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ABSTRACT

Measurements of the differential cross section for the inelastic scattering
of 12 GeV/c muons on protons are reported. These measurements cover a
kinematic range of lqzl (the square of the four momentum transferred from the
lepton) up to 4.0 (GeV/c)z and of muon energy losses (v) up to 9.0 GeV. Only
the scattered muon is observed in an optical spark chamber apparatus. The
data is compared to electron-proton inelastic scattering, and analyzed in terms
of possible lepton form factors and anomalous interactions. p-p inelastic scat-
tering is found to exhibit the same mild lqzl behavior as does e-p inelastic
scattering. No experimentally significant deviation from the predictions of
muon-electron universality has been found. If the ratio of muon to electron
inelastic cross sections is parameterized by the form <1. 0+ lqzl/Alz)>_2, we

find with 97.7% confidence, A, > 4.1 GeV/c. The muon-proton cross sections

D
on the average are slightly smaller than the electron-proton cross sections.
This observation is not experimentally significant because such a difference

might be caused by systematic errors; but this observation is used to speculate

as to the most fruitful direction for future experiments.

*
Work supported by the U. S. Atomic Energy Commission.
*ok
An expanded version of this paper was submitted to Stanford University as

partial fulfillment of the requirements for Ph.D. degree.
TPresent address: Rutherford High Energy Laboratory, Chilton, England.

(Submitted to Phys. Rev.)



I. INTRODUCTION
In this paper we describe an experiment on muon-proton inelastic scat-

tering at 12 GeV/c incident muon momentum. 1 The term muon-proton in-
elastic scattering describes all those processes in which the incident muon
is not absorbed and two or more hadrons are produced. Examples of such
processes are

ptp— pntn

ptp — H+A°+K+ ,

AD o T T

This paper has two purposes: first to present our measurements of muon-
proton inelastic scattering, and second to compare them with similar meas-
urements of electron-proton inelastic scattering. The object of the comparison
was to search for hitherto undetected differences between the muon and the
electron. Such differences might provide clues to the relationship between
these particles. They might also provide inf;)rmation as to whether the muon
and the electron are point Dirac particles. And they might lend insight into
the fundamental nature of the charged leptons.

We have found no experimentally significant difference between the
behavior of the muon and the electron in the inelastic scattering process.
Therefore this experiment agrees with other experiments that the muon
may be regard_ed as a point Dirac partiéle. However, within the overall nor-
malization uncertainty of the comparicon the muon-proton inelastic cross
sections are on the average lower than the electron-proton inelastic cross

sections. The same effect has been found in two measurements of



' when these measurements are

muon-proton elastic scattering
compared with electron-proton elastic scattering. The normalization prob-
lems in all these comparisons are such that the muon-electron difference
might be ascribed to experimental difficulties. Yet,these differences may
provide a clue as to most fruitful direction for future experimentation. There-
fore in Section VI we speculate as to the significance of these possible dif-
ferences in cross sections.

The experiment was carried out at the Stanford Linear Accelerator Center
using a momentum analyzed beam of 12 GeV/c positive muons. The apparatus
consisted of a liquid hydrogen target, optical spark chambers, scintillation
counters and a large analyzing magnet. A full description of the beam4 and
brief description of the apparatus and the results have been published
previously. 1,5,6

Section II contains a summary of what is known about the relative proper-
ties of the muon and electron, and thus provides an introduction to what has
often been called ""the muon-electron puzzle." Those aspects of the thedry of
charged lepton-proton inelastic scattering which depend only on quantuin elec-
trodynamics are given in Section III. In Section IV the experimental apparatus
and method aredescribed. The analysis of the muon-proton inelastic data is
described in Section V and the results of that analysis are given in Section VI.
Section VII consists of a comparison of muon-proton and electron~proton

inelastic scattering using a conventional approach. The paper concludes in

Section VIII with a more speculative analysis.



II. THE MUON~-ELECTRON PUZZLE

AND THE PURPOSES OF THE EXPERIMENT7

A. Muon-Electron Universality

The muon (1) and the electron (e), the only known chz{rged leptons, have
a wide range of properties in common which are summarized in Table I.
Despite this broad similiarity they differ drastically in two respects. First,
the muon mass is over 200 times the electron mass. And second, the muon
and the electron have internal quantum numbers called lepton numbers8 which
are intrinsically different and are separately conserved in all interactions.
The only other particle possessing the muon lepton number is the neutrino
(V”) associated with the muon. The electron neutrino (v e) is similiarly
associated with the electron.

The similiarities and the differences between the muon and the electron

are summarized by the principle of muon-electron universality. 7 Except for

the difference in mass, and its effects, the muon and the electron have the
same properties and behavior in all interactions under the equivalence:

By e e7(eh) (1)
and |

AL NI )

We are primarily concerned with the electromagnetic and strong interac-

tion aspects of muon-electron universality. Later in this paper we will dis~
cuss some of the evidence for universality from these sources. For a
discussion of the role of the weak interaction we refer the reader to the

»9,

. 0 . . '
reviews given in the references.



“The generality of the principle of muon-electron universality has led
many physicists to speculate as to possible connections between the muon and
the electron. One speculation is that they are manifestations of a single
particle split into two mass levels by an unknown force. But how then can one
explain the very strict lepton number conservation rule which separates elec-
trons from muons ? Another speculation is that the electron and the muon are
the lowest mass members of a larger family of leptons.

e, U, 'y p' o ...
with associated neutrinos

Ve VIJ" VN' s VH"

Of course, there is also the possibility that the muon and the electron have no
connection. But then we are faced with the question as to why neutrinos are
associated with both of these particles, and no others. We have no evidence
as to the validity of any of these speculations. For example, no heavy leptons

have been found7’ 12,13

and definitive searches using methods such as pu' pair
production in electron-positron colliding beams have yetA to be done. 14

B. Point Particles, Form Factors and Strong Interactions

Another aspect of the muon-~electron relationship is the belief that the
muon and electron are both point Dirac particles. By this we mean that they
enter the Dirac equation and all of quantum electrodynamics as mathematical
point charges. Some higher order terms in quantum electrodynamics do lead
to effects similar to those which might be ascribed to a nonzero size but we
do not regard these effects as equivalent to an intrinsic particle size.

‘The belief in the point nature of the leptons is directly related to the obser-
vations that neither the muon nor the electron directly take part in the strong

intevactions. The hadrons, on the other hand, participate in the stveng

~ 5 -



interaction and their size is believed to be roughly given by the range of the
strong force. Of course, some as yet undiscovered interaction may exist;
this interaction being associated with a small but nonzero size for one or both
of the charged leptons.

The size and structure of elementary particles cannot be déscribed simply
because the description must be hoth quantum mechanical and relativistic.
However, a rough intuitive picture can be developed by considering a nonrela-

tivistic particle with mass or charge density D(r). D(r) is normalized so

that
Dxydr = 1. (3)
Next we define the three~-dimensional Fourier transform or clastic form
factor15
F@) = [ pF e 4T L (4)

If the right-hand side of Eq. (4) is expanded in a series we obtain:

F(d) =1 - % &2y gl +I;?6 et 7 (5)

Thus D(_f), or F(a) 7, specifies the nonrelativistic mass or charge density.
Again from the nonrelativistic viewpoint, a point particle is specified by
F(?]) =1 or by D(_f‘) = 8(?) , where § is the Dirac delta function.

The elastic form factor F@’) also has a direct physidal meaning in
Coulomb elastic scattering. Consider the elastic scattering of a relativistic
Dirac electron on a very heavy, spinless, target particle of mass M and
charge e (Fig. 1). The incident (scattered) electron has laboratory three-
momentum”ﬁ(f)") and laboratory energy E (E'). If the target particle is also

a point particle the differential cross section in the laboratory system {s



given by

<g9’_> _ a200s2 6/2 1

. (6)
s 45 sin 6/2 1+(2E/M)'sin2 0/2

Here 6 is the laboratory scattering angle of the electron and « is the fine

structure constant. The subscript NS means that the target particle has no

spin. (In this paper we use units such that i=1, ¢=1.) As shown in Fig. 1

the scattering takes place through the exchange of a virtual photon of labora-

tory three-momentum ¢=p-p'. q is the three-momentum transferred from

the electron to the target particle. The behavior of the target particle can be
"treated nonrelativistically if rcﬂz «<M?.

If the target particle is not a point, but has a charge distriioution given

by D(r), then Eq. (6) becomes15

() =%

2
>NS

F . (0

where F(@ is given by Eq. (4). Thus the elastic form factor directly gives
the effect of the particle's charge distribution on the elastic differential cross
section. In going to a fully relativistic description we must replace F(Ei) by

a function of a Lorentz kinematic invariant. That invariant is q2, the square
of the four-momentum transferred from the leptén and carried by the proton.

In our metric q2 is given by

2 2 - .2
q =(E-EY) - (p-B) - (8)
By conservation of energy and momentum
2 1
q =-2M(E-E") ,

so that



We refer to this negative q2 as spacelike. The relativistic analogue of Eq. (7)
is then
do\ _ [do 2 2 :
(a3) = (a‘ﬁ)Ns G @) 9

=,

where G(qz) is the relativistic analogue of F(g). Furthermore we say that

relativistically we have a point particle if
9 .
G(g ) = Constant . (10)

We can also expand
2 2, .22
G@") =ay+a lg f+a, [¢7"+ ... (11)

. 2y, 2 .
in analogy to Eq. (5). But unless |q~| is small compared to M, there is no
nonrelativistic interpretation of the coefficients analogous to the interpreta-
tion of Eq. (5).

The most common extension of Eq. (9) is electron-proton elastic scat-
tering where the differential cross section is given by the Rosenbluth

formula15’ 16

(%) - (&)

ep, elastic NS

2,2 2 2
Ggla) + 7 Gy la)

1+ 7

+ 27 Gi{(qz) tanz 6/2( ,

(12).
for a point electron (dcr/dQ)NS is defined in Eq. (6) and 7 = |q2|/4M2. The
anomalous magnetic struc‘cure15 of the proton leads to two elastic form factors,

GE(qz) and GM(qz) , for the proton. Experimentally it is founle that
2 ‘2 2
GE(Q ) = 1/[1 +|q ’/.71] (13)

and

2 2
Gpl@) = 2.79 GL(@)



(In this article energy units will always be GeV, momentum units will be
GeV/c and the units of q2 will be (GeV/ c)z.) Continuing the example, for very
small values of qul

2 2
Gp(@) ~ 1-]q]/.855
Comparing with the nonrelativistic expression, Eq. (5),

Y2~ 8% 10718 om (14)
is the root mean square radius of the proton.

If the charged lepton, £, is not a point particle, then like the proton, there

may be two elastic form factors associated with it, 17

But in our present state
of ignorance it is sufficient to assign to the charged leptoh the single elastic

form factor Gi(qz). Then Eq. (9) would become
do\ _ (do 2 2 2 2
(a5) = (3g)._ &"@) )
NS
Angd the Rosenbluth formulas would also be modiﬁed_ by a multiplicative factor
Gf(qz) on the right-hand side of Eq. (12).

8,19,20

It has become conventional1 to take a form for Gﬂ(qz) analogous

to the proton form factor and 'write

Gl(qz) = 1_/ [1—q2/Af] , “(15a)
Gﬂ(qz) =1/ [1+|q21/‘/\f:| , for q2 spacelike . (15b)

Note however that unlike Eq. (13), only the first power of [1+ qul/Af] appears
in the denominator. Equation (15a) has some theoretical significance in that it
has the same form as the denominator of the propagator of a particle of mass
AE' Equation (15a) also offers some theoretical.convenience in that it is

similiar to the regulated propagator used to cure divergences in quantum

8, 20

electrodynamics. A2 is an inverse measure of the deviation of the muon

from a point particle. For very small ‘|q2] , namely lqzl << mz, Eq. (5) yields

-9 .



the nonrelativistic interpretation
<r2>;‘ /2 /é/Al . | (16)

Of course, if the lepton £ is a point Dirac particle, Gﬁ(qz) = 1 for all values of
qz. We have emphasized that Eq. (15) gives the conventional function for
Gﬂ(qz), other functions are discussed in Section VIIIL.

Returning to the question of muon-electron universality, it is clear that

the principle is preserved if
2 2
G,(d) = Ggla) - , (17
But if Gu(qz) # Ge(qz) then (1) muon-electron universality is violated and

(2) either the muon or the electron or both are not point particles.

C. Special Interactions of the Muon or the Electron

The principle of muon-electron universality may also be violated if only
the electron or only the muon has a special interaction other than the weak or
electromagnetic. Such spéculations generally take the form of an assump-
tion, 21,22 that the muon has an anomalous interaction with a neutral particle..
This anomalous interaction is then the cause of the difference between the
masses of the muon and the electron. This type of speculation is discussed
further in Section VIII. We wish to make only two comments here. First, it
is equally reasonable to speculate that the anomalous interaction is associated
with the electron, or is associated with both particles through different coupling
constants. Second, if the form factor Gﬂ(qz) is found to be different from one

for some values of qz, this may be interpreted as an indication that the lepton

£ has some anomalous interaction.



