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Chapter 1 

Introduction 

This experiment searches for 'direct' GP violation in the decays of neutral 
kaons. The operator GP represents the action of taking the mirror image of a 
process ( P) and then changing all particles to anti-particles ( G) in that mirror 
image. A process conserves GP if the observed rate for the process and the 
observed rate for the GP transformed process are identical. No experimen
tal evidence has been found for violation of the Gp symmetry in strong or 
electromagnetic interactions; however in 1964, the experiment of Christenson, 
Cronin, Fitch and Turlay [1] found evidence for a small amount of GP viola
tion in the weak interaction. This they detected by observing approximately 
45 events of KL -t 1t'+1t'-' a decay mode that is forbidden if Gp is a good 
symmetry. 

Gp violation can manifest itself in two ways in the process KL -t 1t'+1t'-. 

First, the KL particle may not be an eigenstate of Gp' and the parameter e 
is used to describe the relative amount of admixture of the wrong GP state. 
Second, the decay amplitude may have a GP violating component (direct GP 
violation) and this is described by the parameter e'. To date, GP violation has 
only been observed in the neutral kaon system and the experimental status is 
summarized by: 

lei - (2.275 ± 0.021) · 10-3 

le' /el - (-3 ± 4) · 10-3 

(1.1) 
(1.2) 

All GP violation can therefore be accounted for by the single parameter e, 
which was first measured in 1964. 

Our experiment seeks to measure le' /el with a precision of better than 10- 3 

and hopes to observe evidence for direct Gp violation. Gp violation arises 
'naturally' in the 6-quark Standard Model if the Yukawa couplings of quarks 
to charged W's are complex. Standard Model predictions for I E1 /El are in the 
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range 0.001 < le' /el < 0.01, so that a measurement of this quantity with 0.001 
precision has a good chance to observe a significant signal and at the same 
time such a measurement presents a good test of the model. 

In this chapter we discuss the nature of symmetries in physics (in particular 
the discrete symmetries C, P, and T) and the role they play in our understand
ing of the physical universe. C P violation is discussed for neutral kaons and 
the current status of C P violation, both from experiment and from theory, is 
given. Finally, the objectives of this experiment and its approach to searching 
for direct C P violation are presented. 

1.1 Symmetries (C,P,T) 

Symmetries can be viewed as being responsible for generating interactions in 
gauge theories-for example, invariance of the Lagrangian under local phase 
rotations of the quantum mechanical wavefunction generates electromagnetic 
interactions [2]. A second and more familiar role of symmetries in physical the
ories relates to conservation laws. The Lagrangian and its associated equations 
of motion are typically invariant with respect to certain transformations of the 
quantities on which they depend. This invariance corresponds to a symme
try of the Lagrangian and generally leads to a conservation law via Noether's 
theorem [3]. The most familiar example is that of Lorentz invariance, which 
states that the Lagrangian should be invariant under translations, rotations 
and (velocity) boosts of the chosen coordinate system. Lorentz invariance fol
lows from Einstein's theory of special relativity and is generally believed to 
be a necessary component of all physical theories. Translation invariance with 
respect to space and time leads to the laws of conservation of momentum and 
energy; rotational invariance results in the law of angular momentum conser
vation; and (velocity) boost invariance yields conserved quantities such as the 
invariant mass of a particle. 

Translations, rotations, and boosts are continuous transformations, which 
means that a finite translation is comprised of a succession of infinitesimal 
translations, and similarly for rotations and boosts. Discrete transformations 
also exist, and the symmetries with which this thesis is concerned are of this 
nature. The C and P transformations have been described earlier and it is 
evident that there are no infinitesimal transformations associated with these. 

While the principle of Lorentz invariance has a strong theoretical basis 
(special relativity), there is no similar theoretical motivation for C or P in
variance; but why should nature choose not to respect these symmetries? The 
notions of C and P invariance for all interactions were firmly ingrained into 
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the thinking of physicists until a.bout 1956. In that year Lee and Yang were 
motivated by the -r-8 paradox to propose that P was violated by the weak 
interaction [4]. T and 8 referred to two particles, later realized to be the same 
and now called the K+, which were measured to have the same mass and life
time yet decayed to final states of opposite parity. For two different particles 
to have the same mass and lifetime seemed too great a coincidence, but the 
alternative was to postulate P violation. Lee and Yang then proposed the fa
mous 60Co radioactive decay experiment, which was carried out by Wu et. al. 
[5]. The result of this experiment, and subsequent others, firmly established 
violation of both the C and P symmetries in weak decay processes. It was re
alized at this time, however, that the product C P remained a good symmetry 
and it was thus believed that weak interactions were C P invariant. 

There is one other discrete transformation of importance to this discussion, 
and that is the time reversal operator, T. T interchanges initial and final states 
in an interaction, and reverses the momenta of all particles. Similarly to C 
and P violation, T violation occurs if the rate for a process and the rate for 
the time-reversed process are different. In the macroscopic world T appears 
to be violated in the sense that there is an "arrow of time" associated with 
increasing entropy [6]. This violation, however, results from the statistics of 
possible initial conditions and does not imply T violation in interactions. It is 
T violation on the microscopic scale of interactions that concerns us here, and 
we note that there has been no direct experimental observation of T violation 
(as of 1988).1 

If one takes the combined product of operators OPT (in any order), it has 
been shown by Luders and Pauli that this should be a good symmetry for any 
field theory [7]. This result is very general and is based on assumptions of local 
Lorentz invariance and hermiticity of operators, where hermiticity follows from 
conservation of probability ( unitarity ). Two consequences of C PT invariance 
are that particle and antiparticle should have the same mass and lifetime, and 
this has been found to be true to very high precision as is shown in Table 1 [8]. 
There is currently no reason to doubt the validity of C PT symmetry, though 
it is very important to test this experimentally. Any C PT violation found 
would have far-reaching consequences for theories of the physical universe. 

By the late 1950's, though P and Chad been found to no longer be exact 
symmetries of nature, C P remained a good symmetry as did T and C PT. 
Given the C PT theorem any C P violation would have implied also a violation 
of T. Though the time coordinate becomes intimately connected with spatial 

1There is, however, indirect evidence of T violation from measurements on the neutral 
kaon system-a good review of this, both with and without assumptions of C PT invariance, 
can be found in reference [6]. 
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Table 1: Results of experiments testing C PT invariance [8] 

Particle Pair 
KO-KO 
K+-K

p-p 
1r+ - 1r

µ+ - µ-

SM/M 
< 6 .10-19 

(-0.6 ± 1.8). 10-4 

(0.7 ± 0.4). 10-4 

(0.2 ± 0.5). 10-3 

sr;r 

(1.1 ± 0.9) • 10-3 

(5 ± 7) .10-4 

(3 ± 8) .10-5 

coordinates in special relativity, it retains a special character as is noted by 
the concept of causality and the conceptually different nature of time-like and 
space-like intervals in the space-time continuum. Thus T has been viewed 
as a more fundamental symmetry than C or P, and it was expected that T, 
C P and C PT would all be good symmetries. Of course, one must test these 
hypotheses with experiment and in 1964 C P was also found to be violated. 
Its violation was not maximal as was the case with P and C, but appeared 
at the level of approximately two parts in a thousand with 'respect to the 
normal C P conserving weak interaction. Before addressing possible theories 
that could explain the origin of this C P violation, let us first examine the 
phenomenology associated with neutral kaons. 2 

1.2 Neutral Kaon Phenomenology 

There are two neutral kaons, which are the K 0 and its antiparticle KO. The rel
ative phase of the K 0 wavefunction with respect to that of the K 0 is arbitrary, 
but it is useful to define it such that 

c PIK0
) = IK0 ) 

We consider first the quantum mechanics associated with a two state quantum 
system, which in this case is the K 0-K0 system. The Hamiltonian is given by 

H = Hs + Hem + Hw 

where Hs, Hem, and Hw are respectively the strong, electromagnetic and weak 
interaction Hamiltonians. The strangeness quantum number, S, is known to 

2For a more comprehensive treatment of the phenomenology, consult references 
[6,9,10,11,12,13] . The treatment given here assumes CPT symmetry to hold; for discus
sions without this assumption, the reader is referred to [6,10,11]. 
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be conserved by Hs and Hem, and so K 0 and K 0 are defined to be states 
with definite strangeness-K0 is defined to have S=+l and K 0 is defined to 
have S=-1. It is these states which are produced in particle collisions via the 

strong interaction. Choosing IK0
) and IK0) to form the basis vectors ( ! ) 

and ( ~ } the time evolution of a neutral kaon state is given by [14] 

(1.3) 

{1.4) 

where I~) = {:) i~ state vector with a and ii denoting the respective 

amounts of IK~ and IK0 ), and Mand rare hermitian matrices (as required 
by unitarity), termed the mass and decay matrices. The presence of r follows 
from the observation that neutral kaons decay. 

Treating Hw as a small perturbation to Hs +Hem, the matrix elements 
Mij and rij are given from a perturbation expansion: [12] 

where: 

M·· - m·fi·· + (ilHwlj) + '\"(ilHwln)(nlHwl.i) + 
lJ 1 lJ T-' mi - mn 

rij - 21r ~Pf(ilHwlf)(flHwl.i) + ... 

mi is the K 0 or K 0 mass, 

mn is the invariant mass of the intermediate state, 

the states In) are all possible intermediate virtual states, 

(1.5) 

(1.6) 

and the states If) are all possible real final states with density Pf to 
which K 0 and KO can decay 

The terms (K0 1HwlK0
) and (K0 1HwlK0) which appear in Equation 1.5 tum 

out to be zero since weak interactions require fl.S ~ 1 in lowest order. Requir
ing C PT to be a good symmetry, which shall be assumed for the rest of this 
discussion, one obtains Mu = M22 and ru = r22 (ie. K 0 and K 0 have the 
same mass and lifetime). 
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The physical particles with definite masses and lifetimes are the eigenstates 
associated with Equation 1.3. We denote these particles by IKL) and IKs), 
where L and S signify Long(-lived) and Short(-lived) and the reason for this 
will become clear shortly. The eigenvalue problem we wish to solve is 

(1.7) 

where ML(S) = mL(S) - iI'L(s)/2 and mL(S) is the KL(S) mass and rL(S) its 
decay width. After some algebra, solving Equation 1. 7 yields (assuming C PT 
invariance): 

.f 1 
[(1 + •) IK') - (1 - •)IK') 

(1 + 1€12) 
1 

I Ks) 

where 

e 
Im(M12) - ilm(I'12/2) 

i(mL - ms) - (I's - I'L)/2 

~(IK0) + IK 0
)) (GP= +1) 

_!__(IK0
) - \K 0 )) (GP= -1) 

V2 
The states IK1 ) and IK2) are the GP eigenstates and € is the GP violation 
parameter that describes the asymmetry in mixing of K 0 and K 0 • e has 
contributions from both the mass and decay matrices, but one can show from 
experimental measurements that the contribution from the decay matrix is 
negligible [10]. Given this and given that I's >> I'L (see Table 2), the phase 
of e is given by arctan(2llm/r s) = ( 43.8 ± 0.2)0 , where llm = mL - ms. 

The dominant decay channels for neutral kaons are to 27r ( r+7r- or 7r07r0 ) 

and 37r ( 7r+7r-7ro or 7r07r0 7r0 ) final states. Bose symmetry of the pion requires 
that the total wavefunction for these states be symmetric. For the 27r final 
states, because the kaon and pion both have spin O, angular momentum con
servation requires that the two pions be in a relative S state. Pions have 
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intrinsic P = -1 and G = +1, so that the overall wavefunction has GP= +1. 
The pions in the 311' final states are predominantly in a relative S-state, so that 
their total wavefunction has GP = -1. Thus if GP were an exact symmetry 
one would expect E = O, the Ks should decay to 211' and the KL should decay 
to 311'. In addition, the Ks lifetime should be much shorter than that for the 
KL due to the greater phase space available in the decay. Experimentally, one 
observes lel as given in Equation 1.1 and the values for the lifetimes as given 
in Table 2. The value for lei given in Equation 1.1 is determined from the 
observed ratio f(KL -. 211')/f(Ks -. 211') and assuming that K2 -. 211' does 
not occur. But there may be GP violation in the decay amplitudes as well as 
GP violation in the mixing phenomenon. To examine this possibility, we need 
to consider the dynamics of the 211" decay mode. 

Let us define 71+- and 7100 to be the following ratio of transition amplitudes: 

11+-
(11'+11'-ITIKL) - (11'+11'-ITIKs) 
(11'+?r-1TIK2) + E(11'+11'-1TIK1) 

- e(11'+?r-ITIK2) + (11'+11'-ITIK1) 
(1.8) 

1100 
(11'0 11'0 1TIKL) 

- (11'o11'olTIKs) 
(11'011'0 1TIK2) + e(11'011'0 1TIK1) -
e(11'011'0 1TIK2) + (11'011'0 1TIK1) 

(1.9) 

We note that if K 2 -. 211' does not occur, then 11+- = 7100 = E. The 11'11' final 
state can have 1=0 or 1=2, where the isospin states (OI and (21 are related to 
the physical 211' states by: 

1 1 1 
(OI - y'3(11'-11'+1- v'3(11'0 71"

0
1 + y'3(11'+11'-I 

1 2 1 
(21 - V6(11'-11'+1 + v'3(11"0

71"
0 1 + V6(11'+11'-1 

Following Kleinknecht [13], we define 

Eo 
(OITIKs) 

-
(OITIKs) 

E2 
1 (2ITIKL) - 0, (OITIKs) 

w 
(2ITIKs) 

-
(OITIKs) 
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One then finds that 

Eo + E2 
1/+- -

1 +w/0, 
Eo - 2E2 

1100 - 1-0,w 

Experimentally, Ill = 3/2 amplitudes are suppressed with respect to Ill = 1/2 
amplitudes by a factor 1/20, so that w < < 1. Neglecting the w terms then 
yields 

1/+- - fo + E2 
1/00 - Eo - 2E2 

The transition amplitudes for K 0(K0 ) decays to 2'1r final states can be defined 
by 

(OITIK0
) - Aoei6o 

(2ITIK0
) - A2ei6:i 

(OITIK0 ) - Aoei6° 

(2ITIK0 ) - A3ei6:1 

where 50 and 52 are the '1t''1t' phase shifts from final state interactions. Further, 
CPT invariance requires that A1 = A/ [10]. There is one arbitrary phase 
which can be fixed by requiring Ao to be real. We then obtain 

Eo - E 

i Im(A2) i(i _6 >(l ) E2 - - e :i 0 +e 
0, Ao 

~ 
_!____ Im(A2) ei(6:i-60 ) 

0, Ao 
I 

- E 

Thus, 11+- and 1/oo may be expressed as 

I 

1/+- - E + E 
I 

1/00 - E - 2E 

The parameter e' measures the difference of 1/+- from 1/oo and therefore is 
a signal for direct C P violation (ie. K 2 --. 2'1r) if it is non-zero. It will in 
general be non-zero if there is a relative phase between the l=O and 1=2 decay 
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amplitudes, though it is small due to the tl.J = 1/2 rule. Its phase is given by 
( 7r /2 + c52 - c5o); c52 - So is measured from nuclear scattering experiments to be 
(-41.4 ± 8.1)0

, so that the phase of f.
1 

is (48.6 ± 8.1)0 •3 This is very nearly the 
phase of E so that to good approximation 

I 

1/oo = 1 - 3 E 

11+- f 

1.3 Experimental Status of GP Violation 

(1.10) 

The original observation of KL ~ rr+rr- by Christenson et. al. was very strong 
evidence for C P violation; but it was necessary, in order to unambiguously 
prove C P violation, to show that KL and Ks were coherent states of the same 
quantum system. This was demonstrated by the experiment of Fitch et. al. 
[16] in 1965, which observed interference between the decays of KL and Ks to 
11'+rr-. Since 1964 C P violation has only been observed with neutral kaons,4 

and the experimental measurements give [8] 

1/+- (2.275 ± 0.021) · 10-3 ei(44
-
5±i.2>

0 

1/00 (2.299 ± 0.036) • 10-3ei(S4±5)o 

1/DO 

1/+
1.009 ± 0.012 

Another measurement demonstrating GP violation with neutral kaons is the 
charge asymmetry c5,, 

61 
= I'(KL ~ 1r-z+v) - I'(KL ~ 1r+z-v) 

I'(KL ~ 7r-l+v) + I'(KL ~ rr+l-v) 

where l is either an electron or a muon. The charge asymmetry can be ex
pressed in terms of E as 

1- l:z:l2 
Dt = ll - zl2 2ReE 

where z is the ratio of the tl.Q = -tl.S to tl.Q = +tl.S amplitudes. In the quark 
model, one expects only .6.Q = +tl.S and hence Dt = 2ReE. The experimental 
measurement is [8] 

61 = (3.30 ± 0.12) · 10-3 

3 The value for 62 - 60 is taken from the review article of Devlin and Dickey [15]. 
4 There is evidence for C P violation from lack of observations of antimatter in our region 

of the universe [2]. If one accepts the big bang scenario for the origin of the universe, then 
any baryon asymmetry would presumably require C P violation. The connection of this to 
CP violation in the neutral kaon system remains unclear. 
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Table 2: Parameters governing the time-evolution of neutral kaons [8] 

Parameter Value 
(3.521±0.014) -10-12 MeV c 

(5.183 ± 0.040) · 10-8 s 
(0.8923 ± 0.0022) . 10-10s 

which implies lel = (2.33±0.08) .10-3 (assuming E has the same phase as 1/+-) 
in good agreement with lel determined from 1/+- and 1/oo· The values for the 
KL-Ks mass difference, D.m, as well as the KL and Ks lifetimes, TL and Ts, 
have also been well measured in the many neutral kaon experiments and their 
values are given in Table 2. 

1.4 GP Violation in the Standard Model 

The Standard Model of electroweak interactions provides a framework for ac
commodating C P violation. The phenomena of K 0-K0 mixing and the decay 
of a neutral kaon to two pions are described in this model by the Feynman dia
grams in Figures 1 and 2. Each vertex in these diagrams (Figure 3) contributes 
the following amplitude [17] 

where 

i,j label the two quarks, 

Ui; a.re the 'quark mixing angles' that transform the strong quark eigen
states to the weak quark eigenstates, and 

'Yµ.)'Ys are the gamma matrices 

The Standard Model has 3 generations of up-like quarks of charge +2/3 and 
down-like quarks of charge -1/3 (Figure 4). By convention, mixing is confined 
to the down-like quarks so that the down-like weak eigenstates are related to 
the down-like quark eigenstates by: [18] 

(1.11) 
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s u,c,t d 

w 
KO 

d u,c,t s 

8) 

w -s d 

.... 
a .... 

(,) a 

a (,) KO ~ a KO ~ 

w 
d s 

b) 

Figure 1: Box diagrams for K 0-K0 mixing in the Standard Model 
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8) 

s 

d d 

s u 
b) 

u 

w ( 
d 

s d 

c) 

d d 

Figure 2: Diagrams for the 211" decay of neutral kaons in the Standard Model: 
a) 'Spectator' diagram; b) 'Exchange' diagram; c) 'Penguin' diagram 
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Figure 3: quark-quark-W vertex 

(~) (:) (!) 
Charge 
+2/3 
-1/3 

Figure 4: Three generations of quarks in the Standard Model 
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The Kobayashi-Maskawa (K-M) matrix, U;.;, is a 3x3 unitary matrix with four 
free parameters-3 Cabibbo-like angles and 1 phase. The phase, if non-zero, 
allows for GP and T violation. In this model, one cannot have GP violation 
with only two generations ( 4 quarks) since then there is only 1 free parameter 
which is the Cabibbo angle. The desire to accommodate GP violation in the 
Standard Model was the motivating factor for Kobayashi and Maskawa to 
consider the possibility of 3 generations and propose the matrix U, prior to 
the discovery of even a fourth quark. 

Five quarks have so far been discovered (the top quark remains elusive) 
and our knowledge of the K-M matrix, assuming unitarity and 3 generations, 
is summarized by the following 903 confidence limits for the magnitudes of 
the elements U;.;: [8] 

( 

0.9742 - 0.9756 0.219 - 0.225 0. - 0.008 ) 
0.219 - 0.225 0.973 - 0.975 0.037 - 0.053 
0.002 - 0.018 0.036 - 0.052 0.9986 - 0.9993 

(1.12) 

Recently, the Argus experiment has reported [19] evidence for b-+ u transi
tions that would imply IUub/Uc»I > 0.07. This is important, because if any 
of the U1; were to be identically O, the phase would have to be 0 and there 
would be no GP violation. Unitarity for 3 generations requires that the sum 
of the squares of the K-M matrix elements in any row or column be equal to 
1. Since the top quark has not been found yet, the elements in the third row 
given above have been derived from this condition. 

Given these values, Wolfenstein has suggested a phase convention with the 
following form for the matrix U (9]: 

Equations 1.12 and 1.13 then give 

.\ - 0.220 ± 0.002 

A - 1.0 ± 0.2 
p2+1/2 < 1.3 

(1.13) 

(1.14) 

(1.15) 

(1.16) 

To determine f requires evaluating the box diagrams of Figure 1. This involves 
the difficult calculation of the matrix element 
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wheres and dare quark field operators. One approach is to insert the vacuum 
state between the quark operators as, which splits Minto two matrix elements 
that can be calculated. One then defines the parameter B such that 

(K0 li'Yµ(l - 'Ys)as-y"(l - 'Ys)dlK0
} = B(K0 1s'Yµ(l - 'Ys)dlO}(Oli'Y"(l - 'Ys)dlK0

} 

The uncertainties in B are large-most calculations give values for B on the 
order of 1/3, but this is uncertain to a factor of 2 [9]. Wolfenstein has arrived 
at the following form for lei that results from the box diagram calculation of 
M 12 and uses the experimental value for Am: [9] 

where n, are QCD correction factors: n 1 = 0.7,n2 = 0.4,na = 0.6 for A~cD = 
0.01 GeV2; and the n3 term is an approximation for me << mw. For mt in 
the range 35 Ge V / c2 to 60 Ge V / c2, Wolfenstein claims a good approximation 
for lei is 

(1.18) 

The experimental value for lei can be accommodated, but it favours values for 
B and mt closer to the upper limits of the ranges stated. If me is greater than 
60 Ge V / c2, I el is more easily accommodated. 

The contribution to e' in the Standard Model is believed to mainly arise 
from the Penguin diagram of Figure 2c. The spectator and exchange diagrams 
of Figures 2a and 2b do not contribute since they do not not involve all three 
generations of quarks, and the K-M phase therefore does not enter. Calcu
lation of the Penguin diagram also involves a difficult calculation of a matrix 
element of a 4 quark operator. This time the uncertainty gets absorbed into 
a factor P, where P is defined by 

p = (1t'+1t'-l0slK0
) 

0.43GeV3 (1.19) 

and 0 5 is the relevant 4 quark operator. Donoghue et. al. [20] find 0.7 < P < 
2.6, and Wolfenstein gives 

(1.20) 

Taking the experimental value for lel and the constraint that places on 11, 
Wolfenstein then determines le'/el to be in the range 0.001 to 0.007. The 
sign is most likely positive, though this is not completely certain. A recent 
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calculation by Donoghue et. al. [20] has also included contributions from an 
electromagnetic Penguin, where the gluon in Figure 2c is replaced by a photon. 
The effect of this is to add an additional 30% uncertainty to f.

1 

calculated solely 
from the penguin diagram, and the authors give 0.002 < le'/ el < 0.01. They 
point out that heavier top quark masses (mt > 60 GeV /c2 ) imply smaller 
values for le' /el, as is apparent from the ratio of Equations 1.20 and 1.18. 

A recent paper by Buras and Gerard [21] claims to accurately calculate 
the hadronic matrix elements associated with the box and penguin diagrams 
using a 1/N approach, where N is the number of quark colors. They obtain 
B:::::: 2/3 and give the following result for le' /el, 

where 

m. (lGeV) is the strange quark mass,5 

Mw is the W mass, 

mt is the top quark mass, 

f3 is related to the b quark lifetime: r,, = f3 · 10-12s, and 

R is the relative branching ration of b --+ u to b --+ c, R = B(b --+ 

uev)/B(b--+ cev) 

For 0.01 ~ R ~ 0.1, T(B) = 1.1·10-12s, and 55 GeV /c2 ~mt ~ 130 GeV /c2, 

this gives 
le1/el = (1.7±1.0) · 10-3 [150MeV/m.(1GeV))2 

The authors do not include contributions from the electromagnetic penguin 
diagram, and they only calculate the hadronic matrix elements to lowest or
der in 1 / N. Since N = 3 is not very large, one has to worry about higher 
order effects; but this Standard Model prediction is a strong statement, and 
hopefully other precise predictions (at the level of ±0.001 in I e' /el) will soon 
be forthcoming. 

The Standard Model predictions for the CP violating parameters e and e' 

are therefore in good agreement with the data, though the predictions currently 
have large uncertainties. CP violation and all other measured phenomena still 
do not require any new physics beyond the minimal theory. 

