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ABSTRACT 

We study the high energy photoproduction of massive muon pairs off of 

protons in the framework of a field theoretical parton model. Parton annihilation 

is found to contribute to the production of high mass symmetric pairs, This con- 

tribution is important for events where a substantial fraction of the incident photon’s 

momentum appears in the hadronic final state. It may be separated from the large 

background of Bethe-Heitler muon pairs by measuring a cross section differential 

in the muons’ longitudinal momentum. We derive a scaling law for the parton 

annihilation contribution showing that the cross section measures the as yet un- 

explored structure function of the photon. Other mechanisms of muon pair production 

are discussed and shown to be negligible in the region where the parton effect is 

important. Finally we show that the parton contribution is observable despite the 

experimental complication of integrating the cross section over a bremsstrahlung 

photon spectrum. 
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INTRODUCTION 

The parton model 192 is an attempt to explore in high energy physics the 

implications of a quasielastic or impulse approximation much like that of nuclear 

or atomic scattering3. Finding the reactions and kinematic regions in which the 

assumption of quasielasticity can be motivated has been a topic of considerable 

recent effort. Highly inelastic leptonic processes such as the Bjorken limit region 

of inelastic electron or neutrino scattering were the first to be discussed in a quasi- 

elastic approximation. I,10 

In the past year the catalogue of highly inelastic leptonic processes has been 

extended to include production of very massive muon pairs in proton-nucleon 

collisions at very high energy as measured in the experimental work of Christenson 

et al. 4 Drell and Yan5 have shown, in the framework of field theory with a trans- -- 

verse momentum cutoff, that the process p + p - W’/J-) + *‘anything” may be 

looked at in a parton model. There are, in addition, several other models for 

high energy, highly inelastic reac tions2, some of which have been applied to this 

process. Altarelli, Brandt and Preparata6, and Sanda and Suzuki7, have analysed 

the production of massive muon pairs in proton-nucleon collisions in terms of 

current commutators on the light cone and current algebra sum rules, respectively. 

Berman, Levy and Neff have investigated this process in perturbation theory. 8 

Although, in principle, these approaches are sufficiently well defined to be dis- 

tinguished experimentally present experimental data is not accurate enough to 

provide a test of the theories. 

In this paper we investigate a process similar to that observed by Christenson 

et al. : the production of very massive muon pairs’ by very high energy photons -- 
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inc id en t on nucl eons. Our objective is to examine whether this process can provide 

another arena for comparison of models of highly inelastic electrodynamic pro- 

cesses and, in particular, to investigate the parton structure of the photon. 

According to the parton model the real photon is some fraction of the time a bare 

photon and the rest of the time a superposition of parton anti-parton pairs. It is 

this parton structure of the real photon which we hope to study through an inves- 

tigation of massive muon pair photoproduction. 

Since the process y + p - @‘/J-) + “anything” ia kinematically very similar 

to that investigated by Christenson et al. we expect the mechanism of parton pair -- 

annihilation (see Figure la) to emerge as dominant from our analysis much as it 

does from Drell and Yan’s analysis5 of the proton initiated process. There are, 

however, two substantial differences between the photon initiated reaction and the 

proton process. First, there is an experimental problem due to a large back- 

grcund of muon pairs from the Bethe-Heitler (BH) process illustrated in Figure 2. 

Indeed, the total cross-section for BH production of muon pairs dwarfs the parton 

contribution, however we find that there is a kinematic region in which the parton 

contribution may be seen above the BH background. Second, there is a theoretical 

difference in that the bare photon couples directly to each of the (charged) partons 

in the proton by means of what amounts to off mass-shell Compton scattering. 

This mechanism is illustrated in Figure 3. It has no analog in the proton initiated 

process. We show that in the limit of large dimuon mass and large incident photon 

energy and in the framework of the Drell-Levy-Yan (DLY) 
10 

model, the diagrams 

of Figure 3 admit a parton description; and, in fact, may be viewed as parton 

annihilation as in Figure la. 

The result that a parton annihilation description of the Compton graphs of 
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Figure 3 is supported by the field theory model of DLY rests heavily on the large 

mass of the muon pair. In fact in this process the finite ratio of the dimuon mass 

Q2 to the square of the total interaction energy, S, meets the requirements for 

applying a quasielastic approximation analogous to the Bjorken limit region in 

deep inelastic scattering. The same process but with the final muon pair having 

small mass was originally investigated in the parton model by Bjorken and Paschos 11 , 

particularly for large momentum transfers. More recently, Brodsky and Roy 12 

have shown that the field theory model of DLY does’not support a parton picture 

for the production of low mass muon pairs except at very nearly forward angles. 

In the process of interest to us the large mass of the virtual photon which sub- 

sequently decays to the muon pair kinematically allotis the virtual parton of 

Figure 3 to be nearly real. This is in contrast to the small photon mass case 

where the intermediate particle is highly virtual. The consequences of this difference 

will be discussed further in the following section. 

In section II we derive a parton annihilation picture for the process y + p- 

( 1 ,u’p- + 11 any thing” , paying particular attention to the Compton scattering of the bare 

photon as mentioned above. The cross-section for this process is found to be pro- 

portional to the product of the longitudinal momentum distributions at infinite 

momentum of the proton and photon. Since the proton’s longitudinal momentum 

distribution is known from deep inelastic electron scattering, observation of this 

reaction measures the photon’s distribution. 

