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The real part of the virtual Compton amplitude can be directly determined from measurements of electron
{or muon) bremsstrahlung or pair photoproduction. In general, the interference of the Compton amplitude
with the Bethe-Heitler amplitude for pair production or bremsstrahlung yields a contribution to the cross
section which is antisymmetric when the leptons are interchanged. This interference contribution thus
produces difFerent cross sections for electron and positron bremsstrahlung at a given scattering energy
and angle. Also, the counting rate for pair production will depend on which lepton has the greater momen-
tum. The determination of the real part of the Compton amplitude would supply information on the isobar
resonance shape, test the dispersion relation for the forward amplitude, and resolve uncertainties in the
determination of the nucleon resonances. A simple estimate for the lepton asymmetry of the pair produc-
tion cross sections due to the forward Compton amplitude is given, in addition to a complete calculation
of the efkct of the first nucleon resonance using the isobar model. The results are also discussed for nuclear
targets. For the latter case, a broadening of the isobar decay width due to absorption in the nuclear medium
must be taken into account.

I. INTRODUCTION

DIRECT measurement of the real part of the
proton Compton scattering amplitude could be

of considerable theoretical interest. In addition to
resolving uncertainties in the determination of nucleon
resonances, the determination of the real part of the
Compton amplitude could supply important informa-
tion on the resonant shape of a hadronic amplitude. '

Further, if the real part could be determined for forward
Compton scattering, a test of the Kramers-Kronig
relation is possible:

Q 2GO &tot, (~ )
a(~,O') =- + ~...(~)+ I' d '—

M~ 42'- 2'' p o)"—~'

measurements of electron (or muon) bremsstrahlung
or pair production. The contributing diagrams are
shown in Fig. 1.

In general, the interference of the virtual Compton
amplitude (which is odd under lepton charge conju-

Pi =P

-Pp = —P+

(b)

The real part of the amplitude is given to order n by the
Thomson limit at threshold plus a dispersion integral
over the total hadronic photon-absorption cross section.
Other theoretical applications of the real Compton
amplitude will be discussed in later sections.

In this paper we wish to emphasize that the real part
of the virtual Compton amplitude (with one photon
off its mass shell) can be directly determined from

(c) (d) (e)
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FIG. 1. Feynman diagrams for electron pair production. (a)—(e)
give the Bethe-Heitler amplitude through second order in the
electromagnetic interaction with the nucleus. (f) represents the
virtual Compton contribution to pair production and includes
contributions from the nuclear pole terms, nucleon and nuclear
excitations, and neutral-vector-meson production. In this paper
we are primarily concerned with the kinematic regions where the
Compton contribution to pair production is dominated by isobar
excitation.
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gation) with the first-Born-approximation Bethe-
Heitler amplitudes (which are even under lepton charge
conjugation) yields a contribution to the cross section
which is antisymmetric under the interchange of the
leptons. This interference contribution produces, for
example, different cross sections for electron and posi-
tron bremsstrahlung at a given scattering energy and
angle. Similarly, in asymmetric coincidence pair
production measurements, the production rate will

depend on which lepton has the greater momentum.
The quantity

x~(s) -x (8) (f~;., (5)
e(b) =— (2)

/V+(b)+X (8) dosn(6)+(hrc. „,p(6)

where X (8) L.V+(8)] is the production rate when the
electron and positron are detected mirror-symmetrically
in angle but the electron Lpositron] has h less momen-
tum than the other lepton, is directly proportional to
the real part of the Compton amplitude.

In addition to the Compton contribution, second-
and higher-order Born amplitudes can contribute to the
charge asymmetry; complete calculations have been
given in Ref. 2. For the experiments that are discussed
in this paper, which use hydrogen and carbon targets,
this contribution is, however, less than 1/& and will be
neglected. Similarly, we expect the interference of the
higher Born amplitudes with the Compton amplitude
to be small. The radiative corrections can be another
source of asymmetry but this contribution involves
photon emission from the nucleus and is, therefore,
negligible.