5This is the current algebra mass that appears in the QCD Lagrangian; it runs with 
energy as does the strong coupling constant. A review of quark masses may be found in 
reference [22 , which gives m, (lGeV) = 180 ± 50 (MeV /c2 ). 
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1.5 GP Violation from Other Sources 

In the Standard Model, C P violation arises from complex couplings of quarks 
to charged W's. Some extensions of the Standard Model have similar sources 
of C P violation6 • A fourth generation of quarks would introduce 3 new angles 
and 2 new phases into the K-M matrix and these extra parameters would 
facilitate accommodating the experimental measurements. In left-right sym
metric models there can be complex couplings of quarks to right-handed W's 
so that C P violation could arise even for two generations of quarks. If there 
are extra Higgs bosons in the theory, there could also be C P violating effects 
from complex Yukawa couplings of quarks to charged Higgs. Also, more than 
one Higgs boson would allow for a physical relative phase between vacuum 
expectation values of a given pair of Higgs bosons; this spontaneous symmetry 
breaking mechanism would then generate GP violation. 

In Equation 1.5 the term (K0 1HwlK0
) was argued to be 0 since there is no 

6.S = 2 weak interaction in lowest order. Wolfenstein proposed in 1964 a new 
'superweak' interaction that would have 6.S = 2 in lowest order and a strength 
of order 10-9 with respect to the weak interaction [23). The parameter lt:I sets 
this strength and one would expect If' /t:l=O (no 6.S = 1 amplitudes in lowest 
order). This model can not yet be ruled out. 

Gauge theories of electroweak interactions allow for GP violation as de
scribed above and do not allow for C P violation in purely electromagnetic 
interactions (ie. processes with no W's, Z's or Higgs). In gauge theories of 
strong interactions one can have a C P violating term in the Lagrangian of 
the form 8 /l67r( G~11 G""11 ), where Gµ11 is the gluon field strength tensor and 8 
is a new parameter in the theory. The 8 term violates P and T invariance 
and is similar in nature to P and C violation in weak interactions; one might 
therefore expect it to be large. However, experimental limits on the electric 
dipole moment of the neutron7 require 8 < 0(10-9 ), and this is too small to 
produce the observed C P violation in the kaon system. Why the 8 term is so 
small has come to be known as the strong C P problem8 , and it may be due 
to a symmetry mechanism suggested by Peccei and Quinn [26). 

1.6 Objectives of this Experiment 

This experiment has set out to search for direct C P violation and to determine 
It:'/ t:I to a precision of 0.001. From Equation 1.10, It:'/ f can be determined from 

8 See [9 and references therein. 
7The best limit comes from reference [24], Id.ii< 2.6· l0- 25 e-cm at 953 confidence level. 
8 For a recent review of the strong CP problem, see reference [25]. 
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measurements of the relative decay rates of KL and Ks to charged and neutral 
pions. Chapter 2 gives a detailed discussion of the experimental techniques and 
apparatus we have used to make these measurements. Particular attention is 
paid to systematic effects, since this experiment is required to look for a small 
asymmetry and one therefore needs a careful understanding of effects that 
could give a false signal. The technique used for the measurements is one that 
has evolved from an earlier experiment at Fermilab (E617), and the experience 
gained there has greatly influenced the design of the current experiment. 

This thesis reports results for le' /el from a first run of the new experiment, 
FNAL E731. The data collection for this run took place during July and 
August of 1985 and enough data were taken to make a measurement of le'/ el 
with a sensitivity of 0.003 (combined statistical and systematic error). The 
data collection for a second run has just been completed (February 1988) 
with a significant increase in statistics over the 1985 run, and a statistical 
error of 0.0005 for le'/el is expected from this. As with E617, much was 
learned from the first run of E731 and this thesis shall give a careful and 
detailed description of this experiment and the le' /el analysis. Much attention 
is focused on systematic effects and systematic checks of the analysis, since 
these will have a critical bearing on results from the second run, especially if 
that data indicate that direct CP violation does indeed exist. 

18 



Chapter 2 

The Experiment 

We have shown that one can search for direct CP violation by measuring 
the deviation of l77oo/77+-l2 from unity. Our experiment simultaneously mea
sures KL and Ks decays to 27r final states (7r0 7r0 or 7r+7r-) using a double 
beam technique. Decays are observed from two nearly parallel kaon beams 
far downstream of the production target, so that the initial Ks component 
of the beam has decayed a.way. One of these beams has material in it (the 
Regenerator) to produce Ks, while the other beam has only a KL component. 
K-+ 27r decays are observed in a 14m Decay Region downstream of the Re
generator, where nearly all of the regenerated Ks decay. The relative 27r rates 
from the two beams are then determined for both 7ro7ro and 7r+7r- final states, 
and these rates are compared to extract l77oo/7/+- l2• This chapter discusses the 
principles of this measurement and the detector which was built to perform 
the measurement. 

2.1 Principles of the Measurement 

The precise details of how IE'/ El is extracted from the 27r rates are given in 
Chapter 10. For a quick and approximate derivation, however, ignore for the 
moment CP violating decays in the regenerator beam. The relative number of 
Ks in the regenerator beam to KL in the vacuum beam is given by IPl2 where p 
is the amplitude for KLX-+ KsX and Xis our Regenerator. The experiment 
is run in two separate modes-one in which KL(S) -+ 7ro7ro events are detected 
(neutral mode), and one in which KL(S) -+ 7r+7r- events are detected (charged 
mode). For a given mode and for a given kaon energy, the ratio of the 27r rate in 
the regenerator beam to the 27r rate in the vacuum beam is determined. This 
ratio is proportional to IP/111 2 , and a comparison of the charged and neutral 

19 



ratios gives the double ratio 

'R. - IP/77+-12 

IP/7Jool2 

R+-
Roo 

Because the same Regenerator is used for charged and neutral modes, the IPl2 

factors cancel and one obtains 

KL -+ '1ro7ro 

Ks -+ 7ro'1ro 

KL -+ 7r+7r-

Ks -+ 7r+'1r-

In addition, controls of possible systematic errors are very important. One 
wants a detector with very good resolution and background rejection to achieve 
a good signal to noise ratio. One also wants a well understood detector accep
tance for each of the decay modes, since determining the 2'1r rates results from 
correcting for acceptance the observed number of 27r events. The next section 
shall describe the E731 detector which was designed to achieve these goals. 

2.2 Beamline and Detector 

A new beamline and detector were constructed for this experiment, and these 
were optimized for studying K -+ 2'1r decays. The beamline was designed 
to provide a high flux kaon beam with a good kaon to neutron ratio. The 
detector was designed to achieve good resolution, operate at high rates, and 
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provide good background rejection. The mean detected kaon energy was ap
proximately 70 GeV, with kaons in the energy range 30-160 GeV being used 
in the analysis. 

For measuring energies and positions of photons and electrons, a Lead 
Glass electromagnetic calorimeter was used. This is the same calorimeter 
that was used in E617, but it was reconfigured from a rectangular array to a 
circular array for this experiment. A Drift Chamber spectrometer was used 
for measuring trajectories and momenta of charged particles. For reducing 
background from KL -t 37r0 events, where one or two photons miss the Lead 
Glass so as to fake KL -t 27r0 events, a large number of photon veto planes 
were employed to detect extra photons. For reducing background from inelastic 
processes in the Regenerator, the Regenerator was longitudinally segmented 
into four sections with an RA (Regenerator Anti) scintillator plane at the end 
of each section. The beamline and detector elements for E731 are shown in 
Figures 5 and 6, and we will now discuss the key features of these. 

2.2.1 Beamline 

The experiment was run in the M Center beamline at Fermilab. The 800 Ge V 
proton beam struck a one interaction length Be target at a targeting angle 
of 4.8 mrad in the horizontal plane. This targeting angle was chosen as a 
compromise between getting a high kaon flux (greatest at 0°), and achieving 
a. good kaon to neutron ratio (best at large angles). There were typically 1012 

protons per spill incident on our target, and the Tevatron delivered one 20s spill 
of protons every minute; the 20s spill ha.d a.n rf substructure of 2ns 'buckets' 
of protons every 18.8ns. The duty factor for the ma.chine wa.s approximately 
35%, which represents a. factor 5 improvement over the 400 GeV pre-Tevatron 
era., where the spill structure was 850ms of beam every 12s. This improvement 
greatly a.ided the experiment's ability to produce and detect a. large sample of 
kaons, with reasonable background rates in the detector components. 

Immediately downstream of the target were sweeping magnets to eliminate 
charged particles, and this was followed by a two-hole collimator, which also 
served as the beam dump. This collimator wa.s 5.8m of water-cooled Cu with 
two tapered precision machined holes, each 1.0cm x 1.0cm in cross-section 
(at the downstream end of the collimator), having their centers spaced 1.8cm 
apart. The solid angle of the beams defined by the two-hole collimator was 
roughly twice as large as the final beam sizes defined by CHl, CVl and the 
second slab collimator (Figure 5). 

To convert photons, 7 .5cm of Pb was placed in the beams and more sweep
ing magnets downstream of this swept a.way the resulting electron-positron 
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pa.irs. To further enhance the kaon to neutron ratio, 54cm of Be was placed 
in each beam, and the resulting neutron to kaon ratio was less than 2:1. This 
represents nearly a factor 10 improvement with respect to E617, and largely 
resulted from reducing secondary neutrons produced in the walls of the first 
collimator. For E617 the first collimator was much closer to the target and 
the solid angle of the collimator walls was many times larger than that of the 
beam. 

Following the Pb and Be absorbers which were common to both beams, 
there was an additional 45.7cm of Be (the Shadow Absorber) placed in the 
same beam as the Regenerator. The Shadow Absorber and Regenerator alter
nated between the two beams once every machine cycle (60s). This absorber 
reduced the kaon intensity by a factor of 3.5 to make more comparable the 
observed number of 27r decays between the beams, and to reduce the instanta
neous rates in the detector components (in particular the RA counters). With 
the absorber, approximately three times as many 27r events are observed from 
the regenerator beam as from the vacuum beam. 

The beams entered vacuum after the Shadow Absorber, and this vacuum 
continued to the Vacuum Window just upstream of Chamber 1. The beam 
sizes were defined by the slab collimator 50m downstream of the target and 
the first set of horizontal and vertical collimators, CHl and CVl, shown in 
Figure 5. A second set of collimators, CH2 and CV2, were downstream of 
this, but were set at a wider aperture. More sweeping of charged particles was 
achieved with magnets at 60m and 115m. 

2.2.2 The Regenerator and Decay Region 

The Regenerator configuration is shown in Figure 7. It consisted of four 19cm 
B4C blocks, each of which was followed by 1.27cm of Pb and 0.635cm of 
scintillator. The phenomenon of regeneration is discussed in Appendix A, and 
it is noted there that three components to the regenerated Ks signal exist. 
Coherent regeneration is the process KL X--+ Ks X and the Ks is produced 
along the initial direction of the KL. The regeneration amplitude, p, for this 
process is proportional to the difference in forward scattering amplitudes of 
K 0 and K 0 • A Ks can also be regenerated at a finite angle with respect to the 
KL, in which case there is a scattering process involving a nucleus recoiling 
( di:ffractive regeneration) or a nucleus breaking up (inelastic regeneration). 
Our measurement uses only the coherent signal, so the di:ffractive and inelastic 
signals are treated as backgrounds. The Regenerator composition and length 
were chosen to maximize the coherent signal and minimize the di:ffractive signal 
as discussed in the Appendix. The RA (Regenerator Anti) scintillator counters 
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Lead Sheets and Scintillator 

Figure 7: Side view of Regenerator 

detected inelastic processes that produced charged particles and rejected such 
events. The purpose of the Pb was to convert photons from 71"0 decays. The 
RA counters served a second function, which was to give a well defined edge 
to the start of the Decay Region for the regenerator beam by vetoing events 
with a charged particle upstream of the fourth layer of RA counters (RA4). 
Note that this does veto upstream K -+ 271"0 events since the 71"0 's decay to 
two photons which then produce electromagnetic showers in the B"C and Pb 
which are detected by the RA counters. 

For the vacuum beam there was no similar hard edge to define the start 
of the Decay Region. The upstream acceptance for 271" decays in the vacuum 
beam was determined by the Lead Mask aperture located just upstream of the 
Regenerator. This Mask was 5.lcm thick and had two 10.16cmx10.16cm holes 
for the beams to pass. 

The downstream end of the Decay Region was defined by the V and T 
scintillator planes in the HDRA (Figure 8). A signal in V was required for 
charged mode events, thereby requiring decays to be upstream of it. For 
the neutral mode an 0.1 radiation length Pb converter was placed between 
the V and T planes and neutral events were required to have no signal in 
V accompanied by a signal in T. This signified a photon conversion (to an 
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electron-positron pair) in the Pb, and therefore required decays to be upstream 
of this plane. The photon conversion requirement served two purposes. First, 
it allowed the downstream. end of the Decay Region to be well-defined by 
hardware. ff there were no hardware determination of this, one would have had 
to make a software requirement instead which could have caused a significant 
bias if the energy scale of the Lead Glass calibration had an uncertainty at 
the level of 0.1 %. Second, tracking information of the electron-positron pair 
allowed a precise determination of the transverse decay vertex, which was 
very useful for background rejection. The V and T planes were surrounded 
by the DRAC (Decay Region Anti Charged) and DRAN (Decay Region Anti 
Neutral) veto counters, which converted any photons hitting in that region. 
Thus, K .-. 271" events with a photon outside the aperture defined by V and T 
were eliminated. 

2.2.3 The Charged Particle Spectrometer 

Charged particles were tracked and momentum analyzed with the Drift Cham
ber spectrometer. There were four Drift Chambers, each having 2 z planes 
and 2y planes with 0.635cm sense wire spacing. The cell geometry is shown 
in Figure 9. The chambers were designed to have good resolution, perform 
at high rates, and contain a minimum of material to reduce multiple scatter
ing of charged particles. They achieved a position resolution of 150µm/wire 
and an efficiency of 983/wire. Details of the design, construction and per
formance are given in Chapter 3. The Analysis Magnet between chambers 2 
and 3 had a 1.4 7m gap between pole faces and gave a transverse momentum 
kick of ±200 MeV /c (±100 MeV /c) to the 7r+ and 7r- (e+ and e-) in charged 
(neutral) mode running. A second magnet (Separator Magnet) immediately 
downstream. of the HDRA was used in neutral mode to give an opening an
gle to the electron-positron pair. The Separator Magnet gave a 28 MeV /c 
transverse momentum kick, of opposite polarity with respect to the Analysis 
Magnet, so as to result in reconvergence of the pair at the Lead Glass array. 
This gave a good topology for triggering with the A and B scintillator banks 
and for pattern recognition in the Lead Glass. 

Figures 10 and 11 show the segmentation of the A and B banks; these 
counters were used in both charged and neutral modes to trigger on two track 
topologies. The A bank was made of thin (2mm) scintillator to reduce multiple 
scattering, while the B Bank scintillator was lcm thick. 
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Figure 11: Beam's view of B Bank 

2.2.4 The Electromagnetic Calorimeter 

Position and energy measurements of electrons and photons were made with 
an 804 element Lead Glass Array. Each block of Lead Glass measured 5.81cm 
x 5.81cm x 60.96cm, giving a depth of 20 radiation lengths. The characteris
tics of this Lead Glass are described in reference [27], and in Chapter 4 the 
details of its calibration, resolution and use in the analysis are described. The 
stacking arrangement of the array is shown in Figure 12-two beam holes, 
each approximately 11.6cm x 11.6cm, allow the beams to pass. There is a 
large loss in acceptance due to these two holes (on the order of a {actor two), 
but it was not possible to have a precision calorimeter in the intense kaon and 
neutron beam. There were no corresponding holes in the Drift Chambers or 
A and B Banks which were comprised of little material and could withstand 
the high rates. Typical rates over an entire plane such as the A Bank were 
approximately 1 MHz. (One of the improvements over E617 was eliminating 
the beam pipe that went from the Vacuum Window through the Lead Glass.) 
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Figure 12: Lead Glass array and stand 
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2.2.5 The Background Rejection Systems 

The major sources of background were diffractive and inelastic regeneration 
for the Ks --+ 27r modes, semileptonic KL decays and neutron interactions 
for the KL --+ 7r+7r- mode, and KL --+ 37r0 decays for the KL --+ 27r6 mode. 
The RA counters provided rejection for the inelastic source of regeneration as 
described earlier. Segmenting the Regenerator into four sections improved the 
rejection of inelastics by a factor of 5 compared to having only one set of RA 
counters at the downstream end, as was done in E617. 

The semileptonic decays, K e3 and K µ 3 , were rejected with electron identi
fication at the B Bank and muon identification at the MU2 bank. For charged 
mode running a 1.27cm (2 radiation length) Pb Curtain was inserted in front 
of the B Bank to initiate electromagnetic showers from electrons and photons. 
These showers were recognized as having a large pulse height in the B coun
ters. A 3.2m steel filter downstream of the Lead Glass filtered out all charged 
particles except muons, which were then detected by the MU2 counter bank. 

To reject 37r0 events in which photons miss the Lead Glass, 9 planes of 
photon vetoes were employed. DRAN, which was mentioned earlier, consisted 
of a lead-scintillator sandwich. This veto plane and four others, VA1-VA4 
(VA is Vacuum Anti), were in vacuum and Figure 13 gives a cutaway view of 
a VA plane. A VA unit contained a plane of scintillator for charged particle 
identification, and two layers of lead-lucite sandwiches for identifying photons. 
MA (Magnet Anti) and LGA (Lead Glass Anti) were of similar construction 
to the VA's; the VA's, MA and LGA are shown schematically in Figures 14 
and 15. Photons passing through or close to the beam holes in the Lead Glass 
were identified by the CA (Collar Anti) and BA (Back Anti). A diagram of CA 
is given in Figure 16. It formed a collar around the beam holes and detected 
electrons and photons within 1/2 block of these. It gave a well defined edge 
to the acceptance of particles in the central region- electrons and photons 
more than 1/2-block from an edge typically lost less than 1.5% of their energy 
down the holes and were well reconstructed. The BA was centered on the 
beams two meters behind the Lead Glass array, and was comprised of a lead
lucite sandwich. It was highly segmented, both longitudinally and transversely, 
to be able to withstand high rates and to distinguish between neutrons and 
photons. One unit of BA is shown in Figure 17, and 8 of these units stacked 
longitudinally made up one layer. Light pipes from each set of 8 longitudinally 
spaced lucite counters were attached to a single phototube, so that there were 8 
vertical and 16 horizontal phototubes reading out signals in each layer. Three 
layers made up the BA, and ratios of signals in the layers gave longitudinal 
information about showers. 
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Figure 13: Side view cross-section of a VA plane 

Events with wide angle charged particles were identified and vetoed with 
scintillator planes at PA (Pinching Anti) and DRAC. There were also scintil
lators at VA1-VA4, MA and LGA providing charged particle identification. 

To reduce the neutral mode trigger rate, the MUl counters behind the 
Lead Glass array were used to reject hadronic events. The Lead Glass and a 
Lead Wall 12cm thick behind the Glass contained 41 radiation lengths and 3 
interaction lengths of material. Electromagnetic showers were therefore com
pletely contained. in these, while hadronic showers were not and typically gave 
a large pulse height in MUl. There was a single hole in this bank allowing 
both beams to pass. 

A summary of the locations and sizes of most Detector Elements can he 
found in Tables 3 and 4. Table 5 gives the number of radiation lengths and 
(proton) interaction lengths for some of the elements. Two inactive but impor
tant elements which we have not so far discussed are the Vacuum Window and 
Helium Bags. It was important for obtaining good resolution of charged track 
trajectories and momenta to minimize multiple scattering. This required min
imizing the amount of material in the T and V counters, the Vacuum Window, 
the Drift Chambers and the spaces between them, and the A Bank. Helium 
Bags were used between each of the Drift Chambers with thin 140µm my-
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Lucite 

Figure 17: Exploded view of a Back Anti unit 

lar windows, while the Vacuum Window was made of 0.584mm of Kevlar 29 
glued onto 127µ.m of mylar. A steel o-ring was used for clamping the window 
between two steel :O.anges to provide the mechanical stability. This window 
de:O.ected approximately 10.8cm at one atmosphere of pressure. 

2.3 The Double Beam Technique 

The detector assembled for this experiment is a complex one with thousands 
of components and channels of electronics. This complexity is typical of high 
energy experiments and demands careful monitoring of the system components 
to optimize the detector performance. Unlike most high energy experiments, 
however, ours is attempting a precision measurement and we therefore have to 
assess carefully effects due to detector stability. In addition, the beam stability 
must also be considered. We have noted that this experiment measures KL 
and Ks decays simultaneously and the primary reason for this is to make 
negligible, effects associated with detector and beam stability. Consider the 
following three effects: i) changes in accidental activity, ii) electronic drifts, 
and iii) changes in detector resolution. 

The instantaneous rate in a detector channel determines its accidental ac-
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Table 3: Positions and dimensions of detector elements 

Detector Element Z Location Transverse Dimensions 
( wrt target) (width x height) 

Lead Mask 122.242m 40.64cmx50.8cm with two 
10.16cmx10.16cm 

holes for the beams 
Regenerator 123.598m 4 sections; each 8.89cmx8.89cm 

(at downstream end) 
VAl 127.857m inner edge has radius 28.2cm; 

outer edge has radius 57.4cm 
VA2 132.813m inner edge has radius 28.2cm; 

outer edge has radius 57.4cm 
v 137.803m 50cm x 62cm 
T 137.SlOm 50cm x 62cm 
DRAC, DRAN 137.803m inner edge is 50cm x 62cm; 

outer edge has radius 60.5cm 
Separator Magnet 139.0m 
VA3 149.326m inner edge has radius 54.4cm; 

outer edge has radius 80.7cm 
VA4 158.307m inner edge has radius 64.0cm; 

outer edge has radius 92.3cm 
Vacuum Window 158.981m Radius of 61cm 
Chamber 1 Plane 1 159.257m 1.27m x 1.27m 

2 159.268m 
3 159.289m 
4 159.300m 

Chamber 2 Plane 1 165.839m 1.42m x 1.57m 
2 165.850m 
3 165.87lm 
4 165.882m 

A Bank 166.133m 1.60m x 1.40m 
MA 166.133m inner edge is 1.82m x 1.49m; 

outer edge is 2.09m x 2.13m 
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Table 4: Positions and dimensions of detector elements 

:Detector Element Z Location Transverse :Dimensions 
( wrt target) (width x height) 

Analysis Magnet 168.858m 
(at center) 

Chamber 3 Plane 1 171.864m 1.57m x 1. 73m 
2 171.875m 
3 171.896m 
4 171.907m 

Chamber 4 Plane 1 178.016m 1. 78m x 1. 78m 
2 178.027m 
3 178.048m 
4 178.059m 

LGA 178.707m inner edge has diameter 1.80m; 
outer edge has 2.64m diameter 

clipped at a height of 2.llm 
B Bank 179.526m 1. 78m x 1. 78m 
CA 179.SOOm 
Lead Glass 180.884m approximate radius is 0.91m 

(at upstream face) 
MUl Bank 183.783m 
BA 185.378m 20.32cm x 40.64cm 
MU2 189.822m 2.4m x 2.4m 
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Table 5: Radiation and interaction lengths of detector elements 

Detector Element Number of Number of 
Radiation Lengths Interaction Lengths 

HDRAT 0.0051 
HDRA V 0.0037 
HDRA Pb 0.1003 
Vacuum Window 0.0025 
Chamber 1 0.0033 
Chamber 2 0.0030 
A Bank 0.0075 
Chamber 3 0.0036 
Chamber 4 0.0021 
Sense Wire 0.00643 
Field Wire 0.0057 
Lead Glass 19.9 2.2 
Lead Wall 21.4 0.7 
CA copper 3.0 
BA 28.1 1.3 
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tivity. As an example, consider the first plane of RA counters which saw the 
highest rate of any counter in this experiment because of beam interactions in 
the Regenerator. This RA plane typically counted 106 charged particles per 
second, so that in any 25ns time period (this time corresponded to the gate 
width for the latches) they would fire 2.53 of the time. So for each recorded 
event in which a kaon decay was observed, there was a 2.53 chance that an 
RA counter would fire and veto the event (RA was used to reject inelasti
cally regenerated events). This accidental activity in RA depended directly on 
beam intensity, so that a 103 change in beam intensity would have changed 
the total reconstruction efficiency by 0.23 just due to using RA in veto. Now 
it was common for the beam intensity to change by more than 103, not only 
over periods of hours and days, but also pulse to pulse (there was one 20 sec
ond pulse of beam every minute). Further, there were large bucket to bucket 
variations in beam intensity (recall the beam's rf microstructure of one 2ns 
bucket of beam every 18.8 ns), and the 'superbucket' phenomenon, where one 
can get a factor of 10 more particles than normal in a given bucket, is not 
uncommon at Fermilab. To put the accidental question in perspective, recall 
that the systematic error in the measurement of the relative rates of KL and 
Ks to 21r must be less than 0.53. H KL and Ks decays had been measured 
separately a 103 difference in beam intensity between KL and Ks running 
would have induced an 0.23 systematic effect in the measured relative rates 
due to RA alone. Many other detector elements were also sensitive to acciden
tals, in particular the Lead Glass where accidental activity resulted in the loss 
of approximately 103 of otherwise good events. Simultaneous measurement 
of KL and Ks decays ensured that accidentals losses would be the same for 
both and would therefore cancel in the ratios R+- and R00 • (There is a further 
discussion of accidentals in Section 11.1.1) 

Because of accidentals, any detector element used for background rejection 
also rejects signal events at some level. The level of this accidental rejection 
changes if the level of accidentals changes, and it can also change due to 
electronic drifts associated with the detector element and its electronics. As an 
example, consider the MUl signals which were used in the neutral mode trigger 
to veto events with hadronic showers in the Lead Glass. The signals from each 
MUl counter were added in a linear sum, which was then discriminated at 
twice the pulse height for a minimum ionizing particle. It does happen that 
the de level in the linear sum drifts from its nominal setting of Om V, thereby 
changing the veto threshold. This in turn changes the accidental loss. But by 
simultaneously measuring KL and Ks decays with the same detector and the 
same trigger logic, the accidental loss cancels explicitly in the ratios R+- and 
aoo. 
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Changes in the detector resolution change the acceptance due to require
ments on kinematic quantities such as the reconstructed K 0 mass. Worse 
resolution results in more signal being lost with a given cut and changes in 
the resolution therefore cause changes in the signal acceptance. But again, si
multaneous measurement of KL and Ks decays ensures that these acceptance 
changes are the same since the detector resolution is the same for both. 

