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High Energy Muon Scatterinas at Fermilab/Serpukhov

I. Introduction

Exactly two decades ago, Panofsky and his collaborators started
to do inelastic scattering experiment with high energy e]ectrons.(l)
The first result on the electroproduction of (33) resonance is shown
in Figure 1.(2) Theoretical work on this subject was done by Dalitz
and Yennie, (3) and by Fubini, Nambu, and Wataghin.

The most important development after these pioneer works has been
the discovery of the Bjorken scaling at SLAC by a MIT-SLAC collabora-
tion. (5.6) It has initiated a tremendous amount of activities, both
experimentaT(y) and theoretica1,(8) on the study of the so called "deep

inelastic scattering" phenomena.

It is apparently true that the most pressing question in high energy
physics is still "what is the nucleon made of"? Traditionally, experiments
with high energy electrons can always provide good, if still incomplete,
answers to this difficult problem. Because of the lack of an expensive
electron accelerator in the multi-hundred GeV range, it is natural to con-
tinue the study with high energy muons at Fermilab. The muon is capable of
producing virtual photons, which probe the target nucleons, exactly as the
electron does. Even though the beam intensity is much lower and phase space
bigger, very interesting physics can still be done successfully with a muon

beam of modest intensity in kinematical regions unexplored before.

Two muon scattering experiments were carried out at Fermilab: one is
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on the test of Bjorken scaling with an iron target; and the other on
the muon scatterings from a liquid hydrogen/deuterium target. In the
following sections, their results will be presented in turn after a
brief description of the Fermilab muon beam. Then the results from a
lower energy experiment performed at Serpukhov, U.S.5.R., on the study
of parity violation effects in deep inelastic uN scatterings, will be

reported.

The Muon Beam at Fermilab

The schematic layout of the muon beam at Fermilab is shown in Figure
2. Its beam optics is shown in Figure 3. The pions and kaons produced
at the production target are first focused by a quadrupole triplet. The
decay muons are focused by three quadrupole doublets onto the experimental
target. At the intermediate focal point, approximately 40' of CH2 is in-

serted in the beamline to remove the hadrons from the muon beam.

The yield of positive muons on target is approximately 10-7 per inci-
dent primary proton. For negative muons, the yield is about a factor of
three lower. The muon intensity becomes optimum when its operating energy
is approximately half that of the primary protons. For most of the experi-
mental runs, the useful positive muon intensity was ~106 per pulse. The
momentum acceptance of the muon beam is typically :2.5%. Since the pion de-
cay can only give a transverse momentum of 30 MeV/c, most of the muons are
concentrated in the forward direction, and confined in an area of ~5" in
diameter at the target position. The halo was feared, but it has not con-

stituted a problem to the experiments at the present level of beam intensity.



ITI. Test of Bjorken Scaling

In a high energy muon scattering éxperiment, conducted by a Cornell-
Michigan State-Berkeley-La Jolla collaboration, (%) the scale invariance
is directly tested by a ratio method which compares the muon scattering
cross sections from an iron target at two different incident muon energies.
The principle of this experiment can be easily understood by parametrizing

the muon scattering cross section at small angles as

2 2 (Wip)
d _ 4 vi2 2
== = 77 [1-y+y 7201 + R},
dxdy ZM Xy
2 5
where v = E-E', x = s Y = -:i—, and R = — . The symbols are defined
2Mv E t

2

as: E, the incident muon energy; E', the scattered muon energy; q°, the 4-

momentum transfer squared; M, the nucleon mass; o and Ty the longitudinal
1
and transverse virtual photoproduction cross section as defined by Hand.( 0)

If the following scale transformation is made:

E »aE (change the incident energy by a factor of ),

E' - AE' (change the magnetic spectrometer setting by a factor of 2),
1

5 - ! 8 (change the target-spectrometer distance by a factor of\?fr).
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Then one will have v > Av, q2 -+ qu, but » remains unchanged. The
ratio of the cross sections at two different incident muon energies, de-

fined by

ds
2y _ [E dxdy]E
)—‘— D

d*o
[E gxdy e

AEo

r{w,q

2

will remain constant at all values of w and q2 if the Bjorken scale in-

variance continues to be valid.