D. Some Tests of the Principle of Muon-Electron Universality

1. Electric Charge

Using measurements10 of the muon magnetic moment, the muon gyro-
magnetic ratio (gu), muon X-ray spectra and the electron's charge; the 'ratio
of muon's electric charge (eu) to the electron's electric charge (ee) is cal-
culated to be ™ eu/ee =1%(4X 10_5).

A much lower limit can be obtain_ed23 by observing that if charge is
conserved in the muon decay process p— e+ vp + I_Je then one or both neu-
trinos will have a nonzero charge if eﬂ;éee. Astrop_hysica’l considerations
then set an upper limit on the charge that can be possessed by a neutrino.
This leads to the limit e’J/ee =1+ (1x 10-13) . |
2. Gyromagnetic Ratio

The gyromagnetic ratio, gy can be calculated exactly from quantuin
electrodynamics, once the lepton mass is known, if the very small contri-
butions from electromagnetic coupling to strongly interacting particles are

ignored. I is conventional to set

(g, - 2)/2=2,

The most recent measurements of E. Picass024 and his colleagues on gu yield

a;’Xp = (116616 % 31) x 10°°

and quantum electrodynamics yields11

atheory _ 8

(116587 + 3) x 10

Thus experiment and theory for the muon are in agreement. Even more pre-
. ) : 25
cise agreement is found for the electron.
To summarize, the static properties of the muon (only some of which

have been discussed here) compared to the static properties of the electron

-11 -



show no differences other than those explained by the mass difference. Fur-
thermore, the static properties are those of point Dirac particles.
3. Charged Lepton-Proton Elastic Scattering

Although the static properties of the charged leptons show no u.nexpl;dined
differences, one might hope7 that differences will appear when the dynamic
properties of the charged leptons are measured in high energy reactions.

One such reaction, which is closely connected with our experiment, is the
elastic scattering of a charged lepton £ on a préton.

Numerous electron-proton elastic scattering egcperinrients16 and two muon-
proton elastic scattering experimentsz’ 3 have been performed. Comparison
of these experiments do not show any definitely significant deviétions from
muon-electron universality. This conclusion is discussed in detail in
Section VII.

4. Other High Energy Tests

A large number of tests of quantum electrodynamics have been carried
out which either do not involve hadrons at all or only involve hadrons as
sources of a low lqzl virtual photon. Examples of such tests are the colliding
beam reactions

e +e —ve—+-e- ,
e +e se +e
e—+e+—+ p_+;,L+ 5
we will use the results of some of these colliding beam experiments in

Section III. B. Other examples are the Bethe-Heitler pair production process

: + -
v + Nucleus — Nucleus +¢ 2 ,
and the bremsstrahlung process

£ + Nucleus — f + .y + Nucleus.

- 12 -



Two excellent reviews11 of these processes have appeared recently. We only
remark here that no deviations were found from quantum electrodynamics or
from the point particle nature of the leptons. Therefore these experiments

confirm the principle of muon-electron universality.

E. Purposes of the Experiment

In the foregoing discussion of the Amudn—electron puzzle we have implicitly
given the purposes of our experiment. Therefore we o.nly summarize them
here. The purposes of the experiment are, by comparison of muon-proton
and electron-proton inelastic scattering to

1. search for hitherto unknown differences between the muon and the

electron,

2. test the principle of muon-electron universality,

3. test the point particleﬂ nature of the muon compared to that of the

electron, and

4. search for anomalous interactions ;>f the muon.

As we have emphasized these searches and tests are related.

In performing this experiment we have extended the search for a violation
of muon-electron universality to a new region of the kinematic plane. In
elastic scattering v = |q2|/2M (where v is the energy loss of the lepton in the
laboratory frame), but in inelastic scattering v > |q2|/ 2M. Thus v and q2
may be varied independently, allowing the exploration of a much larger kine-
matic region. Further, by measuring only the inelastically scattered lepton
we place no restrictions on the nature of the final hadronic state. It is con-
ceivable that a violation of muon-electron universa lity which involves hadrons
would be more easily seen in inelastic scattering than in elastic scattering.

Finally, one of the more unexpected results of p-p and e-p inclastic scattering

-13 -



was the large cross section, compared to elastic scattering, at high lqzl
Because of this larger q2 range, inelastic scattering proirides a greater
sensitivity to lepton form factors or to those anomalous interactions which

would modify the q2 behavior of one lepton cross section relative to the other.

- 14 -



I. THEORY OF THE EXPERIMENT

A. Basic Concept and Kinematics

Consider the reaction shown schematically in Fig. 2 in which two or more
hadrons are produced by the inelastic sca;ctering of an unpolarized muon on an
unpolarized target proton. A general inelastic experiment would consist of
the detection and study of the various hadronic states which are produced.
We have, however, carried out a much more restricted inelastic experiment
in which we only detect the scattered muon. Explicitly, let the laboratory
three-momentum and laboratory énergy of the incident muon be P and E
respectively. Let the equivalent properties of the scattered muon be B' and
E'. The experiment consists of: |

1. fixing P,

2. detecting only the scattered muon ,

3. not detecting any of the hadrons produced, and

4. measuring p' .

The experiment then measures the distribution of P' as a function of D
and p'.

The absence of polarization means that the distribution of I)" is cylin-
drically symmetric about p. This observation plus the isotropy of space
means that the scattering is completely described by just three kinematic
quantities. One convenient choice for these quantities is

p = absolute magnitude of p
v=E-E
and

2 2 -, 2
g =(E-E) -@-p"

- 15 -



v is the energy lost by the lepton in the laboratory system. qz, the square
of the four-momentum transferred from the lepton to the hadronic system,
has been discussed in Section II. As in elastic scattering, q2 is negative in
our metric. Using these variables the distribution of p is described by the
double differential cross section dza/dq2d1/ , a function of p, qz and v.

The total invariant mass of the produced hadrons, called M*, is given by

we = (B+M-E) - @ - B)

where M is the proton mass. This reduces to

M*2 = M2 +2 My - qul ' - (18)

2 > M2 for inelastic scattering.

so that v and q2 fix M*. We note that M*
Therefore

1%l < 2mp . (19)

Returning to Fig. 2 we see that in measuring only the outgoing muon the exper-
iment automatically sums over all hadronic states whose total invariant mass .
M* is given by Eq. (18).

The principle of muon~electron universality can then be tested by com-
paring dzcru/ dqzdv for the muon-proton system with dzcre/ dqzdv for the
electron-proton system. If the muon and the electron had the same mass,

the principle would predict

2 2
do 2 d (re o
_’2—‘&' (p:q y VY = 2 (p:q V) . (20)
dg dv dg dv

Testing this equality for various values of p, q2, and v tests the validity of
the principle. This then is the basic concept of the experiment and of the

comparison.

- 16 -



Two factors prevent the direct use of Eq. (20). First, the muon and
electron have different masses. This difference,though it has only a small
effect on the cross sections,must be accounted for in the comparison. Second,
the sets of values of p, q2 and v which occurred in our experiment were not
identical to the sets of values of p, q2 and v which occurred in the electron-
proton experiment used for the comparison. Therefore it is necessary to
interpolate dzcre/dqzdu . These two objectives can be achieved through the
use of the one photon exchange explanation of charged lepton-proton inelastic
scattering. There is an additional benefit from the use of the one photon
exchange explanation. We will find that this exialanation will enable us to have
a more physical understanding of the significance of the compar.ison.

B. One Photon Exchange

The inelastic scattering of charged leptons on protons leading to the pro-
duction of hadrons takes place almost entirely through the exchange of a single
virtual photon as shown in Fig. 2. The contribution of two photon exchange,
Fig. 3, to the inelastic cross section is believed to be at most a few percent

for three reasons. First, the two photon diagram has an additional facto

[

of @/m = 1/500 compared to the one photon diagram. It is not at present
possible to accurately calculate the magnitude of the two hadronic vertices in
Fig. 3 compared to the single hadronic vertex in Fig. 2. But it is believed
that this cannot compensate for the additional ¢/n factor. Second, the con-
tribution of tlllle two photon diagram to elastic scattering has never been experi-
mentally detected and is less than 2%. 16 And; third, some indication that two
photon exchange in inelastic scaltering is at most a few percent effect (but

not necessarily undetectable) has been given by an experiment26 searching for

T-violation in inelastic electron scattering.

- 17 -



Therefore we return our attention to the one photon exchange diagram,
Fig. 2. For this diagram Lorentz and gauge invariance consideration827’ 28
lead to the conclusion that the differential cross section dzo‘/dqzdv depends

on explicit factors involving all the kinematic variables and just two inde-
pendent quantities which must be experimentally determined. These quantities,
functions of only qz and v, describe in a summary way the production of
hadrons in the interaction of virtual photons with protons. The separation of
the kinematic factors is to some extent arbitrary. ln this paper we use

primarily the definition and separation introduced by Hand. 29

Hand first defines the kinematic quantity

K=v - tqzl/ZM ; (21
where M is the proton mass. Then Eq. (18) can be rewritten as

M*2 = Mz + 2MK .
Thus K is the energy that a real photon must have fo give the same total energy,
M#*, in the photon-proton center-of-mass sy.stem. We note that any }”:un'ction
of q2 and v can be written as a function of q2 and K, and that K >0. Hand

2 . 5
then defines the two independent quantities o-T(qz, K) and O‘S(q , Ky through the

equations

2 2. 2 2 2 2
d O'Q/dq dv =d O"Q/dq dK = I‘T(q ,K,p,m) ch(q ,K)

2 2
+Tgla K pomy og(q,K) (22)
) .
. [ o \/kK 2m, 2BE' - |g°1/2 )
Pt )l 2 )\t 7ot 5 2 (23)
orlg”l /\p l4°! (E-EY + |¢°l



and

L2
o = [—e \[K\/[2EE'-Iq |/2> o 24
S <27f|q2|> (p2> <(E—E')2 +1q7l

Here p = |i5| and m, is mass of the lepton {. I‘T and I‘S are the virtual photon
fluxes for transverse and scalar photons, respectively. Thus O'T(qz,K) and
os(qz,K) which may be thought of as the total cross sections for the interac-
tion of transverse and scalar photons respectively with protons. These o's
have the properties29 that as q2 goes to zero, O"S(qz, K) goes to zero and
ch(qz,K) goes to G')/p(k) — the total cross section.for the interaction of a

physical photon of energy K with a proton. Next we define €, the ratio of the

virtual photon fluxes, by

2
2 2m 2
2 2EE' - 2 '
e(q”,K,p,m) = Tg/T,p = <_’r£_2|_9.|_/§_>/ 1o 2!z+ 2EE flq léz
\(E-E)" +]q"] lo°]  (E-EY+lo
(25)
Then

2 2 2 2 2 2
d crg/dq dK=T"r(q", K, p,m) [GT(q K) + €(a,K,p,mp) 0(q K)] . (26

In our experiment we cannot, using only our own data, separate o-T from O‘S.

Coee

Therefore we shall report and use for the comparison

2 _ 2 2 2
Texp, {4 Ko P) =@, K) +e(q, K, p.mp 0g(q, K) (27)

We note that
2 142 2 .. 2 ’
oexp’ﬂ(q K, p) = [d Uﬂ/dq ,dh]_/I‘T(q K,p,my) . (28)

As mentioned before, the separation of empircal functions from the kine-

matics is to some degree arbitrary. Another form which is in current use is

- 19 -



that defined by Von Geh1e1127 and Drell and Walecka. 28 Here

2
d'o, _ ara® [P

dqsz_ q4 E'|f>'|2

[2<EE' ~[B|[B] cos 6 -2mf)wl(q2,K)

+ (EE’+ [5[ [ﬁ'i cos 0 + mf) Wz(qz,K)] . (29)

Wl(qz,K) and Wz(qz,K), which are the analogues of the proton elastic

form factors, are related to the total cross sections by the equations:

2

2

Wald ) = [ fj"? LJ [aT(qZ,K) fcrgmz,K)], (30)
T v +iq

2 1 2
Wl(q :IQ = 2 KO.T(q am *
4T o

In Section VI we give our resu}ts in terms of Wl(qz,K) and Wz(qz,K) , as well
as in terms of GT(qz,K) and o-S(qz,K).

All of the above is based on the assump’.cion that the lepton is a point Dirac
particle. If that is not the case, the cross section equations must be modified.

