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ABSTRACT 

The total and single-hadron inclusive cross sections and energy, 

momentum, and multiplicity distributions from the two photon process 

in electron-electron scattering are estimated from the photon-hadron 

analogy and Regge behavior. Corrections to this estimation and the 

possible relationships between the electron-electron and electron- 

positron cross sections are discussed. 
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-n There has been extensive discussion on the production of various exclusive 

final states in electron-electron (e-e-) scattering via two photon process’ but 

the inclusive features of hadron distributions in this reaction, such as the aver- 

age multiplicity, single particle spectra, etc. , have hardly received as much 

attention. A better understanding of the latter is important, particularly in 

view of the unexpected behavior of the hadron production in electron-positron 

(e+e-) scattering. 2 In order to see whether there may be also some unexpected 

behaviors in e-e- scattering, we first have to ask what are expected for the 

total and inclusive cross sections. A calculation of these cross sections can 

also serve as estimates of the hadron counting rates in the future e-e- experi- 

ments and the background in the e+e- cross section from the “normal” two 

photon process. 

In the conventional theory of quantum electrodynamics, the hadron produc- 

tion cross section in e-e- scattering is dominated by the tiyo photon process 

e- + e- + e- + e- + y* + r* + e- + e- + hadrons , (1) 

as illustrated in Fig. la. Since the dominant contribution from this process is 

restricted in the kinematical region where the masses of both virtual photons 

are very small, most of the final state electrons are scattered along the beam 

direction and difficult to detect. Therefore, instead of studying the hadron pro- 

duction the subprocess 

Y” +-Y* --t hadrons (2) 

at fixed total y*y* energies, it is more natural to study reaction (1) at fixed e-e’- 

center of mass (c. m. ) energies with the kinematical variables of the two final 

state electrons integrated over the allowed phase space. In this manner, we 

shall discuss the features of the total and inclusive cross sections predicted from 

the Regge theory, its corrections, and possible deviations from these predictions 

that may be related to the e’e- reactions. 
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In the equivalent photon approximation, 3-5 the total cross section for 

reaction (1) can be written as 

x 
aYY - hadrons (4W~w2) Pa) 

X 
“YY - hadrons (“) ’ (3b) 

where E is beam energy in colliding beam experiments, me is the electron rest 

mass, s = 4E 2 is the square of the total invariant mass, w,, and w 2 are the 

photon energies in the e-e- cm frame, s ’ = 4w1w2 is the square of the invariant 

mass of the hadrons, so is a certain threshold energy for hadron production or 

cut off in the hadron energy, and u 
YY- hadrons is the total hadron production 

cross section for y-y scattering. 

There are at least two possible mechanisms contributing to (T 
YY -, hadrons ’ 

namely, the pho ton-hadron analogy 4-6 and the parton pair production. 7 The 

first one is a generalization of the fact that the photon can interact with hadrons 

like another hadron (vector meson) and the second one follows from the parton 

models that the two photons can create a parton pair which subsequently anni- 

hilate into hadrons. The difference in these two mechanisms has been discussed 

in Ref. 7. Sfnce the photons in reaction (1) are predominantly near their mass 

shells, the photon-hadron analogy part is believed to be more important and 

shall be discussed first. 
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-t. Using the photon-hadron analogy and regge behavior, the cross section 

has been estimated by various authors. 4-6 
“y y -. hadrons Assuming that it is 

dominated by the pomeron and leading secondary trajectories, we have 

“y y - hadrons (s’) = a + - (4) 

Substituting Eq. (4) into Eq. (3a), the total cross section can be analytically 

evaluated. First few leading terms of o are 

(5) 

Notice that, since the photon spectra are peaked at low values of s’, the inte- 

grated cross section in Eqs. (3) and (5) receives substantial contribution from 

s’ near s o. Hence the contributions from the secondary trajectories are sup- 

-1/2 pressed relative to that from the pomeron by a factor of so !Ln(s/s,) -’ in- 

stead of s -1/2 . Similarly, contributions from the correction terms in Eq. (4) 

are relatively suppressed by a factor of s 0’ [Pn(s/so)] -2. The cross section is 

dominated by the pomeron only in the case of a very large cut off energy, so, 

l/2 or at very high energies such that so !n(s/s,) > > 1 GeV. 

