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ABSTRACT

Electromagnetic lepton-pair production in relativistic collisions is studied in an

ab initio approach with no free parameters. After a semi-classical approxima-

tion to the relative motion of the two incident particles is made, the resulting

second-order diagram is calculated using a Monte Carlo technique to evaluate the

resulting seven-dimensional integral. We examine the case of electron-positron

pair production in ir~ p collisions at pn = 17 GeV. We find that a significant frac-

tion of the measured pairs in this reaction are produced via the magnetic spin-flip

current of the proton. Approaches, such as the equivalent photon approximation,

which neglect this part of the current predict much too small a cross section. This

feature is traced to the cuts imposed in taking the experimental data. Lepton-pair

production in the scattering of 3He,4He and 4He,4He is proposed as a clean way

of experimentally separating the spin—flip and non-flip processes; predictions are

made for these systems.

INTRODUCTION

Electromagnetic lepton-pair production by the fields of two colliding par-

ticles is a problem that has been studied1 since the 1930's. A vast majority of

the work, with few exceptions2"4, has followed Landau and Lifshitz5 and uses the

"equivalent photon" or "Weizsacker-Williams" approximation. Recent work3'4

has begun to clarify the limitations of this approximation. ^opr*
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In Table 1, we give the value of the effective electromagnetic coupling con-

stant for pair production, Z\ Z\ a474, which can be achieved at contemporary

accelerators. We see that this effective coupling constant can be quite large in-

dicating that pair production may not be properly treated in lowest order per-

turbation theory. This also provides a motivation to perform the lowest order

calculation without making the equivalent photon approximation. We examine

here electromagnetic lepton-pair production from the collision of two heavy ions.

We make a semi-classical approximation to the motion of the two ions but do

no t make the equivalent photon approximation. In particular, we investigate the

role of magnetic spin-flip currents which are neglected in the equivalent photon

approximation. The formalism for calculating cross sections for electromagnetic

lepton pair production can be extended to look at the electromagnetic production

of more exotic particles, such as the Higgs boson6, W*-pairs7, or particles of high

spin8.

TABLE 1. Accelerator information.

ACCELERATOR

AGS
GSI

CERN COLLIDER
FERMILAB

RHIC
CERN (LHC)

SSC

CM. ENERGY
(GeV/A)

1.6
1.0
9.0

1000
100

8000
20,000

Z\ Zl a4 74

6.85t
12.5

l,620T
2840

11,000,000
11,600,000

458,000,000

f Assumes a target nucleus of 9 2Pb

FORMALISM

The Feynman diagram for the two-photon process is given in Fig. 1. We

take a semi-classical limit on the relative motion of the two ions, treat their mo-

tion as a classical straight-line trajectory, and then calculate exactly the resulting

Feynman diagram. To do this, we require the field for an ion with impact param-



eter 6/2 travelling in the z direction

£!I

The semi-classical S-matrix amplitude is

/ YD. F
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-p) SF(p)

(2)

where SF(P) is the Feynman propagator.

Fig. 1. The Feynman diagrams for the two-photon process for lepton pair pro-

duction.

The current matrix element in Eq. 1 for a spin 1/2 particle with an anoma-

lous magnetic momement K is given by, for the non-spin-flip term, J'l{p-,q) =

u+(p — q)T>1(p, q)u+(p) and for the spin-flip currents Jfl(p, q) = U-(p — ?)r/J(p, q)

xw+(p) where the current operator Tli(p, q) is

(3)

Explicit calculation of the current matrix elements give, for the non-spin-



flip current,

(4)

and for the spin-flip current,

7 ~ - GE)

N

J3 = "^(?1 ~iq2)

4m
(5)
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Jwhere we have changed from the form factors Fi(q2) and -F̂ C?2) to the elec-

tric and magnetic form factors C?£;(g2) and C?M(g2), with (j£;(g2) = F\(q2) —

(q2/2M)F2(q
2) and GM(q2) = *i(g2) + 2Mi^(g2). The normalization factor N

is given by
2 /(1 + TV 1 + *Y 2s.\

= (2TT)3 E E > " ^'

In order to make the connection to our earlier work and to explicitly provide

the formulas which are calculated numerically, we change notation. The Feynman

propagator is expanded into its particle and antiparticle parts

$+m 1 m K—* , - > _ ,.* . 1 m
p 2 - : p0

(7)



The covariant spinors are replaced by non-invaliantly normed spinors | xp) —

(m/E)^2u3(p) for s = 1,2 and | Xp) = {m/Ey^v^p) for s = 3,4, and Ea
p = Ep

fr- j = 1,2 and Ep = — Ep for s = 3,4, and V(q) = y0Ze fi(q). These replacements

translate Eq, 2 into

f m

(8)

Written in this form the structure of the aanplitude is that of a standard second-

order quantum mechanics calculation.

The square modulus of the S-matrix is the cross section of the interaction

for one particular point in phase space

3 f <P
^Xk ' J (2TT

- p)\x'p){x'P\V2(p + q) + V2(k - P)\x'p){x'P\Vi{p + q)] \X
s
g~

)2 ^ j^

The total cross section for a specified final spin s' is found by integrating this

over the final state momenta, averaging over initial spins, integrating over impact

parameter and dividing by the incident current flux (for our normalization this is

We use the integral over d2b to produce a delta function in p and p':

= I'



Thus equation (9) becomes

A 9 4

icia - ^J (2*)

(11)
and so equation (10) becomes

_ e V ^ 1 ^ r d2pd3kd3g . a+

pj^^^cp + ̂  + v f̂cpj

(12)

Equation (12) is the total cross section for electromagnetic pair production,

to lowest order, in the semi-classical formulation. This is the expression which was

programmed. Note that (12) is still a general equation insofar as the potentials

V\ and V2 have not been specified; they are as yet general matrix elements. The

equation is therefore valid for both --pin-flip and non-spin-flip processes for scalar

or Dirac particles.