The experimental apparatus is shown in Figure 4. The spectrometer
is made mainly of magnetized iron toroids and wire spark chambers. The
kinematical region it can cover is shown in Figure 5. The measurements
were done at incident muon energies of 150 GeV and 56 GeV (1 = 8/3). The
target was also scaled, 622 gm/cm2 at 150 GeV and 233 gm/cm2 at 56 GeV,

to give equal counting rate per incident muon.

(A} Experimental Results on Scaling

The values of r(m,qz), measured with 1.5 X 109 u" at 150 GeV and
4 X 109 p+ at 56 GeV, is shown in Figure 6. The result had been correct-
ed for experimental non-scaling effects such as (1) different radial dis-
tributions of the beam, (2) inexact scaling of spectrometer resolution

and acceptance, and (3) radiative corrections.

The obvious conclusion one can draw from these results is that

scale non-invariance has been observed.
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(B) Comparison with a Monte Carlo Calculation

The same collaboration also compared their measured cross sections
with a scale-invariant Monte Carlo calculation, using the vwz function
measured at SLAC as input. The iron target was treated as a collection
of nucleons in Fermi motion. A variety of experimental effects, such as
radiative corrections, multiple Coulomb scatterings, ue scatterings, muon
bremsstrahlung, muon energy loss in the magnetized iron toroid, miss-mea-
surements by wire chambers, etc., were all folded in. Ratios of observed
to simulated event rates are shown in Figure 7. These plots indicate a
distinctive feature that the devyiation from Bjorken scaling as a function
of qz has a negative slope at values of w Tess than 5; and this slope be-
comes positive at values of » greater than 5. This phenomenon seems to

1)

be in accord with the prediction of Tung, using conventional field
theory and also asymptotic freedom theory with anomalous dimensions. This
particular calculation says that at large values of w, vwz should first
rise and then fall as q2 increases; at values of w less than 5, vwz should

. 2 .
continue to decrease as q increases.

Yector-dominance models or generalized vector-dominance models also

. . ] 2 (12,13,14)
predicted the increase of vwz with q .

15)

In the parton model of Drell and Chanowitz( the scaTling violation

is exhibited through the introduction of a parton form factor.

Now we are facing a very interesting situation. The scale invariance

16)

is totally violated in the time-like region.( In the space-like region,
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this muon experiment at Fermilab indicated a violation of Bjorken 'scaling
at a level of only less than ~30%. This fact alone should provide enough

incentives to continue the study at higher energies,

Muon Scatterings from Hydrogen and Deuterium

The experiment on muon scatterings from a 1iquid hydrogen or deuterium
target was carried out at Fermilab by a Chicago-Harvard -I11inois-Oxford

17)

co]laboration.( The aim of the experiment is to measure the inclusive
muon cross sections for the evaluation of nucleon structure functions, and
also the hadron distributions in muc-production. As the result of the ex-
periment is not yet available, we will briefly describe first the apparatus,

and then the analysis problem and the preliminary results.

A. The Experimental Apparatus

The central element of the spectrometer is a large volume magnet, the
Chicago CycIotroﬁ, on which the (33} resonance was discovered.(18) The
layout of the spectrometer js shown in Figure 8. The incoming muon beam
was first measured, befare and after a tagging magnet, by Six sets of scin-
tillation hodoscopes and beam chambers before it reached the Tiquid target.
The unscattered muon beam was vetoed by a scintillation hodoscope {N) down-
stream of the Cyclotreon magnet and apparatus. The halo muons was vetoed by
a large size scintitlation hodoscope in front of the target. There were
two banks of horizontal and vertical scintillation hodoscopes (G and H) in-
stalled before an 8' thick steel hadron absorber: and two more banks (M and

M') behind the absorber. The scattered muon was recognized by its unique

ability to penetrate the 8' thick steel shield, and by its changing of
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directions from the beam. The master trigger of the experiment was
defined by the requirement of the logic: Beam * Halo * (G.OR.H) *
(M.OR.M') * N. It meant: There was an incident muon, the halo counter
was not set, G or H fired, M or M' fired, and the downstream beam veto
N was not set. For a typical 150 GeV run, the trigger rate was -8 per

pulse, with a random coincidence rate of ~15%.

The Tiquid target was contained in a flask, 48" long and 7" in dia-
meter. Upon occurence of a trigger, all detector information was strobed
into an on-line XDS z-3 computer and logged onto magnetic tapes. There
were on-line programs for equipment monitoring, but no atfempt was made

to do on-line physics analysis.