In Section III we calculate the BH background and establish the existence of a 

region in which the parton process predominates. In Section IV we mention other 

background processes and show that they should not be expected to contribute sub- 

stantially in the same region as the parton process. Lastly we try to determine 

whether the process is experimentally observable in the kinematic region in which 

the parton mechanism predominates. 



-5- 

11. THE PARTON MECHANISM 

A. General Considerations 

The kinematics of muon pair creation are shown in Figure 4. We consider 

MN 13 the limit in which the photon lab energy, k = & - - 

Q2, 
N 2 

and the dimuon mass , 

are both much larger than any other mass in the problem. The ratio of Q2 

and S, r = Q2/S remains finite. We shall always be concerned with the sym- 

metric kinematics in which case the muons have equal energies and make equal 

angles with the axis defined by the incident photon in the laboratory, & E+ = E- 

and 8, = B . 14 The choice of symmetric kinematics is necessary, among other 

reasons, to remove interference terms between the BH and parton amplitudes. 15 

Note, however, that we do not take the muons’ momenta to be coplanar with the 

photon’s, i. e. @ f 7~. In terms of the variables $L = (p+- 4)’ and @ 3 (p+ + p-)’ 

the symmetric case is defined by A3= 0 and zG= 0. The 3-axis is taken along 

the direction of the incident photon. 

In the large Q2 and S limit and in a frame such as the center of mass where 

the momenta of both colliding particles are also very large, we assume both colliding 

particles to be comprised of a collection of approximately free constituents which 

Feynman has called partons’, and which are assumed to be scattered quasi- 

16 elastically by the bare electromagnetic current . These assumptions are sup- 

ported by the work of DLY 10 who have established the parton model for highly in- 

elastic electron scattering in a y5 field theory of pions and nucleons. The price 

one must pay for this description is the ad hoc introduction of a cutoff in the -- 

momentum transfer at hadronic vertices transverse to the infinite momentum 

direction. Alternatively, similar results may be obtained using a super-renor- 

malizable theory such as @3. Such a cutoff is motivated by the observation that 
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the predominant interaction between colliding hadrons at very high energies carries 

only low momentum between them. 

As mentioned in the previous section the model of DLY has been applied to 

the process p + p - pt- ( ) + 1f any thing” 5 with the result that the bremsstrahlung 

diagrams of Figure lb are found to vanish, leaving only the parton annihilation 

graphs of Figure la to leading order. Exactly the same considerations apply to the 

photon induced reaction except for the existence of the additional diagrams of 

Figure 3 in which the bare photon Compton scatters (inelastically) off of a parton 

in the proton. Such diagrams do not occur in the DLY analysis of proton-proton 

process because Z3, the amplitude for finding a bare proton in the physical proton, 

must be zero to account for the vanishing of the proton’s electromagnetic form 

factor at large momentum transfer. 17 

Referring the reader to the analysis of reference 5, we assert that - except 

for the diagrams of Figure 3 - the photon initiated reaction also reduces to parton 

annihilation shown in Figure la in the large Q2 and S limit. It is now necessary to 

prove the assertion made in Section I that the Compton graphs of Figure 3 also 

behave like parton annihilation in the large Q2 and S limit and are therefore included 

in Figure la - and may therefore be treated as in reference 5. 

B. Compton Graphs for Spin 0 Partons 

In this section we compute the square of the covariant amplitude for the spin 0 

parton Compton scattering diagrams of Figure 3a. We then show that the limit of 

this expression as Q2 and S approach infinity is identical to the square of the time 

ordered Z-graph shown in Figure 5 in the same limit. Since the kinematics places 

the intermediate particle in Figure 5 approximately on energy shell and moving 
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along the direction of the incident photon, the figure represents the dissociation 

of the incident photon into a parton-antiparton pair and the subsequent annihilation 

of the antiparton on an incident parton in the proton. The covariant and gauge 

invariant amplitude for the three graphs of Figure 3a is: 

where j’ = li (p-) y’v(p+), s = (p +k)2 and u = (P-&)~. 

The terms have been made individually gauge invariant and the parameters h and p 

have been introduced to keep track of contribution of the seagull term. They will 

be set equal to unity later in the analysis. Squaring this, averagirg over the 

polarizations of the initial photon and summing over the muon spins we obtain: 

0) 

The $Q” terms vanish by current conservation. To continue, we go the photon- 

proton center of mass frame. The transverse momentum cutoff of the DLY parton 

model limits the transverse momentum of the proton’s constituents as S approaches 

infinity. We then assume that the parton has only limited transverse momentum: 

P, ~5 MN- The restriction to symmetric muon pairs gives A-k = 0, also A-Q = 0 

and A2 = - Q2 (the muons are very relativistic), and from the pL restriction: 

o- A-p = O(pL Q ). In the following calculation we take QL = 0 which implies A*p’ = 

J-‘z O(pL Q ). This last restriction is for calculational convenience; later we shall 

see how the results we shall derive are dependent on the magnitude of QI. Eq. (1) 

reduces to 
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4 c 1 Mzov12 = & x 
4Q 

2 2 
(Q - t)/J Q2 -16t _- 

(s-p2)(u-p2) Q2- t 1 [ +p2 -+ 
Q2- t 

4Q2t+16p2Q2-32p2t + 4p2(Q2- t)2(4p2-Q2) 

@-P2)W2) (u-p2)2 (s-p2)2 Ii 

(2) 

+ A2/Q2 + O(p;) . 

