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Abstract

In the Standard Model, the experimental fact that the quark weak interaction eigen-
states are not the mass eigenstates permits a set of otherwise forbidden processes,
including flavour changing neutral currents (F CNC) and CP violation. This is the
phenomenology of the quark-mixing matrix, Vexy. While it, together with the fact
that quarks have differing masses, allows these processes to occur, they are by no
means encouraged. This strong Standard Model suppression allows relatively sig-
nificant contributions from the host of theories of physics at higher energy scales.
Such contributions may not make any single processes inconsistent with the Stan-
dard Model, but their different contributions to processes with related Vcky depen-
dencies may leave a picture inconsistent with the current theory. Exploring Vekum is
an important part of the near-term program of particle physics, especially at the two
new B-factories under construction. A measurement of the branching ratio of the
rare kaon decay K+ — 7+u% is a theoretically clean measurement of the product of

Vekm elements Vj;V;q, currently the poorest known elements of the mixing matrix,
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constrained primarily by the unitarity of Vockm demanded by the theory. The depen-
dence of K* — 7*u¥ on various types of new physics is complementary to that of
the measurements that will be made at the B-factories, so K+ — #+u¥ will remain of
interest into the future. Experiment 787 at Brookhaven National Lab is a dedicated
search for K* — 7% 7, expected in the Standard Model to have a branching fraction
of (0.3 —3) x 107'%; the range is due to the uncertainties in the Vekxm parameters
themselves. This thesis is a complete analysis of our existing data set, yielding no
candidate events. A 90% CL upper limit of 2.43 x 10~® on the K* — 7n+u7 branching
fraction is inferred. A simultaneous search for the processes K+ — 7+ X°, where X°

is any massless, weakly interacting particle, results in a 90% CL upper limit on the

branching fraction of 5.18 x 1019,
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Chapter 1

Introduction

For much of my career as a student, I found physics to be somewhat fickle. As one
professor was insisting on the fundamental importance of some “law”, another would
be teaching that it was more of a guideline, really. It was relatively recently that
I realized I was simply observing the evolution of a living field. New results seem
to transform “elementary” particles into “composite” ones, but it takes a few years
to fix all the text books and a few decades to rewrite all the introductory lectures.
Finally, it dawned on me that physics itself doesn’t change: it is our best current
approximation to, quite simply, everything, along with quantitative measurements of
just how bad that approximation could be.

Admittedly, “everything” sounds a little grandiose. A good place to start might
be to figure out the most basic bits and pieces that make up “everything,” and all the
ways in which these components can interact. This is Elementary Particle Physics,

and its current best approximation to the basic constituents of matter and the forces
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and rules that govern their interactions is called the Standard Model.

1.1 The Standard Model and the Quark Mixing

Matrix

While elementary particle theory has a rich and complex history, here 1 will only
emphasize the details important to this work.! Fundamental particles seem to come
in two groups: firstly, quarks and leptons make up what can be thought of as matter -
spin 1/2 particles obeying Fermi-Dirac statistics, commonly called fermions; secondly,
the photon, the intermediate vector bosons, the gluon and possibly the graviton
mediate the forces — integer spin particles obeying Bose-Einstein statistics, commonly
called the gauge bosons.

Both quarks and leptons apparently come in three generations of doublets, usually

presented something like this:

quarks

'Commins and Bucksbaum [1} is the principal reference for this section, and has a detailed
presentation of Weak interactions in general.
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leptons

In addition, each of the above particles has an “anti-particle” partner, which is
represented either with an opposite charge sign (eg e*) or an over-bar (eg @). The
charged leptons can be referred t-o generically as {~, the neutral leptons as v, quarks
as simply g, or the +2/3 charged u, c, and t quarks as g3 and the —1/3 charge d, s,
and b quarks as ¢y/s.

This piece of paper consists of only the up (u) and down (d) quarks (which are
bound together by gluons to make up the familiar protons and neutrons), and the
electron (e). Since we're all in favour of literacy, the existence of the first gener-
ation seems well motivated; however, the theoretical case for the second and third
generations is less sound. Experimentally, they simply exist.?

The gauge bosons that concern us here mediate the “Weak Force” and are called
the intermediate vector bosons, W* and Z°, and their sibling from electromagnetism
the photon, 7. Their interactions with matter can be represented by a set of basic

vertices which can be represented pictorially:

2Actually, while the tau neutrino, v,, has most likely been observed as missing momentum in 7
lepton decays, it has not been directly demonstrated to be different than v, and v,.
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q *
y Y
7 -
q s v
A Z° Z°
q - v
q2/3 I+ 923
W+ W+ W= Ww-
GQi/a Vi /3

The above diagrams represent the decay modes of the gauge bosons, with time

running horizontally. With appropriate rotations, they include all the primary inter-

action vertices of the v, W% and Z° with quarks and leptons.

A feature of the quark sector is that the quantum mechanical eigenstates of the

electroweak interaction, ¢’, are not the same as the physical mass eigenstates, q; they

are related by a unitary transformation of the form

3 3

3 ik ik i ik _tk
q;/a = Z Ué’/;;q;/;»,, q;/:i = Z Uf/aq;/a-

=] k=1
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or, more commonly, using matrix notation

9273 = Uz 9243, qiy3 = Uysa q13-

Since the quantum mechanical amplitude, T, for a process can be written in terms
of the particle currents, J,,, the effect of these different eigenstates on physical phe-
nomena is contained in the current itself (T « [ J,A*d%*z, where A* is the interaction
potential or field). So, write out the basic quark electro-magnetic and weak cur-
rents in this basis and see what they look like in the physical mass basis (frequently

exploiting the fact U'U = I for a unitary matrix):

JEM = E"thq’
= 7% QULUq ¢

= (Uqgd")' v Q(Uqgd')

77 Q@ q,

where @ is the charge operator and Uy is either U, /3 or U, /3, appropriate to the quark
charge. It is apparent that JEM is invariant under the transformation Ug. The same

is true of the weak neutral current:
LC = § v /2ev —car®) ¢
= T % 1/2(cv — ca?®)UUq o'
= (Uad")' 7 1/2(ev — €a7®) (Uaq')

= 37 1/2(cv —ca?’) q
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where the factors ¢y and c4 are the vector and axial vector components of the weak
neutral current calculable from the standard model, and the factor of 1 /2 is added
for the conventional normalization.

The weak charged current, however, will make matters more interesting. Consider

the charge raising weak current:

J2S = Wyn v 1/201 = 7°) giys
= Qa3 Tu 1/2(1 = ¥°) U} 3Usys Ut1sUvys 413
= (Uzpsq3p)" 1 1/2(1 = 2°) UzpalU} s (Uryadls)
= Taa % /201 =) UsaUlyy g1/
= Taa Y 1/2(1 — ¥°) Verm qu/a

where VoM = U2/3Ult /3 is the product of two unitary matrices and is therefore itself
unitary. Note that the two separate transformations (Uz/3 and U,;3) become physi-
cally equivalent to a single transformation, which is conventionally applied to —1/3
charge quarks. Vgkm is called the Cabibbo-Kobayashi-Maskawa, or quark-mixing,
matrix.
It is important to comment on precisely what parts of the theory require that Vekm
- be unitary. It is widely believed that all interactions can be described by quantum
field theories which are invariant under local gauge transformations. For the Standard
Model, this includes the SU(2) transformation ¥ — ' = €**(®)7/2y, where 1 is the

| SU(2) wave-function, 7 are the familiar Pauli Matrices in weak-isospin space, and
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a(x) is a vector in weak-isospin space. With a bit of effort, requiring invariance
under this transformation can be shown to require that all fermion doublets have the
same weak coupling [2] (this did not need to be true — for example, the U(1) invariance
of electromagnetism does not require that all particles have the same charge). If the
different doublets were allowed to have different weak couplings, Vocgm would have to
reflect this and would not necessarily be unitary; the theory would, however, lose its

coveted “re-normalizability,” and would be completely ruined.

1.2 Measuring VoM

Next, let’s analyze the mixing matrix in a little more detail.> An arbitrary 3 x 3
complex matrix has 18 parameters. Unitarity (VV = I) provides 9 independent
equations, leaving 9 free parameters which can be the 3 real Euler rotation angles
and 6 complex phases. For further simplification, use the fact that the absolute phase
of each quark is not observable and may be arbitrary redefined. Returning to JEC,

redefine the quark phases:

JEC = Qa3 PlT Yu 1/2(1 —'Ys) VPqy

3This discussion closely follows Meyers’ course notes [3].
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where
( £

P = 0 e

\ 0

)

0 0

i53 0

0 €% )

( RN

and P, = 0

\ 0

0 0 \
e 0
0 e }

with the é;'s arbitrary. Remove an overall phase from each P, P2, and V:

(1 0

JEC = e'fov G;a| 0 ef2h

\0 0

0

0 -

6663—6;

\

/

t

Y 1/2(1=4°) V'

1 0
0 eifs=6s
\ 0 0

ei&; =54 )

ql/3s

where %0V is an unobservable overall phase term which ate up one phase from V (thus

the V'), leaving 5 free phases left in Vckm. The four arbitrary relative phase terms

(=51 gia=di ibs—5s and e*%—%) can now be used to eliminate four more Vokm

phases; thus, Vckm has one remaining unspecified phase, or four free parameters in

total.

In principle, the task now at hand seems straight-forward. Pick any four processes

that depend independently on elements of Vokm, and measure them well enough to

measure the four free parameters. Subsequent measurements will then over-constrain

and test the theory.
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In practice, however, nature has played a small trick on us which is nicely illus-

trated by the approximate Vckm parametrization of Wolfenstein [4]:

( Vud Vus Vub \ ( 11— ’\2/2 A AAa(p - u?) \
V=1 Va V., Vo |= - 1 A2/2 AN?
\ Viu Vs Vo J \ ANM(1—-p—in) —AN 1 /

with A = 0.22 and A = 0.8 £ 0.1. This parameterization takes advantage of the
highly diagonally dominant nature of Veckm as well as the approximate unitarity of
the upper 2 x 2 sub-matrix, with the 90% confidence level lower and upper limits on

the magnitudes of the components (assuming three quark generations and unitarity)

[6]
((0.9747,0.9759) (0.218,0.224)  (0.002,0.005) )

(0.218,0.224)  (0.9738,0.9752)  (0.032,0.048)

\ (0.004,0.015)  (0.032,0.048) (0.9988,0.9995) )

Considerable experimental effort has gone into the above numbers:* {Vid| from nu-
clear beta decay and u decay; |V,,| from analysis of K+ — 7%*v, and K° — n*e¥u,;
|Vza| from lepto-production of charm and charmed-meson decays; |Ves| from charmed-
meson decays; |V} from B meson decays; |Viy/ V.| from B meson decays. The
remaining elements, V,4, Vi, and V}; are constrained principally by unitarity; this is a
relatively good constraint for Vjs, a fair one for V,,, but almost no constraint on Via (it

is constrained to be small, but the fractional error from unitarity is large compared

4See the Review of Particle Properties [6] and the references within.
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to the expected value).

Nature’s trick is in the way that the information (in the form of the physical
Wolfenstein parameters) gets distributed in Vogm. Notice that two of the four pa-
rameters (p and 5) only play a significant role in V,; and V,4, which must be extracted
by measuring processes with large u — b or t — d contributions. Put another way, the
four “independent” processes must include at least one with a u — b vertex and an-
other with a t — d vertex.® Such processes are highly suppressed and very difficult to
see. Detecting the direct decay b — u is just barely possible, resulting in the |V, /V,]
measurement mentioned above. For V4, even if a large sample of t decays is someday
available, it seems unlikely that the direct decay ¢ — d could ever be detected over
the favoured t — b process. A direct measurement of V4, now or in the future, is

extremely unlikely.

Fortunately, there is another way.

1.3 Measuring V;;: Getting into the Loop(s)

‘ Rather than look for direct ¢ — d decays, one can look for processes that would be
suppressed or forbidden without a ¢t — d vertex. For example, B® — B mixing takes

place via the second order “box” diagrams

0f course, this fact is not dependent upon any particular parametrization; rather, it results
from the highly diagonally dominant nature of Vokym which is the foundation of the Wolfenstein
parametrization, making the conclusions more apparent.
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- -
qb ‘/qd

b Va Va7 3 _ 2
r+ q
q2/3 W q92/3 WR 3 §W
d b d b
Vao W= Vi Voo 213 Vg

and is suppressed in the Standard Model due to partial cancelations of the various
92/3 = u, cor t diagrams. Theoretically, any internal ¢ quark contribution (present if
Vi is nonzero) would be greatly enhanced by the large t mass. B mixing is usually
parameterized in terms of the parameter z; = Ampgo /T, where T is the total B°
width and Ampge is magnitude of the difference of the B° decay eigenstate masses.
Neglecting any ¢ quark contributions, a Standard Mode! calculation yields [7]

GZ
za = g5 f3,Ba.ramsMinS(z)ViaVal?
3
672

12

f5,BB.TamBMiyn.S(z) A2X°[(1 — p)? + n?),

where z; = (m,/Mw)?, S(x.) is calculable from the loop integrals

S(z) = 4—&:?(4 — 1z + z?%) -

(

7t = 0.85 is a calculable QCD correction to the four quark operator, and most of
the rest is either known or measurable. Thus, a measurement of z4 is almost a
measurement of |V;4|; unfortunately, the two parameters fg . and Bp, are not known
at all. A few years ago, ranges for f3 BB, of (150 £ 50 MeV)? were popular [7], while

lately heavier reliance on lattice QCD suggests ranges more like (200 £ 30 MeV)32.
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The above expression for z4 can be written
(1-p)+n*= R,

forming a circle in the (p,7) plane centred at (1,0) with radius squared

_ 673z,
= GZ13,Bp,romsMan.5(2:) APX6

Zd
fgdBBdAerS(‘rt )

R? = (0.0876 GeV*psec)

where 1 have substituted the book values [6] for the relatively well known quantities.

