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ABSTRACT 

THE POLARIZATION OF PROMPT MUONS 

Michael J. Lauterbach 

Yale University 1977 

This paper presents measurements of the polarization of muons 

produced very near the point of proton - nucleon interaction" The experiment 

utilized a 400 GeV proton beam available in the Proton Central area of 

Fermilab. Muons were produced by the interaction of these protons with a 

variable density copper target" Extrapolation to infinite target density 

allowed elilp.ination of contributions due to muons from meson decay" 

Measurements were made upon muons produced in the forward direction 

with energies near 185 GeV and upon muons produced with transverse 

momenta near 1. 9 Ge V / c and an energy of 54 Ge V" In the first case only the 

longitudinal polarization was measured: P = - 0" 01 ± 0"14. Under the 

second set of kinematic conditions both the longitudinal and transverse 

polarization were measured: PL = - 0.06 ± 0.16, PT = - 0"01± OJL 

These null measurements suggest that an electromagnetic process is the 

dominant mechanism for prompt muon production" The measurements 

also indicate an upper limit of Bµ ( n°) o-D0 + Bµ ( D+) crn+ <6. 7x10 8 

barns may be placed upon the production cross section for D particles. 
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1. - INTRODUCTION 

The first reports of prompt muon production1 - 3 and the first attempt 

3 
to measure their polarization were made many years ago. These experi-

men ts had limited obj actives and hence limited accomplishments~ In 

particular the measure;ments did not indicate the large discrepancy between 

the actual rate of production of muons very near the point of hadron - nucleon 

interactions and the rate which could be calculated on the basis of known 

processes. 
I 

More recent measurements of the production of prompt muons either 

at large transverse momentum 4• 5 or at low pt 6 . show that the flux of these 

particles is much higher than can be accounted for by the decay of vector 

mesons or by Dalitz decay of etas. 

It has been suggested that the anomalous portion of the prompt muon 

. 7 8 flux could be due to the weak decay of unknown particles • or to some 

electromagnetic production mechanism other than those listed above:- n, 

Since electromagnetic processes conserve parity, the m:uons produced 

by such a source have zero average polarization along their direction of 

flight. However, muons produced by weak decays of intermediate particles 

would be polarized~ If there are no kinematic constraints, then the 

expected muon polarization in the parent rest frame would be near 1. In 

special cases such as the two body decay of a spin zero meson into a muon 

and neutrino the expected polarization of the muon is - 1 in the rest frame 

of the parent. If the mass of the parent is large compared with that of a 
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muon and the production spectrum of the parent is sufficiently steep then 

the polarization in the lab frame would be nearly the same as the polarization 

in the rest frame of the parent. 

The importance of this topic to particle physics will only be known 

when the production processes of prompt muons are fully understood~ It 

has already been discovered that a small portion of the prompt muon flux is 

due to the leptonic decay of the J/ ~particle~ 12• 13 At this time it is still 

not known whether the large portion of prompt muons whose source remained 

unexplained -- even after the recent flurry of new particle discoveries --

comes from a production mechanism as deeply interesting as the J/ 1jl: 

The measurements discussed in this paper suggest that an electro -

magnetic process is responsible for the production of most prompt muons~ 

We believe that these observations and other measurements of the properties 

of prompt muons give us insight into the character of interactions between 

the constituents ( quarks ) of colliding nucleons. 
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2. - Production and decay of polarized muons 

2 .1 - Some production mechanisms for polarized muons 

It has been known for twenty years that various types of high energy 

interactions produce pofarized muons. For example, the longitudinal 

polarization ( component of the muon spin along its direction of flight ) 

of muons produced by cosmic rays was measured in order to determine the 

.14 energy spectrum of the parent pions 0 Measurements have also been made 

. . 3 15 16 17 18 at accelerators to observe the longitudinal ' ' and transverse ' 

polarization ( component of the muon spin perpendicular to its plane of 

production ) of muons in efforts to determine properties of their parent 

particles or characteristics of the decays of these particles. 

The production of longitudinally polarized muons via the decay of pions 

and kaons is well understood. A detailed discussion of this process is 

contained in Appendix 1. The decays of heavier mesons may also produce 

polarized muons. Let us consider a possible decay for a heavy spin zero 

meson, the D, into a kaon, muon, and neutrino. According to the helicity 

rule relativistic particles should be emitted left-handed ( spin anti - aligned 

to their direction of motion ) ~ Thus for n+ -+K0 
µ + v µ the neutrino will be 

produced left-handed and the µ+,,will be right-handed in the rest frame of the 

D. A Dalitz plot for this decay is shown in Fig. 10 

Point B and line A correspond to colinear emission of the neutrino 

and muon 0 The type of decay pictured for point B is suppressed since the 

spins of the muon and neutrino add to give a total angular momentum of 1. 

The conservation of angular momentum would be violated by such a decay. 
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However, for the type of decay pictured on line A, the spins of the muon 

and neutrino are in opposite directions so there is zero net angular momen -

tum. For non - colinear decay configurations, the conservation of total 

angular momentum must be accomplished through a cancellation of spin 

angular·momentum by orbital angular momentum. 

Note that the neutrino is always emitted with a longitudinal polariza -

tion of - I since it has velocity c. The helicity of the muon is not so 

tightly constrained as its velocity is not the speed of light and in fact need 

not necessarily be relativistic. However, examination of the Dalitz plot 

as a function of Tµ reveals that the decay configurations are heavily weighted 

towards those in which the muon has a kinetic energy much larger than its 

rest mass. Hence the great majority of muons emitted by this decay mode 

will have a velocity near c and a polarization of +l in the rest frame of the 

parent. Assuming that the Dis produced with a fairly steep energy 

spectrum, the net polarization of muons with any given energy in the lab 

frame will be nearly the same as in the rest frame of the parent~ A muon 

which is emitted in the rest frame of the D in a direction opposite the line 

of flight of the D may have a negative polarization in the laboratory~ How -

ever, for any particular muon laboratory energy there will be many more 

muons produced by forward decays ( from lower energy parents ) ~ Hence 

the average polarization observed in the lab for muons produced via this 

decay will be near +l. 
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2. 2 - Characteristics of muon decays 

For the decay µ +-+ e+vµ \Je the form of the positron spectrum is 
. 2 . 

d N · ' 2 3 
ex: A ( x ) ( 1 + P cos 9 ° B ( x ) ) where A ( x ) = 6x ... 4x • 

d c cos e > dx 

P is the average muon polarization. 9 is the angle between the positron 

momentum and the muon spin. x = (positron energy) I 53 MeV and 

B ( x ) = ( x - 1/2 ) I { 3 /2 - x ) •19 Using this definition. x may range 

from 0 to 1: Both A ( x ) and B { x ) take on their maximum values over this 

interval at x = 1. Note that the change in sign of B { x) at x = 1/2 

reflects the fact that positrons with 1/2 < x < 1 are more likely to be 

emitted near cos 9 = 1 while muons with 0 < x < 1/2 are more likely to be 

emitted near cos 9 = - 1. Thus high energy positrons are more likely to 

be emitted along the direction in which the muon spin is oriented~ 

Less information on muon polarization may be obtained from the 

decay µ- -+ e "/..i \i e ~ These muons lose their polarization as they enter 

atomic orbits 0 Also. the majority of negative muons stopping within the 

aluminum polarimeter used in our experiments are captured by nuclei before 

they can decay~ As noted in the "Data Analysis" section we use 18.5 for 

our ratio of (analyzing effectiveness for µ +) I {analyzing effectiveness 



3. - Apparatus 

3~1 - Target 

-6-

In order to measure the polarization of prompt muons, we must be 

able to distinguish between the polarization of muons from this source and 

the polarization of muons produced by meson decay. We accomplish this by 

using targets with different densities. Since relativistic mesons have long 

enough lifetimes to travel many interaction lengths. the probability that a 

meson will decay is inversely proportional to target density~ Thus, an 

extrapolation to infinite target density allows us to eliminate contributions 

from meson decay. 

Our most dense target consisted of 40 inches of solid. copper~ T,he 

second target contained 40 one inch thick blocks of copper with a one inch 

gap of air between each block~ The least dense target was 40 one inch 

thick blocks of copper with a two inch air gap between each.block. We 

label these targets according to their inverse densities : 1, 2, and 3 ~ 

Targets 1 and 2 were backed by 2 meters and 1 meter of aluminum, 

respectively, so that any of the three targets could be inserted into a three 

meter long space in the beam line without having any open drift space 

behind any targeC Each target had a surface perpendicular to the beam 

direction which V\a'3 L625" x 7~ 00". The three targets were stacked 

( Fig. 2 ) so that a change in target density could easily be accomplished 

by a vertical movement of the target assembly which aligned the proper 

target with the beam. Nine feet of steel was placed directly behind the 
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moveable target assembly to absorb any hadrons which leaked through 

the targets. 

3. 2 - Beam design 

This experiment was ·done in the Proton Central area of Fermilab ~ 

Protons with an energy of 400 GeV were delivered onto our target~ The 

muons produced there passed through 13 kg I cm 2 of material ( mostly 

steel ) in the area immediately downstream from the target. 

In measuring the polarization of muons observed at 45 milliradians, 

we required that each muon pass through a counter placed 60 meters from 

the target at an angle of 45 mr. from the proton beam direction ( Fig~ 3 ) ~ 

These muons then passed through 12 kg I cm2 of earth and two trigger 

counters before reaching the polarimeter~ The energy of muons stopping 

in the polarimeter was 54 ± 2 GeV~ Although the mean transverse momen -

tum of these muons was 2.4 GeV/c, their mean production transverse 

momentum was 1~9 GeV/c~ The additional transverse momentum was 

imparted to the muons by multiple Coulomb scattering in the target and 

material immediately downstream from the target~ The muon production 

angle in the center of momentum system of the colliding proton and 

0 nucleon was 58 • 

Measurement of the polarization of muons produced in the forward 

direction was accomplished in a somewhat different manner ( Fig~ 4 ) ~ 

Extra precautions needed to be taken since muons produced by interaction 

of the proton beam with any material upstream from the target couid simulate . 
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prompt muons produced in the forward direction. If these muons were 

allowed to pass down the beampipe and impinge on our target from the 

forward direction, then they would simulate promptly produced muons 

from our target since their intensity would change very little with target 

density~ In order to eliminate these muons from the proton beam, a 

. pitching magnet was placed 10 meters in front of the target~ This standard 

Fermi Lab Vernier Dipole Magnet applied a 4 mr ~ vertical pitch to protons 

and an 8 mr ~ pitch to muons~ This separated positive muons from the 

beam by 4 milliradians and negative muons from the beam by 12 milliradians ~ 

A test of this muon spoiler was made by inserting material into the beam 

upstream from the pitching magnet. The spoiler was determined to be 

effective in this test as well as in a test consisting of purposeful misalign-

ment of the beam to cause scraping of the protons on the wall of the beam -

pipe. 