The term in curly brackets in Eq. (2) comes from the $“” term of Eq. (1) while the 

remainder comes from the A’AU term of Eq. (l). To check Eq. (2) we set Q2= 0 

and j’/Q2 = E ‘I-1 and expect to obtain the usual 

scattering formula. Comparison with Eq. (2) 

indeed the case. 

spin 0 on-mass-shell Compton 

of reference12 indicates that this is 

Taking the large Q2 and S limit of Eq. (2) we obtain: 

lim 8 IM~ov12=p c 
Q2, S- ~0 

(3) 

n 

T F Q”/S fixed 

Essential in obtaining Eq. (3) is the observation that although Q2, s and t approach 

infinity, u, which satisfies 

u = 2p2+Q2- s- t (4) 

is of order pf . Notice that the seagull terms do not contribute to Eq. (3) at all 

(we may now set p = 1). In the photon-proton center of mass, the center of mass 

momentum, P g &/2, approaches infinity along with S. To leading order in S 

we may parametrize the momenta as follows: 

k = (P, 3, +P) 

p = (77P + (M2+p,2)/2oP, $ -nP) (5) 

Q = (Q,, 3, Q,) . 
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For simplicity we leave the components transverse to the initial momentum as 

a 2 -dimens ional vet tor . In Eq. (5) n is the fraction of the proton’s longitudinal 

momentum on the parton which is scattered. Using Eq. (4) to determine n , we 

obtain: 

Gu2+ P;) Yl+ Y2-1 

?=?+ 4P2 ( i Y2 c-Y1) (6) 

where yl z (Q, + Q3)/2P and y2 = (Q,- Q3)/2P are a convenient pair of variables 

for much of our analysis. They are cons trained by the kinematics as follows: 

7-5 yicc 1 for i = 1,2 (7) 

where T = Q2/S is finite in our limit. In terms of the y-variables: 

we obtain 

s = y2s 

t = Q2-y2S 

2 GJ2+P;) 
u=p- 

l-Y1 

lim $ c I MEov12 = 
P; (l-Yl)2 

Q2, S- 03 @2+P,2)2 
T fixed 

n7e nom compute, using old-fashioned perturbation theory, the squared 

matrix element for the Z-graph of Figure 5. 

(8) 

(9) 

As usual in old-fashioned perturbation theory energy is not conserved at vertices, 

consequently i is an on-mass-shell four vector (p= p2). We choose a transverse 

gauge for the present calculation and evaluate Eq. (10) in the photon-proton center 
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of mass and in the S, Q2- m limit. Squaring Mz, summing over spins and using 

the parametrization of Eqs. (5) we obtain 

1 c 
pL” :i-yl)2 

2 IM;12 = 
cP2 + P;)2 

(11) 

in exact agreement with Eq. (9). 

The essential feature of the Z graph is that its energy denominator goes as 

l/P making it dominant over the other time ordered. graphs (energy denominators 

- P). The contact term vanishes because of its small numerator. This situation 

does not change at all if the outgoing photon is given a transverse momentum, Ql, 

which is small compared to P, the only alteration is that p: in Eqs. (9) and (11) 

is replaced by something like (Q, + P~)~. 

TG make the correspondence to parton annihilation we note that the longi- 

tudinal momenta of pf and g are (1-yl)P and ylP respectively; that is, they travel 

along the incident photon’s direction (see Eq. (7)). This fact together with the 

observation that p” is nearly on energy shall comprises the parton annihilation 

picture. At least for spin zero partons we may then ignore graphs such as Figure 

3a since dissociation of the photon into a parton anti-parton pair is already included 

in Figure la. 

C. Compton Graphs for Spin i Partons 

The calculation for spin $ partons is simplified considerably if we borrow 

one of the results of Bjorken and Paschos’ 11 work. In the course of discussing 
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photoproduction of low mass muon pairs they have computed the squared covariant 

matrix element for the diagrams of Figure 3b in the parton’s rest frame. Taking 

the limit of Eq. (1) of reference 11 as Q2 and S become infinite and using the kine- 

matic restrictions of the previous section we obtain: 

lim 4 
Q2;S- 03 

c I Miov12 = 2 112p.Q - Q2]-’ 

This result applies only in frames in which e.p = 0. The proton-photon center- 

of-mass frame will not satisfy this restriction unless we consider only partons 

having p, = 0. The results derived with pI = 0 certainly apply for pl 2 MN, since 

the addition of a small transverse momentum cannot change the relative dominance 

of diagrams. Using the parametrization of momenta given in Eq. (5) and (6) and 

setting pL = 0 we obtain: 

Km 4 c 
l-Y1 

Q2, S-CQ 
lM;ov12= - 

P2Yl 
(12) 

T fixed 

The matrix element for the Z graph if Figure 5 in the case of spin 3 partons 

is given by 

jJ,& = ’ (P’)i $-~)j%P) 
Z 2%(E+ E’- k)Q2 

Here again, g is on mass shell, F2= ,u2. Evaluating this in the photon-proton 

center-of-mass as S and Q2 approach infinity, squaring and summing over spins 

and polarizations one obtains Eq. (12). We conclude, therefore, that the parton 

annihilation picture is valid for spin $ as well as spin 0 partons. ._ 
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D. Calculation of the Differential Cross Section for Parton Annihilation 