Thus, the double beam technique is a very important control on certain 
systematic errors. The acceptance, which is the probability for an event to 
be accepted by the trigger and pass all reconstruction criteria, is sensitive 
to changes in beam and detector performance. Essentially every trigger and 
reconstruction requirement (and there are many of these) are affected by sta
bility questions, but the double beam technique eliminates possible systematic 
errors associated with this. 
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Chapter 3 

The Drift Chambers 

The Drift Chambers accurately measured trajectories and momenta of charged 
particles. In charged mode all reconstructed kinematic information for an 
event was obtained from them; and in neutral mode their measurements of 
the electron-positron pair determined the transverse coordinates of the decay 
vertex, the longitudinal vertex being determined from the Lead Glass informa
tion. The first part of this chapter details many of the characteristics of the 
chambers-their design, materials, assembly and operation. The latter part of 
the chapter describes their performance in this experiment, including details 
of the drift time to distance calibration, track reconstruction, and momentum 
calibration. 

3.1 Hardware and Construction 

3.1.1 Features of the Design 

The Drift Chambers were designed for good resolution, operation at high rates, 
and low material to reduce multiple scattering. A hexagonal cell geometry was 
decided upon as was shown in Figure 9, resulting in three field-shaping wires 
for every sense wire. Each chamber had two z planes and two y planes, and 
the total chamber gas thickness was only three inches. The sense wires in 
each view were offset by one-half cell between planes to resolve the left-right 
ambiguity. An isometric drawing of a chamber corner is presented in Figure 18. 

The sense wires were 25µm diameter gold-plated W, and the field wires 
were lOOµm diameter gold-plated BeCu. There was an additional set of BeCu 
field-shaping wires attached to the inside of the chamber windows. Three 
independent high voltage settings were possible for the window wires, the 
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Figure 18: Isometric drawing of the upper right comer of a chamber (viewed 
from upstream). 
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outer layer of field wires, and the other five field wire layers in a given view. 
In practice, optimal performance was achieved using the same voltage for all 
of these. In retrospect, a ground plane should have been added between the 
z-view wires and y-view wires, in which case the window wires would have 
operated at ground potential. This added ground plane and corresponding 
ground voltage for the window wires would have improved the electrostatic 
symmetry between the inner and outer planes, and eliminated a low field 
region between the z and y wire planes. This region caused some inefficiency 
in the two inner wire planes in each chamber due to electrons produced in the 
low field region drifting into a cell late and canceling a real hit. 

The sense wires were tensioned with 65g weights, and the field wires were 
tensioned with 420g weights; these tensions were chosen so that the gravi
tational sag of the wires (approximately 75µ.m at the center of a 2m wire) 
would be the same. The wires were located by the vertex of accurately spaced 
'pacmen' (Figure 19) with a precision of approximately 25µ.m. The pacman 
that positions the wire is a molded plastic disc with a slice missing, so that 
it resembles the famous video game character. Each of the roughly 16,000 
pacmen used in the four chambers were examined under a microscope for a 
precise and well-formed groove for locating the wires (approximately one-half 
of the produced pacmen were acceptable). The pacmen were epoxied into re
cessed holes in 1.27cm GlO boards. These holes were located and drilled with 
a numerically controlled milling machine to better than 25µ.m precision. Wires 
were anchored by soldering them to 0.32cm long brass eyelets in 0.24cm GlO 
boards. These boards were epoxied to the 1.27cm GlO with the epoxy forming 
a gas seal. Glyptol over the solder joints provided another gas seal. 

The solder used for the sense wires was 95/5 Ag/Sn, while 60/40 Pb/Sn 
was used for the field wires. The length of the solder joint proved adequate to 
anchor the wires, though better anchoring (longer eyelets or additional epoxy) 
would have been preferable. The strain supported by the joint is roughly 640 
psi for the BeCu wires tensioned at 420g and this is in the region of the limit 
for creep resistance [28]. There have been almost no problems with sense wires 
breaking after stringing (out of nearly 2000 total), while one field wire breaks 
every 3 or 4 weeks. In each case where a field wire has broken, it has pulled 
out of the solder joint. (Wires have not broken along their lengths or snapped 
at the solder joints-their tensions are substantially less than the breaking 
points, which have been measured at llOg for the sense wires and 700g for the 
field wires.) 

The chamber gas was 50/50 argon-ethane with approximately 0.5% ethanol, 
which was added by bubbling the gas through a container of ethanol at 0°C. 
The gas was distributed to the chamber volumes by manifolds, which were 
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Figure 19: Schematic drawing of a 'pacman' 

hollow lucite pipes 1.27cm x 1.27cm in cross-section. Manifolds were epoxied 
to the top and bottom 1.27 cm G 10 boards in each chamber, and each manifold 
had 0.16cm diameter holes spaced every 6cm. Since argon-ethane is heavier 
than air, the top manifold was used as the inlet and the bottom one was used 
as the outlet to optimize the gas flow and speed of purging (going from air or 
N2 in the chamber to argon-ethane). 

The chamber windows were 25µm thick aclar, 1 that had a thin coating of 
saran to reduce the permeability for water vapor. These windows had a 2.5cm 
seam in the middle, with the two halves being joined by 50µm isotac2 adhesive. 
They were stretched and attached (with isotac) onto an aluminum bar frame. 
Copper-clad GlO strips, 2.5cm wide, were attached (again with isotac) to the 
outer edges of the windows and the window wires were strung and soldered 
onto these strips. A transfer plate supported the window frame during this 
process and during the installation of the windows on the chambers' GlO angle 
frames. A gasket of 0.48cm neoprene was used between the GlO angles and 
the windows for a gas seal, and additional epoxy and two-component RTV 
provided gas seals at the window comers. 

1 Aclar is a thin film (similar to mylar) made by Allied Chemical Corporation. 
2Isotac is a 3M product. 
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The chamber frames were made of aluminum channel 27 cm wide, and the 
1.27cm GlO boards were epoxied and bolted onto these. Two pins were used 
to locate each board onto the frames, and these determined the orthogonality 
of the z and y view wires. 

3.1.2 Operation and Readout 

The chambers were operated at atmospheric pressure, and gas flow rates were 
such that the chamber gas was renewed every 12 hours. The operating high 
voltage for the field wires was 2.6kV, and this was ramped down between 
beam spills to 2.lkV. Sense wire signals were amplified and discriminated at 
the chambers and ECL logic signals were sent over 100 feet of twisted pair 
cable to LeCroy 4291B TDC's. 

Sense and field wires were terminated at one end only. The field wires 
were connected through lOOkSl resistors to high voltage and also had 2200pF 
capacitors to ground. The sense wires were connected to boards which used 
LeCroy HIL440 chips to amplify and discriminate their signals. The output 
signals from the HIL440's went through one-shots that gave fixed-width signals 
of SOns duration. 

The double pulse resolution for the chamber/discriminator/TDC system 
was 250ns, and this was determined by the TDC's. This was reasonably well 
matched to the observed pulse shapes from single particles. The average drift 
velocity for electrons was approximately SOµm/ns and the longest drift times 
were of the order of lSOns. Sense wire pulses for single particles were observed 
to have as many as two or three peaks from different primary electrons (300µm 
is the mean path length for a charged particle to produce a primary electron), 
with the total pulse width being as much as lSOns. With the TDC's operating 
in common stop mode and the chamber signals giving the start signals, it was 
advantageous that the TDC's did not restart on the secondary peaks in the 
pulse shape. 

3.2 Performance 

3.2.1 Conversion of Drift times to Distances 

The observed drift time distribution is shown in Figure 20. The edge at 230ns 
corresponds to particles passing very close to the sense wires, while the tail at 
short times corresponds to particles passing near the edge of a cell. Assuming 
that the illumination of tracks across the cell is uniform the distance, d, from 
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Figure 20: Measured drift time distribution for hits on tracks in an z plane of 
Chamber 2 

the sense wire is related to the measured time, t, according to 

where: 

d .£40 V(t')dt' 
0.635cm - £40 V( t' )dt' 

(3.1) 

0.635cm is the maximum drift distance (equal to the cell width), and 

V(t') is the observed drift time distribution (t' is inns) 

The drift time distribution was measured for each of the 16 wire planes ( 4 
planes in each of 4 chambers), and a conversion table was calculated for each 
via Equation 3.1. These tables were updated throughout the running period 
to track slow changes in the distributions. 

S.2.2 Charged Particle Trajectories from Reconstruction of Tracks 

Hit wires with drift times between lOns and 250ns were considered for hits 
along possible tracks. The track finding procedure used hits in two chosen 
planes (for a given view) for a candidate track. A straight line was drawn 
between the two wire centers and hit wires within a road of 1.5cm in other 
planes were searched for (Figure 21). A y-view track was required to have 5 or 
more hits out of a possible 8 for the 4 chambers. The tracks were bent by the 
Analysis Magnet in the z-view, and so track segments in this view were found 
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&Wires to define 'road' 

Figure 21: Track finding procedure: a straight line is drawn between two hit 
wires in the outer planes, and candidate hits within a 1.Scm road of this line 
are searched for in the other planes. Different initial planes are tried so as not 
to miss tracks due to wire inefficiencies. 

for the upstream and downstream chambers separately. These track segments 
were required to have at least 3 of a possible 4 hits. 

In a given chamber there could be 1 or 2 hits on a track (z or y); if there 
were 2 hits, the left-right ambiguity (for which side of the wire the particle 
went by) was resolved, and the drift time information was utilized to obtain 
a more precise determination of the track position. For cases with only 1 hit 
in a chamber, the drift times were implemented to generate 2 tracks--one on 
each side of the hit wire. 

The track finding procedure generated redundant tracks which were squeezed 
out. In general tracks were not allowed to share hits, and if two tracks did 
so the track with a better x2 was chosen (x2 was the sum of the square of 
residuals of hit positions with respect to fitted track positions). In the z-view, 
upstream track segments were required to match downstream track segments 
within a road of 1.5cm at the Analysis Magnet center to form a complete track. 

48 



Both :z:-view and y-view tracks were required to project within 5cm of the T 
and V planes at the HDRA, and to project within an aperture of 2m x 2m at 
the Lead Glass. 

Two z-tracks and two y-tracks were required from the above procedure for 
11"+11"- candidates; e+e- candidates were required to have two :z:-tracks and one 
or two y-tracks. Variations to the track finding procedure peculiar to these 
two modes are given in Chapters 6 and 7, where the correlation of the :z:
and y-views of tracks is also presented. Corrections to the track hit positions 
resulting from signal transit times in the chamber wires and in the B Bank 
scintillator (this scintillator bank defined the trigger timing) were applied after 
track views were correlated; the tracks were then refit. Track parameters were 
also determined for upstream and downstream segments of y-view tracks at 
this stage. It was found that they-view track segments gave more accurate 
track trajectories than the complete y-track, due to a small amount of track 
bending in this view from the Analysis Magnet. 

3.2.3 Resolution and Efficiency 

The Drift Chamber resolution was measured to be 150µm from the sum of 
distances distribution for paired hits in a chamber. Recall that a track should 
have two hits in adjacent planes, with the two hit wires being offset by one
half cell, or 0.635cm. The drift times determine the drift distances from the 
wires and the sum of these distances should equal 0.635cm for paired hits. 
Figure 22 gives a typical plot of this distribution. One also measures the 
resolution by examining the distribution of the difference between hit positions 
and fitted track positions at individual chamber planes. The transverse offsets 
of Chambers 2 and 3 with respect to Chambers 1 and 4, which defined the co
ordinate system for this experiment, were determined from these distributions 
during muon alignment runs with the Analysis Magnet off. Such alignment 
runs were done two or three times a day during the run, and Figure 23 shows 
the offset distribution for an z-plane in Chamber 2. 

The wire plane efficiencies were measured from the probability for a. track to 
have a hit in a given plane. It was found that the inner 2 planes in a chamber 
had an average efficiency of 96%, while the outer 2 planes had an average 
efficiency of 99.5%. Only 5 wires (out of nearly 2000 total) had measured 
efficiencies below 90%. The lower efficiency for the inner planes resulted from 
electrons produced in the low field region between the :z: and y views drifting 
in late and replacing a good hit. 
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Figure 22: Sum of distances for paired hits-the chamber resolution of 
150µm/wire was determined from this. 
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Figure 23: Offset distribution for an z plane in Chamber 2. The offset is with 
respect to the coordinate system defined by Chambers 1 and 4. 
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Figure 24: Distribution of PM for 1t'+, 1t'- in charged mode running 

3.2.4 Momentum Determination 

The momentum of a track was determined from the bend angle between its 
upstream and downstream track segments. For a transverse momentum kick, 
PM, in the :i: direction, the track momentum, P, can be calculated from con
servation of momentum. Let p: (p"d) be the momentum vector of the upstream 
(downstream) track segment, and let it have modulus p. One obtains 

Hence, 

where 

(3.2) 

Bzu(Dl is the track direction tangent for the upstream (downstream) 
track segment; similarly for 8Yu(Dl 

PM had small variations across the aperture of the Analysis Magnet, which 
were determined from a field map done prior to the experiment. The distri
bution in PM is shown in Figure 24 for tracks in identified K --+ 71'+71'- events. 
The overall normalization for PM, which set the charged mode energy scale, 
was determined from the known K0 mass. Recall that the invariant mass of a 
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Figure 25: (p, 7r) invariant mass distribution for identified lambda decays 

particle which decays into two daughter particles is given by m 2 = (p1 + p2) 2, 

where p1 and p2 are the 4-momenta of the daughter particles. As a check on 
the energy scale, the experiment detected a large number of A ~ yrr- events 
and Figure 25 shows the reconstructed (p, 7r) mass for these, which is in good 
agreement with the Particle Data Book (PDB) value of 1115.6 MeV/c2 [8]. 
The known K 0 and A masses determined the charged mode energy scale to 
better than 0.13. 
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Chapter 4 

The Lead Glass 

Energies and positions of photons and electrons were measured with the Lead 
Glass array. Much care and effort was directed towards obtaining optimal 
performance of this calorimeter, since good resolution aided in distinguishing 
signal from background and enabled understanding of the characteristics of 
electromagnetic showers. Accurate energy calibration was also required, so 
that charged mode and neutral mode data would be compared at the same 
energy. We will first discuss the hardware associated with the array and its 
operation. This will be followed by a discussion of the algorithms for finding 
clusters of electromagnetic energy and determining the energies and positions 
of electrons and photons from them. Lastly, the procedure for determining the 
'gains' that convert ADC counts to energies will be given. 

4.1 Hardware and Operation 

The Lead Glass used in this experiment was Schott Optical Glass Type F2. 
The array consisted of 804 blocks in a circular array as depicted in Figure 12. 
Each block was viewed by a single phototube, and signals were sent over 275 
feet of cable to the ADC's. A detailed description of the properties of this 
Lead Glass and the characteristics of the Lead Glass/phototube/ ADC system 
can be found in reference [27]. The only changes in this system for the current 
experiment pertained to the mode of operation of the ADC's, and this is 
discussed in Chapter 5. As well, prior to the experiment, tests were done on 
the ADC channels to measure their gains and linearities. Gains were required 
to be uniform within ±10%, and responses were required to have a deviation 
of less than 4 counts from a straight line fit over the range 0 counts to 16000 
counts. A 20 Ge V energy deposit in a block corresponded to roughly 6000 
counts-20 Ge V was a typical photon energy. 

53 



140 
~ 

"' ci 120 

' ~ 100 
CJ 
0 m 80 .... 
0 
"- 60 cp 
..c 
E 
:::J 40 z 

20 

0 
-10. -7.5 -5. -2.5 o. 2.5 5. 7.5 10. 

% Gain Chan9e 

Figure 26: Ratio of flasher responses for tenth and first flashes into the spill 
for data with LED's off. 

The array was contained in a light-tight house, with temperature control 
of better than 1°F at the phototube bases for gain stability. To improve gain 
stability as a function of beam intensity a low level of de light, supplied by 
LED's, was shone on the front faces of the blocks. Stability was monitored 
by a Xenon fl.asher system-the fl.asher was triggered at lHz during the 20s 
beam spill and the flasher light was transmitted to each of the 804 blocks and 
two reference tubes with fiber optics. The light pulse from the Xenon flash 
lamp was stable to 53 and each flash gave a 13 measurement of each block's 
gain, allowing short-term monitoring of stability. The improvement made 
by the LED's was measured with fl.asher data and is shown in Figures 26 
and 27. The percentage change in gain between the first and tenth fl.ash 
into the spill is plotted for LED's off and LED's on. The improvement is 
dramatic, but unfortunately only the last third of the data taking was with 
this configuration. The resolution obtained was not that much degraded during 
the LED-off period, however, since most of the gain change occurred during 
the first second of the spill and the spill duration was 20s. 

The Lead Glass signals were an important ingredient of the neutral mode 
trigger. Analog sums of signals from mini-arrays of 7-9 blocks were formed 
to make 92 'Adder' signals, the total sum of which measured the total energy 
seen by the Lead Glass for an event. The Adder signals were also used by 
a fast processor, the 'Mass Box', to form the second moment of the energy 
distribution with respect to the array center, and calculate the product of this 
with the total energy. This product is related to the kaon mass; consider a 
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Figure 27: Ratio of flasher responses for tenth and first flashes into the spill 
for data with LED's on. 

beam particle decaying to a final state consisting only of photons at a distance 
Z meters from the Lead Glass. The invariant mass of the parent particle is 
given to good approximation by 

( 4.1) 

where ET is the particle energy and E2 is the second moment of the energy 
distribution (ET = LiEi and E2 = LiEirl, where i represents each photon 
or each group of 9 blocks that form an Adder, and r measures the distance 
from the center of the Lead Glass array). Both ET and ETE2 were used in the 
neutral mode trigger. 

Let us give here a short derivation of the relation m 2 = ETE2 /Z 2
• 

Let 

m - mass of decaying particle, 

~ - 4-momentum of photon i, 

Ei - energy of photon i, 

Pi - momentum of photon i, 

8i; - angle between photons i and j, 

ri; - distance between photons i and j at the Lead Glass, 

(Xi, Yi) - transverse coordinates of photon i at the Lead Glass, and 
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Z - distance from the decay vertex to the Lead Glass 

From conservation of the 4-momentum, 

If we assume Bi; is small, then 

m2 = 

"-''.;' -Ll'i · P; ,, 
ZJEiE; - EiE;cosfh;) ,, 

Ignoring the small terms involving EiEixi, EiEiYi (these terms vanish for a 
kaon pointing at the center of the Lead Glass), one has 

~ '°EiE;(r~ + r]) 
2 L.J z2 ,, m2 = 

ExE2 
z2 

4.2 Energy and Position Measurements 

The radiation length of Schott F2 glass is 3.06cm, so that each block mea
sures roughly 2x2x20 radiation lengths. The energy leakage out the back 
of the array has a logarithmic dependence on energy and is of the order of 
0.5-3% for electron and photon energies below 80 GeV. Transversely, 90% of 
the energy is typically contained within a cylinder of one radiation length ra
dius. 3x3 'clusters' of blocks were used for measuring energies and positions 
of electromagnetic showers. A KL(S) -+ 271"0 event has four clusters of energy 
corresponding to three showers from photons and one somewhat fatter shower 
from the electron-positron pair. A typical event is shown in Figure 28. 

The cluster reconstruction algorithm searched for local maxima of block 
energies. A 3x3 cluster was found if its center block (the maximum) had an 
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Figure 28: Electromagnetic energy deposit in the Lead Glass for a 21r0 event. 
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energy greater than 0.25 GeV and if its 3x3 energy sum was greater than 0.5 
GeV. Clusters were distinct if there was an energy minimum between their 
cluster centers. 

Cluster energies were obtained from the sum of nine block energies, and 
cluster positions were determined from the ratio of columns or rows of energy. 
Each cluster had 3 columns (3 rows) and the ratio of the greater side column 
(row) energy to center column energy determined the cluster's z (y) position. 
Converting the ratio to a position involved doing an inversion equivalent to 
the procedure for converting times to distances with the Drift Chambers (Sec
tion 3.2). Average position resolutions of 3mm were achieved, with better 
resolution achieved for clusters centered near block edges. 

4.3 Calibration 

A Lead Glass ADC measures the integrated charge in a phototube signal, and 
this is proportional to the number of Cerenkov (and scintillation) photons 
seen by the phototube. Ideally, the number of photons from an electromag
netic shower seen by the phototubes in a cluster would be proportional to 
the cluster energy. This would be true if the showers were completely con
tained and if there was no attenuation of photons going through lead glass. 
The showers are not completely contained, however, as was mentioned earlier. 
Even more significant, is the attenuation which is roughly 2% per radiation 
length. (This is the attenuation for wavelengths above 420nm-optical filters 
between the phototubes and lead glass blocks cut out wavelengths below this.) 
This attenuation, coupled with the energy dependence to 'shower max' (the 
shower depth with the greatest number of electrons and positrons), results 
in a nonlinear lead glass response; hence, a single number, the gain, cannot 
describe the conversion of ADC counts to energy. Additionally, an electron
photon response difference arises because the photon converts at some depth 
in the glass, causing its shower max to be deeper into the block than the 
electron's. Let us consider the nature of an electromagnetic shower in lead 
glass and the attenuation of the resulting photons. Photon production can be 
modeled by assuming that the photons originate solely from shower max. The 
energy dependence to shower max for electrons has been found by others [29) 
to be 

S=c1+c2lnE 

where 

S is shower max measured in radiation lengths, 
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E is the energy of the showering particle in Ge V, and 

ci, c2 are constants (reference [29] gives c1 = 4.28 radiation lengths and 
c2 = 1.16 radiation lengths) 

For photons traveling through R radiation lengths of lead glass, which has an 
attenuation coefficient a, the transmission is given by T = e-aB. R is equal to 
(N - S), where N is the length of the lead glass blocks (in radiation lengths), 
so that the energy (Em) seen by the phototubes is given by 

Em - Ee-a(N-S) 

- Ee-aN eac1eac:alnE 

- e-aN +ac1 El+ac:a 

- a1E":a 

Thus, the lead glass response has a power law dependence on the particle 
energy in this model. The power depends only on the attenuation coefficient, 
a, and the shower development coefficient, c2, so that it is the same for all 
blocks of similar transmission properties. The coefficient a1 gets coupled with 
the phototube and ADC gains to form an overall gain for each block. This gain 
is different for electrons and photons, however, since c1 is greater for photons. 

4.3.1 Electron Calibration Runs 

From electron calibration data, the Lead Glass response was studied in detail 
in the energy range 2-20 GeV. Special calibration runs were taken with a pho
ton beam that produced electron-positron pairs from a thin sheet of copper 
inserted into the beam. The electron and positron momenta (p) were measured 
with the Drift Chamber spectrometer thereby determining the true particle en
ergies. The nonlinearity of the Lead Glass response was studied by measuring 
Em/P for a range of energies in each block. A power law was found to describe 
the response very well, and Table 6 summarizes the results for the power a2 

determined from each calibration run. Blocks next to the beam pipes were 
found to have greater nonlinearity and were therefore considered separately. 
These blocks experienced measurable radiation damage that caused yellowing 
of the blocks and loss of light transmission. This loss worsened by 10-20% for 
pipe blocks during the run and the greater attenuation increased the nonlin
earity. The change in observed nonlinearities during the run was not large, 
and so no time dependence was used in the analysis. Given the nonlinearities, 
the normalized gains at 1 Ge V for ea.ch block in the array were determined. 
This was done by measuring E/p for each block and iterating to choose gains 
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Table 6: Coefficients describing the nonlinear Lead Glass response to electro
magnetic showers 

Calibration Run Nonlinearity Coefficient 
{l/a2) 

for non-pipe blocks 
1 0.9806 
2 0.9791 
3 0.9801 
4 0.9804 
5 0.9808 

<> 0.9804 

Nonlinearity Coefficient 
{l/a2) 

for pipe blocks 
0.9751 
0.9726 
0.9720 
0.9720 
0.9708 
0.9722 

such that all blocks had < E/p >= 1. (E was obtained from Em by applying 
the nonlinearity correction.) Three or four iterations were usually required 
for convergence. Figure 29 shows a typical E /p distribution from calibration 
data (all blocks) after fitting for the gains. The full width at half maximum 
(FWHM) is 8%, with the mean electron energy being 5 GeV; after correcting 
for momentum resolution (due to chamber resolution and multiple scatter
ing), the Lead Glass was found to have an energy resolution of approximately 
1.5% + 5.5%/VE for electrons, where the two terms are added in quadrature. 
The constant term results from shower fluctuations and energy leakage, while 
the 1/ VE term is due to photostatistics. 

