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ABSTRACT

Test of Time Reversal

Decays

Invariance In K+
B3

Stepken Robert Blatt
Yale University

1931

We have measured the transverse polarization of munons
from the decay K+—)n°p+vp, in an experiment conducted at the
Brookhaven National Laboratory AGS. A violation of CP (or T) in-
variance in the K“3 decay produces a component of polarization
normal to the decay plane. One class of theories of CP violation
predicts this polarization out of the decay planme to be small but
measurable, while other theories predict a null result.

A 4 GeV non-separated positively charged beam was pro-
duced at zero cdegrees with respect to a 29.2 GeV external proton
beam colliding on a platinum target. A cylindrically symmetric
detector, consisting of scintillation counter hodoscopes, a
focusiag magnet—erergy degrader, and a polarimeter, was used to

+
detect and track the muon from the Kp decay. The muons were

3
stopped in the polarimeter, where a 55 gauss field was applied to
cause the muon spimn to precess. The subsequent muon decay to
e+v“ve allowed the polarization of the muons to be determined by
measuring thc asyommetry of the direction of the emitted positron.
The neuvtral piomn, created in the K:3 decay, decayed into two gam-—

mas, ore of which was detected in the lcad glass array, defining

the event.



We collected 20.8 million events and obtained for the CP
violating component of polarization, normal to the decay plane,
Pn=—0.003110.0053. The parameter Img, with & the ratib of the
form factors imn the Kp‘3 decay, is found to be -0.016+0.027, not
significantly different from the CP conserving value of zero, The
a;rerage value of the ratio of the normal to transverse components
of the muon polarization in the kaomn rest frame is
6=(Pn/Pt)CHS=-O.006310.0108. Our null result places important

constraints on models of CP violatior involving the exchange of

Higgs bosons,
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I.Theory

A. Violation of CP Invariance

Violation of CP invariance was discovered in 1964 waen

the decay K,>2n was first observed?., The nature of this viola-—

L

tion is still not well understood. ‘We report here on a search

. + . .
for wviolation of CP invariance in Ku3 decays. Our experiment is

an order of magnitude more precise than the previous measurements

+
on the K’13 decay, and is of somewhat higher precision thanmn
achieved in a recent search for CP violation in KZS decays. To

this date the only observed CP violation is in the K_>27x decay,

L
with a branching ratio? of 2.58910.060x10-° and in the charge

(o]

2
13 decay?,

asymmetry ratio of K

(K _
6=—13 173
(K +K _ )

= 3.3040.12x10° 3,

both of which can be expressed by the same complex parameter, ¢,
with3 |e|=2.2710.08x10_3.

Several theories of CP violation4 have ©been developed
based on gquantum chromodynamics(QCD) and the gauvge theory of
electro—weak interactions, When the parameters of these theories
are adjusted to fit the observed data, they yield varying predic-—
"tions for other phenomena in which CP violation might be ob-
served, such as a non—-zero value for a second parameter e’, re-
lated to the charged-neutral ratio in the two pion decay from KS

and KL decays, 8 non—zero value for the electric dipole moment of

the neuvtron, and an out—-of-the—decay plane component of muon po-



larization in Kl3 decays. The physics of heavy quarks may also
provide opportunities to observe violations of CP invariance, in
the analognes of the'Xo—Essystem for heavier quarks (the D, B and
T systems) and in the branching ratios of particles with heavier
quarks. We discuss below the various theoretical models and their
predictions for some of these phenomena, deferring discussion of
CP violation in Ku3 decay until after we have discussed the Kp3
decays in detail in the next section.

The standard six quark model (the Xobayashi-Mask#ia
model)* introduces a 3 x 3 generalized Cabibbo matrix which mixes.
the d, s, and b quarks. This 3 x 3 matrix is defined completely
by three Cabibbo—like amngles 91. 92. and 63 and a phase factor
exp(id) where the phase angle & cannot be rotated away by rede-
fining the quark fields. A non—zero value of & generates CP vio-
lation., The 3 x 3 matrix reduces to a 2 x szatrix describing the
u, d, s, and ¢ quarks for 92=93=0. The success of the Cabibbo
theory with a single angle, the only angle which appears in the 2
x 2 Ca2bibbo matrix, in explaining low energy phenomena places
severe limits on the size of the angles 62 and 630 In interac-—
tions involving the four lighter quarks (u,d,s,c), the CP violat-
ing angle & appears only in the matrix element connecting the ¢
and s quarks. When no ¢ quark is involved, CP violation cam take
place in this model only when the heavier guarks participate via
off-shell transitions. Thus, we expect CP violation to be uncom-
mon at lower energies as we observe it to be.

From the size of &, we find the combination of nunknown

3

angles 3in®_sinB,sind=10 °. The smallness of this factor implies

2 3



that CP violation in other low energy systems is at a very small
level, The electric dipole moment of the neutron is estimated® to

be of order 10-'34

e—cm. The parameter e¢’, the parameter governing
the 2. pion charged to neutral decay ratio-in the neutral kaon
system, has been estimated? in this model ¢to be in the range
0.02e to 0.002e. The contribution to &’ comes from certain di-
agrams involving QCD corrections (called "“penguin” diagrams) and
the analysis of some of the factors involved is not clear., The
current experimental value for e’/e is? 0.01+0.04, and for the
neutron electric dipole moment®, 2.3+2.3x10 2°e-cm.

Another model of CP violation based on the standard model
sets the CP violation from the Kobayashi-}Maskawa matrix equal to
zero and introduces all the CP violation in the Higgs sector, by
introducing either two?® or three?? Higgs doublets. The two Higgs
model is a soft CP violating model: that is, the Lagrangian con-
serves CP and the violation occurs via the spontaneous symmetry
breaking in the Higgs sector. In soft models, the CP violation
varies with energy. A hard model, such as the Kobayashi-Maskawa
model outlined above, introduces CP violation in the Lagrangianmn.
The absence in a natural way of flavor changing neuwtral currents,
called natural flavor conservation, is a desirable feature to be

included in gauge theories. To obtain soft models with natuoral

flavor conservation, three Higgs dounblets are needed??:,

2

The CP violating constant in a Biggs theory is Gsz/mH,

with m an effective quark mass and m», the mass of the Higgs bo-

H

sons, In the two Higgs model, with the mass of the Higgs boson

equal to that of the W boson, there are severe problems with necu-



tral strangeness changing currents and with the predicted value
of ¢', both of which can be resolved only by imposing certain
symnetries artificially on the Lagrangian or by adding a third
Higgs doublet.

For 2 two Higgs model with mnzl TeV, these problems
disappear. The neutral strangeness changing rates are predicted
to be several orders of magnitude below the observed rate, and
€'/2=0.0005. The electric dipole moment of the neutron is
predicted to be approximately 10-26 e—cm.

The three Higgs model includes two Higgs doublets which
couple to quarks and ome which couples only to leptons., The wvacu-
um expectation value of the product of these doublets can be com—
plex, which leads to the CP violation. Since Higgs bosons couple
to the mass of the fermions, CP violation will be more promnounced
in systems with heavier quarks. The CP violating coupling is
GFmilmg. To produce the observed CP violation in the K° system,
we nust have 2 Higgs mass aronna 15 GeV if one calculates using

effective quark masses, or, if one uses current algebra quark

masses, a bare IHiggs mass m°=2 GeV and an observed Biggs mass

m§=15 GeV. This leads to a neutron electric dipole moment of
around1? 10-’25 e-cm. Recent calculations?®?® of penguin diagrams in

this model obtain values of e’/e of order 0.05, as compared with
the experimental value? of 0.01 + 0.04.

There are also gauge theories of the formt4
SU(Z)LxSU(Z)RxU(l), with both left and right handed currents, and
both a W and 2 W, boson. To account for the observed parity vio-—

L R

lation at observed <energies, the WR boson mass is greater than



the WL mass. Although violation of natural flavor conservation
occurs in this model, the violation can be suppressed to the same
order as right handed currents are suppressed. The CP and P
violating terms in the Lagrangian imply e'=d and a small neutron

=29 e-cm). CP violation may also take

electric dipole moment (=10
place via the Higgs mechanism or in the Kobayashi—jlaskawa matrix,
In the Higgs case, the observed constraint on e’ demands the
Higgs <coupling to be less than GFx10-4. which leads to an elec-
tric dipole moment of approximately 10.-24 e—cm.

These variouns theories are not mutually exclusive, as
violation of CP invariance could occur via more than one mechan-
ism. A large neutron electric dipole moment, for instance, ionld
not necessarily rule out the Kobayashi~Maskawa model as the mo-
ment may be due to a Higgs contribution, while the Kobayashi-
Maskawa mechanism might predominate in, perhaps, the heavy quark

systems. Thus all of the possible interactions in which CP viola-

tion might take place should be explored.
B. K13 Decays

The K13 decays have been studied for many years. A rich

variety of phenomena can be investigated, which give information
on both the strong and weak interactions.