Muons produced in the target passed through the material immediately 

behind the target and into a steel filled bending magnet 6 meters long~ This 

Fermi Lab Main Ring Magnet Type B - 2 deflected muons by 22 mr ~ 

Pos:itive muons then passed through 58 kg I cm2 of earth and two trigger 

counters before reaching the polarimeter~ Although the muons observed 

were nominally produced in the forward direction, multiple scattering 

in the target and material directly downstream from the target gave an 

R.M.S~ momentum transfer of 640 MeV/c to the muons~ Thus, the 

muons observed in the measurement had a transverse momentum 
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distribution whose shape was approximately a Gaussian centered at zero~ 

Since the width of this distribution was determined by the mean momentum 

transfer, the muons observed in this measurement were a sampling of 
. . 

muons whose production transverse momentum ranged from zero to beyond 

1 GeV~ Their energy was 185 ± 10 GeV~ 

3 ~ 3 - Polarimeter 

The polarimeter consisted of a "sandwich" formed by 25 scintillation 

counters with aluminum slabs in front and in back of each counter ( Fig~ 5a ) ~ 

The counters were 24" x 36" x 0~25 11 ~ Two counters were placed upstream 

from the polarimeter to detect muons entering it and an array of counters 

was positioned downstream from the polarimeter to detect muons leaving 

it. 

A computer printout of a typical event is shown in Figure 5b ~ It 

consists of hits in a series of polarimeter counters beginning with the 

front counter~ There are no hits in the rest of the polarimeter counters~ 

The computer was instructed to examine the signals from the polarimeter 

whenever a trigger was received~ This trigger consisted of hits in the two 

counters directly in front of the polarimeter, the first polarimeter counter, 

and no hits in the last polarimeter counter or in an array of counters 

behind the polarimeter~ For the measurements at high transverse 

momentum, the trigger also required a hit in a counter placed 45 mr ~ off 

the beam line 60 meters from the target (see section 3~2 ) ~ Hence a 

trigger was generated when a muon ·entered the fro:rt of the polarimeter and 

stopped before leaving the polarimeter. 



-10-

A magnetic field was applied throughout the polarimeter by two 

6'4" x ll'8" coils (Fig~ 6 ) ~ These coils were four feet apart~ Each 

coil consisted of thirty turns of copper tube through which cooling water 

ran~ The strength of the field was about thirty gauss~ This caused the 

muons within the polarimeter to precess with a period of about L 7 micro -

seconds~ The technique described here has been used by this group to 

measure the polarization of muons produced by cosmic rays20 as well as 

.. 3, 15 
muons produced by accelerators Q Application of the magnetic field 

allowed us to avoid systematic errors by a method which is fully discussed 

in the "Data" section of this paper~ 

When a muon was observed to have stopped within the polarimeter, 

twenty - five clocks were started~ Each clock was connected to a counter 

in the polarimeter~ If a particle was subsequently detected in a particular 

counter, then the clock for that counter was stopped at the time this 

particle was observed~ If a particle was observed in a counter adjacent 

to where the muon stopped and this particle was detected within 12 ~ 7 

microseconds after the muon stopped, then this particle was assumed to 

be a decay positron ( or electron ) • If the positron was. detected in the 

counter immediately downstream from where the muon stopped, then it 

was counted as a "forward" decay~ Positrons detected immediately 

upstream from the position at which the muon stopped were defined as 

. ''backward'' decays~ More discussion of the electromcs is contained in 

Appendix 3. 

,' 
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3.4 - Possible sources for corrections to the data 

The apparatus described in the previous sections comes very close 

to the ideal experiment in as much as all corrections are very minor~ 

· Examination of the data presented in the next section shows that there is 

little difference between the polarization one could calculate on the basis 

of the raw data points and that which may be calculated after considering 

corrections ~ 

As noted in section 3 J, targets 1 and 2 are backed by aluminum~ 

This extra material in the beam line means that we are looking at slightly 

different muon energies for different targets~ The density 1 target has two 

meters ( 540 gm/ cm2 ) of aluminum behind it while target 2 has one 

meter of aluminum in back of it~ The extra energy loss per meter of alu -

minum is about 0~67 GeV for 54 GeV muons and about O~ 75 GeV for 185 GeV 

muons~ The energy dependence for the combined production of muons via 

dI Aexp ( - 9x) both meson decay and prompt sources goes roughly as dx = x · 

This is equivalent to dII = - ( 9 + -~ ) dx. Thus one may compute 

corrections in intensity which are necessitated by the change in x for differ -

ent targets~ The correction is dI/ I = o: 027 (for dx = ( 1 Ip) = 1 

unit change in target density ) at 55 Ge V and dI I I = 0. 021 ( for 

d ( 1 Ip ) = I ) for 185 GeV muons. The magnitude of this correction is 

readily apparent if it is made graphically~· For instance, the data point 

for target 3 of the 185 GeV intensity data plotted in Fig~ 7 is unmoved by 

this correction ( since there is no extra material behind target 3 ) while 
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the points for targets 2 and 1 are moved up by 0. 021 and 0. 042 units 

respectively. Clearly this is a minor correction~ 

In plotting the intensity, one must also consider a change in geometry 

which occurs when using different targets~ Because of the difference in 

densities of the targets and the fact that the upstream faces of all the 

targets were positioned at the same point in the beam line. the mean point 

of production of muons is further downstream for the less dense targets~ 

This means our detectors intercept a larger solid angle for less dense 

targets. However, since the detectors used to measure the intensity of 

muon production at 185 GeV (Fig~ 7 ) were 12001 from the target while the 

change in the mean point of production is on the order of the sum of the 

interaction lengths for protons and mesons in copper (a total of about 11 ). 

this correction is negligible. For our measurements at 54 Ge v. a counter 

placed 2001 from the target was used in defining intensities. Consequently, 

the correction for the increased solid angle at lower density is about 1° /o of 

the intensity~ 

As noted in section 3 ~ 2, any material in the beam line upstream from 

the target could cause the production of muons which simulated prompt 

muon production~ This is because changes in target density would have very 

little effect on their intensity. Table 1 lists the various materials which 

were present in the beam line~ These devices were used to monitor the 

beam profile and intensity. Altogether, they amounted to 0 ~ 753 gm I cm 2 • 

Mesons created in this material could decay in 1. 2 meters of air before 
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reaching the target. If we use 175 gm I cm2 as the mean free path for the 

interaction of pions and kaons in copper, then the distance traveled in the 

target by a typical meson during which it could decay to a muon is 0~2 meters~ 

Thus an estimate for the ratio ( muons produced by material upstream 

f h t I d d . th t t > . o~ 753 < L2 + 0~2 > rom t e arget ) ( muons pro uce m e arge is 17·5 ( 0• 2 ) :;: 

0. 03 0. This correction can be handled graphically by extrapolating to 

1 / p = - ~ 03 rather than to 1 / p = 0 in Fig~ 7 ~ Another source of muons 

which are not produced in the copper targets is production by hadrons which 

pass through the copper without interacting: These hadrons may produce 

muons either in the aluminum in back of targets 1 and 2 or in the steel 

which is behind the main target assembly (Fig. 2 ) • The amount of muons 

produced by these hadrons is different for the various targets because 

there are somewhat different materials in back of each target~ One may 

fairly easily estimate the percentage of the total muon flux due to hadrons 

escaping from the targets arid correct the data for this effect. 

The percentage of the incident proton flux which does not interact 

in the copper is the same for each target since each target contains 

890 gm I cm2 of copper~ Using a proton interaction length of 140 gm I cm2 

in copper gives the result that exp (- 890 I 140 ) = O~ 0017 is the fraction 

of the incident flux which does not interact~ 

One may also calculate the fraction of pions and kaons produced in 

the target which escape from the copper without interacting. Let N be the 

number of pions and kaons produced in the density one target and N' the 
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number which do not interact within the target~ 

JI . 
N = I er 0 exp ( - 6.36z ) dz p . 

N' = Ipo- J~ exp (- 6.36z) exp (- 5~09 (1- z)) dz 

where I is the intensity of protons incident on the target, O"' is the total p 

cross section for all proton-nucleon interactions which produce a pion or 

kaon, 6 .36 is the number of proton interaction lengths in 1 meter of copper, 

5. 09 is the number of meson interaction lengths in 1 meter of copper and 

the integration is performed over the length of the target~ The integrations 

may easily be performed~ 

N = I o- r _ exp (- 6~36z) ]. lol = 0~16! cr 
p L 6.36 p 

N' = T -J. v p 
. [ exp (- L27z ) J I 

0
1 __ . [e:i!..-p (- 5.09)] - - 0.00351 o-

1~27 p 

Thus the fraction of pions and kaons which leak through the density one target 

is N' IN = 0 ~ 022. This is much larger: than the fraction of protons which 

escape from the target and is the major source of muons produced down -

stream from the target~ 

Mesons leaving target 1 will interact in the two meters of aluminum 

which are directly behind it~ These mesons will contribute more muons 

than would have been produced in an infinitely long copper target since the 

mean free path for interaction in aluminum is longer~ This allows the 

mesons a longer time in which to decay than if they were in copper. '),'he 
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fraction of muons contributed by these mesons is ( N'x mean free path in 
_;!,. 

Al)/(NxmeanfreepathinCu) = 0~022 (27/63) 3 (890/280) = 0:05 

where the mean free path for mesons in a material is assumed to be propor -

tional to (Atomic Mass ) ~/Density~ The 460 gm/ cm2 of aluminum is 

3~8 interaction lengths so the number of muons escaping from the aluminum 

behind the density one target is negligible~ 

Since there is only one :ineter of Al ( 1: 9 interaction lengths ) behind 

target 2, the fraction of mesons which leak through the copper and aluminum 

behind this target is 0 ~ 022 exp ( - L 9 ) = O ~ 0033 ~ These mesons will 

interact in the steel which is immediately behind the aluminum: The con -
1 

tribution of these mesons is O~ 0033 ( 56 I 63 ) 3 ( 890 I 790 ) = o: 0036 

when expressed as a fraction of the total flux~ This is more than an order 

of magnitude less than the correction previously calculated for the inter -

action of mesons in the aluminum~ Hence it may be neglected and the 

correction for target 2 is the same as for target L 

There is no aluminum behind target 3 ~ Thus an estimate for the 

fraction of muons produced in material ( steel ) downstream from this 
1 

target is o ~ 022 ( 56 I 63 > 3 x < 890 I 790 > = o~ 024. 

The correction for the fraction of muons produced in material down -

stream from the copper targets may be made by shifting the data points 

O. 025 units to the right for target 3 and 0. 05 units to the right for targets 

1 and 2. This means that our targets have effective inverse densities 

which are 1. 05, 2. 05, and 3. 025. As in the previous cases; this correction 

is quite minor. 
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4~ - Data 

4~1 - General considerations 

Measurements were made at two different kinematic points since 

it was conceivable that there could be two important sources of prompt 

muon production~ It was possible that electromagnetic processes could 

produce most of the prompt muons observed in the forward direction while 

the muons with large transverse momentum were predominately produced 

via weak decay of some intermediate particle. A further discussion of 

this possibility is contained in Appendix 2. 

Since high energy positrons are emitted preferentially along the 

direction of muon polarization, a measurement of the decay asymmetry 

A = ( forwards - backwards ) 
forwards + backwards allowed us to determine the average 

muon polarization~ Applying a magnetic field throughout the polarimeter 

enabled us to avoid making an error due to a systematic bias in the decay 

asymmetry measurement~ As an example, if counter number 10 was the 

final counter hit by a muon, then it was assumed that this muon stopped 

in the aluminum slab between counters no~ 10 and IL Note that if the muon 

had in fact stopped in scintillation counter no~ 10 then the decay positron 

would be defined as ''backwards~'' Applying a magnetic field throughout 

the polarimeter allowed us to avoid the systematic bias which could have 

been introduced into the polarization measurement by this process~· 

The decay asymmetry as a function of time was shaped like a sine 

wave~ The frequency of this sine wave was proportional to the strength of 
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the magnetic field; the amplitude of the sine wave slowly decreased due to 

inhomogeneity of the magnetic field ( Fig~ 7 ) : · Decays of muons which 

stop in the scintillator caused a shift of the sine wave away from the 

F- B .. 
F + B = O axis. 