B. Data Analysis

In the off-1ine data analysis, pattern recognitions were first done
separately for tracks in the beam MWPC's, tracks in the Jm X Tm MWPC's
between the target and the Cyclotron magnet, and the tracks in the wire
spark chambers downstream of the Cyclotron magnet. These tracks were then
masked by the scintillation hodoscopes to filter out the out-of-time ones,
particularly those stale tracks found in the wire spark chambers. A typical
muon scattering event is shown in Figure 9. The momentum determination of
the beam was trivial. The muo-produced tracks were handied in the following
manner:

1. In the non-bending view, the tracks downstream and upstream of

the mdgnet were linked by demanding they should have the same

slope and intercept at the middle of the magnet.
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2. In the bending view, the tracks were linked by demanding

that they should have the same impact parameter with re-

spect to the center of the Cyclotron magnet.

Once the track was found, the momentum was then calculated with

a2 hard-edged field distribution and an appropriate effective radius.

The acceptance of the scattered muon can be calculated in a variety
of ways. One way to do it was to rotate the outgoing muon momentum vec-
tor around the incoming muon momentum vector. This whole cone was
tracked through the Cyclotron magnet and then the acceptance was deter-
mined by the sizes of the hodoscopes. This method automatically folds
in the radial distributions of the beam. Another way to do it was to do

a pre-calculation using Monte Carlo technique and then interpolate.

For the hadrons, the acceptance was calculated by assuming the in-
coming beam was the virtual photon. Then the acceptance can be calculated
easily by rotating the hadron momentum vector around the virtual photon
momentum vector. The boundary of the acceptance was determined by the

sizes of G and H hodoscopes.

Cross section for the scattered muons were calculated from the follow-

ing retation

d%s _ Nbin ¢
dg2dv N Np (aq? av) A




where

Nbin is the number of scattered muons accepted in a given

(AqZAv) bin.

Nu is the total number of incident muons.
s 2
NT is the number of target nucieons/cm .
Au is the acceptance of the scattered muons in the

(quﬂv) bin.

C is to allow for several corrections to the data. The
important ones were the radiative corrections, equip-

ment dead-time corrections, and counter efficiencies.

Cross sections for hadron distributions were evaluated in the same
manner. The only difference was that acceptances and corrections had

to be taken into account for both hadrons and the scattered muon.

C. Results on v@a

Data had been taken with 150 GeVY u+ on 1iquid hydrogen and liguid
deuterium; also with 100 GeV u+ on tiquid hydrogen. We present here the
preliminary result based on ~250,000 triggers of 150 GeV u+ on 1liquid
deuterium and also approximately the same amount of triggers of 150 GeV
u+ on liquid hydrogen. The kinematical region covered by this experiment
is shown in Figure 10. The number of scattered muon events found is
~60,000 on LD2 and ~30,000 on LH2; most of them are clustered around low

q2 and high v regions. In Figure 10, the shaded area contains a low number
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of counts which was not included yet in the results presented here.

2

The region of q“ values between 0 and 3 (GeV/c)2 and values of v

between 0 and 90 GeV was also excluded, because the beam veto (N)

made the acceptance negligible in this area.

The radiative corrections (12,20) were done by first calculating

a ratio defined by the following expression for proton,

0ine]astic
8y = _ - ]
U1ne1ast1c + 0P
radiated tail
and for deuterium,
inelastic
g
6R = .
inelastic Quasi D ?
radiated T tail T 9 tail
where U1ne1ast1c is the inelastic cross section calculated with the
. . . ? inelastic .
known uwz function together with its q“-dependence; 9padiated is the

inelastic cross section with the radiative corrections folded in;
Ugai1’ the calculated radiative tail from the uD elastic scattering
peak (2]); o%g??i, the calculated radiative tail from the quasi-elastic
peak of uD scatterings; and “zai]’ the calculated radiative tail from
elastic uP scatterings. The radiatively corrected cross section at
a given (qz,u) point was obtained simply by muitiplying the measured

cross section by the value of Sp evaluated at that point. The Fermi

22) 5. s
motion correction was not yet applied, (22) it is less than a few per-
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cent in the large « region we are mainly concerned with. The Glauber

correction (nuclear shadowing) is also negligible.

