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Abstract

An analysis of elastic y - ray scattering by protons at an energy up to 300 MeV
has been made by using the dispersion relations (d. r.) Six dispersion relatioﬁs were
made use of to estimate the real parts of the amplitudes at 02 =0, The pion photopro-
duction has been taken into account in a wider than earlier energy region. It has been
proved that the subtraction is necessary iIn the dispersion relations (at any rate for one
amplitude). Five subtraction constants are determined by the low energy limit and ex-
prassed in terms of the charge and the nucleon magnetic moment, The differential cross
sections and the recoil nucleon polarization have been estimated.

y = N scattering at high energles 1s being discussed.

Following Gell-Mann, Goldberger and Thirring/ 1/ the dispersion relations (d.r.) for y-N -scattering
the validity of which in the e2 - upproximaﬁon was proved stiictly by Bogolubov and Shirkov/2/ were
applied to analysis of the experimental data in a number of papera/ 8-7/, Cini and Strofolini/3/ were the
firat to make the calculations of the cross sections for the forward scattering at the energies of y-rays
up to 210 MeV. Some qualitative features of the energy dependen‘ce of the cross section for forward scatter-
ing were pointed out earlier in/l/, as well as in/%/. |

Capps/4/ considered y~ N scattering at arbitrary angles with accbunt of the minimum numbér of angu-
lar momentum states. In doing this, he made use of some unpublished results of Gell-Mann and J. Mathews.

Akiba and Sato/5/ treated the non-zero angle scattering, To calculate the subtraction constants in
some dispersion relations the perturbation theory was employed.”

In Ref./6/ the dispersion relations were considered in detail for all six invariant functions characteriz-
ing the amplitude for y - N scattering, and the dispersion analysis was made in the energy region up to
200 MeV, some recoil effects being neglected. It has been shown that the account of the photoproduction of
pions in the s-state leads to noticeable changes in the threshold region. At the same time the agreement
between the dispersion analysis and experimental data improves. Cusp dependence arised in the émplitudes
and cross sections near the threshold for pion photoproduction.

In spite of some differences in the published papers which are due to the different assumptions on the
number of subtractions in the d.r. and on the maximum moment of the con_sidered states, the common feature
for all of them was the impossibility of obtaining good agreement with the experimental data in the energy
range of about 160-200 MeV. . ’

In a number of papers/ 9,7,10/ gn attempt has been undertaken to do away with the discrepan.cy by taking
e/ and

into account the Low diagmm/ 11/ . However, a direct measurement of the #°-meson lifetime

the analysis of the problem concerning the sign of the pole amplitude and its magnitude/ 13/ has led to the



fact that the account of the Low amplitude cannot affect essentially the result of the analysis.

In view of the differences between the results of the analysis and the available experimental data this
paper deals with the analysis of y-N-scattering based on dispersion relations. In the course of this ana-
lysis, besides the account of the pion photoproduction in the s-state, we are considering the contribution
of the high energy region more thoroughly. Then we are treating the problem on the number of subtractions
in the dispersion relations and by having taken the nucleon recoil into account, we are estimating the quan-

titles. R.(v) for 02=-0 introduced earlier.

The co;mection of the invariant functions  Ti(», Q%)  with the amplitudes  RI(v, 03) in the
center-of-mass system (c.m.s.) ig given in formula (1) of paper/14/ (which is further referred to as paper
A). The defiriitionﬁ of Ti(v,0% and Ri(vQ?) see in/13/ (which is further referred to as paper B).
The notations adopted in the present paper coincide with those of the papers A and B. Here the amplitu-
des in the c.m.s. are designated by R; without additional asterisks.

