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Abstract

The two-photon mechanism for lepton-pair production is calculated
in a nonconventional way by treating the relative pion-nucleon mo-
tion in the classical limit. The results are compared with existing
data for anomalous e+ e~ pairs produced in the collision of 16 GeV/c
pions with protons. The results for differential cross sections as a
function of the invariant pair mass, Feyuman x. and transverse mo-
mentum are found to be in reasonable agreement with the data.
The dominant piece of the cross section arises from the magnetic,
spin-flip part of the nucleon current.

In the near collision of two relativistic heavy ions the Lorentz contracted
electromagnetic fields will overlap for a brief time. During this time lepton pairs
will be produced from the strong fields. The talk of M. Strayer at this conference
will review this subject. As part of an efort to investigate the possibility of using
this process to study strong field QED. we have developed a technique forcalcu-
lating the two photon process for lepton pair production. The two-photon process
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and our method of calculating it are reviewed here. The results are compared with
existing data for electron-positron production in 7rp collisions.

The emission of electron-positron pairs has been observed in the collision
of a 7r~ with a proton for a pion momentum of1 16 Gev, c and2 17 Gev/c. The
experiments detected pairs over a limited range of invariant pair mass. M =
(£1 - E2)

2 - (pi - P2)2'1 2- This range is given by 0.2 < M < 1.2 GeV. A
large peak near M — 0.8 GeY was observed. This peak is well understood to
result from the direct electromagnetic decay of the p and u; mesons, p — e~ e~.
and u; — e~ e~. Below this peak a continuum of pairs is also seen. These pairs
were termed anomalous as conventional mechanisms failed to reproduce results
consistent with the data.

Several possible mechanisms for the production of these pairs have been
investigated.Among these is the Dalitz decay of the 77 and *;. 77 — -. c~ ( " and
u> — 7r° e~ f ~. This process can be accurately estimated from the measured meson
production cross section and the known Dalitz decay probability. As this process
is a small fraction of the observed cross section, it. together with the direct decay
into leptons of the p. u.\ and TJ. are subtracted from the measured data with the
remaining events labeled as anomalous. Another possible mechanism would be
the Drell-Yan process. For larger values of the pair mass, this process, when an
enhancement factor of two is included, agrees well4 with the experimental data.
When this calculation is extended1"2'4 to the lower pair masses observed in the
experiments of Refs. 1 and 2, the theoretical results are more than an order of
magnitude below the data. Several exotic mechanisms have been proposed a~*
but none have proven totally satisfactory. We demonstrate here that an ab initio
calculation of the two-photon mechanism pictured in Fig. 1. when the magnetic
spin-flip term of the proton current is included, produces results which are in
quantitative agreement with the data.

The rwo-photon mechanism for electromagnetic lepton-pair production de-
picted in Fig. 1 was first investigated9'10 in the 1930's. In Ref. 10, the equivalent
photon, or Weizsacker-Williams, approximation was developed. This approxima-
tion replaces the electromagnetic fields of the incident particles by a spectrum of
photons which then directly create the lepton pair. Two-photon physics, within
this approximation, has received considerable attention11 of late.

The experimental results of Refs. 1 and 2 are depicted in Figs. 2-4. The
qualitative features of the cross sections are clear. The cross section falls with
increasing pair mass, falls with increasing Feynman x (denned as the ratio of the
longitudinal pair momentum with the maximum kinematically allowed momen-
tum), and falls with increasing transverse momentum.



Fig. 1. The two-photon process for electromagnetic pair production

We calculate the two-photon process depicted in Fig. 1 by first taking the
classical limit13 oxa the relative motion of the pion and nucleon. With this approx-
imation, the total cross section for electron-positron pair production, as given by
the two-photon process of Fig. 1. is given by

<»

where b is the impact parameter of the classical trajectory of the relative pion-
nucleon motion. For a 17 GeY/'c pion. we use a simple straight-line trajectory.
The scattering amplitude for the uncrossed diagram of Fig. 1 is given by
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The notation and normalizations are those of Ref. 14.

The intermediate lepton propagator may be expanded into its particle and
antiparticle parts utilizing the identity

2 -m2 p o - Ep Ep p o - Ep EP -

(3)
We also replace the invariantly normed spinors by spinors normalized to one.
\-(<r)(p) = [m/Ep)u

l<r)[p) and v((T)(p) = [m.'Ep) tt(CT)(p). The scattering ampli-
tude of Eq. 2 becomes



(4)

Expanding the coupling of the photon to the proton (pion) to lowest order in the
photon four-momentum divided by the energy of the proton (pion) yields

A^\q) = 2^e6(qo - 3 qz)1 " " " , GE{q2) .
q2

z + 7 2 9 1

A^lq) = 0 . Af^q) = 0 . .4<"%) = 3A{-\q) . (5)

where GE{<12) is the electric form factor of the proton (pion). here taken to have a
dipoleform (l~q2/.\2)~2, with A2 = 0.71 (GeV/c)2. The vector potential of Eq. 5.
which represents the coupling of the proton (pion) to the photon together with the
photon propagator, is just the vector potential for an extended charge distribution
that has been boosted from the rest frame of the particle to a frame with velocity
-3. This result follows from the classical limit taken on the relative motion of the
proton and pion and the expansion in momentum transfer over energy. The vector

potential A(~\q) can be obtained from A(*\q) by the substitutions 3 3 and
b b . where we work in the centei-of-velocity frame for numerical convenience
(the expressions are Lorentz invariant). The crossed term in Fig. 1 results from
interchanging Ai + ){q) and A(~'(g).

