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Measurement of the Charge Asymmetry in the Decay KE FT UV

Robert Lane McCarthy

November 1971

ABSTRACT

1f T,= Rate(k® » - u* V), the K°, charge
+ K ’ 3

asymmetry ie defined to bz § = (I‘+ - I‘_)/(I‘+ +T).
This number has been measured to be (2.1 % 1.0) x 10-3
at the Lawrence Berkeley Laboratory's Bevatron. The
error is meant to be interpreted as one atandard
deviation and contains both a statistical and a
systematic contribution. The systematfc contribution

is a measure of the accuracy with which a neutron-

indvced background has been excluded.
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I. Introduction - The Physical Meaning of €

Prior to the writing of this dissertation, in the fall of
1971, CP violation® has been observed in only one system in nature,
the neutral K meson system. This system consists? of a particle-
antiparvticle pair K® and ¥°. These states are defined to be
the eilgenstates of strangeness of eigenvalue +1 and -1, and in
fact etrangeness is the only quantum number differentiating them.
Hence, the non-conservation of strangeness in weak interactions
makes the neutral K meson system unique in nature for it allows
particle and antiparticle to communicate virtually.

Lo} 50
+> W >
X K

This communication in turn implies that K° and K° are not states
with definite lifetimes.® Instead the particle states of the K
megon gystem (states with definite lifetimes) must be superpositions
of K° and K°. If CP were rigorously conserved, the K meson states
with definite lifetimes would necessarily be eigenstates of CP."
Hence they would be:

lK'])_> - /.% (Jx%> + |R®») CP = +1
L

RS> = /L_ (&% - K% CP = -1
2

This was believed to be the case before 1%64. The short~lived
component of the neutral K meson was found to decay %o two pions
(CP = +1)° and was therefore thought to be Ki. This meant that
the long-lived component was K, with CP = -1. But in 1964

lpor definition of the operators C and P see Appendix 1.

We assume there 1s no third X meson,

"M, Gell-Mann and A. Pais, "Behavior of Neutral Particles under
Charge Conjugation," Phys. Rev. 97, 1387 (1955).

“This statement is not obvious. It 1s proved in Appendix 2,
Note that it is not true for CPT.

5see Appendix 1.



Christenson et, al,® discovered that the long-iived component also
decayed to two pions. This is a violation of CP. Herce it was
necessary to consider the possibtility that this violation occurs in
the neutral K meson states themselves, i.e. that the particle states
are not eigenstateg of CP but rather the CP mixtures

|kg> = (&3> + €[k
1+ Jel?
1
|K€> = ___..____(lx‘2’> + e|1<2>)
Y1+ |el?

where S and L denote the short-lived end long-lived components.,
These superpositions are the most general ones consistent with CPT
invariance.’ Thus € 1s the CP mixture parameter of the neutral
K meson particle states and |€| represents the amount of CP
violation in these states,

Two other important CP parameters are defined as follows:
< | K>

n S - = e + €'
= <l | kS
w 8
o_0O o]
<°n® [n | %>

Noo = L/ KL = g - 2

<«®n® |B | k3>

The approximate expressions for n_ and Noo in terms of € and €'
were first poiuted out by Wu and Yang.® One can grasp the signif-
icance of €' by considering the case in which £ = 0 and hence
in which there is no CP violation in the neutral K meson states.
Then the obsgerved CP violation in the =T decays would be entirely
due to the decay interaction Hamiltonian.

Schristenson, Cronin, Fitch and Turlay, "Evidence for the 27 Decay
of the Kg Magon,” Phys. Rev. Lett. 13, 138 (1964).

’T. D, Lee: and €. S. Wu, Chapter 9: “Decays of Neutral K Mesons,"
in Annual Review of Nuclear Science, Palo Alto, 1966, Vol. 16,
P, 524.

8T, T. Wu and C. N, Yang, "ghenomanological Analysis of Violation
of CP Invariance in Decay of K- and R°," Phys. Rev. Lett., 13,
380 (1964).




In this case, 1f one defines n. £ g' , then one can show using
isotopic spin invariance of the strong interactioms that
Noo = -2¢'" . So €' represents the contribution of the decay
Hamiltonian to the CP violation in KL + .

On the other hand, if the decay interaction is CP invariant
then from the definition of KL and Ks (since only Kl can decay

to W)

n, =n_ = € e' = 0

These equations hold for any thevry which predicts thet the entire
CP violation resides in the neutral K meson states. This is true
in particular of the superweak theory of Wolfeastein in which the
source of CP violation is postulated to be a new interaction, much
weaker than even weak interactions.®

Our experiment is designed to measure the real part of € v 3

o
§I-l the Ku3 charge asymmetry.

1f T, = Rate & + 7UV)
r, - T
then § = ————
L e

+

A similar defimition holds for the elect:ronic charge asymmetry.
Then for £ = iy or e, assuming that these leptonic decays proceed
by first order weak interaction only and that this interaction is
CPT invariant, one can show that

1 _ 2
‘{ 1 lel

'611, = 2 Ree

lll - xﬂ,l
where x, = 0 if the A4S = AQ rule holds in weak interactions.!?
A nonzero X, is the mechanism by which the K;S and K:S charge

°L. Wolfenstein, "Violation of CP Invariamce and the Poss sibility
of Very Wesk Interactioms,” Phys. Rev. Lett., 13, 562 (196a),

Ysee Appendix 3 for a derivation and discussion of this
expression for 61 as well as a definition of Xp.



1 - Ixel2

¢~ mmetries could differ. However, the factor ' |2
1 - x
e

has been measured for the electronic decay to be .96 t .05 L1

If the AS = AQ rule is valid this factor is 1 and

62 = 2 Ree

In this case if the CP violation is entirely in the K meson state
8, = 2 [n+_| cos (arg )

and we can predict the value of the charge asymmetry using the

measured values'Z® 13

|n+_; = (1.92 + .05) =x 107°?

arg n,_ = (45.2 ¢ 4.0)°

Inserting these values w:» find

§, = (271 % .20) x 1073

if the AS = AQ rule holds and the CP violation is entirely in

the neutral K meson states.

13

'The superweak theory predicts'® that

lgennett at. al., "Ks ~ Ky, Regeneration Amplitude in Copper at
2.5 Gev/c and Phase of n,_," Physics Letters, 298, 317 (1969).

n,_{ = (.92 £ .05) x 1077 from A. Barbaro-Galtieri et. al.,
Rev, Mod. Phys., 42, 87 (1970). This 1s a world average. Best
value 1s |n+_| = (1.91 * ,06) x 10~% from Fitch et. al., "Studies
of Kg + % 1~ Decay and Interference," 164, 1711 (1967).

Sarg ng_ = (45.2 % 4.0)° from Aronson et. al., "Precise Determin-
ation of the K, - K, Mass Difference By the Gap Method,” Phys.
Rev. Lett,, 25, 1057 (1970). This paper also gives

tan™! 20mTg = (43.2 * 0,4)° = (arg €) s uperveak

where Am 1g & - k%) mass difference and T, is the KO lifetime.
S S S .



argn,_ = argt = (43.2 + 0.8)°

The fact that this numbcr is consistent with the measured value

of arg-n+_ is strong evidence in zupport of the superweak theory.
If we insert this number for arg n,_ in the above calculation

we find that

8, = (2.80 % .07) x 10™%

if the superweak postulate and the AS = AQ rule are both valid.



II. DESIGN OF THE EXPERIMENT

A, Beam

Cur experiment was locatéd at tﬁe end of the second channel
of the external proton beam at the Bevatron. We mnormally took
about 6 x 1011 protons per Bevatron pulse on a 5- inch copper
target. Our neutral beam ( see Figure.l) was defined by our first
collimator t; have a solid angle of approximately 0.2 millister-
adlans about the production angle of 7°. The first collimator
was four feet long and had horizontal faces made of brass, but
vertical faces made of uranium. It commeuced 51 in. from the
target. The second and third collimators followed at 153 in.

a. 2 177 in. from the target and were respectively 24 in. and

57 in. long. They were made entirely of brass. Ail ghree col-
limators were tapered such that the rear two collimators were
in the shadow of the first collimator.

Charged particles were swept from the beam by four sweeping
magnets. The first magnet was actually a steering magnet for
the external proton beam and was situated between the target and
the first collihator. Its fileld integral was typically 400 kilo-
gauss-inches. The remaining three sweeping magnets were placed
as indicated on Figure 1. Their field integrals were 865, 200,
and 250 kG-in. All magnets were oriented such that they swept
protons to the east. Shielding filled the volume outside the
beam line (to a distance of at least eight feet from the beam)
from the upstxeam edge of the second collimator to t%z experimental
area. The first ten feet o:f this shielding was iron. The re-

mainder (about fifteen feet) was concrete,
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B. Counters and Their Functions

The detection apparatus consisted of 154 scintillation
counters monitored by a PDP-9 computer. The important counter
banks are labeled in Figure 2. R; decays were identified by an
up-down coincidence of the large trigger counters labeled P
gitusted outside the neutral beam. The K;3 component of these
decays was identified by filtering muons from pions through
the use of a 24-inch-thick lead wall. Muons were required to
traverse the lead wall and count in banks L and M. 1In addition,
the muons traversed 2 in. of steel just downstream of the T
counters and 2 in.of steel between banks L and M. Those muons
reaching the N bank traversed a third Z in.steel plate. How-
ever, the N bank was not required for a K33 signature. The
system wag up~down symmetric. The muon could be up with the
pion down or vice versa.

The system was designed to accept most of the Kz3 decays
which had a vertex in the decay volume and produced a muon with
sufficient momentum to penetrate the lead wall, but yet also pro-
duced both a muon and a pion with sufficient transverse momentum
to get out of the beam (i.e. cross over the beamside edge of tﬁe
appropriate P counter). In order to accept these muons the
counter banks increased dramatically in size from the upstrean
end of the experiment to the downstream end (see Figures 2, 3,
and 4). This progression culminated in the L and M banks which
had active areas of 8 feet (height) by 14 feet (width). A Mente
Carlo calculation shows that we succeeded in accepting 95% of

these muous. The Monte Carlo also shows that the P counters
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were large enough to accept about 90Z of the above pions. Thus
the expected muon track would contain P, S, R, T, L, M and per-
haps N counts. The pion, however, could indicate its presence
by a lone P count or, if it stayed close to the beam, it might
produce counts further doﬁstrem.

The charge-resolving magnet was named the M5. It had
circular pole faces 63 in. in diameter and a gap of 52 in.
The field pointed up or down. The M5 was run at +130C amperes
with a typical field integral of 670 kG-in. and thus imparted
a typlcal transverse momentum of 500 Mev/c to particles passing
through it. Since the maximum transverse momentum a muon can
acquire in Kz3 decay is 216 Mev/c, negatively charged muons were
given a complete angular separation from positively charged muouns.
One method of charge determination was simply to observe whether
the position of the muon at the L bank was east or west of the
center of the bank. In the absence of multiple scattering in
the lead wail this methcd of charge determination would have been
completely unambiguous. But because of the multiple scattering,
‘we decided to determine the charge also by 1looking at the direc-
tion of the muon curvature in the M5. This determination was
accomplished via the S, R and T banks. The method used to bin
the muon position in the S, R and T banks is depicted in Figure 3.
Similar information is presented for the L, M and N banks in
Figure 4. For the purpose of binnirg, the L, M and N banks form
one logical bank which we will call W.

An unpleasant fact of life in a neutral beam at the Bevatron
1s that the ratio of high energy neutrons to long-lived K mesons

is largg=~——on the order of two hundred to one. 1In order to



avoid contamination of our K sample by neutrom interactioms, all
mass was removed from our neutral beam in the region accepted

by our trigger counters. The geometrical details are illustrated
in Figure 5. The vertical beam profile is indicated showing
both the umbra and our large penumbra which was a result of the
necessity of collimating close to the target. The anti counter
(labeled A in Figure 2) was actually a set of six counters which
acted as a shieid against charged particles coming from upstream.
It was logically equivalent to s single large counter with a hole
in it slightly bigger than the beam. The wvertical separation
of the upper and lower portions is indicated on Figure 5 along
with the positions of the P counters. An event was accepted only
if counts were observed in both P counters but not in the anti
counter. Thus, an event originating at a vertex must have origin-
ated downstream of the intersection of the two lines'}jand L,
defined by the edges of the A and P counters. In this manmer,
our decay volume was. defined without putting any mass into the
beam. The geometrical details of the A and P coumters are also
presented in Figure 5.

The entire decay volume was held at vacuum (typically 10-
atmospheres). The beam passed into the vacuum through a thin
window (.0l in. aluminum) just downstream of the last sweeping
magnet. As indicated by Figure 1, eighty-eight inches downstream
of the vacuum window but ten inches upstream of the beginning of
our acceptance (intersection of L; and L, in Figure 5) our vacuum

hamber was broad d horizontally to include the entire horizon~

tal dimension of our accepti:nce, outside of the beam as well as

in the beam. Hence with two uxceptions which will be described

13
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Geometry of A and P counters (inches)
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A
ABA 'A Aq Plan view
Z’% Tg%‘\Vacuum tank wall
m
Not to
‘ scale
.rAl 1
:L A Elevation view
H g
Ag‘I;.:\
ali [ ——geam into paper

XBL7UI—-473!

Figure 5b



16

shortly, we are confident that all vertices which we accerted
originated in vacuum. Figure 5 also shows that any single track
which originated in the collimator and was accepted must have
exited the last collimator at a depth greater than one inch into
thé collimator face. We note that two such tracks, 1f correlated
and not forming a vertex but converging from deep within opposite
faces of the collimator, could have fooled our trigger system. A
calculatio;ubased on the measured rate for a single muon track
leads us to believe such events are negligible (less than lﬁ_qof
our total number of events).

The 5, and Rv Counters shown on tigure 2 were installed to

v
give us some vertical resolution. Their geometry is presented

in Figure 6. For events in which the pion reached the P. bank we
were able to use these vertical resolution counters in conjunction
with the S and R banks to recomstruct the decay vertices. Each
vertex position was taken to be at the point of closest approach

of wnuon and pion trajectories. If extra counters were on, the
combination with the smallest distance of closest approach was
used. Figure 7b shows the distributions of the horizontal and
vertical distances of closest approach. The vertical resolution
wags much better. than the horizontal resolution because the muon
and pion were diverging vertically but not necessarily horizoutally.
Also, effects of the magnetic field between the S and R banks were
neglected even for the pions, thus causing further deterioration

of the horizontal resolution. These curves suggest that the longi-
tudinal resolution was about #20 in. in the decay volume. Figure

7a shows the vertex distribution. Due to randoms and scattering

14 .
See Appendix 4 for the calculation.
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on the pion side, we expect the long tail-extending upstream.
Thanks to the pion interactions we also expect these events to
have a charge asymmetry. But we note that the events upstream
of -300 in. only change the charge asymmetry of the whole sample
by 3 x 10-“. Hence the vertex distribution supports our contentiom
that the upstream acceptance is well understood. We note again,
however, that only the events with the pilon reaching the R bank
are included in this plot which 1s discussed further in IV-C.

As indicated on Figure 2, the A and P counters were entirely
contained in-a cylindrical vacuum tank. The tank was 10 feet
in diameter and 10 feet high. The beam entered the tank from
the upstream vacuum system through a large rectangular hole,
the sides of which were well outaide the A-P acceptance. In
order to keep neutron interactions as far as possible from the
P counters the beam was brought out of the vacuum tank into a
vacuum snout which extended well into the M5. The walls of the
snout were .25 in. aluminum but they had exterior ribs in order
to withstand the vacuum load. The internmal dimensions were 8 in.
(height) by 2i in. (width). The vacuum window on the downstream
end of the snout was .025 in. aluminum. The decay products
accepted by the A~P system exited from the vacuum tank through
an aluminum plate 1.75 in. thick which also supported the snout.

The two flaws in the trigger system mentioned earlier will
now be discussed. First, neutrons in the halo around the beam

couid have interacted in the anti counter itself. If tl.: charged

particles emanating from such an interaction were produced gufficiently

cloge to the downstresm counter edge,they would not have traveled

farx enough in the counter to count. Hence, the event would have

20
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been accepted by the A-P system if these charged particles had
counted in both P's. The correction for this effect will be
discussed in IV-C-4. The second flaw in the above trigger system
is that it does not take into account neutron backscatter.
Specifically, halo neutrons could have interacted in the walls
of the snout and sprayed low energy particles backward into both
P counters. In order to measure the number and chargc asymmetry
of such events we lined the horizontal walls of the snout with
counters, one up and one down. We also placed counters below
Pup and above Py . to detect interactions in the P's themselves.
The geometry of these guard counters labeled C is presented in
Figure 8. Note that for a neutron interaction to have backscattered
from the snout into both P's, both an upper € and a lower C must
have counted. This is true also if the interaction occurred in
a C counter. (The possibility of C counter inefficiency will be
discussed later.) The two Sv counters nearest the beam also turned
out to be quite useful in detecting neutron interactions.

After leaving the snout, thke neutral heam passed into & hag
of helium which extended through a hole in the lead wall to a
point about three feet downstream of the N counters. Here the
neutral beam entered a shielded air passage way which extended
to a point twenty feet downstream of the N counters where the
neutrons were dumped into uranium blocks. The L, M and N counters
were well shielded from this beam dump.

The hole in the lead wall allowed ue to get rid of the neutral
beam in a reasonably clean manner but also opened a path by which
pions could penetrate the lead wall. In order to get rid of some

of these pions, the hole in the wall was lined with a steel beam
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Geometry of H counters
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conduit which extended from 4 in. upstream of the start of the
lead wall, through the wall and holes in the L,M, and N banks, and
into the shielding wall downstream of the N counters. The conduit
had horizontal walls 3 in. thick and vertical walls 4 in. thick,
Then the conduit in turn was lined with counters in order to
detect the remaining particles passing through the conduit., These
counters are labeled H. Their geometry is also described in
Figure 8.

