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ABSTRACT OF THE DISSERTATION

A Measurement of the Muonic Dalitz

Decay of the Neutral Kaon
by
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We report on a measurement of the decay Kz, — p* ™ from Fermilab experiment
ET799. We observe 207 candidate signal events with an estimated background of
10.54 4.0 events and establish B(Kr, — ptu~vy) = (3.23 £0.23(stat) +0.19(sys)) X
10~7. This provides the first measurement of the Kyv* form factor in the muonic

Dalitz decay mode of the K.
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Chapter 1

Short and Long Distance Physics

The Ki, — ~7 transition has received considerable attention in the literature due to
the fact that it is dominated by so-called long distance contributions [1, 2, 3, 4, 6, 7].

These typically involve QCD effects that are significant in many related kaon de-

cays such as Ky — puTp~vy, K, —» ete ™y, K —» ptu~ete”, K — ete ete, and
Ky — ptp pTp~. The AT = 1/2 rule in kaon decays is dominated by long distance
processes and understanding their effects could lead to an explanation for this em-
pirical rule. These type of QCD processes also dominate the the decay Ky — p™p~
while the short distance contributions to K — p*p~ are sensitive to Standard
Model parameters including the mass of the top quark. If the long distance contri-

butions could be calculated accurately a bound could be placed on the top quark

mass. With the recent discovery of the top quark at a mass of about 180 GeV [§]



w v u,ct

Figure 1.1: Lowest order electroweak process contributing to Kj — .

this could now prove to be a good testing ground for the consistency of the standard
model.

In this chapter we will discuss long distance processes and in particular the
parameterization of Bergstrom, Massé, and Singer which is often used to estimate

the K — ~yvy transition rate when one photon is an intermediate state [1].

1.1 Physics of the K; — vy Transition

The lowest order electroweak process that contributes to the K, — 7+ rate is shown

in Fig. 1.1. The amplitude for this process has been evaluated and the result is [9]

Gra . Y oo
(v2(q1, €1)72(q2, €2)|[M|KL) = - i R Euap el €50 05

x 3 Re(ViaVi)IAP + A7) (1)

1=u,c,t



where (05y#vsd|K°) = ifxpl, € is the polarization vector of the 4t photon,
q% is the 4-momentum of the 7" photon and V;; are elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. The constant fx can be measured in the decay
K* — uty,. The terms A; are the result of integrating over the momenta in the
loop of Fig. 1.1. They are functions of z; = m?/MZ, and can be found in Ref. [9].

Equation 1.1 can be written simply in the rest frame of the kaon as

(m1(q1,€1)72(q2, €2)|[M|KL) = F(Kp— yy)él X € -4

where ¢- ¢ =1 and [10]

M2 G . P T
F(Kp—7y) = 5" =ifx 3 Re(ViaVi)AY + AJ)

2 1=u,c,t

1.2 x 10774[A8) + A1),

Q

We have assumed here that the w-quark term dominates. The decay rate is then
given by [11]

|[F(KL — v7))?
167T'MK

= 8.5 x 10240 4 A2 571

Rate(KL — fyfy)



to be compared with the experimentally determined value of 1.1 x 10* s7*. Thus
if we assume |A() + A(")|?2 x~ 1 the experimentally observed rate is higher by about
a factor of 10 than the contribution from the process shown in Fig. 1.1. This
conclusion was originally reached by Gaillard and Lee [12] and also by Voloshin and
Shabalin [13] who estimated that Eqn 1.1 can only contribute 3% to the observed
rate. The integral functions in the evaluation of these processes are dominated by
masses on the scale of My and the corresponding distance scales are d ~ 1/ My .
These processes are often termed short distance in the literature.

A possible explanation for this deficit is to extend the sum in Eqn. 1.1 over
more generations ¢ = u, ¢, t, ... where the higher generation quarks must have higher
masses. However it is shown in Ref. [9] that the largest contributions to Eqn. 1.1 are
from the w-quark and decrease rapidly as the quark mass increases. Since m, <<
m, << my < m; it is unlikely that more generations could account for the observed
rate. There are other contributions to the process as shown in Fig. 1.2: QCD
radiative corrections as in the top figure (there are two related processes) and the
penguin diagrams such as shown in the bottom figure. The matrix elements of these

processes are unfortunately divergent and typically involve the dynamical integral

14, 15]

d*k 1

I = - - -
(1) ont kA(k? — MZ,)
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Figure 1.2: Top: QCD radiative correction to the process shown in Fig. 1.1. Bottom:
strong “penguin” contribution to the K — 7+ rate.

n
8m2 M2, | (k* + MZ,)/?

I

where p is a cut-off. In principle the results of the calculation must be independent
of u which is supposed to be only an artifact of the technique in calculating. As the
limit on the integrals are typically assumed to be p ~ m, the distance scales are

d ~ 1/m, and these contributions are termed long distance.



1.2 The AI =1/2 Rule

If we consider the decays Ks — m°7° and K+ — 77° we see quite different rates

for these reactions

Rate( Kt — ntn°) 1
Rate(Ks — 7°7°) ~ 200

(1.2)

This is an example that is quite common in AS = 1 transitions where processes
that change the total isospin by 1/2 are always favored over transitions where the
change in isospin is 3/2 [15, 16, 17]. In the above reactions the initial isospin of the
kaons is always 1/2 (the K+ and K° form an isospin doublet). But the final state
797° must be an I = 0 isospin state whereas the 7+ 7° state has isospin I = 2. The
processes shown in Fig. 1.2 are exactly those that give rise the rates in Eqn. 1.2 and
therefore a complete understanding of the AT = 1/2 rule will also give predictions of
the rates for various processes that would be dominated by the Kj — - transition.

_|_

Such processes are assumed to include K, — ptu~v and K — ete .

1.3 Kp— l+l_’y

The decay K1, — [T1™v is thought to be dominated by a K; — v4* coupling where
the off-shell photon subsequently decays into an [T/~ pair. In that case an expression

for the amplitude can be written without knowing the details of the process that



creates the two-photon state by introducing one unknown function. This function

can only depend on the invariant mass of the off-shell photon and is written f(g?),

q being the 4-momentum of the off-shell photon. The amplitude for the process
Ky — It v is

A KO l+l_ _ f(qz) Hvpo — kl k 1.3

(8 = 1717) = L e g g k() (13)

where k, k' are the 4-momenta of the [*,{”, and ¢, is the polarization vector for the

on-shell photon. From this one integrates over all possible final state phase space to

obtain the differential decay rate as a function of ¢?,

4, (K§ - 11y [£(@))° (1_ 'l ><1+2£>< _@)1/2, (1.4)

d(g?/mk) q*/mi mi q

The function f then describes the physics at the K~v* vertex. This equation was
first written down by Kroll and Wada in 1955 [18]. Equation 1.4 shows immediately

some of the differences between the ete™y and pu*p~+ final states. A cut-off at

high dilepton invariant masses, ¢> = m% and also a lower cut-off at ¢*> = 2m}

restricts the available phase space for muon decay mode to a region of invariant

mass: q> = [m2, m%]. In the electron final state dilepton invariant masses in the

2

range ¢> = [m2, m%] together with a 1/¢* dependence gives the decay K, — e*

ey

a much larger region of phase space to populate and hence much larger branching



Figure 1.3: Differential decay rates for Ky — putp~y and K —ete ™y (z =
(my+1- /mx)?). f(z) =1 is assumed here.

ratio than K; — putp~ v as shown in Fig. 1.3. The decay K — ¥v has the same
constant of proportionality as in Eqn. 1.4 and this then cancels in the ratio of
branching fractions. By assuming |f(¢®)| = 1 and integrating Eqn. 1.4 an estimate
of the decay rate for K — [*]7+ can be obtained

(K — 1) 4.09 x107* I=1p

- (1.5)

[=ce.

In the case of non-strange pseudoscalar mesons the decay P — [T[™+ contains



01

02

Figure 1.4: Vector Meson Dominance model for decay of non strange pseudoscalar
meson, P — 4. The meson propagators gives rise to pole terms in form factor in

Eqgn. 1.6.

no weak transition and a reasonably successful model exists to describe this case.
The leading order contributions are electromagnetic. The two photon intermediate
state is assumed to dominate, and transitions to that state occur through couplings
of the pseudoscalar meson to vector mesons, V. Also Pyy and PV couplings are
assumed absent. With these assumptions, one has the so-called Vector Meson Domi-
nance (VMD) model [19]. In this case the form factor for the decay of a pseudoscalar
meson P, mass M, P — ViV, — v is calculated from the Feynman diagram in

Fig. 1.4 to be
1

(m} —q})(m3 —q3)’

(1.6)

fr(&, a5 M?)

where my,my are the masses of the vector mesons and ¢y, ¢, are the 4-momenta



of the two photons. For the analogous case in which P becomes a K meson we
must take account of the decay of the strange quark and the only known mechanism
for this is via the weak interaction. Bergstrom, Massé, and Singer have suggested
that the Vector Meson Dominance model in this case must be expanded to include
two contributions [1]. The first, similar to the non-strange case involves a weak
transition to a intermediate meson that decays as in Fig. 1.5(a). The second contains
a K K*vy vertex, as shown in Fig. 1.5(b). This is a new feature, as such a coupling
was explicitly ignored in the analogous non-strange decay. In this model the long
distance contribution to the K, — ™ transition is given by the sum of Figs. 1.5(a)
and (b). The amplitude for the process described by Fig. 1.5(a) is calculated from

Vector Meson Dominance to be

A
A1: | ’;’Y| 5
1—gq /mp

(1.7)

The amplitude for Fig. 1.5(b) is obtained by assuming a phenomenological La-

grangian that has accounted successfully for other kaon decay processes [1, 20, 21]:

Ax(q?) = V2eCGnifr Ky (}C:—]’;g)

o 1 4 1 1 1 2 1 (1.8)
1—q?/mk. |3 1—-¢*/m2 91—¢?/m2 91—q¢?*/mi)]’

p

where Gy, is a constant that turns out to be quite close to the Fermi coupling

10
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Figure 1.5: Long distance contributions to the Kz, — «+* transition. (a) pole term,
and (b) the possible K* contribution.
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constant and f; are known meson form factors. The total amplitude for the Ky,

Dalitz decay is then,

Ap(q®) = Ai(q®) + ax-Ax(q®). (1.9)

A factor ag+ is inserted here in anticipation that different models will predict dif-
ferent relative strengths between the diagrams in Figs. 1.5(a) and (b). We note that

Ap is the form factor from Eqn. 1.3,

fla*) = 2ol )

Y

and that f(q¢®) a limiting form of a more general form factor f(¢?,q2; M%) that
describes the Kj — 4*v* transition where both photons are off-shell.

A strict application of the Vector Meson Dominance model for non-strange
pseudoscalar mesons to the Ky, Dalitz decay would ignore the K* contribution and
that would imply ag+ = 0. Sakurai developed a model using a phenomenological
Hamiltonian that had pseudoscalar-pseudoscalar and vector-vector couplings with

the same strength and transitions occurring with hadronic currents dominated by the

lowest mass mesons [21]. In this model |ag+| = 1. Another calculation by Bergstrom,
Massé, and Singer attempted to use the SVZ non-leptonic weak hamiltonian which

1s of the form

HEE = %ZC’O" (1.11)

12



and where O, are quark operators, and ¢; are c-numbers [1, 15]. The result differs

=0.2-0.3.

from that in Eqn. 1.8 by a factor of 1.2 sin 6., and this corresponds to |ax+

A model due to Ko uses a different effective Lagrangian and the results can
be summarized by the existence of additional decay channels with a set of vertices
K°(p,w, $)y which were assumed absent in VMD. In Ko’s model there are no free
parameters and the branching fractions for Ky — {T[7v are predicted unambigu-
ously. Specifically there is a prediction that B(K; — ptp™v) /B(KL —vy) =
(7.45755%) x 107* [22].

Gvozdev et al. attempt to calculate the strength of the Kj — 7+ transition
from a quark-level model and obtain a prediction for the ratio B(Kr — ete )/

B(Kp — p*tp~y) of 20 + 0.5 [23].

1.4 Top Quark Mass and Vyy

Figure 1.6 shows the processes that contribute to the decay K, — p*u~. The top
figure is one of the short distance diagrams (there are two additional diagrams
that involve a Z° boson) and the bottom figure shows the long distance contri-

bution. The rate for the short distance processes has been calculated and the

13



result is [4, 24, 25, 29, 30]

Gg (1 — 4M/ M) 7(Ky)
2t (1 —m2/Mz)? 7(KT)

(Re Z VZSV;ZCZ(:IJZ))

1=u,c,t

B(Kp — ptu)sp =

X

Ve B(K* - ptu,)  (1.12)

where z; = m? /M7, and

Cz) = Yo(z)+ a(p)Ya(z; p)
C(z) = Cwo(z;p) — Byo(z; p)

Cu(z) = 0. (1.13)

The term Yj is the leading order electroweak contribution,

z (4—=x 3z
Y: = — l
o(2) 8 (1—m+(1—az)2 nm),

and Y] is the QCD next-to-leading-log correction. Numerically |Ys| >> |aY;]|, where
a(p) = a,/4r; there is an explicit dependence on the renormalization scale y. The
functions Oy, and By are rather complicated and can be found in Ref. [29]. Using

the Wolfenstein parameterization of the CKM matrix [26] in which Vg = AX3(1 —

14
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Figure 1.6: Lowest order electroweak process (top) and long distance contribution
(bottom) to K, — utu™.

p —in) and V;; = —AX? and taking A = 0.22 we have
_ 417C(z.)\*
B(K tu = 1.71 x107°4* ll—p+—=—222) 1.14
(Ko — it )on = L7 x10°a%0 (1 - p+ 00200 ) (11

The third term in the parentheses in this equation is the result of th charm quark
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Figure 1.7: Functions used to calculate the short distance contribution to
Ki — putp~. Top: The solid line is Yy and the dashed line is Y5 + oY}, showing
that the QCD corrections to K, — ptp~ from the process involving the top quark
are small. Middle: the function C. from the charm quark contribution. Bottom:
The function Ap, this is the charm quark contribution that modifies the expression
for p from Ki — ptu~. The three curves are for A = 0.76 (solid) 0.83 (dashed)
0.90 (dotted).
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contribution. We find C.(z.) = 3.83 x 107* when m, = p = 1.4 GeV. If we define

417C.(z)  0.159
Azc't(a:t) N Azc't(a:t)

Ap =

then for my; = 170 GeV and A = 0.83, Ap = 0.23 . Thus the charm quark contri-
bution to K — pu~ is significant. On the other hand the QCD correction to the
top quark process is very small. In Fig. 1.7 we show the functions Yy, C;, C., and
Ap.

