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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 lq21 (the square of the four momentum transferred from the 

lepton) up to 4.0 (GeV/c)2 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 /q21 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 + lq21/Ak)-2, we 

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

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. 
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I. INTRODUCTION 

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

tering at 12 GeV/c incident muon momentum. ’ 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 

/&t-p - /J+Kt+B , 

/~‘p - /&‘+K+ , 

/.&+p- /J+p-Qr++n- . - 

This paper has two purposes: first to present our measurements of muon- 

proton inelastic scattering, and second to compare them with similar meas- 

uremems 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 particl.es 0 They might also provide information 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 eqerimentally significant difference between the 

behavior of the muon and the electron in the inelastic scat.tering process. 

Therefore this experiment agrees with other experiments that the muon 

may be regarded as a point Dirac particle. However, within the overall nor- 

malization uncertainty of t.he comgaricon 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 
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muon-proton elastic scattering 2,3 when these measurements are 

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 VIII 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 . 1,596 

Section II contains a summary of what is known about the relative proper- 

ties of the muon and electron, and thus proviclcs an introduction to what has 

often been called “the muon-electron puzzle.” Those aspects of the theory of 

charged lepton-proton inelastic scattering which depend only on quantum elec- 

trodynamics are given in Section III. In Section IV the experimental apparatus 

and method aredcscribed. The analysis of the muon-proton inelastic data is 

described in Section V and the results of that analysis are given in Se&ion 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. 
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It. THE MUON-ELECTRON PUZZLE 

AND THE PURPOSES OF THE EXPERIMENT’ 

A. Muon-Electron Universality 

The muon @) and the electron (e) , the only known charged 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 
P 

) associated with the muon. The electron neutrjno (V e) is similiarly 

associated with the electron. 

The similiarities and the.difPerences 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: 

p-w+) +--+ e-(e+) (1) 

and 

We are primarily concerned with the electrornaglietic and strong jnterac- 

tion aspects of muon-electron univcrsa1it.y. Later in this paper we will dis- 

cuss some of the evidence for unjversality from these sources. For a 

discussion of the role of the J7Jea.l; interactior; we refer the reader to the 

reviews*’ ” lo given in the references. 
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-.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? Anot.her speculation is that the electron and the muon are 

the lowest mass members of a larger family of leptons. 

es pL, A P I? . . . 

with associated neutrinos 

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 found 7,12,13 and definitive searches using methods such as p’ pair 

production in electron-positron colliding beams have yet to be done. 14 

B. Point Parl.iclcs, 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 hjgher 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 bel.ief in the point nature of the leptons is directly related to the obser- 

vations that neither the muon nor the eltctron directly t&e part in the strong 

in!:ex.uctions, The hAdt:ons, on tile otllcr h;~l, pxrticilxta ill the stror;g 
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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 sm.all but nonzero size for one or both 

of the charged leptons. 
: 

The size and structure of elementary particles cannot be described simply 

because the description must be both 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 

SD(?) d3r = 1 -* (3) 

Next we define the three-dimensional Fourier transform or elastic form 

factor15 

F(d) =$ II($) emi’* ’ d3r . 

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

F(G) = 1 . 

(4) 

(5) 

Thus D(?), or F(G , specifies the nonrelativistic mass or charge density. 

Again from the nonrelativistic viewpoint, a point particle is specified by 

F($) = 1 or by D(?) = S(;) , where 6 is the Dirac delta function. 

The elastic form factor FTQ also has a direct physical 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 t.hree- 

momentum j!? (r;‘) and laboratory energy E (El). If the target particle is also 

a point particle the differential cross section in the laborat.ory system is 
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given by 

a2cos2 e/2 1 

4E2 sin4 O/2 1+(2E/M) sin2 6/2 
. (6) 

Here 0 is the laboratory scattering a&e of the electron and Q! is the fine 

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

spin. (In this paper we use units such that -li = 1, c = 1.) As shown in Fig. 1 

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

tory three-momentum {=$ -3’. < is the three-momentum transferred from 

the electron to the target particle. The behavior of the target particle can be 

treated nonrelativistically if El 2 << M2. 

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

by D(r), then Eq. (6) becomes 15 

(7) 

where F(a 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 O In going to a fully relativistic description we must replace F(G) by 

a function of a Lorentz kinematic invarkant. That invariant is q2, the square 

of the four-momentum transferred from the lepton and carried by the proton. 

In our metric q2 is given by 

q2 = (E-E’)2 - (pm+‘J2 . (8) 
By conservation of energy and momentum 

q2 = -2M(E-E’) , 

so that 

q250 . 
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We refer to this negative q2 as spacelike. The reIativistic analogue of Eq. (7) 

is then 

(g) = (ggNS G2&12) (9) 

where G(q2) is the relativistic analogue of F(3. Furthermore we say that 

relativistically we have a point particle if 

G(q2) = Constant . (10) 

We can also expand 

G(q2) = a0 + al Is21 + a2 lq212 + . *. (11) 

in analogy to Eq. (5). But unless lq2 I is small compared to M2, 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 i’s given by the Rosenbluth 

dcr 
= 0 1 

G;(q2) -I- T G2,(q2) 

xiNS 1+-r f 27 G&(q2) tan2 0 /2 
ep, elastic 1 , 

for a point ekctron (do-/dfI)NS is defined in Eq. (6) and T = [q21/4M2. The 

anomalous magnetic structure I.5 of the proton leads to two elastic form factors, 

GE(q2) and GM(q2), for the proton. Experimentally it is found 16 that 

GEts2) = 1/[1 + j;2j,‘.‘71]2 (13) 

and 
2 

G&3 ) = 2.79 GE(q2) . 
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(In this article energy units will always be GeV, momentum units will be 

GeV/c and the units of q2 will be (Gev/~)~.) Continuing .the example, for very 

small values of lq21 
, 

GE(q2) z 1- lq21/.355 . 

Comparing with the nonrelativistic expression, Eq. (5), 

is the root mean square radius of the proton. 

If the charged lepton, I, 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 lepton the single elastic 

form factor Gp(q2). Then Eq. (9) would become 

(g) = ( f$)N, G2(s2) G;tq”, l 

And the Rosenbluth formulas would also be modified. by a multiplicative factor 

Gi(q2) on the right-hand side of Eq. (12). 

It has become conventional 18,19,20 to take a form for G1(q2) analogous 

to the proton form factor and write 

Gf(s2) = 1/ [l - q2/‘$] 9 !*(15a) 

ww 

appears 

G&q2) = I/ [I+ lq21/hi] , for q2 spacelike . 

Note however that unlike Eq. (13)) only the first power of 

in the denominator. Equation Q5a) has some theoretical significance in that it 

has the same form as the denominator of the propagator of a particle of mass 

Aa. Equation (15a) also offers some theoretical convenience in that it is 

similiar to the regulated propagator used to cure divergences in quantum 

electrodynamics. ,1.8, 20 he is an inverse measure of the deviation of the muon 

from a point particle. For very small lq21 , namely lq21 << n$, Eq. (5) yields 
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* . 

the nonrelativistic interpretation 

<r2>i’” = Js/f$ . (16) 

Of course, if the lepton B is a point Dirac particle, G1(q2) = 1 for all values of . 

q2- We have emphasized that Eq. (15) gives the conventional function for 

G1(q2), other functions are discussed in Section VIII. 