We have established that parton annihilation is the dominant parton process 

in the large S and Q2 limit. It is now necessary to construct a differential cross 

section for this process for comparoson with the BH cross section. The cross 

set tion is computed in the usual ‘manner. 

da = (47rcr) 
2 d3p,d3p- 

i 

8 @Q”-+&A’ -iQ28’] $1 < Pk I Jp(x)Jv(0) I Pk > e -iQsx 4 dx 1 E E 
+- in in I 

(13) 

In the large S and Q2 limit we may use the techniques of DLY 
10 to undress the 

current operators by means of the U-matrix and to argue that U(t)U+(O) = 1. The 

integral of Eq. (13) becomes: 

< U(Pk) I jp(x)jv(0) I U(Pk) > e 
-iQ.“d4x , 

If Q2 were not large this step would not have been possible; it is at this point that 

this process differs from that discussed by Bjorken and Paschos 
11 

and Brodsky and 

12 Roy . We now make the assumption discussed at length by Drell and Yan5 that 

the U-matrix develops the photon and proton independently. The matrix element 

is thereby reduced to a sum over all possible parton-antiparton annihilations. 

Restricting ourselves to symmetric kinematics (A, = @x= 0, although QI need 

not be zero) the cross section may easily be computed. The result is: 

do = (47ra) 2 d3p+d3p- 
Q4 E+C- 

c 
a 

where the sum over rrarr includes all species of partons. ha is the charge on parton 
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species ?rafr and f is 2 for spin zero partons and 1 for spin i partons. a The 

functions $ are momentum space “wavefunctionsl’; Qa (p ) is the amplitude to 
P 2 

find a parton of type ??a?? and momentum p2 in the proton; Q, a (p ) 
Y 1 

is likewise the 

amplitude for an antiparton of type I1 art in the photon. In the photon-proton center- 

of-mass in the large S limit the annihilating partons have momenta 

t 
,u2 +k; 

Pl = xlp + 2x1P , r-7 xp 

1 ‘ 
p2 +k; 

P2 = + cJx2p 9 x 2’ -3p 

i 
’ 

(14) 

We now change variables to & and Q@ using d3p+d3p- = i d3Ad3Q and project 

out the symmetric differential cross section: 

do PARTON 
2 

dQ dQ,dA., 

f g3 6 (Q2-A;)6 (A,)6 (15) 
A3 = 0 

EQ= 0 

For notational convenience we define: 

dUPARTON 
2 

dQ dQ3dA3d A3 = 0 
s$Q) 

The reasons for keeping the cross section differential not only in the dimuon mass 

but also in the dimuon laboratory momentum along the incident photon’s direction 

will become apparent when we investigate the BH background. Carrying out the 

integrals in Eq. (15) we obtain: 
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(16) 

4 

The structure of Eq. (16) is quite simple. It is a point annihilation cross section 

multiplied by a matrix element which measures the probability of finding a parton 

and an antiparton whose longitudinal momenta sum to Qi” and whose invariant 

mass is Q2. Eq. (16) may be simplified further. First we solve the 6 functions 

for x1 and x2 : x1 = (Qo+Q3)/2P and x2 = (Q,- Q3)/2P (all in center-of-mass). So 

the variables yl and y2 introduced earlier measure the ,momentum fractions of the 

annihilating partons: 9’ Yl’ x2 = Y2’ Since 7 < y. < 1, 1 
1 1 

dz2 “(xl- zl) 6(x2- z2) = 1 

we have 

< m~cx2HJ$~,, 1 6 -- fy xl+x2) 6(X1X2-T) I @Ia (x )&x ) > = P2 yl 

These matrix elements measure the longitudinal momentum distribution of the 

photon and proton respectively. In the case of the proton 

z24 < Qa,@,) l‘wf a 
z2) I cPp(x2) > = F3z2) 

where Fz(z2) is the Bjorken limit of the contribution of partons of species “a” to l’W2. 

The scaling variable z2 corresponds to Q2/2Mv in electron scattering so that Fz(z,) 



-15- 

is defined for 0 < z2 < 1. The photon matrix element defines a similar function 

for the antiparton of species “arr in the photon: 

Then finally 

a2 c $ F;(Y,) G,acy,, =- 

SYM QiQ4 a ha . ’ 
(17) 

All of the quantities in Eq. (17) are evaluated in the lab except yl and y2 which are, 

of course, defined in the center-of-mass. As promised, this cross section measures 

a G2 since I$ is known and fa and ha are numbers of order unity. An order of 

magnitude estimate of this cross section is obtained by noting that it is identical to 

that for the proton-proton case except that the structure function of the photon 

rather than the proton appears. Since the photon’s coupling to hadrons is roughly a 

factor of a! = e2/47r weaker than the proton’s, the cross section of Eq. (17) should be 

smaller than that measured by Christenson et al. 4 by approximately two orders of -- 

magnitude. A detailed discussion of the actual shape of the cross section of Eq. (17) 

is deferred until the BH background has been computed. We note, however, that 

the shape of the proton’s structure function (F2(Y) - 0 as y - l), and a similar 

assumption for the photon’s structure function imply that (d~/dQ2dQ3),,, for fixed Q” 

is peaked near yl = y2. The point yl = y2 occurs at Qi”= 0. The parton process 

is therefore largest in the middle range of the laboratory longitudinal momentum 

distribution. This is of primary importance in finding a region in which the parton 

process is dominant relative to the BH contribution discussed in the following 

set tion. 
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III. THE BETHE-HEITLER PROCESS 

The cross section for production of massive lepton pairs by means of the 

Bethe-Heitler process 18 has been studied in detail over the past decade. Originally 

the process was of interest as a test of quantum electrodynamics 19 since the 

amplitude should be completely determined by the results of electron (or in our 

case, muon) scattering experiments. Early work was limited to the “elasticVf 

case in which the target hadron is scattered elastically by the virtual photon. 