The matrix element for a semi-leptonic decay can be writ-—

ten in the form®$:

G
- _E_. A .
N dzsxnﬁc(Bll |A><v|.)k|1>

where G =10-5

F k\l;z(GeV)“2 is the Fermi <coupling constant and



<VIjk'1> is the leptonic current. We <can write the leptonic
current exactly as Ev71(1+75)vp if we assume a pointlike lepton
intefaction. which is consistent with all experiments to date.
The exact form of the hadroric current <B|JA|A> is un-
Kknown, but we can write it in terms of form factors. These form
factors can be functions only of the Lorentz invariants avail-
able, sech as q2=(pK-pn)2, the momentum transfer in the decay.
Experiments have shown that the hadromnic current in the particu-

lar case of K decays displays only vector coupling, in the form

13

expected from conventional V-A coupling.
The most gemneral form for (nlJl|K> is fl(qz)px+f2(q2)pﬂ,

where f1 and f., are form factors. We can choose anotker set of

form factors f+=

D

(f1+f2) and rewrite the hadronic term as

A 2
M po=te, () (ogrp 41 (o) (pg-p 1™

2 ‘(a2
=f_(q )[(pK+pn)l+g(q )(px-pﬂ)ll

with &=f_/f . CP violation will occur if the form factors f_ and
f+ have a relative phase between them, i.e. if & is complex. The
magnitude of Im £ is thus a measure of the CP violation in the
K13 decay.

Due to e—p universality, the KpS and Ke3 form factors are
exactly the same, but because of the lighter mass of the elec-—
tron, the form factor f_ is not involved in Ke3 decays, to first

order in o /m_..
e/ K

Cornsider thec term of M proportional to f_:

G
M =

Nl‘ﬁ

. Ao 5
sin® f_(p,-p_) Y, (1+y7) v,



With Pg~P,=P;*P, by conservation of momentum, we have

G

e

- . - 5
M = sxnecf_uv(ﬁ1+tv)(1+7 )V1

From the Dirac equation we have ulpv=o, and
5 .5 _¢.5_
t1(1+7 )Vl—(l e )ﬁlvl—(y l)mlvliso
G

. - 5
sxnecf_uv(7 l)mlv1

and the entire matrix element I can be written in terms of

M=

N

f+ and &:

Sk _. Ae 5 - .5

B[=‘J?81necf+[(px+pn) “v7x(1+7 )v1+§m1uv(y —1)v1]

In this form we see that all & dependence <comes imn the
term proportional to oy and is thus negligible in Ke3 decays. In
principle, we can determime f, from Ke3 and then f_ from Kp3 dé—
cays. Experimentally, this is quite difficult and the exact forms
of £, and f_ are still not well known. We note that since there

+

is only one significant amplitude in Ke decays, in this approxi-

3
mation there is no possibility of interferemce and thus no CP
violation in these decays.
Since the momerntum transfer q2 varies in K’13 decays only
2

over the range 0.6mr to (mK—mn)2=7.2mi, we can use a linear

parametrization of the form factors. A conventional ckoice is?$
2, _ 2, 2
ft(q )—fi(O)[1+Aiq /mn]

2 2 2
£ (a®)=£, (a)+1a*/ (n3-u2)1£_(q?)

or



2, _ 2,2
£,(a )-fo(O)[1+loq /mn]
with f_ constant (i.e. A_=0), which agrees with the data.
Most experiments measure the set of parameters l+,k°. Ve

can define & in terms of l+ and Ao as

Cer L 2_ 2., 2
§(0)—(lo l+)(mK mn)/mﬂ
a(q2)=§(0)/(1+q2/m§)

Current values for these parameters for K:s

are?:

A,=0.026+0.008 and

Xo=—0.003i0.007. thus Re £(0)=-0.35+0.14.

Previous measurements of Im & give Im&(0)=-0.09+0.2117,
For Kzs. InZ (0)=0.009+0.03013,

Because of the definite helicity of the magsless neutrino
emitted in K decay, the muon is completely polarized, in a

p3

direction which is determined by §(q2). The muon polarization as
a function of §(q2) has been calculated by MacDowell2?, by Cabib-
bo and Maksymowicz2?, and by Okun’ and Khriplovick??, In the la-

boratory frame, we have:

and

> P PP

- il Pl 'Sl W >
E = bl(é){(m )[E - Ev]+pv}

B o
5, PP
. n K "p_ >

+b2(<;){(m )[E o EK]+pK}
TR it
5> (Dpxp)
Pu prPn_]—B }

Ep+m pu

InE(E,(p xp ) +E (p.xpo)+E_(puxp. )+
! K PuXpn) E“(pﬂxpx) En(prpp) [



2

where b () = mp + milb(qz)lz + 2(Re b(qz))(Pp'Pk)

b,(8) = ~2(p_*pp)—(Re b(g?)) (a®-m)

b(a?) = 21¢(a®)-1]

. _ > S
with p, Pb = EEpTPy Py

" The formula for the kaon rest frame is obtaimned by set—

=0 and E In this frame the term proportional to Img,

‘% —
Py K Pge

the CP violating part of the form factors, reduces to mK(Fﬁx;;),

ting

and thus a vanishing Im¢, implying time reversal invariance, re-
quires a zero polarization Pn normal to the decay plane.

The form factor pair fo(qz) and f+(q2), defined above,
define the amplitudes for the Kp3 decay for the two possible
spin-parities of the leptor pair (17 and ot respectively). The

ratio of the amplitudes for the two transitions is thus a func-

tion of é(qz):

2
fo(q ) S . £ ( 2! 2
f (q2) m2—m
+ K =

Because the helicity of the massless neutrino is con-
strained, the 1 and 0+ transitions involve a muon helicity of +1
and -1, respectively. Thus in the kaor rest frame, one can
describe Kp3 decays in terms of the two amplitudes Au’ Ad

representing the two muon helicities +1 and -1 respectively.

We can then write the components of the muonr polarization
in the following way:

_ b 2,2,
P =2Re (A A /(A *AY)
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_ * 2,,2)
Pn-ZIm(AuAd)/(Au+Ad
and the ratio

* .
Pn/Pt=Im(AuAd)/Re(AuAd)=tan6

with Au=|Au|ei6 and choosing Ad real, The angle ¢ we have ob-
tained is the complex phase between the two interfering ampli-
tudes and is thus another way of expressing the violation of CP
invariance. By using the formula given above for the muon polari-
zation, and working in the kaon rest frame, one can derive the

fcllowing relation between ¢ and Im &:

P -B,v, Img
tang = (30 = B 3
t TCM - G
cus mg/m, +7 , (Rel 1)+(mp/4mK)|g 1]

2)1/2
it

We have so far neglected any interactions between the fi-

S
ith = E d =1 1-
. with B |pu|/ u and 7, =1/(1-5

. . . +
nal state particles. The counlomb interactior between the p and

the n  in Kﬁ3 decays leads to a polarization <component in the
direction Pn’ With only one charged particle emitted in K:S de—
cays, the dominant interaction is between the p+ and the electric
monopole moment (spherical charge distribution) of the ﬂo. The

induced comporent Pn is thus orders of magnitude weaker in the

+ . . . . .
K‘13 system than in the Kgs decay. The final state interaction in
K33 is on the order of a, the fine structure constant, and is of

the order of magnitude of the currert experimental uncertaintys in

decays, two different aspects of

3

. 0 18 +
Pn in the Kp system®, For sz

the final state interaction have been calculated. Zhitnitskii2?
has <calculated tkhe electromagnetic comporent of Pn to be approx-

imately 0.1amp/12n2mK=10—6, while Ginsberg23 has found the pro-
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portional fadiative correction to the polarization Pn to be of
order a/n=0.0023, which is negligible.

A search for violation of CP invariance in Kp3 decays was
first suggested by Sakurai34 in 1958. He pointed out that the
triple cross product EL-(ﬁﬂxzu) » the muon polarization normal to
the decay plane, is odd under T reversal and thus odd under CP
reversal, by the CPT theorem. The triple cross product is also
odd under C conjugation, thus even under CPT reversal. Since it
is 0dd under C, the sign of a possible violation for K:3 and 'K;s

would be opposite. Sakurai also pointed out that in the case of

0
n3

tromagnetic final state interaction.