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

the principle is preserved if 

’ (17) 

But if GP(q2) # Ge(q2) 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 speculations generally take the form of an assump- 

tion 21322 
, 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 G,(q2) is found to be different from one 

for some values of q2, this may be interpreted as an indication that the lepton 

P has some anomalous interaction. 
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D. Some Tests of the Principle of Muon-Electron Universality 

1. Electric Charge 

Using measurements 10 of the muon magnetic moment, the muon gyro- 

magnetic ratio (p,), muon X-ray spectra and the electron’s charge; the ratio 

of muon’s electric charge (ep) to the electron’s electric charge (e$ is cal- 

culated to be 10 
e /e 
P e 

= 1 i (4 x 10-5). 

A much lower limit can be obtained 23 
by observing that if charge is 

conserved in the muon decay process /.L -+ e + v 
P 

-I- ie then one or both neu- 

trinos will have a nonzero charge if e fe . 
CL e 

Astrophysical considerations 

then set an upper limit on the charge that can be possessed by a neutrino. 

This leads to the limit ep/ee = 1 -I (1 x 10 -13 ) . 

2. Gyromagnetic Ratio 

The gyromagnetic ratio, gp , can be calculated exactly from quantum 

electrodynamics, once the lepton mass is known, if the very small contri- 

butions from electromagnetic coupling to stfongly interacting particles are 

ignored. It is conventional to set 

(pn -2)/2=ap . 

The most recent measurements of E. 24 Picasso and his colleagues on gel yield 

exp = (116616 rt 31) x lo-$ 
aP 

, 

and quantum electrodynamics yields 11 

aLheory = (116587 f 3) x low8 . 

Thus experiment and theory for the muon are in agreement. Even more pre- 

cise agreement is found for the electron. 25 

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

have been discussed here) compared to the &tic properties of the electron 
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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 unexplained 

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 I on a proton. 

Numerous electron-proton elastic scattering experinients 16 and two muon- 

proton elastic scattering experiments 2,3 have bken performed. Comparison 

of these experiments do not show any definitely significant deviations 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 eledtrodynamics have been carried 

out which either do not involve hadrons at all or only involve hadrons as 

sources of a low lq21 virtual photon. Examples of such tests are the colliding 

beam reactions _. 

e- + e- 4 e- + e- , 
-I- e--t e + -be-+e , 

e- + e+ 4/J-+p+ ; 

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 

y + Nucleus + Nucleus + 1+ :. P- , 

and the bremsstrahlung process 

P -t Nucleus + 1 -!- y -1s Nucleus. 
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Two excellent reviews 11 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 th.e muon-electron puzzle we have implicitly 

given the purposes of our experimeit. Therefore we only 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 particle nature of the muon compared to that of the 

electron, and 

4. search for anomalous interactions of 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 = lq21/2M (where v is the energy loss of the lepton in the 

laboratory frame), but in inelastic scattering v > lq21/2M. 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 universality which involves hadrons 

would be more easily seen in inelastic scattering than in elastic scattering. 

Finnlly, one of the more unespected results of ~-r--p and e--p inelastic scattering 
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was the large cross section, compared to elastic scattering, at high Iq”]. 

Because of this larger q2 range, inelastic scattering provides 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. : 
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III. 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 scattering of an unpolarized muon on an 

unpolarized target proton. A general inelastic experj.ment 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 energy of the incident muon be-$ and E 

respectively. Let the equivalent properties of the scattered muon be 3’ and 

E’ . The experiment consists of: 

1. fixing $ , 

2. detecting only the scattered muon , 

3. not detecting any of the hadrons produced, and 

4. measuring 5’ . 

The experiment then measures the distribution of s’ as a function of $ 

and s’. 

The absence of polarization means that the distribution of s’ is cylin- 

drically symmetric about i?. This observation plus the isotropy of space 

means thnt the scatt.ering is completely described by just three kinematic 

quantities. One convenient choice for these quantities is 

p = absolute magnit.ude of f; , 

v=E-E’ 

and . 

q2 = (E... E’J2 - (5 - p”,2 
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v is the energy lost by the lepton in the laboratory system. c12, the square 

of the four-momentum transferred from the lepton to the hadronic system, 

has been discussed in Section II. As in elastic scattering, cl2 is negative in 

our metric . Using these variables the distribution of ‘i; is described by the 

double differential cross section d2u-/dq2dv, a function of p, q2 and v . 

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

M*2 = (E+M- Ey2 - ($ - $‘)2 

where M is the proton mass. This reduces to 

MV2=M2+2Mv -]q2[ 

so that v and q2 fix M*. We note that M*2 > M2 for inelastic scattering. 

Therefore 

Returning to Fig. 2 we see that in measuring only the outgoing muon the exper- 

iment automatically suins over all hadronic states whose total invariant mass 

M* is given by Eel. (18). 

The principle of muon-electron universality can t.hen be tested by com- 

paring d2cP/dq 
2 

dv for the muon-proton system with d20-e/dq2dv for the 

electron-proton system. If t,he muon and the electron had the same mass, -- 

the principle would predict 

d2u- 
e (P>S2J4 . 
dq’dv 

(20) 

Testing this equality for various values of p, q2, and I/ tests the validity of 

the principle. This then is the basic concept of the experiment and of the 

comparison. 
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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 sect,ions,must be accounted for in the comparison. Second, 

the sets of values of p, q2 and v which occurred in our experiment were not 

2 identical to the sets of values of p, q and v which occurred in the electron- 

proton experiment used for the comparison. Therefore it is necessary to 

interpolate d2ce/dq2dv . 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 explanation will enable us to have 

a more physical understanding of the significance of the comparison. 

B. One Photon Exchax 

The inelastic scattering of charged 1epton.s 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. Th.e 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 p!loton diagram has an additional factor 

of cY/7r = l/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 cu/n factor. Second, the con- 

tribution of the 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 scat.tering is at most a few percent effect (but 

not necessarily undetectable) has been given by an experiment 26 searching for 

T-violation in jnelastic electron scattering. 
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Therefore we return our attenti.on to the one photon exchange diagram, 

Fig. 2. For this diagram Lorentz and gauge invariance considerations 27,28 

lead to the conclusion that the differential cross section d2c/dq2dv 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 q’ and v , describe in a summary way the production of 

hadrons in the interaction of virtual photons :vith protons. The separation of 

the kinematic factors is to some extent arbitrary. In this paper we use 

primarily the definition and separation introduced by Hand. 29 

Hand fi.rst defines the kinematic quantity 

K = v - lq2//2M , 

where M is the proton mass. Then Eq. (18) can be rewritten as 

M*2 = M2 -t 2MK . 

(21) 

Thus K is the energy that a real photon must have to give the same total energy, 
, 

M”, in the photon-proton center-of-mass system. VCTe not,e that any Function 

of q2 and v can be written as a funct.ion of q2 and K, and that K > 0. Hand 

then defines the two independent quantities cT(q2, K) and cS(q2, K) through the 

equations 

d2cI/dq2dv = d2rI/dq2dK z= I’,(q2, K, p, m2 cT(q2, K) 

+ C&q2,K,~,my) cS(q2,K) , (22) 

2mgZ 
-__ 2EE’ - /q21/2_ -- 
lq2t -+ (E- E’)2 -t Iq”] 

(23) 

-- 3.8 .. 
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and 

(24) 

Here p = I$1 and mn is mass of the lepton P. I’T and rs are the virtual photon 

fluxes for transverse and scalar photons, respectively. Thus aT(q2,K) and 

. 

as(q 2 ,K) which may be thought of as the total cross sections for the interac- 

tion of transverse and scalar photons respectively with protons. These U’S 

have the properties 29 that as q2 goes to zero, aS(q2,K) goes to zero and 

cT(q2, K) goes to u - - 
YP+) 

the total cross section-for the interaction of a 

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

virtual photon fluxes, by 

Q2,K,p,nll) = rs/rT = 

Then 

d2~~/dq2dl(=rT(q2,K,P,Ixd 

In our experiment we cannot, using only our own data, separate crT from us. 