For a perfectly homogeneous magnetic field, all muons would precess 

with the same frequency which may be calculated from Larmor's formula 

'I, = µ: ( µ is magnetic moment. B is field strength, Ih is angular 

momentum ) ~ In this case, two muons which arrived with a particular 

angle between their magnetic moments would continue to have this angle 

between their directions of alignment even after many precession periods 

in the polarimeter~ The decay asymmetry as a function of time would be 

a sine wave whose frequency was the Larmer precession frequency and 

whose amplitude was proportional to the polarization of the muons, A = e P ~ 

Since muons in different parts of the polarimeter were subject to slightly 

different magnetic fields, the actual decay asymmetry signal was the 

superposition of many sine waves each of which had a slightly different 

frequency~ All the sine waves begin at t = 0 with the same amplitude 

( since muons arrive in all parts of the polarimeter with the same average 

polarization ) but the amplitude of the sum of these sine waves decreases 

with time as they become out of phase with each other~ Thus the decay 

asymmetry we observe looks like a sine wave whose frequency is equal to 

the average frequency of precesElion of the muons and whose amplitude 

slowly decreases~· However, it is still true that the amplitude at t = O 
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of the sine wave we observe is proportional to the average polarization of 

the muons. This is because at t = O the difference in precession fre -

quencies has not yet had any effect. 

4~2 - Data taken at 185 GeV; low transverse momentum 

Analysis of the data taken at 185 GeV (Fig: 7 ) is simplified by the 

fact that only positive muons reached the polarimeter~ One may rewrite 

d
2

N the decay positron spectrum given in section 2 ~ 2 as 
d <cos e > dx 

2 3 3 2 •. 6x - 4x + ( 4x - 2x } P cos 9. Let PF ( x, cos 9, z} be the probability 

that a positron emitted in an aluminum slab at depth z, angle 9 and energy x 

will be detected by the scintillation counter which is in front of the aluminum. 

Then the intensity for forward decays detected by the polarimeter may be 

written as follows : 

J 2 3 3 2 
F(t) = Iexp(-t/rr+) (6x-4x +(4x·-2x )Pcos9)PF(x,cos9,z)dxdzd(cos9) 

where I is the constant of proportionality for the decay positron spectrum 

given above ( I depends upon the intensity of muons stopping in the polarimeter ), 

t is the time elapsed after stopping, and T + is the lifetime of free muons 

( 2 ~ 2 microseconds ) ~ · The magnetic field applied throughout the polarimeter 

causes the muons to precess. Hence the polarization of positive muons may 

be expressed as P = P +exp (- yt ) cos wt where exp (- yt ) refl~cts 

decreasing polarization due to magnetic field inhomogeneity, w is the 

precession frequency, and the subscript is used to denote the sign of the 

muon. Using this expression for P, one may write: 
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F ( t ) = C ( 1 + e + P + cos ( wt ) exp ( - y t ) ) exp ( - t IT+ ) ( 1 ) 

where 

f 2 3 
C = I, ( 6x - 4x ) PF ( x, cos 9, z ) dxdzd (cos 9) 

. I J 3 2 e + = C ( 4x - 2x ) PF ( x, cos 9. z ) dxdzd ( cos 9 ) 

One may derive a similar formula for the intensity of backwards decays 

as a function of time. 

B ( t ) = C ( 1 - e + P + cos ( wt ) exp ( - y t ) ) exp ( - t I 'f+ ) + ( s ) exp ( - t / 'f+ ) 

This formula contains one extra term since, as explained in section 4~1. the 

decays of muons which stop in the scintillation counters are classified as 

backvv"3.rds decays~ Here s is a measure of the probability that muons will 

stop in the counters rather than in the aluminum~ 

This parameterization yields the following expression for the decay 

asymmetry: 

A = F- B 
F+B = 2e+ P + cos ( wt ) exp ( - yt ) - s 

2 + s ( 2 ) 

Only cursory observation of the data is necessary to conclude that the 

polarization of prompt muons is smaller -- or possibly· of the opposite sign --

compared with the muons from meson decay~ Usirig the density 1/3 target 

the ratio ( prompt muons ) I ( muons from mesons ) is about 1/2 while for 
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the density 1 target, this ratio is approximately 2 • It is clear that the 

increase in the fraction of muons from prompt sources is associated with a 

decrease in the amplitude of the sine wave which represents the decay 

asymmetry~ The two amplitudes derived by a least squares fit of equation ( 2 ) 

tothedataareA(l) = -0~0555±0~013andA(3) = -0~0951±0~013~ 

Values derived from these fits for the other parameters are y = 0.242 ± O~ 066, 

w = 3~68x106 I sec, ands = 0:124± 0:001: 

A quantitative analysis of the decay asymmetry for prompt muons may 

be made by extrapolating I A to 1 Ip = 0 ~ Here I is the intensity we have µ µ 

previously measured for muon production~ Both I and I A should vary µ µ 

linearly with 1 Ip~ This may be easily derived on the basis of two facts~ 

Production of muons via meson decay is proportional to l / p since the 

decay time for mesons allows them to traverse many mean free paths of . 
interaction. Prompt muon production should be insensitive to target 

density and hence a constant for this variable~ Thus the total intensity of muon 

production may be expressed as Iµ = Im+ Ip = cl ( 1 Ip)+ c2. where 

I and I are the intensities of muons from meson decay and prompt produc -m p 

tion~ One may derive the linear dependence of 

the average polarization of the total muon flux, 

I A on l / p by considering µ 
p = !mPm+~Pp · 1m + • 

Since the decay asymmetry amplitude is proportional to the polarization, 

I P +IP . 
A = c 3P = c 3 ( m I: + )p P ) and therefore IµA = c 3 (Im.Pm+ !PPP). 

Thusthelineardependenceis expressed by IµA = c 3pmcl (l/p)+C3PPC2 ~ 
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As shown in Fig. 8, our measurements indicate a decay asymmetry 

amplitude for prompt muons of A = - O: 001 ± 0: 025 ~ Since the amplitude 
p 

of the decay asymmetry is proportional to the polarization and since the 

decay asymmetry is consistent with zero, this shows immediately that our 

result is consistent with zero longitudinal polarization for prompt muons~ 

A more quantitative analysis of the polarization of prompt muons may be 

made if the polarization of muons from meson decay is known: A discussion 

of the calculation of the polarization of muons from meson decay is contained 

in Appendix: L We calculate the average polarization of these muons to be 

- 0 ~ 7 0 at this kinematic point~ This allows us to calculate e + = 0 ~ 185 ± 0. 01 

and to conclude that the average longitudinal polarization of prompt muons 

produced under these kinematic conditions is P = - O ~ 01 ± 0~14 ~ 

4~3 - Data taken at 54 GeV; general considerations 

Since the contributions of negative muons must also be considered in 

the analysis of this data, extra terms must be added to equation ( 1 ) ~ The 

intensity of forward.S decays may be written as: 

F ( t ) = C ( 1 + e + P + cos ( wt ) exp ( - yt ) ) exp ( - t IT+) + 

+ R ( 1 + e_ P_ cos ( wt ) exp ( - y t ) ) exp ( - t I T_ ) 

The first half of this expression is the contribution from positive muons 

( 3a) 

as derived in section 4~2~ The second half is the contribution from negative 

muons and is weighted by the ratio of negative to positive muons, R~ We 

use T = 0 ~ 86 microseconds for the lifetime of negative muons in 
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aluminum, e _ is our effective analyzing power for negative muons and 

other terms retain the definitions given with equation ( I ) ~ The intensity 

of backwards decays may be similarly expanded to include contributions 

from negative muons: 

B ( t ) = C ( I - e +p + cos ( wt ) exp ( - yt ) ) exp ( - t /1·+ ) + R ( 1- ( 3b) 

- e_ P _ cos ( wt ) exp ( - yt ) ) exp ( - t I 'I_ ) + s ( I + R ) exp ( - t /rJ·+ ) 

where we have used the lifetime of free muons for both positive and negative 

muons in scintillator~ 

The value of R depends on the ratio ( prompt muons ) I ( muons from 

meson decay) and hence varies with target density~ One can express R in 

terms of the intensities of muons from meson decay and from prompt sources 

by R = QI:::~ where Q = (negative muons from meson decay) I 

( positive muons from meson decay ) and we use a charge ratio of one for 

prompt production~ One can estimate the value of Q from the known produc -

tion spectra for mesons~ Q may also be determined from the data by fitting 

dN dN . dt = N1 exp ( - t Ir+ ) + N2 exp ( - t I'[_ ) + N3 where d t is the rate of 

decays observed~ 'I_ ( 0~86 microseconds ) was used as the lifetime of 

negative muons in aluminum, r ( 2:2 microseconds ) was used as the 
+ 

lifetime of muons in scintillator and of positive muons in aluminum~ Q may 

be determined from the above fit since NI = O~ 5 I + ( 1- Q ) I + s ( I + I ); 
p m m p 

N2 = 0~5 Ip+ Qim. The values for all these quantities except Q have been 

measured in our experiment~ The fit of the data is consistent with our 

estimate of Q = 0 ~ 8 at this kinematic point: 
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4 ~ 4 - Transverse polarization measurement at 54 Ge V 

Data runs were taken with the magnetic field pointed eastward 

through the polarimeter and with the magnetic field pointed westward: Let 

( ± ) indicate the two possible directions of the magnetic field and cp be 

the angle between the plane of production of the muon and its polarization 

vector ( Fig~ 9 ) ~ The expressions for the forward and backward intensities 

of decay as a function of time as given by equations ( 3 ) may be slightly 

modified to incorporate this information. 

F ( ± ) = [ 1 + e + P + cos ( wt± cp ) exp ( - y t ) ] exp ( - t IT+ ) + ( 4 ) 

+ R [I+ e_P_ cos (wt± cp) exp (- y t ) ] exp (- t/ '[_ ) 

B ( ± ) = [ I - e +p + cos ( wt ± cp ) exp ( - y t ) ] exp ( - t Irr+ ) + 

+ R [ 1- e_ P_ cos (wt± cp) exp ( - y t ) ] exp ( - t / '[_ ) + s ( 1 + R ) exp ( - t IT+ ) 

Since Pt = P sin cp is the polarization of the muons perpen -ransverse 

dicular to their plane of production, we can obtain a measurement· of this 

transverse component by analyzing the data according to the formula below 

which may be derived from ( 4 ) ~ 

e+P+t exp(-t/T+)+Re P t expt-t/'f ) 2expf-yt)sin(wt) F(+)+B(=)-Ft-)...B{+) ran - - ran -
F(+)+B(-)+F(-)+B(+) = 2expf-yt)[expt--t/'f+)+Rexp(-t/'[_)]+s(l+R)exp(-t/'f+) 

Least squares fits of the data to this form yield values for y and s which 

are consistent with our measurements on 185 Ge V muons~ The muon 

- 61 precession frequency, w, was measured to be 2. 41 x 10 sec where the 
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difference from the previous measurement is due to a change in current 

through the polarimeter magnet coils. We use e + = 0.185 as determined 

from the 185 GeV data and e = O~ 01 is used as our analyzing effectiveness 

for negative muons. 