Later the theoretical work was extended by Drell and Walecka 20 to the inelastic 

process in which a sum over all possible hadronic final states is performed. In 

this section the results of Drell and Walecka are used to derive the BH contribution 

to the cross section, (dg/dQ’dQ,)S,M. Our starting point is the totally differential 

cross section in the laboratory frame: Eqs. (23) and (26) of reference 20. Changing 

variables from p+ and p- to C and Q and integrating as in Eq. (15) we obtain: 

case 
= max d cos 0 wp~ l@” 

SYM 16n Mk3 c0s3e x2 t2 
(18) 

min 

W M’” 
PV 

is the square of the invariant matrix element which is discussed later. 

Both x and t may be expressed in terms of S, Q2, Q3 and 6, where 0 is the (equal) 

polar angle made by each of the symmetric muons with respect to the incident 

photon. x, which is the fraction of the incident photon’s energy on either muon: 

is given by 
Q3 

x = 2kcose (19) 
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t f q2 = Q2 - 8k2xsin2j 5 0 2 - 

The mass of the muon has been equal to zero in these expressions. 
21 

Before going on to give an expression for W PvM?v and evaluate Eq. (18) 

explicitly, it is necessary to discuss the kinematics of the process more care- 

fully. We have used Q2, Q3 and 0 as a complete set of variables for the pro- 

duction of symmetric pairs. The more usual set is x, 0 and $I, in terms of 

which we find: 

Q2 = 4k2x2 sin2 0 sin23 Q3 = 2kxcose (20) 

For fixed Q2 and Q3 the limits on the 0 integration are determined as follows. 

As 8 is decreased sin 29 2 must increase to maintain Q2 constant. The minimum 

value of 0 occurs when Cp = 7~ ; i. e. when the muons and the incident photon are 

coplanar. Explicitly: 

ian ‘min 
@ zz-. 
$3 

If f3 were then increased holding Q3 constant and C$ = 9r, Q2 would increase, In order 

that Q2 remain constant as 0 increases, the angle C#J decreases from r. 

As 0 increases 1 t I increases (i. e. t becomes more negative). However 

since + - gN- 2MNqo = I t ! we have the in-equality -2MNqo 2 I t I where q. = 

k(2x- 1). This restriction cuts off the 0 integration at 

Q3(“N + k) 
coq8 = max 

Note that the elastic contribution always appears at Bmax and more generally that 

increasing 0 at fixed Q2 and Q3 decreases the mass of the final hadronic state. 
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Since I t I increases with 6, low mass final states contribute at relatively higher 

momentum transfer than high mass final states. This effect, which helps to 

diminsh the BH cross section, is more pronounced at small Q3 where I t I is 

generally larger. The variation of I t I and the final hadronic state mass with Q3 

and 8 is displayed in Figure 6. 

Since WPv M?’ contains a b-function contribution for the elastic peak we are 

able to remove the elastic piece from the integral in Eq. (18) and write it as an 

additional term with 0 = f3 max’ 

One of the primary reasons for studying the kinematics in detail is to inves- 

tigate the flvolcano~~ 22 effect associated with the BH process. The so-called 

volcano is a steep and narrow minimum in the BH cross section at the point of 

complete symmetry, E+ = E- , 8, = 0 and C$ = 7~. This near singularity occurs 

in the rrelastic fI BH process only when the .magnetic moment contribution to the 

amplitude vanishes, and is therefore only prominant near t = 0. For a detailed 

discussion see the work of Henry 22. If we set C$ = 7r then it follows t = @c-Q)~ = 

W~HY, -1)Y2. Therefore t is near zero only when y2 is as small as possible, or 

equivalently, when Q3 is very large. Furthermore as we have just noted, for 

fixed Q3 and Q2 the heaviest mass hadronic final state occurs when 0 = emin, i. e. 

where $ = r. 

Although for each Q2 and Q3 the integral of Eq. (18) touches the complete 

symmetry point at its lower limit we expect no volcano for the following reasons: 

first, the region of interest to us is that in which the parton process is large. As 

mentioned at the end of the previous section, for fixed Q2 and S the parton mechanism 

is large when Q3 in the laboratory is intermediate in value (see Figure 9). The 

variable y2 ‘is not small in this region, nor therefore, is t. Since t is not small 
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we expect no volcano. Second, because the interaction is most inelastic at emin 

(i. e. the hadronic final state mass is largest) and because the magnetic excitation 

of high -mass hadronic states need not vanish even at t r 0, we should not expect 

to observe a volcano even in the trforwardff region in which Q3 is large and t small. 

This expectation has been borne out in explicit calculation; we have evaluated the 

integrand in Eq. (18) at points about symmetry and find only smooth and minor varia- 

tions. The absence of a volcano simplifies calculation considerably since the 

theoretical cross section need not be averaged about symmetry to accommodate 

the finite acceptances of experimental devices. 