A determination of B(Ky — p*p~)sp then constrains the CKM variable p in

the Wolfenstein parameterization as a function of m;

B(Kp—»p"p )sp 1
= 1+Ap— . 1.1
P AP \/ 171 x 100 A2Cy(z) (1.15)

To determine the contribution from the lower diagram in Fig. 1.6 a model
to calculate the rate due to the two photon intermediate state is needed. The
contribution comes from all photon states including off-shell photons. However a
lower bound may be established by just taking the on-shell photons (g?> = 0) for
which the rate K, — 7+ has been experimentally determined. This part of the two

photon intermediate state is independent of the model used and is given by [11]

B 2
Rate(Kp - ptp )y 1 z(ﬁ)zl (mHB) , (1.16)

Rate(Kz — vy) 2 \Mg/) B\ 1-8
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where 82 = 1 — 4mi/M12<. This is called the unitarity bound and numerically it is

given by

B(Kp — ptp” unit = [ImA,,|> = (6.83 +£0.28) x 1072,

where the uncertainty comes from the branching fraction for Kz, — v [27]. This is

to be compared to the experimentally determined values

(6.86 +0.37) x 10=°  BNL E791 [31]
B(KL — ,u,+,u,_)Exp = (117)
(7.9 4+ 0.7) x 1072 KEK E137 [32].

A general expression for the branching ratio K; — putu~ can be written without

assuming the two photons are real [28]

B(Kp — ptu™) 1, (m, 21 yei
B(K, —»vy) 20‘( ) 5! E(ML)) (1.18)

where

4B 1 d*k[g®k? — (q- k)] f(d% (g — k)?)
mME (k2)(q — k)*[(p — k) — m2]

R(q") (1.19)

and ¢ and p are the 4-momenta of the kaon and the muon. The imaginary part of

18



R(q®) may be written as

ImR(q*) = ImRFY[1 — g(¢?)]
1+8

- (-0l u- e
and the first term is just the model-independent (point-like) contribution from Eqn.
1.16. It is known that the remaining contribution to the imaginary part of the
amplitude is small compared to this one, |g| << 1 (this is equivalent to ignoring
contributions from other intermediate states such as 77 and 7+ [33]). The imaginary
part of the amplitude is often called the absorptive part while the real part is referred
to as dispersive. Bergstrom, Mass6, and Singer have used Eqn. 1.9 to estimate ReR.
They attempt to estimate the the form factor for K — ~4*y* by extrapolating the

form factor for K;, — yv* in two extreme cases. They determine [2]
which corresponds to

(=5.0 — 11.50+) x 1075 < ReArp < (—2.8 — 10.6ax-) x 1075, (1.20)
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We may thus write

B(Kr — ptp~) = |ReAl’ + |ImA|* =~ |ReA|? + |ImA,, |?

= |ReAwp + Asp|* + Bunir (1.21)

and hence

AB = Bgxp — Bunir = |ReArp + Asp|®.

A measurement of B(Ky, — utp™) effectively constrains the contributions that can
come the short distance processes, as we shall now describe. From the average
value for B(K — ptp™) in Eqn. 1.17 a 90% confidence limit of AB < 6.5 x 1071°
is obtained. In comparison, using just the Brookhaven result alone would yield
AB < 5.6 x 10719 [31]. The lower limit of ReArp from Eqn. 1.20 together with the
maximum relative phase of the long and short distance contributions then sets the
upper limit: Asp < /AB + |ReArp|. As Fig. 1.8 shows, the sensitivity of Agp to
changes in AB is small in comparison to ag+ which has an uncertainty of about
£0.08. This bound on Agp then implies a limit for p as given by Eqn. 1.15 and shown
in Fig. 1.9. We note that lower values of ag+ give more favorable limits on p. By
assuming ag+ = —0.25 4 0.07 Ref. [31] inferred the bound p > —0.6 (see Fig. 1.10).

Measurements from the B-Meson system currently constrain |p| < 0.5 [34].
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Figure 1.8: Upper limit on ReA2p from K — ptp~. The solid line is the upper
bound obtained when |ReArp|? is added to AB = 5.6 x 107!, the dashed line
assumes AB = 6.5 x 107!%. The dotted lines enclose a region that is expected from
the standard model with A = 0.83, m; = 175 GeV and |p| < 0.5

204 02 o o2 osa

Figure 1.9: Bound on p from Ky — p™p~ as a function of akx+. The dependence
on ag+ is due to the subtraction of the long distance contribution. The different
contours correspond to A = 0.76 (dashed), A = 0.83 (solid), A = 0.90 (dotted).
AB < 5.6 x 107%% and m; = 175 GeV are assumed here.
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Figure 1.10: p versus m; from Ky — u*u~. The three contours correspond to A =
0.76 (dashed), A = 0.83 (solid), A = 0.83 (dotted). The constraint Agp < 3.0 x 107°
leads to an allowed region above the lines. (This choice of Agp comes from assuming
ag+ < —0.18 in the model of Bergstrém, Mass6, and Singer— see Fig. 1.8.)
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Figure 1.11: Variation of B(Kr — putu™) as a function of m;. The solid curve
corresponds to p = 0.5 and the dashed curve corresponds to p = —0.5 (4 = 0.83 is
assumed here). A limit of Bsp < 3.0 X 107° would imply m; < 360 GeV.

Alternatively one can take the known range of |p| < 0.5 and use Eqn. 1.14
to infer a constraint on m; [1]. Using Bsp < 3.0 x 107° which corresponds to the
90% CL from the current world average and ag+ = —0.25 + 0.07 [31] the limit on
the top mass is m; < 360 GeV. (see Fig. 1.11). No lower limit on p can be derived
as the current experimental data only imply Bsp > 0. This large range of m; can
be understood because Ref. [31] quote Re(ALp + Asp)? = (—1.0 £3.7) x 1071, the
error being dominated by the uncertainty on B(Ky — utu~). We also note that as
the uncertainty on p decreases the upper limit on m; from K — putpu~ is likely to

improve.
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1.5 Previous Measurements of K; — vyy*

In Fig. 1.12 we show the structure function |f(z)|® as a function of the invariant
dilepton mass =z = ¢*/m% for various values of ax+. In the electron mode, one
would typically obtain high statistics in the low-z region which would constrain a fit
and then differences in ag+ would be seen in the high-z region. The measurement
of ak+ in KI, — eTe™v has been observed at Brookhaven [35] and CERN [36]. In
Fig. 1.13 are the results from Brookhaven [35] showing a form factor consistent
with a value ag« = —0.28 £ 0.0837355:. The electron mode is complicated by
radiative corrections, the decay Kr — eTe vy where one of the 7’s is very soft,
being indistinguishable from the decay of interest. The Brookhaven result has a 55%
correction from this effect, changing the values of ag+ from —0.18 to —0.28 [35].

In Fig. 1.14 we show the complete differential decay spectrum as a function
of z (Eqn. 1.4) for the p*p~v case, again for various values of ag«. Here we see
the lack of data at low-z means that to a good approximation, a fit to this data
is shape-insensitive, the only difference between the various values of ag+ being
a normalization factor. Equation 1.4 with the form factor from Eqn. 1.10 can be
integrated and is a function of ag« as shown in Fig. 1.15 [1]. We note that the
branching ratio for eTe™7 is very insensitive to the value of ax+ in contrast to the
put ™y mode.

The only previous search for the decay K, — p* p~y was from Brookhaven [37];
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Figure 1.12: Structure function |f(z)|? for ag+ = —1,—0.28,0, +1.
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Figure 1.13: Brookhaven K — ete™y measurement of ax: The lower curve is for
the case ax+ = 0 and is inconsistent with the data [35].
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Figure 1.14: Dimuon mass distribution in the decay K; — ptu~v as a function of
z =m?, /Mg for ag. = —1,—0.28,0,+1.
one candidate event was observed above 0.48 GeV/c? where 0.1 background events

were expected (Fig. 1.16).

1.6 Other Physics Results from Experiment E799

Experiment E799 was spawned from a previous experiment, E731 which was de-

signed to measure the CP violation parameter ¢’. This was accomplished by si-

0

+ 0,0

multaneously observing the decays K; — 7%° Kp — ntr~, Ks — 7°7x° and
Ks — 7ntn~ [38, 39]. The final result of this measurement was that &'/e =

(0.74 £ 0.61) x 1073, consistent with zero. A similar measurement from the ex-
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Figure 1.15: Branching ratios for Ky, — utu~y and K; — eTe vy normalized to
K, — ~7v and their ratio. The parameter ax+ measures the relative contribution of

the K* diagram in Fig. 1.5(b).
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Figure 1.16: Evidence for K — putpu~« from Brookhaven. One event observed
where 0.1 background were expected [37].
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periment NA31 at CERN obtained the result ¢'/e = (2.3 + 0.65) x 10™2 which is
about 3.5 standard deviations from zero [40].

E799 was originally proposed to search for the decays Ky — 7t u~ and
K; — m%%e™, both of which potentially contain large CP violating amplitudes.

%vv was also a major motivation for E799. This decay mode is

The decay K, — «
thought to be dominated by direct CP violating amplitudes: the electroweak pen-
guin and the W box diagram. The Standard Model prediction for this decay mode
is 0.4 — 11 x 10~ where the range is due to the current uncertainty in the standard
model parameters 7, and m;. This is many orders of magnitude away from the best
current experimental sensitivity, which comes from E799: the 90% confidence limit
obtained was B(KL — 7%7v) < 5.8 x 107°.

Table 1.1 lists the previously published results from experiment E799. The
table shows that many rare decay modes of the kaon are accessible, in addition to
rare pion decays and lambda hyperon physics. In addition, as many of the decays
are so rare there also exists the possibility that before they are observed at the
predicted Standard Model levels other exotic processes may begin to contribute.

Because of its genealogy the E799 detector naturally had a large acceptance
for multi-body final states and it was therefore an ideal environment in which to

search for many rare decays, including K7, — u* ™+ which we will concentrate upon

henceforth.
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Mode Result

A° — pto— Polarization of A, A measured no energy dependence,
in contrast to X7, =" decays [41].

K — ete vy B(EX > 5 MeV) = (6.5 + 1.2stat 4 0.6sys) x 1077, 58

events, 8.3 background events. This decay is a back-
ground to K; — ete v and K — m%Te™. Predicted
to be 5.8 x 1077 [42].

K — 7%7%

90% CL = B < 2.3 x 107*. Theory predicts a range of
1x 1078 =7 x 1071 [43].

K; — eteete

(3.96 + 0.78(stat) + 0.32(syst)) x 1078, 27 events, 0.36
background. A form-factorless prediction via Ky — v
and with no radiative corrections is (3.55+0.17) x 1078
[44].

K — 7utu~

90% CL = B < 5.1 x 107°. Standard Model predic-
tions in range 3 — 6 x 107'? containing both direct
and indirect CP violating amplitudes in addition to
CP conserving amplitudes [45].

O

KL—>7T €

90% CL = B < 4.3x107°. Standard Model predictions
in range 107! — 107! with dominant contribution be-
ing a CP violating amplitude [46].

7T0—>€+

0,.0_0

K; — m°7°r

e~ from

B((mee/mq0)? > 0.95) = (7.6753(stat) & 0.5(syst)) x
1078, signal of 9 events, 1 background event. Theory
is model dependent in range 6 — 7 x 1078 [47].

KL — 7T01/17

90% CL = B < 5.8 x 107°. Predicted in range 0.4 —
11 x 107 which comes from uncertainty in standard
model parameters 7, m;. This mode is dominated by a
directly CP violating process [48].

70 — pteF

90% CL = 1/2[B(n° — pte )+ B(x® — p7et)] <
8.6 x 107°. Lepton flavor violation search [49].

Table 1.1: Previously published results from Experiment E799.
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Chapter 2

The Detector

This chapter discusses the production, flight and decay of neutral kaons, together

with the detectors used to observe the decay products.

2.1 Kaon Production

Kaons for this experiment were produced from the interactions of 800 GeV protons
on a beryllium target. The protons arrived with a time structure characteristic of
the Fermilab Tevatron, grouped in “buckets” of 2 ns duration, separated by 18.9 ns.
These buckets last for 22 s out of each 58 s Tevatron cycle, the 22 s intervals are
colloquially referred to as “spills”. Each spill contained an average of 1.4 x 10'2
protons. The beryllium target was a square rod with a cross-section of 3.2 mm X

3.2 mm and was one interaction length along the direction of the beam. The size

30



of the beam-spot at the target was approximately gaussian with width 0.4 mm. A
small wire chamber (SWIC) located 3 m upstream of the target was used to locate
the position of the primary beam, and magnets 30 m upstream of the target were
used to alter the position of the beam on the target.

The &'/e experiment for which the apparatus was originally designed needed
two beams of neutral kaons and this requirement influenced all of the beam shaping
elements downstream of the target. Figure 2.1 shows the series of beam shaping
devices that followed the target area. Two considerations help to reduce spurious
activity in downstream detectors. The first is to increase the neutral kaon content of
the beam, and the second is to give the beams well defined edges. Charged particles
are removed from the beam by “sweeping” magnets placed immediately after the
target and also after other collimators in the beam line, to remove charged debris
from interactions (see Fig. 2.2). Initially, the two beams were produced by a large
5.8 m thick copper collimator nine meters downstream of the target. The inner
edges were defined by two horizontal “slab” collimators. The outer edges of the
beams were defined by eight “jaw” collimators: 2 in the x-view and 2 in the y-view
at 20 m and again at 30 m from the target. The number of photons in the beam was
reduced by a lead absorber (7.6 ¢m, 14 radiation lengths, but only 0.44 interaction
lengths) . This converted photons to electron-positron pairs that could be removed

by the sweeping magnets.

The spectrum of neutral kaons emerging from protons incident on the target

31



has been previously determined in experiment E731, the result has been parameter-

ized by [50]
d’N(K°) sin | X(1— X)4 (1 + 5e D1 X) X(1— X)42(1 + 5e~D2X)
= 1 2 2 + By 2 2 F(P)
dPdo 800 (14 P2 /M37)* (14 P2 /M)
and
d?>N(K°) sind | X(1— X)42(1 + 5e~D2X)
= 2 2 /172 F(P)
dPdo 400 (14 P7/M3)*
with
Al - 2924:7 Ag - 6107,
B, =14.15, B, =12.33,
D, =19.89, D, =12.78,
M, = 1.079GeV/c?, M, = 1.048GeV/c?,

where X is the ratio of the kaon to proton energies, P is the kaon momentum, P; is

kaon transverse momentum, 8 is the production angle, and

F(P):1—|—w1P—|—w2P2—|—W3P3—|—W4P4,

wy = 6.033 x 1073(GeV/c) ™, wy = —4.283 x 107%(GeV/c) 72,
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ws = —1.106 x 107 "(GeV/c) 73, wy = 1.802 x 107°(GeV/c) ™.

