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The difference of the dynamic electric and magnetic polarizabilities of the nucleon a — 8 is estimated on the
basis of sum rules obtained from unsubtracted backward dispersion relations for the relevant nucleon
Compton-scattering amplitudes in the framework of the two-particle unitarity approximation. The s- and u-
channel contributions are then evaluated in terms of pion photoproduction data while the contribution of the
two-pion state in the ¢ channel is shown to contain a large positive piece, explicitly computed, which could
bring the theoretical prediction into qualitative agreement with the existing experimental results. It is
consequently pointed out that if the ordering a > B is further confirmed experimentally, the annihilation-
channel exchanges should be strongly responsible for this fact. The importance of the two-pion continuum for
the dispersion determination of the n°—2y decay rate from the superconvergence of certain nucleon Compton-
scattering amplitudes for fixed s and large t is also particularly emphasized.

I. INTRODUCTION

According to the well-known low-energy theo-
rem,’ the nucleon Compton-scattering amplitude
at fixed angle is completely determined up to
second order in the photon energy by the mass,
charge, and magnetic moment of the target and
two structure-dependent constants ¢ and B3, usually
called the dynamic electric and magnetic polariza-

. bilities of the nucleon. The sum o + 8 can be
theoretically found in a model-independent way
from the Gell-Mann-Goldberger~Thirring® dis-
persion relation for the forward spin-averaged
amplitude in terms of the total photoabsorption
cross-section o7, Intheir analysis of forward
Compton scattering, Damashek and Gilman® found

1 © dw o
(@ + Bproton =5—5 f —% Oproton (@)
27° Sy @

=(14.1+£0.3) x107* fm?®, (1.1)

The theoretical calculation of @ and B separately
is a much more difficult task, requiring many
other dynamical assumptions than those needed to
derive Eq. (1.1).

Experimentally, after the first measurement of
these parameters made many years ago by
Goldansky et al.,* a better determination (which
essentially confirmed the old results) has been re-
cently done by Baranov et al.® These authors,
using the expression of the differential cross-sec-
tion as given by the low-energy theorem for a
least-squares fit of experimental data in the labor-
atory photon-energy range 80<w<110 MeV ob-
tained the values

aproton=(10.7+1.1)x107* fm?®, (1.2)
Bproton=(~0.7+1.8)X10™*fm?,

The recent work of Ericson and collaborators®

14

renewed the interest in both experimental and
theoretical investigation of nuclear and elementary-
particle polarizabilities. In a paper devoted to
nucleon polarizabilities, Bernabeu, Ericson, and
Ferro Fontan’ calculated o and $ starting from an
approximate sum rule obtained from a backward
dispersion relation for a certain combination of
Compton-scattering amplitudes (neglecting the
contributions to the dispersion integral coming
from the annihilation channel) and found @proton
~4x107*fm® Bproton=10%x107% fm®. The ordering
B>a would be in agreement with simple but not
compulsory expectations based either on quark-
model arguments or on the fact that the most im-
portant excited states of the nucleon are of mag-
netic nature [the N*(3/2, 3/2) 1236 MeV resonance
appears, for instance, in a magnetic multipole].
In this paper we shall present an alternative dis-
persion analysis of the nucleon dynamic electric
and magnetic polarizabilities arguing that if the
ordering « > is further confirmed experimentally,
the consideration of the annihilation channel ex-
changes in a dispersion approach could help un-
derstanding the situation. The need for taking into
account the contributions of the singularities in
the ¢ channel to the dispersive integrals comes
from the bad asymptotic behavior in the forward
direction (at least as far as the Regge-pole model
is concerned) of the Compton amplitudes which,
at threshold, define the combination & — 8. Thus,
unlike the case of ¢ +8, the model dependence en-
countered in the dispersive determination of o — 8
makes the theoretical result for this quantity much
more uncertain. In any case, working in the
framework of fixed-angle (6 =180°) dispersion re-
lations for which a better asymptotic behavior is
expected for the relevant amplitudes, we shall
show that the first thing which comes in mind with
respect to the ¢ -channel singularities, the consi-
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1336 1. GUIASU AND E. E. RADESCU 14

deration of the two-pion state, is capable by itself
of giving a large positive contribution to a -8,
thus ensuring the ordering o > 8.

The needed kinematics is presented in Sec. IL
In Secs. III (which also contains a detailed account
of a previous short communication®) and IV two
different sum rules for o — 8 based on backward
dispersion relations are presented and evaluated
within the two-particle unitarity scheme. The
treatment of s- and u-channel contributions is
given, as usual, in terms of pion-photoproduction
data while, as far as the ¢ -channel singularities
are concerned, we give here an explicit calcula-
tion of the two-pion-state continuum contribution
in the approximation of keeping for the matrix
elements of the processes NN —77 and 77 —yy only
the corresponding Born poles plus the constants
dictated by the existing low-energy theorem for
mw —yy. The results of both approaches appear to
be very close to each other and agree qualitatively
with Egs. (1.2). In order to see how some of the
approximations for the evaluation of s- and u-
channel contributions work, in Sec. V an estima-
tion of @ +p using only the pion +nucleon inter-
mediate states in the absorptive part of the forward
spin-averaged amplitude is presented.

As a byproduct, the same two-pion model for the
annihilation-channel exchanges employed in Secs.
III and IV in connection with the nucleon dynamic
polarizabilities is used in Sec. VI for the calcula-
tion of a piece so far disregarded in a sum rule’
for the n°~2y decay amplitude coming from the
supposed superconvergence'® of a certain nucleon
Compton-scattering invariant amplitude at fixed
s=0. It is shown that the theoretical prediction
for the n°~ 2y decay rate,® known to be much lower
than the experimental value, is thereby consider-
ably increased.

The conclusions of this paper and the results of
other related approaches are briefly discussed in
Sec. VII. Technical details which also establish
notations and conventions needed for the evalua-
tion of the s- and «#-channel contributions to the
dispersive integrals considered in this work are

"Bl =K2g;1u - ZK‘JKU’

given in Appendix A, while Appendix B contains
details about the two-pion model for the ¢ -channel
contributions. Because at times in this paper the
pion +nucleon continuum contributions to the sum
rules have also been compared with the results of
a simple saturation with the N*(3/2, 3/2) reso-
nance in the zero-width approximation, we found
it useful to collect in Appendix C the N* contri-
butions to the s-channel absorptive parts of the
six invariant Compton-scattering amplitudes be-
longing to the particular set we were working with.