A different derivation of this same result can be found in Ref. 12. The
vector potential is here expressed in the Lorentz gauge: in Ref. 12. identical results
were obtained when the calculation was repeated in the Coulomb gauge. The eight
dimensional integration required to calculate the total cross section in Eq. 1 is done
utilizing a Monte Carlo technique. The details of the numerical technique are given
in Ref. 12. We include in the Monte Carlo integration the experimental cut on the
pair mass, .2 Gev < A/ < .8 GeV. Points which correspond to invariant masses
outside this region are counted in the overall normalization of the calculation, but
do not contribute to the data of present interest, and thus the integrand need
not be calculated for these points. The differential cross sections follow simply by
binning the points as a function of the independent variable of interest.

The results of a calculation which used 25*106 Monte Carlo points are
pictured in Figs. 2-4 as the dot-dash curves. These results fall significantly below
the data. The cross sections for production from the currents given in Eq. 5 are
enormous12 for small electron and positron momenta. However, in the kinematic
region imposed by the cut on the invariant mass, this process produces a very small



Fig. 2. The differential cross section for electron-positron pair pro-
duction verses Feynman x. The squares are data from Ref. 1, the
circles from Ref. 2.

cross section. In addition, the direct and crossed terms interfere destructively to
reduce the predicted cross sections by two orders of magnitude.

The photon couples to the proton current JM(p' ,p) which may be expressed
by:

J»(p'<r'.p<r) =ft7 t<7 'V) lV (Flip ~ P) ~KF2(P' - p)] u(<r)(p)

(6)

If we expand in powers of the momentum transfer to the photon in the center-of-
momentum of the proton frame, the vector potential in Eq. 5 is the leading term
(and a spin-nonflip term) while the the next term is a spin-flip term and is given
bv
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where the magnetic form factor of the proton. G.\i(q) is normed such that GM{Q) =
1 -i- K and (1 -r ti)t,:2M = (Jp\ (ip is the magnetic moment of the proton. We use a
the same dipole form for the magnetic form factor as was used for the electric form
factor. For the pion we use a monopole form factor with A2 = 0.59 (GeV/c)2.
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Fig. 3. The differential cross section for electron-positron pair pro-
duction verses the pair mass. The data is from Ref. 1.
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Fig. 4. The differential cross section for electron-positron pair pro-

duction verses the transverse momentum of the pair. The data is

from Ref. 1.

This term is of order q;M as compared to the leading term of Eq. 5. Even
though this factor is less than one. it is more than compensated for by two features
of the spin-flip current. One is that the components of the current which are not
zero are the transverse components. The other is that these components are
proportional to the transverse components of q. This makes this term effective



at producing pairs with substantial transverse momentum - a feature imposed on
the data by the experimental cut employed. The results for electron-positron pair
production from this magnetic term are pictured in Figs. 2-4. The solid curves
depict the pairs which are produced from the magnetic spin-flip current of Eq. 7.

We see that the results are in reasonable agreement with the data. The
calculation is an ab initio calculation with no adjustable parameters. The only
approximation invoked is that of taking the classical limt of the relative motion of
the pion and proton, and the expansion of the proton current in Eq. 6. Although
the overall agreement is good, the cross sections for low Feynman x, Fig. 2. and
for low transverse momentum. Fig. 4, are systematically below the data. This
may result from our use of the lower cut on the invariant mass at exactly .2 GeV.
If we were to decrease this value slightly, the cross sections at low x and low
p_ are enhanced. The difficulty might also lie with our neglect of the final state
distortions of the electron and positron. The slower moving leptons might well have
somewhat higher cross sections if distorted waves were used. We conclude from
the general qualitative agreement of the calculation with the data that the lepton
pairs observed in Refs. 1 and 2 are produced via the two-photon mechanism of
Fig. 1 and. in particular, are produced by the magnetic part of the proton current.

There are several ixnportant reasons to understand lepton pair production
in particle collisions. The two-photon process can produce large numbers12 of soft
pairs. Here v - have found that it can also produce measurable amounts of pairs
with significant transverse momentum. Such pairs would provide a background
for the lepton pairs emitted in heavy ion collisions. If the lepton pairs are to serve
as a probe of the quark-gluon plasma, this background must first be understood.
Also, the Lorentz contracted fields represented by the vector potentials of Eqs. 5
and 7 become very large for the ultra-relativistic heavy ions that will be produced
at RHIC (and perhaps at the SSC). In this case, the perturbative approach uti-
lized here will certainly be inadequate. Lepton production could then offer the
opportunity to study QED in a region where it is not perturbative. As a baseline
for this study, the perturbative results, produced here and calibrated against the
data of Refs. 1 and 2. are needed. There are related processes in which the two
leptons combine to form a spin-zero or spin-one object. For example, if we replace
the leptons in Fig. 1 by quarks, they could combine together to form a pi or a rho.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
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