The primary theoretical uncertainty in f3 Bs, is difficult to reduce.

Another constraint comes from the neutral kaon system. While K -~ K° mixing

is dominated by the CP conserving u and ¢ quark contributions, internal t loops
appear as a small correction causing the “indirect” CP violation observed in 1964.

The familiar ¢ parameter is almost calculable [7]:

G%‘flz(TL\’_Ml?VBK
672v2Amg
(ReV2Veal(n3S (e, 20) — mS(=.)) + Re[VVialmS(ze))
G%*flzcij w Bk
GﬂzﬁAm;{

1
(§5mS(@e,z0) = mS(z) + m1 = ) A?5(z)

Im[ViVid]

AZAIOT]

. where 7, & 0.7, 772 = 0.6, and 53 ~ 0.3 are calculable QCD corrections [7], and

_ Te_ 3z (. T )
S(zc,x4¢) = z, (lnx =z (1+ T Inz, )

c
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Plugging in the well known parameters, the remaining equation
n (0.6(1 — p)AS(z,) + 427(0.35 (2., z,) — 0.75(z.))) A*Bx = 0.220

is a rather ugly looking hyperbola in the (p,7) plane. Similar to the f3 BB, factor
in B° mixing, the factor By is difficult to calculate, and has drifted somewhat from
0.9+ 0.6 a few years ago [7] to 0.7 £ 0.2 in recent theoretical analyses [8].

The final currently interesting constraint on (p, ) has been mentioned in passing
several times already: measurement of the lepton energy spectrum in B decays above
the b — clv threshold is interpreted as b — ulv and thus measures V,;. A combined
analysis of the CLEO and ARGUS measurements gives [6] |V,,/V.s| = 0.08 + 0.02.

This is readily written:

p* + 1% = (0.36 + 0.09)?

where a significant portion of the error is theoretical. This constraint gives a circle
in the (p,n) plane centred at (0,0) with radius 0.36 £ 0.09.

I hesitate to go beyond the above (p, ) constraint formulae since my understand-
ing of the errors on f3 BB, and By is not impressive; however, it is difficult to get
any feeling for what they represent without a graphical representation. I will use the

following values for the various parameters:
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m, = 176 £13 GeV (CDF preprint),

m. = 15+0.2 GeV (Reference [7]),
A = 0.83+0.07 (Patterson in [9}),
THo = 1.5+0.11 psec (Reference [6]),
Tq = 0.714£0.06 (Reference [6]),
By = 0.71+02 (Reference [8]),
J3,Bs, = (0.200+0.030)2 GeV> (Reference [8]).

Note that these last two are “ball-park” numbers inferred from various sources
used in a recent review article, and may have optimistic errors. The constraints from
B*-B° mixing, €, and [V,,;/V,;| are plotted in Figure 1.1. The central values from the
above parameters are solid lines, and the 10 bounds are dashed (variation is done by
inspection of the constraint equations - the dashed lines have each parameter varied
by either +10 or —1¢). From this figure, it is apparent that only weak constraints
are made. If the errors were increased to +2¢, the only real surviving constraint is
the annular region from [V,,/Vs], together with the requirement from ¢ that 5 > 0.

The remaining theoretical uncertainties are unlikely to be significantly reduced.
Further progress requires measurements of processes that have large internal t — d

contributions, and are theoretically clean. The future of particle physics will have

- several such experiments; most notably the new B factories at SLAC and KEK will

severely constrain the entire CKM matrix. The present has only one good candidate:
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Kt = ntuw.

1.4 The decay Kt — ntuvp

The kaon decay K* — n*v¥ would naively proceed through a first order neutral

current from a diagram like

aul

ol

which would be a Flavour Changing Neutral Current (FCNC). Expanding the s and

d quarks in the weak basis:

t
an\us )
Jox (Vs (Vvd)y=}V ] V9]o =(Vu-’ v V;:) Va | =0

\ \%// \0) \ V)

by unitarity. This is just a more explicit form of the neutral current expansion above:

unitarity of Vckym forbids first order FCNC’s in the Standard Model. At second order

?

K* — x*u7 is allowed via two “penguin” and one box diagram
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u U u u u u
3 w+ d 3 G2/3 d 3 9273 d
G243 G273 _ w+ w+ _ w+ [ \wt
0 0

where the u quark is a “spectator.” Again, each of three diagrams occurs for each
g3 = u, cor t. If the u, c and ¢ masses were the same, then the amplitude of
each diagram summed over u, ¢ and ¢ would again go as (Vs)! (Vd), and vanish.
In fact, were it not for the different quark masses FCNC’s would be forbidden to all
orders in the Standard Model. There are several theoretical uncertainties in evalu-
ating the K+ — n*vv diagrams above. A major one would be uncertainties in the
initial and final state hadron wave-functions, but these are removed by normalizing to
the observed isospin rotated K* — n%%*v, mode. The ¢ quark part of K+ — ntv¥
is readily calculable {4, 14, 13] and the top quark contribution to the K* — n*vv

branching ratio for three v generations is

B(K* — 1r+v7) _ E ( o )2 ‘Vt:vtd‘z[x( )]2
B(K+ - ,roe+uc) - 2 7l'SiIl2 0W IVtuP Tt
3 rs" 2
-2 (1:' sin® Gw) ADY[(1 = p)® + 7?][X (2))?

where A, A, 7 and p are the Wolfenstein Vokm parameters, and

z:+2 3z,—6
2, —1  (z.—1)2

]

X(ze) =2t (

3 In a:,) ~ 0.65.7:?‘59
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with z; = m?/m},. The charm quark contribution is not so readily calculable; how-
ever, recent Next-to-Leading-Log QCD calculations [11] have reduced its contribu-
tion to the overall K+ — #*+v¥ branching ratio uncertainty from ~ 30% to ~ 7%.
Inserting A = 0.22, a = 1/128, sin?fy = 0.23, B(K* — n%*v.) = 0.0482 [6],

X(z¢) ~ 0.65z*° [12], and including the charm contribution yields
B(K* — n%uv) ~ 1.97 x 1071 A2} 8[(po — p)* + 7).

The parameter p; contains the ¢ quark contribution,

=1+ .__.ﬂ;____
fo =T X (z,)

and is technically lepton dependent through the parameter PJ. Typically, po ~
1.2 — 1.6 (see [11, 12] for the details). Including all uncertainties, B(K+ — #*uv7) is
certainly in the range (0.2 —5) x 107'® and most-likely within (0.3 —3) x 10~1°. Aside
from the ¢ quark mass, the major uncertainties are simply the Vo parameters A, p
and 7.%

Referring to the above expression for B(K* — 7tu7) in terms of the Ve ele-
ments a measurement of K* — 7*u¥ can be interpreted as a measurement of |V4/,
which will have errors due to |V,,|, m¢, and the measurement error on B(K+ — 7+v7)

itself (the intrinsic theoretical uncertainties in the charm sector contribute AV, [Vea ~

®A relatively recent theoretical analysis confines B(K* — x+u¥) to (0.7— 1.5) x 10~1° [8]. Such
a restrictive range requires a relatively high value for, and extremely optimistic errors on, the factor
13 BB, which is used above to infer p — 5 constraints from B°® — B mixing. This high value is
motivated by recent lattice QCD calculations, and I take them with a grain of salt.
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5% [8]). Examination of that equation quickly shows the relative contributions of the
different errors. |[V},] is constrained by unitarity to be nearly equal to |V.], which
is measured to about 10% (primarily theoretical error) in B meson decays; the con-
tribution is then AV;y/Via ~ AV, /Vi, ~ AVe/Vi ~ 15%. Assuming the CDF
collaboration has seen the top quark, their mass measurement of 176 + 13 GeV /c? [6]
would contribute AV,4/Viq ~ 1.2(Am,/m,) ~ 12%. The error due to B(K+ — *tuD)
will be AVi4/Vig ~ 1/2(AB/B), so to be competitive with the other errors a 20%
measurement of B(K+ — n+v¥) needs to be made. As the other uncertainties are
reduced, clearly a better measurement of B(K* — 7*u%) will be desirable.
Alternatively, K* — 7*u¥ can be fit nicely into the geometrical picture in the

(p,7) plane mentioned before. The above formulae can be written

B(K* — n*tvy)
1.97 x 10-11 A4z} 18’

(Po—p)? + 7 =

a circle centred at (po,0). The primary remaining intrinsic theoretical uncertainty is
left in po, but is very small compared to the uncertainties in either By or f} ,Bb,-
This K* — x*u¥ constraint is added to the {(p,7) plane in Figure 1.3, assuming a
perfect measurement of B(K* — n*v%) = 1 x 10~'° and using the other parameter
ranges as before. A significant part of the apparent K+ — n+uw uncertainty in the
(p,n) plane is really due to the residual uncertainty in A (or V;, ~ V;) raised to the

fourth power. In fact, K* — 7+u¥ is really an extremely clean way of measuring the

product V,;Vi4, not quite V4 itself.
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1.5 Unless There’s Something Else Out There

' The above discussion assumed the Standard Model with three generations of elemen-
tary particles throughout. If this is not true, then all bets are off.

The first natural extension to known physics would be the existence of more than
three families. All we know about any additional families is that their neutrinos must
have m, > mz/2, charged leptons m; > 44 GeV/c?, and quarks mg,,, > 85 GeV/c2.
The quark mixing matrix becomes rather uncertain, with 90% confidence levels on

the magnitudes of its components (now assuming only unitarity) [6]

( )

(0.9728,0.9757) (0.218,0.224) (0.002, 0.005)
(0.180,0.228)  (0.800,0.975) (0.032,0.048)

(0,0.13) (0,0.036) (0,0.9995)

L - )

In addition to losing all constraints on Vi and Vis, there will be additional diagrams
due to the new g,/3 quarks interfering with the u, ¢ and t diagrams with unknown
phases. The existence of additional generations could make B(K* — n*u¥) larger,
or smaller, or leave it unchanged.

Various extensions to the Standard Model include new particles that could show

up as K+ — 7+ X% or K+ — 2t X°X° (if they are light), as well as contributing
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internally to loops in additional Kt — ntu¥ diagrams. Possible X%s are axions,
familons, majorons and hyperphotons (see Ref [5] and the references within for an
extensive discussion of K* — n%*u7 beyond the Standard Model). Assuming the X°
does not interact in the detector and it is massless, K* — »* X% would show up
as a mono-energetic peak in the 7%+ spectrum at the end-point of the K+ — =+uvw
spectrum, K'* — 7% X°X? as an enhancement to the apparent X'+ — 7+v¥ branching
ratio (possibly with a different 7+ momentum spectrum altogether depending on its
coupling), while additional K+ — n*v%7 diagrams would interfere with the known
ones much like additional quark families. Except for the direct K* — 7+ X? search,
our philosophy will be to assume the Standard Model is correct, measure the CKM
parameters, and see if a consistant picture is formed.

It is rather unlikely that the actval CKM matrix, defined as the transformation
between mass and electroweak eigenstates, is not unitary; as mentioned above, this
is built into the very basic nature of the renormalizable local gauge theories that
are believed to describe all interactions. What we really do, then, is to measure its
apparent parameters to the highest possible precision in different processes. If new
physics from a higher energy scale contributes to these processes in different ways,
Vekm will appear non-unitary; this is an important part of the program of the near
future of particle physics. The errors on the current measurements of the CKM

parameters are largely theoretical (due to hadronic uncertainties in extracting the
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Figure 1.2: The prototype unitarity triangle. K+ — 7*u% and tree-level B decays
measure the length of its sides, while CP violation in the B system will measure the
angles «, 3, and 4.

electroweak physics from strongly interacting particles) and will likely not be reduced
without measurements of new, cleaner, processes like K+ — z+u7.
It is worth mentioning how K+ — #%*v% will fit in with results from the new

B-factories. Consider unitarity applied to the first and third columns of Vekm:
VidVi + Vaa Vi + ViaVy; = 0.
Now set Vg @V, ~1and V3 ~ —2:
Vis + Ve = AV,

This is usually represented as the familiar “unitarity triangle” of Figure 1.2, It is
better related to the previous discussion by also setting V., ~ A2A, V,, ~ N A(p—1in)
and Vig > A®A(1 — p—in) and rescaling the triangle sides. It can then be put directly
in the (p,n) as in Figure 1.3.

The emphasis at the B-factories will be to use CP violation in B decays to measure
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Figure 1.3: A hypothetical perfect K+ — r+u7 measurement of B = 1 x 10-1° su-
perimposed onto the (p,n) plane constraints, along with the unitarity triangle. The

solid line is the K+ — x+u7 allowed curve for the central parameter values, and the
dotted lines are the +10 bounds.
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the angles inside this triangle. Consider, for example, the decay B} — m*7m- by first

defining the time dependent partial widths:
I(t) =T(t; B} — n*x")

T(t) =T (B — n*x),
and then form the CP-violating asymmetry

_T() - T

A(t) () +T(t)

It is straightforward to show that

A(t) = sin{Ampt)sin(2arg(V..V, Ve V1))
=~ sin(Amgt)sin(2arg(V;3, V)

= sin{Ampt)sin(2a)

where a is the angle from the unitarity triangle in Figures 1.2 and 1.3. The new B
factories will run on the Y(45) resonance as CESR does now. Unlike CESR, they
can measure ¢ by measuring the distance the B° travels, since the new asymmetric
machines will produce the Y(45) in flight.

