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I. INTRODUCTION

This paper is a review of some recent experimental studies on the fundamental
nature of the muon and the electron, and on the relationship between these particles.
The paper begins with a summary of our present knowledge as to the existence of
other charged leptons. This is followed by a brief discussion of some of the
static and atomic properties of the muon and electron. The major portion of
the paper is then concerned with the high energy behavior of the charged leptons
in electroAmag'netic and strong interaction processes. Only a few references will
be made to the behavior of the charged leptons in weak interaction processes.

For this audience there is no need to present an extended description of what
we know about the fundamental nature of the muon and the electron. Therefore
I simply present in Table I a summary of our present knowledge ~— or better a
portrait — of the muon and the electron. The set of properties, (listed in Table
I) that the muon and electronpossess incommon are collectively described by
the phrase ""muon-electron universality'.

. This portrait of the charged leptons leads to numerous questions. Are
there heavier charged leptons? If there are no heavier charged leptons, why
are there two charged leptons? Are the charged leptons really point particles,
or do they have a structure which has not yet been detected? Are the electron
and muon related in any profound way, or are they simply unrelated particIe’s
both of which just happen to obey the Dirac equations? Are there differences
between the muon and the electron other then those listed in Table I?

We must admit that at present we do not poséess a fundamental theory which
can provide answers to these questions. We must also admit that we do not even
possess a theory which can guide us as to how we might try to answer theée

questions experimentally. Therefore the experimentalist is on his own in searching



Table I

Property Comparison between If property is different
muon and electron Muon Electron
Intrinsic spin both 1/2
Statistics both Fermi-Dirac
Fundamental equation both Dirac equation
Structure both point particles
(within present ex-
perimental precision
as discussed in this -
article)
Interact through the both no (within present
strong interactions experimental precision
as discussed in this
article)
Interact through the both yes
electromagnetic interaction ‘
Magnitude of electric charge same for both
Sign of electric charge both + or -,
neither 0
Gyromagnetic ratio both given by quantum I
electrodynamics and
particle's mass
Interact through the weak both yes
interactions
Magnitude of weak inter- same for both
action coupling constant
Associated neutrino yes but different v Ve
neutrinos H .
Mass (MeV/cz) 106 0.51

for answers to these questions. These searches, which in their very nature

must be speculative, have taken two directions.

One direction consists of

attempts to find heavier members of the electron-muon family. The other

direction consists of comparative measurements of the properties of the muon

and of the electron in the hope that hitherto unknown differences between the two

particles will be discovered. Of course, for this second direction to be fruitful,
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one must measure known properties with greater preciéion or one must measure
i)roperties which have not been previously measured. The recent high precision
measurements of the morx;agnetic ratio of the muon are an illustratiori of the
first type of measurement. The deep inelastic scattering experiment, which I

will describe later, is an illustration of the second type of measurement.

A number of comprehensive reviews of the properties of the muon and the

electron have appeared in the last ten years2 3,4

. Ishall not. repeat the material
contained in those reviews, but only summarize their conclusions. Thus my
emphasis will be on very recent experimental results. These new results have
not altered the portrait, presented in Table 1, in an expex:imenta]ly significant
way. But these new results do indicate what could be the mést fruitful directions

for future investigation. This forms the subject of the last sections of this paper —

the sections entitled "Speculations'.



II. ARE THERE HEAVIER CHARGED LEPTONS?

An old and obvious speculation is that the electroﬂ and muon are the lowest
mass members of a larger family of chargeci leptons,

e, BB .,

with associated neutrinos,

V sV sV s V. eee
e’ Tp’ Tu' pv

If u' and p have the same lepton number then electromagnetic decays such as

Blop Y R (1)

can occur. If the u' has a unique lepton number there will be decay modes such
as )

I-’-'-—v Vp.' ";IJ'- + ;l.l

B e @
If the pu' bhas a sufficiently large mass, very interesting decay modes with hadrcns

in the final state will occur. Exampies of such decay modes are

u'q‘x{u.¥ T
TR !vu'+ﬂ_+ﬂo (3)
F"——o V“|+ K

Reactions (2) and (3) cause the lifetime of the pu' to rapidly decrease as the

mass m, increases. This is shown in Fig. 1 taken from the work of Beier®.
Similar calculations have been carried out by Mza.nn6 and by Sakurai7. Assuming
the u' has the same weak interaction coupling constant as the u, the lifetime

1 sec at a mass of 1 GeV/c2 and will approach 10-16 sec as

will be about 10"1
the mass approaches 10 GeV/cz. If reaction (1) can also occur, the lifetimes

will be even shorter.



To the question, "Are the muon and the electron part of a larger family of
charged leptons?''we must give the unsatisfactory ansu;er which follows. As far
as we know there are no other charged leptons. But this knowledge does not go
very far. This partial knowledge can be summarized easily. 8

1. Numerous experiments, many having to do with the decay of the K

8 The

meson, have shown no additional leptons with masses below 0.5 GeV.
only exception to this statement are some surprising effects found by Ramm. 9
These effects may be explained by postulating a neutfal' (and perhaps a charged)
muon-pion resonance with a mass near 400 MeV/ 02. But such an unexpected

and startling new phenomenon obviously requires much more investigation before
its existence can be accepted. It is also not clear how such a resonance would
correspond to heavy leptons of the type we are considering here.

2. No leptons with masses above 0.5 GeV/c2 have been found. Some
searcheslo have required the formati;)n of a beam of leptons and hence lepton
lifetimes of greater than 1078 or 1072 sec. But as shown in Fig. 1, such éx—
periments cannot detect charged leptons with masses greater than 0.5 GeV/c2
unless some additional and unknown conservation law closed their normal channels
of decay. Other searches have been carried out to detect leptons with lifetimes

shorter than 10”3

sec. Some of these sea.rches11 have assumed that the reaction
e +p—p +p |

can occur. This in turn assumes that the e and the p' have the same lepton numbeij.