The energy spectrum of K’s with § = 4.8 mrad is shown in Figure 2.3. The
targeting angle was chosen as a compromise between maximizing the neutral kaon
yield, which occurs at § = 0 and decreasing the neutron to kaon ratio of by using a
larger targeting angle.

Protons incident on a target produce many different particles and neutral kaons
represent only a small fraction of the incident mass-energy: Photons, neutrons, A%’s,
=%s were present in the beam at some level. The exact content of the beams is
difficult to predict and after many months of generating Monte Carlo the neutron
the kaon ratio of the beams in the decay region is known to be 2:1 with about
50% error on the ratio [51]. The A%’s and =°’s mostly decayed before reaching the
effective decay volume 90 m from the target. Neutrons almost never decayed in the

detector and in fact most of the K, content also did not decay: at 50 GeV, only 5%

of the K1 ’s decay before reaching the end of the detector.

2.2 Detector Elements

The effective decay region for the neutral kaons began at about 90 m downstream
from the target. We now describe the elements of the detector starting at approxi-

mately this zposition. Figure 2.4 shows a highly compressed view of these detectors.
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Figure 2.3: The energy spectrum of Ky, for § = 4.8 mrad.
2.2.1 Magnetic Spectrometer

Measurement of the momentum and trajectories of charged particles was performed
by a bending magnet and four drift chambers. Two drift chambers measured the
directions of tracks upstream of the magnet and two measured the directions of
tracks downstream of the magnet. The magnet was a dipole with an aperture of
2.52 m (x) x 1.46 m (y) and produced a field of 4 KGauss in the vertical direction.
This imparted a transverse momentum (P;) of about 200 MeV/c in the horizontal
direction.

Figure 2.5 shows the drift chamber wire configuration. To measure z and y
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positions there were two separate planes of wires in each chamber. In each plane
of wires there were two rows of sense wires surrounded by two rows of hexagonally
shaped field shaping wires. These wires were contained in volume between two Aclar
windows, and the entire chamber was filled with 50% Argon, 50% ethane, 1% ethanol
mixture. During the spill high voltage (-2650 Volts) was applied to the field shaping
wires. At this voltage, drift velocity was 50 pm/ns. The signals from the sense wires
were discriminated and then split and sent to time-to-digital (TDC) converters and
also to hardware track-processor modules. The TDC’s were Lecroy 4291B Camac
modules operating in a common stop mode, the stop being provided by the result of
the level 1 trigger decision. The double pulse resolution of these TDC’s was about
200 ns, meaning that for 200 ns after each pulse was received, the input to the TDC
could not accept another “start”. This had the advantage of excluding reflections
from re-starting the TDC, but the disadvantage that dead-time was introduced.
The distribution of times recorded from a plane for all wires is illustrated
in Fig. 2.6. We note the characteristic sharp edge near 240 ns resulting from the
common stop mode of the TDC; values near this edge are from tracks that pass quite
close to the wire. Assuming uniform illumination across cells the TDC values were
converted to distances d = z;(¢) for the +* wire. A “sum of distances” parameter
was defined from the times of two hits by by SOD = =z,(¢1) + z;(¢2). Apart from

subtleties of missing hits, the requirement that the sum of the distances equal the
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Figure 2.5: Drift chamber wires were arranged in two views as seen in the plan view.
The field shaping wires were arranged in a staggered two-row hexagonal pattern,
with sense wires at the centers of the hexagons. On the left is the cross section of
the vertical wires which measured the z-position, and on the right are shown the
horizontal wires which measured y-positions.
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Figure 2.6: Raw distribution of TDC values for a typical plane.

cell size determined the exact location of the track. The SOD parameter is plotted
for one view of a single chamber in Fig. 2.7, and indicates that the resolution for
determining the position of a single track, in one view and in one chamber is typically

about 100 pm.

2.2.2 Lead Glass Calorimeter

At the heart of the experiment was a lead-glass Cerenkov calorimeter. This consisted
of 804 lead-glass blocks stacked in a roughly circular array, with two holes near the
center through which the beams passed. Each of the calorimeter blocks was 60.2 ¢m
long in the direction of the beam corresponding to 18.8 radiation lengths, and 5.8 cm
x 5.8 ¢m in the dimension transverse to the beam. Individual blocks were wrapped

in aluminized mylar to make them optically isolated from neighboring blocks. The
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Figure 2.7: Sum of distances distribution for y view of chamber 4.

calorimeter is depicted in Fig. 2.8. The entire array was housed in a light tight,
temperature controlled room. Charged particles traversing the lead-glass produced
Cerenkov light that was collected by phototubes at the most downstream end of the
calorimeter.

Signals were split and used for a variety of purposes. First a part of each
signal was sent to a LeCroy 1885 dual-ranging analog-to-digital converter (ADC).
The gate for this ADC was 100 ns, which was long in comparison to the time between
consecutive buckets incident on the target, and therefore allowed for the possibility
that energy deposits other than those associated with the in-time bucket could be
included in the charge integration. For this reason, part the signals from groups of
blocks were summed and sent to ADC modules that had 30 ns charge integration
gates. This information proved to be extremely useful in the analysis for removing

events that contained out-of-time energy deposits in the calorimeter. In addition
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20 cm

Figure 2.8: Transverse section of the lead-glass calorimeter. The bold outlines
represent groups of blocks whose outputs were combined to form sums used in the
trigger.
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the sums from these groups of blocks were themselves added, the result being a
fast calculation of the total energy deposited in the calorimeter which was used for
triggering purposes.

Throughout the run the blocks, and particularly those close to the holes
through which the beams passed, were subject to large doses of radiation. This
deteriorated performance of the blocks due to the absorption of Cerenkov light in
radiation damaged areas. Blocks near the center of the array, between the holes
received as much as 23 krad integrated dose. To compensate for this, at approxi-
mately every two weeks of beam-time throughout the run the array was subjected to
UV light from a 400 Watt mercury lamp for about 12 hours. Previous experiments
had shown that lead-glass blocks can recover at the 90% level from this treatment.

Previous experience had shown that the phototube gains can change by up to
10% at the beginning of each spill. This “warm-up” effect of the phototubes was
removed by illuminating the blocks with a low level light LED light source. Gains
of the phototubes were monitored throughout the run using a Xenon flasher lamp,

with a spectrum similar to that of Cerenkov radiation.

2.2.3 Photon Veto Detectors

At various zlocations there were detectors designed to veto charged and neutral

decay products that were outside the acceptance region of the calorimeter. The
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Detector ‘ Aperture ‘ Composition ‘ z-location (m) ‘

VA-1 Square Scint/Pb-Lucite Sand. 122.9
VAO Square Scint/Pb-Lucite Sand. 125.2
VA1 Circular | Scint/Pb-Lucite Sand. 132.2
VA2 Circular | Scint/Pb-Lucite Sand. 135.9
DRA Square* | Scint/Pb/Scint 140.9
VA4 Circular | Scint/Pb-Lucite Sand. 158.3
MA Square Scint/Pb-Lucite Sand. 166.8
LGA Circular | Scint/Pb-Lucite Sand. 178.7
Iron Ring | Circular | Iron 179.3
BA n/a Pb/Lucite Sand. 185.0

Table 2.1: Photon Veto detector properties.(*Note: DRA had a circular outer aper-
ture, the only veto counter of this type.)

counters were composed of various materials and came in different shapes as listed
in Table 2.1

All of the veto detectors were designed to detect charged or neutral particles
that would have otherwise have been lost without detection. Listed in Table 2.1 are
the shapes of the inner apertures of the veto counters. The scintillator/Pb-Lucite
construction of the VA detectors is illustrated in Fig. 2.9. Photon veto counters
VA -1 through 4 and the Decay Region Anti (DRA) were located inside the vacuum
region. The Magnet Anti (MA) covered the dead region of the magnet. The Lead
Glass Anti (LGA) covered the region extending outwards from the outer edge of the
calorimeter. The LGA left a gap in the acceptance between its inner edge and the
outer edge of the calorimeter and a 2.9 radiation length thick iron ring was placed

further upstream to cover this crack. The idea was to make photons shower so that
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Figure 2.9: Cross section of a scintillator/Pb-Lucite sandwich veto detector.

the shower products could be detected. The most downstream veto detector was the
Back Anti, positioned 5 m behind the calorimeter, its purpose was to detect particles
that escaped through the beam-holes in the lead-glass. The BA was a segmented
lead-lucite sandwich, 28.1 radiation lengths in depth, viewed by 72 phototubes.
The segmentation meant that hadronic interactions and electromagnetic showers
could be distinguished based upon the depth of the shower maximum. Figure 2.10

illustrates the coverage that the system of veto detectors provided.

2.2.4 Trigger Hodoscope Banks

For the purposes of triggering on charged tracks two planes of scintillators provided
complete coverage of roughly a 2 m x 2 m region directly in front of the calorimeter

(see Fig. 2.4). The trigger banks, called B-bank and C-bank for historical reasons,
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Figure 2.10: The Veto detector coverage plotted as a function distance from the
target. This plot refers to photons produced in the lower beam, and traveling
downwards.
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are depicted in Figs. 2.11 and 2.12. This geometry allowed triggers to be formed
to select different numbers of tracks. For example: at least two hits in each bank

would trigger on events consistent with two charged tracks.

2.2.5 Muon Identification

There were three hodoscope banks in the detector, called MU1-3. MU2 was not
used in this analysis.

MU1 was composed of 45 overlapping scintillator paddles positioned imme-
diately behind a 10 ¢m thick lead wall and viewed by one phototube per counter
(Fig. 2.13). The phototube signals were combined in an analog sum for trigger pur-
poses. The lead wall was 0.6 interaction lengths and combined with the lead glass
which was 1.7 interaction lengths the total amount of material upstream of MU1
was 2.3Ar; the same material comprised 44 radiation lengths. This geometry was
optimized for previous experiments to reject hadronic shower leakage from the back
of the calorimeter and at the same time retain events with electromagnetic showers.
As will be seen in a later chapter, the MU1 bank could be used off-line to reject
about 80% of K decays with at least one pion present. During E799 data taking
MU1 was used in the dimuon trigger to lower the level-one rate. If the veto thresh-
old for MU1 were set sufficiently above an average two minimum ionizing deposit,

very few events with two muons would be rejected. However, the effect of putting a
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Figure 2.12: Horizontal bank of trigger counters.
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counter sensitive to muons in veto are unfortunately not small and will be discussed
at length in a later chapter.

MU3 consisted of 16 non-overlapping scintillator paddles viewed from the top
by one phototube per counter. The bank was positioned approximately 10 cm
behind 3 m (18 interaction lengths) of muon filter steel. The phototube signals were
the inputs to a custom logic unit which required at least two hits, and if only two
counters were above threshold they were required to be non-adjacent. The threshold

for single muons to penetrate the filter steel was about 5 GeV.

2.3 Triggers

Triggering was divided into two levels, the first level was a fast decision, typically
made immediately after each bucket and available after every bucket (~ 20 ns).
Table 2.2 lists the detector information that was available at for first level triggering.
A successful level-one trigger initiated a more complex level-two trigger of which only

the following are relevant to this analysis:

o Hit Counting: A series of custom electronics boards and commercially available
modules performed hit-counting on the drift chamber signals[52]. Two-track

triggers required at least two hits per chamber-view.
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Figure 2.13: MU1 hodoscope bank.
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Figure 2.14: MU3 hodoscope bank.
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e Hardware Cluster Finder (HCF): Another custom electronics module stored
digitized hits from the lead-glass blocks that contained at least 2.7 GeV in a
30 ns charge integration gate for the data used in this analysis. Neighboring
blocks were then counted as a single cluster, and the number of clusters was

counted.

The result of the level-two trigger was typically available 30 ps from initiation. This
time was dominated by the HCF.

The two-muon trigger was implemented to select hits in the drift chambers
and trigger hodoscope banks consistent with two tracks, no photon veto counters
above threshold, hits in the MU3 bank consistent with two muons, and a minimum
energy deposit in the calorimeter in order to select photon candidates. Using the

notation of Tab. 2.2 we write

2B -2C - El** . PHV - MUT - MU3 - HiTCnt(2track). (2.1)

A minimum bias trigger was run simultaneously, and designed to collect two track

_|_

events, including Kz — 777~ 7% which are used for normalization purposes. The

trigger was

2B -2C - PHV - HiTCnt(2track). (2.2)

A prescale of 3600 was applied to the two-track minimum bias trigger.
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In addition an “accidental” trigger was constructed from two scintillator pad-
dles forming a crude telescope directed toward the targeting region. The solid angle
subtended by this telescope did not include the detector however. This trigger was
designed to detect muons from the target area, and given the number of protons on
target per bucket (~1000), it was assumed that this trigger was not correlated with
kaon decays in the detector. All detector elements were read out for each accidental
trigger. These were then overlaid upon individual Monte Carlo responses in order
to account for the instantaneous ambient activity in the simulation of the detector.

Finally there were some special runs taken for calibration purposes. Notably
were a series of “B - MU2” triggers taken with a piece of copper in the beam pipes
so that all particles except muons would be filtered. A similar set of B - MU2 and
C - MU?2 triggers were taken with the copper beam-stop removed. These triggers
were designed to collect samples of single track muons for calibration purposes.

This does not represent an exhaustive list of triggers taken for E799, but only
those relevant for this analysis. Data were collected during the fixed target run at
Fermilab in 1991. In 10 weeks of data taking about 60 million two-muon triggers
were written to tape from 115 runs. The total kaon flux in this time was about 30
billion for decays in the region 90 < z < 160 m and for parent kaon momenta in the

range 20 < |p| < 220 GeV.
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Detector Element | Source Name Description
B Bank 1B one or more counters in the bank hit
2B two or more counters in the bank hit
3B three or more counters in the bank hit
BE one or more counters in the east half of bank hit
BW one or more counters in the west half of bank hit
C Bank 1C one or more counters in the bank hit
2C two or more counters in the bank hit
3C three or more counters in the bank hit
Ccu one or more counters in the upper half of bank hit
CD one or more counters in the lower half of bank hit
B and C Banks BCPH requires a hit in a central counter of each bank
Lead-Glass E; Low Rising edge above low (= 6 GeV) threshold
E; High Rising edge above high (= 50 GeV) threshold
Q1,Q2,Q3,Q4 one quadrant of glass above low threshold
Photon Vetoes VA -1, VAO a hit in the veto scintillator
VAl-4, DRAC a hit in the veto scintillator
LGA signal above threshold in the LGA lucite counters
BA12 signal above & 2.5 GeV in X-view of first 2/3 of BA
BA3 signal above & 5 GeV in X-view of last 1/3 of BA
MU1 MU1 signal above threshold in analog sum of counters
MU?2 MU?2 a hit in any counter
MU3 MU3 hits in two non-adjacent MU3 counters
Accidental Trigger ACCID a coincidence in the Accidental muon telescope
Beamhole Counters UPBM a hit in the counter in the upper beamhole
DNBM a hit in the counter in the lower beamhole

Table 2.2: Level one trigger sources.
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Chapter 3

Searching for K; — =~y

In this chapter we give a description of the methods used to reconstruct the track
directions and the energies of kaon decay products from the digital information of

the detectors. Our Monte Carlo simulation of the detector is also discussed.