All of the A,P, and C counters were run in vacuum. This
presented a develcpment problem since normal tube bases break
down at low pressures due to the increased mean free path of an
2lectron, We tried various potting compounds unsuccessfully
but finally arrived at a solution by putting the phototubee and
tube bases in sealed containers and attaching these containers
to the outside air via tygon tubing.

Just before and after taking data the besm line and crucial
vertical positions of the A and P counters were surveyed. The
beam line was found to be in order snd the A snd P positions were
correct #1/32 in. The S,R,T,Sy, and Ry positions were measured
also before and after data-taking to an sccuracy of + 1/8 in. The
L,M, and N positions were surveyed only before taking data but

are believed to be correct to + 1/4 in.

24



C. Electronics

The electronics system used for this experiment has
been described elsevherel® Only an abbreviated description will
be presented here. The basic component of our system was the MECL
(Motorola Emitter Coupled Logic) system developed at the Lawrence
Berkeley Laboratory. Figure 9 shows the treatment of a typical
counter under this system. The photomultiplier snode signal was
first discriminated and then, if it survived discrimination,
stretched to a wiform 20+]1 nanoseconds. The ECR bit then deter-
wined whether the pulse from the counter was to proceed or not.
During the tuning phases of the experimant this bit could be
controlled either manually or by the computer. It was very uaéful
for diagnostic purposes. However, during the data-taking phase,
the information from each counter was alvays allowed to proceed.
After the ECR gate two pulses were produced for use in the fast
external logic. One such use was the formation of a pulse called

the prompt strobe (¥ig. 10) which signified that the event under

consideration had passed our acceptance criteria on the coumtar banks

upstregm of the lead wgll, Only when such a strobe was generated
did coumter information get atored. A third pulse following the ECR

gate for a typical counter wes than sent into a coincidence

15 R.M.Graven st al., "in On-Line Scintfllstion Counter
Control Systes”, UCRL-20635, Lawreunce Barkelsy Laboratory
internal report, to be pudlished.
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circuit versus the prompt strobe. The resulting bit of informa-
tion, whether or not the counter in question was on in time
correlation with the prompt strobe, was then stored in the MECL
memory bit for that counter.

The processing of each prompt strobe pulse took about one
microsecond. Consequently, to prevent interruption of this
processing, the strobe logic turaned itself off for a microsecond
after each output pulse, One function performed during this
period was the generation of a delayed strobe pulse precisely
one Bevatron revolution (403 nsec) after the prompt strobe. This
delayed strobe then inquired whether or not each counter was on
in random time correlation with the prompt strobe. The reason
for waiting one Bevatron revolution was to insure that both time
slots sampled the same beam structure. The delayed counter in-
formation was then stored in the MECL memory delayed bits.

The MECL discriminators had many advantages over commercilally
avallable discriminators. They were smaller by a factor of 10
or more in weight, volume and cost. However, they did have a
deadtime. Immediately after anm output pulse, the discriminator
would not respond to an input pulse for 20 nsec. In the presence
of a charge asymmetric random background (which we had in several
banks), such an inefficiency could have been disastrous. Our
solution (as indicated on Figure 9) was to use a strobe of which
the leading edge arrived at the MECL coincidence circuit 25 nsec-
before an in-time counter. This meant that a counter pulse
arriving up to 45 nsec before the in-time counter would turn on
the bit for that counter. 5o it would make no difference that

the discriminator was inefficient for an in-time counter. However,



this made the resolving time for each MECL coincidence circuit

a very long 60 nsec. This meant an increase by a factor of three
in random rates over the corresponding rates with a 20 nsec
resolving time.

Because of this problem the C and H counters were fed into
Chronetics discriminators run in a deadtimeless mode. Then for
each such counter a short-resolving-time coincidence test was
made versus the strobe and the output pulse was sent to the
proper MECL discriminator. The A and P counters were also sent
into Chronetics discriminators for the purpose of generating the
strobe in a deadtimeless fashion.

A simplified diagram of the electronics appeaks in Figure 10.
As indicated only the A, P, S, R, and T counters are imvolved
in the strobe logic. The symbol S really stands for 26 counters,
13 up and 13 down.

The final decision as to whether or not the event causing
the prompt strobe was to be recorded by the computer was made
in a MECL slow logic box called the Matrix. In this box slow,
cheap coincidence circuits were used on the bit information
from the L, M, and N counters. In this way very complex accept-
ance cirteria could be used to decide whether or not a muon had
penetrated the lead wall. This was useful In the tuning phases
of the experiment when our random rates were high, but the final
Matrix acceptance criterion turned out to be very simple. If
the Matrix decided the event was accepted, it informed the
PDP-9 that the event was to be read out and turmed off the atrobe
logic for one millisecond, the time needed to trangfer the data

to the computer. (This time would have been such shorter if we
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had not been using scalers meant for use with a typewriter.)
After the event had been transferred to the computer, it was
written onto magnetic tape at the end of the Bevatron pulse. If the
Matrix criterion was not satisfied, the MECL bits were reset off
and the strobe logic was allowed to continue looking for another event.
We will now discuss the strobe and Matrix logic, .i.e., the
trigger. First we define several esymbols:
A = lack of an A count
® = P counter delayed 403 nsec
U,D = up, doun
PUPD = coincidence of Py and P, .
We also define the symbol OR to mean the logical-electronic
operation using two bits of information to form a third such
that (A OR B) is on if A 13 on or B is on. A similar definition
applies to the symbol AND (the operation performed by a simple
coincidence circuit,)

Then 1if

v, = (RyPp OR @ Pp)
vy = (PP, OR Py
the prompt strobe was

AVD SD (B,DTD) OR AVU S!I (nu'ru) .
This pulse was generated by a set of Chronetics cofncidence circuits
as indicated by the strobe logic diagram, Figure 11. Here SD
danotes the OR ¢ 13 S~down counters. When possible the §, R, and

T counters were removed from the strobe. The only purpose of including

them was to decrease the strobe rete at hish beam intensities to a
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level tolerable to our computer (110 events/pulse). By including
one of these banks in the strobe we effectively caused that baunk's
discriminators to operate with deadtime again since they con-
trolled the strobe. However, in the section discussing randoms
we will show that since the T's were in the strobe only for a

few speciali runs, this caused no problem. The R and T are shown
in parentheses since the most common strobe only included the &'s.
Cccasionally, however, all three banks were removed or the R's were
included. The anti was included in the strobe at two stages so
that prompt and delayed events could be treated symmetrically.

The anti is required twice for sctrobes with a delayed P.

If L denotes the OR of all L counters, both up and down,

then the Matrix condition was simply

w ok (¥
Thus the system was triggered on real events as well as on the
two random configurations which we believed would be important:
a muon track with a random pion P, and an AVS with a randos LM signal.
Note that the (@ refers to the Matrix logic and hence the de-
layed MECL bits vhile the @ refers to the strobe logic. There-
fore, the time slots asscciated with these counts differ by 8G6 nsecc.
The @ count occurred 403 nsec after the prompt strobe while
the @ count occurred 403 nsec before it.

The system also contained six analog to digital converters.
These were used to do pulse height anslysis and time to pulse
height analysis of the various counters. Fach TPH analysis wvas
done on the prompt strobe versus a selected MECL OR output. Each
PHA was done on the sum of the dyncde siguals within a given bank.

in active adder was used to form the sum for each bank. In this
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way we could analyze up to 62 counters at ona time. If a PHA
of le were desired, we could select events for which sm was
the only sn on. The PEA's were actually pulse area analyses,
but we will follow established convention and retain the H.
Once each week the entire electrcnics system was tested
beginning at the discriminators. The strobe logic was tested
by hand with an oscilloscope and a pulser. The entire MECL
system, including the Matrix, was tested under computer control
using the ECR bits and an internal pulser (which produced the
test pulse of Pigure 9). This testing included dats transfers

to the computer, which checked the incoming information.



III. OATA ANALYSIS

A. Ganeral Analysis

The data from the experimant consists of approximately
200 reels of magnetic tape. The off-line analysis was done on
the Lawrence Radiation Lsboratory's CDC 6600 B. 1In the first
analysis pass the rav data, MECL bit counter information, was
turned into bin information and both types of deta were written
onto a device for mass storcge of data, the IBM photodigital
chipstore. This device writes with a light beam cnto film
chips for permanent storage. The data is in turn read with a
light beam and 2 photomultiplier tube. With the aid of this
device, w2 were able to scan large massed of scmpacted data
with one computer job st a rapid rate (100,300 events/ minute
of central processor time).

The K: signature required in the analysis programs wvas

3
much wore restrictive than the trigger requirement. The signa-
ture requirements for prompt, delayed Matrix, and delayed P

avents vere as follous:

prenpe:  APpP S R .THy OR e s KT
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delayed P: AR S R.T W, or PR RAN

Here @ signifies the delayed bit of P). A signifies the
bit which ve sent to the computer telling whether or not the anti
was on. Thus for a delayed Matrix event, we formed the OR of
real and delayed bits for esch counter (the A bit requires
spacisl treatmant) before parforming t.ln same signature test

as carried out on prompt events. WHence if a delayad T count vas
associated with a delaysd W, this information vas preserved. 'U
signifies one of the bins of Lu. Hu and perhaps Nu liated in
Figuze 4.

We could not require the ® bit tor the delayed P
evants bacausse actually the time slot associatad with the @
sount of gn @ P, prowpt strobe was 403 nsec earlier than
ths prompt strode. Similarly the inforsation of which counters
vere on in correlation vith such an @ was lost. This loss
was not seriocus since the pion was only required once. A bit vas
sent to the computer telling us vhether a given strode was due
to s prowpt or delayed P. We used this bit to decide which
signature criterion to use. In the case of delayed P events,
ve relied on the strobe logic to tell us that the pion P had
actually dsen cn in the proper time slot. The MICL bits wera
exsmined to datsrmine whether an event satisfied the prompt or
delayed Matrix cordition.

The first pess analyais program alse ceiculated and binned
the following quantities characterizixg the muon trajectory:
decay angie, projected position at the anti, tund angle in the
H5, and scattering angle in tha lead wall. Figure 12 illustrates

these calculstions. The position of a muon at a given bank was



MUON TRAJECTORY CHARACTERISTICS
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taken to be the center of its bin in that bank. The wuon dacay
angle vas then simply the difference in R and S y-coordinates
divided by the difference of R and S z-coordinates. Hance we
neglected effacts of the magnetic field bstween the R and S
counters. The denominators in the expressions for the band angle
and scattaring angle ers due to the fact thet we are actually taking
the differance of tany nts of angles. This factor becomes important
only vhen the asgles involved ara largs.

The second-pass gnalysie program then made cuts on elil four
of these quantities. Events which did not contain & muon trajeccory
with ressonable values of all four of them wers excluded from
further analysis. The Iirst-pass snalysis and a Monta Carle calculs~
rion vers used to determina che points at vhich to make the cuts.
Figurz 13 shows the distributions of these four quentities after
the second psss cuts hed been made. The cuts appesar to be quite
1ibersl as thay must bs.

Approximately 24 nillion events were recorded on taps during
ths data-teking phase. About 9 million of thess evants sotisfied
a 1;3 signature criterion. Most of the cvents vhich fsiled the
signature tests usre randoms. The dominnt type of vzudom was of
the form Xpps (i) , 1.e., the R and T banks (not required in the
trigger) vere missing. Such evente are weighted twice in ths Jbove
24 million avents since tha random LM signal could have occurred in
orompt or delayed time. Thess evants could have besn sliminatud by
requiring the R and T banks on the mion side in the strobs, but for
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reasons vhich we have indiested and will fucther discuss in Section IV-D,
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we chose to keep the strobe loose. These eveats w;are examined
for any possible systematic errors introduced by their exclusion.
We could find none 8t levels important to the experiment.
Another type of random which occurred often amwong the
events failing the signature criteria involved L and M counts
which did not 1ibe up, i.e. did not form a W bin. Thease events
were written on tape as a result of our very lax Matrix require-
ment. Such events were also cxamined before being excluded.
An interesting effect was found in this sampie involving cross-
over events. A crossover evant is one possessing an l‘l.l and a
time correlated HD' i.e. a muon which scatters sufficiently to
cross over to the pion side bétween the L and M banks, In a

A

asample corresponding to 394,000 8 wnich p d the

pass cuts 3672 prcmpt crossover events were found which con-
tained 142 asymmetric events (number of u+ minus number of u” ).
In the same sample there were 10 delayed Matrix and delayed
P crossovers with 142 asymmetric events. Hence the change in
the total charge asymmetry from excluding such events ia (0.00+
0.17) x 10 .

It is possible for an event to be none of the three normal
types - prompt, delayed Matrix, or delayed P, For excmple,
an event might have both a prompt and a delayed P. Zvents
which were sbnormal in this manner were considered deta for a
gecond order randoms correction vhich we did not need ¢o make.
Hence, they were excluded from the data after the first analysis
pass. They will be discussed further in the section on randoms.

The rumber of these events was studied and is well understood
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in texms of the rates for more normal events and the singles rates
of various ccunters.

An additional 9% of the data was excluded by the second-pass
cuts. Most of these gxcluded events were randoms, especially
of the type AVPSET(F) (veighted twice) where the trajectory indi-
cated by the S, R, and T did not line up with the W bin. Only
about 2% of the real events were excluded by thesz cuts. However,
a significant number of these real events vhich did not point back
sufficiently well to the hole in the anti counter are thought to
be neutron interactions in the snout. They have a large positive
charge asymmetry and will be discussed in the gection dealing with
beam interactions. They form the major background in this experiment.
After the neutron cut ( Section IV=-C) the second-pess cuts only
changed the charge asymmetry by ~0.15 Z.

The second pass analysis program also excluded events which ~ .
had W bin requirements satisfied both up and down because of the
consequent confusion in m:'wn identification. In a sample
corresponding to 4.4 million events which passed the second~pass
cuts, 4,101 such double W events actually had a complete wmuon track
on one gide only. The esymmetry of cthese events, for which the
muon really could be identified, was (1.1 +1.5) z 1072, The
change in the charge asymmetry resulting from their exclusion was
then (1.0 + 1.5) = 10"5, so they can be safely excluded. The
true dotble penetration events, which contained complete tracks

both up and down, will be discussed in Section IV-B,



B. Monte €arlo

The Monte Carlo program for this experiment was written in
order to perform several imporzant calculations and in general to
tegst and enhance our understanding of the experiment, Every
effort was made to make the Monte Carlo conform to reality before
comparigon with the data. Then comparison with the data pointed
out the aspects of the experiment which we could not predict
without resorting to variation of uncertain input parameters such
as the l(: momentum gpectrum.

The K:a events were generated in the K meson rest frame in
accordance with the V - A theory as given by Okun'.lﬁ K:3 events
(used in the pion-decay-in~flight calculation) were genera.d in
the same manner as I(:3 events by merely changing the lepton mass.
The form factors for these leptonic decays and the Dalitz plot for
the l(fr3 decays wers chosen in apreement with recent experimental
infotmation.n’l8

The l(: mesons were piven a momentum distribution in accord

with a recernt measurement at the Bevatr:on]'9 done at a production

16. L. Okn', "Strange Particles: Decays”, in Annual Review of
Nuclear Science, Palo Alto, 1959, Vol. 9, p.89

17. For the leptonic decays we took )\+ = A_= 0,08 and §(0) =~ -0.26
as is plausible from C.-Y. Chien et al., Physies Letters 33B,
627(1970) .

18. For the K1?r3 decays we took a = =0.257 and Bo = -0.023 as in

C. D. Buchanan et sl., Physics Letters 33B, €23(1970).

Rolland P. Johnson, private commmication. The apparatus used

for this measurement is discussed in A. P. Clark et el.,
Physical Review Letters 26, 1667(1931).

19
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angle of 3.7°. This spectrum was extrapolated to our production
angle of 7° using a well known presc:::l.pt::l.on.20 The same pre-
scription was used to describe the dependence of the momentum
spectrum on production angle across our acceptance. Effects of
the finite size of our target (12 in. x 1/4 in. x 1/4 1in.) in
conjunction with our collimation system were calculated in the
geometrical approximation. ( A Kz was assumed to be lost if it
entered a collimator surface.) Attenuation in the copper target
of both the primary protons and the lq:"s was included with
absorption lengths of 4.7 in. and 9.4 in. respectively.

Each KZ was then allowed to decay at a distance from the
target picked in accordance with the distribution proper for 1its
momentum. The resulting muon and pion were then Lorentz trans-
formed from the K meson rest frame to the laboratory and pro-
pagated through the experimental apparatus. The plon was traced
only as far as a P counter, but the muon waé followed all the
way to thne M or N bank. The magnetic field was approximated
by a cylindrical grid with two inch redial and vertical ‘apacing.
Muons were propagated through matter in steps of length two
inches or less. In each step the energy loss was calcuiated

using a linear approximation ( correct #v2%) to a recent vers:l.on21

20
The angular' dependence was assumed to be exp(-3.9 P 8) .
where P is the K& momentum: in Gev/c and © is the produc-
tion angle, as:given by George T;;;_llin 5 200 Bev-Accels

erator: Studiés on Experimental<Use 1964-1965,Vol. 1,
p- 38, UCRL-16830, Lawrence Radiation Laboratory.

