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The experimental and theoretical investigations into the elastic scattering of 7y rays on protons at low and
medium energies are reviewed. Dispersion relations and dispersion sum rules for the y N scattering
amplitudes are constructed and analyzed. The sign of the w'—2y decay amplitude is found. The
experimental 7y p scattering cross sections at y energies v 100 MeV are used to determine the coefficients

of the electric and magnetic polarizability of the proton.
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INTRODUCTION

Compton scattering on the proton at low and inter-
mediate energies is considered in this review. Compton
scattering on a nucleon yields valuable information
about the electromagnetic and strong interactions of the
particles involved.

At low energies (up to 100 MeV) the cross section
for the scattering of y rays on a nucleon can be rep-
resented as a series expansion in the energy of the y.
When the expressions for the cross sections are com-
pared with the experimental data, one can obtain impor-
tant characteristics like the electric and magnetic
polarizabilities of the proton.

If the incident y has energy greater than 100 MeV,
strong interactions in intermediate states acquire de-
cisive importance, Then the only consistent method of
analysis for the process is by dispersion relations. In
this case, we have integral relations between the yN
scattering amplitudes and quadratic functions of the
photoproduction and NN —yy annihilation amplitudes.
Therefore, from comparison with experimental data
one can determine the unknown parameters introduced
into the theory; for example, one can determine the
sign of the 7" — 2y decay amplitude, which is an impor-
tant parameter in different models of elementary-
particle interaction, It follows from what we have said

. that one of the most interesting fields of investigation
in yp scattering is that with incident y’s having energies
» <350 MeV. This restriction is necessary because the
information about the photoproduction of two or more
pions or the photoproduction of heavier particles needed
for the theoretical calculations is sparse, and these
reactions can make an important contribution to the yp
scattering cross section above 350 MeV. Thus, addi-
tional unknown parameters must be introduced into the
theory if dispersion relations are to be used in this
energy range.

For this reason, only phenomenological methods
based on resonance models are used in the energy range
400 MeV <v <1 GeV. Study of vp scattering at these en-
ergies is of interest from the point of view of the
phenomenological investigation of resonances, Thus,
yp scattering is more suitable than photoproduction for
determining the radiative decay widths of resonances,
which enter in this case quadratically.

In this review, we consider in detail yp scattering
only at low and medium energies up to v <350 MeV,
where the theoretical predictions are best confirmed
and the most important results have been obtained.
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1. EXPERIMENTAL INVESTIGATION OF THE
ELASTIC SCATTERING OF GAMMA RAYS ON
PROTONS

Methods of identifying elastic scattering of gamma
rays on protons

One might think it would be easy to identify the reac-
tion

Y P>+ (1)

by observing both particles in the final state. In reality,
the experimental investigation of the elastic scattering
of y rays on protons entails considerable experimental
difficulties, which are due to the very small cross sec-
tion (~10"% cm?/sr) and the presence of strong back-
ground processes. In the investigation of the elastic
scattering of y rays on protons at low energies up to
about 100 MeV there are additional difficulties asso-
ciated with the low energies of the recoil protons,

In this energy range of the y’s, it is virtually im-
possible to separate the elastic scattering reaction by
the simultaneous detection of the two particles—the
recoil proton and the scattered y—and the process 1)
is studied by detecting only the scattered y in angular
and energy regions that are free of ¥’s produced by the
background processes.

The main background process at energies below the
threshold of single pion photoproduction is the radiative
formation of electron-positron pairs: the process of
pair creation in the field of the nucleus with subsequent
emission of a y through bremsstrahlung by one of the
electrons in the same field.

In Refs. 1 and 2, the cross sections of this back-
ground process were calculated and they indicated sig-
nificant corrections for small scattering angles. Ex-
periments made at MIT (see Ref. 3) showed that the
radiative pair creation has a pronounced peaking with
respect to the spatial direction and a strong energy
dependence. The contribution of this process for the
angle 70° is 10%, while at 45° it appreciably exceeds the
yield of 7’s from the elastic scattering,

Other background processes also have a pronounced
angular peaking; these include single processes such
as Compton scattering of ¥’s on electrons, pair crea-
tion, splitting of a photon into two photons in the
Coulomb field of the nucleus, #° as well as multiple
background processes such as pair creation at large
angles“ with subsequent bremsstrahlung in the target
or parts of the instrument,

The difficulties of making exact calculations for some
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TABLE I,

Result
Energy in | Angie in 1ap, | Cross section in Laboratory, country Experimental
lab. sys- system. d lab. system, Ppaper
tem, Mey | SYstem, deg | o, cm? /st
1.6 1243 1.46=0 25 California Institute i 18]
1 of Technology, USA l
- . P.N. Lebedev Physics
4070 45 Institute, USSR 9]
(55) 75
80
120
135
) 150
3095 90 University of Chicago,
‘;8 el 10] *
= [10]
120
150 1,390, 11
30—90 60 1.8040.14 University of Chicago, [11]
(60) 90 1.03:£0.08 USA
120 1.254-0.10
s 150 1.39£0.14
2587 70 1,06--0.08 University of Chicago, [12]
90 1.08--0,04 USA
120 1.484-0.05
150 1.475-0.06
75—119 45 1.40+0.17 P.N. Lebedev Physics [13]
97) 90 1.352+-0.13 Institute, USSR
i 135 2,2540.45
- -t
0754 90416 | 1.264-0.08 University of California, [14]
g5 USA
100_‘7:5 9016 1.50-0,40
12510 90418 | 1.83:0.52
104.4 76.03.6 | 1,410,114 P.N. Lebedev Physics [15,
80.9 90.0+3.6 | 1.15--0.06 Institute, USSR 16]
85.4 90.04:3.6 | 1.09--0.04
109.9 90,04-3.6 | 1.034-0.08
81.9 150.043.5 | 1.4
86.3 (150.0+3.5 | 1.
106.7 | 150.0+3.5 | 1.
1111 150.03.5 | 1.
54.0 90 1. MIT, USA 18]
64,8 90 1}
75.0 90 1.
84.5 90 :
90.5 90 1.07+0.
102 90 1.055-0.12
113 90 1.04=:0.15
125 90 0.984-0,28
135 90 0.9340.52

*The data of this paper are taken from the figures.

of the background processes prevents one from taking
into account accurately their contributions to the experi-
mentally measured yield, Thus, neither experimentally
or computationally can one obtain sufficiently accurate
estimates of the background for scattering angles less
than 45°, This explains the complete absence of experi-
mental data on the elastic scattering of y’s on protons

in this range of angles.

The range of y energies directly above the threshold
of single pion photoproduction is especially difficult for
experimental investigation, Elastic scattering on
protons in this energy range cannot be identified by ob-
servation of the scattered y ray alone since the energy
resolution of the y detectors is inadequate to distinguish
by means of the energy the y’s from the elastic scatter-
ing (1) and from decay of neutral pions into y’s in the
photoproduction process

Y+p— p4m0
(2)

e ¢

At y energies around 200 MeV, the cross section of
the photoproduction reaction (2) is almost two orders of
magnitude greater than the cross section of elastic
Scattering of y’s on protons, and the final products of
the reaction (2) are the same particles as in the reac-
tion (1) but with slightly lower energies, The energy of
the protons can be determined sufficiently accurately to
distinguish these reactions by the energies of the recoil

43 Sov. J. Part. Nucl., Vol. 7, No. 1, Jan.-Mar. 1976

protons, and this makes it necessary to observe the
protons as well. However, because of the continuous
spectrum of primary »’s from the accelerator, to sep-
arate out the elastic scattering process it is necessary
to define the energy interval of the primary y’s clearly;
usually, this is done by discrimination with respect to
the energy of the detected protons. As a rule, the en-
ergy range of the primary y’s is situated near the upper
limit of the bremsstrahlung spectrum. This leads, on
the one hand, to an appreciable lowering of the reaction
yield due to the fewer 3’s in the selected energy range
and, on the other, imposes stringent requirements on
the stability of the maximal energy in the bremsstrah-
lung spectrum and on the accuracy of its determination,

The yield from the elastic scattering of y’s on protons
above the pion photoproduction threshold is lower than
below the threshold, when the process can be identified
by the y alone, because the recoil protons in this en-
ergy range still have short ranges, which prevents one
from making full use of liquid-hydrogen targets a few
centimeters thick,

It should be pointed out that the detection of only the
protons in a small energy range near the end of the
bremsstrahlung spectrum does not yet enable one to dis-
tinguish the elastic scattering process.

An appreciable background of protons (two orders
greater than the effect) comes from the thin walls of
the target containing the liquid hydrogen. An effective
way of eliminating this background is to detect both
products of the reaction (1), i, e, , the recoil proton and
the scattered y. The difficulties discussed here mean
that the range 150—200 MeV of vy energies has hitherto
hardly been investigated,

At higher y energies, the difference between the en-
ergies of the recoil protons from elastic scattering and
trom pion photoproduction on hydrogen is less, which
leads to additional difficulties in identification of the
elastic scattering of the y’s also in the region of higher
energies. These difficulties were overcome in Ref. 7 by
the use of spark chambers to detect not only the protons
but also the y’s, which made it possible to determine
the spatial coordinates of the particles and separate
out kinematically the elastic scattering process on the
smoothly varying background of the pion photoproduction,

Experimental data on the elastic scattering of
gamma rays on protons

The experimental investigation of the elastic scatter-
ing of y’s on protohs was begun in the middle of the
fifties. These investigations were first concentrated on
the region of low y energies, corresponding to the en-
ergies achieved at that time in electron accelerators,
Then, as accelerator technology developed, the range
of the investigations was gradually extended to higher
energies and, in the last few years, has been pushed up
to 18 GeV. Tables 1 and 2 give the experimental data
in the energy range up to about 2 GeV: in Table 1 at low
energies in the laboratory system, and in Table 2 all
the existing experimental data in the center of mass
system. In setting up Table 2, we converted the experi-
mental data published originally for the laboratory sys-
tem to the center-of-mass system, Tables 1 and 2 also
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TABLE IIL Continuation of Table 2
__Result Result
Energy in the < Laborator Fxperimental Energy in the ] Laboratory, country| Experimental
Cms angle, Cms cross section, ratory, country pE Cms angle, Cms cross section P
1;[2-‘:ystem. o B 1022 em?/sr paper ;t:vsys!em. dex 10732 cm?/st paper
1.6 120 | 1.4520.25 California Institute (81 TN - TR e e B
of Technology, USA 285—333 90 14.5+1.8
(310
30—95 429 (10 18(52-{;]2].35 142 4,424-0.76
50, A4—2.2 iversi i
{60y 115): ldgx:emty of Chlcasoi 23;'3.-[;-‘285 138 15.901.6
u3, Al (260)
192.4 _11 285—335 136 21,3+1.8
¥ A2 (3103 ’ A
013 The same (11 * Fxperiments made with polarized beam of 7's. Frascati, Italy 23]
3000 ‘08 Measurement made of ratio of cross sections
(60) Nt in the plane of the polarization and perpendicu-
41 lar to it: N
2ESH v o (12) 305—333 90 34008
Measurement made of the degree of polarization Tokyo University. {24]
of the recoil protons. Japan
75—110 P.N. Lebedev Physics 113} 700 90 0.39-20.26
97) Institute, USSR 800 90 . 26
236.9 90.0 4,60, Physics Institute of {23.
The same (91 238.6 110.0 4.7=0.8 the Bonn University, 26}
40—70 2491 130.0 5.8=1.0 West Germany
(535) 265.6 69.9 t.3=0.9 =
272.6 90.0 9.8=0.8
279.7 109.9 9,7+0.7
K] 70.1 12,9:1.0
104.4 5 @ (16, 285.0 129.9 13.5+1.1
80.9 15] 289.4 90,2 11.6=0.8
85.4 316.9 70.2 19.5+=1.3
109.9 323.1 60.0 21.8+1.5
81.9 329.4 90.0 13.2+0.9
86.3 329.4 110.1 15,520.9
106.7 334.8 130.0 16.4==1.1
1i1.1 367.4 49.8 14,9+1.5
70 University of [14] 370.8 69.8 13.8+1.0
100 California, USA 380.6 89.7 9.9::0.6
123 382.4 109.7 8,6+0.7
54.0 MIT, USA [3]* 386.5 129.6 10,5+0.8
4.8 4067 50.0 10.2=1.3
75.0 407.8 89,9 8.6+1.9
84.5 415.8 69.9 7.5+0.8
90.5 420.8 89.8 7.7%£0.6
101.7 427 .4 109.9 6.7=0.4
113.0 429.4 130.0 7.4+0.7
‘iéﬁg i g’ég—?:;? ?g 1 g:? g Cornell University, 27)
5. ki 2 —323 021, USA
182.0 4.8 P.N. Lebedev Physics (17 300—33U 75 19.5+2.8
195.0 04.6 Institute, USSR 275—300 15. A
2100 93.5 300—325 90 14. 9
235.0412.7| 55.441,4 P.N. Lebedev Physics (18 350—375 3
239,5+9.8 | 69.5+1.3 Institute, USSR 19] 400—425 i
247.4+5.3 | 92.6+1.1 300—315 |
248.0c4.9 | 10B.4=1.1 280 .0 Physics Institute of [28]*
248,3:-4.3 | 131.81.2 9.13+-0.78 300 4 the Bonn University.
248, 1144 + 12.79+1.07 350 0 West Germany
247.8£7.5 7'130.85 | Thesame (20] 400 -3
248.1+5.9 6.66-20.55 38010 2
248 8:5.3 8.54-£0.65 s
D45 9,50+0.63 .6
249.2+4.2 13.0220.70 .6
215.4+8.4 3.2820,34 i
214,767 1.862-0.20 400—430 0 The same 125)
215.27 4 2.49:-0.26 0%
212.9=6.5 4.25+0.35 ;
213.4=5.5 6.5820.41 ' 4
206—248 5.34+0.4 University of Illinois, (21] :
{230y USA 3414 Tokyo University, 29]
178—206 1.62+0.23 - 35122 Japan
29(&9321 iéﬁﬁli
—225 3.38+0.71 710
"‘7%213%48 A 4?6¢12
228—. 6.80=-0.71 312=15
(239) 5 S41=14
232—248 8.25-+-0,94 61624
932240% 2 6923:.;25 MIT, US,
252—272 13,38+1.4 3 , USA T’
(262) ek 570 :
257—272 17.28-4.23 602
(287383 - 633
265—2 13.11+1.65 65
(276) 151,05 595
271288 18,0447 726 10.
(282) (90) 755
1862206 [125.5—133.5  3.84:-0.94 [
(197) (129) s 812
230—248 [125,0—133.4| 12,37=1.18 842
1239) 1129 480 Cornell University, [30] *
112127 | 136—144 1.76=0.23 520 USA
(120) (139) 565
132—144 [135.8—144 2.28+0.23 610
(139) (139) 660
156470 135.7—143.7]  2.16::0.23 L
’(163) 139) 705
76—193 [135.6—143.6) 2.98+0.28 715
g
— 135.5—143.5 5.30+0.71 77
1200) 1139) 785
220—233 [135.3—143.3]  7.67:0.94 820
(227) (139)
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Continuation of Table 2

Result

]EIEI’Ergy inthel o angle, F s cross section | 1-aboratory, country | Experimental
lab. system, -32 .2 paper
MeV deg 1072 cm?®/sr
830 0 7.4+0.8 Cornell University, [30] *
865 90 6.4+-0.9 USA
890 - 90 6.940.9
900 90 6.20.8
945 90 5.3=0.8
955 90 6.0+0.9
985 90 6.0+1.0
1025 90 5.5=0.9
1065 90 6.5:21.0
1100 90 5.1+1.0
1160 90 2.74+0.6
1185 90 1.6+0.8
1250 90 1.8+0.8
1270 90 2.3+0.9
1360 90 3.9+1.8
1420 90 4.2+2.3
568 5.2 The same [31]
598 4.1
630 1.2
658 9.15
688 9.1
719 9.5
720 9.0
750 12.5
770 10,0
780 12.4
800 9.0
810 11.0
840 10.3
855 9.0
910 8.2
935 7.8
1010 0.2
1060 4.8
1120 3.1
1165 3.8
1220 3.5
1250 2.1
870 1.3 MIT, USA According to the
920 77 the authors, the
970 6.0 statistical errors
1040 4.7 are 10-15%..
1070 3.4
1115 4.8
1150 4.2
1178 3.8
1208 3.1
1223 2,5
1263 3.0
1300 65 2.4
1300 65 2.1
1370 65 1.6
1445 65 1.8
1530 65 1.5
1580 65 1,2
1680 65 1.2
1735 65 1.4
1825 65 0.8
1890 65 1.5

*The data of this paper are taken from the figures.

include the experimental data that were published in
figures in the original papers. The error involved in
taking the cross sections from the graphs of the original
publications is 0, 2 x10"* ¢m? sr, and for the energies

it is 2—3%.