No heavy leptons11 with these properties have been found in the mass range of

0.2t0 1.0 GeV/cz. To summarize, all searches for heavy leptons with masses

greater than 0.5 GeV/ 02 have had low overall sensitivity because either the rate

of production of the hypothetical leptons was unknown or the hypothetical leptons

could only be detected if they had special properties.
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3. Thus there is a clear need to search directly for heavy leptons with

lifetimes shorter than 10-9 sec. Such a search shoula be sensitive to lifetimes

16 to 10—20

as short as 10~ sec, should be able to detect the decay products from
|
reactions (1), (2) or (3), and should use a method of producing the hypothetical

leptons which has a known production cross section. Fortunately such a search

method now exists; electron-positron colliding beam machines provide a just
about perfect way to carry out such searches. 12 Assuming pure quantum electro-
dynamics and that the charged lepton is a point Dirac particle of unit charge, the

total cross section for the process

e'+e'+—» By +p ’+ ’ )
is given by
2.4 2 '
= To ('hc) _ a2
Ttotal 6E2 B(3-£7) (52)

Here E is the laboratory energy of the electron or positron. S =v/c where v
is the velocity of the u' and ¢ is the {zelocity of light. } is Plank's constant and

a is the fine structure constant. As B approaches 1
=~ a5 cm ] (5b)

where E is in GeV.
As Iwill discuss in Section VILC, the reaction

et +e p+ + (6)
is copious, has been studied and the measurements agree with the predictions of
Eq.(5). When the colliding beams have sufficient energy, the reaction

e+ +e — p,'+ + p,'-

is almost as copious and the u' can be detected through decay modes like reactions
(2) and (3). The search for highef .mass leptons produced by electron-positron
colliding beams has just begun. A preliminary search12 for heavy charged leptons
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with masses up to 0.8 GeV/ c2 has not produced any evidence for such leptons;

but the experimental conditions were such that the reqlﬂred sensitivity was not
achieved. "’ In particular, the luminosity o;f colliding beam apparatus was not
quite large enough. As indicated by Eq. (Sb}, a luminosity of at least 1030 events/

( cm” sec.) is required for the search to be definitive. Such luminosities will

soon be available.



1. COMPARISON OF SOME STATIC PROPERTIES OF

THE MUON AND THE ELECTRON

In this section I compare some of the stz;,tic properties of the muon and the
electron, properties which are particularly ;elevent to later discussions. I adopt
the point of view that the property of the electron has been well established and
that the corresponding property of the muon requirés cbmment.

A. Electric Charge

Four-properties of the muon — the electric charge e“ , the mass Ip“, the

magnetic moment ,uu and the gyromagnetic ratio gu — are connected by the

k, =(;g2”—) (;%;) | | (7

%‘L and u“ have been determined with great precision;l’4 .3 parts per million and

relation

12 parts per million respectively. Therefore e” can be determined if mu is
known from anlindependent measuré}x}ent. Such a measurenient is provide& by
the study of the mu-mesic atom, an ;tom in which a negative muon is captured
in an atomic orbit. 13 Ignoring relatii/istic corrections, fine structure and hyper-
fine structure, the nth energy level of such an afom is given by the Bohr formula
-m e2(Ze )2
E = —55—T {8)
2n"h
I bave distinguished the muon charge e“ from the charge on the nucleus Zep. By
measuring the energy difference between levels, mu or more precisely the com~
biﬁation mIJleu2 can be determined. This measured value of m“ei combined with
Eq. (7) and the known values of u” , g“ ,h, c and e, (the charge on the el;actron)
, yields4

-5
e”/ee =1+(4X10 ")
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But a much lower limit can be obtained 14 - by observing that if charge is con -~
servéd in the muon decay process

e+pv +yp
B — Vp :‘Ve

then one or both neutrinos will have a nonzez;o charge if eu #* € However neu-
trinos could then be pair produced by low enérgy photons, leading to an additional
mechanism for energy loss in stars! Astrophysical considerations then set an
upper limit on the charge that could be possessed by a neutrino. This limit leads
to the conclusion that |

-13
=1+1X .
eM/ee 1+1X10

B. Gyromagnetic Ratio

The gyromagnetic ratio, gu, can be calculated exactly from quantum electro-
dynamics, once the muon mass is known, if strong interactions are ignored.
(Fortunately the influence of the strong interactions on gu is small; I will give the
estimated size-of the effect below.) The Dirac relativistic theory of the eleétron
or the muon yields g =2. The Feynﬁlan diagram for the interaction of a muon

with an external magnetic field (which yields g =2) is

H 7

<«— virtual photon

<«— source of external
magnetic field



But quantum electrodynamics shows that there is an anomalous mag“ne%ic
moment so that g is not exactly 2. It is conventional to set
: 2 3
2)/2=a =1 (2 ( 2) ( @ )
(gp 2)/2 a“ 2<7r)+ AZ T +A3 T MERE
The coefficients Ai are all of the order of magnitude of 10 or less so that ozp

is very small. Nevertheless it has been measured to great accuracy. The meas-

urement of ap is 2 measurement of the combined effect of terms like

+ similar
and higher
order terms

The most recent results of Farley, Picasso and their colleagues1 at CERN yield

a:xP = (116616 + 31) x 107
and quantum electrodynamics yields2
a;he“y = (116581) x 107

Thus experiment and theory are in agreement. Even more precise agreement is

found for the electron. 15

Therefore with respect to the measurement of g-2, once the mass of the muon

is taken into account, there is no observable difference between the muon and the
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electron. For future use I note that the strong interactions enter the g-2 calcu-

lation through the diagram

. hadrons produced and annihilated
M ’ K

From electron-positron colliding beam measurements it is estimated1 16 that
the effect of this diagram should be_

ahadronic 8

=(5to 25) X 10~
1
Therefore the precision of the existing g-2 measurement for the muon is not
~ sufficient to detect strong interaction effects. But an even more precise ex-
periment is now being constructedm, and this new experiment will be sensitive
to ahadromc .
©

To summarize, the static properties of the muon (only some of which have

been discussed here) compared to the static properties of the electron show 10

differences other than those explained by the mass difference.
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IV. MU-MESIC ATOMS AND MUONIUM

If the muon is a point Dirac particle the energy levels of the mu-mesic al:om13
will be given by Eq. (8) corrected for fine structure, hyperfine structure, relati-
vistic effects, quantum electrodynamic effects, nuclear size and nuclear charge |
distribution. All but the nuclear corrections can be calculated from known and
‘accepted theory. The corrections for the size and charge distribution of the
nucleus must be determined by experiment. In fact fhe.major. purpose of mu-mesic '
atom expériments is to measure those properties of the nucleus.

By measuring many mu-mesic X-ray lines from a mu-mesic atom, a large
amount of interrelated information on the spacing of the energy levels is obtained.
Some of this information, particularly that coming from lower energy levels, can
be used to derive the relevant nuciear properties. These d.erived nuclear properties
can then be used to calculate the nuclear corrections in the higher energy levels, '
where those corrections are relatively small. In this way one can attempt a self-
consistent calculation of all the mu-mesic X-ray lines. I such a self-consistent
calculation cannot be made, the usual hypothesis is that the theory of atomic energy
levels contains an error or that the theory of how to derive and correct for the
nuclear properties contains an error. If neither of these errors could be found,
then one would have to assume that the problem lay with the muon. The muon
might not be a point particle or the muon might have an anomalous interacti;n
with the nucleus. Thus high precision measurements of the X-ray lines from
mu-mesic atoms provide a test of muon-electron universality.

The search for anomalous effects will be most sensitive if the distance between
the nucleus and the muon is relatively small. For if the muon is not a point
particle, this will be most evident for small distances. Also any anomalous muon-

nucleus interaction is likely to fall off rapidly with distance as noted in Sections
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VIand IX. Thus the search for anomalous effects in mu-mesic atoms is best
<.“.arried out with high Z atoms such as Pb.

