65) (—0.61) (—0.50) (—=0.38) (—0.28) (—0.20) (-0.16) (—0.12) (—0.10)
—0.30 —0.22 —0.19 —0.18 —0.19 —0.22 —0.25 —0.27 —0.26 -0.27 —0.26
(—0.24) (-0.20) (—0.14) (—0.12) (—0.09) (—0.08) (—0.06) (—0.05) (—0.05) (—0.04) (—0.04)
—0.41 —0.35 —0.29 —0.25 —0.21 —0.20 -0.19 —0.17 —0.16 —0.15 —-0.14
(0.09) 0.07) (0.06) (0.05) (0.05) (0.04) 0.04) (0.03) (0.03) (0.03) (0.03)
—0.33 —0.35 —0.38 —0.38 —0.39 —0.42 —0.46 —0.49 —0.50 —0.51 —0.51
(—=0.19) (—0.14) (—0.11) (—0.08) (—0.07) (—0.05) (—0.04) 0) (0.03) (0.04) (0.04)
0.09 0.20 0.30 0.31 0.30 0.29 0.27 0.22 0.18 0.15 0.12
(—=0.13) (—0.20) (—0.14) (—0.09) (—0.06) (—0.04) (—0.03) (—0.02) (—0.02) (—0.02) (—0.01)
—1.38 —0.74 —0.06 0.01 —0.03 —0.08 —0.12 —-0.16 —0.18 —0.20 —0.22
(—=0.70) (—131) (—0.98) (—0.69) (—0.50) (—0.38) (—0.31) (—0.26) (—0.23) (—0.21) (—0.19)
—-0.16 —0.16 —0.15 —0.15 —0.15 —0.13 —0.20 —0.11 —0.09 —0.09 —0.09
—0.18 —0.16 —0.14 —0.11 —0.09 —0.13 —0.23 —0.28 —0.29 —0.25 —0.21
(0.01) (0.02) 0.04) (0.06) (0.09) 0.13) (0.15) (0.13) (0.08) (0.05) (0.04)
0.06 0.06 0.05 0.05 0.05 0.03 0.02 0.01 0.01 0.01 0.01
—0.30 —0.33 —0.38 —0.44 —0.50 —0.50 —0.34 —0.06 —0.03 0 0.04
(=0.02) (—0.03) (—0.06) (—0.10) (—0.19) (—0.35) (—0.55) (—0.54) (—044) (-0.31) (-—0.25)

By comparing the average cross section at 0° and 180°
with the cross section near 90°, we could determine the
relative amounts of 4;; and By contributing to the
resonance. This is equivalent to the old question of
how much electric quadrupole term E,. contributes to
this resonance, which is predominantly the magnetic
dipole term M .. On the other hand, the difference in
the cross sections at 0° and 180° is sensitive to the
imaginary part of odd-parity terms, the most likely
candidate being the S-wave A¢.. The imaginary part
of Aoy in this energy region is of theoretical interest
because it makes an important contribution to the sum
rule of Fubini, Furlan, and Rossetti.” However, in
order to make use of these simple observations, accurate
and self-consistent data are needed near 0°, 180° and
90° over the energy range 300-360 MeV.

2. Small-Angle =+ Production above First Resonance

A uniform feature of #+ photoproduction at all
energies above about 400 MeV is a very sharp forward
peak in the angular distribution. It is interesting to
notice how the helicity amplitudes H.(f) which come
from the one-pion-exchange term produce this effect.
A related observation is that the qualitative features of
7+ photoproduction at energies above the third reso-
nance, near 1200 MeV, can be reproduced by a crude
absorption model based on the electric Born-approxi-
mation cross section. In Fig. 10 are plotted the helicity
amplitudes H,(f) at 1200 MeV which arise from the
electric Born approximation alone and from the electric
Born approximation with all contributions in the angu-
lar momentum states j=% and § removed. The resulting

87 See Ref. 3.

angular distributions are shown, together with the
experimental data, in Fig. 11. The sharp forward peak
in o(6) is due entirely to the corresponding peak in H,(6),
and this comes from the coherent combination of many
high partial waves. The maximum in o(f) near 30°
which is characteristic of the observed cross sections
over a wide energy range, results from the corresponding
peak in H;(0). We see that the behavior of the 7+ cross
section at small angles is dominated by the one-pion-
exchange term.®8 The fact that with the usual gauge
this term vanishes at 0° depends on a delicate cancel-
lation of all partial waves, and is more or less irrelevant.