The complete experimental data obtained so far on the
Compton effect on the proton can be divided into three
groups: energies up to 120 MeV, energies from the
threshold of single pion photoproduction up to about 400
MeV, and the range of higher energies. This is a con-
venient subdivision: First, different experimental meth-
ods are used to identify the elastic scattering process
in these different ranges of y energies, and, second,
the theoretical relevance of the investigations is differ-
ent in the different regions.

Let us consider in more detail the experiments made
at low and medium energies.

Description of experiments on the elastic scattering
of gamma rays on protons
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Experiments up to 120 MeV. The elastic scattering
of y rays on protons in the energy range from 1 to 120
MeV has been carried out basically in four laboratories:
the P. N, Lebedev Physics Institute of the Academy of
Sciences of the USSR, »1%1516,32 1,0 University of
Chicago in the USA, "~ MIT in the USA, % and the
University of California in the USA, !4 The main charac-
teristics of the experimental apparatus used in these
investigations are given in Table 3.

It can be seen from Table 3 that all experimental in-
vestigations in this energy range were made on cycelic
electron accelerators operating under conditions with
maximal electron energy and, therefore, with maximal
energy of the bremsstrahlung spectrum of the y’s that
did not exceed the threshold of single pion photoproduc-
tion. Some of these accelerators have now been dis-
mantled or reconstructed for use at higher energies (in
Table 3 these are indicated by an asterisk), In all the
low-energy investigations a similar method was used;
it is based on detection of the scattered ¥’s by means of
scintillation counter telescopes connected in coinci-
dence. The principle of operation of these telescopes
consists of the detection of the electrons of a pair that
are produced by conversion of the ¥’s in a lead con-
verter placed in front of the coincidence counters, To
avoid the detection of charged particles, above all elec-
trons, one further scintillation counter connected in
anticoincidence is placed in front of the converter, The
efficiency of this counter was usually about 98%. How-
ever, if one takes into account the high background and
the small cross section of the effect to be measured,
this means alone is inadequate, and therefore, to reduce
the loading of the telescope counters with slow electrons
and soft y’s, additional absorbers of a light material
(beryllium, paraffin, carbon), whose thicknesses are
given in Table 3, were usually placed in front of the
telescope,

The efficiency of detecting y’'s by the counter tele-
sScope was usually measured experimentally, in differ-
ent ways, and was about 30%. It should be said that the
least successful methods of determining the efficiency
were those used in Refs. 3 and 14, in which the tele-
Scopes were placed directly in the bremsstrahlung
beam with intensity reduced by a factor 105—108; in this
case it was not possible to guarantee the required high
accuracy of measurement of the reduced intensity. The
energy range of the y’s in the telescopes was fixed as
follows. The lower end of the detection interval was
determined by the thicknesses of the scintillation coun-
ters and the intermediate absorbers between the coun-
ters. The upper end was determined by the maximal
energy of the bremsstrahlung spectrum.

The conditions of operation with Y energies near the
upper end of the bremsstrahlung spectrum have two
shortcomings: 1) The number of ¥’s in the bremsstrah-
lung spectrum decreases rapidly with increasing energy,
which seriously reduces the observed reaction yield,
and there is a high background of electrons and low-
energy y’s; 2) instability of the maximal energy of 1—
2% changes the detection interval by 5—10%, and there-
fore leads to a large additional uncertainty in the mea-
sured differential cross section, Therefore, to detect
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TABLE III,

B R e e S s P St B

Fxperimental
paper [10] [11] [12] [13] 9] 132] - [33] [3.23] [14]
Characteristics Betatron, University of Chicago, USA 265-MeV P.N. Lebedev Physics Institute Synchrotron®, MIT, USA 330-MeV Syn-A
and accelerator Synchrotron chrotron*, Uni-
type versity of Cali-
fornia, USA
Maximal energy, 98 98 87 120 75 127-148 140 140 95-113-132
MeV
Monitoring of ¥ Reaction Reaction Thick-wall ion- - Thick-wall ion- Quantameter. - '_I‘hick-wall ion-
beam 120(y,n)"'C R2C(y,m)"'C ization chamber. jzation chamber. Reaction Thick-wall jon- ization chamber
Reaction '2C(y,m)"'C Reaction NC(y,a)"'C jzation chamber
BC(y,m)''C
Detector of ¥'s: Scintillation Scintillation Scintillation Scintillation Scintillation Scintillation Scintillation Scintillation Scintillation
type counter telescope, counter telescope, counter telescope, counter telescope, counter telescope, counter telescope, counter telescope. counter telescope. counter telescope.
ACC ACC ACC ACCC ACCC ACCCCA Last counter total Last counter total ~ Last counter total
absorption type. absorption type.  absorption type.
ACCC, ACCC, Accecec,
number of 3 3 4 4 4 6 4 4 6
counters
thickness of con-  0.65 (Pb) - 0.65 (Pb) 0.5 (Pb) 0.5 (Pb) 0.5 (Pb) 0.23 (Pb) 0.23 (Pb) 0.62 (Pb)
verter, cm
thickness of 1.25 (©) - 1.25-2.5(C) - 7.0 (paraffin) 5.0 (paraffin) 15.0 (Be) 7.5 (Be) 5.7(0)
absorber, cm or 5.0 (Be)
thickness of in- 2.0 (AD - 2.0 (Al) 2.0 (AD 2.0 (Al - - -
termediate ab-
sorber, cm
Efficiency of anti-
coincidence coun-
ter, %
Method of deter-  2° Y =L & = o L 98 98
mining efficiency
of telescope
Hydrogen target:  In beam of mono- - In beam of mono- — From detectability In tagged photon  In bremsstrahlung In bremsstrahlung  In bremsstrahlung
chromatic elec- chromatic elec- of Compton-scat- beam beam with intensity beam with inten-  beam with inten-
trons and in trons and in tered y's reduced by 10° sity reduced by 10° sity reduced by
bremsstrahlung bremsstrahlung times times 5% 10° times
beam beam
type Polystyrene foam  Polystyrene foam  Polystyrene foam Polystyrene foam  Polystyrene foam  Mylar appendix Metallic appendix ~ Metallic appendix Metallic appendix
container container container container container with (75 um) perpendic- perpendicular to  perpendicular to oriented along
liquid-nitrogen ular to beam beam beam the beam
jacket
dimensions, cm d=12.5 d=12.5 - d=120;1=30 d=1.3 d=10 d=10.0;h=125 d=17.2;1=50.0
Counting rate of 60 - 60 - 30-60 60 7 60 10
effect, counts/h
Ratio of counting 1.5 - - - 2-4 b 2-3 - 5-6
rate with and
without hydrogen
Results of
experiment:
energy range,  25-95 30-90 25-87 75-119 40-70 55-120 50-130 50-130 70-123
MeV
number of 6 4 4 3 6 9 9 3
experimental
points
absolute 8 - 8 - 6 1 7 10 -
error, %
relative 8 8 5 10
error, %

photons from the elastic scattering of y’s at low ener-
gies, a telescope of scintillation counters was used in
Ref. 32. The layout of the experimental apparatus of

Ref. 32 is shown in Fig. 1.

The telescope consists of four scintillation counters
with plastic scintillators up to 2.1 g/cm? thick placed
inside thin-wall aluminum containers, a lead converter
(4.8 g/ecm? thick), an interchangeable carbon absorber,
and a laminated scintillation counter C*(A*), The first
scintillation counter (4) was connected in anticoinci-
dence, and the next three in coincidence, This telescope
is distinguished from the others usually used to detect
y’s at energies <100 MeV by the fact that the last

to the latter makes it possible to restrict the range of
v detection at high energies.

The detection range is restricted at low energies by
means of additional absorbers placed in front of the
first three counters connected in coincidence. Thus,
one can detect ¥’s in a definite energy range, which is
characterized by the thickness of the material placed in
front of counters 4 and C*(A"). The straggling of elec-
tron ranges due to fluctuations in the bremsstrahlung
energy loss leads to a significant spreading of the detec-
tion interval.

To define the y detection interval more precisely, the

(laminated) counter is connected simultaneously to the
coincidence and anticoincidence circuits. Its connection
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last (anticoincidence) counter must have a high y detec-
tion efficiency. In Ref, 32, the anticoincidence counter
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FIG. 1. Block diagram of experimental apparatus®® for investi-
gating Compton scattering on the proton at energies from 50 to
120 MeV: A(C), 1, 2, 3, 4, C*(4*) are scintillation counters;
NDL are nanosecond delay lines; FCC are fast coincidence cir—
cuits; CC and CAC are coincidence and anticoincidence cir-
cuits; CB is the control block,

consisted of a cylindrical housing, a plastic scintillator
with external diameter 20 cm, internal diameter 17
cm, and length 10,4 cm, and a laminated radiator of
diameter 20 cm having six plastic scintillators: two

2 cm thick and four 0.5 cm thick, and five disks of
TF-1 lead glass 1 cm thick,

To obtain a high accuracy in the measurement of the
differential cross sections of y elastic scattering on
protons (about 1%) using just the one experimental ap-
paratus of Ref. 32, two processes were observed
successively on a hydrogen target in identical energy
ranges: elastic scattering of v’s on electrons and on
protons. The cross section of the control Compton
scattering on electrons was calculated with an error of
about 1% by the Klein—Nishina—Tamm expression,
corrections for the double Compton effect and radiative
corrections being introduced,

The evaluation of the experimental data by a “direct”
absolutization and by the relative measurement through
the control process led to results that agreed to within
the accuracy of the absolutization of the experimental
data, The calculation of the cross section by means of
the relative measurements through the control process
makes it possible to eliminate many systematic errors
inherent in methods of direct absolutization resulting
from errors in the measurement of the flux, the profile
of the bremsstrahlung spectrum, the absolute values of
the detection efficiency, etc.

The geometry of the experiment of Ref. 32 for the
elastic scattering of y’s on protons in the range from
70 to 110 MeV is shown in Fig. 2. This indicates the
position of the y telescope for measuring the cross sec-
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tion of elastic scattering of the ¥’s on protons for the
angle 90% and its position for the control experiment at
the angle 1°47’. In the experiments described in Ref,
32, a liquid-hydrogen target was used; this consisted of
a thin-wall (Mylar 75 pum thick), vertically suspended
cylindrical vessel of diameter 7.3 cm. In the experi-
ments, a comparatively small target was used— about
10 times smaller than the targets used in the earlier
investigations Refs. 8 and 9 into the elastic scattering
of »’s at low energies. The small size of the target
made it possible to avoid the introduction of corrections
for multiple background processes in the target itself,
In addition, the small size of the target appreciably
reduced the indeterminacy in caleulation of the effective
number of nuclei of the target at different angles of de-
tection of the y’s from the process (1), The fairly thin
walls of the cylindrical vessel made it possible to ob-
tain a satisfactory effect/background ratio, the values
of which are given in Table 3.

With regard to the results of experimental studies,
we must make special mention of the work carried out
at the P, N, Lebedev Physics Institute, Observations
of the Compton effect on the proton are reported in Ref,
13, while the coefficients of the electrical and magnetic
polarizability of the proton were determined for the
first time in Ref, 9.

The experimental data obtained at the University of
Chicago are given in Ref, 12, which probably includes
the results of earlier investigations of the same au-
thors, ! The differential cross sections correspond-
ing to angles 50, 60, and 70° and corrected for multiple
background processes are indicated by an arrow in
Table 1, These corrections were made by Oxley and
Telegdi in Ref, 10,

The results obtained at MIT in Ref. 33 were later re-
evaluated by the authors® but have not yet been pub-
lished, and therefore the results of Ref. 33 are not
given in Tables 1 and 2.

Three experimental points obtained at the University
of California'* contain a large indeterminacy in the
absolute value of the cross section due to the errors
associated with determining the efficiency of the y
telescope; we have already discussed these errors. In
Table 1, we give the results of Ref, 14 normalized

FIG. 2. Geometry of the experiment® to investigate Compton
scattering on the proton in the energy range 70—110 MeV: C

is the collimator, IC; and IC, are thin-wall ionization cham-

bers; Qu is the quantameter; M is the sweeping magnet; A, 1,
2, 3, 4, C*(4") are scintillation counters; H, is the hydrogen
target. :
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TABLE 1V,

Experimental paper |

Characteristics, type of

[21]

[221

Betatron*, University of Illinois, USA

1271

[3u] |

18] |

120

Synchrotron, Cornell University, USA

265-MeV synchrotron, P.N. Lebedev

accelerator Physics Institute, USSR
T
Maximal encrgy, MeV} 300 335 1200 130 1300 265 230—264
Monitoring of v beam| Thick-wall ionization| Quantameter Quantameter — = Thick-wall ionization | Quantameter
chamber, calorimeter chamber. Reaction

Proton detector:

Magnetic spectrometer Magnetic spectrometer Telescope of four

System of three

System of four spark

120 (4,m)"'C

Telescope of three

Telescope of five

and telescope of two |and system of two scintillation counters. scintillation counters | chambers and two proportional counters, proportional
scintillation counters. | scintillation counters | Limits of detection and three track spark | scintillation coun- , | and one scintillation | counters and one
Chamber with He and four spark intervals specified by chambers in a con- ters with absorber counter. Total thick- | scintillation coun-
located between poles|chambers range by connection stant magnetic field | between them. Two | ness of matter, re- ter. Total thick-
of magnet. of counters in coin- spark chambers duced to Al: 0.3 cm | ness of matter,
Entry window Mylar, cidence located before the reduced to Al
75-um thick magnet, and two 0.lem
after it
Gamma detector: . Total absorption | System of alternating | 1- Cerenkov counter * System of a spark Shower spark cham- | Laminated counter Laminated counter
type ‘erenkov counter | Pb plates (0.62 cm 2. Scintillation coun- chamber with lead i ber with lead con- | of two Pb plates of alternating Pb
made of cylindrical [ thick), spark cham- | ter connected in anti- converter (1.96 rad. | verter and scintilla- | 0.8-cm thick and two plates and plastic
blocks of lead glass | bers (6 layers),and | coincidence lengths), scintillation | tion counter, eight | containers with liquid | scintillator s
(two blocks) plastic scintillators . counter, Cerenkov total-absorption !scintillator
2. Block of lead (1.25-cm thick). Two counter, and shower | Cerenkov counters, 1 !
glass immersed ina | sets spark chamber with | and one scintillation’ i |
container with water lead plates: total | counter connected |
3 thickness 4 rad. i in anticoincidence
; lengths |
i | !
dimensions, cm 1. d=22.8 - 1.38x38 ! ]‘ .
L, e = i = ‘ i | Thickness 3.3-5.0
X 1;20:3 i | rad. lengths
Method of deter- In beam of mono- = — | E In hromatic ' In hromatic
mining efficiency chromatic electrons | I beam of ¥’s from ! beam of v’s from
} | decay of neutral pions| decay of neutral pions
|
|
Hydrogen target: type| Mylar (38 um) con- | Mylar cylindrical Cylindrical con- Cylindrical container i L Brass (15 um) ap- , Cylindrical container
tainer for liquid container (75 um) tainer m_iemcd | | pendix oriented per- | oriented perpendicu-
hydrogen perpendicular to pendicular to beam lar to beam
Lens-shaped beam }
i }
dimensions, cm 4=10.2 4=3.8 d=5.7 - i - | d=38 d=35.0
Counting rate, = —_ = 4000 = l 3—10 3—10
counts/h
Results of experiment: 120—282 210—310 300—750 480—1420 568—1890 235—250 243—249
energy range, MeV 17 5 8 28 43 6 10
number of points 10 o 15 10 — 15 20
absolute error, % 10—20 10—20 10 12 10—15 10 10
relative error, %
[29] | 124] | [42] 125, 26, 28]
Experimental paper [171 71 1311 — National Laboratory | Synchrotron of Bonn
- T AT Synchrotron of Tokyo University, Japan  |synchrotron, Frascati,| University, West
Characteristics, type | 1 ciivate synchrotron, MIT synchrotron, USA Italy Germany
of “accelerator USSR il 700 1300 1000 (proton beam 446
polarized at 320 MeV.
Maximal energy 227 900 2000 ! .
Quantameter | Thick-wall ionization | Quantameter Quantameter
| chamber
Monitoring of 7y beam | Quantameter. Quantameter —_ ;
i Reaction System of four System of four thin- | System of three Range telescope of
130(y,n)"'C scintillation counters | wall spark chambers in scintillation counters | three scintillation