At present it is not cleér whether measurements on mu-mesic X-rays shgw
a discrepancy from known and accepted theory. D. Kessler et al. 18 in a paper
presented to this Conference report a small discrepancy, from conventional
theoretical calculations, in a large series of very high precision measurements.
But these authors have not yet examined the nature of the discrepancy in detail
and they do not know if the conventional calculations can be adjusted within the
limits of accepted theory. On the other hand, older less precise measurements

and other recent measurements13’ 19

do not show this disprepancy. Therefore

we must suspend judgementas to whether there is any evidence for the anomalous
behavior of muons in mu-mesic atoms. To make such a judgement it is necessary
that all high precision measurments be in good agreement. And it is necessary
that errors in the accepted theory be completely excluded.

If it is assumed that no discrepancies exist, then mu-mesic X-rays can be
used to set an upper limit on the size of the muoﬁ. This has been done by Iachello
and La:adez0 using older data. I will give that limit in Section IX.

The muonium atom (,u+e—) has been used to test quantum electrodynamics and
thus indirectly to test if the muon is a point Dirac particle. No anomalies or
discrepancies have been found2 ’21. However, compared to mu-mesic atoms,
muonium does not provide nearly as sensitive a search method for the kinds of

effects of interest in this paper. This is because the muon-electron spacing in

muonium is relatively large compared to the muon-nucleus spacing in high Z

muonic atoms.

-14 -



V. HIGH ENERGY REACTIONS OF MUONS AND ELECTRONS

Although the static and atomic properties of the charged leptons show no un-
explained differences, one might hope that differences will appear when the
dynamic properties of the charged leptons are ineasured at high energy. For
high energies were required to reveal the richness and complexities of the
strong intéractions. Might not high energies also reveal unsuspected complexi-
ties in muon and electron physics? The high energy reactions of the charged
leptons may be divided into three classes. | ‘

1.‘ One class consists of those reactions in which a neutrino is absorbed

or produced. Those reactions as presently measured show no violation of muon-

electron unive rsality.3 22

But the high energy experiments in this class only
have precisions of the order of 10 percent and do not involve very large four-
momentum transfers. Therefore we have not yet had stringent tests of muon-
electron universality in this class of reactions.

2. Another class consists of purely electromagngtic reactions in which no
hadron participates or in which the hadron has only an auxiliary role acting as
an almost static source of electric charge. Examples are reaction (6) or muon
bremsstrahlung

PP + Y +D
Many of these experiments have been recently reviewed2 with respect to teSt's
of quantum electrodynamics. Some have also been reviewed at this conference
by M.d. Tannenbaum23 with respect to the search for muon-electron differences.
In particular he discussed a recent experiment24 confirming that muons, like
electrons, obey Fermi-Dirac statistics. Except for some early experiments,

all experiments in this class confirm that the charged leptons are point Dirac

particles obeying quantum electrodynamics. Thus all these experiments confirm
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electron-muon universality in purely electromagnetic reactions. I will review in
Section VII some of the electron-positron colliding be:am experiments which are
relevent to the major concerns of this paper.

3. The third class of reactions, those which I shall emphasize in this
article, consist of reactions in which hadrons play an intimate role. My interest
in this class of reactions has two origins. First, as I shall discuss later, these
reactions provide a way to search for spatial structure in the charged leptons;
a way to test if the charged leptons are truly point Dirac particles. (Some Class 2
reactions also test for spatial structure.) Second, a speculation which particularly
intrigues me is that the leptons may in some very reduced manner take part directly
in the strong interactions. After all, the mass difference between the muon and
the electron is almost a pion mass and thus could be caused by the strong inter -
actions. To see if the charged leptons in any way directly take part in the strong
interactions, it is desirable to have ﬁadroné present — hadrons act as a source
for the strong interactions. )

In the interaction of muons (or electrons) with protons we can consider two

kinds of processes; elastic scattering where

B+pP—p+p

and inelastic scattering where
| i +p—p + (any set of 2 or more hadrons)
Examples of inelastic scattering are:
1 + p—y +p + 7r°
1 -f-pqp. -l;n-l-7r+ +7°
p+pop+X°+K"
In these elastic or inelastic scattering reactions, the charged lepton is not
altered in the reaction. This distinguishes these processes from neutrino

induced reactions of Class 1.
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VI. MUON-PROTON ELASTIC SCATTERING AND FORM FACTORS

Iwill consider first elastic scattering, and to set the stage I will discuss
electron-proton elastic scattering. To a précision of a few percent all data on

electron-proton elastic scattering is explained by the Feynman diagram

electron in ; electron out KINEMATICS

(in laboratory system)
’ E; E',p' L v =q0=E_E1
g =p-p'
<«— virtual photon with _qz = q% - (q)z = -2Mv

four-momentum q=(qq, Q) M is proton mass

In laboratory system q
is called v. UNITS

: q2 is a Lorentz invariant. energy-GeV
momentum-GeV/c
‘mass-GeV/cz
h=1
c=1
’ _ , e2/fic = @ ~1/137

|

proton in proton out

in which only one photon is exchanged. All experiments agree that the dif-
ferential cross section for this elastic scattering process is described by the

equation

2 2 2 2 ‘
G @ )+71 G Q)
Ao ~(4s [E v 2r 62 tan” £
dq~ /ep,elas NS

da
(9)

where GE(O) '—-_-1 and GM(O) =2.79. |
This equation, the Rosenbluth formula, assumes that the electron is a point Dirac
particle with only electromagnetic and weak interactions. The equation is ‘written

for scattering in the leiboratory system, @ is the electron scattering angle and
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T = lqz | /4M2. (da/dq2 )NS is the differential cross section for the scattering of
an electron by a spin-zero point proton; NS denotes no. spin. (do/dqz)NS isa
function only of the total energy of the system and 6 ; it is completely specified
by quantum electrodynamics. GE(qZ) and GM(qz) are the proton form factors.
They take into account that the proton has nonzero spatial extent, and that the
proton has strong interactions. If the proton were a point Dirac lepton G_, and