The result on vwz per nucleon is shown in Figures 11 through 13,
plotted against w and x respectively. Values of vw2 were extracted
with the assumption of R = o /o, = 0.18, and also with R = 0. Since
the N1 term contributed only ~10% in the large w region, different
assumptions of R does not change the result significantly. The rangé
of q2 values used in Figure 12 is given in Table 1. It is interesting
to notice the decrease of vw2 at large values of w (or small values of
x). There exist numerous theoretical models on the structure functions
of deep inelastic scatterings. A few of them in the Titerature seem
to be able to fit this new data without too much trouble. We will briefly
mention three interesting ones here.

(23)
In a model proposed by Kuti and Weisskopf , three valence quarks

together with an infinite sea of paired-partons were considered to be
confined inside the nucleon. The partons interact among themself through
neutral gluons. The interaction of the virtual photon with the valence
quarks is assumed to be of the Regge type; and the interaction with the
parton sea is of Pomeron type. Their predictions, as shown in Figure 14,

appear to be in reasonable agreement with what have been observed,

Another model, suggested by Altarelli, Cabibbo, Maiani, and Petronzio,(

is quite similar to that of Kuti and Weisskopf. The amusing difference is
that each of the constituent quarks, which made up the nucleon, is itself

a complex object, made of point-Tike partons and neutral gluons. The

24)
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calculation result, using a complicated SU(G)N®0(3) theory, also
indicated the observed decreasing feature of vwz at small values of

x as shown in Figure 15.

Other phenomenological models using Regge poles, Pomerons, and

fixed poles (25) can all yield the observed shape of v, (see Close

(26)

and Gunion). The detail can be found in K. Wilson's review.

A very interesting question, which many physicists certainly would
1ike to ask is, "why plot vw2 at the large w region where the q2 values
are small1?". As shown in Table I, the avérage q2 value at o = 200 is
about 1 (GeV/c)z; and at w = 100, q2 1s.ab0ut 2 (GeV/c)2 These q2
values are quite comparable to the well known MIT-SLAC data at w = 20.
The only way to reach higher q2 values in fhis large » region is to do
the experiment at muon energies above 150 GeV, and there is plan to do

s0 at Fermilab.

In Figure 16, the plot of uwz VS. q2 is shown for deuterium in the
deep inelastic region, v = 90 to 130 GeV. The rising portion of the plot
reflects the decreasing feature of vwz as o increases. The curve does
not start to show a sign of leveling off until q2 = 3 (GeV/c)z. It should
be noted that for all the new results presented here on sz from Fermilab,
no attempt was made to divide the measured quantity by a factor

2 2
G2 + ¢ G
E "M

1+
(27)
as it was done in the new electron scattering results from SLAC. In
the above expression, GE and GM are the elastic nucleon form factors, and

2
T = /oM.
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D. Results on Hadron Distributions

The final-state hadrons produced in the high-energy muon scatter-
ings certainly add a new dimension to the study of the deep-inelastic
scattering phenomena. It is the hope that the nucleon structure can
be understood through the study of the final states. However, as the
energy increases, the longitudinal phase volume increases rapidly and
the transverse distance only decreases slightly. Therefore it is not
very clear what exactly is going to happen. The important handle we
have in the muon scattering experiment is the q2. By comparing various

2

distributions at different ranges of q~, we may expect to find some

cTues of the nucleon structure.

The hadrons were measured by the wire chambers immediately before
and after the Cyclotron magnet. The muon-electron scattering events
were rejected by recognizing that there were only two oppositely-charged
coplanar tracks, and that the electron track was characterized by the
showers induced in the wire spark chambers behind a 3 r.1. steel radiator.
Since there were no further particle identification devices, all the
particles were assumed to be pions. The acceptance of each individual
hadron was calculated by rotating its momentum vector around that of the
virtual photon. Then attempt was made to evaluate the ratio of the hadronic
invariant cross-section to the total virtual photoproduction cross section

in a specified (qz,v) region, which is defined as following:

6
T E, dch _ 1 Ey do,

total  dp ° “total 't dp,> (do’dv)
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where Opq4a1 js the total virtual photoproduction cross section;
Ty the virtual photon flux factor. The physical meaning of the
above expression is that it represents the probability of producing
hadrons in the invariant phase volume d3;h/Eh per scattered muon.