Proton detector

Time-of-flight spec-
trometer. Start signal
triggered by counter
in 7 telescope

lation counters, two
gark chambers, a

range scintillation

chamber

|System of three scintil- System of four spark

chambers and two
| scintillation coun-

erenkov counter, and ters with absorber
a multilayer (30-plate) between them. Two

spark chambers
located before the
magnet and two after
it

(1 cm) and three
spark chambers. Two
four-layer chambers

| for determining the
direction and one
range chamber of

15 Al plates (0.3 cm)

a constant magnetic
i field, three scintilla-

| tion counters, and a

i range spark chamber
with 24 graphite
plates (1.5 cm)_

i

and three spark cham-
bers, Two chambers
serve to measure the
direction of the parti-
, cle and one to mea-
sure the range of the
protons

counters. Two of
them are specific-
jonization counters

~ detector:
type

dimensions, cm

Telescope of six
scintillation counters,
ACCCGC, with lead
converter 5-mm thick

Shower spark chamber|
of 20 Ta plates 0.11
rad. length thick and
a total absorption
Cerenkov counter

| Shower spark cham-
ber with lead con-
verter, scintillation
counter, eight total
absorption Cerenkov
counters, one scintil-
lation counter con-
nected in anticoin-
cidence

Five shower spark
chambers with walls
of brass (3 mm each)
and aluminum (3 mm
each)

Thickness 4.4 rad.

Hodoscope of scintil-
lation counters with
Pb converter 0.5-cm
thick and a total ab-
sorption Cerenkov
counter

System of three scintil
lation anticoincidence

shower spark

chamber with Pb plate:
1.7 rad. lengths thick, '
and a total-absorption

Cerenkov counter

Laminated counter of
alternating Pb plates
and plastic scintilla-
tor. Before the laminat-
ed counter an anti-
coincidence counter -

Thickness 10 rad.
lengths
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Continuation of Table IV

Experimental paper [17] ! 7 i 131] !
P.N. Lebedev ’

Characteristics,

type of accelerator MIT synchrotron, USA i

Physics Institute "
synchrotron, USSR

Method of determin- ‘

In beam of tagged i =X '
ing efficiency

protons |

Hydrogen target: |Cylindrical container ‘ o

i

type oriented perpendicular i

to the beam | |
size, cm d=17.3 IJ S ! L |

Counting rate, i —_ i 900 i -y

counts/ii ! | |
Results of experiment:! |
energy range, MeV 180—210 | 535—832 870—1800 |
number of points 3 i 11 i 21 J
absolute error, & | & = - 1
relative error, % 15 i 8 10—15 ;

in accordance with Powell’s cross section® at energy
70 MeV, This normalization, made in Ref, 14, cor-
responds to a reduction of the measured cross sections
by 24%. In Table 2, the results of Ref, 14 are given
without modification. The absolute errors of the experi-
mental data, associated with inaccuracies in the deter-
mination of the bremsstrahlung flux and in the deter-
mination of the efficiency of the y counters, are given
in Tables 3 and 4. Only in Refs, 8, 13, and 14 are the
errors in the absolute values of the cross sections not
given,

Experviments in the Energy range 120—400 MeV, The
elastic scattering of 3’s on protons in the energy range
120—300 MeV has been investigated at the University of
Ilinois, USA, *2 gt the P, N. Lebedev Physics
Institute, '®20 and at the University of Bonn in West
Germany. *#2628 The main characteristics of the experi-
mental apparatus used at energies above the pion photo-
production threshold are given in Table 4.

In Ref, 21, the recoil protons were analyzed accord-
ing to their momenta by means of a magnetic spectrom-
eter and were observed by means of a telescope of two
scintillation counters that measured the specific energy
loss and the total energy of the proton. The y’s were
observed by means of a total absorption Cerenkov coun-
ter with a radiator of lead glass, The energy resolution
of such a counter for 150-MeV y’s is + 25%. In the in-
vestigation Ref. 22, which was made several years
later, an appratus was used with not only scintillation

~

R e S . .. IR W |
K] X = 4
A —— e Y AP
g:_ - : 25"“1'&\[1 R s L
O = AR s N B
N iy i s
% 2t Lok i
= g %7
o 7L 3 N
2.8 \\ N
o6 y .
s, % ; Sy IR
W1 2025 30 3 W 4 B 8, de

FIG. 3. Regions of detection of Compton scattering on protons
at energies above the pion-photoproduction threshold: 6, is the
angle of emission of the recoil proton; R, is the range of the
recoil proton.
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[zg]__ | [24] | [42] | [25, 26, 28]

National Laboratory
- synchrotron, ;

Synchrotron of Boon

Synchrotron of Tokyo University, Japan
& L University, West Germany

Frascati, Italy
Monte Carlo calcula- = y e
tion
Cylindrical Cﬂﬂfaiﬂefi Cylindrical container | Cylindrical container | Cylindrical container
oriented perpendicu- oriented along beam | oriented perpendicu-
| lar to beam 1 lar to beam
d=3. d=3.0 =15 d=6.0
T0—86350 e iy =
314—692 700—800 300--335 237—430
9 2 1 25
5 - — 5
25 70 20 10

counters but also spark chambers to observe the protons
and y’s, In Refs., 21 and 22, experimental data corre-
sponding to the energy dependence of the cross section
at the angle 90° in the energy range 120—240 MeV are
given,

In Refs. 18—20, detailed investigations were made
of the angular distribution of the differential cross sec-
tion of elastic scattering of 4’s on protons at 214 and
249 MeV. When the process (1) is investigated by ob-
serving coincidences between the recoil proton and the
scattered y, the range of angles accessible to experi-
mental investigation is restricted at small angles of
emission of the protons by the increase in the general
background loading on the counters and at large emis-
sion angles by the minimal ranges of the protons that
can still be detected by the apparatus. The detection
ranges for the elastic scattering of ¥’s for the two
maximal energies 230 and 264 MeV of the bremsstrah-
lung spectrum are given in Fig, 3. It can be seen from
this figure that in these ranges of angles and energies
only protons from elastic scattering on hydrogen are
detected, and not recoil protons from pion
photoproduction,

In Refs, 18—20, a telescope of proportional counters
was used to detect protons. In Ref. 20, the amount of
matter in the path of the protons was reduced by use of
a telescope of proportional counters with wire cathodes,
and a scintillation counter with scintillator as thin as
0.1 mm was used to obtain fast Dy coincidences, The

Collimators

/N BE

Target of
synchrotron

,':’-'Gamma counter Quantameter
FIG. 4. Geometry of experiments?® to investigate Compton
-scattering on the proton in the energy range 200—250 MeV: C,
and C, are collimators of the ¥ beam; IC4, IC,, IC; are thin-
wall ionization chambers; 1, 2, 3, 4, 5(A) are proportional
counters with wire cathodes; A, Cy, Cy, C, are scintillation
counters. -
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Quantameter

Beam of y’s

Sty
e
ki \/& ﬁ

Proton counters

FIG. 5. Geometry of experiment!? for investigating Compton
scattering on the proton in the energy range 130—220 MeV:
C is the collimator; ICy, IC; are thin-wall ionization cham-
bers; A,1,2,3,4,T,P P, are scintillation counters; H, is
the hydrogen target.

geometry of this experiment is shown in Fig. 4. The
telescope for detecting the recoil protons is positioned
at the angles 16, 24, 36, 44, 56, and 64°. The y counter
is positioned at angles calculated in accordance with

the kinematics of the elastic scattering process at 140,
121, 94, 78, 50, and 42°, The scattered y's are detect-
ed by a laminated counter consisting of alternating
layers of lead and scintillator. In Refs. 18 and 20,
much attention was devoted to different types of back-
ground measurements, among which we should mention
the experiments made with the y counter at “incorrect”
positions not corresponding to the correlated angles of
emission of the recoil proton and the scattered v, These
experiments were made with a full and empty (vacuum)
target, and also with an “incorrect” time delay in the
channel of the y counter. The main source of the back-
ground was random coincidences, whose counting rate
was equal to the yield measured from a full hydrogen
target but at an “incorrect” position of the y counter,
The background was 10—20% of the measured effect.

The results of the measurements made at 249 MeV
(see Refs. 18 and 20) agreed satisfactorily with each
other and were combined. These results were published
in Ref. 20 and are given in Table 2. The errors in the
determination of the differential cross sections given in
Table 4 for the results of Refs. 18 and 20 include the
statistical errors of the measured yields and the inac-
curacies in calculating the cross sections by the Monte
Carlo method.

A large number of data referring to the energy range
from 237 to 430 MeV for the angles 90 and 110—130°
have recently been obtained at the University of
Bonn, 252628 The experimental apparatus was based on
an idea similar to the one used at the P, N. Lebedev
Institute, 1%2° The specific ionization counters used in
Refs. 26 and 28 were scintillation counters, so that the
range of y energies was about 20 MeV higher than in
the experiments at the Lebedev Institute, in which
proportional counters with wire cathodes were used to
measure the specific ionization.

An investigation has recently been made at the
Lebedev Institute!” into the elastic scattering of y’s on
protons at 90° in the center-of-mass system in the en-
ergy range 180—220 MeV with a time-of-flight spec-
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trometer in the subnanosecond region for detecting the
protons, A block diagram of the experiment is shown in
Fig. 5. The synchrotron at the Institute (energy 265
MeV) was operated with a maximal bremsstrahlung en-
ergy 227 MeV. The telescope for detecting the v's was
placed at 76°. The recoil protons were observed by the
counter P, which was placed at an angle of 47° with
respect to the primary y beam at a distance 105 cm
from the center of the liquid-hydrogen target. The
counter P,, connected in anticoincidence to restrict the
range of proton detection at high energies (to eliminate
detection of energetic protons from the walls of the
hydrogen target) was placed directly behind the counter
P. The signals from the counters T’ (in the y counter)
and P were transmitted to the start and stop inputs of

a time-to-pulse-height converter. The remaining coun-
ters in the experiment served to generate the control-
ling trigger signal.

To obtain a satisfactory statistical error, the com-
plete range of detection with respect to the proton
times of flight from 10 to 40 nsec was divided into in-
dividual groups in the process of evaluation of the ex-
perimental data; the width of the time interval in each
of these groups was appreciably greater than the time
resolution of the spectrometer, which was +0. 3 nsee.

Background measurements were made with an empty
target, and with a target filled with hydrogen but with
the y telescope at an “incorrect” position, The results
of these two groups of background measurements agreed
to within the statistical error and were combined. The
level of the background was not more than 30% of the
measured yield. The main characteristics of all the
experimental equipment are given in Table 4, It can be

PRC

SD,
A
SCN, sD,
% sp,
SCN, $D,
43,9°
Gamma beam }
Hy /
\ 5.8~77.9°

FIG, 6, Arrangement of experiment® for investigating
Compton scattering on the proton by means of spark chambers:
H, is the hydrogen target; SCN; and SCN, are spark chambers
in the proton channel; SCy, ..., SC; are spark chambers in the
gamma channel; 8Dy, ..., SD, are scintillation counters in the
proton channel; PRC is the spark chamber for measuring the
range of the recoil proton; A is an absorber; I'SDy,...,T'SD,
are scintillation counters in the gamma channel; LiH is an
absorber.
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TrI MeV'

FIG. 7. Dlustration of the
| possibility of kinematic sep-
aration of the reactions (1)
and (2) by means of spark
chambers in Ref. 29, 1) Is
the observed number of py
coincidences; 2) the calcu-
lated number of py coinci-
e L _ dences from the reaction
= @,

Number of events

e 22

seen from Figs, 11—18 that the results of the measure-
ments agree satisfactorily with one another,

Experiments at energies above 400 MeV. The charac-
teristic feature of investigations of elastic scattering of
¥ rays at high energies is the use of spark chambers to
observe the gammas and the recoil protons. By means
of this method, one can determine the spatial co-
ordinates of the particles and separate kinematically
the elastic scattering in the smoothly varying back-
ground of pion photoproduction process. This method
of identification of elastic scattering is used in the
majority of investigations made at high ener-
gies, 124 29-31,36=39 The experiments made on the linear
accelerator™ ! at Stanford, in which the y’s had energy
in the range 17—18 GeV, are an exception,

The main characteristics of the experimental ap-
paratus are given in Table 4, The arrangement of the
experiment at the University of Tokyo?® with spark
chambers is shown in Fig. 6. In this experiment, the
protons were detected by scintillation counters and
spark chambers, one of which was intended to deter-
mine the range of the protons, The scattered ¥'s were
detected by five spark chambers and a system of five
total-absorption counters, The use of the spark cham-
bers made it possible to determine the angle of emis-
sion of the recoil proton and the scattered y with suffi-
cient accuracy and to distinguish kinematically the re-
actions (1) and (2), The possibility of such separation
is demonstrated in Fig. 7, which gives the distribution
of the number of events as a function of the angle (co-
ordinate) of emission of the y. The sharply peaked dis-
tribution (curve 1 in Fig, 7) corresponds to the correla-
tion between the proton and the y. The distribution of
the background events resulting from the detection of
protons and y’s from the reaction (2) is shown by curve
2.

Among the experiments made in the energy range
from 400 MeV to 1.5 GeV we should mention the de-
tailed measurements of the energy dependence of the
cross sections at angle 90° made at Cornell University®
and at MIT” at y-ray energies up to 1450 MeV, and the
dependence of the cross section on the square of the
momentum transfer at small ¢ values obtained in the
accelerators at Stanford, *** DESY, % and at MIT, ¥
Measurements of the cross section in a beam of polar-
ized y’s made at Frascati® and measurements of the
polarization of the recoil protons made at the University
of Tokyo are of undoubted interest, 2 However, these
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and other data, as can be seen from Table 2, have a
low statistical accuracy.,

2. KINEMATICS

We denote the four-momenta of the incident and
scattered y’s by k; and %, and the corresponding mo-
menta of the nucleons by p; and p,. From these vectors
one can form the invariants

8= (py—ky)%
uw==(py —Ffe)g:}
= (ka—ky)™. (3)

These are related by
s+u--t=2m? (4)
where m is the mass of the nucleon,

In the center-of-mass system of the s channel, the
invariant variables s, #, and f have the form

=172
u=m?—20(E -wccsf); } (5)
t= — 202 (1 —cos@);

where W is the total energy; w= (s - m?)/(2s!/?) is the
v energy; E = (s +m?)/(2s'/?) is the nucleon energy; and
6 is the scattering angle, In this channel, s is the
square of the total energy and ¢ is the square of the
momentum transfer,

In the center-of-mass system of the ¢ channel

u= —2p* —m?— 9pE cos ;

g _.2;;3_.m3 - QEE cos ;
} ©)

=402 = 42,

where @ is the energy of the y; 5 and E are the momen-
tum and energy of the nucleon; and ¥ is the scattering
angle. Here we have cosy= (s — u)/4pw = (s — u)/
[#(t~4m®)]'/%, We represent the S matrix in the form

118 {py - Iy — pa—F
Spy= 6y~ a' 5’1’ 1—Ps l;nzﬁ
12112 [4E Eguy0,]'/2

u (po) Tese (py); (7)

where w; and w; are, respectively, the energies of the
initial and the final y’s; E; and E, are the energies of
the initial and final nucleons,

To find the invariant structure of the amplitude Ty,
we introduce the following system of orthogonal basis
vectors:

K= (ky k)2
Q= (kg — k1)/2; } (8)
P'= P —(PR)K/K% N, =ituoPvK:0a,

where P=(p, +p,)/2.

