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Using standard finite-energy sum rules we evaluate the a = 0, energy-independent real part of
Compton deuteron scattering. In contrast with the proton and neutron cases, the result is not consistent

with the Thomson limit.

I. INTRODUCTION f,"='(")=f i(0)

The high-energy behavior of Compton scatter-
ing has been of particular interest in atomic,
nuclear, and particle physics alike. Gell-Mann,
Qoldberger, and Thirring' considered the
problem for atomic and nuclear systems. They
conjectured that at high enough energies, the
coherent Compton scattering amplitude on a
bound electron, fe(&), would approach f,,„,, = -o/m, .'
Years later, Goldberger and Low (GL)' actually
performed the calculation for an electron bound
to an infinitely massive force center, and found
that, in the high-energy regime, the scattering
amplitude is real and energy-independent but that
its value may differ considerably from the free-
electron value, particularly in the strong-coupling
limit.

A general form, for composite systems of point-
like constituents, which incorporates the possi-
ble subtleties of binding effects, has recently been
discussed by Brodsky, Close, and Gunion (BCG).'
They find that the forward Compton amplitude on
an atom has the high-energy limit

Zu ' f, (x) -Zo.
f„i(&)~» s.E.

at O eff

1
where f, (x) is the normalized, f, f, (x) dx= 1, prob-
ability distribution for finding an electron with
momentum» in an atom moving with momentum
P in the limit I PI- ~, (1/x)iI„) =—1/m„, plays
the role of an effective electron mass. The high-
energy limit arises from the coherent sum of the
"seagull" terms for the individual constituents. '

These same qualitative features apply to the
high-energy behavior of Compton scattering on
composite hadrons despite the additional compli-
cations of Begge behavior. That is, the constit-
uent "seagulls" still give rise to a constant real
part. '

A dire~'t evaluation of the a = 0 contribution to
the real part of on-shell proton Compton scatter-
ing' yielded a result consistent in magnitude and
sign with the Thomson limit:

i.e., the proton behaves like a pointlike object as
far as the a =0 fixed-pole behavior is concerned.

More recently, it has been shown' that a careful
extraction of the total neutron photoabsorption
cross section, in combination with the standard
finite-energy-sum-rule (FESR) techniques, ieads
us to believe that an a =0 term may not be required
in neutron Compton scattering (in agreement with
the Thomson limit for the neutron).

These results are particularly curious in light
of the fact that complications due to Regge be-
havior have to be considered. The correct pre-
scription for evaluating the e =0 contribution is
obtained after the leading a &0 Begge behavior
has been subtracted. The n =0 term is given by

C=f,"='

where f; is the ith parton's infinite-momentum-
frame distribution function, which is related to
the deep-inelastic structure function, using the
conventional normalization, by

vw, (~= -q'/2~v) =e'P)&uf;(&u). .
S

Due to the Begge behavior of hadronic amplitudes

f& (x)-y, '/x for small x.
An underlying reason as to why this expression

should reduce to the Thomson limit is not appar-
ent .

Given this state of affairs it becomes of inter-
est to see how a composite system of nucleons
behaves in regard to the e =0 energy-independent
piece in its Compton amplitude. The deuteron is,
of course, the only such system for which adequate
data are available. In the weak-binding limit,
f~, „(x)- 5(x- &), one expects (given the phenome-
nological fact that nucleons behave as if pointlike
in their n =0 behavior) that
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TABLE I. Hegge fits, with e(0) variable and G.'(0) fixed at 2. Errors are only quoted for the last case.

No. Data from
Cutoff

Co {GeV)
Functional form

=fit

DESY (D), NINA (N),
Santa Barbara {SB)

SB, D

D, N, SB

SB, D, N

SB, D

D, N, SB

2.0 GeV

2.0 GeV

3.0 GeV

4.0 GeV

4.0 GeV

2.0 GeV

A. +B/v v

A+B/v v

A+8 /Wv

A+B/v v

A+B/Wv

A+B v""~,

0. = 0.280

191.38+ 3.18

50 190.04+ 3.93

194.41+ 3.95

50 196.79+ 5.19

193.29+ 5.48

139 204.83

106.99+ 7.17

98.03+ 9.90

90.66+ 14.58

78.55

53.22

102.13+ 15.67 45.63

106.59 100.68

117.06+ 11.14 51.87

D, SB, N

D, SB, N

2.0 GeV

4.0 GeV

A+Bv
G. = 0.26

A+B v"
e =0.64

A+B v"
o. = 0.498

50 204.72

179.9

50 194.74

113.88

104.6

51.72

78.73

cx=pC =f y(deut)

Ap +A
=-M—-'-

d 2

= -3 pb GeV.