Peter M, Joseph, "Range Energy Tables fox High Energy
Muons, "CLNS-52, Laboretory of Nuclear St:udies, 1
University, May, 196 L
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of the muon energy loss tables. Energv loss straggling was also
calculated at each step using linear approximations to the theory of
Symon as given by Rossi.22 This theory extrapolates betwcen the
Gaussian and Landau limiting cases. Multipie scattering was included
in the Gaussian approximation using a formula «lso given by RossiZ3
which allows simultaneous calculation of both the resultant direction
and position after traversing an absorber. Single scattering wae not
included for two reasons. First, for a 2 in. lead or steel absorber,
calculations showed that siagle scattering would be swamped by the tail
of the Gaussian out to scattering angles dominated by the nuclear form
factor. Second, there is no known way to calculate the joint distri-
bution of the scattered position and direction if the more complete
theory is used.za .

Approximately ten thousand Kﬁa events were generated with this
Monte Carlo. The distributions of Figure 13 are shown again in
Fipure 27 after various refinements on the data. The Monte Carlo
predictions for these distributions are compared with the refined
data. Statistical error bars are shown for the Monte Carlo predictions
only when they are bipger than the corresponding points. Apreement is
good between the predicted and actual distributions of the muon pro-
jected position at the anti. The Monte Carlo was quite successful
in predicting the left-right asymmetry of this distribution. It was

also quite euccessful in predicting the distribution of the

22. Bruno Rossi, Hipgh Energy Particles (Prentice-Hall, Inc.,
Engle wood Cliffs, New Jersey,1952), p. 32

23, Ibid., p. 71

24, William T. Scott, "The Theory of Small-Angle Multiple Scattering
of Fast Charped Particles", Reviews of Modern fhysics 35,272(1963)




suon decay angle.. However, the Monte Carlo was unablc to predict
the distributica of the muon scattering angle in the lead wall.
Apparently a more complete multiple ecattering theory is required
for this purpose such &s the one developed by Cooper and Rain-
Hater.zs In this case, as has been indicated, a correct treat-
nent of the problem is very difﬂ.cult.zs Since the Monte Carlo
seemed sufficiently accurate to do the required calculations,
such a proper treatment was mot attempted.

There are also some differences between the predicted and
actual distributions of the muon bend angle. Theae differences
are partially due to the Monte Carlo's underestimation of the
multiple scattering. Muons with a large bend angle and hence
a low momentum are more likely to stop in the lead wall due to
an increase in multiple scattering than muons with higher momentum
because they are nearer to the threshold momentum for penetrating
the wall. They also have a longer path length in the lead since
their angle of incidence is further from normal. Hence a shift

of the actual data toward smaller bend angles is to be expected.

25
Leon N. Cooper and James Rainwater, "Theory of Multiple

Coulomb Scattering from Extended Nuclei," Phys. Rev.
pc31» 492 (1955)

Agreement between a Monte Carlo and data has beep found
for a similar problem as related by Michael A. Paciotti
"Charge Asymmetry in the Muonic Decay of the K * Ph.D.
dissertation, University of California, Berkeley (1970)
p. 27, and private communication. However, he calculated
the displacement incorrectly - directly from the acat-
tering angle instead of using the joint distribution.

He was measuring the true scattering angle défined to be
the angle between initial and scattered trajectories.
Hence his measurements, unlike ours, were independent of
the scattered pogition.
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Uncertainties in the x: mOmeNtum spectrum may also explain the
differences. Roweve;, some of the exceas events in the central bins
are due to neutron interactions and will be discussed in Section IV-C.
In Figure 14 we present the Monte Carlo predictions for the wmuon
and plon momentum spectra occurring in the events we accepted. The

muon spectrum is probably somewhat low as has been indicated.
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IV. PROBLEMS - SOLUTIONS - CORRECTIONS

In this section we shall diecuss the determination of
the charge asymmetry. A correction to the charge asymmetry will
be considered negligible if it is less than lﬁ—h in magnitude
£nd error (one standard deviation). The term "good events”
will be defined in part C. These events make up the relatively
uncontaminated portion of our data remaining after a certain cut
has been employed to free the data of neutron interactionms.
The term "uncorrected good events" refers to these events
after the neutron cet has been made but before any other correc-
tions have been applied (includimg the knock-on correction which
is asgociated with the neutron cut).

The randoms correction is discussed in part D. In all
histograms, event lists, and calculations outside of part D
the delayed Matrix and delayed P random-trigger events have been
gubtracted(bin by bin where applicable) unless ctherwise noted.
This statement applies to the histograms already presented in

Figure 13.
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A. Experimental Technique ~ Reversal of the Magnetic Field

Frequent reversal of the charge-resolving magnetic field
is the cormerstone of the experimental technique required to do

this experment. ¥¢ definet

N = total aumber of lcz which decayed to mpv downstream of
our last collimator during the experiment.

g Z efficiency for detecting these R:3 events 1f the =mtan
bent right.

n = efficiency for detacting these K:3 events if the muon
bent 1left.

N, = number of x:3 in N having a u¥

N_ = number of x:3 in N having a u~

n, = pumber of R::3 detected having a u+

n_ = aumber of R:3 detected having a u_

Then the true charge asymmetry in K:3 decays (within the statisi-
cal error on R) is

- N =N,

§ & T
N, +N_ C.n

If we had kept the magnetic fleld pointing up throughout the

experiment we would have measured

f - 0 Y4 =Bm  s4a
n, +8_ Noop + oy T+ ad
R-T
vhere 2 - nk+“-l.-

is the zaymmetry of the efficiencies. Thus in ovder to have
wsde a proper measucement we would have reguired that ny equal
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4 .
L to one part in 10 . Geometrical alignment problems alone

n
make such a2 requirement completely untenable,
Consequently we frequently reversed the magnetic field.

If "t" and "+" denote events taken with the field up and down

respectively, then

o+ = w
+ 4 + +
v Mo N v NN
& = 5 & =
N, + N N, + N
and the measured charge asymmetry is
4 4 + +
s .1 n_-o_ +n+-n_ =1[6++ af +6+-a+]
. “~ 4
measured 2 nl + ni ni + ni 2[1 +a'st 17~ 3,6+J

where we have included the possibility that the efficiencies

might depend upon the sign of the magnetic field. Now the é's
-2 -4

and a's are all less than 10 , so to an accuracy of 10 of

the charge asymmetry
t_at + +

+ +
_ 8 + 8 a _ a -a
Sneasured = 7 T T2 - §+ 2
since 6+ and 6+ are both equal t. 8(within the small statistical

error on N+ and N_).

27
The geomeiric bias is defined to be

+
+

27
This definition is in accord with J. Marx et. al.,
"Charge Asymmetry in Ke3 Decay and Ree," Physics Letters,

32B, 222 (1970)
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-k
Again to an a~curacy of 10 of A
A = 6+-6+ + za1k+:=1+= a’+a+ = a
2 2 2

the geometric bias is equal to the average asymmetry of the

efficiencies.

Another expression may be used to define the measured charge

agymmetry as follows:

+ +
_+n+ n_
+ + +
+

+n_ +n+ n_

-)

n

+->

6measured—2

LN

st e ahwt ¢ 6t -
a+a'shw' v a-a 6+)N

. =b
So to an accuracy of 10 of ameasured—z

5measurecl—z = 2
31' _ +
=8 + 2. % ha
2
1
where - l\'+ - N+
« =7
N + N N

is zero if an equal number of evente are taken with the field

up and down. The measured value of a is'
+ + + +

n, +n =-n, -n o
+ =" % 7. a+aé
Q = = FATIN
measured + + + + 1 4 aas
n++n +n++n

In our experiment, for uncorrected good avents,
h= 2.4 x 107 o= 4.0 x 1074

80 Ao = <2,4 x 10-7

and the two expressions for the measured charge asymmetry are

equivalent. We will generally use the second expression in

discussing the dependence of the charge :asymmetry on various . . -
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parameters. It offers computational convenience and is some-
what more transparent than the first prescription since the
charge asymmetry may be expressed as the ratio of the asymmetric
events to the total number of events.

From the expressions for the measured charge asymmetry we
can see that it 1s crucial that the efficiencies must not have
depended on the sign of the magnetic field. A difference in
the eificiency asymmetries with the field up and down enters
directly into the measured charge asymmetry. There are two
ways that the efficiencies might have depended on the sign of
the field: via the counting efficiency of the detectors, and
via the geometrical efficiency of the volume occupied by the
detectors. These two possibilities will be considered in turn
shortly.

The reason for reversing the magnetic field frequently is
to cancel out the effect of a possible slow, long-term variation
of the efficiancy asymmetry. Such a variation, even if it were
not correlated with the sign of the fileld could cause a systema—-
tic error if the field were not reversed sufficiently often.

Our magnetic field was reversed approximately every 45 minutes

for a total of about 600.reversals during the data-taking phase

of the experiment. The runs were paired such that the heam
monitor counts with the field up and with the field down wefe
equal #2% within each pair. The data consists of 206 such

pairs in the main data sample and 81 pairs in the sample with
mass added in various parts of the system to study systematic
effects. Figure 15 shows the distribution of the charge asymmetry

of the uncorrected good events within each pair of the main sample.

ol
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Each asymmetry 1s expressed as a difference from the total
uncorrected charge asymmetry (5.03 x 10-3) in units of its
own statistical error, so that the distribution shoild

approximate a Gaussian. It does so fairly well.
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1. Counting Efficiency

A major advantage of having performed this experiment
with counters rather than spark chambers i1s that we were able
to measure our counting efficlency very accurately and can state
that it did not change with the magnetic field reversals to an
accuracy of one part in 10". All counters in the A,P,S,R,T,L,
M,N, and H banks were tested in an auxiliary beam of 2.8 Gev/c
7 befora their use in the main experiment. FEach counter was
placed in the 7 beam in the midst of four smaller counters,
two on each side, which formed a telescope. A counter was
deemed inefficient for a given n if all four members of the
telescope counted but the counter in question did not. Each
counter had its high voltage set at a level such that the in-
efficiency at the worst spot on the counter was less than 10_“
with the output pulse attenuated by a2 safety factor of two.
After the high voltage level was set for each counter, an
oscilloscope photograph was taken of the anode pulse for minimum~
ionizing particles.

During the data-taking phase of the experiment ﬁhe counter
pulse heights were periodically monitored visually wigh an
oscilloscope. 1In order to decrease the random rates of the
counters behind the lead wall, the safety factor for the L,lM,
and N counters was cut from 2 to 1.25. The safety factor fof
the other banks remained at 2. During the course of the experi- '
ment many of the counter pulse heights deteriorated due to
craiing of the scintillator, deterioration of fhe photomultiplier

tube, breakage of the scintillatom to light pipe joint, etc.
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When this pulse height deterioration was discovered, the photo=
tube high voltage was raised until the miminum-ionizing pulse
height was at its value from the auxiliéry beam test. At no
time was the pulse height of any counter required in the Kza
signature discovered to have sunk so low that its inefficiency
became greater than 10'4 cousidering the above safety factors.
This statement includes the realization that the width of the
band of minimum-ionizing particles increased as a counter
deteriorated,

We also did pulse height analyses of every counter (except
the anti) required in the K83 sipnature on muons from the prompt
events, The peak channel in the spectrum could generally be
determined + 7% of itself. Analyses taken with the field uwp
and down were compared with the result that the peak position
never shifted with the reversal of the magnetic field beyond
the limits set by the margin of error in determining the peak.
Figure 16 shows pulse height analyses of Rgy with the field
up and down. The peak channels were independently determined by
eye to be channel 29 + 2.

Thus we have shown that our counter pulse heights did not
shift with reversal of the magnetic field to an accuracy of + 7Z.
Since the margin of safety on all counters required in the signa-
ture was far greater than 7% before reaching sn inefficiency of
10-4, we believe that our counting efficiency was constant under
field raversal to 1}0'4.

The most ominous threat to the stability of the counters
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under field reversal was the field of the M5 itself. Great
care was needed to keep the fringe field from disturbing the
phototubes. They can be AAQeréely affected by fields as small
as 0.5 gauss. No phototubes were located in a position where
the field was more than 100 gauss before shielding. In order
to satisfy this requirement the R counters had light pipes six
feet long. Then the phototubes were shielded by successive
conceniric cylinders of iron (1/2 in. thick), iron (1/8 in.
thick), and p-metal ( ~ 1/1# in. thick). We note that the L,
M, and N counters which had the smaller safety factor above
were far from the magnet and in a magnetic field of only 10
‘gauas before shielding.

The diagnostic C, Sv, and RV' counters were treated far
more mundanely than the counters required in the K§3 signature.
Because of their positions the two large C counters lining the
snout were plateaued on cosmic rays. Hence we can only prove
that their inefficiencies were less than 5%, but they were
probably much lower. The two small C counters were plateaued
in our vacuum tank but with the aid of a counter telescope.
Their inefficiencies were less than 5 x 10—3‘hnder testing
conditions greatly inferior to those of the auxiliary beam.

The Sv and Rv counters had their voltages set with an oscilloscope
triggered on a PSRT coincidence.

All counting rates were checked a once every two hours while
taking data with the aid of the PDP-9. No counter required in
the K33 signature ever failed. Several vertical resolution

counters did fail and were fixed before taking further data.



2. Geometrical Efficiency - Reversibility of tha Field

The most obvious way that the geometrical efficiency of
our counters could have changed with field reversal is that
the field may have indeed not quite reversed. Let us suppose
that with the field down the vertical component of the field
at some central position was -B, but with the field up it was
B+AB. Since the magnitude of the field would then have been
greater with the field up, more muons would have been bent
outside the region subtended by the T bank, resulting in a
loas of efficiency with the field up. But this effect alone
would still not have caused a change in the measured charge
asymmetry since e and n would have chang.d by equal amounts.
Only a change ia the efficiency asymmetry affects our measure-
ment. However, suck an irreversal of the field could have
combined with misalignments ox the horizontal asymmetry of
the beam to produce & change in the efficiency asymmerry. The
experiment was designed such that the major K§3 acceptance cuts
were made by the A - P system, before the magnetic field, so
that the efficiency asymmetry would be insensitive to field
irreveraal.

The magnet current was set with ; Leeds and Northrup
potentiometer which measured the voltage drop across an
accurately measured resistance in one of the cables between
the magnet and its power source, a motor-generator. The
accuracy with which the current could be set was 2 x 10 -
but the repeatability was 10-? The latte® quantity is the important

coneideration in field reversal. The magnet current was also
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red by a transductor placed around one of the cables
to the magnet. After each Bevatron pulse the output voltage
from this transductor was recorded on magnetic tape. The
transductor voltage also showed that the magnet current was
generally reversed to an accuracy of 10- .

The PDP-9 checked the transductor output voltage for each
pulse and typed out an alarm if the reading strayed by more
than 5 x 10-3 from the intended value. Such bad pulses were
thrown out of the data sample by the analysis program. The
motor-generator generally regulated the magnet current to an
accuracy better than 10-3. Occasionally, however, due o a
malfunction of the regulator, large (2%) fluctuations of the
current would occur. These fluctuations were immediately detected
by the computer and the data-taking was halted wiile the regulator
was repaired.

The field was monitored by three colls which were flipped
pnevmatically from the electronics shack approximately once every
four hours. The measurements of these devices were found to re-
peat to an accuracy of 2 'x 10_1‘L (+2 gauss) when measuring the
central field of the M5. Hence their accuracy in detecting possible
irreversal of a magnetic field parallel to the axis of the coil
1s taken to be #2 gauss. One flip coil was placed near the center
of the upper pole face to monitor the central field. This field
was found to reverse 110-3, the accuracy with which the current
was set. Another flip coil was placed in the upstream end of
the magnetic field near the § counters. The field here also re-
versed 210_3. The third flip coil was used tc monitor the magnetic

field in the 2 in. steel plate just downstream of the T counters.
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In order to measure the vertical component of the field
in the plate, this coil was placed at the top of the plate
where the field was only 50 gausa. Consequently, since the
accuracy of the coil was +2 guass, we were only able to deter-
mine that this field reversed to an accuracy of *4%Z. Since the
field integral in the plate was 3% of the total field integral, .
the net effect of the plate on the total integral could be an
irreversibility of at most m10-3. Consequently, we can claim
that the total field integral reversed to an accuracy of 2 x

-3
w0 .

In order to s.udy the effects of a possible irreversal of
the total field integral we took a series of runs in sets of
four each. Each set contained two pairs of rume, one with
the magnet current normal and one with the magnet current set
2% low. The following list gives the charge asymmetries found

for the sums of the uncorrected good eveuats of each type.

st e ® ) wst
current 2% low 1.15 + 0.30 0.34 + 0.30
current normal 0.61 + Q.30 0.28 + 0.30

Since we are considering the effects of field irreversal we
assume

a+ = a+ = a = A
that the efficiency asymmetry is independent of the sign of the
current but depends upon its magnitude. Then for a 2% drop in
the current, the change 1o the efficiency asymnetry is

fa = (-2.443.0) x 10
The Monte Carlo predicts that all known muon loss mechanisms

provide a linear dependence of the efficiency asymmetry on magnet

current for changes less than 2%. Therefore, for a current drop




of 2 x 10-3 (the accuracy with which the field is known to reverse)
pa = (-2.443.0) y 107

The corresponding change in the charge asymmetry if the current

was set systematically low for one sign of the field is

Aa -l
Mmeasured = e = (~1.2+#1.5) x 10 ;

This is the largest correction we could make for a éyst@natic
irreversal of the wagnetic field. It is nearly neéligible.
Since any possible field irreversal seems to be due to the
accuracy with which the current could be set and seems therefore
to be random, no correction will be made.

