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Executive Summary

Introduction

We propose to measure the CKM parameter 7 to an accuracy of better than 10% by
collecting at least 100 K; — 7°v%7 “golden mode” events with a signal-to-background be-
tween 4 to 5. We choose to perform this measurement at the Fermilab Main Injector fixed
target facility where the advantages of a high energy kaon beam can be fully exploited. The
detector will consist of a state-of-the-art pure Csl calorimeter, high-performance totally her-
metic photon veto detectors and a high-rate scintillating fiber tracking system. The logistics
of using a high energy neutral kaon beam and the required performance of the beam and
detectors to achieve a good signal-to-background ratio have been described in detail. KAMI
represents a major advance in physics sensitivities on a broad front, extending apprommatelv
two orders of magnitude beyond the formidable reach of KTeV.

The flux available from the Main Injector, combined with the superb resolution and rate
capabilities of the detector, allows KAMI to mount a rich and diverse physics program that
confronts the Standard Model and probes CP violation to significant levels. It is interesting
to note that in the 1994 compilation of the Particle Data Group (PDG), the world sample
of K; — p*p~y was a single event. In 1998, the world sample reported by the PDG was
almost 200 events. In KAMI we will record more than 700k K; — p*p v events in a year.
KAMI will more than double the sensitivity of KTeV-E799 every week. KAMI also has the
sensitivity to search for physics beyond the Standard Model at the 100 TeV mass scale with
lepton flavor violating decays. KAMI’s unprecedented flux and precision will allow precise
measurement of many rare and very rare decays, potentially opening many new windows of
opportunity. :

Physics Goals

KAMTI'’s primary physics goal is to detect the very rare K; — 7n°v7 decay, measure its
branching ratio, and extract a value for the CKM parameter 7 to an accuracy of better
than 10%. Within the context of the Standard Model, 5 is the parameter responsible for
all CP violating effects. While the value of 7 is interesting in its own right, the primary
motivation is to combine this with other measurements of fundamental CKM parameters
from kaon and B meson decays to over-constrain the CKM matrix and challenge the Standard
Model. For example it is possible to measure the angle § of the unitarity triangle from the
ratio B(K;, — 7%7% )/B(K* — n*v¥) and from the CP-violating asymmetry in the decay
By - ¢vKg. K — nvv and By — 9K g are distinctly different processes that new physics
might impact differently. Measuring this parameter in both systems is a sensitive test of the
Standard Model.

KAMI’s physics agenda comprises a rich and diverse program that extends well beyond
the K; — 7°7 measurement. The flux and energy of the Main Injector combined with a
superb high-rate, high resolution hermetic detector allows KAMI to directly confront issues
of direct CP violation, lepton flavor violation and new physics phenomena. None of the other
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proposed K; — w'v¥ experiments has this capability.

K; — 77 at KAMI

To meet the stated goal of collecting at least 100 K; — w°v¥ events, it is necessary to
have a sufficient flux of kaons and a large acceptance. The loss of events due to accidental
activity in the detector can sceverely reduce the number of collected events and must be
clearly understood. It is demonstrated that KAMI can collect ~90 events per year, assum-

ing B(K; — 7%0 ) =3 x 107", This event yield depends on measured kaon fluxes and a
realistic and conservative estimate of losses due to accidental activity in the detector. Addi-
tionally, there is sufficient headroom to still meet our goals in a reasonable period of time if

the B(K; — %7 ) is smalier than expected by a factor of 2 or 3.

Backgrounds to A; — 70vv

The dominant source of background to the K; — %07 signal is K; — 27" decays where

two of the photons are not detected. Controlling this background requires a hermetic, state-
of-the-art photon veto syvstem. The Csl calorimeter, used to detect the two photons from
the signal mode, must do a good job of identifying individual photon clusters that are close
to one another since photons can escape detection if they merge with other clusters. An
exhaustive study of the A, — 27 background has been performed with the conclusion that
a signal-to-background of 1.6 can he attained. To obtain this level of background suppression
we rely, in large part, on the performance of the photon veto systein. Our expectations for
the detection efficiency of the plhoton veto system over a broad photon energy range are
based on a combination of heam tests and simulations.

There are many other potential sources of background from decays of kaons and hyperons
and from interactions of the nentral beam in residual gas inside the vacuum decay volume
and the vacuum window. These have been carefully studied and found to be negligible
compared to the background from K; — 27° decays. ~

Other Rare and Very Rare Decay Modes

There are many rare and very rare kaon decays other than K; — 7%% which are of
considerable interest for a variety of reasons. There are very rare kaon decays which are
sensitive to direct CP violation including K; — #°u*p~. The branching ratio predicted
by the Standard Model for this decay is within reach of KAMI. KAMI will also have
the capacity to perform sensitive searches for other rare and forbidden decays. These in-
clude processes forbidden by the Standard Model, such as the lepton flavor violating decays
K; = 7°u%e™ and K; — pte™ . K, decays to 4 leptons will be abundant in KAMI. De-
cays such as K; — ptp~ete” and K; — ete"ete™ provide critical insight into the Kjv*y*
form factor. Additionally, the angular distribution between the decay planes of the lep-
ton pairs is sensitive to direct CP violation. A large sample of K; — ntn ete™ events
will also be collected by KAMI. This decay, first observed by KTeV, has opened a new
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Decay Mode Physics Probed BR Current Best | Events per Year
(meas. or pred.) (events or or Sensitivity

90% C.L.) for KAMI

K; = nlutyu~ CPV 03-1.0x107" [ <38x107" | <2x107"

K;, -7 n ete | CPV, K Radius 3.2 x 1077 6000 678,000

K, —putp e 7.2 x 107° 6200 45,000

K, —putp Kiv*y 3.7x 1077 9327 711,000

K; —ete ete” | CPV, Kpv*y* 3.7x107% 441 34,000

K, = ptpuete | CPV,K v"v* 2.5 x 1077 38 1600

K, — mouFe® LFV - <4.4x 107" | 4 x 1071 (SES)

K; — pFe* LFV - < 4.7x 1072 | 2 x 1071 (SES)

70— pFet LFV - <7.9x 10719 8 x 107 (SES)

K; — pTu*eTet | LFV - <1.4x 107 [ 3 x 107" (SES)

Table 1: Summary of the current best results and the expected KAMI sensitivity for various
“decay modes with charged particles. The KAMI vield or sensitivity assumes one year of
running with 6 x 101* K decays. SES denotes single event sensitivity. Except for K; — pu*pu~
and K; — pFeT the current best results are all from KTeV.

window on-CP violation through the study of final-state angular distributions. This rich .
and diverse program of charged-mode physics is completely compatible with the program to
measure the rate of K; — 7°v¥ and is not possible to execute at any of the other proposed
K; — 7’ experiments.

Table 1 summarizes KAMI’s sensitivity for the various charged modes discussed in the
proposal as well as their current status. Except for K; — p*u~ the current best results are
all from KTeV. The physics issues addressed by each decay mode is also listed.

Beams

KAMI uses 120 GeV protons from the Main Injector to strike a target and produce a
well collimated, high-intensity neutral beam that contains primarily K; and neutrons by the
time it reaches the detector. The Main Injector delivers beam in a 1 second spill that repeats
everv 3 seconds. KAMI is requesting a proton intensity of 3 x 10'® per spill. The angle at
which the beam strikes the target relative to the horizontal is variable between 10 to 20 mrad
to allow the relative kaon/neutron ratio to be optimized to the final detector capabilities.
Additional absorber can be inserted into the beam to enhance the kaon/neutron ratio at the
expense of lost kaon flux. '

The neutral beam must be well collimated to minimize beam halo which can interact
with detector materials and produce backgrounds. Excessive halo can also cause radiation
damage to the Csl calorimeter in the area around the calorimeter beam hole. The current
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design reduces the halo by a factor of 10° relative to the central core of the beam.

The KAMI Detector

A sketch of the KAMI detector appears in Figure 1. The key design features include:

1.

(1]

e

A high-resolution pure Csl calorimeter with a demonstrated record of exceptional per-
formance in KTeV;

A hermetic photon veto system based on a fine sampling calorimeter consisting of

alternating layers of 1 mm thick lead sheets and 5 mm thick plastic scintillator;

A highly segmented beam anti system based on fast, radiation-hard NaBi(W0,), crys-
tals;

High rate precision tracking using scintillating fibers with Visible Light Photon Counter
(VLPC) readout;

A wide-gap spectrometer magnet;
A well segmented muon range stack;

A 'high speed, high throughput, fully buffered, dead-timeless trigger and data acquisi-
tion system. ’

Each of these detector elements are discussed in detail in Section 6 of the proposal.

Conclusion

KAMI is a powerful and precise scientific instrument with the sensitivity and reach to
challenge the Standard Model. In addition to measuring the fundamental CKM parameter
71 to better than 10%, KAMI has the potential to discover new physics in rare and very rare
kaon decays.
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KAMI DETECTOR LAYOUT

Vacuum Veto
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95 m " 115m 135m . 155 m 175 m 195 m

205 m

Figure 1: Schematic of the KAMI detector.
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1 Theoretical Background and Motivation

1.1 Introduction

The field of rare kaon decays has a long and rich history: the discovery of the kaon in
1949 [1], the postulation of “strangeness” [2], the 7-# puzzle [3] and the understanding of
parity violation [4], the understanding of quark mixing [5,6], the discovery of CP violation [7],
the small rate for K; — p* = and flavor-changing neutral currents (FCNCs) in general, and
the development of the Glashow, Iliopoulos, Maiani (GIM) mechanism [8] and the prediction
of the charm quark mass [9]. As the field has evolved, so has the definition of “rare” decays,
from branching ratios of ~1073 to the current levels of ~107'2. There are several detailed
reviews of this subject [10-17].

1.2 Standard Model Kaon Triangle

The weak decay of quarks is described through the unitary CKM matrix [5,6]. This matrix
and the Wolfenstein parameterization [18,19] are shown below:

V:ud Vus "fub

Vekm = Vo Ves Vo (1)
‘/td Qs 'itb . A
1—A%/2 A AX}{p ~ i)
~~ - 1—A%/2 AN? + 00

AN (1 —-p—in) —-AX1

where X is the sine of the Cabibbo angle, A = sinfs ~ 0.22.

The unitarity of this matrix can be expressed in terms of six unitarity condltlons which
can be represented graphically in the form of triangles, all of which have the same area. The
area of these triangles is equal to one half of the Jarlskog invariant, Jop [20]. This is the
fundamental measure of CP violation in the standard model.

The unitarity triangle is most readily expressed for the kaon system as follows:

V:svud + V:s ed + WE Vie = 0 (2)
or
A F A +A = 0,

with the three vectors \; = V3V, converging to form a very elongated triangle in the complex
plane. This is illustrated graphically in Figure 2. The first vector, A, = V., V,q4, is well
known. The height will be measured by K; — 7°v¥ and the third vector, A; = V{3V},, will be
measured by the decay K™ —7tv7 . The theoretical ambiguities in interpreting all of these
measurements are very small. It may be possible to extract additional constraints on the
height of the triangle from K, —#7°¢*¢~ decays and on Re()\t) from K; —ptp~ decays.
The base of this triangle has the length b = A, = V,V,,, determined from the de-
cay rate of K —mev, and nuclear beta decay. If we assume unitarity then b is determined
completely from K —mer, and b = |V,,| to very good approximation. The value of A, the
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Figure 2: Unitarity triangle for the K system (not to scale).

best-known of the Wolfenstein parameters, is extracted [21] from the measurement of the
K —mev, rate [22]. The height of the triangle, h = I'm();) can be derived from a measure-
ment of the K —x°vrU branching ratio. The area of the triangle, a, is then given by two
kaon decay measurements as

Jop =2a="bx h= X, x Im(\) =0.976 x A x Im(},); (3)

the ultimate uncertainty on Im(X;) and a will be limited, not by theoretical ambiguities,
but by experimental uncertainties on B(K —7°vT ), to O(5 — 10%) which is the purpose
of this proposal. This compares favorably to the B system, where three (four without the
unitarity assumption) measurements are needed. .

One of the possible unitarity relations that is frequently cited in the literature is

VisVua + VaVea + VigVia = 0. (4)

This equation can be represented graphically, as in Figure 3, where we have divided all
sides by V}V,4, which is a real quantity to O(\®). This particular representation provides

, ( 1,0)

7
S

Figure 3: Traditional representation of the unitarity triangle. Measurements of B meson
decays introduce constraints, and contributions from the two golden kaon decay modes are
marked as shown.

a convenient display, with the apex of the triangle given by the two least well-known of the
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Wolfenstein parameters, p and 77 where 5 and 7 are related to the Wolfenstein parameters p
and 7 by 5= p(1 — A?/2) and 7 = n(1 — \?/2).

The best information currently comes from several measurements of B meson decays, as
well as the measured value of ¢ from kaon decays. All of the unitarity triangles should be
tested; it is desirable to over-constrain each of the unitarity relations and to measure Jop in
each of the triangles.

The most powerful tests of our understanding of CP-violation and quark mixing will |
come from comparison of the results from B meson and kaon decays with little theoretical
ambiguity.

The current value of the fundamental level of CP violation in the Standard Model,
Jep = (274 1.1) x 1075, is known, primarily from measurements of B meson decays, with
about 40% uncertainty [23]. Measurement of Jp in the kaon system is very clean theo-
retically (uncertainty of ~2%) and should be measured to ~5% within a decade by this
proposed experiment and others. While measurement of J-p in the B system is difficult and
is plagued by theoretical uncertainties, it is possible that a 15% measurement is possible. If

* this could be pushed to the same level expected from the kaon system, the comparison of
these values will also be an important test of the SM.

1.3 K;p—-movp

K; —»7n°vo .proceeds through loops dominated by the top quark, as shown in Figure 4.
The hadronic matrix element for these decays can be extracted from the well-measured

§ d
et
\\\ lll w
Z
v v v ¥
§ d
L ugt i
& W, W
} H
v v

Figure 4: Feynman diagrams for the decays K —muvv .
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Kt -7y, (K) decay. The branching ratio can be expressed as [29]:

: 2
_ 1. kpoB(K.z)
B(K T° = E I A X ; 5
( LT L"V) TK+ 27?28111 Opvl‘;s‘z i m t t ( )

The factors k7, and £, refer to the isospin corrections relating K — 7o to

K* > n°* v, . The Inami-Lim functions [15,39], X, are also functions of z,; these contain
QCD corrections. The sum is over the three neutrino generations. This equation can be
rewritten in terms of the Wolfenstein parameters, and based on our current understanding
of standard-model parameters, the branching ratios are predicted to be

B(K,—7mvp) = 4.08 x 1071°4%? (6)
= (3.1+1.3)x107'%

The decay amplitude K; — n°v¥ is direct- CP-violating, and offers the best opportunity for
measuring the Jarlskog invariant Jep.