Asymmetric bremsstrahlung and pair production
experiments thus make possible a direct determination
of the real part of the virtual Compton amplitude via
interference with a known real electrodynamic ampli-
tude. The validity of the Bethe-Heitler amplitudes as
given by quantum electrode namics has been established
for (e+,e ), (p+,p ), and (e,y) invariant pair mass up
to 1 BeV.'

Recently, Asbury et al.4 measured large-angle sym-
metrical e+e pair production on carbon in the invariant
pair mass region 770&50 MeV/e' (the region of the p')
as a means of determining the phase and magnitude of
the virtual Compton amplitude at relatively high
photon energy (2.8—4.5 GeV). The results are consistent
with an imaginary production amplitude for the photo-
production of p' on carbon.

In this paper we emphasize the utility of lepton
asymmetry in bremsstrahlung and pair production for
the study of the real part of the virtual Compton

' S. Brodsky and J. Gillespie, Phys. Rev. 173, 1011 (1968).
g Recent results are summarized by S. C. C. Ting, Rapporteur's

Summary, in Proceedings of the Foscrteenth International Confer-
ence on High-Energy Physics, Vienna, 196h' (CERN, Geneva,
1968), p. 43.

4 J. G. Asbury et al. , Phys. Letters 25B, 565 (1967).The effects
of the Compton amplitude on such experiments were first discussed
by S, D. Drell, ibid. 13, 257 (1964).

amplitude in the region of the low-lying nucleon
resonances. ' The resonance signal takes the form of a
principal-value part of a Breit-%igner pole that is

shaped by known kinematic factors. Measurements of
the Compton amplitude are particularly sensitive to the
energy dependence of the width parameter in the reso-
nant amplitude and will make possible a detailed study
of the resonance shape. As the photon energy is in-

creased, higher I=-,' and I= ~ nucleon resonances can
be explored. A sensitive experiment would produce
information on coupling constants, masses, and widths
of the s-channel excitations.

By measuring the virtual Compton amplitude,
additional information on the dependence on virtual
invariant photon mass can be obtained. In the isobar
model for the Compton amplitude near a nucleon
resonance, the yEX* form factor can be obtained for
spacelike and timelike virtual photon momentum from
the bremsstrahlung and pair production experiments,
respectively. The yXS* form-factor results in the
spacelike region would be complementary to those
obtained from inelastic electron scattering. ' An extrap-
olation to real photon forward Compton scattering is,
of course, required to test Eq. (1).

In the next section a simple approximate formula
that gives the correct qualitative features of the Comp-
ton contribution to pair production is discussed. In
Sec. III we write the Compton amplitude in terms of a
simple isobar model consistent with that used recently
by Dufner and Tsai' in their comprehensive analysis of
ass parameters. Quantitative predictions are pre-
sented. Finally, in Sec. IV we extend the analysis of the
Compton contribution in pair production to the case of
nuclear targets.

II. ESTIMATE OF COMPTON CONTRIBUTION

Ke will denote the amplitudes associated with the
Feynman diagrams in Fig. 1 by: Bj, the Bethe-Heitler
amplitude in first Born approximation LFigs. 1(a) and

1(b)]; 82, the Bethe-Heitler amplitude in second Born
approximation LFigs. 1(c)—1(e)];C, the Born-approxi-
mation proton Cornpton amplitude LFig. 1(f)]; and
C*, the Compton amplitude in the isobar model near the
first nucleon resonance (s M '). The contributions of
B~XBj,B~XC, and CXC have been given by Bjorken,
Drell, and Frautschi7 for pair production and brems-
strahlung. The contribution of BqX82 is given in
Ref. 2.