3.1 Reconstructing the Event

The physics decay of interest, K — p*u~, requires two tracks and an isolated
deposit of energy in the calorimeter that is consistent with originating from a pho-
ton. Looking at all K decays with two charged tracks in the decay products, we
would expect those with the largest branching fractions to be potential sources of
background, namely: Ki — nt7~7° (B=12.38%) and K1 — n*uFv (B=27.0%).

For these to be mistaken as K;, — u* ™+, one or more of the decay products would
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have to be misidentified or lost completely in addition to having some rare and ran-
dom energy deposit in the lead glass. Given that there are ~1000 protons incident
on target each bucket and that on average each kaon is accompanied by about two
neutrons that end up interacting in the back anti, it is not surprising that there
would be such “accidental” activity present. Accidental activity is defined for us
to be any energy deposits not associated with the decay of the parent kaon. Most

accidental activity comes from the following sources:
e Muons from the target
o Interactions of the neutral beam particles
e Kaon decays other than the primary decay of interest.

For a K, — mTm 70 to fake a K1, — puTpu~y event it is necessary for one of the pho-
tons from the decay of the 7° to pass through one of the gaps in the acceptance or for
one of the photons to overlap with another cluster from a track for example. When
photons are lost there is missing energy in the event and the remaining products
will have an invariant mass below that of the neutral kaon. In addition we would
have to misidentify both charged pions in the K, — 7 ™7~ 7° decay as muons, which
may occur either because there happens to be two hits in the muon identification
hodoscope from accidental activity or because the charged pions decay into muons,

or a combination of these two effects. Then one might expect that the charged
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tracks would not extrapolate to the hit counters in the MU3 bank. Also one may
hope to reject such fake signal events by looking for pion showers in the calorimeter
where muon tracks from K7 — pu*p~v events would only leave a minimum ionizing
deposit. In the case of K; — ¥ uTv there is already one muon present from the
kaon decay so we anticipate that it will be easier for this decay to fake a signal
event: if the pion is misidentified as a muon, there is a accidental deposit of en-
ergy in the calorimeter, and there is spurious hit in the MU3 bank. We label this
class of events as K — m¥uFvy,e. A further kaon decay that could potentially
mimic a Kj, — pu~ 7 decay is the decay K — 7t uFv9,qq, the radiative version of
K — mtuFu.

With the expected branching ratio for K, — p*u~ at the level of 107 and
the most probable backgrounds in the range 107!, it would not take that many
misidentifications, or accidental energy deposits to completely bury a signal in back-
ground events. However, with the exception of K — 7% uFvv,44, the backgrounds
can be distinguished from signal using kinematical quantities. Firstly one would
expect the total momentum of the decay products transverse to the beam to be zero

ta~m°, where a pho-

for real K — p*p~v events. For backgrounds like K, — 7
ton has to be lost in order for the event to be misidentified as signal, these events

would be expected to be quite spread out in the transverse momentum parameter

(when a photon overlaps with another cluster this wouldn’t be the case). Also one

58



might expect to see large energy deposits from pion showers in Kz, — 777~ 7° and
K; — 7 pFuy,.. events which are absent in the signal mode. Finally, the invari-
ant mass of the candidate signal events would be expected to be clustered around
the kaon mass under the K; — utu~ v hypothesis, whereas background processes
which require the loss or gain of photons would not be reconstructed at the kaon
mass under the K, — p* ™+ hypothesis.

As we do not have accurate measurements of the number of protons on target
we cannot measure the number of kaons entering the detector region. However
we can look for a high statistics decay mode that is similar to K, — ptu~v and
measure the branching fraction relative to that mode. Ideally we would look for
a decay mode with two muon tracks in order to reduce the systematic bias by
having the analysis of the signal and normalization modes as similar as possible.
However the obvious candidate, K, — u*p~ is another rare decay with a branching
fraction ~ 1072 less than that expected for K, — utp~v. The decay K1 — n¥uFv
is another candidate, but the neutrino always remains undetected and establishing a
sample of K, — 7% uT v events that is well measured is difficult. This leaves the most

+tr~7° which has a very small background.

viable normalization mode as K;, — 7
With these considerations in mind, we are led to the search procedure: (i) we

want to search for two well measured tracks passing through the spectrometer and

to be able to measure their momenta; the resolution of the momenta can never be
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too good as this directly impacts the resolution of the reconstructed invariant kaon
mass. (ii) We want to search the lead glass blocks for energy deposits both in order

to reject pions and to identify and measure the energy of candidate photons.

3.2 Tracking

The search for tracks begins by finding all hits in the drift chambers. Given the two-

layer geometry (Fig. 2.5) of the chambers these hits could be grouped accordingly:

a pair of hits in complementary cells for which the sum of the drift distances

is close to the cell size (an in-time pair)

e hit pairs for which the sum of drift distances is significantly above or below

the cell size (out-of-time pairs)
e single hits adjacent to in-time pairs
e single isolated hits

o single hits between pairs

A “pair” always refers to hits in different planes. Note that groups of more than three
hits are characterized by multiples pairs. In the case of ties for sum-of-distances or

clusters of hits with no in-time pairs, the hits were paired off arbitrarily according

60



to the order the raw event data was read from tapes. The method adopted to search
for tracks was different for z-track segments and y-track segments.

In the z-view all possible track segments were formed between hits in chambers
1 and 2. Similarly all candidate segments were found between chambers 3 and 4.
This can result in many possible tracks, and because there may be isolated hits with
ambiguity in the hit position, even single hits could produce multiple track segments.
To reject unphysical combinations, the upstream candidate z-track segments were
required to extrapolate to within 10 ¢m of the beam center at the vacuum window
(the beam size at that position was 9 ¢m) and the downstream candidate z-track
segments were required to extrapolate to a position within the lead glass array.
Further unphysical segments were rejected by requiring a continuous track through
the spectrometer; the extrapolated z-position of downstream segments at the center-
plane of the magnet had to match the extrapolated z-position of upstream segments
in the same plane to within 1 em (100). At this stage there may be many track
candidates that share hits and a “goodness of fit” parameter is needed to choose the
best combination of segments. This of course may introduce biases into the analysis
that would be difficult to model correctly. However in Kz — u* =+ we deliberately
chose a normalization mode, K;, — w7~ n°, that also has two tracks. Thus in the
ratio of acceptances any tracking inefficiencies will largely cancel. Then the only

possible difference between the normalization mode and the signal mode will be the

61



possibility that pions shower (an effect which is not simulated in our Monte Carlo -
see below). However, there was a total of about 0.005 interaction length between the
vacuum window and the lead glass, and for this analysis we may safely ignore effects
this small. Therefore the exact algorithm for choosing the tracks is not as important
as making it consistent between modes. The technique used was to try and quantify
what a “good” track is. For example, tracks that have only in-time pairs, with no
other hits are obviously the cleanest that we might hope for. Tracks with a single
hit next to an in-time pair were acceptable as this may occur for example, if there
was a 6-ray that produced a hit on a neighboring wire. Single isolated hits would
be considered worse as cells were typically 98% efficient. Accepting a track with
two such isolated hits was not considered acceptable. An out-of-time pair would be
considered worse still as it could either have come from a é-ray triggering a wire first,
and the TDC dead time ensuring that the real ionization pulse went undetected,
or it may come from an accidental event. There is clearly a tradeoff between track
cleanliness and reconstruction efficiency. These considerations were implemented in
a quantifiable way by assigning each hit or hit pair a quality number, and summing
all of the quality numbers over a given track candidate (see Tab. 3.2). Then in
the z-view, all of the possible track segments were ranked according to their total
quality number, and only those with a quality within 2 units of the best were kept

for further consideration. The track with the best offset at the magnet plane was
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‘ Classification ‘ SOD Requirement ‘ Quality Code ‘

In-Time Pair ISOD — deen| < 1.5 mm 0
Late Pair (SOD — deen) < —1.5 mm individual hits were
stored with status code
1; the pair with 3

Early Pair (SOD — deen) > 1.5 mm 3
Isolated Single Hits n/a 2
Single Hits Next n/a 1
To a Pair
Single Hits Between n/a 2
Two Pairs

Table 3.1: Classification of chamber hits

then determined to be a good track. Any other tracks sharing hits with this track
were eliminated. Remaining tracks were re-routed through this algorithm until the
list of track candidates was exhausted.

The y-track finding algorithm differed because the analog of the magnet offset
no longer exists when there is no bend in the track. Instead the hits from chambers 1
and 4 were used to form candidate y-segments. Then it was required that hits exist
within 1.5 ¢m of the intersection of this y-segment and the hit planes in chambers
2 and 3. No y-track candidates were kept if their sum of total quality number was
greater 4. Also the segment candidates were required to extrapolate to the beam
in the upstream direction and the calorimeter in the downstream direction, just as
for z-tracks. Tracks with single hits have an ambiguity of the hit position. For this

case the x? of each alternative was calculated and and the hit providing the lowest
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x? was used. As with the z-view the best track was chosen, this time the tracks
were ranked in order of x2. All tracks sharing hits with this highest ranked one
were rejected, and the algorithm was repeated on the remaining candidates. The
tracking efficiency of events passing the trigger for finding two tracks was 80% in
Ki — p*tp~y decays.

Finally, tracks in the two independent = and y planes were paired. This was
done by requiring that tracks in each of the two views project to a common energy
deposit in the lead glass calorimeter.

The momentum scale was found roughly by a survey of the magnetic field,
which fixed the absolute momentum scale to about 0.2%. Then the kaon decay
K — w7~ was used for fine-tuning as one can reconstruct the kaon mass to a very
good accuracy using only the bend angle of the tracks at the plane of the magnet for
this decay mode [53]. Using 8, , = ps,/p. the relationship between track momentum

and angle can be derived,

( 0: . 0: ) Ap;
JI+ @22+ (002 L+ (622 +(602) P

where Ap, is a constant, and §*¢ refer to the track angles upstream and downstream
of the magnet. There are two major contributions to track resolution: multiple
scattering, and single hit resolution. Because the momentum is proportional to

the inverse of the bend angle the relative error in the momentum is equivalent to
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the relative error in the bend angle (6g) to first order: o,/p x o0g,/0p. Multiple
scattering has an RMS that is () o 1/p and therefore produces a constant term
in the relative uncertainty of the reconstructed momentum. The 100 pm single
hit resolution is momentum independent and the uncertainty in the reconstructed
angles is a constant. Therefore single hit resolutions cause a growing uncertainty
as track momentum increases. The momentum resolution for the spectrometer in

E799 was given by (0,/p)?> = (5 x 107%)% + (1.4 x 10~ *p/(GeV/c))? [52].

3.3 Calorimeter

The lead glass calorimeter presented many problems in reconstruction. We would
like to be able to search for clusters of energy in the data, and identify photons
both for K; — 7t7 7% and Ky, — pTp~v. We need to be able to reconstruct the
position and energy of clusters both isolated and associated with tracks.
Throughout the data taking period a series of special runs were taken in
which the lead converter was removed from the upstream region of the beam line
(Fig. 2.1) and also at a lower beam intensity. This enhanced the photon content
of the downstream beams considerably. At a z-location of 119 m from the target
a copper/titanium plate was placed in the beam (see Fig. 3.1) to convert photons
[564]. Magnets (AN1, AN2) separated the resulting ete™ pairs and the analysis mag-

net directed them onto the lead glass to ensure that sufficient data was taken to
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calibrate each block. Off-line analysis of the tracking data was used to find events
with two reconstructed tracks with at least one of them extrapolating to a cluster
in the calorimeter. These electrons were then used to determine a single number
for each block that maps the measured ADC value to an energy. The fundamental
requirement is that on average E/p = 1 for electrons. Since clusters typically have
leakage into neighboring blocks a fitting procedure was to used extract gains that
optimized the E/p ratio. This procedure to calibrate the gains was iterated until
E/p was stable.

There were many corrections to the simplified scheme described here that

were required because of various non-linearities that occur at about the percent

level ([52, 54]). These included

e Shower leakage: A 50 GeV electromagnetic shower could lose up to 1.5% of the
shower energy from the rear of the block. In general this correction is energy

dependent.

o Transverse leakage: About 2.5% of shower energy could be lost from the
boundaries of a 3x3 array of blocks centered on the shower. This correction

is less sensitive to shower energy.

o Light Attenuation: The Cerenkov light produced in showers is attenuated over
its path length before it reaches the photocathode surface (About 1-2% per

radiation length, up to 10% for blocks near the beam-holes).
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e Time variation: The lead glass blocks exhibited degraded performance as a
function of time as a result of radiation damage. Although this was mostly
reversed as a result of curing with ultra-violet light, there was still an increase

in attenuation with time as the curing was incomplete.

e Shower-Type variations: Photon showers begin deeper in the lead glass than
electron induced showers, and therefore the shower maximum is closer to the
phototube. This increases the amount of light that a photon shower will
produce at the photocathode relative to that of an electron shower. This non-
linearity is compensated for somewhat because more of the shower energy is
lost from the rear of the array and hence the light yield is reduced relative to
an infinitely deep array. Muons on the other hand are minimum ionizing and
produce light uniformly long their path. We calibrated the lead glass array
using electrons (which shower with a peak at about 6-7X, out of a total of
18X, of lead glass). Using this calibration the apparent muon energy deposits
were larger than might have been expected by about a factor of two. This
didn’t affect the analysis however as we always selected events based on a

comparison to one MIP deposits.

e Rate dependence: The calibration electrons were collected at a higher rate
than the normal triggers. This introduces potential sources of bias between

calibration and physics triggers.
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The main tool used for making corrections to the initial calibration was to
simulate the electron response of lead glass blocks using the EGS Monte Carlo
shower generator[55]. The changes in response caused by radiation damage were
taken into account by having separate calibration files for different time periods.
Shower leakage corrections were made based on the Monte Carlo simulations, as
was the difference in electron and photon responses. We plot the reconstructed E/p
distribution for calibration electrons in Fig. 3.2. The resolution of the calorimeter
is shown in Fig. 3.3 for calibration electrons. The usual form used to describe
calorimeter resolutions is og/E = a @ b/v/E, where the energy dependent term
describes fluctuations in the number of photoelectrons produced at the photocathode
of the PMT and the constant term describes primarily the statistical fluctuations in
shower size. The parameterization clearly fails for this calorimeter at large energies.
This is attributed to a tendency for high momentum tracks to be near the center
of the calorimeter where the radiation damage (and hence the absorption) was the
greatest. The resolution for electrons at 10 GeV is about 4%. For photons is is
slightly worse, about 5% at 10 GeV as determined from studying the photons from
K;, —» nta—xC.