Reference 30 points out that in a generic supersymmetric extension to the standard
model, an enhanced Zds or sdg vertex that contributes to €'/e¢ will also enhance either
K; —=7°vv or K; - 7°ete” . An enhancement in these rare modes would be much easier to
interpret than in €'/e.

1.4 Other Standard Model Physics

In addition to the rare kaon decays that directly probe Standard-Model parameters (as
discussed in the preceding section), and those that are sensitive to beyond Standard Model
physics (as discussed in the following section), there is an impressively broad array of other
decay modes on which substantial experimental progress has been made in recent years.
Although these results receive less attention, they provide critical information.in a variety
of areas.

Sometimes the study of these less well-known modes can turn up new phenomena of
considerable interest. For example, an interesting observation of a CP-violating and T-odd
angular asymmetry in the K; »7nTn~eTe™ decay was observed for the first time by the
KTeV experiment. This is the largest CP-violating effect yet seen, and the first CP-violating
effect ever observed in an angular distribution.

1.4.1 K;—-7ntnete

The K, — n'n~eTe” decay mode, first observed [24] in the KTeV E799 experiment at
Fermilab, has proved to be both complex and rich in opportunities for new physics. The
various tree level processes that can contribute to the K; — w7~ ete™ decay, based on
the model of Sehgal and co-workers [25], include (i) Indirect CP violating bremsstrahlung
process; (ii) CP conserving M1 photon emission; (iii}) CP conserving charge radius process;
(iv) Indirect CP violating E1 photon emission process; and (v) Direct CP violating short
distance (SD) E1 photon emission.

The five diagrams associated with these K; — 777 ete™ decay amplitudes are shown
in Fig. 5. The dominant processes are the CP violating bremsstrahlung amplitude and the

22



M1 photon emission both of which have been observed by the KTeV experiment. In the
bremsstrahlung process, the nwee final state occurs through the CP violating K; — ntn~
decay followed by the radiation and internal conversion of a photon from one of the charged
pions. In both the CP violating bremsstrahlung and the CP conserving M1 photon process,
the M1 photon internally converts to give the e™e™ pair. ‘

Indirect CP

P pomserving 3

e

et
Direct CP T

Figure 5: Processes contributing to K; — ntn~ete”. a) CP-violating bremsstrahlung
process b) CP-conserving M1 ~ emission ¢) CP-violating E1 - emission d) Charge radius
process e) direct CP violating short distance E1 photon emission

Asymmetry in the T-odd angle between the planes of the pions and the electrons in the
kaon center-of-mass was first observed by KTeV [26]. This predicted asymmetry [25] arises
from the interference between the M1 and bremsstrahlung amplitudes. Other physics issues
include the following topics:.

The Neutral Kaon Charge Radius: The “charge radius” process which has a great simi-
larity to coherent regeneration K; — K from atomic electrons has been observed by KTeV
and provides an alternative way to determine the charge radius of the neutral K since the
amplitude for the charge radius diagram at tree level is

lgp| = —1/3 < R}(K°) > M. (7)

In addition, via simple models [33], the mass difference of the constituent s and d quarks in
the K° can be determined from the charge radius. ‘
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The Indirect CP Violating E1 Photon Emission: A detection of E1 direct photon emission
will provide the observation of another indirect CP violating process heretofore not observed.
Measurement of the “CPT” phase: The phases of the M1 and bremsstrahlung amplitudes

are respectively
®,, = OMiITo4- @, = i1 (M) (8)

The extra factor of i in the M1 amplitude is required by CPT conservation. So if &, é; and
¢, _ are known, a measurement of the relative phase of M1 and bremsstrahlung amplitudes
can be considered to be a check of CPT conservation via the detection of the extra n/2
phase. Alternatively, assuming CPT conservation, a measurement of the relative phase can
be used to determine the 77 strong interaction phase shifts.

Direct CP violation of an E1 photon emission is expected to cause asymmetries in various
angular distributions as discussed in Section 4.2.

1.4.2 Ky—ptu

There has historically been strong interest in the K; — u*u~ decay as a probe of weak
interaction dynamics, specifically Re(V},), through its short-distance amplitude. But the
short-distance amplitude is known to be quite small compared with the long-distance part,
involving the v+ and ~"v* intermediate states. An accurate determination of the Kj~y*~v*
form factor is needed in order to evaluate the long-distance contribution, which is needed in
turn to extract Re(Vyy) from B(K;—putu™ ).

The decay Ky, — p* 1~ is dominated by the process of K; —~+y with the two real photons
converting to a p*u~ pair. This contribution can be precisely calculated in QED [32] based
on a measurement of the K; —~~ branching ratio. However, there is also a long-distance
dispersive contribution, through off-shell photons. This contribution needs additional in-
put from ChPT [34,35], which may be aided by new, improved measurements of the de-
cays Ky —ete ™y, Kp—putu™y, Kp—ete ete” and Ky — utp ete™ (see Section 1.4.3),
although there is some dispute as to the reliability of such calculations [36, 37]. Most in-
teresting is the short-distance contribution which proceeds through internal quark loops,
dominated by the top quark (see Figure 6). This contribution is sensitive to the real part

W i u' s—w M
1 M Waa ez

C g A :

d——n oo - .

Figure 6: Feynman diagrams for the short-distance component of the decay K, —pu*pu™ .

of the poorly known CKM matrix element V}; or equivalently to p [15,38]. If this were the
only contribution to the decay, the branching ratio Bgp (K, — u™ ™ ) could be written as
) :
- 7L o B(Ky)
Bsp(Kp—p* = L Y, Re(A R ?
.S’l)( L JUN ) Tr+ 2 Sin4 0W “fuslz[ ¢ 6( c) -+ }g 6(.>\t)] (9)

= 1.51 x 1077 A%(py - B)?,
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with py = 1.2 and the Inami-Lim functions [15,39], ¥,, are functions of z, = M2/M}, where
My is the mass of the W boson and M, is the mass of the quark ¢. This mode has now been
measured with impressively high statistics [40] ( 6200 events) by the BNL E871 collaboration.
The branching ratio, B(K; —ptp™ ) = (7.18£0.17) x 107°, is a factor of three more precise
than previous measurements, and the error on the rate relative to K, —»xt7n~

I‘(KL—W wo)

474 £0.054) x 107, 1
(K, o) = (3. 0.054) x 10~ (10)
no longer dominates the error on the ratio
D(Ky—ptp
B =1 ) _ (4 913 +0,030) x 107, (11)

T(Kp—7y)
contributing only ~1.5% of the 2.5% error. The remaining significant sources of uncertainty,

T(K, —~ (RS —
(Br=>97) 632+ 0.009 (K —mm )

NKp—n°n°) ) T(Ks Sm°r ) = 2.186 =+ 0.028, (12)

will need to be improved in the near future.
This measured ratio is only slightly above the umtamt;v bound from the on-shell two-
photon contribution
' I(Kp—ptp)
F(Krp—vv)
and limits possible short-distance contributions. With a recent estimate of the long-dlstance
dispersive contribution [34], a limit on p was extracted: p > —0.33 at 90% confidence level
(CL) [40].

= 1.195 x 107° . (13)

1.4.3 K;—~y and Related Decays

Like the #°, the neutral kaons couple to two photons. The effective interaction term for
the CP-conserving interaction between a pseudoscalar meson field P of mass Mp and the
electromagnetic field F,,, is given by

?‘fp“f’“/ L Ao \
L= 1M, €une FYFOP (14)
which leads to a v+ partial width of
) \ . ffg"y'yMP

The coupling fx.~ is determined in O(p 4) ChPT, without any free parameters, leading to
the prediction [43] B(Kg— v ) = 2.0x107®. This is in good agreement with the experimental
value [42] (see Table 2), although the experimental errors are still rather large.

The interaction term for two real photons can be extended to off-shell photons with
nonzero k% In this case, the coupling fp,-,- can depend on the two k* values. Typically, a
form factor Fp., is introduced, so that

fP’y "yt (k ) fP/w FP'y’y(k k2)1 (16)
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Decay Mode | Branching Ratio | events | Experiment |
Kg—yy (26+£04+£0.2)x10°° 148 | NA48-00 [42
K — vy (5.92 £0.15) x 10~* 110000 | NA31-87 [48
Ki—utp (7.24 £0.17) x 1077 6200 | E871-00 |40
K;—ete” (875 x 1071 4 | E871-98 [41]
Kp—ete (1.06 £ 0.02 £ 0.02£0.04) x 107> | 6854 | NA48-99 [46]
Kp—utpy (3.66 &+ 0.04 £ 0.07) x 1077 9105 | KTeV-00 [47
K, —ete ete (3.77+£0.18+0.13£0.21) x 107° 436 | KTeV-00 [47
K,—puTpu-ete [ (2.50+£0.41 £0.15) x 107° 38 | KTeV-00 [47
K;—ptp utp~ | no limit

Ks—p <32x1077 0 | CERN-73 [49
Kq—eTe <1.4x 1077 0 | CPLEAR [50]
Kp—ete vy (5.84 +0.15 4+ 0.32) x 10~* 1543 | KTeV-00 [51
Kp—utp~yy (1.42%,5 £ 0.10) x 107° 4 | KTeV-00 [52

Table 2: Summary of results of kaon decays to two photons and related modes

and the form factor is consequently normalized to the point F; pvv(0,0) = 1. The form factor
Fx, 4 is needed to accurately calculate the long-distance contribution to K; — p*p~ and
K;—ete™ , which both have important contributions from the v*~4* intermediate state.
As is discussed in Section 1.4.2, this long-distance contribution must be subtracted from
the precise experimental measurement of K; — u*p~ in order to determine the interesting
short-distance part of the amplitude for that decay, which can be related to the real part of
the CKM matrix element V}; or, equivalently, to the standard-model parameter p.

A number of models are available for the form factor. The simplest approach is to
(derm‘mine the coefficient of the first few terms in a Taylor series expansion in the parameters
x; = kZ/M%. An alternative parameterization [34] assumes that the form factor can be
written in terms of vector-meson poles:

Fki k) =1+« i + i + ik : (17)
e k2 — MZ " k- M2 (k2 — MZ)(k3 — MZ)

Rare kaon decays can be used to study the A~y form factors in several regions. For example,
the electron and muon Dalitz decays K;—ete v and K;—»putpu~y are sensitive to the
form factor with k3 = 0 and 4m? < k¥ < M%, where m? is the lepton mass. From lepton
universality [44] the form factors obtained in the electron and muon modes should be the
same. As Table 2 shows, accurate measurements are now available in both of these £f~
modes. Experiments analyzing [*/™+ data have usually fit for the K- parameter in the
Bergstrom, Massé & Singer form factor model [45],

F(k*,0) =

k2 25ak-k* (4 k? k? 2k%/9
oK ( N _ /). (18)

B2 R oML \3 R-M B-M, R- M

This model is based on a vector-dominance picture of pseudoscalar - pseudoscalar transitions
(the first term) and vector-vector transitions involving K™V vertices (the second term). This
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form provides an acceptable fit to the data. Two recent fits based on high-statistics analyses
vield rather different values, though. A recent fit [46] to the NA48 K; —ete v data yields
ag = —0.360.06, somewhat more negative than the best fit values from earlier experiments
studying the same mode. A new KTeV result [47] based on the Ky — u*u~v mode finds
o~ = —0.15740.027, a value about three sigma different from the new NA48 result. The k?
region sampled by the K; — p* v data is much more heavily weighted to large & values,
such that a different form factor model might reduce the discrepancy.

The rarer double-internal-conversion modes, where the final state consists of two lepton
pairs, are sensitive to the form factor in the region constrained by 4m? < k¥ < (Mg — 2m,)?
and 4m3 < k3 < (Mg — 2m,)?, where m, and m, are the two lepton masses. Three such
modes are expected: K; —ete ete™ , Kp—putp ete” and Ky —putp utp~ . The pro-
duction of muon pairs requires virtual photons at much higher &% and is strongly suppressed.
The largest sample of ete ete™ decays reported to date is from KTeV, with 436 events in
the 1997 data sample. KTeV has also reported seeing 38 ete utu™ events. The predicted
branching ratio for the K; — pu™u~ i~ mode is below 10712,

1.4.4 Kp—>7lyy

The measurement of such modes as K; —7°yy and K; —e*e™ v~ is important for a different
reason. K; —£1t{~~~ is an important background in the search for K;—7°£7¢~ . In partic-
ular, large samples of these events must be studied to determine the effectiveness of kinematic -
cuts necessary to observe this extremely rare decay. The decay Ky —7°yy can be used to
determine the CP-conserving part of the amplitude of K; —7°ete™ and Ky —7°u*pu™ .

Additional contributions from the 7°v*+* intermediate state with off-shell photons are
also important. These can be determined from ChPT models, but there are undetermined
parameters that must be extracted by studying kinematic distributions in Kj; — 7°yy and
the related mode K —»7°ete v .

The decay rate and spectral shape of K; —7°yy are calculated at O(p?) of ChPT, with-
out any free parameters [43]. The prediction of the spectral shape is a striking success of
ChPT. However, the decay rate is a factor of three too small. To match the experimental
value, a model-dependent contribution from O(p®) is needed, which is usually parameterized
with a constant ay [53] that measures the vector meson exchange contribution to the am-
plitude. This parameter is of particular importance because the CP-conserving contribution
to K —7°¢Te” depends on the value of ay-. Based on half of the total data sample, KTeV
has recently measured ay = —0.72 & 0.05 % 0.06 [54], implying a contribution of 1-2x10712 -
to K —m°ete” . NA48 has also reported a preliminary result [56], based on almost 1400
events from part of the 1998 and 1999 runs, of B(K; —7°yy ) = (1.51£0.05+0.20) x 1078,
with ay = —0.45.

Table 3 summarizes the experimental measurements of K —ayy . The KTeV mea-
surement of K — m°ete v should improve by a factor of three and the measurement of
Ky —7m°yy should improve by a factor of two.

Because of their low energy release and wide variety of final states, kaon decays provide
an excellent testing ground for the predictions of ChPT. For example, the K — 7y modes
and the direct-emission component of radiative semileptonic decay modes have proven to be
good testing grounds for comparing O(p*) to O(p®) calculations. ChPT calculations of
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| Decay Mode || Branching Ratio | events | Experiment ]

K, =71y (1.68 = 0.07 £ 0.08) x 105 | 884 | KTeV (1999) [54
K, —reTe v || (220 £ 0.48 £0.11) x 10°F 18 | KTeV (1999) [55

Table 3: Summary of K — 7+~ results

scattering can likewise be tested by measuring the form factors of K — wméy, (Kyy) decays.