E

GM would both equal unity for all values of qz. The crucial variable is q2 , the

square of the four-momentum transferred from the lepton vertex. q2 is always

spacelike in this process and in our metric is negative. In this article energy

units will always be GeV, momentum units will be GeV/c and the units of q2 will
be (GeV/c).2 Also unless h and ¢ appear explicitly in a formula, they have both

been set equal to 1. I remind you that it is found experimenta11y25 that

2 2, 2
Gp@")=1/ [1 +1q°)/. 71] (10)
. 2
units are (GeV/e)
and
2 2
GM(q )= 2.79 GE(q ) , (11)
GE and GM are functions of q2 which is a Lorentz scalar. Thus they express
in a relativistically correct way the effects of the hadronic and non-pointlike
nature of the pfoton. When |q2| is small compared to M2 , we can treat thé
proton nonrelativistically and provide a simple physical picture of the meaning of
these G's. 2827 gor lqzl << MZ, lqzlzlqlz where q is the three-momentum
o~y *w

transferred to the proton. Then G (qz) =~G.(q |2) = Gg (@) where G(q) is the

- 18 -



three-dimensional Fourier transform of the electric charge distribution.
Explicitly
2 " L igq.r .3
Gg(@) = Gg(@) =pr(~1"\')e L hdr (122)

pE( r ) is the charge density distribution and is normalized by

3
fog(z)d’r =1

GM(qz) can be similarly interpreted. If the proton is contained within a sphere

of R, then for hq\l R<<1
- 1 2 2 ; 1 4 4 )
GE(Q)=1-(§) l:‘ll <r >E + (-1—2—6) Igl 'gr >t oo (12b)

E and <r4>E are the average values of r2 and r4 respectively over the

charge distribution of the proton. = It is often possible to expand the function

Here <r2>

GE(qz) in the relativistically invariant form
2 - 2 2.2 =
GE(q)=1+a1’qv +a2(q) +"f“ ) (12c)
But the coefficients in Eq. (12c¢) can be rigorously assigned27 their corresponding
meanings in Eq. (12b) only if |q2|<< Mz
Now if the muon is a pure Dirac point particle we can use Eq. (9) for muon-

proton elastic scattering. There are small effects due to the muon mass, which

I have not exhibited explicitly; but these are known. Then
\ \

[ dg (4o (13)
quz ) up,elas dq2 ep,elas

But suppose the muon is not a point particle; suppose the muon, like the proton,

has a form factor G“ (qz). Then Eq. (13) becomes

d d 2, 2 .
—5— == G@) (14)
dg ip,elas dq ep,elas b

-19 -
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Of course the most general modification28 of BEq. (13) would require the intro-
duction of two form factors corresponding to GE and GM . But our very primitive
knowledge of the structure é)f the muon does not warrant such a refinement. We
have no theoretical guidance to what G” (qz) might be. But the data reviewed in
Section III show that with great precision the static properties of the muon are

those of a point Dirac particle. Therefore at q2 = 0 we must have Gu(O) = 1.

Conventionally we take a form analogous to the proton form factor and write
2 2 27 .
G,@)= 1/ [1—q /Au] . (15a)

When q2 is spacelike, and hence negative in our metric, we write Eq. (15a)

in the form

2. _ 2, , 2
G, )'—1/ [1+Iq I/A“]. (15b)

Note however that unlike Eq. (10), only the first power of [1 + |q2[ /Aj]
appears in the denominator. A” is a sort of inverse measure of the deviation of
the muon from a point particle. The smaller AH-’ the gréater the deviatiéil. The
form of Eq. 15 is actually not as restrictive as it might appear to be. As we shall
see later in this paper, all experiments have led to values of Ai which are much
larger than the lqzl values occuring in the experiment. Therefore Eq. (15b) is

well approximated by

2 2., 2 '
G@)=1- lq I/A‘1 - (15¢)

Therefore we are actually allowing GH (qz) to differ from 1 by a term linear in
qu | ; this is certainly a simple enough assumption.
Comparing Eq. (15c) with Eq. (12b) we are tempted to make the identification

2 2
< 6=1/A
r>“/ /“

or

2 _/ ) 13
.\/<r >u = 6/A“ ('48/Au)x10 cm (16)
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where A“ is in GeV/c. But this identification is only rigorous if lq2|<<(mass“ )2.
We shall see that in the high energy experiments Iq2 | > (muon mass)z. There-
fore for these experiments we shall have to Ebe cautious in our interpretation of
1/ AIJ as an indication of the size of the muop. |

- But é muon might differ in other ways from an electron. There might be a
special particle, the X particle, that couples to muons and hadrons but not to
electrons. Then muon-proton elastic scattering would be the result of two ampli-

tudes whose diagrams are

proton proton . '

proton proton

This would produce some deviation from Eq. (13), but the naiure of the deviation
cannot be determined because we do not know what X is. Therefore we continue'
to use Gﬂ (qz) in Eq. (14) to express the deviation of muon-proton elastic scdttering
from electron-proton elastic scattering. In doing so we are making an assump-
tion to which I shall return at the end of the article. We are assuming that the
deviation between muon-proton and electron-proton elastic scattering will in-
crease as |q2| increases.

Nonrelativistic quantum mechanics provides some insight into the relation

between the anomalous interaction concept and the form factor concept.
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Nonrelativistically the form factor of Eq. (15b) is the three-dimensional Fourier

transform of

o, @) =&z ¢/ (154)

Thus the discovery of a form factor for the muon of the type of Eq. (15b) could
also be interpreted as the discovery of an anomalous interaction of the Yukawa
form with range 1/A”.

In all of this we have assumed that the electron is a pure Dirac point particle.
There is '11__0_ need for this assumption. We can ascribe a form factor

Ge(qz) =1/ [1 + [qz | /Ai]to the electron. Then to order [qzl

2, /22
G @) L L O 2

) P RN T
Ge@™)  1+la”l/A, 1+]q%/ag

(17)

where .
1 _ | 1 1
SR

Then Ad simply measures a difference in behavior between the electron and the
muon. From now on Ishall use A a° Defining

Petastic@) = Go@H)/Caah) =1/ [1+1a?1/42 ]2 (182)
Eq. (14) becomes .

pelastic(qz) - (da/qz)up,elas/(da/dqz)ep,elas (18D)

Eq. (18b) is not exactly true, there is a slight correction due to the muon mass
which is not explictly exhibited. Eq. (18a) is the exact definition of Pelas tic(qz)'
Muon-electron universality predicts that Pelas tic(qz) =1. Two muon-proton

29,30

elastic scattering experiments have been performed to test this prediction.

Figure 2 shows the results of the most recent experiment, that of Camilleri et g;l_.zg

- 22 .