II. KINEMATICAL PRELIMINARIES

The scattering matrix for the nucleon Compton
effect is

;=0 —i(2M)0(p" +R' = p = R)2T) S mu(dRokl popl )12
X €y *(Ru (P )My, (D', k'; b, R)u(p) €y (k).
(2.1)

k(p) and k’(p’) are the photon (nucleon) momenta
before and after the collision; m is the nuclecon
mass. Interms of the three independent vectors

Q=k'—k=p-p’, K=3(k+k’), P=3(p+p’),

(2.2)
the usual Mandelstam invariants are
s=(k+ pf=m?+2P-K - 3Q%,
t=(k -FkP=Q2
( P=Q (2.3)

u=(k=p'2=m?-2P-K-3Q?

t

Kzz—z, P2=m2—4£,

P-K=v=%(s-u), P-Q=K-Q=0.
We shall work here with the six scalar invariant
amplitudes A;(s, t) (¢=1,2,...,6) of Bardeen and

Tung,"' known to be free of any kinematical singu-
larities and zeros:

5]
My, =Z £L,A (s, 1),
=1

where

L= 3Ky, (r K)vy =7, (v K)y) = (P-K)K vy +7,K,)) +(v-K)K P, + P,K,),
Ly=m (v K)gu, = (P-K)g, = 5K2(vyv = v v,) +Kusl (v K), vl +3lv,, K] K,—mE v, +y,K,)+(K,P,+P,K,)
£,=K(y,Py+Pyyy) = (P-K) K, v, +7,K,) = (v K)NK P, + P K, ) +(P-K)g,, (v K) ~mK?g,, +2mK K,, (2.4)
£,=K?P,P,~ (P-K)(K,P,+P,K,) - 5[ P?K? - (P-K g, + P’K K,
L6=P,P, (7" K) = 5(P-K)(y, P, +P,y,) +5i(P- Ky, (v Ky =75 (v K)v,]

+ 32 (y vy = Yo vu) + 3P K)gu,~ 5 P2g,, (v K) +K K, (v-K)

+3mP(K vy +7, Ky ) = smK Py + PuK,) = imK (v K), v, ] =imly, (KK, .
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The amplitudes A, , , ; are even while A, ¢ are
odd under s-u crossing. The structure of the s-
and u-channel Born pole terms of the amplitudes
A; is given by

Al(s,t, u) =R [(m? = 8)71 +(m? = u) 7]

+R7[(m2 = s)™1 = (m? —u)™!]

+R$ (02 = $) 7N (m? - )7, (2.5)

where
R;=—(2k¢ +#%)/2m, R$“=4me® R; =0,
R; =(2Re+R?)/2m?, Ri*=42(2+R), R; =0,
R;=(2r2+R*)/2m, R3*=R;=0,
(2.8)

R;=R%/2m? R:*=4e(2+R), R;=0,
R{=-8Rém, R:=R;=0,
Rg=-R*/m’, R{=R$'=0.

The charge and magnetic moment matrices & and
R are defined as

(e O _<ex,, 0 )
g_<0 0)’ =\o ex, /!’

with ¢2/47=1/1317, k,=1.79, k,=-1.91. The
pseudoscalar (7° and n°) meson poles in the ¢ chan-
nel only contribute to A,:

J

U si/? 4s = 2(s+m?)sin?(36)

AR == 2/m)gynTy Fr(p? 1)
+(2/m)gnNN F‘n(“‘ nz_t)_ly (2-7)

where F;, Fpand g yy, &qyy are the mesondecay con-
stants and couplings with the nucleon while p and
K5 denote the mass of the pion and n meson

lgnny =8,~ (47 x14.5)"].

In the barycentric system, denoting by ¢, the
magnitude of the photon (or particle) three-mo-
mentum and by 6 the scattering angle, one has the
following kinematical relations:

=-2¢,%(1 - cosb),

q.=(s —m?) /252, (2.8)
t(s,cosh) = _(_s_%n_f (1 -cosb).

In particular, at 6 =180°

s —m?)? _m (2.9)

t=— —, u=—
The photon energy in the laboratory system w is
related to s through the relation

s=2mw+m?. (2.10)

The connection between the invariant amplitudes
A, and the six independent helicity amplitudes
describing nucleon Compton scattering is given
by the following relations:

=T i . e -z~ + T Y YY) o
1 sm(ée)(s _m2)2 f 1/2-1,1/21 (S —mz)zsmz(%e)cos(%e) f1/2 -1,1/21t sm(ée)(s _mz)b fl/: -1,-1/21>

94172 2(s+m2)[23 - (s —mz)Sinz(%e)]

2= sin(36)(s — m?)? S-1/2 -1,1/21 "

25245 ~ (s —m?)sin(46)]
+ (s —m?)3sin3(56)

f1/2 -1,-1/21 >

2m s*/? 2(s+m?)

Assz—uz —11/2 1+mﬂ/z 11217 5in(La) (s — PR _mz)zfxlz -1,-1/21>

m(s —m?)3sin?(36)cos(%6)

2m 4m?[2s - (s —m?)sin®(56)]

A= (s —m?Zcos(56) S 1,1/2 1+31/2(S — m?)sin(%6)cos(3 6) S-1/21 /21

N 2m| s(s+ 3m?2) = m3(s - m?)sin?(%6)
s(s —m?)3cos®(30)

16’}’)151/2

4m 8m2sin(36)

f—l/Z 1,-1/21>

A =— f 16m?2 f
5 Sin(ég)cosz(ée)(s-mz)S -1/21,1/21 cos3(%9)(s_n,l2)3 -1/21,=-1/21>»

2m st/?
(2.11)
f1/2 -1,1/21
(2.12)
1/2
2m s (2.13)
(2.14)
(2.15)

A6=_(s_m2)2

cos(Z6) Srzipeat S72(s —m?)2cos?(56) Sz izt

dml s+ m2sin®(30)]
s(s_mz)zcos.’ia(.lz,e)f-l/zl,‘-l/Zl' (2'16)

The helicity amplitudes appearing in the above relations are those of Ref. 11 divided by 2m with a different
sign definition only for f_,,,-,,,/,,. Some sign errors inside the curly brackets in the first of Egs. (51)
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and the first of Egs. (52) of Ref. 11 have been corrected in our Egs. (2.11)-(2.16).
The continuum parts of the invariant amplitudes are, by construction,
A=A, -A? (2.17)

and the dynamic electric and magnetic polarizabilities « and 8 are defined by

1
oe—,8=EA°l(s=m2,t=0), (2.18)
oz+B=4ﬂ:;[.A§(s=m2,t=0)+%A§(s=m2,t=O)]. (2.19)

III. BACKWARD DISPERSION RELATION FOR 4,

In this section we shall derive and evaluate a dispersion sum rule for @ - involving the amplitude A,
from the decomposition displayed in Eqgs. (2.4). Our main hypothesis is that the amplitude A, goes to zero
when s— at fixed 6=180° so that it satisfies an unsubtracted backward dispersion relation. The ampli-
tude A, cannot be expected to satisfy a forward unsubtracted dispersion relation, at least as far as the
Regge-pole prediction is concerned. As a matter of fact, we simply explore in this section what would
come about from the supposed convergence of a backward dispersion representation for the amplitude 4, .
which directly defines o — 8. Forgetting for the time being the contribution of the single-nucleon state
(which will be discussed later on, when we shall have already specialized our considerations to 6=180°),
an unsubtracted fixed-angle dispersion relation for an invariant Compton amplitude even under s-u cross-
ing looks as follows'? (see also Ref. 13 for details):

b If o7 7 had
1[ dS’A[b ;t(s 7C)] +z du’ 1

wWT=""h
T Jm+py2 s'=s T Jm +p1y2 5.(w') -3S_(u')

) s e AT (12 ) - g (52 )