With these kinematic considerations in mind we proceed in evaluating Eq. (18). 

The square of the matrix element may be written as follows 20. . 

W~v~v=~[l~+2A2~Wl(qo,t)+i~~-j)-A2-2AB-~182(qo,t~] (21) 

where A f 2x(1- case) and B = 1-2x. The functions Wl(qo, t) and W2(qo, t) are the 

structure functions of inelastic electron scattering as defined, for example, in Ref. 3. 

The elastic contribution to Eq. (21) may be separated out by writing: 

+ 6(E-El-q’) 
E’ (22) 

E’ is the energy of the final nucleon for the elastic case. r. 1 Wi inelastic is the usual 

structure function which goes to zero at the elastic limit. [I Wi elastic may be 

written in terms of the nucleon’s form factors as follows: 

[I wl elastic = I t I Fl(t) + MNF2(t) 2 1 
elastic = 
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where ItI 
GE(t) = Fl(t) + 2MN F2(t) 

GM(t) = Fl(t) + 2MNF2(t) 

The form factors are normalized by: Fl(0) = 1 and F2(0) = & . Finally Eq. (18) 

may be rewritten with the elastic contribution separated out: 

3 2 cos e 
a! Q3 = s max d cos8. [“Lv @‘]inelastic 

167rM c0se min cos30 x2t2 

(23) 

+ a3 LwpV #‘] elastic 

47r M $ tmaxcos emax I’:52 [1+ $& ~1-..,Rmax)1’2BZr__1 . 

[wpv tiu] inelas tic and [wpv @‘] elastic are, of course, the contributions to 

Eq. (21) with Wi replaced by Wi inelastic and Wi elastic respectively. [I [ I 
We have evaluated this cross-section numerically using the following para- 

metrizations of the data: for W1 and W2 at low t and q. we have used the SLAC 

data23 separated using R = rL/aT = 0.15 throughout. For highly inelastic scat- 

tering PVC z 4 GeV2 or I t I 2 10 GeV2)we have used a fit24 to the data in the 

scaling variable of Bloom and 25 Gilman for R = 0.18 : 

1 q. I W,(t, qo) = (l-l/~.‘)~ 0.64 + 1.909 (l-l/w’) -2.344 (l-l/~!)~] (24) 

where w ’ = (2MNq0 - M$/t. For the elastic form factors we have used a modified 

dipole fit to elastic scattering data. 
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The results of this calculation are shown in Figure 7 where the cross 

set tion ( doBH/dQ2dQ3),,, is plotted versus Q3 for several values of Q2 and S. 

The most striking and the essential feature of these results is the very rapid, 

decrease of the cross section as Q3 decreases from its maximum value. This 

decrease occurs as the virtual photon is forced off mass shell, not only removing 

the l/t2 enhancement derived from its propagator, but also forcing the large 

elastic contribution and low lying resonances to progressively higher momentum 

transfer where they are suppressed by rapidly decreasing form factors. This 

behavior is shown explicitly in Figure 8 for several regions of hadronic final state 

mass. There one sees that for a specific Q,, the contribution from the largest 

mass hadronic state which is kinematically allowed is the most important. In 

addition one sees the importance of the elastic peak in producing the large cross 

set tion near Q3 max. As was noted in the previous section, the parton mechanism 

contributions most strongly in the middle range of laboratory longitudinal 

momentum. The decrease of the BH contribution as shown in Figure 7 is sufficiently 

rapid to permit the parton process to dominate near the latter’s maximum, The 

possibility of observing this effect experimentally is examined in the following 

set tion. 

IV. EXPERIMENTAL IMPLICATIQNS AND DISCUSSION 

Having shown that the parton model provides a mechanism for the photo- 

production of high mass muon pairs of not-too-large longitudinal momentum and 

that the BH background is strongly suppressed in the kinematic region of interest 

we must now show by explicit calculation that the parton process is dominant in a 

kinematic region where it yields an appreciable counting rate. We make a 
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quantitative estimate of the parton contribution. This .must be compared to a 

realistic estimate of the BH background. In addition we must take account of such 

experimental handicaps as the absence of monochromatic photon beams. Finally, 

we must show that muon pair production mechanisms other than parton annihilation 

and BH are negligible in the kinematic region of interest. 

In order to obtain a numerical estimate of the parton contribution an estimate 

a of the photon’s structure function G2 is needed. As argued earlier in this paper 

one expects the photon’s hadronic interaction to be of order a! compared to hadrons 

such as the nucleon. a For the purposes of estimation we take C+ (x) to be simply 

proportional to the proton’s structure function F:(x). 26 Of course it would be the 

object of any experimental measurement of the process to determine the function 

G$. Therefore, for the purpose of obtaining a numerical estimate of the parton 

contribution we have set: 

a 
G2 6’) 

e2 
= - 

? 
F;(Y) 

P=x 

in which e 2f2 / 
P=r 

= 0.0029 is the yp coupling constant derived from the pion form 

fat tor. Actually one expects the photon-hadron coupling to be somewhat larger than 

this if for no other reason than the contributions from the w and C$ mesons. This 

number ‘may then be viewed as a lower limit. Again for the sake of computation 

all partons are taken to have the same momentum distribution, F2, and the fat tor 

fa/Ai has been set equal to unity. The resulting expression for the cross section 

is particularly simple: 

4sa3 

SYM 
= HnQ2&4 F2(y1)F2(y2) (25) 
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We have computed this cross section using the scaling function of Eq. (24) with 

w’ =l/yi; i =1,.2. The results of this calculation are shown in Figure 9 for 

several values of Q2 and S. It is apparent (see Figure 10) that for fixed S the BH 

background is not important in the region in which the parton annihilation process 

is large. 