1.5 Beyond the Standard Model

All experimental evidence to date supports the exact conservation of an additive quan-
tum number for each family of charged leptons. Thus K; — u*"p™ and K; —ete™ are al-
lowed, although suppressed by the GIM mechanism and by helicity suppression, whereas,
K; — pe appears to be absolutely forbidden. If neutrino masses are nonzero, some very tiny
mixing effects could permit such a decay in the standard model, but it would occur at at
very small levels, many orders of magnitude beyond the present experimental sensitivity.
Any observation of a signal for the decays K; — pe or K —n°ue would thus be conclusive
evidence for new physics beyond the standard model [27].

Although this lepton-flavor-number conservation law appears to be respected in the stan-
dard model, there is no fundamental reason or underlying symmetry to explain why this
should be so. Indeed, many possible extensions to the standard model predict new interac-
tions involving heavy intermediate gauge bosons that could mediate the otherwise forbidden
LFV decays. Some of the specific models that lead to LFV decays include [28] composite-
ness of quarks and leptons, left-right symmetric models, technicolor, some supersymmetric
models, unified theories with horizontal gauge bosons, leptoquarks, and string theories.

It is important to look for both K; — e and the modes with an extra pion, K; —»7°ue |
because the K; — ue decay is sensitive to pseudoscalar and axial vector coupling, whereas the
other modes are sensitive to scalar or vector couplings. In both cases, the excellent sensitivity
of these experiments probes mass scales that are very large. Of course, the sensitivity of
the experiments to new interactions depends on the coupling constants involved. If the new
coupling for an intermediate vector boson of mass My is gy, then the lower bound on My
implied by an upper limit on B(K;— pe ) is given in terms of the electroweak coupling g
by the approximate expression

10—-12 1/4
]

My ~200TeV/c* x P x [B(KL—ul.e

(19)

Thus, upper limits in the range of 10712 will yield impressive lower bounds on My, at least
if gx is comparable to g.
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2 K; — mp at KAMI

2.1 Introduction

We summarize here the concepts that drive the design of the KAMI detector and the
K; — 7°v¥ physics measurement. These concepts are discussed in detail in the sections
that follow.

In order to attain a clear observation of K; — w%/7 | three basic criteria must be met.
The first of these involves the flux of kaons and neutrons. Appendix B describes the actual
measurements of the kaon and neutron fluxes made using 150 GeV protons on target with
the KTeV detector in January, 2000. The flux expected for KAMI is described in Section 2.5.
At the highest energy (800 GeV from the Tevatron) there is not a sufficient flux of protons to
produce the kaon flux needed for very rare decay searches. At very low energy (e.g. 12 GeV
at KEK and 28 GeV at BNL), the neutron/kaon ratio is very large, between a few hundred
to a few thousand. The optimal energy is somewhere in between. The Main Injector, at
120 GeV provides the most favorable flux ratio of any existing machine.

The second criterion is the signal-to-background (S/B) ratio, where the background comes
almost entirely from K; — 27° decays. In KAMI, we achieve a S/B of 4 to 5 using hermetic
calorimetry. The performance that will be required of the key detector components are de-
scribed in detail in Sections 3 and 6. Most important is the photo-nuclear inefliciency for
photons in the Csl and the photon veto detectors. Appendix C describes beam test measure-
ments of photo-nuclear inefficiency in Csl and lead/scintillator photon veto modules using a
tagged photon beam at KEK. It is important not only to achieve high efficiency photon de-
tection, but to monitor the efficiency throughout the life of the experiment. Various methods
and techniques are being developed for this purpose. The ratio of K — 37° /K — 27° and
the ratio of 5 to 6 cluster events from K; — 37° decays can both be used as a cross-check
of the K — 27" /K; — 7#°v7 S/B while e* from K; — 7¥e¢¥v decays, muons and photons
from K; — 37° and K; — 777 7% decays can be used to monitor the day-to-day perfor-
mance of the detector. The KAMI charged spectrometer plays an indispensable role in
monitoring and calibrating the detector. Work is underway to develop a spectrum of ad-
ditional tools to understand the S/B ranging from traditional methods of tagging photons
from 37 decays, to maximum likelihood fits (see Section 7.1) to neural network algorithms
(see section 7.2).

The third criterion is acceptance, which includes geometry, analysis cuts and deadtime
from accidentals. The product of the geometrical acceptance and the analysis cuts is 8.4%
in KAMI (see section 2.6.2). Accidental losses result from kaon decays and target muons
but are dominated by neutron interactions in the Beam Anti detector. Based on beam
test results and detailed simulations (see Section 6.4) of a fully active, finely segmented
device (NaBi(W0,), crystals) the overall rate of accidental losses from all sources are no
worse than 45%. This will improve when better algorithms can be developed for separating
neutron interactions from photons.

There are other important issues including Csl radiation damage (see section 6.2.1),
collimator scattering (beam halo) and achieving the lowest possible photon veto threshold.
These are all discussed in subsequent sections.

In the studies described in this proposal we have tried to make conservative assumptions,
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with the exception of the photon veto inefficiency which will clearly represent a technological
step forward. In our simulations we use 10 MeV photon veto thresholds, though we expect to
do better in practice. We use a 20 ns veto time window for the photon veto system, though
we believe in practice we can do better. We assume that 20% of the interacting neutrons in
the Beam Anti will have a component that is indistinguishable from photons, though again
we believe we can do better. We believe that we are on solid ground with respect to all truly
fundamental issues.

2.2 Experimental Status

Explicit attempts to detect the decay K — 7% thus far have all been made at Fermilab.
With one exception, these attemipts have relied on observation of the Dalitz decay mode
of the 7° to eTe™y. The charged vertex from the ete™ provides kinematical constraints
which allow for simple reconstruction of the 7° and effective rejection of backgrounds to the
sensitivity levels reached thus far. The best published limit to date for the decay is 5.9 x 10~7
(90% CL) from KTeV-E799 [37]. Previously, a limit of 5.8 x 107® (90% CL) was obtained
from from Fermilab experiment E799-1 [58] using the Dalitz mode.

The 2+ decay mode of the 7V provides two orders of magnitude higher sensitivity per unit
time than the Dalitz mode. but at the cost of increased background due to fewer kinematical
constraints. Attempts to measure this decay in the future must rely on the 2 mode to take
advantage of this increased sensitivity.

The only attempt to date to measure K; — 7°7 using the 2 decay mode has been
made by KTeV in a dedicated ove day run in December, 1996. During this special run, one
of KTeV’s two parallel neutral heams was collimated down to 4 cm x 4 cm (at the CsI) in
order to obtain better I’ resolution on the decay. The second beam was completely closed
off. Figure 7 shows the P distribution of 7° events passing all other cuts. This special run
was performed at 800 Ge\ where background from hyperons are a concern. This will not be
the case for KAMI with a 120 Ge\ primary protons. :
An upper limit on the branching ratio of 1.6 x 107 (90% CL) was obtained [59]. At the
time, this represented a factor of 30 improvement over the best existing limit from E799-1
using the Dalitz decay mode of the 7% The sensitivity of the measurement was limited by
beam neutrons interacting in the vacuum window approximately 30 m upstream of the Csl
calorimeter. This points out the danger posed to high-sensitivity rare decay searches when
any material is present in the beam region. The evacuated region in KAMI will extend to
the front face of the Csl calorimeter with no material in the beam region until reaching the
vacuum window, just upstream of the Csl. This will reduce the neutron induced background
to a negligible level. :

2.3 The KAMI Experiment

The next step in the continuing neutral kaon program at Fermilab will be KAMI (Kaons At
the Main Injector). KAMI benefits greatly from our experience with its many predecessors;
most recently KTeV. The experience gained over time in working in intense neutral beams
will be of great benefit to KAMI, particularly with respect to issues like beam halo, collima-
tion, sweeping, absorber configurations, collimator scattering and secondary production, etc.
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Figure 7: The P, distribution from the.one day 800 GeV KTeV run after all cuts except the
final P, cut. The arrow designates the signal region. The simulated backgrounds from K7
and A decays are overlaid on the data. The two events above 190 MeV /c are consistent with
neutron interactions in the vacuum window.

Many of these effects are difficult to simulate to sufficient accuracy, so extensive experience
and direct measurements are a definite advantage.

KAMTI’s primary physics goal is to detect the very rare K; — m°v¥ decay, measure its
branching ratio, and extract a value for the CKM parameter 1 to an accuracy of better
than 10%. Within the context of the Standard Model, 7 is the parameter responsible
for all CP violating effects. While the importance of this measurement cannot be over-
stated, KAMI will mount a rich and diverse physics program that extends well beyond the
K; — %% measurement. The flux and energy of the Main Injector combined with a superb
high-rate, high resolution hermetic detector allows KAMI to directly confront issues of direct
CP violation, lepton flavor violation and new physics phenomena on a broad front. None of
the other proposed K; — n%/¥ experiments has this capability.

2.4 Detector concepts

A clear observation of the decay K, — w°v¥ will be the highest priority for KAMI. The
KAMI detector must be optimized with this principle in mind. At the same time, we would
like to explore other important rare decay modes such as K; — putp™, ntan-ete™, 70ute™
and pfeT. In order to achieve these physics goals with minimum investment, the KAMI
detector has been designed according to the following principles:

1. Utilize the existing KTeV infrastructure to the greatest extent possible. This includes
the experimental hall, the Csl calorimeter, and significant parts of the vacuum system;
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2. For K; — n°v7 , install newly constructed hermetic photon veto detectors;

3. For charged decay modes, to monitor the detector, and to maintain our ability to
calibrate the Csl calorimeter to the required accuracy, insert scintillating fiber tracking
planes inside of the vacuum tank. The vacuum tank will pass through the gap of the
analysis magnet.

Figure 8 shows the layout of a detector design based on the above concepts.
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Figure 8: Schematic of the KAMI detector.
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2.5 Kaon Flux

The expected flux of kaons in KAMI resulting from 120 GeV protons on target can be ac-
curately estimated from data obtained during the 2000 KAMI 150 GeV beam test. Results
from the beam test are discussed in detail in Appendix B. The flux numbers must be mul-
tiplied by a correction factor to account for the difference in kaon production from 150 GeV
and 120 GeV primary protons. The scale factors are obtained using the Malensek parame-
terization [60]. The measured kaon flux from the beam test for 3 different targeting angles
- 1s shown in Table 4. The correction factors and the flux expected from 120 GeV protons
are also listed. The flux is measured at 90 m from the target. A 3 inch thick lead absorber
was present in the neutral beam to absorb photons produced at the target during the KAMI
beam test. The approximately 50% attenuation of the kaon flux which results from the lead
filter is included in all KAMI flux estimates since this filter will continue to be necessary in
the future.

target | Measured Expected
angle K; Flux 150—120 GeV K; Flux
(mrad) | (150 GeV) | Correction Factor | (120 GeV)

124+1 | 8.92 1+ 1.87 0.72 6.42
15+1 | 6.86+1.44 0.73 5.01
20+1 | 416+ 0.87 - 0.74 3.08

Table 4: Kaon flux vs. target angle from 2000 KAMI beam test for Fx > 6 GeV. The flux
is measured 90 m from the production target in units of x107%/proton/ustr. The incident
proton beam energy is 150 GeV with no beryllium absorber in the neutral beam. Also shown
are the correction factors obtained from the Malensek parameterization [60] to account for
the difference in kaon production from 150 GeV and 120 GeV primary protons. The expected
flux at 120 GeV is also listed.

From the expected K flux and momentum spectrum at 120 GeV, the number of decaying
kaons can be calculated in the fiducial volume from 90 m to 183 m (the CsI calorimeter is
located at 186 m). We assume 3x10'® protons per pulse delivered from the Main Injector.
The protons are unbunched with a spill duration of 1 second and a cycle time of 3 seconds.
The beam is 0.41 ustr in size, which corresponds to a 12 cmx12 cm beam spot at the Csl
calorimeter. We further assume that the Main Injector delivers fixed target beam 2x107
seconds per year [61] with a duty factor of 1/3. This corresponds to 2.0x10%® protons per
year delivered to KAMI. The number of kaon decays under these conditions are listed in
Table 5 for the three targeting angles for which we have test beam data.

2.6 Physics sensitivity

The primary goal of KAMI is to detect the very, rare decay K; — n°v¥ , measure its branch-
ing ratio, and extract a value for the fundamental CKM parameter 7. In order for the value
of 17 to be meaningful, at least 100 signal events must be collected. This will result in the
precision needed to make comparisons with measurements in the B physics sector. A precise
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12 mrad | 15 mrad | 20 mrad
K Flux at 90 m 7.9x107 | 6.2x107 | 3.8x107
Decay probability (90-183 m) 0.143 0.152 0.172

Kaon decays/sec. (90-183 m) | 1.1x107 | 9.4x10%  6.5x10°
Kaon decays/year (90-183 m) | 7.3x10%* | 6.3x10'3 | 4.3x10"3

Table 5: Rate of kaon decays vs targeting angle for 120 GeV proton beam from the Main
Injector. Each Main Injector pulse contains 3x10™ protons. The beam is 0.41 ustr in size
and no beryllium absorber is included in the neutral beam.

measurement of n will also provide a useful constraint on the CKM triangle where our goal
is to over-constrain the triangle to search for deviations from the Standard Model. Using
even the most conservative of estimates, will collect at least 100 events over a period of 3
years. :

The sensitivity for K; — 7% is determined by the kaon flux, acceptance and running
time. Accidental activity in the detector from kaon decays, target interactions and beam
neutrons can result in random vetoes that reduce the signal sensitivity and must be included
in any realistic estimate.

2.6.1 Signal and Backgrouhd Signatures

The signature for a K, — 7°0¥ decay is a single unbalanced 7°. Exactly two neutral clisters
are required in the Csl calorimeter with no accompanying activity in any of the veto counters.
Reconstructing the two clusters to the mass of a 7° allows a determination of the decay vertex
along the beam direction. Using the small angle approximation, the Z vertex is expressed

as;
Z femet ZC&I et (T;Q/mwo)\! E1 . EQ (20)

where Z,; is the position of the Csl calorimeter, r;5 is the distance between the two photons
in the calorimeter, m,o is the 7° mass and F; is the energy of the i-th photon. No information
is available to determine the transverse decay vertex, so it is assumed to be at the center of the
beam. From the measured energies and positions in the CsI calorimeter and the calculated
decay vertex, the transverse momentum (P;) of the reconstructed 7° can be determined.
An unbalanced P, spectrum is a characteristic feature of the K; — n’v& decay, as shown in
Figure 9. The P; resolution is smeared by the finite transverse beam size.

