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ABSTRACT 

As a test of muon-electron universality we have compared 

muon-proton and electron-proton inelastic scattering cross sections 

for lq21 (square of the four-momentum transferred from the lepton) 

values up to 4.0 (GeV/cj2 &d for lepton energy losses up to 9 GeV. 

There is no experimentally significant deviation from muon-electron 

universality. If the muon is assigned the form factor (1.0 +1q21 /A $-’ 

relative to the electron, then with 97.7% confidence Ad > 4.1 GeV/c. 
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In this Letter we compare our recent measurements1 of 12 GeV/c muon- 

proton inelastic scattering with measurements2 of electron-proton inelastic 

scattering in order to study one of the basic problems of elementary 

particle physics --the relationship between the muon and the electron usually 

called muon-electron universality. The muon and electron, neither of which 

are hadrons, have the same spin, electric charge and weak interaction 

coupling constant; they differ in their mass and in their lepton number. 

These relationships lead us to speculate about possible connections between 

the muon and electron. Are they manifestations sof a single particle split 

into two mass levels by unknown forces? Or are the electron and muon the 

lowest mass members of a larger family of charged leptons? With no 

theoretical guidance as to how to answer these questions, the experimental- 

ist seeks clues to the answer by measuring known properties of the muon 

with increasing precision or by studying hitherto unexplored properties of 

the muon and comparing the results with the corresponding measurements on 

the electron. The inelastic scattering of leptons on protons is such an 

unexplored interaction. 

The study of muon-electron universality through inelastic scattering has 

three novel features. (1) In elast ic scattering, v = 1q2//(2M). q2 is the 

square of four-momentum transferred from the lepton, v is the energy loss 

of the lepton in the laboratory frame and M is the proton mass. But in inelastic 

scattering where y>(q21/(2M), v and q2 may be varied independently; thus 

allowing the exploration of a much larger kinematic region. (2) Measurements 

of inelastic lepton scattering in which, only the scattered lepton is detected, 

place no restrictions upon the nature of the final hadronic state. It is 
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conceivable that a violation of muon-electron universality involving hadrons would 

more easily be seen in inelastic scattering than in elastic scattering. (3) It is 

possible that one or both of the charged leptons, like the proton, have vertex 

form factors which are decreasing functions of 1 q2 1 . In that case, the inelastic 

scattering cross sections would be reduced by the square of the lepton form 

factor. One of the more unexpected results of p-p and e-p inelastic 

scattering was the large cross section, compared to elastic scattering, at high 

1421. Hence inelastic scattering can provide a greater sensitivity to lepton form 

factors through the large range of q2 which can be covered easily in a single ex- 

periment. 

The inelastic scattering of leptons on protons occurs through the emission of 

a virtual photon by the lepton 3,4 ; this photon interacts with the nucleon leading 

to the production of hadrons. For a point-like lepton the virtual photon emission 

is completely specified by quantum electrodynamics3. The interaction of the 

virtual photon with the nucleon, which must at present be experimentally deter- 

mined, depends only on the kinematic variables q2 and v . Muon-electron univer- 

sality may therefore be tested by comparing the properties of the virtual photon- 

proton interaction derived from muon-proton inelastic scattering with 

those properties derived from electron-proton inelastic scattering. If muon- 

electron universality is valid, those properties should be the same in both cases. 

In making such a comparison it is necessary to establish that known effects would 

not produce a difference. The weak interaction can easily be excluded because 

of the large difference in coupling strength between electromagnetic and weak 

interactions. Standard radiative effects have already been taken out in the anal- 

ysis of both the muon and the electron data, and the contributions to the uncertain- 

ty in the results are included in the estimates of the errors. Finally, the 
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contribution of two photon exchange to the inelastic interaction is at most of the 

order of a few percent4. 

The inelastic differential cross 1,3 2 section d aJdq2dv is the product of kine- 

matic factors and two independent functions of q2 and v; these two functions must 

be experimentally determined. For these functions we use the virtual photon- 

proton total cross sections 193 , cT(q2, K) and cs(q2, K). For the comparison we 

use the combination 

yixp p tq2 JLpQQ) = a#2 SK) + 6 (42, K,pQ, 9) cs(s2 ,K) , 

where 

R<s2, K) = (r&i2 t W’a+s2 9 W 
Here K = v - Iq2(/(2M) and E is a known function1’3 of q2,K,pp and ml. M 

is the proton mass, rn! is the lepton mass, and pn is the laboratory momentum 

of the incident lepton, K is in GeV and q2 is in (G~V/C)~~ As \ q2b0, cs(q2, K) 

-0 and c$q2,K) -(T yp(K) (the total cross section for real photons of energy 

K on protons). Thus as ki21-0, oexp(q2, K,P~) -c*(K). 