Before discussing the existence of other mechanisms for muon pair photo- 

production we must make a digression concerning the actual experimentally 

accessible values of Q2 and S. We have presumed these to be larger than any 

other ‘masses in the problem. Reference to Figure 9 or Eq. (25) indicates that 

the parton contribution falls off rapidly in Q2. In order to have a 

reasonable counting rate we shall have to accept values 

for Q2 somewhat below the asymptotic region. We find that S = 12 GeV2 and 

Q2 = 1.5 Gev2 are reasonable experimental parameters. In the case of inelastic 

electron scattering, spacelike values of Q2 as low as 1 Ge v2 already show 

scaling behavior. 27 It is possible that this is also true for timelike photons. 

In any case, the first question to be answered experimentally is whether or not 

there exists an effect above the BH process. At this stage it is reasonable to relax 

the assumptions of asymptotically large S and Q2. If an effect is indeed observed 

one must be more careful about these parameters when going on to a detailed 

comparison of Eq. (25) with experiment. 

With these values of Q2 and S in mind we wish to ask whether there is any 

other .mechanism for muon pair photoproduction which might compete with parton 

pair annihilation in the region where it is large. This is impossible to answer in 

any systematic way, however, we can make some general remarks. 
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Processes, such as photoproduction of a massive vector meson as shown 

in Figure 11, which are primarily diffractive should be very small, The reason 

for this lies in the reaction’s large momentum transfer: for S = 12 GeV2, Q2 = 

1.5 GeV2 and Q3 = 1.5 GeV (a point near the parton process maximum), I t I 1 

3.6 Ge 9. Assuming that Q2 is greater than the mass squared of the @ meson, 

this mechanism should be bounded by the experimental upper limit in the pro- 

due tion amplitude for high mass vet tor mesons times the vet tor meson’s small 

(w 10w4) branching ratio to p’p- pairs. Using the recent experimental results of 

the SLAC and Cornell groups 28 and a I t I dependence of e -4 I t I (29) we conclude 

that the contribution of diffractively produced vector mesons is several orders 

of magnitude below the parton maximum. 

One might expect a contribution from a U-channel Regge exchange as shown 

in Figure 12. Such a process accounts for the observed backward peak in vector 
30 

meson photoprcduc tion and might contribute to (-1 pair photoproduction for U z 0. 

As discussed in Section II, u = (P-Q)~ E 0 where p is the momentum of the parton 

(in the proton) which annihilates with a parton in the photon. II= (P-Q)2, however, 

is not small. For the values of S, Q2 and Q, in the preceeding paragraph I u I 1 

1.25 GeV2. At this distance from the backward enhancementf’the vector meson 

photoproduction cross section is again several orders of magnitude below the 

par ton maximum. 

For a fixed incident photon energy the parton mechanism is large enough to 

be observed above the background of BH events. We have estimated the counting 

rate one obtains from currently operational momochromatic photon beams (9 

tagged photons or SLAC’s laser source) and find it unacceptably low. 0ne is then 

forced to consider bremsstrahlung beams which are available at higher intensities. 
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The primary complication due to integrating over a photon energy spectrum for a 

fixed Q2 is that the BH 17forward” peak (c at the largest Q3 for a given S and Q2) 

from low energy photons will be at the same value of Q3 as the parton contribution 

from high energy photons and will overwhelm it. Performing a subtraction ex- 

periment, i. e. running at two different maximum photon energies and subtracting -- 

the cross sections, would involve the difference of two very large numbers, 

burying the parton contribution in statistical uncertainty. This may be avoided by 

systematically excluding elastic BH events.- 

The large forward peak in the BH cross section is exclusively due to events 

in which the proton is elastically scattered by the virtual photon of Figure 2. This 

is best seen in Figure 8. We may systematically exclude elastic BH events by 

insisting that the p-pair be deserved in coincidence with at least one meson. 

Since the parton annihilation mechanism creates a large amount of hadronic debris 

we do not expect this restriction to substantially reduce the parton contribution. 

Given this reduction in the BH forward peak, a sub traction experiment may now be 

possible. Fortunately, for fixed Q’, the parton process maximum occurs at a 

nearly constant Q3 over a range of incident photon energies. As a result, integrating 

over a photon distribution of several GeV does not spread out the parton peak. To 

see the effect of removing the elastic BE contribution and performing a subtraction 

experiment we have averaged (inelastic events only) and 
SYM 

over a dk/k photon spectrum ranging from 8 to 12 GeV. The resulting cross 

sections are shown in Figure 13. One sees the continuing presence of a contri- 

SYM 

bution from the parton annihilation mechanism. 
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V. SUMMARY AND CONCLUSIONS 

We have shown that parton pair annihilation provides a mechanism for an 

anomalous production of massive muon pairs by high energy incident photons. In 

order to separate this contribution from the BH background it is necessary to 

consider a cross section differential in the longitudinal momentum of the muon 

pair. To remove interference between the BH and parton processes one is restricted 

to symmetric kinematic regions. 15 Several steps in the derivations of Section II 

require that the actual muon events rather than the experimental acceptances be 

symmetric . The absence of a volcano in the BH cross section decreases the 

sensitivity of our results to small departures from exactly symmetric events. 