The invariant cross section

is averaged over the azimuthal angle. Some of the commonly used single
particle, one-dimensional distributions are listed in Table II. From
the experimental results, the calculation was done according to the

following formula:

exp

Hadrons Eh dsc
i

:E: Tt \ar3(4d? Inel (.2
d3GY t \dp,(dq-dv) s (a7,v)

] -

g Eh +3
total dpy, _ z 1
w' Ty

dzc
dqdv
Radiativs]y

correcte
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where

inel . . R
sglnel - o » the inelastic radiative correction factor.
R ine]
Iradiated

In order to obtain reasonable statistics, the above expression was eval-
uated over fairly large-sized (qz,u) regions to study the q2—dependence.
There is one more complication due to radiative corrections. As shown in
Figs. 17(a) and 17(b}, the actual 4-momentum transfer is q', instead of
the apparent q when there was no radiative corrections. In general, a'
and a are along different directions as indicated in Figure 17(c). In
order to calculate the components of hadron momenta with respect to the
virtual photon direction correctly, the most probable angle 6++' has to

qq
be evaluated first. This was done according a method given by Tsai.(zo)

We have noticed that in the literatures, the radiative corrections were
not applied to most of the hadron electroproduction data. Usually the
ratio of the cross sections was simply the ratio of the number of hadrons
to the number of scattered muons without any radiative corrections.

Part of the results presented here were also done in that manner.

In the following sections, we try to present only a few single
hadron inclusive distributions. It is understood that the hadron invari-
ant cross sections had been averaged over the azimuthal angle. The dis-
tributions will be displayed over one variable at a time, and the un-used
variables will be integrated over the kinematically possible limits as

2
allowed by the specified (q ,v) region. A1l hadrons are assumed to be
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pions. At the very recent Erice Summer School, Richard Wilson of the
collaboration reported the preliminary results on muo-productions of
0% and o', F(x') distributions, and total photoabsorption cross sect-
ions at 105 and 115 GeV by extrapolation to the 1imit of q2 = 0.(28)
Because of time Timitations, I will not try to repeat them at this
Symposium. Rather than exhibiting a vakiety of curves, which may or

may not be of relevance, I try to focus on a few salient ones which,

I think, are interesting.

1. The PE-Distribution

The Rfedistributions for hadrons produced in up scatterings are
shown in Figure 18. It is to be noticed that the slope parameter used
in the exponential parametrization is smaller for hadrons having Targe

x' values, than those having small x' values.

2. The P_-Distribution

The component of hadron momentum normal to the muon scattering plane,
Pn, is not affected by the radiative corrections because the radiative
correction photons are either along the incident or the scattered muon
directions. The Pn-distribution is very similar to the "sphericity dist-
ribution", which was used in discovering the jets in ete” co]]isions.(zg)
Figure 19 shows the Pn—distribution in the deep inelastic region, v = 90
to 130 GeV, and q2 =1 to 10 (GeV/c)Z. The result indicated that there is
no jet structure. The average normal momentum is approximately 250 MeV/c,

which is consistent with the Rf-distribution shown before. They should

differ by a factor ofV 2.
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3. The Missing Mass Spectra and the t-Distributions

The missing mass of a single detected hadron can be easily com-
puted by considering the virtual photon as incident beam. The miss-
ing mass spectra for three different (qz,v) regions are shown in Fig-
ures 20 {a), (b), and {c}. The pronounced peak at missing mass value
of ~13 GeV¥, for v = 90 to 130 GeV, is quite outstanding. To some ex-
tent, the shape resembles the effective mass spectrum of (n-1) particles
of a n-particle final state (n > 4), calculated from phase space alone.
For Tower values of v (10 to 90 GeY), the v-dependence of the missing
mass spectrum can be seen from Figure 20 {a). In Figure 21, the corre-
lation between x“of the detected pion and its missing mass is shown.
The large missing mass is strongly connected with the detected hadrons

which have small values of x‘r

The t-distribution in one of the three different (qz,v) regions,
corresponding to the missing mass plots, is shown in Figure 22, Since
the virtual photons covered a wide range of q2 and v, the cross sections