Pelas tic(q2) is always close to 1, but usually it is a little less than 1. If we set

Pelas tic(qz) = .92 we get a good fit. This looks like a normalization problem

between the two experiments. To allow for this it is usual to rewrite Eq. (18a)

in the form

pelastic(qz) = [ X (18c)

2,,,2 |2
1+ [q°]/A d]
The authors of this experiment give as a best fit

1/A3'=.064 + .056(GeV/c)’, N°=.95+.035 .  (19a)

As noted above, the results of the experimént can also be fit with
1/"1\(2:1 =0, N2 =.92% .01 (19b)

With 95% confidence, regardless of any normalization uncertainties, the lower
limiton A q s
Ay>2.4 GeV/e (19c¢)

The earlier experiment of EllswoArtli etal, 30 found a similar lower limit on A q:

If a fit like that given in Eq. (19b) is made to the earlier experiment, one finds

1/A% = 0, N* =.88 + . 04 (19d)

I shall discuss the significance of N<1in Section IX. For the present I note
that the significance of finding only a lower limit on A 9 is that the muon and the
electron exhibit, to the precision of the experiments, the same form factors', in

charged lepton-proton elastic scattering.
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Vi. CHARGED LEPTON FORM FACTORS IN COLLIDING BEAM EXPERIMENTS

A. Elastic Electron-Electron Scattering: e  +e —e +e_

This reaction occurs through the diagram

e

virtual photon with four-momentum q
2
qQ <0

e

To obtain large values of ]qzl it is necessary to use an electron-electron col-
liding beam apparatus, and such an experiment has been carried out at the
Princeton-Stanford storage ringsso. If we ascribe an electron form factor of
the form of Eq. (15a) to each vertex, the differential cross section predicted

by pure quantum electrodynamics wiﬁ be multiplied by the factor 1/ [l—qz/ Aee]4.
The Aee parameter in this form factor has the subscript ee to distinguish 'it from
the Ae parameter which occurs in Eq. (17). The latter applies to electron-proton
elastic scattering. An anomalous electron-proton interaction could lead to an
electron form factor differing from unity ifi electron-proton elastic scattering,
but would not effect electron-electron scattering. Therefore Aee and A e need

not be the same.

Barber et al. 81 find with 95% confidence the lower limit
Ag> 6.1 GeV/e (20)

Thus this experiment agrees with the assumption that the electron is a point
particle. Assuming Ae= Aee and combining this experiment with the previously
discussed muon-proton elastic scattering leads to the conclusion that the muon

is also a point particle within the precision of both experiments,
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B. Bhabha Scattering: e + efs e +e

This process takes place through the diagram juét given above and through

the diagram
e_ e
' +
et e

virtual photon with four-momentum q, q2>0

Here the photon is timelike and, in:our metric q2 is positive. Until this point
we have been considering only spacelike form factors, that is, form factors
cbrresponding to spacelike values of q2. But now we must also consider time-
like form factors, that is, form factors corresponding to timelike values of q2.
The latter form factors, even for small values o_f qz, do not have the physical
interpretation associated with Eq.. (12). Thus Bhabha scattering allows one to
study both spacelike and timelike form factors for the electron.

Several electron-positron colliding beam experiments on Bhabha scattering
have been carried outi32 , 33,34 They all agree with the assumption that the
electron is a point particle in both the spacelike and timelike region. Iwill give
t};e result for one of the experiments33 in which the form factor 1/(1 - qz/Az ),
Eq. (15a), was used for both the spaceliké and timelike regions. The lowe‘f limit
on Aee is

Aee >6.0 GeV/e
with 95% confidence. In this experiment and in the electron-electron experiment
somewhat different limits are obtained if Ai is allowed to be negative as well as
positive. But I feel this very unphysical additional degree of freedom is ﬁot a

useful concept for this analysis.
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C. Muon Pair Production: e +e '~ pu” +p”.

This process takes place only through the diagram given just above and thus

involves only timelike form factors. Several colliding beam studies of this

reaction have been made.3 2,35,36 They all agree with the assumption that the

muon is pointlike in the timelike region. For example if the form factor of

36

Eq. (15a) is used, the 95% confidence lower limit"" on Aue is

A o> 6.0 GeV/e | (21)
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VIO. MUON-PROTON INELASTIC SCATTERING

I shall now describe the results of a muon-proton inelastic scattering ex-
periment we37 recently carried out at the Stanford Linear Accelerator Center.
The general diagram for charged lepton-proton inelastic scattering, with one

photon exchange is

muon in muon out

' ) KINEMATICS
' (in laboratory system)

o)

v o=qy= E-E'
-—virtual photon with

= - 1
four-momentum q=(qg, q) (-1-2 22 P 5
In laboratory system g, q 0 =% - @
is called v . ‘ |a“} < 2My
q2 is a Lorentz invariant. M is proton mass

w2 =2mp + M2 - |q?

hadrons produced
in interaction

total invariant mass
of hadrons is W

proton in

Muon-proton or electron-proton inelastic reactions comprise a vast field
whose Qutlines are just now being experimentally determined. I shall describe
results from the simplest experiment in that field — an experiment in whicl{ only
the inelastically scattered charged lepton is detected. No attempt is made to
detect any of the hadrons produced. This inelastic scattering experiment then
sums experimentally over the different hadronic states which can be produced.
As may be deduced from the foregoing diagram the reaction is then completely
described by three independent kinematic quantities. These we take to be E
(the initial lepton's energy), q2 (tﬁe square of the four-momentum transferred
from the lepton vertex) and v (thé laboratory energy of the virtual photon given

by E-E'). a7 -



The experiment consists of the measurement of the double differential
cross section of the inelastically scé.ttered muon. This differential cross
section, dzo/dq2 dv, is a function of E, v and qz. The one photon exchange
property of the diagram above allows one to analyze dzo/dq2 dv in more detail.
Just as in elastic scattering (Eq. 9) where the differential cross section depends
on two independent experimentally determined quantities, GE(qz) and GM(qz),
so the inelastic differential cross section dza/dq2 dv also depends on two in-
dependent quantities — quantities which must be experimentally determined.
From the above diagram we see that inelastic scattering may be regarded as
the production of a virtual photon by the charged lepton, ;md the subsequent
reaction of that virtual photon with the proton leading to the production of all sorts
of hadrons. Indeed one set of quantities qT(qZ,K) and os(qZ,K), introduced by
I-Ia.nd,a8 may be thought of as the total cross section for the interaction of trans-
verse and scalar virtual photons with protons. Hére K= - qu | /2M, and is the
equivalent energy that a real photon must have to give the same total eneré;y in

the photon-proton center-of-mass system. 38 Also (d2 o/dq2 dv) =d2(7/dq2 dK)

and I shall use the latter from now on. aT(q2 ,K) and as(qz,K) are defined by
2 2 2 ' 2 2
d%9/dq’dK = I1(a” ,K.p) op@” K) + I3, K.p) gla” . K)

- [ K,p) [oga® %) + e(a? K,p) ogla )

I"I‘ and Ig are the virtual photon fluxes for transverse and scalar photons,

respectively, and e is the ratio of these fluxes as shown in the next two equations.
[ a K om? - 2EE' - |q%|/2
A== )l=) (-2 52
la”l/\p la"|  (E-EY +|q7]

2 2 2
c= I = 2EE' -|q I/2> <1_ 2m” | 2EE' -|q [/2>Sl
Ire /-2

(E-E'Y + |o® | (E-E'Y +|q%|
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Here p (B:) and E(E') are the momentum and energy in the laboratory system of
- \
the incident (scattered) lepton; m is the lepton mass and « is the fine structure

constant. As q2 goes to zero, O'S(qZ,K) goes to zero and (qz,K)‘ goes to

o1
o ‘YP(K) — the total cross section for the interaction of a real photon of energy K
with a proton. In our muon experiment we could not separate Orp from ogs there~

fore we use only the combination
g (q2 K) =0 (q2 K) + € 0 (q2 K) ' (22a)
exp,L** ’ T SYh 4

There are three reasons why lepton-proton inelastic scattering is a good way
to search for muon-electron differences. -

1. In elastic scattering, v =] qzl/ZM, whereas in inelastic scattering,
v and q2 may be varied independently. Inelastic scattering therefore explores
a much larger kinematic region. |

2. Measurements of inelasticylepton scattering in which only the scattered
lepton is detected, place no restrictions upon the nature of the final hadronic
state. It is conceivable that a violation of muon;electron universality involving
hadrons other than the proton would more easily be seen in inelastic scattering
than in elastic scattering.