In particular, Eq. (26) would change, at least to the form

a%oad’a = 1, pom o a” 0+ €@k p,m 0?10 Gt 0
(31)

Here G]'Z(qz,K) like the other inelastic structure functions can be a function

of both q2 and K. G}Z(qz,K) is an extension of Gﬂ(qz) the elastic form factor
but there is no relation required between G!'Z(qz,K) and Gﬂ(qz) . The statement

G;Z(qz,K) = Gﬁ(qz) has no direct physical meaning. Equation (27) now becomes

2, 2 2 2 ] 2, 2 o
Oasp, (0 oD =[op( K) + (a” Ko my o gfa K|l n . @

- 20 -



To test muon-electron universality we define the ratio

2 2 2
Pinelastic (4 KB =0 g (@ KD/0 (47, K:D)
2 2 2 2, 2
[ch(q K)+€(q,K, p,m )og(q K)] G, (45K
- 2 2 2 2 2
[UT(q K)+e(a,K,p,m)oglq K)] G, (4K
(33)
To relat to the ratio G'(¢%, K)/G' (¢%, K) it is obviousl -
O Te1ALe Pinelastic u 1K) e'd ) lously neces

sary to cancel out the terms in the square brackets in Eq. (33). How we do

this is discussed in detail in Section VII.

- 91 -



IV. THE EXPERIMENTAL METHOD

A. General Description

The differential cross section, dzo'“/dqsz, for the inelastic scattering of
muons by protons is a function of three independent kinematic variables. The
set that is directly accessible to the experimentalist consists of the incident
and final muon momenta and the muon angle of scatter. In this experiment
the momentum of the incident muon was fixed at 12 GeV/c. The final muon
was detected if its momentumn was in the range of 3 to 12 GeV/c and if its
scattering angle was in the range of 30 to 240 mrad. At the beginning of the
experiment some data was taken at 10 GeV/c incident momentum. 6 This
10 GeV/c data will be used in this paper for the study of Systenﬁatic errors.

The muon beam was photoproduced in a water-cooled copper target by
bremsstrahlung from. 16 GeV/c electrons. In muon-proton inelastic scattering
experiments the pion contaminéxtion in the muon beam must be very small be-
cause the cross section for pions interacting with protons to produce hadrons
is 104 times the same cross section for muons interacting with protons. In
this experiment the pion contamination was made very small by passing the
beam through 5.5 m of berylium which followed the copper target. This
beryllium "pion filter" reduced the pion contamination from 30% in the pro-
duction target to 3 % 10“6 pions per muon in the final beam. An additional
factor of 50 in pion rejection was achieved in the apparatus itself, as
described later. The beam magnets momentum analyzed and focused the muons
yielding a momentum resolution of +1.5% and'a phase space of 5 % 10_3 cm2 ST.
Although the beam was capable of higher intensily, for most of the experiment

160 muons per 1.4 pusec accelerator pulse was used. Usually 180 pulses per
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sec were delivered to the experiment giving an average intensity of 30, 000
muons per sec.

The apparatus is illustrated in Fig. 4. The liquid hydrogen target was
a mylar cylinder 198 cm long and 18 cm in diameter. Immediately above and
behind the target was a 1.2 kG-meter magnet whose function was to sweep
electrons from p-e elastic scatters in the hydrogen away from the first two
spark chambers. 30 The sweep magnet was unfortunatély not completely
equal to the job as the spray of electron tracks in chambers 1 and 2 imposed
an upper limit on the beam intensity. This upper limit Was in the range of
60, 000 muons per sec. The scattered muon wa‘s detected and its vector mo-
mentum measured by a muon spectrometer consisting of eight large optical
spark chambers, three planes of trigger scintillation counters and a large
momentum analyzing magnet. Chambers 1 and 2 determined the angle of the
scattered muon relative fo the incident beam line. Chambers 1, 2, 3, and 4
measured the deflection of the muon as it passed through the magnet, and
hence the outgoing muon momentum. The spark chambers were triggered
and photographed whenever there was a coincidence between sclected pairs of
counters in the first two frigger planes and any counter in the third plane.”
There were also sorr.le veto counters which will be described later.

The additional factor of 50, by which pions were rejected in the apparatus,
was obtained in the following way. Chambers 4 and 5 were separated by a
total thickneés of 61 cm of steel. In addition,l chambers 6 through 8 were each
preceded by a steel slab 16.5 cm thick. Thus for hadronic particles there
were eleven geometric collision lengths between chambers 4 and 8. Therefore
pions or other hadrons would be absorbed before reaching chamber 8. On the

other hand since the probability of high energy muons interacting in the steel
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was very small, the muons reached chamber 8 having only undergone multiple
scattering. A pion could only cheat the system by decaying to a muon before
it reached chamber 4. The average probability for such a; decay was 2%,
hence the rejection factor of 50.

Directly beneath the hydrogen target was another thin plate‘spark cham-
ber. Its function was to record the angle of the recoil proton from elastic
mu-p scatters. This gave us the capacity to concurrently measure the elastic
as well as the inelastic cross sections. We have not yet completed the calcu-
lation of the elastic cross section. We have however used the large sample
of elastic events to study the resolution and the systématics of the experiment,
and to provide a direct measure of the beam momentum. '

The measurement of the cross section required an absolute count of the .
number of incident particles. The instantaneous muon beglm rate was too
high to permit the counting of indivi;iual muons. Instead we used a high cur-
rent beam monitor, which consisted of five small scintillation counter
telescopes. This device deteqted approximately one in thirty beam muons.
The precise fraction sampled was determined on a roll by roll basis by per-
forming calibration runs roughly six times a day. During the calibration the
beam intensity was one to two muons per pulse so that two conventional whole
beam telescopes could be compared to the high current monitor.

Rolls of data Weré run with the target empty a number of times each day
as part of the regular running sequence in order to continuously monitor
background events not originating in the hydrc;gen of the target.

The 12 GeV/c data results from 2.4 X 1010 muons incident on the full

hydrogen target and .5 x 1010 muons on the empty target. Corresponding
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numbers for the 10 GeV/c data are 7.9 x 108 and 6.1 X 108. In all some
346, 000 photographs were taken for the data sample.
B. The Beam

The muon beam is described in detail in Ref. 4. The dominant process
by which the muons were produced consisted of two steps, both occurring in
the same target. First a photon was produced by the bremsstrahlung of a
16 GeV electron in the field of a nucleus. Then the photon, in the field of a
second nucleus, produced a pair of muons. The direct production of muon
pairs by electrons was negligible in comparison to_ this two-step process. In
marked contrast to muon beams produced by pion decay at proton accelerators,
the source of muons in this experiment had a small cross-sectional area equal
to that of the incident electron beam, namely, 5 mm by 5 mm. It was there-
fore possible to make a muon beam with optical properties similar to those
of high energy hadron beams.

The choicc of the target material, copper, was dictated by the desire to
produce the most favorable ratio of muons to pions. This is discussed in
Ref. 4. The bulk of the muon production occurred, and 70% of the power in
the electron beam was dissipated in the first 4 radiation lengths of the 11.6
radiation length, water cooled target. The remaining 30% of the power was
in electron-photon showers which left the target in the forward direction.
These showers were sufficiently degraded in energy by this point that there
was negligib].é particle production in the beryllium "pion filter" that immedi-
ately followed the copper target. The berylliL'un filter material was chosen
to maximize the absorption of hadrons and to minimize the electromagnetic

multiple scattering which would increase the phase space of the muon beam.
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The pion attenuation in the "pion filter' was measured in a subsidiary

experiment. By varying the length of the beryllium filter the attenuation

+.03
-.02

independent of momentum above 4 GeV/c. The length of filter used for the

p-p experiment was 5.5 meters, which gave a m/p ratio 3.0 fég X 10_6 by

length was measured to be .47 meters. This number was found to be

extrapolation.

The layout of the beam and the experimental apparatus is shown in Fig. 5.
The muon beam was at 0% to the electron beam and had two stages of mo-
mentum analysis and three focusing stages. It used six standard BNL 18D72
bending magnets and ten 8Q48 cquadrupole focusihg magnets arranged in
doublets. The momentum resolution, Ap/p =+1.5% was determined by the
width of the collimating slit S1 at the first focus. The vertical dimension of
the beam was also regulated by S1. The beam, so defined, was kept well
clear of the apertures of all sui)sequent magnets and collimators so as to
preserve the phase space against multiple scattering and protect the trigger
system from beam spray. The beam was brought to a final focus at the
hydregen target.

Accompanying the muons in the main beam was a lower density "halo" of
off-axis and off-angle muons. This halo occurs in all types of beam, but can
be particularly troublesome in a muon experiment for two reasons. First, it
is difficult to remove the halo muons because they cannot be absorbed by
strong interaction processes. Second, those halo muons which reach the
apparatus may produce false triggers in an ex‘periment, such as this one,
where only one scattercd muon is regquired for a trigger. The low density
halo was trimmed and mostly removed at the second focus by a second colli-

mating slit 82, The slits S1 and S2 were made of one meter long stecl blocks
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arranged to form closed iron circuits around the beam. The steel of slit S2
was magnetized to an internal field of 15 kG in order to sweep off-axis par-
ticles further away from the beam channel. The basic optical parameters of
the beam are shown in Table II. The effects of chromatic aberrations are
negligible. Figures 6 and 7 show the vertical and horizontal beam profiles
at the hydrogen target. The tail visible in the left-hand corner of the vertical
distribution is an indication of the beam halo mentioned earlier. About 1% of
the beam is in a ring between 6 and 9 cm from the center liné. Another 1%
lay beyond this out to a radius of about 75 cm. Substantial improvements
were made in the veto and accidental rates resultin—g from these halo muons by the
liberal use of steel shielding around the final beam stage. |

At the conclusion of the experiment small spark chambers were set up
directly in the beam and photographs were taken with a low beam intensity.
The spatial disiributions agreed with Figs. 6 and 7 and the angular distribu-
tions are shown in Figs. 8 and 9. These distributions represent the dominant
uncertainty in the determination of the scattering angle, approximately
4.5 mrad.

C. Scintillation Counter Systems

1. The Trigger System

The trigger system is shown in Fig. 10. Planes A and B were located
upstream of the large magnet just in front of chambers 1 and 2, respectivély.
The four Iowér counters in each were semicircular annular rings, the two
upper counters were rectangular. This arraﬁge111ent allowed a crude angular
selection to be made.

The C plane consisted of fourteen rectangular scintillators 96.5 cm long

by 16.5 cm wide by 1.0 em thick. These were stacked vertically starting
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40 cm above the beam line, just upstream of chamber 5 and behind the 61 cm
of steel shielding. This arrangement permitted a crude outgoing momentum
selection. |

The trigger circuitry was arranged so that A, B counter combinations
inconsistent with muons scattered fror'n the target were excluded. A trigger
ABC V consisted of an acceptable A, B coincidence in time with a pulse from
any C counter and not in time with any veto pulse, V. The veto system is
described later. This ABC V circuit was scaléd, as was a parallel, redundant,
ABCV circuit. We also used an ABC vdelayed circuit to keep track of random

vetoes and an ABC V circuit to keep track of accidentals. The trigger

delayed
pulse set off the spark chambers, flashed the fiducial lamps and data box,
and after a suitable delay advanced the camera.

Data was taken with three trigger configurations. One configuration with
all counters on was called A2 BZ C1l. This trigger configuration was sensi-
tive down to 2 minimum scattering angle of 30 mrad. Another configuration,
called A2 B2 C2, had the bottom C counter turned off. It also was sensitive
to a minimum of 30 mrad, but had a lower acceptance for low q2 clastic
scalters. The third configuration, called A3 B3 C2, had the bottom A, B
and C counters turned off. This led to 2 minimum scattering angle of 45 mrad.

The trigger rates were dependent upon the particular trigger condition
but a typical rate was one ABC per 1500 beam muons. With the vetoes in
anticoincidence it dropped to one ABC s per 150,000 beam muons, about 30%
being accidentals. Four hundred to 1200 pictﬁres per hour were taken.

2. The Veto System

The function of the veto system was to prevent muons in the beam halo

from triggering the spark chambers. Twelve scintillation counters were
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placed around the beam at the points (Fig. 5) most likely to intercept such
beam halo muons. The veto outputs, called V, were added, stretched to
50 nsec and put in anticoincidence with both the trigger and normalization
systems. The vetoes resulted in a 15% electronic off time.

3. The Normalization System

Low current. Two redundant beam telescopes were used to make an
absolute count of beam particles at sufficiently low currents. FEach telescope
consisted of two scintillation counters (D1 anci E3, and D2 and E4) each bigger
than the beam.

Each telescope had parallel, redundant logib circuits with dead times
made intentionally greater than the intrinsic dead times. Thesé dead times
were made different from each other as a consistency check. All of these
circuits were scaled. In addition, all were scaled in antic_:oincidence with
the veto system. The dead timé correction required was 2-1/2% for each
count/pulse or typically 3-1/2%.