Clusters in the calorimeter were found by looking for local maxima of energy

deposits. The algorithm searched all 3 x 3 arrays of calorimeter blocks with energies

above 500 MeV that also contained a local maximum. The local maximum was
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defined as a block which has a greater energy deposit than all of the surrounding eight
blocks. Once clusters had been associated with tracks, the remaining clusters (which
were candidate photon energy deposits in Kz, — pTp~y and K — 7t7~7°) were
required to contain a Hardware Cluster Finder seed. By imposing this requirement
energy deposits that were out-of-time were suppressed as the HCF charge integration
gate was only 30 ns as compared to the 100 ns gate on the lead glass ADC’s. Once
a cluster had been identified the position of the parent particle was estimated. For
example to find the z-position of a cluster, three column energies were defined by
summing down rows as shown in Fig. 3.4. A sample of electrons whose position
at the calorimeter was well known from tracking was used to form a lookup table
that related this column energy ratio to the distance from the center of the central
block. This method gives an average position resolution of about 3 mm [54]. All of
these techniques assume that energy deposits from two particles do not overlap, and
extensive algorithms were developed to search for this possibility [52]. The fusion
finding algorithms all searched for an anomalous pattern of energy deposition in a
cluster either by summing columns and rows of lead glass responses or by looking

in larger 5 x 5 rings. In addition there were complications when clusters were near

the edges of the array which required special treatment [54].
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Figure 3.4: Position finding algorithm in the calorimeter [52].

3.4 Simulating the Detector

A comprehensive simulation of the detector was performed in order to understand
the total acceptance [52]. The simulation evolved the K°/K° admixture from pro-
duction at the target throughout the detector. The simulated kaons were then
allowed to decay and the decay products we followed until they left the detector
region, or interacted in a detector volume.

+tn~ 70 decays, the detector acceptance to-

For a given sample of pure K;, —» «
gether with a set of analysis cuts designed to isolate only clean events will reduce

the size of the sample, by some factor A, _o. Similarly a sample of Kz, — ptpu~vy

events which are passed through an analysis designed to reject background and
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select clean muons will be reduced by some fraction, A,,,. The measured quan-
tity BR(K — ptp™v)/BR(KL — 7t7~7°) will then be proportional to the ratio
Ay o/ Apuy. Any difference between Monte Carlo generated events and data may
potentially produce the wrong acceptance, especially if a similar cuts are not made
in both analysis and normalization data samples. Then it becomes important for
the Monte Carlo to have the correct thresholds and the correct distribution of decay
products transverse to the beam direction for example. These have been studied in
detail for other analyses [52, 54, 56, 57, 58]. We present several comparisons be-
tween data and Monte Carlo to illustrate the good agreement. Figure 3.5 shows the

comparison between Monte Carlo and data of the z-position of the decay vertex in

+ 0

K;, — ntn~ 7" events using the tracking information from the upstream chambers.
Figure 3.6 shows the distributions of positions of the tracks when the downstream
segments are extrapolated to the face of the lead glass array. The distributions of
reconstructed photon positions in the calorimeter are shown in Fig. 3.7.

The proceeding chapters will examine further Monte Carlo distributions and

in particular the muon system.
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Chapter 4

Muon Calibration

In experiments where the absolute flux of primary particles is not well known branch-
ing ratios are typically measured relative to another decay mode. A Monte Carlo
simulation of the detector is used to determine the acceptance and the relative

branching ratio is calculated by

Bsig _ Nsig N Nnorm (4: 1)
Bnorm Asig ' A’norm ‘

where N; and 4; are the numbers of events observed and the acceptances respec-
tively. The acceptances factorize into a product over the individual detectors and

the result is

Bug AL A AR AT

TOoTm TOoTm TOoTm : TOoTm (4: 2)

X
1 2 3
Bnorm . A . A Z’Eg

81g 81g sig
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In this equation the possibility that n # m allows for existence of different detector
elements in the analysis for signal and normalization decay modes. An important
feature of this equation is that when the signal and normalization modes are similar
kinematically the acceptances cancel to a large degree in the calculation, and the
result becomes insensitive to the Monte Carlo simulation. This is one reason to
choose a normalization mode as kinematically similar to the signal mode as possible.
The converse situation is that when a certain detector is in the trigger for one of the
modes but not the other the cancellation does not occur and we must understand
the absolute acceptance of that detector much more accurately. This is the case
for the analysis of K; — p*p~ 7 where the normalization mode is K, — w7~ 7°.
The normalization data was part of the minimum bias trigger and the candidate
signal events were in the dimuon trigger. Because muon identification (MUl and
MU3) was included in the dimuon trigger, but not in the minimum bias trigger,
we anticipate that the largest sources of uncertainty in this analysis (apart from

the statistics) come from this trigger difference. In this chapter we give a detailed

description of the detectors MU1 and MU3.
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4.1 MUI1

4.1.1 Description

The MU1 hodoscope bank (Hadron Veto) was located 2.3 meters downstream of the
calorimeter behind 15 ¢m of lead (Fig. 2.4). The 45 counters were combined in a
linear fan-in summing module, and a veto signal was produced if the sum exceeded
a pre-determined pulse-height. The nominal threshold for the sum was such that a
energy deposit equivalent to more than four minimum ionizing particles would cause
an event to be rejected in the level one trigger. Thus events with hadrons showering
in the calorimeter that deposit any energy in this detector were rejected and events
with two muons should be accepted with some high efficiency. Unfortunately this

turned out not to be the case.

4.1.2 MU1 Simulation

To calculate the dimuon acceptance of MU1 we must determine whether a given set
of muons from a K; — p*pu~+ event would have set the veto bit in the trigger. As
this is a statistical question, we must determine a distribution of energy deposits
in the counter bank, and the probability that the trigger bit was then set. We do
this by using a set of calibration muons to determine the thresholds for all of the

counters individually. This data set consists of several runs in which a “beam-stop”
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was placed in the beam line. The beam-stop was an 18 foot long copper block of
that was water cooled. This guaranteed that only muons could enter the detector
region. In all we had 7 runs throughout the data taking period with a total of 2.5
million events where a single muon passed through the detector. The stability of the
veto rate from MU1 is shown in Fig. 4.1. There i1s no evidence for shifts in the rate
that are not consistent with statistical fluctuations. For each event the integrated
charge of the pulse from each MU1 counter was recorded, as well as the trigger bit
(i.e. whether the analog sum of the signals was above threshold).

With these beam-stop closed muons we could accurately determine the aper-
tures of all of the detectors. We chose all the events with high momentum muons
(>20 GeV) to minimize the multiple scattering in material upstream of MU1 and
then looked at events in which a given counter recorded a hit (i.e. the integrated
charge was above 3 ADC counts. Noise was typically only a few counts and a min-
imum ionizing particle deposited a most probable energy equivalent to 50 counts).
Fig. 4.2 shows the efficiency for the counter as a function of distance along the
counter. By differentiating this curve we can accurately define the edge of the
counter. In this way the positions of all counters were measured (see Fig. 2.13).

Having found the positions of all the counters in the MU1 bank, we can now
determine the thresholds by using the same set of beam-stop muons. We point the

muons to a region well inside the fiducial area of each counter, and determine the
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distribution of pulse heights (Fig. 4.3). Also, we can determine the probability that
a given pulse height will set the trigger bit. Examples of the pulse height distribution
and the threshold curves for typical counters are shown in Fig. 4.4. These curves
were generated in 8 bins along the length of each counter. Each counter has a
different threshold due to the variation in gains of the PMT’s on the counters.

In principle this is all the information necessary to simulate the MU1 hodoscope
bank. We project tracks to the MU1 bank and determine which counter(s) they
passed through. Then we draw randomly from the pulse height distributions shown
in Fig. 4.3. If the system was linear we could divide each counter’s simulated signal
by its threshold, and the sum would determine the trigger bit. That is, we allow for
the possibility that many counters can each produce a fraction of the threshold, but

when summed they exceed it:

< (pulse height),
V= XZ: (thresh)

(4.3)
If the quantity V is greater than 1 then the responses of all the counters would have
summed to exceed the threshold, and the trigger veto bit would have been set.
However, the assumption of linearity is hard to justify, and probably not true.
The assumption is essentially one about about pulse shape. When two muons pass
through the bank at the same time the signals are added together and the resulting

signal was required to be above a threshold. Also the individual signals were digitized
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and written to tape. So the actual trigger bit was the result of a level threshold,
but the digitized information is the charge integral. Two pulses that add together
to exceed a level threshold may not exceed a charge integral threshold. This non-
linearity between pulse height and charge integral is due to a pulse shape dependence.

The accidental environment in E799 produced many additional pulses per
bucket in the MU1 hodoscope bank. The pulse height distribution of these pulses is
shown in Fig.4.5. This means that to each event there is some energy added with
a pulse shape much different from the minimum ionizing deposit in its time profile.
This is illustrated in Fig. 4.6 where we have examined the quantity V from Eqn. 4.3
for two cases. In the first case we have taken the beam stop closed muon sample,
and plotted V for all data, using the actual ADC values as well as the simulated
ones. We see that there is a significant disagreement at high values of V| which
we ascribe to the existence of accidental activity in the counters. To illustrate this
point we note that the agreement gets much better when we require that only one
of the MU1 counters be hit. Fig.4.7 shows the same plots for a sample of beam-stop
closed dimuons, and the agreement is somewhat better meaning that the accidental
environment affects the veto rate of MU1 less for 2-mip deposits. We note that
this accidental contamination is significant even in this relatively clean environment
where the beam-stop was closed, and therefore all of the activity usually associated

with the beam passing through the detector region is absent. The effect can only
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get larger in the beam-open data taking conditions.

Thus accidental activity plays a significant role in the rate at which MU1
rejects events. It is worth noting that in raw accidental events the veto is on in 15%
of all events independently of whether a kaon decayed in the detector. Furthermore
the timing of the accidental pulses relative to the leading edge of a real muon deposit
is not well defined, and the pulse shape is known to be different. It then becomes
impossible to overlay this accidental activity onto real dimuon events, and to predict
the efficiency of this detector on a per-event basis for the Monte Carlo simulation
as we have no way of re-creating the actual threshold level of the pulses. We must

look for a different approach to determining the acceptance of the MU1 hodoscope
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bank.

4.1.3 Upper and Lower Bounds on the Efficiency of MU1

In the previous section it was shown that predicting the veto of the MU1 hodoscope
bank on an event-by-event basis was not possible. We will now argue that its is
possible to place upper and lower bounds on the efficiency of MU1 for rejecting
events with muons in the decay products. To do this we firstly note that the data
sample of Ki — u™p~v events naturally divides into separate samples: those in
which one of muons passes through the hole in the center of the counter, and those
in which both tracks pass through counters. The rate at which events are rejected
is much different for these two samples.

For single muons passing through a counter we showed in the previous section
that if we ignore all other counters then we predict the MU1 veto rate reasonably

well. The total MU rate will be

P(MU1) = P(MIP or ACC)+ P(MIP + ACC) (4.4)

P(MU1) is the probability that in any event the MU1 trigger bit is set. P(MIP
or ACC) is the probability that the accidental event or the muon sets the bit (z.e.
P(MIP)+P(ACC)—P(MIP)xP(ACC)). P(MIP+ACC) is the probability that the

accidental energy combined with the minimum ionizing deposit set MU1. The tech-
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nique we adopt is to ignore the last term in Eqn. 4.4: it is positive and so we have
a lower limit on the MU1 veto rate. We find for single muons passing through the
MU1 bank P(MU1)>22.1%, and for two muons P(MU1)>43.7%. (Note: this in-
cludes accidental energy deposits which cause the MU1 trigger bit to be set 15% of
the time.)

To find upper bounds on the MUl muon veto rate for the case when two
muons passed through the hodoscope bank, we make use of data from the two track
minimum bias trigger: 2B -2C - PHV - HiT Cnt(2track). The events on the minimum
bias data tapes were dominated by K, — 7*u¥v and K; — nt7~ 7% We assume a
pion will deposit an average energy in the MU1 bank larger than a muon whether it
showers before reaching the MU1 bank or not. The MU1 veto rate for this sample
of minimum bias events will always contain at least one pion and hence we obtain
an upper limit to the rate at which MU1 vetoes dimuon events. With this data we
then made a series of cuts designed to enhance the fraction of events in which a pion
decayed to a muon and a neutrino. The cuts also select events in which the pion did
not shower in the lead glass. The cuts were: two good tracks, cluster energy below
1.5 GeV, no extra clusters in the lead glass, at least one MU2 counter hit, at least
one MU3 counter hit, tracks had to project within the outer boundaries of MU1.
After these cuts we then select events where there is a mismatch of the tracks at

the reconstructed vertex: x? > 10 (Fig.4.8). With this set of cuts we determined
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Figure 4.8: Determination of MUl veto rate from two-track minimum bias data
where both tracks extrapolate to within the area of MUl. The rate is plotted
against a cut made on the vertex x2. The rate for two muons is determined to be

below 58.8 + 3.3%.

the MU1 veto rate to be 58.8 & 3.3% for the case when both tracks extrapolate to
a region inside the MU1 bank. The uncertainty derives from the statistics of the
sample after cuts. For single tracks the same quantity was 28.5 & 3.7%, however
there was a better calibration data set as we now discuss.

For dimuon events in the case when one of the muons passes through the hole

in the MU1 bank, we have another data set to use in calibration. This is the so-
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Method 1 Mip 2 Mip
Monte Carlo 22.1% 43.7%
1B-MU?2 25.4+1.0% —
2-track Min Bias | 28.5 +3.7% | 58.8 4+ 3.3%

Table 4.1: Summary of MU1 rejection rates.

called B - p triggers: 1B - MU2. With this data set we also made a series of cuts
designed to reduce the pion contamination: the standard tracking cuts; no hits in
the photon veto counters; less than 1.5 GeV deposited in the cluster associated with
the track in the calorimeter; at least one hit in MU3; only one or two hits in MU2;
track momentum greater than 7 GeV. For the events surviving these cuts the MU1
rate was 25.4 & 1.0%. Again there is contamination from pions in this sample, so
this i1s an upper limit for the rate at which the MU1 trigger bit is set for the case
when one muon passes through the MU1 bank. We summarize the MU1 rejection

rates in Tab 4.1.