3.. One of the more unexpected results of inelastic muon and electron
scattering was the large cross section, compared to elastic scattering, at Alarge'
q2 .‘ Hence inelastic scattering may provide greater sensitivity to muon- |

electron differences at large q2

To search for muon—electfon differences we compared Oexp, u(qzy,K) from
our muon experiment37 with Gexp,e(qz ,K) from electron-proton inelastic scat- ’
tering. We used the extensive and precise electron-proton inelastic scattering
data obtained at the Stanford Linear Accelerator Center by the Stanford Linear

Accelerator Center and Massachusetts Institute of Technology electron scattering
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groups. 39 We interpolated from their kinematic values to our kinematic values.
This interpolation in principle depends upon knowing the ratio os/ Orpe But we
found that varying that ratio from 0 to 1 produced less than a 1% change in the
éomparison. This is so because our ¢ is élose to 1. We used an average of
0. 18 for that ratio in making the comparisof). 3

| Figure 3 presents some of our data and comparable electron data. The
error bars show only the statistical errors. Both sets of data have been corrected
for radiative effects. In looking at these comparisons, we see that there is no
obvious q2 dependent difference between the muon data and the electron data.

But on the average ¢ seems to be a little smaller than ¢ . It is clear
exp,u . exp,e

k) L

that we must use a more quantitative comparison method. Therefore we define

@ K) /o (@.K) (23a)

2
(q ’K) = g exp,e

Pinelastic exp,i

in analogy to p @) in Eq. (18).

elastic
We see in Fig. 3 that within the errors the ratio p is always about 1.0, l_gg_t_
on the average p seems to be a littlé] less than one. In comparing these two
experiments we must also consider the possibility of- relative overall normaliza-
tion errors. We have done so, and we estimate that the overall relative normaliza-
tion error due to systematic uncertainties may be as large as 7%. With this con-
sideration we see that none of the individual deviations of p inelas tic(q2 , K) “from
unity are significant. |
To combine the data to search for less obvious differences and to quantify

the observations I have just made, we assign the inelastic form factors G é(qz,K)

to the charged lepton. This is in analogy to the elastic form factor G I(qz). Formally

L2 2
G,z(q :0) = G ()

but physically K> 0 and there is ﬁo direct relation between Gﬂ'(qz,K) and Gﬂ(qz)
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Equation (22a) becomes

o 1) = gl K+ Eqs(qz,K)] 6; % %) (22b)

and Eq. (23a) becomes |

2 2,2 2, 2
Pinelastic@ -K) = G, @.K) / Gy @ ,K) (23b)

As I stated when discussing elastic scattering we have no profound theoretical
guidance as to how to select leptonic form factors. For inelastic scattering,
where the dynamics are even more complicated, we have even less guidance.
Therefore I shall first follow convention, use the form factor model of elastic

scattering and assume that the charged leptons have a form factor

6.k = [/1+1a81/a2]

Then allowing for a normalization problem we obtain

2 a2 .2 ,2] 2
pinelastic(c1 K) =N /[1 +lal/a d - (23¢)
just as in Eq. (18c). But here we d\i/erage over K to obtain N' and A(’i. Here the
parameters are primed to indicate that they apply to inelastic scattering. Again
-2 -2 " -2
t — 1
Ad - A“ - Ae .

Since N'2 and A'i , are correlated parameters, the best way to present the
fit of the data to Eq. (23c) is to use the error contour plot of fig. 4. The ‘ellipses
show the one and two standard deviation contours. The center of the ellipse is at
N2 =,95 *,04 and 1//&?1 =.021 % ,021 (GeV/c)—z. If just the statistical error
are considered, the point N2 =1, 1/A3 = 0 which is demanded by muon-electron
universality lies about three standard deviations from the center of the ellipse.
But we must allow the overall normalization to have a systematic error as large

as + 7%. This means that the origin can be shifted vertically by . 67. If we
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allow a systematic error in the normalization to go to its lower limit of -7%,
then the center of the ellipse is only about one standa;'d deviation from the
prediction of muon-electron universality. ébviously smaller vertical shifts of
the origin will give almost as good agreemént.

Now regardless of the normalization prL)blem we can set a limit on how s;r1a11
A('i can be in Eq. (23c). No matter how we shift the origin vertically, the largest

value of 1/A ‘3, for two standard deviations, does not change. With 97. 7% confidence

Ay > 4.1 GeV/e (24)

Thus we have found no strong, statistically significant, deviation from muon-
electron universality in inelastic scéttering. The comparison of the inelastic

scattering results with the elastic scattering results of Camilleri et al. is shown

below.
' Muon-Proton Muon Proton
.. Inelastic Scattering Elastic Scattering
N = .95 % .04 .95 % .04
Best fit 9 - ’
(1/A4)(GeV/e) ™ = 021 % 02 .064 %, 06
Ay (GeV/c) is greater than 4.1 2.4
with a confidence level of 97.7% 95%
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VIII. SPECULATIONS ON MUON FORM FACTORS

Although no violations of muon-electron universality have been found in
these scattering experiments, or for that n;atter in any experiment; I will use
the results of the scattering experiments as a stimulus for some speculations on
how such violations might be found. In our inelastic experiment and in the elastic
experiment, there is no indication of any qZ dependent difference between the
muon and the proton. But in these experiments the muon cross sections turn out
to be low.er than the electron cross sections. I emphasized that in our experiment
this difference is not significant because the overall normalization uncertainty is
about 7%. In the elastic experiments the authors give a smaller normalization
uﬁcertainty for the muon data, but the combined overall normalization uncertainty
of the muon and electron data might be as large as our 7%. Thus the low muon
cross section in any one experiment is not significant. But perhaps, and this is
a very weak perhaps, the two expe;‘iments together are telling us something.
Perhaps they are saying that we ha%r_é been looking for the wrong kind of muon-

electron difference. We have used the elastic and inélastic form factors

Gp(qz) = 1/[1 o I/Ai] (@)
to describe the difference. As I have alreadjr stated, this form factor is in accord
with the belief that any muon-electron dﬁference will increase steadily with qul .