High current. Thehigh current monitor was composed of two identical units,
each coniaining five small cylindrical pieces of scintillator connected by air
light pipes to 56 AVP phototubes. The scintillators were arranged on the
four corners of a square and one in the center. The square was 5 ¢cm on a
side, the four outer scintillators were 1 cm in diameter, and 5 mm high.

The center one was .707 cm in diameter and 5 mm high.

The two units were attached (the two scintillator planes separated by
15 cm) and mounted on a stand in the beam 4.'7 m upstream of thé third focus.
Corresponding phototubes were put in electronic coincidence to form five
counter telescopes which were all scaled. (The center telescope was scaled

through a second complete civeuit with a Jonger dead time as a check.) In
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~addition, the sum of the telescopes was also scaled (agaiﬁ duplicate circuits
with different dead times).

The center telescope sampled the high current center' of the beam while
the other four sampled the lower current edges. (The beam was less sharply
defined at the location of the beam monitor than it was .at the third focus.) A
typical rate for the sum of the telescopes was 4/pulse. Typically 42% of the
counts came from the center telescope and the rest was divided among the
other four, ranging from 25% to 6%. These individual sum ratios proved to
be a useful monitor of the beam position and size.

Our normalization procedure consisted of determining the ratio of beam
monitor to D2E4V counts at low beam current and then assumiﬁg that this ratio
held true at higher current. This last crucial assumption was tested in a
variety of ways. Beam blowup was imitated by changing the settings of the last
quadrupole pair and also by turning off the magnetic field in S2. Beam position
was shifted by moving the primary electron beam spot around on the target.
The conclusion reached from these investigations was that changes in the beam
large enough to produce 2% changes in the ratio of the beam monitor to D2E4V
also produced clear changes in the ratios of the individual telescopes. Further,
comparisons of low to high current beams showed no indication of such ratio
changes.

At low current, dead time corrections to the beam monitor were negligible,
at high current they came to about 3%.

4. General
Commercial electronics modules were used generally in the experiment.

All the critical scalers were designed for 100 Mc operation. The entire

- 30 -



electronic system was gated to the beam pulse and everything was shut off
during the one third second it took to fire the spark chambers and advance
the camera.

D. The Muon Spectrometer

The muon spectrometer consisted of eight spark chambers and a large,
momentum analyzing, magnet. The positions of the spark chambers along
the beam line, their dimensions and other relevant information are given in
Table III.

The first three chambers had "thin plates’ made with sheets of 1 mil
aluminum foil stretched across aluminum frames. - Chambérs 1 and 2 had
semicircular cutouts at the bottom of the plates to allow passagé for the
beam. Chambers 4 through 8 had 1.3 cm thick, solid aluminum, plates that
served as part of the pion discrimination system. A gas mixture of 90%
helium and 10% neon was used. Each chamber was fired by a spark gap that
in turn was triggered by a master spark gap. There were two such master
gaps, one for chambers 3 through 8 and one for chambers 1 and 2 and the
recoil chamber. These chamber groups also had separate high voltage
supplies, both of which ran at approximately 15 kV.

The spectrometer was viewed directly by a 70 mm camera located
23.5 m away. The chambers were slightly rotated about a vertical axis to
afford a direct view into the gaps to the camera. A 90° stereoscopic view
was provided for each chamber by a front silvered mirror mounted beneath it
atan approximately 45° angle. These mirrors were autocollimated into align-
ment. During each photographic exposure the data box and ten principal
fiducials were flashed. At the beginning of each role the full set of 63 fiducials,

including 53 viewed through the various mirrors, were photographed.
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The large analyzing magnet had a 91.4 cm gap and a 137 cm diameter
pole face. It was run at a current of 9820 amps which gave a central field
of 15,000 gauss and S Bdl of approximately 27 kG meters. The magnet's
field was carefully measured at some 21,420 points by the SLAC Magnetic
Measurement Group. In addition to a continuous magnet current display the
field was regulariy checked with 2 permanently mounted flip coil.

E. Recoil Chamber

The recoil chamber had 67 plates tilted at an angle of 60° to the vertical.
The plates were constructed by epoxying two layers of 1 mil aluminum foil
to both sides of a sheet of .95 cm close-cell sfyrofoam. This sheet previously
had been epoxyed into an aluminum frame. Electrically the recoil chamber
was actually four separate spark chambers, each with its own spark gap.
The recoil chamber and its stereo viewmirror were viewed by a system of
three additional mirrors. Priéms were used to give a view into the gaps in
both the direct and sterco views. The image was projected onto the center of

the film in the spot occupied by the large magnet.
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V. ANALYSIS OF DATA

The data was divided into seven blocks of consecutive rolls on the basis of
beam energy, trigger condition and beam current. These blocks were processed
as units through the entire analysis. Cross sections were computed separately
for each bléck by an individual SUMX subroutine incorporating its particular
corrections. These cross sections were then put through a radiative correction
program and only finally were the different blocks merged. The method was
both necessary, in that it allowed us to keep track of a great deal of data, and
useful because it made possible comparisons of data run and processed at dif-
ferent times under different conditions.
A. Scanning

Scanning and event identification were greatly facilitated by the simplicity
of the pictures. During the inelastic phase of the experiment the scanners
were instructed to ignore the recoil chamber and to record as an event any
frame in which the three principle fiducials and the data box were visible, and
a "good muon'" was present. A 'good muon' consisted of at least two visible
sparks in at least each of chambers 1 through 5, in both the direct and stereo
views. These sparks were required to define a straight line in the direct view
of chambers 1 and 2 and another straight line in the direct view of chambers
3 and 4. The two straight lines were required to intersect within the boundaries
of the large magnet. Well over 95% of the muons left clear, well-defined
straight lines ;)f sparks in the entire array of chambers 1 and 2 and 3 through
8 making identification trivial. A straight line'continuation beyond chamber 4
was not required to allow for multiple scattering in the shielding. No tracks
were required beyond chamber 5 in order to allow for muons which exited the

top or sides of the spectrometer. The computer program later identified
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events which stopped in the spectrometer as pions. The "good muon'" was also
required to have the centers of the set of sparks, in each of chambers 1 through
4, define a straight line in the stereo view. This characteristic straight tra-
jectory in the horizontal plane simplified the matching of tracks on opposite
sides of the magnet.

Following these rules the scanners found approximately one measurable
event for each three frames in the early data. Reflecting the improvement in
the accidental rate, the later data had a two in three ratio. All of the film was
scanned twice and much of it three times. The overall scanning efficiency was
found by comparisons to be 99%.

B. Measuring and Reconstruction

Frames that were scanned as ""good muons' were then measured on SLAC's
Vanguard or NRI film plane digitizing machines. The Vanguard has a least
count of 2.54 p and punches its ;neasurements on IBM cards. The NRI, a
newer system, has a least count of 1 p and outputs onto 7-track magnetic tape.
On each frame the scanners measured the three principal fiducials and the
muon track in both direct and stereo views. They were instructed to digitize
as many sparks as they could, up to four, in each of chambers 1 through 4, and
two sparks apiece in the remaining chambers. In the great majority of cases
the chambers had more than 4 sparks and the maximum number were measured.
We found the scanners measured points to within 14 p on the Vanguard and 12 p
on the NRI. These correspond to 1.0 mm and .85 mm respectively, in real
space.

| Some 5% of the "good muon" frames contained two or more tracks (one of

which was always a beam particle that had come through a veto). In such cascs
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both tracks were measured and the triggering particie selected by the programs
later in the analysis.

The full set of dc fiducials, measured at the beginning of the rolls, pro-
vided a set of optical constants necessary to reconstruct spatial spark locations
from their film plane coordinates. The three fiducials from each measure-
ment were fit to the known fiducial locations which enabled correction for
translation, rotation and magnification. The chi-square from this fit and the
deviation from the average magnification in the fiducial plane (.013870) pro-
vide two indicators of the quality of measurement. A third, ahd the principle,
indicator was provided by the fitting of the muon ‘track through the 54" magnet
field. In order to measure a momentum one must know the magnet's field and
have three of the following four pieces of information: a point on the entering
trajectory, a point on the exit trajectory, the slope of the entering trajectory,
and the slope of the exit trajectorry. Our situation is over determined since
we have all four. All things being equally well measured we chose to insist
that the final trajectory pass through each of the points and make an equal
angular difference with each of the measured slopes. We called this angular
difference the twitch angle(qby). This quantity clearly discriminated against
mismatched pairs of tracks in the chambers before and after the magnet, as
well as providing a sensitive measure of individual scanner and measuring
machine performance. A similar technique was applied to the stereo images
of the tracks in chambers 1 through 4 in order to eliminate mismatches in the
stereo view (qbz). |

Events which failed to reconstruct properly (missing a fiducial or chamber
view, etc.) and those events which exceeded the limits recorded in Table IV

were remeasured along with any events on the scan list tapes found missing

- 35 -



from the reconstruction output. (The limits in Table IV were arrived at after
study of the distributions.) After two complete measuring passes, and a par-
tial third pass, efficiencies were computed from comparisons for each roll
separately and applied to the roll normalization as a correction. The overall
" measuring efficiency was 98%.
C. Cuts

Of the events selected as '"good muons'" there were'a sizable number that
were not the results of a p-p scattering. These could have been eliminated on
a statistical basis by subtracting the normalized target empty events. We
chose however to eliminate as many nonphysics events as possible by cuts in
our SUMX programs before the target empty subtraction 'sp as té minimize
statistical variations. In addition, events were cut which could not be used
for cross sections.

The cuts imposed, in addition to the requirements for a '""good measure-~
ment" in Table IV were:

1. Radius cut. The minimum extrapolated distance (of the muon
track) from the nominal beam line, within the 2-m length of the hydrogen
target was required to be less than 7 cm. The typical full and empty radius
distributions of Fig. 11 show a clear distinction between off beam line muons
that cheat the veto system and target scatterings. This cut was the pr'incipal
eliminator of frames triggered by halo muons. In the case of two muon tracks
in a single photograph, the track with the smaller target radius was chosen
as the triggering particle. In no case did both' tracks have less than a 7 em
radius.

2. Geometric efficiency. Those events outside the range of well under-

stood geometrical efficiency in p or € were eliminated. This area and the bins

- 36 -



for which we give data are illustrated in Fig. 12. The principal event elimi-
nators among these boundaries were the low angle cutoffs.

3. Fiducial volume. The muon tracks were traced through the spec-

trometer in a SUMX subroutine and were required to pass through the con~
servatively drawn active areas of the first five spark chambers and the three
counter planes.

These criteria were applied to both target full and target empty events.

D. Elastic Events

As previously mentioned our apparatus was sensitive to the recoil proton
from elastic p-p scatterings as well as the elastically scattered muon. While
we do not yet have elastic cross sections, we have over 2000 eléstic events
with protons. These clastic events were measured in a scparate measuring
pass using a list consisting of all frames which passed the criteria detailed
above and had K £ 2.0 GeV (K=d for a perfect elastic event). The muon track
was measured again in addition to any straight string of four or more sparks
in both the direct and stereo views of the recoil chambers. Up fo nine proton
candidates could be measured in a frame. This proton requirement was
loose and was generously interpreted so that many knock-on electrons were
measured, and virtually every frame on the list was measured. In most cases
proton tracks were easily distinguished, being long, straight and dark, but to
be cautious two complete measuring passes were made through most of the
12 GeV data. |

From this set of measurements we chose'a sample of elastic events. Our
aim in this regard was not to select all the valid events but merely an unbiased
sample for use in the inelastic analysis. This selection was based on three

parameters, in addition to the usual requirements on the muon. The
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parameters were:

1. The minimum distance between the extrapolated muon and proton

tracks.

2. The coplanarity angle of the elastic event.

=, -, —
; (@ xB. . )P

= sin~t U proton”
|5 > B! 7|

7 proton K

3. A X2 fit to the elastic kinematics.
For future use we note that measurements in which only the muon was
measured are called single arm measurements. Measurements in which both

the muon and proton were measured are called double arm measurements.

E. Resolution

The angular resolution of the experiment was dominated by the angular
distribution of the beam (illustgated in Figs. 8 and 9). To this was added in
quadrature a measurement resolution of =.7 mrad, determined by compari-
son of the 22,000 measurements of elastic candidates with their original
single arm measurements. The resultant root mean square uncertainty in
the scattering angle was +4.5 mrad.

The root mean square momentum resolution was found, by comparison of
the single and double arm measurements, to be = 200 MeV/c at 11.9 GeV/c.
This corresponds to a —%E of = 1.7%.

