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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 qul (square of the four-momentum transferred from the lepton)

values up to 4.0 (GeV/c)2 and for lepton energy losses up to 9 GeV.

There is no experimentally significant deviation from muon-electron
2 ~

universality. If the muon is assigned the form factor (1. 0+|q2|/ A d)

relative to the electron, then with 97.7% confidence A a> 4.1 GeV/c.
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In this Letter we report our recent measurements of 12 GeV/c muon-
proton inelastic scattering and we compare them with measuremel.lts1 of electron-
proton inelastic scattering. Our purpose is to study 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, same electric charge,
and same weak interaction coupling constant; they differ in fheir mass and in their
lepton number. These relationships lead the physicisi: to speculate about possible
connections between the muon and electron. Afe they manifestations of 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 experimentalist
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 elastic scattering, v = |q2| /(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 v > |q2 | /(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 re-
strictions upon the nature of the final hadronic state. It is conceivable that a
violafion 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
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are decreasing functions of |q2 |. One of the more unexpected results of y-p and
e-p inelastic scattering was. the large cross section, compared to elastié scattering,
at high qui . 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
experiment.

The experiment was carried out at the Stanfoﬂrd Line;elr Accelerator Center
using a 12 GeV/c, positive muon beam. 2 The apparatﬁsz’ 3,4 consisted of a
liquid-hydrogen target, a large analyzing magnét, optical spark chambers and
scintillation counters. The small momentum widih (£1.5%) and small phase space

3 cm2 sr) of the muon beam allowed inelastic events to be defined by

(3 %10~
measuring just the scattering angle and final momentum of the muon. The spark
chambers which provided this information were triggered whenex-zer three planes
of scintillation counters indicated a mﬁon scattering angle greater than 30 mr.
The beam at the hydrogen target contained less than 3 X 10"6 pions per muon. An
additional pion rejection factor of 50 was obtained thrdugh the requirement that
the scattered muon pass through a series of iron plates and spark chambers without
nuclear interaction.

| The data presented here result from 2.4 X 1010 muons incident upon the full
hydrogen target. Empty target background subtraction runs were taken with
0.5X 1010 incident muons. 10,950 inelastic events with targét full (and 89 with
target empty) were found in the kinematic region reported in this paper. The data
was corrected by 2.5% for scanning, measuring and spark chamber inefficienc.ies
and by about 2% for electronic dead time. We have also allowed for a systematic
error due to an uncértainty of 1/2% in the beam momentum. When we combine

this uncertainty with estimated errors due to all other corrections and the

uncertainty in the normalization procedure, we estimate a total systematic
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pormalization uncertainty of *4%. However we find we must increase this
estimate to £6% when we examine the internal consistency of our data and when
we compare the 12 GeV/c measurements ‘reported'in this Letter with the smaller
sample of 10 GeV/c measurements previously reported. 4

The inelastic scattering of changed leptonﬁs on protons occurs through the
emission of a virtual phdton by the lepton3’ 5; 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 electrodynamics. 3 Muon-
electron universality 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. Therefore radiative corrections have
already been made in the analysis of both the muon and the electron data, and the
contributions to the uncertainty in the results are included in the estimates of the
errors. Finally, the contribution of two photon exchange to the inelastic interaction
is at most of ti:le order of a few percent. 5

The inelastic differential cross section3 d2 O'/dqzdv is the product of,
somewhat arbitrary, kinematic factors and two independent functions of q2 and v ;
these two functions must be experimentally determined. Two such functions are,
o T(qz,‘K) and O'S(qz,K) , which may be thought of as the total cross secﬁons for 1;he
interaction of fransverse and scalar photons respectively with protons, 6 Here
K=y -| q2| /(2M). K is the energy that a real photon must have to give the same
total energy in the photon-proton center-of-mass system. O'T(qz, K) and o-S(qz, K)
are defined by
d2 o, /dq2dv = d2 0'2 /dqsz = FT(qz, K-,'pg . m!Z ) o-T(qz, K)+1;(q2, K,pg , mﬂ) crs(qz, K)
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I T and I; are the virtual photon fluxes for transverse and scalar photons,
respectively. 3,4 FT’ fs' and € = f; ,/1','1‘ are known functiox'lsg’4 of qz, K’pg and m; .
m 0 is the lepton mass, p!z is the laboratory momentum of the incident lepton,

and { stands for u (muon)or e (electron. As q2 goes to zero, crs(qz,K) goes to zero
and a’T(qz,K) goes to Gyp(m -- the total cross section for the interaction of a

physical photon of energy K with a proton. In our muon experiment we cannot seperate

O‘T from O’S. Therefore ‘we report and use for the comparison only the combination

2 _ 2 2 2
Texp, 0@ K:Pp) = O, K) + (@, Kpy,m))og(d,K)

_ 2 2 2
- o-T(q ’I{)[l"- €(q ’Kspﬂ :mﬂ)R(q ,K)}
where

R’ K) = Us(qz,K)/ ch(qz,K)

In our data Uexp, u(qz; K, pF) is only weakly dependent on pu because € is always close
to 1.