The measured polarization of muons produced using the density 

one target was P ( 1 ) = - O ~ 023 ± 0 ~ 062 ~ The polarization measured tr an 

for muons using the density 1/3 target was P ( 3 ) t = 0 ~ 021 ± 0 ~ 048. ran 

A plot of this data is shown in Fig~ 10. Assuming that the muons from meson 

decay have no transverse polarization, we can compute :(rom these numbers 

the transverse polarization of promptly produced muons~ P ( 1 prompt )t = ran 

- O~ 047 ± 0~127 and P ( 3 prompt )t = O. 081 ± 0.185~ Using these two ran 

measurements, we find a best value for the transverse polarization of 

prompt muons in the direction perpendicular to the plane of production to 

be P ( prompt )t = - O. 01 ± O ~ ll in the direction ( p x p ) ~ ran p µ 

4. 5 - Longitudinal polarization measurement at 54 GeV 

Equations ( 4 ) yield the following formula for the decay asymmetry 

where PL = P cos cp is the longitudinal component of the muon polarization. 

F--B 
F+B = 

[ e +P L+exp(-t/'1"+) + Re_P Ir exp(-t/!_)]cos(wt )exp(-yt)- (s/2)(l+R)exp(-th+> ( 6 ) 

exp(-t/'1"+) + Rexp (-t/!_) + (s/2) (l+R) exp (-t/\) 

The values obtained for y. w. R. and s in previous measurements agreed 

well with least squares fits to this data ( Fig. 11 ) • We also used 

e = 0.185 and e = O~ 01 as with the analysis of the transverse polarization + 
data. 
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Fig~ 12 shows the intensity of muons stopping in the polarimeter as a 

function of target density~ For the solid copper target ( 1 Ip = I ) , 51° /o 

of the muons are from meson decays while 49° /o come from prompt 

sources~ The observed longitudinal polarization of these muons is 

P1 = - OA92 ± O~ 085~ Using our least dense target ( 1/ p = 3 ), 74° /o 

of the muons are from meson decays and 26 ° Io are from prompt production. 

We observe a longitudinal polarization P3 = - 0~640± 0~109. As before, 

we have calculated the expected polarization of muons from meson decay 

(see Appendix 1) for this kinematic point~ Muons from this source have 

a polarization of - 0~86~ Using this information the polarization of positive 

prompt muons may be found from the measurements at either density~ For 

target 1, Pl (prompt) = - O~ 08 ± 0~17 while the target 3, P3 (prompt) = 

O. 06 ± 0.42~ The higher uncertainty in P3 (prompt) is due to the smaller 

proportion of prompt muons observed using target 3 than using target 1. 

If both measurements are taken into consideration, we find the longitudinal 

polarization of prompt muons to be - 0~06 ± OJ6 in this kinematic region. 
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5 ~ - Conclusions 

5~1 - Production mechanisms for prompt muons 

The null values of our polarization measurements are strong evidence 

that prompt muons are produced predominately by electromagnetic processes~ 

Most models for the production of prompt muons via the weak decay of some 

intermediate particle predict that the muons will have a longitudinal polari -

zation of about +1 (such as in the case discussed in section 2J ) : Our 

measurement of P = - 0: 01 ± 0 J4 indicate a limit of 13 ° / o of the prompt 

muons produced with E = 185 GeV in the forward direction by 400 GeV 

protons could come from such a source~ Similarly, our observation · 

p = - o~ 06 t 0~16 places a limit that only 10° /o of the .muons produced 

with E = 54 GeV and a transverse momentum near L 9 GeV could come 

from such a source~ 

Strong corroborative evidence for the conclusion that most prompt 

muons are produced electromagnetically has come from other experiments. 

Measurements of the rate of production of prompt muon pairs11' 21 are 

consistent with the hypothesis that most prompt muons are produced in 

pairs~ Although this is required by any electromagnetic production 

mechanism, it would be much more difficult to account for in any theory 

which postulates that a substantial number of prompt muons come from the 

decay of some intermediate particle: If we consider the creation of pairs 

of some heavy particle, each of which may decay by a semileptonic mode, 

then the ratio of single muons to muon pairs is limited by tile branching 
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ratio for this mode of decay~ re for example .. the branching ratio for a 

decay to a muon is 20° /o. then at least four times more single muons will 

be created than muon pairs~ The creation of pairs of heavy leptons which 

decayed to muons could be a possible source for prompt muon pairs but 

recent results22 indicate that at most only a small fraction of the total 

flux of prompt muons come from this source~ 

It should be noted that the results reported here differ by more than 

two standard deviations from the numbers reported for a polarization 

-23 measurement at Serpukhov. The polarization measurements were made 

for prompt muons produced by 7 0 Ge V protons~ The number reported as 

the result for the average polarization from measurements at transverse 

momenta of 2~0 and 2~8 GeV/c is - 0~85 ± 0~36~ We feel this is fairly 

difficult. to reconcile with our measurement of P = - 0 ~ 06 ± 0~16 for 

54 Ge V muons produced at a transverse momentum of L9 Ge V at Fermi Lab. 

These differences in measured polarizations cause a sharp divergence in the 

conclusions reached concerning the production mechanism for prompt 

muons: The theory advanced in reference 23 is that prompt muons are 

produced by the decay of some formerly unobserved particle which decays 

via a V + A current~ 

As with our experiment, the Serpukov result depends on separating 

the polarization signal of promptly produced muons from that of muons 

produced by meson decay~ This group at Serpukov has previously measured 

the intensity of prompt muon production and reported two different possible 
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results depending upon different methods of evaluating their data~ 24 These 

two different procedures for evaluating their data give much different 

results for the ratio ( muons from prompt production ) I ( muons from 

meson decay ) ~ In the interpretation of their polarization data, the 

Russians have chosen to use the intensity results which give a higher flux 

of prompt muons compared with meson production and which also have a 

( prompt µ + ) I ( prompt µ) ratio of 1: 2 ~ Their other method for evaluating 

the production of prompt muons gave a lower ratio for ( prompt muons ) I 

(meson production) and a charge ratio of t It should be noted that- 0~85 

is very near the polarization which one can calculate for muons produced 

by meson decay under these kinematic condition~ while the result predicted 

by most theories of prompt muon production through the decay of heavy 

intermediate particles is + 1 ~ 

No paper has been published in any journal which gives the data for 

the SerpUkhov measurement at pt = 2~0 GeV/c~ In reference 23, the 

data and formula used to compute the polarization of prompt muons 

produced at pt = 2~8 GeV/c are given~ This number may easily be 

computed and the result ( which is not given in their text ) is 

P = - 1~95 ± 1 ~ O where I have used the uncertainty indicated by the Russians 

in the graph on the last page of reference 23 (see Fig~ 13 ) • One must 

treat such results with a high degree of skepticism~ 

On the basis of available evidence, we conclude t11at the bulk of 

prompt muons are electromagnetically produced: Given this fact, further 
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questions must be addressed concerning a more exact description of the 

production mechanism. Of course, a fraction of prompt muons come from 

well understood electromagnetic processes -- the decay of lmown vector 

mesons and Dalitz decay of etas~ However, these sources fall far short 

of accounting for the total flux of prompt muons: 4- 6 Two possibilities 

which must be considered are: ( 1 ) the muons may come .from the internal 

conversion of photons created during the acceleration of quarks which are 

the constituents of colliding hadrons, or ( 2) they may be produced through 

the conversion of photons which come from quark annihilations taking place 

during the hadron collision~ These two processes may be denoted as 

quark bremsstrahlung and quark annihilation: 

Certainly each of these processes can be expected to contribute some 

portion of the flux of prompt muons~ The invariant mass spectrum of 

muon pairs produced by quark bremsstrahlung would be expected to peak 

at a relatively small value while muon pairs produced through quark 

annihilations could easily have masses in the range o:5- LO GeV/c2 ~ 

Examination of the available data indicates that the invariant mass spectrum 

of promptly produced muon pairs may be explained as the sum of three main 

contributions: ( I ) peaks due to the decays of lmown vector mesons, ( 2 ) a 

low mass continuum which is the result of Dalitz decay of etas, w -t y µ µ 

and quark bremstrahlung and ( 3 ) a high mass continuum due to quark 

annihilation~ 
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5. 2 - Upper limit on D production 

Besides providing strong evidence that the bulk of prompt muons 

are produced electromagnetically, the polarization measurements discuss.ed 

0 in this paper may be used to place an upper limit on Bµ ( D ) o-D0 + 

+ i 
Bµ ( D ) !TD+ • Here crD0 and o-D+ are the production cross sections 

for D 0 and D + particles:· B ( D 0 
) and B ( D + ) are the branching µ µ 

ratios of these particles to decays involving a muon~ As discussed in 

section 2 ), the expected polarization of muons from a decay such as 

D +-+ Ko,µ + \) µ is near + L However, our measurements indicate that 

only a small percentage of the prompt muon flux could come from a source 

which produces positive muons with this polarization: Since negative muons 

make only a small contribution to the polarization which we measure, we 

are insensitive to the production of the D and n° whose decays are 

expected to produce negative muons~ Monte Carlo calculations indicate that 

I I . •t f 0 + . our measurements p ace an upper im1 o B ( D ) u:D0 + B ( D ) er + .< 
µ µ D 

. -8 -
6. 7 x 10 barns. More details concerning this calculation are contained 

in Appendix 2: 
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Appendix - 1 The polarization of muons from meson decay 

Let us consider the decay of pions in flight: According to the 

+ helicity rules, the neutrino produced in 7f · decay must have its spin aligned 

+ . opposite to its direction of motion~ Therefore, the µ must also be ermtted 

in the rest fram of the pion with negative helicity in order to conserve 

angular momentum: Similarly, in the decay of negative pions, both the 

anti - neutrino and ,; must be produced with positive helicity in the rest 

frame of the pion: Although all the positive muons have a longitudinal 

polarization of -1 in the rest frare of their parent pious, an experimenter 

may expect to observe a much different polarization in the laboratory 

frame: Muons produced through pion decay have a velodty of O: 27 c in 

the pion's rest frame~ If the lab velocity of the pion is greater than this, 

the muon will travel in the forward direction in the lab regardless of the 

direction in which it is emitted in the rest frame of the pion~ Thus, muons 

produced in the forward direction in the pion's rest frame will have 

negative helicity in the lab and those produced backwards in the rest frame 

of the pion will have positive helicity in the lab. In any particular range of 

muon energy, this will lead to an average muon polarization which is 

negative~ This is because pions are produced with a steep energy dependence~ 

Hence, for a particular muon energy, there are more muons produced by 

forward decays ( of low energy pions ) than by backward decays ( of 

higher energy pions ) : 
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The average polarization of muons produced with a particular energy 

by pion decay may be computed if the energy spectrum of the parent pions 

is known~ It has been shown 25 that the spin direction of a muon, as 

observed in the lab system, is given by the unit vector 

1 
2 m +P • P 
µ 7f µ 

p ·p 
-+ -+ 1f µ 

(EP-mP-
1f µ µ 7r E +m 

µ µ 

-+ p ) 
µ 

... 4 
where P = ( E , P ) , P = ( E 11 P ) are the four - vector 

7f 1f 7f µ µ µ 

momenta of the parent pion and muon~ To find the expected longitudinal 

polarization of muons with. a given energy produced by such a source, one 

need only find the weighted average of the longitudinal component of the 

spin vector defined above~ 

where y is the ratio of the pion's energy to its rest mass. P' = ( E' , P' ) 
1f . µ µ µ 