Then the requirements of parity conservation, gauge
invariance, invariance under charge conjugation, and
the condition of crossing symmetry enable one to write
the amplitude Ty; in the form?*3=45;

- —, ooP') (e, 2
@ (pe) Tyt (pr) = —it (pa) { 20 (T, + KT
s (224‘}(:1-") (Tis By L) (ef‘r-;')__‘—f((?”)(eﬁp'}.?ﬁgvs

)
, leaP’) (83 N) - (ea N) (&P’ n ,
L2 1:P’\2 & L e?) ‘PsI\Ts} u(pg),

9)

where e; and e, are the polarization four-vectors of the
initial and final y’s; the amplitudes T, are functions of
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only the invariant variables s, u, and f and have the
following symmetry properties under the substitution
s=ul

Ti(s, t) =T (s 1
1 for i=1,3, 5,6}
e {_1 for i=2, 4.

The (cms) differential cross section for scattering of
unpolarized y’s on a nucleon constructed by means of the
invariant amplitudes T, has the form

_15' T &el w: {(E"*"mz-'-‘ﬂiz) (T P+1Ts )
+2Wo (E + wz) (| T P+ T )
—+2mw (2E - o - oz) Re (T,T7 + T'T3)

4202 (1 —2) | T5 12~ 2022 (1 +-2) | Ts [},

(10)

while for the scattering of ¥’s polarized at angle ¢ to
the scattering plane it is
= e (B =) | TP
L OWe? (E +wz) | Te = 2mo (2E -+ 0+ wz) Re T T} sin’¢
+ (B4 m? — )| Ts [+ 2W et (E — wz) | Tu (11)
? +2mo (2E + o+ oz) Re T3T7] cos* ¢ 1
+or(1—2)| TP W2e? (142} | To ).

where ¥, =e?/(dmm): z =cosé.

In the case of scattering of y’s on an unpolarized
target, the polarization of the recoil nueleons in the
direction perpendmular to the scattering plane is ex-
pressed by

40 Euteinf

P e~ 3ZamWw

Im (T, T5 4+ T5T3)- (12)
The ems amplitude of scattering of ¥’s on a nucleon

can frequently be represented conveniently in the form®*

w(pa) Ty (py) = (ese)) B+ (s:8) Ra
—i(o [eseq]) Ry —i (0 [s:8:]) By
i [(o%y) (s2€4) — (0%2) (sies)] Rs

-1 (o) (s500) — (9%0) (1€2)] oy (13)
where
S = [#4e4]; 8 = [#a€a); ¥y =ky/w; #, =ko/o.
These amplitudes R, are related to the T;’s by
Ty==2m{ — (W —m) (Rz+ Ry) ~ (W +m) \
+ (W —m) z) Rg} (W2 —m?);
Ty=2m {— (W —m)* (Riz+ R)— (W +—m)*
— (W —m)*z] Rg}/ (W2 —m)%
Ty=2m {({T —m) (R, — Ra2)— (V- m) i (14)

+— (W —m)z] Ry}, (W2—m?);
T, =2m {(W—m)? (Ry+ Rsz) + [(W +m)*
— (W —m) 2] R} (W2 —m?)%
Ts=2mWV {(1 —z) (Rs— R5) + R;— R.}/(W?*—m?);
=2m {(1 —2)(Rs+ Ry) + Ry + R}(W*—m?).

Let us consider the helicity amplitudes®® for Compton
scattering: (&, M| T1&g, Ay), Where | £, ;) denote the
states with nucleon helicity £; and y helicity a;. The six
linearly independent amplitudes and their partial-wave
expansion can be written in the form
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h=(g Tl g ) =5 3 (T+g) e -
J
M d-y2, —1sm(6)
b= ATl =5 3 (7) 60y
xd' 4 4 (0)
2' 2
=3 =T =5 B (T+7)¢ls s
J
{5 1T D=5 )¢y s
, -3
xd g _:iia)
p=( =t 1T =5 )= D (T r3) el s
, > -4
xd s _3 (@)
dom (B, —1T1=5 =5 2 (V-3)¢ls s
7 ) T
/’d," )

The amplitudes ¢; and T; are related by

6y =cos (0/2) [m (T3 — T) Lol (Ty—T3)— 20 Tg);
ba= —sin(8 D E (T —T;) - mo (Ty—T)—2aT;):
dy=rcos (0 2) [m (T~ Tg)— oW (T2 + T3}
bu= — sin (8 2 [E (T3 —T )+ mo (T —To)l;
b;==cos (8 2) [(m(T—T)) LW (Iy—Tq) = 20W Tg);
o= sin (0.2) [E(T,—T3) —mo (T2 Ty) 20T 5).

The differential cross section for scattering of un-
polarized »'s can be expressed in terms of the b;’s:

f'u 1
2oé1c{

—.2193|'—2I?u =l os[*=] o5}

o +lgaf

The helicity amplitudes for ¥N scattering in the !
channel have the form

= <1 1[r|q, l)— (;Jl_

L1} 5=

(J~—‘r !l (p):

(_,r,%) Choal o

(’f(;‘ S e

pom (=1 —1|7]5, §>:W2 (/—5) el e
J
z‘E<1. —AlT}e, ey =T;E—E(J—,E)G: RILL
J
Ze= (=1 1171 —%>=-@i}wz(h§)6’2.:di ()

EGE<1‘1 Tig, — 2> ),,,

These amplitudes Z; are related to the T;’s by
2, =p(T+7Ts) L am cos 1 (T - T4) = 207's;
I= I; (TB_Tl)_am cos § (Ta—T):
Bo=p (T +T5) +omeos (Te+T0)— 2075
5= —arsin ¢ (I —T2) - 2po sin ¢ Te;
Bs= —a?sin§ (T, —Ts) — 256 sin T's;
2g= —sin §0* (T2 - T4).
We expand the amplitudes R; with respect to partial
waves. ¥ To this end, we introduce a notation for the
partial-wave amphtudes of electric, E, and magnetlc,

M, transitions: fzZ, fi4, fus. Here, fEE and ff§ are the
amplitudes of Compton scattering of a y with angular

P.S. Baranov and L.V. Fil’kov 52



momentum L and total angular momentum of the yN
system J=L+3. As a result, the function R, can be
represented in the form

Ry =[5+ 2/¥F -+ 2a/k — [3iu + GafExs
Ry = fiin + 2fiar + 23f31 — fie— 3fEm:
Ry = f¥u— fe+ 22fEe + /2 — 42fbe 2 V'3 fiurs
Ri= fAnr— s+ 22f300 + FEe/2 — 138 -2V '3 fiie
Ry=—fEe—2V'3 fhie+ 2/kk:
Re= — i —2V 3 1,

The unitarity of the S matrix enables us to express
the imaginary parts of the ¥N scattering amplitudes in
terms of the amplitudes of photoabsorption on the
nucleon, If we restrict ourselves to photoproduction of
single pions, we obtain an expression for the partial
waves of yp scattering in terms of the photoproduction
partial waves:

Im f37a =
Im figar = | Moo | (16)
ImfEe=v|Eo [%  Imfifar= vo| My, |5
Im f%}:v” Ea— !2; _:Im ﬂﬁE: Vy REﬁJlTE;;;

Im fEyy=v,Re E, M,

Im fEe = v | Eq, %

Im fEg =", | By, %

Vol M-

Here, yy= mq/ (87 W), where g is the cms pion momen-
tum, The photoproduction partial waves in (16) are re-
lated as follows to the multipole photoproduction am-
plitudes with definite values for the isospin and total
angular momentum:

a) for production of 7* mesons

Ef2 =V 21— Essexp (ioay) + Eqrexp (ieys)]/3
+V 2 dsexp (iay);

b) for production of 7’ mesons

EjY == [2Ey fexp (iota;) — Eyy exp (i 1)]/2 - Agexp (i),

3. DISPERSION RELATIONS FOR THE YNV
SCATTERING AMPLITUDES

Introduction

Dispersion relations for forward Compton scattering
amplitudes were considered for the first time by Gell-
Mann, Goldberger, and Thirring®?; using the causality
condition, they arrived at the Kramers—Kronig disper-
sion relation, **

Dispersion relations for the amplitudes of yN scatter-
ing through an arbitrary angle were first proposed by
Bogolyubov and Shirkov. * Rigorous proof of a disper-
sion relation for Compton scattering on a nucleon
through any angle in the e? approximation was given by
Logunov and Isaev, 1 who used the method proposed by
Bogolyubov,

Oehme and Taylor, *® using local commutativity and
spectral conditions, proved the validity of dispersion
relations for Compton scattering on the nucleon under
the condition that the square of the momentum transfer
t lie in the range 0= {> - 122,

Let us now consider the papers in which Compton
scafttering on the nucleon has been analyzed on the
basis of dispersion relations, The first numerical esti-
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mates were made in Ref, 48, Cini and Stroffolini®
analyzed the dispersion relations for the scattering am-
plitudes of y’s polarized parallel and antiparallel with
the proton spin and obtained the energy dependence of
the differential cross section at angle 0°,

Capps, % analyzing the dispersion relations given in
Ref. 48 for the scattering amplitudes of y’s polarized
parallel and antiparallel with the proton spin and also
using the dispersion relations obtained by Mathews, %
constructed the differential cross sections of yp scatter-
ing for arbitrary angle, In the expansion of the ampli-
tude, he restricted himself to a minimal number of
partial waves,

Mathews®® considered six independent amplitudes in
the Breit coordinate system, He expanded these ampli-
tudes in a series in the square of the momentum trans-
fer and omitted the terms with degree higher than unity.
For the coefficients of the expansion he wrote down
subtracted dispersion relations, The scattering ampli-
tudes contained 22 unknown subtractional constants, 12
of which were found by Mathews from the low-energy
limit. He used the Born approximation to determine
the remaining ten. The resulting dispersion relations
were analyzed in the static limit, In the numerical
analysis of the dispersion relations, contributions from
the S wave (Ey+) and the first resonance (Mj+) of the
amplitude of pion photoproduction on the proton were
retained in the imaginary part of the scattering am-
plitude. In the same paper, Mathews showed that it is
necessary to write down subtracted dispersion relations
to achieve consistency with the low-energy limit.

Akiba and Sato® constructed six noncovariant ampli-
tudes and wrote down dispersion relations for them,
ignoring recoil. Expanding these amplitudes with
respect to partial waves and restricting themselves to
total angular momentum J < %, they obtained a system
of relations for the partial waves. From these partial
waves, they constructed the differential cross section
of yp scattering at any angle. In the calculation of the
imaginary part they took into account the contributions
from Eys, M;+, and E,+, the partial-wave amplitude E¢+
being taken equal to M+ or 0. Perturbation theory was
used to find some of the subtractional constants.

Lapidus and Chou Kuang-Chau'#?8 used dispersion
relations for a combination of the covariant amplitudes
at 0°, Expressing these amplitudes in terms of partial
waves, they obtained a system of relations for the
partial waves with J <3, They showed that allowance for
pion photoproduction in the S state®* leads to the ap-
pearance of cusps in the energy dependence of the am-
plitudes and cross sections near the threshold,

The numerical results obtained in the above papers do
not agree with the experimental data obtained for y’s
with incident energy 180—220 MeV for the energy de-
pendence of the differential cross sections for scatter-
ing through =90 and 135°, To eliminate this dis-
crepancy, Jacob and Mathews®® added the 7" meson pole
to the dispersion relations that Mathews had obtained
earlier in Ref, 56. The possibility of this pole’s making
an important contribution to Compton scattering on the
nucleon had been originally considered by Low. Jacob
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and Mathews found that the best agreement with experi-
ment is obtained for a 7° meson lifetime of 7,0=10"¢
sec. However, Lapidus and Chou Kuang-Chau®® showed
that if the 7° meson decays into two y’s preferentially
through a nucleon—antinucleon pair, as was considered
in Ref. 61, it must contribute to the y scattering am-
plitude on nucleons with a sign opposite to the one
chosen by Jacob and Mathews., Therefore, in this case
the discrepancy with experiment must be worse, To
remove this discrepancy, Contogouris®® took into ac-
count the two-pion isoscalar resonance with J=0; in
addition, he considered the amplitude E;+ and showed
that its contribution may be important for energies
above 250 MeV,

Using the dispersion relations of Jacob and Mathews,”

Contogouris and Vergenelakis®® considered simul-
taneously the two-pion resonance and the 7’ and 1
mesons. The n’-meson residue was chosen with the
same sign as in Ref, 60, and it was assumed that the
n-meson residue enters with sign opposite to the residue
at the 7°-meson pole, i.e., with a sign that decreases
the differential cross section of Compton scattering on
the proton in the region of low energies.

If Ref. 63, the energy dependence of the differential
cross sections for scattering of unpolarized y's and
¥’s polarized at 6 =90° was investigated. For unpolar-
ized y’s the two-pion resonance with J=0, /=0 and the
1 meson decrease the cross section, whereas for polar-
ized y's the two-pion resonance increases the cross
section ratie 4:20',,/dc:rl but the n meson decreases the
ratio (do, is the differential cross section for scattering
of ¥’s polarized parallel with the scattering plane and
do, is the perpendicular cross section),

Mueller® showed that the discrepancy with the ex-
periment can be reduced by taking into account the con-
tribution of the retardation term (7*-meson pole in the
photoproduction amplitude). Mueller used one-dimen-
sional subtracted dispersion relations at fixed . The

- dispersion relations were applied to the invariant
amplitudes,

Note that in the majority of the investigations dis-
cussed here one-dimensional subtracted dispersion
relations for the amplitudes of scattering through 0°
were used, This is because the dispersion relations
at fixed square of the momentum transfer ¢ contain sub-
traction functions that depend on £, It is only for scat-
tering angle 6=0° that these functions can be expressed
in terms of the low-energy limit, whereas for nonzero
scattering angle the subtraction functions remain un-
known, The use of dispersion relations for the scatter-
ing amplitudes at 0° with subsequent recovery of the
amplitude for any angle means that only a few partial
waves can be taken into account in the scattering am-
plitudes, In the investigations in which dispersion rela-
tions were constructed for the scattering amplitudes
at arbitrary angle it was assumed that the subtraction
function is determined either simply by the low-energy
1imit®® or by the low-energy limit in conjunction with the
7°-meson pole, &

The problem associated with finding the subtraction
functions can be solved if one proceeds from double dis-
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persion relations and constructs dispersion relations
for the partial waves®® ¢’ or at fixed angle. ** In these ap-
proaches, moreover, in contrast to the usual one-
dimensional dispersion relations, contributions from
the annihilation channel arise naturally and in a con-
sistent manner, These problems can also be solved if
to construct one-dimensional subtracted dispersion
relations one uses simultaneously one-dimensional dis-
persion relations for different fixed invariant param-
eters, In what follows, we shall dwell in more detail on
this last approach and on dispersion relations at fixed
scattering angle,

Dispersion relations at fixed scattering angle

We consider the analytic properties of the scattering
amplitude as a function of two complex variables. We
assume that the secattering amplitude is an analytic
function in the complete space of the two variables ex-
cept for poles and cuts along certain hyperplanes, The
position of the poles and the cuts with respect to the
corresponding variable is determined by the unitarity
condition for the scattering amplitude in the channel in
which the given variable is the total energy. Applying
Cauchy’s theorem twice, we obtain double unsubtracted
dispersion relations®® for the amplitude of y scattering
on nucleons:

Ti(s, u, t)=ﬂ"m-—_}g 5 ds’ 5 du’

(m+p)2 (m+p)?
U o g
R (s Ly ._L" ds'
(8" —s8) (' —u) n=
(m4p)? su?
w Pl t) ( 1 . _m

t'—t s —s8 '

an

i ey [

where [ is the pion mass; 7 are the single-nucleon
poles and the 7’-meson pole;

Py==ry [1/(m2—5) 4 M/ (mP—w)] + 8/ (0> —1). (18)
In (18), 7; and 8; have the form
ri=—2"m(1+15)/2; ri=e[(1-+2,)°
* (14 T3)/2 L A% (1 —73)/2);
ro=—e(1+1)/2; rs=em(1l--ky) (19)
X (1 +73)/2;
ra=0; re=—e2(15hy) (1 +75/2; J
8;=0 for (20)

t==5;
85 = Waoknw s FaTei2; Fr= 64T 0. 0,/130] 12, }
where ), and A, are the anomalous magnetic moments of
the proton and the neutron; I',o., is the 7’ — 2y decay
width.