In Table I we list our values of d2 Gﬂ/dqsz‘and a_exp,u‘ The quoted errors are
statistical and must be combined with the overall normalization uncertainty of
:i; 6%. These cross sections have been corrected for radiative effects, 4

In comparing o_exp,,.z to Uexp, e Ve must note three factors. First, aexp, 0
depends on p 0 and, very weakly, on m 0 Second, the electron and muon data
were obtained at different incident lepton energies. Third, the muon data was
acquired over a continuous qz, K kinematic region while the electron data was

acquired at almost discrete points. To allow for the first two factors we have

modified the electron data through the equation,



1+ e(qz,K,pp,m“)R(qz,K)

2 _ 2
(q 9K,p“) - (q ,K,Pe)

g, g
exp,e 1+ e(qZ,K,pe,me) R@Z,K) | *P®

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
qz,K in the region of this experiment. Thesei measurements are consistent1
with R =.18 or with R = |q2|/16 in the region of interest. Fortunately, for the
data used in this comparison ¢ ,e(qz ’K’pp,) is rather insensitive to R; even if

€xp

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

made the comparison assuming R =.18 and also with R =0, 1 and |q2 |/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 g, (q2 K, pe) for K bins corresponding to

Xp,e
those used for the muon data.

s

In Fig. 1, (qZ,K,p") and ¢ (qz,K,p“) for p“. =12 GeV/c are

Uexp NI exp,e

shown as functions of qz for various K intervals. It is obvious that any possible
muon-electron differences are small. To quantify those differences we define

the ratio

2
’K9 ,K’ ’ =12 .
B,/ %yp,e(@ - K:B,) B, =12 GeV/e

exp,e

2 2
,K) =
PUAK) = texp,u

To compute this ratio we have made a fit to the electron data, as represented by
%xp, e(qz,K, p”), and to the aw(K) values. It was necessary to use Uvb(K)7 because
our muon data extends to lower |q2| values than the electron data used in this
comparisonl. 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(qz) = (1.,0 + |q2I / Alz)—l. Then

2 2,, 2.-2
(@ ,K,pﬂ) ] (1.0 +|q I/A”)

2 %exp,u
p@,K) _ o =1/ o+ 7/A3 @

2 B 2,,.2

where

-2 -2 -2

A T A - A
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

(@, K) =N /(10 + gl @)
The overall normalization uncertainty in the muon data is‘ +6%, excluding the
statistical uncertainty in the number of events. The overall normalization un-
certainty in the electron datal is about 4%. Thus the combined overall normal-
ization uncertainty (excluding statistical errors) in the comparison is *7% if the
two uncertainties are combined in quadrature. .

We have made a fit of p(qZ,K) to Eq. 2, using all K bins at once. Since N2
and Aaz are correlated parameters, we display the fit through the contour plot of
Fig. 2 based on statistical errors only. The 7% relative normalization uncer-
tainty is not included. The effect of this normalization uncertainty is to allow the
NZ scale to be shifted up or down by an amount as large as 0. 07. The best fit to
Eq. 2 is A7 =. 021 . 021(GeV/c) ” and N° =. 946 %, 042 with x? =411 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

-7 -



faster with lqzl 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 =1 and A(;z = 0. If we constrain Aaz to be
zero, then N2 =,917 £, 024 with a x2 =‘42. 1 for 43 degrees of freedom. Finally
it is conventional to quote a 2 standard deviation lower limit in A 4 A}lowing

N2 to take any value, Ag > 4.1 (GeV/c) with 97. 7% confidence. We are able to
set this high lower limit on A4 because the muon data has such a '"long lever arm"
in |q2|. Thus we have found no experimentally signi.ficaht 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 scatterihg experiménts of Camilleri et
al;sand Ellsworth et al.9 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
|q2| of about 1(GeV/c)2. Camilleri et al. found A q > 2.4 GeV/c, Ellsworth
found A q> 2.0, both with 95% confidence. In addition Camilleri gives a fit

with A52= 0 of N2 =0.92. Our experiment cannot be compared directly with the

10,11&. the gyromagnetic ratio of the muon (gp ). However,

precision measurements

we note that if the muon is assigned an electromagnetic form factor (1. 0 + |q2| /
- 11 .

Aﬁ ) 1, then the g” experiment requires  with 95% confidence that AH > 7GeV/e.

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 |q2| . 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 |q2| increases. Therefore we
should not rule out the possibility that any muon-electron differences which may
exist will appear at relatively low Iq2 | values and will not increase steadily

with |q2| . Thus we might replace the form factor used in Eqs. 1 and 2 by

F (&%) =0-b) +B/(L +1a’1/A%) @
=1- 0 I Y2+ 16 0<bs<1

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 |q2 |
approaches Az. But p would never fall below(l-b) 2. Such a form factor might
result from a model in which most of the muon mass was, llike 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 éontradict the results
of the g“l experiment. |

An alternative way to obtain Eq. 3 is to postulate that the muon has a special
interaction which connects the muon to the hadronslz; an interaction not possessed
by the electron. The interference of 'thi_s special interaction with the electromag-
netic interaction can then lead to the second form of Eq. 3 and anapparent muon form
factor. Sincethe postulated special interaction is betweenthe muonandhadrons, the g“
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 liﬁxits which now hold for present muon and electron
scattering experiments.