On the other hand, it is possible that binding
effects would be sufficient to give C = —n/~,
= —1.5 p.b GeV, the deuteron's Thomson limit.
The important binding corrections arise primar-
ily from two sources: (a) photodisintegration of
the deuteron and (b) shadow and Fermi-motion
effects.

Even at high energies, o&~ o'~ + e„as a result of
the Glauber and smearing effects. '' It is the
purpose of this paper to evaluate the deuteron
Compton amplitude's constant real piece (n =0
fixed pole) including the above-mentioned effects
in order to see if a qualitative picture emerges.
We shall, see that the weak-binding result, i.e.,
~ = —3 p,b GeV, appears to be consistent with

the data, whil. e the Thomson-limit value is not.

II. ANALYSIS OF THE DATA

The procedure for obtaining the ~ =0 contribu-
tion is by now familiar. For the deuteron, care
has to be taken that contributions below normal
nucleon threshold are included. One has

E ~a
C =f, (v =0) —, a r(v) dv —WA+ —B

28 p

where a simple power-law behavior has been as-
sumed for v &N:

o, (v) -A. +8 v

4 and B are the Pomeranchuk and &' trajectory
residues, respectively. In contrast to the analysis
on nucleons we will not assume a Priori n(0) = 2.
The energy-dependent nuclear physics corrections
could possibly change n(0) from the value observed
on free nucleons. We performed fits to the avail-
able data' using the form given in Eg. (6). The
results for A, B, and n(0) for a variety of cutoffs
and combinations of data groups are presented in
Table I. The errors assigned to the deuteron total
cross section in the fitting program included both
statistical and averaged systematic errors. For
comparison we give in the same table results for
fits of the form a+ &//v.

One should notice that as the low-energy cutoff
increases, the preferred value of n(0) approaches

This is a reflection of the fact that above 4
GeV the shadow and smearing corrections become
almost energy-independent, ' thus affecting only
the Pomeranchuk piece. On the other hand, in the
region between 2 and 4 GeV, both corrections
show a substantial energy dependence and devia-
tions from the simple form o'-a+ 5/Wv seem to be
present, as the fitted values of n(0) indicate. The
X'minimum is, however, extremely shallow, so

the above deviations may not be statistically
meaningful. In any case, despite the inherently
larger errors in the Hegge parameters, the most
trustworthy results for the o. =0 residue will be
those for which the data are directly integrated up
to 4 GeV and a normal. Regge form is used there-
after.

In Table II we present the low-energy integrals,



TABLE II. Low-energy integrals for different cutoffs;
we tabulate the integral ft cd(v)dv =f0 T.he vaiuea of I&
tabulated correspond to the choice a'q(v) = 20&(v) for
Os150& & & 0.265 GeV. The corresponding values for the
choice aq(v) =Sops~s (v) for O. ISO& v& O.2% Gev are 5
pb GeV smaller %hen R Ramada- Johnston wRve function
is used.

K (Geg

2.015

3.015

4.015

Io (p, b GeV)

715.4

975.08

fI ='(deut) = —0.95 (IbGe&.

Excluding the low-cutoff fits with 0. not = ~ we ob-
tain a range of fixed-pole values that lie between
-2.2 p.b GeV and -6.6 p, b GeV. Table III presents
a complete compilation. The quoted errors, for

over the deuteron data, required in Eq. (5);
, f"Ilr(v)dv was evaluated using the y+d-p+n
data up to 0.150 GeV and the Daresbury data from
0,265 GeV to A. Between 0.150 GeV and 0.265
GeV, two alternatives were used to interpolate the
two sets of data:

(a) Og(V) = 26'p (V), l.e., I10 SllleaI'illg COrreotlcnes
and

(b) o (v) 2gsmssrsd (v)
where eg "ie'l was calculated using a standard
Hamada-Johnston deuteron wave function, The
tlue deutelon cross sections may 11e between
these two limits, the s-wave contribution in that
region being somewhat larger for neutrons than
protons.