Studies of the effects of these resolutions on the distributions of events
in the K and q2 bins showed individual bin "slc;pping” effects to be smaller
than the stated statistical errors. Accordingly no corrections have been made
to the data, but we have included a + 1/2% uncertainty in our estimation of

systemetic ervor from this source.
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F. The Beam Momentum

The elastic event measurements were used to check the nominal beam

momentum values by reconstructing the quantity E0

passing the elastic requirements. Comparison of this distribution for the

=g +q‘2/2Mp for events

two elastic measuring passes, and then comparison of the several measure-
ments of the same events, revealed small systematic differences between
different measuring machines. These systematic errors caused differences
in scattering angle as large as 0.3 mrad and differences in measured mo-
mentum as large as 70 MeV/c.

In order to minimize the error in V, we have c-alculated a central beam
momentum for each processing block individually. Using ”tight;‘ cuts on the
three elastic criteria we chose samples of elastic events from the double arm
measuring passes. Then using the same frame numbers we compiled beam
momentum distributions (Ey= E'+ qz/ZM) from the single arm measurements
for each block. The beam momenta selected in this way ranged from
11.900 + . 020 (GeV/c) to 11.970 + . 014 (GeV/c) (the errors are statistical).

We estimate these numbers to be accurate to better than + . 030 (GeV/c).
Varying the beam momentum by this amount was found to change the measured
cross section by + 1.2% in the overall normalization while having negligible l
effect on the q2 variation.

G. Corrections

1. Geometrﬁal Efficiency

The angular acceptance, or geometrical éfficiency of the muon spectrom-
eter was computed by a Monte Carlo technique computer program called
Vegas. Vegas required as input data the outgoing muon momentum and scat-

tering angle for which an cfficiency was to be calculated. It chose randomly
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the point of scatter within the target, the azimuthal angle of scatter, and a
set of phase space coordinates H, GH’ vV, HV’ constrained to be within the
phase space area of the real beam. Using these parameters the program
created a "muon" of known momentum, initial position, and observed scat-
tering angle, and then traced its trajectory through the apparatus using the
same magnet field routines as were used on the real events. The program
then tested whether the trajectory hit the pole faces of the sweep or large
magnets and if it passed through the active areas of the three trigger planes
and first five spark chambers. The output of Vegas was the ratio of the num-
ber of events which pass these tests to the total number of events generated,
which is the geometrical efficiency.

There were three versions of Vegas corresponding to the three trigger
configurations used. Each generated a table of geometric efficiencies in p
and 0 which were used in the SUMX analysis programs. Figure 13 shows a
smoothed plot of geometric efficiency as a function of scattering angle for
different final momentuin for the A2B2C1 trigger condition. In SUMX each
‘event was weighted by the geometric efficiency appropriate to its individual
kinematics. We have studied the sensitivity of the geometric efficiency to
variations of the beam phase space of a magnitude which might not have been
noticed. We present data in this paper only for those kinematic regions
where such variations would cause less than 1/2% changes of the geometric
efficiency itself. This is the origin of the low angle boundaries indicated in

Fig. 12.

2. Radiative Corrections
The purpose of this experiment was to measure muon-proton inelastic

scattering in such a fashion as to yield information about the muon-electron
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difference and the interaction of virtual photons with protons. The most con-
venient quantity for these purposes is the cross section due to the simple one
photon exchange diagram M1 in Fig. 14. What is actually measured, however,
is this one photon exchange cross section plus a number of second order
electromagnetic processes. These processes, shown to order a3 in Fig. 14,
introduce sizable, though well understood, differences in the observed cross
sections of electrons vs. muons. The procedures for extracting the desired
information are called the radiative corrections.

The problem is conventionally broken into two parts: 1) The radiative
tails, which involve the emission of high energy photons. That is principally
diagrams M7 and M8 (M9 and M10 are negligible in our case and were not
calculated) and 2) The diagrams involving low energy photons (less than a few
hundred MeV), which includes all the diagrams M2 through M10.

Most of the contributions of the second group of diagrams can be shown
to cancel each other or to be negligible. What remains is the Schwinger
correction, 31 8 , which contains the vertex and vacuum polarization correc-
tions as well as various soft photon terms from M7 through M10. The
effect of this second group of diagrams is to multiply the one photon exchange
contribution by a factor (1 +8). This correction, integrated over each of
our bins and divided by bin size, is usually ~ 2.5% and never greater than 4%.

AE was varied from 50 to 300 MeV with negligible effect on the correction.
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The radiative tail diagrams, M7 and M8 have been calculated following the
exact methods of Tsai. 32 In order to do this one must in principle know the
inelastic cross sections. Since we did not have this precise knowledge, we
divided the problem into three parts and made approximations.

The first part was the radiative tail of the elastic peak; these are dia-
grams M7 and M8 in which the proton remains a proton. For this part we used
the proton elastic form factors. The largest correction stemmed from this
source and is accurate to 2% of the correction.

The second part was the radiative tail of the N*(1236)- resonances. This
is the contribution of M7 and M8 in which the outgoing hadron is the N*. This
contribution was calculated using a zero width approximation of the resonance
after Mo and Tsai, 33 using form factors by Dufner and Tsai. 34, 35,36

The third part was the radiative tail of the "eontinuum" which represents
thé contributions of all the remaining resonances as well as the nonresonant

background. For this we assumed
@+ €o~L) = 130 ub/(1 + .8|q2|)2 ,

which was good enough since the correction was usually less than 3%.
According to this prescription the actual measured cross sections are then

2 2
_ ‘ d o
anag. = Tp@pteoy) (8] + g

“

p p

elastic tail

dzcr

dOdE
p

+

p max dzo'
+/ "——‘3— (E') dE!
N*tail ddE ) TP P

p
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The total radiative corrections written as the percentage by which the meas-~
ured cross section was reduced is given in Table V under 'the title (A rad). We
estimate their accuracy to be better than 10% of the correction in all cases.
Further in the kinematic region of largest radiative correction (}high K, low q2) ,
the contribution is nearly all due to the elastic radiative tail, which is accurate

to 2% of the correction.

3. Small Corrections
In addition to the two major corrections above, there were a number of
minor corrections which are listed below.

Spark chamber efficiency. A special scan was conducted of a large

sample of film, selected at a regular interval through the data, to determine
the loss of events due to the requirement of a minimum of 2 sparks per spark
chamber. This investigation indicated a 1% + 1/4% overall correction.
Searches for other spark chamt;er inefficiencies, such as several chambers
not firing, showed null results.
Pions. All events which had proper tracks in the first five chambers

“were measured. Inthe SUMX analysis program all events which stopped in-
side the steel or thick plate chambers downstream of chamber 5 were calléd
pions. Approximately 150 events, concentrated in the two highest K bins,
were rejected in this way.

Energy loss in target. Both the beam momentum and the outgoing muon

momentum were corrected for energy loss due to ionization in the liquid
hydrogen and in the target walls.

Electronics. As already mentioned, the dead time corrections to the
normalization systems were 3-1/2% for the low current beam telescope and

~ 3% for the high current Dellamy monitor.
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In addition we have made a 1% correction to the normalization for ineffi-
ciency in the trigger circuits.

Target empty. We took one half roll of events with the target empty, after

every three rolls with the target full. This resulted in 89 acceptable events
for .5 % 1010 incident muons. Target empty and target full cross sections
were compiled separately and subtracted just prior to the radiative correc-
tions. The subtraction was primarily in the low qz, low K bins; the actual
number of events in each bin is shown in Table V.

Film loss. A correction was made to the normalization of each roll for
the number of frames which could not be measured. Iﬁcluded in this group
were, the test strip frames cut from the ends of rolls for immediate develop-
ment during the data taking, and badly developed or overexposed film. The
overall magnitude of this correction was 2%.

H.. Errors “

In addition to statistical errors the data is subject to uncertainties from
a number of sources. Some of these uncertainties simply affect the absolute
normalization. The principal such error sources and their estimated root
mean square contributions to the normalization error are

%

1. Dead time in D2E4 (low current normalization) - *

Do

%

D=

2. Dead time in the high current beam monitor +

3. Changes in beam shape and location between high and
low current beams during the runs and adjacent

normalizations ' +1%
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H

DOf =
R

%

5. Scanning, measuring and processing +

. 2
The rest of the errors are more complicated as they vary over the K, q
plane. The errors given below are root mean square errors, assuming the
error distribution is gaussian.

Geometrical efficiency. The primary uncertainty in the Monte Carlo is

due to the small uncertainty in the beam position and mean angle. It reﬂects
itself mainly in the angular region below 60 mrad, corresponding to the low
q2 bins, where the effect can be as large as * 1/‘2%: At higher angles the
uncertainty is smaller than %% for all momenta.

Radiative corrections. This uncertainty varies with the size of the radia-

tive correction. It introduces less than + 1/2% error in the overall normali-
zation.

Resolution. The incorrect placement of events in bins due to the resolu-
tion in momentum and angle, contributes a = 1/2% uncertainty.

Momentum. The measuring machine differences produced a + 50 MeV/c
uncertainty in the momentum of the outgoing muon. Since the beam momen-
tum is determined from these measurements there must be a similar error
in it. Variation of both the scattered muon and beam momentum by this
amount resulted in an overall normalization uncertainty of +1%, the effect
being greatest in the low K bins.

Angle. The comparison of several measurements of the same events
left us with a possible + .3 mrad angular uncertainty. Increasing the angle
of all the data events by this amount and recompiling cross sections showed
an overall increasec in cross section of .9% evenly spread over the K, q2

plane.
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Beam momentum. Aside from the uncertainty in measured momentum we
believe we have determined the beam momentum, relative to the inelastic
measurements of each block, to approximately + 15 MeV/c. Variation of the
input beam momentum in the analysis programs and recompiling the cross
sections we found the overall normalization to change by F.6%. The effect
was greatest in the low K, low q2 bins (2% at the extreme) but negligible over
most of the plane.

Internal consistency. We now face an old dilemma in experimental

physics, how to combine these systematic errors.  The usual choices are
adding in quadrature, which gives 2%, or simplé addition, which results in
+6%. We do have one guide to the magnitude of the systematic érror of the
experiment, and that is its internal consistency.

As previously mentioned the data was divided into six processing blocks
according to time and trigger c"onditions. Comparison of these blocks showed
excellent agreement, with one exception. The three highest K bins of block 2A
were lower than the rest of the data. (This block had an A3B3C2 trigger
and was run at the end of the experiment's early running cycle. It represents
12.6% of the incident flux.) Further investigation indicated a possible de-
crease with time within the block. The most likely source of such a problem
would be a malfunctioning C plane trigger counter group. Unfortunately no
significant corroborating evidence was found from scatter plots or scaler in-
formation. Accordingly we have left block 2A in the data. In terms of a single
parameter normalization fit, inclusion of blOCl'{ 2A lowers the cross section
by 1%. ILooking only at the three highest K bins, inclusion of 2A causes a

normalization fit decrease of 2.5%.
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Comparisons were also made between the low statistics data taken with a
10 GeV/c bearn6 and the 12 GeV/c data reported here, in their regions of
kinematic overlap. This study indicated that the 10 GeV/c data was generally
higher in cross section than the 12 GeV/c data. A simple one parameter
normalization fit gave the difference as 9.0 = 6.0%.

We do not consider this discrepancy to be very significant. It could
clearly be statistical fluctuation. In addition the 10 GeV/c data was the
earliest stage of the experiment and many improvements in the experiment
and analysis had been subsequently made. Many of the checks on the 12 GeV/e
data were not done for the 10 GeV/c; no elastic ﬁeasurenlents were made; the
10 GeV/c beam was not directly measured; and the 54" magnet field was
monitored only by a shunt of questionable integrity. None the less, the authors
feel sufficiently cautioned to prefer the conservative method of combining
systematic errors. We thereforé ask that a + 6% systematic uncertainty,

beyond statistical error, be attached to our data.
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Vi. RESULTS

The data is shown in Table V, all errors listed are statistical and do not
include the * 6% maximum systematic error. K bins were chosen to facilitate
the comparison to the electron data. A lower bound at K=.6 (missing mass =
1415 MeV) was set in order to avoid contamination by elastic events. The
limit at the qul of 4 (GGV/C)Z in the low K bins is due to the small size of the
cross section while all the other boundaries are imposed by the geometrical
efficiency.

As previously mentioned we are unable to separat_e o’—T and O'S so the virtual

photon total cross section is given in terms of the combination o-exp where

2 _ 2 2 2
Oesp,u(d KoP) = Op(@ LK) + €lq LK, pymy ) 0g(d LK) (34)

We have also listed the values of € appropriate to the center of each bin. The

values of Crexp i shown in the table are not directly derivable from the listed

3

values of dz(ru/dqzdk because in the compilaﬁon of O—exp u each event is

weighted by the inverse of its particular I“T .