The imaginary parts of the amplitudes in the s and ¢
channels are given by
AP (s, t, W)=Im T (s, 1, 1)= 4; Y du’
T mipge

e Lo
3¢ P12 (00 s 1 S dt' P13 (t’. 5)

T

W—u ' oa for S?’(m”._F‘)g;

Anz

AL (st w)=Im T (s, t, u) = 5 ds” pia (s, 1)

(m+u)?

TN —s s —u

) for 124’

We define the following functions:
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Ao =g [ actrCid. L
(miyy? hnz

I r P13f{z. t')
| aresr) 21)

for 2> (m—p)*

and

oc

Az =2 [ el v (

(mipy2

_1__;_131__)
f—z ' s—u()

(22)

-y >4ud

where
u(z) =2~ [m*— (x —m** (1 +cos 0)/2];
t(z) = —[(x —m?)%2z] (1 — cos 0).

The definitions (21) and (22) are convenient for ob-
taining dispersion relations at fixed cosé in which the
right- and left-hand cuts are separated. To obtain such
dispersion relations, we apply the identity

j' FE gt Fi = j fla's y(z))de’

' —z—ie o o —

+P5 f(.r". y(.r)ldr,;Pj (&, y(2) dz’
I —

to the denominators in (17).

After identification of the different contributions, we
obtain?

A (8" L(s')

o
T (s. cos 0) = 9"5+% Y ds' =

A s —s
()2

H

l 2n); ) du’
LA u_(u')—uy (1)
(m+p)2

~ riew s A (vt (=) )

=

auz

. (u') 4

up (W) —s(1—cos ) (u'. £ f e () ))

il-cosB

(23)

dt { to () *-"(t' L[t’i)
)=t il') Lt ) —sil—cos )} " 1—cosB

L (1 )}

N7  Ery p=rrey T

where
= (1) = m* (1 —cos B) — & = {[m? (! —cos 0)— 2]~ -mtsin2 @}

t= (2) = n? (1 —cos 6) — & = {[m?* (1 — cos H) — 2]2— m* (1 — cos 8)3)52,

Let us consider the structure of the singularities of
the relation (23) in the s plane, The contribution from
the right-hand cut s> (m + p)? is given by the first in-
tegral in (23). The denominators u,(u’) - s(1 +cos8) =0
give cuts — o <s<u_(cosd) and 0 <s <u,(cos); here
u,(cosb) =u,(m + u)?/(1 +cosd), The cut 0 <s<u, is
called the physical crossing cut. If 4u®> 2m*(1 - cos#),
the third integral is taken along the real cut — ©<s
< 7_(cos#b), 7,(cosb)<s <0, where 7,(cos8)=1,(4u2)/

(1 - cosé), But if 4u® <#’ <2m?(1 - cos#), then for |s|
=m? the cut is complex, i,e,, (Res+iIms)(l - cosf)
=1,(t') and Res =m* - 4u?/(1 - cos8), Ims=x [m*

~ (Res)?]'/%, On the other hand, for 4u? <2m?(1 - cos6)
the cut is real and goes along — ©<s<0, On the cut
around the circle we set s =m®exp(ia), and then ¢ has
the form

t=sAmsin® (9 2) sint (= 2), (24)
In the second integral in the interval — » < s <u_(cos 6)

we must deal with the function A% @/, #){u_(cos6)/

[1 +cosé]) for unphysical values of the scattering angle,

so that the expansion of this function with respect to
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Legendre polynomials does not converge, Therefore, in
the numerical analysis of the’ dispersion relations for
fixed angle® we must, on the basis of the philosophy of
nearest singularities, restrict ourselves to the con-
tribution to this integral from only the physical crossing
cut,

In the third integral, when an expansion with respect
to partial waves in the ¢ channel is used, one can cal-
culate the contribution from only the part of the cut
around the circle, This expansion converges for — 40°
< <40° which, in accordance with (24), enables one
to take into account consistently only the contributions
of the nearest singularities in ¢,

The dispersion relations (23) are written down with-
out subtractions., These dispersion relations do not
give the low-energy limit in explicit form for the am-
plitudes Ty, Ty, T;, and Tg, Therefore, for the am-
plitudes T (i=1,3, 5, 6) we write down dispersion rela-
tions at fixed scattering angle with one subtraction®®:

— it AR (s, t(s"
T (s, cosB) =T, (m?, cos 0) = F, -~ ds’ ‘s,‘_f:z) 7 _”3 3
(m-+p)?

—,—% (s—m?) (1 —coshH) [

(mru)2

ds’
u. (SJ) —Uy isl)

. e (5') A9 (5, £ (s ('), 11~ cos 6))
" U us (8")—5 (T—cos 0)] [y (s")—m? (1+cos B)]

u_ (s") A (8", ¢ (u_ (s")/[1—cos B])) 2 i
T ) —s(I—cos O] [u_ ) —m? (170059)]4—? (s—m?)

(25)

20

dt’
X{'!—COSG) 5 m
au2

. L (2) AP, ¢, (') [1—cos B])

A {m (') —s (T—cos )] [£, (') — m= (1—cos B)]
t_(t) A;“ (¢, & (¢")/[1 —cos B])

= [t (t")—s (1—cos 0)] [t_ (&) —m?2 (1—cos [10

where

5; ; (s—m?) r;sin2 @ (s—m?) (1—cos 8) §;

= T 2mt— (s —m?) (1—cos 8] 1T 20— (s—m?) (1—cos 0)]

(26)

and
Ty (m?, cos0) = —e? (1 - 1,) (I —cos 0)/2m;
T3 (m?, cosB) =e2[2), (1 L 1,). 2 32]/m;
T's = (m?, cos6)
=e[(2h, (1+1) 223 (1~ Ap) (1 15) (1 —cos0)/2]/2m;
Tg(m?, cosB) =e* [ — 22 —(1 ~1,) (1 —14) (1 —cos 8)/2]/2m?,

A=lp(1+15), 2+ A, (1 —19)2. ®0

Numerical calculations were made by K&berle®® only
for the unsubtracted dispersion relations (23). In the ¢
channel he took into account the contribution of the 7°
meson and the contribution of the 77 interaction in the
nonresonance model using the rr-interaction phase
shift™ in the resonance model as well. A discrepancy
with the experiment in the region of 200 MeV (especial-
ly at 90°) and in the region of the resonance energy
remained,

Subtracted dispersion relations at fixed ¢

The approach adopted in Refs, 45, 66, 67, and 69 can
be characterized by the fact that the functions investigat-
ed in these cases have complicated analytic properties
in the complex plane of the variable s, This leads to
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FIG. 8. Photoproduction diagram
corresponding to exchange of r* mesons
in the ¢ channel.

additional assumptions when numerical calculations are
made. These shortcomings can be avoided if for the am-
plitudes T;(s,u, !) one constructs one-dimensional sub-
tracted dispersion relations for fixed £ <0 and uses one-
dimensional dispersion relations at fixed « and the low-
energy limit to find the subtraction functions, =7

We shall assume that the amplitudes T(s,u,?)
(i=1,3,5,6) satisfy the asymptotic conditions

Ti(s, t) :;48“(1}. a(t=0)1; (25)
Ltixed
Ty(u, t):? . (29)
Y fixed
Ti(u, ) —> &, au=ml)< 1. (30)
¥ fixed
These asymptotic conditions agree with the result given
for the amplitudes T; by Regge pole theory and the ex-
perimental data on a(ux) (see Ref. 77).

The condition (28) enables one to write down for the
amplitudes T, a dispersion relation with respect tos
and  for fixed <0 with one subtraction at the point #,:

e -'—r-( i 1 )
m?-—s ,,,1_;0)' \mi—u m*—yp

Rely(s, u, t)=r; (
(31)

o

u—uy de g § 1 the 1
+—= = 45 4 18 ){(5'—")i3""i‘0) (s’—s']\s'—a_-o)}

(m+ 12

-+ Re Ty (uy, 1),

where 5, =2m® —u,— ¢, For the amplitude T};(x, {) we
write down a dispersion relation with respect to ? and s
for fixed u; < m* with one subtraction at the point £,=0:

1 1
FleTiu,t:r. S . S—
(to, £) '(m“—su mﬂ—sn(t:()))
o 1\, t [ A wa
‘ 6‘(,142—: '_M.I.I.E-'fo)—T_TP 5 v —1t)
% fyit]

t b AP (s', upg) ds’
—7‘—1’ S '_('—“+ReT‘(rlu. t,=0).
4 (mingt (8" —s0) (s' —2m3 - up)

(32)

Substituting (32) into (31) and going to the limit u, —m?,

we obtain’ 8

1 1
m2—s et

ReT, (s, 0)=ri ( )+ ol < T (m?, 0)

m2—u pE(uE—1)

oo

w—m?2 oA { 1 ) 1
& s Pt L2 fyAgl 9 FT=md) (¢ —u) (—mP-f) (' —s)
m+
o 33
o : T AD (¢, u=m?) - t p y AP (s', u=m?yds' ( )
E 5 t (' —1) e 5 F—miyis —mit)"
apz (m+p)2
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Here,

Ty(m2, 0)=0; Ty(m? 0)==¢*(2hp (15 )2 — 2% 2m; 3
Ty(m?, )= (20, (1 - )2+ A)m; Ty(m?, 0) = — e%A2/2m?2. (34)

For amplitudes that are odd under the substitution
s =u, we can write down unsubtracted dispersion rela-
tions; they have the form

1 {1
ReTj(s, t)=r; ( mi—s :71'3——11)

P j ds' A5 (5, 1) [%"ﬁ;lﬁj
(m+u)2

Let us consider here the physical assumptions made
in the numerical calculation of the Compton scattering
amplitudes in the framework of the dispersion relations
(33) and (35). In the expansion of the imaginary part of
the Compton scattering amplitude in the ¢ channel with
respect to intermediate states, allowance is made only
for amplitudes corresponding to photoproduction of sin-
gle pions on protons. In the photoproduction amplitudes,
one retains the S wave (Ey+) and the partial waves that
correspond to the first (My+), second (E;-), and third
(E5-) resonances; each of these waves is assumed to be
nonzero only in the range of energies corresponding to
the resonance. When allowance is made for the “re-
tardation” term (Fig., 8), one considers the main con-
tributions associated with the quadratic function of this
term and its interference with M;+ and E¢+, The partial
waves Eys, M+, Ey-, Eg- and the interference of Eys
with the retardation term are obtained by analyzing the
experimental data on the photoproduction of pions on
protons, This approximation to calculate the imaginary
part of the Compton scattering amplitude in the s chan-
nel is sufficiently good for energies of the incident y
from 200 MeV up to the threshold of photoproduction of
two pions,

++ i=2, 4 (35)

In the range of y energies from the single-pion photo-
production threshold (150 MeV) to 200 MeV nonreso-
nance photoproduction multipoles may make an impor-
tant contribution to the imaginary part of the Compton
scattering amplitude. However, since the imaginary
part of the scattering amplitude in this energy region
is appreciably less than the real part, there are rea-
sons for believing that neglect of the nonresonance
photoproduction amplitudes leads to a small error (not
more than 10%). Thus, the approximation can be re-
garded as admissible for the complete range of energies
from 150 to 300 MeV.

A certain inaccuracy also arises from the neglect of
the contribution from photoproduction of two or more

as(2%)
6(2%) 8

1.5
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075 L i 1
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1
250 vigp, MeV
FIG. 9. Ratio of theoretical differential cross sections™ with

different signs of the residue 6 for the r'-meson pole as a
function of the energy of the incident y’s.
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FIG. 10. Fourth-order Feynman diagi'ams that contribute to
the ¢ channel of yp scattering.

pions. This contribution is comparable with the contri-
bution of the single-photoproduction multipoles re-
sponsible for the second and third resonances and does
not exceed 10% for the range of incident y energies up
to 300 MeV,

In Ref, 78 it is shown that the predictions of ¥p scat-
tering using different multipole analyses of the photo-
production’=# differ by not more than 10%.

Let us consider the procedure for taking into account
the contributions to the yp scattering amplitude from
the ¢ channel, The nearest singularity in this channel
is the 7'-meson pole, which is taken into account for
6,0 >0 and 5,5 <0. We recall that the sign 5,0 >0 was
first used in Ref, 59, To achieve agreement with the
results of Ref, 61, in which it was assumed that the 7°
meson decays into two 3’s through a nucleon-antinucleon
pair, it is necessary to assume 8,0 <0 (see Ref, 60),
Allowance for the contribution of the 7°-meson pole with
8,0 <0 increases the differential cross section in the
range of energies we are considering, The ratio of the
theoretical differential cross sections caleulated in Ref,
75 with 5,0 > 0(6+) and 5,0 <0(5-) is shown in Fig, 9 as
a function of the energy of the incident y for different
fixed scattering angles, The strong dependence of the
differential cross section of the Compton effect on the
sign of the residue of the 7°~-meson pole may be a
justification for carrying out an analysis with a view to
selecting, on the basis of the available experimental
material, a variant of the theory and thus establishing
what sign the 7°-meson pole residue does have,

In order to take into account the contribution of the
7-meson pole, it is necessary to know the coupling con-
stant of the n meson to the nucleon and the lifetime of
the n meson. We take the coupling constant to be g2,/
4m <glyn/4n =15, (The bootstrap sum rules for NN scat-
tering amplitudes® ¥ give g2, ,/47=1.)
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FIG. 11. Angular dependence of the differential cross section
of yp scattering at 60 MeV: 18~ 16+, 25- 26+ aye the different
variants of theoretical calculations., ™
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FIG, 12. Angular dependence of the differential cross section
of yp scattering at 97 MeV: 16-, 18+, 206~ 26+ gre the different
variants of theoretical calculations, ®

The experimental value of the 7 — 2y decay width de-
termined from the data of different experimental in-
vestigations fluctuates from 1.0+ 0, 23 keV in Ref. 85 to
about 0. 37 keV in Ref, 86, With these parameters, the
n-meson pole makes a small contribution in this energy
range to the vp differential scattering cross section and
is therefore ignored in the numerical calculations,

Let us consider the procedure for taking into account
the other intermediate states in the ¢ channel. The con-
tribution of these states can be estimated in two dif-
ferent theoretical calculations: In the first (1%*) one takes
into account in A{* only two-particle states by means
of the diagrams of fourth-order perturbation theory
(Fig. 10); in the second (2°) one also uses the bootstrap
model to take into account the contribution to AP of the
states not considered in the first variant, "~ T this
end, for the amplitude difference Ty(s, t) - T;(s, 0) one
constructs a dispersion relation first with respect to s
and u for fixed f and then with respect to f and s for
fixed u. These dispersion relations are then equated, As
a result, the integral of A{*’ can be expressed in terms
of integrals of A§ as follows™:

= % 5 ds’ { (49 (s, 8) — AP (', 0)] (‘Srl—'i-s—,_;in'm) (36)

—m2

LA (' u=m*)—AP (s, t=0)] }

(s"—m2) (s"—mT0)

[N
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FIG. 13. Angular dependence of the differential cross section
of yp scattering at 55 MeV: 18-, 16+ 28- 25+ ape the dif-
ferent variants of theoretical calculations. ™
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FIG. 14, Energy dependence of the differential cross section
of vp scattering for the angle 95° in the center of mass system.
The hatched region indicates the results of Ref. 3: 105, 1% 28~
26+ are variants of theoretical calculations. B For the results
of Refs. 15 and 16 the total errors of the experiments are
given; for the results of Refs. 3, 9, 12, and 13 only the statis-
tical errors.

where the .;il-i’s mean that these amplitudes do not in-
clude terms expressed by means of the diagrams of
fourth-order perturbation theory.