The primary background to K, — 7n°v7 is K; — 27° where two of the photons escape
detection. Photons can be missed because of various inefficiency mechanisms in the photon
veto system. Photons can also escape detection by fusing with a nearby cluster in the Csl
calorimeter. There are three primary handles on reducing the K, — 27" background; photon
vetoing, P, cuts and vertex cuts. The K, — 27° background will be discussed in detail in
Section 3.2.
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Figure 9: The reconstructed P spectrum for K, — %% decays. An unbalanced P, spectrum
is a characteristic feature of the decay.

2.6.2 K; — 7°v7 Acceptance

The acceptance for A; — =17 events is the product of the geometrical acceptance and
the efficiency of the cuts used to reduce background contamination. A fast Monte Carlo
with realistic resolution smecaring. measured K; momentum distributions and beam halos
obtained from GEANT sinlations of the beamline is used to calculate the acceptance.
K; — 7% decays are generated using the matrix element for K — 7717 which depends
on the measured form factors from K; — nte¥r and Kp — 7*u¥v [62]. K; — 77 and
K* — n*vD are related by isospin and the amplitudes for decays of the CP eigenstates
K, and K, into K; — #"1/% arc equal to the real and imaginary parts, respectively, of the
amplitude for K™ — 7707 [63] [64].
A set of cuts have been developed to reject the anticipated backgrounds while maintaining

good acceptance for K; — 7% decays. The cuts used for this analysis are: '

1. Reconstructed P; between 0.130 GeV/c and 0.250 GeV/c; .
Reconstructed Z vertex between 100 m and 165 m;

Energy of each Csl cluster greater than 1.25 GeV;

S S

Sum of the two Csl cluster energies greater than 5.0 GeV;

Center-of-energy of the two Csl clusters greater than 0.1 m;

b

6. Distance between two Csl clusters greater than 30 cm;

7. Photons in the Csl calorimeter must be outside a 30 em x 30 em area centered on the
neutral beam axis (the Csl beam hole is 15 em x 15 cm);

8. Photons in the CsI calorimeter must be more than 5 cm inside the outer edge of the
array;

i
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The first 4 cuts are primarily intended to reduce the background from K; — 27° . Cut 3, the
cluster energy cut, also reduces the impact of accidental photons, which are strongly peaked
at low energy. The center-of-energy cut, along with the P, cut, is intended to eliminate
the background from K; — vy . Cut 6, the cluster separation cut, is intended to reduce
backgrounds from hadron interactions in the vacuum window. The fiducial cut around the
beam hole and around the outer edge of the CslI calorimeter are intended to eliminate clusters
that are poorly measured because of energy leakage. The fiducial cut around the beam hole
also helps to eliminate background from upstream K; — 37° decays. These cuts will all be
described in greater detail in Section 3 when we explicitly discuss the various background
sources.

The acceptance for K; — 77 decays relative to the number of decays between 90 m
and 183 m is shown in Table 6 for three different targeting angles. These targeting angles
are chosen because they correspond to the ‘targeting angles used during the 2000 KAMI
beam test. The acceptance increases for smaller targeting angles as the kaons become more
energetic.

Target Angle | Acceptance
(mrad)
12 0.091
15. 0.084
20 0.067

Table 6: Acceptance for K; — 7°v7 decays between 90 m and 183 m. The applied cuts are
described in the text.

2.6.3 Accidental Losses

In order to effectively reject background to the K; — w%¥ signal, it is necessary to veto on
extra particles in the detector down to very low energies (~10 MeV). Every kaon decay in the
fiducial volume will result in a signal in at least one veto detector and a significant fraction
of the decays upstream of the fiducial volume will also result in signals in veto counters.
Decayvs downstream of the Csl will contribute to the rate of the Beam Anti. Pions and
muons from the target which are not successfully swept away or shielded can also generate
vetoes. Finally, the interaction of beam hadrons in the Beam Anti will also have to be vetoed
when they contain a component that cannot be distinguished from photons. ’

To minimize accidental losses, KAMI is requesting unbunched beam spread out uniformly
over the 1 second spill duration. Based on the size of the KAMI detector and the expected
time slewing in detector elements, a veto time window can be determined. Any signal events
which are recorded during a veto window will be rejected as background. The veto time
window for kaon decays and muons from the target is dominated by the vacuum photon
veto system. Based on estimates of the time slewing across the photon veto detectors and
the time associated with maximum flight path differences, a very conservative veto window
of 20 ns has been chosen. In practice we expect to do better than this by taking advantage
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of the TDC information. The veto time window for the Beam Anti, a smaller and faster
detector, is chosen to be 10 ns.

To estimate the accidental losses due to kaon decays, the measured flux of kaons at 90 m
must be extrapolated back to the target. A fast Monte Carlo is then used to determine the
rate of decays between the target and BA3 for which a particle deposits energy in an active
detector. This is done for each of the four major decay modes (K, — 37° , K, — n¥n~ 70 |
K; — nte¥v | K, — 75 u¥v ), appropriately weighted. Collimators and shielding upstream
of the fiducial volume help to reduce the flux of particles into the active part of the detec-
tor from upstream decays while every decay downstream of 90 m generates hits in active
detectors.

The rate of neutrons that interact in BA3 and cannot be distinguished from photons
also contribute to the accidental losses. Detailed GEANT studies of the Beam Anti indicate
that 30% of the beam neutrons interact in BA3 and that ~20% of these interactions contain
components that mimic photons and require a veto. The neutron rates for various targeting
angles and beryllium absorber configurations are listed in Table 7. The neutron fluxes and
attenuation factors for each set of beam conditions were measured during the 2000 KAMI
beam test (see Appendix B). The performance of the Beam Anti is described in greater
detail in Section 6.4.

Be. Absorber | Neutron | Interaction Rate | Fake v Rate
Flux in BA3 '
12 mrad
0” 760 MHz 228 MHz 46 MHz
107 346 MHz 104 MHz 21 MHz
207 155 MHz 47 MHz 9 MHz
38” 42 MHz 13 MHz 3 MHz
15 mrad
0”7 467 MHz 140 MHz 28 MHz
107 198 MHz 59 MHz | 12 MHz
207 95 MHz 29 MHz 6 MHz
38” 27 MHz 8 MHz 2 MHz
20 mrad ,
0’ 213 MHz 64 MHz 13 MHz
10”7 93 MHz 28 MHz 6 MHz
207 42 MHz 13 MHz 3 MHz
38” 14 MHz 4 MHz 1 MHz

Table 7: The neutron flux, neutron interaction rate in BA3 and the rate at which these
neutron interactions mimic photons vs targeting angle and beryllium absorber thickness.
The neutron fluxes and beryllium attenuation factors for each set of beam conditions were
measured during the 2000 KAMI beam test.

Muons from the target and dump which are not swept away or shielded must also be
accounted for. A detailed model that estimates muons from the target and the dump is
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not currently in place, but measured muon rates from the KAMI beam test at 150 GeV are
available. We scale these measured rates to a proton intensity of 3 x 10'?/second.

The accidental losses from kaon decays, muons and neutron interactions in the Beam
Anti are listed in Table 8 for various targeting angles and beryllium absorber configura-
tions. Using the estimated losses from accidentals, the measured kaon fluxes and beryl-
lium attenuation factors from the KAMI beam test, and assuming 2 x 10%° delivered pro-
tons per year, the number of effective or live K; decays can be calculated. The number
of K — 7°v¥ events per year, corrected for accidental losses, are also calculated using a
branching ratio of 3 x 107! [65] and the acceptances in Table 6.

For the balance of this proposal we will assume running conditions of 15 mrad and no
beryllium absorber in the neutral beam. The kaon momentum spectrum at 15 mrad is shown
in Figure 10.

Be. Absorber | Accidental Effective K K; — v
Loss Fraction | Decays per Year | Events per Year

12 mrad

0” 55% 3.3 x 1013 91

10” 36% 2.8 x 10 77

20” 24% 2.2 x 10" 61

38” 13% 1.1 x 1013 30
15 mrad ' ‘

0" 45% 3.5 x 10*° 88

10” 28% 2.5 x 10%3 63

20" - 20% 2.0 x 10™® 50

38” 11% 9.1 x 1012 23
20 mrad

0” 31% 3.0 x 108 60

107 20% 2.4 x 1043 48

20" 14% 1.5 x 1013 30

38” 9% 7.4 x 102 15

Table 8: The overall fraction of events lost due to accidental activity in the detector, the
effective number of kaon decays per year after correcting for accidental losses, and the re-
sulting number of K; — n%v¥ events per year for various targeting angles and beryllium
absorber configurations. The number of K; — 7%/ events per year were calculated using a -
branching ratio of 3 x 107! and the acceptances listed in Table 6. The number of events per
year for our nominal running conditions of 15 mrad and no beryllium absorber is highlighted.

2.6.4 Summary

A careful and conservative estimate of KAMI's sensitivity to the decay mode Ky, — 7%7 has
been made. The sensitivity depends on measured kaon fluxes and a realistic and conservative
estimate of losses due to accidental activity in the detector.
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Figure 10: The kaon momentum spectrum 90 m from the production target for a 15 mrad
targeting angle.

Table 8 demonstrates that in one year of running significant progress can be made toward
the stated goal of at least 100 events. With a 15 mrad targeting angle and no beryllium
absorber ~90 events can be collected per year. :

Because the benchmark of 100 K; — 707 events is so important, it is useful to examine
the strength of the underlying assumptions and the accuracy of the parameters used to
make the estimate. The branching ratio for K; — 7% within the context of the Standard
Model is {3.1+ 1.3) x 107! where the error depends almost entirely on the input CKM
parameters [65]. All of the calculations in this document assume a value of 3.0 x 107!
If BR(K} — 77 ) is as small as 1.0 x 107" KAMI would only collect ~30 events per
year (other experimenters attempting this measurement would be similarly affected). The
K — 37° flux measured during the KAMI beam test is accurate to ~20% which could,
in concert with a smaller branching ratio, further reduce the K; — #%% . 'Similarly, a
branching ratio as large as 4.0 x 10~ would result in 120 events per year using our nominal
flux number. The acceptance for K; — 7°v% with a 2 m x 2 m Csl calorimeter (the KTeV
calorimeter) is 5.76% which results in ~60 events per year using the nominal branching ratio
and beam flux, but drops to 16 events per year in the pessimistic scenario described above.
This is the primary motivation for expanding the size of the Csl calorimeter. The expanded
calorimeter being proposed makes it possible for KAMI to still collect nearly 100 events in
three vears of running in the event of the pessimistic scenario described above.

The yield of K; — 7% events could also fall short if the required number of protons
are not available. We assume 2.0 x 10% protons per year based on a running time of 2 x 107
seconds per year, a duty factor of 1/3 and 3 x 10'3 protons per pulse. The management of the
Fermilab Beams Division believes it will be possible to run the Main Injector, a conventional
accelerator without superconducting magnets, for 2 x 107 seconds a year [61] (KOPIO at
Brookhaven is also assuming ~ 2 x 107 seconds of running per year). Less running time will
have a straightforward impact on the event yield. There are also issues of proton economics
related to sharing the beam with other potential users. It is difficult to project 4 or 5
years into the future with much accuracy, but ultimately proton resources are a laboratory
management issue.
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3 Backgrounds to K; — 7n0up

3.1 The KAMI Monte Carlo

The K — 2n° background is estimated using a fast Monte Carlo with realistic resolution
smearing, measured K; momentum distributions and beam halos obtained from GEANT
simulations of the beamline. The performance of the Csl calorimeter has been parameterized
based on extensive expericnce with the KTeV Csl calorimeter. The performance of the
photon veto detectors is hased on a combination of beam tests (see Appendix B) and Monte
Carlo simulations (see Scction 6.3). The inefficiencies of the various detectors to photons,
as a function of energv. are listed in Table 9. The considerably higher inefficiencies in the
BA3 are due to to the fact that this detector sits directly in the hadron beam. No efficiency
is assumed below 1 GeVoin BA3 for the purpose of estimating backgrounds, though Monte
Carlo studies indicate that some sensitivity at low energy will be possible. A photon veto
threshold of 10 MeV is used in all of the simulations.

The background rejection is estimated from a sample of K, — 27° decays which pass all
the analysis cuts. For cach event a weight is constructed from the product of the detection
inefficiencies of the two extra photons. The weight is the probability that the event will
not be vetoed. Fused photons in the CsI calorimeter are handled in a similar way. Nearby
clusters are fused into one hased on the distance which separates them and the probabilities
listed in Table 10. Interactions of kaons and neutrons in residual gas in the vacuum decay
volume and in the vacuun window are also simulated as are the interactions of K decay
products in the fiber tracking planes and the vacuum- window. These interactions will be
discussed in more detail in the relevant sections which follow.

3.2 KL — 2’7{'0

The dominant background to the i, — 7%07 signal is K — 27° decays where two photons ‘
are detected by the Csl calorimeter and the other two photons go undetected. There are
several ways for two photons to escape detection. The photons can go undetected in the
photon veto detectors, the Beam Anti or the Csl. Additionally, two photons can fuse together
in the Csl and be detected as a single cluster.