We_observe O-exb, ‘ to show the same qualitative behaviorbwith q2 and K
as we observed in our 10 GeV/c results and as seen in the extensive electfon—
proton inelastic measurements from SLAC. 87 Our data exhibits particularly
well the smooth falloff with ]q2| from the photoproduciion measurements at
|q2| =0 (Fig. 17). At higher qul values O exp decreases as fast or faster than
l/IqZI but not as fast as (1/|c12|)2. This mild |q2| behavior is widely con-

sidered to be evidence for the point-like constituent internal structure of the

38
proton.
As explained previously N and O‘S are only one of an infinite set of pos-

sible pairs of empirical structurc functions. The other pair which is of
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current interest is W1 and W2, defined in Egs. (29) and (30). It haslbe'en sug-
gested by Bjorken and othvars38 that at large values of v and q2 the product
sz might be a function of only the combination x = qul/ZNIV . This predic-
tion, which is commonly called scaling has been generally confirmed by the
electron-proton inelastic scattering experiments. We have listed in Table V

our values of x and VW2 as computed using the central K and |q2| in each bin

20
ov

and assuming an R of .18. This data is plotted in Fig. 15.
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VII. THE MUON-ELECTRON COMPARISON

In comparing muon-proton and electron-proton inelastic scattering, one
must establish that known effects would not produce a difference. Lowest
order weak interaction effects can be excluded on the basis of the small cou-
pling constant and their equality for the muon and electron. The contributions
of some higher order electromagnetic diagrams have been excluded by the
radiative corrections to both the muon and electron data. (It should be pointed
out, however, that these procedures depend upon the validity of quantum elec-
trodynamics.) No correction has been made for the two photon exchange con-
tribution to inelastic scattering, Fig. 3. This two bhoton exchange diagram
could produce a muon-electron difference because such a term is sign de-
pendent and we are comparing positive muons to negative elecirons. But as
discussed in Section HI. B, there is evidence that two photon exchange in
.inelastic scaltering is at most a fe;v percent effect. Therefore we ignore this
effect in our considerations.
A. The Method

In making this comparison between muon and electron cross scctions we
must consider three kinematic effects. First, the quantity we are using,
Uexp, 0 depends, through the quantity €, on the incident lepton momentum,
which was different for the two experiments. It also depends very weakly on
the lepton mass. Second, the muon data was acquired over a continuous area
of the K, q2 plane; the electron data on the other hand was taken at discrete
points along straight lines in the plane. And fhird, the muon data extends to

a lower q2 than the published electron data from SLAC. 81
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To allow for the firbst of these effects we have modified each of the elec-

tron data points through the equation

1+ eu<q2,K,p ,m ) R(¢%,K)

" 2
o (@,K,p) ,
1+ € (%K, p,m) R K) ) P © ¢

2 _
Oexp, e(q X, pu) =

q 2 )pu’pe, e, / eXp,eq 3 ’pe)

where

R(a%,K) = 0g(a”,K) /o p(aK)

In this way the electron data appears to have been taken with a 12 GeV/c inci-
dent beam and with particles of the muon's mass. This procedure is, however,
subject to error due to the uncertainty in the value of R. At q2=0 R must equal
zero. Aside from this, knowledge of R is confined to measurements at only

a few values of qz, K in the region of this experiment. These measurements
are consistent with R=.18 or with R= |q2|/16. Fortunately for our compari-
son, € is a slow function of beam momentum and lepton mass, and the factor

¥ is rather insensitive to the value chosen for R. Specifically,

€ =—€
= (K&
AF <(1+eeR)> AR . (36)

Even if R=1x1, the uncertainty in o is for the most part less than 1%.

exp, e

We have made the complete comparison assuming R=.18 and also with R=0,
o .

1.0, and Iq |/16 . The changes in the fits and confidence levels, which are

presented later, are negligible.

An understanding of the second effect is facilitated by reference to Fig. 16.

. . . 37 :
The e-p inelastic experiment™  detected the outgoing momentum spectrum
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for a fixed angle and a fixed incident momentum. This choice of 6 and E

0
defines a straight line in the K, q2 plane given by:
K=E)-q (g * " ' (37)
p 4E, sin 6/2

The electron data used for this comparison were taken at 6 = 6° and 10° and
over a range of incident energies indicated in Fig. 16. The data points on
all the lines are very closely spaced from K=0 to K~ 2.4 GeV. Beyond
that point they are widely separated but at almost the same K on all the
lines.
The muon data on the other hand continuously covers the kinematic plane.
The result quoted for a bin actually represents a double integral of the cross
section in K and q2 over the area of the bin. Within each K, Q[2 bin we have
assigned the muon data to have its central q2 value. The problem then is.to
compile the electron cross sections in a way directly comparable to the muon
data. To do this we have chosen the muon data K bins so that the high K bins
bracket the single electron points while the two low K bins contain the con-~
tinuous electron épectra. We then have made the segment of each "line" within
a K bin into a single data point by integrating in K and compiling a weighted
average qz. In those cases in which there was only one point from a "line" in
the K bin the point was taken as the integral in K and assigned its measured
qz value. The electron data compiled in this way is presented in Table V1.
The last effect is that the muon data extends to lower q2 values than does
the 6° and 10° electron data. In order to make the comparison we have used
the measured values of the'q2 — 0 limit of T exp’ This is o _(K), the total

P
cross section for the production of hadrons in the interaction of real photons



with protons. K is the energy of the photon in the laboratory system. We
used values of U'yp(K} from a fit to the photoproduction data from several

1abs.40’ 41,42

These are listed in Table V and plotted on Fig. 17. The errors
have been increased to + 6% to allow for possible relative systematic errors
between experiments.

In Fig. 17 Uexp,u(qz’K’pu)’ O exp, e((;Z,K,pu) and pr(K) are shown as
functions of qz for the various K intervals. It is obvious that any possible
muon-electron differences are small. To quantify those differences we must
extrapolate one set of points to the same q2 values as the other set. We do
this by making a fit to the y-p and electron pointé in each K bin. The only
criterion for these fits was how closely they reproduced the inpﬁt data points
with a smooth curve. Adding the six fits we have a X2 of 20.09 for 46 points
(28 degrees of freedom). The fits are intentionally overparameterized and we

ascribe no physical meaning to them.

We then define the ratio:

2 2
P(q ’K’pp,) =0 (q »K,p”)/cr

2
exp, i ,exp,e,Fit(q ,K,pu) (38)

at the qz, and K points of the muon data. This ratio is listed in Table VI and
plotted in Fig. 17. The errors shown are the combined statistical errors only.
In addition to these, the muon data has a conservative + 6% systematic error,
while the electron data is quoted with a 5% systematic uncertainty. Thus the
combined overall normalization uncertainty (excluding statistical errors) in
the comparison is £ 8% if the two uncertainties are added in quadrature.

B. Conventional Analysis

We see from Fig. 17 that p.

... is close to 1.00; if there is an effect
inelastic

the muon data appears to be lower. To be quantitative we need a model of how
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the two sets of measurements might differ. The most obvious possihility is
that there is a relative normalization error between the experiments. To

investigate this we have fit all of the p, points to a single parameter

inelastic
P, . =N2 where N2 is a constant. (In order to eliminate any effect
inelastic .
arising from distortion in the oo, o fit we have also made a single

vp exp, e

parameter fit to the ratio of the electron data points of Takle VI to the fit. The
result we present for N2 is actually the ratio of Ni from the muon points to

N(?; from the electron points. The statistical errors quoted are the quadratic
sum of both fits, but the chi-square is from the muon fit only. A similar

procedure has been followed for all the fits given in this paper.) We find

p (qz,K, 12 GeV/c) = NZ = .917+.024 (39)

inelastic

with X2 =42.1 for 43 degrees of freedom. The error is statistical only. To
this must be added the + 8% normalization uncertainty. We note that this
simple form gives an excellent fit, a point to which we will return later. We

also note that, given the size of the systematic error, is consistent

P inelastic
with 1.00.

A more interesting approach to the analysis is to suppose that the result
of our comparison is rooted in basic physics. As discussed in Sections II.B
and III, the leptons can be assigned the inelastic form factor G!'Z(qz,K) and the
elastic form factor Gﬂ(qz) . As also discussed in these sections, there is little
theoretical guidance as to what such a lepton form factors should look like. 7
We know only that Gk(qzzo, K=0) = 1.0, and th'at G ) (q2=0) =1.0.

To simplify the analysis we assume that the inelastic form factor

Gi(a®, k) = 1/ [1 ¥ qul/Af] . | (40)
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Thus we take G}l to be independent of K or to have already averaged c;ve;' K.
A!'Z is not necessarily the same as AB in Eq. (15). (The parameters
associated with inelastic scattering are primed to distinguish them from
the analogous elastic parameters.) We may also take A!'Z to be an inverse

measure of the deviation of the lepton from a point particle. For very small

|q21 , namely for ,qzl« mz we may use the nonrelativistic interpretation of

1
Eq. (16)
2 _ 2
A}Z = 6/<r£'>
Then
(@K, 12 GeV/e) = o (q°K,Dp)/o (2. %,p)
Pinelastic'd *™ exp,pu - T Texp,ett T
1+ 1a®1/m12)
= 413.)
2 2\- (
(1 lo®1/ar?)
e
To order |q2| Eq. (41a) becomes
2 _ 21, .212
Pinelasticld »K»12 GeV/e) =1/ [1+ lg I/AD] (41b)
where
! 2.__ 1"2 - 12
AD —AM Ag

In the nonrelativistic limit

-2
1
AD

%«1%_@5». (42)

We have made a fit to this form for the points in all the K bins. The result is

=2

5= 049 % 012 (Gev/c)'2 (43)

A

with X2 = 44,3 for 43 degrecs of freedom.
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Because this comparison used data from two different experiments one
might insert another parameter, N'z, to allow for a normalization difference.

Generalizing Eq. (41b)

2 a2 21 /1272
Tinelastic!® +K» 12 GeV/c) =N /[1+|q I/AD] . (44)

Fitting to this form we find:

N'Z = .946+.042, Ai;z

=,021%.021 (Gev/c)"2 (45)
with X2=41. 1 for 42 degrees of freedom.

These statistical errors are somewhat misleading because they are cor-
related. A more accurate description is given b;;r Fig. 18. Thi_s plot displays
the one and two standard deviation ellipsis based on statistical errors only.
The + 8% relative normalization uncertainty is not included, its effect is to
allow the N2 scale to be shifted up and down by an amount as large as 0.08.
These results mean that the muc;n—proton inelastic cross section falls off very
slightly faster with |qzl than the electron cross section, but that this lqzl vari-
ation is not statistically significant. And once again, given the size of the
systemalic uncertainty it is guite possible thal N'2=1 and Agz=0 and that
there is no muon-electron difference.

Reflection on the results of the three fits discussed above, as well as a
number of others, has led the auth‘ors to two conclusions. First, there is no
statistically significant evidence for any q2 dependence. A normalization type
difference is favored. And second, the +8% systematic uncertainty precludes
establishing any muon-~electron difference. |

There is however, one piece of information that can be extracted. From

the fit to Eq. (44) we can establish a lower limit on Ab. With 97.7% confidence

Ap >4 1 (GeV/c)
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Though we are certainly outside the nonrelativistic realm of applicability of
Eq. (42) it is conventional to phrase this number as a limit on the difference

in size between the muon and electron. We find
2 2 -14 2
] 1
<r“ >—<re ><(1.2x 10 7 cm)

All of the foregoing analysis is based on the assumption that G;Z is a func-

tion of only q2. Another possibility at the other extreme is that G;Z is a func-

tion of only K. We have investigated this by fitting to the simple form:

2 2
pinelastic(q ,K,12 GeV/c) = (_C +DK)" , (46)

the best fit was

C=.960=%.017 D =.000 % .003 (Gev/c)'1

We conclude that our experiment indicates no K dependence. We also

conclude that there is no point in making Gk a function of both q2 and K.

C. Comparison with other Experiments

There are no other muon-proton inelastic scattering experiments to which
" this one may be directly compared. There have been however two muon-

?

proton elastic scattering experiments which probe the muon-virtual photon
vertex in a way similar to ours. In order to make a comparison with electron-
proton elastic scattering experiments they make the assumption

GM(qz) =2.79 GE(qz) in the Rosenbluth formula (Eq. (12)). If the lepton is
assigned the elastic form factor Gﬁ(qz), the combination [Gii(qz) Gﬂ(qz):l can

then be extracted fromm the differential cross s'eotion (dU/dQ)Qp clastic *
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In analogy to p.