' As far as by the optical theorem

. N ' 3 :
Im (R,+R,)-__‘L4¢;€L.-.%;M. <, : (1)

then under the assumption

(W) » Conlt . by Vo

asymptotically by W -+
R +R,+ Wiy . (2)

Assuming further that by W+ = all R;~p  we get from (1.A), thatby W o

: 2
T, =Ty W ; T +Tys W3 Ty~ W

Ty=Te>W; T,+T,» Conat ; T,» W /3/

Thus, under the adopted assumptions the dispersion relations for Tl’ ‘T3 and Ty must contain one
subtraction, while for the quantities T2, T4 and Ty the dispersion relations can be written without sub-
tractions. )

To estimate the ampiitudeg R, + Ry, Ry, Ry, Ry + Rg-

it is sufficient to write down the dispersion relation for Ti at Q2=-0 . When Q2_=, 0, the invariant v



, 2
ye=yy -~ O /ﬁ[
is known to pass into the energy of  y-rays in the lab :system ¥, (which is further designated by v).
As is seen from ( 1.A ), for the forward scattering the function T5 and T2 + T4 are reduced to

R4"— B3, so that the dispersion relétions for T5 and T2+ T4 at Q2 =0 gre equivalent,

Let us consider the functions
B ) =LUT =T, =5 (T,~T,) 1= Ea(R,+R,)

F, )=y T = HalR +R,+2R,+2R,]
" ' (4)
Fyv)= 2a(T,+T,)=( Ko ) (R -R,)

Fl(‘“)""z]—(r"'r')'ﬁ%f—(R’+R‘)_3T2}W°:(R‘+R’)'

It is clear from the discussion given above that the dispersion relations for the functions Fl’ s Fy
must contam one subtractlon All the quantltles in the right-hand side of (4) areinthe c.ms.  If we
take into account that (at Q2 =0 ) the ampl1tudes in the lab.system (¥ A *) are connected with the corres-

ponding quantltles in the c.m.s. by

(R,+R,)A= Wl’u- (R+R;).

' A '
[Rs+R4+2Rs+2Rg] = ‘L‘ [Ry+Ry+ 2R3+ 2R4] (5)

A 2
'(R‘—'R_,) -(123” (R,~R,)
then from the dispersion relations for Fl"" F, we get

A o (V)
Dt.l (vo) (0) _22‘_—' {,‘ ﬁ:t,;z 4 ‘y . (6)

A y o0
P 0000 (01 261 g O
' V. -V,

where . - :
A :
D,A—Re(Rj-l-Rz) D1(0)=—ez/u

DA R (Ry+R 2Ry + 2R 1N DY (0)=—2¢2
D_'AH RO(R‘—R,)A D:‘ (0)=—2[#’-(-ﬁrJ’]

DhaRreF, ) D @=-_EIN(240),



and the imaginary parts of the corresponding amplitudes are designated by Ai(vo), ‘the magnetic moment

by u= .S&I +A and the anomalous magnetic moment of a nucleon by K,
; , . .

If the elements of the amplitude of the pion photoproduction in the states with J< 372 are denoted

in the c.m.s, by

By = el 1/27/i M - /magn 1/2%/; ‘Ez - /el. 372" /;

E; ~ /el. 3/27/; Mg - /magn. 3727/ M, - /magn. 3/27/,

then the unitarity relations will lead to the equalities

ImR =v l|E [ +2|E, |+ SL |£,]%cos 6~ %]u,]’z
Im R =y |E,[*+ %.[Ezl’ cos 0 - |EJ|2.+ 1__12_1.91,1’ +Re (EpM) - (7)
Im Ry= v, %]E,f +Ro (E3 My},
which are the generalization of the corresponding"equalvitieé in/6/, The expressions for - ImR2 ’diff;r
from Ile by tfne replacement . E’ 2 Mi‘. Similarly, the expression for ImR4 can be obtained from
'ImRs, and ImR6 from ImRs. . , ' : . > .