But if we look at the muon-proton inelastic and elastic experiments, with no
- preconceived notions as to how the muon-electron difference might behave with
q2 we would not use that form factor. We would simply observe that all we have
seen is a roughly q2 independent differencé in the cross sections. Thus ex-
perimentally we would choose the form factor
G,(@*) =N
where N is a constant less than 1. But this contradicts G“ (0) =1.
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Thus it seems reasonable to select a form factor which is close to

G#(qz) = N but does not violate G#(O) =1. Such a form factor is

9 2, , 2 |
G“(q ) =(1-b) +b/(1 +]q '/AP) (26)

2. 2 - .9
=1-(blq|)/(lql+/\u) 0<b<1

Then in the scattering experiments as |q2| increases

pinelastic(qz’K) = pelastic(qz) — (1—b)2. If, for example, b =.02, then all that
would bel observed even at very high |q2| values would be a normalization
difference of 4%. Such a difference in normalization would be masked by the
systematic uncertainties of the scattering experiments under discussion. Thus
b =.02 may be taken as an example of a possible muon-electron difference.

The form factor of Eq. (26) could come from the following model. Take the
electron to be a point charge. Take the muon to have 989 of its electric charge
concentrated in a point and just 2% spread out in a halo whose average radius is

given by ru: \/—6./A” as in Eq. (16). The picture is

r =he/A . The picture is
u oA P

radius of cloud

about \/(i_/Au
. ° .9§ of muon in
point
.02 of muon in
cloud
Point electron Mostly point muon

Iremind you that this is just speculation. At present all measurements agree,
within their errors, with the assumption that the muon is a point particle. We
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cannot distinguish between the hypothesis of a diffuse, but very small, muon
represented by Eq. (25) anFl the hypothesis of a mostiy point particle muon
represented by Eq. (26). But the planning of future high energy scattering
experiments designed to search for mﬁon-—electron differences does depend upon\
which hypothesis lies closest to the heart of the experimenter. Thus if the ex-
perimenter believes in a mostly point particle muon, it would be best to plan an
experiment at moderate q2 values where high statistical precision and low
systematic uncertainties can be most easily achieved.

Until now I have been concerned with the limits set on possible muon form
factors by the high energy elastic and inelastic scatberfng experiments, I shall
now extend the discussion to the limits set on the muon fofm factor by other
experiments. The limit set by the reaction et + e — p+ + u_ has already been
given in Eq. (21). The measurement of the gyromagnetic ratio of the muon (g“)

also sets limits on the muon form factor through the diagram

muon form factor enters here — «—muon form factor enters here

virtual muon/ \Virtual muon

The q2 which enters the muon form fac‘tor in this diagram comes from the virtual |
muons, and the important q2 values é.re those whose magnitude is smaller than
mﬁdz; mu is the muon mass. Hence the measurement of &y determines the muon
form factor with great precision for |q2| values less than . 01 (GeV/c)z. Now the

experimental value of g“ is completely explained by quantum electrodynamics,
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as discussed earlier in this article. Therefore the muon form factor is unity at
small values of q2. In the calculation of the effect of a muon form factor on g“
both spacelike and timelike values of q2 mu?t be considered. Hence a form factor
for both the spacelike and timelike regions must be selected. It is conventional
to select the form factor given by Eq. (15a)%. The g# measurement requires1’40

that in Eq. (15a)

. 27
,A#g>7 0 GeV/c (27)

With 95% confidence. The subscript g indicates that this A# parameter derives
from the gu measurement, \ -
As I discussed in Section IV, the mu-mesic atom can be used to set a limit

20 have considered the effect of non-

on the size of the muon. Iachello and Lande
~ pointlike muon on the mu-mesic atom energy levels. Using muonic X-ray data
from 206Pb and the muon form factor of Eq. (15a), they find that with 95%

confidence

Ay > 1.4 GeV/e (28)

While this lower limit is not as largé as that set by the g” experiment or the

high experiments, it is certainly an interesting limit. It is independent confirma-

tion that the muon behaves like a point Dirac particle in this very low energy region.

Incidentally, this limit is capable of quite some improvement. 20
I now come to the question of the impact of the A , A and A , limits on

pe’ ug pA

the speculative equation, Eq. (26), for the muon form factor in muon-proton

elastic and inelastic scattering. One may adopt either of two opposite points of

view. First, one may suppose that there is an anomalous muon-proton inter-

action. Then A and A

we, Mug HA
AV« in Eq. (26). This point of view is developed in Section IX. Second, one may

have no direct relation to the parameters b and
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‘suppose that Eq. (26) and these limits only concern the muon-photon-muon

electromagnetic vertex. Then there is an intimate connection between Eq. (26)

and these limits. This connection is discussed in the remainder of this section.
I first note that the limit on Al-lg includes the limit on Ap A SO that the latter

need no longer be discussed. Now for small values of [q2|
2 2
b/A =1
/2y /Aug

Therefox.'e the gu experiment sets an upper limit on (b/Az) in. Eq. (26). But this
limit turns out to be incompatable with the "normalization difference' which I
would like to explain using Eq. (26). Briefly, this limit does not allow a large
enough "normalization difference". (Of course, I am speculating here that the
"normalization difference is a physically meaningful effect, not an effect caused
by experimental errors.) Thus the g“ measurement does not allow one to adopt
Eq. 26 as a speculative form for the muon form factor.

It is necessary to devise a spec'ulative form factor which varies more rapidly
than linearly with | qzl at small values of |q2| ‘and yet does decrease very

rapidly with | q2| at very large values of |q2| . Such a form factor might be

2 ~ 1,212/ 24
G,(a") = (1-b) +b/(1 + |¢"|%/4)) (29)
which for small values of | q2| becomes
2 2,2, 4 ; :
G,@) = 1-bla’ %/ (30)
h
The form factor of Eq. (29) is compatable with the gﬁmeasurement and yet can
fit the kind of "normalization difference' found in the elastic and inelastic
scattering experiments. It is also compatible with experiment results36 Whichv
led to the Ape limit of Eq. (16).l Comparing Eq. (30) with Eqs. (12c) we see

that the term linear in qu | would be missing from this new form factor. Ido

not know how to interpret the absence of such a term for large values of Iq2 | -
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But for values of qul sufficiently small for Eq. (12b) to be used we have the
following interpretation. The absence of the |q2| term means that < r2> is

zero or very small, and that the < r4> ter;n dominates. Such values of < r2>

and <r4> could occur if the muon consisted of a point charge surrounded byv two
concentric shells with charge densities of alternating sign. Thus if the normaliza-
tion differences found between the muon and the electron in elastic and inelastic
scattering turn out to be true; the muon, and possibly the electron, would turn

out to be very complicated objects.
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IX. SPECULATIONS ON SPECIAL MUON-HADRON INTERACTIONS

Another way to think about possible muon-electron differences is to specuiate
that the muon has a special interaction with the hadrons, an interaction not pos-
sessed by the electron. Ifirst mentioned this speculation, in the elastic scattering
section. Muon-proton inelastic scattering would take place through the sum of

two diagrams as follows:

hadrons hadrons

proton proton

One-photon exchange - 'Specia.l muon-hadron interaction

The second diagram would result in a difference between muon-proton and electron-
proton inelastic cross sections, because only the first diagram would enter in
electron-proton inelastic scattering.