4.3.2 Gains for Neutral Mode Data 

The above procedure described the Lead Glass response during calibration 
mode running, which was done at low beam intensity. The neutral mode data 
taking was with substantially different beam conditions and it was found that 
a gain correction was required to account for this. Note that this effect is 
similar to the time into the spill gain variation mentioned earlier. The E /p 
distributions from electron-positron pairs in 27r0 and 37r0 events were studied 
for each block and corrections were applied to make these distributions match 
with equivalent distributions produced by Monte Carlo. The corrections were 
generally less than 1%, and Figures 30 and 31 present the E/p distributions 
of data and Monte Carlo for Ks --+ 27r0 and KL --+ 37r0 events. These distri
butions have a high-side tail resulting from Bremsstrahlung photons produced 
in the lead converter. This tail is well understood and well simulated with the 
Monte Carlo. 
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Figure 29: E /p distribution from calibration data for electrons and positrons. 
The mean is tuned to be 1.0 and the FWHM is 8%. 
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Figure 30: E /p distribution of data and Monte Carlo for Ks --+ 21r0 events. 
(The solid circles are Monte Carlo.) 
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Figure 31: E /p distribution of data and Monte Carlo for KL -+ 37r0 events. 
(The solid circles are Monte Carlo.) 

The photon nonlinearities were the same as for electrons, but the electron
photon gain difference had to be determined. This was done with 2'1r0 events by 
tuning the photon gains such that the upstream edge of the longitudinal decay 
vertex ( Z) distribution in the regenerator beam matched between Monte Carlo 
and data, and with 37r0 events for the downstream edge of the Z distribution. 
Recall that the energy scale and Z determination are coupled via Equation 
4.1. From these studies, the electron-photon difference was found to be 1.83. 
Checks of this were done by comparing reconstructed 'lro masses with and 
without the electron-positron pair in both 21r0 and 31r0 events. Also, there 
was a large sample of 1r0 's produced in the lead converter at the HDRA. These 
'sheet' 1r0 's satisfied a neutral mode trigger if they were accompanied by two 
charged tracks and proved very useful as a check on the neutral mode energy 
scale since they were produced at a known Z. Figure 32 shows the ( 'Y, 'Y) mass 
of identified sheet 1ro events using gains as determined above. 

Thus, there were many ways of calibrating the neutral mode energy scale
for the electrons, E /p distributions were studied for calibration, 21r0 and 37r0 

data; and for photons, Z distributions were studied for 21r0 and 37r0 data 
and the 'lro mass distribution was studied for sheet 7ro events. Each of these 
methods was capable of tuning the energy scale to agree with expectations to 
better than 0.13. The actual energy scale uncertainty was determined to be 
less than 0.23 from consistency between the different methods. There were 
five electron calibration runs taken, and each produced a set of block gains 
which were then corrected by using E/p measurements obtained with neutral 
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Figure 32: ('Y,-y) mass for identified sheet 7ro events. 

mode data. Between these runs, block gains were monitored with fl.asher 
data, and in general were found to change slowly and smoothly with time. 
A linear extrapolation of block gains between calibration runs was therefore 
used, except for blocks which were observed to have unusual changes (mostly 
due to high voltage changes or phototube replacements). The gains of such 
blocks were tracked with fl.asher data.. The resulting average energy resolution 
for the Lead Glass from neutral mode data was approximately 23 + 63/v'E 
for electrons. The photon resolution was somewhat worse due to fluctuations 
of the conversion point. 
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Chapter 5 

Data Collection 

The data described in this thesis were taken during the last eight weeks of the 
1985 fixed target run at the Fermilab Tevatron. The first few months of the 
run were used for completing the installation of the detector, bringing up the 
detector components and putting together the trigger logic, electronic readout, 
and data acquisition systems. This chapter discusses these systems after first 
describing the modes in which the experiment was run. 

5.1 Running Conditions 

The running conditions for the data taking are summarized in Figure 33. Most 
of the time was dedicated to measuring the KL(S)---+ 27r0 modes (neutral mode 
running), and this was interspersed with measuring the KL(S) ---+ 7r+7r- modes 
(charged mode running) and taking special runs to calibrate the Lead Glass. 
For charged and neutral data taking there were typically 1012 protons per spill 
on our Be target. For calibration running (see Section 4.3) the beam intensity 
was lowered to 2 x 1011 protons per spill on a 1/3 interaction length Cu target; 
the normal absorbers were removed and replaced with 1.2m of Be; and lmm of 
Cu was inserted into the neutral beams (essentially pure photon beams) 70m 
downstream of the target to convert photons to electron-positron pairs. 

5.2 Trigger Logic 

To detect a large number of CP violating decays, the detector had to run 
at high rates and a good trigger was needed to distinguish signal from back
ground. Fast scintillator signals from PA, RA4, V, T, DRAC, A, B, MUl and 
MU2 were discriminated to form NIM logic signals with which to form the 
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logic circuits (coincidence elements had logic signals lOns wide, while veto ele
ments had signals 20ns wide). For PA, RA4, V, T, DRAC, and MU2 we asked 
only whether any counter in these banks had a pulse height above that due to 
a minimum ionizing particle (MIP). For MUl, an analog sum was made of all 
its counter pulse heights and this was discriminated at 2x MIP; this counter 
bank was used to distinguish electromagnetic showers from hadronic showers 
in the Lead Glass. For the A and B banks the number of charged particles 
passing through them was determined from the number of counters hit, and 
the logic elements lA, 2A etc. were formed, which were true if the indicated 
number of counters (or more) were hit. In addition to these scintillator signals, 
the total energy in the Lead Glass (ET) and the product of the total energy 
with the second moment of the energy distribution ( ETE2 ) were also used in 
the trigger logic. 

The final trigger, which was formed from combinations of the logic elements 
described above, had its timing defined by the B Bank scintillator signals. (It 
was decided not to use the Tevatron rf signal for timing due to some difficulties 
experienced with this in earlier experiments. For the 1987-88 run, however, 
the experiment did use the rf signal to define the timing of all triggers.) For 
charged mode running, 2B defined the trigger timing while for neutral mode 
running, it was defined by lB. The timing therefore had variations with 
respect to the time of a particle traversing the B Bank due to the propagation 
speed of signals in scintillator. Corrections for this were made when converting 
time to distance in the Drift Chamber response and when converting charge 
to energy in the Lead Glass response. 

There were two levels of trigger logic. Level 1 was denoted by either 
Charged Trigger or Neutral Trigger; Level 2 was an abort trigger and was 
denoted by either Charged Aoort or Neutral Aoort. The Level 1 trigger was 
formed approximately 300ns after a particle passed through the B Bank scin
tillator, and it initiated the readout sequence. The Level 2 Abort came later 
and was used to abort the readout and reinitialize everything to be ready for 
the next event. The logic diagrams for the Charged, Neutral, and B · MU2 
triggers, with approximate timing of signals indicated, are shown in Figure 34. 
Details of the trigger and abort elements are left for Chapters 6 and 7, where 
the charged and neutral data samples are discussed. 

5.3 Electronic Readout 

The electronic readout of the detector components consisted of time to digital 
converters (TDC's), analog to digital converters (ADC's), latches and scalers. 
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The Drift Chambers used the LeCroy 4290 TDC system as discussed in Section 
3.1.2. LeCroy 2228 TDC's were used to measure the timing of lA, lB, V, and 
T with respect to the trigger. To measure the energy deposited in the VA's, 
MA, LGA, DRAC, DRAN, and MUl, LeCroy 2249 ADC's were used with a 
25ns gate derived from the trigger. The LeCroy 2280 ADC system was used 
to measure signals from the BA, the Adders and the Mass Box. A lOOns gate 
was used for these signals and the ADC's were operated in 12-bit mode. For 
the Lead Glass and the CA, the 2280 system was also used but in 15-bit mode 
and with a 250ns gate. All ADC channels were read out in this experiment 
and no pedestal subtraction was done online. The status of all counters (either 
on or off) was recorded with latches, where a counter was considered 'on' if it 
had a pulse height above MIP in a 25ns or 50ns gate formed from the trigger. 
(A 25ns gate was used for A, B, V, T, and MU2 signals; a 50ns gate was used 
for all others.) There was also a trigger latch word that recorded which type 
of event triggered the apparatus-eg. a charged event or a neutral event. 

The TDC's, ADC's, and latches were read out for every event. The scalers, 
which recorded the number of times a given logic element was true for an 
entire spill, were read out with the End of Spill (EOS) Pedestal events. So 
far only events due to Charged and Neutral triggers have been mentioned, 
but there were also Pedestal, Flasher, and B · MU2 triggers. Pedestal events 
were recorded between every spill, with a quiet detector (no beam), so that 
the pedestal (de-value) of each ADC channel was measured. During the spill, 
Xenon flasher events measured and monitored the Lead Glass gains. Also 
during the spill a set fraction of B · MU2 (prescaled B · MU2) triggers were 
recorded. This was a very loose muon trigger that was useful for monitoring 
performances of detector components. 

The digitization and readout of the detector signals required approximately 
5ms for neutral mode and 2.5 ms for charged mode, the difference resulting 
from not reading out any ADC's in charged mode. During this 'dead time' 
the detector was insensitive to any new triggers. For neutral mode running 
the trigger rate was ""1900/1012 protons on target and the resulting dead time 
was about 50%. The charged mode had a similar dead time, but the trigger 
rate was much higher-...... 6000/1012 protons on target. 

5.4 Data Acquisition 

A PDP-11 was used for the data acquisition computer and data was written 
onto 6250 bpi 9-track magnetic tapes. The Fermilab version of the Multi 

68 



Data Acquisition package was used to control readout from the Camac1 crates 
and interface it with the PDP-11. Multi also provided the online monitoring 
program, which was used to monitor counter rates and many distributions for 
the detector components-including hit Drift Chamber wires, hit Counters, 
Lead Glass Pedestals and Lead Glass Flasher responses. 

1Camac is a standard architecture with its own protocol for organizing modules (such as 
TDC's) and formatting the readout of these modules. 
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Chapter 6 

Charged Mode Data 

This chapter discusses the measurements of KL(S) -t 11'+11'-. The organization 
of the chapter follows the logical sequence of how the data was taken and then 
analyzed to isolate the signal. We start by discussing the hardware trigger 
that selected which events were recorded. The reconstruction of candidate 
KL(S) -t 11'+11'- events is then discussed, followed by a detailed look at the cuts 
employed to isolate the signal from the background. Finally, for completeness, 
the processing of the data to form Data Summary Tapes is presented. 

Before beginning, it is important to emphasize here that at all stages of the 
experiment, from the hardware trigger to the final event selection, the KL and 
Ks events were treated equally and at the same time. This was true for the 
charged mode data sample treated here, and for the neutral mode data sample 
treated in Chapter 7. In Section 2.3 we outlined the reasons for simultaneously 
measuring KL and Ks decays, and as one follows the discussion of the event 
sample and analysis, the importance of this should become clear. If we had not 
made a simultaneous measurement, each trigger requirement and each event 
selection criteria could have introduced a systematic error. 

6.1 Trigger 

A characteristic of a KL(S) decaying to 11'+11'- is that at the decay vertex a 
neutral particle disappears and two charged particles appear. The trigger was 
designed to select events with two charged tracks originating in the Decay 
Region, and Figure 35 shows such an event. The dashed line is the neutral 
kaon and at the vertex two charged pions appear from the vacuum. The 
scintillator planes at the HDRA, A and B Banks were used to trigger on 
a two charged track topology. In addition events with final state muons, 
electrons, or photons were suppressed. We give below a complete specification 
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of the elements employed in the charged trigger, followed by a discussion of 
the individual elements and their purpose. 

Charged Trigger = V · (AE ·AW· 3A) · (2B ·BE· BW · 3B) · 
RA4·B5·lllU2·DRAC 

Charged Abort = PA+ V A3 + V A4 

Events were required to have a charged particle entering the V counter at 
HDRA (V), thereby defining the end of the Decay Region. For KL -+ 7r+7r
and coherent Ks -+ 71"+71"- one expects in general to have 2 A Bank coun
ters fire. In addition, because of momentum conservation, these two counters 
should be on opposite sides of the beam from which the decay occurred. One 
counter from the east half of the A Bank and one counter from the west half 
were therefore required (AE ·AW· 3A). One also expects, again from momen
tum conservation, the signal to have in general one hit B counter on the east 
and one hit B counter on the west. The central B counters, BB and B23, were 
shared by both east and west, and the trigger required an east-west topology 
(2B ·BE· BW · 3B). 

To reject inelastically regenerated events with extra charged particle pro
duction, the fourth layer of the RA counters was used in veto (RA4) as dis
cussed in Section 2.2.2. This requirement also defined the start of the Decay 
Region for the regenerator beam. (The other three layers of RA counters were 
used in veto offiine.) 

TorejecttriggersfromKe3 (KL-+ 7r±e=i=v)andK7r3 (KL-+ 71"+71"-71"0 ; 7r0 -+ 
'Y'Y) we placed the Lead Curtain in front of the B Bank and looked for electro
magnetic showers in the Lead. Events with signals greater than 5x minimum 
ionizing in a single B counter (B5) were vetoed. To reject Kµ 3 (KL-+ 7r±µ=Fv) 
triggers, events with any counter in MU2 firing (MU2) were vetoed. Signals 
from the scintillator planes PA, DRAC, VA3 and VA4 were used to veto events 
(PA+ DRAG+ V A3 + V A4) with a charged track outside the acceptance of 
the detector. 

6.2 Event Reconstruction 

We want to determine the 4-momentum and invariant mass of a two track 
event, the decay vertex, and the beam from which the parent particle origi
nated. The 4-momentum and invariant mass, assuming both tracks are pions, 
are given by: 

;; +I>; 
(Pi+ p;-)2 
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Figure 35: Neutral kaon decaying to x+x-



Regenerator 

Figure 36: The kaon momentum vector is projected to the plane of the Re
generator to determine the beam of the parent particle. 

where ']i;,jj;' are the 4-momenta of the charged tracks. The decay vertex is 
determined from the intersection of the upstream track segments, and the de
termination of the beam of the parent particle is illustrated in Figure 36. The 
kaon momentum vector is projected to the plane of the Regenerator and the 
sign of the kaon's y position there determines the beam (vacuum or regenera
tor). 

Charged mode events were reconstructed from the Drift Chamber informa
tion. The track requirements were that there be two and only two :z: tracks, two 
and only two y tracks, and that there be no shared hits on tracks in either the 
:z: or y views. Before we discuss matching of the z and y views of tracks (there 
are two possible pairings), consider the scattering of a kaon at the Regenerator 
as illustrated in Figure 37. The quantity q2 = P 2 sin2 9, measures the square of 
the transverse momentum transfer in the scattering process. For kaons in the 
vacuum beam and for coherently regenerated kaons in the regenerator beam, 
q2 is zero. Miscorrelating the :z: and y views has the effect of introducing a 
finite q2, and so the pairing with the smallest q2 was chosen. 

The track momenta are determined from the bend angles of the tracks at 
the Analysis Magnet using Equation 3.2. Given the tracks and their momenta, 
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Figure 37: A kaon scatters at the Regenerator; the quantity q2 measures the 
square of the transverse momentum transfer. 
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Figure 38: Reconstructed transverse location of kaons at the regenerator plane 
for identified K-+ 7r+11"- events from the regenerator beam. 

the invariant mass, mK, can be reconstructed using Equation 6.2. From the 
track information the closest approach vector of the upstream track segments 
can be calculated, and the midpoint of this vector is taken to be the decay 
vertex. The kaon momentum vector, as calculated by Equation 6.1, can be 
projected through the decay vertex to the plane of the Regenerator to deter
mine which beam the kaon came from. For identified K-+ 11"+7r- events from 
the regenerator beam the kaon :z:, y position at the regenerator plane is shown 
in Figure 38. The crosstalk between beams is seen to be negligible. 

6.3 Event Selection 

Figure 39 shows the raw mass distribution for candidate KL -+ 11"+1r- decays. 
This is the invariant ( 7r, 7r) mass of reconstructed 2-track events which come 
from the vacuum beam. Figure 40 shows a similar plot for 2-track events which 
come from the regenerator beam. Note that there is very little background for 
the regenerator events, while there is substantial background for the vacuum 
events. In fact, most of the triggers in the vacuum beam are due to background 
processes. The broad distribution below the K 0 mass peak is due to K e3 , K µ 3 , 

and K 7r3 , and there is some additional background due to lambda decays as 
well as neutron interactions in the Lead Mask and the V counter. The edge at 
360 MeV in Figure 39 is from kinematics of KL-+ 7r+7r-7ro decays (360 MeV 
:::::: K 0 mass - 7r0 mass). 

To isolate the K -+ 11"+7r- signal from the background a number of cuts were 

75 



•10 J 

4. 

.. 3.5 
() 

~ 
41 

3. 
::E 
0 2.5 
..... 
........ 2 . 

(/) ..., 
1.5 c 

41 
> 

UJ 
1. 

0.5 

0. 
0.2 0.3 0.4 0.5 0.6 0.7 

Moss ( GeV / c2
) 

Figure 39: Invariant ( 71', 71') mass of candidate K --. 71'+71'- events from the 
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Table 7: Charged mode signal losses due to reconstruction criteria 

Charged Mode Cut 
A Rejection 

Scattering Angle of Kaon 
at Regenerator ( q2

) 

K 0 Mass 

Signal Loss 
0.23 

0.13 
1.03 

made. These cuts are described below and Table 7 shows the resulting signal 
losses as determined by Monte Carlo. (Losses due to geometrical acceptance 
and accidentals are not included.) 

6.3.1 Aperture Cuts 

There were aperture cuts made at five planes. The first was the Pb Curtain in 
front of the B Bank, which had two holes cut in it for the beams to pass. There 
was no electron identification in the region of the holes, and so a software cut 
requiring tracks to project within an aperture lcm larger than the size of the 
holes was made to reduce background from Ke3 decays. Also, we would have 
had to understand the effect of charged pions showering in lead if we had 
allowed tracks in the hole region. The MU2 counter bank had an aperture of 
2.4m x 2.4m, but a software cut of lzl < 0.80m, IYI < 1.lOm was made for the 
charged tracks projected to this plane to reduce background from Kµ3 decays. 
In addition, for assuring an understanding of the geometrical acceptance of 
the detector with the Monte Carlo, a software requirement was made that the 
tracks be lcm inside of the following apertures: Vacuum Window, A Bank, 
and LGA. 

6.3.2 K µ 3 Rejection 

Each track energy was required to be greater than 10 GeV. This reduced 
background from Kµ 3 decays where the muon had low energy and ranged out 
in the muon filter (3.2m of iron). Even though MU2 was in veto in the trigger 
it was found that the background could be significantly reduced by cutting on 
MU2 latches ofHine. This was due to a looser timing for the latches than for 
the trigger logic. 
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Figure 41: Lambda energy distribution for identified lambda decays in the 
vacuum beam 

6.3.3 Lambda Rejection 

Lambdas were produced at the production target and at the Regenerator, and 
their decays, A -+ p7r-(A -+ p7r+), were a potential source of background. 
The lambdas produced at the Regenerator did not pose a problem; in fact, no 
significant number of them ( << 0.1% of signal) could be identified from this 
source after applying all cuts. The lambdas produced at the target mostly 
decayed upstream (CT= 7.9cm) and only very high energy lambdas survived 
as far as the Decay Region. For these lambdas the proton assumes most of the 
energy in the lab frame. To eliminate them the higher momentum track was 
assigned to be a proton, and events were cut if both the (p,7r) invariant mass 
was within 10 MeV /c2 of the lambda mass and the lambda energy was greater 
than 130 GeV. Figure 41 shows the lambda energy distribution for identified 
lambda decays in the vacuum beam. 

6.3.4 Inelastic Ks Rejection 

As described in Section 2.2.2 the Regenerator was segmented longitudinally 
and had four planes of scintillator for identifying charged particles. Only the 
fourth layer was employed in the trigger to reject inelastically regenerated Ks 
events. A further factor of 5 reduction was achieved in the inelastic background 
by cutting events when any RA scintillator fired. 
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Figure 42: q2 distribution of identified K -+ 11"+11"- events from the vacuum 
beam. 

6.3.5 Kinematic Cuts on q2 and mx 

The kinematic quantities which were used to make a final identification of 
KL(S) -+ 11"+11"- events were q2 and mx. Figure 42 shows the q2 distribution 
for vacuum events after all other cuts, and Figure 43 shows the same distribu
tion for regenerator events. We cut at 250 (MeV /c)2 in this variable. Figure 44 
shows the reconstructed K 0 mass for identified K-+ 11"+11"- events from the vac
uum beam, and Figure 45 shows a similar plot for events from the regenerator 
beam. A cut was made at ± 14 MeV /c2 about the K0 mass. 

It is useful to make a few remarks on resolution at this point. Note that 
in the limit of perfect chamber resolution and no multiple scattering of the 
charged pions, one expects a delta function in the mass distribution at the K 0 

mass and a delta function in the q2 distribution at 0. The resolutions actually 
measured were u = 3.6 Me V in mx and u = 40 {Me V / c )2 in q2

• These had 
roughly equal contributions from chamber resolution and multiple scattering 
(scattering in the V counter and in the A Bank in particular). The cuts on 
q2 and mx were therefore quite loose, but were sufficient to reduce the back
grounds to a manageable level. With these cuts the background in the vacuum 
beam was approximately 1.2% (due to residual K µ3 and neutron interactions), 
and approximately 0.3% in the regenerator beam (due to diffractive and in
elastic regeneration) . The shapes of the background distributions and the 
background subtractions will be treated in detail in Chapter 8. 
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Figure 43: q2 distribution of identified K -+ 11'+11'- events from the regenerator 
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6.4 Data Sets 

This analysis used 3 charged data sets, each consisting of approximately 1 day's 
running time and spaced throughout the neutral running period as shown in 
Figure 33. The first data set was taken with the BM109 bending magnet1 on, 
limiting us to only consider data downstream of the Pb Mask for this data set. 
The last two data sets were taken with the BM109 off which allowed use of 
decays upstream of the Pb Mask. 

6.5 Data Summary Tapes 

The three charged mode data sets consisted of 40 data tapes, and two levels 
of DST's were made from these. The first level preserved the raw data format 
while making the following cuts: 

• Regenerator and Absorber in same beam 

• No RA counters firing 

• 2 and only 2 :z: tracks; 2 and only 2 y tracks. 

• Track energies greater than 5 Ge V 

1This is the magnet at Z = 115m in Figure 5. 
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• longitudinal decay vertex between 90 and 150m from the target 

• K energy between 15 and 200 Ge V 

• ( 7r, 7r) mass between 400 and 600 Me V / c2 

This achieved a compression of,.., 7:1. The second level of DST's had a com
pressed data format and made the following additional cuts: 

• Track energies greater than 10 Ge V 

• Aperture Cuts as described above 

• Lambda cut as described above 

• No MU2 counters firing 

For each event the following information was written out: 

• run number 

• Regenerator position 

• hit A, B counters 

• fitted track parameters 

• for Monte Carlo events-true (generated) kaon energy and decay vertex, 
and absorber scattering 

The additional Monte Carlo information was added to understand resolutions 
and reconstruction biases. (The Monte Carlo is described in detail in Chapter 
9.) With respect to absorber scattering, in approximately 10% of events which 
pass all cuts the kaon has scattered once in the upstream absorbers. To un
derstand this effect we kept track in Monte Carlo events of whether the kaon 
scattered in any of the three absorbers. 

The second level DST's allowed each of the 3 charged data sets to be 
contained in a single disk file. Monte Carlo events went only through the 
second level DST process. 
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Chapter 7 

Neutral Mode Data 

This chapter discusses the measurements of KL(S) -+ 7r07r0 • The design and 
implementation of the trigger is discussed followed by a detailed treatment of 
the event reconstruction. This reconstruction is significantly more complicated 
than in charged mode and there are many subtleties in extracting and opti
mizing information from the Lead Glass to aid in identifying clean samples of 
KL(S) -+ 7ro7ro. The cuts imposed on the data to eliminate background sources 
are discussed, and finally a summary of how the data was processed to form 
Data Summary Tapes is given. 

7.1 Trigger 

The neutral mode trigger was designed to select K -+ 7ro7ro decays, where the 
final state consisted of 3 photons and an e+ e- pair (the pair having resulted 
from a photon conversion in the Lead Converter at the HDRA). The topology 
for a typical event is shown in Figure 46. 

The electrons and photons deposited all their energy in the Lead Glass so 
that the total energy measured by the Glass, ET, measured the kaon energy. 
The trigger required ET greater than 30 GeV (ET). 

Events with hadrons or muons were suppressed by using the MUl and MU2 
counter banks. Muon rejection was achieved by vetoing events when any MU2 
counter fired (MU2). Hadron rejection was achieved by using an analog sum 
of the MUl counter pulse heights to distinguish events with only electrons and 
photons from those with hadrons. Events with greater than twice minimum 
ionizing pulse height in MUl (MUl) were vetoed. (This trigger requirement 
was not used in the early part of the run and was implemented after studies 
showed it would reduce the trigger rate by 303 with no loss of signal.) 