9 f:mzu-a e ,> 1 £.(t) " [t+(t') ,J
2 2 ot
+<17 2 WHT ) oo™ VL@ -t ) | sT-0) - * [1-c

tLt’) t(t") |,
—S(l - C)— t_(t') Al”[l P b }} ’ (3.1)
where ¢ stands for cos6, and
£ =m2(1 = ¢) = ¢’ £ {lm>(1 = ¢) =t' 2 =m*(1 = )}?, (3.2
5. =m*(1+c) —u' £ {m*(L+ ) —u P+m*(L - A} . (3.3)

The absorptive parts A!, A'"' are given by the unitarity condition in the direct and annihilation channels.
At 9=180° one has

- B . Sw) _mt L '
5, (') =0, Cl})rpl 1++c ===, S_(u')=-2u’, (3.4)
L) =2m =t il (Am® = )2t () =2m® =t —i [t (4m® - )2 . (3.5)

The second term of the integral over u’ in Eq. (3.1) at §=180° contributes at most a subtraction constant,
which in the case considered here is zero by hypothesis. We supposed here that the amplitude A,(s, cosé
= ~1) tends to zero as s—«. Recalling the definition Eq. (2.18), we are interested in having a dispersion
representation for A¢, so that we must now carefully analyze the Born term AZ. At cosf=-1, from Egs.
(2.5) and (2.6) we find

dmés (2ré+ 7%
m?(s -m®? ~  2m® : (3.6)

AB(s,c=-1)=-

This means that our assumption
A, (s,cos0=-1) =0
implies
N (2ré + K3)

Af(s,cos6==1)=A,(s, cosf= ~1) ~AP(s, cos 6= -1) ;% +-— 3
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In view of all these considerations, the needed representation reads

Al(s,c=-1) =T

~5 4 R2 ® If o ! o= «© 4 4
(Zne;t;c ) +—11;f ) ds’Al[s ’tif ’Z— 1)) +l du' —2 )A{{u',t(;—,,c:_lﬂ
(m+ [y -

T Jom+py2 u/(uls—m4

2 an? ' 2fw ’> ! | t+(tl) Tl t+(tl) ’
+(’IT£“2 Wra L) 5@ -1 | 25 - 6,09 Al[z ’t}

4am’

T2s—1(t)

L) [ t—(zt’) ; t]} , (3.7)

which for s=m? implies the following formula for the difference of the dynamic electric and magnetic

polarizabilities:
(@=B)=(a =B +(a=-B)?+(a=-B),
1 2ké+ &2

g = are TR
(@-§) a1 2m3

3.8)

(3.9)

S

(a_B)(z)_L f“ gs’ 1+m__2> Alls’, t==(s"=m2)?/s’]
(m+ )2 s’ " —m?

~4q?

-m

(3.10)

()___1__< e ,> 1 ’
(@ -B) === Luz at’+ j;mzdt t(t) -t 1)

The contributions of the different singularities
in the complex s plane (at fixed 0=180°), as given
by Eq. (3.7), can be read off on Fig. 1, where the
corresponding cut structure is displayed. So,
as can be immediately checked, the integral over
s’ in Eq. (3.7) represents the contribution of the
right-hand cut in Fig. 1, the «’ integral represents
the contribution of the segment [0, m*/ (11 + u)?] of
the other cut on the real axis, while the first of the
two integrals over #’ (the one which extends over
# values in the interval [4u?, 4/n%]) expresses the
contribution of the circular cut (along the curve
| s|=m?) and the last integral over ¢’ (for ¢ >4m?)
corresponds to the cut (-, 0] along the negative
real axis in the s plane. As noted in the figure,
the circular cut extends up to the points m?2e*¥o,
where

~ 2p(1 _02)1/2
Xo =arctan 120

=arccos(l - 2p%), (3.12)

p=t (3.13)

The threshold of the three-pion state (// =9u?)
corresponds to the points m?e*®:1 on the circular
cut, where

3p(4 —9p%)'/?

X, = arctan 59,7

(1) L) L) L) ]
21772-t+(t')Ain[ 2 "L] T o2m? -t (') A?[ 2 ’t]}'

(3.11)

f

The s’ integral in Eq. (3.10) by means of s-u cross-
ing takes into account both the contributions of the
direct s-channel right-hand cut and of the cut on
the interval [0, 12*/(m + p)?.

We proceed now to evaluate numerically the
different contributions to @ — 8 according to Eqs.
(3.8)=(3.11). For (a -B)*’ we have from Eq. (3.9)

(@ - 3);;0": +2.40 X 10" fm?, (3.14a)
(@ =B) ' Lon=+1.20 X107 fm® . (3.14b)

We shall estimate the quantity (@ —g)*® as given
by Eq. (3.10), restricting ourselves to the consid-

Im s
1’=9/,L2
us(m+2pu)2 /1:4#_2
\/h#z
> -_‘/m2 Rei
/ \(m+2#)2
us(m+p)2— (m+p)2

FIG. 1. Cut structure in the complex s plane.
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eration of only two-particle (pion+nucleon) inter -
mediate states in the unitarity sum. We then use
pion-photoproduction data, and these are taken
from the analyses of Refs. 14 and 15. The inte-
gration over energy will be extended well outside

ImA (s, 6=180°) (1 m®

s —m?*

1 o
)
(@-8) - f
proton(ncutro ) 2
" 4m (me)? S

- ( 1/2
~ 107 dw <1+ >5<zi+1> (3
T Joinr w? m 1 m
-6]|A25),

e
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[2+6|A

the threshold of double pion photoproduction, con-
sidering that this extrapolation does not introduce
drastic modifications. In terms of tabulated photo-
production multipoles (see Appendix A for nota-
tions) our formula for (@ —B)®’ reads

SOARTIVIRR
X 9
Bl = 1B [BAD [ 2 AR

“2|AP1/2|2 —4lAP3/212+4|AD3/2‘2 —3|BP3/2‘2+3|BD3/2 ]

+62 Re[2(B
m

where only waves with the total angular momen-
tum J= 3, 3 have been retained.

For the proton, the integration in Eq. (3.15) over
the low-energy region (the photon laboratory en-
ergy w from 180 MeV up to 250 MeV) using the
analysis from the first paper of Ref. 14) yields a
contribution of 0.13 x 10™* fm?, the integration over
the domain of w from 250 MeV up to 750 MeV gives
-7.83 x 10™*fm®, while the region 750 <w <1210
MeV contributes with + 0.30 X 10™* fm? (for w >250
MeV the data of Ref. 15 have been used). So, ne-
glecting contributions coming from energies higher
than 1210 MeV, we found the result

(0 = B)ion™ =T.40 X 10"* fm®,

For the neutron, corresponding to the three ener-
gy regions mentioned above, we found

(0 =B)2on = (+0.17 —6.14+0.26) X 107 fm?
=-~5.71x10"% fm®. (3.16b)

(3.16a)

(Here we used the second paper of Refs. 14) for
®w <250 MeV, and Ref. 15 for w>250 MeV).

