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ABSTRACT 

Utilizing a simple field-theoretic model we consider the production 

of time-like muon pairs via a massive virtual photon in high energy hadronic 

collisions. We predict the differential cross section m’tbe mass-squared of 

the muon pair as well as the total cross section. We find that our form 

factors do not possess the analogue of the Bjorken scaling associated with 

deep inelastic electron scattering, but are scale functions multiplied by the 

usual Bremsstrahlung factor < t average >/S. 
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We consider the interaction initiated by a hadron (proton or pion) 

p(n) + nucleon - (,u’/A- ) + (hadronic states) (1) I 

where the muons are produced via a very virtual photon. We investigate the 

asymptotic region analogous to that of deep inelastic electron scattering. In 

this kinematic region the invariant mass-squared of the muon pair q2 and the 

center of mass energy squared, s, of the initial hadrons are both very large, 

) 
We take fl and 1J;’ to be the four momenta of the two initial hadrons and q’ to 

be four momentum of the muon pair (see Figure 1). We work in the kinematic 

region where the variables q2, g,P, qP1, P-P1 - ~0 but the various ratios of 

these variables are held finite; i. e. , the ratios (q’/P.P$, (qP,/q’), etc. are 

all finite. It is our, hope that these limits are relevant in the experimentally 

accessible kinematical regions. 

Jf process (1) is summed over all hadronic states and averaged over 

initial spins then the differential cross section da 
l.J+l-J- 

is proportional to the 

following tensor: 

Wpy = (2) (2) {d4neSiqx< PePl I Jcl(x)JV(0)I PapI T 

(2) 

+“zc ((P-~q~(Pl-~q~+P~Pl)..(gU~jwl 
2M 

where M is the nucleon mass and Jp(x) is the full electromagnetic current. 

The matrix element involved in Eq. (2) is similar to the 

case considered by Bjorken for inelastic electron scattering 
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except that the initial state contains two hadrons rather than one photon, and 

the mass of the virtual photon is time-like rather than space-like’. It will 

turn out that the form factors analogous to “W3 and Wl of deep inelastic electron 

scattering, namely (q*P)W2A, (q*Pl)WzB, ,/mW2C, and Wl do not scale 

in the Bjorken sense but are functions of the form 

<t > average 
S 

where < t > 
average w (300 MeV)’ is the average momentum transfer in purely 

hadronic interactions. 

In an attempt to predict the total muon pair cross section as well as 

the differential cross section in the photon mass q2, we have abstracted certain 

11 insights!’ gained by studying inelastic electron scattering. These may be 

summarized as follows. 

The Bjorken scaling of the inelastic form factors, such that they are 

functions of the ratio q’/qP (PC1 = initial proton’s momentum) rather than in- 

dependent functions of q2 and q*P separately, is most simply understood in 

terms of point-like scattering of the virtual photon on elementary constituent 

particles. These constituents may be parton-like (see Bjorken and Paschos’) 

or the more ordinary field theoretic virtual nucleons and pions which make up 

hadronic structures (see Drell, Levy, and Yan3). Considering for the moment 

that this kind of model is capable of explainingprocesses involvingboth time- and 

space-like photons, then we note that there shouldbe a significant qualitative 

difference between the time- and space&like cases. An elementary constituent may 

scatter elastically with a very massive space-like photon (i. e. remain on its 
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mass shell before and after the scattering). However in the time-like case, 

the initial constituent must be very massive (far off-shell) to decay mto a 

very massive photon plus itself. This property reflects itself in the propagator 

of the internal nucleon (constituent) being evaluated far off-shell for the time- 

like photon (see Figure 1). (In this kinematical region use of the Ward- 

TakahashP identity for the proper proton-photon vertex plus the D.G.S.5 re- 

presentation suggests that the proper vertex function I’ (q’, Mf , Mi) when 

s2 M Mf - ~0 is indeed of order 1 or point-like. ) . 

Here we perform a model calculation for the process 

p(n) + nucleon - p(n) + nucleon + @+/..4-) (3) 

We consider only the elastic part of the hadronic interactions, but since in pn 

interactions this is about one fourth the total cross section, we hope that our 

calculation gives a reasonable first approximation to the total process (1). This 

calculation: will have two advantageous properties: i) it will be explicitly gauge 

invariant, and ii) it will involve no artificial cut-offs or extra parameters. We 

mock up the purely strong high energy interactions with the exchange of a single 

neutral vector meson with its propagator chosen such that it correctly repro- 

duces the high energy elastic differential cross-sections6. (The exchange of 

more vector mesons essentially leaves our final result unchanged and will be 

discussed in a longer forthcoming paper. ) We introduce electromagnetic 

interactions through minimal point-like couplings. 

We find after doing all integrations except over the virtual photon the 

differential cross-section for P + N - P + N + @+JL-), 
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da p+p- = 
<t average ’ 1 d4 

s 3 -g 
(2P*Pl-2(q*Pl+ q-P) + q2, 

(4) 
q. (cl2 - wp)2 

42 (q2-2q.P) 

<t average’ (2P*P1-2*P$;92_2q* (P+P$+2P*P+ 
x e 

where the constant total elastic pn cross section, (T Pn’ 
is taken as 10 milli- 

barns and -C t >= ti/ 12. ? The factor < t average P average >/ s is analogous 

to the classical acceleration factor in bremsstrahlung emission8. To calculate 

the process R + p - 7r + p + @+/..4-), we replace cT pn by anp and < taverage ’ 

by the appropriate average momentum transfer for 7rp elastic scattering. 

After integration over the photon three-momentum dgp+C(- becomes a dis- 

tribution in q2 

<t 

d"p+p- = ~pn(f," t;, s 

average' d l 

- 

q2 q2 

( (5) 

When we perform this integration in the overall c. m. system the range of 

integration of ITI is I :I = 0 to I <I = (s-q2)/2G We stress that this ex- 

pression is approximate and only appropriate in the region q2-- Q) and s *co. 

with the ratio q2/s finite. This formula is exact only if the masses of the hadrons 

are zero. Upon doing the integration over q2 we find for the total cross-section 

%+N- 
= 2.0 x 10 -34cm2 

, when s = 60 (GeV)‘. Here we let the lower bound on 

q2 be 1.5 (GeV)’ as suggested by experiment’. We restate here that our structure 

functions (q’PW2A’ . . . , Wl) do not exhibit the analogue of Bjorken scaling as 

suggested by other authors 10 . This is a consequence of using vector particles 

to mediate the strong forces and not allowing large momentum transfers in the 

purely hadronic interactions. 

We wish to thank Jerome’ Robinson for his assistance with the actual 

computations. 
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Figure Caption 

Figure 1 - ModelforP+N+P-tN+@‘p-). 

Figure 2 - Plots of q2 distribution when masses of hadrons are taken equal to 

zero (expression 5) and when masses are non-zero (expression 4). 
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