In (7), the total contribution ef the: photoproduction of 7%+ and 7° -mesons is meant by the
module of the amplitude in the right—-hand side. Let us, note, thatif the pion and nucleon mass differences are

neglected, the interference terms; e.g., in lg,1*+ 157 ~ are vanished due to the isotopic symmetry
of the pion photoproduction matrix elements. '

At the same time _ .
A) = 2o =y HE + |5 + 2|5, + 2|: A LA +IE,I"
- TP Lip e 112ty .- 'S '
A,0) =v[E "+ 11 | +3_|E,| +3_,.1(,[ 14, + _;_Ezl |EJ+_;_M:l?l

(8)

v

- {4 ‘2_,, 2 2. - | 2
Aw) le [E] bar | +|4uj,_12_ E| ‘IE’ _21_,1121 }

=iy = 2 2 2 2
A0 + IZV,T""f WHE % M, §2_I\I,I + 3L|E,| - B~ _21.\1,;’- M, - LzE,ﬁ



The necessity of considering the dispersion relations with the subtraction for the amplitude R 1 +8o
can be proved.

Let us prove that the low energy limit of the amplitude Ry + Ry contradicts the value of this quanti-
ty obtained with the aid of dispersion relations without the subtraction. . '

As is well-known, for v -0 (Q2 =0)
Rl""R"’— e’/M<0 (9)

the dispersion relations without the subtraction for R+ Ry are of the form

. © yid
Re (R() + Rf%) )= 55 |, oy AW (10)

For v 0, itfollow from (10), that
o .

,Re(Rl+R2)->+,2fr_§]",' o, dv>.0 ,

what contradicts equality (9)*,

. Thus, the dispersion relation without the subtraction for the amplitude Ry + Ry contradict the rela-
tivistic and gauge invariance requirements on which the low energy limit is based.

Let us note, that possible sum rules connected with the square of the magnetic moment, if the disper-
sion relations without subtraction are assumed for Fyw), are not in a direct contradiction with the low-
energy limit. As is seen from (6) and (8), the contribution of the resonance state proportional to
IM‘,)[2 is vespecially essential here. The same result holds if one takes into account (numerically important)
contribution of the photoproduction in the s-state which decreases the effective contribution lMS |2. :

The sum rule for the square of the magnetic moment is very sensitive to the relationship between the
photoproduction amplitudes E2 and Mg .Forsome relations (for instance, with Eq = M3/ 5/) one can
arrive to a contradiction, However, the information on the analysis of the photoproduction is not so accurate
at present to state that the experimental d;ta contradict the sum rule. A further specification of the photo-
production analysis is extremely desirable for obtaining the data on the amplitudes E2’ E3 and M2‘

The fact that the dispersion relations without subtractions lead to definite sum rules can be of great

interest for some processes. So, for 7 # scattering similar considerations ( if applied to the disper-

*  This result has been obtalned also by W.N. Gribov.



sion relations at -’)2 =0) lead one to the conclusion that the scattering lengths in the ‘s-state at low energies

a and a, are positive. The same holds for #7-K and KK acattering,

]
If we consider the properties of the functions* |
| Fv) = (T,-T,) o (11)
F ()= (T+T,)’ (12)

F,(v,)-T,' ) \( 13)

. additionally to those introduced _ earlier, then one can become sure that FS 6(v) are the odd func-
tions of v, which have no poles, and Fa(v) is the even function with the second-order pole. At v +00,
F‘. 67" V.% ' -

so that the dispersion relations for these functions do not contain the. subtraction. The use of these dis-
persion relations may prove useful since in taking into account the photoproduction in the states with ‘

J< 3/2 the angular dependence of the amplitudes Ri(;,Q09 in the c.m.s. is representéd as
Ry=E,+25,+28,co8 - %,
R,= l,;zm,mt sco8 0-6,
Ry= 6,-6,+26,cos 0+ 1 ¥,+ C(§,M)
: , ‘ (14)
R‘-m‘—m’+2m,c010+ 5_5,Y+C(m,5,) -
R,=—& -Cc(M &)
| R‘:_mz-cﬂé’ n)
and characterized by-the eight function of energy &, ., C(és'mz) C(Mg&,) , which are expressed
in terma of Ri (v ,0) -and R*(v,0). "