In addition to a, the new facilities will measure 8 (with B — ¥ Ks) and with luck
7 (eg. B* — DK*,D — K+K~) and hopefully some other unitarity angles as well.
These angles can all be affected by physics beyond the Standard Model. K+ — x+ v,

along with tree-level B semileptonic decays, measures lengths of the triangle sides.
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In contrast to A+ — z+u%, these tree level process are relatively insensitive to new
physics [10], so any contributions to K+ — x+v% will hopefully keep the triangle from

closing and signal the presence of new physics.

1.6 Current Experimental Status

Searching for K+ — n+u¥ has a long history. It absence was one of the definitive tests
of the non-existence of Flavour Changing Neutral Currents, and K+ — 7+ X® was one
of the principal search modes for the axion. With our 1989 data set, Experiment 787
at Brookhaven National Lab established 90% upper confidence limits based upon no

observed events:

B(K* - 7*vp) < 7.5x107°

B(K* 5 7*X% < 1.7x107°

For K+ — ntuw, the corresponding single event sensitivity of 3 x 10~? is from
10 — 100 x the expected Standard Model branching ratio. Qur desired 30% mea-
surement of B(K+* — x+,7) will require about 10 events, so we must increase our

sensitivity by a factor of around 100 — 1000, depending on the value of the actual
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branching ratio. Our 89-91 data set has been the subject of a complete analysis, lead-
ing to the preliminary result B(K+ — ntv¥) < 3.7 x 10~? (90% CL). In addition to
the desire within the collaboration to have an independent analysis, a number of im-
provements to our basic detector calibration methods and analysis software indicate
that significant improvements in our sensitivity with reduced levels of background
should be possible. This thesis is an effort to extract the highest possible sensitivity

from the combined E787 89-91 data set.



Chapter 2

The E787 Experiment

The E787 detector has been extensively described elsewhere, including a review article
[19], two previous Princeton theses [20, 21], and a University of Victoria thesis [22].
Accordingly, this chapter will only briefly outline the experiment, providing enough

essential details of each detector element to understand this analysis.

2.1 Overview

The experimental signature for K+ — 7+u% or K+ — 7+ X° seems straightforward:
no other K+ decay produces only a single 7* and no other observable products.
There are, however, several K+ decay modes to a single charged particle, including
the two principal modes K+ — p*tv, and K+ — 7+2° Table 2.1 lists the known
modes having a 7% or u* in the final state with their maximum charged particle

momentum, along with K* — 7+u% and the hypothetical K+ — 7+ X0 (massless

X0).

27



Overview

2.1.

K* Decay Branching End Point
IL Mode Fraction (MeV/c)
T stv, ] 0.635 236
™ 7%z 0.212 205

ntoete= 0.056 125
routy, 0.032 215
wtnOx0 0.017 133
ety 5.5 x 1073 236
L% (0.3 —3) x 10~1° 227

L =tX° - 227

Table 2.1: Decay mode branching ratios and end points for K* decays with a final
state 4t or =+, along with the rare decay modes of interest,

The kinematic spectra of the important modes are shown in Figure 2.1; the
details of this spectrum are worth noting since they will drive the entire experi-
ment. K* — pt*y,, with a branching ratio of 64%, has a monochromatic put peak at
236 MeV/c. K* — z*z° with a branching ratio of 21%, has a mono-chromatic =+
peak at 205 MeV/c. To aid in background suppression, our search will take place away

from these two modes. Two regions are of potential interest: above and below the

K* — z*+z° peak. The region below the peak is rather difficult; principally, nuclear

~ interactions of the #+ with any material in an experiment can down-shift it to lower

i

i
\

momentum, and this background is difficult to overcome [23]. The region above the

| Kt o g0 peak and below the K* — utu, peak has been the traditional searching

ground for K* — n+v¥, and E787 is designed to look at this kinematic region.

We’re looking for a one in 10 billion process hiding between two peaks of order
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Figure 2.1: Common K* Decay mode spectra, along with K+ — x+,7,

unity, so clearly a great deal of background rejection is needed. The basic design of
any experiment to measure K* — #*v% must include:

e Good K* identification.

¢ High charged track finding efficiency and kinematic resolution in the K+ rest
frame, requiring a single pion track with momentum between the K+ — nt a0

and K+ — u*y, peaks.

e Particleidentification capable of rejecting the pt’sfromthe K* — pty, K+ — p+ Vay,

and K* — 7%*y, decays.

e Sufficient hermeticity of photon detection to veto photons from K+ — 7+70

(7° = 77), K+ = 1%y, and K* — p*u, decays.
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Since the expected branching ratio is very small, a large number of K* decays
_must be observed. With 100% efficiency, around 10! kaon decays would be needed
to measure a Standard Model branching ratio; in practice, we are going to need
more like 10’314 K+ decays. Also, the above requirements will ultimately demand a
sophisticated experiment with a significant amount of information per event (“event

size” ). This leads to the somewhat more mundane requirements:

o High rate capability, so the measurement can be made in a finite amount of

time.

e Fast trigger capable of enormous online rejection of the dominant backgrounds
with high efficiency, along with a sophisticated acquisition system for handing

large amounts of data.

The redundant kinematics and triggering requirements drove the first major design
decision of E787. In order to achieve enough background rejection, good kinematic
resolution with negligible tails is needed in the K+ rest frame. The solution adopted
was to make the kaon frame the lab frame (i.e. stop the K+). A traditional “in-flight”
experiment would measure only particle momentum in the kaon rest frame. Working
with a stopped kaon makes range, energy and momentum all useful. Using range in
addition to momentum has an added advantage: since muons are more penetrating

-than pions, the effective separation between the K+ — 7+x° and K* — utv, peaks

 is increased. In the online trigger, the first-order range measurement uses the fact
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that all kaons stop in nearly the same location, and uses fast iogic which simply
determines the detector element in which the =+ stopped. This decision can be made
in only a few 10’s of nsec.

Working with a stopped K* is not a panacea and many problems are introduced
into the experiment. Since we must necessarily start with a K+ beam, to get a
stopped kaon we must first slow it down. This requires passing the kaon through
material, which causes losses from nuclear interactions. This material also provides
scattering centres for beam pions, which can potentially chase the kaon into the
detector and scatter into our fiducial volume faking a K+ — =+ decay. The kaon
decay products are at relatively low energy and are quite susceptible to interactions
(multiple scattering of #% or u*, nuclear interactions of =+, and even photo-nuclear
interactions of u*) adding tails to our kinematic measurements. The photons from
the 7° decay in K* — n*z° have similarly low energies (as low as 20 MeV), and can
be lost entirely in any detector dead material. These considerations lead to a set of

revised detector constraints, which are the foundation of E787:
e Low energy, pure, K* beam which can be stopped with a minimum of material.
¢ Good beam kaon identification, and very good beam pion detection.

¢ Active, highly segmented K+ stopping target for clean K+ and =+ tracking,

and good timing insuring the K+ really came to a complete stop.
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Absolute minimum of detector dead material.

e Redundant measurements of the 7+ momentum.

Hermetic photon detection for #° rejection.

Redundant pg* veto system.

A 3-D perspective view of the E787 detector is shown in Figure 2.2 along with a
detailed side-view in Figure 2.3. The detector elements are detailed below. For this
description and the following analysis, the z axis is defined such that the K+ beam
travels from —z to +:z, the +y axis is vertically up, and the z axis is defined to form
a right-handed coordinate system with y and 2. # is then the normal polar angle, and

¢ is the azimuthal angle from the z axis in the zy plane.

2.2 The K Beam Instrumentation.

24 GeV protons from the Brookhaven National Laboratory Alternating Gradient
Synchrotron (BNL AGS) bombarded our primary production target producing kaons,
pions, and many shorter-lived particles. The kaons were transported down the LESB I
beam line, which had a single stage electrostatic separator to purify the kaon beam;
when it reached the spectrometer, the beam K : r ratio was about 1 : 3 with a beam
momentum of about 800 MeV /c. This momentum provides a compromise among kaon

production cross-section, losses during transport, and stopping the kaons, resulting
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Figure 2.2: 3-D Perspective view of the E787 detector.
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in a maximum number of stopped kaons in the detector per AGS proton. The first
detector element is the Cerenkov Counter, which gives a positive K+ tag used both
in the trigger and offline analysis (Ck). The counter also gives a separate tag for
beam pions (C,), which is used in the offline analysis. The primary Cerenkov signal
used in this analysis is a time-to-digital converter (TDC), which reports both the
time that the counter fired (TDC pulse leading edge) and amount of time we were
dead to secondary (or even tertiary) beam particles (TDC pulse width).

Immediately downstream of the Cerenkov is a 3-plane beam wire chamber (BWPC).
This chamber is used to insure that one and only one beam K+ enters the detector,
and no extra beam K+ or 7+ is present at the apparent kaon decay time. Principally,
it is used to reject pions missed by C,.

After the BWPC, the beam passes through a BeO degrader, which slows down
kaons (and any pions) so they can stop in the target. The degrader also absorbs the
residual protons in the beam.

A Pb-Glass Cerenkov counter was added to the degrader for the 1991 run. While
it was intended primarily as a y-catcher for K+ — n+u7 search below the K+ — z+x0
peak, in this analysis it is principally used for extra beam pion rejection. A somewhat
more sophisticated analysis of this counter is used: it is viewed by a number of

- phototubes, and a combined tube multiplicity and hit time analysis is used.!

YThis same power is available to the primary Cx and €, Cerenkov, but was not found to be
needed.
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After the degrader the beam passes through a two-plane hodoscope (the B4
. counter), parallel fingers of scintillator read out by phototubes. In 1989 and 1990,
separate TDC channels on each finger are used to look for a second beam particle by
searching for extra clusters in the counter. In 1991, transient digitizers (TD’s) on the
separate fingers were used for this second particle cluster search. The TD’s sample
the phototube pulse heights every 2 nsec, permitting good timing measurements and
a complete pulse-shape analysis; in particular, the TD’s are very useful for looking for
a second pulse just after a primary one. If a beam pion is present but doesn’t form
a clear second cluster, it may have hit the same fingers as the kaon; a fit of the kaon
pulse is performed using the TD data, searching for such a second pulse. Each B4
finger also has an analog-to-digital (ADC) channel, which are used for dE /dX-based
particle identification.

In the 1989 and 1990 runs, a single scintillator slab instrumented with a TD was
placed just before the stopping-target. This was a simpler arrangement to work with,
and was used for the double-pulse fit mentioned for the B4 counter in 1991. It was
only the absence of the B4T counter in 91 (removed because it didn’t fit after the
lead-glass counter was added) that made the hodoscope analysis necessary that year.

B4T also had an ADC channel used for dE/d X -based particle identification.
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2.3 The K* Stopping Target

After the beam instrumentation, the kaons enter, lose energy, and come to a stop
in the kaon stopping target (just the target or TG from now on). The target was
a bundled set of 379 active scintillating fibres? lying parallel to the z axis. The
beam kaons run roughly parallel to the fibres as they stop, usually hitting only a
few fibres and depositing several tens of MeV in each. When a kaon decays, the
K* — n*u¥ trigger (see below) requires a resulting charged track running roughly
perpendicular to the z axis. After emerging from the kaon fibres, this track deposits
a few MeV (typically < 5 MeV) in each target fibre it passes through. The target
is surrounded with set of six 0.635 cm thick scintillators called the I-counters (IC),
forming a hexagonal shell around the target with roughly the same z length as the
target. The IC’s are used both to confine the kaon to the target and to measure
the pion time in the trigger delayed coincidence requirement.® The readout of the
target consists of a TDC channel on each target fibre and IC for timing, and an ADC
channel on each fibre and each IC used for the pion total energy measurement and

dE/dX for particle identification and vetoing overlapping photons.

*The target actually has many more fibres than this. The true circular fibres are bundled and
glued into triangle-shaped clusters, which are assembled into the full target. Each of these clusters

© is read out with one phototube, with a total of 379 target channels. I will refer to each of these
- triangular bundles as a “fibre” from now on.

3The term “delayed coincidence” will be used repeatedly. Online, a signal from Ck is delayed

and then required to be in coincidence with a signal from an I-counter. Effectively, this condition

vetoes events with the IC hit at the same time as the Cx, which might have come from a kaon
decay-in-flight.
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2.4 The Drift Chamber

After leaving the target, the 7+ is tracked with a precision “Jet” type drift chamber
(DC). The entire experiment is enclosed in a magnet, producing a 10 kGauss uniform
field throughout the entire active detector. The chamber is instrumented with one
TDC channel per wire to measure jonization electron drift times, which give us the
7+ distance of closest approach to each wire. The =+ loses very little energy in the
drift chamber gas, so its path is nearly circular; by fitting this circle, we measure
the pion’s transverse momentum. The chamber has five layers of 6-wire cells, two
of which are “stereo” (layers 2 and 4). Including the stereo layers in the fit gives
us the complete #* momentum vector, along with accurate tracking useful for event

reconstruction in the target and range stack subsystems.