We wish to acknowledge the kindness andy_» help of the Stanford Linear Accelerator
Center and the Massachusetts Institute of Technc;‘logy 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

(qz,K, pu) denoted by a solid circle, ¢

o'exp, 7] exp, e
x and o:yp(K) denoted by a triangle; p“ = 12 GeV/c. These quantities are

defined in the text. o (q2, K, pu) is taken from Ref. 1 as described in

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

qz, K, pu) . The error bars represent only

2
7 exp, @ KB/ T, o

statistical errors. In most cases the errors in Gexp e are too small to
1

(q2, K, pﬂ) denoted by an

be displayed.
2. Contour plots for the parameters N2 and A d—z obtained by fitting the
experimental values of the ratio P (qz, K) to the equation ,D(qz, K)= N2/(1. 0+ I qz.l /Aczl)z.

The inner ellipse represents one standard deviation and the outer ellipse

represents two standard deviations in the fit.

TABLE CAPTIONS

I. 12 GeV/c muon-proton inelastic scattering cross sections. dzo'/dqsz is the
measured differential cross section. o exp, is the 'virtual photon-proton total
cross section, defined in the text." ‘AR AD is the percentage subtracted from

the raw data for radiative corrections,
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TABLE I

K Ie%1 * dovad’ax exp.u  ARAD K 1ol %0 /dq’ak exp,u  ARAD
Gev  (Gevie®  mb/(Gev'/cP) ub % Gev  (Gev/e):  mb/Gev®/c ub %
3 - .4 483, %27, 140,12 7.7 2.7 25 - .4 121, + 7.5 98.4 = 6.1 6.0
4 - .6 204, = 6.4 100.3+ 3.2 2.8 4 - .8 37.7 + 2.2 55.9 + 3.3 6.5
.6 .6 - .8 93.6 * 4.0 82.1+ 3.5 1.4 3.5 : .6 - .8 22,4 % 2.0 50.6 + 4.4 5.4
to .8 -1.2 39.6 #+ 2.1 64.0+ 3.4 .5 to .8 ~1.2 1.3 1.2 38,8 + 4.0 4.8
1.5 1.2 -1.86 13.6 * 1.6 42.0+ 4.8 - .3 5.0 1.2 ~-1.6 5.3 % 1.1 28.5 = 6,1 4.2
1.6 -2.0 5.8 = 1.1 29.3+ 5.5 - .7 1.6 -2.0 3.6 * .6 28.7 # 5.1 3.6
2.0 -3.0 2.2 = .38 19.14 3.2 - 1.5 2.0 ~2.6 1.8 % .4 20.1 2 4.6 3.4
3.0 -4.0 .17 % .13 4.0+ 2.9 - .7 2.6 -3.4 1.0 x .3 17.2 % 5.0 3.0
.3 - 4 192.  +14.2 84.12 6.2 4.3 1 - .2 125. +11.9 76.8 + 7.3 15.6
4 - .6 109. + 4.4 76.6+ 3.1 3.3 2 - 4 48.6 =z 2.2 61.0 = 2.7 12.1
1.5 .6 - .8 53.4 % 3.2 60.9% 3.6 2.5 5.0 .4 - .6 23.2 + 1.5 52,5 % 3.3 9.4
to .8 ~1.2 24.1 % 1.9 46.2% 3.6 1.8 to .6 - .8 14.6 = 1.4 49.5 = 4.7 7.9
2.5 1.2 -1.6 13.0 = 1.3 43,14+ 4.2 .9 7.0 .8 -1.2 7.7 = .8 39.1 + 4.2 7.3
1.6 -2.0 4,0 = .9 21,02 4.7 .8 1.2 -1.6 3.1 + .8 23.3 = 6.4 7.3
2.0 -3.0 1.4 & .32 13.27% 3.1 4 1.6 -2.0 2.0 £ .5 21.6 * 5.1 6.5
3.0 -4.0 1.1 & .31 20,1% 5.7 - .5 1 - .2 89. % 9.4 s1.3 & 8.5 2.5
3 - .4 98,7 10,3 66.0+ 6.9 6.1 oo .z -4 29.9 % 2.4 54.7 # 4.3 18.5
4 - .6 66.9 + 3.6 69.2+ 3.7 4.6 to .4 - .6 4.6 + 1.8 46.4 & 5.8 144
25 6 - .8 3.8 + 2.6 52.24 4.0 3.9 83 .6 - .8 10.6 =+ 1.6 49.3 = 7.4 14
to .8 -1.2 18.7 + 1.4 46.22 3.4 3.0 -8 - 1.0 5.6 ¢ L9 33.8 2116 121
3.5 1.2 -1.6 7.8 & L1 31.2+ 4.5 2.5
1.6 -2.0 5.9 + .9 35.4+ 5.6 1.8
2.0 -3.0 2.0 + .4 21.0+ 4.1 1.6
-3.0 -4.0 L036% .78 .37+ 8.0 - 6.9
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