' A pioneering exploratory experiment of this type has been
performed by R. M. Simonds, thesis, Stanford University, 1968
(unpublished). His work with B.Richter has provided much of the
the motivation for this work.' A. J. Dufner and Y. S. Tsai, Phys. Rev. 168, 1801 (1968}.
Experimental references are %. Bartel et al. , DESY Reports
Nos. 68/42 and 68/53 (unpublished); H. I.ynch et al. , Phys. Rev.
164, 1635 (1967), and references therein.' J. D. Bjorken, S. D. Drell, and S. C. Frautschi, Phys. Rev.
112, 1409 (1958). Their expression for X12 must be multiplied
by —1/N'.
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where

d(r;„t(BtXC) ltig

da (BiXBt)+d&r (CXC)

Xtt =4m, ' Q M g tMs,
spin, pol

It will be useful to review the contribution of the
nucleon pole contribution to electron pair production.
To leading order in M ', the result of Ref. 7 is

virtual amplitude such as e c' —e k'» k/k k'. Thus to
leading order in 8, we expect the forward real Compton
amplitude to dominate and

.= (8/—M)8 P (M—„/o) ReA(~, 0')7,

where A (~,0') is defined as in Eq. (1).
We can get a rough estimate of the contribution of

excited nucleon states by approximating

k p C'(p+-p +E+.'+-E ')-
k p+k pk p+

2 t?t8 g 888 g k 'P+
+-

q' 2(k pi)' 2(k pt)' k.p

(4)

—0! 1(d tTtot, 4)
A (td, 0') = +

M 4'
for a) co~. Then

M —M +IgI
(8)

(9)

P„,=4m. 2 P $Mit, 'Me+Me'Mtt, j
spin, pol

—41 1

M V' (p++p )'-
(F++E )p .p++E, k p~ I'"~k p—

X

(F-'++E' )p p++E+-k -p
E' kp+- —-

+) ig. (5)
k p

We have taken the proton as a static charge distribution
and Fi(Ii') 1. The only mP terms that are kept are
those which can give important contributions when the
cross section is integrated over lepton angles. The
interference contribution X~~ is at least of third order in
the lepton-positron asymmetry parameters and will not
be required for our purposes.

Let us, for simplicity, consider a specific case of
asymmetric electron pair production in which the
leptons are detected mirror-symmetrically to the
incident beam (8+=8 =8, dt+ —P = ir), but the electron
has 8 more energy than the positron (8=E E+).We-
then obtain the simple result

E= (8/M)8'L1+O(8')+O(h'/E ')+O(E~'/M') j (6)

where e is the asymmetric quantity defined in Eq. (2).
Thus, for typical cases (tl 200 MeV, 8 20') the
nucleon pole contribution to e is of the order of 2/o. This
result would be essentially unchanged for a nuclear
target (see Sec. IV.)

One can easily show that the leading contribution to
e arises from the real photon forward Compton scatter-
ing amplitude, that is, the N(p')t e'N(p) part of the
nucleon Born terms. The remainder of the nucleon Born
amplitude contributes terms of the order of 83 to t„(the

term). The leading result is also unchanged if,
instead of e e', we use a gauge-invariant form for the

The absorption cross section at the first resonance ~Y33*

is approximately 550 pb, s leading to an asymmetry
approximately four times the Born contribution for
co=~*+-,'I'. Since each nucleon contributes equally for
an I=2 resonance, the asymmetry for nuclear target
experiments due to excitation is enhanced by a factor
A/Z. ' Thus as&~metrics of the order of 20% are to be
expected, the signal being proportional to the real part
of the Breit-Wigner amplitude. ' Resonances at M*
= 1525 MeV (I= 2), 1688 MeV (I= 2), and 1920 MeV
(I=2) give photoabsorption tr»(&u~) cross sections of
the order of 150 pb, ' and thus give pair production
asymmetries of the order of 4 that of the first resonance.
In addition, information about the forward photon-
neutron amplitude at the I= ~ resonances can be ob-
tained from measurements of pair production on nuclear
targets.

III. ISOBAR CALCULATION

In this section we present a more quantitative calcu-
lation of the Compton contribution to electron pair
production in the region of the first nucleon resonance.
We shall use a simple isobar model consistent with that
used by Dufner and Tsai' in their recent analysis of
electroproduction of the 3-3 resonance. As in Ref. 6, the
yÃcV* vertex will be assumed to be dominated by the
M1 multipole; for real photons the E2 contribution is
known to at most a few percent of M1. In our calcu-
lations we shall ignore small background contributions
from 8jX82, 8~)(C, u-channel resonances, vector
mesons, and higher nucleon resonances, which are
relatively slowly varying in the first resonance region.
Unlike Eq. (9), the results will not be restricted to
small 8.