Using factorization, SU(3), and measured values of the nucleon-nucleon 

and nucleon Compton (yp) scattering cross sections, it has been estimated in 

Ref. 6 that 

‘a =0.24pb, b = 0.27 pb-GeV. (6) 

With these values for a and b, CT is plotted in Fig. 2 as a function of E for several 

values of s 
0’ 

At high energies, u should behave like (Qn $$-r (!n -$2 but 

it increases much faster with E at lower energies. Higher order electromagnetic 
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4. processes asymptotically can contribute to o with higher powers of Pn (s/so) 

but are negligible for the present consideration.5 

Observing a total cross section comparable to the prediction of a particu- 

lar model is hardly sufficient to verify the model. Therefore, we must study 

some other features of the hadron production as predicted by the regge model. 

Certain features of the hadron distributions in reaction (1) can be readily dis- 

cussed from Eqs. (3) and (4) without invoking the details of the single hadron 

inclusive spectra. A few of them are the total invariant mass, energy, mo- 

mentum, and multiplicity distributions of the hadrons. The average invariant 

mass is given by 

<&z-, ~(~)y*q-’ 5 [;(2+92+) - (1-g) (3+9] 

sO 
I 

X 
uYY- hadrons (’ ’ ) 

[( 1 

2 
+b Pn-c 

sO 
(7) 

which asymptotically behaves like s 1’2/ [ fn(s/s,)]‘. Notice that, while both 

the pomeron and secondary trajectories can contribute comparable amounts to 

U, only the former contributes in the high s I region. As a result, < fi > is 

more sensitive to the pomeron contribution. It should also be obvious that if a 

cut off, so, is imposed on s’, < ,/-& will depend on s o. In general, the aver- 

age value is somewhere between 1 to 2 GeV for 1.5 GeV < E < 4.5 GeV, as - - 

illustrated in Fig. 3a. 
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-n In each event from reaction (l), the hadronic system should have a  net 

longitudinal momentum in the e-e- cm frame, since in general the two virtual 

photons are not emitted with equal and opposite momenta.  According to the 

photon spectra and the cross section (j- y y - hadrons ’ this momentum distri- 

bution is given by 

2  2  
“YY -hadrons tJJ + - w-) ’ 63) 

where w = w - w 1  2  is the total momentum of the hadrons in the e-e- cm frame 

and w + = w1 + w2 is the total energy. Substituting Eq. (4) into Eq. (8)) the 

momentum distribution can be analytically evaluated. Although neither the 

final state lepton nor the total hadron (including neutrals) momentum can be 

easily measured, a  checking of the total observable hadron momentum against 

Eq. (8) can still give us some qualitative feeling about the role of this particu- 

lar mechanism in reaction (1). In F ig. 3b, we have plotted the average magn i- 

tude of w-, < I w- 1  > , as a  function of E. It increases with E and behaves like 

E/fn(s/s,) at high energies. For E between 1.5 GeV and 4.5 GeV, < I w I z 

varies from 0.5 GeV to 1.5 GeV and therefore sizable net momentum should be 

observed. Due to this fact, the total energy of the hadron, w+, is always greater 

than the total invariant mass, fi . The energy distribution also can be ob- 

tained from Dq. (8) by the simple substitution w+ ww and appropriate change 

of the integration lim its. The average value of the total energy, < w+ > , is 

plotted in F ig. 3c. It is comparable with E which is half of the total e-e- cm 

energy, at lower energies, becomes approximately half of E at higher energies, 

and increases like E/fn(s/s,) asymptotically. 
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- Although the average hadron multiplicity, <n > , can not be obtained from 

Eqs. (3) and (4) alone, it is also possible to obtain without knowing much de- 

tails of the hadron spectra. It has been observed in purely hadronic reactions8 

and ‘yp scattering’ that the average multiplicity for a given hadron, iih, increases 

logarithmically with total energy s. According to the Mueller Regge analysis, 10 

ii (s ) is given by 

Eh(S) = c h Qns + $ + o(s-l12) (9) 

and ch is independent of the initial particles if the pomeron is a factorizable 

simple pole. Such behavior is approximately exhibited by the data in Refs. 8 

and 9. In Ref. 9, we have 

C w- = 0.44 * 0.04 , C charged = 0.93 32 0.12 . (10) 