It should be pointed out that the y+d-P+n
channei gives f""&rr(v) dv 18.9 (Ib-'GeV, a
contribution to

TABLE III. Fixed-pole results; the numbers in the
first column correspond to the labels in Table I. The
errors quoted for the two-parameter fits take into con-
sideration only the uncertainties due to the Regge pa-
rameters.

Fit number
Fixed-pole, C

(pb Ge@
Error

(p,b GeV)

-2.82

-3.96

-4.77

2 s22

+ 6.63

+ 9.77

-6.64

-4,14

+ 0.73

+1.68

+1.86

+2.18

the fixed a = —,
' fits, include those arising from the

Hegge-parameter error matrices; small additional
uncertainties are present due to error in the low-
energy intergrals. For the nonlinear three-param-
eter fits, the error matrices were not judged to be
meaningful. Although the results are anything but
conclusive they suggest a value for C that is larger
than the low-energy theorem value and perhaps
consistent with the proton Thomson limit. Thus the
various nuclear binding effects appear to at least
partially cancel, leaving a result consistent with
the "weak-binding limit. ""A direct measurement
of the real part of deuteron Compton scattering
would, of course, be preferable to the above anal-
ysis and could provide a clue as to possible anom-
alous behavior of the total photoabsorption cross
section at energies above those currently mea-
sured.
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It is amusing to notice that this result is again con-
sistent with Harari's argument, in which one can switch

off the strong interactions (leaving behind an elementary
neutron and proton), since the deuteron becomes un-
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e = 0 terms are given by their respective Thomson limits,
whi le that of the deuteron is the sum of the two. This
picture becomes suspect when one considers the nucleons
to be composite systems .
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The cross section for pair production by unpolarized photons on free, unpolarized electrons is
differential in four nontrivial variables. This cross section is integrated numerically over two or three of
the variables, and various energy spectra and angular distributions are obtained. The calculations are
restricted to low photon energies, below 5 MeV, where effects of recoil and exchange are important
and may be observed.

INTRODUCTION

The differential cross section for pair produc-

tionn

by unpolarized photons on free, unpo lariz ed
electrons has been calculated earlier, ' and the
total cross section has been obtained by Mork. '
It ha s been shown that for high photon energies,
above a few hundred MeV, the diff erence between
the cross sections for production of pairs on a
heavy target and on a light target vanishes, since
almost al1 pairs are created at low -momentum
transfers and the recoil of the target particle is
negligible . Also exchange effects are negligible
at high energies . According to Ref . 2, exchange
effects may also be neglected for lower photon
energies (down to about 6 MeV), and the triplet
cross section is well represented by the Bors e1-
1ino formula ' which only includes recoil effects .
This has been shown for the total cross section,
and it must also be true for the diff erential cross
sections except for some spec ial geometries .

For photon energies below about 6 MeV, both
exchange and y-e d iag ram s are important, and
these effects reduce the triplet cross section con-
s iderably compared to the Borsel 1ino cross sec-

tion�.

In order to verify these effects, it is there-
fore of interest to study the triplet cross section
for energies between threshold (4mc') and 6 MeV.
This energy region also has the advantage in that
screening, binding, and Coulomb corrections
should be small .

At present, a group at the University of Cler-

mont is making detailed inve stigati ons of the
triplet process for low photon energies by using
a streamer -chamber technique, ~ and motivated by
this experiment, we have calculated various cross
sections diff er entia1. in one or two variables . As
has been shown by the experiment, it is impera-
tive to make use of the kinematica 1 relations for
the triplet process in order to separate real trip-
lets from false ones . For some cases the kine-
matical limits of the triplet variables can be given
by simple analytic expressions (cf. Ref. l). Some
other more complicated cases are discussed be-
low .

W'e use units in which 5 = 1, c = 1, m = 1.

I. THE DIFFERENTIAL CROSS SECTION

The differential cross section for unpolarized
particles is given by

CVy' 2
do= ~ — p' p' p' 64(p +k -p -p -p )X

I p ~
I

4~",e,e. 1 2 3

where X is a function of invariant products and it
is given in Ref . 1 . The four -momenta of the in-
coming photon and electron are k and p, and the
four -momenta of the outgoing electrons and posi-
tron are p» p„and p „respectively . Electron
energies and momenta are e, e» e 2 and p, p»
p, ; positron and photon energies and momenta
are 6 3 & and p „k, respectively.