' For a recent compilation the inelastic electron scattering data,
see W. K. H. Panofsky, in Proceedings of the Fourteenth Inter-
national Conference on High-Lnergy Physics, Vienna, 1968' (CERN,
Geneva, 1968), p. 23.' Some broadening of the width function F due to nuclear effects
is expected, however. See Sec. IV.
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MC3(0) = 2.05&0.04.

The proton mass and the central value of the E*mass
distribution are denoted here by M and &33. The
propagator for the spin-2 resonance will be taken as

(P',z, IZ„IP;x;)= I&le"(P,,lrh'~CC~(~ qg„„q„&„—)
+«(q P~g; —q.PI.)
+Cg(q P;g„„q„P;„—)Q(P;,X,)

=—I~I+"(Pf ~f)V v(P/, P*)4(P',~*), (10)
v p+Mss

i6' p(p)= i-
p' M—3p+iM3gr (p') 3M33'

The general matrix element of the electromagnetic ments,
current at the proton-V* (I=-,', J=-,') vertex can be
written as'

with q=Py —P;. The form factors C3, C4, and C5 are
functions only of fI' when the proton and lV* are on
their respective mass shells. The condition for pure M1
excitation at q~=0 is~

C4(0) =C3(0)/M33 C.-(0) =0,
where, from the analysis of photoproduction experi-

X(3g pMn' 4p pp —yypM—ss'

+v-v pp~+P-v Pvs) (11)

The contribution to the total pair production matrix
element squared from the term BiXC~ (averaged and
summed over spins and polarization) is"

—e' y.P'+M
2 Re P Mc*M&,t='2 T""'Tr — Vs, (P', P+k)(Ps (P+k)V „(P+k, P)

spin, pol 4g P 2M
y-P+M

X P, (q')v + P2(q')Cv q,v.j, (12)
2M 4M

where the lepton trace is given by

—2k p+ —2k. p

y.p +m, y p++m, y k —y. p++m, y p —y k+m,
K+7 pe

2m. 2m.
(13)

The momenta are defined in Fig. 1(a).
The contribution of Eq. (12) to the cross section can be written in terms of five invariants. The complete answer

is extremely long and we shall only give results that are appropriate to small-angle experiments.
Let us now consider electron pair production on hydrogen. When both leptons are detected at angles 8~&20',

it is sufFicient to expand the interference term in the cross section to second order in the lepton production angles
8+ and tI . This small-angle approximation is also adequate for single lepton detection experiments, since the
undetected lepton tends to choose an angle that minimizes the propagators. Electron mass terms can be safely
ignored as well, since no mp/(k p~)2 terms arise in the interference term. At small angles, only the convection part
of the nucleon current in the Bi amplitude contributes to the interference term. The small-angle expansion of
Eq (12) is (q'= —~', pi= p , p2=p+)-

where

S—M3P 3
2 Re Q My~My, t = (Xi—X2)

spin, pol (r M, P) M, Pr—3M„~—. q(p, +p,)
' (14)

X = ( (M'+2MM g'+3M33') Cq'(Ei'+E 'E2+EiE2'+Eg')
2k pi

+8 '(E,'+3Ei'E2+3E, 'E '+3Ei'E2'+2EiE24)+82'(Ei'E2'+Ei'-E2'+k, iE2'+E2') j
+2M'Cq (E,'+2E&'E2+2Ei'Ep+2EiE23+E2')

+ei2 (Ep+4Ei'Eg+6Ei4E22+6Ei3E23+SEi2E24+2EiE2')

+82'(E,4Ep+2Ei'Ep+2E 'E2'+2EiE&25+E ')g) (15)
"An alternative approach to this calculation is to follow the method of R. A. Berg and C. N. Lindner, Nucl. Phys. 26, 259 (1961).