3. S-Wave Resonance in Ay,

Evidence for an S-wave resonance in Aoy near 1560
MeV appears to be reasonably good in photoproduction
data. There are four independent features of the data
which indicate such a resonance. First is the asymmetry
for linearly polarized photons =(6) near 90° for »* as
shown in Fig. 8. Part of the asymmetry near the high-
energy end of the curve arises from an interference
between the B, _(1519) resonance and the 4o ampli-
tude. If Ao, were primarily real in this region, the curve
of 2(90°) would pass through 0, becoming negative at
an energy near the resonance. The observations seem
to require a sizeable imaginary part of 4¢4, and this
indicates, although it does not require, a resonance in
this amplitude. Secondly, the real part of Aoy for =+
decreases rapidly in the region of 1560 MeV in a manner
characteristic of the real part of a resonance. Third,
the real part of A4 for 7~ production shows a similar
behavior. Fourth, the steep angular dependence of the

8 A similar point of view is expressed by L. Durand, III,
Phys. Rev. Letters 19, 1345 (1967).
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Tasre IX. Total helicity elements projected from the complete amplitudes for y# — 7, in units of ub!/%
Imaginary parts, where nonzero, are given in parentheses.
) R1ab , 0.200 0.250 0.300 0.350 0.400 0.460 0.505 0.600 0.700 0.790 0.875 0.965
BeV,
w 1.122 1.163 1.203 1.241 1.278 1.322 1.353 1.418 1.483 1.539 1.590 1.642
(BeV)
Ao —3.61 —-304 —266 —238 —220 —2.11 —-206 —197 —177 —124 —-0.69 —0.53
(=0.01) (—0.02) (—0.03) (—0.04) (—0.05) (—0.08) (—0.11) (—0.22) (—048) (—0.78) (—0.70) (—0.42)
4,. -—058 ~—0.70 —070 —0.66 —057 —046 —037 —-015 —0.08 —013 —0.16 —0.15
(—=0.04) (—0.09) (—0.19) (—0.25) (—0.22) (—0.15) (—0.07)
Ay 0.23 0.55 0.56 —008 —034 —-035 —031 —024 —0.19 —0.08 0.02 0.10
(0.05) (0.27) (0.83) (0.96) (0.61) (0.34) (0.24) 0.09) (—0.01) (—0.04) (0.04)
B,y —-19 —2.57 -—242 —-0.77 —0.11 —0.11 -0.20 —034 —043 —048 —048 —047
(—=0.12) (—=0.67) (—2.00) (—2.34) (—1.47) (—0.81) (—0.54) (—0.20) (—0.02) (0.02) (0.01) (—0.03)
As 0.14 0.13 0.13 0.16 0.20 0.24 0.28 0.34 0.40 0.36 0.36 0.36
By, —030 —-062 —0.83 —09 —1.07 —116 —122 -134 -—127 —-020 —0.03 —0.13
(—=0.00) (—0.00) (—0.01) (—0.02) (—0.04) (—0.15) (=0.77) (=0.79) (—0.28) (-0.17)
Asy —010 —013 -014 -—-0.14 -014 -014 -013 -013 -—-013 -—013 012 —-0.12
By, —010 -0.15 -017 -0.18 -0.18 -—0.18 -0.17 -—-016 —0.13 —010 —0.08 —0.13
(0.00) (0.00) (0.00) (0.01) (0.03) (0.07) (0.14)
As_ 0.03 0.05 0.06 0.06 0.06 0.05 0.04 0.03 0.02 0.01 —0.00 —0.01
B;. —-005 - —-0.08 —-009 —0.10 -—0.10 -—0.11 —0.11 -0.12 —-0.12 . —-0.16 —022 —0.20
(=0.00) (—0.00) (—0.00) (—0.01) (—0.01) (—0.07) (—0.33)

creased from O to full strength over the energy region
1-2 BeV.