We observe that if one tries to saturate the in-
tegral in Eq. (3.15) only with the N*(3, %) (M =1236
MeV) resonance in the zero-width approximation,
one would find

(@ BB = (@ - )R

neutron
e 1 My
ir 8m® M-’

x <3+ 47 3~—2—>GM

~-12.3x10™ fm?. (3.17)

G, is the magnetic N*N transition form factor

V3x
P3/

V3x p (n) b(n b(n) p(n)
zAPs/z‘B 3/2AD3/2)+3 BP ;73 AD 3/2 - By >.2(-'4D;'/2

}
(3.15)

(s=2mw+m?, wy, = L+ u2/2m),

r

(Gy=:3). The other transition form factor, G,
which is very small with respect to G,, (see the
analysis of Jones and Scadron'®) has been set equal
to zero. The resonance-saturation scheme can
sometimes represent an useful laboratory in which
one simply gets a rough estimation of different con-
tinuum contributions otherwise hard to compute;
so we give in Appendix C some details about this
procedure and display there the N* resonance
contributions to the s-channel absorptive parts of
the amplitudes A; in terms of the NN* transition
form factors G, and G.

We start now estimating (o - 8)®’ as defined in
Eq. (38.11). For this purpose, we shall consider
only the contributions to the absorptive part AT
coming from the two-pion intermediate states.
Because our lack of knowledge of all but a few
of the matrix elements in the sum over interme-
diate states precludes any exact calculation of
the absorptive part A, we shall use two-particle
unitarity in Eq. (3.11) all over the ¢ integration
region. We are then left with the needed absorp-
tive part expressed in terms of the product of the
amplitudes of the processes NN -7 and 77—y,
which will be both taken in the Born approximation
(that is the covariant matrix element for NN -~ 77
will be approximated by nucleon-pole terms alone,
while the reaction 77— vy will be approximated
by pole terms plus the constants required by the
existing low -energy theorem). This simple model
for the annihilation-channel contributions has been
previously employed by Holliday*® and by Baranov,
Filkov and Sokol'”, among others, in their disper-
sion-theoretical treatments of nucleon Compton
scattering. We hope that it can also give some
qualitative indications about the structure -depen-



dent constants @ and 8. We note first that within
this (27) model one gets

(a —ﬁ)é?o)ton = (C! ”’B)ﬁgl)nron .
Using the reality condition
AT[5t.(), t] = (AT{3t,@), ']
for 42 < ¢’ < 4m? in Eq. (3.11) one arrives at
tl
ImAT[52,(), ]
- tl(4m2_tl)]l72

+ L f‘” dtl Ain[%t+(t’), t’]
4 J 2 t ’

1
Q 3) _
( A= 47°

au2

In the particular model considered for A; it turns
out that AM@™[1¢, (¢), 4] is a purely real quantity
in the ¢’ integration region from 4u? to 4m? and

(C! -B ;?;gton = (a -8 (ni{nron
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so we are left with

1 4m? mWeEmn[ly gy ¢
(a_B)m:z}_zf Car ReA) t[’2 (), ¢']
ap

1 °oar
MR ];mz S AMeTELE), ).

(3.18)

The different (27) contributions to the {-channel
absorptive parts AM(s, ¢) of the invariant ampli-
tudes A; are found in Appendix B. In the (' inte-
gration regions from 4p2 to 4m? (corresponding to
the circular cut in the s plane) and from 4m? to «
[corresponding to the cut (-, 0) in Fig. 1], the
integrand of Eq. (3.18) is expressed through Egs.
(B17), (B19), and (B20). After also evaluating the
integrals over z in Egs. (B19) and (B20) and sub-
stituting their expressions into Eq. (B17), one
finds the result

_[€ &> 20% fwdx{ (x% = p*)V2 . —4x* +2x%(2 - p® +3p%) + (p* - 50°) It (x% = p?)2
4r 4n m*) J, ] x2[ p* +4(1 - p?)x2?] X3 p* +4(1 = p?)x2]? T x = (x2=p2)ii
4(x% = 5p%)(5p* +x?) |
T X0 +40 - p2) K22 Y(x)p, (3.19)
where
—x2)(x2 _ n2) 12
2(1 - x®)“2arctan 2la ;x)z(f e 4] for psx <1
Y(x)=
( ) ( 2 1)1/21 zxz - p2 + 2[(x2 - 1)(x2 - pz)] v f >1 (3.20)
W e e -
—

[ p=u/m and the integration variable ¢’ has been
changed to x = (t'//4m?)2).

The numerical value of (@ = 3)3)wontmeutron) @8 given
by Eq. (3.19) is

(¢ =p)® =~17.51X107* fm®. (3.21)

The result of the integration over x>1 in Eq. (3.19)
is practically negligible.

Summing up the three contributions to o - 3
found in Eqgs. (3.14a), (3.14b); (3.16a), (3.16b); and
(3.21) one finally obtains

(@ = Bproton = (2.40 - 7.40 +17.51)X107* fm?

=+12.51X107* fm? (3.222)

(@ = Bneutron = (1.29 = 5.71 +17.51)X10™* fm?
=+13.09X107% fm?. (3.22b)

If we join to Eq. (3.22a) the determination of
Damashek and Gilman, Eq. (1.1), we get

Qproton ~13.3X107% fm®,  Bproton ~0.8X107% fm?
(3.23)

to be compared with the experimental result given
in Egs. (1.2).

We note that even if the ¢ integration in Eq. (3.19)
is extended only over the small region from 4u2
up to 9u? (the threshold of the three-pion state)
where two-particle unitarity is exact, one would
still get a large positive contribution to o - 3
amounting to (o — 3)®®’ =+11,0X10"% fm?3, the order-
ing « > 3 still being preserved.

The presence in o — 3 [as given by Eq. (3.8)] of
the piece (a — )" expressed in terms of nucleon
anomalous magnetic moments seems surprising in
view of the fact that the dynamic polarizabilities
are intimately related to continuum and not to pole
contributions. The quantity (@ —g)*? should be
taken only as indicating a small but non-negligible
amount to @ - 8 (as calculated in this section) intro-
duced by a presumably needed subtraction at infin-
ity hard to handle by more precise considerations.
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IV. BACKWARD DISPERSION RELATION FOR 4 -4,

We present and evaluate here another sum rule
for o - B, analogous to the one derived in the pre-
vious section but obtained using the combination
A, —A, instead of the amplitude A,. The main
assumption here is that A, — A, vanish when s —
at fixed 0=180° (as u-channel Regge-pole argu-
ments would suggest), so that an unsubtracted
backward dispersion relation for A, - A, can be
written down. Noting that A;, unlike A,, is odd
under s-u crossing, and using the same procedure
and notations as in Sec. III, the following sum rule
for a - B emerges:

1
- B=——[A, -4~ AP - AD)(s =m?, c =—1)
=(a=-p)e" +(a-p)°", (4.1)
with
’ 1 ® ds’
- R)" _
(a B) 4_”2. (mpy? s’ —m2

s’ +m?
X [ Y Ai(SI,C=—1)

s’ — m?
- —;,—-A;(S’, C=—1)] 5

4.2)

107 dw
e

thr

(a- B)pmton (neutron)