The pair production and bremsstrahlung cross sections are calculated for the Bethe-Heitler graphs and for the general Compton ampli-
tude using the 12 independent virtual Compton amplitudes. The contribution of the resonance amplitude is then obtained by calculating
the resonance contribution to the 12 Berg-Lindner amplitudes. We have verified their results for the interference term LEq. (2.6)j
using the algebraic computer program RKDUcE developed by one of the authors (A.C.H.). We have also verified the calculations of the
projections f1 f» for the proton Born contributions pEq. (4.4) j, with the exception of fg, which should be I F&(2vmvg —vp p)+@F2(vp
+2v&v3+vPv3p, —vPv3p)1/2(v2+v3) (vi2 —vP). This error has also been noted by M. Greco, A. Tenore, and A. Verganelakis, Phys. Letters
278, 317 (1968); and (unpublished). The latter authors give the projections fi ~ f» for the 3-3 resonance assuming only the C3 inter-
action which, however, does not correspond to Mi excitation.
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X2——Xi(pii' ~ p, ) .

The cross section including Bethe-Heitler and X*
interference contributions is

5.0

2.5—

where

do-;„g Xi—X2

do=dos, (1+do;,/do o),

s —M3p 1 1 SC32M

(s—M3b2)'+I'Mbbm (pi+pi)' q' 3Mb'

E'(Vo) 0

s —M332
/—=K )

(s Mbb2)'—+I'M bb2

—2.5—
ra

eV

e(b,k) =$+(b) iV (b)

iVp(h) + V (h)

and the Bethe-Heitler contribution Xi~ is defined in
Eq. (4). The interference contribution changes sign
when the electron and positron momenta are inter-
changed.

In Figs. 2 and 3 we show the predicted asymmetry

- 5.0

k MeV

I"zc. 2. Electron-positron asymmetry in pair production on a
proton target due to the X3/2*(1236) Compton interference con-
tribution versus photon laboratory energy as given by Eqs. (15)-
(17). The two curves correspond to choices for the energy de-
pendence of the resonance width given in Eq. (18). Contributions
to e due to the nucleon pole diagrams, other resonances, and second
Born corrections are not included.

amplitude would be obtained from the measurement of
(17) the quantity c(b,k)E ', where K is the known kinematic

factor defined in Eq. (16).

that is due to the 6rst s-channel nucleon resonance for
coincidence measurements of near-symmetric electron-
positron pairs. "Here X (8) [iV+(8)] is the production
rate when the electron and positron are detected sym-
metrically but the electron [positron j has b less momen-
tum than the other lepton. Since the asymmetry is
generally less than 20%, the neglect of the CoxCo
contribution is justified.

In each figure, two curves are shown for two choices
of the form of s dependence of the resonance width'.

I', (s) =120(p ~/pii*)' MeV,

IV. COMPTON MEASUREMENTS ON
NUCLEAR TARGETS

Pair production and bremsstrahlung experiments are
more easily performed on nuclear targets such as carbon
rather than hydrogen. Fortunately, considerable in-

1.5

5.0

127.5(0.85p */m )' MeV
rb(s) =

1+(0.85p */m )'
(18)

2.5

e(s'. ) 0

where p
* is the pion momentum in the rest frame of

the cV*: -2.5

and
[p.*(s)j'= [(s—M'+m. ')/2+sf' —m. '

pR'= p.*(Mba').
-5.0

Note that we have not assumed any. energy dependence
of the vertex parameter C3. Although the proposed
experiments are difFicult, an experimental determination
of the correct form of r(s) would seem to be feasible and
the results should be of considerable theoretical interest.
The direct determination of the real part of the resonant

"The application to single-lepton detection experiments is
discussed in Sec. V.

-7.5
-200 0

8 MeV

FIG. 3. Electron-positron asymmetry in pair production on a
proton target due to the Eg~*(1236) Compton interference con-
tribution versus the lepton energy difference as given by Eqs. {15)-
{17}.Curves are shown for the the laboratory photon energy below
and above the resonance energy, and for two choices of energy de-
pendence of the isobar width )see Eq. (18)j. Contributions to e
due to the nucleon pole diagrams, other resonances, and second
Born corrections are not included.
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formation on the nucleon Compton amplitudes can still
be obtained from the asymmetric experiments. "

For photon energies greatly exceeding the binding
energy, impulse approximation is justified for the
nucleon pole contribution jc to the nuclear Compton
amplitude. For Dirac nucleons (an adequate approxi-
mation for small-angle Compton scattering), the cor-
responding nuclear amplitude is

A Z

g d'x;yjt(x, x„) Q jc"e '& *'—y;(x', x~)
i=1 i=1

=ZG~(q') jc (19)

where 6& (q2) is the nuclear charge form factor. This has
the same functional dependence on q' as the Bethe-
Heitler amplitudes. The results for e~, ~, (b) are thus
independent of the nuclear form factor, and are identical
to the proton target result.