Another way that the geometrical efficiency of our counters
could have changed with field reversal is that the counters may
have actually moved when the field was reversed. We do not think
that this is possible since the only steel pieces connected to
the counters (the phototube shields) were securely bolted in
place. There were eddy current forces on the aluminum foil
wrapping of the counters when the current was changed, but these

forces do not depend upon the gign of the field.

64



65
B. Charge Resolution

Neither method of charge determination used in this experi-
ment was without fault. The L counters could provide the wrong
answer for a small fraction of the muons. They could also provide
no answer at all if the W bin criteria were satisfied botfl;ﬁ
the west side and on the east side. The S-R-T determination was '
never wrong if it was used on a real muon but was often ambiguous
if an extra S, R, or T countex were on or if the track under
consideration had a high momentum. We will use -the word "track"
to describe a combination of S, R, T, and W bins which represents
a trajectory surviving the second pass cuts. If an event had
more than one muon track, the S-R-T charge determination was plus
or minus if and only 1f all tracks were plus or all tracks were
minus. If the S-R-T or L charge determination were neither plus
nor minus, it was set to zero. The following table shows the
number of e\}ents posaessiﬁg each possible type of charg;a ééter-
mination. Only the normal data are shown omittipg the data
taken with extra mass. The results are presented for four data
samples: all events surviving the second pass cuts; the first
sample excluding events with a C counter up~down coimcidences}
the first sample excluding events with amagnitude of .bend angle
less than .21} and the first eample with both exclusions. Both
of these exclusions ptefetentially cut out neutron 1uteractions.
The third sample 13 nearly the 1ru.orrected good event aample.

K

The fourth. sampler w:tll be labeled good—NCC" It will be used
kN HESE S

to calculate the K113 chatge asymmetry‘




?ﬁble I-

Types of Charge Determination

S~R=-T

Bend Angle <.21 Inciuded ~ C-Coincidence Events Iancluded

Total

2,543,596 81,485 19,542

888 975 1,512

10,467 82,362 2,600,556
5,341,383

Bend Angle <.21 Included - C~Coincidence Events Txcluded

Total

2,201,340 57,406 10,807

784 629 1,057

8,764 49,116 2,226,765
4,556,668

Bend Angle <.21 Excluded - C-Coincidemce Events Included

Total

2,368,662 1,390 10,184

735 202 816

8,248 1,328 2,396,811
4,788,377

Bend Angle <.21 Excluded - C-Coincidence Events Excluded

Total

2,055,651 854 7,169
624 143 706
7,032 744 2,076,950

4,149,873
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The charge resolution is seen £o be quite good. 4s a

fraction of the uncorrected good events:

‘

6 x 107 fall S-R-T determination

3 x.lo-“ éail L determination

4x 10" fail both

4 x 10-3 have S-R-T and L disagreement
The S5-R-T method is used to determine the muon charge when
possible. Where the S~R-~T method fails, the L method is used.
Assuming that the failure of the S-R-T method 1s uncorrelated
with the wrong decision of the L method, only for 2 x 10-G of
the good events 1s the wrong charge chogen. Thus the total
number of good events for which the correct charge is not
chosen is completely negligible.

The reason the charge resolution is so good is that all
the problems have been excluded in the bend avgle cut. The
S-R-T method fails mainly for events with a small bend angle
for two reasons. First, it cannot resolve a straight track.
Second, an event with two tracks of opposite charges is likely
to have one track with a small bend angle (where the charge of
the trajectory changes). As explained in the next section, the
track with the smallest bend angle is chosen to represent a
multiple track event.

The large charge asymmetry of the events for which the
methods disagree ia undoubtedly due te neutron interactions.
Note that this charge asymmetry is absent in the fourth data
sample.

We have not included in the above data samples the double
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penetration events which possess two complete muon tracks, one
up and one down. Both methods of charge determination fafl for
these events because the muon cannot be identified. These events
comprise (0.22 + 0.01)% of the data. The Monte Carlo predicts
(0.21 + 0.03)% of the data are such events with double penetra-
tions due to pion decay in flight from Kﬁs . (This latter
error is statistical only.) Hence we believe that all of these
events are due to pion decay in flight and that they can safely
be ignored,
We note that although the Monte Carlo is not successful
in describing a muon's multiple scattering in the lead wall,
it 1s reasonably successful in predicting a muon’s ability to
penetrate the wall., If we count up the number of muons which
do not count in the N bank, we find:
WM. (297 +.0002) = (.286 + .004)
ALL - -
from data from Monte Carlo
(all events

surviving the
second pass cuts)

where the statistical error of the Monte Carlo is indicated.
Hence the Monte Carlo's decav-in-flight predictions seem fairly

believable.
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C. Beam Interactions

This section will gpeak chiefly of neutron interactions
but the results are valid for the sum of all components of the
beam. Thus the anti mass extrapolation in part 3 corrects for
o

both KS

Figure i7 3hows the neutron and Kg momentum spectra

regeneration and neutron interactions in the anti.

28 19
’

at the Bevatron. We see that the neutron spectrum s peaked at
very high momenéum and thus unfortunately can produce very high
momentum secondaries. One type of neutron interaction which we .» -
could have accepted involves low energy spray to trigger the P's
and a fast strongly interacting particle to pemetrate the lead
wall. This strongly interacting particle might ﬁe expected to
need a very high womentum in order to penetrate the wall. Anothgr'
type of neuiicer interaction which would ﬁot require that a hadron
penetrate the wall would involve instead decay in flight of a
fast pion. This latte¥“proceas swould produce muons fn the same -
momentum range as ihoéé from Kzssdecay. If the first process
occurred, the second process can be expected to have occurred at
some level.

The anti counter is one of the counters which we claim
(IV- A-1) was efficient to 1 part in 10u throughout the experimént.

In order to double check this we retested the anti in its final

28
M.N.Kreisler, "Neutron-Proton Elastic Scattering from 1 to

6 Gev," SLAC-66, and Ph.D. dissertation, Stanford Univ.
(1966) , P.83. Formulas from the reference in footnote 20
wers used to extrapolate to our beam energy.
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position immediately before taking data. We found that its
inefficiency was less than 5 x 10"4 under testing conditions
greatly inferior to those in the auxiliary beam.

We took some data 'with the antl requirewment removed from
the trigger. We then found that for events satisfying a Kﬁ3 .
signature requirement with exception of the anti requirement,
after the neutron cut, the ratio of the number of everts with anti
on to anti off was(l.1) . The charge asymmetry of the events with
the anti on was (0.4 + 0.9)% . Thus the maximum contribution to
the measured charge asymmetry due to anti inefficiency is
4 x 10~7 using an inefficiency of 1074,

We also checked the efficiency of the antl electronics
by doing a TPH analysis on the sum of the anti discriminators versus
the prompt strobe when the anti requirement was included in the
strobe. The analysis was done on 1.66 million good events and
we did find an apparent inefficlency of 2 x 10-4, However, at
this level we tend to believe the antl electronics in preference
to the TPH circuitry. Even if this ir;efficiency ware real, it
would produce a negligible change in our charge asymmetry.

Hence we believe that the anti counter worked and therefore
as we have indicated in Section II-B, we believe that neutron
interactions triggered our system from only two places: the
snout area and the anti itself. These two possibilitias will be
discussed in parts 1 and 4. The knock-on correction associated
with the neutron cut will be treated in part 2. For the sake of
completeness we discuss interactions with residual air in the

vacuum tank in part 3.




In the treatment of neutron interactiocns we neglect inter-
actions which originated far enough downstream of the snout to
miss a C counter before triggering the P's. This procedure is
reasonable because the magnetic field of the M5 protected the
P's from such interactions. This assertion is supported by
Figure 7a, the vertex distribution. If any such events contamin-
ated our data, about half of them (the ones with a particle poing
through the pion R and S banks on its way to a P) would be in
the downstream overflow bin of this plot. The net effect of this
bin on the charge asymmetry of the total sample represented in
Figure 7a is =2 x lolq. We attribute this asymmetry to plon inter-
actions and not neutron backscatter but it 1s small in any case.
Extrapolated to the set of all events surviving the second pass
cuts it amounts to ~1 X 10—4'

The data sample represented in Figure 7a consists of all
events surviving the second pass cuts with a single muon track
but with the additional requirement that S, R, Sv, and RV banks
kave counts both on the muon and pion sides. The conclusions
drawn from Figure 7a are however, independent of any restric-~
tions to the good events or to the events without a C coincidence.
It also makes no difference if events with a multiple muon track
are included. The negative charge asymmetry in the bins between
=100 in. and -50 in. is believed to be due to pion interactionsg
in the vacuum tank wall (1.75 in. aluminum). The charge asymmetry
of these events is insensitive to the C coincidence. The events
for which tﬁe pion scatters appreciably can be expected to appear
near the position of the S and R banks because‘the vertical dis-

tance separating muon and plon trajectories here is constraimed.
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Hence 1f there is no true vertex, the reconstruction program

can be expected to have put an event in these bins.
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1. Neutron Cut

As we have already noted, we had two means of detecting
neutroa interactions in the snout: the C counter up-down
coincidence, and the SV counter nearest the beam on the muon
side which will be called Sy1. Neither means may be used as
an absolute veto to exclude neutron events, SVl merely de-
tected the events coming from the most likely area of origin,
the upstream portion of the snout and the vacuum tank wall
near the beam. Each SVl counter as shown in Figure 6 had a
vertical dimension of 2.5 in. and had its beamside edge touching
the outside of the snout. The SVl also hus the djsadvantage
that one third of the muons from KEB passed through it. The
C counter coincidence can not be used as an absolute veto mainly
because pions from K§3 might have interacted asymmetrically in
the snout before triggering the coincidence. However, there
are also two possible sources of C-coincidence inefficiency:

1. neutron backscatter of neutrals which might have
converted and counted in the P's
2. counting inefficiency

We believe that both of these possibilities are unlikely, but
we cannot exclude them to the precision required for this experi-
ment.,

Since we have no absolute neutron veto we have adopted the
philosophy of studying the data in the hope that a portion of
it is free of neutrons and hence insensitive to the state of

the C coincidence and SVl' In order to aid us in this study
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we adopt the following abbreviations:
CC = events with C coincidence on

SV = events with Sv1 on

CCSV = events with C coincidence and SVl on
ALL % all events (surviving second pass cuts)
NCC = ALL events excluding CC events
NSV £ ALL events excluding SV events
NCCSV = ALL events excluding CCSV events
These definitions will at times be restricted to refer to a2
subset of ALL events such as ALL single-track events. (Track is
defined in IV-B).
’ In the following discussion we will present a series of
plots versus the magnitude of the tangent of the muon bend angle
in the M5 (as defined by Figure 12). This quantity will generally
be referred to simply as the "bend angle". The bin size used
for the bend angle will be .06, Each bin will be named after
ite central value (except bin .0C which extends only from .00 to
.03). The relation between the bend angle, the true turaing angle

(in radians), and the momentum central to each bin is given by

the following table.

Bend Angle True Turning Angle Momentum (Gev/c)
.00 .000 ©
.06 .060 8.00
.12 .1192 4,03
.18 178 2,20
.24 .235 ) 2.04
.30 .292 1.64

.26 Y% 1.38



Bend Angle True Turning Angle Momentum (Gev/c)
42 .398 1.21
.48 447 1.07
+54 .495 .97
.60 +541 .89
.66 .583 .82
.72 624 77
.78 .662 .73

From the geometry of our counters we calculate that our resolution

was +.12 in terms of the bend angle. Thus it is possible for an

event to appear as much as two bins from its true location.
Figure 18 shows the distributions of the number of events

and charge asymmetry per bend angle bin for the NCC and CC, nor-

mal, single-track events.

The statistical errors are shown if they are significantly
bigger than the corresponding points. Neutron contamination is
evident. There is a very large charge asymmetry in the high
momentum bins where very few muons from K33 are expected. In
the region where the muons are expected the charge asymmetry
drops to reasonable values. A strong correlation between the
asymmetric events and the C coincidence is seen indicating that
many of these events originated in the snout. The large charge
asymmetry of the high romentum NCC events is mainly due to
neutron interactions in the anti counter as will be demonstrated
in part 4. Apparentiy, whether the event wasz made in the anti

or the snout, the culprit was the same~~=——the type of neutron
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interaction in which a hadron penetrated the lead wall. These
events appear to have left much of the region where real muons
are expected uncontaminated. We note that the charge asymmetry
of the CC bin .12 is an astounding 55% which indicates that the
ratio of plus to minus charges in this bin is ~3.5/1. This
figure suggests that the hadron penetrating the wall is a proton
produced by inelastic charge exchange of a high energy iialo
neutron. In this case the background would be completely charge
agymmetric. The reason the charge asymmetry falls for the highest
momentum events is undoubtedly loss of charge resoletion by our
system.

The low momentum events also show a charge asymmetry which
1s correlated with the € coincidence, The nature of these events
18 somewhat puzzling since the minimum muon momentum penetrating
to the M bank is 1075 Mev/c. One possibility is that they are
neutron induced events where the neutron pemetrates the lead
wall and converts to form a W bin. The SRT requirement could
then be satisfied by a pion, assoclated with the neutron, which
does not penetrate the wall but happens to point to the neutromn's
W. We would then be measuring the charge of the pion. In any
case the number of these events 18 very small. They will be
included in the good event sample and the uncertainties associated
with them will be incorporated into the systematic error of the
neutron cut. In themselves, these events represent no problem.
There are so few of them that the effect on the charge asymmetry
is less than 10—1' no matter what sample we keep or exclude from
the bins .60 or greater. The ouly prohlem ig=—e—=how many of

these events are underneath the muon peak?
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Figure 19 is an expanded view of the ;harge asymmetries
under the muon peak. There are systematic differences between
the NCC and CC events throughout the plot. In bins .24 and .54
the differences are apparently due to the high and low momentum
background events we have just been discussing. In bins .36 and
.42 however, the NCC events have a negative charge asymmetry.
There are two likely causes of this asymmetry. One is aeutron
interactions where the particle penetrating the lead wall is a
muon from 7 decay in flight. The second is asymmetric interactions

of K: pions before triggering the C coincidence., The first type

3
of event should not be included in the charge asymmetry mcasure-
ment while the second type should. Hence the net effect of these
events on the charge asymmetry represents a systematic error.
We tend to believe that these events are produced by neutroms
since the neutron interactions in the anti counter have a negative
charge asymmetry in this region as we shall see in part 4.

We study the size of the systematic error introduced by
neutron interactions in Figure 20. This figure is another plot
of the charge asymmetries in the muon peak region, but here we
plot the asymmetries of the RCC, ALL, and NCCSV events in order
to study the effect of the CC events on the charge asymmetry of
each bin. W= have indicated the statistical errors of the NCC
points. With the sole exception of bin .24, the difference
between the ALL and HCC asymmetries is #bout equal to or less
than the NCC statistical error. This conclusion is unchanged
if we use the ALL statistical error. The NCCSV curve, however,
shows similar agreement with the NCC éurve for all bins including

bin .24. Hence the problem in bin .24 is due entirely to CCSV
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events, which have been labeled as neutron candidates by
beth means of identification. If we exclude the CCSV events
from bin .24, apparently we can achieve a systematic error in
excluding neutrons of about the same size as our statistical
error. Thus we define the term "good events".

good events: NCCSV events with bend angle bin 2.24

plus
COSV events with bend angle bin >.30

There are 4,380,674 good, single-track events in the main data
sample, Their charge asymmetry is

§ (good, single-track) = (-2.2:4.8) x 10—“
vhere the statistical error has been indicated. Events which
are not good will be called, of course, "bad." The events with
bend angle bin >.60 do not change the above conclusions since,
as we have already noted, their effect on the charge asymmetry
of good events 1is less than IO_H. The increase of the charge
asymmetry as a function of bend angle is thought to be due to
knock-on electrons and will be discussed in part 2.

Through the aid of Figure 21 we discuss the neutron cut
from an integral point of view. Here we have plotted the NCC.
NCCSV, and ALL charge asymmetries for all bend angles greater

than or equal a given value. Again the NCC statistical errors

«

are indicated. For the total sample the CCSV events have a large

effect on the charge asymmetry (~.6%). However, after bin .18

has beei. cut away this effect has been reduced to &.IZ(two NCC

standard deviations). The effect then remsins at ~one NCC standard

deviation across the muon peak. Hence the neutron cut has been

made at a reasonable place. It is made just as the dependence
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on CCSV events reaches a minimum and just as the charge

asymmetry becomes reasonably constant as a function of cut angle

(before reaching the knock-on structure in bin .42). The neutron

cut includes 92% of the single-track data in the good event

sample. We note that the charge asymmetry of good-NCC single-

track events (bend angle bin 2.24) is zero and differs

from the good event single-track charge asymmetry by only 2 x 10- .

§(good-NCC, single~track) = (-0.1%5.1} x 10_“

Multiple-track events constitute 10.8% of the data which

passed the second pass cuts. Because of the need for a neutron

cut, these events are a serious problem. If such an event had

an extra S, R, or T on, there was an ambiguity in its assignment

to a bend angle bin. In order to be sure to exclude the high

momentum neutron-induced events, when such an ambiguity arose

the track with the smallest bend angle was chosen to represent

h (N

the event. This procedure, thoug| Ty, serious

problems in the analysis of events with knock-on electrans. Con-
sider a u- which makes a knock-on in the R counters. The electron
will spiral around in the magnetic field and, if it has sufficient
energy, it may count in an R bin separate from that of the muon.
Since the knock-on has the same charge as the p , it will always
spiral in the same direction as the mucn bends. Hence the track
including the knock-on's R count will always have a higher moment-
um than the real u~ track (uniess the knock-on travels so far

that its track has the curvature of a u+). By the same reasoning
a u+ can only produce a knock-on track of lower momentum. Hence,
due to the above analysis procedure, knock-ons will shift

tracks to smaller bend angles but will leave u+ tracka in their
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proper bins. Then the neutron cut, when applied to multiple
track events, will prefereatially exclude y .