A powerful part of the trigger required a two-track topology consistent 
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Figure 46: A kaon decays to two neutral pions, which subsequently decay 
to two photons. One photon converts at the Pb plane in the HORA 
to an electron-positron pair; this pair is opened up by the 
Separator Magnet and reconverged at the Lead Glass with 
the Analysis Magnet. 
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with a photon conversion at the HDRA. No signal in the V counter together 
with a signal in the T counter (V · T) was the signature for the appearance 
of a charged particle at the Lead Converter between these two scintillator 
planes. This trigger requirement also defined the end of the Decay Region. 
The electron and positron were produced at very small angles with respect to 
the initial photon direction. They received equal and opposite PT kicks from 
the Separator Magnet producing two well separated tracks at the A Bank, 
where two A counters were required to fire (2A · 3A). The Analysis Magnet 
reconverged the e+ e- pair at the Lead Glass, so that at the B Bank there were 
two reconverging tracks. One or two B counters were demanded in the trigger 
(lB · 3B). 

To reject inelastically regenerated events RA4 was used in veto (RA4) as 
was done in charged mode, and again this defined the start of the Decay Region 
for the regenerator beam. PA and DRAC scintillators were used to reject 
events with charged particles from upstream of the HDRA (PA· DRAG). 

The final trigger requirement, but an important one which reduced the 
trigger rate from 3000/spill to 1900/spill, was a fast mass calculation performed 
by the Mass Box. The Adder signals were used as input to the Mass Box 
which did a fast calculation of ETE2, and an event was aborted if ETE2 < 
375 GeV2m2 • Recall from Equation 4.1 that the invariant mass of a particle 
decaying into photons is given by 

2 ETE2 
m =Z2 

At the end of the Decay Region Z ~ 43m and the abort corresponded to a 
mass cut of 450 MeV /c2• For decays further upstream, the mass cut was lower. 

This completes the discussion of the elements of the neutral mode trigger, 
which can be summarized as follows: 

Neutral Trigger - (V · T) · (2A · M) · (lB · 3B) ·ET· 

PA·RA4·DRAC·MU2·MU1 
Neutral Abort = ETE2 

7 .2 Event Reconstruction 

The topology for a K -+ 2?r0 event consists of 5 particles -3 photons and 
an electron-positron pair-depositing all of their energy in the Lead Glass. 
Reconstructing an event involves determining the invariant mass, mx, of the 
decay products as well as the decay vertex and the beam from which the kaon 
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originates. To do this requires first obtaining the energies and positions of the 
electrons and photons. From these measurements the decay kinematics can 
then be reconstructed. 

7.2.1 Electron And Photon Measurements 

The electron energies, photon energies and photon positions were measured 
from the Lead Glass information, while the electron positions were determined 
from the Drift Chambers. This section discusses in detail the reconstruction 
of these quantities and some of the early stages of the event selection. 

The first stage of reconstructing an event was to find clusters of energy in 
the Lead Glass and to determine the energies and positions of these clusters 
(see Section 4.2). For the 27r0 analysis, events with fewer than 4 clusters were 
rejected at this stage. Tracks in the Drift Chambers were then reconstructed 
and a two track topology was required. Single tracks were allowed in the 
y-view, however, since the tracks were only separated in this view due to 
multiple scattering. Distinct tracks were not allowed to share hits except for 
y-view hits in Chambers 1 and 2 (tracks with little separation) and :z:-view 
hits in Chamber 4 (reconverging tracks). Events with more than 4 :z: tracks 
or more than 9 y tracks were eliminated at this stage. Some extra tracks 
were allowed due to the procedure of allowing shared hits and to not reject 
events with an accidental track. Events with more than two z tracks or more 
than one y track were carefully analyzed to choose the tracks that were best 
candidates for an e+e- pair. If more than two :z: tracks were found, the two :z: 
tracks which converged best at the Lead Glass were chosen. If more than one 
y track was found, y tracks were required to project within 5cm of clusters 
that also had z tracks projecting within 5cm of them. Tracks not projecting 
to clusters but consistent with going down a beam hole were allowed at this 
stage. If greater than 2 y tracks still remained, the 2 y tracks which had the 
smallest separation at the Lead Glass were chosen. 

The next stage of the analysis was to correlate the z and y views of the 
tracks and to associate tracks with clusters. All combinations of track corre
lations were tried (either 2 or 4) and a track was said to match a cluster if 
it projected within 5cm of the center of a cluster. If there were 2 y tracks, 
the correlation was decided by which one had the greater number of matched 
clusters. If this did not work, the one which had the smallest residual of 
(track projection - cluster center) was chosen. Once the track correlation was 
complete, the clusters were identified as either electron or photon candidates. 
Candidate electron clusters were required to match with 1 or 2 tracks, and 
the number of such clusters was assigned to the variable NGCLUS. Candidate 

86 



photon clusters were required to not match any tracks and to have an energy 
greater than 2 Ge V. The number of such photon clusters was assigned to the 
variable NEXCL. Only events with NGCLUS=l or 2 (2 clusters were allowed 
so as to keep events with an imperfectly reconverged e+ e- pair) and NEXCL=3 
were kept for further 21r0 analysis. In addition, events were rejected if a track 
did not match a cluster and was consistent with going through one of the Lead 
Glass holes. 

At this stage energy corrections were applied to the electrons and photons 
because ofi) cluster overlaps, ii) overlapping electrons on NGCLUS=l events, 
iii) missing blocks in clusters iv) trigger timing variations and v) nonlinear 
response of the Lead Glass. 

i) Since clusters consist of a 3x3 array of Lead Glass blocks, it can happen 
that 2 clusters overlap by 1, 2 or 3 blocks. Recall that 2 clusters must have 
a minimum between them and so cannot overlap by more than 3 blocks. The 
energy of a cluster is the sum of its 3x3 array and so blocks which are shared 
by two clusters have their energy double counted. A procedure was therefore 
applied to correct this and partition an overlapping block's energy between 
the two competing clusters. The procedure was to partition it according to 
the relative energies of the clusters when not including the overlapping blocks. 
The cluster centers were then recomputed. 

ii) For NGCLUS=l events, a 5x5 sum was used rather than 3x3 to get a bet
ter measurement of the e+e- cluster. If any of the outer 16 blocks overlapped 
another cluster they were not included. This electron cluster was 'fatter' than 
a normal cluster since there were two electrons which were not perfectly con
verged. Additionally, there could be a bremsstrahlung photon (produced in 
the Lead Converter) of significant energy present as well. The 5x5 energy sum 
was then scaled down by 2% to reflect that the energy calibration of the Glass 
was done using 3x3 clusters, which contained 98% (on average) of the shower 
energy. 

iii) Clusters which were centered on pipe blocks or were on the outer edge 
of the array had missing blocks and therefore required energy corrections for 
this. For pipe block clusters, the correction was 0.54% if one block was missing 
and 1.67% if two blocks were missing. 

iv) The Lead Glass response had an 0.4%/ns signal energy dependence 
on the trailing edge of the ADC gate. The neutral mode trigger timing was 
defined by the lB timing and hence by the track nearest to a B Bank photo
tube. A propagation speed of 20cm/ns for light signals was assumed in the B 
Bank scintillator to calculate the trigger timing correction to the Lead Glass 
response. 

v) The nature of the nonlinear Lead Glass response for electrons and pho-
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tons was discussed earlier in Section 4.3. The nonlinearity correction applied 
was given by E = E!, where Em is the measured energy using the Glass gains 
at 1 Ge V and assuming a linear response, and E takes into account the nonlin
earity. This correction was described in detail in Section 4.3 and a description 
of the exponent B can be found there. For NGCLUS=l events, the electron 
energy correction was applied to the individual electron energies rather than 
their sum. 

One final correction was made before reconstructing the decay kinematics 
and that was to take the position of the electron cluster from the track in
formation rather than from the Lead Glass information. Each track gave an 
independent estimate of the impact point of the pseudophoton trajectory
the pseudophoton being that photon which converted to an e+e- pair. The 
positions from each track were weighted proportionate to their (momentum)2 

which is the optimal weighting if one considers the multiple scattering effects. 

7 .2.2 Decay Kinematics 

Given the energies and positions of the electrons and photons, one can recon
struct the decay vertex, mass and q2 for K--+ 2?r0 or K--+ 3?r0 events. Each 
of the ?r0 's from these events undergoes a fast electromagnetic decay to 2 pho
tons, and it was shown in Section 4.1 that for a particle of mass m decaying 
to n photons, 

m 2 = ! ~ EiE!rl; (7.l) 
2 iT=t z 

This relation was used for the ?ro decay to determine the longitudinal decay 
vertex, Z, in meters from the Lead Glass. For a 2?r0 decay there are 4 clusters in 
the Lead Glass and 3 possibilities for pairing the clusters such that each cluster 
is associated with a ?ro (there are 15 distinct ways to pair clusters in a 3?r0 

event). This is illustrated in Figure 4 7. For each pairing Z was calculated using 
Equation 7.1 and the uncertainty in Z (uz) was determined by propagating 
the rms uncertainties in the energy and position measurements. Each pairing 
possibility gave two Z measurements from which a weighted average (AVZ) 
was taken: 

AVZ = Z1/ut + Z2/ui2 

l/ui1 + l/ui2 

The consistency of the pairing correctly describing a K --+ 2?r0 decay was 
measured by x2 , where 

2 (AVZ - Z1)2 (AVZ - Z2) 2 
x = 2 + 2 

uz1 uz2 
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The correct pairing was chosen to be that with the lowest x2 and this de
termined Z. The transverse vertex of the decay was found with the aid of 
tracking information for the e+e- pair. The center of energy of the pair was 
calculated at Chambers 1 and 4, and these two points formed a vector which 
was projected to the Z of the decay, thereby determining the z and y decay 
vertices. Typical resolutions for the decay vertex were 1.lm in Z, 7mm in z 
and lOmm in y. 

Given Z, the mass of the parent particle was computed using all 4 clusters, 

2 1 fu4 
EiE;rl; 

mK = - z2 2. 
'•'= 

The kaon trajectory was given by the vector that joined the decay vertex and 
the center of energy in the Lead Glass, where the center of energy is calculated 
from weighting the cluster positions by their energies: 

ZCE 
_ }:iziEi 

1:iEi 
}:iYiEi 
}:iEi 

YCE = 
As in charged mode, the kaon momentum vector was projected to the plane 
of the Regenerator to determine which beam the parent came from. Figure 48 
shows the reconstructed transverse position at the regenerator plane for Ks -+ 
27r0 events after all cuts. The q2 calculation was again done the same as in 
charged mode by measuring the angle of the momentum vector of the kaon to 
the vector formed by the target and decay vertex. 

7 .3 Event Selection 

Figure 49 shows the invariant mass distribution for candidate K -+ 27r0 de
cays from the vacuum beam. Included in this sample are events satisfying 
NGCLUS=l or 2, NEXCL=3, 2 z tracks, 1 or 2 y tracks, and decay vertex 
in the vacuum beam. Figure 50 shows a similar distribution for events recon
structing in the regenerator beam. As in the charged mode, the regenerator 
beam events are quite free of background while there is considerable back
ground for the vacuum events. Here the principle source of background comes 
from KL -+ 3?r0 decays where two photons either miss the Lead Glass or fuse 
there with other photons. To isolate the K 0 -+ 2?r0 signal from the background 
a number of cuts were made which are described below. Table 8 shows how 
much signal was lost by these cuts as determined by Monte Carlo. Losses due 
to geometrical acceptance and accidentals are not included. 
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Figure 47: There are three possibilities for pairing photons to determine the 
longitudinal decay vertex in a K -+ 27r0 event. The pairing that gives the 
most consistent Z determines the pairing. 
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Figure 48: Transverse location of kaons at the Regenerator for identified 27r0 

events from the regenerator beam 
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Figure 49: Invariant mass of candidate K -+ 27r0 events from the vacuum 
beam 
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Figure 50: Invariant mass of candidate K -+ 27r0 events from the regenerator 
beam 

Table 8: Neutral mode signal losses due to reconstruction criteria 

Neutral Mode Cut 
Hadron Rejection (SEP2) 

Fusion Rejection for Electrons 
Fusion Rejection for Photons 

x2 < 4 
q2 < 4000 (MeV /c)2 

480 < mK < 520 MeV/c2 
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Amount of Signal Lost 
2.5 0 

2.5% 
0.1% 
3.7% 
9.6% 
2.1% 



7.3.1 Aperture Cuts 

For assuring an understanding of the geometrical acceptance of the charged 
tracks with the Monte Carlo, a software requirement was made that the 
charged tracks be lcm inside of the following apertures: vacuum window, 
A Bank, and B Bank. One other important aperture cut concerned the holes 
in the Lead Glass. This was a crucial region in which to understand the accep
tance and use was made of the Collar Anti to facilitate this (see Section 2.2.5 
and CA diagram in Figure 16). Events which had greater than a 5x minimum 
ionizing signal in any CA counter were rejected. This effectively vetoed all 
electrons hitting the CA and all photons which converted in its 3 radiation 
lengths of copper. 

7 .3.2 Hadron Rejection 

A measure of how well the tracks reconverge at the Lead Glass is given by the 
variable SEP2, 

SEP2 = (z1 - z2)
2 + (Yt - Y2)

2 

1/p~ + 1/p~ 
where (x,y) are the coordinates of a track at the Lead Glass. Note that tracks 
associated with hadrons are not expected to converge at the Lead Glass and 
therefore have a large SEP2. The SEP2 distribution for Ks -+ 27r0 decays is 
shown in Figure 51, and the analysis required SEP2 < 0.2. 

7 .3.3 Inelastic Ks Rejection 

Similar to charged mode running, RA4 was the only regenerator plane em
ployed as a veto in the trigger to reduce inelastically regenerated Ks events. 
Thus we made a software requirement that no RA counter in any of the four 
layers fired to further reduce this background. 

7 .3.4 Eliminating Accidental Clusters 

The ADC gate for the Adders was lOOns compared to 250ns for the Lead 
Glass, so that Adders were less sensitive to accidentals. Adders were therefore 
required to see at least 80% of the energy of clusters whose center was in that 
Adder. Only cluster blocks who were in the appropriate Adder were included 
for this calculation of the cluster energy. This helped save events with an extra 
out of time cluster. 
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Figure 51: SEP2 distribution for identified K-+ 27r0 events from the regen
erator beam 

7 .3.5 Fusion Recognition for Electron Clusters 

F RAG was defined to be the ratio E / P for the e+ e- pair, where E was the 
energy measured by the Lead Glass and P was the sum of track momenta 
measured by the Drift Chambers. The F RAG distribution for Ks -+ 27r0 

events was shown earlier in Figure 30. The high side tail is due to events with 
a large energy bremsstrahlung photon produced at the Lead Converter in the 
HDRA. Because the e+e- pair was reconverged on top of the impact point of 
the pseudophoton at the Lead Glass, the Lead Glass also measured the energy 
of brem photons which were not seen by the chambers. A large F RAG also 
occurred if a photon fused (ie. landed close enough to the electron cluster so as 
to be unresolved by the cluster finder) with the electron cluster. FRAG was 
therefore a useful variable in identifying background from KL -+ 37r0 events 
where there was a fusion of 1 photon with the e+ e- cluster. A cut requiring 
F RAG less than 1.5 was made. 

7.3.6 Fusion Recognition for Photon Clusters 

To reduce background from KL -+ 37r0 decays where 2 photons fused into 1 
photon cluster, we made a cut to eliminate 'diagonal clusters'. Figure 52 below 
illustrates a typical example. The cut applied was the following: if 
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Figure 52: A plot of the block energies (in Ge V) in one section of the Lead 
Glass. The fusion of two photons here is recognized as one cluster by the 
cluster finder. It can be identified as a fusion, however, because a corner block 
(in a 3x3 cluster about the block with ma.ximum energy) has greater energy 
than its side block neighbours. 

• a corner block had greater energy than each of its neighboring side blocks, 
and 

• this comer block energy was greater than 1 Ge V, and 

• this corner block was not an overlapping block between 2 clusters 

then the event was cut. 

7.3.7 Photon Vetoes 

The detector had a large number of counters whose purpose was to recognize 
photons that missed the Lead Glass array, and thereby reduce background from 
31r0 events. The following planes were found to be useful in distinguishing the 
signal from the background and were used in the analysis: CA, BA, VA3 and 
DRAN. 
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The Collar Anti was previously mentioned as being very important for 
understanding the acceptance. Additionally, it served as an important photon 
veto. The BA had 3 longitudinal layers with horizontal and vertical counters 
in each layer, and was useful for vetoing photons with energy greater than 5 
Ge V. The sum of the ADC signals from the vertical counters was used to form 
EBA1, EBAII, EBAIIr for each layer. We defined EBA = EBA1 + EBA11 
and EBAR = EBAIIr/EBA. Events that had EBA>5 GeV and EBAR<0.2 
were cut, where EBAR was used to distinguish electromagnetic energy in BA 
from hadronic energy so as not to veto events with an accidental neutron 
interaction. For VA3 and DRAN, events were rejected when any counter in 
these two banks had an ADC signal larger than 0.8x minimum ionizing. 

7.3.8 Charged Particle Vetoes 

Events in which a scintillator fired in VA2 or VA4 were cut. These scintillators 
were for charged particle identification, yet cutting on them improved the 
signal to background for the vacuum events. Whether this was due to charged 
particles from wide angle photons converting upstream was not clear. 

7.3.9 e+e- ,"'( Energies 

The final stage of analysis required the e+e- energy as measured by the Lead 
Glass to be greater than 1 Ge V. Also, photon energies were required to be 
greater than 2.5 GeV. These cuts were imposed to reduce the sensitivity to 
using preliminary calibration constants at early stages of the analysis. Recall 
that 0.5 GeV had been required for electron clusters and 2 GeV for photon 
clusters. 

7.3.10 Longitudinal Decay Vertex 

The Z distribution for identified K --+ 27r0 events from the vacuum beam is 
shown in Figure 53, and a similar distribution for events from the regenerator 
beam is shown in Figure 54. We required Z < 141m, which is more than 
3m downstream of the HDRA (the resolution on Z was l.lm). No upstream 
Z cut was made-the acceptance there was choked off quickly by the Lead 
Mask. Since the Z for 37r0 events misreconstructing as 27r0 events is shifted 
downstream due to missing energy, this cut helped reduce the 37r0 background. 
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Figure 53: Reconstructed longitudinal decay vertex of identified K -+ 27r0 

events from the vacuum beam 
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Figure 54: Reconstructed longitudinal decay vertex of identified K -+ 27r0 

events from the regenerator beam 
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Figure 55: x2 distribution for identified K -+ 27r0 events from the regenerator 
beam 

7.3.11 Kinematic Cuts on x2 , q2, and mx 

Finally, cuts were imposed on the kinematic quantities x2 , q2, and mx to 
isolate the signal. The x2 and q2. distributions for identified K -+ 27r0 events 
from the regenerator beam are shown in Figures 55 and 56. The cuts applied 
were x2 < 4 and q2 < 4000 MeV2 • Note that the q2 resolution was much 
worse than in charged mode and a much looser cut was made. The inelastic 
and diffractive backgrounds were therefore much worse-approximately 33 
compared to 0.33 in charged mode. The K -+ 27r0 mass plot for vacuum 
events is shown in Figure 57 after all cuts. A similar plot for regenerator beam 
events is shown in Figure 58. We cut at ±20 MeV (3.3 sigma) about the K 0 

mass, leaving a background subtraction of 1.53 to make for the KL mode. The 
background shapes and background subtractions will be discussed in Chapter 
8. 

7.4 Data Summary Tapes 

Approximately 500 data tapes were analyzed to obtain the neutral mode data 
sample. For candidate 27r0 events three levels of DST's were produced. DST's 
were also produced for candidate KL-+ 37r0 , KL-+ 'Y'Y and sheet 7ro events.1 

1Sheet 1ro events are described in Section 4.3. 
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Figure 57: Invariant mass of identified K -+ 2?r0 events from the vacuum beam 
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Figure 58: lnvaria.nt mass of identified K --+ 27r0 events from the regenerator 
beam 

7.4.1 First Level DST's 

The first level of summary tapes produced separate DST's for K 0 --+ 27r0 

a.nd K 0 --+ 37r0 candidates. A third type of DST was produced for candidate 
K 0 --+ 'Y'Y and sheet 7ro events. The following cuts were made for the K 0 

---. 27r0 

sample: 

• Regenerator and Absorber in same beam 

• BA cut as described above 

• Adder ratio cut as described above to eliminate accidental clusters 

• 2 z tracks and 1 or 2 y tracks 

• SEP2 < 0.2 

• no tracks down beam hole in Lead Glass 

• NGCLUS = 1 or 2 

• NEXCL = 3 

For the K 0 --+ 37r0 sample, the same cuts were applied except: 

• NEXCL = 5 
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• no BA cut was applied 

The candidate K 0 -+ 'Y'Y events had the same cuts as the 37r0 candidates, 
except NEXCL=l was required. The candidate sheet 7ro events passed the 
following cuts: 

• Regenerator and Absorber in same beam 

• Adder ratio cut as described above to eliminate accidental clusters 

• 2 z and 1 or 2 y tracks 

• SEP2 > 0.2 

• NGCLUS=2 

• NEXCL=2 

In addition to the above cuts, the data was compressed in the following manner. 
A sparse readout of the Lead Glass and Adders was done. The Adders were 
required to have more than 10 counts above pedestal. All Glass blocks in a 5x5 
array around the center of each of (NGCLUS + NEXCL) clusters were saved. 
Information from the ADC's of VAl, VA2, VA3, VA4, DRAN, MA, LGA, and 
BA was compressed and converted to an energy signal for each counter. Adder 
and MUl ADC's had their pedestals subtracted. All raw latch information, 
TDC information and Drift Chamber information was written out. One Lead 
Glass pedestal per spill was written out. It was an average of all good pedestals 
in that spill and was computed to 0.1 counts (:::::: 0.3 MeV). 

The above cuts and data compression yielded 10 K 0 -+ 27r0 DST's, 12 
K 0 -+ 37r0 DST's, and 10 K 0 -+ 'Y'Y, sheet 7ro DST's. (One DST was a 2400 
foot 6250 bpi tape.) 

7.4.2 Second and Third Level DST's 

Second level DST's were produced for the 27r0 and 37r0 data samples. A more 
compressed data format was used and the following additional cuts were made: 

• BA, VA3 and DRAN photon veto cuts 

• VA2 and VA4 charged particle cuts 

• RA latch cut for rejecting inelastics 

The information saved for the second level DST's consisted of: 
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• run number 

• Regenerator position 

• NGCLUS, NEXCL 

•EBA, EBAR 

• latches 

• maximum energy in a CA counter 

• diagonal cluster information for photon fusion identification 

• fitted track parameters 

• cluster energies and positions 

• for Monte Carlo-true K energy and decay vertex, absorber scattering 

This produced 12 3?r0 files and 10 2?r0 files. For the 2?r0 sample a final set of 
cuts produced 1 disk file having the same format as the second level DST's. 
This third level DST required x2 < 10 and reconstructed K 0 mass between 
420 and 540 MeV /c2 • 

Monte Carlo events were generated with the same cuts and data format as 
the first level DST's. They subsequently went through the same analysis as 
data events. 

102 



Chapter 8 

Background Subtractions 

The previous two chapters have discussed in detail the data samples and the 
criteria for identifying KL(S) _. 2?r events. Two corrections need to be made 
before extracting le'/el-the remnant background in each mode must be de
termined and subtracted, and a correction must be made for the relative ac
ceptance differences between vacuum and regenerator events. This chapter 
shall discuss the backgrounds for each mode-the sources of background and 
their kinematic distributions, and the resulting uncertainties in the background 
subtractions. 

We shall first discuss the backgrounds for the regenerator events for both 
charged and neutral modes, where the common source of background is from 
diffractive and inelastic regeneration. The semileptonic and neutron back
grounds will then be treated for the KL _. ?r+?r- mode. Finally, we shall 
discuss the background to the KL _. 2?r0 data sample, where a good under
standing of the nature of 3?r0 events which fake 2?r0 events is required. 

8.1 Diffractive and Inelastic Backgrounds 

The characteristics of regeneration are described in the Appendix. Here we 
want to determine the relative amounts of the coherent, diffractive and inelastic 
signals that are present in the regenerator beam data. The diffractive and 
inelastic signals are treated as background to the coherent signal, which is 
used for the le'/ el calculation. These signals are most easily understood in the 
distribution of the variable q2 , and the charged mode is examined first since its 
q2 resolution ( 40 (Me V / c )2 rms) is excellent. Recall the q2 distribution for the 
regenerator beam events shown in Figure 43. The coherent peak at q2 = 0 is 
clear. Above 20,000 (MeV /c)2 the data is dominated by inelastics, while below 
that there is a mixture of diffractive and inelastic data. Before proceeding, we 
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point out that with the requirement of q2 < 250 (Me V / c )2 the background is 
only 0.3%. It was therefore not necessary to do any more than draw a smooth 
line through the q2 data points above 700 (Me V / c )2 and extrapolate this to 
lower q2 to obtain an adequate background determination. The neutral mode, 
however, due to its worse resolution demanded a good understanding of the 
q2 distribution. 

The inelastics are quite uniformly distributed in q2; one expects the dis
tribution to be that for scattering from a single nucleon with the probability 
for scattering proportional to exp(-6q2) (see Appendix). The measured dis
tribution is slightly different from this, resulting from the q2 dependence of 
the acceptance. The distribution for diffractive scattering is more complicated 
and required a careful study to understand it. 