There are three primarv handles on reducing the K; — 27° background; photon vetoing,
P, cuts and vertex cuts. The Ay — 27° background can be separated into two distinct
categories. “Even” background cvents are those where the two detected photons originate
from the same 7°. Even background events reconstruct with an accurate decay vertex and
transverse momentum, subject to resolution effects. “Odd” background events are those
where the two detected photons originate from different 7%. In this case the reconstructed
vertex, and hence the reconstructed P, can differ substantially from the actual values because
of the incorrect assumption that the two detected photons originate from the same 7°. This
can result in odd background from outside of the fiducial volume being shifted into the
fiducial volume. This effect is demonstrated in Figure 11 where the generated Monte Carlo
Z decay vertex for K — 2% events is plotted. Each entry in the plot is weighted by the
product of the inefficiencies of the two photons (from Table 9) that are not used to form the
7%, Each of the events in the plot has a reconstructed Z vertex between 100 m and 165 m.
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Energy MA/VV/BA1/BA2 Csl BA3
Low-High Inefficiency Inefficiency | Inefliciency
0.000 - 0.010 1.00 1.00 1.00
0.010 - 0.020 3.0x1072 1.5x1073 1.00.
0.020 - 0.030 2.0x1073 1.0x1073 1.00
0.030 - 0.040 1.0x1073 9.0x107* 1.00
0.040 - 0.060 8.0x10~* 8.0x1074 1.00
0.060 - 0.080 7.0x107* 6.5x107% 1.00
0.080 - 0.100 5.0x107* 5.0x10™4 1.00
0.100 - 0.150 4.0x1074 3.0x1074 1.00
0.150 - 0.200 3.0x10™* 1.8x10™* 1.00
0.200 - 0.250 2.5x107* 1.5x10™* 1.00
0.250 - 0.300 1.0x10™* 5.5%1075 1.00
0.300 - 0.350 7.0%1075 3.5x107° 1.00
0.350 - 0.400 4.0x1078 2.0x107° 1.00
0.400 - 0.450 - 3.0x107° 1.5x107° 1.00
0.450 - 0.500 2.0x107° 5.5%107¢ 1.00
0.500 - 0.550 1.5x107° 3.0x107¢ - 1.00
0.550 - 0.600 - - 1.0x1078 1.5x1076 1.00
0.600 - 0.650 9.0x107° 1.0x1076 1.00
0.650 - 0.700 7.0x1078 1.0x1078 1.00
0.700 - 0.750 5.0x1078 1.0x106 1.00
0.750 - 0.800 4.0x107° 1.0x1076 1.00
0.800 - 0.850 3.0x107¢ 1.0x1078 1.00
0.850 - 0.900 2.0x107° 1.0x1078 1.00
0.900 - 0.950 1.5%x1078 1.0x107® 1.00
0.950 - 1.000 1.0x107¢ 1.0x1076 1.00
1.000 - 3.000 1.0x107¢ 1.0x107% | 1.0x107!
3.000 - 10.00 1.0x10°® 1.0x107% | 1.0x1072
| 10.00 - infinite 1.0x10°¢ 1.0x10°% | 1.0x107®

Table 9: Photon inefficiencies as a function of energy for the various KAMI detectors. MA,
VV, BAl, BA2 and BAS3 refer to the Mask Anti, Vacuum Veto, Beam Antil Beam Anti2
and Beam Anti3 detectors, respectively (see Figure 8). The inefficiencies in this table are
used in the background simulations.
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Distance Inefficiency Inefficiency
Low-High {(cm) | 2.5 x 2.5 cm? crystals | 5.0 x 5.0 cm? crystals

0.0-1.0 1.000 1.000
00-12 0.800 1.000
0.0-14 0.725 1.000
0.0-1.6 0.625 0.850
0.0-18 0.550 0.750
0.0-2.0 0.450 0.650
0.0 - 2.2 0.375 ‘ 0.500
00-24 0.300 0.450
0.0-2.6 0.250 0.400
0.0-2.8 0.160 0.350

- 0.0-3.0 0.125 0.300
0.0-32 0.080 0.250
0.0-34 0.070 - 0.200
0.0- 3.6 0.040 0.150
0.0 - 3.8 0.025 0.100
0.0-4.0 0.020 0.080
0.0 - 5.0 0.000 0.050
0.0-75 0.000 0.020

Table 10: The fusion separation inefficiencies in the Csl used in the Monte Carlo, binned
according to the distance which separates the two photons.
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Resolution and the effect of mis-reconstruction of odd background leads to upstream decays
being shifted into the fiducial volume.
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Figure 11: The Z decay vertex generated by the K; — 27° Monte Carlo. Each entry in the
plot is weighted by the product of the inefficiencies of the two photons that are not used
to form the 7°. When the Z vertex for these events is calculated, assuming they originate
from a single 7%, they all reconstruct between 100 m and 165 m. Resolution and the effect
of mis-reconstruction of odd background leads to upstream decays being shifted into the
fiducial volume.

In spite of the fact that the P, resolution is smeared due to the transverse size of the
beam (12 cm x 12 c¢cm at the CsI) it still provides good background rejection. In Figure 12,
the P, cut is varied to determine its effect on the signal and background. The signal-to-
background curve begins to plateau at a P, cut of about 0.125 GeV/c. All of the cuts
listed in Section 2.6.2 have been applied except for the nominal P; cuts at 0.130 GeV /¢ and
0.250 GeV /c.

The reconstructed Z vertex of the 7° decay is also a powerful tool for reducing back-
ground from K; — 27° decays. In Figure 13 the K; — 7%7 acceptance is plotted vs. the
downstream vertex cut. Also shown is the ratio of the K, — n%% signal to the background
from K — 27% vs. vertex cut. The selected cut at 165 mis clearly a compromise between
maximizing the signal yield and rejecting background. Variation of this cut along with the P,
cut in the offline analysis can help to understand the relative level of signal-to-background.

The implications for the K; — 27° background of photon conversions in the scintillating
fiber tracking planes has been studied using a GEANT simulation of the KAMI detector. The
entire tracking system, including the carbon fiber support structures, comprises a maximum
of 2.3% of a radiation length. In order for conversions to be a background concern, the
resulting ete™ pair must fail to register hits in downstream detectors or be bent through
large trajectories by the magnetic field such that their arrival time at an active detector (fiber
tracker, photon veto or Csl) is outside the veto time window. Studies indicate that this only
occurs for low energy photons below our veto threshold of 10 MeV. Since no efficiency is
assumed for photons below 10 MeV in the simulations, conversions have no impact on our
background.

Fused photon clusters in the Csl calorimeter do not contribute significantly to the
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Figure 12: The effect of the P, cut on the signal and background from K — 27° decays
is shown. The top plot shows the variation of the K; —» n°v¥ acceptance vs. P, cut. The
acceptance is calculated relative to the number of decays between 90-183 m. The bottom
plot shows the ratio of the K — w%¥ signal to the background from K; — 27° vs. P, cut.
A P, cut of 0.130 GeV/c is ultimately selected.
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Figure 13: The effect of the downstream Z vertex cut on the K; — n’v¥ signal and
background from K; — 27° decays is shown. The top plot shows the variation of the
K; — 7% acceptance vs. Z vertex cut. The acceptance is calculated relative to the num-
ber of decays between 90-183 m. The bottom plot shows the ratio of the K; — n%v¥ signal
to the background from K; — 27% vs. vertex cut. A Z vertex cut of 165 m is ultimately
selected.
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K — 27° background. Only 0.1% of K - 27° events have two photons which hit the
calorimeter within 5 cm of one another and the fraction of events with two sets of clusters
within 5 cm is 6 x 107%. In the latter case, there is some probability that only two clusters
will be reconstructed in the CsI. However, because the full kaon energy is deposited in the
Csl for these double fusion events, the center of energy of the event is small and fails the
ECEN cut at 0.1 m.

The sequential acceptance factors for the K; — 27° background are listed in Table 11.
The acceptance is calculated relative to the decay rate between the the target (0 m) and
183 m because odd background from upstream can reconstruct inside the fiducial volume
(see Figure 11). Multiplying the acceptance for K; -+ 27° decays by the branching ratio
and the number of kaon decays between the target and 183 m and correcting for losses due
to accidental activity in the detector (see Section 2.6.3), we arrive at a background level of
19 events per year. This compares to 88 signal events per vear for a signal-to-background of
4.6.

Cut Acceptance
> 2 Csl clusters with energy > 1.25 GeV 0.43
Total Csl Energy > 5.0 GeV 0.41
Center-of-Energy > 0.1 m 0.33
Cluster Separation > 0.3 m 0.31
P, between 0.130 GeV/c and 0.250 GeV/c 0.14
Z vertex between 100 m and 165 m 0.10
Csl fiducial cuts - 0.09
Photon vetoes 2.6 x 10710

Table 11: The sequential acceptance factors for the analysis and trigger cuts applied to the
background from K; — 27° decays.

3.3 K; — 3n0

K; -+ 37° decays occur at a high rate, but the abundance of additional photons allow for
efficient vetoing. Photons which fuse to form a single cluster in the Csl calorimeter could be
more problematic for this background, but the segmentation of the Csl is sufficient to mini-
mize this complication. 1.6% of all K — 37" events have 1 pair of photons within 5 cm of one
another in the Csl calorimeter and the fraction of events with 2 pair of photons within 5 cm
is 5 x 10™*. Fused photons in the CsI calorimeter only increase the K; — 37° background
by 0.03%, compared to the case where every photon in the calorimeter is perfectly resolved.

The most serious background from K; — 37° arises from decays upstream of the Mask
Anti (MA) (see Section 6.3.2). If four photons go undetected (as is often the case for decays
upstream of the active fiducial volume) and two photons from different 7% pass through
the Mask Anti and reach the Csl calorimeter, the vertex position reconstructed from the
mis-paired photons can be shifted downstream into the fiducial decay region. To reject these
events, the upstream section of the beam pipe is completely surrounded by the double stage
Mask Anti and the vacuum veto system. This increases the probability that at least one
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of the extra photons will be detected. Additionally, a 4 15 em fiducial cut around the Csl
beam hole is used to help reject photons from upstream which pass through the beam holes
of the Mask Anti. The background contribution from K; — 37° is determined to be 0.5
events per year.

3.4 K;—-ontr—al

The background from I'; — 777 7n° is easily reduced to negligible levels using a combina-
tion of signals in the photon veto detectors, the scintillating fiber tracker and a P, cut. The
standard geometrical, fiducial and energy cuts reduce the acceptance to about 10%. The P,
cut further reduces the acceptance to 7 x 107, The efficiency of detecting charged particles
‘at each of the scintillating fiber stations is assumed to be 98%. This is a conservative estimate
since four of the five stations consist of xx” and yy' layers, each of which should be at least
this efficient. Following the prescription of Inagaki et al. [66] for vetoing charged particles
in scintillation counters. we assume an inefficiency of 1 x 107 for 7~ and 1 x 107° for 7t in
the photon veto counters. Inagaki’s measurements were made using a single piece of 10 mm
thick scintillator. The KAMI photon veto detectors consist of 5 mm thick scintillator sheets
separated by 1 mm thick lead sheets. In the absence of any interactions, charged particles
will traverse many scintillator sheets, resulting in efficient detection. Charge exchange re-
actions of the type 77 p — 7" can reduce the detection efficiency if the 7° deposits most
of its energy in the lead. Additionally, processes such as 77 + C — n + n can limit the
charged detection efficicncy. K0OP10 has studied these reactions in the energy range relevant
to their experiment [67] where the cross sections are larger than at KAMI energies. They
also conclude that charged particle inefficiencies of 1 x 107 for 7~ and 1 x 107 for #* are
reasonable. The background contribution from K; — 777 7% is determined .to be less than
0.003 events per year.

0

3.5 K;—nreTy

The K; — nteTr decay is similar to K;, — 777~ 7% in that it relies on the charged vetoing
capabilities of the 5 fiber tracking planes and the photon veto detectors. Analysis of cluster
shapes in the Csl calorimeter results in an additional factor of 10 rejection for charged
pions based on measurements using the KTeV CsI. This can be seen in Figure 14 where
the shower-shape x* is plotted for photons and charged pions from clean K, — atr 7’
decays. The shower-shape x? is a measure of how closely the cluster conforms to the profile
of an electromagnetic shower. A typical cut requires a value of less than 4.

Background from K; — 7%eTr decays can result when the 7~ and the et react in a
fiber tracking station via charge exchange 7~p — 7%n and annihilation e*e™ — y7. Charge
exchange reactions generated with the appropriate t-distribution [73] and positron annihila-
tion have been included in the simulation with the result that the background contribution
from K; — nteTrv decay is <2 events per year. Charge exchange reactions and positron
annihilation in the fiber tracking planes can result in detectable signals in the fibers, depend-
ing on where the reaction takes place. No attempt has been made to exploit this possibility.
The addition of a scintillator hodoscope downstream of the final fiber tracker could reduce
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this background to negligible levels. The inefficiency of a 1 cm thick scintillator hodoscope
is between 1 x 10~* and 1 x 107° for e* and 7*.
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Figure 14: The shower-shape x? distribution in the KTeV Csl calorimeter for photons and
charged pions from clean Ky — 777~ 7% decays. A typical cut requires x? < 4. -

3.6 K;—vyy

The background from K; — vy is distinguished from K; — 7%0% because the two photons
‘are P, balanced and deposit the full kaon energy in the Csl calorimeter. However, the
reconstructed P, can be non-zero because of the P, resolution smearing which results from
the finite size of the beam and the incorrect assumption that the two photons result from a

7% decay. K — vy decays can be effectively eliminated using the reconstructed center-of-
energy (ECEN) defined as

\/()(1 By + X, - EQ)Q + (}1 -Ey+Y5- E2)2
where X; and X, are the reconstructed X coordinates of the two photons in the Csl calorime-
ter, Y} and Y5 are the Y coordinates and E, and FE; are the energies. The ECEN distribution
is also smeared by the finite beam size, but it still provides the rejection power necessary to
virtually eliminate this source of background. The ECEN distributions from K; —» v+ and
K; — n°¥ are shown in Figure 15. ECEN is required to be greater than 0.1. The back-
ground contribution from K; — v is determined to be less than 0.04 events per year.

ECEN = (21)

37 A—7n

- Approximately equal numbers of A’s and K ’s are produced at the target. The A — 7°n decay
has a large branching ratio (36%) but a short lifetime that reduces the flux to negligible lev-
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Figure 15: The reconstructed center-of-energy (ECEN) distributions for K; — v (left) and
K;, — n%% (right). Note the dramatically different horizontal scales.

els 100 m from the target. The few A’s which do survive to the fiducial volume have a P,
endpoint of 104 MeV /c before smearing due to resolution and transverse beam size. The
background has been studied by generating events with a flat vertex distribution from the
target to the CsI calorimeter. The events which pass the analysis cuts are weighted by the
momentum-dependent probability that the A survives to the Z-decay vertex position. The
lambda flux and spectra are scaled from measurements at 400 GeV [74]. The flux of hyperons
measured in KTeV at 800 GeV was consistent with the scaled rates from 400 GeV to within
20%. The background contribution from A — 7°n decays is estimated to be less than 0.2
events per year.

3.8 = Decays

The decay = — An® — n7®7% is potentially more troublesome than A — 7%n because the
second 70 can carry a P, as large as 230 MeV/c. Photons from different #%’s can also re-
construct with large P, and with a vertex shifted into the fiducial volume. However, this
background is easily suppressed by the lifetime of the hyperons and the presence of two
additional photons available for vetoing. The = flux and spectra are scaled from measure-
ments at 400 GeV [74]. The flux of hyperons measured in KTeV at 800 GeV was consistent
with the scaled rates from 400 GeV to within 20%. The background contribution from
Z = A1% = nn%7Y decays is determined to be completely negligible.

A related decay is = — Ay — nw’y which can also produce a high P, 7%, This decay
mode has a relatively small branching ratio (1.2 x 107?) and has one extra photon available
for vetoing. The background contribution from this mode is also completely negligible.

v
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3.9 Neutron Interactions

The large flux of beam neutrons in KAMI can interact with the residual gas in the decay
volume and in the vacuum window to produce 7%. Interactions of neutrons in the beam
tail with the fiber tracking planes can also produce 7%. The process nn — nna® is the
most dangerous reaction because of the absence of additional photons available for vetoing.
The cross section and angular distribution of the similar process pp — pp7® can be used to
simulate the background [79,80]. The neutron flux and spectra were measured during the
2000 KAMI beam test (see Appendix B). The hadron energy spectrum measured at 15 mrad
and with no beryllium absorber in the beam is shown in Figure 16.
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Figure 16: The hadron energy spectrum measured during the 2000 KAMI beam test at 15 mr
and no beryllium absorber.