K a small CP violating polarization could be masked by an elec—

The various CP violating theories yield different predic-
tions for KpS decays. In the Kobayashi—-Maskawa model, CP viola-
tion is introdunced in the guark mass matrix. Thus a theoretical
prediction of f+ and f_ would be expected to include a complex
factor whick would translate directly into Im. In the Higgs
models, a second term is added to the Lagrangian, corresponding
to the deczy s~>u+H (Figure 1). This term contains a part complex
relative to the part for the decay s—>u+W, which contains the
terms f+ and f_, both relatively real. The two terms can be com-
bined into one, with an effcctivé f_ which is complex relative to
f+ and thus gives an imaginary component to £3$5,

We bhave seen already that in the Kobayashi~Maskawa model,
CP violation occurs only when heavy quarks are involved. In K“3

decays, these heavy quarks appear only in second order, in loop

diagrams. Thus the CP violating paramcter InS can be expected to
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be of order gz, with g in the EKobayashi-llaskawa model =

. . . e 9en—=3. _.~—8
Gstn6251n6351n8—10 GF—IO .

In the Higgs models, the term in the matrix element due
to the Higgs interaction (Figure 1) is of the form

2 R o— + - 5
MH=1GFs1nec(v2/v3) ) {7 IuLsth >9v(7 —1)vp

m
. 0

where o, is the rmuon (leptor) mass and Vys V3 are parameters re-

lated to the vacuum expectation values of the Higgs fields. Ve
assume, with Zhitnitskii?*?, that (v2/v3)2 is of order unity. The
- _ oy - 2 ‘
bare Higgs mass m_=2 GeV, and the term <=« luLsR|K+>~f+mK/2~5hs.
The total matrix element is then

M o= M 4N —Eﬁ‘ne (f (potp )T v. (14v)
T = Myl = Jgsin® (£, (pp*p ) 2,7, YV,

-, 5
+f_miu (v l)vll

2
s famp _

mym
2 2A2m v
m s

+iW2 (v, /vy) 2 ‘75"1)";1}

We can combine the last two terms:326

2
v n
i,2.2 _E - 5_
[(£_ + 2(v ) f+ > ] mluv(y 1)V"l
3 m
o
eff - 5
£ "mpu (yT-1)v
This gives us
feff mz v 2
= - - E_ 2,2 0.,1219(GeV) "
Ing Im T 2( ) = >
+ 2m 3 n
o o

The polarization component normal to the decay plare, Pn'

is of order
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m n v m AV
e K 2,2 _ L y.r = 4.61x10 ’(;3)2

z,fz'mi \E ~N2my 3
for m =2 GeV.
(o]

The CP violating polarization, Pn’ is proportional to
mpm,lmi. so that a heavier Higgs mass would suppress the size of
n
the CP violation. For the more general particle decay P13. the
preceding argument carries through, and we find a larger Pn for a
heavier leptor or quark participant in the decay. For example,
decays such as l)u3 may be expected to have a larger component Pn
d
than expected for Ku3’
On the other hand, in neutron beta decay we expect a much
smaller CP violating effect because the mass of the electron and
u quark are much l=ss than that of the muon and s gquark, respec-—
. . .- > > S .
tively. The experimental limit omn Pn=cn°(p1xpv) in neutron beta
decay is? -0.0009+0.0013, and for the ntclear beta decay of Nelg,
- N
Pn=J'(p1xpv) has been measured?? to be =-0.0005+0.0010. Doth

results are consistent with time reversal invariarnce.
C. Muon Decay

In the mumon decay p+}e+vuve, measuring the directionm of
the positron emission allows the direction of the muon polariza-—
tion to be cdetermined. The matrix element for the decay is?*s:

SE— A, .. 5,0 = 5
M ='J5uve7 (1+y )vevp71(1+7 )vvp

PN
In the rest frame of the muvon, with polarization S, the

distribution of the positron (with momentunm 3) is:
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4
—g—ﬂ— = 1l,t/T ——[2x (3—4x)][1+(2x 1)(3 31
T
d pdt

n 3
with p=3/131 , x=E/E™®* , E?=(3)2+nl, EP¥ish , A2

G.n

Fn

> A
and cos® =S-p
Sp

The decay probability is largest when the positron energy
is large (x=1) and the direction of emission is along the polari-
zation direction (esp=0).

In a magnetic field B, the muor polarization will precess
about the field direction with the Larmor frequency
m=gue|§|/2mpc. In terms of compomnents of polarization parallel to

and perpendicular to the field direction, we have
> - A A - A A A
S(t)=(S(0)-B)B + (S(0)xB)sinwt + (Bx(S(0)xB))coswt

In the present experiment, the magnetic field is parallel
to the detection counter and the intensity of observed muor de-
cays is

-t/T

I(t)=Ne (1 + acos(ut+é0))

with N the number of nuons whose decay positron is detected. The
asymmetry parameter e equals nlgl(O)l, with 7 the analyzing
power. The phase éo is the initial aximuthal angle of thke muon
" spin about the precession axis as measured from Q, the direction

of the adjacent counter.
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II. Experimental Apparatus

A. Introduction and Experimental Overview

In order to measure the CP violating muon polarization in
Kp3 decays, it was mnecessary to conétruct an experimental ap-
paratus which could accomplish several different goals. We needed
to create a beam of kaoms, and detect the resultant K“3 decays,
distinguishing these particular decays (with a branching ratio of
3.2%) from other kaon decays and the interactions of other parti-
cles in the beam line. This set of all Kp3 decays contained cer—
t;in decay configurations im which the CP violating polarizatioﬁ
would be large and measureable in our apparatus. Ve needed to
select these certain decays, defined by the energies of the pro-
duced particles in the center—of-mass system, from the set of all

K decays. For these good Kp3 events, we needed to bring the

u3
muon to rest and measure its polarization by observing the direc—
tion of emission of the decay positron. We discuss briefly here
the techniques we used to obtain these goals and then describe in
detail each part of the apparatus. Figure 2 is a schematic of the
experimental apparatus.

We required an intense source of kaons with a minimal
amount of background, which we obtained with a specially designed
bean line with a broad momentum acceptance and a large angular
acceptance. The beam line was short enmough that a large propor-
tion of kaons survived passage through the magnet zone to decay

in a drift space beyond the magnets. Quadrupole magnets were used

to focus the becam so that the beam particles passed without in-
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teractidn through a hole in the center of each part of the ap-
paratus,

We established a five meter sectior inm this region fol-
lowing the magnets, and placed the rest of our apparafus after
this decay zone. A toroidal magnet and energy degrader was placed
at the end of the decay area to slow down.and focus positive
muons into a polarimeter, which measured the polarization of
muons which stopped in it. Scintillation counter arrays were used
to track the path of the muon throvgh the apparatus, as part of
thé procedure unsed to select useful events,

The K: decay also creates a neutral pionm which itself

3
decays almost imnmediately into two gamma rays. For events select—
ed by ouvr apparatus, one of the gammas traveled close to the beam
line, throvgh the hole in the center of each apparatus, and was
detected in a lead glass calorimeter placed at the end of the ex—
perimental area. The kinematics of the decay was such that the
other gamma was not detected by the lead glass array, and thus we
could make accurate energy measurements only on the one gamma
entering the calorimeter. However, this enabled us to make an en-—
ergy cut on events accepted, taking only those events with gammas
with greater than a certain energy. This proved useful in making
a careful measurement of the muon polarization, as we shall see
below,

The energy of the bez2m line was ckosen to be abont 4 GeV.
Monte Carlo simulations were used to calculate the performance of

the experimental apparatus as various design parameters wcre

varied. In particular, the event acceptance as a function of en-
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ergy was studied, as was the sensitivity of the apparatus in
measuring any CP violating polarization. A much higher energy
would have resulted in a larger event acceptance, but those
events selected would have had a much smaller sensitivity to a CP
violating polarization., At lower energies,.the sensitivity of the
apparatus would have been larger, but the event acceptance would
have been smaller.

A sophisticated electronics system was constructed to
anslyze the signals from the scintillation counters and the léad
gl#ss array. A trigger was built which essentially looked for a.
ecoincidence between a muon path through the apparatus and a gamma
hit in the lead glass. The muon path requirement was 2 hit in the
A or B arrays at the end of the decay zone, a hit in an M counter
placed after the toroidal magnet and a hit in an F counter placed
on the upstream side of the polarimeter. Tﬂese hits were required
to be in the same azimuthal section in each array, thus defining
an acceptable muon trajectory. This pattern of hits determined
thet a2 muon entered the polarimeter. Other electronic circuits
werc usecd to momitor other cocunters which determined whether or
pot the muon stopped in the polarimeter, and if it did, in which
direction the decay positron was observed. A summary of the in-
formation for ecach event was read into a computer, which per-
formed an on-line data analysis and also wrote the relevant in-—
formation on magnetic tape for off-line analysis. Using the on-
line analysis, the accumulated measurements of the muon polariza-
tion (the fundamental experimental results) were available within

seconds at any time during tke experimental run.
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We were seecking a CP (or T) violating component of muon
polarization normal to the decay plane in the kaon rest frame. Ve
designed the selection of events so as to accept events in which
the kaon beam direction was nearly in the decay plane in the
center of mass system. In the laboratory frame, the beam direc-
tion was also in the decay plane for these events. By selecting
events in which the pion direction was along the beam line, we
ensured that the T violating decay correlation 2L.(?;x;1)’ de—
fined in the center~of-mass system, would ‘be determined‘by

S I S
measuring S“'(prpp) in the laboratory frame.