*. Therefore we shall report and use for the comparison 

uexp,+-i2, K, p) = aT(42,K)+ t(q2>K,P,mp)cS(q2,K) . 

We note that 

(27) 

ueq,e(s2, K, P) = 1 /rT(q2, K, p, mn) . (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 
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that defined by Von Gehlen 27 and Dr ell and Walecka. 28 
Here 

d2”n 
= 2na2 -$$ [2(EE’-[$I Is’1 cos 8 -2mf) W,(q2,KJ 

dq2dK q4 

+ EE’+ l$l lp”l cos 0 t- m:) W2(q2, K)] . (29) 

W,(q2, K) and W2(q2, K), which are the analogues of the proton elastic 

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

w,((!2,K) = -+ 
4n o! 

K”T(q2SK) . 

In Section VI we give our results in terms of W,(q2, K) and W2(q2, K), as well 

as in terms of cT(q2,K) and (rs(q2,K). 

Al.1 of the above is based on the assumption 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 

E(q2,K,p,m$~s(q2,K) 1 Gf(q2,K) , 

Here G;(ci2,K) I.&e the other inelastic structure functions can be a function 

of both q2 and K. Gi(q2, K) is an extension of G1(q2) the elastic form factor 

but there is no relation required between Gj(q2, K) and G1(q2). The statement 

Gi(q2,K) = G1(q2) has no direct physical meaning. Equation (27) now becomes 

uesp l(q29f~,P) =[lir,(ri2,K) + c(q2,K,mj) Cs(q2,K) 1 Gh2(q2,1C) . (32) ’ , 
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To test muon-electron universality we define the ratio 

P inelastic (q2*K,P) =uexp,~(q2~K~P)/uexp,e(~2,K,P) 

[ uT(q2, K) + E (s2, K, P, m )Gs(q2, K) = 3, G12(q2, K) 

2 
sK)+E(q2,K,p,m e) Q(q2p W] G$q2, K) ' 

(33) 
TO relate Pinelastic to the ratio GL2(q2,K)/GL(q2,K) it is obviously neces- 

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

this is discussed in detail in Section VII. 
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IV. THE EXPEFSMENTAL METHOD 

A. General Description 

The differential cross section, d20;/dq2dK, 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 momentum 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 systematic 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 contamination in the muon beam must be very small be- 

cause the cross section for pions interacting with protons to produce hadrons 

is 10 4 times the same cross section for muons interacting with protons. In 

this experiment the pion contamination was made very small by passin.g the 

beam through 5.5 m of berylium which followed the copper target. This 

beryllium “pion filter” reduced the pion contamination from 3010 in the pro- 

duction target to 3 x 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 i 1.5% and a phase space of 5 x 10 -3 2 cm sr. 

Although the beam was capable of higher intensity, for most of the experiment 

160 muons per 1.4 psec accelerator pulse was used. Usually 180 pulses per 
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see 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 scatter’s in the hydrogen away from the first two 

spark chambers. 30 The sweep magnet was unfortunately 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 was 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 to 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 bctwccn sclectcd pairs of 

counters in the first two trigger planes and any counter in the third plane. 

There were also some 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 thickness of 61 cm of steel. In addition, 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 eIastic 

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 systematics 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 beam rate was too 

high to permit the counting of individual muons. Instead we used a high cur- 

rent beam monitor, which consisted of five small scintillation counter 

telescopes. This device detected 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 were 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 hydrogen of the target. 

The 12 GeV/c data results from 2.4 x 10 10 muons incident on the full 

hydrogen target and .5 x lOlo muons on the empty target. Corresponding 
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numbers for the 10 GeV/c data are 7.9 x lo8 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 ph.oton, 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 pibn 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 en erg-y hadron beams. 

The choice 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 tho muon prodtiction occurred, and 70% of the pov;er 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 negligib1.e particle production in the beryllium “pion filter” that immedi- 

ately followed the copper target. The beryllium 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 

-t-.03 length was measured to be .47 -.o2 meters. This number was found to be 

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

+1.3 p-p experiment was 5.5 meters, which gave a T//J ratio 3.0 -o 9 x 10 -6by . 

extrapolation. 

The layout of the beam and the experimental apparatus is shown in Fig. 5. 

The muon beam was at 0’ to the eIectron beam and had two stages of mo- 

mentum analysis and three focusing stages. It uses six standard BNL 18D’i’Z 

bending magnets and ten 86248 quadrupole focusing magnets arranged in 

doublets. The momentum resolution, Ap/p = *I.. 5% was determined by the 

width of the collimating slit Sl at the first focus. The vertical dimension of 

the beam was also regulated by Sl. The beam, so defined, was kept well 

clear of the apertures of all subsequent 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 

hydrogen tzrget. 

Accompanyin g 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 beca.use they cannot be absorbed by 

strong interaction processes. Second, those halo muons which reach the 

apparatus may produce false triggers in an experiment, such as this one, 

where only one scattcrcd muon is required for a trigger. The low density 

halo was trimmed and mostly removed at the second focus by a second colli- 

mxtin; slit $2. The slits Sl nncl S2 were made of o~,e meter long steel blocks 
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arranged to form closed iron circuits around the beam. The steel of slit ~2 

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 line. Another 1% 

lay beyond this out to a radius of about 75 cm. Substantial improvements 

were made in the veto and accidental rates resulting from these halo muons by the 

liberal use of steel shielding around the final beam stage. 

At t,he conclusion of the experiment small spark chambers were set up 

directly in the beam and photographs were taken with a low beam illtensity. 

The spatial distributions 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 cletermination of the scattering angle, approximately 

4- 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, respectively. 

The four lower counters in each were semicircular annular rings, the two 

upper counters were rectangular. This arrangement allowed a crude angular 

selection to be made. 

The C plane consistecl of fourteen rectangular scintillators 96.5 cm long 

by IG. 5 cm wide by 1. 0 cm thick. These V:CFC‘ si-acked vertically starting 
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40 cm above t.he 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 from the target were excluded. A trigger 

ABC Vconsisted of an acceptable A, B coincidence in time with a pulse from 

any C counter and not in time with any veto pulse, 7. The veto system is 

described later. This ABC v circuit was scaled, as was a parallel, redundant, 

ABC v circuit. We also used an ABC 7 delayed circuit to keep track of random 

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

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 B2 Cl. This trigger configuration was sensi- 

tive down to a mjnimum 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 elastic 

scatters. The third configuration, called A3 B3 C2, had the bottom A, B 

and C counters turned off. This led to a 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 V per 150,000 beam muons, about 30% 

being accidentals. Four hundred to 1200 pi.ctures per hour were taken. 

2. The Veto System 

The funct.ion of the veto system was t.o prevent muons in the beam halo 

from tj:.iggc:rillg tlie Sp2111; chxmhers. T~,.elve scintiJl:Ltiom countei’s v:el:e 
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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. Each telescope 

consisted of two scintillation counters (Dl and E3, and D2 and E4) each bigger 

than the beam. 

Each telescope had parallel, redundant logic circuits with dead times 

made intentionally greater than the intrinsic dead times. These dead times 

were made different from each other as a consistency check. All of these 

circuits were scaled. In addition, al.1 were scaled in anticoincidence with 

the veto system. The dead time correction required was 2-l/2% for each 

count/pulse or typically 3-l/2%, 

High current. The high current monitor was composed of two identicalunits, 

each containing five small cyljndrical 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 the third focus. 