4.2 MU3

4.2.1 Description

MU3 consists of 16 vertical, non-overlapping scintillator slats located 30 ¢m behind
the filter steel (see Fig. 2.14). Each slat, approximately 10 c¢m wide, was glued to

a light guide at the top and viewed by a PMT. The signals were fed to a logic unit
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that applied the following condition:

(NMUS > 2) and (If Nz = 2 then |’L — ]| > 1) (45)

where Njsy3 = number of counters above threshold. The “non-adjacency condition”,
|o — 7| > 1, is designed to reject single muons that emit é-rays within ~1 em of
emerging from the filter steel. Ideally one would solve this problem by placing the
hodoscope bank as close to the rear face of the steel as possible, but due to the

irregular shape of the filter steel this was not possible.

4.2.2 MU3 Simulation

The fraction of Kz, — p*u~ events that are rejected by the MU3 hodoscope bank
and would have otherwise been accepted is an important quantity for this analysis.
We simulate MU3 by using the same set of beam stop muons that were used for MU1.
The same method is used to map out the edges of the counters, by again pointing
high momentum muons towards MU3 and asking when the counter latch was set.
This time however the counters were all the same size, and were measured precisely.
The wrapping tape used produced gaps between the counters that amounted to 1%
of the total width. We therefore just used the high momentum muons to define
the outer edges laterally, and the bottom edge of this bank. We assume that the

counters are equally spaced, and place them within this region (see Fig. 2.14).
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To calculate the efficiencies of the 16 counters we divided them into 5 bins along
their length. Figure 4.9 shows the efficiencies of the MU3 latches for a representative
sample of the 16 counters. Mostly the counters were 99% efficient, with same poorer
quality ones being placed near the edges. These efficiencies were put into the Monte
Carlo. The uncertainties on the counter efficiencies were typically less than 1% and

due to statistics of the calibration muon sample.

4.2.3 MU3 Efficiencies

Again the stability of this bank is important as we assume the acceptance of MU3 is
constant throughout the run. Figure 4.10 shows the number of MU3 latches firing
throughout the run in the two-track minimum bias data. The rate is stable, and there
is no evidence of any drift. We infer that the uncertainty on the average efficiency
of MU3 is about 0.1%. The effect of adding MU3 to the trigger in a K, — pTp~y
Monte Carlo sample of events is to reduce the sample after analysis cuts by 65.3%
(this comes from an 82% geometrical acceptance and a 79% acceptance from the
non-adjacency logic).

To demonstrate the sensitivity of the acceptance to the understanding of
counter efficiencies we generated a Monte Carlo sample in which we applied ran-
dom shifts in the counter efficiencies by their uncertainties on an event-by-event

basis. This led to 2.5% change in the acceptance of MU3. Reducing the efficiency of
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just the central counter by 10% caused the acceptance to reduce by less than 0.5%.
We conclude that if for some reason the efficiencies of the MU3 counters moved
within a range that is consistent with the calibration data the largest change in the
acceptance (and hence the BR(KL — p"p"v)) that could be induced is 2.5%

In addition we studied the efficiency of the trigger logic to give the correct
result as a function the input to the unit. For this study we used a sample of 2000
events in the beam-stop closed data where there were two tracks present. We looked
for cases where the MU3 trigger logic had been satisfied in this sample. In 1%
of these events the latched signals were inconsistent with with the formation of a
MU3 trigger, for example there were 2 latches set directly adjacent to one another
— a condition that should be impossible under the MU3 logic scheme. There were
also cases where two non-adjacent latches in the MU3 bank were set — a condition
that should have set the MU3 logic to true — but the MU3 logic unit was set to
false. This also amount to 1% of the sample. This behavior is attributed to small
timing differences at the input to the logic unit that may, for example, cause an
out-of-time deposit in the hodoscope bank to be included in the logic decision. The
Monte Carlo simulation of the hodoscope bank treats the signals as if they all arrived
simultaneously. We conclude that events may enter the sample or be removed from

the sample independently and we add the uncertainties in quadrature to give 1.7%.

The MU3 acceptance is then 65.34+1.9%. We summarize the MU3 study in Tab. 4.2
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Efficiency € 65.3%
A€/e smearing +2.5
A€/e trigger logic +1.4%
Total 65.3 +1.9%

Table 4.2: Summary of MU3 study.
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Chapter 5

Calculation of the Branching Ratio

In this chapter we discuss the search for K, — p*u~v candidate events emphasizing

the the kinematical variables used to isolate the signal. The cuts to define a well

+ 0

reconstructed sample of K, — w#*7~ 7" normalization events are discussed.

5.1 Common Cuts

There are a large number of cuts that are common to both the K7, — putp~v and
K — ntn~n° data samples, these are listed in Tab. 5.1. Most of these are related
to tracking as the normalization decay mode is virtually identical to the signal decay
mode in this regard. The distributions of tracks for the two modes are very similar
and therefore it is assumed that there are minimal biases associated with these cuts.

Removing events from runs where there was impure gas in the drift chambers
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was necessary to exclude data associated with one contaminated shipment of Argon-
Ethane cylinders.

The tracking search has been described in a previous chapter. After two clean
segments are found in the z and y views they are required to match clusters in
the lead-glass. To be consistent with the decays K, — p"u~vy and K — nTn—x°
the tracks must have opposite signs. A loose cut is made on the z-offset in the
extrapolated positions of upstream and downstream track segments at the plane of
the magnet (Fig. 5.1).

A source of potential disagreement is the fact that multiple scattering was not
implemented in the Monte Carlo in the material between the drift chambers. This
is seen in Fig. 5.2, where the lack of tails on the x? distributions for track segments
in the Monte Carlo evident. However as we make identical cuts in both signal and
normalization samples it is more relevant to compare the same distributions between
the K, — p*p~v and K, — nTn~n° Monte Carlo data samples. We then see that
the difference is insignificant in the ratio of acceptances (Fig. 5.3).

To be consistent with having come from the decay of a single kaon, the two
track candidates must form a good vertex. A loose cut was made on the x? of
a fit to the upstream track segments under the assumption of a common vertex
(Fig. 5.4). The actual cut was momentum dependent, as multiple scattering caused

the resolution to deteriorate, but it amounted to a 5o cut at most energies. Another
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MC Efficiencies

No. Cut Sig Norm

Cl | Exclude runs where chamber gas was bad or | 0.05 0.05

where a chamber wire not functioning

C2 | Require two z and two y tracks in drift chambers | 0.93 0.92

C3 | Require hits in drift chambers be consistent with | 0.97 0.98
two tracks

C4 | Require good match of z and y tracks and at | 0.96 0.95
least one good cluster in the calorimeter associ-
ated with a track

C5 | Require tracks bend in opposite directions 0.99 0.99

C6 | Drift Chamber: (i) good matching of upstream | 0.85 0.78
and downstream segments (1 mm), (ii) Each seg-
ment required to have good x? when fit to a
straight line, (iii) distance of closest approach
<3 mm, (iv) vertex x? < 10

C7 | Require all clusters be at least 0.5 blocks away | 0.83 0.78

from the beamholes in the lead glass

C8 | Photons must not be near iron ring in front of | 0.99 0.99
calorimeter

C9 | Tracks and photons must be away from VAO | 0.95 0.90

aperture (2 cm )

Table 5.1: Cuts common to Kz — putu~y and K — 777~ 7° decay modes.
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test of the single vertex hypothesis is the “distance of closest approach” of the
upstream segments shown in Fig. 5.5.

All these tracking cuts have relative high efficiency, and combined about 80%
of Monte Carlo events pass these requirements.

It was well known from previous studies that the lead glass blocks nearest the
beamholes in the calorimeter suffered the worst radiation damage, and their response
was very poor near the innermost regions [52, 54]. Therefore all events with energy
deposits within 0.5 blocks of the holes were removed to avoid any possible bias
between data and Monte Carlo. Any bias in acceptance is negligible as this is a
position cut and Figs. 3.6 and 3.7 indicate the cluster position reconstruction is well
understood in the Monte Carlo.

The iron ring placed upstream of the calorimeter converted some photons and
the resulting ete™ pairs were subsequently detected. The iron ring was not part
of the Monte Carlo geometry. This can be seen in Fig. 5.6 where there is a deficit

T~ 7% decays at radii greater than 0.84 m when compared

of photons in K, —» =«
to a Monte Carlo sample. To prevent any bias, events with photons that had radii
greater than 0.835 m at the position of the iron ring were removed from the data
set. This reduced the acceptance by 1%.

Lastly we removed all events from the sample where either a track or photon

passed within 2 ¢m of the VAQ aperture. There was an unknown amount of material
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Figure 5.1: The separation between upstream and downstream track segments at
the center plane of the magnet. The dots are Monte Carlo generated events and the
line is data.
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Figure 5.2: Comparison of track y-segment x* between Monte Carlo (dots) and data
(line). The arrow indicates the analysis cut.
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(dots) K, — u* =y Monte Carlo (line). The arrow indicates the analysis cut.
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Figure 5.4: The agreement between Monte carlo (dots) and data (line) in the recon-
structed vertex. In the analysis a cut at 10 was made.
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Figure 5.6: The distribution of photon radii in K7, — 777~ 7% decays for both Monte
Carlo and data at the z-position of the iron ring. [54]

used in the construction of the inner edge of this detector, and this was not present
in the Monte Carlo geometry. As seen in Fig. 5.7 there is a fall-off in the photon
distribution in the data that is not present in the Monte Carlo, indicating the effect
of the material. This cut removes possible biases due to the uncertainty in the VAQ

aperture.

5.2 Backgrounds

Background identification is the next important step in trying to isolate the signal

events. Before making cuts on kinematical quantities it is helpful to know the
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Figure 5.7: Cut on the position of the photons at the aperture of the veto counter
VAQO. Points are Monte Carlo and line is data.

properties of the events that are contaminating the signal region of parameter space.

A useful tool for identifying background is a “missing longitudinal momentum

parameter”, Py [59]. This is defined by assuming the event is Kz — 77~ 7° and

assigning the pion mass to the two tracks. The 7° longitudinal momentum would

then be
Mz — M_f__ — Mg)2 — 4M3__Mg — AME P}

P2 — (
’ 4P+ M3)

(5.1)

where Mg is the kaon mass, M, _ is the invariant mass of charged tracks, M, 1s

the 7° mass and P, is the transverse momentum of two tracks. An event consistent

_|_

with K; — 777~ 7% will have P > 0 by definition. Only tracking information is
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used to obtain Py. When this parameter is plotted versus invariant p*p~7 mass
for the data we see clearly three regions of population, as shown in Fig. 5.8. We
developed Monte Carlo simulations of the possible two track kaon decays that could
fake a K — utpu 7y decay: K —» ntn 7%, K, — Wipqtyfyacc , K, — Wichyfymd.
Here 7,44 indicates a radiative photon and ~,. indicates a spurious cluster in the
calorimeter not associated with the kaon decay. In both K; — 7*uFvy decays
the pion is also misidentified as a muon, either because it doesn’t shower in the

+

calorimeter, or it decays in flight, producing the second muon, 7* — uTv. In the

+ 0

case of K;, — 777~ 7", one of the photons can overlap a track cluster or go through
the beamholes in the calorimeter, and both pions must be misidentified as muons
either because a pion decays, or it doesn’t shower in the calorimeter and an accidental
hit occurs in the MU3. Figure 5.9 shows the same plot for the candidate background
Monte Carlo samples, and also for the K — utp~v Monte Carlo sample. We see
that K — 77~ 7° reconstructs to an invariant mass far below the u* v mass,
and is therefore not a problem. We estimate less than 0.1 of an event falls in
the K — p*u~ 7 signal box region (defined below). The K — nuTvy,q.q4 decay
also produces very few events near the signal peak. After generating background
Monte Carlo events that corresponded to the statistics of 1/2 of the run, the only

potential background where any events were seen close to the utu~v sample was

K; — 1 puFvy,. Significant K;, — 7% uTv,.4 contributions are inconsistent with
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the data: by normalizing the Monte Carlo to the data sample we estimate that
over 90% of the background is Ki — 7¥uFvy,.. Of this background the Monte
Carlo simulation showed that only 5% enters the trigger because of pion decay. The
dominant contribution comes from accidental activity in the MU3 hodoscope bank

that correlates with the extrapolated track of the pion.

5.3 K — uTp~y Analysis

The analysis cuts for K7, — ptp~+ are listed in Tab. 5.2. Only events with exactly
one lead glass cluster not associated with either track were considered. The Monte
Carlo acceptance for this requirement was 95%. Since MUl was in the trigger,
and part of the estimate of the efficiency of that detector involved a simulation of
the MU1 response, the tracks were required to extrapolate to within the area of
MU1. Although the effect on the acceptance was minimal this cut was imposed for
consistency. The three meters of steel downstream of the calorimeter (see Fig. 2.4)
was designed to filter out all particles except muons. This represented 18 interaction
lengths which made punch-through negligible. However there was a threshold of
5 GeV for penetration by muons. There is some straggling, and to be 95% likely
that a muon will penetrate the steel, we required that all candidate muon tracks be
above 7 GeV.

All potential sources of background contained charged pions, which typically
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Figure 5.9: Invariant p*p~+ mass versus P2 for various Monte Carlo samples,
as indicated. Comparing this to Fig. 5.8 clearly identifies the background as
K; — 7 pFvy,.. For reference the analysis cut on invariant utpu~ 7y mass is in-

dicated by dashed lines.
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Efficiencies
No. Cut Data MC MC
gy | Kpdvee
S1 | One extra in time cluster in calorimeter | 0.95 0.95 0.63
52 | Tracks must extrapolate to within MU1 | 0.99 0.99 0.99
S3 | 7 < |Prrack| < 99 GeV 0.95 0.96 0.94
54 | Track Cluster Energy below 3.0 GeV 0.74 0.97 0.89
S5 | Extra cluster energy > 8 GeV 0.91 0.91 0.43
56 | No. fusions of clusters using cluster fu- | 0.71 0.91 0.47
sion algorithm
ST | Track cluster - extra cluster separation | 0.90 0.89 0.77
> 20 cm
S8 | Adder ratio > 0.75 0.97 0.99 0.92
S9 | No. B-bank + No. C-bank latches < 12 | 0.94 0.99 0.91
S10 | P2 <200 MeV?/c? 0.38 0.91 0.05
S11 | Myt — Mg| <17 MeV 0.01 0.86 0.11

Table 5.2: K; — u*p~ v analysis cuts.

deposit large amounts of energy in the calorimeter when the pion showers hadron-
ically. Figure 5.10 shows energy deposits in the calorimeter from the tracks in
K — ntn~n° decays are very different from minimum ionizing tracks. Events with
track cluster energies above 3 GeV were removed from the sample. The number of
minimum ionizing tracks rejected with this cut was 3%.