Figure 22 pregents the normal multiple~track events. The
effects of knock~ons are clearly seen. However, aside from
the knock-on effects, the multiple~track curves look very similar
to the corresponding siugle-track curves (Figures 18, 19). The .
CC events possess a substantially higher charge asymmetry than
the NCC events in the high momentum bin8. The difference of
the charge asymmetries becomes much smaller in bin .24, reverses
sign in bin .30 and remains v constant through bin .48.

Thus again the CC and NCC charge asymmetry curves are
systematically different. The important question 18 then——
how important 1s this difference? Figure 23 answers thie question
for the multiple-track events in the same manner that Figure 20
answered it for the single-track events. If the same neutron
cut 1s made on the multiple~track events, the difference between
the NCC and ALL charge asymmetries is about one statistical
standard deviation (of either) or less. Figure 24 then shows
that the same conclusion is valid for the sum of events with
single and multiple tracks. Again bins .60 and greater are
unimportant since thelr effect on the total charge asymmetxry is
less than 107 .

Figure 25 presents the integral curves for all events of
the main data sample and corresponds to Figure 21. The same
comments apply. However, due to the general shift of the multiple-
track events to the high momentum bins, the neutron cut only
places 88% of‘the total data sample in the good event class.-
The uncorrected charge asymmetries for good events and good-NCC

events of the main sample are as follows:
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-3
= (5.0320.46) x 10
- (5.1640.49) 4 10 °

6good

8 good-NCC
The two numbers are essentially equivalent. The second one 18

our best value for the charge asymmetry before corrections. The
above errors are statistical only. In accord with the previous
discussion we attribute an ad&itional systematic error of
5.0 x 10-“:0 our ability to exclude the effects of neutrons
with the above cut.

We have explicit evidence that the background events in
the high momentum bins are caused by backscatter. Figure 26 shows
two TPH's of the upper T bank versus the prompi strobe for 266,00
good and 45,000 bad events respectively. The peak is 11 nsec
wide at half maximum because several of the counters were mis-
timed slightly. (The width for the lower T bank 1s 6 nsec.) The
important point to notice is the early tail on the curve for
the t3d events. The charge asymmetry of the events in this tail
from channels 51 through 80 is 13.5+1.4%. It is apparent that
the T count wcs early for these events relative to the time of
the P's (which generally controlled the strobe) because the
events originated in the snout. The corresponding charge asymmetry
for the good-event tail can be accounted for by single T counters
on in random with the good events but slightly earlier. The
reagon the bad-event tail stretches out for ~ 30 nsec 1s thought
to be that the backscattered pai:icles wvere often slow. The
good event sample has =pparently beeﬁ freed of st least most of

these backscattered events.
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Figure 18 indicates that a fairly reasonable estimate of
the amount of our neutron contamination is given by the charge
asymmetry for ALL events. It certainly gives a lower limit.
Figure 25 then indicates that this contamination is ~1X for
ALL events but ig probably £.12 for good events. We can obtain
another estimate from the Monte Carlo via Sv1. The Monte Carlo
prediction for the fraction of events with Sv1 on is compared
to the data below:

Monte Carlo ALL Bend Angle >.21  good-NCC

Sv
il " 2325 + 004 .349 .329 .316
The Monte Carlo error is statistical c.., K If the extra Sv1 events

in the ALL sample are considered to be neutrons, these figures
indicate that the background neutron level in the ALL sample is
v2%. After the neutroa cut the level is apperently undetectable
(less than 1%).

The fraction of events with a C coincidence on is .147 for
ALL events but drops to .133 for events with bend angle ».21,
This drop is consistent with the 1-22 neutron contamination of
ALL events. Of the 13.3%, about .1X is known to be neutron con-
tamination in bin .24 (Figure 25) and 6.32 is due to C-coincidence
randoms. (The iarge C counters had high counting rates since they
were very near the beauw.) This leaves 6.9% of the events which
had a C coincidence due to a knock-on electron (from the 7 or u ),
a pion interaction or a neutron interaction. A rough calculation
shows that 3% is due to knock-ons, leaving V42 which could easily
be due to pion interactions entirely. Apparently the charge asymmetry
of these pion interactions is less than “1X because the change in

the total charge asymmetry due to their exclusion is less thsn S x
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10”4 as we have seen. We mote that it is possible that a
significant neutron contamination of the good events could

exist and have & charge asymmetry which just cancels that of pion
interactions for each bend angle &in gpreatear than or squal to .'24'
However, it is much simpler to achieve the observed C~coincidence
and Sy, independence of the charge asymmetry if both effzcts are
either nonexistant or charge symmetric within the observed
syscematic error of 5 x 1074, As o general rule, we will adopt
the attitude that a null result means that there is no effect
rather than a precise cancellation of two effects,

The known causes of multipla-track events are listed

below:
Cauges of Multiple-Track Events(? of total data)
s R T w Sum
Randoma 0.8 1.3 1.5 0.8 4.4
Knock-ons 1.0 0.7 0.0 3.0 4.7
Sum 1.8 2.0 1.5 3.8 9.1

The randoms contributiona were calculated from the known
on-times. The R knock-on contribution was calculgtsd by Monte
Carlo mathods but the S and W knock-on contributions were
calculated roughly by hand. We expect no multiple=track knock-ons
in tha T bank bacause it is protected by the M5 magnetic field

on one side and an iron plate on the other. Thus knock-ons

and randoms accou=t for wmost and perheps all of the 10.3Z of the
data with sultiple tracks.

In Figure 27 we atudy the effect of the second-pass cuts on
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the good-NCC, single~track events. (For the bend-angle plot
we use all single-track, NCC events.) The plots correspond tc
those of Figure 13 whick were made before the neutron cut and
which include multiple-track events. The exclusion of the multiple-
track and bad events has considerably reduced the tails on the
anti{-position and decay-angle plots as well as the population of
the high-momentum bins in the bend-angle plot. These effects are
only partially due to the exclusion of neutron-induced events
since the analysis program often chose the wrong track of a
miltiple-track event. The gross features of the plots are
unchanged by the above two exclusions. The charge amymmetries
per bin are also showm in Figure 27.

The charge asymmetries in the tails of the anti-position
and decay~angle plots are large and positive. The same events
are undoubtedly responsidle for this behavior in both plots.
The total number of asymmetric evenis in the tails of eitheyr
plot is less than 2.5 x 10~% of the good-NCC, single-grack
events. (A tail on the anti-position plot is defined to consist
of the outer five bins. On the bend-angle plot the tsil is the
outer two bins.) Hence ever if these events extend under the muon
peak, their effact on the charge asymmstry is less than § x 10'6,
the systematic error of the neutron cut. These events could be due
to neutron interactions in cosbination with a £~coincidence
inefficiency. The asymmet¢ric events in the outer bins of the
scattering-angle plot are negative and make a contribution to the
total charge asymmetry vhich is similarly swaall, They will be

discussed in Section IV-F.
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Figure 28 presents the single-track distributions of muons
in the §,R,T, and W banks for good events or good-NCC events as
indicated. (We show the good-NCC plots when they are available.)
The Monte Carlo predictions arc also shown. The agreement
between the Monte Carlo and the data is generally good for the §
and R banks but somewhat poorer in the T and W banks, The
disagreement in the W bank is undoubtedly due to the Monte Carlo's
underestimation of the multiple scattering. The systematic
over-population of the even S, R, and T bins is due to randoms and
knock-ons as will be discussed in F"-D-3 and IV-C-2. The systematic
difference of even-bin and odd~bin charge asymmetries in the R
bank is a related effect, discussed in IV-C-2, A systematic
decrease in the charge asymmetry is seen in the outer bims of the
T and W banks. This effect will be discussed in IV-D-3. The
negative charge asymmetry of W bins 37-42 is discussed in IV-F=3.

Since we have shown that the good events and the good-NCC
events are equivalent, only the good-RCC events will be considered
in the discussion of the remwaining corrections, If a discussion
involves the entire bend-angle spectrum the NCC events will be
uged. However, in the case of a correction which could be expected
to have dependence on the state of the C-coincidence, the good
event correction will be indicated. 1In the case of certain
corrections which are obviously indeperdent of the C-coincidence,
the good event sample will be studied simply because the corres-

ponding study for the good-NCC events was not performed.
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2. Knock=On Correction

Figure 29 illustrates the different ways in which a knock-
on can affect an event. The 2-bih knock-ons are the most obvious
type in which the electron merely csuses & second bin to be on.
However, due to the idiosyncrasies of our bimning scheme, a
knock-on can causs thres bins to be on or can shift the apparemt
suon gosition with or without tha turning on of a second binm.

A 3-bin knock-on can occur only if the muon bin is even. A
shift of the muon position cen occur only if the resl muon bin
is odd.

The knock-or correction was studied Both from the data and
frum the Monte Carlc eventg. A pass vas mada through ths ten
thoasend x::, Monte Carlo events and a file vas created containing
the quantities required for each event in order to perform the
knzek-on study. Then twenty-five passes were mads through this
nav file with tha knock-on probabilities multiplied by ten in
order to gensvate the knock-on spectrum produced: -fy-about 2.5 x
10° wuons from K:S decay. The knock-ons vere generated st the
exact muon positicn in the lv or R banks sccording to the energy
distribution given by lont?’ The probability of generating
a knock-on from this distribution with enorgy greater than a
given value contains a logarithm. In order that ths knock«on
energy distribution would be accurats to one per cent, this

log term vas vetained. The kinematic maxim= knock-on snergy

29
Bdruno Rosei, High Energy Phyaics (Prentica Hall, Inc.
Englowood Cliffs, New Jerssy, 1052), P. 16
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was cslculated separately for each suon. The minimum knock-on
energy vas taken to be 1 Mev. Fertunately the magnetic field
vag go strong (6kG) that the calculation is very insensitive
to this lower linic which is not wall known. Only 1.4 x :IJI)-3
of the knock-ons which affected tha muon track were less than
2 Mav, Ounly 16X were less cthan 5 Mev. The majority of theae
knock-ons were betwean 5 and 20 Mev.
Each knoch=on was given a polar angle relative to the
muon momentua in accordance vith two-Lody kinematics:
1-1m, )i
sin 6 = ﬂ—,lq?z.—"
[}
T = electron kinetic anergy
‘I‘H = kinematic maximus knock-on kinetic eneugy

s, = mass of electron

The azimuthal angle was chosen randomly. The multiple scattering

of each knock-on before leaving a counter was neglected. 3ince
most of the knock-ons had an energy greater than S5 Mcv, this is
a good -pproxiution.” Howevar, the energy losz in leaving a
countar vas calculated.

The magretic field vas approximated again by a cylindrical
grid with two inch radisl and vertical spacing. However, in
order to evoid the solution of a transcendental equation for

each knock-on, the megnetic field was taken to be vertical at

30ghen gotng through one R counter [.65 glc:n2 ] each
knock-on undergoes a nuclear multiple acatter.of ~.04
radians. It also has a probability of only n~.l of
creating a secondary knock-on greater tixan one-tenth
its energy.
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2ach point but with its proper mapmitude. In actuality the
vertical component was only A90% of the total field so that
rhis treatment results in an error of ~102 in the turning
radius of the electron. It turns out that this also produces
an error of ~10% in the total correction to the charge asym-
metry. Note that l:h:lsierrot.iz uniform over the knock-on
momeutum spectrum unlike an error in the energy spectrum.
Since we are unwilling to believe a Monte Carlo to amn accuracy
better - than 10% anyway, this treatment was deemed sufficient.
The variation of the field over the knock-on orbit was
neglected. Each knock-on was given a turning radius and hence
a final positlion according to the field at its point of origin.
Even though the R counters were between the edges of the pole
faces, this approximation is good. Tho field tarned fairly
rapidly ot this location but the magnitude of the field was
conataat to about 4% over a typical knock-om orbit. Due to
the cylindrical symmetry of the field, the change in the field
was nenrly zero between initial snd final knock-on positions,
In order to study the multiple~track kmock-on events in the data,
scatter plots were made of the smallest bend angle versus the
largest for everts with just two tracks ccataining different
R bins only. The events having the 3=bin configuration of
Figure 29 were lncluded also. Thus all “ypes of events in
Figure 29 except the l-bin-shift variety are included in the
plots. Table II shows the scatter plot of the asymmetric events
wvhile Table IITY shows the corresponding plot of the number of
events. Only NCC events are included. The charge asymmetry in

each bin is the ratio of the asymmetric events to the events.
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Table III
TVERTS
With Two Tracks Haviag Different R Bins Only

 Smalisat Bend Angle

00 05 W12 18 24 +30 ) 42 48 54 .60 Sum
0 0 0 Q 0 0 0 0 0 0 0 0

/] F33 0 [+] [/} 0 0 0 0 o] 0 21
193 616 0 L] 1) [} 0 [} ] Q (] 809
1553 1164 358 125 /] 0 [} 0 0 0 0 3,217
1] 3362 &480 545 1% 0 0 0 0 0 0 10,741
NS 119 4941 wn 33 18 0 0 0 0 0 13,623
2127 h Y] &46 5597 22 6 0 V] 0 0 0 15,178
920 124 1332 28 6537 1587 4 =2 [4] 0 0 12,130
143 36 616 kYL L] 6359 212 0 0 0 0 8,070
7 8% 170 ”l 664 0 7350 3 0 0 0 9,041

4 a 48 333 2273 364 0 4419 0 0 0 7,512

S ? 70 201 22 3628 60 154 1526 0 0 6,383

& 1 34 21 1276 1350 3865 0 105 492 0 7,404

3 2 135 59 .538 1407 1126 1599 [/} 82 58 4,909
8159 315,006 12,530 12,132 15,429 14,719 12,617 6173 1631 574 58 99,038
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We see that the charge asymmetries per bin are typically +40 X
implying that about 40 % of the events are knock-ons., The total
charge asymmetry, however, is only 1% indicating that the neutron
contamination in the plots is highar than for the corresponding
NCC, single-track events, Nevertheless it is still small in
terms of the accuracy of the knock-on correction. Hence a
method of measuring the knock-on correction is to assume the
charge asymmetries in bend-angle bhins 2>.24 are really zero and
the asyzmetric events in these bins are entirely due to kunock-ons.
With this assumption then in terms of the asymmetric events, the
knock-or correction to be subtracted from each bend-angle bin
greater then or equal to .24 1is the correspending sum in the
last line of Table I1. In Table IV we list these corrections and
also show the total number of (NCC) multiple-track uy-ei:n‘.e
events fn each bin. We see that most of the wiltiple~track
charge ssymmetry is dus to R-bank kmock-ons. Events with the
sultiple~track R-bank knock-on configuration of Figure 29 totel

2% of sll multipie-track events.
Simdler scatter-plots were made for the ¥unte Carlo knock~-on

events vith the bend-angle spectrum of the muons corrected so as

to agree with the data., Tise resulting predictions for the knock-on.

correctioas are aiso presented in Table IV. The statistical
erzore of the Monte Csrlo predictions sre neglizible compared to
the systesatic error of sbout 10%. Thl,:nuured eorrccum have
no statistical ervor since they are dtnet nsaununn of

the svents coticernad if the usw&m ot zero dum uy-etty

in each bin except for knoek-m is juluuod. ‘l‘ha agreament
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TABLE IV
R Krock-On Corrections
in Terms of NCC Asymmetric Events

Corrections
.

Bend-Angle Bin  All NCC Multiple-  ‘Messured  Monte Carlo
Track Events

.24 3425 2267 444
.30 7342 6235 4534
.36 5951 6093 6296
42 3376 3293 3250
.48 922 923 892
54 290 312 145
.60 45 3 17
.66 14
72 44
.78 5
Total Multiple-Track 21,414 19,131 15,578
1-bin-shifc 4026 3,536
Total 23,157 19,114
Ad (D) -G.558 -0.461

XBL7I~-4773



11

between Morte Carlo and measured corrections for bend angles
gregter than or equal to .36 gives us conffidence in the Monte
Carlo. However, the agreement near the noutron cut is poor.

The 1-bin-shift knock-ons are especially troublesome since
they do not indicate their presence with an extra track. They
are believed to be responsible for the increase of the NCC
gingle~track charge asymmetry as a function of bend angle
evident in Figure 20. They occur only when the muon goes through
a single-counter (odd-numbered) R bin as shown in Figure 29.
Since they produce single-track events they shift positive mions
towszd larger bend anglea but negative muons toward smaller -
bend angles. The positive charge asymmetry of the even-numbered
R bins in Figure 28b is caused by the shift of Positive muons
to an even bin while the corresponding negativg muon ig lese in
the neutron cut, Hrnce by studying the events in the neutron
cut: we can measure the number of these lost n'egatA:.l‘ve mﬁona.