In comparing the muon cross section c to the electron cross section 
eww 

o- 
exw 

we must note three factors. First, c 
exp 

depends on the momentum of the 

incident lepton and (very weakly) on the lepton mass. Second, the electron and 

muon data were obtained at different incident lepton energies. Third, the muon 

data was acquired over a continuous q2, K kinematic region and then collected 

into q2 and K bins; the electron data on the other hand was acquired in almost 

discrete points in that region. To allow for the first two factors we have modi- 

fied the electron data through the equation 
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= 

This procedure is subject to error due to uncertainties in R. At q2 =0, R 

must equal zero, but measurements of R have only been made at a few values of 

q2, K in the region of this experiment. These measurem.ents are consistent2 

with R = .18 or with R = lq21/16 in the region of interest. Fortunately, for the 

data used in this comparison oexp e , (q2, K, pP ) is rather insensitive to R; even if 

R = 1 f 1, the uncertainty in cexp e is for the most part less than 1%. We have 
, 

made the comparison assuming R = .18 and also with R = 0, 1 and lq2 (/16. The 

changes in the fits and the confidence levels, which we present later, are negli- 

gible. To take account of the third factor listed above, we interpolated and 

averaged the electron data to obtain (r exp,e(q2 ,K,p,) for K bins corresponding to 

those used for the muon data. 

In Fig. 1, uexp,ptq2,K,pp) and rexp,e(q2,K,pp) for pg = 12 G~V/C are 

shown as functions of q2 for various K intervals. It is obvious that any possible 

muon-electron differences are small, To quantify those differences we define 

the ratio 

ptq2,K) =cr exp ,(q2 ~Kyp~)/Oexp,e , (q2,K,Pp,), pp = 12 GeV/c. 

To compute this ratio we have made a fit to the electron data, as represented by 

(T em,e(q2,K,pti), and to the gyp(K) values. It was necessary to use cYp(IQ5 because 

our muon data extends to lower lq2 1 values than the electron data used in this 

comparison2. This ratio is plotted in Fig. 1, the errors are the combined 

statistical errors only. We see that p is usually close to 1.0; but p is less than 

1.0 more frequently than it is greater than 1.0. . 

To combine the data to search for less obvious differences, we need a 
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model of how the two sets of measurements might differ. A common model 

assumes the leptons have a form factor Fl(q2) = (1.0 f h21 /A12)-l. Then 

dq2JQ = sxp,c1 
(s2&pp) (1.0 +ls21/A;)-2 

“&p,e’92fKSPp) = (1.0 + I q21/*~)-2 
= l/(1.0 + (s21/$)2 (1) 

where 

-2 
Ai = n, - 

-2 
lie 

Because this comparison uses data from two very different experiments, one 

might also allow for a normalization difference N2 in the cross sections, general- 

izing Eq. 1 to 

,4s2, K) = 3 /(I. 0 + h21/A;,2 (2). 

The overall normalization uncertainty in the muon data’ is &6%, excluding the 

statistical uncertainty in the number cf events. The overall normalization un- 

certainty in the electron data’ is about 4%. Thus the combined overall normal- 

ization uncertainty (excluding statistical errors) in the comparison is *7Jlo if the 

two uncertainties are combined in quadrature. 

We have made a fit of p(q2, K) to Eq. 2, using all K bins at once. Since 3 

and Ai are correlated parameters, we display the fit through the contour plot of 

Fig. 2 based on statistical errors only. The *7(ro relative normalization uncer- 

tainty is not included. The effect of this normalization uncertainty is to allow the 

N2 scale to be shifted up or down by an amount as large as 0.07. The best fit to 

Eq. 2 is *d2 = .021 f. 02l(GeV/~)-~ and N2 = D 946 f. 042 with x2 = 41.1 for 42 

degrees of freedom. These numbers, if one ignores the errors, mean that the 

overall muon-proton inelastic cross section is less than the electron-proton 

inelastic cross section; and that the muon cross section falls off very slightly 
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faster with lq21 than the electron cross section. However, considering the 

normalization uncertainty and the extent of the one and two standard deviation 

elipses, it is quite possible that N2 = l,and Ai2 = 0. If we constrain *i2 to be 

zero, then P? =.917*.024withax2 = 42.1 for 43 degrees of freedom. Finally 

it is conventional to quote a 2 standard deviation lower limit in Ad. Allowing 

N2 to take any value, Ad > 4.1 (C&V/c) with 97.7% confidence. We are able to 

set this high lower limit on Ad because the muon data has such a “long lever arm” 

in lq21. Thus we have found no experimentally significant deviation from muon- 

electron unversality. On the other hand the agreement with muon-electron uni- 

versality is not all that one might hope for. An exhaustive analysis of our data 

has not shown any additional sources of error beyond those which we have already 

taken into account. 