Comparison of experimental data with calculations
made with fixed-t dispersion relations. Sign of the
7% 2y decay amplitude

We now compare the experimental data with the pre-
dictions of theory in the energy range from 55 to 280
MeV. The results of calculations made on the basis of
the dispersion relations (33) and (35) were found™ to be
close to the results of Refs. 73 and 75, in which the
calculations were also made with fixed-¢ dispersion
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FIG. 15. Energy dependence of the differential cross section
of yp scattering for the angle 70° in the center of mass system:
16-, 16+, 206- 20+ are variants of theoretical calculations. ™
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FIG. 16. Energy dependence of the differential cross section
of yp scattering for the angle 90° in the center-of-mass system:
18-, 18+, 20- 28+ are variants of theoretical calculations®™; the
dot-dash-dot curve shows the theoretical calculations of
Ref. 69.

relations, but ones with a more complicated form than
(33).

The experimental data® %1115 and the theoretical

20

&

(dofdS) g 10°%, em?fsr

_..
=

7 1 ! I !
g 150 200 250 W0

1 ]
F50 vy MeV

FIG. 17. Energy dependence of the differential cross section
of yp scattering for the angle 139° in the center-of-mass sys-
tem. The experimental points are denoted as in Figs. 15 and
16; 16=, 16+, 26-, 20+ are variants of theoretical calculations™;
the dot-dash-dot curve shows the theoretical calculations of
Ref.. 69.
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FIG. 18. Angular dependences of the differential cross section
of yp scattering for different energies: a) v=249 MeV; b) v
=214 MeV (see Ref, 20); 1%-,1% 25 9% are variants of theo-
retical calculations™; the experimental points are denoted in
the same way as in Figs. 15 and 16.

curves of Refs, 73—75 for the angular and energy de-
pendences of the differential cross section of elastic
scattering for the energy range below 150 MeV are
shown in Figs, 11—14, The experimental and theoreti-
cal energy and angular dependences of the differential
cross section for energies from 120 to 280 MeV are
given in Figs, 15—18, It can be seen from Figs, 11-18
that the experimental data in the energy ranges 55—120
and 240—280 MeV agree satisfactorily with the theoreti-
cal ealculations,

The detailed comparison™ %8488 of the complete set
of experimental data with the variants 1% and 2% of the
theoretical calculations was based on the use of the y
statistical test,

The experiments in the energy range 55—120 MeV are
basically represented by the angular distributions® 1% 13
and the energy dependence, ® In the energy range 240—
280 MeV the experimental data are represented by the
angular distribution of Ref, 20 at the mean ¥ energy 249
MeV and the energy dependence of the cross section?!
for the scattering angle 90° in the center-of-mass sys-
tem, In the intermediate-energy range near the pion-
photoproduction threshold one observes a fairly strong
(in units of the accuracy of the measurements) deviation
of the experimental data from all variants of the the-
oretical calculations. This is particularly marked in the
angular distributions (see, for example, Fig, 18) for
energies around v=214 MeV, Therefore, the experi-
mental points in the energy range 120—220 MeV (eight
points altogether) are not included in the numerical
analysis. The experimental data are compared with the
theoretical studies in two ranges of y energies: 55—120
and 240—280 MeV, in which the most complete experi-
mental data are currently available,

Each of the four variants of theoretical calculations
1% and 2% made in Refs, 73—75 is analyzed to see if
they are consistent with the experimental data, Each
experimental investigation is first analyzed separately,
and then the results of the analysis are combined in
each energy range in accordance with the addition rules
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for the x* distribution, For each of the variants of the
theoretical calculations two quantities are determined:
the value of the factor & corresponding to normalization
of the results of each of the investigations separately
to give best agreement with the chosen theoretical
variant, and the value of the probability Pf(xz) (where f
is the number of degrees of freedom). The theoretical
calculations are also compared with the experiments for
only the profile of the cross section as a function of the
scattering angle or energy. The results of analyses ob-
tained in the two ways agree well with one another,

Tables 5 and 6 give the result of this comparison:
Table 5, of the analysis based on comparison of the
theoretical variants'™™ and the experiment as only
regards the profile of the cross section as a function of
the scattering angle® and the energy. 2! It can be seen
from Table 5 that the experimental data of the individual
investigation Ref, 20 at the 1% significance level rule
out two of the four theoretical variants, namely, 1°* and
1%, At the 5% significance level, the variant 2** is also
eliminated, The only variant that is consistent with the
experimental data is 2°, The experimental results of
Ref, 21 reject only one variant at the 5% significance
level,

The combined analysis of the experimental data of
Refs. 20 and 21 does not in practice enable one to draw
any new conclusions compared with those obtained from
the analysis of Ref, 20. Table 6 gives the results of
analysis for the y-energy ranges 55—120 and 240—280
MeV, At low energies, the results of the three experi-
mental investigations Refs, 9, 12, and 13 eliminate
three of the four theoretical variants, namely, 1°*, 1°-
and 2%, at the 5% significance level, as ean be seen
from Table 6, The results of the analysis made for each
of the investigations separately showed that Ref, 12 does
not eliminate any of the theoretical variants at the 5%
significance level. The results of Ref. 13 eliminate
only the variant 1°*, while the results of Ref, 9 eliminate
two variants, namely, 1°* and 2%, The results of Refs,
3 and 10, in which the energy dependence of the cross
section was investigated, do not eliminate any of the
theoretical variants and therefore are not included in
Table 6. It can also be seen from Table § that taken
together the investigations, in the two Y-energy ranges
55—120 and 240—280 MeV already enable one to
eliminate the variants 1%} 1%, and 2°* at the 1% signi-
ficance level,

TABLEYV,
i Variants of theoretical calculation
2 Rejection at _ .
Ll ’ 16 26~ 26+ 527 sienifs l1_m:m-
| cance Jeve]| 'UT¢
- ' P 13 P R ! P k P
! =
41100 10.1% [ 0.92 10.00% 1.18 | 15% | 0.99 |3.8% [10%, 18- [ (20)
6 |o.03 ; 10% ! 0.81 |1.2% | 0.54 ‘ 31% | 0.82 | 120, 0% 48+ | [y
| |
1 | 10+ 46—
0| 0.0, 0.01% ’ 179 2.7 r1 ol 190, 4]
! | 2k

Note. The results of Ref. 20 are the angular dependence of the cross section at the mean
¥ energy 249 MeV; number of points used: 7 =5, The results of Ref. 21 are the energy de-
pendence of the cross section in the range 239383 MeV; six points for the angle 6 = 90°
and one point for 6 = 129°,
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TABLE VI.

Variants of theoretical calculations it
Range of y energies, | ¢ 16— | 18+ 28— ob+ 5% signifi- Literature
MeV | cance level
® | n% ) oz | % %2 . % %2 . %
55—120 14 | 2339 4.6 | 31.33| 0.1 17.90 | 8.0 | 20,67 | 3.6 18+ 8= | [9. 12, 13]
2(,.:“
b+ 48—
240—280 12 | 293s| 0.3 | 52.02( 0,00 | 14.65] 26.0 | 23.01} 2.8 15+, 45, | 118, 2]
Pl
- [ [
For both energy 93 | 52.75| 0.5 | 83.35| 0.001 | 32.55| 9.0 | 43.68| 0.59 | 46+ 18-
ranges and two :s Gl
groups of investi- 20
gations

The results of the calculations in accordance with the
dispersion relations (47) and (49), whose derivation’
used weaker restrictions on the asymptotic behavior of
the scattering amplitudes than the ones adopted in Refs,
73 and 74, were also compared with the experimental
data. The results of the analysis are given in Table 7.
To a considerable extent, they agree with the results
given earlier. It can be seen from Table 7 that the ex-
perimental data obtained for the energy range 55—120
MeV eliminate two of the four theoretical variants (1%%)
at the 5% significance level. In the range 240—280 MeV
the experimental data of the single investigation Ref, 20
eliminate three of the four variants (1%,2%), The only
variant that does not contradict the experimental data
is 2%-, as before. The results of a combined analysis of
Refs, 9, 12, 13, 20, and 21 agree with the conclusions
obtained from analysis of the results of Ref. 20 alone,
as can be seen from Table 7.

Thus, the comparison of theory and experiment in the
energy ranges below 120 and between 240 and 280 MeV
show that at the 99% confidence level one can eliminate
the theory in which the 77 interaction is taken into ac-
count solely by means of the diagrams of fourth-order
perturbation theory (see Fig. 10) for any sign of the
amplitude F, and there remains only the theoretical

- yariant in which, besides these diagrams, the annihila-
tion channel is taken into account by means of the
bootstrap model, This indicates, on the one hand, the
need to make a more accurate allowance for the annihi-
Jation channel than is possible from calculations by
means of the diagrams shown in Fig. 10, and, on the
other, that the adopted model for the t channel is rea-
sonable and that one obtains a satisfactory description
of the interaction of particles by means of the bootstrap
model.

At the 95% confidence level it has been established

that the sign of the 7° —2y decay amplitude F, must be
opposite to the sign of the constant g,nx, i€, Frgrnn
<0, This sign of the decay amplitude agrees with the
sign predicted for this amplitude in Ref. 60, in which

7% — 2y decay through a nucleon-antinucleon pair®! was
treated by perturbation theory. The sign of F, is dif-
ferent in different field-theory models, * The sign of
the amplitude F,, which was first found in Ref. 87, was
used by Okubo® to choose between various known models
of elementary particles, This sign of the amplitude F,
was later confirmed by Gilman® from the experimental-
1y observed positive interference in 7°-meson photo-
production between the amplitude of the single-photon
effect (the Primakoff effect) and the other photoproduc-
tion amplitudes,

It should be noted that in Ref. 92 a model-independent
method of determining the sign of F, is proposed on the
basis of a measurement of the sign of the interference
between the Primakoff effect and the nuclear part of the
%~ meson photoproduction. This method involves sep-
arating the nuclear background by means of finite-ener-
gy sum rules and an analysis of the angular distribu-
tions for different y energies. Below, we shall consider
the determination of the sign of F, from low-energy vp
scattering.

Kinematic singularities and determination of
subtraction functions

In the expression (9), the coefficients of T; have
singularities of the form {f[st+ (s - m?)?]}, Since the
total amplitude T;; does not have kinematic singularities,
these features impose relations between T for the
forward and backward angles:

a) t=0;:

Ty (s, 0) = T'5(s. 0)=2T;5 (s, O); (37)

TABLE VI
Variants of theoretical calculations !
3 Rejection at
¥ 18- 18+ o= 28+ 5% signifi- Literature
& w» %l B %2 |[p%]| & 2 | »% & 2 |p % | o level
1 _ |21.05| 3.7 — |22.90| 2.8 — | 15.16| 22.0 | — |1 .52! 2.9 185 48— |9, 12, 13]
22

7
6,39 49 1.40 | 9.42| 24 1.00 | 4.91| 67 143 ] 8.

S we
=
©
b

— [21]

0.98 [14.6 | 4.4 |0.02{16.44] 06 |078| 9.42| 9.4 |0.01 |11.2 | 4.9 10+ 10— o0+ 120]
1 _ las.ss] 1.0! — |30.04] 02| — | 2458 10.0 | — |28.10] 3.9 18+ 48— 95+ 119 192, 13.20)
95 | — |s9.05] 24| — |48.18] 0.25) — | 2049 20.2 | — [36.9 '.2|1°i1“—.?ﬁ+ 19, 12, 183,
| 20, 21]
I
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FIG. 19. Lower unitary limit for yp scattering at 320 MeV.
The solid line corresponds to the analysis in Ref, 80 of the
photoproduction data; the dashed curve shows the lowest possi-
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Ts(s, )= —(s—m®) [Ts (5, 0) =T (s, 0)] 4m; (38)

b) t==4w’=~ (s - m%)/s:
Ty(sy t= — 40 —T5(s. t= — 4o?) = 2mTg(s, t= — bw?): (39)
Ty(s. t= —40?) (40)

=(s—m*) [Ty (s, t=—40Y)—T, (s, t= — 4o (2 (s—m3)].

Kinematic singularities can be avoided if one operates
with Bardeen—Tung amplitudes, *® However, in this case
one cannot make a subtraction in the dispersion relation
at the threshold (since some of the amplitudes have a
second-order pole at the threshold) and, therefore, it
is difficult to introduce low-energy theorems into the
numerical calculations,

In the construction of dispersion relations for fixed
scattering angle*®®? and for fixed ¢ the above connections
between the amplitudes were not considered, and this
may have led to the overestimated values of the cal-
culated differential cross sections’® for scattering
through 180°,

Let us consider a dispersion relation for fixed £, In
this case, the connections between the scattering am-
plitudes at =0 are exactly satisfied, as is readily
verified, And the relations between the backward-scat-
tering amplitudes (39) and (40) can be used to determine
some of the subtraction functions,

Let us write down the dispersion relation (31) for the
amplitudes T; with ¢=1,3,5, 6 and the dispersion rela-
tion (35) for T; with j =2, 4, In accordance with (32), the
subtraction function can be written in the form

Re T (ug, t)=1, (I;‘(mf—gﬂ) —1/(m*—uy))
—Re T; (uq, o= 0)— 1o (i, 1). (41)

Substituting (41) into (31) and going to the limit u; T
we obtain
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1

ReT; (s, t)=r, (__m‘l—s +”—‘~—1_u) +T;(m2, 0)
—1&; (1 —m2, ?)—-u—:ﬂ}’ g ds"A (s'. ) (42)

(mipy?

B 1 o 1 }
% {cs’—mﬂlls'—s) (F—mP—t)(s"—5) [ *

where ¢;(f) depends on the single variable ¢,

We require that the amplitude T; expressed in terms
of the dispersion relations (42) and (35) satisfy the con-
ditions (39) and (40) for ¢ and s related by the condition
t=- (s~ m??%/s, After simple transformations, we ob-
tain an expression for the subtraction functions & (m?)
in terms of integrals in the s channel:

5 : 1 ¢ dz
P1(me 1) — g3 (m? t)=—P 5 = G—miry
(m+u)2
m? (2zsy — s — m4 s
“{ T e 40 (@, ) — AP (2, 1)
—2m (A (@, )~ 4 (2, 0]} ; (43)

dr
(z—s54) (x—m35y)

e 1 ¢
dalmt, =P |
(m+uye

AP (@ )= [4P (2. )= AP (z, 1},

44
{ 2m? (2zsy —sf —m4) (44)
7 lspe—m?) z—mE—1)

where
si=m*—t2+ VT (t—4m?)/2.
Thus, in the dispersion relation two of the four sub-
traction functions are determined by (43) and (44). The

functions ¢,(f) + ¢5(¢) and ¢4(#), as before, ™™ are given
by

= 1] ’ o 1 ’ e
$1(0)+ s ()=~ j e "_T.?,-‘ff;'(" Lol I
4u?

~
—ip [ A = iapummy (45)
(m¥p)2 G MO A ) ;
5+ | A0, u=mt .,
$alt) =t + L p [ A2U dt
g 2y —1t X J ' —1)
Hiw W5 ) e ( (46)
1 A (s, u=m?) ds’
W P Jo (8" —m2) (s —m2—f "
(m+p)?