2.5 The Range Stack

The =+ passes from the drift chamber into a stack of 21 radial layers of scintillator,
segmented into 24 azimuthal sectors (the RS). To simplify the detector design and
reduce the number of channels, the range stack is read out as 15 effective layers.
Physical layers 2-5 become layer A or just the A-counter, layers 6-8 become the B-
counter, and layers 9-10 become the C-counter. The 7+ loses energy and eventually

stops in the range stack. The first layer of the range stack (called the trigger-counters
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or T-counters) are shorter than the rest (about 50 cm long) and define the solid
angle E787 will accept online. Each range stack scintillator has a phototube on each
end. The signal from each end is instrumented with an ADC (used for the total
energy measurement and dE/dX particle ID) and a TD. While the TD is used to
measure time, more importantly-it samples each tube pulse-height every 2 nsec giving
detailed pulse-shape information. This signal is used to identify the stopping =¥, the
7t — ut decay, and finally the u* — e* decay for every event. The power of the TD’s
is displayed in Figure 2.4 (from [18]), showing a complete #+ — u* — e*sequence for
a pion stopping in the range stack. Online, #* — u* is tagged with a simple pulse
height to area ratio cut. Offline, a complete fit is performed to insure a z* — u*
decay occurred. This is our most important K+ — u*v, rejection tool.

Two multi-wire proportional chambers (the RSPC’s) are also imbedded in the
range stack (just after layers 10 and 14) and are used for the #* range measurement.
Delay line readout schemes are used to convert the 7*’s ¢ and z into times, with a

compact 4 TDC channels used per chamber.

2.6 The v-Veto

E787 has two dedicated photon veto systems: the barrel (BV) and the end caps
(EC’s). Both are alternating layers of lead and scintillator. The two endcaps fit just

inside the range stack, one upstream and the other downstream of the drift chamber.
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Figure 2.4: Transient digitizer data showing a complete 7+ — u* — e*sequence for
a pion passing through layer 11 and stopping in layer 12. About 40 nsec later it
decayed into a muon which stayed in layer 12. 220 nsec later, the muon decayed into
a positron, which penetrates deeper into the range stack.
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Each has 24 modules read out by phototubes. The barrel veto surrounds the entire
range stack, just inside the magnet coils. At its thinnest, it is about 14 radiation
lengths of material. The 48 barrel veto azimuthal scintillator sectors are read out
as 4 radial layers, with a phototube viewing each end of each sector/layer. Each
barrel veto and endcap tube is read out with one TDC and one ADC channel, and
in the offline analysis we search for (and veto on) photons which might have come
from a K* — x*7°% In addition to this dedicated 4-veto, the entire E787 detector
1s, as much as possible, sensitive to photons with a minimum of “dead material”; in
particular, the range stack is about one radiation length of material, so about 1/3 of
all photons will convert before the barrel veto. Essentially, we try to veto any event

with unaccounted for energy that occurs at the same time as the r*.

2.7 The K* — n*vv Trigger

By design, many of the signals from the above detector components are also available
sufficiently quickly to be used in the online trigger. While it can be regarded more

properly as the first stage of the analysis, for continuity it is described here.

2.7.1 Level 0 Trigger

This is the earliest and fastest trigger level, using only the discriminated phototube

signals from various detector elements. The trigger front-end electronics calculates
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a set of conditions called “trigger bits,” which are available to individual “trigger
boards” for making the actual trigger decisions. The K+ — 7T level 0 trigger
selects a beam K'* that decays at rest to a charged product that penetrates into the

middle of the range stack; it is defined as

KT-IC-DC-(T- A)- Ber - (19t + 200t + 21ct) - (BV + ECM + ECP).

where

KT: K* from beam enters the target (Cx - B4 - Erg),

I1C: Struck I-counter,

DC: Delayed coincidence between IC and Cy,

T-A: RS Layers T and A coincidence within one sector,

Xer: RS layer X hit in the T - A or first two clockwise sectors,
BV: BV energy sum > 5 MeV

ECM: Upstream EC energy sum > 10 MeV

ECP: Downstream EC energy sum > 10 MeV
In words, the level 0 trigger first requires a beam kaon pass through the beam

instrumentation and enter the target. The kaon must decay into a charged particle
that strikes the I-counter more than about 2 nsec after the kaon stopped. The charged
track must enter the range stack, but not penetrate into the outer three layers, and

there must not be coincident energy in the barrel or endcap photon veto.
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2.7.2 Level 1 Refined Range and Hextant Veto

The level 0 trigger range measurement is the simple stopping layer based determina-
tion, which does not account for the 7* range in the target or its “dip angle” (cos 9,).
At this point, the trigger is dominated by K+ — u*v,, which can be removed with a
better range measurement. In the level 1 refined range trigger, the level 0 determined
stopping layer is digitized into a 4-bit binary number, a selected RSPC end-to-end
time based Z measurement is digitized into another 4-bits, and the number of struck
target elements is measured by using a 4-bit flash ADC with a discriminator multi-
plicity sum output. These 12 bits are used to address a memory lookup unit (MLU)
as the level 1 refined range pass/fail condition.

Another hole in the level 0 trigger is that about 1/3 of the K+ — 7+x° photons
convert in the range stack and don’t penetrate to the photon veto. To partially
compensate for this the range stack energy is summed into “hextants” (4 sectors
each), which are separately discriminated into 6 hextant-bits. These are used in an
MLU to accept only events with either a single or two adjacent hextants hit, rejecting

events with an range stack v cluster well separated from the =+ track.

2.7.3 Level 1.5 Energy Trigger

After the level 1 trigger, most of the events are still K+ — u*v,. Further rejection is

'~ achieved using an online measurement of the charged track energy. After imposing a
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single T'- A requirement, all raw ADC information from the T- A and two immediately

+ clockwise sectors is summed.* The raw target ADC counts from all tibres under 2 MeV

are added.® Events are cut if they have total energy above about 130 MeV.

2.7.4 Online TD n* — u* Finder

Still more online muon rejection is achieved by inspecting the TD pulse in the Level 0
determined stopping counter. The offline analysis will become quite involved. Online,
we simply calculate the pulse height to pulse area (H/A) ratio, and cut events with
either end inconsistent with a 7+ — u* decay. The 7+ — u* decay chain adds extra
area to the pulse without affecting its height, so most muons show up with an abnor-
mally high H/A and can be cut. The easiest way for a u* to fake a 7+ — u* decay
is for its u* — e* decay to occur early. Since the electron usually has more energy

than the 7+ — u* muon, most of these event are removed by imposing a minimum

allowed H/A as well.

2.8 Monitor Triggers

- Simultaneously with the K* — #+u¥ data, several prescaled “monitor” triggers are

. taken as well. Data from these triggers are used extensively for various detector

“The range stack phototube voltages are adjusted to make the calibration (ADC counts per MeV)

, uniform, except for the T and A layers. These are appropriately scaled in the sum.

The range stack is calibrated to 16 counts/MeV x 2 ends = 32 counts/MeV, while the target is
set at about 22 counts/MeV. This mis calibration is not corrected for.
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calibration tasks, and are relied upon heavily for the sensitivity calculation performed

in chapter 4. For reference, the important ones are mentioned here.

The K ,2(1)® trigger is defined as
KT .-(T-A)-Bcr - (19¢ct + 20cT + 2lcr).

This trigger selects events with a beam kaon that deposits energy in the target, and a
charged track that penetrates to the outer part of the range stack. It is dominated by
the K* — u*v, decay mode, and is used to isolate samples of this mode for various
acceptance calculations and a branching ratio normalization (chapter 4).

The K3(1)7 trigger is defined as

KT -(T-A)- Ber - (19ct + 20ct + 21c1),

which is identical to the level 0 K+ — 7% ¥ trigger except for the delayed coincidence
and photon veto. It is predominantly a mixture of K+ — z+#z°® and K+ — uty,
decays. While it can be used as a source of muons that stop in the allowed K+ — r+u7
stopping layers, in this analysis it will only be used to select K+ — 7x+x° samples for a
background study (chapter 3), acceptance calculations (chapter 4),and a Kt — z+g°
branching ratio measured used to check the K+ — n+uw analysis (chapter 4).

The 7 scat trigger is defined as

Cr:B4-Erg-IC-DC - (T - A)- Bor - (20ct + 2lcr) - (BV + ECM + ECP).

®The decay K+ — p*v, is commonly referred to as K.
"The decay K+ — 7% 70 is commonly referred to as Ko,
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The first three terms duplicate the KT requirement from K+ — ntu% but use the
pion, instead of kaon, Cerenkov. The beam pion is required to scatter from the target
into the detector by inverting the delayed coincidence. This sample is used as a source
of pions populating the full K* — n*vi stopping region in the range stack, useful

particularly for the TD acceptarice calculation (chapter 4).

2.9 The Data

Events which passed the complete trigger were written to magnetic tape. From the
89, 90, and 91 runs, we took the equivalent of around 300 8mm (roughly half full)

Exabyte tapes per year, for a total of about a tera byte of data.



Chapter 3

The Offline Analysis

3.1 Offline Software

Basic offline event handling and reconstruction was done with the E787 software
framework KOFIA version 1.6, and monte carlo event simulation by UMC version 4.0.
The extensively used KOFIA is useful for reading data tapes and files, unpacking the
raw detector information (TDC bits, ADC counts etc.), parsing and calibrating the
information (with calibrations done by sub-system experts), and filling user-friendly
fortran common blocks with this massaged data for analysis. KOFIA also contains
software for subsystem reconstruction (eg. target reconstruction, drift chamber track
fitting, range stack track finding) and some analysis tasks (eg. searching for photons
at 7+ time throughout the detector) which typically evolved during previous analyses

and may be used at at a user’s own peril.

47
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UMC has evolved from the monte carlo software written originaily to design E787.
Again, it has evolved along with various analyses, and now includes a complete sim-
ulation of the online trigger and event writing for later analysis of UMC data with
KOFIA; however, it does not represent some details of the detector geometry perfectly,
and must be used with caution. The At beam stopping distribution, accidental dis-
tributions in the target, and resolutions important to the trigger are measured with
data and inserted into the simulation. For the most part, it only includes detector
resolution effects in the trigger simulation, so users must measure and simulate most
energy, time, and position resolutions in the offline analysis. UMC simulates electro-
magnetic interactions, normal ionization energy loss, multiple scattering, and particle
decay quite accurately. It does a fair job with =+ nuclear interactions. Despite some
investigation, it is unknown how well it does with some rare processes (particularly

photo-nuclear interactions and the subsequent nuclear de-excitations) which may be

important to our backgrounds.

3.2 Basic Track Reconstruction and Kinematic

Calculations

The full analysis is rather involved, and will be described in several steps. First, I

will simply walk through the reconstruction of a single event, describing the steps
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qualitatively.

Event reconstruction starts with a search for tracks in the drift chamber. The hits
in each drift chamber super-layer are first imatched up locally to form track segments,
and the segments are pieced together to form lists of hit positions which probably
came from a single track. Since the energy loss in the drift chamber is small, the
3 dimensional trajectory of a charged drift chamber track in the detector magnetic
field will be nearly helical, or a circle in the £ — y'plane and a straight line in z — gcr
space (¢cr is the “phase-angle,” which is the angle in the x — y plane using the track’s
centre of curvature as the origin). The drift chamber track fit is broken into these
two pieces: the z — y positions from the hits in the axial super-layers 1, 3, and 5 are
fit to a circle, and the z positions from the hits in the stereo super-layers 2 and 4
are fit to a straight line in z — ¢cr. The analysis uses the resulting drift chamber
momentum for the kinematic cuts, and well as the detailed tracking information for
aiding reconstruction in the target, I-counters, and range stack.

Working outward, the range stack is searched for likely tracks, which are matched-
up with the drift chamber tracks. The analysis requires exactly one DC-RS track
match. The range stack chambers along the track are then searched for hits giving
precise z—¢ positions (this ¢ refers the azimuthal angle in normal detector coordinates
centred at the detector origin). Using the drift chamber track extrapolation to the

range stack entrance as an additional point, the range in the range stack up to the
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entrance of the stopping counter is calculated with a very simple “connect-the-dots”
algorithm (with a correction for the track curvature). The range is then corrected for
the energy deposited in the stopping layer using an integration of the Bethe-Bloch
equation.

The transient digitizers on the range stack counters along the charged track are
used to measure the range stack track time. This is our best measurement of kaon
decay time, and is used throughout the analysis as a reference time for photon and
secondary beam particle searches.

Now working inward, we extrapolate the drift chamber track back through the
hexagonal I-counter array, and use it to select likely hit IC’s and to estimate its
range in the IC’s. The energy in the struck IC’s is summed for the I-counter energy
measurement, and their times are averaged for an I-counter time measurement.

The drift chamber track is also extrapolated back into the target, and used for
selecting candidate kaon and pion target tracks. Essentially, a “swath” is drawn
around the drift chamber track extrapolation in the target, the first likely kaon cluster
(a set of fibres with large energy depositions near ¢ = 0) in the swath is selected,
and the kaon energy and time is recorded. A maximum likelihood analysis is used
to classify all struck “non-kaon” fibres in the swath as either “pion” or “non-pion”
fibres. This analysis will accept events with no pion fibres only if the kaon apparently

decayed outwards at the target edge. If there are apparent pion fibres, their energy
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and average time are recorded and used in the subsequent analysis (if no valid target

. pion time is found, the I-counter time is defined to be the target pion time). During
target reconstruction, any struck fibres near the pion time which are not classified as
pion hits are nominated as photon candidates (from a possible K+ — n*#° conversion
in the target), and used in the later analysis.