is the four - vector momentum of the muon in the rest frarre of the pion and 

N ( y ) is a weighting function which takes into account both the pion energy 
1f 

spectrum and the probability that a pion with a particular energy will 

produce a muon with energy E • The integration is performed over all pion 
µ 

energies which are allowed by kinematics to contribute to the flux of muons 

whose laboratory energy is E ~ One may convert the above 4!~egral into 



-33-

a discrete sum for calculation using a computer~ For example, the 

expected longitudinal polarization of 185 GeV muons produced by pion decay is 

2 m ( E /m )- E E' 
y; H 7r 7r. fJ.11: - /2 
'"E'/f , 11µ I I ii•µ I ( exp ( - 8. 6x1f ) ) ( 1 x 1[ ) 

p = 
2J exp ( - 8 ~ 6x ) ( 1 / x2 ) E 1f 7r 

where I have used d er 1f o:: exp ( - 8 ~ 6x ) as the energy dependence for 
dE 7f 

the production of pions and x = E / 400 Ge v: The expected polarization 
1[ 1[ 

of these muons is - O ~ 61~ 

If one is interested in computing the longitudinal polarization of muons 

produced with a particular energy and a specified transverse momentum, 

then another factor must be added to the weighting function~ In our experi -

ment at Fermilab we observed muons at an angle of 45 mr from the beam 

center line: Clearly, the parent pions must have been produced at 

some angle near this:· In .fact, Monte Carlo calculation of multiple Coulomb 

scattering indicates that a typical muon which we detected at 45 mr was 

actually produced at about 35 mr~ The equation used to express the 

transverse momentum dependence for pion production was dd (J"1f cc 
Pt 

pt exp ( - pt/ 250 MeV) ~ With the addition of this factor, the equation 

for the expected polarization of muons from pion decays becomes 

p = 
2J exp ( -8 ~ 6x ) ( l/x )2E sin 9 : exp ( -E sin 9/250 MeV ) E 7r 7r 7r 7r 

1[ 
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where e is the angle between the direction in which a pion is produced 

and the beam center line~ Again the sum is over all pion energies which 

can possibly produce mu?ns with the proper energy~ The expected polari -

zation in the laboratory of muons produced by pion decay with E = 54 GeV 
µ 

and Pt = L9 GeV/c is - o~so: 

The formulas given above for the polarization of muons produced 

by pion decay may be applied to the case of two body K - . meson decays into 

a muon and neutrino~ One need only replace E by Ek' m by rn. and . 
1T 1T . .K 

use the values for P' = ( E' • P' ) which are correct for the rest frame 
µ µ µ 

of a parent kaon~ Since a muon produced by kaon decay has a larger energy 

in the rest frame of its parent than a muon produced by pion decay, there is 

a corresponding greater difference in the laboratory energy of muons 

produced by forwards and backwards decays~ For example, a 55 GeV muon 

may be produced by a forward decay from a 55 GeV pion or kaon and also by 

a backwards decay from a 96 GeV pion or a 2500 GeV kaon. As the pro -

duction spectra of pions and kaons are fairly similar, this means that 

muons produced by two body kaon decay will be more polarized than those 

from pion decay~ This is because in the case of kaon decay a larger per -

centage of muons with a particular energy will be produced by a forward 

decay ( from a low energy parent ) than by a backward decay ( from a 

high energy parent) ~ Indeed, calculation shows that for 185 GeV muons 

produced in the forward direction by two body kaon decay, the expected 

longitudinal polarization in the laboratory is - 0.98; while for 54 GeV muons 
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produced with pt = 1.9 GeV/c by two body kaon decay, the expected 

polarization is - 0 ~ 99. 

Although the two body decay of a kaon to a muon and neutrino is the 

decay mode which is most important in this experiment, it is not the only 

mode which must be considered: Osborne
26 

has estimated the average 

polarization which may be expected from muons produced by kaon decays~ 

As previously noted, the production spectrum of kaons has a steep energy 

dependence. Hence, those decay modes in which the muon retam a large 

fraction of the kaon energy are more likely to contribute muons which will 

be observed in our experiment~ Ranked according to their significance in 

our measurements, various modes in which muons may ·be produced by 

kaon decay are: 

1) directly in two body decay 

2) indirectly through the decays of kaons to pions 

3) directly in three body decays. 

Jn two body decays of kaons to muons and neutrinos, the average muon 

will retain 0 ~ 58 of the energy of the parent kaon,; for the case of the 

decay of a kaon to two pions and the pions to muons, these muons will, on 

the average, have 0~39 of the parent kaon energy; '\\bile for three body decay' 

modes ( either to three bodies which include a muon or indirectly through 

three body decays which include a pion ) , the average muon will be 

produced with an even smaller fraction of the energy of the parent kaon. 
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The branching ratio for two body decays of kaons to muons and 

neutrino is 64 ° Io for both K + and K- ~ Decays of kaons to particles which 

include pions and no muons account for nearly 100° /o of K- short decays 

0 + -and 28 Io of both K and K decays~ Taking into account these large 

branching ratios and the different fraction of the parent kaon energy which 

is retained for various decay modes, it can be seen that the contribution 

from kaon decays to three particles which include a muon is small~ This 

is fortunate as it is not easy to calculate the expected polarization of muons 

produced by Kµ3 decay~ 

As noted previously, muons produced directly via two body decays of 

kaons will have longitudinal polarizations in the laboratory of - O ~ 98 and 

- 0 ~ 99 for our measurements at 185 and 54 GeV respectively~ Muons 

produced by the decay of kaons to pions will have an expected polarization 

near that which was computed in the first part of this Appendix since they 

are produced from the decay of pions ( i ~ e. - 0 ~ 61 and - 0 ~ 8 0 for our 

185 and 54 GeV measurements ) ~ Osborne estimates that muons produced 

via Kµ3 decay may have a polarization whose sign is opposite to that of 

muons produced through the other modes and may have a magnitude near 

0~27. The energy dependence for the production of K mesons in our experi-

ment is much steeper than the spectrum used to make this estimate~ Con -

seque:ritly, 0. 27 is an overestimate of the polarization of muons from K 3 
µ 

decay produced in our experiment. 
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The expected polarization of muons from meson decay may be 

computed by averaging the calculated polarizatfons for each decay mode~ 

Each term in the average must be weighted according to the number of 

muons produced by that mode and the likelihood that the muon would have 

the correct energy and transverse momentum to reach our apparatus~ 

We find the expected polarization of muons from meson decay to be- O~ 70 

and- 0.86 for our 185 and 54 GeV measurements described in the main 

text~ Due to possible small errors in meson energy spectra and in the 

contribution from Kµ3 decay, each of these magnitudes may be in error; 

though probably not by more than 5° /o~ 
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Appendix - 2 Calculation of the upper limit on D production 

Several searches for the production of charmed mesons by hadronic 

-27-30 . interactions have been conducted. In no case has any positive 

indication been found~ The measurements discussed in this paper may be 

used to set a much lower limit on the production of D mesons in proton 

nucleon collisions than the 2 x 10- 6 barns limit set by the most recent 

.30 
publication. It should be noted that the mass of the D was not known 

when these experiments were performed and that, in general, they were not 

sensitive to the production of particles whose masses were less than 2 GeVo 

-o + 
Calculation of an upper limit on Bµ ( D ) (}no+ Bµ ( D ) trn+ may 

be done on the basis of our polarization measurements and a few 

reasonable assumptions. One must ascertain the level at which muons 

0 + . could be produced by the decays of the D and D under the requirement 

that this level must be consistent with our observations~ The D + and D 
0 

' 2 
were assumed to have masses of L876 and l.865 GeV/c respectively 

and decay via a V- A current to Kµ\) (see Fig. 14) ~ Although the 

details of the production spectrum of the D are not Im.own at this time, it 

seems likely that the x and pt dependence of D production should be roughly 

similar to t~at of the J ~ For the purpose of this calculation, we have 
d crD -

assumed d oc exp (- !Ox) exp (- lo5 pt) in the center of 
dx pt 

momentum frame of the two colliding nucleons. 

The production and decay characteristics given in the previous 

paragraph provide a well - defined shape for the muon spectrum 
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generated by D decay~ This shape is probably fairly accurate,; however, 

it should be noted that if the true production spectrum is substantially 

different from that given above, or if the decay of the D to leptons takes 

place predominately via some other mode, then the shape of the muon 

spectrum generated by D decay will be altered~ As examples, if the 

true production spectrum of the· D goes as exp (- 11~5x ), then fewer muons 

from D decay would reach our apparatus, or if the true production spectrum 

of the D is proportional to exp ( - 1~0 pt ) , then more· muons from D decay 

would reach our apparatus.~ Later in this Appendix our upper limit on 

B µ ( D 
0 

) er Do + B µ ( D + ) -O" D + will be given in conjunction with the effects 

of different production spectra on this calculation~ 

It seems likely that little error is made in our calculation of the 

shape of the muon spectrum from D decay by assuming that the muons are 

predominately produced via D --+ Kµ \). Written in terms of quarks this is 

- - + -o + - - 0 - + cd --+ sd + µ v for D _. K µ v and cu -+ su + µ v for D -+ K µ \) • These µ -µ 

decays satisfy the rule b.. Q = b.. S = b.. C, b.. I = 0 and, hence, are 

heavily favored compared with other possible modes. 31 Two body decay, 

D + --+µ \;W would give muons with a much. higher kinetic energy in the rest 

frame of the D; however, it is unlikely that this mode has a high branching 

t . . d ill d31 · + + I + - 0 1+ ra io. Lee an Ga ar estimate ( D _., µ v ) ( D -+ K v) = 

8 5 10 -4 . 
( mD I mK ) x IO I [ ( mD /1 GeV ) x 10. ] = 4 x 10 ~ The decay 

D -+K>:<µvis also possible, but is must certainly have a smaller branching 

ratio than D -+ Kµv, as there is less phase space available for the decay 
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to K~:~ :· It should also be noted that D ..+ K ••• is a case of 0- -+ 0- so that 

the leptons produced in these decays may form an S - wave state while 

~( . . . - - . 
D -+ K • • • is a 0 ..+ l and, therefore, the leptons are induced to form 

a P- wave~· However, these factors do not necessarily dictate that the 
.,, 

muons produced by D -+K''µvwill have very different kinetic energies in 

the rest frame of the D than those produced by D-+ Kµv~ A comparison 

of Dalitz plcts (Fig: 1 and Fig~ 15 ) shows that in each case the bulk of 

the muons are relativistic in the rest frame of the D, though a typical muon 

* -does receive a somewhat lower energy in D _,.K µ\! than in D -+Kµv. For 

instance, the upper limit on the kinetic energy which the muon may receive 
.,,. 

in K ..... production is 623 MeV, while 769 MeV is the maximum possible 

kinetic energy received by the muon in D -+ Kµ\J~ Thus, the contribution 
,,, 

from muons produced by D -+ K "jiv will probably not make a large difference 

in the shape of the muon spectrum expected from D decay~ 

We may now place constraints on the heights of various points within 

this spectrum~ Muons created by D decay will have a polarization near 1 

as discussed in section 2 of this paper~- However, muons created by any 

electromagnetic process must necessarily have O longitudinal polarization. 