Figure 3 shows two possible orientations of the products
of the kaon decay. In the first class of events, the pion is mov-—
ing with the kaon and the CP violating polarization of the muon
can be taken to be out of the figure. In the second class, the
pion is moving opposite to the boost direction and in the 1ab
frame is moving forward with only a small momentum. In this case
the CP violating polarization is into the figure, and thus has an
opposite sign to that of the first case. The energy of the gamma
from the pion decay which is detected in the first class is much
larger than the gamma energy detected in the second class, and it
was possible to design an emergy cut which would only pass events
of the first class. This avoided contamination of the CP violat-
ing polarization of the first class by that of the second class,
which would be of opposite sign. The energy cut, (at 1.2 GeV for
a 4 GeV beam) also served to climinate spurious low-energy hits
in the lead glass.

Although two gammas are produccd by the pion decay, only
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one was detected in our array. The two gammas are cmitted back-
to-back in the rest frame, and the kinematics of the Kp3 decay
are such that in the boost to the lab frame the opening angle
between the two is always greater than 10 degrees. The lead glass
array, on the other hand, subtended a maximum angle of 7 degrees
as seen from the decay zone through the holés in the toroid and
polarimeter. Thus only one gamma would be expected to be detected
in the array, and the event selection was designed so that the
only events selected were those with localized showers, in which
oqu one section of the lead glass was hit. This eliminated
spurious signals due to the coincidence of two or more separate
showers whose total energy was more than 1.2 GeV.

The componerts of the muon polarization in the lab frame

t? and Pn

can be described in terms of three components Pl' P
which lie along mutually orthogonal axes. The longitudinal polar-
ization P1 lies along the munon momentum, and the compomnents Pt
and Pn are the transverse components in and normal to the decay
plane (;KX;L) respectively. The toroidal magnet was designed to
focus the muon so that it entered the polarimeter approximately
parallel to the kaon beam line. Thus, if the muon stopped in the
polariceter, its polarization component Pt was radially normal to
the beam axis while the CP violating component Pn was perpendicu-
lar to the plane containing both the muon and the beam axis.

The geometry of the polarimeter (Figure 4a) allowed both
Pt ard Pn to be analyzed. Fach of the thirty—two aluminum wedges

in the polarimcter was flanked by two counters, labeled here U

and D, with both the wedges and the counters being distributed



20
radially about the beam axis. The muons stopped in the wedges in
the polarimeter and their spins precessed in a 55 gauss magnetic
field. We measured the detection asynmetry between the two
counters U and D, A=(U-D)/(U+D), as a function of time. For an
ensenble of muons, the asymmetry varies siqusoidally as a func-
tion of wt, with w/2n the precession frequency of 745 KEz. Figure
4b shows tke contributions to A from Pt and Pn. the CP comnserving
and CP violating polarizations, respectively. The CP conserving
polarization Pt varies as sinot while the CP violating compoﬁent
Pn varies as coswot. Thus by reversing the magnetic field each
pulse aﬁd thus changing the sign of w, it was possible to isolate
the relatively small component Pn from the predominant component

of the asymnmetry Pt'
B. Beam Line

A specially designed beam line (Figure 5) was used to
create a2 4 GeV positively charged beam which entered the experi-—-
mental area., The beam was designed with a broad momentum and an-—
gular acceptance in order to produce an intense source of kaons
with 2 minimal amount of background. The beem line consisted of
four magnets (two bending dipoles and two focussing quadrupoles),
each with a specially prepared collimator,.

The initial proton beam (energy 29.2 GeV), focussed on a
platinum target located just in front of the beam linme, produced
particles over a broad range of momcnta and angle. The selection
of a specific momentum was accomplished by a large bending magnet

with a specially constructed curved collimator in the magnct
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channel. A 22 kilogauss magnetic field in the 1.82 meter (72
inch) long magnet selected the beam energy by bending 4 GeV kaons
by ecighteen degrees -over the magnet’s length. This 18° bend was
matched by the main channel of the brass coliimator, so that par-
ticles with energy much different from 4 GeV interacted with the
collimator. A second channel in the collimator went essentially
straight throtvgh and carried the impacting 29.2 GeV beam into a
beam dump made of heavi-met. The exit channel was 3.8 cm wide by
13.97 cm high (1.5 by 5.5 inches) and the momentum resolution was
10%, full width at half maximum(FWH}).

Two focussing magnets, each 0.81 meters (32 inches) long,
were used to fﬁcus the beam so that it would travel through beam
holes placed in the center of the various detectors without in-
teracting with material. The two focussing magnets were placed
between the two bending magnets.

The second bending magnet reduced the chromatic aberra-—
tion of the beam by focussing the various momenta all at one
point. The target (the object in this beam optics) was a platinum
slab 10.2 cm long (about one interaction length) amnd 7.6 by 10.2
mm in cross—-section. The image of the target was located 16.25
meters (640 inches) downstream and was 3.81 cm wide by 15.24 cm
high (1.5 by 6 inches). At the image, the lead glass array was
placed, with a center hole 22.86 c¢m high and 5.72 cm wide (9 by
2.25 inches). The second bending magnet, which was 0.91 mcters
(36 inches) long, also served to shield the beam line from the
primary interaction region,.

To reduce the halo from the beam, poured lead collimators
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were placed in the two focussing magncts, in the second dipole,
and in the 1.5 meter space following the last magnet. The size of
these collimators, as well as the optics of the beam line, are
indicated in Figure 6.

A concete collimator, hollowed out in the shape of a
cone, 15.24 cm (6 inches) in diameter at the upstream end and
0.66 meters (26 inches) in diameter at the downstream end, fol-
lowed the last magnet. The conical section was 1.75 meters long
and was preceded by a 7.62 cm (3 inch) long cylindrical section
15.24 cm in diameter. This cone was filled with helium and the
first 0.5 meters of the collimator were packed with paraffin (for
neutron absorption) to leave a 10.16 cm (4 inch) wide by 7.62 cm
high passage. After passing through the cone the beam entered the
experimental cave, and travelled through the apparatus inside a
helium-filled bag (to minimize scattering)-to a beam dump, which
consisted of a lead and uranium plug at the end of the experimen-—
tsl cave. The beam dump was surrounded by blocks of paraffinm and
boron to slow down and zbsorb neutrons produced in the dump by
the interactions of the 4 GeV beam particles.

The acceptance of this beam line was 1.5x10°%  Gev-
steradian, and the momentum resolution was 400 eV, FWHM. By ad-
justing the strengths of the various magnets, slightly different
beam emergies could be obtained. For a typical proton intensity
of 4.3x1010 incident on target per pulse, the «calculated flux
from this beam line acceptance, consistent with experimental
measurenents, Wwas 3.6x106 kaons, 4.3:107 pions, and 2.2x107 pro-

tons.
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C. Decay Zone

Our apparatus was designed to accept kaom decays which
took place only within a certain decay zone, which was located
downstrear of the magnets and upstream bf nost of the detectors.
At the end of the decay zone two concentric arrays of scintilla-
tion counters (the A and B arrays) were placed, and one regquire-
ment for an acceptable event was a muon passing through one of
the two arrays.

The five-meter long decay zome (Figure 7) began at the
néstream end of the concrete cone collimator, 7.63 meters down;
stream of the target. An array of 8 countexrs(V) was located on
the downstream face of the cone, approximately in the middle of
the decay zone. This V array determined where in the decay zone
the decay had taken place, and the A and B counters differentiat-—
ed between large and small muoon transverse momentum. Thus we were
able to distingunish four types of events: A-V, B-V, A with no V,
and B with no V, and compare the observed rates with the B}onte
Carlo calculations,

Three sets of anticoincidence counters were also placed
in the decay zone. The 4 AC counters were placed at the beginning
of the decay zone, the 6 K counters were placed at the position
of the V array but at a larger radius from the beam line, and the
8 C counters were positioned betwecen the beam line and the B ar-
ray, at the end of the decay zone. The AC, K, and C arrays were
all part of the trigger veto.