6. Helicities of Second and Third Resonances

The “second” and “third” resonances occur almost
entirely in the B amplitudes, corresponding to initial
helicity 4. The argument that the corresponding A
amplitudes are small is based on the fact that these
resonances produce very little effect at 0° and 180°.
A zero A-amplitude is equivalent to the following ratio
of electric to magnetic multipole elements for these
resonances:

—(1520): Ez_/M2_= 3 y

3
2
33

%+(1688)Z E3_/M3_=2. (3 )

These ratios were first proposed by Beder®? in order to
explain the very small cross section at 0° for 7 photo-
production in the region of the second and third reso-
nances. More sensitive evidence on the smallness of the
A amplitudes comes from the behavior of the =+ cross
sections at 0° and 180° as functions of energy. As dis-
cussed by Ecklund and Walker,?” small resonant 4
amplitudes would be expected to show up sensitively
through interference with the smooth, predominantly
real, nonresonant amplitudes at 0° and 180°; the data
show little or none of the expected characteristic
behavior.

An attempt to understand the E/M ratios (33) on
the basis of current commutation relations has been
made by Bietti.?

92D, S. Beder, Nuovo Cimento 33, 94 (1964).
% A, Bietti, Phys. Rev. 142, 1258 (1966); 144, 1289 (1966).

7. Djy;2 Resonance

The resonant Dj;» amplitude By at 1652 MeV did
not come from the present fitting procedure, but was

taken from the polynomial fitting of 7+ data described
by Ecklund and Walker.?”

8. Isospin Character of B, near Dj3,2(1519) Resonance

In the region near W=1.520 BeV, the imaginary
parts of the resonant B, amplitudes for =+ and #° do
not seem to have the ratio V2 expected for an isospin-§
state. In fitting the data, the resonance has been put in
a pure I =7 state, and the desired additional imaginary
parts enter via the AB,_ terms as shown in Tables IV
and V. Alternatively, a small /=% B,_ resonance could
be employed, but it would have no justification from
the wN scattering analyses.

9. Polarization of Recoil Proton in yn— =~ p

A number of the helicity elements given for #~ in
Table VI have appreciable imaginary parts. These were
introduced solely to fit the single existing measurement?”
of polarization in the 7~ reaction. One can fit the cross-
section data alone rather easily without any imaginary
parts in the added terms A4, and AB,.. Additional
polarization data would obviously be useful.

10. = Cross Sections at 0° and 180°

As pointed out above, the 0° and 180° cross sections
for =+ production show little of the sort of behavior
that one might expect from resonances near 700 and
1025 MeV, and this fact forms the most sensitive basis
for concluding that the initial helicity % amplitudes
A, and A;_ contribute little to the second and third
resonances, respectively. Nevertheless, these cross
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Fic. 6. Fits to energy distributions and angular distributions for the reaction y# — 7~ p. The photon energy % is in units of BeV.

sections certainly have a peculiar behavior near the Thus the deviation from the smooth background cross
700-MeV region as shown in Fig. 12. Since only one section will be

amplitude contributes at either 0° or 180° the cross Ac(6)~ (q/k)B ReV . (36)
section may be written in the following simple form: Tt seems reasonable to assign the part ¥ to a single
o(6)=%(g/k)| V+B|? angular-momentum-parity state, a likely candidate

being Aoy, for which the peculiar energy dependence

— *

=3(¢/R)(| V|*+|B|*+2ReVB*), (34) might result from a cusplike behavior at the 5 threshold.
where V is the rapidly varying part of the amplitude, With t}.ns‘assump E,lon’ we vgould have for the ratio of
responsible for the peculiar energy dependence, and B the deviations at 0% and 180
is a background assumed to be smooth in energy. If we Ac(0°) B(0°)
further assume that B is approximately real and cor- =— ,
rectly given by the present parametrization, and neglect Ac(180°) B(180°)
the small term | V|2, then

37

so that the peculiar energy dependence at 0° would be
a(0)~3(q/k)(| B|*+2B ReV). (35) the same as that at 180° except for a factor of approxi-
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Fic. 7.[Fits"to_some of the data on polarization of the recoil proton in the reaction yp — #%p. The photon energy % is in units of BeV.