Using the photon-hadron analogy, the average multiplicity in the subprocess (2) 

at any s’ should also be given by Eqs. (9) and (10) and the average multiplicity 

in reaction (1) is then given by 

<ll’ = a IL (F,” b e)’ I:, $ [$ (2 + gr Pn : - (l- $-) (3+ $)I 

X chdns’+ds +O - ( )I 
’ 

“YY - hadrons (‘I) 

= s + constant + 0 
sO + O ( s;/2 ~n,s,so)- (11) 

From Eq. (ll,), we can see that <n > also increases as ens but at a rate differ- 

ent from that in &. The constant term can not be determined without additional 

information about the contributions of the secondary trajectories to the hadron 

spectra. The correction terms are different from those in Eq. (9). The terms 
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of the order of l/fn(s/s,) represents the effects of the next leading terms in 

g and can be easily calculated. The last term arises from the correction 

terms in Eq. (9) and the fact that substantial contribution to the cross sections 

come from low values of s’ near s 0’ 
The single hadron inclusive distributions have hardly been discussed for 

reaction (1) and its subprocess (2). As seen from Ref. 9, Feynman scaling is 

a reasonably good approximation in yp scattering even at relatively low energies 

and the inclusive distribution in the proton fragmentation region is qualitatively 

in agreement with that in other hadronic reactions. These features are expected 

from the Mueller-Regge analysis and the photon-hadron analogy. When such 

ideas are generalized to the subprocess (2), the inclusive distributions in 

reaction (1) can be related to those from yp reactions in the central and photon 

fragmentation regions. For a given type of hadron h, we have 

qy tx*, PI*) = P*o 
d3cr @*, P; ) 

@‘ii d2 P; y y-c h + anything 

= “y y -, hadrons d30-(Ix* I, P; ) 

*YP 
P2; 

dp$ d 
2 

P; YP -+ h + anything 

E “YY - hadrons fLP (Ix” I ) PI* ) (12 ) 
“YP 

where p*,, p; , and pT are respectively the time, longitudinal, and transverse 

components of the final state hadron momentum, x * = 2 p* /fi is the Feynman II 
scaling variable, Ix* I > 0 denotes the photon fragmentation region in yp scatter- 

ing and CT is the total cross section. Since the YY cm frame can not be deter- 

mined if neither the final state electrons nor the energies and momentum of all 

the hadrons, including neutrals, are measured in reaction (l), it is not suitable 
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-cI to use the kinematical variables in this frame. In colliding beam experiments, 

the final state hadron momenta can be easily measured in the e-e- frame, 

which are related to those in the y y cm frame by 

P”o = p. cash (Y + pIl sinh Q! 

PI = p. sinh a! +p,, cash a, 

PT = PII > 

where 

cash a! = sinh a! = w1 - w2 

dqq’ 

(13) 

(14) 

Thus the single hadron inclusive distribution in reaction (1) is given by 

d 
3 

0, 
PO 

pII 2 pl ) 

dpll d 
2 

pi 

x fJ (1 -x*0, fz;ytx*, PJ , (15) 

where x$ = 2pz/ ,f? and x* are given by Eqs. (13) and (14) in terms of p II’ Pl ’ 

wl’ and w 2’ The e-function is the energy conservation constraint in the sub- 

process (2). Strictly speaking, Eqs. (12) and (15) are valid only at very high 

energies, while the y y cm energy is always very low in reaction (1) for e-e- 

energies available in the near future. However, since the deviations from 

Feynman scaling in hadronic and yp reactions are small and the energy depend- 

ence ill “YY 
and o 

YP 
tend to cancel each other, Eqs. (11) and (14) may be use- 

ful for estimating the inclusive distributions to within 30% for a reasonable cut 

off like so ~1 1 GeV2. 
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-t. To obtain some quantitative feeling of the inclusive distribution, we can 

approximately parametrize the right hand side of Eq. (12), by 

fyp 
-1.47~*~ - 7.6 p” 

~- (x*, PI)’ N 26 7r e 1 vb/GeV2, x*> 0 . (16) 

A comparison of Eq. (16) with the data is shown in Figs. 4 and 5. Obviously, 

this parameterization is too simple to accurately describe data. In particular, 

the correlation between the x*-dependence and pI -dependence is neglected 

and the peak near x* = 1 is not reproduced in Eq. (16). The peak is predomi- 

nantly due to the pions decay from the “elastic” p production, y + p - p” + p. 