Corresponding phototubes were put in electronic coincidence to form five 

counter telescopes which were a.11 scaled. (The center telescope was scaled 

Id~rough a setond complete circujt wit!i a longer dead time as a check.) bl 
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addition, the sum of the telescopes was also scaled (again 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 assuming 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 turking 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 retio of the beam monitor to D2E47 

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 
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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. Chambers 1 and 2 had 

semicircular cutouts at. the bottom of the plates to allow passage 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. ?,hese 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 int.o the gaps to the camera. A 90’ stereoscopic view 

was provided for each chamber by a front silvered mirror mounted beneath it 

at an approximately 45’ angle. These mirrors were autocollimated into align- 

ment. During each photo~.aphic exposure the data box and ten principal 

fiducia1.s were flashed. At the beginning of each role t?le full set of 63 fiducials, 

including 53 viw:cd through the various mirrors, ‘vv’crc l~hotngrnphed. 

- 31 - 



The large analyzin, 0‘ 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 JBdl 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 regularly checked with a 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 epoxyin, v two layers of 1 mil aluminum foil 

to both sides of a sheet of .95 cm close-cell Styrofoam. This sheet previously 

had been epoxyed into an aluminum frame. Elect.rically the recoil chamber 

was actually four separate spark chambers, each with its own spark gap. 

The recoil chamber and its stereo viewmirrorwere viewed by a system of 

three additional mirrors. Prisms were used to give a view into t,he gaps in 

both the direct and stereo 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 block 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 recbil 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 

. mews. 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 of 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 lrlter ida:tifi?d 
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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 measurements on IBM cards. The NRI, a 

newer system, has a least count of 1 ~1 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 ,IJ on the Vanguard and 12 ,u 

on the NRI. These correspond to 1.0 mm and .S5 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 casts 
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both tracks were measured and the triggering particle selected by the programs 

later N 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 th.e known fiducial locations which enabled correction for 

translation, rotation. and magnification. The chi-squark 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, and 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 trajectory. 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 ($,). This quantity clearly discrimin.ated 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 (0,). 

Events which failed to reconstruct properly (missing a fiducial or chamber 

view, etc.) and those events which exceeded the limits recorded in Table IS 

were remensured alhg with 2iiy events on the SCtli‘l Ii st tapes found missing 
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from the reconstruction output. (The limits in Table ?J 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 SUIKX programs before the target empty subtraction so as to 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 n.ominn.1 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 

dist,ributions of Fig. 11 show a clear distinction between off beam line muons 

that cheat the veto system and target scatterings. This cut was the principal 

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 cm 

radius. 

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

stood geomeiricnl. efficiency in p or 0 were el.imi~?zi.cd. 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 SUILIX 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 elastic events 

with protons. These elastic events were measured in a separate measuring 

pass using a list consisting of all frames which passed the criteria detailed 

above and had K 5 2.0 GeV (K=O for a perfect elastic event). The mt~on 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 to nine proton 

candidat.es 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 a.11 the valid events but merely an unbiased 

sample for use in t.he inelastic analysis. This selection was based on three 

pnralneicrs, in ad.clit.ion to the ~mual rcquire;llcn!:s 011 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. 

C#J = sin 
-1 6; x igoton) . Tp 

I 
-)t -)I 
‘c( x ‘proton I IqJ 

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 (illustrated 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 scatt,ering ang1.e v;as zt4.5 mrad. 

The root mean squ,are momentum resolution was found, by comparison of 

the single and double arm measurements, to be -I 200 MeV/c at 11.9 GeV/c. 

This corresponds to a % of zt 1.7%. 

Studies of the effects of these resolutions on the d.ist.ributions of events 

in the K and q2 bins showed individual bin “slopping” effects to be smaller 

than the stated statistical errors. Accordingly no corrections have been made 

to the data, but we have inch&d a 5 l/2% uncertainty in our estimation of 

systwwtic error 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 EO = E’ + q2/2Mp for events 

passing the elastic requirements. Comparison of this distribution for the 

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 calculated 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 (E 0 = E’+ qz/2M) from the single arm measurements 

for each block. The beam momenta selected in this way ranged from 

11.900 f ,020 (GeV/c) to 11.970 rt .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 
2 effect on the q variation. 

G. Corrections - 

1. Geometrical Efficiency 

The angular acceptance, or geometrical efficiency 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 cff’iciency was to be cal.culated. 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, OH, V, Bv, 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 8 which were used in the ~UiYLX analysis programs. Figure 13 shows a 

smoothed plot of geometric efficiency as a fmction of scattering angle for 

different final momentum for the A2B2Cl trigger condition. In SUMX each 

event was weighted by the geometric efficiency appropriate to its individual 

kinematics. WC 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 1/2Yfi 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 wnJ 0 to measure muon-prot.on inelastic 

scattering in such a fnshjon as to yield iUE:rl~lI.lattiI-!;-1 2l;out t-he muoll-el &l-on 
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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 Ml in Fig. 14. What is actually measured, however, 

is this one photon exchange cross section plus a number of second order 
3 electromagnetic processes. These processes, shown to order a! 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 RI7 and M8 (M9 and Ml0 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 MlO. 

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 6 , 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 + 6). 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 MS 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 “continuum” which represents 

the contributions of all the remaining resonances as well as the nonresonant 

background. For this we assumed 

(aT + E aL) = 130 y.b/(l + .8 1~~1)~ , 

which was good enough since the correction was usually less than 3%. 

According to this prescription the actual measured cross sections are then 

d20- 
dRdE_ 

d20- --- 
+ dfldE 

P 
/N’ tail +JEP n1ax & ‘E;?) dq) l 

E 
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 

III 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, sel.ected 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% f l/4% overall correction. 

Searches for other spark chamber inefficiencies, such as several chambers 

not firing, showed nuil results. 

Pions. All events which had proper tracks in the first five chambers 

were measured. In the SUMX analysis program all events which stopped in- 

side the steel or thick plate chambers downstream of chamber 5 were called 

pions. Approximate1.y 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 ancl in the target walls. 

Electronics. As already mentioned, the dead time corrections to the 

normalization systems were 3-l/2% for the low current beam telescope and 

- 3$& for the high current C~lln.my 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 S9 acceptable events : 

for .5 X lOlo incident muons. Target empty alid target full cross sections 

were compiled separately and subtracted just prior to the radiative correc- 

tions. The subtraction was primarily in the low q2, 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, Included 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) *$% 

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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4. Spark chamber inefficiency f 5% 

5. Scanning, measuring and processing * $% 

The rest of the errors are more complicated as they vary over the K, q2 

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 & l/2%: At higher angles the 

uncertainty is smaller than $70 for all momenta. 

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

tive correction. It introduces less than f l/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 st l/2% uncertainty. 