The energy from the target, I-counter, and range stack is summed to give the total
charged track energy measurement, which is corrected for losses in the RSPC’s, and
range stack and drift chamber dead material. The target, I-counter, and range stack
range is summed for the total range measurement, which is also corrected for drift
chamber dead material. The total charged track momentum measurement consists
of the DC momentum, plus a correction for energy loss in the target and I-counter.
Two versions of the total momentum are calculated: one corrects the drift chamber
momentum with TG+IC energy, the other with TG+IC range. The target range
corrected momentum was found to offer slightly higher K+ — n*v¥T acceptance for
the same rejection (inferred in the background studies), and was chosen for the total
momentum measurement.

To better define the event, the beam counters and chamber are searched both for
a K* beam track near the target kaon time, and for a possible secondary beam track
near the range stack track time. If a second track is found in the beam system, the

~event will be vetoed since it may have come from a beam pion scattering from the
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target into the range stack faking a K+ — #+ decay.

. The entire detector is searched for any extra activity occurring near the time of the
range stack track, which may have come from photons from a K+ — #*#% decay. The
barrel and endcap photon veto systems are particularly important, but the rest of the
range stack, I-counters, V-counters, beam counters, and target are also used. Since
photon conversions may occur in elements also hit by the charged track (“overlap”),
anomalously high energy along the track in the target, I-counter, or range stack will
also cause the event to be vetoed.

The range stack transient digitizers observing the stopping counter are used to
insure a good 7+ — u* candidate is present (recall Figure 2.4). The TD pulse shapes
are carefully calibrated for each end of each counter, and the shape is fit to the TD
data in the stopping counter. The fit must be consistent with a pion stop, some delay,
and then a #+ — p* decay. The analysis also requires that the g+ decays into an
et at a later time, which strongly suppresses the background from a stopping muon
with an early u* — et faking a #* — u* decay. Additionally, any extra activity in
the range stack near the apparent pion decay time could have come from an early

- u* — ¥ and may cause the event to be cut.

If the range stack or drift chamber pattern recognition routines were confused so

' that spurious hits were included, or if the charged track underwent a very hard scatter

in the range stack, the measured track kinematics are almost arbitrary; fortunately,
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there is enough redundant track information available to diagnose such pathologies.
The extrapolation from the drift chamber into the range stack, along with the pattern
of range stack hits, z positions from end-to-end times in the range stack counters,
RSPC-measured positions, and energy deposited in the stopping counter, severely
constrain the =+ track in the range stack. This information is fit to find the most
likely track momentum and direction at the range stack entrance, along with detailed
track information in the range stack (including energy deposited in each range stack
layer and the track stopping position). The event is cut if the fit quality is bad. It
is also removed if the energy measurements in the range stack layers are inconsistent
with the energies expected from the fit (possibly caused by a hard scatter from a
K* — p*v, muon or an overlapping K+ — 7+x° photon), or if the track may have

entered the range stack support structure.

3.2.1 Kinematic Scaling

After the event reconstruction, adjustments are made to various kinematic quantities
for both data and monte carlo for our final total range, energy, and momentum
measurements. Since the monte carlo does not include energy resolution effects, the
range stack energy and target energy and times for UMC generated data are first

smeared using the software and calibrations from Roy, based on measured detector-

element photo-electron yields.
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| Year | Target Scale Factor s ||

1989 0.9322
1990 0.7775
[ 1991 0.9850

Table 3.1: Target energy scale factors, the slopes from linear fits to energy vs. visible
target energy expected from range. The correction for 1990 data is particularly large.

Inconsistencies in the target energy calibration makes rescaling necessary for data.

Before it is used in the total energy measurement, the target energy for data is linearly

scaled:

Er'l‘-g = ETG/S

with the scale factors, s listed in Table 3.1. The factors were measured by a fit
to visible energy vs. visible energy expected from target range. The correction is
particularly large for 1990 data.

The momentum, energy, and range peaks for K+ — utv, and K+ — 7+ 70 still do
not precisely agree with the true values, nor does data agree in central value or width
with monte carlo. The disagreement with the true values is probably not harmful;
event selection and resolution effects bias our samples somewhat. The disagreement
between data and monte carlo is, however, potentially serious. We use UMC to calcu-

late our kinematic selection efficiencies, so it must represent the data well. The total

- energy, range, and momentum are adjusted with a simple linear scaling to make the

- measured K* — 7+7% and K+ — #tv, peaks in both data and UMC line up with the
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true values, and an additional smearing term is added when analyzing UMC data.

The kinematics adjustments made for data are
P =aPo+ b

ENY =ab+ b
R:‘oetw = aRl.Ol + b

and for KOFIA analyzed UMC data
P'_l:;w = aP'_Qt(l <+ O'G) <+ b

ESY = a(Euo + 0G) + b
R = a(Ryor + 0G) + b

where G is a unit gaussian random number. The various scaling and smearing factors
are listed in Tables 3.2 and 3.3, and K* — 7n*#° and K+ — u*v, peak positions
and resolutions for data and monte carlo before and after rescaling are presented in
Table 3.4. Sample fits for 1991 data and reconstructed Monte Carlo after rescaling

are shown in Figures 3.1 and 3.2 for K* — n+#® and K+ — u*v, respectively.
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I [ 1989 | 1990 | 1991 |
Ma] Prce 1.0030 0.9867 0.9899
b 3.14 MeV/c | 5.24 MeV/c | 2.90 MeV/c
a | Prgr 1.0302 1.0302 1.0232
| 6 -3.78 MeV/c | -4.91 MeV/c | -5.13 MeV/c
a| E 0.9288 0.9268 0.9152
b 10.85 MeV | 10.68 MeV | 11.45 MeV
a| R 1.0239 1.0248 1.0270
I b -0.92 cm -0.89 c¢cm -0.91 cm

Table 3.2: Kinematic scale factors for data.

M1 T 1989 [ 1990 | 1991 |

a 0.9964 0.9964 0.9964

b | Prge || 1.67 MeV/c | 1.67 MeV/c | 1.67 MeV/c
o 0.0202 0.0182 0.0178

a 1.0096 1.0096 1.0096

b | Prgr || -1.43 MeV/c | -1.43 MeV/c { -1.43 MeV /¢
H o 0.0189 0.0168 0.0174

a 0.9984 0.9984 0.9984

b| E 1.32 MeV 1.32 MeV 1.32 MeV

o 0.747 1.124 1.702 |

a 1.0426 1.0426 1.0426

b R P -1.81 cm -1.81 cm -1.81 cm

o 0.438 0.330 0.264 1‘

Table 3.3: Kinematic scale factors and smearing for uMcC.

56
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Quantity Year K+¥ — n*tx0 K¥Y - uty,

Peak | o | % [[Peak | 0 | %
1989 Raw Data | 202.8 [ 4.9 2.4 [ 232.316.5 | 2.8
Corrected Data u 205.2 | 5.1 { 2.5 || 235.5 [ 6.7 | 2.8

Raw UMC |1 204.2 | 3.7 | 1.8 ] 234.7 | 4.0 | 1.7
Corrected UMC || 205.1 | 5.2 | 2.5 || 235.5 [ 6.5 | 2.8
Momentum | 1990 Raw Data [ 202.8 [ 4924 [ 233.4[6.2 | 2.6
Corrected Data || 205.1 | 4.7 2.3 {1 235.5 | 6.3 | 2.7
(MeV/e) Raw UMC ([ 204.2 { 3.711.8| 2348 |38 ]| 1.6
Corrected UMC |/ 205.2 | 4.8 | 2.3/ 235.5|6.0 | 2.4
1991 Raw Data |[ 202.8 (4924 ] 235.2 [ 6.2 [ 2.6
Corrected Data | 205.0 | 4.9 | 2.4 || 235.7 [ 6.2 | 2.7

Raw UMC | 204.2 | 3.7 | 1.8 || 234.7 | 4.0 | 1.7
Corrected UMC | 205.2 | 5.0 | 2.4 || 235.3 | 6.0 | 2.6
True Value 205.14 235.53

1989 Raw Data [[ 105.2 [3.7 [ 3.5 [ 152.5 ] 3.8 | 2.5
Corrected Data || 108.5 | 3.4 [ 3.1 || 1525 | 3.6 | 2.4

Raw UMC | 107.4 (3.3 [ 3.1 || 151.4 {35 | 2.3
Corrected UMC || 108.6 | 3.4 [ 3.1 || 152.5 | 3.6 | 2.4
Energy 1990 Raw Data |[ 105.6 { 3.7 [ 3.5 || 153.0 [ 4.1 | 2.7
Corrected Data | 108.5 { 3.4 | 3.1 || 152.5 | 3.8 | 2.5
(MeV) Raw UMC | 107.4 {3.3]3.0 || 151.4 | 3.5 | 2.3
Corrected UMC [ 108.6 | 3.4 | 3.1 || 1525 | 3.7 | 2.4
1991 Raw Data " 106.1 { 4.0 [ 3.8 || 154.1 [ 4.5 2.9

Corrected Data || 108.8 | 4.0 | 3.7 || 152.5 | 4.4 | 2.9

Raw UMC || 107.4 {3.3]3.1 /15143523
Corrected UMC |[ 108.5 | 4.0 [ 3.7 | 1525 (39| 2.6
True Value 108.55 152.48

1989 Raw Data [ 30.6 [1.2[39 54.0 | 23] 4.3
Corrected Data || 30.4 [ 1.2 4.1 | 544 |24 | 4.4
Raw UMC || 309 | 1.1 3.4 539 |23}4.2
Corrected UMC || 304 | 1.2 (4.1 54.4 | 24| 4.4
Range 1990 Raw Data || 30.5 1.2 [39 | 539 [25] 4.6
Corrected Data || 30.4 { 1.2 |39 | 54.4 | 25| 4.6
(cm) Raw UMC || 309 {1.1 |35l 539 | 2342
Corrected UMC || 30.4 [ 1.2 |39 544 |24 4.4
1991 Raw Data || 30.5 [ 1.1 |36 (] 53.8 2.3 4.3
Corrected Data || 30.4 (1.2 {38 54.4 | 24| 4.4
Raw UMC || 309 | 1.1 {34 53.9 |23 4.2
Corrected UMC || 30.4 |1.2{38 | 544 |24 ] 4.4
True Value 30.37 54.34

Table 3.4: Peak positions and widths (from gaussian fits with no background) before
and after corrections for both data and UMc. Momentum is correct with TG+IC
Range.
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| Cut Name [ Description ]
ISKCODE Require successful event reconstruction
PICER Veto beam pions at the RS charged track time with C,
PISCAT BW | Veto second beam particle in the beam wire chamber
B4DEDX K* particle ID and photon veto in B4 hodoscope
B4TDEDX K™ particle ID and photon veto in B4T counter (89,90)
PISCAT B4 | Veto second beam particle in B4 hodoscope (91}
PIHODO B4 | Veto second beam particle in B4 hodoscope (89,90)
B4ATFIT Veto overlapping beam particle in B4 hodoscope (89,90)
PBGLASS Veto beam pions or photons at the RS charged track time (91)
DIPANG Require cos 8, in detector fiducial volume
ZDCOW Veto charged tracks that may have passed through DC endplate
NTRIK Maximum number of kaon fibres in target
TGDCXY Require good TG/DC track match up
ZTGT Require charged track originate in fiducial target z region
TGDCVT Veto photons in target
RTDIF Remove events with large possible K+ — =% TG overlap
TARGF Require TG 7% originate from K* cluster
EPIMAX Maximum permitted pion fibre energy
TGDEDX Veto photons in TG with a #+ dE/dX cut
EIC Veto photons in I-counter with a maximum energy cut
EKZ Veto low kaon TG energy but high apparent stopping =

Table 3.5: Part 1: the complete list of the offline cuts.