are plotted against the difference |t-t l, rather than !tl, to adjust

min
for the kinematics differences. Otherwise, the tmin-effect of the "broad-
band" photon would make the distribution curved when do/dt is plotted
against t. It is to be noted that the t-distributions are exponential

bt, with b = 0.8. By comparing plots in

and they can be represented by e
different ranges of qz, it was observed consistently that the slope para-

meter b intends to decrease sTightly as q2 increases.
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In contrast to a real photon, a virtual photon cannot fragment by
itself because of its energy deficiency. As pointed out by Chou and
Yang,(so)the virtual photon must absorb first a fraction of the target
nucleon before it can materialize into real particles. These "pulveri-
zation" products move along the direction of the virtual photon with
x”> 0. The remaining part of the t&rget nucleon fragments in the usual
manner with x“< 0. This intuitive picture seems to be in accord with
what is shown in Figure 21. However, it is inconclusive. In the pre-
sent experiment, particles due to target fragmentation completely escaped

detection. Actions have been taken to add more detectors to the spec-

trometer to augment its physics capability in this aspect.

4. The Charge Ratio

The charge ratio, N+/N', for hadrons produced in yP scatterings at
150 GeY is shown in Figure 23. Only in the region of Tlarge x', was the

qz—dependence of the charge ratio being seen.

5. The x, -Distribution

ﬂ_

One of the x-distributions is shown in Figure 24. 1t was from the

data of 150 GeV uD scatterings, and in the deep inelastic region v = 90

2 2
to 130 GeV and q =1 to 10 (GeV/c) .

The qualitative conclusion one can draw from the above data is that,
in muoproductions at 150 GeV, the inclusive hadron distributions do not
show any strong qz—dependence. Detailed Study and comparisons with hadron

-hadron collisions will be published by the collaboration shortly.
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V. Search for Parity Non-Conservation Effects in Deep-Inelastic

uN Interactions

A 20 GeV/c muon experiment had been performed at Serpukhov,
U.S.S.R., on the parity-violation effects in deep inelastic uN

scatterings.

The experiment was designed to measure the interference between

the one-photon exchange amplitude in electromagnetic interactions,

1
4o <p' IYA|“> —— Jgadron
q

and the neutral current amplitude in weak interactions,

(u)
G .
& < u'|y, (1) |u » ghadron

V7

where Gg”) is a coupling constant to be measured. The cross section

) (32)
was estimated to be

2 2 (u)
d%o _{ d% -4 2f6G
1+S (3 to4)10 °
dqdv ( dqzdv) 1 H N0 g ( G/

E.M.

where Sp is the longitudinal muon polarization; and G, the Fermi coupl-

-5 2
ing constant (10 /Mp ).
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The experiment was done by keeping the momentum setting of the
negative muon beam 1line constant at 20 GeV/c. The muon helicity was
selected by changing the beam energy of the parent pions from 40 GeV
to 28 GeV every 5 accelerator cycles. As shown in Fig. 25, the muon
polarization was negative when the muon was selected from the back-
ward decay hemisphere of the pion; and positive, when selected from
the forward decay hemisphere. The muon polarization was monitored
from time to time by detecting the electrons from muon decay with a

shower counter. The experimental apparatus is shown in Fig. 26.

The experimental asymmetry, defined by

R ='°'(+) - U(") >
o(+) + of-)

is shown in Fig. 27; where o(+) is the cross section measured with

muons of positive helicity; and o(-), cross section measured with

10
muons of negative helicity. This measurement, using 10 muons, gave
null result on the asymmetry. And it yielded the following result

on the coupling constant
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q? Range for 150 GeV Deuterium Data

-29.

TABLE

I

< w w Range qz Range sz
(Gev/c) 2 (per nuclecn)

1.5 1-2 11 - 15 0.12
2.5 2-3 6 — 15 0.19
3.5 3-14 5-15 0.24
4.5 4 -5 4 - 15 0.27
6.0 5 7 3-15 0.31
8.0 7-9 3-15 0.33
10.0 9 - 11 3 - 15 0.33
12.5 11 - 14 3-15 0.34
17.0 14 20 3-11 0.34
27.5 20 - 35 3-9 0.31
40,0 35 ~ 45 3I-6 0.31
52.5 45 - 60 3-86 0.31
70.0 60 ~ 80 2 -4 0.29
100.0 80 - 120 1.4 - 3 0.25
140.0 120 160 1.0 - 2 0.24
200.0 160 240 0.8 - 1.4 0.21
320.0 240 400 0.6 - 1.0 0.21
500.0 400 - 600 0.3 - 0.5 0.18
800.0 600 - 1000 0.2 - 0.4 0.15