mately —3 coming from the relative background ampli-
tudes and the sign of V resulting from 4oy. This expec-
tation is tested in Fig. 12, where smooth dashed curves
are drawn to represent the cross sections resulting from
the background B alone, the solid curve for ¢(180°) is
drawn through the data of Hand and Schaerf, and the
solid curve at 0° is obtained from the curves at 180° by
applying the above arguments. The solid curve for 0°
fits the data well in some respects and poorly in others,
so that the result is not as conclusive as one would like.
Nevertheless, if the V part of the amplitude had been
assumed to be the P wave A;., then the difference
between the solid curve and the dashed curve at 0°
would have had the opposite sign and the agreement

with the data would have been rather bad. If we con-
clude that the rapidly varying part of the amplitude is
most likely 444 and that the peculiar energy dependence
is associated with the » threshold, then we may con-
clude that » photoproduction occurs strongly near
threshold in an S state, in agreement with more direct
evidence from the 5 photoproduction reaction."

11. Isoscalar and Isovector Photons

The isospin-% states, including most of the resonances
of Table III, can be produced by isoscalar or isovector
photons. These may be distinguished by comparing the
7~ and the 7t (or 7% parameters, using relations (29).
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F1c. 8. Fits to data on the asymmetry from linearly polarized photons for both the #* and #9 reactions.
The photon energy k is in units of BeV.

From the resonant amplitudes in Table III, it may be
been that the most significant and well-determined
resonances, By, Bs_, and Ay, are excited primarily

Ha—{—

Zan g
7 N 4

~.

o° 90° 180° ©° 90° 180°

A -2

-4
| | |

b

o 90° 180° O 90 180°

Fi1c. 9. Helicity amplitudes H,(6) for vp— 7% at kip=350
MeV. The real parts are shown by solid curves, the imaginary
parts by dashed curves.

by isovector photons, the isoscalar parts being small.
Additional data on the 7~ reaction will be helpful in
improving this isospin decomposition.

Hy——

o 90° 180°

-2

-4

°

-6
o 90° 180° O 90’ 180
F16. 10. Helicity amplitudes H,(8) corresponding to the electric
Born approximation for yp— n*n at kn,=1.2 BeV. The solid
curves are the full electric Born approximation; the dashed curves

are the result of subtracting the j=% and j=$% components.
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12. Comparison with Dispersion Theory
Results at Low Energies

As pointed out in the Introduction, the main emphasis
in the present work was in the energy region above 500
MeV. The low-energy region was included, nevertheless,
in order to make use of continuity requirements for the
parameters, and also to see how the method would work
there. It is of interest in this connection to note how the
parameters obtained compare with those calculated
from dispersion theory. For this comparison I shall use
the dispersion theory calculations of Berends, Don-
nachie, and Weaver,!” denoted hereafter by BDW.

A. wt Paramelers

The parameters found for =+ photoproduction agree
well, in general, with BDW. My values of ReB,, are
0.05-0.20 ub'/? more negative, a minor difference for
the dominant resonant state. The values of Imdg,
differ by as much as 0.14 ub'/2, because I have not forced
the phases to have the proper values except where this
would make a sizeable difference. At the lowest energies,

(6]

2 ' 1
O
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F16. 12. Cross sections at 0° and 180° for vp — #+n. The 0° data
are from Ecklund and Walker (Ref. 27) and the 180° data are
those of Hand and Schaerf (Ref. 37) and Schaerf (Ref. 38). The
dashed curves are hand-drawn smooth curves which connect
smoothly to data outside this energy region. The solid curve at
180° is a hand-drawn fit to the data. The solid curve at 0° is the
result of adding to the dashed curve three times the difference
between the solid and dashed curves for 180° at the same energy.
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differences occur in 4, 414, and B, because my con-
tributions A4, and AB,_ are kept constant, whereas
the BDW values vary with energy. These differences
produce very little effect on the resulting fits, and the
BDW values are probably to be preferred. Above 400
MeV, the BDW fits are poor.

B. 70 Parameters

Several of the parameters for yp— =% differ ap-
preciably from those of BDW. The BDW values of
ReAd;_ are 0.4-0.5 ub!/? more negative than mine
throughout the low-energy region. My Redy; is more
positive below 300 MeV by as much as 0.3 ub!/2 and
is more negative above 450 MeV. In these regions the
BDW fits are not as good. The difference in ReBit
varies from 0.2 to 0.7 ub!/2 as k varies from 200 to 500
MeV, my values being more negative. As a result, the
cross sections of BDW are too low at energies below the
resonance and too high at energies above the resonance.
The values of B, differ at energies above 350 or 400
MeV. My values are not required by the data in this
energy region; they result from tying on smoothly to the
parameters desired at higher energies.