Mom enium . The measurixg machine differences produced a f 50 MeV/c 

uncertainty in the momentum of the outgoing muon. Since the beam momen- 

turn 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 & 170, 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 t.he data events by this amount and recompiling cross sections showed 

an overall increase in cross section of .910 evenly spread over the Ii, 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 approsimately rt 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 .60/G. The effect 

2 was greatest in the low K, low q 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 simple addition, which results in 

& 6%. We do have one guide to the magnitude of the systematic error 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 conditions. 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 axperimcnt’s early running cycle. It represents 

12.6% of the incident flux.) Further investigation indicated a possible de- 

crease with time within t.he block. The most likely source of such a problem 

would be a malfunctioning C pl,ane 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 block 2A lowers the cross section 

by 1%. Looking 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 beam’ 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/c 

data were not done for the 10 GeV/c; no elastic measurements 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 therefore 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 lq21 of 4 (GeV/c)2 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 separate eT and us so the virtual 

photon total cross section is given in terms of the combination u where 
exP 

u exp,ptq2JG PI = o;r(q2S K) + E(q2,K,P,n;l) os(q2,K) . (34) 

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

values of u 
eww 

shown in the table are not directly derivable from the listed 

values of d2gp/dq2dk because in the compilation of o- each event is 
exp, c1 

weighted by the inverse of its particular TT . 

We observe u 
ew, p 

to show the same qualitative behavior with q2 and K 

as we observed in our 10 GeV/c results and as seen in the extensive electron- 

proton inelastic measurements from SLAC . 
37 Our data exhibits particularly 

well the smooth falloff with lq21 from the photoproduction measurements at 

lq21 =0 (Fig. 17). At higher lq21 values uexp decreases as fast or faster than 

l/lq21 but not. as fast as (1/1~1~1)~. This mild lq21 behavior is widely con- 

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

proton. 38 

As esplained previously flT and US are only one of an infinite set of pos- 

sible psjrs of empirical structure fu2c!.ic:l2. The other pair which is of 
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current interest is WI and W2, defined in Eqs. (29) and (30). It has been sug- 

gested by Bjorken and others 38 that at large values of v and q2 the product 

v W2 might be a function of only the combination x = Iq2]/2niIv . 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 Is21 in each bin 

and assuming an R of .18. 39 This data is plotted in Fig. 15. 
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VII. THE MUON-ELECTRON COM-PARISON 

In comparing muon-proton and electron-proton inelastic scattering, one 

must establish that known effects would n.ot produce a difference. Lowest 

order we,ak 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 photon exchange diagram 

could produce a muon-electron difference because such a term is sign de- 

pendent and we are comparing positive muons to negative electrons. But as 

discussed in Section III.B, there is evidence that two photon exchange in 

inelastic scattering is at most a few percent effect. Therefore we ignore this 

effect in our considerations. 

A. The M&hod 

In making this camp,, qrison between muon and electron cross s&ions we 

must consider three kinematic effects. First, the quantity we are usi.ng, 

uexp, Q depends, through the quantity E , on the incident lepton momentum, 

which was different for the Tao experiments. It also depends very weekly on 

the lepton mass. Second, the muon data was acquired over a continuous area 

of the K, y 2 plane; the electron data on the other hand was taken at discrete 

points along straight lines in the plane. And third, the muon data extends to 

a lower q2 than the published electron data from SL4C. 37 
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To allow for the first of these effects we have modified each of the elec- 

tron data points through the equation 

(35) 

where 

JW2,K) = us(q2,K)/uT(q2,K) . 

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 qa , K in the region of this experiment. These measurements 

are consistent with R=. 18 or with R= Iq 
2 l/16. Fortunately for our compari- 

son, E is a slow function of beam momentum and lepton mass, and the factor 

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

Even if R=lkl, the uncertainty in u 
exp, e 

is for the most part less than 1%. 

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

1.0, and lq21/16. 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. 

The e-p inelastic experiment 37 clet,ected the outgoing momcnt~m spectrum 
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for a fixed angle and a fixed incident momentum. This choice of 0 and EO 

defines a straight line in the K, q2 plane given by: 

K=EO-q2 1 

4EO sin2 8/Z > ’ 
(37) 

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, q2 bin we have 
2 assigned the muon data to have its central q value. The problem then is to 

compile the electron cross secii.ons in a way directly comparable to the muon 

data. To do this we have chosen the muon data II bins so that the high K bins 

bracket the single electron points while the two low K bins contain the con- 

tinuous electron spectra. We then have made the segment of each “line” within 

a K bin into a single data point by integratin, w in K and compiling a weighted 

average q’. 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 

q2 value. The electron data compiled in this way is present.ed in Table VI. 

The last effect is that the muon data extends to lower q2 values thau does 

the 6’ and 10’ electron data. In order to make the comparison we have used 

the measured vale es of the .q2 ---) 0 1imi.t of u exp’ This is cYp(K), the total 

cross section for the production of hadrons in the interaction of real photons 
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with protons. K is the energy of the photon in the laboratory system. We 

used values of cYp(IQ from a fit to the photoproduction data from several 

labs 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 (T exp,p(q2, K, PJ > cexp, .(q2, K, P,J and ayp(K) are shown as 

functions of q2 for the various K intervals. It is obviods 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 points in each K bin. The only 

criterion for these fits was how closely they reproduced the input 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: 

p(q2,K,py) = o- , exp , p(q2*K’pp)/qexp, e, Fit(q2,K,PJ (38) 

at the q2, 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 6% systematic error, 

while the electron data is quoted with a & 5% systematic uncertainty. Thus the 

combined overall normalization uncertainty (excluding stat,istical errors) in 

the comparison is f 8% if the two uncertajnties are added in quadrature. 

13. Conventional Analysis 

We see from Fig. 17 that pillelrstjc is close to 1.00; if there is an effect A. L, 
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the two sets of measurements might cliffer. The most obvious possibility is 

that there is a relative normalization error between the experiments. To 

investigate this we have fit a-l.1 of the pinelastic points to a single parameter 

P* melastic =N2 where N2 is a constant. (I n order to eliminate any effect 

arising from distortion in the g 
yp’ cexp, e 

fit we have also made a single 

parameter fit to the ratio of the electron data ,points of Table VI to the fit. The 

result we present for N2 is actually the ratio of Ni from the muon points to 

Nt 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 

pinelastic(q2, K, 12 GeV/c) = N2 = ,917 * .024 (39) 

with X 2 = 42.1 for 43 degrees of freedom. The error is stat.istical only. To 

this must be added the i 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, p inelasti. is consistent 

with 1.06. 

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 I1.R 

and III, the leptons can be assigned the inelastic form factor Gi(q2,K) and the 

elastic form factor G1(q2). 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 Gi(q2=0, K=O) = 1.0, and that G1! (q2=O) = 1.0. 

To simplify the analysis we assume that the inelastic form factor 

G;(s2,1q = I/[1 + 1q21/Ai2] . (40) 
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Thus we take G;! to be independent of K or to have already averaged over K. 

Ai is not necessarily the same as AI in Eq. (15). (The parameters 

associated with inelastic scattering are primed to distinguish them from 

the analogous elastic parameters.) We may also take Ai to be an inverse 

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

I I cl2 s namely for q2 I I CC nlf we may use the nonrelativistic interpretation of 

Eq- (16) 

Ai = 6/<rf’> . 

Then 

Phelasticfq2*K* 12 GeV/c) = cexp ,(S2,K, Pp)/cexp, ,(q2,K, Pp) , 

(1+ lq21/Ay 
= (1+ 1”21/*f)-2 * (41% 

To order 1q21 Eq. (41a) becomes 

P- melastic(q2,K, 12 GeV/c) = l/ [l+ Iq21/A$-J2 Plb) 

where 

In the nonrelativistic limit 

(42) 

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

“2 
%I = .049 h .012 (GeV/c) -2 

(43) 

with X 2 = 44.3 for 43 degrees of freedom. 

- 55 - 



Because this comparison used data from two different experiments one 

might insert another parameter, N ,2 , to allow for a normalization difference. 