The A and B hodoscopes at the end of the decay zone con-
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sisted of an outer ring (A) of sixteem counters, with outer dia-
meter 0.574 meters and inner diametet 0.337 metexrs, and an inner
ring, the B array (8 counters), with outer diameter 0.366 nmeters
and inner diameter 0.186 meters, These arrafs were centered sym-
metrically on the beam line to +1 mm and were perpendicular to
the beam lime to *10 mr. Furthermore, we measured no relative ro-
tation between the two arrays to within 2 mr. Such a relative ro-
tation, forming a screw sense in the apparatus, might have intro-
duoced a spurious CP violating signal. Positioning the arrays to
the accuracy noted ensured that any such induced component would

be negligible in this experiment.
D. Toroidal }agnet

A toroidal magnet placed following the A and B hodoscopes
was designed to focus positive muons into the polarimeter while
degrading their energy so that they would be more likely to stop
in the polarimeter, This dual function was accomplished by making
a toroidal core which increased in axial thickness with radius,
and 8 complementary section which was unsed to maintain equal path
length through the material for all muons.

The toroidal core was wound with 704 turns of AWG #12
copper wire. The complementary plug was placed immediately down-
stream of the magnet core, and both pieces were constructed from
17.8 ¢m (7 inch) thick machined laminations of 1010 steel., The
magnet core was wound with constant pitch, but with half the
turns applied clockwise about the toroid axis and half applied

counterclockwise, in order not to introduce an axial component to
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the magnetic field, which would have introduced a screw sense to
the focussing effect of the toroid,

A current of 13 amperes produced an average saturated
magnetic field of 15 kilogauss in the toroid. The cylindrical
toroid was 71 c¢cm (28 inches) long, with an inner radius of 17.8
cm (7 inches), allowing the beam to pass through the toroid, and
an outer radius of 61 cm (24 inches). The mass of the toroidal
assembly was 6000 kg, representing 560 g/cmz of steel, and this
mass served to shield the polarimeter from background.

The ! array of eight counters was mounted on the down-
stream face of the toroid. In conjunction with the F counters,
mounted on the upstream side of the polarimeter, these counters
helped determine the muon path, A piece of steel 5.08 cm (2
inches) thick was placed between the M and F counters. This steel
absorbed soft particles which left the toroid, and converted pho-—
tons into charged particles, which couvld be vetoed by guard

counters, thus reducing the background in the polarimeter.
E. Polarimeter

A polarimeter, placed following the toroidal magnet, was
used to stop the muons and determine their polarization,
Counters were mounted on the various faces of the polarimeter and
inside it as well, to track the muons as they came to rest and to
detect the positron emitted in the muon decay. Muons with an ini-
tial laboratory kinetic energy of greater than around 1265 MeV
passed through the polarimeter, while the mass of the toroid

stopped muons with encrgy less than around 825 !MeV, defining the
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energy fange of muons accepted by the polarimeter.

The magnetic field throughout the polarimeter had to be
uniforn, so that wherever the muon stopped, it experienced the
same precessing field. A strictly axial field was required to

avoid mixing the muon polarization components Pl' P and P .
n

t*
Such a mixing would have diluted our measurement of the CP
violating component Pn' The axial field was achieved by placing a
steel plate on each end of the polarimeter to act as a mirror to
the magnetic field, and by careful winding of the solemnoidal
coil. The direction of the magnetic field was reversed each pulse
in order to eliminate any systematic asymmetry in the
polarimeter’s detection efficiency. The axial field in the two
directions was measured to have the same magnitude to within 30
milligauss. Such a small difference introduced no error im our
measurements.

Thirty-two wedge—shaped aluminum blocks set concentrical-
ly about a 36.83 cm (14.5 inch) diameter 9.5 mm thick stainless
gsteel beam pipe made up the heart of the polarimeter. Two 3.2 mm
(1/8 inch) thick scintillation counters(G) were plaéed in slots
located between each pair of wedges. The coincidence of each pair
in a slo. was required in all the electronic logic dealing with
the G counters. The requirement of a2 hit in both thim counters,
which demanded a minimum energy deposit of 1/2 MeV in each
counter, helped to eliminate background from neutrons and low en-
ergy photons.

To further reduce background, each wedge was surrounded

by scintillation counters logically placed in anti-coincidence to
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the G counters. Thcse counters detected particles passing through
the wedge which might have been mistaken for muon decays. The F
and I counters were mounted on the upstream and downstream face
of each wedge, and a.set of four curved counters(P) were placed
inside +he beam pipe. The P cotnters were covered on the inner
radius (facing the beam) with 6.4 om (1/4 inch) of lead, to con-
vert photons. Four small sickle shaped counters(P’) were mounted
on the front face directly around the beam pipe, and shielded a
small section of the wedges not covered by the F or P counters.

The track of the entering muon was determined by the
prbmpt signals (associated with the trigger) in the counters ii
the polarimeter. Counters on the downstream face of the toroid (})
determined the octant in which the muon left the toroid. The
trigger logic was designed so that this information had to agree
with the F signal, which indicated which of the thirty-two wedges
the muon entered. A prompt signal in an adjacent G counter (or
counters) indicated multiple scattering of the muon from one
wedge to another. The electronics used to process an event used
the information recorded by latch modules (triggered by the
prompt trigger) to determine in which wedge, if amy, the muon had
stopped.

The thirty-two wedges in the polarimeter were cast from
#£356 No Heat Aluminum and were 91.4 cz long. The outer radius was
$3.3 cm and the inner radius 40.6 cm. Fach had a mass of 47 kg

2

representing 250 g/cm of &aluminum. Each wedge was carefully

machined to be symmetric.

A solenoidal coil (diameter 1.25 n) was wound around the
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wedges on a plastic coil form. This coil consisted of 482 turns
of 3.2 mn x 3.2 mm copper wire which were wound in two layers
with opposite pitch, and with an equal number of turms in each
layer, in order to p;eserve the axial nature of the field. A coil
current of ten amperes through the coil created an axial field of
55 gauss which was measured to be uniform over the active volunme
to within 1%. Between beam pulses the field direction was re-—
versed, as noted above, and the relaxation time constant for the
system was 0.08 seconds. Since the beam spill was one second long
every 3 seconds, the magnitude of the field was constant during
thée beam pulse.

The entire polarimeter, except for the beam pipe, was
surrounded by a shell of 1010 steel which was formed by a 6.4 mn
thick cylinder capped on both ends with a 12.7 nm thick plate.
This shell, on which the F, I, and P’ counters were mounted, act-—
ed as a magnetic shield from stray external fields and also as a
return plate for the solenoid’s own field, and thus maintained
the axial nature of the field.

The 2500 kg polarimeter was mounted so that it could be
sotated chbout its zgxis {(the beam lire), so that strdies corld be

made of subtle systematic effects.
F. Lead Glass Array

A lead glass calorimeter, used to detect and measure the
energy of a gamma ray from the pion dccay, was placed downstream
of the polarimetecr, at the focus of the charged beam line. The

calorimcter consisted of an array of 48 lead glass blocks, and
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the signal in each piece, which was proportional to the energy
deposited in that counter, was added together by a part of the
trigger electronics, thus determining the total energy deposited
in the whole array.

The energy of the incident gammas was measured by detect-
iﬁg the Cerenkov light produced by the resultant shower. The
Cerenkov light produced by an electromagnetic shower in a lead
glass counter is linearly proportional to the energy of the in-
cident particle. We measured the energy resolution of these
pieces of glass to be 15%/~/E(in GeV) over the emergy interval we
were interested in (one to three GeV). Ve were only interested in
the energy deposited by neutral particles and so four scintilla-
tion counters(D) placed in front of the lead glass array were set
ijn anticoincidence to the calorimeter input to the trigger, in
order to veto incoming charged particles.

The calorimeter was designed to accept gamma rays pro-
duced at a wide enough angle from the beam line to be distin-
guishable from the particles in the beam, but at a small enough
angle to pass through the center hole in the polarimeter. The di-
mensions of the array are indicated in Figure 8. A hole for the
beam to travel through was left in the center of the array, and
the outer dimensions were determined by the 36.83 cm (14.5 inch)
beam hole in the center of the polarimeter. The non-symmetric
hole in the lead glass array was designed to fit the image of the
target generated by the highly astigmatic lens system. The
bricks were composed of Schott SFS5 lcad glass and were 25.4 cm

(10 inches) long (about ten radiation lengths).
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Two identical signals wcre sent out from the base at-
tached to the lead glass counter phototube (RCA 8575). One signal
was sent to a discriminator which was then connected to a latch
module, and the othe; went directly to an analog adder (LeCroy
127FL). The analog adder determimned the size of the total enmergy
deposit in the array, while the pattern of glass hits, as record-
ed by the latch module, were examined by the computer. The
software program which collected the data discarded would-be
events in which two different sections of the array were hit, in-
plying two separate particles causing showers in the lead glass
array.