THE COMPUTATION

The FORTRAN program that evaluates (12), YEW, is written to handle

the production of a pair of any spin-| point-particles via the collision of either

spin-| or spin-0 particles. In addition, the program calculates the spin-flip and

non-spin-flip process for an incident spin-| particle, or the proton-delta transition

for an incident proton. (However, YEW will not yet yield accurate results for the

proton-delta transition until difficulties with the modeling of the transition form

factor is resolved).



The evolution of (12) amounts to an integration of a positive function over

a seven-dimensional phase space; of the eight variables

one is expressed as a function of the others by symmetry. Equation (12) becomes

<r = Fo J f(x)dx , (13)

with FQ chosen so that / < 1. A mapping is found so that the seven remaining

integration variables Xi are re-written as x,- = yiX{ where 0 < ?/,• < 1.

The particular variation of the Monte Carlo method used here is thus: a

random "throw" is made in an eight-dimensional space y(-, and if f(y • X) > ys,

the throw is called "successful". After T throws and S successes, the cross section

(13) is given by
5 7

a ~ ^° T n ^'>
1=1

with a proportional error in er/Fo of \ZS-1 + T - 1 .

RESULTS

In a previous work4, we examined the case of electron-positron pair pro-

duction in 17 Gev/c pion-nucleon collisions — a reaction for which there exists

data9. Figures 2a - 2c show the results of our calculation. In all three differential

cross sections we see that the theoretical predictions pass through the error bars at

the low end of the scales, in clear contrast to the behavior of the equivalent photon

prediction, which is everywhere a few orders of magnitude low. Moreover, it is

the spin-flip cross section arising from the anomalous magnetic moment coupling

which is dominant. This situation arises because a cut on the invariant mass of

the lepton pair has been imposed ir. the experiment (and in the calculation). In

this kinematic region, the non-spin-flip electric term is small and is reasonably

approximated by the equivalent photon approach.

At the higher mass, transverse momentum, or Feynman X end of Figures 2,

our curves are too low by an order of magnitude. This is in contrast to our earlier4
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Fig. 2a. The differential cross section da/dM for electron-positron production in

17 GeV/c 7r~ p collisions. M is the invariant pair mass, M2 = (E++E-)2 - (p+ +

p_)2. The data are from Ref. 9.
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Fig. 2b. The same as Fig. 2a except the cross section is dcr/dx with x equal to

Feynman x, the total longitudinal momentum of the pair divided by maximum

longitudinal momentum kinematically possible.



results which used a boosted potential model rather than the more exact current

matrix elements, Eqs. 5 and 6, used here. Clearly our lowest order exclusive

calculation does not adequately reflect the inclusive data.

The important and interesting point is that there are regions where the

magnetic spin-flip piece can be dominate the electric non-spin-flip piece. This

point can be addressed directly by examining the collision between He isotopes.

We find that in helium-helium collisions, the spin-flip term dominates the non-flip

term, provided the same cut on invariant mass as was used in obtaining the data of

Ref. 8 is imposed. Figure 3a illustrates this in the case of 3He,4He collisions, and

Figure 3b shows that the non-flip case of 3He,4He closely resembles the 4He,4He

collision (which has no spin flip channel). Thus the difference between lepton pair

production in 3He,4He collisions and 4He,4He collisions is a measurement of the

magnetic spin-flip contribution to the reaction,

For completeness, we present in Fig. 4 the results for proton-proton colli-

sions. Again, if we impose a cut on the invariant pair-mass, we find a dominance

by the magnetic spin-flip current.

CONCLUSION

We have found the rather surprising result that the spin-flip piece of the

effective potential is what dominates lepton-pair production cross sections for the

17 Gev pion-proton data of Ref. 8. We have found this to be the result of the

experimental cut imposed on the invariant pair mass.

This surprising result is not true in general: the spin-flip term does not

usually dominate the non-spin-flip term in QED processes. The spin-flip current

brings in an extra factor of q/m which usually renders the magnetic terms smaller

than the electric terms. If the cut on the invariant pair mass is removed, we find

that the electric non-spin-flip current does indeed dominate and that the equiva-

lent photon approximation and our previous boosted potential approximation do

well at predicting total cross sections.

We have used this formalism to calculate pair production from 3He-4He and
4He-4He collisions, and explained why these systems will provide a clean signature



0.00 0.03 Q.10 0,15 0.20 O2S O J O 0 3 9 0 40

Fig. 2c. The same as Fig. 2a except the cross section is da/dpXi, where px is the

total transverse momentum of the pair.
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Fig. 3a. The total cross section within the experimental cuts made in Ref. 9 for

electron-positron production in 3He,4He collisions verses TXah. The dashed curve

is the cross section produced by the spin-flip current; the dotted curve is the cross

section produced by the non-spin-flip current.
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Fig. 3b. The total cross section within the experimental cuts made in Ref. 9 for

electron-positron production for 3He,4He collisions (dashed curve) and for 4He,4He

collisions (dotted curve). Both are non-spin-flip cross sections.
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Fig. 4. The same as Fig. 3a except the reaction is proton on proton.



for the spin-flip mechanism.

The work presented here is an ab initio calculation which involved no free

parameters. The Monte Carlo technique used proved an efficient and convergent

approach to calculating these cross sections.
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