TABLE II
3
g=g 4 33
dp
Notation for Variable Definition
f
do P (or Pn) E dog
ae, + n 2B 4By
do P_f E dog
2 T 2
d 11 d ]E’L
do P" E d g
I®, m 4Py
pc
do il am
X T eetar— ]_ E d g
d Xy 1 P E T
mas
do 2, = P 1 E dg
d X L _om T cm
L P "2 P dX,
1 E+P 1 dg
%_E y = % In{ I T dy
b4 E-P
li
- 1
dgo £= Y~ Yrarget g g
d g - wly__~Y )
Ypax ~ Y ot max - target
do v 2 2 do
A e ERE I i
T t L st mE

Q
t




28
APPENDIX
KINEMATICS COF IEFP INELASTIC MUON SCATTERING
Variables:
E_ = Energy of incident muon (lab)
P_ = Momentum of incident muon (lab)
E' = Energy of scattered muon (lab)
P' = Momentum of scattered muon (lab)
8 = Angle of scattered muon {lab)
v = Energy loss of scattered muon (lab)
= 4-momentum transfer squared (q2 > 0)
W = Total mass of final hadron system
s =W
w = —2%11’- (Bjorken scaling variable)
g

X = -u]j (Feymman scaling variable)

MM = missing mass of single pion in virtual photoproduction

t = momentum transfer squared when single hadron is detected
in virtual photoproduction

P

i
P, = hadron momentum perpendicular to the direction of virtual photon

= hadron mamentum along the direction of virtual photon

=
Il

proton (neutron) mass
m = mion mass

m = pion mass

Formulae:

2
gq

2 (EE'-PP cose—mz}
o o u

W2=2M\>+M2-—q2

v=E_ - E

o)
m2=w2+m§—2Ew (v+M + 2P

/q2 + \)2

i
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-—q2+m2"'2E\)+2P 2 2
m

t = T I q__t_i
t.=—q2+m2—2EV+2P 1{:{2+v2
min 7 T T

2
pCM ) /A(Wz,mﬂ, M +mTr) )
max i

ﬂ(xry,z)=x2+y2+22-2xy-2yz-2zx

Cross Section and Structure Functions:

2

2 2
d o _ 24 P! o 2
wE - A B ]-(2 BE -3 W, @ v

+ (@ - Zmi) W, (a®, )

d20 T dzc

o = (E‘_"OE ) dnaE

2

d"o _ —

o = Tg log veog) = T Genea
a K E! 1 i

r, = — (=) = — (==7)

t 2ﬂ2 q2 EO (1 £) EOE

K = __iz-
1

2(q° + v3) tan” 0,2

1+
- /A

— T L 2
Gin = 2 EE' - PP’ - x)

K
W = o
1 41720 t
2
_ K q
W, = —5 57 (o +op)

417 g +v
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Bjorken Scaling Function {v + », q2 + o,  Finite):

2M Wl(v, q2) - Fl(w)

W, (vy q2) ~ F, (w}
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Figure Captions

Isometric plot of the inelastic electron scattering cross
sections vs. q2 and final state mass [Panofsky and Allton,

Phys. Rev. 110, 1155(1958)].

Schematic layout of the muon beam at Fermilab. This beam

was designed by T. Yamanouchi.

Schematic of the muon beam optics at Fermilab.

The experimental apparatus used in the test of Bjorken scaling
at Fermilab by the Cornell-Michigan State - LBL - La Jolla
collaboration. Shown are the configurations for experimentation

with 150 GeV (top) and 56 GeV (bottom) incident muons.

The kinematical region explored by the test of Bjorken scaling

experiment at Fermilab.

The experimental result of r(w,qz). Solid Tines are power-law
fits to data, drawn through all data and also bands of v = q2/2ME.
The effect of changing the spectrometer calibration by 1% is in-
dicated by the dashed Tine. df is the abbreviation of degrees of

freedom.

Ratio of observed to "Monte Carloed" event rate vs. q2 for eight

ranges of w.