“ It follows from (14), that if we restrict ourselves to the contribution of the states with J <'3/2

-

* The sign * means the differentiation with respeot to Q2 and a subsequent transtien to Q2= 0.



e : i wd
- Ry =Ry 262(3!15?‘5‘6)(;’:0 &, ESE
R =R’ =~-4M il
-3 4 ? Wy
°
R; =R;=O
(R,+’§),=(RJ+R“)’=(Rj+R‘+2R)+2R6 )’ : . (15)

and
In the low energy Timit/ 14/
v' (RiR ) =-2 %, L +o0
(Ry+R,) =- 2 [3+2( 1+1)*]+ O(v)
(R +Ro) == o '

o , A (16)
" (Ry+R4+2R s+ 2Rg)' =~ 7%,(2)3 —2A =1 +0(v), :

The contradiction of (15 ) with the 1ow-energy limit (16) implies that the restriction to the states
with J g 3/2 is not correct even in the low-energy regioﬁ. The crossing-symmetry conditions introduce
the kinematic corrections of the order of »/M, what cormresponds to the account of the states with higher
values of J , v . '

In order to make the analysis with such a high accuracy it is necessary to introduce new functions of
energy and to consider a great number of dispersion relations. The introduction of the Low diagram fails

to solve the contradiction mentioned above.

All the estimates of the amplitudes are given here, ‘R'i (»,0) being neglected.

-6

The results of the calculations for the amplitudes at Q2 =0 are plotted in the graphs. The energy
of y -rays is expressed in the part of the threshold energy ‘;It =-150 MeV, the values of the amplitu-
des in the part of eMe? .

To calculate the differential cross section for the forward scattering
o (09 = |Rs+R; | + |Ry +R, +2Ry +2Ry |

as is well-known, it suffices to have the' amplitudes Rl + R2 and’ R3+ R4+2R5-+; ZRG.
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To estimate Dl(v ) the dah on the total cross for y-ray mternctlon with protons have been used
These data incorporated also the second maximum and the cross seetion for production of pion pairs. The
dependence l(v o) isplotted in Fig. . 1. F:arher we neglected the contribution of the energy region
higher than 500 ‘eV. The result of the estimation of the amplitude R) + Ry is given in Fig. 2. The
main difference with the previous results takes place in the range 1<v 0 <2, where the values of
D 1v,)  decrease conslderahl) due to the compensation of the low-energy lumt and of the dispersion con-
tnbutron. Note, that it is this energy region whlch turns cut to be sensitive to the change of A 10 ve)
The second maximum in A 1(v ) corresponds to the second maximum in the photoproduction cross section.

When csnmanng the real parts of the amplitudes different from "1* "(2, “}"ch requrre more dctmled
expenmental data on the photoproducuon we restrict ourselves to the energy regnon up'to’ 1300'VeV. As

for the amplltude 1+ Ry, it was found possible to go further, although with energy the uncertainly of

_the contribution of the photoproducnon of pairs {and of larger number) of pions is demonstrated noticeably.

.

/15, 16

In some papers the process of y—=p scattermg at 300—800 MeV was. treated as a diffraction .
onerw!th Re " < Imt,. An experurental mvestlgahon of Y—p scuttermg in the range of the second
maximum is of interest as a sen: .cive method for studymg the maximum 1tse|f

“If, by negleeting all' “Re n, 7 we restrlct ourselves to the lmanmar\ parts of the amphtudes and con-

sider only the conmbutlon proporuoual to [F3| A then from ( 7 ) we obtam lmmedmtcly that a

R nR,R R ~0; =-ImR——2I'n =2 h"

and the differential cross sectiorn/6/ is equal to »
%’i.(m casﬁ’o)-.-—j%;._(naca'sm) R MR O L &) Y

R

o(0) = |

what coincides with the \linami’s results. The same result holds for the angular distribution,if in ( 7)

only Vg ( M+ Ry Rg» Ry s different from zero. For Eq and M. simultaneously different from
zero (at Re Rj =0.)