= CIAZ I +4ALS|" + 31 Bl + 3lATTLI® +6]A5T, 12

and

(Ol B)pro!on (Ol B ncutron

<2—— +1> (@IAL 17 +4|AL2,17 +3| BE, 2 + 3|42 |2 4 6|A% |2

GUIASU AND E. E. RADESCU 14
1 4m?2 ,[ Re(All — Alr
(@=BC" =5 fw a [__._A—_S__(Atl A7)
Im (A — Al
- [i’(4m2—t’)]12}
1 , AHI AI]I
+ 4nzf4m at [ 7 Wﬁw]

(4.3)

where the arguments of the amplitudes in the inte-
grand of Eq. (4.3) are the same as in Eq. (3.18).
The absence, in this approach, of any contribution
in terms of nucleon anomalous magnetic moments,
similar to (a - 8)’ of Sec. III, is a consequence of
the following structure of the nucleon Born term

A, —A3)B at 6=180°:
roton 4WZ€2
(Af*AgB)p t (s,C=—1)=" m
_[4-Crorrd)le?
m(s — m?) ’
(4.4a)
B _ A Byneutron —_ __ﬂ__
AP = AF)™ (s, e ==1) = A0 (4.4b)

which imply (4, -A,)2(s, 6=180°)—~0 when s ~«.

We evaluate the sum rule Egs. (4.1)-(4.3) using
the same model and approximations as in Sec. III.
In the same notations, we find

+3 | ByGAI%)

+31BEGI)]

dx
o ¥ p*+4x3(1 - p)]{

The necessary steps to get Eqs. (4.5) and (4.6)
are given respectively in Appendixes A and B.
Numerically one gets

(@ = B)Con=—4.92X1074 fm?,
(Cl B)neu?mn" _4.32 X 10_4 fmS 5

and

(4.72)
(4.7b)

(@ = B) o= (@ = B)&eon=17.03X107¢ fm?, (4.8)
so that finally, in this approach, there results

(@ = B)proton 212,11 X107* fm?, (4.9a)

(4.5)
X+ (x2 _p2)1/2 2x2 — p? ‘
(- T ox(1 - 22) Y(x),. (4.8)
T
(a - B)neutron"\" 12.71X107% fm3, (4.9b)
Equation (4.9a) together with Eq. (1.1) gives
Oproton = 13.1X 107 fm3 ’
(4.10)

lgpmtoﬂu 1 .OX 10—4 fm3 .

We observe that the above numbers are quite
close to those obtained in Egs. (3.22a), (3.22Db),
and (3.23).

Here we also give the result of N*(, 3) satura-
tion in the zero-width approximation for (a - 8)®”
[Eq. (4.2)], obtained using the projections from



Appendix C:

2
2 (V¥ e M
(-3 pzrott()n(neuuon) an —2(1‘7[-2——_——-53 (G2 +3Gz?)

~-10.9X107* fm?® for G, ~3, G5 =0

If we restrict the integration in Eq. (4.6) to the
small region (p sx <%p) where the two-pion states
saturate the f-channel unitarity, we get instead of
Eq. (4.8)

(@-p)®" ~10.9%107% fm?,
e.g., a large positive contribution to o — 3 is pres-
ent in any case and therefore the ordering o> 3 is
still obtained.

We note that the sum rule for « - 3 represented
by Egs. (4.1)-(4.3) can be written as

1 dw 12
B 2712_[ w? <1 2_->

Wthr

|o(AP =yes) - o(AP =no)]

+ (annihilation-channel contribution),
(4.11)

where, as seen from Eq. (4.5), o(AP =yes) and
o(AP =no) contain respectively the parity-flip and
non-parity-flip multipoles. By writing an unsub-
tracted backward dispersion relation for A, - A,
we then recover the sum rule from Ref. 7), with
the difference, however, that no supplementary

1
proton(neutmn)( ) 0~ n(2w+m) {6IA§("gl2+GIA;(;'/)2

g N
(yN—TN) mo? 1
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contribution in terms of nucleon anomalous mag-
netic moments actually appears.

V. CALCULATION OF (a +f)

From the exact relation (1.1) the theoretically
numerical value of « +3 for the proton is already
known in terms of total photoabsorption data. In
this section we shall compute the sum « + 3 of the
nucleon polarizabilities along the same lines as
done in Secs. III and IV for the s- and u-channel
contributions, in order to see how the different
approximations work, We shall make the same
two-particle (pion +nucleon) unitarity approxima-
tion and we shall also employ the photoproduction
data not only up to the threshold of double pion
photoproduction, but well outside it. So we are
calculating « + 83 defined in Eq. (2.19) from a for-
ward (£ =0) unsubtracted dispersion relation for the
combination of amplitudes A, +3mA,:

(a +p) = % [AS(s =m?, £ =0) +3mAL(s =m?, £ =0))

__m _( ds’ Im(A4+2mA Y(s’, t=0)
@V J s )2 s’ —m?
1 * oT(w
Wthr

where, within our approximations and in terms of
quantities defined in Appendix A, we put in Eq.
(5.1), instead of oT(w), the total photoproduction
cross section o&RAGY, with

|2 +12{ A% 12 +12| A5 (2 + 9| BET), |2 + 9] BA™), |?

+4{AF 17 +4lA T L17 +8A T ,|2 +8lA L] +6] BE, 2 + 6] BY%,I2 . (5.2)

The multipoles appearing above are again those
to be found in tables in Refs. 14 and 15. The
result of numerical integration up to the photon
laboratory energy w=1210 MeV gives

(@ + B roton = 11.50X107% fm®, (5.3a)
(@ +B) peutron = 13.05X107¢ fm®, (5.3b)

The region from near threshold up to 250 MeV

contributes 2.82 for the proton and 2.89 for the

neutron, the region 250-750 MeV contributes

8.47 for the proton and 9.95 for the neutron, and

the region 750-1210 MeV contributes 0.20 for

the proton and 0.21 for the neutron, in units of

107* fm®. The smallness of the contribution

coming from the last energy region is to be noted.
The result expressed by Eq. (5.3a) is not ex-

ceedingly far from the value obtained by Damashek

r
and Gilman,® Eq. (1.1).

It is perhaps instructive to note that if one sa-
turates Eq. (5.1) only with the N*(3, ) (M =1236
MeV) resonance (see again Appendix C for no-
tations and procedure), one gets

2
(a+ .B)proton(neutron) 47 (3GE2 * Guz) m(M? -m?)’

(5.4)
that is
(N¥) ~ -4 3
(@ + B) protontncutrony 8.6 X10™* fm (5.5)
for G, =3 and Gz =0.
VL. #° -2y, n° -2y DECAY RATES

The (supposed) superconvergence of certain
Compton-scattering amplitudes at fixed s and
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large ¢ implies sum rules for the residues of the
t -channel pseudoscalar 7° and 7° meson poles

F, and F,, related to the 7°~2y and n°—~2y decay
rates 7, and T, by

64m 641
TWO=W, T"o=m. (6.1)
In this section we shall reconsider the sum rule
analyzed by Choudhury and Rajaraman,® which
in terms of the Bardeen and Tung amplitudes A;
[Egs. (2.4)] reads

+ o0
1 f du'Im(Az—i-Ae) (s=0,t"=2m®-u',u’)=0,
T Joo m

(6.2)

and we shall point out that the consideration of
the two-pion continuum in the ¢ channel could
improve the agreement with the experimental
number for the n-meson decay rate.