Generalizing Eq. (41b) 

O~elastic(q2’ K, 12 GeV/c) = Nf2/[l+ 1q21/11g] 2 . (44) 

Fitting to this form we find: 

N12 = ,946h .042, hg” = .021 k .021 (GeV/c) -2 
(45) 

with X 2 = 41.1 for 42 degrees of freedom. 

These statistical errors are somewhat misleading because they are cor- 

related. A more accurate description is given by Fig. 18. This 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 muon-proton inelastic cross section falls off very 

slightly faster with lq21 than the electron cross section, but that this Iq21 vari- 

ation is not statistically significant. And once again, given the size of the 

systematic uncertainty it is quite possible that N ?- - 1 and A; -2 = 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 authors to two conclusions. First, there is no 

statistically sjgnificant 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 Al. With 97.7% confidence 

A$ > 4.1 (GcV/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 

(rf>- (rt> < (1.2 X lo-l4 cm)2 . 

All of the foregoing analysis is based on the assumption that Gi is a func- 

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

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

P inelastic(q2,K, 12 GeV/c) = (C + DIQ2 , (46) 

the best fit was 

C = .960 zt .017 D = .OOO zt .003 (GeV/c) -’ . 

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

conclude that there is no point in making Gi 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 2,3 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(q2) = 2.79 GE(q2) in the Rosenbluth formula (Eq. (12)). If the lepton is 

assigned the elastic form factor GI(q2), the combination [G&(q2) Gn(q2d can 

then be extracted from the differential cross section (dc/dfI)lp 
, 

elastic . 
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In analogy to pinelastic we define 

P elastictq2) 

ZZ G; (s2)-$ (s2) (47) 

The values of pelastic from the experiments of Camilleri et al., 2 are shown -- 

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

fit, p elastic(ga) = 2, gives 

N2 = .922* -013 (48) 

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

imental normalization correction term N2, they also fit their data with 

P elastic(q2) = @+qc12,Z * 
D 

(49) 

Camillcri et al. give as a best fit -- 

N2 = .953 f ,033 ,064 * .056 (GeV/c)-2 . (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 

A, > 2.4GeY/c . (51) 

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

differ cnt, manner . These authors presented results for Eq. (49) witch N2 set 
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at 1.0 and also with J? set at .80. For N2=1. 0, Ai2=0. 1’72 -I .033 (GeV/c)-2 

with a X2=17 for 9 degrees of freedom. Dropping one bad point the fit be- 

comes N2=1, h -2 
D =. 009&. 032 (GeV/c) with a X2=3. 6 for 8 degrees of freedom. 

Finally for N2=! 80, AL2= O& .033 (GeV/c)-2. And based on the first N2=1 fit, ‘. 

A D > 2.04 GeV/c with 95% confidence. 

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

ments. Neither experiment gives statistical evidence of a q2 variation, while 

both p inelastic and pelastic are on the average less than 1.0. But, as we have 

already noted, there is no required relationship between the pair of param- 

eters N’ , At D, and the pair N, A,. And, once again, 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 ex1~eriment.s which explicitly measure the difference 

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

tive to the individual lepton form factors and can be compared to theoretical 

calculations. These yield values of either .4P or Ae. Principle among them 

is the muon g-2 experiment. 
24 

As discussed in Section 1I.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 theory due to the inclusion of the 
P 

form factor of Eq. (15a) at each real muon vertex has been calculated. 19 

The modification may be expressed as multiplication of aP by the factor 

1 - (4/3) (m@;2) 

Then with 95% confidence 24 

(52) 

Ag > 7.0 GcV/c . (53) 
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We note that while lepton-proton inelastic and elastic scattering involves only 

spacelike values 

like and timeliks 

Restrictions 

of Y2, the calculation of the limit on A: involves both space- 

values of q2. 

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

obtained43’ 44’ 45 by studying the electron-position colliding beam process 

-I- 
e- -t e -+p-+p+ . (5% 

We find that the result of V. Alles Borelli et al. 
43 

-- gives approximately the 

restriction 

Ai > 6.0 GeV/c. (55) 

with 95% confidence. Here the form factor of Eq. (15a) has been used. The 

superscript c on A.c 
P 

indicates that this is a colliding beam measurement. 

Thus the 0‘ 
% 

experiment and the colliding beCam experimect, 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; from A;, if we m<ake an assumption about 

the limits on AL . We assume that 11~ is the same as flee, where Ace is the 

A parameter obtained by applying the form factor of Eq. (15a) to electron- 

electron elastic scattering, 
- - 

e +e -+e--f-e- . (56) 

We distinguish Ace from A e , the A parameter measured in electron-proton 

elastic scattering, because Ae might show the effect of an unknown electron- 

hadron interaction. 

The most restrictive limit on Ace comes from the measurement 4G of 

electron-clcct.ron elastic scattering in electron-cl.ectron storage rings. 

Co:n~~zriaon of the e>:perim cnt.l.1 1‘c’i:i.i. , It with t?:fl bT&!ial: cross section, 
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modified by the inclusion of the form factors of Ey. (15a) at both lepton 

vertices, gives: A -2 
ee --0.022kO.025 (GeV/c)-2. If we insist that Ai”, be 

greater than zero, as the charge radius interpretation of Ey. (16) would 

require; we find 

A ee > 6.1 (GeV/c) (57) 

with 95Yc confidence. Combining this result with our result for A; we find 

A; > 3.2 GeV/c (58) 

with 95% confidence. 
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VIII. SPECULATIONS 

In our inelastic experi.ment and in the two elastic experiments, there are 

2 no statistically significant indications of any y dependent differences between 

the muon and the proton. l3ut, 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 direction for futllre 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-proton 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 l/ [I+ fq21//\j. Instead we would 

use a form which gives a roughly q2 independent difference between the muon 

and electron cross sections in the q2 range covered by the experiments. We 

wou1.d of course also require G&0)=1. A simple example of such a model is 

one in which the electron is indeed a point Dirac particle so that Ge(q2)=1, 

and 

a, = (l-b) + b/ (1 -b lq21/‘A;) 

(59) 
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Then in the scattering experiments as 1q21 increases 

P helastic(q2’ K, = Pelastic(q2) + (1-b)2 . 

l&o 

Thus at high values of [q21 only a “normalization difference” would be observed. - 

The form factor of Eq. (59) could come from the following model. Take the 

muon to have (l-b) of its electric charge concentrated in a point and b of its 

electric charge spread out in a halo of radius (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 this 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 al. 24 
-- imposes a limit on the parameters b and 

Ap from Eq. 58. The g-2 experiment is essentially a lowlq21 measurement, 

if we approximate Eqs. (59) and (15a) in this limit we find 

So, by Eq. (53) 

b/A: < .02 with 95% confidenqe . 

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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ta2q c 1 where: 

1-P inelastic = 1 - ‘elastic z 2blq2i/n; < . 04/q2/ 

with 95$% confidence. For lq21values 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. 
n 

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

An example of such an expression is 

h the limit (q2j2/At >>l, this form gives 

G#i2) --+ 1 - bg 

and 
(1 - b )2 

P* =P elastic 
--+ 

melastic 
(1 - bej2 

G&q') = 1 -b + b/(l+(q2)2/A;) . (60) 

. (61) 

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

to this form assuming be=0 and 

bp= .062rt.O32 AB4= 3.2&3.9(GeV/c) -4 
/JJ 

with X 2 = 45.8 for 42 degrees of freedom. Equation (60) with the parameters 

given above is consi.stent with the g 
P 

ex-periment 24 which led to the limit on 

A: given in Eq. (52). It is similarly consistent with the e+ -t e---+p,*-tp- 

experiment43 which led to the limit on AZ 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 e‘xplain 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- --) pe + I-L- cross section. 