Figure 5.11 shows the distribution of photon energies for K;, — ptu~v Monte
Carlo events and also for the accidental cluster in Ky — 7*uFvy,. Monte Carlo
events. In the K — 7t uFuvy,. sample the isolated energy deposits are typically
lower in energy than the photon energy in K, — u* ™7 events. We removed events

from the data set with extra cluster energies below 8 GeV. This removed 57% of
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Figure 5.10: Track cluster energies. The line is the deposit of minimum ionizing
particles in the lead glass. The points are from K — 77~ 7° tracks.

116



the K; — 7 uTvys.c Monte Carlo events, and 9% of Ky — utu~v events. Also,
the Monte Carlo is known to do rather poorly for energy deposits below 7 GeV,
and cutting away from that region removes this known bias. (This is because of
residual non-linearities in the lead glass simulation; the radiation dosage of lead
glass blocks near the pipe-blocks caused their attenuation of Cerenkov light to be
much worse. A correction was made for this, however a small disagreement remained
at low energies.)

The fusion finding algorithm identified almost half the photon clusters in the
K1, — 7% uFvy,.. Monte Carlo as being inconsistent with energy deposits from single
photons. This is compared to the K7, — utu~v Monte Carlo events for which only
9% are similarly identified. We therefore removed all events from the data sample
that failed the fusion finding test.

The distance between the track positions and the extra cluster at the calorime-
ter was a found to be significantly different in background and signal Monte Carlo
samples. Tracks tend to peak near the center of the detector, laterally, as do false
candidate photon clusters. On the other hand the structure of the K — ptu~y
decay forces the photon to be somewhat divergent from the tracks (in the center of
mass frame the photon and the sum of the momenta of the two tracks are back to
back). This correlation allows us to further remove background, at the same time

keeping the signal acceptance high. As shown in Fig. 5.12, if we demand that the
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Figure 5.11: Distribution of photon cluster energies for K — utu~v and
K1 — 1 pFvy,. Monte Carlo events.
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track-photon cluster separation be greater than 20 ¢m we can remove 33% of Monte
Carlo K1, — m*uF v, events, and keep 90% of the signal events.

An attempt to remove background from out-of-time energy deposits in the
calorimeter was made using the “Adder” ratios. As discussed earlier the sums of
3 x 3 arrays of lead glass blocks were recorded with a gate almost three times shorter
than the charge integrating gates for individual blocks. The energy deposited in
this smaller time interval was compared to the cluster energy derived from the
longer gate. Events that recorded an excess of 25% or more energy over the adder
sum in the longer gate were rejected. This was a loose cut only removing 0.1% of
the K — utp~y Monte Candidates, but 8% of the Kz — ¥ uT vy, events were
removed with this cut.

In Fig. 5.13 we show the transverse momentum squared (P?) versus invari-
ant pTp~+y mass for the remaining events in the sample. There is an excess of
approximately 200 events near the kaon mass and extending up in P2. The dis-
tribution of events predicted by the signal and normalization Monte Carlo samples
are shown in Fig. 5.14. The box shown contains 77% of the sample of Monte Carlo
K, — ptp~y events, and excludes more than 99% of the K — 7*uFvy,.. sample.
The invariant mass distribution under the K; — u*™pu~+ hypothesis for all events

with P? <200 MeV?/c? is displayed in Fig. 5.15.
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Figure 5.12: Separation of the photon cluster and the tracks at the calorimeter
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5.4 Background Subtraction

The points in Fig. 5.15 are an estimate of the background from a high P? in Fig. 5.13.
We make only the assumption that the shape of the data with respect to p*p ™7 in-
variant mass is the same throughout the region P? < 1000 MeV?/c?, and also that it
is uniform with respect to P2. Then we choose the region 400 < P? < 1000 MeV?/c?
to obtain the distribution of background events with respect to the reconstructed
pt p~v invariant mass. This enables us to obtain three times the statistical accuracy
for a background shape. The region 0.425 < M+ ,-, < 0.475 GeV was used to nor-
malize the shape. The effect of subtracting any residual signal events in this region
is negligible. From this data we estimate there to be 10.5 background events in the
signal region. Also we can extrapolate back with respect to P? and get another
estimate of the background, under the assumption that it is flat with respect to P2.
This gives an estimate of 10.3 background events. A simple linear extrapolation of
the background gives an estimate of 18 events. From these results we assign the
number of background events under the mass peak to be 10.5+4.0. Even with this
rather conservative error on the background subtraction, the contribution to the
error is much smaller than the dominant contribution to the systematic error on the
branching fraction.

A Monte carlo data set was generated according to the kaon decay profile

in Fig. 5.16. The number of events per run in the Monte Carlo simulation was
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Figure 5.16: Relative number of K — 77~ 7° events observed per run.

T~ 70 data sample.

determined from the K;, — 7
In each event the results of a random accidental trigger were added to the
raw information of all detectors. The accidental data were the result triggering on a
random bucket. In this way we obtained a representative sample of the instantaneous
ambient activity throughout the detector.
The resulting number of signal events is 190.5. In the Monte Carlo sample there

were 58500 events remaining from a sample of one million generated Kz, — p*pu~vy

decays at the final stage of the analysis implying an acceptance of 1.95%.
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Efficiencies
No. Cut Data MC
N1 | Two extra in time clusters in calorimeter 0.85 0.33
N2 | 5 < |Pirack| < 99 GeV 0.993 0.988
N3 | Extra cluster energy > 7 GeV 0.447 0.430
N4 | Adder ratios > 0.75 0.997 0.998
N5 | Track cluster - extra cluster separation | 1.00 1.00

> 20 cm

N6 | |[M(27) — mqo| <11 MeV(20) 0.99 0.99
N7 | P2 <200 MeV?/c? 0.84 0.86

Table 5.3: K; — wtn~n° analysis cuts.
5.5 Kip— ntn 7° Analysis

Table 5.3 lists the requirements that were imposed on the normalization data set in
addition to the cuts listed in Tab. 5.1.

We required two in-time energy deposits that were isolated from clusters as-
sociated with tracks. The energy of the photon clusters was required to be above
7 GeV (Fig. 5.17). This cut is slightly lower than the K — utp~v cut because
the average energy of the photons is lower in this decay mode and any potential
systematic biases between the signal and normalization modes is minimized in this
way. This acceptance for this cut was 43%.

The adder ratio cut was identical to the Kz, — p*p~« analysis, and removed
only 0.3% of the candidate normalization data sample, but 0.2% of the Kz, — 7w~ x°

Monte Carlo events. To be consistent with the signal mode cuts we imposed a cut

of 20 ¢m on the distance between the track position at the face of the calorimeter
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and the position of the photon. The impact of this cut was negligible however.

Events with a transverse momentum squared greater than 200 MeV?/c? were
removed from the data set, as shown in Fig. 5.18 this quantity is simulated very well
by Monte Carlo which gives us confidence that the same cut in the K, — putpu~vy
sample contains no systematic biases.

The invariant mass distribution of the two photon candidates is illustrated in
Fig. 5.19. We retained only those events that were within 3¢ (20 MeV) of mo. The
remaining events should have a reconstructed invariant mass close to the neutral
kaon mass, and Fig. 5.20 shows that this is the case.

There were 20919 remaining events in the sample in the final stage of the
analysis. In the Monte Carlo sample, 58500 events remained, from a sample of three

million generated Ky decays, implying an acceptance of 1.95%

5.6 Extraction of the Branching Fraction

Because no suitable data set existed to calibrate the hodoscope bank MU1 we were
forced to treat it in a different manner from the other acceptances. The method we
used was to estimate upper and lower bounds for the rate at which MU1 rejected
dimuon events, and to determine an average rate of rejection given those bounds.
We divided the K;, — ptp~ events into two classes: the first class contained

events where one of the tracks passed through the hole in the center of MU1 and the
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Figure 5.17: Distribution of photon energies in K, — 777~ 7 events.
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other track passed through one of the scintillator slats; the second class consisted
of events where neither track passed through the hole. These two data sets are
mutually exclusive, and constitute 99% of the total data set (the other 1% of events
have both tracks pass through the hole). This division was necessary because events
in which two muons passed simultaneously through the hodoscope triggered the
counter bank at a different rate than single muons.

Each of the two classes were then treated separately to estimate the rate at
which the MU1 trigger was satisfied. If we could determine with infinite precision
upper and lower bounds for these rates the answer would be obvious: we would take
the average and the uncertainty on the rate would be 1/4/12 times their separation.
However, the upper bounds were themselves uncertain, so we modeled the behavior
to predict the rates and uncertainties on the rates as follows: given a lower limit for

an acceptance Ayg, and an upper limit Ay & op:

e Fix the lower lower limit A; = Ar and choose an upper limit A, from a

gaussian distribution with mean Ay, and standard deviation oy .

AMUl

e Draw an acceptance randomly from a uniform distribution between A,

and A,.

e Draw a random number N from a gaussian distribution with mean N,, and

standard deviation 1/Ny,.
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_ N
o Evaluate ®,+,-, = AMOT

Here A is the acceptance calculated from a Monte Carlo simulation for all detectors
except MU and we inserted it in the final step so that the quantity ®,+,-, is the
absolute flux of K, — ptu~ decays in the fiducial volume of our detector during
the run. We repeated the above procedure many times and determined the statistical
spread of the result as illustrated in Fig. 5.21.

After background subtraction the signal data set contained 103.2 events where
one track extrapolated to the hole in MU1 (defined as the “IN” sample) and 93.3
events where both tracks extrapolated to the active area of MUL (defined as the
“OUT” sample).

The MU1 acceptance for the IN sample had a lower limit of 22.1% and an
upper limit of 25.4 +1.0%. We determined the K;, — ptp~ v flux from this sample
to be 11010 &£ 1096 which corresponds to an average MU1 acceptance of 23.7%.

The MU1 acceptance for the OUT sample had a lower limit of 43.7% and
an upper limit of 58.8 & 3.3% and we determined the K — ptp~v flux from this
sample to be 8790+ 1286 and the corresponding average MU1 acceptance was 51.8%

The two values for the K — u*p~+ flux are statistically independent sam-
ples measuring the same quantity. The particle data group give a prescription for
combining data sets z; + o; [27]. The weight of each measurement is w; = 1/02,

where o; is the error for the :** measurement and the best estimate of the quantity
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is Ywiz/ Y w, + (2 wi)_l/z. The method is only statistically correct if x2/(N —1)

is less than one, where x? = 3" w;(Z — z;)?. For our data set, we calculate:

(® 4 ,—) = 10075 + 834 (5.2)

=171 (5.3)

However due to the non gaussian nature of the distributions we don’t use tables of
the x? statistic, but rather use the distribution of this quantity from Fig. 5.21(d),
from which we find,

P(x* > 1.7) = 51% (5.4)

and we thus conclude that the two data sets from the two classes do not differ sig-
nificantly, and we combine them using this weighting method. The error of 8.28%
in Eqn. 5.2 is a combination of the statistical fluctuation on 196.5 events which 1s
7.2% and the spread resulting from the uncertainty in the MU1 acceptance which
must then be 4.2%. For the 196.5 events in the full data sample the average ac-
ceptance is thus 1.95%. In Tab. 5.4 we summarize the treatment of MUl. From
the acceptances and numbers of events for the signal and normalization modes we

calculate the following branching fraction

B(Ky — ptp~y)  196.5/0.0195
B(Kp — wt7~m°) 3600 x 20919/0.0195

= (2.61 £ 0.19(stat.)) x 1076, (5.5)
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IN OUT
N(Kg — ptp™y) 103.2 93.3
A(No MU1) 1.23% 2.20%
AMUL bounds | [22.1%,25.4 + 1.0%)] | [43.7%, 58.8 + 3.3%]
(AMUL 76.3% 48.2%

Table 5.4: Summary of MU1 Acceptances.

+ 0

K, —»uptp vy | Kp > ntrnw
A(No MU1) 3.43% 1.95%
AMUL 56.8 + 2.4 100%
NEVENT 196.5 20919
Nyice/Ngen | 34300/1E6 58500/3E6
Prescale 1 3600

Table 5.5: Summary of branching ratio calculation.

5.7 Systematic Uncertainties

In this section we estimate the uncertainties in the evaluation of the of the branching
ratio from the analysis procedure.

Mul Acceptance

Due to the method described above, the error in the branching fraction due to
the uncertainty in the rate at which MU1 vetoed events emerges naturally. The
uncertainty in the acceptance due to the MUl hodoscope bank was 4.5%. This
dominated the non-statistical part of the uncertainty in the branching fraction.
Background Subtraction

We have already mentioned the background subtraction above. By considering

three different methods for extrapolating the background event distribution under
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the signal peak we estimated the total number of events in the signal box to be
10.5 + 4.0 events. The uncertainty in this number divided by the best estimate
for the total number of signal events (190.5) gives the uncertainty in the branching
fraction, or 2.0%.

MU3 Acceptance:

This systematic uncertainty was discussed in the previous chapter. The contribu-
tions were due to trigger logic and hodoscope inefficiencies and taken together this
represents an uncertainty of 2.9%.

Photon Energy Cut:

Figure 5.22 shows how the agreement between Monte Carlo and data for the pho-

+ 0

ton energies in K; — n7n~7°. The acceptance may be wrong by up to several

percent if we included all photon energies. The figure implies that acceptance for

+tr~ 7% can change by only about 0.3% depending on the value of this cut.

K -7
Fusion Cuts:

When all other analysis cuts were left in place and the fusion cut was imposed
on a K7, — putp~y Monte Carlo sample, it was found that 5% of the events were
consistent with having a photon cluster fused with another cluster. An estimate of
the effect on the acceptance from this photon fusion requirement can be obtained

from a study of Ky, — 7%7%7%(n° — ete™vy) decays [54]. In that study 1/5th of the

events rejected by the fusion cut were incorrectly identified. In this data sample five
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photon clusters were required and there was some probability that this increased the
rate of fused clusters due to their proximity. Also the Kj — 7°7°7%(7% — ete )
photons are typically closer to the center of the calorimeter where the radiation
damage was worst. Both of these factors tend to make the rejection higher than
K1 — p* p~+ sample which is especially clean, with two minimum ionizing deposits
and a single isolated photon deposit. We conclude that the effect of photon fusion is
less than 1/5th of 5%. We assign a reasonable estimate of 0.5% to this uncertainty.
The 7°-mass Cut:

+ta~7° analysis could affect

We studied how varying the 3o mass cut in the K;, —» 7
the branching ratio, since Fig. 5.19 shows a small discrepancy between the Monte
Carlo and Data in this quantity, which is consistent with a mass scale shift of
about 2 MeV. By varying the cut we observed the change in the branching ratio.
Figure 5.23 demonstrates that provided we keep this cut greater than 3o we are
immune to the shape disagreement, and the bias is essentially zero.