The dispersion relations (42) and (35) with the subtrac-
tion functions we have obtained satisfy the kinematie
relations (37)—(40), However, numerical calculations
have not yet been made with these dispersion relations,

Compton scattering in the region of the P, 3(1236)
resonance

Let us consider scattering of »’s on protons in the
region of the P;3(1236) resonance, Discrepancies be-
tween dispersion-relation predictions and experiments
near this resonance were noted already in the early in-
vestigations of yp scattering, and the later experimental
data have only aggravated the discrepancy. It was as-
sumed that this is due to the poor determination of the
real part of the amplitude because of inaccurate allow-
ance for the total contribution of the small photoproduc-
tion amplitudes and incomplete treatment of the #-
channel contribution,
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Pfeil, Rollnik, and Stankowski’® calculated the dif-
ferential cross section of yp scattering under the as-
sumption that the real part of the amplitude is zero.
Since the real and the imaginary parts of the amplitudes
occur independently in the differential cross section
(10), they obtained in this manner the minimal theoreti-
cal value of the yp differential-scattering cross section.
In this case, there is no need to use dispersion rela-

" tions, and the imaginary part of the amplitude can be
expressed by means of the unitarity condition in terms
of the pion-photoproduction amplitudes. The photopro-
duction data given in Refs, 79—81 were used in Ref. 78.

The differential cross sections obtained in this man-
ner lie below the experimental values at energies be-
low 300 MeV and above 380 MeV, In the range between
300 and 380 MeV, the theoretical predictions are al-
most saturated by the experimental data.

At the resonance energy (320 MeV) for the angle
0=90° the theoretical curve (Fig. 19, continuous curve)
passes above the experimental data, and the discrepancy
is at least two standard deviations.

This discrepancy is due to the exceptionally large
contribution of the resonance-photoproduction multipole
M,+. The most important reduction of the differential
cross section is due to the interference of Eq+ and M-

with M+, Therefore, better agreement with the experi- |

ment can be achieved only by reducing the amplitude
M,+ (and Eys) and increasing Ey+ (and Mj-). In Fig, 19,
the dashed curve gives the results obtained with the
smallest M+ (and E;») and largest E;+ (and M;-) values
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allowed by the experiments, In this case, the theoreti-
cal curve is in the allowed region, but still near its
boundary, which leaves no room for the contribution of
the real part of the amplitude,

To examine more closely the reasons for the dis-
crepancy between theory and experiment in the region
of the first resonance, Pfeil, Rollnik, and Stankowski'®
carried out a partial-wave analysis simultaneously for
pion photoproduction and Compton scattering, using the
vp differential-scattering cross section and the unitarity
condition, The largest deviation from the dispersion-
relation predictions was obtained for the real part of the
resonance amplitude £y and the amplitude fiy; (Fig. 20).
For the other partial waves, the results of the phenom-
enological analysis and the dispersion- relation predic-
tions agreed. They therefore concluded that excitation
of the Py,(1236) resonance is responsible for the dis-
crepancy, and not the summed effect of small ampli-
tudes. They concluded that it is either necessary to re-
examine the importance of the P43(1236) resonance in
vp scattering or to change the experimental data
appreciably.

4, SUM RULES
Gerasimov—Drell—Hearn sum rules

The amplitude of forward yp scattering has the form
(47)

where f; and f, are related to the amplitudes R; in (13)
by

uaT g1ty = (es84) f1 (¥) — 1 (0 [ese,]) F2 (¥),

fy= Ry (¥)— Ra(¥);
fa= Ry ()= Ry (v) 2 [R5 (v) -~ R (¥)].

Let us consider the amplitude f;(v). It is antisym-
metric under the replacement of v by — v, Suppose that
for this amplitude we can write down unsubtracted dis-
persion relations in v. Constructing these relations at
the point »=0 and using the low-energy limit for .
Ref,(v)/v as v—0, we obtain

o

p 2 [ dv N it
— '_?31-71“] fa(¥)-

2m* L
AY)

Expressing the imaginary part of the amplitude f, ()
in terms of the difference of the total cross sections of
photoabsorption of photons whose spins are parallel
(0,) and antiparallel (o,) to the proton spin, we obtain
the following final form of the sum rules:

(48)

232 3
i B A L
v

These sum rules were originally constructed by
Gerasimov, ¥ and then by Drell and Hearn, * The sum
rules (48) are saturated by low-lying resonances.
These sum rules were obtained under the assumption
that unsubtracted dispersion relations can be written
down for the amplitude f,(v). Such an assumption is
valid if the difference of the cross sections o, and 0,
does not contain an energy-independent contribution,
Since the difference 0, -0, is characterized by negative
7P, the pomeron pole (7P positive) does not contribute
to this difference. The pomeron—pomeron cuts can have
negative TP and, therefore, contribute to ¢,—0,. If this

P.S. Baranov and L.V. Fil'kov 62



contribution tends to a constant, one needs a subtracted
dispersion relation, and the sum rules (48) will no
longer hold,

Thus, the direct measurement of 0, (v) and o,(v),
especially for large v, enables one to verify these sum
rules and obtain additional information about the Regge
trajectories with TP negative. A direct experimental
verification of this kind has not yet been made,

Sum rules for the 7% 2y, n—> 2y, X0~ 2y decay
amplitudes

Let us consider the sum rules¥ for the 70— 2y, 7
=2y, and X" — 2y decay amplitudes. These sum rules
enable one to obtain additional information about the
', 1, and X" mesons. Suppose that the amplitude T} of
¥N scattering to which these mesons contribute tends to
a constant limit with respect to s as s — « for fixed
t<0. Then for T; we can write down the dispersion
relations

Ts(s,t)=rs (ﬁ"‘ﬁ)
+2 | aape o[ A+ ]+ a0, 9
(m+p)2

where the function A(¢) depends only on £, The possibil-
ity of writing down an unsubtracted integral of A(s, ?)
tollows from Regge-pole theory.

For T; we write down the Mandelstam representation:

s ~

ds' dt’ kit
Ts(s, u, t)-——';gj T j 7 P8, t)
m2 1]

e ’ o, ™ ;e
ta s W v S ds du’ ALty
Tn'—’,j uw—u 5' :’—:923(“'1)7':(_!5g_'?gjmplﬂ(s'”’)
m2 0 m2 m3
{ Tahas 1 ¢ 4 ayleia
4 [ ag(s)ds’ ay (u') du’ . (" ag(t) dt’
TIS s —s +_"[_‘j u—u +TI—J f—=F " (50)
m2 m? 0

The last three terms in (50) are quasilocal terms
that depend only on s, u, and ¢, respectively. We go
over from the double dispersion relations to one-
dimensional ones at fixed ¢:

Ty (s, t):rs(rjrs+mT‘;i)+% j ds' A9 (5", ‘)[s-is‘"?i—u]

(m+p)?

Ak (51)

.

It follows from comparison of (49) and (51) that

A(t)=1Lim 75 (s, t) = 3 "“T“_’_ft (52)
0
Setting s =m? and #=0 in (49) and taking into account
the low-energy limit (34) for the amplitude Ty(s = m?,
t=0), we obtain the sum rules?

@ e
Al e lahet [(2}‘1’4—)‘12’) oM :J,ﬂ] (53)
~aum0 2 [ Ao,

T m¥2

Let us consider the isovector part of the amplitude
T5. If the 7’ meson is a moving Regge pole, its contri-
bution to A"?(£=0) is zero, but if it is an “elementary”
particle, its contribution to A"’ (¢=0) is nonzero,
Suppose that the 7" meson is not a Regge pole and that it
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makes the main contribution to A" (¢=0); we then ob-

tain sum rules for the 1° —2y decay amplitude™:

T e DML [ AT
(m+p)2

s —m2 ds” (54)
where F,, the " — 2y decay amplitude, has the form
(20).

Similar sum rules were obtained by Pagels, % though
later, under the assumption that T5(s, =0) &% 0 and the
7° meson is a Regge pole and appears in the expression
(49) because of the representation A™"? as the sum
A=AV 42, where the Regge part #; is due sole-
ly to the high-energy contribution to Ah Y

The assumption made in Ref, 97 in the derivation of
(54) that the 7" meson is not a Regge pole can be verified
by calculating with sufficient accuracy the integral of
A“"(s,0) in the expression (54),

To calculate A" "'(s, 0), we restrict ourselves to the
contribution of single-pion photoproduction, In the photo-
production amplitudes we shall retain partial waves with
J<3. We take the values of these partial waves from
Ref. 82. As a result, we obtain

GaxyFa/2=(0.072 - 0.023)/m = 0.095/m. (55)

As can be seen from (65), the contribution of the in-
tegral is comparatively small and leads to an increase
of the amplitude g, yxF,. The value found for granF./2
corresponds to the 7°-meson lifetime 7,0 = 2, 4 x10-16
sec.

It follows from (55) that F, has the same sign as
&rvn. This is in contradiction with the sign of F, found
experimentally from yp scattering, 75 76 8% 88

The same sign of F, as is obtained by means of the
present sum rules” also follows from Pagels’s paper,
and also from the superconvergent sum rules!’ with re-
spect to « and ¢ for fixed s =0 for the ¥N scattering
amplitudes, * To reconcile these results with the ex-
perimental data, ' it is necessary to introduce into (54)
an additional term to ensure the correct sign of F,_, It
is hardly probable that the required compensation can
take place through more accurate allowance for the in-
tegral terms, since such compensation requires that the
integral of A5 " in (54) be large and positive, But then,
in accordance with the dispersion relation (33) for the
amplitude T, this would increase Ty, and therefore in-
crease the differential cross section of yp scattering,
which would only aggravate the discrepancy between
theory and experiment in the energy range 180—220 MeV
and around 320 MeV,

This additional term may appear as the contribution
of the quasilocal term A"’ to the left-hand side of (54),
At the same time, it follows from the requirement of
the correct sign and amplitude of F, that®

AP t=0)=Ag~ 2| guxxFui2 |

DIn Ref. 90, Okubo makes the erroneous assertion that the
sum rules of Refs. 98 and 99 indicate that F_ has a sign oppo-
site to g'””(g'ﬁ’WF' <0), i.e., in agreement with the experi-
mental value. .
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Since A{"(t) occurs in the amplitude 7" and does not
depend on s, the state in the annihilation channel that
contributes to A" has the following quantum numbers*
I=1, G=-1, P=—1, C=+1, J=0, i.e., the quantum
numbers of the 7° meson,

We parametrize the function A{P(t) (for ¢<0) in the
form

AP (1) = Agmi/ (me—1). (56)

This term must appear in the dispersion relation (33)
from the integral of A{(t, m?), and with allowance for
(56) it will have the form

AP (@) — A (0) = Aot/ (me—1), -

leading to a reduction of the differential cross section of
yp scattering through an angle 6+0 at incident y-ray

» <300 MeV. In principle, the effective mass i, may
be small if A{" is due, for example, to the contribu-
tion of an “antibound” state of a system of three pions.
However, #1, cannot be too small (m,~ 150), since then
the total effect of the 7°-meson pole and the quasilocal
term in the differential cross section of yp scattering
would be the same as if one allowed for only the con-
tribution of the m-meson pole with a sign that reduces
the differential cross section (g xaFy <0), which would
contradict the existing experimental data. *

The quasilocal term (57) can make an important con-
tribution to the angular distribution of yp seattering at
high energies. From the point of view of the J plane,
this quasilocal term can be a fixed pole or a Kronecker
singularity with the quantum numbers of the 7° meson.

Let us now consider the sum rules (53) for the iso-
scalar part of the amplitude T;. We shall assume that
the 7 and X° mesons are “elementary” particles and
make the main contribution to A‘S’(0). Then™

gaxxFrn | gxonnFxo 2 ;
e :_m (20,423 + 43

A9 (¢, 1=0)

ST ds’, (58)

where g,y and gxiyy are the coupling constants of the
interaction between the n and X" mesons and nucleons;

F2 = 64Ty o,/pd;  Fio=64nlxosoy/i5,.

The assumption made above about the nature of the n
and X° mesons can be verified by calculating with suf-
ficient accuracy the integral of Ag™ S'(s,#=0) if one
knows the experimental values of the constants for the
decay of the n and X° mesons into two y’s and the
coupling constants of the interaction between these
mesons and nucleons,

To calculate the integral of A*S'(s,0), we again re-
strict ourselves to allowing for the contribution of the
amplitudes for the photoproduction of single mesons on
2 nucleon and we use Walker’s phenomenological analy-
sis of photoproduction. # As a result, the relation (58)
takes the form

gnxxFu/2+ g xonyFxo 2 = (0.239—0.428)/m = —0.189/m.

Let us estimate the amplitude gx0xFx0. To this end,
we take for g,» the value obtained from analysis of the
bootstrap sum rules®®® for the amplitudes of baryon—
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paryon scattering, i.e., g5 v»/4r=1.05, In accordance
with Ref. 86, we take the n— 2y decay width equal to
0.37 keV. The sign of F, relative to g,y is unknown,
and we therefore consider two possibilities:

1) g, wxFy> 0; then gxoyyFyo=-0.51/m;
2) gayaFy, <0; then gxoxsFxo=-0. 25/m,

If we take the coupling constant to be gyony/4m =1,
then in the first case we have I'xi.,, =100 keV and in the
second I'y0.p,~25 keV.

5. yp SCATTERING AT LOW ENERGIES

Determination of the generalized polarizability of
the proton from yp scattering

When low-energy 7’s are scattered on the proton, the
scattering amplitude can be represented as an expan-
sion in the y energy v. Using relativistic and gauge in-
variance, Low!%" and Gell-Mann and Goldberger'"! found
that the coefficients of the zeroth and first powers of v
can be expressed solely in terms of the constant of the
electric charge e and the anomalous magnetic moment
of the proton, The amplitude of Compton scattering in
the second order in v is determined by two structure
constants as well as by e and A,. These constants are
called!™ the generalized electric (@) and magnetic (8)
polarizabilities of the proton. Klein!®® was the first to
point out the connection between the quadratic terms in
the spin-independent amplitudes and the electric and
magnetic polarizabilities of the proton. Baldin!®® ob-
tained an explicit expression for the electric polar-
izability @, this agreeing with the generally adopted
expression in nonrelativistic theory, and he estimated
the value.

As was shown by Petrun’kin, ¢ the amplitude of ¥p
scattering in the expansion in v to terms 1% can be
represented in the following form (in the laboratory
system):

@ (pa) Ty (pi) = [ — 5+ dvys ] (e301)

+vyvy [ 4P — s (1 M) cos 0 | (s:89)

it v 28R (o feseil) i+ v g tG0)
(44 hp)? (0 [8284]) 1 5 (1 p)?
# [ (082) (®aey) — vy (084) (%e€a)],
where
% — - 1/3 <t >+ dpet2md - 3e2/4m? - Aa; } (60)
p="p-+Ap.

In the expressions (60), Aa and A are unknown correc-
tions to the polarizabilities o and B; (frﬁ) is the mean
square radius of the proton charge distribution, As can
be seen from (59), o and B contribute to the coefficients
of ¥ in the amplitudes Ry and R, in (13):

B, = vpvadnd;
By = vyvq [47p — (€%/4m®) (1 - hp)*cos Ba].