This is because electromagnetic processes must conserve parity. We 

have measured P = - O~ 01 ± 0~14 for 185 GeV prompt muons produced 

in the forward direction and P = - O~ 06 ± 0:16 for 54 GeV prompt 

0 muons with pt near 1. 9 Ge VI c: · Therefore, 13 Io of the total flux of prompt 

muons is the upper limit which may be set for the production of muons 
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via D decay at the first point while a 10° /o limit may be set at the second. 

We have also measured the. production characteristics of prompt 

muons~ 6• 11 It certainly seems a good approximation to suggest that the 

production spectrum for electromagnetically produced muons is close to 

that which we measured for prompt muons as a whole: Consequently, our 

measurement at pt of L9 GeV places a more severe restriction on the 

production of muons by D decay than our measurement at low pt~ This is 

due to the steeper dependence upon pt of muons produced electromagnetically 

compared with those from D decay~ 

Monte Carlo calculation indicates that if equal numbers of muons 

were created by D decay and by the conversion of photons, then in the 

kinematic area corresponding to our measurement at high pt, the ratio 

( muons from D decay ) I ( muons from photons ) would be 10 ~ The calcula -

tion was based on electromagnetic creation of muon pairs with a production 
2 d !T - . 

spectrum dx d o:: exp ( - 3. 5 pt ) exp ( - 10.4x ) and the mean 
Pt 

invariant mass of these pairs was assumed to be about 0~8 GeV, which 

is consistent with our measurements~ 11 The result of this calculation 

may be combined with our measurement of the total cross section for 

prompt muon production ( about 6. 7 micro barns ) and our null measurement 

of polarization (an upper limit of 10° /o of the total prompt muon flux at 

E = 54 GeV and Pt = 1. 9 could come from a source with P = 1) to 

0 + . 
give an upper limit on Bµ ( D ) o-Do + Bµ ( D ) o-n+. 
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The null polarization measurement indicates: 

(number of muons from n° and D +decay in this k:inematic area) < O~l 
(number of muons froni electromagnetic processes in kinematic area) 

The Monte Carlo calculation mentioned at the beginning of this paragraph 

indicates: 

0 number of muons from D and 
- 0 + + lO·total number of muons from D and D decay = D Decay in this kinematic area 

total number of muons from em~ processes number of muons from em~ pro-
cesses in this kinematic area 

Combining this with the inequality above gives: 

0 + + 10 • B ( D ) CT no + B ( D ) (} D < µ µ O~l 
. -6 6. 7x10 barns 

Therefore, 0 + . -8 B ( D ) cr:D0 + B ( D ) crD+ < 6 • 7 x IO barns . µ µ -

As previously· explained, this calculation depends upon the form used 

for the production spectrum of the D. We have assumed that the production 

spectrum is proportional to exp ( - lOx) ~ It is possible that the true 

production spectrum is somewhat different than this~ Detailed Monte Carlo 

calculation shows that if the true production spectrum is proportional 

to exp (- ll~5x ), then the sensitivity of our experiment to the production 

of muons by D decay is changed by less than 10° /o (i.e. the change in our 

upper limit would be less than 10° /o) • However, we are quite heavily 

dependent upon the exponent used for the transverse momentum 

dependence of the production spectrum. If one believes that the production 
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spectrum of the D is proportional to exp (-pt ) rather than exp ( - L 5 pt ) , 

then one would be entitled to change the upper limit set by our measurement 

- -8 -by a factor of about 3 ( the upper limit would be about 2. 2 x 10 barns ) • 
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Appendix 3 - Polarimeter Interface 

L Design Considerations 

The function of the polarimeter interface was to monitor the 

scintillation counters in the polarimeter during the time immediately after 

a muon stopped within the polarimeter~· This was done in order to gather 

information about the decay ·electrons from these muons: Signals from 

all the counters which detected a particle within 12~7 microseconds after 

a muon stopped were noted by the interface: The position of each counter 

and the time at which it was hit were recorded by the interface; and this 

information was sent to the computer~ This time interval was deemed 

sufficiently long ( about six decay lifetimes for a free muon ) to detect 

decay electrons and, in fact, was long enough to give us a good measure 

of the rate of 11 accidental11 decays which were due to a polarimeter counter 

being fired by some source other than a decay electron~ These accidentals 

were constant as a function of time: 

For the purposes of discussion, the interface may be considered to 

consist of three parts, each of which is considered in a separate section of 

this Appendix~ In reality, each part of the interface was conn.ected to the 

other two parts by many lines, and few of the operations performed within 

the interface were completely limited to a single part~ 

2 ~ Emitter coupled logic 

ECL was used for those functions within the interface where the 

greatest speed was desired~ A typical time delay encountered between 
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arrival of input signals to an ECL chip and the beginning of the appropriate 

output from that chip is 2 nanoseconds for series 10, 000 Motorola 

ECL chips: Motorola chips from different series and chips of other 

manufactures are within about a factor of two from this speed: 

One operation handled by ECL was the treatment of the "Trigger" 

signal which indicated that a muon had stopped within the polarimeter: This 

Trigger was ignored if an earlier event was still in the process of being 

recorded by the interface or being read by the computer: It was also 

ignored if for any reason an 1'Inhibit' 1 signal was sent to the interface 

through the Camac dataway system: This feature could be used to reject 

triggers which did not occur during the beam spill or to 'reject triggers 

which occured during a spike in the beam spill: If a Trigger was accepted 

then it was converted from ECL to TTL logic levels and sent to the TTL part of· 

the interface~ 

A second operation performed by ECL was the initial handling of 

signals from each of the polarimeter counters~ When a Trigger was 

accepted, 25 ''latches'' were opened -- a separate latch for each counter: 

During the next 12 ~ 7 microseconds, any signal which indicated that a counter 

. had detected a particle caused the latch for that counter to be closed~ The 

purpose of each of these latches was to open when a muon stopped within the 

polarimeter and to close if a decay electron was detected in the counter 

connected to that particular latch~ Provision was made so that we could 

avoid having latches closed by a second particle entering the polarimeter 



-46-

while the latches were open~ Signals from each of the latches were 

converted from ECL to TTL logic levels and sent to the TTL part of the 

interface~ 

3: Transistor - Transistor logic 

TTL was used for those functions of the interface where time delays 

and pulse widths on the order of 20 nsec: were acceptable~ Included in 

this part of the interface was a 20 megahertz clock signal which was 

generated using a quartz crystal: The frequency of this signal was cut 

in half by using a flip flop resulting in a clock signal whose period was 

100 nsec~ This was used to determine the time elapsed between the arrival 

of a Trigger ( indicating a stopped muon ) and the closing of a latch ( indicating 

the possible detection of a decay electron ) : 

When a Trigger was sent to TTL, 25 separate "gates" were opened: 

Each gate then allowed clock pulses to pass through it and be counted by 

an eight bit binary counter~· If a latch was closed at some subsequent time, 

then the gate corresponding to that particular latch was closed and no more 

clock pulses were counted in that particular eight bit counter~ There was 

no latch connected to one of these gates: When the number of counts in the 

eight bit counter attached to this gate reached 128, then the rest of the 

gates were closed~ All counters which had counted up to 128 were ignored: 

The only counters which had less than 128 counts in them were those whose 

gates had been shut when a latch had closed: Thus, if any of the 

polarimeter counters detected a particle in less than 12 ~ 8 µ sec~ after a 
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muon stopped within the polarimeter, then an eight bit binary counter 

retained the information as to when this particular detector had been hit~ 

This part of the interface may be thought of as 25 very fast digital stop -

watches all of which were started at the same time by a muon stopping 

within the polarimeter, with the "stop" control of each stopwatch connected 

to a different scintillation counter~ 

The number ( position ) of the polarimeter counter and the elapsed 

time recorded by the stopwatch was sent to the Camac part of the interface 

for each stopwatch which had been stopped in less than 12. 8 µ sec. The 

data was sent one word at a time with each word containing the information 

from one stopwatch. Priority encoders were used to select the order in 

which the words of data were sent. The information from the eight bit 

binary counters was sent to multiplexers and the output of the priority 

encoders was used to select the proper information from the multiplexers. 

Another operation performed by this section of the interface was to 

determine the number of latches which had been closed~ A logic chain was 

set up to determine whether ::?:: 3, ~ 2 or exactly l latch(es) had been 

closed before 12~8 µ sec. had elapsed. In this way, provision was made 

so that it was easily possible to ignore events in which several polarimeter 

counters were hit by some shower of particles. The information as to the 

number of clocks which needed to be read was sent to the Camac pg.rt of 

the interface as part of each word of data. 
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4. Camac 

The specification of the logic levels used in Camac necessitated that 

TTL chips be used for this part of the interface~ . It was built in a single 

width module which plugged into a Camac crate and was connected to the 

other parts of the interface using a cable which consisted of twisted pairs 

of wires: One wire in each pair was held at ground~ In this way, cross 

talk between the lines was minimized. 

This part of the interface decoded signals from the Camac dataway 

to determine whether the interface was being addressed by the computer. 

If the interface was being addressed, the desired function (Clear, 

. Initialize, Abort, Inhibit, or Read ) was also decoded, and the corresponding 

signals were sent to the other parts of the interface. This part of the 

interface handled the individual words of data which were sent to the 

computer~ It sent the signal to the TTL part which cleared out a word of 

data from one stopwatch and caused .~ new word of data from another 

stopwatch to be ready for the computer to read. 
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Zero 

max K 

A I jl 
~+ 
J.L v 

100 

Dalitz plot for the decay D + _. K0 µ + v •· Arrows indicate directions 
µ 

of particles momenta in the rest frame of the D for decay configurations 

corresponding to point B and line A. Those areas of the Dalitz plot which 

would have the highest density anc;I lowest density of events are indicated. 

Note that most decays_ will have T + > 100 MeV. µ 

Fig. 1 
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Cu Al Steel ) 

11 11 1111111111111111 1111 

1 meter 20cm 
< > 

The main target assembly and steel backing. Target 1 consisted 

of forty inches of solid copper backed by 2 meters of aluminum. Target 2 

was constructed from 40 one inch thick copper blocks with one inch of 

air between each block and was backed by one meter of aluminum. Target 3 

contained 40 one inch thick blocks of copper with 2 inches of air between 

each block. 

Fig. 2 
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BC D 101 
i 

Polarimeter 

A view of the placement of the app:1tatus ·for the measurements at 

54 GeV. The signals from the counters in the polarimeter were examined 
' to look for a stopping muon whe~ a particle hit counters A, B, and C but 

did not hit any counter in array D. 

Fig. 3 
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Figure (a) is a block diagram of the experiment showing the effect of the pitching magnet. The 185 GeV 

measurement was done in pit c. then the polarimeter was moved to pit B for the 54 GeV measurement. 

Figure ( b ) is a block diagram of the experiment shoWing the effect of the bending magnet. Positive 

muons produced in the forward direction were. dire.cted towards the polarimeter in the C pit. 
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· Fig. 5 (a ) 

20" 

The polarimeter consisted of 26 slabs of alu:riiinum whiCh were 

26'' by 38 11 by 211 and 25 scintillation counters which were 24" by 36" 

by 0.2511 • 

1 3 5 7 9 11 13 15 17 19 21 23 25 
++++++++++++++++++ 

7 

Fig. 5.( b) 

This computer output of a typical event shows that a muon was 

detected in counters 1 through 18. The decay positron was detected 

in counter 19 at a time 1. 4 microseconds after the muon stopped. This 

event would be defined as a "forward" decay. 