Separating in Eq. (6.2) the contributions coming
from the f- and #-channels single-particle poles,
and using s-u crossing, the sum rule to be evalu-
ated can be rewritten as

1+7
2mge gy FrTy = 2mgayy F o+ —zlcif’)

+ l;xlcf"uc;‘"’-c;('%o, (6.3)

J

where
C®) =e?[ 446K, +K,2]=1.65, (6.4)
C(n)_ez =0.33, (6.5)

m 0
o= — du'[mAy +Aj]P™
T Amtp)?

W', t' =2m® -u',s=0), (6.6)

Cp(n)zﬂf dt'[mAM A ]p(m
3 T 4#2 2 3

(s=0,8",u' =2m>—t"). (6.7)

The superscripts p(z) in the absorptive parts under
the above integrals refer to proton Compton scat-
tering [ corresponding to 7,=+1 in Eq. (6.3)] and
to neutron Compton scattering (7, =-1) in Eq.
(6.3).

The continuum integrals (6.6) and (6.7) are esti-
mated within the same two-particle unitarity
scheme and using the same approximations and
model as in Secs. III-V for the polarizabilities,
with the only difference that now we are not
working at fixed angle but at a fixed value of s
(specifically at s=0). With the notations and def-
initions of Appendix A already used in the pre-
vious sections one finds

i - dw (m\® [, w 3/2 w)?2
cmato [ S (2) (2 1) {8(;) (= 21T,/ + 214, [t - 3143, 2 431 A2 1)

Wthr

+4(3 4— )( 2|AP,, 2 +2| A%, , 2 - 31 A5D), 2 + 3| A5G, %)

w w vz v * vs
~12 }7;“)(2;;*1) [2Re(BRe, ARy, — B ARy )

* *
+3Re(BY), ALY, - BY DS AL

w n
+3<z-7;;+1) ZIBP3/2|2+ZIBE§/2[2-3]B’(3/2|2+31B§,(3/)212)}.

(6.8)

The result of numerical integration up to w =1210 MeV is

=~ —0.90,
C;~ -1.59.

(6.9)
(6.10)

We start now considering the f-channel contribution as given by Eq. (6.7). If only the two-pion state is
retained in the corresponding unitarity sum, one finds C=C} and so, within this approximation, the value
of F, (unlike that of F,) is not affected by the annihilation-channel exchanges.

The model for the evaluation of C5™ is the same as the one used in Secs. III and IV (see also Appendix B
for details). From Egs. (B5), (B6), and (B10) one gets for the needed integrand the following expression:

[mAll AN ](s=0,t')= < >[%§+;—§2—— 7 (

Nt 1—,%)] L (6.11)
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Working out the above relation using Egs. (B.11)-(B14) one gets, setting ¢’ =4m?z, p =p/m,
2 2
[mAl ~AT (520, 1" =am?e) = (= 8 (£5) T d [ (34072 - 42* - 30* ), (2) +[(1 - p2)2 + 0%, )
47 4n
(1-22)  z+[z(z-p?)¥?
27z mz—[z(z—pz)]l/z ’ (6.12)
where
4 1 1 L422=200% + 1) +0*]+{ (2 = p)[ ~p® +2(42 = 1 = p*)*]} V2
{=p2+2[42 - (1+p?) 2}1/2 [422 = 2(3p% + 1) +p?] - {(z = p?)[ = p? +2(42 = 1 = p?)]} V2’
if { -p? +2[ 42 — (1 +p?)2} >0 '
w,(2)= 2 e f_ 2 _ ENEIG (6.13)
(422 —2(3p2 + 1) +p2] ’ it {—p*+2[42 - (1+p*)]?} =0
2 {e-p)[p®-242 =1 -p?2]}V>
L{DZ—Z[‘LZ TS RTR arctan ( [4[22__2(3p2+1)+p2] I} , if{-p*+2[42-(1 +p*))%} <0
and
- 1 o [2e0?) —p?] -1z = p*)[ 2(1 - p) pz]}‘/2
[2(1 —p?)? —p?]¥2 [2(1+p?) +{(z -p?)[z2(1 - p%¢ - p2J} 2
if 2(1 =p?)?2 =p%>0
w (z)=< 2 i z(l-p*P—pP=0 (6.14)
2 [2(1+p%) -p%)’ ’
2 (Z—p2 2 _2(1 =p2)2] V2 .
TP -z -pP R arctan{ [)Z[(pl+p2§—p£]) 1 , if 2(1 - p?)? —p?<0.
L
The numerical integration up to ¢’ =9u? (the given in Ref. 18, and
threshold of the three-pion state) gives 7 =2.06x107 sec, (6.22)

=C3=C,=0.40. (6.15)
Collecting the results one has
Mgy Fr=[1(C1=CP)+3(Ch-C)]
=~(-0.33 -0.17)
=-0.50, (6.186)
mgany Foy El:%((:’i+C1')+§(Cg+(j;') _%&]
~(0.49~0.62 - 0.22)=-0.33. (6.17)

Taking for purposes of orientation g,yy =gran»
Egs. (6.16) and (6.17) imply

Tr0=0.34X1071¢ sec (6.18)
To0=1.2X107"% sec (6.19)
to be compared with
To¢ =0.85X10716 (6.20)
for m°—2y and the experimental values
758=0.63x107'® sec, (6.21)

given in Ref. 19,

Using the approximation of taking in the photo-
production integral all multipoles except E,, the
same for proton and neutron, the authors of Ref.
15 found for 7,0 a value (1,0=0.53%x10"° sec)
closer than ours to the experimental number,
while the result of their analysis for T,0 Was 7T 0
=10.3x10"'® sec. So we see that the contribution
of the continuum to the superconvergence sum rule
Eq. (6.2) is not negligible and, moreover, helps
lower the theoretical prediction for the n°—2y life-
time.

VII. DISCUSSION OF THE RESULTS AND CONCLUSIONS

We have seen that the calculations of o —8 pre-
sented in Secs. III and IV gave results very close
to each other and both are in qualitative agreement
with the actual experimental values, Egs. (1.2).
Apart from the asymptotic behavior of the rele-
vant Compton amplitudes, taken as given, which
ensures the validity of the dispersion representa-
tions used, an important dynamical ingredient to
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get numbers has been the model adopted for the an-
nihilation-channel contributions for the absorptive
parts of the corresponding amplitudes. The need
for a careful consideration of the ¢-channel (27)
continuum in the case of nucleon polarizabilities
received further support from the results of Sec.
VI where a great existing discrepancy between the
prediction (based on a superconvergence sum rule)
for the decay rate of n°~2y and the experimental
data has been mitigated.