As shown in Fig. 20, we assume that the special muon-hadron interac- 

tion is mediated by a neutral particle X with mass 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 regarded only as very 

crude measures of the strength of the coupling of the virtual photon or the 

X particle to hadrons. r Muon-proton inelastic scattermg would take place 

through the sum of the two diagrams in Fig. 20. The second diagram would 

result in a difference between muon-proton and electron-proton inelastic 

cross sections, because only the first diagram would enter in electron-proton 

inelastic scattering. Then, to lowest order in the coupling constants, 

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

form gives 

(f/e)(gxh/gYh) = -.055 h .031 and MC = .184 & ,443 (GeV/c2)2 

(63) 
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with X 2 = 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 Eq. (63) would then 

just illustrate one of the simplest cases. In particular we do not mean to 

suggest that some undiscovered haclron of mass Mx is required for a special 

muon-hadron interaction. 

A conventional speculation 21,22 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 different kinds of hadrons with 

the muon. To estimate the present experimental limits on f, the coupling of 

the muon to the hadron X, we take (g xh/gYh)z to be the ratio of a typical 

hadron-hadron total cross section (30 mb) to the photon-proton total cross 

section (0.12 mb) . Our muon-proton inelastic scattering measurements 

indicate b to be approximately .05. TLen 

f/e z. 05/4250 = l/300 . (6% 

Thus in this “X==hadron” model, the coupling of the muon to the hadrons is 

much \\reaker 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 electromagnetic experiments because the 

enhancement factor (g xh/gyh) will not be available. 

As an example, we consider the effect of this “X-hadron” model on g . 
P 

The inclusion of X exchange in the gP calculation produces a modificatjon 
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given by Kobzarev and Okun 
21 as 

f2 2 !5L$ - 
gP ( > Mfi 

mP 

which combined with the results of Picasso et al. 
24 

-- gives 

f2 - = (2.5 6 2.9) x low4 (GeV/c2)-2 

or 

f2 - < 8.3x10 -4 (GeV/c2)-2- 

with 95% confidence. Taking IN: from Eq. (63) yields the limit 

f/e < .15 . (66) 

Equation (66) gives an upper limit to f/e which is much larger than the specu- 

lative estimate given in Eq. (64). The precision of the gp experiment would 

have to be improved by at least a factor of 1000 to test the estimate given in 

Eq. (64). igot only is this precision unobtailiable with present experimental 

methods, but an effect of this very small size will be completely obscured by 

the expected strong interaction contribution 11 tog . Similar remarks hold 
P 

for the contribution of the ‘IX-hadron” model to the process e’ -F e- -+ p+ + ~1~ . 

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 weak interactions. The contrary position can also be taken. 

There is a special electron-hadron int.eraction and the muon is the conventional 

charged lCptOJ1. The same analysis can then be pursued. The only difference 
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is that the effect of the llX-hadronl’ 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 sections is not as good as we might hope for. A curious 8%, 

possibly systematic “normalization error”, has persisted through three exTer- 

iments and must yet be resolved. The results of this investigation seem to ) 

indicat,e that future experimenters might best seek to answer t,he question of 

muon-electron scattering differences by making high precision measurements 

at moderate values of lq21; rather than going to as high a 1q21 as 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% diffcrcncc will be unqucst.ionably significant. 
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VII. 

LIST OF TABLES 

Summary 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. d2c/dq2dK 

is the measured differential cross section. (T 
exw 

is the “virtual photon- 

proton total cross section”. Cross sections are given as function of q2, 

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= (q21/(2nIv) = l/u is evaluated at the bin 

centar . vW2 is the inelastic structure function, computed from u 
exp 

(assuming (r /(3- S T = .18) and kinematic quantities at the bin centers. 

ARAD is the percentage subtracted from the raw data for radiative cor- 

rection. E is the ratio of longitltdinal to transverse virtual photon fluxes 

evaluated at the bin center kinematics. All quantities are defined in the 

text. 

The values of 0 exp, ev12¶ KY Pp) combined and extrapolated, as described 

in the text, from the data of Ref. 37. The lq21 =O points are from a fit 

to the photon total hadronic cross sections of Refs. 40, 41, and 42. The 

errors on these points have been increased to & 6% to allow for relative 

normalization errors. 

P inrlasti~(q2,K, 12 GeV/c) versus K and q2. pinelastic(q2,K, 12 GeV/c) 

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

ocx13 Jq2, If;, pee), to 3 fit to the elclctro9 and photon cross sections of 
‘ > 

Table VI. 



Property 

Intrinsic spin 

Statistics 
Fundamental equation 

Structure 

Interact through the 
strong interactions 

Interact through the 
electromagnetic interaction 

Magnitude of electric charge 

Sign of electric charge 

Gyromagnetic ratio 

Interact through the 
weak interactions 

Magnitude of weak inter- 
action coupling constant 

Associated neutr ino 

Mass (nleV/c2) 

If property is ’ 
different 

Muon Electron 

TABLE I 
Summary of the propert,ies of the muon and electron 

Comparison between 
muon and electron 

both l/2 

both Fermi-Dirac 

both Dirac equation 

both point particles 
(within present experi- 
mental precision as dis- 
cussed in this article) 

both no (within present 
experimental precision 
as discussed in the 
article) 

both yes 

same for both 

-both + or - , neither 0 

both given by quantum 
electrodynamics and 
particle’s mass 

both yes 

same for both 

yes but different 
neutrinos 

V e 



TABLE II 

Distance from 
Position Target 

A 
Sl : Momentum Slit 30 meters 

S2: Second Focus 65 meters 

F3: Third Focus 88 meters 

- 

Horizontal Plane Vertical Plane 

Magnification 
- 

1.08 

0.93 

0. 72 

Dispersion Magnification 

3.25 cm/% 4.1 

.45 cm/% 3.7 

.35 cm/% 3.4 



I 

TABLE III 

Chamber X 
Number tcml 

1 383.5 

2 470.0 

3 796.8 

4 890.8 

5 992.6 

6 1039.6 

7 1086.6 

8 1134.9 

1 Height 1 Width Number 
(cm) h-4 of Gaps 

71.1 

8G.4 

193.0 

204.5 

204.5 

204.5 

204.5 

204.5 

42.2 8 

49.5 8 

76.2 

88.9 

, l-06. 7 

106.7 

106.7 

106.7 

8 

4 

6 

6 

6 

6 



TABLE l-V 

Quantity 
- 

X2 fiducial 

I @y 1 

I +, I 

Magnification 
-- 

Limits 
-- - 

100 

3.5 mrad 

10.0 mrad 

.0138 L M L .0140 



TABLE V 

.3 - .4 494 

.4 - .6 1371 

.6 .6 - .B se9 

to .8 - 1.2 415 

1.5 1.2 - 1.6 131 

1.6 - 2.0 49 

2.0 - 3.0 36 

3.0 -4.0 2 

.J - .4 241 1 

.I - .6 6 

483. t 27. 