·. 
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An overhead view and a side view of the polarimeter and polarimeter magnet coils. 

Fig. 6 
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p = 1 185 GeV 

3.0 4.0 5.0 
t(µ sec) 

185 GeV 

2.0 T 3.0 5.0 
. t(µ sec) 

Plots of the decay asymmetry as a function of precession time using 

targets 1 and 3. Thf3 shift away from the F: B = 0 axis is. due to muons 
· F B 

stopping in the scintillator. Each graph also displays the functional_ values 

derived by a least squares fit of the data to equation ( 2 ) • 

Fig. 7 
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p = -1 

1 
1/p. 

A(O) = -0.001 ± 0.025 
Pprompt = -0.01 ± 0. 14 

2 3 1µ. 
arbitrary 

units 

By extrapolating I • A to I/ p = O we determine the decay asymmetry . µ 
for muons from prompt production. If prompt muons had polarizations n~a:t"_ 

+ 1 or - 1, then the intercept of I • A would be near + 0.39 or - 0.39. µ .. 

Fig. 8 
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Muon Momentum 

Beam Direction 

The plane· of production of a muon is defined by the beam direction 

and the direction of flight of the muon. For a positive muon, the polarizatiOn 

vector is oriented in the direction of its spin. ii? is the angle between the 

plane of production and the polarization vector. 

Fig. 9 
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1/p=3 
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Transverse polarization ·data taken u~ing targets 3 and 1. The line 

in figure ( a ) gives the functional values of equation ( 5 ) using parameters 

determined by a least squares fit of the data. Known values for y, ~ arid s 

were used. 

Fig. 10 
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Plots of the decay asymmetry as a function of precession time for targets 1 and 3 at 

54 GeV. Also shown are the functional values of equation ( 6 ) using parameter values 
I 

determined by a least squares fit of the data. 
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2 
1/p 

• 

Iµ, 54 GeV 

3 

Intensity of muons stopping in the polarimeter as a function of 

I/ (target density)Q The points show the raw data while the line takes 
, 

into account the corrections discussed in section 3 .4 

Fig. 12 
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· A graph from the last page of referenc_e 23. I have added the line 

indicatj.i.J.g Tl = _; 2. This parameter is used by the Russians to indicate 

their measured polarization for prompt muons. Physically possible 

values for ri lie in the area on the graph between the lines ri = - 1 and 

Tl.= + 1. 

Fig. 13 
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200 400 600 800 
Kinetic energy of muon 
in rest frame of D (MeV) 
D~Kµv by V-A current 

Fig. 14 



-65-

A 

100 

Dalitz plot for the decay D +-+ K':µ + \) • Arrows indicate directions 
µ. 

cf particles momenta for decay configurations corresponding to point B 

and line A. Those areas of the Dalitz plot which would have the highest 

density and lowest density of events are indicated. Note that most decays 

will have T + > 100 MeV. µ 

Fig. 15 · 
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Table 1 

Material 

2 plates Ti, 0~002 11 

2 plates mylar, 0. 003 11 

21 foils Al, O ~ 002'' 

2 windows Ti, O ~ 002' 1 

2 foils brass, o. 005 11 

3 foils Al~ 0~00111 

Ti, O~ 002" 

1. 7 meter air 

Total 

2 
gm/cm 

0.046 

0.017 

0.288 

0.046 

0~203 
0.020 

0~023 

0.110 ( eff) 

0.753 
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COMMENTS 

Polarization of Prompt Muons Produced at P1 = 2.15 GeV/c by 400-GeV Proton Interactions* 

M. J. Lauterbach, R. K. Adair, A. B. Carter, D. M. Grannan, 
H. Kasha, R. G. Kellogg, and M. P. Schmidt 
Yale University, New Haven, Connectie1,1t 06520 

and 

L. B. Leipuner and R. C. Larsen 
Brookhaven National Laborato·ry, Upton, New Yom 11973 

(Received 23 September 1976) 

The polarization of prompt muons produced at a center-of-mass angle of 61" and a 
transverse momentum of 2.15 GeV/c by the interaction of 400-GeV protons was meas-
ured to be -0.135± 0,20. This 'Value, consistent with zero, differs from the large value 
reported from similar measurements at 70 GeV and is inconsistent with the proposal 
that· the prompt leptons observed at large transverse momenta are derived from weak 
decays of intermediate particles. · 

It has been proposed1 that the anomalously 
large production of prompt leptons at large val-
ues of p1 by nucleon-nucleon interactions might 
be derived from the weak decays of iritermediate 
particles. Most plausible descriptions of such 
decays would lead to a large polarization of lep-
tons so produced along their direction of flight. 
Recent communications by Anisimova et al.2 and 
Abramov et al, 3 report measurements of the po-
larization of prompt muons produced by the inter.-
action of 70-GeV protons with nuclei. They find 
a value of -0.85±0.37 for the polarization of pos-
itive muons produced at an angle of 90° in the 
center-of-mass system with transverse momen-
ta of 2.0 and 2.8 GeVlc. Such a result, indeed 
any value of the longitudinal polarization other 
than zero, indicates that the production must be 
mediated by a parity-nonconcerving interaction. 

We have now made similar measurements at 
Fermilab of the longitudinal polarization of 
prompt muons produced with transverse momen-
ta of 2.15 GeV/c by the interaction of 400-GeV 
protons with nuclei. Muons, produced through 
the Interaction of protons with a variable-density 

1436 

copper target, passed through the target and 
through steel shielding near the target with tra-
jectories defined by counters set 60 m' from the 
target at an angle of 45 mr from the proton beam 
direction. The muons then passed through 60 m 
of earth to stop in a polarimeter designed to 
measure the polarization of the muons in the di-
rection of their flight and the component of polar-
ization perpendicular to the plane of production. 
The characteristics of the target and a more 
complete description of the beam have been pre-
sented previously. 4 

The energy of the muons was defined by their 
range as 54 ± 2 Ge V. While the mean transverse 
momentum of the muons emerging from the tar-
get assembly was then about 2.40 GeV /c, the 
mean production transverse momenta was calcu-
lated to be 2.15 ± 0 .10 Ge VI c when the effects of 
the multiple scattering of the muons by the mater-
ial of the target assembly were considered; the 
muon angle of production in the center-of-mass· 
system of the nucleon-nucleon interaction was 
then 61°. 

The polarimeter consisted, basically, of 24 
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layers of 5-cm-thick aluminum plates backed by 
6-mm sheets of scintillator, each viewed by a 
phofotube, The plates and scintillator sheets 
were 60-cm high and 90-cm wide, aligned normal 
to the muon beam direction. A 30-G magnetic 
field, directed in the plane of production of the 
detected muons and perpendicular to the beam 
direction, served to precess the muons. The po-
larization was then measured by determining the 
direction of the positive muon decay (forwards or 
backwards) as a fµnction of the precession time. 
The polarim.eter and the techniques used to deter-

. mine muon polarizations have been described 
elsewhere. 5 These measurements have served 
to calibrate the polarimeter; and in the configura-
tion used here, the asymmetry amplitude for the I 

decay of positive muons which stop in the alumi-
num can be described by the relation 

A+=<(F-B)/(F+B) =e +P, (1) 

where F and B represent the intensity of muons 
decaying forwards and backwards, P is the longi-
tudinal polarization of the muons, and e +is the 
calibration factor which has b_een determined to 
be 0.185± 0.01 for this polarimeter through anal-
yses of other experiments. 5 

For the analysis of this experiment, where both 
positive and negative muons stop in the polari-
meter and the muons precess about the direction 
of the magnetic field, the amplitude A(t) w_ill be 
a function of time and F and B will vary with time 
in a complex, but well defined manner: 

F= [1 +e +P +cos( wt) exp(-yt)] exp(-t/T +)+R[l +e _p _ cos(wt) exp(-yt)] exp(-t/T _), 
(2) 

B ==[1-e +P +cos( wt) exp(-yt)] exp(-t/T +l+R[l -e _p _cos( wt) exp(-yt)] exp(-t/T _) +s(l +R) exp(-t/r +>• 

Here we take the value of e _ as O. 01 for the anal-
yzing effectiveness of negative muons; s, the 
proportion of decays from muons which stop in 
the scintillator, was measured to .be 0.13 in prev-
ious work5 ; y, the measure of the decoherence 
induced by field inhomogeneities, has been meas-
ured previously and is equal to 0.3; w, the pre- · 

. cession frequency, is equal to 2.43x105 /sec; T +• 
the lifetime of free muons, positive muons in 
aluminum, and all muons in scintillator, is 2.2 
µm sec; and r -· the lifetime of negative muons 
in aluminum, is 0.86 µm sec. The value of R, 
the ratio of negative muons to positive muons, 
varies with the target density even as the ratio 
of muons from meson decays to prompt muons so 
varies. We use for the ration, R = (0.80/m +I,)/ 
(I., +I,), where Im and I, are the intensities of 
muons from meson decay and from prompt pro-
duction. Measurements of the total intensity I 
=F+B, as a function of time fitted to the forms 
defined in Eq. (2) are in accord with the choice 
of Rm= 0.80. 

The results of the measurements which define 
the polarization of the prompt muons are shown 
in Fig. 1. From an analysis of the variation of 
the intensity of mµons stoppin~ in the polarimeter 
with respect to the target density, p, shown in 
the upper panel, we find that 51% of the muons 
generated by proton interactions with the solid 
copper target (p = 1) are derived from meson de-
cays and that 49% are prompt muons. Only 26% 
of the muons from the density-·~ target (1i = ~) are 

0 2 3 
llp 

I (p.sec) 

= 

P•-0.52 :t 0.095 

2 3 4 

FIG. l, Tho upper panel shows the variation of inten-
sity of muons stopping in the polarimeter as a function 
of a target density. The solid points show the raw da-
ta; the line shows the data corrected for the effects of 
material before the target. The Intensity is presented 
In arbitt'ary 1mits, Thf.l points on the two. lower panels 
show the measured muon-decay asymmetry, A= (F-B)/ 
(F+B), for two different target densities, while the sol-
id curves show least-squares fits to Eq. (2) defining 
the vnluo of the muon polarizations P. 
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prompt muons while 74% come from meson de-
cays. The lower two panels show the results of 
the measurements of the asymmetry as a function 
o(time for the two different target densities to-
gether with least-squares fits to the forms given 
in Eq. (2) which define the values of the polariza-
tions. The polarization of the muons from the 
density-1 (solid copper) target is found to be P(µ 
= 1) =-0.52± 0.095 while P(pd) = -0. 72 ± 0.125. 

For any· meson-production spectrum which falls 
off rapidly with increasing energy, the polariza-
tion of the muons from the meson decays is near-
ly equal to the polarization in the meson decay 
system. Explicit calculations of the meson spec-

. trum, using parametrizations which fit the known 
production spectra adequately, give a value of 
-0, 90 ± 0.04 for the polarization of the muons; us-
ing these numbers, we deduce a value of the po-
larization of the prompt muons from the density-
1 measurement of -0.123 ± 0. 20 and a value of 
-0,205± 0.48 for the density-i measu.rements. 
Considering both measurements, we find a best 
value of -0.135 ± O. 20 for the polarization of the 
prompt muons. This value is consistent with 
zero, consistent with the null value of polariza-
tion found for prompt muons in the forward direc-
tion, 5 and consistent with the hypothesis that the 
bulk of the prompt muon flux originates in elec-
tromagnetic processes. The result is quite dif-
ferent from a value near + 1.0 expected from the 
more conventional models of prompt-muon pro-
duction through the weak decays of heavy inter-
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mediate particles, and places a limit of about 
10% on the portion of the muon flux derived from 
such sources. We also believe that our result is 
difficult to reconcile with the large negative val-
ues of polarization reported at 70 GeV. •.:i 

The transverse polarization of the muons in a 
direction normal to the plane of production was 
measured to be 0.108 ± O. 079 in the direction Pp 
xfiw Presuming no contribution from muons from 
meson decay, transverse polarization of the 
prompt muons was 0.22 ± 0.16, consistent with 
zero. 