. .. we define
inelastic

Do

2
2 _ _[GM(OIZ) G'u(qz)] up, elastic

(q) = 2 Gz 5 o

[GM(q )G (9 )] ep, elastic

no

Pelastic

2 2,2 2
=G (a)/G_ (@) (47)

!
ol
[}
<
i)
e
o]
()

. . . 2
of Peolastic from the experiments of Camilleri et al.,  are shown

in Fig. 19. Here too, the ratio appears to be less than one. A one parameter

(%) = N2, gives
N = .922 + 013 | (48)

as the best fit. Adopting the conventional form factor Eq. (15b) and an exper-

imental normalization correction term Nz, they also fit their data with

2
2 N
p L) = T (49)
elastic (1+q2/Ai2))2
Camilleri et al. give as a best fit
Nz _ -2 _ -2
=.953 & .033 A =.084%.056 (GeV/e) © . (50)

This group estimates their systematic error as 4.5% and the systematic
error in the electron data as 1-2%. With 95% confidence they give a lower
limit of

Ap > 2.4 GeV/c . (51)

The earlier experiment of Ellsworth et al. was analyzed in a slightly

different manner. These authors presented results for Eq. (49) with N2 set
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at 1.0 and also with N2 set at .80. For N2=1. 0, A—Dz=0. 172+.033 (GreV/c)-2
with a X2=17 for 9 degrees of freedom. Dropping one bad point the fit be-
comes N2=1, AI—)2=. 009+.032 (GeV/c) with a X2=3. 6 for 8' degrees of freedom.
Finally for Nz———, 80, AI")2= 0+.033 (Gev/c)'z . And based on the first N°=1 fit,
Ap >2.04 GeV/c with 95% confidence. |

We find our results in surprisingly good agreement with these two experi-

. . . FUTS . 2 o s .
ments. Neither experiment gives statistical evidence of a ¢~ variation, while

both p,

inelastic and Pelastic 2T€ O the average less than 1.0. But, as we have

already noted, there is no required relationship between the pair of param-
eters N', A'D, and the pair N, AD. And, once dagain, the finding that both N'
and N give best fits when less than 1.0 might be attributable to Systematic
experimental error. We shall discuss this further in Section VIII.

There are no other experiments which explicitly measure the difference

parameter A There are though, a number of experiments which are sensi-

D’
tive to the individual lepton form faclors and can be compared to theoretical
calculations. Thesc yield valqes of either A” or Ae. Principle among them
is the muon g-2 experimen’c.z4 As discussed in Section II. D this measure-
ment agrees with the predictions of quantum electrodynamics to a very high
precision, and consequently imposes a strong constraint on the hypothetical
lepton form factor. The modification to a;heory due to the inclusion of the
form factor of Eq. (15a) at each real muon vertex has been calculated. 19
The modification may be expressed as multiplication of aﬂ by the factor

2, 82 '
1 - (4/3) (mﬂ Aﬁ ) - (52)

Then with 959 conﬁdence24

A8 > 7.0 Gev/e . (53)
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We note that while lepton-proton inelastic and elastic scattering involves only

spacelike values of qz, the calculation of the limit on AE involves both space-

like and timelike values of qz.

Restrictions on the muon form factor for timelike values of q2 have been

43,44,45

obtained by studying the electron-position colliding beam process

-, 4+ -, +
e +te —u +p . (54)
. . 43 . .
We find that the result of V. Alles Borelli et al.” " gives approximately the

restriction

AE > 6.0 GeV/e- (55)

with 95% confidence. Here the form factor of Eq. (15a) has been used. The
superscript ¢ on A,E indicates that this is a colliding beam measurement.
Thus the g# experiment and the »colliding beam experiment, like the inelastic
and elastic scattering experiments, find only lower limits on the A parameter
in Eq. (15a).

We can extract a limit on A;L from Ab if we make an assumption about
the limits on A'e . We assume that A'e is the same as Aee’ where Aee is the
A paramecter obtained by applying the form factor of Eq. (152) to electron-
electron elastic scattering,

e +te —e +e . (56)
We distinguish Aee from Ae’ the A parameter measured in electron-proton
elastic scattering, because A.e might show the effcct of an unknown electron-
hadron interaction.

The most restrictive limit on Aee comes from the measure.ment46 of
electron-electron elastic scattering in electron-electron storage rings.

Commnarison of the experimental result with the Mdller cross section,
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modified by the inclusion of the form factors of Eq. (15a) at both lepiton
vertices, gives: A;‘Z ~-0.022+0.025 (Gev/c)'z. If we insist that A;i be
greater than zero, as the charge radius interpretation of Eq. (16) would
require; we find

Ay, > 6.1 (GeV/c) (57)
with 95% confidence. Combining this result with our result for Ab we find
A;z > 3.2 GeV/c . (58)

with 95% confidence.
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VOI. SPECULATIONS

In our inelastic experiment and in the two elastic experiments, there are
no statistically significant indications of any q2 dependent differences between
the muon and the proton. But, in all of these experiments the muon cross
sections turn out to be lower than the electron cross sections. We emphasize
that in our experiment this difference is not significant because the overall
normalization uncertainty is about 8%. In the elastic experiments the authors
give a smaller normalization uncertainty for the muon data, but the combined
overall normalization uncertainty of the muon and electron data might be as
large as our 8%. Thus the low muon cross section in any one experiment is
not significant. However we should not totally ignore these "normalization
differences." At the very least we should use them for hints as to what might
be the most fruitful divection for »fumre experiments on the muon-electron
difference. The development of these hints, or perhaps better speculations,
is the purpose of this section. 7

If we look at the muon-profon inelastic and elastic experiments, with no
preconceived notions as to how the muon-electron difference might behave
with q2 we would not use the form factors 1/ [1+ [qzl//\f]. Instead we would
use a form which gives a roughly q:2 independent difference between the muon
and electron cross sections in the qz range covered by the experiments. We
would of cour:se also require GQ(O)Zl. A simple example of such a model is
one in which the electron is indeed a point Di.rac particle so that Ge(q2)=1,
and

G,(a") = (1-b) + b/ (1+]a")/a2)

(59)
= 1-mla®h/(d’] +,\i> 0<bh<1
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. . . 2.
Then in the scattering experiments as [q | increases

o (> K) (6% —> (1-b)?

inelastic =p elastic

q |—e

Thus at high values of qul only a "normalization difference" would be observed.
The form factor of Eq. (59) could come from the following model. Take the
muon to have (1-b) of its electric charge concentrated in a point and b of its
electric charge spread out in a halo of radius \ﬁi/Au (see Eq. (16)). To fit

the "normalization differences" found in the inelastic and elastic experiments,
b would have a value in the vicinity of .05. Thus tl-lis model may be described
as a mostly point muon with a small fraction of the electric charge in a halo
around the point.

Up to now we have been concerned with fitting a form factor to the high
energy scattering experiments.” But, as previously discussed, any such form
factor modification would affect the value of the lepton gyromagnetic moment.
Thus the result of Picasso et g_l.m imposes a limit on the parameters b and
AH from Eq. 58. The g-2 experiment is essentially a lowlqzl measurement,

if we approximate Eqs. (59) and (15a) in this limit we find
2
2 g
b/AT =1/A
/ 13 / I3
So, by Eq. (53)
b/Az < .02 with 95% confidence

Unfortunately this limit does not give very good agreement with the high

energy scattering results as we can see by considering the region in which
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Iq2VAz <« 1 where:

1-p

- o] 2,2 2
inelastic ~ * ~ Pelastic ~ 2blg J/A” <.04lq"]

with 95% confidence. For |qz|va1ues less than 1 the "normalization differ-
ences" are then limited to less than 4% with 95% confidence, which, while not
inconsistent, is on the edge of compatability with the data. Thus the function
given in Eq. (59) is not a very good choice for the muon form factor.

What is required is a form factor which is a more rapid function of qz.

An example of such an expression is

2 22, 4

Gﬂ(q) =1—b+b/<1+(q ) /A!Z) . : (60)
o 22,4 - .
In the limit (q") /A!Z >>1, this form gives
2

Gﬁ(q )~—~» 1- b!2

and
(1-b)®

= — _.____E—_
p inelastic pelastic 2 : (61)
(1-D)

So Eq. (61) would look like a normalization discrepancy. We have fit our data

to this form assuming be=0 and

b“ =.,062+.032 A;4 =3.2+3.9 (Gev/c)“4

with X2 = 45.8 for 42 degrees of freedom. Equation (60) with the parameters
given above is consistent with the g” e>qoerimént24 which led to the limit on
Aﬁ given in Eq. (52). It is similarly consistent with the e+ +e — p,+ + pf

experi1nent43 which led to the limit on AE given in Eq. (55).
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In the foregoing we have attempted to explain the various experimental
data in terms of a muon form factor. An alternate approach, as discussed in
Section II.C, is to postulate a special muon-hadron interaction. Such an
interaction can conceivably explain the'normalization differences' in both the
elastic and inelastic scattering experiments and yet have only very small
effects on the gyromagnetic moment and the e+ +e — [,L+ +pu cross section.

As shown in Fig. 20, we assume that the special muon-hadron interac-
tion is mediated by a neutral particle X with méss Mx' Though it is not
necessary to do so, we also assume that the X particle has spin 1. The
coupling constants are indicated in the diagrams;' e is the electric charge.
The coupling constants at the lower vertices are to be regardedAonly as very
crude measures of the strength of the coupling of the virtual photon or the
X parti’cle to hadrons. Muon-proton inelastic scattering would take place
through the sum of the two diagfams in Fig. 20. The sccond 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. Then, to lowest order in the coupling constants,

0 .
2 £1/8n\/_ Il
Pi tmetinld 1K) = |1+ —< >6 5 , (62)
inelastic ‘i (e) gyh q2|+Mx

Taking (f/e) (gxh/g'yh) to be real and negative, the best fit of our data to this

form gives

_ L 2 ' 2.2
(f/e)(bxh/gyh) = ~,055 £ ,031 and M =.184%.443 (GeV/ch)

(63)
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.
with X2 = 42.75 for 42 degrees of freedom. The reader should be cautioned

that this is only an example. The special muon-hadron interaction could
involve many or all hadrons; and Eq. (62) and the fits in E'q. (63) would then
just illustrate one of the simplest cases. In particular we do not mean to
suggest that sorne undiscovered hadron of mass Mx is required for a special
muon-hadron interaction.

A conventional speculationzl’ 22 is that the X particle is some undis-
covered heavy photon with e=f. But we prefer the speculation that the X par-
ticle is itself a hadron. More generally the X particle might be taken to
represent the summation of the interaction of diffe).;ent kinds of hadrons with
the muon. To estimate the present experimental limits on f{, thé coupling of
the muon to the hadron X, we take (gxh/ gyh)z to be the ratio of a typical
hadron-hadron total cross section (30 mb) to the photon~p1foton total cross
. section (0.12 mb). Our muon—pro;:on inelastic scattering measurements

indicate b to be approximately .05. Tien
f/e =~.05/V250 = 1/300 . (64)

Thus in this "X=hadron' model, the coupling of the muon to the hadrons is
much weaker than the electromagnetic coupling. If such a coupling does exist,
it can most likely be found only through the study of muon-hadron reactions.
It will be difficult to find in purely elcctromagnetic experiments because the
enhancement factor (gxh/ g'yh) will not be available.

As an example, we consider the effect of this ""X-hadron" modelon g .

The inclusion of X exchange in the gu calculation produces a modification
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given by Kobzarev and Okun21 as

ﬁ:i<ﬁ>m2
g, o7 Mi H

which combined with the results of Picasso et al. 24 gives

2
—%— = (2.5 % 2.9) X 1074 (GeV/Cz)-2
M
X
or
£ -4 5, -2
—5 < 8.3x10 (Gev/cT) - (65)
My
with 95% confidence. Taking Mi from Eq. (63) yields the limit
f/e <.15 . (66)

Equation (66) gives an upper lifhit to f/e which is much larger than the specu-
lative estimate given in Eq. (64). The precision of the gu experiment would
have to be improved by at least a factor of 1000 to test the estimate given in
Eq. (64). Not only is this precision unobtainable with present experimental
methods, but an effect of this very small size will be completely obscured by
the expected strong interaction contributionll to gu. Similar remarks hold
for the contribution of the "X-hadron'" model to the process e +e - ;,L+ ST
In the above we have assumed that the muon has a special interaction with
hadrons and the electron is the conventional charged lepton with only electro-
magnetic and weal interactions. The contrar& position can also be taken.
There is a si)ecial electron~hadron interaction and the muon is the conventional

charged lepton., The same analysis can then be pursved. The only difference
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is that the effect of the "X-hadron" model in purely electromagnetic .interac—
tions is even smaller. |

Of course, all of this is highly speculative. We have found no statistically
significant violation of the principle of muon=electron universality, and the
mu-e puzzle remains. But, the agreement between muon and electron scat-
tering cross scctions is not as good as we might hope for. A curious 8%,
possibly systematic ""normalization error", has persisted through three exper-
iments and nmust yet be resolved. The results of this investigation seem to
indicate that future experimenters might best seek to answer the question of
muon-clectron scattering differences by making hi;gh precision measurements
at moderate values of ]qzl; rather than going to as high a !qzl aé possible, as
was done in this experiment. The challenge of this field will be to reduce the
limits of systematic errors, in both muon and electron experiments, to a level
. at which a 5% differcnce will be uﬁquestionably significant.
We wish to express our deep thanks to Professors H. C. Bryant,

B. D. Dieterle, and E. H. Bellamy; and to Mr. J. C. Pratt for his assistance.

We also wish to express our grateful thanks to our technicians and programmers

and to the staff of the Accelerator Operations Group. We are deeply indebted
to the scanners of the Conventional Data Analysis Group for their long and
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Sumimary of the properties of the muon and electron. ,

Optical parameters of the muon beam.