The blocks were calibrated regularly through the rum by
measuring the charge deposited by straight—thrdugh muons which
deposited in the calorimeter an amount of emergy equivalent to
that of 340 MeV electrons. Voltages for the phototubes were sup-—
plied by a remotely programmable high voitage supply (LeCroy
HV4032) and were adjusted to keep the muon calibration charge
constant. ’

The size of the signals from the lead glass counters was
found to be very sensitive to the strength.of the local magnetic
field, since the photomultiplier tube gain varied sharply with
the external magnetic field. Since the lead glass calorimeter was
placed just downstream of the 55 gauss polarimeter solenoid, the
field of which was reversed for each pulse, the solenoidal mag-
netic field kad a noticeable effect on the reprocducability of the
lead glass measurcements, Ve shiclded the calorimeter by building

a box madc of pairs of 1.27 om stecl plates around the array.
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This magnetic shielding reduccd the effect of the solenoid by
$0%. The residual effect did not seriously compromise the meas-

urements,
G. Electronics and Data Handling

Three levels of data handling were designed for this ex-
periment. A fast trigger signal was created for each coincidence
of a muon in the polarimeter and gamma in the lead glass. Then a
hardware data acquisition system looked at the event in more #e-
tail and passed on good events, in the desired format, to a small
PDé-ll computer, which performed an on-line analysis and also.
wrote tapes, for off-line analysis. Figure 9 is a schematic of
the fast trigger and FASTBUS electronics.

We used NE102 scintillator ahd RCA 8575 and Amperex 2312
phototubes on our scintillation counters. The phototube signals
were converted into standard digital signals by LeCroy NIMN
discriminators. Typical widths of the signals from the discrimi-
nators were ten nanoseconds for counters involved in the trigger,
box, and clock units and twenty nanoseconds for counters used
only in anticoincidence. A set of signals from onmne hodoscope ar-—
ray, and thc output from the lead glass analog adder, were spe-
cially prepared with 4 nanosecond widths and used as described
below to give the trigger a 4 nanosecord resolution time. The
output of the discriminators of the pair of G counters in each of
the thirty—two slots in the polarimeter were placed icn coin-
cidence by NIM coincidence units, so that in all subsequent elec-

tronics, the G counters wcre treated as only thirty-two counters,
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one in each slot.

An analog adder was used to measure the energy deposited
in the lead glass array. The analog sum was received by a NIM
discriminator which was set to trigger odly on inpufs which
corresponded to energies greater tham 1.2 GeV. An electronic
trigger circuit®*?, which determined that a muon had entered the
polarirceter, also received the information from the NIM discrimi-
nator concerning the energy deposit in the calorimeter. Any coin-
cidence of the muon in the polarimeter and anm emergy deposit
{(signifying a gamma ray with energy greater than 1.2 GeV) created
2 trigger signal which was passed to several components of the
FASTBUS system (described below). The resolutior time of the
trigger, which was built using Emitter Coupled Logic (ECL) chkips,
was 10 nanoseconds. While the FASTBUS system was processing an
event, possible triggers were inhibited so that the entire system
was processing only one event at a time. This dead time was about
7 microseconds, with the bulk of this interval representing the
6.4 microsecond period for which the gate for muon decays was
open.

Each of the hodoscope arrays was segmented azimuthally,
and the muon section of the trigger looked for a coincidence
between counters in the same azimuthal section of each array.
This detailed coincidence helped ensure that the trigger signal
represcnted an actual Ku3 decay and not the <coincidence of
several different particles entering different parts of the ap-
paratus at the same time. A hit in an A or B counter was corre-

lated with a coincidence between one of the 8 M counters and one
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of the 32 F countcrs.

.Several hodoscope arrays were set in anticoincidence to
the trigger. These counters recorded particles entering the ex—
perimental area which did not pass through the beanm line and thus
represented background particles scattering in the collimation
region and which were not related to Ku3 decays. Another veto on
the trigger ensured that only cne particle passed through the A
and B arrays during the trigger resolution time. These vetoes re-
duced the chances that two different particles coincided to form
the muon part of the trigger, one in the polarimeter and one in
the hodoscopes.

A tight timing coincidence, with a resolution time of
four nanoseconds, was created with NIM logic modules. This cir-—
cuitry, which looked for the coincidence of an energy deposit
greater thanm 1.2 GeV and a particle passing through an M counter
(located on the downstream side of the toroid), was designed to
supplement the fast trigger previously described. YVhile the
trigger looked for the detailed coincidence between many counters
end thus had a large resolution time, the tight timing circuitry
looked oxly for a simple coincidence and thus could be designed
with a8 much smaller resolution time. However, this tight timing
coincidence required a longer rezl time than the trigger elec-—
tronics needed, due to the additional processing required for
both the lead glass and M counter signals in order to reduce each
signal’s width to 4 nanoseconds., If the tight timing coincidence
was not satisfied, the trigger signal was aborted.

The trigger signal was used by the FASTBUS data acquisi-
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tion system as an initializing sgnal for tke proccssing of an
event. The FASTDUS systcem?® is dcsigned to replace the CANAC sys-
tem as a general computer interface data handling system. This
experiment marked the first time FASTBUS components were assem—
bled 2and used for an experimeat, Ouc impleméntation ofAFASTBUS
included a water—cooled crate which could hold twenty modules and
ECL electronics throughout, including an ECL level backplane.
The FASTBUS system was connected to a PDP-11/20 computer via a
special host interface mocdule whick resided in both the FASTBUS
crate and the computer, The two sections were connected via a
thirty~connector ribbon cable.

The bottom portion of figure 9 indicates the data pro-
cessing sequence on the FASTBUS system. The FASTBUS modules re-—
ceived the fast trigger signal as well as the discriminated out-
puts of the various counter arrays. Six 32 channel coincidence
modules were used to latch the information in the hodoscope
counters at the time of the trigger.

A controller modunle??® analyzed the latched counters and
determined, using a special "boxfinder’” module, in which aluminunm
wedge or "box” the muon had stopped. If the event was not aborted
by the tight timing coincidence circuit or the controller’s own
analysis of the event, the controller next interrogated a 32
channel clock module, a Time—to-Digital Converter (TDC), which
determined the time of the muon decay. Each channel of tke TDC
would time out aftcr 6.4 microseconds unless a muon decay (clock
hit) was observed in the G counter corresponding to that ckannel.

Each tick of the TDC clock was 100 nanoseconds, and the two chan-
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pels on each side of the wedgc were read for each event. The
various guacsd counters placed around thke polarimeter wedzge (the F
and P counters) were placed in anticoincidence to the clock hits,
as was a speccial circuit which was activated only by the coin-
cidence of three or more G counters. This last part of the veto
was used to eliminate showers originating inside the polarimeter,.

Events that successfully passed thé hardware cuts were
placed into a memory module, also on FASTBUS, which operated in a
First In First Ouot mode, and which could be read asynchromnously
by the computer. The computer also read the scalers on the
FASTBUS which were used to monitor the rates in the wvarious
counter arrays. The information placed into memory consisted of
the pattern of the hodoscope, polarimeter, and lead glass
counters latched, the calculation by the trigger of the event
type (A, B, A-V, B-V), the box and decay time, and the direction
of the solenoid field, which was obtained from a timing and I/O
module.

The conmputer was used for software cuts on the data, on-
line data analysis, and to write data tapes for later analysis.
The data tapes consisted of the information read from the FASTBUS
organized on a pulse by pulse basis. The software cuts and re-—
finemeats included the following:

1) The rejection of events with either no clock stops or two
clock stops, thus providing an unambiguous decay time and direc-
tion,

2) The rejection of events in which the pattern of latch hits in

the lead glass indicated two or more particles hitting at the
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same timc. ¥We zcguired 1.2 GeV to be dcposited from one and only
one garma,

3) NRecalculation of the event typc based onm the latch kits. For
the A-V and B-V types, we required the V counter hit to be in the
sane or nearby octant to tke A or B counter. If the V counter was
not adjacent to tke A or B counter, tke cevent was classified as
type A or B. Furthermorec, we required tke A or B to be 2éjacent
to the F octant. If twvo or more A or B courters were latched, the
progran selected tke counter closest to the dowastream octant hit
and assigned the event the appropriate type.

| The computer program running the experiment would read
out the contents of the memory module, perform the above cuts on
the events it received from the FASTBUS, write the information
from each event on magnetic tape, and incorporate the pertinent
information from each event into the on-lime data summary which
consisted of two parts. The skort—tern pari cornsisted of scaler
ratcs, latch hit distributiors, clock and box stop information
and was maintained vp to 20,000 events. At this time, this infor-
mation world be printed ort for reference and the short-term sum-—
mary was purged. This gave us information on the experimental
conditions over short time scales (one to two hours). The long-
term data sumanary consisted of the accumulated muon decay time
statistics and the resulting asymmetries as a function of tine
for the total number of events and for each of the four typecs.
This file was updated every 2,500 e¢vents and could be queried
while data was being taken. Thus at any time we could obtain the
accunulated CP violating and CP compserving polarization in only a

few scconds.
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III. Data Analysis

A.General

The data analyzed below consists of 20.8x106 events col-

lected during 1500 hours of accelerator funning time, With an in-

10 protons per second the <calculated

S

cident proton beam of 4.3x10
kaon flux was 3.6x106 per second, of which 5.8x10 kaons decayed
per second in the five meter decay space. Typically, the pulse
rate was 1 per 3 seconds, with a nominal pulse length of 1
second. Of the 18500 resultant Kp3 decays, abount 36 satisfied
thé various trigger requirements and produced a muon decay. In
1/3 of the muon decays we could detect the positron and thus
determine the direction of polarization of the muon. Over the
course of the experiment we averaged 12 such good events per
pulse. The event rate was limited by accidental backgrounds
rates, which, in turn, depended strongly on'the time structure of
the beam. The time structure, which was monitored continuously
using special coincidence counters, varied with the operation of
the accelerator. Under the most favorable accelerator running
conditions we recorded more than 20 events per pulse.