C. &~ Paramelers

Several parameters for a~ photoproduction differ
from BDW by as much as 0.2 ub'/2, However, the major
difference occurs in 4;_; the difference in Red;_ grows
from 0.2 to 1.5 ub'/2 as & goes from 200 to 500 MeV,
the BDW values being more negative. However, the
BDW fits become poor above 350 MeV, and are ex-
tremely bad near 500 MeV, so that a more detailed
comparison of the =~ parameters does not seem
warranted.

VII. NEED FOR ADDITIONAL DATA

The simple model employed in this analysis is sur-
prisingly successful in describing the photopion data,
within their present limitations and uncertainties. The
“solution,” or parametrization, is certainly not unique,
but the possibility of finding other, markedly different,
solutions has not been carefully investigated. Although
some of the parameters appear to be well determined by
the data, others remain very uncertain, and it is not
easy to present quantitative information on these un-
certainties, for example, in the form of “errors.”

The above situation can be greatly improved by the
accumulation of more data, particularly ‘“complete
sets” of data including cross sections, recoil-nucleon
polarizations, polarized photon asymmetries, polarized-
target data, etc. As seen by the formulas of Sec. III,
each of these quantities is a (different) quadratic form
in the helicity amplitudes H,(6) and each is a priori
equally valuable in fixing the parameters.
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If differential cross sections alone are available, the
fitting is easy and certainly not unique. If two types of
data exist over a reasonable range of energy and angle,
the fitting becomes more difficult and the parameters
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less uncertain. With more complete sets of data in the
future, we may expect a considerable improvement in
the situation concerning uniqueness and accuracy of
the parameter determination.
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We have taken various theories which relate the elastic electromagnetic form factors of the proton to the
proton-proton scattering amplitude and, after briefly reviewing their content, have extended them in turn
to diffractive excitation processes. We consider only very high-energy scattering s>>m?, M2, where m (M) is
the proton (resonance) mass. For large momentum transfer we find X =Gz 2(¢) (| fo|2+a| fe|2/|t|)m/M
+0(1/s), where X is the ratio of do/dt for p+p — p+N to that for p+p — p+p, and the f’s are the
standard inelastic electromagnetic form factors. a= (2J+1)/J. For small momentum transfer we employ
both an additive quark model and an eikonal scattering model. In both models a direct connection is found
between X and the electromagnetic form factors. The comparison of these theories with available data is

very encouraging.

I. INTRODUCTION

T very high energy, photon-hadron and hadron-
hadron collisions become very similar, the photon
in fact behaving as a vector meson (p% w, ¢). It is then
natural to expect that there exists a relationship be-
tween the two interactions that have had the greatest
experimental attention at high energy, electron-proton
and proton-proton scattering. Such relations have been
found for the elastic channel of these two reactions and
explained from several points of view.!™ We shall
examine the situation for the quasielastic channel.

The idea of Wu and Yang! that the most important
effect seen in high-energy scattering at large momentum
transfer is the inability of the particles to resist breakup
(i.e., excitation) when hit very hard, and that this idea
need not take into account specific details of the
interactions producing the large momentum transfer,
leads to relations between different scattering processes

such as

do do

ad (—) =G3(), 0
dl dt t=0

where do/dt is the partial cross section for proton-proton
elastic scattering, and Gg is the elastic electric form
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factor of the proton. Figures 1 and 2 show the data in
support of Eq. (1). Other investigators have interpreted
Eq. (1) as an asymptotic limit? (s — ), suggested an
interaction mechanism and found excellent support in
the experimental data, or have derived it from com-

i
Ay
- do_,do AGHH)
o b )t=0 E
& 20 Gev/c
- N ——12.8 GeV/c
o]
A

10" 4

- Ag

A
_ A
a
3 A
B A
Aa
- A

105 a

- B

— A

O A
B &
3 | | | | | 1
10 i 2 3 4 5 3
-t (Gew/cl?

F16. 1. Comparison of G4(#) with elastic proton-proton scattering
data at small momentum transfer. After Ref. 3 and R. C. Arnold
and S. Fenster, 1968 CERN Topical Conference, Vol. II, p. 20
(unpublished).