In reaction (l), there also can be such a peak due to the pions decay from the 

llelasticll process, y + y -+ p” + p”. However, this peak will not be present 

for p 2 1.5 GeV and, for &’ above this energy, will be smoothed out in 

the e-e- cm frame by integrating over the y y cm energy and momentum. Be- 

cause of these over simplified approximations, we want to stress that Eq. (16) 

is used only as a rough estimation of the hadron distribution. 

We can also introduce the Feynman scaling variable x = p ,, /E for the in- 

clusive distribution (15). Although neither will this distribution exhibit scaling 

nor will the total cross section for reaction (1) reach a constant, it can be shown 
- - 

that if fi’ scales, f”h e (E, p,, , pI )/ o exhibits Feynman scaling at x = 0 and 

behaves like (Qns/s,)-l , for 0 <x < 1. This behavior is illustrated in Fig. 6. 

Notice that the x-dependence is quite different from that in Eq. (16), simply 

because of the momentum spread of the y y cm frame and the sharp fall off of 

of the photon spectra in s’. The angular dependence of the inclusive spectrum 

also can be studied from Eqs. (18),(15) and (16). Since the cut off in pI is 

typically 0.3 GeV/c and not much smaller than the total available energy, there 

should be very little effect of this cut off. Substantial fraction of the hadrons 
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can be produced at finite angles even the electrons are scattered forward rela- 

tive to the beam. 

So far, we have only discussed the contribution to the cross sections from 

one particular mechanism, namely, the Regge contribution to the even C hadron 

states from the two photon process with the photon-hadron analogy. There are 

some other features of photons being quite different from the hadrons. For 

example, gauge invariance requires a local interaction, the seagull term, be- 

tween the photons and scalar particles. This type of interaction is unique to 

the photons and can not be related to hadronic reactions by factorization. In 

the parton models, such local interaction for the production of a hadron pair 

can take place via a parton loop, as illustrated in Fig. lb. The local inter- 

action between the two photons arises from the seagull diagrams for scalar 

partons and the z-graphs in the time ordered perturbation theory for spin l/2 

partons. 11 More generally, multi-hadron productions via the creation and sub- 

sequent annihilation of a parton pair, 7 can not be taken into account by the 

photon-hadron analogy. The effects of the parton pair annihilation and its differ- 

ence from the photon-hadron analogy have been extensively discussed in Ref. ‘7 

for reaction (2). From light cone arguments, the parton annihilation contribu- 

tion to reaction (2) is given by the absorptive part of the parton loop diagram, 12 

as shown in Fig. lc, for high values of the photon masses and s’. If we simply 

use this diagram for all values of photon masses and s’ to estimate the contri- 

bution, it turns out to be very small compared with oT in Eq. (2). Possibilities 

for such parton pair annihilation mechanism to be important are discussed later. 

Besides the hadronic states, with even C, the ones with odd C can also be 

produced in e-e- scattering. The most important mechanism for the latter is 

shown in Fig. Id, where a massive time-like photon is emitted from one of the 
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- electrons and subsequently decay into hadrons. The spectrum of this virtual 

photon can be calculated from quantum electrodynamics and the hadron spectra 

from the decay of the virtual photon can be obtained from the inclusive spectra 

in e+e- reactions, if the latter is indeed dominated by the single photon annihi- 

lation. Estimates of such contributions for various exclusive states has been 

worked out. ” As seen from Ref. 13, the contribution is important only when 

one of the electrons is detected at wide angles and is small compared with 

reaction (2) as far as the total cross section is concerned. Detailed contribu- 

tion to the total and inclusive cross sections are being estimated. 14 

In view of the relatively large cross section observed in e+e- reactions 

and its discrepancy with the parton model predictions, we shall discuss some 

of their consequences to the e-e- scattering. The parton model describes the 

e+e- annihilation by the diagram shown in Fig. 7a. At high energies, the total 

cross section is given by the absorption part of the parton loop diagram shown 

in Fig. 7b and can be written as 

‘7+- ee - hadrons 
(17) 

where N = 2 Q2 + & Z 
j+ J j=O 

Qy and Qj is the charge of each parton with spin j. 