W fv w‘,(o() =(R}+RYj .-.7'?.99.&3@‘yzlon%re‘,'cns o I ':'A(ul‘g}-)‘ .

However, as our estimates show the values Re (ﬂr Ny cannot be neglected in the reglon of the

second maximum. From this point of-view, the second maximim-is much different from'7(-3.3") ' résonance

in whose region Re (ﬂl + Ro) < Im ( Rl + [12)

PR

The results of the calculatlons for R3+‘.{ R4, [l3+ R4 + 2 R5 + 2“6 . and ﬂ5 + RG are, presented

in Fig. 2~4. In calculatmg the dlsperslou mtegmls ] £y ! s ‘.13 2 and [E3 | where taken to be
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different from zero. At the same time, for |E1| 2 and I\islzthe energy dependence given in/6/ was used,
and |E3| 2 was taken to be different from zero in the energy range of  3.1<v < 5.8.

Note, that even if the imaginary part of 35 + Rﬁo_is»_absont,.the real part of this quantity is different
from the low energy limit, as far as the invariant functions T, {0 satisfy' the diepersion relations. . .1+ :

The values of o (0°) are plotted in Fxg. 5 where the result of Cini and Stroffolini for a.(o‘;)

in the c.m.s. is given for comperison. As apprecnable difference is observed in the threshold region,

7

To estimate Rl — Ry and Rg— R dispersion relations. (6) are not sufficient. Let us consider the

function

- E

F(v)fﬁgzb(vh_%l:,_t;’[(r,+13';f;-_rv(r,¢:r“),'_]v.., i (19)

As one can see frorﬁ (B.4)

Fy= B(R,—R,~ _2Mv_(R\_R )
M W(W+M) e _ (20)

The consideration of the dispersion relatlons for F() at the known"! R3_ Ry ‘enables s to estimate

RI-R2 ln the energy reglon we are consndermg the coefflclenl before ( Il3 34 ) in ( 20) is of the

order of v/\i However, as’ far as the value R3 Il4 is great( 1f compared with’ Rl R2 ), the second

component in (20 ) cannot be neglected.
The function ¢ (1) introduced in ( 19) is an analytical function of v with the cuts along

¥, <v<e~ which satisfies the followi‘ng oropeify of the;éro:ssing-sy;mme'try

&) = *(-v),

(21)
Thus, for v << v, ¢(v) is areal function and
SW)Z arhy”, | (22)
whereas
- ’ (23)
F») _.éh:l_ u_,(1 - _2T)+ b4 .

u=+2u
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"We see that the * “ linear term in F(v) "is wholly determined b)" the first terin in (22). Then, it

follows from ' ( 20 ), that for small
R, -R;=- 917’(1-3?") +0 (v

and the linear term in 7 1 Ny and in F(y) is fully determined by the crossmg-symmetry requirement
what is discussed in detall in B.

F(v) introducedin (19) isan analytical function of v with the cuts along v, <v<ew

and s <v< - v, and a (kinematic) pole at
W2=\242¥v=0. -
The crossing-symmetry requirementé lead to ‘
F() = Mit20y PO
Fln= i T
- and for small v

=~ .22 (1-2v) + 0%,
Fv)= T .1( v

By applyil;lg the Cauchy formula with a contour dravn in Fig. 6 with p+ o, to F( v, ) and writing

down the diapersion relations with subtraction, we get

‘ e3(1-2v) 4 ¥ ImFp 1, M%2Mv 1 ygq,,
Fly) - .2“ 2"')* é;‘(yi:s- Ak O)* s pj::?-[w-v M’-—Z"V Wl’a
v Flv+ic) 4, , W [ Flu=ied) g