The number of neutron interactions per year in the 186 m long KAMI vacuum decay
volume at 107% torr can be calculated using:

AY3N, Npo (22)

where A is the average atomic mass of air (14.4), N, is the number of beam neutrons
per year (2.7 x 10'%), N is the number of target nuclei along the 186 m of decay volume
(1.2 x 10'*/cm?) and o is the cross section per nucleon (~2 mb for the reaction nn — nna® [79]).
This results in about 1600 interactions per year. 10® nn — nnn® reactions were generated
with a Monte Carlo between the target and the CsI with the t-dependence from Ref [80]. An
acceptance of 2.6 x 107° results for a total background contribution of 0.04 events per year.
No attempt is made to identify the neutrons, which will often interact in active detectors
resulting in additional veto power. If the events are generated according to phase space
rather than according to a t distribution, the acceptance rises to 3.0 x 10~ for a total back-
ground contribution of 0.5 events per year. The disparity between these two results is due
to the different energy spectrum of the 7° in the two cases. This is illustrated in Figure 17
where the total energy in the CsI calorimeter is plotted for the events generated using the t
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Figure 17: The total energy deposited in the Csl calorimeter for nn — nnz° events. The
plot on the left is for events generated with the t distribution from Ref [80]. The plot on the
right is for events generated uniformly in phase space.

distribution and for the events generated using phase space. The t distribution clearly limits
the energy of the 7°, reducing the acceptance.

Neutrons can also produce 7°s by interacting in the vacuum wmdow This was the lim-
iting background source during the one-day dedicated K — n%»% KTeV run in December,
1996 [59]. While the KTeV vacuum window was located well upstream of the Csl calorime-
ter, the KAMI vacuum window will be located just 0.5 m upstream of the calorimeter. The
KAMI vacuum window, similar to the KTeV window but 2.5 times thicker, will be con-
structed from kevlar cloth and aluminized mylar. The probability of a neutron interacting
in the window is ~ 2.0 x 1072, ,

108 nn — nnn® reactions have been generated by a Monte Carlo at the vacuum window.
No events survive the cuts. The photons often pass through the Csl beam hole or hit the
calorimeter very close to the beam hole, failing the +:15 c¢m fiducial cut. When the photons
do hit the fiducial area of the Csl they typically reconstruct with a P; that is larger than the
0.250 GeV /c cut and they reconstruct with a Z-vertex well downstream of the 165 m cut.

The reaction nn — nna’7? is potentially more problematic because of the potential for
mis-paired photons from different 7% to mis-reconstruct within the fiducial volume. The
cross section for the related process pp — ppr°7® has been measured for 2.8 GeV/c protons
to be 0.92 mb [107]. For a 1 mb cross section we expect 775 residual gas interactions per
year. 10% nn — nnn®7® reactions were generated with a Monte Carlo between the target
and the CsI with a resulting acceptance of 1 x 107°. This corresponds to 0.009 background
events per vear.

High energy neutrons which hit the vacuum window and initiate the reaction nn — nnr’z°
can produce two relatively high energy 7% whijch both fuse in the calorimeter, resulting in
two Csl clusters which can mis-reconstruct as a 7° from the fiducial volume with a good P,.
This background is eliminated by the close proximity of the vacuum window to the CsI and
by requiring the two Csl clusters to be separated from one another by more than 30 cm.
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3.10 K Interactions

It is also possible for K} reactions to occur in the residual beam gas and vacuum win-
dow. Kpn — 7°A and K;N — K;N7° reactions are both potential background sources.
Ky N - K;N7Y is similar to nn — nnm?, considered above. Because the neutron flux in
KAMI is man} times larger than the I&L flux, Ky N = K;N7" is just a fraction of the
nn — nnr® background of .04 events per year

To estimate the background from K;n — 7%A an analysis similar to that done for neutron
interactions is applied. The number of interactions per year is calculated using a K flux per
year of 4.8 x 10™. The cross section for the similar reaction K;p — 7 A has been measured
to be 0.013 mb at 11 Ge\'/e. If we assume the K;n — 7°A cross section to be as large as
1 mb over our energy range. a total of 1500 interactions per year results. The acceptance
for this reaction is 2.3 x 107 hecause of the additional particles available for vetoing. The
total background contribution from K;n — 7°A is estimated to be 0.03 events per vear.

3.11 Discriminating a K; — %7 Signal From Backgrounds

The observation of the i'; — ="z decay with only the two photon energies and positions to
distinguish the decay from sizable backgrounds is a challenging task. However, the unique
configuration of the KAMI experiment with its small beam size (0.41 pstr resulting in a
12 cm x 12 em size at the Csl calorimeter) allows the P, of the two photon system to be
determined. This provides a wayv to directly observe the presence of a K; — 7%vi signal
over the major background ]\, — 7079 (larger by a factor of ten than the next largest
contribution). : '

As shown in Figure 18. tln P distribution of the Ix L — v is significantly different
than the P, distribution of background due to K; — 7%n° events that have two photons in
the CsI which satisfy the trigger criteria and whose remaining two photons are not detected
in the veto system. This 1s shown for four different detection thresholds in the veto counters
(5 MeV, 10 MeV, 15 Me\™ and 20 MeV). The level of the signal and background curves
have been normalized to the estimated number of signal and background events expected
in one year of running. The plots for the four different detection thresholds make clear the
importance of pushing the threshold as low as possible. The K; — 7% signal is clearly
most prominent with a 5 Me\" threshold.

The ability to suppress the A'p — 797% background in the signal region depends critically
on the inefficiencies for detecting photon showers in the photon veto, the Csl, the Beam Anti
system, and the Mask Anti. These detectors and their inefficiencies are discussed elsewhere
in this document. However, while the observation of the K; — 7% signal depends on
attaining the KAMI baseline inefficiencies quoted for each detector (which from Figure 18,
is apparently more than adequate), precise determination of the background for K; — n%7°
depends on knowing the magnitude of background in the signal region which in turn depends
on knowing with some precision the magnitude and energy dependence of the veto detector
inefficiencies. This becomes progressively harder as the level of the inefficiency gets smaller.
In particular, above a photon energy of 1 GeV, the inefficiencies of the various veto detectors
fall below 107 where the ability to precisely measure inefficiencies becomes difficult.
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3.11.1 Variation of Background due to Inefficiency Uncertainties

To estimate the variation of the level and shape of the 27° background in the signal region
due to uncertainties in the inefficiencies of the veto detectors, we have varied our baseline
inefficiencies in all detectors in energy regions where the inefficiency falls below 1075, In
Figure 19 we show the magnitude of the various 27° background curves obtained with photon
veto and Csl inefficiency maps varied up and down over a reasonable range of +2 x 10~¢
in the photon energy region above 1 GeV. The beam anti system inefficiencies are not
required to be as small as 107° and thus have not been varied in this study. Also shown
are the ratios of these background curves to the the background obtained using the baseline
inefficiencies maps. What can be inferred from these curves is that the 27° background
below the signal region is relatively insensitive to variation of the high energy inefficiencies,
changing at most by a few percent in magnitude and almost invariant in shape. To the
contrary, the background in the signal region is sensitive to the high energy variation of
the inefliciencies, especially when the inefficiencies increase. If efficiencies better than the
present baseline are achieved, the background level does not decrease significantly since, at
that point, the residual background due to photons in other energy regions contribute a base
level of background.

In Table 12 the integrated level of background events per year is shown to demonstrate
the systematic variation that we can expect in détermining the magnitude of the signal
(estimated to be approximately 90 events per year), if the veto inefliciencies cannot be
measured to better than the quoted variation. ‘

3.11.2 Variation of Background Level due to Veto Threshold

An associated uncertainty in predicting the level of background to the K; — 7°v7 signal is
the attainable threshold levels for observing low energy photons in the Csl, the Mask Anti
and the vacuum veto. We have varied the minimum threshold energy to observe its effect
on the background. The results of the studies are given in Table 12. Here it seems, the
P, regions that have maximum sensitivity to the threshold are the reverse of those that are
sensitive to the high energy photon inefficiencies.

As can be seen from the background yields in the tables, the region below the signal
region experiences a greater variation than does the signal region. If KAMI can achieve,
as we anticipate, a 5 MeV detection threshold then the background level from K; — 7%
could be reduced from 19 events per year to approximately 6 events per year.

3.12 Summary '

A thorough survey of the potential background sources to the K; — n°u¥ signal has been
conducted. The only serious background is from K — 27° decays. The number of back-
ground events from K — 27° decays ultimately depends on the performance of the photon
veto system. Based on the inefficiencies in Table 9, we expect 19 such events per vear for a
signal-to-background of 4.6. The various backgrounds discussed in the text are summarized
in Table 13.
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Figure 19: Variation of K; — m°7n% background P, spectra, shown in the plot on the left, .
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from one year of operation. The right plot shows the ratio of background spectra obtained
with different inefliciency maps to the background spectrum obtained with the baseline

KAMI inefficiencies.

Inefficiency Map

K — 7°v¥ Background
Events/Year

All B,

Baseline inefliciencies (10 MeV Threshold)
< 1077 inefficiencies +1 x 107° '
< 1075 inefficiencies +2 x 107°

19 events
27 events
33 events

99,100 events
98,600 events
101,100 events

15 Mev threshold - baseline inefliciencies
20 MeV threshold - baseline inefficiencies
5 MeV threshold - - baseline inefficiencies

26 events
33 events
6 events

165,900 events
288,000 events
46,300 events

Table 12: The background to K; — n°v¥ obtained after variation of the vacuum veto and
Csl inefficiency maps over the range of £2 x 10~° in the photon energy region above 1 GeV.
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Mode Primary Rejection Tool Events/yr
K; —2n° Photon Vetoes, P,, Vertex 19
Ky — 37° Photon Vetoes, P, 0.5
K, s atnn° P, 0.003

| K — vy P, center of energy 0.04
K — ety charged veto 2.0
A — 7%n P,, A lifetime 0.2
= — Ar? = nrln® = lifetime, Photon Vetoes | negligible
= Ay — any = lifetime, Photon Vetoes | negligible
nn — nnm’ 0.04
nn — nnr’r® 0.09
KL’R — m0A 0.03
Total Background per year 22

Table 13: Estimated background levels per year of running.




4 Other Rare and Very Rare Decay Modes

4.1 Introduction

There are many rare kaon decays other than K; — 7% which are of considerable interest
for a variety of reasons. The large kaon flux provided by the Main Injector combined with
a a a large-acceptance detector make KAMI the best place to study these decays. None of
the other proposed K — 7%v7 experiments has this capability.

In addition to K, — 7% 7 , there are other rare kaon decays which are sensitive to direct
CP violation including K; — #°u"u~. The branching ratio predicted by the Standard
Model for this decay is within reach of KAMI.

KAMI will also have the capacity to perform sensitive searches for other rare and forbid-
den decays. These include processes forbidden by the Standard Model, such as the lepton
flavor violating decays K — 7°uteT and K — ptet .

K decays to 4 leptons will be abundant in KAMI. Decays such as K;, — ptu"eTe™ and
K; — ete"ete” provide critical insight into the K;vy*~y* form factor. Additionally, the an-
gular distribution between the decay planes of the lepton pairs is sensitive to CP violation in
the K; — +** transition. KAMI can collect on the order of 34,000 K; — ete~ete™ events
and 1600 K; — ptp~ete™ events in one year of running.

A large sample of K; — 7"n ee™ events will also be collected by KAMI. This decay,
first observed by KTeV, has opened a new window on CP violation through the study of final-
state angular distributions. A very large asymmetry is measured due to indiréct CP violation
through mixing. In addition, various direct CP-violating terms can, in principle, be present in
the amplitude for this decay. While these terms are not expected to be large in the Standard
Model, the study of this mode provides another possible approach to observing direct CP
violation that should be pursued. KAMI will observe >600,000 K; — 777 eTe™ decays per
year. ~
Finally, the decay K; — n%x% e~ is the neutral partner of the K, — 777 ete™ decay,
but does not contain the inner brem term which contributes to the latter decay mode. This
mode offers yet another opportunity to observe a non-Standard Model CP violation effect.

As can be seen from the above discussion, the KAMI charged mode program alone
represents a rich and diverse physics program which probes the Standard Model and issues
of CP violation to significant levels. This program is completely compatible with the KAMI
program to measure K; — 7%v¥ and is not possible to execute at any of the other proposed
Ky — % experiments. The details of this program are discussed in the sections which
follow.

-+

4.2 Kp—ntmmetes

Discovery of the K; — 7t7 e*e™ mode [24] by the KTeV experiment has opened a window
which, with adequate statistics, can be used to address several different physics issues. We
show in Fig. 20 the #t7~eTe™ mass spectrum from KTeV which shows approximately 1800
signal events for the K — ntn ete™ decay mode over a negligible background. Based on
the measured branching ratio from KTeV of 3.63 +0.11 (stat) & 0.14 (syst) x 1077 and an
estimated acceptance of 3.5%, a yield of ~678,000 reconstructed K; — nrn eTe” events
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per year are expected in KAMI.
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Figure 20: M+, -+.- invariant mass

The measured branching ratio for this mode will undoubtedly be systematics limited.
Determination of the vector form factor gy, (Fig. 5) from the EY spectrum of the virtual
photon energy (Fig. 22) and measurement of the indirect CP violating asymmetry (Fig. 21)
in the angle between the '« and 717~ planes in the K center of mass, both of which are
currently limited by statistics. will improve. '
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Figure 21: a) Observed ¢ and b) sin ¢ cos ¢ angular distributions: The data are shown as dots.
The histogram is a Monte Carlo simulation based on the model of Sehgal and Wanninger
ref. [25].

A preliminary measurement of the amplitude |gp| for the “charge radius” process (Fig. 5)
has been made in KTeV. The result

lgp| = 0.100 % 0.018(stat) =+ 0.013(syst) (23)

has been reported [75]. Using equation 7, a value of < R?(K°) > of —0.047 +0.008(stat) fm?
has been obtained. Fig. 23 displays this measurement in comparison with the previous
measurements, all achieved using coherent regeneration of Kg from atomic electrons. Using
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contours of a;/as and |gan|; Constant asymmetry contours calculated from the data are
superimposed

a model of the neutral kaon due to Giersche and Munz [33] in which the lighter d quark
circles the heavier s quark, the difference between the constituent s and d quark masses can
be inferred. A first attempt to observe E1 emission (which would be the sixth CP violation
effect if observed) by a likelihood fit from the KTeV data has resulted in

lgg1| = 0.035 + 0.021(stat).

This measurement could be vastly improved with KAMI statistics.