We aséume that the neutron-induced dmrge asymmetry docs ot
depend upon whether the appareht muon goéa thrl:'oixgh.‘an'ﬂ;o‘dd .'o','v,r:; B
even R bin, Then the measured l-bin-shift knock=on correction
in Teble IV is the difference of the asymmetric events with odd

and cver R bins in the neutron cut. - The corrésponding Monte

Carlo correcticu 1s alsc ligted, =~ = w57 ~wli’

The two R kndck-on corréctions to-the charge asymmetry are
also given in Table IV. Our final -1R‘kﬁock;on‘.»vcotf_ectidh‘ to: the
800d-NCC events is their average.; We take the systematic en-of
to ba about half their diffetence. - '

L




A6 =-(5.09 + 0.50) x 10-3

R knock-on
This correction is rezsonably independent of the state of the

C-coincidence. The corresponding correction for good events

18 45 -(5.01 + 0.50) x 1073

R knock-on(good) =
The corrections for knock-ons in the S and T banks are

much smaller than the R correction because the magnetic field

was weak enough near the S and T banks that we were able to

stop wost of the approprilate knock-ons with thq placement of

0.5 in. of wood just downstream of these banks. These corrections

are opposite in sign to the R correction. The measured

1-bin-shift corrections are:
885 1-pin-shift = +(1.7 + 0.4) x 1074
A8T 1-pin-shift = +(2.4 + 0.4) x 1074

We have examined scatter plots simllar to those for
the R knock-on ever;ts for all types of multiple~track events. In
particular the measured correction for the S bank muliiple-
track knock-ons is

4

A8 +(1.4 + 0.4) x 107

S Multiple-track s
The measured corrections are negligible for all other
types of multiple-track events when they are prouped
into reasonable categories (such as events with an extra R and

an. extra S counter). The correction for all knock-cns is

a8 = ~(4,54 + 0.51) x 1073

all knock-ons

Having made this correction we feel that we have eli'minated

all biases on the charge asymmetry caused by the neutron cut
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except an effect caused by T randoms asymmetry to be discussed
in Section IV-D-3. 1In particular the effects of extra tracks
caused by strong interactions of plons before decay are taken
into account by the use of measured knock-on corrections. Suéh
extra tracks are expected to have a positive charge asymmetry
and thus cannot be the cause of the observed discrepancy

between the Monte Carlo and measured corrections for R knockeons,
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3. Rensidual Air - Mass Extrapolations in General

Thié 1s the first of a series of effects which we will treat
through the use of a linear mass extrapolation. The procedure is
to add mass in various regiona of our apparatue in order to ex-
trapolate the charge asymmetry to the result which would be ob-
tained by a zero-mass detector, the ideal detecfor to be used for
this experiment. The procedure is valid as long as the mass added
is muach less than an interaction length and as long as the number
of events affected by this mass is not too large (so that the
mass does not change the denominator in the expression for the
meagured charge asymmetry). In all our extrapolations we added
the same material as uvsed in the detector. Hence we do not need
to worry sbout the differences of various nuclei.

The zero~wass intercept was found by doing a minimum )(2 fit
of the measured points to a straight line. This fit may be solwed

analytically as indicated below:

= charge asymmetry at point i

statistical standard deviation of point i

Q
[}

= mags at point 1
& = charge asymmetry at zero wmass

a_ = gtatigstical standard deviation at zero wass
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N= f (1/312) = total number of eventa in all points

If we consider such an extrapolation to be a correction,

the correction is tian

2

! 2
A6-6°-61~t/ 9, -0,

In oxder to do the residual air extrapolation we ran for
twenty minutes with the vacuum tank containing air at atmospheric
pressure. We accumulated 3180 events with bend angle > .21 which
had a charge agymmetry of ~3.5%. Since in this case nzlml > 105,

the correction is negligible.
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4. Anti Mass Extrapclation

) Figure 30 shous the anti mass extrapolation. The high-
mass points of this plot were taken wicth acintillator (wrapped
in paper) hanging just downstream of zach of the aix separate
antl counters. The purpose was to increase the inasctive velume
of each counter in which neutrons could generate background
events. The edge of each plece of aciﬁtﬂhtot was well aligned
(+1/32 1in,) with the beamside edge of the appropriate counter
and the added scintillator extended from this edge at least 9 in.
away from the beam. The inactive lengths of A5 and Ag were smaller
than those of the other counters but this fact 1s not important
since really for each counter only the ratios of the high masses
to the low mass are irportant. The mass added behind A5 and Ag
was half that added behind the other, thicker counters (the mass
value shown in Figure 30). The prcblems involved in averaging
over the six counters were neﬁllgible.

The inactive length of each counter was determined with
an oscilloscope as follows:

discrimination level % thic
minimum-fonizing pulse height ’

inactive length =

However, a special problem arose in the arti mass extrapolation
due to the fact that more than one charged particle muat have

been created by any relevant reutron interaction. The multiplicity
must have been at least two for any event which triggered both

P's. Since neutron iuteractions often have hiigh multiplicity

and the secondaries may have low momentum (high pulse height)

we take the average multiplicity to be 3 :' i The inactive
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length is divided by the multiplicity to obtain the effective
inactive length which is the low mass value of Figure 30. The
error in the multiplicity chen corresponds to an error of
+,11 g/'cm2 in the placement of the origin of che mass axis.
The rest of the plot is unaffected.

The confidence level for the straight lime fit is only
«03 but the correction is small:

A8 = (3.841.2) x 207
The above error is the statistical error of the limear fit. We
assign an additional error of 1.2 x 10"' as a result of the
uncertainty in the average multtplicity.' Hence the anti-umass
correction to the charge asymmetry is

85 = (3.881.7) x 10

Figure 30 also shows the charge asymmetry per bend-angle
bin from .24 through .54 as a function of anti mags. ¥or the
sake of clarity, the statistical errors are shown only for the
points at .22 and 4.98 glcm2 + This plot is interesting because
it shows the effect of a known source of neutron interactions
in these bins. It should be compared with Figure 19 and sub-
atantiates our claim that the NCC events in these bins are free

of neutrons but that the CC events are not.
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D. Randoms

Fignre 31 illustrates some of the types of random events we
may have accepted. Type 1 represents the real events which we
meant to collect while types 2 and 3 represent the random~trigger
events which contaminated the resl events and which we continuously
monitored through the uge of delayed-time triggers. Correlated
counts are joined by a line reprosenting a particle's trajectory.
Uacorrelated counts are not joined. Event type & illustrates why
randoms s@tnctions are notoriously unreliable. This type of
event is included in the measurement of all of the first three
types. Hence, when one aubtracts the measured typea 2 and 3 from
1, one subtracts type & twice, thereby msking an error. Events
of type 4 cennot be measured by any randoms mounitoring technique
which uses two time slices. Three time slices are required. Since
we actually used three time slices, we could measure events of type
4. However, there are ocbviously sn infinite number of randoms con-
figurations vhich we could nct measure. To do so wauld require
an infinite number of time slicea and an infinite amount of equip-
ment.

If we define the “on~time" of a given configuration of counters
to he the probability cha’. thie configuration is on 2t any given
tixe, then the on-time for a given type of event is simply the
product of the on-times of each uncorrelated track it
contains. With this in uind there is a cloee snzlogy Betwaen a
randoms subtraction and e gerturbacion theory errension inwvolving
an infinite series of Feyrman graphs. The uvmher of wvertices inm
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a graph corresponds tc the number of uncorrelated tracks im a
diagram such as those shown in Figure 31. The coupling constant
of the randoms-subtraction series is proportional to the beam
intensity. A randoms subtraction thus makes sense only if the
beam intensity is cufficiently low that the series can be ter-
minated after the first few terms, Fortunately this 1s true for
this experiment. The on-times of individual counters in our
experiment were typically 3::10_3 as will be indicated in IV=D-3,

The on~time for all W bins combined was 2 2x10—3.
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1. Measured Random Triggers

The randoms subtractions which we have made on the main data
sample are listed in Table V. The only problem involved in
making the measurements required for these subtractions was to
ensure that prompt and délayed time slices were equivalent. Since
the separation between fime slices was precisely the time of omne
Bevatron ;evolution, beam étructure was not a problem. The only
remaining consideration was to ensure that prompt and delayed time
coincidence circuits had equal resolving times. This equality was
checked weekly for the strobe circuits (delayed P subtraction) and
the resolving times for all such circuits were found to be 37 * 2
nsec., The equivalence of prompt and delayed MECL coincidence cir-
culits was checked twice for all bits, The resolving times were
found to be stable at 60 * 3 nsec. Hence we believe that these
randoms subtractions were measured to a systematic accuracy of 5%.
Since measured random triggers account for only 1,82 of the prompt,

~800d-NCC events, the statistical error of the randoms subtractions
is negligible (1% of ), Therefore, the correction for measured
random-trigger events is
A8 = (-12.1%0.6) x 10~

In order to double check these statement; the (BP) on-time
was measuvred both by the delayed MECL bits and by the strobe logic
via the events with two strobes. The ratio of the two on-times
was equal to the ratio of the measured resolving times within 2%.
This test indicates that both electronics systems worked and in

addition that beam structure was not severe since the two time

slices had different lengths.



TABLE V

Randoms Subtractions

‘\' Type of Events Number of Asymmetric (in 7, uncorrected - defined in IV-4)
- (normal data) Events Events 8 A o
|
| ALL
i prompt 5,569,890 103,477 ) 1.86 -0.57 -0.06
\ delayed Matrix 161,588 20,686 12,80 -5,13 -0.79
‘: delayed P 66,919 15,255 22,80 ~-1.14 -0.72
: real 5,341,383 67,536 1.26 ~0.42 -0.03
| 600D
prompt 4,834,107 *34,991 0.72 -0.32 =-0.01
delayed Matrix 80,034 8,562 10.70 & ,56 ~0.66
delayed P 39,605 2,710 6.84 -0.66 -0.10
real 4,714,468 23,719 . 0.50 ~0.24 0.01
- GOOD-NCC
prompt 4,224,279 26,904 0,64 -0.30 -0.04
delayed Matrix 43,861 3,604 8.22 -5.68 -0.64
deldyed P B 30,545 1,892 6.19 ~0.45 -0.04

real 4,149,873 21,408 0.52 -0.25 -0.04
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2. Unmeagured Random Triggers

As we have fndicated a randoms subtraction is easy to
measure. The m'in problem 1s knowing whether one is subtracting
all the necessary random evénts. Since the T bank was almost
never required in the strobe, events of types 5 and 6 (Figure 31}
were correctly subtracted with the delayed Matrix events,

But events of types 7 and 8 were correctly subtracted only when
the R's and S's respectively were not required in the strobe.
We studied such events via the S and R TPH analyses. (Figure 26
shows a TPH analysis of the T coumters). The timing of the £
and R counters in the strobe clrcultry (Figure 11) was loose
enough that events were accepted with S and R counts up to
4 nsec later than almost all of the real muon events, Hence
the events in this time region consist of random events aud a
small number of real eveuts. The concentration of random
events is equal to the concentration under the reals peak.
Since the real events have almost no charge asymmetry, the
asymmetric events in the late time region must be attributed to
random events, Multiplying by the appropriate factor to correct
for the different resolving times we find the contribution to
the charge asymmetry of random S and R events,

Mg = 0.3+ 1.4) x 10-4

A6® = (-1.4 +2,8) x 104

With this technique we have measured the contribution to

the charge asymmetry of all events with random S and R counts.

(Random here means umcorrelated with the strobe, the timfng of
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which was generally contzxolled by the muon P count. Events
of type 9 are an exception.) Thus the measurements include
events of types 7, 8, 11, 12, and 14 in Figure 31.

Events of types 9 and 10 satisfy requirements for a
K;3 signature which are only slightly looser than normal.
The M counter randoms are charge symmetric (Section IV-D-3)
and random P counts must be charge symmetric since the P
counters are upatream of the magnetic fleld. Hence we accept
events of types 9 and 10 as K33-

The contribution to the charge asymmetry of events of
type 4 1s 2 x 10-5. This meagurement was performed by
pultiplying the delayed P contribution (type 2) by the ratio of
the asymmetric muon events of types PSRT@/ PSRIW. Events
with the pion P and muon W correlated in random time (such as
event type 13) make a contribution to the charge ésymetry of
less than 10-4,

Hence the randoms subtraction has apparently performed
the necessary correction to the charge asymmetry for r;nélom
events to an accuracy of 2 x 10~%. We 1increase the error of

the randoms subtraction accordingly.




3. Single-Bin Randoms

In this section we discuss the effects of single-bin
randoms or. normal K33 events, The main effect of such randoms
iz to shift the apparent muon position in a given bank
in the same manner as accomplished by knock-ons, Randoms in
the l-bin-shift configuration (Figure29) cause the overpopu-
lation of even S,R, and.T bins in Figure 28, (Knock-ons
make a contribution in the R bank.) However, randoms are much
less dangerous than knock-ons because they are not correlated

with the muon track and are charge symmetric in all banks except

the T bank, For 2 given bank we define:

Ai = geometric bias (defined in IV~A) of events in
bin 1
OI = on~time of bin i with the field up

Then a reasonable definition of the effective charge of a
random in bin 1 is A:I. if the field is up and —Ai if the field

is down, Hence the on-time for asymmetric randoms in bin % is

given by:
asymmetric on-time " ¢
= A, (0, -0))
of bin 1 1 71 i
2

The on-time for asymmetric randoms in the entire bank is

then the sum of these quantities over all bins i. The asymmetric
on-times of the various banks (average of up and down) are given

below:

128
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Agymmetric On-Times

(units of 10_4)

S R T L M N

0+l LH 6543 =243 0+3 242

Ad in the case of knock-ons the main danger of randoms is that
they may shift the bend angle of events asymmetrically into

the neutron cut, Less than about 1/3 of the randoms in an

S,R, or T bank are close enough to any particular muon tracﬁ to
affect its bend angle. Hence the effects of randoms in banks
other than the T bank are negligible. Because randoms are not
correlated with the muon track, we expect the effects of even
the T randoms on the charge asymmetry to be smsll. This expec-
tation is borne out by the T bank scatter plot of asymmetric
events (similar to Table II), From thig plot we find that the
correction to the charge asymmetry due to the asymmetry of

T randoms is negligible.

The eifects of the T randoms asymmetry can, however, be
seen in the outer bins of the T and W banks in Figure 28. Since
the positive particles causing the randoms asymmetry generally
have a low momentum, the randoms asymmetry is largest iIn the
outer T bins, Hence the excess positive events which become
multiple-track events due to the T randoms asymmetry tend to
have outer T and W bins. Such multiple-track events are
removed from Figure 28 but not from the determination of the
charge asymmetry unless they are shifted into the neutron

cut. The T bank l-bin-ghift kmock-ons also contribute to the




130

negative cherge asymmetry of outer T bins. The excess positive
charge asymaetry in the central birs of the T and W banks

18 due wainly to the exclusion of l-bin-shift R bank knock-on
eveuts in the neutron cut., This cut excludes negative high
momentum events leaving a positive charge asymnietry in the T

and W bins which tend to be populated by high momentum events.
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E. Pion Interactions

If we define

Ts = gtrong interaction transition operator

X = any final state

R rotation of angle © about 2-axis of isospin space

then using the isospin invariance of strong interactions
. . _
<x| Tg| Pym> = <Rx| T, | n,n>

<« T, n,m> = —<Ry| 1| Byn>

and the corresponding differential cross sections are equal.

One can then naively use this line of reasoning to conclude

that the asymmetry of pion interactions is due only to the

unpaired protons in hydrogen nuclel and the unpaired neutrons

in heavy nuclei. The main oversight of this argument is that

it neglects the electromagnetic interactions which are important

since they cause lonization emergy loss, the process by which

particles are detected. The electromagnetic interactiomns also

cause a charged particle to turn in a magnetic field. Hence

any detection apparatus containing counters and a magnet is

expressly non-invariant under isospin rotations of the above

reactions. The abnve argument 1s reasonably valid in a situation

in which strong interactions dominate such as penetration of

pions through the lead wall. But in the upstream portion of our

system we expect the selective absorbiion of 7 via the reaction
T P + 7z

which has a neutral final state.




1. P Counter Mass Extrapolation

The P mass extrapolation was performed in order to measure

the charge asymmetry in ihe absorption of R:3 plons before they

could traverse the inactive length of the relevant P counter.
The plot is shown in Figure 32. Differing amounts of wrapped

scintillator were placed upstream of Puo and Pdo to provide

wn
the two high mass points. The two low mass points represent
the portions of the main data with the pion up and down. The
two P counters were run with different discrimination levels
in order to provide these two points. The inactive lengths
were measured as described in section IV-C-4 except that here
there is no multiplicity problem. The straight line fit is
good and the correction is ]

88 = (0.943.6) x 10
expressed as a correction to the charge asymmetry of all un-

.
corrected, good-NCC events.
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2. Penetration of Lead Wall

In this section we consider the possiblity that plons
penetrated our lead wall without decayng and thus caused us to
identify them as muons. (Decay in flight is considered in the
next section.) Since this penetration is presumably s small
effect, the main danger is that plons may have penetrated the
lead wall asymmetrically.

One menner in which this could have occurred is that pions
may have gone through a portion of the hole in the lead wall
and hence an H counter on their way to the L bank. Events with
an H counter on comprise 5.3% of the data of which 3.1% is due to
H randoms. If all H events are excluded from the uncorracted,
good-NGC events, the charge asymmetry increases by (2.7‘1 1.1)

b 10—6. This change is small but not neglipible., However, exam-

ination of a scatter plot of W bin versus H”é;unCer shows that
the H countz causing the above change (which is on the edge of
statistical significance) are not correlated with the W bins of
thelr events. Hence we attribute this slight charge asymmetry
change to interactions of Kﬁs pions from normal events which did
not penetr-.ce the lead wall. Consequently we make no correction
for this effect.