3.3 Offline Cuts

Every cut used in this analysis is listed in Table 3.5 (in two parts), and the following
sections contain a detailed description of each cut. Non-experts may just refer to this

table, and skip to the background studies in Section 3.4.
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Figure 3.1: Range, energy, and momentum peaks for data and reconstructed monte
carlo from 1991.
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1991 K,; Lineshapes
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Figure 3.2: Range, energy, and momentum peaks for data and reconstructed monte
carlo from 1991.
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| Cut Name | Description f
PRPAT Pattern cut on RS track targeting overlapping photons
NSECRS Maximum of 3 RS sectors on track
RNGMOM(2) | Demand DC momentum and RS range consistent with pion
CHIRF Cut events with inconsistent RS track information

il ZFRF Require track stop in RS fiducial z region
RSDEDX Cut events inconsistent with =+ dE/dX in RS
LAY14 Cut events whose charged track apparently stopped in RSPC
PNNSTOP Require 7+ stopping layer from 11-18 inclusive
DELC Force kaon decay at rest
TIMCON Cut events with apparent kaon or pion timing anomalies
FITPI Require successful TD n+ — u* pulse fit in stopping counter
TDACC Tighter TD quality cut on #% — u* fit signature
TDDFA TD discriminant function separation of pions from muons
ELEC_V5 Demand u* — e* signature from stopping counter
ELVETO Veto events with extra RS activity at #* — ut time
TDFOOL Veto apparent u* — e* hiding under RS track at #+ — u* time
RSHEX Permit only one hit counter in stopping TD channel
TMUBV Veto on BV activity near stopping sector at 7+ — p* time
TMUADC Cut events with #+ — u* after end of ADC gate
STOP_HEX Require agreement of online and offline stopping hextant /layer
GAMVET Veto on photons in RS, BV, EC, IC, and VC
BOX Range, energy and momentum in fiducial region

Table 3.5: Part 2: the complete list of the offline cuts, continued.
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3.3.1 Reconstruction

" Reconstruction is loosely defined as finding reasonable data in the major subsystems
that might have come from a single charged track. The cuts are mostly made on
software return codes, with no tuning (reconstruction cuts are built into the software
— they return only a pass/fail condition). The major additions to the reconstruction
are the ICRNGE routine from Roy (slightly polished by Livescu) for the I-counters, and
the SWATH[26] routine from Ardebili for the target. SWATH was modified to calculate
some useful quantities for later target cuts, and to default to the I-counter pion time

for its photon search if no target pion fibres are found.

e ISKCODE: The basic reconstruction, including the total momentum, energy
and range calculation, is handled with a routine from Meyers called SETUP_KINE
which returns the code ISKCODE. This analysis requires successful event re-
construction, ISKCODE = 0. This corresponds to successful target setup
(IFAIL = 0 insures good target data, and IQUAL < 1 guarantees that either
a good K — =t candidate is present or that a K candidate is present at the
target edge, and the pion travelled outwards into the I-counter striking no non-
kaon fibres), successful DC decoding and track fit, one and only one DC/RS

track match-up, and a good time found by the TRKTIM routine.
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3.3.2 Beam line Elements

A good K+ — n*v¥ event should have a single beam K+ at the same time as the
apparent target kaon cluster, and no activity at the apparent 7% time. One of the
important backgrounds to K* — n*v¥ is an undetected or misidentified beam pion
scattering from the target into the range stack, faking a K+ — n+ decay. These will
be called “m scats” from now on. 7 scats should have a beam track at the apparent
K* — 7% decay time.

The beam line cuts were tuned in the course of the 7 scat background studies
described in Section 3.4.1. Various distributions for probable = scats were compared
to the distributions for K+ — utv, events, and the cuts were mostly set by eye. The
beam wire chamber is analyzed with the PISCAT_BW routine from Roy, modified to
handle time offsets in both the kaon and secondary beam particle searches. The lead
glass counter from 1991 is analyzed with the TCEREN code and calibration from Kon-
aka. In 1991, a new routine called PISCAT_B4 uses the TD’s for the full B4 hodoscope
analysis. Individual hits are matched-up in space and time to form probable clusters,
and a multi-pulse fit is performed in each finger struck by the kaon looking for an ob-
scured second beam particle. In 1989 and 1990, the B4 hodoscope TD’s were not well
behaved, making the time matchup needed for clustering impossible. The clustering
was instead done with the new PISCAT_HODO routine using the TDC’s and ADC’s,

while the B4T counter was used for the double pulse search. To compensate for the
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Year | Half Window | Time Offset
(nsec) (nsec)
1989 7.5 -2.7
1990 5.0 -1.0
1991 5.0 2.5

Table 3.6: C, Cut half window and time offset trs — tc,.

absence of the lead glass counter in 1989 and 1990, a dE/dX cut in the B4T counter

was added.

¢ PICER: Our first defence against beam pions is the dedicated pion Cerenkov
counter. Veto events with a C, TDC leading edge in an offset window around

TRS. This is our best beam pion cut. Windows and offsets are listed in Table 3.6.

o PISCAT BW: The BWPC is used to insure that the A* is the only beam
particle in the event. PISCAT_BW first looks for a kaon cluster at the target
kaon time in the beam wire chamber, which is excluded from the search. It then
searches the BWPC for a cluster near TRS. Cut events if PISCAT_BW found a

BWPC cluster with average time within At of TRS + t.q (see Table 3.7).

e BADEDX: When they exit the degrader, beam pions are still nearly minimum
ionizing and leave about 2 MeV in the B4 hodoscope, while kaons deposit around
5 MeV. Additionally, extra beam particles or photons typically leave more en-

ergy than a kaon. Cut events with Eg4 < 4 MeV or Eg; > 20 MeV.
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Year At Lot
(nsec) | (nsec)

1989 15 4.9
1990 10 3.5
1991 10 0.0 ﬂ

Table 3.7: BWPC Cut half window and time offset.
¢ BATDEDX: Even after the BADEDX cut, there is still a signature for events

with beam pions entering the target. In 1989 and 1990, cut events with Epsyr <

1.25 MeV or Eg,r > 10 MeV.

e PISCAT B4: Good events have one cluster in the B4 hodoscope at the target
kaon time, and no activity at the kaon decay time. Extra beam particles exiting
the degrader will usually leave a second cluster in the B4 hodoscope, or pile-up
under the primary kaon and leave a double-pulse signature in the kaon fingers.
In 1991, the individual B4 hodoscope finger TD channels are calibrated with a
time offset and an error reflecting each finger’s time resolution for seeing a beam
7+ scatter into the range stack. PISCAT_B4 forms hit clusters in the hodoscope,
including an estimate of the cluster time resolution o. Events are cut if no K+
cluster is found, or if there is a cluster whose time is within 3¢ of TRS. If no
secondary cluster is found, perform a pulse-fit in each finger in the K+ cluster
and cut the event if any fit has a bad single pulse fit (log x&, > 2) and a large

double-pulse-fit second pulse (Eg. > 10 TD counts) within 6 nsec of TRS.
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e PIHODOB4: In 1989 and 1990, problems with the TD’s made the PISCAT_B4
cluster analysis impossible. The PISCAT_HODO routine alsc forms clusters in
the beam hodoscopes, but uses the TDC’s rather than TD’s for timing. In 1989
and 1990 this cut is used with B4TFIT to replace the PISCAT_B4 cut used in
1991. Events are cut if no K+ cluster is found in B4, or if a second cluster is

found the B4 hodoscope within 5 nsec of TRS.

e BATFIT: The PIHODO_B4 cut lacks the TD double-pulse rejection of 91 PIS-
CAT.B4 cut. While TD problems made it impossible to match up the times
of the hodoscope fingers for clustering. individual TD channels still show the
double pulse signature. Rather than using the hodoscope, in 1989 and 1990 the
BAT counter is present in every event. In 1989 and 1990, run FITPI in the B4T
counter and cut events with a bad single pulse fit (log x3, > 1.8) and a large

double pulse fit second pulse (Eg, > 10 TD counts) within 6 nsec of TRS.

e PBGLASS: With the B4T counter missing in 91, similar beam pion rejection
to the BATDEDX cut is obtained with the Pb-Glass Cerenkov installed that

year. Using a 6 nsec half window around TRS, cut events with lead-glass tube

multiplicity > 2.



3.3. Offline Cuts 67

3.3.3 Drift Chamber

The KOFIA DC_TRACK routine is used for the drift chamber fits. Anomalies in the
data led to a major new drift chamber calibration effort, done mostly by Meyers.
Complete new drift chamber TDC time offsets and wire staggers are used, along
with a systematic global TDC time offset which improves the momentum resolution.
There were additional anomalies in the drift chamber momentum, causing asymme-
tries in the cos @, dependence of the total momentum and causing the K+ — r+=°
background to strongly favour stopping in the downstream half of the detector. At
the suggestion of Shoemaker, a study was undertaken to use these asymmetries and
extrapolations from the drift chamber to the range stack chambers to determine if
the relative z from the two stereo layers was consistent; in fact, serious discrepan-
cies were found, and the relative z calibrations for drift chamber layers 2 and 4 were
adjusted to remove it. In previous analyses, a | cos#,|-dependent correction to the
drift chamber momentum was used. Since this correction was almost certainly just
removing a selection bias in the calibration samples, it is not used here. In 1989, the
drift chamber suffered from serious HV problems; flaws in the existing offline patching
software and calibration were finally fixed for this analysis.

The DIPANG and ZDCOW cuts help to constrain the charged track into our fidu-

cial region. They are basically inherited from previous analyses (84i, = sin~! cos#,).
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e DIPANG: Cut events with |04;p| > 30°. Together with the T-counter require-

ment in the trigger, this defines the charged track solid angle accepted.

e ZDCOW: It may be just barely possible for a charged track to clip the drift
chamber endplate and still be accepted in the analysis. Use a TRKPOS extrapo-
lation to find the track z position at the drift chamber outer radius. Cut events

with |zders| > 25 cm.

3.3.4 Kaon Stopping Target

In addition to event reconstruction, the target is used for additional 7 scat rejection,
as well searching for overlapping photons from a K* — 7*x° decay. While most
of these analyses used to be done with various separate routines, now it is all built
into SWATH. Except for the energy rescaling mentioned above, the standard target
calibration was used. The target cuts were set either in the 7 scat or K+ — x+7°
background studies described in Sections 3.4.1 and 3.4.3. They are similar to cuts

used in previous analyses.

¢ NTRIK: Typical kaons strike only a few target fibres. Photons from a relatively
early K* — #n*x° decay can convert in the target, and their fibres mistakenly

added to the kaon cluster. Cut events with more than 10 target Kaon fibres hit.

e TGDCXY: Primarily a TG-DC match-up diagnostic, this cut is largely obsolete

with the new SWATH target reconstruction software. Use TRKPOS to extrapolate
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drift chamber track to the target edge and compare to SWATH's target peripheral

zy position. Cut if match-up worse than 3 cm.

ZTGT: = scats appear to come from a fairly uniform target = position distri-
bution (including positions outside the target), while real K+ — n%+ decays are
concentrated in the target centre. Use TRKPOS to extrapolate drift chamber

track to target edge. Cut if zgceg < —12 cm or 2zaag > 14 cm.

TGDCVT: Photons from K+ — n+z° can convert inside the target, showing up
as extra energy at the charged track time. SWATH nominates non-pion target
fibres at TIMEPI as 4 candidates, recording the number of candidate fibres,

N,, and total candidate energy, E,. Cut if E, > 5 MeV, or if E, > 2 MeV and

N,>1.

RTDIF: If the pion from a K'* — n+x? decay travels along an extended kaon
track in the target, its target range uncertainty can be be very large and we can
mistakenly infer too large a target range and put the pion into our K+ — #+uvw
fiducial region. SWATH estimates the error in the target pion range, RTDIF.

Cut if RTDIF> 1.5 cm.

TARGTF: If a beam kaon is lost in the target, a beam pion can scatter from the
target into the RS faking a K+ — n% decay. This pion will usually have some

separation from the kaon. Cut if separation between nearest K+ and 7+ target
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fibres is > 1 cm.

e EPIMAX: Photons that convert in the target can overlap the pion track, but
usually deposit relatively high energy in the pion fibres. Permit a maximum

pion target fibre energy of 5 MeV.

e TGDEDX: Target photon conversions can also be spread out over several fibres,
not pushing any one fibre above 5 MeV but making the apparent pion energy in
the target inconsistent with its observed range. Additionally, an enhancement
was noticed for K+ — n+x° events with large total range measurements that
had anomalously small target energy deposition for the apparent target range.
Use the SWATH pion range Rtg and pion energy Etg. Cut events with Etg >
25 MeV or Rtg > 10 cm. Also cut events with Erg > 5 MeV/cm Ryg. If the
target range is > 3 cm, cut events with Etg < 17/7 MeV/cm Rrg. This cut
was set using K+ — n+1r° events in the peak, “high-energy,” and “high-range”
tails, described in the K+ — n*#? background study (Section 3.4.3). The cut

is sketched in Figure 3.3.

e EIC: Photons can also overlap the charged track in the I-counter. Cut if total

I-counter energy on the charged track is > 4 MeV.

e EKZ: The K* can enter the target and undergo a charge-exchange interaction

forming a K°. If the interaction occurs near the target front face, the K can
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Target dE/dX cut
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Figure 3.3: The target dE/dX cut for K* — 7+x° pions in the A+ — 7*v7 data
after the Pass 1 photon cuts. The top plot is for events in the peak, centre is for
pions with typical K+ — n+x° total energy but a high total range measurement, and
the bottom is for pions with typical K* — 7+x° total range but a high energy.
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Figure 3.4: Target kaon energy vs. drift chamber extrapolated kaon decay position
for 1990 K* — u* v, monitor triggers.

travel in the z direction for about 2 nsec and decay as a K7} near the far end
of the target. The apparent kaon cluster should have relatively low energy
(ENERK), while the drift chamber track extrapolation to the vertex should
suggest a relatively high z position (zyix). Cut events with target kaon energy

ENERK < 10 MeV, or ENERK < (80/15 MeV/cm zy + 10 cm). The cut is

sketched in Figure 3.4.

3.3.5 Range Stack Track Analysis

There were a number of problems and anomalies present in the standard range stack
software and calibrations, which were at least partially fixed for this analysis. The

range stack energy calibration for 1989 data had never been completed, and was
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redone (mostly by Livescu [27]). The RSPC calibration had noi been pursued in
_ detail since the 1988 data. Ito noticed serious chamber-to-chamber z mismatches
contributing to K+ — u*v, background, and Livescu completely redid the RSPC :z
calibration [24]. In the 1991 data, an error in the RSPC ¢— 2 time matchup calibration
used for hit selection caused the inner chamber in sector 22 to never be accepted by
the range routines, costing a full 4% of the 1991 acceptance in {18]. It was fixed for
this analysis.