271 e VT 21 e V(v -u)

and
. - Vo, (,) ReF A/2)
ReF (v ) -ﬁ- (1 a Jr R )+ "’M'J( T _!"’/2.._) | -
where

Loyl + MMy d | '
K(V,,)f»%f»f ""F,@[ .,f.,,o ¥ {25-,‘,*‘:, ,,‘;-,,;1 v (25)
: '
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Since K(M/2)=9,

it is impossible to detérmine Re F (M/2) from (24 ), and this quantity enters as a free parameter which
is necessary to determine from the experimental data. If  we restrict ourselves to the photoproduction in

the states with J < 3/2, then
= 1 2.. 2 ‘
ImFW) =yt (1B "~ 1M, [+ 2(1E, 1~ M| 1+ g B My

+ 1y 1;7111_ (1E, 1~ 1M,1") - ‘L;/Ji Re(E¥ M —E M* ).
In Fig. 7 are given the results of the estimate of Re (Rl ~ Ry) (24), the contribution proportional to
Re F (M/2) being neglected. '

As is seen from  (4.B), in order to estimate RS —~Rg at Q2 =0 it suffices to consider the func-

tion

(26)

14

!,b(vo):E’_gL[T; +l/,(rl+rs)«]= "l{,‘”” _%_(RJ-R6)+W‘,%‘T[nx-nz-(Rs-R4)]},
. 0

the dispersion relations for which are of the form

” _ w27 Im o (V) dv ) ‘

Roy () =y (0)= B [ JREHS (27)
where, as it follows from { 2.B)

g O) == 220, (W)
M 2

v ‘ ! 2_ 11 2
and Imy () =(__Hf§_)’1—-w[16_( |E2l”f-=]1112|’)+Re(E’2 M -M*E )1+ (M'iivw)[fl(lE’l 1,15+

+ % (|E,| *~14,17)+ Re (E} M, -2 EJ . (29)

The results of the estimation for Re (R5 - RG) at Q2=v0 are given in Fig. 4 . The estimates

of the quantities Ry + R, and Ry — Re  which play the main part in the differential cross section at
v 1 are not much different from those obtained carlier/6/,
These results are of interest for studying the dependence of the amplitudes near the threshold for a

new reaction.”6/, In the case under consideration all the estimates can be made completely. We stress the

dependence of the amplitude Re ( R+ Ry) the value of which keeps on decreasing higher than the thres-
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hold. This result pdints out that for other processes the sharp dependence of the imaginary parts of the
amplitudes higher than the threshold may lead to the displacement of the threshold minimum (or maximum)

. of the cross section from the reaction threshold.

The results of the calculations with the aid of Ri (v, 0) for the angular distributions
s
0(0)'—'"2 Bx c(’sxo
1=0
for 6=-90°, 135°, 139° and 1809, as well as for the total elastic scattering cross section

% =D, +% B,
4

and for the recoil nucleon polarization at §=: 90° are presented in Figs. 5,8 — 12

The experimental data are summarized in/107 and/17/, The coefficient
o , ,
B,(Vo)=2[lR5+R6‘ -le_Ral ]

is close to zero throughout the energy region v 0 S 2.

The experimental data are seems to indicate, that the quantity Re‘( R5 - R6 } is positive. However,
we could not do it by introducing Re F (M/2) % 0. The requirement for Re ( R5 - R6) to be positive
leads to lgrge (negative ) values of Re F (M/2) what increases considerably the contribution

| R, - Ry |.2 to the cross section and fails to improve the agreement with the experimental data.

It is worth while noting that outside the region 1 <y,< 1.3 there is asatisfactory agreement bet-
ween the dispersion analysis and experimental data. In the region 1< 1< 1.3 especially sensitive to the
dispersion effects if is, probably, necessary to consider the contribution of higher states for which more

information on the pion photoproduction in the wide energe region is required.
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