For the case of the isobar Compton amplitudes, the
impulse approximation (i.e., treating each nucleon
independently) is not adequate, since the nucleon
resonance is apt to be absorbed in the nuclear medium.
We can estimate that, for an 3~* in a nucleus, the mean
free path is p=2 F, corresponding to a total X-rY* cross
section of =40 mb at ~p~ =k=350 MeV. This leads to
decay by absorption in a time

p p 1
Yah'

velocity k/'Mgg 30 MeV

compared to

r«.,~= 1/I'= 1/(120 MeV) .

Thus the eGective width is increased in an energy-
dependent manner:

P —+ I'+ (k/Mg3) (I/p), (20)

which is roughly a 25'%%uo correction at resonance. The
e6ect of absorption can be summarized by using the
form 1/(s M33+i—M33F V) for —the resonant ampli-
tude in the nuclear medium, where V= —ik/p is an
absorptive optical potential. This collision-broadening
e8ect would also be observable in nuclear Compton and
pion-nucleus scattering in the resonance region.

The impulse approximation is adequate for the isobar
Compton amplitudes when the eA'ective increased
width form of F is used. " Since protons and neutrons

"In principle, one could use asymmetric pair production to test
the Kramers-Kronig relation analogous to (I) for forward photon-
nucleus Compton scattering, with A (co=0, 0') = —Z'n kg. The
relevant photon energy region for the pair production experiments
would, however, be k~binding energy."In principle, there are also contributing multinucleon ampli-
tudes with strong energy dependence at s~M332, such as the
amplitude representing the two-nucleon process, y+pI+p2~S*+p2 ~ pI'+w+ p2 ~ pI'+Ã* ~ y'+ pI'+ p2'. However, such
contributions are considerably suppressed by (1) the small overlap
with the abnormal-parity nucleon intermediate state and {2) the

contribute equally for I= ~ resonances, the asymmetry
e is increased by a factor A/Z in pair production experi-
ments. If the proton and neutron distributions are
identical, then, in addition, the contribution to e is
independent of the nuclear form factor.

V. CONCLUSION

The results given in the previous sections indicate
that the fractional asymmetry due to the isobar
resonances is sufficiently large and sufficiently sensitive
to width corrections for a practical experiment. Al-

though experiments on hydrogen would be the most
useful, experiments on low-Z nuclear targets can also
give important information on the real part of the
Compton amplitude. The collision-broadening compli-
cation discussed in Sec. IV can be resolved by measuring
photon-nucleus or pion-nucleus scattering. In fact, a
measurement of the increase of the isobar resonance
width in nuclear matter is interesting in its own right,
since this yields a determination of the E-A* total cross
section.

In fact, several asymmetric electron pair production
measurements on carbon have already been per-
formed. 4''4 Of these, the only experiment that was
sensitive to the eGect of the first nucleon resonance was
the single-lepton rate measurements of Simonds. ' In the
"single-arm" experiments the detected lepton is re-
quired to have nearly the maximum bremsstrahlung
energy in order to define the photon energy and avoid
background from 7f. production. The experimental
results were sufFiciently sensitive to show a positive
fractional symmetry ~ for k above 350 MeV. This is
consistent with Fig. 2.

It is expected, however, that the most detailed
determination of the real part of the virtual Compton
amplitude, i.e., checks of isobar resonance shape, the
dispersion relation Eq. (1) and the &$$~ vertex form
factor, will come from coincidence measurement of
asymmetric electron pairs or the electron-positron
bremsstrahlung ratio.
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