Single diffractive scattering is described by Equation A.1 where the 3 scat
tering processes are i) a KL scatters regenerating a Ks, ii) a KL coherently 
regenerates a Ks and scatters elastically, and iii) a KL scatters elastically. 
(The Appendix points out that the sum of processes i) and ii) is strongly sup
pressed by the choice of a 2 interaction length regenerator.) These 3 processes 
are coherent, since the scattering centers and scattering angles are the same, 
and it is important for understanding the q2 distribution of single scattered 
events to include the interference effects. For a regenerator of finite length mul
tiple scattering is also important and for a given order of scattering one should 
again include the interference effects, though they become less important for 
a large number of scatters. 

We simulated diffractive scattering in the Regenerator [30] and properly 
included the interference effects described above for both single and multiple 
scatters. The input to this simulation were the geometry, density and atomic 
number for each material in the Regenerator, and the scattering amplitudes 
of K 0 and K 0 as a. function of q2 for these. 

The results of the scattering simulation are shown in Figures 59 and 60. 
The distribution in Figure 60 has been fit to two exponentials in the region 
0 < q2 < 50,000 (MeV/c)2 • The resulting fit is superimposed on this plot and 
has the following form, 

~~ ex 0.648e-184.Tq
2 + 0.352e-2

6.1
7

11
2 

Consider again the q2 distribution for the 11"+11"- data. sample from the regen
erator beam. This is shown in Figures 61 and 62 with the following fit to the 
background superimposed: 

dN 
dq2 = lP1(0.648e-184.Tt + 0.352e-2&.1Tt) + p2e-6t]e-Pst (8.1) 
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Figure 59: Simulated q2 distribution for single scatters in the Regenerator. 
The contributions from the Lead and B4C are also shown separately. 

Here Pt and p2 give the relative amounts of the diffractive and inelastic compo
nents and e-Pst describes the q2 dependence of the acceptance. This function 
has been fit, in the region 2000 (Me V / c )2 < q2 < 100, 000 (Me V / c )2 , to the 
data in 10 GeV energy bins. We found p2/p1 = 0.312 and for the requirement 
of q2 < 250 (Me V / c )2 the background to the coherent signal was found to be 
0.31%. The systematic uncertainty in this was determined to be 0.04% from 
the rms errors in the fit parameters and from studies of fitting to different 
regions of q2 • (A large component of the background was due to diffractive 
scattering and in particular due to single scatters in the 1.27cm Pb pieces at 
the end of each of the four regenerator sections. One upgrade for the 1987-88 
running of this experiment was to remove the first three pieces of Pb leaving 
only the Pb in front of the RA4 scintillators. Preliminary analysis of this data 
indeed shows a reduction in the diffractive component in agreement with our 
calculations.) 

The background to the coherent regenerator signal in the neutral mode, 
where the q2 resolution is a factor 25 worse, was determined next. This worse 
resolution made it difficult to unfold the coherent and diffractive signals, and 
so the charged mode determination of the relative amounts of these was used. 
(The ratio of the coherent and diffractive signals does not depend on which final 
state the kaon decays to.) With this constraint, the neutral q2 distribution was 
fit, in the region 20,000 < q2 < 100,000 (Me V / c )2, to the functional form in 
Equation 8.1; the results are presented in Table 9, and Figure 63 shows the data 
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Figure 60: Simulated q2 distribution for scattering (single and multiple) in the 
Regenerator. A fit to two exponentials is shown superimposed. 
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Figure 61: q2 distribution from 11"+11"- regenerated beam data with background 
fit superimposed 
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Figure 62: Same plot as Figure 61 in bin sizes of 1000 (MeV /c)2 for q2 
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Table 9: Energy dependence to diffractive and inelastic backgrounds for the 
regenerator beam K __. 7ro7ro data 

Kaon Energy (Ge V) % Diffractive and Inelastic Background 
40-50 3.20 
50-60 
60-70 
70-80 

80-100 
100-120 
120-160 

2.90 
2.80 
2.70 
3.07 
2.90 
2.52 

with the background fit superimposed. There were two important corrections 
to Equation 8.1 in arriving at these backgrounds. First, there was leakage 
of the signal into the region q2 > 20, 000 (Me V / c )2 where the fit was done, 
and second, the shape of the diffractive component was affected by resolution 
smearing. Without these two corrections the background was determined to 
be 3.42%. The signal leakage correction reduced this by (0.30 ± 0.10)% and 
the resolution smearing for the diffracted events reduced this by a further 
(0.18 ± 0.06)%. The final background was determined to be (2.94 ± 0.16)%, 
where the systematic error was dominated by uncertainties in these corrections. 
(There were smaller contributions from therms errors of the fit parameters and 
from fitting to different regions of q2 .) As a consistency check the charged mode 
background, with a q2 < 4000 (Me V / c )2 requirement, was also determined and 
it was found to be (2. 79 ± 0.08)%, in good agreement with the neutral mode. 
Note that one expects slight differences due to loss of signal in the neutral 
mode from resolution effects (thereby increasing the background) and use of 
more veto planes in neutral mode (thereby reducing the inelastic background). 

8.2 Semileptonic and Neutron Background 

The background in the KL __. 7r+7r- mode was due to residual semileptonic 
decays and neutron interactions in the Lead Mask and the V counter. Neutrons 
and kaons which scattered in the absorbers could hit the Lead Mask, and 
these neutrons produced a small but visible background which was calculated 
together with neutron background produced at the V plane. Kaon regeneration 
in the Lead Mask was also visible but at a very small level and no correction was 
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Figure 63: q2 distribution for neutral mode regenerator beam data with fit to 
background superimposed. The dashed line shows the diffraction contribution 
to the background. 
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applied. In the neutral mode with the requirement of q2 < 4000 (Me V / c )2 this 
contribution was less than 0.1% of the vacuum signal. Nor was a correction 
applied for the even smaller effect that some of the scattered kaons1 in the 
regenerator beam could miss the Regenerator. 

The background sources were most easily understood by their distributions 
in the reconstructed quantity, q2 • There were identified samples of K µa, Kea, 
and neutron interactions from our data taking and their q2 distributions are 
shown in Figures 64, 65 and 66. The Kea sample was taken from running 
without the Lead Curtain in front of the B Bank and requiring the same cuts as 
for the 7r+7r- sample. An additional requirement was made that one track have 
E / P > 0.8, consistent with being an electron, where E was the track energy 
measured with the Adders and P was the track momentum measured with the 
Drift Chambers. The K µa sample was also taken from running without the 
Lead Curtain and requiring all the normal cuts, except that the MU2 Bank 
was required to have at least one hit counter. The neutron sample was taken 
from the regular data sample with the usual cuts, except we required i) mx 
between 520 and 600 MeV /c2 and ii) longitudinal decay vertex within 0.25m 
of the Lead Mask. In addition to these data samples a Kµa Monte Carlo was 
also generated, and the q2 distribution for this is shown in Figure 67. The 
dominant source of background was from K µa and the agreement between the 
Monte Carlo and data for this gave us additional confidence in the background 
determination. 

The q2 distributions for neutron and Kea events were similar enough to 
cause confusion in untangling their relative contributions to the vacuum data 
background. To resolve this, the Z distribution for the vacuum data with 
the requirement 5000 (Me V / c )2 < q2 < lOOOO(Me V / c )2 was studied and is 
shown in Figure 68. Most events are seen to come from the Lead Mask and 
the HDRA, indicating that the neutron background is larger than the Kea 
background. 

To determine the overall amount of background in the KL-+ 7r+7r- sample, 
the q2 distribution was fit to two exponentials in the region 700 (MeV /c)2 < 
q2 < 10000 (MeV /c)2

, where the exponentials corresponded to the Kµa and 
neutron background sources. The steeper exponential was fixed to e-lOOOq2

, 

consistent with the distribution for the identified K µa sample, while the shal
low exponential slope was fitted for along with the relative amounts of each. 
The result of this is shown in Figure 69 where the data is shown overlayed 

1Seciions 9.2 and 10.1 discuss kaon scattering in the upstream absorbers. 
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Figure 64: q2 Distribution for identified K µ3 events from data 
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Figure 65: q2 distribution for identified K e3 events from data 
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Figure 66: q2 distribution for identified neutron events from data 
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Figure 67: q2 distribution for identified Kµ, 3 events from Monte Carlo 
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Figure 68: Longitudinal decay vertex distribution for vacuum beam 11"+1!"

candidates with 5000 (MeV/c)2 < q2 < 10000 (MeV/c)2 • 

with the following background fit: 

:~ = 164e-1oooq2 + 33.3e-113q1 

We find the backgrounds to be 1.053 from K µ3 , 0.183 from neutron interac
tions and less than 0 .13 from K e3 for the requirement q2 < 250 (Me V / c )2

• The 
total background is therefore 1.233 and the uncertainty has been estimated 
to be 0.183. This uncertainty was determined from the errors associated with 
the parameters in the fit and by fitting the background in different regions of 
q2. 

8.3 Background from KL--+ 37r0 

The only observable source of background for the KL -t 271"0 data sample was 
from KL -t 371"0 decays where two photons missed the Lead Glass or fused 
there with other photons. Understanding of this background was achieved 
through a detailed study of the mK distribution-comparing the observed 
data with results from a Monte Carlo that was specifically engineered for 
looking at 371"0 events which faked 271"0 events. One has to generate many 
37r0 decays to get enough statistics to study those which fake 271"0 decays, 
and so a simplified version of the Monte Carlo used for understanding the 
271" acceptances was used. In particular, this Monte Carlo did not generate 
clusters in the Lead Glass and it did not generate digitized hits in the Drift 
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Figure 69: q2 distribution for identified KL -+ 7r+7r- events from data 

Chambers. Instead, energies and positions of photons were smeared according 
to the measured resolutions, and generated track information was used since no 
track reconstruction was done. Roughly 120 million 37r0 events were generated 
to obtain 600 events (passing all cuts) under the mass peak ( 480-520 Me V / c2); 

the uncertainty in the background due to Monte Carlo statistics was less than 
53 of the actual background. 

The shape of the background in the variable mK was sensitive to the num
ber of photon fusions and this in turn depended on which photon veto planes 
were used and what their efficiencies were. The planes used in the analysis 
and their efficiencies used by the Monte Carlo are given in Table 10. The 
Lead Mask is also included here, though it had no scintillator, since charged 
particles produced in the electromagnetic shower of a photon hitting the Mask 
could hit other veto planes such as RA, V and VA2 scintillators. In Figure 70 
the mK distribution of Monte Carlo background 37r0 events is shown for 0,1 
and 2 fusions. The overall background to the data is a linear combination of 
these and Figure 71 shows the data distribution for mK with the best fit from 
the Monte Carlo background distribution superimposed. (The background was 
normalized to the data in the region 420-450 Me V / c2 • A check of this normal
ization was done by comparing the 27r signal to the 37r background measured 
by the data to that determined solely by the Monte Carlo. The two results for 
this ratio were consistent at the 103 level.) The resulting background from 
this fit is 0.193 due to 0 fusions, 0.663 due to 1 fusion and 0. 713 due to 2 fu
sions for a total background of 1.563. The systematic uncertainty in this was 
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Table 10: Photon veto planes and their efficiencies used in the Monte Carlo 

Photon Veto Plane 
Lead Mask 
Regenerator 

VA3 
DRAN 

CA 
BA 

Efficiency 
503 above 100 Me V photon energy 
953 above 100 MeV photon energy 
953 above 100 MeV photon energy 
953 above 100 MeV photon energy 
903 above 100 Me V photon energy 
1003 above 5 Ge V photon energy 

Table 11: Energy dependence of the 371"0 background with and without the 
photon fusion cut. 

Kaon Energy (Ge V) 3 Background %Background 
(with photon (without photon 
fusion cut) fusion cut) 

40-50 1.18 1.58 
50-60 0.73 1.07 
60-70 0.87 1.28 
70-80 1.04 1.84 

80-100 1.60 2.75 
100-120 2.83 4.65 
120-160 3.24 5.54 

0.313 and resulted from uncertainties in the relative contributions of the 0,1 
and 2 fusion classes, which were determined by the efficiencies of the photon 
vetoes. (For example, using no Lead Mask cut for photons in the Monte Carlo 
resulted in a background determination of 1. 783, though this did not fit the 
data as well.) The energy dependence to the background is shown in Table 11, 
where the determined backgrounds when no photon fusion cut is made are 
also listed. Analysis of the data with and without this fusion cut provided 
a systematic check of this background subtraction. Finally, Table 12 gives a 
summary of the background subtractions and the systematic uncertainties in 
each. 
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Figure 70: The mx distribution of 3'1t'0 events which fake 2'1r0 events as deter
mined by Monte Carlo for a) events with no photon fusions, b) events with 
one photon fusion, and c) events with two photon fusions. 

Table 12: Summary of background subtractions and their associated uncer
tainties 

Mode 
KL--+ '1t'+'1t'

Ks--+ '1t'+'1t'

KL--+ '1t'o'1t'o 

Ks--+ '1t'o'1t'o 

Background 
1.233 
0.313 
1.563 
2.943 
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Systematic uncertainty 
0.183 
0.043 
0.313 
0.163 
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Chapter 9 

Acceptance Corrections 

Before extracting le'/ el from the ratio of observed vacuum events to observed 
regenerator events, one has first to correct for the relative acceptances of these. 
An acceptance difference exists because the longitudinal decay distributions 
are different and the acceptance depends on the decay vertex. A Monte Carlo 
was used to determine the corrections, and this chapter shall describe the 
Monte Carlo and the nature of the corrections. 

We shall first discuss the simulation of the detector and this will be fol
lowed by a discussion of how events were generated. The analysis of Monte 
Carlo events will be treated and we will compare Monte Carlo with data and 
demonstrate their agreement, showing our understanding of the detector and 
the important physics processes. This agreement provides a good check of the 
experiment, and gives us confidence in the acceptance corrections. We shall 
give the magnitude of these corrections, but the calculation of systematic un
certainties associated with the acceptance will be left for Chapter 11. 

9.1 Detector Simulation 

Many features of the E731 beamline and detector influenced the kinematic 
distributions of kaons in the Decay Region-beam and target size; target lo
cation; collimator sizes and locations; absorber materials, sizes and locations; 
regenerator materials, sizes and locations. All these were accurately deter
mined and implemented in the Monte Carlo to ensure an understanding of the 
kaon energy spectra, longitudinal decay distributions, and beam profiles. The 
crucial apertures for the acceptance were the Lead Mask, the HDRA, and the 
Lead Glass; the positions and dimensions of these were carefully measured. 
Positions of other parts of the apparatus were also important and the reader 
can refer to Tables 3 and 4 as well as Figure 6, for the locations and sizes of 
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Table 13: Constants in Malensek particle energy spectrum 

A B 
2.924 14.15 
6.107 12.33 

M 2 D 
1.164 19.89 
1.098 17. 78 

beamline and detector elements. The essential features of all these were put 
in the Monte Carlo. The radiation lengths of all materials contributing to the 
scattering of charged particles were determined and put in the Monte Carlo 
also. These radiation lengths are summarized in Table 5. Small gaps between 
counters in the A and B Banks were measured and implemented in the Monte 
Carlo. Drift Chamber efficiencies and resolutions were treated as were details 
of cluster generation in the Lead Glass and the resolution of the Lead Glass. 

9.2 Monte Carlo Event Generation 

The first stage of event generation required choosing the energy and trajectory 
of the kaon. Malensek [31] has fit data by Atherton et. al . [32]1 to determine 
the following functional form for particle production by a proton beam on a 
Beryllium target: 

where: 

J!-N 
dPdO. 

P is the particle energy, 

B (1 - X)A(l + se-DX) 

400 (1 + ~)4 

X is particle energy / beam energy, 

PT is the transverse particle energy with respect to the beam direction, 

dN / dO. is the number of produced particles per unit solid angle, and 

A, B,M2,D are constants given in Table 13 

We used this function and made the plausible assumption that K 0(K0 ) pro
duction was the same as that for K+(K-). The KL energy spectrum was 

1This experiment was a study of particle production with a 400 Ge V proton beam incident 
on a one interaction length Be target. 
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taken to be: 

dPdf! = 2 dPdf! + dPdf! 
ti'NL 1 (ti'N° J:'!{O) 

Given this spectrum and using the 2-hole collimator at Z = 15m (Figure 5) 
to define the two beams at a targeting angle of approximately 4.8mrad, the 
kaon energy and trajectory were generated. As will be seen later, this spec
trum agrees well with our data below 120 GeV hut predicts too much particle 
production above that energy. 

The longitudinal decay vertex, Z, for the vacuum beam was chosen to be 
between lOOm (downstream of the target) and the HDRA plane, according 
to its decay distribution, Pv(Z) = e-Z/AL, where AL = (P/mx )crL. For 
the regenerator beam we chose Z according to the distribution which is that 
describing the 21t' rate downstream of the Regenerator as described in Sec
tion 10.1. The generated P and Z distributions at this stage constituted the 
generated numbers used in defining the acceptance. 

Before propagating the kaon through the collimators, the kaon was allowed 
to elastically scatter in the absorbers. Recall that the absorbers consisted of 
3" Pb and 20" Be common to both beams and an extra 18

11 

Shadow Absorber 
for the regenerator beam (see Section 2.2.1). Only single elastic scatters were 
considered in a given absorber and the elastic scattering cross-sections were 
assumed to be of the form: 

du 
dt oc exp(-Bt) 

where t is the square of the transverse momentum transfer (t = q2), and we 
used B = SSGeV-2 ( 400GeV-2 ) for Be (Pb). The ratio of single elastic scatters 
to no interaction for the kaons was taken to be 17.8% for the Pb absorber, 
8.6% for the Be absorber and 7.8% for the Shadow Absorber.2 (After full 
reconstruction and event selection, approximately 10% of events have scattered 
in the absorbers.) 

The kaon was then propagated to the defining collimators, using the new 
trajectory if it scattered, and required to be within their apertures. If the 
kaon passed this stage, its decay kinematics for a given mode were generated 
and the decay particles were traced through the apparatus. In the neutral 
mode, one photon was randomly chosen to convert at the HDRA resulting 
in 3 photons and an e+e- pair. Charged particles for both modes underwent 
multiple scattering at the HDRA, the vacuum window, each of the 4 Drift 
chambers, and the A and B Banks. 

2These were determined from cross-section measurements for kaons given in reference 
[33] . 
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Events were required to pass all the hardware trigger requirements which 
were described in Sections 6.1 and 7.1. Additionally, all photons in the neutral 
mode were required to hit the Lead Glass. At this point the charged particle 
trajectories were used to calculate which Drift Chamber wires were hit; the 
drift distances were calculated and smeared according to the measured 150 µm 
resolution. For the charged mode Monte Carlo first level summary tapes were 
then made. The neutral mode required generating clusters in the Lead Glass 
and computing the energy deposited in each block. No attempt was made to 
simulate the Lead Glass response for charged mode, since it was not used in 
that analysis. 

The first step in modeling the Lead Glass response to electrons and photons 
was to simulate the nonlinearity and the electron-photon difference (a discus
sion of these was given in Section 4.3). The photons were allowed to convert 
in the Lead Glass to an e+e- pair, whose energy distributions are given by 
the Bethe-Beitler formula [34]. The conversion point in the Lead Glass was 
generated according to an exponential distribution, 

where 

P(l) oc exp (-9/:Xo) 

P(l) is the probability for a conversion a distance l into the Lead Glass, 
and 

X 0 is an electron's radiation length in Lead Glass 

From this conversion depth, a light attenuation correction factor was calcu
lated and applied to the photon energy. A nonlinearity correction was applied 
for electrons, positrons and photons to simulate the Lead Glass response (Sec
tion 4.3). The reconstruction analysis of course 'undoes' the nonlinearity and 
electron-photon difference effects as described in Section 7 .2; but this undoing 
is only in an average sense, and the modeling of these effects was to reflect the 
underlying physics and thereby get the actual energy distribution, complete 
with non-gaussian tail, of electrons and photons correct. 

For simulating the transverse shape of electromagnetic showers in the Lead 
Glass, we used the following functional form for the fractional energy deposit 
per unit area,3 

df(r) = 0.0285e-"/1.0921 + 0.00294e-"/5.73&8 + 0.0000316 
da (1 + (r/30)2)312 

8 This formula is based on work done by D. Carlsmith with E617 data, where the same 
Lead Glass was used. 
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block 

Cluster Center 

Figure 72: Definition of r and (J for creating table of fractional energy deposit 

where 

f is the fractional energy deposit per unit area at a distance r from the 
cluster center, 

r is the distance from the cluster center in mm, and 

a is the area in mm2 

A block's energy is given by integrating this function over the area of the 
block. A table was constructed for this integral as a function of rand fJ, where 
rand (J measure the center of the block with respect to the cluster center {see 
Figure 72). Two hundred lmm bins were used for r and ten ?r/40 rad bins 
were used for fJ, and the integrals were evaluated by numerical integration. For 
each electromagnetic shower, the energies in each of the 5x5 array of blocks 
about the cluster center were calculated from this. The energies of the outer 16 
blocks were :fluctuated individually with a 15%/VE {rms) smearing, followed 
by a normalization to conserve energy. A 2.0% (rms) common smearing was 
done for all blocks to simulate shower :fluctuations, and finally individual blocks 
had their energies smeared independently by 6%/~ {rms) to simulate 
photostatistics. This procedure gave an energy resolution of 2% + 6%/VE 
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Figure 73: (center block energy)/ (3x3 energy) for photons. (Solid circles are 
Monte Carlo.) 

(added in quadrature) which agreed with the data, and gave a shower shape 
that also agreed with the data. The shower shape was studied by looking at 
distributions of i) (center block energy)/ (3x3 energy), and ii) (3x3 energy) / 
(5x5 energy). These distributions are shown in Figures 73 and 74 for data and 
Monte Carlo, and demonstrate that the procedure for generating the shapes 
of clusters is quite good. We wanted a good simulation of the cluster shape 
so that we would accurately account for the effects of clusters overlapping and 
fusing together. 

9.3 Data and Monte Carlo Comparisons 

For both charged and neutral modes, the first level Monte Carlo tapes were 
equivalent to the first level DST's. They subsequently went through the same 
analysis and were required to pass the same reconstruction criteria and the 
same cuts. The same trackfinder and clusterfinder were used for data and 
Monte Carlo, so that any subtle biases in the reconstruction techniques would 
affect both equally. For the final data samples which passed all cuts, detailed 
comparisons were made between Monte Carlo and data for track and photon 
illuminations at various planes, and for kinematic quantities. The most impor
tant distribution to understand and obtain agreement between Monte Carlo 
and data for, was the longitudinal decay vertex (or Z) distribution, since the 
acceptance depended on this and it was different for the KL and Ks samples. 
The Monte Carlo and data comparisons for charged and neutral events will 
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Figure 74: (3x3 energy) / (5x5 energy) for photons. (The long tail is due to 
nearby clusters. Solid circles are Monte Carlo.) 

now be discussed, before summarizing the acceptances for all 4 modes. 

9.3.1 KL(S) --. 7r+7r- Modes 

We present first some comparisons for charged mode. Figures 75 and 76 show 
the track illuminations at the B Bank for KL --t ?r+?r- events. The dip in 
the middle of these plots is due to the software requirement that the tracks 
be outside of the holes which were cut in the Lead Curtain (re. K e3 rejection 
cut). Figure 77 shows the observed kaon energy distributions in the vacuum 
beam. Here the data has been weighted to eliminate the remnant 'primary' Ks 
component at high energies (see the discussion in Section 10.1) and the Monte 
Carlo is what results from using Malensek's spectrum with no alterations. 
The agreement here is seen to be very good for kaon energies below 120 Ge V, 
while there is a discrepancy at higher energies. This discrepancy probably 
indicates a problem with the Malensek spectrum. (It was not expected that 
this spectrum would fit well at large energies, because it was determined from 
low energy data.) We have used our KL --t r+7r- data to correct this and 
all further Monte Carlo plots will include this correction. The corresponding 
Ks --t 7r+7r- energy distributions (with Monte Carlo spectrum correction) are 
shown in Figure 78. The Z distributions for KL and Ks decays are shown 
in Figures 79 and 80; the agreement is very good, and must be so for the 
acceptance calculations to be right. 
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Figure 75: illumination of 1r+ and 1r- at the B Bank, z view. (Solid circles 
are Monte Carlo.) 
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9.3.2 KL(S) --+ 7r07r0 Modes 

As in charged mode, many particle illumination plots were compared between 
Monte Carlo and data, and Figures 81-84 show the electron (and positron) 
and photon illuminations at the Lead Glass. Because of the complex topology 
of electromagnetic showers in lead glass, careful attention was paid to under
standing reconstruction of events with overlapping showers and events where 
an electron or photon landed near an edge of the array. Figure 85 shows the 
distribution for Monte Carlo and data of the number of overlapping clusters 
(remember a cluster is a 3x3 array of blocks), while Figures 86 and 87 compare 
the distributions for number of clusters neighboring the beam pipes and num
ber of clusters that are on the array's outer edge. The agreement is excellent 
and demonstrates that the reconstruction of events with these topologies is 
well understood. 

The energy spectra for KL and Ks decays are compared in Figures 88 
and 89. These plots demonstrate that the charged and neutral data samples 
give consistent measurements of the KL energy spectrum, and this is a good 
crosscheck. The Z distributions for KL and Ks data are compared with Monte 
Carlo in Figures 90 and 91, and again the agreement is good. 