Monte Carlo calculations were used to compare the rela-—
tive distributions and polarizations of the various event confi-
gurations. The event acceptance of the apparatus was determined
by propagating the muons and gamnmas from the kaon decays in the
beam line through the entire apparatus, including in the calcula-

tions the cnecrgy—-sclected bearm line, the trigger logic, and the

georetry of the apparatus, Scattering processcs in the toroid-
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degrader and polarimeter which resulted in an effective depolari-
zation were also included in the simulation, The muon polariza-
tion was calculated in laboratory coordinates using the Cabibbo-
Maksynowicz3° formula, with §=0.0+0.011. Becaﬁse our fundamental
result was the ratio of the two polarizations, even very large
pncertainties in the acceptance calculations do not significantly
affect our conclusions.

Although the muon spin direction generally followed the

muon momentun when moving in the toroidal magmetic field, nuclear

G,

coulomb collisions resulted in a depolarization?® of about 5
Multiple scattering in the toroid caused an additional 5% depo-
larization. Muons stopping in the polarimeter entered with an en-
ergy less than 500 :eV and suffered no additional depolarization
as they came to rest in the aluminunm wedges of the polarimeter3?.

These depolarizing effects do not create a false T
violating signal, but rather decrease the sensitivity of the po-
larimeter. The analyzing power of the polarimeter was determined
to be 10=0.11+0.02, based on an analysis of the actual polariza-
tions, measured under running conditions such that the accidental
backgrounds were small, as compared with the lonte Carlo calcula-
tions,.

We present the llonte Carlo results in Table 1. The four
types A, B, AV, BV are based on the geometry of the muon hodo-
scopes in the decay zone (figure 7), with AV and BV types having
occurred earlier in the decay zore and A and B types later in the

region. We list the expected percentage of each type, and the ex-—

pected cocmponents of polarization Pt and Pn' as calculated in the
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kaon rest frame and in the laboratory frame. The laboratery scn-
sitivity is less than the sensitivity in the rest frame of the
kaon due to the depolarizing effects in the detector. At low
backgrounds rates (and small number of good évents per fulse),
the measured intensities agree well with the predicted intensi-
ties. Most of the time we ran at higher beam intensities in order
to obtain a larger event rate. In this configuration, the various
types were subject to different amounts of background, and so the

actual intensities diverge somewhat from the }lonte Carlo predic-

tions.
B. Muon Decay and Muon Asymmetry

To measure the polarization of muons stopped in a wedge
of the polarimeter, we detected the positrons from the muon decay
in counters placed between the wedges in wkich the munon stopped.
The signals from these counters were used in the FASTBUS elec-
tronics to stop clocks associated with each channel. The clocks
were started by the trigger circuitry, as described previously,
and counted to 6.4 microseconds (in 0.1 microsecond bins) while
waiting for a decay. The clocks could also be stopped by ioniz-
ing particles from various background sources such as neutrorns,
gamma rays, and charged particles. Although a clock veto was con-
structed using the counters which surrounded each wedge, not all
backgrounds could be intcrcepted. Considering both valid muon
clock stops and the random background, the time distribution of

clock stops can be written as:
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I(e) = ¢ "BY(xtemt/T ap
with N+ and B the normalized amplitudes for the p+ and back-
ground 1levels, <t the muon lifetime (2.198 microseconds), and T
the background decay coastant.

Using a least squares fit to all the data, with the above
formula and with the FUMNILI32? fitting routine, we find that the
clock hits consisted of 75% p+ decays and 25% background for the
sum of all running during the experiment. These random back-
grounds were a major limiting factor in the rate of data collec-
ti;n and are discussed in detail in the mnext section.

The measured asymmetry in detection of the positron from
muon decay, A= (U+D)/(U~-D), was used to determine the transverse
and normal components of the muon polarization. The cylindrical
symmetry of the detector allowed us to combine the data from all
32 polarimeter sections. We define U as the intensity of posi-
trons detected by the counter located onm the clockwise side,
looking downstream, of any polarimeter wedge; D is the
corresponding quantity on the counter-clockwise side. The + and -
subscripts indicate the direction of the axial field in the po-—
larimeter and thus the direction of muon spin precession, with +

indicating the field directed upstream, with the spin of the p*

"precessing clockwise about the beam axis.
Combining the intcnsity distribution with the background

paramctrization, we obtain

Tt
ui(t)=° G

+
{(N*[1 + acos(+ut + #)let/T +B)
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D+(t)=c-13t[ﬂ+[1 + acos(+ut + é)]e-t/t++n}
with 6 the initial azicuthal angle about the beam axis of the
muon spin, as measured from the outbound unit vector normal to
the detector, and w the precession frequency =gpeB/2nc.
The T conserving transverse polarization is initially
parallel to the plane which bisects the polarimeter block (see
figure 10), so that é=+n/2, (+ for the D, — for the U counter).

The T conserving asymmetry is then

(0,-p,)~(U_-D_)
U, +D_ +U_+D_

At(t) [At(O)/C(t)]sinmt

+
where C(t)=1+(B/N")et/T

and At(o)=nPt. n the analyzing power.
For the T violating, normal component of polarization,
¢=0 for the U counter and n for the D counter, and the T violat-

ing asymmetry is

(0,-D_)+(U_-D_)
U++D++U_+D_

An(t) = = [An(O)/C(t)]cosmt

wit C as above and An(0)=nPn. Note that t=t casttys With t_ the
instruomental phase shift. We can assume that the background con-
tributions are symnmetric for the U and D counters.

We plot the mcasured asymmetry At and An as a function of
time, in figure 11. The T conserving asycnoetry At clearly exhi-
bits a sinusoidal form, with decreasing amplitude with time due
to the background dilution, as expressed in the factor C(t). From

8 least squares fit to the entire event sample, we obtain

w/2n=745 Kilz and t°=0.018 microsecconds, consistent with measure-—
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ments made on the solenoidal field and clock electronics, respecc—
tively.

For the total event sample of 20.81106 events, tﬂe fitted
value for the asymmetry amplitude At(0)=0.055310.0018. and with
analyzing power n=0.11+0.02 we obtain Pt=o.68510.125, where the
error follows largely from the uncertainty in the analyzing power
. of the polarimeter. This uncertainty does not contribute in an
important manner to the uncertainty in the measurement of the CP
violating polarization Pn'

The T violating asymmetry An(0)=—0.00034i0.00058, giving
Pn=—0.003110.0053, consistent with zero and therefore time rever—

sal invariance.

The resulting asymmetries for the fouwr types are given in
Table 2. The T violating asymmetry Pn is consistent with zero for

each of the four types.
C. Backgrounds

The backgrounds in this experiment were of two different
types:
1) False triggers, due principally to coincidences between unre-—
lated rnuons and gammas.
2) Accidental counts in the polarimeter counters(G) which dilut-
¢d the mecasurcment of the rnuon polarization.

The trigger circuitry (described previously) was designed
to accept Kp3 decays and reject other events. The resolution time
of the trigger, including the tight timing coincidence logic, was

four nanoscconds. Dy requiring a coincidence between a muon fol-
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lowing a wcil defincd track and a gamma ray depositing more than
1.2 GeV into the lcad glass calorimeter, we ruled out most randonm
triggers. Subsequent electronics on the FASTBUS system checked
that the muon had not left the polarinmeter by passing through an
I counter, Charged particles incident on the lead glass array
were vetoed at the trigger stage by a set of scintillation
counters covering tke front face of the array. In addition, the
software cuts included an examination of the hit patterm in the
lead glass to ensure that the 1.2 GeV or greater deposited was
due to only one electromagnetic shower. The trigger required an
energy deposit greater than 1.2 GeV, thus discriminating strongly
against straight-through charged particles which may have leaked
through the anti-coincidence counters.