A likelihood fit to measure the relative phase of the two terms shown in equation 8
was performed and the result is shown in Fig. 24. One of the maxima is close to 90°. At
present, the two o displacement of the 105 maximum from 90° may be due to lack of
precise knowledge of the w7 phase shifts or subtle effects of the other amplitudes. The other
maximum at 387 is an artifact of the fitting process.

Finally, and most speculatively, direct CP violation can take place in the K; — n#tn ete”
decay via the short distance E1 photon emission. The manifestation of direct CP violation
would take place as an asymmetry between positive and negative values of the distribution
of K; — mtn~e%e™ decays in sinf,.+cos¢ where ¢ is the angle between the normals to the
e*e” and 7t~ planes in the K; CMS as before and 6.+ is the angle of the positron relative
to the direction of the 77~ in the ete™ CMS. The double differential cross section in these -
angles is given by

dr ; o '
dcosf+d = K| + K5c0820,+ + K35in°0,+c052¢ + K45in20,+cos¢
+K7sinbe+ sing + Kgsin26,.+ sing + I(Q.sén296+sin2¢

Under time reversal the K , K; and Ky terms reverse sign. Asymmetries in these distrib-
utions indicate CP violation. Indeed the asymmetry in the Ky term is just the asymmetry
in ¢ that was generated by the interference of M1 and indirect CP violating bremsstrahlung
process. Direct CP violation in the K, term where is manifested as an asymmetry in the
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sinf +sin¢ distribution. We show in Fig. 25 the siné,.+ sin¢ distribution obtained in a Monte
Carlo in which the short distance E1 photon emission has been enhanced by a factor of 100.
We show from this same Monte Carlo the asymmetry as a function of a cut against low
M+ .~ masses.

4.3 K; — n0nlete

Analogous to K;, — ntn eTe™ is the decay K — 7%7%%e™. Of course, because the 7's are
neutral, this mode has no inner bremsstrahlung contribution. Furthermore, gauge invariance
and Bose statistics force the 7%7° system into an angular momentum [ = 2 state. As a con-
sequence, the CP conserving charge radius amplitude is the dominant remaining amplitude.
In addition, the E2 (CP conserving) and M2 (CP violating) direct photon emission ampli-
tudes can contribute to the decay. Recent theoretical predictions of the branching ratio for
K — n%7%%e” range from 2.3 x 107 [76] to 1 x 107 [77]. K — 7n%7%*e™ is of course
related to the decay K; — 7°7%y which is extremely difficult to detect due to backgrounds
from K; — 7%7%% with one ~ undetected. . :

KTeV has reported preliminary results on the first upper limit for K; — #°z%%e™ [78].
From 2.7 x 10" K} decays a 90% confidence level upper limit of 5.4 x 107° was obtained
based on the observation of 1 event with an expected background of 0.47)3 events.

The trigger for K; — 7%7%*e™ would require 2 tracks and 6 clusters in the Csl calorime-
ter. The geometric and trigger acceptance is 1.0%. There are many sources of background.
In the KTeV analysis the most serious background was from K; — 7%7%7% where 7%, denotes
the Dalitz decay m° — e*e™v. Cuts to suppress the backgrounds in KTeV further reduced
the acceptance by an order of magnitude. Including this factor leads to an estimate of 10
events in a year of KAMI running.
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Figure 24: Likelihood fit of the relative phase of the M1 and bremsstrahlung amplitudes
using presently available measurements of ¢, and dy, &y

4.4 Decays of the type K; — vy and K — y*y*

As described in Section 4.5, the decay K; — pu*pu~ is of great importance in studies of the
CKM matrix. The short distance part of the amplitude for K; — pu*u™ is directly related to
the parameter p in the Wolfsenstein parameterization of the CKM matrix [81]. However to
extract the short distance behavior the long distance contributions must first be very precisely
understood. The contribution from the real photon intermediate state K; — vy — ptp~
can be determined from the measured branching fraction of K; — ~7v. The contribution
from virtual photon intermediate states v*~ and v*v* needs to be determined from a detailed
study of the form factors of the decays K; — ete™ v, K;, = pTp v, K — ete ete” and
K; — ptp~ete”. KAMI will be able to make significant contributions to these studies.

4.4.1 Kp—-putp vy

The interest in K7 — p*p~y centers on the the K; — ptp™ decay mode. The K; — ptp~
rate receives small contributions from short distance processes that are sensitive to the
CKM parameter p [81-83]. However, the rate is dominated by long distance contributions
involving two-photon intermediate states. The total rate can be decomposed according
to B(K, — ptp~) = |ReAl* + |ImA[%2. The experimental value of the branching ratio
B(Ky — ptp™) = (7.18 £0.17) x 107° is almost completely saturated by the absorptive
component calculated to be [ImA|? = (7.07 +0.18) x 107 [40,84]. |ImA|? is the unitarity
bound and corresponds to the case of two real intermediate photons. Short distance and
Ky — ~v*" contributions make up the dispersive component, ReA = ReAgp+ReAp, which
is limited to [Red.q,|* < 3.7 x 10719 (90% C.L.). ReA,p can be calculated using the form
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Figure 25: a) The sinf.+sin¢g distribution in which direct CP is supposed to appear as an
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a function of M,, mass cut :

factor measured from K; — ptp~y and p is limited with the expression [106]:

|ReA..,| + |ReAp| (M) 155 Vel s
3% 10-5 * (r0Gev) (0010 (24)

Also presented are measurements of the form factor according to the models of Bergstrom,
Massé, and Singer (BMS) [45] and of D’Ambrosio, Isidori, and Portolés (DIP) [86]. Each
model of the y*~ form factor includes a single free parameter: ag. for BMS and « for
DIP. Both parameters can be determined from the differential and integrated decay rates
(i.e. from the dimuon mass distribution and the branching ratio). The final reconstructed
My+,-~ distribution is shown in Fig. 26.  There are 9327 events in the mass window
490 MeV/c* < my+y-, < 506 MeV/c®. The normalized Monte Carlo reproduces the mass
distribution extremely well over a wide range and predicts 221.9 + 14.9 background events
under the signal mass peak, and above gives B(K; — utpu=) = (3.66 & 0.04,,,,) x 107",

In Fig. 27 is shown a model-independent measurement of the form factor as a function
of z (bin-by-bin values for |f(x)|? are given in [105]). The model parameters ag- and «
were measured from the shape of the x distribution by making a log-likelihood comparison
with Monte Carlo generated with various parameter values. In this way, the parameters
were measured to be ag.%"P¢ = —(0.1937003 and o%"P¢ = —1.731013, where systematic
errors dominated by the placement of the cut on track momentum are included. Integrating

p>1.2-—max{

63




Events / 2 MeV/c’
i
[
s

e
]
g%y

10 |

— K =p'Wy+BgMC

l W

03 04 0.5 0.6

Figure 26: The reconstructed m,+,-, distribution after final cuts. The large peak centered
at 380 MeV/c? is K;, —» ntn~n° . K,3 dominates the background from ~400 MeV/¢? out
to 600 MeV /c? with a slight enhancement at 450 MeV/c? from K3, .

s Data
-— MC, f(x)=1

M‘hc_.kl*lvents
- 28 8 8

#J

0.8

+
et

-+~
P S

Data/MC (f(x))
»

ey

Y 04 , , 06
X (mwfmx)

‘Figure 27: The dimuon mass distributions for t;iata, and for Monte Carlo with no form factor

(top). The data/Monte Carlo ratio is a direct measurement of the form factor (bottom).
The Monte Carlo is normalized to the total number of data events.
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the differential decay rate, B(Ii L — ) was found as a function of ag- or «, yielding

ap-PR = 01171008 and o? —1.3840.12. The shape and branching ratio measurements
were comblned to give ay- = —0.157f8:g%§ and a = —1.53 £ 0.09.

A limit of [ReA p|prp < 2.07 x 107 is obtained using the measured form factor parame-
ters with the DIP model. In forming the |ReA,,,|+|ReAp|psp limit, the measured values of
|ReA..,|* and |ReApp|prp are converted into Gaussian distributions, the product of which
forms a two-dimensional probability distribution. The contour of [R.eAw,} + |Redrp|prp
under which 90% of the probability lies in the positive (physical) quadrant is the limit. This
procedure yields the result p > —0.2.

The trigger for K; — ptu~ v in KAMI will require 2 or more tracks, 2 hits in the muon
stack, and at least one electromagnetic cluster in the CslI calorimeter. The acceptance is
calculated to be 8.3%. In the KTeV analysis the various cuts and reconstruction efficiencies
introduced another acceptance factor of 0.39. Putting these numbers together for a year
with 6 x 103K decays KAMI would get a sample of 711,000 events, nearly 100 times the
current largest sample from KTeV.

The major background to K, — ptp~+y arises from K; — n*uFv(K,3) where the
7 either decays in flight or punches through the muon shielding, in conjunction with an
accidental photon in the Csl calorimeter. Compared to KTeV, KAMI has a shorter decay
space between the last tracking plane and the muon shield, and the addition of a tracking
plane in the center of the analysis magnet helps to remove “kinks” from decays.

4.4.2 K, —=eteete

The best current result on K; — ete~e*e™ has recently been obtained by KTeV [87]. From a
sample of 441 events the branching fraction is measured to be (3.72+£0.18,,4, 0. 233yst) x 1078,
Figure 28 shows the reconstructed invariant mass of the two electron-positron pairs. The
QED prediction for this branching fraction [88], neglecting radiative corrections and form
factors and using the experimental measurement of the branching fraction of K, — v,
is (3.65 & 0.09) x 1078, If it is assumed that the form factor factorizes into two terms
of the Bergstrom, Masso and Singer type, then a fit yields aef / = —0.14 £ 0.16(stat) +
0.15(syst) where the notation off ! denotes the fact that radlatne corrections have not
been made. Similarly the D’ Ambrosio, Isidori and Portoles form factor is measured as
o], = —1.1 + 0.6(stat). One may also look for CP violation in K, — e*e”e*e™ in the
distribution of the angle ¢ between the planes of the two e*e™ pairs in the K rest frame.
The ¢ distribution is proportional to 1 + Bcp cos(2¢) + yep sin(2¢) where fop = I‘—TJEW

Yop = %"fgg}gc where ¢ is the usual CP violation parameter and r is the ratio of the

amplitudes of K; and K, decay to ete"ete™ (approximately 1). Ignoring CP violation
(e = 0) the formula reduces to the Kroll-Wada formula where the constant B is -(+)0.20
for an odd(even) CP eigenstate. With CP violation, G¢p differs from the Kroll-Wada value
and vop no longer vanishes. There are, however, no predictions for the value of C, and
thus vop. To improve the resolution in ¢ for the KTeV data only the 264 events with
the invariant mass of both eTe™ pairs greater than 8 MeV/c? were used in a fit to the
¢ distribution. One would expect B to be -0.23 accounting for this cut. The fit yields
Bep = —0.23 £ 0.09(stat) & 0.02(syst), and vop = —0.09 £ 0.09(stat) £ 0.02(syst).
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Figure 28: The 4e invariant mass distribution after all cuts except the invariant mass cut.
The dots represent the data and the histogram represents the Monte Carlo simulation. There
are 436 events in the signal region between the arrows. The decay K; — n¥e*vete™ is seen
in the lower mass region.

The trigger in KAMI for K; — efe eTe™ will require 4 tracks and at least 2 elec-
tromagnetic clusters in the Csl. In KTeV, the largest background to this mode was from
K; — ete v or K; — v with one or two photon conversions in the apparatus. This back-
ground was suppressed by cuts on the minimum track separation of ete™ pairs in the first
tracking chamber. In KAMI, since there is no material upstream of the first tracking mod-
ule, this background should be greatly reduced. The calculated acceptance of KAMI for this
mode is 3.9%. In KTeV the offline analysis kept 39% of the signal. Thus a KAMI year with
6 x 103K decays would yield a sample of about 34,000 events, 90 times the current sample.
This level of statistics will transform the form factor measurement to a highly statistically
significant result. Similarly the CP asymmetries will be probed at the 1% level.

4.4.3 K; - ptpete

The decay K; — pu*pu~ete™ is the best mode to determine the form factors of K; — v*+*
since the lepton pairs are definitely defined. KTeV has recently measured [89] the branching
fraction of K, — ptp~ete™ to be (2.50 £ 0.41(stat) £+ 0.17(syst)) x 107°, based on the
observation of 38 events. Figure 29 shows the fit of the data to the scaled background
simulation. We estimate 0.03 background events from K; — nt7 7%, and K; — ntn"ete”
decays in the signal region. Note that the VMD model of Quigg and Jackson [92], which
predicts a branching ratio of 2.37 x 107°, is in better agreement with our result than more
recent predictions. We have placed an upper limit on the CP violating term of Uy [91],
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of (& ) < 2.77 x 107" at 90% C.L. using the branching ratio. We have also searched for
lepton flavor violation in like-sign lepton decays, and placed a limit B(K; — eFe*uTu¥) <
1.36 x 1071 at the 90% confidence level.

The calculated acceptance of KAMI for K; — uTu"eTe™ is 5.0%. In KTeV, the offline
analysis had an efficiency of 22%. So for a KAMI year of 6 x 10'® decays we expect a signal
‘of 1600 events. The main backgrounds are due to two nearly simultaneous decays which is
suppressed by cuts on measured vertex quality, and K, — 777~ 7% (7% denotes the Dalitz
"decay m° — eTevy) where the n's simulate p's by punching through the muon absorber.
The hermetic photon veto of KAMI will be especially useful in suppressing this background.
KTeV also had a physics background due to K; — u*pu~v decays where the v converted
in the vacuum window. These were removed by cuts on the invariant e*e~ mass and track
separation. These cuts also removed 14% of the signal. KAMI will not have this background
because the vacuum window is downstream of the charged particle spectrometer.

4.4.4 Kp—ete vyyand Kp—putp vy

Two decay modes related to K; — vy , though not especially interesting in themselves, have
significant implications for the attempt to observe direct CP violation in K; — 7°e*e™ and
K;—7°u*u~ . These are the radiative Dalitz decays K —ete vy and Ky —putu~ vy .
With a typical infrared cutoff of 5 MeV for the photon energies in the kaon center of mass,
the electron mode, K; —eTe vy~ , has a branching ratio of about 6 x 1077, five orders of
magnitude higher than the expected rate for K~ m°eTe™ . Moreover, the peak of the vy
invariant mass spectrum in observed events is near the 7° mass. With a good calorimeter,
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experiments can limit the 7° mass range to a few MeV, but the number of ete vy events
in this range still swamps the expected 7°¢"e™ signal. Further reduction in this background
can be achieved by cutting on kinematic variables to remove, for example, events in which
the momentum of one of the photons is nearly parallel to that of one of the leptons; this
topology is typical of radiative Dalitz decays but uncommon for 7°e¢*e™ events. But even
an optimal set of cuts cannot reduce this background to the level of the expected signal, a
major impediment to the measurement of B(K; —7°¢"e™ ). KTeV has identified a sample
of over 1500 e*e” v~ events and has verified that their kinematic distributions are generally
in agreement with those predicted.