9.3.3 KL --+ 37r0 Mode 

The neutral mode data contained over 500,000 fully reconstructed KL --+ 37r0 

events. Their analysis was identical to that for the 27r0 events, except that there 
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were two more photons present in the Lead Glass. This sample had negligible 
background and proved extremely useful for checking the Monte Carlo and 
measuring the acceptance. Figures 92, 93, and 94 show Monte Carlo and data 
comparisons for SEP2,x2 and q2 , all showing good agreement. The kaon 
energy spectra is shown in Figure 95 and Figures 96 and 97 show the photon 
and electron (and positron) energy distributions. This KL --+ 37r0 sample 
provided a third independent measurement of the KL energy spectrum, and 
it also gives a consistent result. The Z distribution of KL --+ 37r0 events will 
be discussed in Chapter 11, where it is used to quantify our understanding of 
the neutral mode acceptance. 

9.4 What are the Acceptances? 

The acceptance in a given mode was measured as a function of P and Z in 10 
Ge V energy bins and O.Sm Z bins, and was defined to be 

where 

A(P, Z) = NR(P, Z) 
Nc(P,Z) 

NR(P, Z) was the number of events reconstructing in bin (P, Z) passing 
all cuts, and 

Nc(P, Z) was the number of events generated in bin (P, Z) as was 
described in Section 9.2. 

The acceptance in a given energy bin, summing over Z, was then given by 

A(P) = l;NR(P, Z) 
l;Nc(P,Z) 

Tables 14 and 15 give the acceptances in energy bins for the four K --+ 27r 
modes, indicating the range in Z used. These numbers were used to correct 
the observed number of events (given in Tables 18 and 19) to arrive at the 
decay rates. 

These acceptance corrections appear to be large, but what is important is 
the relative acceptance of vacuum and regenerator events. So of more relevance 
are the ratios of the vacuum and regenerator acceptances. Even these are not 
a good measure of the size of the correction being applied, though, since the 
vacuum acceptances depend artificially on how far upstream one wants to go 
in generating or reconstructing events. One gets the best measure for the 
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Table 14: Acceptances for the 27r0 data 

P (GeV) Vacuum Regenerator 
llOm < Z < 14lm llOm < Z < 141m 

40-50 0.01454 0.01602 
50-60 0.03034 0.03973 
60-70 0.04338 0.05791 
70-80 0.05108 0.06922 
80-90 0.05406 0.07241 
90-100 0.05510 0.07040 
100-110 0.05178 0.06609 
110-120 0.04816 0.05974 
120-130 0.04332 0.04992 
130-140 0.04094 0.04303 
140-150 0.03377 0.03572 

Table 15: Acceptances for the 7r+7r- data 

P (GeV) Vacuum Vacuum Regenerator 
110m < Z < 138.5m 122.5m < Z < 138.5m 110m < Z < 138.5m 

30-40 0.0651 0.1115 0.0883 
40-50 0.1128 0.1836 0.1643 
50-60 0.1478 0.2331 0.2156 
60-70 0.1711 0.2616 0.2457 
70-80 0.1855 0.2744 0.2591 
80-90 0.1948 0.2807 0.2679 

90-100 0.1951 0.2718 0.2621 
100-110 0.1970 0.2647 0.2492 
110-120 0.1905 0.2461 0.2374 
120-130 0.1842 0.2300 0.2255 
130-140 0.1703 0.2079 0.2043 
140-150 0.1680 0.1987 0.1906 
150-160 0.1525 0.1766 0.1801 
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Table 16: Ratio of vacuum and regenerator beam acceptances downstream of 
the Lead Mask 

K Energy (Ge V) Vac Acceptance/ Vac Acceptance/ 
Reg Acceptance Reg Acceptance 
{Neutral Mode) (Charged Mode) 

30-40 1.26 
40-50 1.56 1.12 
50-60 1.24 1.08 
60-70 1.15 1.06 
70-80 1.08 1.06 
80-90 1.04 1.05 

90-100 1.04 1.04 
100-110 0.99 1.06 
110-120 0.97 1.04 
120-130 1.01 1.02 
130-140 1.03 1.02 
140-150 0.98 1.04 
150-160 0.98 

size of these corrections by only considering events generated downstream of 
the Lead Mask. Ideally, the Lead Mask would have completely choked off 
decays upstream of it; in practice, about 103 of KL --+ 27r0 and KL --+ 7r+7r
events are from upstream. Table 16 gives the ratio (vacuum acceptance / 
regenerator acceptance) when generated and reconstructed Z's were required 
to be downstream of 122.5m. We therefore see that the acceptance corrections 
are only large for the low energy bins in neutral mode. {In a high statistics 
experiment, it would be a good check to measure le'/ el using only neutral 
data above 70 Ge V where the acceptance corrections are small. For the data 
presented in this thesis the level of statistics does not permit this as a useful 
check. With the large statistics of the 1987-88 run, however, this should be 
very useful.) 
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Figure 88: Kaon energy distribution for 7ro7ro events from the vacuum beam. 
(Solid circles are Monte Carlo.) 
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Figure 89: Kaon energy distribution for 7ro7ro events from the regenerator 
beam. (Solid circles are Monte Carlo.) 
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Figure 91: Longitudinal decay vertex for ?r0?r0 events from the regenerator 
beam. {Solid circles are Monte Carlo.) 
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Figure 92: SEP2 distribution for 3?r0 events. (Solid circles are Monte Carlo.) 

105 

"" c:i 
........ 
.!!) 

104 c 
Q) 

~ ..... 
0 
~ 

1l 
E 
:::J 

103 z 

0 2 4 6 8 10 

)( 

Figure 93: x2 distribution for 3?r0 events. (Solid circles are Monte Carlo.) 

138 



• 

0 20 40 60 80 1Q,,o- 3 

q2 (GeV/c)2 

Figure 94: q2 distribution for 311'0 events. (Solid circles are Monte Carlo.) 

0 40 80 120 160 200 240 

Koon Energy (GeV) 
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Chapter 10 

The Determination of 1€
1 
/el 

The ratio of the K -+ 271" rates in the vacuum and regenerator beams, when 
measured for both charged and neutral modes, gives a determination of IE' /El. 
The rates are calculated by subtracting the backgrounds from the measured 
data samples and correcting each sample for the acceptance of the detector. In 
Section 2.1 an approximate relation between IE' /El and the 271" rates was given. 
Here we present the exact relation taking into account CP violating decays 
in the regenerator beam, as well as the small Ks component of the incident 
kaon beams at high energy and a small effect due to scattering in the Shadow 
Absorber. Given this, we obtain and present our result for IE1 /El, and we also 
present a measurement of the regeneration amplitude for B4C. 

10.1 Determining !£1

/Ej from the 27r Rates 

Assume first that the kaon vacuum beam and the kaon beam incident on 
the Regenerator are pure KL beams (no Ks component) and that they have 
an identical energy distribution. Then the 271" rates (apart from a common 
normalization factor1 ) in the regenerator and vacuum beams at a proper time, 
T, downstream of the Regenerator are given by 

where 

lpevl'sT + 71e-rLT/212 

IPl2e-rsT + l11 l2e-rLT + 
2IPl111le-(rs+rL)T/2 cos(~mr + «I>p - «I>'l) 
l11l2e-rLT 

1 For a discussion of this factor see Section 11.1.1 
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X is the the number of kaon interaction lengths for the Regenerator and 
the Shadow Absorber, 

IPI and «I>p are the magnitude and phase of the regeneration amplitude, 

1111 and «1> 71 are the magnitude and phase of 1100 or 11+-, 

v = itl.m/r s - 1/2, 

rL = 1/TL and rs = 1/Ts (TL and Ts are the KL and Ks proper 
lifetimes), and 

tl. m is the KL - Ks mass difference 

The ratio 'RR/'Rv for charged (neutral) mode determines IP/77+-1 (IP/77001), 
and the charged and neutral ratios together give a measurement of le' /el via 

( 2) I 1 7100 le /el= - 1- -
6 77+-

There is a correction to Equation 10.2 for high energy kaons, that results from 
the Ks component of the kaon beam not having completely decayed away. 
This experiment considered kaons with energies up to 160 GeV, for which the 
Ks mean lifetime is 8.6m in the lab frame. Decays as close as 1 lOm to the 
production target were considered, which corresponded to 12.8 Ks lifetimes 
at 160 GeV. At this energy and decay point the 27r rate in the vacuum beam 
had a significant contribution from the Ks component of the kaon beam, and 
Equation 10.2 should therefore be modified to reflect this as follows, 

where 

'Jlv( T) 
las(P)e"Z/As + 11aL(P)e-Z/(2AL)12 2 -rL'T" 

l11aL(P)e-Z/(2AL)12 1111 e (10.3) 

- W(P, Z)l1112e-rL.,. 

P is the kaon energy, 

Z is the distance from the target to the decay point, 

AL = "YCTL and As = "fCTs ( c is the speed of light and ; = P /mK ), 
aL(as) is the amplitude for a kaon produced at the target to be a 

KL(Ks), and 

W(P, Z) is the resulting weighting factor that reflects the 'primary' Ks 
component of the vacuum beam 
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Table 17: Weighting factor that reflects the relative contribution of the kaon 
beam's primary Ks component to the vacuum 27r rate 

P (GeV) Z (meters downstream of target) 
105 110 115 120 125 130 135 140 

35 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
45 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
55 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
65 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
75 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
85 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 
95 0.995 0.996 0.998 0.999 1.000 1.000 1.000 1.000 
105 1.002 0.995 0.994 0.995 0.997 0.998 0.999 1.000 
115 1.044 1.015 1.000 0.994 0.993 0.994 0.995 0.997 
125 1.146 1.082 1.040 1.013 0.999 0.993 0.991 0.992 
135 1.327 1.215 1.133 1.075 1.036 1.012 0.998 0.992 
145 1.597 1.424 1.294 1.196 1.122 1.069 1.033 1.010 
155 1.993 1.719 1.527 1.381 1.267 1.179 1.112 1.064 

To determine aL(P) and as(P), we assumed that the states K 0 and K 0 were 
produced independently at the target via the strong interaction. Ignoring CP 
violation, 

IKO) 1 
- v'2(1Ks) + IKL)) 

IKO) 
1 

- v'2(1Ks) - IKL)) 

So for a K 0 produced at the target aL(P) = as(P) = 1/v'2 and for a K 0 , 

aL(P) = -as(P) = 1/v'2. The Malensek spectrum (described in Section 9.2) 
was used to determine the relative amounts of K 0 and K 0 produced, and the 
resulting weighting factors (W(P,Z)) are shown in Table 17. At very high 
kaon energies there is also a correction to the regenerated decay distribution 
(Equation 10.1) due to the primary Ks component, but below 160 GeV kaon 
energy this is negligible. 

There was a second effect modifying Equations 10.1 and 10.2 resulting 
from kaons scattering in the absorbers yet staying in the beams and passing 
all the trigger and reconstruction criteria. There is some regeneration in these 
absorbers (the amplitude is a few percent), hut it is small and the absorbers 
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a.re fa.r enough upstream of the Decay Region that this effect was negligible. 
The Shadow Absorber produced different intensities between the two beams, so 
that the measurement of IP/771 depended on knowing the amount of attenuation 
of kaons in it. This factor did not affect the le' /el calculation, however, since 
it was common to both cha.rged and neutral modes. Similarly, not knowing 
the precise attenuation of kaons in the Regenerator did not affect the I e' /el 
calculation. 

The most important effect of the absorbers related to the relative accep
tance of scattered and unscattered kaons. Recall from Section 9.2 that a large 
fraction of kaons have an elastic scatter in the absorbers and that roughly 10% 
of fully reconstructed events passing all cuts have scattered. So while many 
of the scattered kaons a.re eliminated by the collimators, beam pipe and Lead 
Mask, there a.re a significant number that scatter yet stay in the beam. This 
affects the observed energy distribution of kaons, since scattered kaons with 
high energy are more likely to be forward in the lab frame and stay within 
the beam. Thus, because of the Shadow Absorber, the kaon energy spectra 
in the vacuum and regenerator beams are not identical. This affects the de
termination of IP/111, but again le' /el is not affected. A possible bias in le' /el 
does arise, however, due to how cuts in charged and neutral modes affect scat
tered and unscattered events respectively. The only cut made distinguishing 
scattered kaons from unscattered ones is the q2 cut, where q2 measures the 
'scattering' angle of kaons at the regenerator plane. Unscattered kaons have 
q2 = O, while kaons scattering in the Be absorbers have< q2 >= 120 (MeV /c)2 

and kaons scattering in the Pb have< q2 >= 40 (MeV /c)2 (as determined by 
Monte Carlo for events passing all other cuts). In neutral mode where the 
q2 requirement was very loose ( q2 < 4000 (Me V / c )2, scattered and unscat
tered kaons were not distinguished. In charged mode, however, we required 
q2 < 250 (MeV /c)2 which had no effect on unscattered kaons, but rejected ap
proximately 15% of kaons which scattered in Be. Less than 1 % of events which 
pass all our cuts had a kaon which scattered in the Shadow Absorber (most 
of the scattered kaons which reconstructed scattered in the Pb absorber); so 
if the analysis had not considered the possibility of kaons scattering, an error 
ofless than 0.153 (1% x 15%) in the double ratio, 

('RR/'Rv )chcarged 

('RR/'Rv )neutral 

would have resulted, corresponding to an error of less than 0.00025 in le'/el. 
The effect is therefore small; it has been corrected for by simulating the scat
tering in the Monte Carlo, instead of correcting Equations 10.1 and 10.2. 
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Table 18: Event totals in each energy bin for the neutral data after background 
subtractions 

K Energy Neutral Data 
(GeV) (llOm < Z < 141m) 

Vac Reg 
40-50 615.6 1820.8 
50-60 1032.4 3746.1 
60-70 1171.7 4198.1 
70-80 1061.8 3688.6 
80-90 844.3 2839.1 
90-100 683.2 2036.5 
100-110 477.7 1362.3 
110-120 350.8 941.8 
120-130 266.0 572.3 
130-140 151.8 355.7 
140-150 98.8 231.8 

10.2 Extracting !€1 /El from the Data 

To extract I«:' /El, we have binned the data in P and Z, subtracted the back
grounds as described in Chapter 8, and weighted the vacuum events to account 
for the primary Ks component. The event totals after these corrections are 
given in Tables 18 and 19. We then calculated 'R,R and 'R-v in 10 GeV energy 
bins (integrating over Z), and corrected these ratios for acceptance as was 
described in Chapter 9. Kaon energies from 30-160 GeV in charged mode and 
40-150 GeV in neutral mode were considered, and the acceptance corrected 
ratios were fit to the theoretical prediction given by the ratio of Equations 
10.1 and 10.2 (again integrating over Z). The 3 charged mode data sets were 
treated independently with a Z cut of 122.5m for the first set and a Z cut of 
110.0m for the other two sets, so that there were 50 data points in the fit (3 x 
13 charged energy bins + 11 neutral energy bins). The input parameters to 
the fit are given in Table 20, and the parameters fit for were 

IE
1 /El, where 1100 = £ - 2E

1 

and 77+- = f + f 1

j 

A, where A is the B4C regeneration amplitude for 70 GeV kaons; and 

a, where a is the power in the energy dependence of the B4C regenera-
tion amplitude (!21 ex: p-a) 
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Table 19: Event totals in each energy bin for charged data after background 
subtractions 

K Energy 
(GeV) 

30-40 
40-50 
50-60 
60-70 
70-80 
80-90 

90-100 
100-110 
110-120 
120-130 
130-140 
140-150 
150-160 

Charged Data Charged Data Charged Data 
Set 3 Set 2 Set 1 

{llOm < Z < 138.5m) {llOm < Z < 138.5m) (122.5m < Z < 138.5m) 
Vac Reg Vac Reg Vac 

1683.6 5851.4 1451.0 5162.5 1073.1 
2356.7 8692.8 2032.1 7608.1 1411.8 
2271.6 8657.0 2003.4 7465.5 1328.4 
2017.2 7407.7 1785.6 6542.3 1134.0 
1638.1 5927.2 1420.4 5262.2 976.9 
1324.4 4553.3 1166.0 3989.0 699.0 
1061.6 3222.3 875.4 2871.4 525.3 

788.4 2289.1 638.3 2078.7 406.5 
607.0 1561.7 474.8 1315.3 262.7 
423.2 1040.8 366.2 920.9 207.2 
262.6 656.7 253.2 590.7 121.2 
202.8 468.1 181.4 397.4 92.8 
120.8 326.6 142.6 285.1 65.3 

Table 20: Constants used in the fitting procedure 

Constant 

E 

~I!' 
~P' B4C 

~'1 
Density of B4 C 
Density of Pb 

(f - f)/k for Pb 
Absorption: <TT for 58B4C 
Absorption: <TT for 207Pb 
Absorption: <TT for 9Be 
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Value 
0.5349 x 1010 Ii sec-1 

0.8923 x 10-10 sec 
5.183 x 10-8 sec 
0.002275ei44·80 

48.6° 
-126° 
44.9° 

2.45 g/cm3 

11.35 g/cm3 

150. 7 p-o.ss4e-i122.2° mb 

887 mb 
2050 mb 
148 mb 

Reg 
4030.9 
5995.0 
5972.0 
5184.4 
4041.8 
3075.7 
2292.1 
1511.5 
1019.9 

728.2 
520.8 
319.7 
203.2 



The result of the fit was 

IE' I fl - +0.0032 ± 0.0028 
A - {6.129 ± 0.022)mb 

a - 0.596 ± 0.009 

with a. x2 of 46.8 for 47 degrees of freedom. The sta.tistical error for IE' /El is 
domina.ted by the sample of 6800 events of KL -. 27r0 , while the error in the 
power la.w is determined from the cha.rged mode data.. The power la.w is in 
good a.greement with results from other regenera.tion experiments (35]. This 
result for IE'/ El is consistent with 0 and is consistent with both the Stands.rd 
Model and superwea.k predictions. 

One can also fit for IE' /El and the regenera.tion amplitude in individual 
energy bins, and the results for this a.re presented in Figures 98 and 99 for 
energies between 40 GeV and 150 GeV. Doing a. statistical a.veraging of these 
results gives IE' /El = 0.0031±0.0028. This is a. consistent result and does not 
depend on a. power law a.ssumption for the energy dependence of the regen
era.tion amplitude. Figure 98 does show, however, tha.t a power law fits the 
energy dependence very well. Finally, Figures 100 and 101 show the energy 
dependence of the regenera.tion amplitudes for B4 C a.s determined by charged 
and neutral modes independently and assuming E

1 = 0. A non-zero value for 
IE'/ El would result in these cha.rged and neutral amplitudes being shifted with 
respect to each other, but having nea.rly the same energy dependence. These 
amplitudes have been fit in the same wa.y a.s tha.t described above (but with 
E

1 

= 0) and the fits a.re superimposed on the data. The results from these fits 
for A and a a.re 

A+- = (6.108 ± 0.022)mb, a+- = -0.591±0.009 

A00 = (6.202 ± 0.057)mb, a00 = -0.644 ± 0.027 

The difference in amplitudes is small, signifying a small value for IE' /El. There 
is a 1.9 stands.rd deviation difference in the slope of the power la.ws for the 
energy dependence; this is consistent with being a statistical :O.uctuation, but 
could also signify a potential systematic problem. We must, of course, consider 
possible systematic errors in our measurement, and this is the subject of the 
next chapter. 
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Figure 98: Energy dependence of the regeneration amplitude for B4 C 
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Table 21: Summary of results from fits for(/ - f)/k and IE' /El 

p (!- f)/k (!- f)/k (!- f)/k If /fl 
(GeV) {mb) {mb) {mb) 

Charged Data Neutral Data All 27r Data All 27r Data 
30-40 9.22 ± 0.10 
40-50 7.84 ± 0.07 8.05 ± 0.23 7.91±0.09 +0.0079 ± 0.0087 
5o-60 7.05 ± 0.06 7.31±0.15 7.14 ± 0.07 +0.0109 ± 0.0068 
60-70 6.41±0.06 6.55 ± 0.13 6.46 ± 0.06 +0.0067 ± 0.0066 
70-80 5.94 ± 0.06 5.94 ± 0.12 5.94 ± 0.06 +o.oooo ± 0.0011 
80-90 5.52 ± 0.07 5.53 ± 0.13 5.52 ± 0.06 +0.0002 ± 0.0080 
90-100 5.10 ± 0.07 5.05 ± 0.14 5.08 ± 0.07 -0.0028 ± 0.0091 
100-110 4.87 ± 0.08 4.73 ± 0.15 4.82 ± 0.07 -0.0091 ± 0.0109 
110-120 4.46 ± 0.09 4.48 ± 0.17 4.47 ± 0.08 +0.0010 ± 0.0127 
120-130 4.18 ± 0.09 3.98 ± 0.18 4.11±0.09 -0.0144 ± 0.0154 
130-140 4.15 ± 0.12 4.33 ± 0.25 4.21±0.11 +0.0129 ± 0.0192 
140-150 3.95 ± 0.13 4.22 ± 0.30 4.04 ± 0.13 +0.0200 ± 0.0234 
150-160 3.71±0.15 
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Chapter 11 

Systematic Errors and 
Systematic Checks 

The experiment we have performed to search for evidence of direct CP viola
tion in K -+ 27r decays involved a precise measurement of the relative rates 
of KL and Ks to charged and neutral pions. The signal we have looked for 
that would demonstrate this CP violation is the deviation of l11oo/77+-l 2 from 
unity. This signal is not of the nature that if it exists it manifests itself in 
an unambiguous manner, such as the occurrence of a new decay mode or a 
resonance in some kinematic distribution. Instead, the signal appears as a 
small asymmetry in a ratio of decay rates, and the experiment that searches 
for this signal must necessarily be a precision experiment. A precision experi
ment must demonstrate a good understanding of the physics of the signal and 
a good understanding of effects that could simulate the signal. It is therefore 
necessary to have good experimental control and understanding of system
atic errors. Additionally, there must be checks that the experiment was done 
correctly. Ideally one would 'calibrate' the experiment by making a similar 
measurement with a known result. For our experiment this is unfortunately 
not possible; we can, however, check our result by calculating it with differ
ent (ideally independent) methods, and by measuring known physics processes 
and getting them right. In this chapter, we discuss the sources and sizes of 
systematic errors, and the systematic checks that give us confidence in our 
measurement. 

11.1 Systematic Errors 

The largest sources of systematic error resulted from the background subtrac
tions and acceptance corrections. We also considered systematic effects due to 
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accidentals, asymmetries between the upper and lower beams, and energy cal
ibration. The background systematic uncertainties have been discussed earlier 
(see Chapter 8), so we only summarize those results here. The other sources 
of uncertainty we now describe in detail. 

11.1.1 Uncertainties Associated with Accidentals and Differences 
Between the Upper and Lower Beams 

We have stressed that our experiment was designed to greatly reduce sys
tematic errors associated with having to know beam intensities, absolute re
construction efficiencies and losses due to accidentals. The reason that these 
possible sources of systematic errors are negligible is because KL and Ks de
cays were measured simultaneously with the same detector and because the 
Regenerator was alternated frequently between beams (once per minute). It is 
necessary, though, to demonstrate quantitatively how well this worked. Con
sider the neutral mode data by itself in a given ( P, Z) bin,1 and recall that 
Equations 10.1 and 10.2 describe the 211" rates in the regenerator and vacuum 
beams apart from a 'common' normalization factor. 

The observed 211" events can be divided into 4 categories, where events are 
distinguished by being from the vacuum or regenerator beams for each of the 
two regenerator positions (up or down). There are four factors that affect the 
number of events in each category. The first is beam intensity, which is the 
number of kaons per spill. It can be different between upper and lower beams 
due to small differences in beam sizes, and we denote this by Nu or Nz. The 
second factor is the number of spills that occur with the Regenerator in the 
upper or lower positions, and this is given by Su or Sz. The third factor is 
the detector livetime, which again can depend on the regenerator position. 
The livetime is related to the trigger rate and if more triggers come from the 
vacuum beam than the regenerator beam (or vice versa), the livetime will be 
lower when the Regenerator is in the less intense beam (more intense beam). 
The livetime is denoted by Lu or Lz. Lastly, the number of observed events 
depends on the reconstruction efficiency. This can be different between events 
from the upper and lower beams due to small asymmetries in geometry. It 
can also depend on the regenerator position due to the effect of accidentals. 
If accidental activity in the Lead Glass, for example, is greater around the 
vacuum beam then more vacuum events than regenerator events are likely to 
be misreconstructed and lost due to accidental activity. The reconstruction 
efficiency is therefore denoted by ei;, where the first index indicates which beam 

1 Here the data is binned both in momentum and in the longitudinal decay vertex, so 
that the geometrical acceptance is very nearly the same for both KL and Ks decays. 
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(upper or lower) the decay is from and the second index indicates which beam 
(upper or lower) the Regenerator is in. Thus, we can write the normalization 
factor as follows, 

Vu - NuSiLieu1 (11.1) 
v, - NiSuLueiu (11.2) 

Ru - NuSuLu€uu (11.3) 

Ri - Ni Si Lieu (11.4) 

where 

Vu (V,) is the normalization factor for vacuum events in the upper (lower )beam, 
and Ru (R1) is the normalization factor for regenerator events in the 
upper (lower) beam, 

Nu (Ni) is the number of kaons per spill in the upper (lower) beam, 

Su (Si) is the number of spills with the Regenerator in the upper (lower) 
beam, 

Lu (Li) is the livetime of the detector with the Regenerator in the upper 
(lower) beam, and 

ei; is the efficiency for detecting and reconstructing an event, where the 
first index indicates which beam the decay is from and the second 
index indicates which beam the Regenerator is in 

Our analysis considered the ratio 1lR/1lv as given by the ratio of Equations 
10.1 and 10.2, and we assumed 

Ru+ Ri = NuSuLueuu + NiSiLieu = l 
Vu + V, NuS1L1eu1 + NiSuLueiu 

(due to simultaneously measuring KL and Ks and alternating the Regenerator 
frequently). So how good is this assumption? To address this, let us consider 
the quantity (RuRi)/(Vu V,), 

(NuSuLueuu) · (NiSiLieu) 
(NuSiL1eu1) • (NiSuLueiu) 
€uu€ll 

€uJ€lu 

(11.5) 

(11.6) 

This ratio has the advantage that the terms involving beam intensities, number 
of spills, and detector livetimes cancel explicitly. Let us further consider the 
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nature of the reconstruction efficiency terms. These efficiencies can be split 
into a geometrical part, which does not depend on the regenerator position, 
and an accidental part, which does. We have 

e,; = ef et 
where we denote the geometrical efficiency by e~ (ef) for a decay from the 
upper (lower) beam. The geometrical efficiency is equal to the reconstruction 
efficiency in the limit that the beam intensity goes to 0 (no accidentals, and 
hence e~ = 1), ie. 