The other major K’ decay modes are: K+>u+v“(63.5% branch-

ing ratio), n+n°(21.2%). n+n°n°(1.73%).' n+n+n-(5.6%). 2% v

e
(4.8%) and u+vu7(0.53%). These could not mimic a K:3 decay in our
apparatus, but a coincidence of a muon from KPZ and a ganma from
one of the n decay modes couvld. Although the branching ratio for
the radiative decay K+>p+vuy is 1/7 that for K;3' the gamma pro-
duced in K+>u+pr is generally too low an emnergy to trigger a
latch hit.

In a special test, we¢ removed the requirement for a lead
glass hit from the trigger logic, and determined that the trigger
nuon acceptance rate was 18,000 per pulse. We also measured that
the rate for neutral particles e¢ntering the lead glass was 80,000

per pulse. The expccted coincidence in the tight timing logic for

theso two rates was 5.7 events per pulse. As we only detected
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the positroﬁ from nuon decay in 1/3 of the events, this leaves us
with 1.9 background events per pulse.

The number of events duec to false triggers was thus less
than 16%. These false events involve muons which are mostly long-
itudinally polarized, and so act only to decrease the effective
sensitivity of the polarimeter., These backgrounds do not cause a
false T violating signal.

The other major background problem was that of accidental
counts in the polarimeter counters, mimicking a muon decay. Each
of:the polarimeter wedges was surrounded by guard counters which.
were used to veto apparent muon decays (clock stops) whick were
gactually due to particles entering the polarimeter. The G
counters, placed in the sliots between the wedges, were used to
detect the positron from the muon decay. A pair of counters was
placed in each slot and a coincidence of the two counters was re-
gquired for a hit in a "G counter”. The coincidence rate for one
such set of G counters, under normal running conditions, was
about 50,000 per pulse., Charged particles entering the polarime-—
ter accounted for 67% of these, and were removed by employing the
veto counters mentioned above.

Those background hits in the muon counters which could
not be removed by our anti—-coincidence logic were due to a “neu-
tral’” flux. Part of this flux was "prompt’, or related directly
to the beam spill, and was belicved to be due mostly to low ener-—
gy photons scattcring in the polarimeter. Shiclding between the
toroid and polarimeter was installed to try to reduce some of

this background., Another part of the “neutral” flux was not
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prompt and Qas believed to be cdue to thermal and evaporation neu-
trons entering the polarimeter, We attempted to remove sone of
this flux by placing paraffin and boron in front of the polarime-—
ter to slow down the evaporation neutrons and absorb the thermal
ones, but there was not enough space near the apparatus for the
amotunt of these materials that would have been needed to appreci-
ably reduce the noise. ifany of the neutrons were believed to have
been captured by A127, and the resultant gamma rays, as well as
the gamma and beta rays emitted in the subsequent decay of A128
(with half-1life 2.3 minutes), were considered part of this "neu-.
tral’” flux. These decays of A128 were observed in our apparatus,
and contributed about 4% to the munon counter backgroumd. Includ-
ing the prompt gammas from the absorption of neuntrons by A127, we

find that about 15% of these backgrounds were caused by the cap—

ture in aluminom of thermal and epithermal mneutrons.
D. Systematics

A spurious T violating effect could be produced in our
spparatus only by an asymmetry defining a net screw sense in the
detection of muon decays with respect to the laboratory kaon de-
cay plane., We carefully constructed and mounted the apparatus to
avoid such asymmetries, and thus reduced the systematic tncer—
tainties to much less than the statistical uncertainties of the
experinent.

The rotation of the transverse polarization Pt out of the
decay plane, thus generating a component which would mimic a CP

violating polarization Pn' could result from a screw sense pro-
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duced by misalignments in the apparatus. The alignment of the
various arrays was checked and the net angle of rotation found to
be less than 2 milliradians. Accordiang to our )Monte Carlo calcu-

lations, an angle of rotationm © would produce a component

_ _ - -4
Pn-o.1oept, so for 6=2 nr, Pn—2x10

Pt' a negligible amount.

The reversing magnetic field used in the polarimeter
avoided systematic errors due to possible asymmetries in the
detection efficiency of the polarimeter. The axial field for the
two polarities was required to be equal to avoid any screw sense
generated by the direction of the current in the solenoid, and to
avoid contamination of the CP violating polarizatiom (which
varied as coswt) by a term Ptcos(mt)sin(Awt), with Aw thke differ-
ence in the precession frequencies for the two directioms. Ve
measured the solenoidal fields in the slots in the polarimeter in
which the <counters were placed and determined that Au/m$5110-4,
so that the contribution to Pn was less than 0.001.

The axial field also affected the efficiency of the lead
glass counters., Ve measured the change between polarities of the
field present at the position of the lead glass to be 1 gauss,
and found an asymmetry of 5% in the number of events obtained in
the two polarities, with an asymmetry of 10% in the number of
lead glass counters hit, After placing shielding around the lead
glass array, the change in magnetic field was reduced to 0.60
gauss, the event asymmetry to 4%, and the lcad glass hit asyn-—
metry to 3%. This type of asymmectry did not generate a screw
scnse, and the remaining asymmetry did not affect the accuracy of

our mcasurencnts.,
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Other possible screw—sense asymmetries could be gererated
by the simultaneous linear displacements of two different arrays.
For instance, if the A or B hodoscopes were displacecd upward,
cauvsing (for instarce) a 1% up—-down asymmetry in the trigger, and
if the polarimeter similarly displayed a 1% asyometry in tke hor-
izontal direction, a maxinum screw serse asymmetry of the order
of 0.0001 couvld be generatcd. Ve monitored suchk asymmetries and
the position of the arrays throughout the experiment to ensure
that the contribution of such screw sense asymmetries was negli-

gible.
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IV.Cornclusions

Using the asymmetry results for the entire running period
(20.8 million events), we can deduce the limits set by this ex-
perinment on the violation of time reversal invariance in K:s de~-
c#ys. The value of the T (or CP) violating component Pn was meas-—
ured to be -0.0031 + 0.0053., !onte Carlo calculations indicate
that for Ing=0.01, <P12®>=0.00193, so that the measured value of
Inf is -0.016+0.027. The model for CP violation involving the
Higgs bosons, discussed in Chapter 1, gives us ImE=
0.0305(v2/v3)2, so we deduce that the Zhitnitskii parameter
(v2/v3), which we expect to be of order unity, is less tham 1.33,
with a confidence level of 95%. The previous mneasurements®? on

+
K#3

teraction is not insignificant, Im&=0.009+0.0301%,

give ImE=-0.09%0.21, and for Kﬁs, where the final state in-—

We can also, more generally, describe the violation of
time reversal invariance in terms of the complex phase which ap-—
pears in the interference between two normalized amplitudes
describing the decay, as discussed in Chapter I. In the neutron
beta decay experiments cited earlier, the similar angle ¢ was
found to be?3 (0.1110.17)0 for neutron beta decay, while for the
Ne19 decay3? é=(-0.0610.11)°. These values are to be <compared
with the value of 0° expected if time reversal invariance is
valid.

In Ku3 decays, tand:(pn/Pt)chs' as defined previously.

From the ‘llonte Carlo <calculations, we obtain (Piab)=0.00193.

<P§JS)=0.00258. and <PS“S>=0.655. The mcasured value
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Pn=~0.0031i0.0053. so that tand=¢=-0.0063+0.0103., In the way ex—

pressed zbovec for the necuntror experiments, our result is

(-6.3640.62)°

. -~

The Kp experiment is more sensitive to possible
CP violatineg effects than neutron experiments because of the

heavy quark decay in KuB’
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The eight bozes along the bottom represent modules on the FASTDUS
system, and the lines connecting tkem below indicate the sequence

of interchanges on the FASTBUS during a typical event.

Figure 10. A definition of ¢, the initial azimuthal angle of the
muon polarizatioa ccmporent about the beam axis, as measured from

the normal to a positron counter (U or D).

Figurec 11. Asymmetry as a functior of time (all events).
a) CP coaserving

b) CP violating
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Figure 1. a)The K'13 decay mediated by a W boson

b)The K:s decay rcediated by a Higgs bosorn
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40 cm
l‘ (15.75in)
57lcm
y (2.25in)
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Figure 3. The face of the lead glass array, showing the layout of
the 48 blocks and the dimensions of the becam hole in the center.
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D U

& BEAM DIRECTION

Figure 10. A definition of 4, tke initial azimutkal angle of tke
nuon polarization component about tke beam axis, as measured fromn
the normal to a positron counter (U or D).
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LIST OF TAILLS

Table 1. lonte Carlo expecctations for tke reclative rates and po-
larizations of the different event configurations, with Re&=0.0

and InZ=0.01.

Table 2. Sumrcary of the experimental results with event totals
and the results of the least squares analysis of the asymmetry

amplitudes.
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