We would like to thank the personnel of Fermi-
lab, and especially those of the Proton Labora,-
tory, for the1r invaluable assistance in setting up 
and running of the experiment. 
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ergy Research and Development Administration. 
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The polarization of 185-GeV prompt ,muons produced in the forward direction by the in-
teraction of 400-GeV protons has been measured to be P=0.00± 0.10 along their direction 
of flight. The null value for the polariZation suggests that the muons are produced 
through electromagnetic intcracticlns. 

It seems most probable that the anomalously 
large direct lepton flux observed in many experi-
ments1 is either derived from electromagnetic 
production mechanisms which are not now thor-
oughly understood or from the weak-interaction 
decays of particles2 which have not bee.n previous-
ly identified. If the production process is indeed 
electromagnetic, we will expect tl;lat the polariza-
tion of the leptons in the direction of their mo-
mentum will be zero, inasmuch as the electro-
magnetic interactions are known to conserve par-
ity. However, if the leptoi{s are produced through 
the we~ decays of intermediate particles, the 
leptons will probably be polarized. For interac-
tions mediated by the charged weak currents, 
this polarization will be + 1 for positive leptons 
produced with velocities near c in the system of 
the parent particle if there is no kinematic con-
straint on the spin direction or - 1 when the spin 
direction is constrained as for the two-body de-
cays of .spin-zero mesons to neutrinos and lep-
tons. The polarization of leptons from weak de-
cays mediated by neutral currents is not yet 
known. In view of the importance of measure-
ments which will better define the character of 
the production of prompt leptons, we have mea-
sured the polarization of 185-GeV prompt posi-
tive muons produced by the nuclear interactions 
of 400-GeV protons from the Fermilab accelera-
tor. 

The polarization of the muons was determined 
in a manner similar to that used previously in 
measurements of the polarization of muons pro-
duced through the interactions of protons from 
accelerators' and in the measurement of the po-

larization of cosmic-ray muons.4 The muons 
were stopped in a "polarimeter" constructed of 
25 3-ftx 2-ftx 2-in. slabs of aluminum backed by 
a covering of scintillation.counters. Coils were 
energized which produced a magn.etic field of 
about 30 G through the polarimeter in a direction 
perpendicular to the direction of incidence of the 
incoming muons. The position of the stopped 
muon was determined by the registration of the 
scintillation counters in the muon path and clocks 
were started at the time of the stop. The passage 
oi the decay electron through the counter up'." 
stream (back) or dQwnstream (front) of the stop 
position then stopped the clock assigned to that 
counter, defining the decay time and the direc-
tion of decay. Since a positive muon decays such 
that the high-energy electrons are emitted pref-
erentially in the direction of the muon polariza-
tion, the recorded direction defines the direction 
of polarization in a statistically defined way. In 
particular, the ratio of decays (front- back)/ 
(front+ back) will vary sinusoidally with the pre-
cession frequency and the amplitude of the sine 
wave will be proportional to the polarization. 
Such a measurerpent of the Fourier component of 
the variation of the decay asymmetry with time 
is insensitive to the systematic sources of error 
which tend to plague more straightforward mea-
surements of front-back ;tsymmetries. 

A brief description of the experimental arrange-
ment has been published previously. 5 The polar-
imeter was housed in a building placed in a pit 
dug in the soil about 1200 [t from the target area 
of the proton central beam area. The center of 
the polarimeter lay on a line to the target which 

1011 



VOLUME 36, Nu~111Ea 17 PHYSICAL REVIEW LETTERS 26 APRIL 1976 

made an angle of 22 mrad with the extension of 
the proton beam line. Only muons with an energy 
of about 185 GeV will pass through the 13 kg/cm• 
of material (mostly steel) in the target area and 
the 57.6 kg/cm2 of earth in the region between the 
end of the target hall and the polarimeter and 
then stop in the polarimeter. In the course of the 
measurements, the muons from the target were 
beht through the requisite angle of 22 mrad into 
the polarimeter by means of a bending magnet 
downstream of the target. Therefore the mea-
surements concerned positive muons produced in 
the forward direction upon production. However, 
since the rms momentum transfer d\le to multiple . 
Coulomb scattering in the target and the material 
directly downstream of the target is about 630 
MeV /c, the measurements can be considered as 
sampling the production of muons up to trans-
verse momenta near 1.0 GeV /c. 

Since the muons produced by the interaction of 
the proton;; in the copper target are derived from 

- the decays of mesons produced in the target as 
well as. from the direct interactions, it is neces-
sary to measure the polarization of the direct, or 
prompt, component in a manner which allows the 
exclusion of the muons from meson decay. We 
do this in a manner similar to that used to con-
struct the intensity of direct muons from a flu."< 
of direct muons and muons from meson decay; 
we measured the polarization as a function of tar-
get de.11sity. Since the probability of a meson de-
caying before it is effectively removed from the 
beam through interactions is inversely propor-
tional to the tar~et density, an appropriate ex-
trapolation of the polariz~tion measured as a 
function of the inverse density to the value at 
zero inverse target density (or infinite density) 
will define the polarization of the prompt muons. 

The graph of Fig. 1 shows the measured decay-
asymmetry amplitudes plotted as a fw1ction of 
(precession) time from the time when the muon 
stopped. Measurements were made of the polari-
zation of the muons produced from a copper-air 
target with an effective density of one-third that 
of copper and a solid copper target. Muon fllL\: 
measurements were made at the same densities 
and with a target which had an effective density 
of one-half that of copper. The results of these 
intensity measurements, interpreted as described 
previously 15 show that about 65'.'C of the fltL\: at 
density one-third was generated by meson decays 
and about 35r;0 was from the dire.ct processes. 
With the solid copper taq::et, about 37'.Z.1 of the 
muons were from meson decays and 63':0 were 
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FlG. 1. Muon decay asymmetries as a function of 
precession time for target densities of one-third [A (3) 
=0,076~± 0,0062] and one [A(l) =0.0490± 0.0073] times 
the density of copper. 

fron1 the direct processes. It is obvious upon 
inspection that the polarization of the muons from 
the target of solid copper is appreciably smaller 
than the polarization of the muons from the target 
of density one-third, indicating that the polariza-
tion of the prompt muons is different from, and 
much smaller or of opposite sign than, that of the 
muons from meson decays. Since the magnetic 
field varied somewhat over the dimensions of the 
apparatus, the precession frequency varied corre• 
spondingly and the mean asymmetry then dimin-
ished with time. It is then an adequate approxima-
tion for our purpose to consider that the asymme- ·~ 

try varies with time as 

(F -B )/(F +B )=A cos(wt) sin(Dt)/Dt, 

where A is the amplitude at t = 0, w is the mean 
precession frequency, and D is a measure of the 
spread of frequencies. The values of A derived 
from a least-squui·es fit6 of the data by this form 
are A(3)= - 0.0782 ± 0.0062 and A(l) = - 0.0490 
± 0.0073, where A o:(F -B )/F +B) with F the inten-
sity of decays forward and B the intensity of de-
cays bad.·ward, and the argument of A is the in-
verse density in w1its of the density of copper. 

The amplitude of the prompt or direct portion 
of the flux can be determined simply by extrapo-
lating the values of Iµ, the intensity, and IµA to 



VOLUl'f! 36, NUMBER 17 P·HYSICAL REVIE\V LETTERS 26 APRIL 1976 

-0.~ 

-o.• 

-0.3 

'" .... 
-0.1 

•0,1 

p •• 1 

1/p 

AlOl • 0.0' O.Q18 

P<l'pl• 0.0•0.10 

6 

4 

Iµ 

FIG. 2. Intensity versus inverse density of the target 
aDd intensity times the muon decay-asymmetry ampli-
tude versus inverse target density. 'l'he intensity is 
measured in arbitrary units. The position of the inter-
cept expected for a prompt muon polarization of -1.0 
'is shown; the cqrresponding intercept for a polariza-
tion of + 1.0 would lie at a value of I µA of +0.38. The 
points show the raw data while the solid line represents 
a best fit after small correc.t!ons are made for the ef-
fects of proton interactions upstreamfrom the target. 

the values at 1/p"' 0 as boll} of these quantities 
should vary linearly with 1/p. The graph of Fig. 
2 shows the measured intensity, Iµ, and the pro-
ductlµA as functions of 1/p. The points show the 
uncorrected data and the solid line gives the val-
ues of.lµP after a small ·correction for the pres-
ence of muons produced by the interaction of the 
proton beam with material upstream of the tar-
get. The extrapolation of the (corrected) values 
of lµP to zero inverse density gives the amplitude 
for the prompt muons of 0.00± 0.018. This can be 
converted to the polarization, if the polar,ization 
of the muons from the meson decay is known. 
This polarization depends upon the spectrum of 
meson production as, roughly speaking, muons 
which are produced from pion and K-meson de-
cays in the forward direction in the meson center-
of-mass system retain a negative polarization in 
the laboratory system, while those which decay 
backwards in the meson center-of-mass system 

. will have a positive polarization in the laboratory 
system. Since the meson production spectrum 
has a steep energy dependence, there are mnny 
more relatively low-energy mesons which decay 
forwards in their system to produce 185-GeV 
muons than there are higher-energy mesons 
.which decay backwards to give muons with a lab-
oratory energy of 185 GeV and, hence, there is 

a net negative polarization. 
As a consequence of kinematic effects, for 

muons emitted from a parent particle with veloc-
ities near c in the parent-particle system, the 
mean polarization in the laboratory system will 
be nearly equal to the center-of-mass polariza-
tion if the production spectrum of the parent is 
sufficiently steep (as for pions or K mesor1s). 
Detailed calculatior.s using meson spectra from 
24-GeV protons on copper7 scaled to 400 GeV 
indicate that the polarization of muons from pion 
decays is about - 0.62 and polarization of muons 
from K-meson decays is about - 0.98. These val-
ues are not especially sensitive to the production 
spectrum. With about 22% of the meson-derived 
muon flmc from K+-meson decay, the polarization 
of the muons from all meson decays will be -0.70. 
Using this value for the polarization of the muons 
from meson de.cays, we find that the asymmetry 
amplitude A equals 0.172P, where P is the polar-
ization, and the polarization of the prompt muons 
is P = 0.00± 0.10. The muons produced by the di-
rect processes are then not polarized in the di-
rection of flight in the laboratory system. This 
lack of polarization suggests that the muons are 
produced electromagnetically. 

While the conduction of this measurement was 
made possible by the existence of the Fermi Na-
tional Accelerator Laboratory, it was made easy 
and pleasant by the exemplary cooperation we 
have received by everyone at Fermilab. We feel 
indebted particularly, however, to Dr. Roy Rubin-
stein who provided solutions for the real parts of 
the complex problems we posed him and t~ught us 
to ignore the imaginary parts. 
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