G li e· = m ea; 
' (Ni-+0) 

We have noted that accidentals in the Lead Glass kill approximately 10% of 
neutral mode events that would otherwise be accepted, this arising primarily 
from extra accidental clusters rather than accidentals landing on top of good 
clusters. There is a small spatial asymmetry in the distribution of Lead Glass 
clusters between KL and Ks decays in a given (P, Z) bin and for a given 
regenerator position. There can also be a small spatial asymmetry in the 
illumination of accidentals. The net result is that these 3 factors-accidental 
activity, asymmetry in cluster illuminations between KL and Ks decays, and 
asymmetry in the illumination of particles from accidentals can combine to 
bias our result. We expected this effect to be small since it results from the 
product of 3 small factors, but to check this we did a Monte Carlo study where 
we superimposed accidental events on top of 21r0 events. This study considered 
only accidental activity in the Lead Glass, the Glass being most sensitive 
to accidentals due to the long integration time (250 ns) of its signals. We 
considered the two regenerator positions separately and overlayed accidentals 
on both KL and Ks events. We did not have a pure accidental trigger with 
which to do the study-instead, we used the prescaled B ·MU muon triggers 
that were taken at the same time as the 2?r0 data and subtracted out obvious 
muon clusters. The results of the study were that for the Regenerator in the 
lower beam we lost (0.24±0.14)% more vacuum events than regenerator events; 
and for the Regenerator in the upper beam we lost (0.06±0.14)% more vacuum 
events than regenerator events. From this, we concluded that there was no 
evidence for an asymmetry in accidental losses outside of statistics. Hence, no 
accidental correction was made and we assigned a systematic uncertainty of 
0.0004 in I e' /el due to accidentals. 

Our accidental study allowed us to conclude e~u = ez!. and eC = e~ within 
the systematic error quoted above. Substituting this into Equation 11.6 gives 

RuR., _ (e~e~u) · (ef e~) _ 
1 - A GA -Vu V, (e~eu1) · (e1 eiu) 
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and this is independent of beam intensities, live times, detector and recon
struction efficiencies, and accidental effects. IT we now decompose 'R.R and 'R.v 
into upper and lower beam components, we have 

'R.R - 'RuR + 'R.1R 
'R.v - 'R.uv + 'R.w 

We can analyze our data to fit for ('R.uR'RzR)/('R.uv'R.iv) rather than 'R.R/'R.v. 
The procedure is identical to that described in Section 10.2 and we found 
that this gives le'/ el = 0.0028 ± 0.0028. We therefore assigned a systematic 
uncertainty of 0.0004 in le'/ el due to differences in beam intensities, live times 
and efficiencies between the upper and lower beams. 

11.1.2 Uncertainties Associated with Energy Calibration 

Another source of systematic error arises from how well we know the energy 
calibration. In a (P, Z) bin analysis we effectively measure le' /el by compar
ing IP/1112 for charged and neutral modes. Because IPl2 ex p-1•

2
, comparing 

charged and neutral data at different energies induces a systematic error in 
le'/el. For example, suppose the energy scales were mismatched by 1%, then 
this would induce a bias in the rates of (1.01)1•2 or approximately 1.2% and 
therefore a systematic error in le'/el of 0.002. In a (P) bin analysis we in
tegrate over Z with the effect that nearly all the Ks particles decay while 
the probability for a KL to decay is proportional to 1/ P. Therefore in each 
momentum bin we effectively measure Plp/1112 and we are less sensitive to an 
error in the energy scale, since Plp/7112 ex p-0•2 • For a momentum bin analysis 
a 1 % error in energy scale leads to an error in le'/ el of 0.0003. 

Now it is easy to know the energy scales to better than 1 % in charged 
and neutral modes. The charged scale is known to better than 0.13 from our 
measurements of the K 0 and A masses (see Section 3.2.4 ). The neutral mode 
energy calibration was described in detail in Section 4.3 and much effort was 
put into determining it well. The absolute neutral energy scale is known on 
average to better than 0.23 from measurements of E / P for electrons, the '1r'o 

mass, and the edges of the reconstructed Z distributions. Because of nonlin
earity corrections and block to block variations in gains and nonlinearities, we 
have been very conservative and assigned a 0.0004 systematic uncertainty in 
le' /el due to energy scale. 
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11.1.3 Uncertainties Associated with the Background Subtractions 
and Acceptance Corrections 

The largest sources of systematic errors were associated with the background 
subtractions and acceptance corrections. A summary of the systematic errors 
due to the background subtractions was given in Table 12. Adding these errors 
in quadrature (since they are independent), gives a total uncertainty in le:' /el 
of 0.00066. 

To check the acceptance correction in charged mode, we have calculated 
le:' /el by analyzing charged data in {P, Z) bins, neutral data in {P) bins and 
using a maximum likelihood fit so that the low statistics which occurred in 
some bins were treated correctly. A ( P, Z) analysis has the advantage that 
there are no acceptance corrections and the Monte Carlo is only used to correct 
for resolution smearing effects between bins. In charged mode the resolution 
of the reconstructed kaon momentum was 0.4 GeV {rms), and the resolution of 
the reconstructed Z vertex was 17 cm (rms). This (P, Z) analysis used 10 GeV 
energy bins from 30-160 GeV and 1.5m Z bins from Z = 124m to Z = 137.5m. 
The size of the resolution smearing effect was only 0.0008 in le:' /el, where 
this was determined by calculating lc:'/c:I with and without the Monte Carlo 
determined smearing correction. The smearing was therefore small (and well 
understood) and this fitting procedure gave le:'/ el = +0.0036 ± 0.0029, and the 
result was independent of knowing the charged mode acceptance. From this 
study and from others where we varied the bin sizes in the ( P, Z) analysis and 
varied the Z ranges in the ( P) analysis, we assigned a systematic uncertainty 
of 0.0005 due to charged mode acceptance (no changes larger than this were 
seen). 

In neutral mode it is tempting to also try a (P, Z) analysis, but there one 
encounters many more difficulties than in charged mode. The resolution is 
much worse-1.4 GeV (rms) in P and 1.lm (rms) in Z so that the smearing 
effects are large. Additionally, an energy scale error of 0.23 would shift the Z 
vertex by lOcm {lOcm=0.23 x 50m; 50m is the average distance from the Lead 
Glass to the decay region), and this would induce an error in le:' /el on the order 
of 0.002 primarily from using an incorrect proper time in the Ks distribution. 
We therefore decided it was very difficult to do a (P, Z) neutral analysis (with 
a small enough systematic error) that would provide a meaningful check. 

The method chosen to check and quantify our understanding of the neutral 
mode acceptance correction was to study in detail the Z distributions of data 
and Monte Carlo events. From the 27r0 modes there were not enough statistics 
in the data to provide a meaningful check. All we could conclude there was 
that for the 6800 KL --t 27r0 events, the data and Monte Carlo were consistent; 

158 



however, we would not be able to discern a systematic problem at the level of a 
0.002 contribution to le' /el. (Remember the statistical uncertainty is 0.0028.) 
We did, however, have a sample of over 500,000 KL -+ 37r0 events and it was 
with this sample that we quantified our understanding of the validity of the 
acceptance correction. 

We demonstrated qualitative agreement between Monte Carlo and data 
for KL -+ 311"0 events in Chapter 9. Here we wish to look quantitatively 
at the agreement of the Z distributions. Figures 102-105 show the Monte 
Carlo and data comparisons in several energy bins, where a total sample of 
400,000 KL -+ 37r0 Monte Carlo events has been generated. Taking the ratio 
of data to Monte Carlo and plotting this, yields the distributions shown in 
Figures 106-109. These ratio plots should be Hat as a function of Z and 
if they are not, this reflects the Z-dependence to an acceptance error. For 
example, if the data to Monte Carlo ratio changes by 10% over 20m, then 
there is an acceptance error of 0.5% /m. So if the KL and Ks distributions 
were different by an effective Z distance of 2m, an error of 1 % in the relative 
acceptance determinations would result, corresponding to an 0.0017 error in 
le'/el. The ratio plots in Figures 106-109 have been fit to straight lines and 
Figure 110 plots the fitted line slopes in each energy bin, where the slopes have 
been normalized to correspond to an acceptance error per meter. As can be 
seen from Figures 102-110, the Monte Carlo and data are in good agreement 
and the acceptance errors are small. If we assume that Figure 110 does in fact 
correspond to the acceptance error per meter for the 27r0 data, then we can 
fold this into the observed 27r0 Z distributions for KL and Ks and determine 
the resulting change in le'/el. We have done this and we find that this causes 
a change of -0.00047 in le' /el. 

There are two criticisms one can make of this method for checking the 
acceptance correction. First, the check is done using 37r0 data rather than 
27r0 data, which is what determines le'/el. However, the detector and decay 
particles &re the same for these and so if we get the 37r0 acceptance correct, 
we make the reasonable claim that we also get the 27r0 acceptance correct at 
the same level. In fact, any acceptance error that exists is likely to be greater 
in 37r0 data than in 27r0 data, since the 37r0 acceptance changes more rapidly 
as a function of Z. The second criticism is that an acceptance error may not 
be linear in Z. In particular, the acceptance in the vacuum beam extends 
upstream of the Regenerator and is 'choked off' in that region by the Lead 
Mask, which is not an aperture for the regenerator beam. To address this, 
we have considered how well we understand the Lead Mask aperture. In part, 
we know it is understood well because the Z distributions in KL -+ 37r0 and 
KL -+ 7r+7r- agree well between Monte Carlo and data upstream. of the Lead 
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Figure 102: The longitudinal decay vertex distribution for KL --. 3?r0 events 
for kaon energies between 50 and 60 GeV. (The solid circles are Monte Carlo.) 
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Figure 103: The same plot as 102 for kaon energies between 70 and 80 GeV. 
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Figure 104: The same plot as 102 for kaon energies between 90 and 100 GeV. 
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Figure 105: The same plot as 102 for kaon energies between 110 and 120 GeV. 
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Figure 106: The ratio of data to Monte Carlo from Figure 102. 
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Figure 107: The ratio of data to Monte Carlo from Figure 103. 
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Figure 108: The ratio of data to Monte Carlo from Figure 104. 
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determined from straight line fits to plots in Figures 106-109 

Mask. Additionally, we have studied the acceptance as a function of beam 
shape (the way in which the Lead Mask affects the acceptance is correlated 
with the beam shape) and observed changes in le'/el no larger than 0.0005 for 
reasonable changes to the beam shape. We have also cut the vacuum data at 
different Z locations from 115m to 121m and we see no changes in le'/ el larger 
than 0.0007. From these studies and from the agreement between Monte Carlo 
and data for KL -+ 3?r0 events, we have determined the systematic uncertainty 
in le' /el due to the neutral mode acceptance correction to be 0.0007. 

Table 22 summarizes the systematic errors from accidentals, upper/lower 
beam differences, energy scale, charged mode acceptance and neutral mode 
acceptance. These errors are independent and so we add them in quadrature 
to yield a total systematic error of 0.0012. 

11.2 Systematic Checks 

We have now determined the systematic uncertainty in our result, but we 
should ask what were the systematic checks present in the data. A number 
of these have already been discussed. The first and very important check was 
the agreement between Monte Carlo and data in many modes and in many 
quantities. This provided the check that we understood our detector and the 
physics of our signal-recall, for example, that we were required to understand 
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Table 22: Summary of systematic uncertainties 

Source 

Backgrounds 
Accidentals and beam differences 
Neutral mode energy calibration 

Charged mode acceptance 
Neutral mode acceptance 

Total 

Systematic Uncertainty 
in IE' /El 
0.00066 
0.0004 
0.0004 
0.0005 
0.0007 
0.0012 

scattering in the absorbers and primary Ks contamination from the target. 
In particular, it was an important check that we understood the kaon energy 
spectrum and measured consistent results for it in the KL --+ 'lr+'lr-, KL --+ 27r0 , 

and KL --+ 37r0 modes. We made independent measurements of the B4C 
regeneration amplitude in charged and neutral modes and found consistent 
results for the energy dependence to this amplitude. 

We have done a ( P, Z) analysis in charged mode, thereby eliminating the 
charged acceptance correction, and achieved a consistent result. Lastly, we 
have analyzed the neutral mode data making some changes to the normal 
cuts so as to probe effects that were important in our measurement. We tried 
eliminating the fusion cut for photon clusters to probe our understanding of 
the KL --+ 37r0 background contamination, where the dominant uncertainty 
was due to the relative contribution of background events with O, 1 and 2 
fusions. Without this fusion cut the background went from 1.56% to 2.34%, 
and we found a change of 0.0001 in I E1 /El. It was important to understand well 
the acceptance around the holes in the Lead Glass and we analyzed the data 
requiring reconstructed y positions of photon clusters to be more than 2cm 
outside of the CA region-this resulted in a change in IE' /El of +0.0006. We 
tried requiring individual track momenta to be greater than 1.5 GeV /c (we 
worried about the acceptance of low energy tracks) and found this changed 
IE1 /El by -0.0001. Finally, we tried artificially changing the energy scale in 
neutral mode by 1 % to verify the calculation of this effect as outlined in the 
previous section, and found this changed IE'/ El by 0.0006. All these changes 
were small and therefore provided an additional check that our result was 
unbiased. 
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Chapter 12 

Conclusions 

This experiment has studied C P violation in the 27r decay modes of neutral 
kaons, and has measured 1 

le'/el = [3.2±2.8(stat)±1.2(syst)] .10-3 

Adding the statistical and systematic errors in quadrature then gives le' /el = 
(3.2 ± 3.0) · 10-3 • The dominant source of statistical error is due to the 6800 
KL__. 27r0 events observed, while the dominant systematic uncertainties arise 
from understanding of the neutral mode acceptance corrections and from es
timation of the neutral mode background subtractions. We thus find no sig
nificant evidence for direct C P violation. The result is consistent with recent 
Standard Model calculations that give 0.001 < le'/ el < 0.01. At the same 
time, the superweak model which predicts e' = 0 is still viable. 

Our measurement is the most precise determination of le'/ el except for a 
very recent result from the NA31 group at CERN which gives le' /el= (3.3 ± 
1.1) · 10-3 [37]; Figure 111 summarizes the experimental measurements that 
have been made and the range of values one expects in the Standard Model. 
The CERN result is the only measurement yielding a significant departure 
of le'/ el from O, and if correct would demonstrate that direct C P violation 
exists. The 1987-88 run of our FNAL experiment and a 1988 run of the CERN 
experiment should each produce new measurements of le'/ el with better than 
0.001 precision in the next one or two years and thus be able to establish 
the direct GP violation mechanism if le'/el is greater than about 0.002. The 
experimental techniques used by the two experiments are significantly different 
and have different sources of systematic uncertainty. This is beneficial because 
of the difficulty of these experiments, and in particular because a very careful 
understanding of systematic effects must be achieved. 

1This result has recently been published; see reference [36]. 
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The CERN experiment uses a single beam, detects charged and neutral 
kaon decays simultaneously and uses no regenerator. The experiment is run 
in two modes, one for KL and one for Ks. Their decay region is 50m long; 
for the Ks mode the target station is moved through the decay region so 
that the observed decay distribution is made to simulate a fiat distribution 
very similar to that from the KL mode of running. This has the advantage 
that acceptance corrections between the KL and Ks modes are small. The 
detector consists of a liquid argon electromagnetic calorimeter, two MWPC's 
for tracking charged pions and a hadron calorimeter for energy measurements 
of the charged pions. There is no magnet, so the energy resolution for the 
71"+ and 71"- is poor; very stringent requirements are therefore used offiine to 
distinguish signal from background in the 71"+71"- mode. Because KL and Ks 
decays are not observed simultaneously, this experiment must have very stable 
detector and beam performance and be able to measure and monitor these 
well. The KL and Ks modes have different beam intensities and different 
kaon momenta spectra, and these effects have to be well understood. Because 
the momenta spectra are different, the absolute energy scales for both charged 
and neutral modes also have to be known well. 

From our second data run at FNAL, greater than 200,000 KL --. 271"0 

decays are expected in the event sample and substantially more in the other 
271" decay modes. The large increase in statistics over the 1985 run resulted 
from improvements to the trigger and data acquisition and longer running 
time. Additionally, it was realized that for very high statistics it was necessary 
to accept events with no photon conversions at the HDRA, and the running 
conditions were optimized for this. The unconverted sample gives more than 
a factor of four increase in yield over the converted sample, but gives up the 
directional information provided by the electron-positron pair, which was very 
useful in reducing backgrounds. Studies have indicated, however, that (new) 
cuts requiring the center of energy at the Lead Glass to be within the beams 
and understanding of the backgrounds will be adequate to achieve the required 
low systematic uncertainties. It will also be necessary to understand the Lead 
Glass energy calibration to better than 0.1 %, since the downstream end of the 
Decay Region for neutral mode will no longer be defined by hardware at the 
HDRA. A software cut, which is sensitive to energy scale, will therefore have 
to be made. 

If I e' /el is smaller than 0.002, it is unlikely that the FN AL or CERN experi
ments will be able to convincingly establish (at a 30" level) a direct C P violation 
signal, even if they were to obtain significantly more data. In this scenario, 
new experimental techniques or significant detector improvements would be 
required. For the Fermilab experiment, a significant reduction of systematic 
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uncertainties could be achieved by improving resolution in the neutral mode to 
a level comparable to that of the charged mode. Such an improvement would 
greatly reduce backgrounds and would enable a P and Z bin analysis, similar 
to that done for charged mode, thereby eliminating acceptance corrections. 
Improving the resolution would require the Lead Glass array to be replaced 
with a superior electromagnetic calorimeter. BaF crystals, for example, have 
recently shown much promise due to their good energy resolution, fast signal 
characteristics, and good radiation hardness [43]. Conceivably, they or some 
new type of crystal may be very useful for future precision le'/ el experiments. 

In the coming years, one also hopes to observe C P violation in heavy quark 
systems.2 Similar phenomenology exists for neutral D and B mesons, as for 
kaons, though there are no corresponding long- and short-lived states (due to 
the large number of decay modes available). OP violating rate asymmetries 
will in general arise in a decay process when there are two or more paths 
to a particular final state and there are physical relative phases between the 
amplitudes for the different decay paths. Recently reported observations of 
B 0 - B 0 mixing from Argus [46], and also evidence for mixing from UAl [47], 
have stimulated interest in C P violation with B's, and there is much interest 
in future B factories that could produce the estimated 107-108 B's (based on 
predictions within the K-M framework) required to observe significant C P 
violating signals. The reported mixing results also put strong constraints on 
parameters in the K-M model. In particular, they imply that Uttl is non-zero 
and that the top quark mass should be greater than 50 GeV /c2 [46]. 

Theoretical calculations of e and e' have been significantly improved re
cently and it is possible that reliable estimates of le' /el with 0.001 precision, 
comparable to that of the experiments, will exist soon. (As discussed in Chap
ter 1, such an estimate has already been put forth by Buras and Gerard [21]) 
The Standard Model will soon undergo strong tests to accommodate experi
mental determinations of e, E

1

' the b lifetime, r(b-+ u)/r(b-+ c), and B 0 -Bo 
mixing. H the top quark is found, its mass will also severely constrain the the
oretical calculations. To date, the Standard Model has worked well and is not 
in conflict with any experimental data. But there are good reasons, coming 
from unified gauge theories, to believe that new physics must exist and there 
is hope that this will impact such quantities as e and e'. 

Symmetries appear to be fundamental with regard to the nature of the uni-

2For recent reviews of prospects for observing OP violation in the B system, see references 
[44] and [45]. 
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verse. Clearly, they have been fundamental in our attempts at understanding 
it. The laws of conservation of energy, momentum and electric charge all arise 
from symmetries, while in gauge theories the symmetries of local gauge invari
ance lead to interactions. It is vital that the nature and role of the discrete 
symmetries C, P, and T be understood in a unified theory of interactions. 
While C P violation is phenomenologically understood in the Standard Model, 
it appears only as a parameter in the theory and it appears in a similar manner 
as the quark masses and quark mixing angles. The origin of all these remains 
a mystery and it will take much experimental input to unravel this mystery. 
This experiment has been part of the attempt to do that. 
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Appendix 

Regeneration 

A regenerator was used to produce a secondary Ks beam from an incident 
KL beam for this experiment. This method produced a very clean beam with 
much less contamination of lambdas and neutrons than if a primary beam had 
been used. It also enabled the double beam technique of having side by side 
beams of KL and Ks, which allowed simultaneous measurement of the KL and 
Ks decay rates. 

Regeneration of Ks from a KL beam arises due to different scattering 
amplitudes of K 0 and K 0 • Consider the scattering processes, at momen
tum transfer q, of K 0X--+ K 0 X with amplitude f(q2 )/k and K 0X--+ K 0X 
with amplitude f(q2 )/k. If one then calculates the amplitude for the process 
KLX --+ K 0 utX, one finds 

IK > ex ~/(q2 ) + ](q
2
)) IK > + (/(q

2
) - ](q

2
)) IK > out 2k L 2k s 

22(q2)IK >+/21(q2)IK > 
- k L k S 

The first term represents elastic scattering, while the second term describes 
the regeneration phenomenon. 

A.1 Coherent Regeneration 

The regeneration amplitude per scattering center in the forward direction ( q2 = 
0) is called coherent regeneration and is given by:1 

p(O) = 27ri/21(0) 
k 

1 Coherent regeneration was first described quantitatively by Case and Good [48]. 
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For a macroscopic target, the coherent regeneration amplitude is given by 
integrating this over all scattering centers. Doing this, one finds (dropping the 
q2 dependence) 

where 

6(L) 
1 _ e-vL/As 

- As-----
11 

N is the density of scattering centers, 

L is the length of the regenerator, 

11 = i~m/r s - 1/2, 

rs= h/rs, 

As= crs, 

~mis the KL-Ks mass difference, and 

Ts is the Ks lifetime 

The regeneration amplitude, p, for the regenerator in this experiment is 
approximately 43 for 70 GeV kaons. The amplitude / 21 /k is dominated by w 
exchange and is predicted by Regge theory [49) to have a power law dependence 
on energy with constant phase: 

Further, the phase and power law are related by~= -j(2 - n). 
Including contributions from CP-violating decays, the 27r rate downstream 

of a regenerator from coherent KL and Ks is given by: 

where 

T is the proper time, and 

A is the interaction length of kaons in the regenerator 
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A.2 Diffractive and Inelastic Regeneration 

Diffractive Regeneration corresponds to Ks production at a finite momentum 
transfer q. Including elastic scattering effects in addition to diffractive re
generation, the 27r diffractive rate downstream of the regenerator is given by: 
(50] 

= 7r N Le-LIA . 

f" i q') + /"iq')) e"r" + f,,i q') .,,.-rL•I• ' ( A.l) 

The first term comes from diffractive regeneration; the second term is from 
coherent regeneration accompanied by an elastic scatter; and the third term 
is from an elastic scatter followed by a CP-violating decay. These three effects 
add coherently because the scattering centers and scattering angles are the 
same. It turns out that for a two interaction length regenerator, the first 
two terms largely cancel. This is fortunate, because this is also the length 
that maximizes the coherent signal. Thus, the regenerator was chosen to be 
two interaction lengths long. For this length, the coherent signal is further 
optimized by choosing a regenerator with low atomic number and so Carbon 
is a good choice. B4C was chosen for the actual material because it is denser 
than Carbon, and there were space limitations in the regenerator design. 

Inelastic regeneration results from a KL scattering with an individual nu
cleon inside the nucleus and regenerating a Ks with momentum transfer q. 
The nucleus breaks apart and extra particles are produced. The q2 depen
dence to this resembles scattering from a single nucleon, and is approximately 
e-6

q
2 

(50]. Figure 112 depicts schematically the q2 dependence of the 27r rate 
downstream of a regenerator and the regions of importance for the coherent, 
diffractive and inelastic signals. 
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Figure 112: Schematic representation of the q2 dependence to the 21r rate 
downstream of a regenerator. 
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