However, in spite of the approximations made,
our main conclusion, e.g., the presence of a large
positive contribution to o =8 from the annihilation
channel-exchanges remains. Indeed, it has been
shown that if one restricts the integration region
over the f-channel singularities only to the inter-
val from 42 to 9u2 where the ¢-channel two-parti-
cle unitarity becomes exact, one still gets the or-
dering o >B. Of course, even in this small inte-
gration region we had to make the strong approxi-
mation of keeping in the amplitudes for NN =77 and
77 —~yy only their Born poles plus the needed con-
stants (to ensure the low-energy theorem for the
last process), but in any case, we computed ex-
actly an important piece which is there and found
out that at least this exactly computable quantity
cannot be blindly neglected. A more detailed in-
vestigation of the #-channel exchanges, including
the contribution of meson resonances, would be
desirable, although such an attempt should perhaps
be postponed until better experimental determina-
tions of the nucleon dynamic electromagnetic po-
larizabilities have been performed. The experi-
mental number Egs. (1.2) taken for reference in
this work could still be quite uncertain. We note,
for instance, the slight disagreement existing be-
tween the determination of ¢ + 8 in terms of total
photoabsorption data and Egs. (1.2). Also in this
context we mention that because the energies con-
sidered by the authors of Ref. 5 may still be too
high to allow a precise determination of o and 3
from the third-order low-energy expression of

" the differential cross section alone, in a subse-
quent paper Baranov, Filkov, and Starkov?® ex-
tracted the proton dynamic polarizabilities from
a fit of the data from Ref. 5 with a modified formu-
la for do/dS which includes also the contribution
to the differential cross section of the 7° meson
pole. They found in this way

@ proton =(13.9£2.1)X107% fm?,

(@ = B) proton =(19.9+4.,4)X107* fm®,

Considering the present experimental situation
as well as the difficulties of the theoretical ap-
proaches to determine ¢ and 8 separately, it would
be perhaps safer now to look for model-independent

results involving these structure-dependent param-
eters, either as done by Bernabeu and Tarrach®
or by trying to find rigorous analyticity bounds

for them.?* For the time being we conclude that if
the dynamic electric polarizability o is indeed
greater than the magnetic one 8, then the {-channel
exchanges should be strongly responsible for this
fact. The question of possible large contributions
coming from the singularities in the annihilation
channel has also been touched on by Ericson,® who
considered the exchange of a €(0*) resonance.

Our above-mentioned conclusion is also in agree-
ment with the results of a different analysis recent-
ly done by Akhmedov and Filkov?® in which disper-
sion relations for the relevant amplitudes in s at
fixed ¢ and in s and ¢ at fixed # are consistently
used to eliminate unknown subtractions. The more
complicated analytical structure at fixed angle in
our approach has the advantage that at § =180° the
pion photoproduction amplitudes appear under the
dispersion integral at physical values, the evalu-
ation of s- and u-channel contributions being so
less affected by extrapolations.
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APPENDIX A

From the two-particle (pion + nucleon) unitarity
condition in the s channel, one has the following
relation between the imaginary parts of the Comp-
ton-scattering helicity amplitudes and the partial-
wave amplitudes for pion photoproduction:

N ORS
Imfy  x gong 2y =27 14l mk2

XXZ:’ ZJ: (J+%)<J>‘c>\d'T'T+(s)|J)\' 0)
X(J)u0|r'T(s)|J)\a)\b)d{'u(?),

(A1)

where X =1, =2, U =X, =2X,;, 7’ is the isospin super-
script, and § is the pion momentum in the bary-
centric system of the intermediate 7N state. This
exact relation up to the threshold of double pion
photoproduction [s = (m +2u)?] has been, however,
used all over the integration region, considering
that this extrapolation could not drastically modify
the results. Also, in the sum over the total angu-
lar momentum J, only waves withJ =3 and J =3
have been retained.

To meet the notations and units used by the au-
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thors of Ref. 15 in their tables for the pion-photo-
production partial waves, we introduce the follow-
ing definition:

ko \ 1/2
(IO T(s) | A n,) =1072X2 (ﬁ)

XA{)(._)\(S) . (A2)
Noting that in the center-of-mass system
- s =m?
ko= 2s1/2 ?

one has then instead of Eq. (Al) the relation

167s
m(s —m?2)

XY S (THMALy, Ly (s)]*

Nt o

IMfy; g, xq np =107%X

x[A_y, -\8)]df, . (6).
(A3)
We mention also the phase rule
ALy, o ==TALL . (A4)

To perform the isotopic spin summations one uses
for proton Compton scattering the prescription

Aig,l/z == (%)1/2(1431/2 =Ap1/2)s
Ayg.l/z == ()24, s/2=Apsj2),
Ai/z/z,l/z =- (%)1/2(‘481/2 +Ap1sa),
A-3-/12/z,1/z == (1)Y2(A, 32 +Apss) -

The relationship between the quantities Ag,/,, Ap /s,

Apsz Bpsp ete. (thatis, Ay ;y.1,=A,., By yyayse
=B,,) tabulated in Ref. 15 and the Chew-Goldberger-

Low-Nambu?* multipoles E,,, M,, is given by

[1072/(1q | %) 2] A, =5[(1+2)E,,+1M,, ],

[10-2/( I -‘i l ko)llz]A(ul)- =%[(l +2)M(1+1)- - ZE( l+1)-] ’

. (A10)
[10 2/(' QIko)l/z]Bu:_MH- +E,+,

[10—2/( l ?1 | ko)l/z]B( 1+1) = =M(z+1)- +E(141)- -

Abs(zMZu) =% (21)"m =222k} p )2 u (")

AR p=@)2
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3 lalz=la, 12+ ]a,2
I I ACIER PSR (A5)
vhere, in the notations of Ref. 15,
A= n| Alvp)
= G)a"s A2, (6)
Ag=(1°p | Alvp)
=(3)12AV3+(3)H A2,

and for neutron Compton scattering

> alz=l Az 414,02
T==,n0 =%[2IAV3|2+3|A"|2], (A7)
where
A_=(1p|Alyn)
=@)2avs A,
A= | Al yn)
=(5)2A73 - (3)M2An.

The connection between the quantities appearing
in the s-channel integrands in this paper and A],
is furnished (forJ =%,3) by the following set of
linear combinations:

(A8)

(-BP 3/27 BD3/2)3
Ag/lz/z,s/z =(§)1/2 (Bp g+ Bps/e ),

Aifi 32=A 1/12/2,3/2 =0,

(A9)

APPENDIX B

In the framework of the model for the ¢-channel
contributions to the different sum rules considered
in this paper, the quantities Al,.n(z") we are interest-
ed in should be picked up'® from the following ex-
pression for the t-channel absorptive part of the
tensor uM,,u defined in Eq. (2.1):

21,7y 20,7, ]

- -1/
X 3 (2m)= 022kt 2 21,) M 3(- 2e2)[—g..u+ (R E-U-F)

y v (1+75) yol(l-1,)

X (— 1) (211)'9/2m1/2(27'0210130)'1/2&2 [ (P _,},)2 —m?2 + (p - l)z _mzjl u(P) 64(7 +1- Q)

(B1)
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where 7 and [ are the four-momenta of the inter-
mediate 7*,77, g, is the pion-nucleon coupling con-
stant (g,2/4m=~14.5), 7, the usual isospin Pauti
matrix, and the sum extends over the allowed mo-
menta. of the intermediate pions.