(61)

Barashenkov ef al. 1%1% obtained an expansion of the
vb scattering amplitude to terms v3, No new constants
appeared in the expansion.
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The differential cross section of Compton scattering
on the proton can in accordance with Refs. 104—106 be
represented as an expansion in v of the form

(do/dQ)y = (do/dQ) , — (e2/dmum)2v (2 (1 4-2%) -1 2z

(62)
X (1 =3v(1 —z)/m)+0 (¥4,

where z=cos#,, The first term in (62) is the Scattering
cross section of a y on a structureless particle with
spin z (see Ref, 35):

(do/dQ), = (= 4am) {|1 — 2v/m (1—2) =3 (v/m)2 (1 —z)
—4 (v/m)® (1 —z)%] (4 - 2} (v/m)? (1 —z)2 - f 0172, (63)
where
) =a,+az--a,2% a,= .y +923/2 4+ 303+ 303/4;
ag= —4hp— 503 —20% @ =22,132/0 — A — M4

For the sum @ + @ of the polarizabilities one ean con-
struct sum rules that relate a +8 to the integral of the
total photoabsorption cross section. To this end, we
write down the Kramers—Kronig dispersion relation?.4°
for the sum of the amplitudes R, + R, at 8 =0°, We
obtain-lDS, 107

o

- \5 v,
If we substitute the experimental values of o (v) right up
to the energy 30 GeV (see Refs. 108 and 109) into (64)
and use the usual Regge extrapolation to higher en-
ergies, we obtain!!6 117

a--F=(14.1 = 0.3) 10~% cm?. (65)
The first experimental indication that the polarizability
of the proton influences the differential cross section of
elastic scattering of y’s on protons was obtained in Ref,
13 in 1956, Then, in Ref., 9, Gol’danskii et al. were the
first to determine the value of the proton’s coefficients
of electric and magnetic polarizability:

= i 3.

f—-(ﬂiZ)Xﬂ.O 4§ cms, (66)

B=(242) x10-% ¢m3,
where the errors correspond to the statistical errors
of the measured yields, These results were obtained
with the use of the expression (62) (restricted to
quadratic terms in v) for analysis of the experimental
data on yp scattering at energy v==55 MeV, and (64) was
also used, In this relation, o(v) was expressed in terms
of the experimental data for the cross section of single-
pion photoproduction in the range of incident y energies
up to 1 GeV, which gave @+ B=11x10" em?,

Baranov et al, , 51 uging new and more accurate ex-
perimental data for the energies from 80 to 110 MeV
for scattering angles 90 and 150° in the analysis by
means of Eq. (62), obtained the following values of &
and B:

a-Lf=

(64)

%:(10.?1: 1.1) X 1074 g3, } (67)
B=(—0.7 & 1.6) X 108 ¢3

and accordingly
@+F=(10.0+2.3) 10 o (68)

The possible errors of the theoretical expression (62)
associated with neglect of the terms of fourth and higher
powers in the frequency were not included in (66)—(68),

From comparison of (68) with the prediction of the
sum rules (64) it can be seen that the value of the sum

65 Sov. J. Part. Nucl., Vol. 7, No. 1, Jan.-Mar. 1976

@ +B obtained from the yP-scattering experiments
agrees with (65) to within two standard deviations,

Allowance for the 7°-meson pole in the determination
of the proton polarizability

Sign of the n° — 2y decay amplitude. As was shown
above, to determine the coefficients of the generalized
proton polarizability from the experimental data on 3p
scattering at low energies, the expression (63) for the
differential eross section of vP scattering, obtained
from the general requirements of field theory as a
series in powers of the energy v of the incident y with
allowance for terms up to v3 inclusively, was used in
Refs. 9, 15, and 16, It was also assumed that the con-
tribution of the ignored terms is small in the investigat-
ed range of energies,

However, from analysis of yP scattering by means of
dispersion relations it follows that the contribution of
the 7-meson pole, which enters the differential cross
section with terms beginning with v, is not small (see,
for example, Fig, 13) and for v=100 MeV and 6 =150°
is about 10%. Therefore, allowance for the 7'~
meson pole may be important when one deduces o and
B from yp scattering data,

It is easy to show that the radius of convergence of
the expansion of the 7°-meson pole with respect to » for
scattering angle 90° is p,0/V2, while it is Ke0/2 for
scattering angle 180°, Thus, in this range of energies
this pole must be taken into account completely without
an expansion in v,

The differential cross section of vb 'scattering with
allowance for the 7°-meson pole has the form (in the
laboratory system)!1? :

da/dQ = (43) +(2/m?) (vipma)?

(69)
X(1=2z)/[1-+~v{1 —z)/m]® By (By - A)+-0 (Y,

where

B = (Ba0/27) e Fat (12 —1);
A= (e 4a) (u/2m) {(2 - Lpf—1 —(1 W) (1—12)
X (1 29/m) 11 v (1 —z) m]};
te= — 2% (1 — )1 -+ (1— z)/m).

The expression for (do/dR), is determined by (62).
The 7"-meson pole occurs in the amplitude T; in (9),
As can be seen from (11), this pole occurs in the cross
section in the form of a quadratic term and interference
with other contributions in Ty. In (69), allowance is
made for the interference of the 7'-meson pole with on-
ly the Born term, The dispersion integrals of the ampli-
tude T; contribute to the cross section beginning with
v! (for interference with the Born term). These in-
tegrals were calculated by means of the dispersion re-
lation (33). For energy v=100 MeV their contribution to
the amplitude Ty is about 50% of the contribution of the
7’-meson pole (with the same sign as A), In what fol-
lows, we shall assume that the contributions of the re-
maining ignored terms do not exceed the retained term
and that the error introduced by the ignored terms in
(69) in the range of energies around 100 MeV is about
+50% of the contribution of the 7°-meson pole, For a
more accurate calculation of the indeterminacy in-
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TABLE VIL "

Coefficient GavNFr<0 | 9anNFz =0 | @xNNFz>0 A
104, em? 13.9 10.7 8.0 +2.1
Pyger % 9 25 —50 —
(& —B) X108, cm® 19.9 1.4 44 A4
Pyogor % 12 1.3 0.7 -

troduced into @ and B by the omitted terms it would be
necessary to calculate the expression (69) by means
of dispersion relations and the value of do/dQ without
expansion in v and find their difference,

In Ref. 110, Eq. (69) was used to analyze the experi-
mental data of Refs. 15 and 16 in the energy range 80—
110 MeV separately for =90 and 150°. From the analy-
sis for 8=90° the value of o was found, and the analysis
for 6=150° made it possible to determine directly the
difference o — B. The results are presented in Table 8
for different ways of allowing for the 7°-meson pole.
The 7° — 2y decay width was taken from Ref. 113 to be
equal to I'yo.3,=7.720.9 eV,

Table 8 gives the probabilities P,(y%) for three dif-
ferent ways of treating the 7%-meson pole and also the
total experimental and (assumed) theoretical errors in
o and o - 8.

It can be seen from Table 8 that the polarizability dif-
ference @ — B is particularly sensitive to the contribu-
tion of the 7'-meson pole. Analysis of the data for the
angle 6=90° does not enable one to choose between the
signs of F,. This is because the contribution of the -
meson pole for 8=90° is small in this energy range.

On the other hand, analysis of the experimental data for
the angle 8=150° gives the sign g,y F, <0 [the probabil-
ities Pf(xz) for the competing hypotheses are 1,3 and
0.7%). This sign of F, agrees with the sign found in
Refs, 75, 76, 87, and 88 from the analysis of vp scat-
tering by means of dispersion relations,

Thus, investigation of yp scattering in the region of
low energies by means of the expression (69) enables
one to determine the sign of the 7° — 2y decay amplitude
in a model-independent manner and with a fairly re-
liable estimate of the terms O(v?) omitted in this
expression,

Sum rules for coefficients of the generalized
polarizability of the proton

Good agreement with the o and B values (6'7) was ob-
tained by Fedyanin, *® For a certain new set of invariant
amplitudes different from (9), Fedyanin constructed
subtracted dispersion relations for fixed {, determining
the subtraction functions in terms of the low-energy
limit. These dispersion relations were saturated by the
amplitudes of single-pion photoproduction in the energy
range up to 1 GeV and were calculated for v=>55 MeV;
the results were @=10.4x10"*® cm?® and B=0.7x10"*

em?®,

However, it should be borne in mind that the ¢ depen-
dence of the subtraction functions was not taken into
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account in the dispersion relations, so that the contri-
bution of the annihilation channel was ignored.

In Ref. 111, Bernabeu el al. considered dispersion
relations for the amplitude proportional to the amplitude
difference R, - R, for the angle 6=180° and obtained
sum rules for @ — . In these sum rules, the contribu-
tion of the annihilation channel, which was assumed to
be small, was ignored, Calculations with allowance for
(65) gave the following results: a =4 %104 em? and
B=10%10"% em® Thus, these calculations indicated
B>, in disagreement with the experimental data.

A similar result is obtained if one writes down once-
subtracted dispersion relations for angle 0° for the am-
plitudes Ry and R, separately. This is because the main
contribution to R, comes from the integral of E,+, and
that to B, from the integral of M;+, The disagreement
with experiment probably indicates the impossibility of
constructing once-subtracted dispersion relations for
the amplitudes R, and R, (and also Ry - R,) at angle 0
=0%

Akhmedov and Fil’kov!!? expressed the amplitude
difference Ry —R, for 6=0° in terms of the amplitudes

T, in (9), for which they then wrote down the dispersion
relations (33) and (35).

From the relations (14) one readily obtains

Ry (v, 5= 1) — Ba (¥, 2= 1) = — oo (Ta -+ T)ems

— L (Tt L)+ 3 (T T)lems (70)

where z =cosf and W =s=m*+2mv.

For the amplitudes Ty and T3 we rewrite the disper-
sion relation (42) in the form
ReT, (v, ) =r; (st ey -+ (% 0)

it u=mt)+ 2P [avar e,

Vo

(71)

1 1
X [v' W—v) +t2m)(v+v+ !/2:7:)] 2

The dispersion relation (35) for the amplitudes T, and
T, can also be expressed in terms of the variable v:

ReT; (v, ) =7 (o — s (72)

4mv 4+t ¢ A;" (', tyav' 7
t+ g P ) T
Yo

=2, 4

Substituting (71) and (72) into (70) and retaining only the
terms with v, we obtain

By(v, z=1)—Ry(v,2=1)

7
(2 (74 -+ rm - (ra+TO/21] m— 24, (OO}, (73)

where A,(0)=¢,(0) + ¢3(0). Taking into account (61), we
find the following sum rules for the difference a-fBof

the polarizabilities'!’:

2— B =e2 (1 +Ap)¥4—4,5)ham® — A, (0)/2n. (74)

In this expression, A,(0) has in accordance with (45) the
form
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A=+ | Lo 4P, u=m) - AP (¢, umma)
ip2 E

._'_1- = A(is)(s'. U= nlf) - -‘1‘9: (s u= ,":)dé".
& —m)

a
(m+)2

We take into account the contribution of the two-parti-
cle 77 interaction to the first integral by means of the
diagrams shown in Fig, 10, We shall saturate the in-
tegrals of A{* and A$® by the single-pion photoproduc-
tion amplitudes, using the multipole analyses of Ref,

80 (up to 250 MeV) and Ref, 114 (from 250 to 1200 MeV).
Since the second integral contains the imaginary parts
of the amplitudes in the s channel for fixed u — m?,

which corresponds to an unphysical value of cosf, the
partial-wave series for these amplitudes may diverge,
Therefore, we sum the series in cosé in the amplitudes
A{® (', u=m?) and A% (s, u=m?) by means of the
[1,1] and [1, 2] Padé approximants. We obtain

a—f=15.3 X 10~ cm®. (75)

The main contribution to A,(0), and therefore to a-73,
is the annihilation channel’s, The contribution of the
second integral is only about 5%. Therefore, the sum
rules (74) can serve as a good tool for selecting be-
tween different models with allowance for the contribu-
tion of the ¢ channel to yp scattering. It should be noted
that if no summation is performed over cosé in the am-
plitudes A{*(s’, m?) and A& (s’, m?) by means of Padé
approximants, the contribution of the second integral
is about 10%.

In order to take into account in A ,(0) the contribution
from the #-channel states not covered by the diagrams
in Fig. 10, we use the bootstrap model (36), relating
the integrals of the amplitudes in the ¢ channel to the
integrals of the amplitudes in the s channel, as was
done in analysis of the dispersion relations for the vp
scattering amplitudes:

1 () - 5

. = m?) sl :

A (0) = 5 [ i=m tmd, (I, u=m2)| it
huz

1 [A{P (5" u=m2)-- A (", u=m?))B
(' —m2)2

ds” (7 6)

(m+p)2
o

1 ds’ B v ST B
7 ) T (25 AN )L TP (¢ o
(m+p)2
_ AP, =0 AP (s, t=m}
'

s'—m?

where the first two integrals take into account only the
contribution of the diagrams in Fig. 10, and the bar
above A{*) and A{® means that the contribution from
these diagrams is omitted in these amplitudes. Using
as before the analyses of Refs. 80 and 114 in (76), we
obtain

a—P=12.3X10"% ¢m?3, (77)

I we sum the series in cosf by means of Padé ap-
proximants in the amplitudes A{*'(s’, ) and A{®(s’, {)
and then calculate the derivative with respect to f in
(76), we obtain

o —P=10.4x10"% ¢m?.

(78)
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The integral of A{*(s’, 0)+A{(s’, 0) has remained
practically the same, and all the changes have been due
to allowance for the integral of the derivative with
respect to £, This indicates that the partial-wave series
in the expression a[A{*(s’, £) + A{®(s’, #)]/dt does not
converge sufficiently fapidly, and in this case one must
use methods of approximate summation. This must be
borne in mind when one is investigating yp scattering by
means of dispersion relations,

As can be seen from (75), (77), and (78) with allow-
ance for (65), the sum rules discussed here!® give
@ > B for all models, in agreement with the experiments,
It would be interesting to take into account the contribu-
tion of the o meson to A,(0). This contribution must in-
crease the value of @ -8 compared with (75).

CONCLUSIONS

Thus, our investigation of the elastic scattering of
¥’s on protons at low and medium energies enables us to
draw the following conclusions:

1. From a comparison of the experimental data with
the prediction of dispersion relations for fixed £ the sign
of the 7° -2y decay amplitude was determined for the
first time (g,yvF, <0); it is an important parameter in
the construction of various field-theory models. Later,
this sign was confirmed in 7°-~meson photoproduction
experiments.

2. Comparison of theory and experiment at energies
below 150 MeV and from 230 to 280 MeV indicates that
one must take into account in the annihilation channel
not only the fourth-order diagrams (see Fig. 10) but
also other states as well (for example, by means of the
bootstrap model).

3. In the range of energies 180—220 MeV and in the
region of the Py; resonance (for 6 =90°) there is a strong
discrepancy between the experiments and the predictions
of the dispersion relations. In the region of the Py,
resonance a discrepancy is obtained even for the lower
limit of the theoretical predictions for the differential
cross section of scattering at angle 6 =90°. All this in-
dicates that further theoretical investigations must be
made, as well as new experimental measurements of v
scattering in these energy regions.

4. Investigation of ¥p scattering at low energies led
to the discovery of the polarizability of the proton and
made it possible to determine the coefficients of the
generalized electric and magnetic polarizability of the
proton. At the present time, the ¥p scattering process
at low energies is the only source of information about
these parameters.

5. With a view to obtaining the polarizability coeffi-
cients of the proton from p scattering experiments,
an expression was obtained from the general require-
ments of quantum field theory for the differential cross
section of ¥p scattering as a series in the Y energy, in-
cluding »® terms. We have shown that in this expression
for the differential cross section it is necessary to take
into account the 7’-meson pole. The difference of the
coefficients of the electric and the magnetic polarizabil-
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ity is particularly sensitive to this. In order to deter-
mine more accurately the coefficients, it is necessary
to estimate more accurately the terms omitted in the
expression for the cross section and make new mea-
surements of the energy dependence of yp scattering
(for example, for angles 6 =90 and 150°) in the energy
range 20—100 MeV with a better energy resolution.

6. Evaluation of the experimental yp-scattering data
in the energy range 80—110 MeV by means of the expres-
sion (69) for the differential cross section yielded the
sign of the 7°— 2y decay amplitude, which agrees with
the sign obtained previously by comparing the yp-scat-
tering data at low and medium energies with the predic-
tion of the dispersion relations.

7. Comparison of the experimental data for the dif-
ference of the electric and magnetic polarizabilities of
the proton with the results of calculations made with
sum rules enables one to analyze the various models
used to take into account the annihilation channel in the
dispersion relations for the yp-scattering amplitudes.

8. Analysis of the Gerasimov—Drell—Hearn sum
rules yields additional information about the Regge
trajectories with negative 7P,

9. Further analysis of the sum rules for the 7° =2y
decay amplitude will make it possible to establish
whether there is a fixed pole with the quantum numbers
of the 7° meson,
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