On the software side, the standard range routines use a drift chamber track ex-
trapolation to select RSPC hit candidates, which was found to cause tails in the
range measurement correlated with mismeasured drift chamber momentum. Since
most spurious RSPC hits come from after-pulsing following a real hit, the earliest
candidate hit was chosen instead. Also, if no matching RSPC ¢ — z hit was found,
the range routines used to default to a DC-based “dead-reckoning” algorithm. Since
it is quite common for a ¢ hit to be present even if the z hit is missed, this led to a
significant under-utilization of the available information for these events, and I sus-
pect that this one feature caused the K+ — u*y, and K+ — 7+7° kinematic tails to
favour events with missing RSPC z hits. The range routines were modified to allow

the RSPC ¢ position to be used in the range calculation, even if no z hit was found.
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The range stack TD-based track time, TRS, is calculated by the TRKTIM rou-
tine from Meyers. This time is used directly as the pion time wken searching TD-
instrumented channels for photons or accidental hits. When comparing to TDC based
times, however, a complication noticed by Meyers [25] exists. In 1989 and 1990, the
TD’s use the B4T counter as a reference time, while the TDC stop is generated by the
“beam strobe.” Using different references significantly worsens the time resolution
when comparing TD-based to TDC-based times, which is a particular problem in our
photon veto. For 1990 data, this is easy to correct since the beam strobe is actually
put into a TD channel. As was done in previous analyses, the 1990 TD-based times
are corrected using the TCORR code and calibration from Roy. In 1989 data, how-
ever, the beam strobe itself is not in the TD’s, but the kaon Cerenkov signal (which
nominally sets the beam strobe timing) is. A complete run-by-run time calibration of
the TD Cx time was performed, and for each event the TD Cy channel is searched
for a candidate pulse. If one is found, it is used to correct TRS when using it as a
TDC reference; otherwise, the best BAT pulse is found and used instead.

The standard range routines take a minimalist approach to the range calculation
by using just using enough information to exactly calculate the range (DC track
extrapolation to the range stack entrance, RSPC hit positions, stopping layer radius,
and energy in the stopping layer), and discarding the extra information that over-

constrains the track (RS sector crossing positions and the z position in each range
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stack counter from end-to-end timing). While for good tracks this merely costs a little
' bit of range resolution, it can completely miss severe problems in the pathological
tracks that make up our backgrounds. These include pattern recognition mistakes
(which included spurious hits in the calculation) and very hard scatters in the range
stack. For this analysis, a first attempt has been made to use all of the available
information to assign a range stack track quality, and to yield detailed results about
the track trajectory and energy deposition for later cuts.

The major addition to the previous range stack analysis is a new range stack track
fitter, RPRFIT, which works as follows. A hypothetical track (specified by the z — ¢
position and three momentum coordinates at the fixed range stack inner radius) is
propagated through the range stack with uMc. A x? variable is calculated, using
the DC_TRACK position extrapolation to the range stack entrance (2 coordinates), RS
sector crossings (2 coordinate per crossing), range stack TD end-to-end-time-based
z positions (1 coordinate per layer hit), and ADC-based stopping counter energy (1
measurement). The error on each term in the x? is measured with # scat monitor

data. Varying the track parameters, the CERN minimization routine MINUIT is used

to find the best track fit.

e PRPAT: Overlapping photons near the range stack charged track often show up
with bad apparent range stack track topologies. The PRPAT routine essentially

walks forward along the range stack track, counting the number of times it



3.3. Offline Cuts 76

crosses into each sector. Bad topologies often show up as multiple apparent

crossings into a sector. Cut events with more than one crossing into any sector.

e NSECRS: Real K+ — m*v7 pions almost never hit more than three range stack
sectors. While some K+ — u*v, events might hit four sectors, primarily ap-
parent four sector range stack tracks are caused by overlapping photons or

accidentals. Cut any event with more than three total sectors on the charged

track.

¢ RNGMOM(2): A muon of a given momentum has a longer range than a pion
of the same momentum. The RNGMOM routine uses drift chamber momentum

and range stack range to calculate a confidence level of an event being a pion

(Cx) or a muon (C,). Cut if Cr < 0.01 or C, < C,,.

e CHIRF: If an inconsistent set of information was used for the range calculation,
or if a charged track has a very hard scatter, its range stack range measurement

is almost arbitrary and its fit x? becomes bad. Require xZ s /dof < 20.

e ZFRF: K* — p*y, muons that pass through the range stack support structure
can undergo catastrophic energy loss, and have apparent range and energy in
the K+ — n*u¥ fiducial region. Cut events with RPRFIT stopping z position

> zpex, (Table 3.8). The cuts are shown in Figure 3.5.

e RSDEDX: K+ — u*v, muons that undergo a hard scatter in the range stack
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Figure 3.5: The RS stopping z cut, ZFRF. The plots are labeled with effective RS
layer, corresponding to physical layers 11-21. Events with high stopping |z| are cut.
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l] Stopping Layer Zrprfit n
__| (em) |

11 | 35

12 35

13 40

14 40

15 50

16 50

17 50

18 50

Table 3.8: Maximum allowed RPRFIT stopping position.

scintillator also tend to leave at least one counter with anomalously high energy.
K* — n*7° photons that convert on top of the charged track will typically leave
a number of counters with slightly high energy. Use the energy deposited in

each range stack layer, E;, and the energy expected from RPRFIT, Efp'ﬁ‘, to

form

X 2RSDEDX = 2

=1

STLAY -1 (E _ EE’Pl'ﬁ'-)z
1 1
- 3

ag;i

with o; (Table 3.9) measured empirically from residual distributions with = scats.
Require xspepx/(STLAY — 1) < 2. This cut is illustrated in Figure 3.6 for
K* — pt*u, background events. Note that, rather than a particle ID cut, it

really targets non-gaussian depositions of extra energy.

e LAY14: K* — u*v, muons can stop in the outer range stack chambers, or even

use the gap in the scintillator left for the chambers to escape into the range stack
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Figure 3.6: Range stack dE/dX x? per degree of freedom. Pions from the 7 scat trig-
ger are solid lines, and K* — p*v, background events from the background study
in Section 3.4.2 are dashed. The distributions are normalized to unit area, and there
are numerous overflows in the K* — u*v, sample. The top plot is all events passing
the K+ — u*v, background “setup” (see the K+ — p*v, background study, Sec-
tion 3.4.2), the centre is events passing everything except the box, and the bottom is
for events in the box.
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Layer ¢ o;

{ (MeV)

f T 0.5357
A 2.071
B 1.830
C 1.624
11 1.161

™12 | 1.143
13 1.163
14 1.189
15 1.304
16 1.730
17 1.978

Table 3.9: RSDEDX o's used in xfspepx calculation.

support structure. Many of these events appear to stop in range stack layer 14,
but also have a hit in the outer RSPC layer (between layers 14 and 15). We cut
any event that appears to stop in layer 14 with a hit in the outer RSPC in the

stopping sector, or in the sector immediately clockwise of the stopping sector.

e PNNSTOP: A good range measurements requires that the charged track have at
least one range stack chamber hit, so it must penetrate beyond layer 10. Since
K* « n*v7 and K+ — 7+ X° almost never make it beyond layer 18, we veto
events that hit the outer three range stack layers in the online trigger. Offline,

require stopping layer between 11 and 18 inclusive.
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3.3.6 Delayed Coincidence and Timing Consistency Checks

The various timing cuts were tuned in the 7 scat background study described in
Section 3.4.1, targeting beam pions that scatter from the target into the range stack.
The delayed coincidence! also suppresses kaon decay in flight; since we depend on the
monochromatic K* — x*#® and K+ — utuy, charge track energies for much of our
rejection, any boost from a moving kaon could put K+ — #*7° and K+ — u*v, into

the Kt — 7*u¥ fiducial region.

e DELC: The delayed coincidence requirement attempts to force the K+ to decay
at rest, or t, > tx. The cuts employed are: target TIMEPI - TIMEK > 2 nsec;
if TIMEPI was I-counter based, TIMEPI - TIMEK > 4 nsec; TRKTIM found

TRS > TG TIMEK; TRS > B4 hodoscope TDC-based kaon time; TRS > 0.

e TIMCON: The easiest way to fool DELC is for one or more of the time mea-
surements to be wrong, so a set of timing consistency checks are made. The
cuts are: TIMEK > -5 nsec and TIMEK < 3 nsec; the Cx-based kaon time
must be within 5 nsec of TIMEK; a valid TIMEPI (either target or I-counter

based) must be found; |TIMEPI-TRS| < 5 nsec.

!Recall section 2.3: a signal from the kaon is delayed, and then required to be in coincidence with
a pion signal, selecting kaon decays at rest. Online, we use Cx for the kaon and the I-counter for
the pion. Offline, we use the target for the kaon, and either the target or the I-counters for the pion.
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3.3.7 TD Particle Identification

Our most powerful muon rejection tool is the requirement of the complete 7+ — u* — et
decay sequence in the stopping counter using the transient digitizers (recall Fig-
ure 2.4). The nt — ut* analysis centres around the FITPI routine from Marlow.
Using an empirically determined pulse shape for each range stack counter, FITPI
uses MINUIT to fit the information to both a single-pulse and double-pulse hypothe-
sis. A systematic run-by-run and counter-by-counter calibration of the pulse-shapes
was performed, fixing serious variations and apparent electronics reflection problems.
The error term used in the fit was empirically calibrated for pulse-height, the shape
corrected for the TD end-to-end-time-based z position, and a flat background term
was added to the fit. Some important FITPI output variables and derivatives are
summarized in Table 3.10.

Most of the details of the TD n* — u* — e* cuts are inherited from previous
analyses. The major difference is that, with the improved software and systematic
pulse shape calibration used in this analysis, the basic TD rejection is higher and less
work is needed afterwards. The TDACC chisquare cut mostly works on the different
measurements of the #* — u* z position in the stopping counter, including both
pion and muon end-to-end time and pulse height ratios. The discriminant function
analysis (DFA) is directly inherited from Turcot [17]. Various versions of one and

two dimensional cuts were tried (including the “FITPI2” and “FITPI3” cuts out of
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| Variable Name _ ____Definition Hi
C: w C Single and double pulse fit quality for end
PROD Combined fit quality C;/C} x C%/C?
) Calibrated pion time from double pulse fit for end 7
t), Time of #* — u* decay (relative to ¢! ) for end :
E} Pion fit energy in TD counts for end 7
E, Muon fit energy in TD counts for end ¢
DTPI 4 tl -1
DTMU t, —t2
TMUAV (1, +t2)/2
EMUT VE. x E2
EMUMIN min(E}, E?)
ZPI log,o(E, /E7)
ZMU logo(E,/E2)
ZMUT DTPI + DTMU

Table 3.10: Some FITPI output variables and derivatives.

[16]), but the DFA consistently gives higher acceptance for a given rejection. The
major difference is that the software and calibration upgrades greatly reduced the
“tail-fluctuation” part of the background, and only one DFA for all pion lifetimes
(TMUAV) was found to be useful. The other noteworthy feature here is that the
RSHEX cut has been expanded; events with multiple counters hit in the stopping
TD channel are impossible to fit reliably, and are simply cut outright.

A slightly modernized version of Akerib’s ELVETO3 software is used to search the
range stack for extra activity at the pion decay time, possibly caused by an early
p* — e* decay or accidentals correlated with a fake 7+ — u*. The EV5 routine uses

. the TD’s for the u* — e* search. EV5 was slightly modified to accept an external
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] x; " T; o
| 1989 T 1990 | 1991 1989 | 1990 | 1991
1]  DTMU (nsec) 0.04401 [ 0.01600 | -0.01144 || 1.136 | 1.098 | 1.144
EMUT (counts) 171.1 151.1 152.4 25.61 | 24.13 | 26.43
i 3 | 23=-ZMUT (nsec) || 0.2646 | -0.01228 | 0.02386 | 1.909 | 1.187 | 1.248
4 ZPI-ZMU -0.001250 | -0.01404 | -0.006578 || 0.3207 | 0.3362 | 0.3538

Table 3.11: Variable central values and sigmas used in the TDACC x?. The quantity

zg. - 1s the expected stopping range stack z position based on a DC track extrapolation
calibrated in nsec of end-to-end-time.

end-to-end-time-based pion stopping z position, which is used to help its electron

search.

e FITPI: The FITPI routine must successfully fit a 7+ — ut double pulse signature
in the TD channels containing the two ends of the offline stopping counter, using

its default 7+ — u* selection criteria.

e TDACC: Real n* — p* decays have a well defined signature that match in

energy and time at both ends. The variable

4 T, —T;\?
xsdacc-:Z( )

=1 gi
(with z; defined, ; and o; listed in Table 3.11) has a good x? behaviour which
shows separation between real pions and accidentals. Converting it into a con-

fidence level, C, for a x? with 4 degrees of freedom, cut events with C < 0.01.
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] I; Wy
H - 1989 | 1990 1991
1 log PROD 0.63397 | 0.69510 | 0.31969 |
2| EMUT (MeV) [ -0.00261 | -0.01739 | -0.00132
3 log CIC? 0.77033 | 0.71742 | 0.92792
4 [ ELASTRS (MeV) [ -0.06779 | -0.03731 | -0.18844
5 min(EL, E?) 0.00795 [ 0.02112 | 0.03538
Fo 4.8801 | 4.0820 | 3.3035

Table 3.12: Variables, weights, and pion offsets for DFA. The quantity ELASTRS is
the stopping counter energy.