Spark chamber information. X is the distance along the beam line as
measured from the upstream end of the target.

Requirements on measurements for acceptable events.

12 GeV/c muon-proton inelastic scattering cross sections. dzo"/dqsz
is the measured differential cross section. Uexp,u is the "virtual photon-
proton total cross section". Cross sections are given as function of qz,
the square of the four momentum transfer, and K the virtual photon
equivalent energy. Also shown is the number of events in each bin for
target full and target empty. x= qul/ (2Mv) =1/w is evaluated at the bin
center. vW, is the melas?;ic structure function, computed from U'ex

2

(assuming O‘S/O' =.18) and kinematic quantities at the bin centers.

T

ARAD is the percentage subtracted from the raw data for radiative cor-
rection. € is the ratio of longitudinal to transverse virtual photon fluxes
evaluated at the bin center kinematicé. All quantities are defined in the
text.

The values of Gexp, e(qz,K, pp) combined and extrapolated, as described
in the text, from the data of Ref. 37. The |q2] =0 points are from a fit
to the photon total hadronic cross sections of Refs. 40, 41, and 42. The
errors on these poinf;s have been increased to + 6% to allow for relative
normalization errors.

(qz,K, 12 GeV/c)

p (qz,K, 12 GeV/c) versus K and qz. o

inelastic inelastic

is the ratio of the measured muon-proton inclastic cross section

2 . ;
. 7 , lectron and nhot +ion
Uexp,;_z(q ,h,p“), to a fit to the electron and photon cross sections of

Table VI.



TABLE I

Summary of the properties of the muon and electron

Property Comparison between If property is
muon and electron different
Muon Electron
Intrinsic spin both 1/2
Statistics both Fermi-Dirac
Fundamental equation both Dirac equation
Structure both point particles
(within present experi-
mental precision as dis-~
cussed in this article)
Interact through the both no (within present
strong interactions experimental precision
as discussed in the
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 cquantum
electrodynamics and
particle's mass
Interact through the both yes
weak interactions
Magnitude of weak inter- same for both
action coupling constant
Associated neutrino yes but different v v
neutrinos K €
Mass (MeV/cz) 106 0.51




TABLE I

Distance from

Horizontal Plane

Vertical Plane

Position Target Magnification | Dispersion | Magnification
S1: Momentum Slit 30 meters 1.08 3.25 cm/% 4.1
S2: Second Focus 65 meters 0.93 .45 cm/% 3.7
F3: Third Focus 88 meters 0.72 .35 cm/% 3.4




TABLE III

Chamber X Height Width Number
Number (cm) (cm) (cm) of Gaps
1 383.5 71.1 42.2 8
2 470.0 86.4 %9.5 8
3 796.8 193.0 76.2 8
4 890.8 204.5 88.9 4
5 992.6 204.5 . 106.7 6
6 1039.6 204.5 106. 7 6
7 1086.6 204.5 106.7 6
8 1134.9 204.5 106.7 6




TABLE IV

Quantity Limits
2
X fiducial 100
,¢y | ‘3. 5 mrad
o, 10. 0 mrad
Magnification .0138<M £ .0140




TABLE V

K (QZ‘ Number of Events o%s /dqsz Texp,u x W A RAD
GeV (Gev/c)? Fuil Empty nb/(Gev3/cd ub 2 q,
3 - 4 494 3 481, 27, 140.12 7.7 .151 302+, 017 2.7 .923
4 - .6 131 8 204, 3+ 6.4 100.3+ 3.2 .202 277 % . 009 2.3 .991
.6 .6 - .8 589 [ 93.6 1+ 4.0 82.1: 3.5 .262 281 + 012 1.4 .989
to .8 -1.2 445 2 39.6 % 2.1 64.02 3.4 337 .2704 .014 .5 .986
1.5 1.2 - 1.6 131 2 13.6 * 1.6 42.0% 4.8 .415 213+ ,025 - .3 .981
1.6 -2.0 49 1 5.8 2 1.1 29.32 5.5 477 .169 4 . 032 I .976
2.0 -3.0 16 [ 2.2 + .38 19.14 3.2 .559 L130 ¢, 022 - 1.5 .963
3.0 - 4.0 2 [ A7 &2 .13 4.02 2.9 .640 .031 ¢ ,023 -7 .947
3 - 4 247 1 192, 2 14.2 84.12 6.2 . 085 .233 ¢ ,016 4.3 .978
4 - L€ 855 [ 103, # 4.4 76.6+ 3.1 118 .273 2,011 3.3 .976
1.5 .6 - .8 388 3 53,4 2 3.2 60.9+ 3.6 .157 .284 2,017 2.5 .973
to .8 -1.2 312 [ 24.1 % 1.9 46.2 3.6 .210 .280 % . 022 1.8 ,968
2.5 1.2 - L6 129 1 13.0 % 1.3 43.1% 4.2 272 .329 2 . 032 .8 .961
1.6 -2.0 a7 1 4.0 2 .9 21,04 4.7 .324 L1872 . 042 .8 .953
2.0 -3.0 21 0 1.4 + .32 13.22 3.1 .4'oo .143 & , 033 .4 .837
3.0 - 4.0 13 [} 11 2 .31 20,12 5.7 .483 .259 ¢ ,073 - .5 .812
3 - .4 s 1 98.7 4 10.3 66.0¢ 6.9 . 059 186 + , 019 6.1 .952
4 - .6 537 6 66.9 ¢ 3.6 69.2+ 3.7 082 .268 2 . 014 4.6 .949
2.5 6 - .8 238 1 33.8 3 2.6 52.2: 4.0 111 2714 .021 3.9 944
o .8 - 1.2 213 0 18.7 4 1.4 46.2+ 3.4 . 151 320+ . 0623 3.0 .937
3.5 1.2 - 1.6 76 1 7.8 % 1.1 31.21 4.5 199 281 2 .040 2.5 .826
1.6 -2.0 43 [ 5.9 & .9 35.41 5.6 .242 3814 .060 1.8 .915
2.0 -3.0 29 [} 2.0 & .4 21.0: 4.1 .308 .281 3 . 055 1.6 894
3.0 - 4.0 4 1 L036+ .18 .37+ 8.0 .383 .006 4,131 - 6.9 .860
25 - .4 399 2 121.  # 7.5 98.4 2 6.1 . 039 .266 ¢ ,016 6.0 .900
4 - .6 443 5 37.7 % 2.2 55.9 % 3.3 . 059 .225 ¢ . 013 6.5 894
3.5 .6 - .8 230 3 22,4 2 2.0 50.6 + 4.4 . 081 2762 .024 5.4 857
to .8 - 1.2 193 3 1.3 + 1.2 38.8 * 4.0 111 .289 ¢ , 030 4.8 .877
5.0 1.2 - 1.6 74 2 53 + 1.1 28.5 * 6.1 . 149 .280 % . 060 4.2 .862
1.6 -2.0 35 [ 3.6 % .6 28.7 + 5.1 . 184 .344 ¢ , 061 3.6 .846
2.0 -2.6 21 ° 1.8 = .4 20.1 % 4.6 .224 .290 2 . 067 3.4 .825
2.6 -3.4 13 [ 1.0 & .3 17.2 ¢ 5.0 .273 .297 4 . 087 3.0 194
1o- 2 427 10 125, £ 11.9 76.8 + 7.3 . 013 L0938 ¢ . 009 15.6 . 790
2 - .4 936 4 48.6 2 2.2 61.0 # 2.7 . 026 L1523 ,007 12.1 782
5.0 4 - .6 327 ° 23.2 % 1.5 52.5 & 3.3 . 043 L.213 # ,013 9.4 R
to .6 - .8 170 1 14.6 % 1.4 49.5 + 4.7 . 059 275 % . 026 7.9 162
7.0 8 -1.2 138 1 7.7 % .8 39.1 = 4.2 . 082 .301 4 .032 7.3 746
1.2 - L6 55 3 3.1 + .8 23.3 £ 6.4 111 .241 4 , 066 7.3 123
1.6 ~2.0 21 [ 2.1 ¢+ .5 22,5 + 5.3 .138 267 % 068 6.5 .700
1. .2 256 4 89. * 9.4 81.3 # 8.5 .010 L1014 . 011 21.5 .625
7.0 2 - .4 412 4 29.9 2 2.4 54.7 + 4.3 020 L1344 .011 18.5 .615
to 4 - .6 120 1 14.6 2 1.8 46.4 * 5.8 . 034 186 % ., 023 14.4 .601
8.3 .6 -~ .8 61 [ 10.6 2 1.6 49.3 % 7.4 . 046 272 % . 041 11.4 567
.8 ~1.0 30 1 5.6 * 1.9 33.8 2 . 059 .236 2 , 051 12,1 573
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11.

12.

13.

LIST OF FIGURES

Elastic scattering one photon exchange diagram.

The one photon exchange diagram for muon-proton inelastic scattering.
The kinematic quantities are for the laboratory system. g is the four-
momentum of the virtual photon.

A typical two photon exchange diagram for muon-proton inelastic
scattering.

Experiment apparatus.

Layout of the muon beam and experimental apparatus.

Vertical beam profile at the liquid hydrogeﬁ target.

Horizontal beam profile at the liquid hydrogen target.

Measured beam angular profile in the vertical plane.

Measured beam angular profile in the horizontal plane.

Schematic diagram of the trigger counter arrangement. BZ indicates
the direction of the magnetic field in the large magnet.

Distribution of events versus distance of closest approach to the nominal
bean line within the hydrogen target. The distributions are given in

a) for target full and in b) for target empty. No cuts hé.ve been applied
aside from the "good measurement" requirements.

Map of the kinematic plane. The figure shows the relationship between
variables K, qz, p and 0 for an incident beam momentum of 11.9 GeV/c.
The shaded area indicates the bins for which data is reported, the heavy
lines are the limits of the geometrical ac'ceptancc for the A2B2C1 trigger
configuration.

Geometrical efficiency versus scattering angle for three scattered

muon momenta (for the A2B2C1 trigger configuration).
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15.

16.
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18.

Diagrams involved in the radiative corrections.

sz values for the data of Table V, plotted versus x=|q2|/(2Mu) =1/w,

x must lie between 0 and 1.0. A different symbol is used for each K
interval. The leftmost point (smallest x) of each K bin is at the lowest
value of lqzl in that K bin.

Map of the K, q2 kinematic plane showing the continuous bins for which
muon-proton inelastic scattering data is presented and the locations of
the electron~proton data to which it is compared. The 6% and 10°
measurements of Ref. 37 form a closely space(_i array of data points
along the heavy line segments in the low K regions. At higher K the e-p
data points are widely separated and are indicated by discrete dots.

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

(qz, K, pu) denoted by a solid circle, o (qz, K, pp) denoted by

[0
exp, i exp, e

an x and pr(K) denoted by a triangle; pu=12 GeV/c. These quantities

are defined in the text. T exp e(qZ,K,p;l) is extrapolated from the data

of Ref. 37 as described in the text. For each K interval the lower plot

2
(9, K=o

gives the values of p,
exp, it

2 /,
inelastic (@, K, Pu)/cr

2 .,
eXp, e(q ’I\al-’u)‘

The errors of oyp were set at +6%. In most cases the errors in

Texp, were too small to be displayed. The error bars represent only

statistical errors.
Conlour plots for the parameters N'2 and A'};z obtained by fitting the

experimental values of the ratio p, (qz,K, 12 GeV/e) to the equa-

inelastic

tion p, (qz,K, 12 GeV/c) = N'Z/(I.O—i-lqzl/ABz)z. The inner

inelastic
elipse represents one standard deviation and the outer elipse represents
two standard deviations in the fit. The +8% systematic error is not

. . . , 2 1
included, its cffect is to allow the N'” scalz to be shifted up and down by

an amount as large as 0.08.



19. The values of pelastic(qz)’ as defined in the text, versus |q2| from Ref. 2.
20. One photon exchange diagram and the hypothetical neutral vector boson

(X) exchange diagram showing the various coupling constants.
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