As an example I shall assume that the muon interacts with the hadrons

through the exchange of particle X with spin 1 and mass Mx'

H [ ko K
e — f\
% + | X
hadrons hadrons
proton proton
One-photon exchange One-X exchange
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The coupling constants are indicated in the diagrams; thus e is the electric
charge. Those at the lower vertices are to be regarded only as very crude
measures of the strength of the coupling of the virtual photon or the X particle

to hadrons. Then41

2
2 £\ [Bxh |qzl
. . (97, K)= 1+(— 31
pmelastlc( ) e) <gyh> <|q2l+ M}z{ 1)

As discussed in relation to Eq. (15d) there is a connection between the assumption

of a spec.ial muon-hadron interaction and the assumption of a muon form factor.
I, in Eq. (31) the product of the coupling constants is a negative real number,
Eq. (26) is obtained; M, = ’ A“ and b= (f/ e)(gxh/ g'yh)' Thus the assumption of
a special muon-hadron interaction which takes place through the exchange of a
vector particle leads back to the model of a mostly point particle muon. The
radius of the muon is given by the inverse mass of the exchanged particle.

A conventional speculation41 42

is that the X particle is some undiscovered
heavy photon, but I prefer the speculation that the X particle is itself a hadron.
More generally the X particle might be taken to represent the summation of the
interaction of different kinds of hadrons with the muon. To estimate the present
experimental limits on f, the coupling of the muon to the hadronX, I take

(g xh/ gy-h)2 to be the ratio of a typical hadron-hadron total cross section (30 mb)

to the photon-proton total cross section (0.12 mb). As Idiscussed above, éxisting

muon-proton scattering measurements easily allow b to be as large as .02. Then

f/fe =~ .02/ V250 = 1/800
Thus in this "X =hadron'' model, the coupling of the muon to the hadrons is much

weaker than the electromagnetic coupling.
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The assumption of such a muon-hadron interaction is compatable with known
imi the parameters A and A . Consider first the measure-
limits on p A;zg, e LA gli
ment. This muon-hadron interaction contributes to a“ through the diagram

Because the ratio f/e is so small, this diagram contributes only about 1 X 10_8

toa,. This would be completely masked by ghadronic

N
has yet to be measured. Therefore it is highly unlikely that a g“ experiment

(see Section IIIB) which

could be sensitive to the muon-hadron interaction about which I have been
speculating. Similarly the effect of this muon-hadron interaction on the reaction

et te - p.+ +p will be very small.

Finally, I come to the relation of this muon-hadron interaction to the Ii’l;l—
mesic atom. Will not such a special interaction perturb the energy levels of
the mu-mesic atom from those given by Eq. (8)? The answer is yes. But the
problem is how to estimate the perturbation. Here we are faced with the problem
of how to go' from the high energy behavior of an interaction to the low energy

behavior of that interaction. There is no solution to this problem if the nature
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of the interaction is unknown. We cannot relate the high energy behavior of that
interaction to the low energy behavior of that interactuion. As an example, the
proton-proton and pion-proton interactions have about the same strength at very
high energy as measured by their respective total cross sections. But in the
very low energy range the proton-proton interactions is several powers of ten
stronger than the pion-proton interaction as measured by their respective scat-

tering lengths. Therefore, even a higher lower limit on A ,.than that given by

LA
Eq. (28) wouid not directly limit my speculations on é high energy muon-hadron
interaction. Certainly then, the relatively low limit given in Eq. (28) has no
relation to these speculations.

To summarize, the speculation in this section on a special muon-hadron

interaction is not affected by the known limits on A“g,%eorA If such an

A’

interaction does exist it can most likely only be found through the study of

high energy muon-hadron reactions. In conclusion, I must warn the reader that
my speculations have been limited to muon—hadrpn interactions; they havexnot
included muon-hadron-neutrino or neutrino-hadron interactions. Studies of weak

interactions at both high and low energy3’22

limit the strength of any anomalous
peutrino-hadron interactions to less than 10% of the strength of the weak inter-
action itself. This is a much-lower limit than the limits I have been discussing. .

Therefore the speculation on the muon which I have presented cannot be extended

to interactions involving the muon neutrino.
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1.

FIGURE CAPTIONS

Partial decay rates of heavy leptons as a function of the heavy lepton mass,

0

m.. The solid curves are for the decay modes: a) p' — 7 7 n

Ll
b) p' - byt c)pu' e ;e Y and d) p' - u—,;u MK

The dashed line is the partial rate for p' — w1° vy assuming point pions.
It is included to show the effect of the pion form factor. This figure is
taken from E. W. Beier, Letters Nuovo Cimento 1, 1118(1971).

Pelas tic(qz) is the ratio of the muon-proton elastic differential cross section

to the electron-proton elastic differential cross section. The principle of

muon-electron universality requires p =1 for all values of qz. The

elastic
error bars represent only statistical errors; the systematic uncertainties
are discussed in the test.

For each K interval the upper plot gives the values of %exp ,“(qz ,K) denoted
by a solid circle, aexp,e(qz,K)—denoted by an x and ¢ 'yp(K) denoted by a
triangle. These quantities are defined in the text, but Uexp " and a, Xp, 6

may be thought of as measures of the respective magnitudes of muon-proton
and electron-proton inelastic scattering. q2 is the square of four-momentum
transferred from the lepton. K = p - |q2| / 2M where M is the proton mass
and v is the energy lost by the lepton in the laboratory system. The lower

(qz,K) =g (qz,K)/cr (qz,K).l The

€Xp [ exp,e
error bars represent only statistical errors. In most cases the errors in

plot gives the values of Pinelastic

Cexp, are too sinall to be displayed. The systematic uncertainties are

discussed in the text. For the principle of muon-electron universality to

be valid p. should equal unity for all values of q2 and K.

inelastic
' A
Contour plots for the parameters N '2 and A d2 obtained by fitting the experi-

mental values of.the ratio Pinelas tic(qz,K) to the equation
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2 2 2 2., 2
pinelastic(q JKy= N /(1.0+ |97 /A dz) . The inner ellipse represents
one standard deviation and the outer ellipse repr;esents two standard

deviations in the fit.
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