204. A 6.4 

93.6 * 4.0 

39.6 * 2.1 

13.6 f 1.6 

5.6 l 1.1 

2.2 l .36 

.ll l .13 

192. l 14.2 

109. * 4.4 

140.1* 7.7 .151 JO2 + .017 2.7 .933 

100.3a 3.2 .202 ,277 t ,009 2.3 .991 

82.1 * 3.5 .262 ,261 l ,012 1.4 .989 

64.0* 3.4 .337 .270* ,014 .5 .SSG 

42.0t 4.8 .415 .213+.025 - .3 .981 

29.3t 5.5 .477 .169i..2 - .7 .976 

19.lt 3.2 .559 .130t .022 - 1.5 .965 

4.0+ 2.9 .640 .031t .023 - .7 .947 

84.1s 6.2 

76.6i 3.1 

.065 .233 l .016 4.3 

.116 .273 t .Oll 3.3 

.97* 

.976 

1.5 .6 - .8 368 3 53.4 f 3.2 60.9 f 3.6 .157 .284 d .Oll 2.5 .9i3 

to .B - 1.2 312 5 24.1 l 1.9 46.2t 3.6 .210 .280i .m2 1.1) .96R 

2.5 1.2 - 1.6 129 1 13.0 * 1.3 43.1a 4.2 .272 .329 t .032 .9 .961 

- 1.6 - 2.0 31 1 4.0 l .s 21.0a 4.7 .324 ,167t .012 .B ,953 

2.0 - 3.0 21 0 1.4 z? .32 13.2t 3.1 .400 .143 d .033 .I .937 

3.0 -4.0 13 0 1.1 f .31 2O.ld 5.7 .463 .259t.O73 - .5 .912 

.3 - .4 145 

.4 - .6 537 

2.5 .6 - .B 238 

to .8 - 1.2 213 

3.5 1.2 - 1.6 76 

1.6 -2.0 43 

2.0 -3.0 29 

3.0 -4.0 4 

98.7 f 10.3 

66.9 t 3.6 

33.6 f 2.6 

16.7 * 1.4 

1.8 * 1.1 

5.9 f .9 

2.0 * .4 

.a36f .78 

6G.Ot 6.9 ,059 

69.2 l 3.7 .082 

52.2t 4.0 .lll 

46.2t 3.4 .I51 

31.2t 4.5 .199 

35.4 t 5.6 .242 

21.0a 4.1 .306 

.37 l 8.0 .303 

,196 l ,019 6.1 .362 

,268 + ,014 4.6 .949 

.271* .021 3.9 .944 

.320t ,023 3.0 .937 

.281 f .040 2.5 .926 

.3Ll1t ,060 1.6 .915 

,281 l .055 1.6 .a94 

.owa.131 - 6.9 .860 

.25 - .4 399 2 121. * 1.5 98.4 f 6.1 .039 .266t .016 6.0 .soo 

.4 - .6 443 5 37.7 t 2.2 55.9 l 3.3 .059 .225t.013 6.5 .R94 

3.5 .6 - .8 230 3 22.4 t 2.0 50.6 d 4.4 .081 .276 i .024 5.4 .8S7 

to .8 - 1.2 193 3 11.3 * 1.2 36.6 * 4.0 .lll .2t39* .030 4.6 .8X 

5.0 1.2 - 1.6 74 2 5.3 l 1.1 26.5 t 6.1 .149 .260i .060 4.2 .862 

1.6 - 2.0 35 0 3.6 l .6 28.1 l 5.1 .I84 .344t .Osl 3.6 .846 

2.0 - 2.6 21 0 1.6 l .4 20.1 t 4.6 .224 .290a .osl 3.4 .625 

2.6 - 3.4 13 0 1.0 * .3 li.2 l 5.0 .273 .297* .087 3.0 .794 

.I - .2 427 10 125. t 11.9 76.8 t 1.3 .013 .c9di .oc9 15.6 .790 

.2 - .4. 936 4 48.6 * 2.2 61.0 t 2.7 .026 .152+.0@7 12.1 .I82 

5.0 .4 - .6 327 0 23.2 l 1.5 52.5 t 3.3 .043 .213 t .013 9.4 .I72 

to .6 - .8 170 1 14.6 f 1.4 49.5 l 4.7 .059 .275t.026 7.9 .I62 

7.0 .fl - 1.2 138 1 ‘1.1 l .B 39.1 * 4.2 .082 .301* .a32 7.3 .746 

1.2 - 1.6 55 3 3.1 I .8 23.3 l 6.4 .111 .241 t .066 7.3 .I23 

1.6 - 2.0 21 0 2.1 t .5 22.5 l 5.3 .I36 .ZBlt .068 6.5 . TOO 

.l - .2 266 4. 89. l 9.4 61.3 d 6.5 .OlO .lOl * .Oll 21.5 ,625 

1.0 .2 - .I 412 4 29.9 EI 2.4 54.7 l 4.3 .020 .I34 l .Oll 18.5 .615 

to .4 - .6 120 1 14.6 * I.8 46.4 l 5.8 .a34 .1fJc* .023 14.4 .601 

6.3 .6 - .8 61 0 lO.fi i 1.6 49.3 f 7.4 .@I6 .212 l ,011 11.4 .567 

.8 - 1.0 30 1 5.6 * 1.9 ?3.8 t 11.6 .O% .236* .051 12.1 .Si3 

1926Cl3 
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1. Elastic scattering one photon exchange diagram. 

2. The one photon exchange diagram for muon-proton: inelastic scattering. 

The kinematic quantities are for the laboratory system. q is the four- 

momentum of the virtual photon. 

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

scattering. 

4. Experiment apparatus. 

5. Layout of the muon beam and experimental apparatus. 

6. Vertical beam profile at the liquid hydrogen target. 

7. Horizontal beam profile at the liquid hydrogen target. 

8. Measured beam angular profile in the vertical plane. 

9. Measured beam angular profile in the horizontal plane. 

10. Schematic diagram of the trigger counter arrangement. Bz indicates 

the direction of the magnetic field in the large magnet. 

11. Distribution of events versus distance of closest approach to the nominal 

beam line within the hydrogen target. The distributions are given in 

a) for target full and in b) for target empty. No cuts have been applied 

aside from the “good measurement” requirements. 

12. Map of the kinematic plane. The figure shows the relationship between 

variables’ I<, q2, 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 acceptance for the A2B2Cl trigger 

configuration. 

13. Geometrical efficiency versus scat.tcring angle for three scattered 

muon momenta (for the A2332Cl trigger configuralj.on) . 



14. Diagrams involved in the radiative corrections. 

15. v W2 values for the data of Table V, plotted versus x= 1 q21/(2Mv) = l/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 1 

value of lq21 in that K bin. 

16. 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 dat,a to which jt i.s compared. The 6’ and 10’ 

measurements of Ref. 37 form a closely spaced 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 clots. 

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

Ue-p ,(q2, K,pp) denoted by a solid circl.e, o-exp e(q2,K,pp) denoted by 
‘1 , , 

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

are defined in the text. o- exl! ,(q2, K, pi) is extrapolated from the data 
, ’ 

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

gives the values of pinelastic(q2, K) = u exp ~,(q2,1(,P~):Oexp,e(q2,K,P~)’ , 
The errors of (r were set at -+ 6%. In most cases t.he errors in 

YP 
o- 

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

statistical errors. 

18. Contour plots for the pnramet,ers Nf2 and A&” obtained by fitting the 

experimental values of the ratio pinelasti.(q 2 , K, 12 GeV/c) to the equa- 

tion Pinelastic (q2, K, 12 GeV/c) = Nr2/(l. O-I- Iq21/A$2. The inner 

elipse represents one standard deviation and the outer elipse represents 

two standard deviations in the fit. The rt 8% systematic error is not 

incluc?ecl, it,s effect is to aI.IoT.v tile 1x1’ 2 scaln lo bc shifted up and C:,OXX by 

an amount as large as 0.08. 



19. The values of p elasti.(q2), as defined in the text, versus 1q21 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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