Comparison of Different Analyses:

From this analysis we determined the total kaon flux in our detector between 90 m

and 180 m from the target and in a momentum range of 20 GeV to 220 GeV to be

B B N(Kp — ntn— ") 3600
Ko = A(Kp, — 7ta n%)B(KL — ntn~n°)

20919
= 0.0195 x 0.1238 < 30%0

139



0.08 ——

0.06 | :

0.04 | i/ -
0.02 - -

ABR/BR

—-0.02 + .
—-0.04 | + .
—OO6~ -

— :HH\HH\HH\HH\HH\HH’
O'080 1 2 3 4 5 6

® mass cut (o)

Figure 5.23: The effect on the branching ratio as the cut on 7° mass in K, — w+t7—7°

decays is varied.

140



= 31.8 x 10°.

In the analysis of K — 7%~ using the same normalization data but with a

different set of cuts the same quantity was determined to be 32.6 x 10° [60]. In

+ +

an analysis of the decay Kz, — 7tn 7% (KL — 717~ 7° where the 7° decays via
7% — eTe™v) the flux was determined to be 31.8 x 10° [58]. We therefore have a
consistent picture between this analysis and other previously published decay modes
from the same experiment.

Other Analysis Cuts:

We believe that the method of taking the “double ratio” of (data)/ (Monte Carlo)
for the signal and normalization modes reduces the possible biases from analysis
cuts. The cases where the Monte Carlo disagrees significantly, such as in the energy
reconstruction in the calorimeter have been considered separately. Cases where an
analysis cut was made in the normalization mode, but not the signal mode such
fusion finding cut have been considered.

The systematic uncertainties on the acceptances are summarized in Tab. 5.6.

Combined in quadrature, the total systematic uncertainty is estimated to be 5.5%
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MU1 Efficiency 4.2%
MUS3 Efficiency 2.5%
Background Sub. 2.0%
MU3 Trigger Logic | 1.4%
Fusion Cut 0.5%
Cluster Energy Cut | <0.5%
7°-mass cut <0.5%
Total 5.5%

Table 5.6: Summary of systematic uncertainties.

5.8 Summary

With the systematic uncertainty included the branching ratio calculated in this

chapter is

B(Kp — ptu™v)
B(Kp — ntn~x°)

= (2.61 + 0.19(stat.) + 0.14(sys.) ) x 10~° (5.6)

and using B(K — mt7~7°%) = 0.1238 4+ 0.0021 [27] we find

B(Kp — pTuy) = (3.23 £ 0.23(stat.) £ 0.19(sys.) ) x 1077 (5.7)

where the error on the current world average of B(Ky, — 17~ x°) has been included

in the systematic error in Eqn. 5.7.
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Chapter 6

K; — u" v Form Factor

This chapter discusses the form factor of the decay K, — u*u~v. We extract mea-
surements of this form factor from the absolute magnitude of the branching fraction,

and also from a shape analysis of the invariant dimuon mass spectrum.

6.1 Introduction

The decay amplitude Kz — p*p~v is thought to be dominated by a two-photon
intermediate state with one off-shell photon that subsequently decays into a p*pu~
pair, whose invariant mass is the ¢ of the photon. Then the differential decay rate
with respect to the invariant mass of that photon contains the function Ap(q®). The
BMS model parameterizes that function as Ap(¢?) = Ai(q?) + ax+Ax(q*), where

A; and Ag are known functions. The distribution of events with respect to g2 is
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therefore a probe of this model. But integrating the differential decay rate shows
that the total rate is also a function of ax«. A check of the consistency of this model

is to look at both these quantities and to measure ax+ in each case.

6.2 Extracting ag+ from the Branching Ratio

Using the differential decay rate given in Eqn. 1.4 and normalizing to K; — v we

have

/2
_.d, _ 2a | ()| 2m? Am2 \ !
(K= ptpTy) = (e (1 ) (1] (6.)

I =z Tmi Tmi

where © = m’,/m%. Equation 1.10 can be re-written to give

2

1 m 1
2 p
= —7— 4+« *\/5 G * |
f(q ) 1 qz/ ,2) K € NLfK K~ (f fg) 177

" 1 4 1 1 1 2 1
1—¢q?/mk. |3 1—¢*/m2 91—¢q*/m2 91—q?/m}]’
We use identical expressions for the meson form factor constants as in Ref. [35]

967, (K* — KOy)m.
Gyp = L1x10%/m2,  fo, = 00 K02 K)mic g 00 5 1074 aev,

My — Mk
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4mra’m Mk
2 = P = (4.99) . = = 5.78
fp 3, (p—ete) ( ) fx m, To ’
Ar, (K
a2, = 9 B =07 _ (344 % 1072MeV)?, o= 1/137.0,

mi

we then obtain

1

@) = T3 a18s

1 4 1 1 1 2 1
PP N ! _2 3
1—-0311z L3 1—-0418z 91— 0.405z 91 —0.238z

This expression can be inserted into Eqn. 6.1 and the only remaining free parameter
is ag«. Integrating Eqn. 6.1 over the dimuon mass spectrum then gives the branching
fraction for K — u™p~ as a function of ak~, and the result is well approximated
by a polynomial

B(Kp — p*p7y)

= (55.57 — 45.56ak+ 11.07ax~2 1073, 6.2
B(Kr — vv) ( ags + ag+") X (6.2)

For reference if we assume the form factor is of the form f(z) = 1 4 oz then the
variation of the branching ratio with o is

B(Kp — ptp™v)

— (40.91 + 26.880 + 4.9852) x 107°. 6.3
B, — 1) ) (63
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Using , (K — 7t7~7°%) = 0.12384+0.0021 and , (K1, — vy) = 0.5.70+0.27 our mea-
sured value of B(Kr — p*p~ ) corresponds to B(Kp — ptu~v)/B(KL — vy) =

(5.66 +0.59) x 107*. Then from Eqn.6.2 we derive

ag+ = —0.0187313F  (BR only). (6.4)

6.3 Direct Measurement of the Form Factor

The form factor f(z) is also directly measurable. We calculated the invariant mass of
the two charged tracks in the 207 K, — p* ™ candidate events. Using the Monte
Carlo generated data set with |f(z)| = 1 we were calculated the same quantity.
Using the region of data 400 < P? < 1000 MeV?/c* we estimated the invariant
dimuon mass spectrum of the background events. This shape was normalized to
10.5 events and added to the Monte Carlo data. Figure 6.1 shows the comparison
between Monte Carlo and data and also the acceptance which is a slowly varying
function of the variable z. It is important to note that the effect of an uncertainty
on the acceptance of the analysis cuts is uniform with respect to z and results in only
an overall scaling of every bin in Fig. 6.1 by the same amount. Therefore fitting the
shape is very insensitive to systematic uncertainties in the acceptance. To estimate
the most likely value for ag+ given this data we performed a maximum likelihood

fit. The Monte Carlo distribution for a given value of agx+ was normalized to 196.5
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Figure 6.1: Top: Dimuon mass distribution, points are data, histogram is a Monte
Carlo simulation with f(z) = 1, dashed line is the estimated background, dotted
line is the acceptance. Bottom: the ratio of data to Monte Carlo from the top plot
(i.e. our measured values of f(z)?). The solid line is the result from a maximum
likelihood fit. For illustration we also show predictions assuming ax» = —1 (dashed)
and ag+ = +1 (dotted). For these plots the normalization was fixed by the number
of events.
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events, and added to the background shape normalized to 10.5 events,

196.5
J3 FMC(g)dx

10.5

P(z;ax) = FY%(z;ak) TTF56(2)dz
0

+ FBG(a:)

where FMC(z;ax«) is the Monte Carlo distribution of events with respect to z,
FBC(z) is the background distribution of events and the normalization is such that

J P(z; ag+)dz = 1. We then evaluated a log-likelihood function

207

Lag) = —logHP(mi;aK*). (6.5)

=1

This function is shown in Fig. 6.2. The best estimate is ag» = —0.13. To evaluate
the error in the measurement from the likelihood fit, we assumed the correct value
was —0.13 and used a simple Monte Carlo simulation to randomly draw 207 events
from the distribution P(z; —0.13). Then we applied the same algorithm described
above to find the minimum negative log-likelihood in each of these Monte Carlo
experiments. The distribution of log-likelihoods is shown in Fig. 6.3. From this we

infer a 68% confidence interval is given by —0.48 < ax+ < 0.14, and hence we quote

ags = —0.131527 (Shape Only). (6.6)
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We note that the error on this method are twice as large as those from the ag-
derived from the branching ratio, emphasizing once again that most of the sensitivity
to the form factor in K — putp~« is in the branching ratio rather the shape of
dimuon invariant mass spectrum. The traditional method for finding confidence
interval from a negative log-likelihood plot is to find the points for which —L rises
by 1/2. From Fig. 6.2 this gives an interval of —0.45 < ag+ < 0.14 which is

consistent with the interval listed above.

6.4 Combined Value for o+

We inferred a likelihood function for axs« from the measured branching ratio only
(assuming asymmetric gaussian errors for the measurement of ax+ from Eqn. 6.4).
We combined this with the log-likelihood function determined from the shape fit
alone (Fig. 6.2). The result is shown in Fig. 6.4. Using the min(—logL) + 1/2

points we determined from this curve the best estimate for ax-

QR+ = —0.0281'8:%1? (Combined Fit).

We see that shape analysis improves the error on the high side a little, but provides

little improvement on the lower side.
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Figure 6.4: The negative log-likelihood for the combined shape fit plus branching
ratio determinations of ak«, 7.e. the likelihood from Fig. 6.2 combined with Eqn. 6.4.
This likelihood curve implies central value of ax+ = —0.028. and a 68% confidence
interval of —0.139 < ax+ < 0.087.
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Chapter 7

Conclusion

Our measured branching fraction for K, — p*p~v from a sample of 207 events in-
cluding 10.54+4.0 background events leads to B(Kr, — ptp~v) = (3.2340.23(stat)+
0.19(sys)) x 10~7. From this we have extracted ax« = —0.02815115.

To compare our value for the branching ratio of K — u*pu~+ to previously

*te”y we need to assume a

published measurements of the form factor in K;, — e
model, and the standard in the literature has been to use the BMS model. This
is illustrated in Fig. 7.1 where we display our result and also the two values for
ag+ extracted from K — eTe v shape analyses. We have taken all the previ-
ous results of related measurements and transformed them to an effective value of

B(K — p*tp~v)/B(KL — v7v) for comparison, as shown in Tab. 7.1.

Our result for the branching ratio is 2.70 above the value that would be ex-
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Figure 7.1: This result for the branching ratio of K; — p*p~v, normalized to
K1, — vv (large black dot) and the extracted range of the parameter ag+ from
the model of Bergstrom, Mass6, Singer [1]. Also shown (horizontal error bars) are
the extracted values of ax+ from Refs. [35] and [36] for the case of K, — ete .
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MODEL 10°B(utp=v)/B(yv) | Significance

o f(z)=1 40.9 270
e Vector Meson Dominance [19]
(ag+ = 0) 55.7 0.20
e BMS [1]
(ag+ = —0.28 + 0.08) 69.2 + 3.6 1.80
o Ko [22]
(Eff £A5=1) 74.5%5% 2.90
o Gvozdev et. al. [23]
(quark level) 44.8 + 3.1 2.50
Table 7.1: Comparison of previously published works with our result of

B(Kr — ptu~v)/B(KL — vv) = (5.66 £ 0.59) x 107*, and the significance of any

differences.
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pectedif f(z) = 1 and this is the first indication of the presence of a form factor in the
decay K1, — putu~v. We see that the Vector Meson Dominance model (equivalent to
ignoring the K°K*y contribution, ax: = 0) is consistent with our result. Taking the
combined result of the K;, — e* e~y measurements as ax+ = —0.284+0.08 and trans-
forming this to an inferred K, — p*p~+ branching ratio we get (69.3 +3.6) x 107°.
This is a difference of 1.80. The model of Ko, which includes additional K°(pné)y
decay channels differs by 2.90 from our result. The quark level result of Gvozdev et
al. is (44.843.1)x107° which is inconsistent with our result at the 2.50 level. It is in-
teresting to note that combining our result and B(KL — ete™y) = (9.1+£0.5)x 107°

from Ref. [27] implies

B(KL — ete™y)
B(Kp — ptp™7)

=2843

and the BMS model with ag+« = —0.28 predicts the ratio to be 24 [3].

Assuming that the model of Bergstrom, Massé, and Singer is consistent we
can find a world average for ag+. We find that combining our result of ax« =
—0.0287311% with the value from K1 — ete™vy of ag+ = —0.28+0.08 [27] the average
i1s agx = —0.19£0.06. This higher value for ax« leads to a slightly lower bound for p
as seen in Fig. 1.9. For example if we take ag+ = —0.13 then the limit is p > —0.80.
The bound on m; is essentially unchanged, m; < 370 GeV (see Fig. 1.11).

Finally in Tab 7.2 we give an indication of the improvement that may be
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Phase(I) | Phase(II) | f
Run Time 8 weeks | 24 Weeks | 3.00
Proton Intensity | 1.2E12 5E12 4.17
Live Time 45% 70% 1.55
Beam Size 200 em? | 290 cm? | 1.45
~ 28

Table 7.2: Expected improvements in E799(II) relative to E799(I).

expected in the next generation of this experiment [61]. With improvements in the
length of the run, the number of protons on target, the live time of the run, and
the beam size, an increase by about a factor of 30 can be expected. This alone
would yield ~ 6000 K; — ptu~~ events on tape. Also the acceptance is expected
to be improved for the next run (for example: removing the MU1 detector from
the trigger alone would improve the acceptance if K — u™u~v events by a factor
of almost 2). In this regime the measurement of Kz, — u*u~vy would no longer be
statistics limited and a detailed comparison of the models described above could be
undertaken

However, within the current level of uncertainty in the experimental results the

BMS model is consistent with all observed decays. Our result for ax+ = —0.0287371°
i1s 1.8¢ from the world average of ax+ = —0.28 £+ 0.08. Our result is also consistent

with Vector Meson Dominance and in order to make a definitive statement about

the current theoretical understanding of the K~+* vertex the higher statistics data
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samples from forthcoming experiments in both K, — ptu~v and K, — ete v will

clearly be desirable.
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