The most direct route for pions to take to the L bank was
through the entire lead wall. In section IV-C-1 we showed that
some strongly interacting particles (high energy protons) were
able tc take this path. This is not unreasonable. Since the lead
wall was only about five interaction lengths thick (including steel

plates), we expect about 0.7% of such protons to have passed through
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the wall without having a strong interaction at all. We expect
the pions from KZ decay, however, to have had a much smaller
penetration probability due to their lower momenta. Those pions
which reached a momentum less than 300 MeV/c while inside the
lead wall experienced a sharp decrease in the interaction length
due to the onset of the 4(1236) resonance,

Every cioud has a silver lining, even our cloud of neutrons.
The penetration of our lead wall by neutron-induced high energy
protons gives us a calibration for an upper limit on the charg>
asymmetry due to plon penetration. Im order to obtain as pure as
possible a sample of protons we conaider CCSV single-track events
in oend-angle bin ,12. There are 14,365 such events in the main
data sample with a charge asymmetry of 55.8%Z. Hence the sample
18 about 55% prctons. We find that 2118 CCSV events in bend-
angle bin .12 are multiple-track due to the presence of extra W
bins only. These events have a charge asymmetry of 72.7Z. Taking
the ratio of the asymmetric events we find that the efficlency for
detecting high energy protons through the presence of extra W bins
1ls 16%Z. We expect the corresponding effic'iency. for detection of
plons from l(: decay to be higher due to their lower direrage momentum
and consequent higher cross.sect:l.on.

A total of 3.2% of the main data sample consists of multiple-
track events due to the presence of extra W.bins only. A rough
calculation shows that essentially all of them are due to knock~ons.
The extra tracks must be caused by knock-cns, randoms or strong
interactions. The knock-ons and randoms éré charge éyﬁetrie. |

(Only single counter randoms need be considered. The charge
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asymmetry due to random counts of a whole W bin is negligible.)
Hence the charge asymmetry of such eveats is due entirely to
strong interactions. In the good-NCC main data sample there
exist ~476 * 365 asymmetric events of this type. Hence, dividing
by .16, possibly -2,975 asymmetric events are due to pion pene-
tration. This means that an upper limit on a correction to the
chage asymmetry for pion penetration is 7.2 x 1074,

Figure 33 shows the total and absorption cross-sections
of pions and protons on various nuclei. (The terms "absorption",
"reaction", and "inelastic" are synonymous in this context.)
The gemeral features are evident from the curves for Carbon.
Since we are laterested in detecting strong interactions, our
main interest is the absorption cross sections. For incident
nucleons these cross se\ctions are essentially independent of
the nucleon kinetic energy from 200 MeV to 5 GeV. (The proton
cross sections have been corrected for Coulomb effects which are
negligible in our region of interest, 2 to 5 GevA.) The pion absorption
cross section on carbon rises to move than twice the proton
cross section at the peak of the A(1236) resonance,
falls to about 1G£ fiigher than the proton cross section at
1 GeV, and equals the proton cross sectinon at 3 Gey. TFew measure~
ments have Geen made of these pfon cross sections on heavy

nuclef with fncident momenta less than 1 GeV/c. However,

31. J.W.Cronin et al.,"Gross~Sections of Nuclei for High-Energy
?lons", Phys. Rev. 107, 1124 (1957)
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in Table VI. The attenuation cross sections reflect the
probability of occurrence of an event in which no charged
particles emerge at an angle lessA than a give value from the
beam direction. The minimum permissible angles are given
in parentheses next to each cross section value,

We see that the absorption cross sections for negative
pions on Cu and Pb are easentially equal to the proton cross
sections from Figure 33 at the same emergy. This equivalence
is also ghown by Cronin et al, with one set of experimental
apparatus te an accuracy of about 3% for the attenuation
cross sections at 1.5 GeV/c.

From the above data we see that the absorption cross
sections for pilons and protons are equal (+ about 10Z) on
both light and heavy nuclei, and are flat above apout 1 GeV.
Below 1 GeV the proton cross sections remain flat but the pion
cross sections are in the resonance region. Since pilons
penetrating the lead wall can generally he_expected to emerge w:l.vth
energies in the A-resonance region, we expect the détection
efficiency for pions via multiple W bins to be about twice
that of protons from consideratinn of the absorption cross
sections alone, But in addition the diffracfion peeks for
both elastic and quasi-elastic scattering can be expected_ to
be much broader for the pions than for high-energy protons.
We expect the mgin inelastic reactions to involve nuclear
breakup. Therefore we expect the multiplicities of pion and

proton inelastic reactions to be about the same. Hence we feel
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Element

C

Al

Ca

Cu

Pb

TABLE VI

Cross Sections (Millibarns) at Indicated Momentum (Gev/c)

Abzoxption Attenuation

e .
_ I _ _ ™
T at 1.1 T at 1.1 m at 1.5 p at 1.5
252 £ 13 212 ¢ 3 (12.959%)
442 £ 26 379 £ 7 (13.50%) 416 + 3 (9.2%) 421 + 14 (9.2%)
618 & 27 492 + 21 (15.60%) 490 £ 7 (13.7%) 486 = 18 (13.7%)
806 35 718 £ 9 (13.70%)
1690 * 100 1654 + 34 (13.70%) 1651 * 32 (11.8%) 1695 * 64 (11.8%)

XBL71I-4772

0%1
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justified in dividing the above upper limit by a factor of 2:

. 4
Aapanetration < 3.6 x10.

This conclusion 1s independent of whether or not the oripinal
hadron actually emerpes from the lead wall. The arguments apply
to the hadron's first strong interaction wherever it occuvs.

The credibility of this upper limit is compromised somewhat
by the fact that we do rnot know to high accuracy the relative
efficiency for detecting T and m . We exﬁect T to interact more
strongly than ﬂ*‘with the excess neutrons in the Pb and Fe nuclei
upstream of the L and M banks. We also expect the low energy ﬂ+
to be excluded from nuclei by Coulorb repulsion while their negative
counterparts are attracted, queyer, these two effects are counter-
balanced by the charge exchange reaction which tends to decrease the
detection efficiency for 7 . If the ﬂ+ and 7 detection efficiencieg
differ appreciably and there is a significant amount of pion penetra-~
tion, we would expect to see a charpe asymmetry in the events with
extra W bins. Again we adopt the attitude that a null result means
that there 13 no effect rather than a cancellation of two effects.
Since the observed asymmetry in the events with an extra W bin on is
small and is unot Btatistically.significant, ve make no correction

for pion peuetration.

mpeeretin e,
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3. Decay in Flight

s

A Monte Carlo calculation predicts that 14 % 2% of our
events are actually due to pion decay in flight. The mechanism
is KE decay to a mode ylelding two charged particles into our
acceptance one of which is.a pion which subsequently decays to
a muon which in turn penetrates the lead wall, The contributions

from the various K: decay modes are as follows:

node fraction of events (%) charge agymmetry
after decay
K2, 7.8 -(3.22 % 0.29) x 10>
o _ " -3
Ku3 5.4 (2,1 +#1.,0) x10
o .
KF3 0.5 0
Total 13.7

The + 2% error includes our estimate of the possible systematic
uncertainties in the Monte Carlo calculation. The largest source
of uncertainty is lack of precise knowledge of the KE momentum
gpectrum. This uncertainty can affect the result through the fact
that muons from pion decay in flight have a momentum spectrum which
1s different from that of ordinary K33 muons, The fact that the
Monte Carlo successfully predicts the number of double penetration
events (IV-B) gives us confidence in thisg calculation.

Since decay in flight accounts for a significant fraction of
the data, two correctlions are necessary in order to remove the
effects of such events. PFirst, the magnitude and error of the
charge asymmetry must be appropriately increased to take into
account the number of real K:3 decays. This correction will be
applied after all other corrections have been made. Second, the

asymmetric events resulting from decay in flight must be subtracted

e T T T s e
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fr~m the total number of asymmetric events. This latter correction
will be considered in the remainder of this section.

The charge asymmetries of the pilons in each mode after K:‘
decay are listed above, The K:S result has been published.32
The asymmetry in Kﬁa decay is the result of this experiment. These
plon charge asymmetries change as the pions interact while traversing
the system. In calculating the charge asymmetry due to these inter-

1f

actions, the isotopic spin argument presented above is valid
used with care. In this section we are concerned with peunetration
mechanisms in which the particle penetrating the lead wall is not
strongly interacting and therefore is a muon. The only feasible
ways in which muons can be produced are decay in flight of 7 and K
mesons. Since ﬂ+ and T are isospin conjugates, only unpaired
nucleons can cause a charge asymmetry via pion decay in flight.
However, this 1g not true if K+ mesons are produced. The isospin
conjugate of the K+ 1is the K® which does not p-oduce muons readily
by decay.

We approximate the cross sections of pidns on light nuclei
(hydrogen, carbon and aluminum) by the sum of the corresponding
cross sections on free nucleons. Since the relevant pion momenta
are above 1.2 Gev/c before these interactidns, this approximation
is reasonable.33 For heavy nuclei (iron and lead) we divide the

1/3

R /
sum of the nucleon cross sections by A"~ to take into accoumt

32
See reference in footnote 27.

33
C. J. Batty, "The Scattering of ligh Energy Nucleons by
Complex Nuclei," Nuclear Physics 23 (1961), P. 567.




nuclear screening. This latter procedure is necessary only for
tie K+ production cross sections since the pilon absnrption cross
section in lead has been measured (Table VI). Even more importantly
the charge asymmetry of this cross section has also been measured“

for 1.1 Gev/c pions:

- +
am) ~o(m) _ 017 + 0.012
+
o)
The main cause of charge asymmetry in pion decay in flight
is preferential absorption of one charge over the other. Exten-
3§
sive data exist on the T-nucleon cross sections. We take the
absorption cross section on a nucleon to be the difference of the

total and elastic cross sections:

92 = %otal ~ %elastic

If a plon suffers an inelastic collision it is very likely to
lose so much energy that its decay muon can not penetrata the
lead wall, With this definition in mind we find that

o (" p) - O'a(‘n‘+p) =52 2ub
for incident pions in the momentum range of interest (1.2 to 2.5
Gev/c). The mass which was 1in the path of the pions upstream of

the T bank for most of the running consists of the following

components:
aluminum 12.Qg/c:m2
caken to { gcintillator 5.2
be CH wood 1.3

3
A. Abashian et. al., "Neutron and Proton Distributions in
Pb, "Phys. Rev. 104, 855 (1956).
35
See for example G, Giacomelli et. al., "A Compilation of
Pion-Nucleon Scattering Data," CERN/HARA 69-1,




If we calculate the contribution to the charge asymmetry from piomn
interactions with the hydrogen nuclei using the above cross section
difference, we find
A Ghydrogen =6=x 10-5
The corresponding calculation for the unpaired neutron in each
aluminum nucleus ylelds
B8y = =5 % 107
Both corrections are negligible and they nearly cancel. The
weakest 1link in this calculation is neglect of nuclear screening
in aluminum, If such screening is included in the calculation,
the aluminum correction becomes even smaller.
Pion interactions in the lead wall and steel plate near the
T counters produce similarly small changes in the charge asymmetry.
More pion interactions occur but the available path length for decay
ig shorter. We take the absorption cross section for pioms on iron
to be 12,6 mb/nucleon in agreement with the measured absorption
cross section on copper (Table VI). We use the simple isotopic
spin arguments to calculate the charge agsymmetry of pion absorption
on irom:
o) = ot _ _ g.618
o(r’)
The magnitude of this asymmetry agrees with that of the measured
asymmetry on lead but the sign causes the two numbers to mildly
disagree (by three statistical standard deviations of the measured
value). With theue assumptions w_gwia’lculate that the change in
the charge asymmetry due to interactions in the steel plate is
also negligible.

aé = -7 x 1070

steel
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Using the measured cross sections for lead we find \
A g =+ x 107
As we have indicated, the signs of these two changes are somewhat
inconsistent but both changes are small.
The conservation of stiangeness and baryon number in strong
interactions causes K+ associated production followed by Ku2 decay
to be completely charge asymmetric. The relevant reactionsg are
ot n o+ AD or K& Zc
nt P> k' bad
T p Kt b
The last reaction seems especially dangerous but is in fact
negligible since it produces K+ mainly backwards in the center of
mass. The relevant K+ production cross sections have been published.36
. .2n though the above reactions are 100% asymmetric, the change in
the charge asymmetry is again negligible

AS  =5zx10"

thanks to the fact that the priZuction cross sections are small
and appreciable energy is expended in the associated production
and subsequent decay.
Hence the correction for the asymmetric events caused by decay
in flight is entirely due to the decuay asymmetry.
A8 =+(3.7 +0.6) x 1074
The results of this gsection are in apparent contradiction

with the charge asynmetry found for the events i Figure 7a. In

section IV-C we attributed this charge asymmetry to the positive

36
Orin I. Dahl et. al,, "Strange-Particle Production in 7 P
interactions from 1.5 to 4.2 Bev/c II. Two-Body Final
States, "Phys. Rev. 163, 1430 ( 1967).



charge asymmetry of pion interactions. This asymmetry is apparently

due to reactions such as
0

T n-w P
where we detect the proton while the isospin-conjugate reaction
has a neutral final state. The resulte of this section depend

on the fact that the proton does not decay.
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F . Muon Interactions

1, Wide-Angle Scattering

Differences in the wide~angle scattering of 300 MeV

electrons and positrons have been observed on Cobalt and

36 These differences are in good agreement with

37

Bismuth,
partial-weve calculations based on the Dirac equetion.
The differences can be understood by noting that electrons
scatter from a potential valley while positrons scatter from
a potential hill, Hence the electron wavelength is decreased
in the region of the nucleus and its diffraction pattern is
consequently contracted, whereas the diffraction pattern of
the positron is broadened. As might be expected from this
picture, the differences become large only at low incident

momenta., We define
cr.,; = differencial cross-section of et
R@) = (@. - o)/ (ou + a4

Then the behavior of R is as follows:36

Ot

(-4 - .
& \/
,209
_ Bi
302 Mev
~onp ’
-] [~} -
’ * 8 .(vhgr"f.‘.‘il @=seatte ring “"sle

36. Goldemberg et al.,"Scattering of 300 MeV Positrons from Cobalt
and Bismuth Phys. Rev, ‘132, 406 (1963).

37. Herman et al.. Scattering of Electrons and Positrons from
Cobalt and Bismuth:Calculations", Phys. Rev. 132, 414(1963)
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Michael A, Paciotti38 has investigated the importance of
these differences for a previous K{’ls charge-asymmetry experiment
with a Monte Carlo technique. He considered the scattering from

504 3°, 20° + 5%, and 40° + 5° regions separately (scaled to

the appropriate incident momentum and momentum transfer as the muon

moved through his system). He found, as might be expected, that
the contribution of the 5% region to the charge asymmetry was

greatly reduced by multiple-scattering. Hence in spite of

the sin~% (0/2) dependence of the Mott cress section, a reasonable

incerpretation of his results is that the contributions of the
5% and 20° peaks to the charge asymmtery were about equal and
opposite at 5 x 107>, The contribution of the 40° reglon was
negligible by comparison. In order to estimate the effects of
these differences in our own system, we multiply the above
number by (2/3) to take into account the fact that very few
muons in our system could induce an incorrect charge determina~
tion by scattering in the lead wall. Then even if we multiply
by (6) to take into account the fact that our muons hed lowar

momentum than those of the previous experiment, we find
la8] < 2 x 1074 .

from efther the 5° repion or the 20° region. The

effects of these two regions probebly cancel to a large extent.
Hence we make no correction for wide-angle scattering Jifferences

of p* and 1 in this experiment.

38. Michael A, Paclotti, "Charge Asymmetry in the Muonic Decay
of the K9", Ph.D, dissertation, University of California,
Berkeley (1970), p. 52
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The approximations used in the above treatment are

invalid at low energyag. However, the charge asymmetzy due

to the events in the tails (outer nine bins on each side)

4

of the scattering-angle plot (Figure 27c) is only (-3 x 10
and 18 probably due at least in part to mu-mesonic X-rays

as will be discussed in Section IVY-F-3.

32. S.D.Drell and R.H,.Pratt, "Extrapolation to Cuts and the
Scattering of Electrons and Positrons", Phys.Rev.125,1398(1962)
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2. Range Difference of ut and u~

There are several possible reasons why positive and negative
particles might have different rates of energy loss in matter,
The most obvious cause is the fact that positive particles attract
electrons while negative particles repel them. This effect should
be important only at low incident energles, Heckman and L:I.ndatroné’o
find differences in the rate of energy loss for posit{ve and
negative T mesons in emulsion at incident energies less tham 2 MeV,
This results in a range difference in emulsion of 6 microns. Simnce
this encrgy-loss difference occurs only in the last 100 microms,
it 1s not obvious that u+ and u- would .affect our counters differently
at all as a result of this effect. The total energy deposited
would be the same for both. However, even if we interpret this
range difference as being completely detectable by our counters,
the resulting change in the charge asymmetry is only 5 x 10-6.
Heckman and Lindstrom showed that at momenta greater than
about 20 MeV/c the energy-loss rates for a and T are equal to

41,42

within 1%, Other authors find that this zquality holds up to

momenta of 10 GeV/c for u+ and |~ within 12. A difference in 1.|+ and U
energy-loss rates could arise at high energies from two-photon
exchange to atomic electrons. Our result would be sensitive to any
such differences as small as 0.1 2, If such differences are

found, our result would be in need of correction.

30, Harty H. Heckman snd Peter J. Lindstrom, '"Stopplng Power
Differences Between Positive and Negative Pions at Low
Velocities", Physical Review Letters 22,871(1969)

41, A.Crispan and P,J.Hayman, "Ionization Loss of Muons in
Plastic Scintillator",Proc.Phys.Soc. 83, 1051 (1964)

42, Bellamy et al,, "Energy Loss and Straggling of High-Energy
Muons in Bal(T1)", Phys. Rev. 164, 418 (19567)



3. End-of-Range Differences of u+ and W

Positive and negative muons behave quite differently at the
end of their range. We are most interested in the muons which
stopped in the 2 in. steel plate between the L and M counters
but which originated from a K:3 decay which satisfiéd all
K:3 signature criteria upstrear of the M bank. The ratio of
the number of such muons to the number of muons associlated
with events which passed all signature criteria is 0.30 + 0.03
according to the Monte Carlo. Secondaries associated with
the muons which stopped in this plate could have reached the
M bank, thereby completing the signature requirements., A
bias on the charge asymmetry results from asymmetric completion
of these requirements.