In addition to predicting the existence of an effect beyond the BH process, 

the parton model also predicts a scaling behavior for the cross section as seen 

from Eq. (17). By scaling behavior we mean that the parton contribution depends 

onQ2, Q 3 and S only through the point cross set tion factors times a function of the 

ratios y, and y2. Moreover, the cross section depends strongly on the photon’s 

distribution which has not previously been studied experimentally. By measuring 

both the photon’s mass and its longitudinal momentum the arguments yl and y2 

are fixed. The photon’s structure function may therefore be measured point by 

point. This is in contrast to the case in which only Q2 is measured5, where the 

cross section depends on a convolution integral over the two structure functions. 

It is important to emphasize the requirements made on the cross section 

which we have calculated. In addition to being limited to symmetrically detected 

pairs and to being differential in Q2 and Q3 we have also required that QI be inte- 

grated over. If QI were not integrated, the cross section would be sensitive to the 
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(unknown) transverse momentum distribution of the proton and photon and would 

not necessarily scale. Since the transverse momenta of the partons is assumed 

to be limited the QL integral need not extend to very large values but must include 

the ‘region I QI I 5 MN. 

In conclusion, we have established that a parton model can be motivated for 

the photoproduction of massive muon pairs and that the effect it predicts is ob- 

servable above the BH background. If this effect can in fact be measured experi- 

mentally two further predictions of the parton model can be explored. First, the 

parton contribution to muon pair photoproduction should scale as a function of y1 

and y2. If scaling is observed, supporting the application of the parton model to 

this process, the cross section can be interpreted to measure the photon’s 

structure function. 
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TABLE I 

Glossary of Symbols 

k’, e’ - 4 momentum and polarization of incident y-ray 

PF - 4 momentum of incident proton 

PIP - 4 momentum of final hadron state 

*/J P = 2, ja - 4 momentum of p* . 

ti = (P++P-? 

*p = (p+- p-f 

qp = (P-P’)p - 4 momentum of virtual photon in BH process 

PC1 - 4 momentum of initial parton, p2 = p2 

S 

t 

S 

U 

X 

- 4 momentum of final parton 

- 4 momentum of virtual parton 

= cx +P12 

= (k-&J2 

= (P + k)2 

= (P- &I2 

- polar angle of /J* with respect to l? in laboratory 

- axumithal angle of muons with respect to r in laboratory 
+ = l */k for the symmetric case where E = E- 

P - center of mass momentum of photon and proton 

yl = (Q, cm + Qim)/2P 

y2 = (Q, ‘lzl - Qim)/2P 

7 = Q2/S 

MN - 
nuclear mass 

Mf - 
mass of final hadronic state 
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FIGURE CAPTIONS 

1. Parton model diagrams for: a. parton pair annihilation into a massive muon 

pair; b. parton bremsstrahlung of a massive muon pair. The particle 

incoming on the left should be interpreted as a photon or a proton depending 

on the context. 

2. 

3. 

Feynmandiagrams for Bethe-Heitler production of muon pairs. 

Feynman diagrams for inelastic Compton production of muon pairs off of 

partons in the proton: a. spin zero parton; b. spin 9 parton. 

4. 

5. 

Kinematics of muon pair production. 

6. 

Time ordered Z graph for Compton production of a massive muon pair off of 

a parton (spin zero or 3). Of the graphs of Figure 3 only this survives in the 

s, Q2- cm limit (&2/S fixed). 

a. Kinematic limits on the angular integral of Eq. (18) as a function of Q3 

for S = 12 GeV2, Q2 = 3 Gel?. 

b. Contour lines of fixed final hadronic mass-squared ( lv$ solid lines) and 

invariant momentum transfer (t; dotted lines) as a function of Q3 and 0 for 

the kinematic region shown in Figure 6a. 

For fixed Q,, the angluar integral of Eq. (18) ranges over Mf and t as shown 

in this figure. 

7. 

8. 

Symmetric Bethe-Heitler cross set tion for muon pair photo- 

SYM 

production as a function of Q3 for fixed S and Q2 : a. S=12 Ge$; b. S=15 GeV2. 

Symmetric Bethe-Heitler cross section for muon pair photo- 

SYM 

production and final hadronic states of specific mass. S=12GeV2;Q2= 

3 GeV2. The sum of the curves of this figure give the lower curve of Figure 7a. 
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9. Symmetric cross section for parton annihilation mechanism of muon pair 

photoproduction 

n 
, as a function of Q3 for fixed S and Q2 ; 

SYM 
a. S = 12 Geti; b. S = 15 GeV‘. 

10. A comparison of the symmetric muon pair photoproduction cross sections 

from the BH .mechanism and from the parton annihilation mechanism: 

a. S =12 Ge?, Q2 =l.SGe$; b. S =15 Gej!, Q2 = 3 GeV2. 

11. Diffractive photoproduc tion of a massive vet tor meson and its subsequent 

decay into a muon pair. The dotted line represents exchange of a Regge 

traj ec tory. 

12. U-channel baryon Regge trajectory exchange for backwards p-pair photo- 

productions. 

13. Sym.metric muon pair photoproduction cross sections averaged. over a brems- 

s trahlung photon spectrum from S = 8 GeV2 to S = 12 Ge v? The BH and 

part on contributions are shown separately, 
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