Various other experiments have searched for muon-electron differences, but 

the only experiments which measure quantities similar to those measured in our 

experiment are the .muon-proton elastic scattering experiments of Camilleri et 

al! and Ellsworth et al? Both of these experiments found that the p-p elastic 

cross sections were smaller than the e-p elastic cross sections up to a maximum 

lq21 of about‘ l(Gev/~)~. Camilleri et al. found Ad > 2.4 GeV/c, Ellsworth 

found Ad > 2.0, both with 95% confidence. In addition Camilleri gives a fit 

with Ad2= 0 of N2 = 0.92. Our experiment cannot be compared directly with the 

precision measurements 839 of the gyromagnetic ratio of the muon (g,). However 

we note that if the muon is assigned an electromagnetic form factor (1.9 + lq21/ 
2 -1 

$1 * then the gP experiment requires’ with 95% confidence that 
RCL 

> 7Gev/c. 

We conclude with a speculative observation. We have analyzed our results 

using Eq. 2 which is just a simple function representing the belief that possible 
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behavioral differences between the muon and the electron can be enhanced by 

going to larger values of lq21 . Now if we consider our experiment and the two 

elastic experiments, we see that none of these experiments demand a muon- 

electron difference which increases steadily as lq21 increases. Therefore we 

should not rule out the possibility that any muon-electron differences which may 

exist will appear at relatively low lq2 1 values and will not increase steadily 

with lq2/ . Thus we might replace the form factor used in Eqs. 1 and 2 by 

FJs2, =(1-b) + b/(1 + lq21h2, (3) 

= 1 + (b Is21 J/P + Is21 h2)) O_<b_<l 

If b were small, say 0.04, then in these scattering experiments all that we could 

see, with present statistics, is an apparent normalization difference when lq2 I 

approaches A2. But p would never fall below(l-b) 2. Such a form factor might 

result from a model in wnich most of the muon mass was, like the electron, con- 

centrated into a point particle; but where some of the mass was distributed in a 

halo. Of course the parameters of such a model must not contradict the results 

of the gP experiment. 

An alternative way to obtain Eq. 3 is to postulate that the muon has a special 

10 interaction which connects the muon to the hadrons ; an interaction not possessed 

by the electron. The interference of this special interaction with the electromag- 

netic interaction can then lead to the second form of Eq. 3 and an apparent muon form 

factor. Since the postulated special interaction is between the muonandhadrons, the g 
P 

experiment, with its present precision, may not substantially limit the parameters 

which can be used in this model. These speculations suggest that experimenter might 

search for muon-electron differences in elastic and inelastic scattering by making 

high precision measurements at moderate q2 values, rather than going to high q2 
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values, as was done in the present experiment. In such a high precision, 

moderate q2 experiment, the limits on the systematic errors would have to be 

substantially reduced below the limits which now hold for present muon and elec- 

tron scattering experiments. 

We wish to acknowledge the kindness and help of the Stanford Linear Accel- 

erator Center and the Massachusetts Institute of Technology electron scattering 

groups in providing us with their data, Obviously without their extensive and 

precise data we could not have made this comparison. 
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FIGURE CAPTIONS 

1. For each K interval the upper plot gives the experimental values of 

cexp,p(q2, K, pcl) denoted by a solid circle, crexp , ,!q2, K, p& denoted by an 

x and c*(K) denoted by a triangle; p 
c1 

= 12 GeV/c. These quantities are 

defined in the text. c em, ,(q2, K p,J is ta en from Ref.. 2 as described in 

the text. For each K interval the lower plot gives the values of p(q2, K) = 

uexp ,ts2,K,p~)/ue~,et,“,K,9). Th e e r ror bars represent only statisti- 
, 

cal errors. In most cases the errors in CT 
exp, e 

are too small to be displayed. 

2, Contour plots for the parameters N2 and Ad -2 obtained by fitting the experi- 

mental values of the ratio p(q2,K) to the equation p(q2,K) =N2/(1,0+lq21/A$2. 

The inner ellipse represents one standard deviation and the outer ellipse 

represents two standard deviations in the fit. 
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