Possible mechanisms for the cross section to deviate from Eq. (17) can be 

attributed mainly to zero, one, or two photon processes. 

For the possibility of the zero photon processes, it implies that the leptons 

can directly interact with hadrons. Depending on the details of the models for 

such interactions, the e-e- cross sections may or may not be affected. For 

example, take the simplest model in which the e+e- cross section is given by 

the scattering of two geometrical objects, as motivated by the apparent 
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constancy of u + _ , then so would be the e-e- cross section. Since 
ee - hadrons 

the former is much larger than the estimate given by Eq. (3), a substantial 

deviation from this equation should be observed. On the other hand, more 

complicated models can make a certain mechanism enhanced in one reaction 

and suppressed in another. If the e’e- reaction can be mediated by a meson 

which directly couple to e+e- with a strength of the order of CY and strongly 

decay into observed hadrons , than the single virtual meson annihilation contri- 

bution to o + _ can be at least comparable to the one given by Eq. 
ee - hadrons 

(17). On the other hand, although this meson can also mediate e-e- scattering 

via a process like the two photon process, its contribution can be suppressed 

relative to the one in Eqs. (2) and (3) by two factors of the meson propagators 

for a massive meson. 

If the observed e+e- cross section is indeed due to the one photon process, 

then it is necessary to consider contributions other than the one given by Eq. 

(17). One such possibility, within the parton models, is simply that the parton 

loop diagram is not a good approximation at present energies, where the parton 

fragmentation regions can overlap and therefore the cross section is not given 

by an incoherent sum as in Eq. (17). If this is the case, the parton annihilation 

contribution to reaction (2) also can not be estimated by the loop diagram alone 

and it is interesting to see if this contribution can become comparable to the 

photon-hadron analogy part. A second possibility, also for the parton model, 

is the presence of the parton form factors. l5 In the model of- Ref. 15, the 

effects of the form factors are enhanced only for the very virtual photons and 

therefore will not contribute to reaction (2). Yet another possibility for the 

one photon process is the presence of some J = 1, odd C, high mass, broad 
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near the available e’e- energies. It would be interesting to see if there are 

also such resonances in the even C channels. But due to the fact that s’ is 

much smaller than s , high mass resonances can hardly be produced in e-e- 

collisions. 

The possibility of the two photon process being responsible for the observed 

e+e- cross sections trivially have direct implications on reaction (2). As seen 

from our esitmates, such cases would require certain “anomalous” behavior 

in the two photon process itself in order to produce a large cross section. 

To conclude, we have estimated the Regge contribution to the total and 

single hadron inclusive cross sections and the energy, momentum, and multi- 

plicity distributions in reaction (2). Whether there will be substantial devia- 

tions from our estimates would discriminate certain classes of models for the 

e+e- reaction. If such a deviation is present, then a much better understanding 

for the e-e-, +- as well as e e , reaction should be needed. . 

The author wishes to thank P. Zerwas for interesting discussions. 
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-h FIGURE CAPTIONS 

1. (a) Dominant two-photon contribution to the hadron production in e-e- 

scattering, where the shaded area represents a general y y hadrons vertex. 

(b) Hadron production from  two-photons via a parton loop, where the 

lines labelled by q and s represent the parton pair. 

(c) High energy, large photon mass lim it of the parton model. The 

dashed line represents where the absorptive part is taken. 

(d) Some diagrams for the production of hadrons with odd C in e-e- scatter- 

ing. 

2. Total hadron production cross sections given by Eqs. (3), (4) and (6). 

3. (a) The average value of sf given by Eq. (9). 

(b) The average net momentum of the hadrons in the e-e- cm frame given 

by Eq. (8). 

(c) The average total hadron energy in the e-e- cm frame. 

4. Comparison of the x-dependence between Eq. (16) and the data of Ref. 9 

for YP - r- + anything, where the solid line is given by Eq. (16) and 

0 <x < 1 is the photon fragmentation region. 

5. Comparison of the pL -dependence sim ilar to that in Fig. 4. 

6. Behavior of the normalized invariant cross section for n--production as a 

function of the scaling variable in the e-e- cm frame. 

7. (a) Hadron production via a parton pair in the single photon annihilation 

process. 

(b) Hightenergy behavior of the parton model. The dashed line indicates 

where the absorptive part is taken. 
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