® TDDFA: Further K* — u*v, rejection is required. Following the pioneering
(for E787) work of [17], a discriminant function analysis is used. 7 scat triggers
were used for the pion training sample. K+ — ptu, events surviving all the
other TD cuts in the background study were used for the muon training sample.

The “Fisher variable” F is calculated:

5
F:Zw,-a:,-—Fo

i=1
with weights (w;), variables (z;) and offsets (Fp, used to centre pion distribu-
tions at zero) in Table 3.12. The Fisher variable distribution for K+ — pto,
background surviving the rest of the TD analysis and 7 scats for 1989 data is

shown in Figure 3.7. We cut events with F < —1.

e ELEC.V5: An easy way for a muon to fake a 7+ — put sequence is for the
gt — et decay to occur early, with the electron leaving about 3 MeV in the

stopping counter. This background is suppressed by requiring an apparent
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Figure 3.7: The Fisher variable, F, for 1989 K* — utv, background events passing
the rest of the TD analysis from the K* — u*v, background study (Section 3.4.2),
plotted along with pions from 7 scats after the same cuts. Cut events with F < —1.

ut — et decay to occur at a later time in the stopping counter using the EV5
routine. A good electron candidate must have at least two counters hit in a
3 sector by 5 layer region centred by the stopping counter, with at least one hit

either in the stopping counter, or the same sector and + 1 layer.

e ELVETO: If the apparent #* — u* was really an early u* — e* the electron
will almost always deposit energy outside the stopping counter. Additionally,
if the 7+ — pt* decay sequence was really caused by an accidental, there is
usually other range stack activity associated ;lvith that accidental. ELVETO3
searches for hits in the range stack TD’s near in time to TMUAV. It classifies

hits as being on the charged track (excluding the prompt pulses), near the
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charged track (= 1 sector of the stopping counter, all layers), or remote from
the charged track (everything else). Cut events with any ELVETO3 found extra
hits at TMUAV either on or near the charged track, or more than one extra hit

in the entire range stack at TMUAV.

e TDFOOL: If an early electron was missed by ELVETO it may be hiding under
the range stack track, but this should be visible as a double pulse signature in
charged track struck counters other than the stopping counter. Looping back
from the stopping counter along the range stack track, FITPI is run in the two
counters preceding the stopping counter having unique TD channels. Certain
default FITPI cuts which have been tuned for 7t — u* are not applied. Cut if
either counter has bad relative single/double pulse fits at both ends (x2/x2 > 4),
and average second pulse fit time from the double pulse fit (called TMUAV for

the stopping counter fit) within 5 nsec of the real TMUAV.

e RSHEX: The range stack TD’s are multiplexed into “hextants” of four sectors

per layer. In addition to giving 4 counters for a possible accidental faking the

+

7+ — p* to hit instead of one, slight differences in pulse shape and counter-

to-counter timing make any pulse shape fit unreliable. Use the ADC’s to cut

events with more than one hit in the stopping TD channel.

e TMUBV: Accidentals faking the 7+ — u* signature are often correlated with

nearby activity in the barrel veto. Search the barrel veto for hits within +3 RS
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sectors of the stopping sector. Cut the event if there’s a hit within 8 nsec of

TRS+TMUAV.

e TMUADC: Kt — utv, events passing the TD cuts preferentially occur at very
large TMUAV. Turcot hypothesized that this is caused by g+ — e* decays after
the end of the ADC gate, which can fake the 7+ — u* but not be preferentially

removed by the level 1.5 energy trigger. Require that the FITPI average muon

time TMUAV < 75 nsec.

e STOP_HEX: Online stopping hextant/layer must agree with offline stopping

hextant /layer.

3.3.8 INTIME 7 Veto

The offline analysis searches throughout the detector for possible photons from a
K* — #n*7% decay, principally using the INTIME routine from Meyers for the BV,
EC, RS, IC and VC subsystems. INTIME first searches each subsystem element for
any ADC energy, and classifies the energy as “prompt” if that element has a hit with
a time inside a user-specified window. It returns the total prompt energy in each
subsystem.

The photon veto cuts were set by inspection of energy and time distributions
of K* — n+x° events from the K* — 7+v¥ data and K,;(1) monitor samples dur-

ing the K* — 7+x% background study described in Section 3.4.3. The photon veto
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energy thresholds were set by plotting prompt energy using fairly narrow time win-
dows (about +1 nsec) around TRS, and extending the cut downwards in energy while
K% — 7*n° events from K* — n+y¥ data showed a distinct excess over K (1) mon-
itors (Figure 3.8). The energy threshold was frozen, and then the time windows were
set by plotting the time of the hit nearest TRS with energy above the threshold,
again looking for an excess of K+ — #*7° over K,;3(1) (Figure 3.9). While I make no
promises of optimization,? in the model that our final background of interest is due
to isolated low-energy photons, this scheme seems fairly robust.

The survivors of the full Pass 3 4 veto were scrutinized in some detail looking
for events passing the analysis with a significant signal in the other INTIME energy
categories. In particular, it was hoped that either the barrel veto or range stack would
show a significant number of events with large, early pulses indicating that part of our
7 inefficiency was due to early accidentals obscuring the prompt pulse leading edges
(such losses might have been recoverable using the transient digitizers). No substantial
excess was observed. Another INTIME category looks for counters with ADC energies
but no associated hit times, which would indicate problems with the TDC’s or TD’s.
No significant excess was observed here either. It has been recently observed that
another category of interest is hits with times but no corresponding energy, possibly

due to problems in the ADC or its readout. This was investigated by examining data

2Reference [18] attempted a sort of optimized analysis, but it was my experience that the method
used there was not entirely successful. That analysis left a hole for small prompt pulses in the
endcaps.
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Subsystem | At tofi | Ethresh
(nsec) | (nsec) | (MeV)
RS 3.5 1.5 0.5
BV 4.5 2.5 0.2
EC 9.0 0.0 1.0
IC 3.0 0.0 1.0
VvC 50 | 2.0 1.0 |

Table 3.13: INTIME half window, time offset, and prompt energy thresholds.

in the K* — 7+7° peak surviving the full analysis. There is no apparent prompt
time signature in the TDC’s (BV and EC) or TD’s (RS) in counters with no ADC

energy, so problems in the ADC’s do not apparently contribute significantly to the

photon-veto inefficiency.

o GAMVET: The routine INTIME adds up all the energy in a subsystem (RS,
BV, EC, IC or VC) with a hit within At of TRS+¢,q5. Events are cut if this
“prompt energy” is above the relevant subsystem dependent thresholds Eithresh

(Table 3.13). Note that the cuts used here completely include the Pass 1 cuts

[18).

3.3.9 Kinematics

The final kinematic “box” cuts are made using the rescaled kinematic quantities
- described in Section 3.2.1. P, is corrected for energy loss in the target with target

- range. Istarted with the cuts used in the 89 analysis [16], but extended the lower edge
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Figure 3.8: The final photon veto, part 1: the energy threshold. After applying the
full Pass 1 photon veto, the prompt energy in each sub-system in narrow time windows
around TRS is plotted for residual K* — #+#% in the K* — 7*v¥ data and K,2(1)
monitors. The energy threshold is set by inspection of these distributions, shown with
solid lines in the plots for the RS, BV, EC, IC, and VC. The energy cuts off on the
high side due to photon veto applied at Pass 1.
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Figure 3.9: The final photon veto, part 2: the INTIME time windows. Using the energy
threshold found above, the time of the hit nearest TRS with energy above threshold
in each subsystem is plotted, and the time window is set by eye. The distributions are
made after the full Pass 1 4-veto, which makes the “notch” near ¢t = 0 corresponding
the Pass 1 windows. K+ — x+x° lines are solid, and K* — u*u, lines are dashed.
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of the range cut up to 34 cm during the K+ — n+#° background study (Section 3.4.3),
reducing the expected background level from < 0.41 to < 0.14 events at the 90%

confidence level.

e PBOX: Require 211 MeV/c £ PR¢™ < 243 MeV /c.

tot

e EBOX: Require 115 MeV < E7=" < 135 MeV

e RBOX: Require 34 cm < R¥ < 40 cm

3.4 Background Studies

If the K+ — x+u¥ branching ratio truly appears at the level expected in the Standard
Model, at most a handful of events will be observed. This will require a “zero-
background” analysis, achieving a factor of a 100 billion in background suppression,
leading to the cuts listed in the previous section. Now, suppose the analysis is almost
done, but an event or two has survived. It is likely that one of the cuts available could
be adjusted slightly, or a new cut invented, to remove the event with a negligible loss
of sensitivity, even if that event is a real K* — 7+y¥. This argument can lead to the
conclusion that one would have no sensitivity for seeing a few real events.

This possibility of analysis bias has led to the conclusion that the cuts must be
established by making dead-reckoning predictions of the background levels without

detailed scrutiny of surviving candidate events. Once the cuts are established, the
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analysis is run and any survivors scrutinized in detail. If they do not appear to be
. K* — #+u¥ because, for example, each sits at the edge of several cuts, an unbiased
branching ratio limit must still be calculated assuming they are signal. One can hope
that any survivors will, however, appear to be K* — 7*v7 and be called a discovery.

Based on the experience of previous E787 studies, I expected three principal back-
grounds to be severe problems in this analysis: = scats, K* — p*v, and K* — x+79,
The above cuts were tuned during the studies described here to give an expectation
of significantly less than one surviving event for each of these processes. These dead-
reckoning background predictions are tricky. In this analysis, the studies attempt to
factor the rejections of groups of cuts into independent, uncorrelated sets, and assume
the combined rejection of the sets is the product of the separate rejections. In prac-
tice, it is essentially impossible to find uncorrelated sets, so some conservatism and
common sense will be required. A prototype background study is sketched in Fig-
ure 3.10. While the studies are described in complete detail in the following sections,
the expected background levels are listed in Table 3.14 for reference.

Previous E787 studies have also considered other background processes; in partic-
ular, the “charge exchange” process in which a K% enters the target but interacts with
a carbon nucleus to form a neutral kaon is worrisome. About 1/2 of these K's will
decay as a K2 (with a lifetime of 0.089 nsec) and be vetoed by the delayed coincidence

cuts. The other 1/2 will decay as a K7 (7 = 51.7 nsec), which we may accept. About
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Full Data Set
SETUP: Expected Background Level:
Apply all but two cuts,
specifically targeted at N = N
the background under BG
study R1 R2
First Remaining Second Remaining
Cut Cut
Voo
N1 N N2
N N
RI= N1 R2= Xz

Figure 3.10: A prototype background study. The full K+ — n*v¥ data set is an-
alyzed with all but two selected cuts. These cuts should have high rejections for
the background under study, and be uncorrelated. Using this technique of factoring
the rejections of multiple cuts allows estimates of less than one expected event to be
inferred from the study.
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[ Background Number of Survivors
Expected

H Two-beam-particle 7 scat | < 0.04 events, 90% CL

One-beam-particle 7 scat | < 0.03 events, 90% CL
KY — uty, 0.12 £ 0.02 events.
K+ — ntx0 < 0.14 events, 90% CL

Table 3.14: Summary of the background study results arrived at in the following
sections. The 7 scat background is split into two parts: the “two-beam-particle”
background is defined to have a second beam particle in coincidence with the range
stack time TRS, while the “one-beam-particle” background does not.

1/3 of the K} decays will be via the semileptonic K¢ — #+u~%, or K — nte 7,
modes, with 7% endpoints inside our fiducial region (216 and 229 MeV/c respec-
tively). If we miss the lepton, our only defence is that the K? must travel for about
2 nsec before it decays, and thus its decay products will be separated from the target
K* cluster which may cause the event to be vetoed. Obviously, the slower the K?
is moving the smaller this separation will be, so our background level is critically
dependent on the (poorly known) low energy charge exchange cross-section.

A number of studies were conducted in the past, mostly by Kitching and Marlow
(with Wright and Jeffrey). Their conclusion was that this background is likely not
a severe problem at current sensitivity levels unless our understanding of the low
energy charge exchange cross-section is in error. Recent studies have not made any

attempt to address this fundamental problem with the old estimates. They were

- not repeated here because I had no desire to perform the same calculation, with
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its potentially very large and completely correlated theoretical error, again. While
reviewing this analysis, however, Bryman and Konaka correctly pointed out that the
previous analysis of this data [18] had at least one cut with potential rejection for the
charge exchange background. Part of their target “principal components analysis”
(TGPCA) includes a consistency check on the target kaon energy and drift chamber
extrapolated kaon stopping z position. The TGPCA cut had been considered during
the studies of the = scat and K+ — n+x° backgrounds, but it was not found to
have any rejection and was not used; however, to avoid the possibility of having this
background sneak back in, the EKZ cut described in Section 3.3.4 was added before
performing the final Pass 3 analysis. This cut targets events with low kaon cluster
energy but an apparently large kaon stopping z position, which is the particularly
worrisome regime for the charge exchange background. After completing the final
analysis, it was re-run without the EKZ cut; no events survived the full analysis

without this cut either.

3.4.1 7 scats

If a beamn pion enters the target, it can scatter into the range stack and be mistaken for
a7t froma K+ — n*u7 decay. Various cuts have rejection for such events, especially

the beam and target analyses. The 