When a u+ stops in the above plate it simrly decays to

43 A W, however,

an e+ with a lifetime of 2.2 microseconds.
cascades into the lowest Bohr orbit around an iron nucleus,
where it is subject to capture as well as decay. The decay
probability of the p~ in a bound state is nearly the same as
that of a free muon.M However, due to the large capture
probability, the liferime of a W in the first Bohr orbit
about an iron nucleus is only 200 nsec.45

The net effect of ui decaying to ei is negligible. From
Figure 9 we see that the sensitive time for accepting these

decay leptons is omly 15 nsec. Consequently, only about

2.5 x 10=% of our events are due to these decays. About 6% of

43, A.0. Weissenberg, Muons (North-Holland Publishing Company,
Amsterdam, 1967), p. 15

44, Ibid., p. 177

45. 1bid., p. 163
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the et are lost due to annihilation, but the number of W
decaying in 15 nsec ia about 4% lower than the corresponding
number of u+ due to the diffevence in lifetimes. Hence these
uidecay events are symmetric within our required precision.
The wain bias on the charge asymmetry caused by end-of~-
the-range effects is due to mu-mesic X-rays produced during
the cascade into the first Bohr orbit. Essentially all
stopping Y produce such an X-ray well within our 15 nsec

gensitive t:i.me."6 The energies and relative intensities of these

X-rays have been meaam:ed"'7 and are listed below:
X-ray Energ(uev) Relative Intensity
Ko 1.26 0.71
Kg 1.53 0.08
Ky 1,70 0.21

(Here Ka'KB'Kv refer to the 2P -+ 18, 3P + 18, and nP + 1§
transitions where n > 3). The efficlencies for detecting
these X-rays in our M counters were calculated from the
Klein-Nishina formula as given by noss:‘..48 The main source of
uncertainty in this calculation is the lack of exact
knowledge of the threshold of our M counters. This threshoid
was determined to be 0.8 + 0.1 MeV from the known pulse

heights for minimum-ionizing particles, The detection

46, C. Scott Johnson et al., "Mu-Mesonic X-Rays in the Iron
Region", Phys. Rev. 125, 2111 (1962)

47, D, Quitmann et al., Study of Mu-Megonic X-Rays:Elements
from Sulphur to Molybdenun",Nuclear Physics 51,609(1964)

48, Bruno Rossi, High Energy theica, p. 78
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efficlency for the Ka X-ray is particularly sensitive to this
threshold value. The absorption lengths of the cascade X-rays
in iron were also calculated from the Klein-Nishina formula.

The results of the calculations are presented in the following

table:
(in %)
Detection Fraction of u with _4
X-ray Efficlency Y reaching M bank (2) Correction A$ (10 7
40,2 + 0.49
K, 1.3 1.50 + 0.30 195 T e
Kg 2.2+0.3  0.20 + 0.04 0.44 + 0,11
K, 2.8%0.3  0.55+0.11 1.55 + 0.36

The total correction to the charge asymmetry from

cascade X-rays is then

4

28 . (3,96 1096 L 1074

X-rays -1.45

The mean numbers of gamma t:ay's['9 and neutrons emitted from
en iron nucleus after U capture are not well known., The
absorption length of a neutron (3 to 30 Mev) in iron is about
the same (35 g/cmz) as the absorption length for a 1,5 MeV
gamma ray but the detection efficiency for such neutrons in our
M bank is only about 0.7 Z. A reasonable assumption is that
about 1 neutron and about 1 gamma ray are emitted after each
W~ capture. This is the equivalent of about 1.3 gamma rays.

A correction for secondaries emitted from the nucleus after
U~ capture would then be

A8 ~ 15 nsec

~4 =5
1.3 X300 ngee ¥ 3.9 x 10 = 4 x10 .

This correction is negligible but in order to take its

uncertainty into account we symmetrize the error of correction

49. A.0.Weissenberg, Muons, p. 175
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for X-rays:

-4
88 gnd-of-range = * (39 1.5) x 10

The cascade X-rays from stopping U are probably responsible
for the negative charpge asymmetry of events for which the muon
has a iarge scattering anple in the lead wall. This negative
asymmetry has been observed in the scattering-angle plot

(Figure 27¢c) and in bins 37-42 of the W distriburion (Figure 28e).



V. The Asymmetry
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The K°3 charge asymmetry is determined as follows

U
(in units of 10_4).

after neutron cut

knock-~ons
anti mass
randoms
P mass
+
T~ penetration

decay in flight
asymmetry
dilution

+
u~ range diffarence

+
p~ end -of range

TOTAL

Errors
Value Statistical Systematic
§ = +51.6 * 4.9 + 5.0
AS = ~45.4 + 5.1
A8 = +3.8 + 1,2 + 1.2
A8 included + 2.0
AS = +0.9 * 3.6
A8 = none
AS = +3.7 * 0.8
AS = +2.9 + 2.5 + 0.4
AS = none
a8 = +3.9 + 1,5
§d = +21.4 + 6.7 + 7.7

Since we know of no correlations among the above

corrections, the errors have been combined in quadrature.

The systematic errors are to be interpreted as one standard

deviation.

Using this interpretation, the total statistical

and total systematic errors are combined in quadrature to

yield:

(21.4 £ 10.1) x 10™

This number should be compared to the previous result
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for the KE3 charge asymmetryso, the best value of the K:3

51 52

charge asymmetry™ , and the superweak prediction.

previous K33 : (49. £ 16. ) x 10-4

best value KZB s (32.2+% 2.9) x 10-4

superweak : (28.0 ¢+ 0.7) x 107°

Our result tends to support the superwesk prediction but our

error is too large to allow us to make a decisive statement.

50. M. A, Paciotti, Ph, D. Thesis, University of California,
Berkeley, Californfa (196%). This {5 a reanalysis
of the data of D, Dorfan et al., Phys. Rev. Letters 19,
987(1967).

51. J. Marx et al., Physics Letters 33B,222(1970)

52. See Section I,
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Appendix 1: Definitions and Applications of C, P, T’

Notation: = identity operator

1
1= operation of complex conjugation
A+ = Hermitean adjoint of A

|2> = antiparticle state relative to |a>

C, P and T are symmetry transformations on the Hilbert space

of particle states. C and P are unitary

C+C = I P+P = I
but T is antiunitary.
T = 71 fr a1

We also require that two applications of ¢ or P result in no
effect,

CC=1 PP =1

+ P=pP

Thus C=C¢C *

C and P are Hermitean. Hence they are observables and their
eigenvalueg are real. The actions of &, P and f are defined on
plane wave states of the form

>

|au (¢-)]

where U is the helicity and p is the three momentum of this
(improper) state of particle a. C is the particle-antiparticle

conjugation operator. It maps particle states onto the correspond-
ing antiparticle states,

c lah ®)> =~ n, |5u (p)>

P is the parity operator. It maps particle states onto the

'$n oy treatment of the operators C, P, T I use many idess
gleaned from Professor Eyvind H. Wichmann.




corresponding states with the three spatial coordinates inverted.
P la > = np lat-p>

f is the time reversal operator. It maps particle states onto
the corresponding states with the time coordinate inverted.

T la,@> = nyg la,6p>

For a suitable definition of these states, the phase factors N
and Ngp are independent of i and p. They depend only on

the type of particle. However, nuaT depends on the helicity as
well as the type of particle.? The conditions CC =71 and PP =T
restrice nac and naP to be real. In the special cases that
IaH(E)> is an eigenstate of the relevant transformation the phase
factor is observable and can, at least in principle, be determined
by experiment. Except for these restrictions, however, the phase

factorg are arbitrary. We choose them as follows:
¢ |&°@»> = -|R°Gp)>

P K°@)> = -|E°C-p)>

T IR°qy> = |K°(-p)>

Let 31, 2., 33 be a set of orthogonal right-handed unit

vectors. Then if R(y8,) 1is a rotation of angle ¢ about &
and if V(p) isa velocity tramsformation relating the rest state
of the particle under consideration to the state with momentum p,
we define

= m ~ a~
Iau(2)> = — R(V,2;) R(BE)) v(lpley) l“u(°)>
n B

where p = lg](sinﬂpcoswpel + sinepsinwpez + cosepea)
Herz m is the mass of the particle under consideraticn snd |a (0)>
is the state ci this particle with p = 0 and 3-componment L
of spin = u. This definition results in the dependence

u 1Ty

“uaT “aTe
vhere Nar is independent of u. It results in Nac and N
baing independent of u aw indicated.

’

160
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¢ [m%p)» 7> a=+ 0, -
Py = -|r%p)>

[r%-p)>

T |n%p)>

Due to non-conservation of C and P 1in weak interactions we
cannot define the operations C and P acting separately cn
neutrinos but the products CP and CPT are well defined

> 16} |-

T v (@)> = M [ (p)>
For muons we have a similar equation.

- 168 |-

T |ug(p)> = B |U_g(p)>

As indirceted sbove, the phase factors depend only on the helicity
and type of particle.

Now in reality, of course, the states we deal with in the
laboratory are not plane wave states. They are instead super-

positions of plane wave states. Thus 1if

|K§(g,s)> 7;_—(!K°(g.s)> - ®p.s)>)

then the physical K9 state is of the form
2

|¢Kg> - Id’g ¢(p) L‘;—% B(B.ﬂé) [x3(p,e)>
~0 0

Here ®(p) 1is the momentum spece wave function and B(s,H:) is

the mass distribution of the -K:. The quantity s 1s the square

of the K; energy in the frame with p = 0 sgo that n(a,Hé) is
very strongly peaked at g = Hé (HK 15 the Kg mass.) We
use the normalization conditions

Ky (p'.s") [K3(p,8)> = 67" - p) S(E' - E) E=/s+p?

fd’g [op 2 = 1 Ids [Ba,MD]* = 12
0
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Thus © ©
d 2
cP |¢-K=2.> - Id’g o(p) Ii“"’"ﬂ’ (-1) |3 (~p,8)>
- 0
- —I d% o(-p) ! ds B(s.ﬂi) |K;(g.s)>
-0 0 JEE

So, strictly speaking, the physical K; state is not an eigenstate
of CP unless &(p) = ®(-p).> Nevertheless, the normal heuristic
arguments made from the K meson rest frame are valid. Comsider
the decay to two pions. After the decay the overall momentum
distributicn and mass distribution must remain unchangad. Hence
the final state is of the form

- 3 ] _‘!3_' [] 2 [

so that if we define the Lorentz invariant amplitude )7 by

wlH_ %3 (p,8)
<an(p',s) |0 K3 (p,8)> = -1(2m)* §%(p - p') S(E - E) m——"—’—‘—-)

J(2m)? 2P.K22“128“2
then
Byl >

[mlllwlk‘z’(g,s)}

* L
- fd‘e lo@1? fd- IBes M0 |2 enan X

- 0 /(2m)? zaxzzﬂzzzﬂz
? L4

- Ia. |B(0.H:)|zm(m|nulx;(0,s)] Id’g lo|° n@en

0 - /(2m)? 2522“123“2

*Ihis condition is satisfied in the rast frame of a Gaussisn
wave packet (as defined by the average momerntum and position)
but is obviously not true in general.
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We have used the fact that m:ls Lorentz invariant to evaluate it
in the frame where p = 0, Thus we see that the physical matrix
element 18 rigorously proportional to the plane wave invariant
gmplitude evaluated in the frame with the K momentum equal to zero.
Hence decays forbidden by the CP invariance arguments using plane
wave states are rigorously forbidden. In fact, to more accuracy
than we would probably ever need

(+]
e LAY
/(2my° zaxzzﬂlzzﬂz

N ALY

vhere the energies have been evaluated at s = H: and p=p,
the average momentum of @(p).

Finally we wish to find the CP eigenvalue of the w'n~
gtate with p = 0, energy » HK' total angular momentum £ with
third component m. If = +*(g) is the creation operator for a

7" meson of momentum q this 750" state 1s
2
n*7” 0, M) (m)> = &1“:1 jmsrhms)nj(g) 7 | vacws>

where w -Jq“z_'_sg and HK' 2. So

- 2
cpl'll’+1'| (ODHK) (l.‘)) = C -m—'J‘-:-I- jdnsyh(ns) (_ﬂ++(-s)] [-“_1.(9)] IV‘CIIW

2
c “Lf:l Idﬂg?h(ﬂ _g)nj(g)n_*(-g) |vacuum>

L w? + +
-1 u—l':l,[m‘l’z‘mﬂ)" g, (=) | vacuum>

2
- -t Q-J":IImth(n_s)n :(g)n_f(-g) |vacoum>

- = 0 1" 0. (2w
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Thus CP = (-1)?* = 41 for any £.



Appendix 2: Implications of CP Invariance for the K Meson States

Theorem: If CP is absolutely conserved in nature, the neutral
K meson states with definite lifetimes wust be eigenstates of CP.!

Proof:
Absolute CP conservation means

[cP,H) = 0
where B 1s the total Hamiltonisn of the universe,

(tce,B1 = cer - HCP)

Schrodinger’s equation for the time evolution operator U{t) is

i-g%-lm u() =1

RBut if CP is conserved,
1 g?(cru(cr)") = H(cPU(CcR)Y) CPU(O)(CP) ™! = I

U and CPU(CP)"! satisfy the same Schrodinger equation and
same initial condition. Hence

U = cpo(cp) !

or [cP,u) = 0

and states of definite CP will remain eigenatates with the
same value of CP.
The neutral K meson system is observed to decay in two

components lg and l'.: with definite but unequal lifetimes

7 would 1ike to thank Donald Brandschaft for some of the ideas

involved in this proof.
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T, and Ty

s
Thus

-im.t ~ 21_
IK‘S’(t)>-U(t)|x‘s’(0)>- e " e IK;(°)>+ §C§(t)|js>

w

t

o o -imLt S Ora7> L
[RI(t)> = V(e & (0)> = & e frp 0> + gcjmh,g

|

t

im.t 2T,
L, L @|&20)> + ZC;‘(t)C?ijL>
]

cp|KL°(;)> - u(:)crln:(op =e
where the states Ijs> and | jL> represent decay products.
We see that CPIK:> and il(z> have the game lifetime. Now the
state CPIK:> is a neutral K meson state. We assume IK:> and
IF.;> form a basis for the neutral K meson systen {no third

nevtrol K meson) so that

cele)> = alky> + B[R
for gome o and B. But the term BIK:> has the wrong lifetime.
Hence £ = 0 and
cplx:> - uIK:>
and siailarly for some g
0. o,
cp|kg> = glrg>
The states of definite lifetimes are eigenstates of CP.
The corresponding theorem for the cPT transformation is not

true due to the antiunitary nature of this transformation (and the
i da Schrodinger’s equation).

? 15 = (.865 ¢ .009) x 10 '° seconds from Rill et. al., Phys.
Rev., 171, 1418 (1968). T (5.154 + 0.044) x 10" ° geconds from
Vosburgh et. al., Phys. Rev. Lett. 26, 866 (1971).
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Appendix 3: Relaticnship Between § and E

If we define the invariact amplitudes

.0 = ”Z(n‘*“r"j{}(wfko) 4S=AQ

a;J(D) )7{(11 /4' ’)‘f‘v, ?) AS:"AQ

as functions of the Dalitz plot variables D and lepton helicities
J and J' , and if we assume that K1°13 decay proceeds ‘:.y cPF-invariant

first-order weak interactions only, then the charge asymmetry is

= 1 = LX'xP
H(Ho) = 2R € [(Hlsl’) (14 <XAY - AU-TeEPReGS” At ,em<u>]

for a given region of the Dalitz plotﬂ + We define the matrix

X and its average value by
_Zl T ( ‘F.t-x £ )

>:D
T SEEO

So to first order in € we obtain i
+
] - <X x>

S(R)= R Ret [l T2Re<xy + LXK

If we then assume X 1s equal to a number XN times the unit matrix,

the charge asymmetry ia given by
IR LM
J(R)) = 2Rec< (“—:——""

He note tlat the above assumption that the decday proceeds by
fira¢+- ~~der weak interactions only is invalid In the presence

of electromagnetic final state interactions.
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Appendix &: Correlated Tracks Not Forming a Vertex

One type of event which we may have accepted possessing

correlated tracks not forming a vertex is indicated below:

LastT Collimator
r .

s |

A neutron produces a high energy proton in the collimator

which simulates a muon, and the neutron also produces a low
momentum pion which passes into the other face of the collimator.
In order to trigger our system the pion must pass 1 inch into

tke other face and then backscatter into the P If we do

down”
not require the pion P in the signature criteria, we f£ind that
muon tracks _ 1.2 P

)

*u3

Thus the asymmetric muon tracks which we accept number 15% of

muon trarks 0.13 .

our K:3 evente, If we assume agll these muons are associated
with a plon passing into the opposite face of the collimator
and that this pion acatters isotropically when it reaches a

point 2 inches into the other face, the net bias on the charge

asymmetry is
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A8 = 0.15 x 2/3 x (1.4 x 107°) = 1.6 x 1070,

+ +

absorption solid angle
of pion of P down

The above type of event 1s probably the most dangerous type
not origfnating from a vertex since it produces 8 low momentum
pion and thus would probably not appear in the vertex distribu-

tion (Figure 7) because the pion would not reach the R bank.