The schematic layout of the muon-nucleon scattering spectrometer
at Fermilab. This spectrometer was built by a Chicago-Harvard-

IT11inois-0xford collaboration.
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Figure 9 A typical reconstructed muon scattering event. The data is
from 150 GeV u+ on a liquid deuterium target. The dotted

vertical lines indicate the scintillation counters which fired.

Figure 10 The kinematical region explored by the Chicago-Harvard-I1Tinois-
Oxford uP/uD scattering experiment. In the shaded area, there
were a number of counts of low statistics which were not included

in the results presented at this Symposium.

Figure 11 vwz of proton vs. w = 2Mu/q2. The solid curve is the recent SLAC
(27)

electron scattering resuilt .

Figure 12 vw2 of deuteron divided by 2 vs. w. The triangles are calculated

(27)

from the recent SLAC result.

Figure 13 vwz of deuteron divided by 2 vs. x = q2/2Mv. In this plot, all

data points have q2 > 1 (GeV/c)z.

Figure 14  Kuti-Weisskopf's model on vwé vs. x' = qZ/(q2+w2). Dashed Tine is
the best fit to SLAC data points using g = 1. The dash-dot-dot-dot

Tine is the sea contribution.

Figure 15 vwz by the model of Altarelli, Cabibbo, Maiani, and Petronzio. The
data points are from SLAC. The solid line represents the full
structure function. The dashed 1ine corresponds to omitting the

q§ pair contributions.

Figure 16 vw2 for deuteron divided by 2 vs. q2 in the deep inelastic region

v = 90 to 130 GeV.



Figure 17

Figure 18

Figure 19

Figure 20
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(a) When there is radiative corrections, the 4-momentum of
virtual photon, q', is determined by the unkown quantities,
E; and Eé- Es is the incident muon, and Ep the scattered
muon energy.

(b) When there is no radiative corrections, the 4-momentum of
the virtual photon, q, is uniquely determined by the momenta
of the incident and the scattered muon.

{c) The relationship between § and E'. The scattering plane is
the XZ-plane. In the framework of peaking approximations,

3' stays in the xz-plane.

Ri-distributions for pions produced in uP scatterings. x' is de-

fined as X' = ﬁfm/(Pﬁgxz - Pl?)]lz.

inciuded in this plot.

Radiative corrections was not

Pn-distribution of muo-produced pions from deuterium at 150 GeV.
Pn is the component of hadron momentum perpendicular to the muon
scattering plane. The plot is for data in the deep inelastic

region v = 90 to 130 GeV and q2 =1 to 10 (GeV/c)z.

Missing mass spectra of a single detected pion in virtual photo-
productions.

(a) v
(b} v
(c) v

2
2 . 3 to 15 (GeV/c) .

10 to 90 GeV, g

2
90 to 130 GeV, g2 = 0.3 to 1.0 (GeV/c)’.

90 to 130 GeV, g2 = 1 to 10 (GeV/c)2.



Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27
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The correlation between xl'of the detected single hadron and
its missing mass in virtual photoproductions for v = 90 to

2
130 GeV, and q2 = 0.3 to 1.0 (GeV/c) . The lengths of the

slashes indicate the relative population.

The t-distributions in virfua1 photoproductions for v = 90
to 130 GeV, and q2 =1 to 10 (GeV/c)z; where t is the squared
4-momentum difference between the incident virtual photon and
the detected pion, tmin is the value of t when the detected

pion is along the direction of the virtual photon.

The charge ratio, N+/N', of hadrons produced in 150 GeV P

scatterings.

ﬁrdistribution of hadrons produced in 150 GeV uD scatterings.

2

The (qz,v) range is v = 90 to 130 GeV, and q~ = 1 to 10 (GeV/c)z.

Principle of producing muon beams with different longitudinal
polarizations. S, is the muon polarization, (a) E, = 20 GeV,

E“(]) = 40 GeV. (b) E, = 20 GeV, Eﬂ(z) = 28 GeV.

Experimental apparatus for search for parity violation effects in
deep inelastic uN interactions at Serpukhov. T is a steel-calori-

meter target assembly; H4, H5, H6 are scattered muon detectors.

Experimental results on the asymmetry R vs. q2 for different incident
muon energies. A is the difference in longitudinal polarizations for

muons of opposite helicities.
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