If one works in the basis of the four mutually
orthogonal vectors K, Q,, P}, and N, with

PK

P} =P, —?—K,‘, Nu=€u5) B/ KsQy s (B2)
AME™ can be quickly found by a straightforward
projection using certain properties ofMLz,}’). Pro-
jecting and identifying the coefficients in the rela-

tions

Abs N MCPIN,=B,(y - P’) +6,(y+ K) +p,(¥*Q),

AbsPiMEDP)=B,(y P') +8,(y - K) +P,(y+Q),

(B3)
AbsP{MDN, = a,(y+ N) = AbsN,M 2P} |
one gets
. 1 S —m?®) +31
AIIII(Z ) (S, t) = 7[2(5’1 +g9— '(*——)—'—”(ga g4)1
(B4)

J

B, = (—9—5&2—) L ‘;—Z 5(§F - 2Qz)[zv2 iy -N)2<

+
A13“(2")(3, = g2§m§4
Agl(zn)(s’ )=
4(g, - g,)-2
Hi(27) “2& -8 86
A (s, 8 (s— 2V +st’
Agl(mr)(S, m[(s__ mz)z +St]
where
B mp3
g1=m'p%z’ gzszL,
m PK
&= 1372(52 Bz—Kz“‘>, & ==
me?
&=0, & = (pro)E (N7
and

1 2(s —m+ ¢
AYED (5, )= [ 4g+ At ey v, 9

7))

7 4r) P? 1k
x(l-P')[— W 2(; Tgszzp ar uz(l-—z;rf)l}
b
x(l-P’)[ e _;;z:zp a7 “(1;;-)1 }
o e e sl (]
X(Z'K)[ 2(;;+;22p l+u(—12; ;]
X(l'K)[- z_g(;zslzp-l u? 12; )l}
%:(ﬁ_z%”i)% %6((@2-2@) (1-P)1- N)( l—%—ﬂ
-y e )

(B6)

2(4m® — t)gs - [2(s = m®) + (g, - &)

2m[(s - m® Y + st]

(B8)

= tgs — 8,) + 2[2(s — m®) + t]g, , (BY)

(%):

(B11)

(B12)

(B13)

(B14)

(B15)

In the backward dispersion relations considered in Secs. III and IV one needs some of the above expres-

’

(B7)
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sions of the absorptive parts AY2™)(s, ¢) for the values
’? ’ >
- t+:(2_t) =né - % +§ [t(4m® = t1)]'5,
(B16)
t-t’

of their arguments (s, #). From Egs. (B4) and (B10) we then have for A} (2™

a0 ) (2m>{< 2) OV (o, 6)% (B17)

P/2 lll P12
and from Egs. (B4), (B6), and (B10) we have for AW(2™ _ AWM (3t the same arguments)

. 1 [t (am? =)V B 0
Alten _gien - <m> [1 +i ( 7 ) J[(Nz + 15124> <Na i P’22>] e

Working in the center-of-mass frame of the annihilation channel, we obtain from Eqs. (B11)-(B14) the
following expressions:

B, _ <e2 2) (' - 4p?)r/e *‘dz[(l—zz)(zz—nzz) (1—22)2(22—7122)}, (B19)

Nz +P/2 e is (ARECTD) (Zz+,’722)2 +(22—7712)(22+7722)
5, 5, [ e 2> —4u?)/? 72 1-2°
I—\r§+ﬁ75——l<4ﬁgr T 1/2[ @ s <1+Zz_7712 , (B20)
where
+ 1/2
771-<}T4~E> s (B21)
2ud -y

@m0 - 4p 72 (B22)

APPENDIX C
We shall display here the N* (3, £)(1236 MeV) resonance contributions to the s-channel absorptive parts

of the nucleon Compton-scattering amplitudes A; defined in Egs. (2.4). They are picked up by a straight-
forward but tedious projection from the expression

Absi(pYME (b k!, b, RYu(p) =26 (s — m2Ni(p W= kly, + (k'¥)gn, 1G,(0)

+ 3[R, (2L + L) = k' (2p" +R')E 4, )G ,(Oys (M + P+ K)

1 2
X {—gae +3YaYs +§M[ya<19,3 +K;) = v (Py+K,)] +W—Z(Pa +K,)(P, +KB} Ys

X{[=Rgy, + (k' 7)g5,1G ,(0) + 3[Ry (2D, +1,) = k(2D +)gp, )G (0l p), (c1)

where M is the mass of the resonance and the transition form factors G; are defined through the following
form of the NN* electromagnetic current vertex's:

N*(p +7) |7, 0) [N(p)) = = deity(p + -G, (kD) kgy,, — (k* ¥)gp, | + G (D)5 ks(2p +k), — (2P +k)gs, ]
+G4(R%) (Rgke, — R2gp, ) hysu(p). (C2)
The isospin conventlon is such that ($)!/2 should be introduced in the above relation for ypN** and this ac-
counts for the factor £ in Eq. (C1). Our v, is v, =iyyy,¥s¥s The form factor G, does not contribute to real

(k*=k'?=0) Compton scattering and this 1s why it does not appear in Eq. (C1).
Below, for completeness, we list the N* resonance contributions to all the six absorptive parts of the
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amplitudes A ;:

AN (s, 1) == 2e*no(s - M) {012(0)

3 3 m - 2m

(3M% - m?) +G,(0)G,(0) <2M2 _————_———

2m? wmM M3 Mt)

5M® M* wm*M  wmM® M*
2 - - o eer e 3
+C. (0)< 6 2m 6 6 4m>] (c3)
@ 2e? )] 6 2(0) 2 (3MF + m) + G, (0)G 2(0)| 5=z (BM? + 6M%m — 5Mm? +.2 Mt
ImAN s, t)==3e 1r6(s--M)}\G1 ( i +m?)+G,(0 + M = SMm® +2m°) + 5
+G,2(0)5— M [Mt+ (M —m)(3M? + 4mM - mz)] , (Cc4)
2m2 L 2
2 ; y
ImAéN*)(s,t)z_zﬁwa(s_ Mz)[ 2(0) Zm + G,(0)G, (0)<2m 2mM +1\£>
3 3 " 2m
2(0)——<1/[2+m - 2mM + %%g)], (C5)
2 2 2
ImA{Y™) (s, 1) == g%—776(5 - M2){ 2(())( >(3M2+mz)+G (O)GZ(O)[ M7 3:;’1 - %(M +m)]
M3 mM
2 Rl - - _ -
oo~ 4+ LY o)
2
TmAL™(s, 1) == 2 m(s - W2)[4G,(0)G,(0) + G,3(0)2(M ~ m)], )
2 ' 4
ImA ™) (s, 1) = - g%—m")(s —MZ)%GIZ(0)< 3142>(3v12 - m?)+G,(0)G, (0)<2m % - 2v1>
M2ym? 2mM  t)
20 - —— = c8
+G, (0)< 3 g+ 2)} (c8)
The relation between the form factors G,, G, and those appearing in the paper, G, and Gg, is
m(3’V1+m) mM - m) _mM - m) m(M - m)
GM M 1+ 3 Gza GE_ 3M G 3 Gz' (Cg)

We also note here that from the analysis of Jones and Scadron'® the value of G, is around 3 while G is

very small with respect to G,,.
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