In a similar fashion, K; — utu~ vy decays are a serious background to the measurement
of K; = 7°u*u~ . The absolute rate for this decay is much less than the rate for the cor-
responding electron mode (see Table 2). Unfortunately, the part of the phase space where
this decay can be a background to K, —n°u*p™ , after the M., and other kinematic cuts,
is not particularly suppressed.

4.5 Kp—ptp~

The decay K — p*u~ has along history of importance in high energy physics. The low rate
of this decay was one of the reasons for the proposal of the GIM mechanism which, with the
presence of the charm quark, cancels flavor changing neutral currents. The principal contri-
bution to the decay rate is an absorptive process with a two-photon intermediate state. This
may be related to the branching fraction for K — v which yields a lower limit, known as
“the unitarity bound” for the K; — u*u~ branching fraction of (7.07 & 0.18) x 107°. The
excess of the decay rate above this value is due to the sum of long-distance electromagnetic
contributions and short-distance second-order electroweak diagrams. The latter are domi-
nated by the top quark and are approximately proportional to |Re(V;iV4)|* from which p in
the Wolfenstein parameterization may be derived.

The current experimental knowledge of the branching fraction of K; — pu*u~ is domi-
nated by the result of BNL E-871, [40] who obtain the value (7.18 £ 0.17) x 1079, based on
a sample of 6200 candidate events with about 1% background. This sample is a factor of 6
more than all other experiments combined.

The trigger in KAMI for K; — p*u~ would require 2 tracks in the fiber tracker and
2 hits in the muon range stack. The calculated acceptance is 10.5%. This would yield, in
one year of running with 6 x 10K, decays, a signal of 45,000 events before offline cuts.
The principal background is due to K; — 7*uTv where the 7 decays or punches through
the muon absorber. The endpoint of the p*u~ mass distribution is 8 MeV below the K
mass, requiring good mass resolution to separate these events from the signal. The first level
trigger rate for the 2-track 2-muon trigger may be as large as all other charged mode triggers
combined, which might, depending on trigger system and DA capacity, require additional
trigger requirements with possible loss of acceptance.

4.6 Kp > n0utp~

Along with the decay K; — 7%v¥ that is the principal objective of KAMI, the related
decays K; — nlete and K, — 7%uT ™ are of considerable interest. Within the standard
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model there are three contributions to these modes. [93]. The first is a directly CP violating
contribution from electroweak penguin and W box diagrams; only loops with t quarks,
which have amplitudes proportional to n in the Wolfenstein parameterization, ultimately
contribute. The second contribution is an indirectly CP violating amplitude [94] due to the
K, component of the K;. Third, there is a CP conserving component proceeding through
m'*v* intermediate states [95], which can be estimated from measurement [96] of the decay
K; — m%y~. The expected branching fraction in the standard model for these decays is in the
range 0.3 — 1.0 x 107!, The branching ratio predictions are modified in theories containing
particles bevond the standard model that contribute to the penguin and box amplitudes.
The minimal supersymmetric standard model mostly predicts reductions in the branching
ratios [97], while other supersymmetric models predict enhancements [98].

The best current limits on these modes are from KTeV. Based on the data taken in 1997
for K;, — n%%e™ an upper limit at the 90% confidence level of 5.1 x 107! was set [99]
based on the observation of 2 events with an expected background of 1.06 3 0.41 events.
For K; — #°u*p~ the 90% confidence level upper limit was [100] 3.8 x 107! based on 2
observed events with an expected background of 0.87 & 0.15 events. Note that these limits
are not background free. In particular, there are physics backgrounds due to the decays
K; — ete vy and K — u*pu vy where the vy invariant mass coincides with that of the
7%, The branching fractions of these decays have been measured in KTeV [101} [102]. To some
extent this background can be suppressed by judicious cuts on the decay kinematics [103].

per year

events

1 ﬂ—-11 1 0—10
i’ " branching froction
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Figure 30: Signal and background rates for K; — 7°u*u~, versus the branching fraction.
The diagonal lines show the predicted number of observed signal events in one year for perfect
reconstruction efficiency (solid), and 20% reconstruction efficiency (dashed). The horizontal
lines show the expected background from K; — u*u~ vy only (dot-dashed) and-also other
background sources (dotted).
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For the K — 7%eTe™ decay in KTeV, rejection of backgrounds from K — w¥e¥v decays
required additional 7 /e separation above that of the CsI calorimeter alone. This was achieved
by the use of Transition Radiation Detectors. Since we do not at present intend to include
TRD’s in the KAMI detector we ignore the 7%*e™ mode and concentrate on 7°u*p™.

The trigger for K; — 7°u*u~ will have the basic requirements of at least 2 track hits in
the last fiber tracker plane, hits in 2 or more tiles at a certain depth of the muon stack, and at
least 2 electromagnetic clusters in the Csl calorimeter. We calculate the KAMI acceptance
to be 5.5%. If event reconstruction was perfect in one year with 6 x 10 K decays the signal
event yield versus 7°u* 1~ branching fraction is given by the upper diagonal curve in Figure
30. For a branching fraction of 1.0 x 107! we expect 33 events. Of course, reconstruction
efficiency will not be 100%; in KTeV the reconstruction efliciency after geometric and trigger
acceptance was about 20% [104]. If we apply this additional inefficiency we get the lower
diagonal curve in Figure 30. :

Now we also need to estimate the background, since we know it cannot be entirely
eliminated in this analysis. The best estimate we can make now is to extrapolate from the
experience of KTeV. Extrapolating from the calculated 0.37 events of the physics background
due to K; — utpu~yy yields a prediction of 89.5 events per year. This is shown as the lower
horizontal line in Figure 30. If we use the total estimated background in KTeV of 0.87 events
the extrapolation vields 209 events per year in KAMI, as shown in the upper horizontal line in
Figure 30. These additional backgrounds arise mostly from common K decays where pions
decay in flight or punch through the muon shielding. KAMI may be better in reducing these
backgrounds as it is designed to have less flight path after the last tracking station where
decays can take place, and the addition of a tracking plane at the center of the magnet helps
to detect “kinks” due to decays within the spectrometer. On the other hand the average
momentum of pions is lower, leading to higher decay probabilities.

If we take the signal and background curves of Figure 30 as indications of the range of
signal and backgrounds that may be obtained we can calculate the sensitivity of KAMI for
7%t ™. Figure 31 shows the ratio of the signal divided by the square root of the background
for the 4 combinations of signal and background curves in Figure 30. If the signal is in the
middle of the range of curves, this corresponds to a 3 o detection for a branching fraction of
about 2 x 107!, Once a sample of events is accumulated it may also be possible to extract
the numbers of signal and background by likelihood fits to the kinematic distributions of the
events, or perhaps by the use of neural network analysis.

One will of course accumulate a sample of K; — p*u~ vy during the analysis. The
acceptance for this mode is 2.0%, which would yield a sample of 11,000 events in a year
compared with the 4 events observed by KTeV.

¥

4.7 Lepton Flavor Violating Modes

The observation of lepton flavor violation (LFV) in neutrino oscillations at SuperK has
renewed interest in lepton flavor violation in decay processes. Neutrino oscillation provides a
mechanism for lepton flavor violation in a decay process, but predicted rates are far below the
sensitivity of any existing or planned eéxperiment. Many extensions of the Standard Model
allow or require lepton flavor violating decays at levels far above Standard Model predictions.
The neutral Kaon system is an excellent place to search for lepton flavor violating decays
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Figure 31: Signal divided by square root of background for 7%t ;™ in one year of running
for the 4 combinations of signal and background shown in Figure 30

which are sensitive to plivsics bevond the Standard Model. Reference [122] is a survey of
LFV kaon decays and the current constraints on supersymmetric parameters imposed by the
existing experimental limits. '

KTeV has set LFV limits in several decays, and additional limits will be forthcoming. Qur
experience with KTeV allows us to make reasonable estimates of LF'V sensitivities accessible
to KAML

4.71 K, - 7ue

KTeV announced a preliminary limit on this mode at DPF2000 in Columbus [72]. The limit
is 4.4 x 1071% at 90% CL. This limit is a factor of 15 better than the previous limit from
E799-1 for this'mode. The additional data from KTeV99 should reduce this limit by a factor
of two. Fig. 32 shows this result included two background events in the signal box from
K; — mev plus accidental photons.

To substantially improve this limit, this source of background must be greatly reduced.
However, there is reason to think that this source of background would be substantially
reduced in KAMI. One possible source of extra photons is an additional decay which produces
a 70 plus other particles. If the additional particles are not observed, the photons could
contribute to the background. KAMI will have superlative vetoes on both charged particles
and photons, so backgrounds due to multiple decays should be reduced.

An additional source of accidental photons is 7° production by neutron interactions in
the vacuum window or other material. This source of background will be much reduced
in KAMI since the vacuum window will be immediately upstream of the calorimeter. If
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Figure 32: Mo, invariant mass

accidental backgrounds can be controlled, we expect a single event sensitivity (assuming
6 x 101K, decays) of about 4 x 10713, '

In KTeV we used the TRD information to reduce backgrounds from K; — = 7~ #° with
one charged 7 misidentified as an electron and the other as a muon. We have confirmed
with KTeV data that if we remove the cut on TRD information, no additional background
enters the signal region. The two-fold particle misidentification causes the Mo, to be
reconstructed well below the kaon mass, keeping these events well away from the signal
region. We therefore do not expect the lack of TRD information in KAMI to impact the
sensitivity in this mode.

4.7.2 7° — pFeT tagged from K; — 7°7%7°

KTeV announced a preliminary result from this decay at the DPF2000 meeting in August
2000 [72]. The background-free limit was 7.85 x 107'°, a factor of 22 improvement over the
PDG limit. An additional factor of two improvement is expected from the KTeV99 data.

The search requires an electron and a muon with an invariant mass near the 7° mass, as
well as four other photons, consistent with two 7%’s, all of which form a kaon mass. These
requirements are exceedingly restrictive, leading to a totally background-free limit. We do
not yvet see any source of backgrounds that might enter at the level of KAMI’s flux. Rather,
the superior vetoing power of KAMI should only reduce backgrounds further. For a flux of
6 x 1013 K} decays, we expect a single event sensitivity of about 8 x 10712,
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4.7.3 K = pEpFeTet

KTeV set a 90% CL limit of 1.36 x 107 on this mode, as part of the measurement of the
branching ration for K; — p*uFe*eT. The background in this mode is expected to come
from double decays to semileptonic modes, followed by pion decay to muons. Estimated
background in the KTeV data set is 0.02 events from this source, although this background
should be reduced with more careful kinematic and tracking cuts. KAMI should achieve a
single event sensitivity of 3 x 107** in this mode.

4.7.4 Other Lepton Flavor Violating Modes

The current best limit on any kaon decay is BR(K, — p¥e® )< 4.7 x 10712 [121]. KTeV
did not study this mode, since we could not improve on this limit. However, KAMI should
achieve a SES for this mode of ~ 2 x 107!®. Triggering and backgrounds in KAMI for this
mode are currently under study. Other LFV modes currently under study in KTeV include
Ky — ntn pe and K — 7m%7%e. In KTeV we expect limits comparable to the limit on
K; — 7%ue, and would expect comparable improvements in KAMI. Background levels for
these decays in KTeV are not vet known but expected to be small.

4.8 Summary

As can be seen from the previous discussion, KAMI offers the opportunity for a rich and
diverse physics program in addition to the flagship K; — #°%/% measurement. The sensitivity
reach of KAMI allows for issues of direct CP violation, lepton flavor violation and other new
physics phenomena to be probed in important new ways. This has been discussed in detail
in Section 1 and in the preceeding sections. Table 14 summarizes KAMI's sensitivity for the
various charged modes that have been discussed.
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Decay Mode Branching Fraction | Current Best Result | Events per Year
(measured or predicted) | (events or 90% C.L.) or Sensitivity
for KAMI
K; = nuty 0.3 - 1.0 x 107 <3.8x10710 <2x107H
K; —»ntneTe” 3.2x1077 6000 678,000
K — putp™ 7.2x107° 6200 45,000
Ki — i vy 91x10° 1 11,000
Ky — ptpuy 3.7x 1077 9327 711,000
K; —»eTe ete 3.7 x107% A 441 34,000
K;— utp~ete | - 2.5 x 1077 . 38 1600
K; — nlu*et - <4.4x107% [ 4 x 107" (SES)
K; — pFe™ - <4.7x107 | 2x 1077 (SES)
0 — pEe’ - <7.9x 107" | 8 x 107 (SES) |
K; — pFp=e¥et - <1.4x107° | 3x 107" (SES)

Table 14: Summary of the current best results and KAMI sensitivity for various decay
modes with charged particles. The KAMI yield or sensitivity assumes one year of running
with 6 x 10"* K decays. SES decnotes single event sensitivity.
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5 Beams

The KAMI experiment requires a high-intensity primary beam of 3 x 10*® protons per pulse
with a flat-top of 1 second and a repetition rate of about 3 seconds. Assuming the Main
Injector runs for 2 x 107 seconds per year, this corresponds to about 2 x 10%° protons per
year on the KAMI target. The integrated luminosity for KAMI will be almost 100 times
the KTeV luminosity! It is therefore necessary to re-evaluate very carefully all issues having
to do with beam loss, maintenance, residual radioactivity and other issues that might be
related to this increased luminosity.

KAMI is requesting debunched beam in order to minimize pile-up in the detector. Modest
modulation of the beam for ease of monitoring is acceptable.

The overall beam design is along the lines of the “KAMI-far” configuration discussed in
the KAMI EOI [108]. The general layout of the primary beam, target, and neutral beam are
very similar to the existing K'TeV configuration.

The targeting angle will be variable between 10 mr and 20 mr in the vertical plane. Here
we assume a 15 mr targeting angle. The full range of targeting angle will not be available
without realigning the vertical bend magnets. The design of the target area will be such
that this full range of targeting angle can be accommodated.

5.1 Pi’imary Beam

The KAMI primary beam is very similar to the KTeV primary beam. Most of the beam line
is in place and tested using 150 GeV primary beam at the end of KTeV running in January
2000. Some issues remain to be dealt with:

e The superconducting bends are to be replaced with conventional magnets. The decision
has been made to eliminate superconducting magnets from the external beam lines.

e There was some beam scraping during the test beam run. The apertures are being
reevaluated to make sure this will not be a problem in the future.

e The detailed arrangement of the final bend system is yet to be defined. It may be
necessary to readjust the positions of the final vertical bends in the primary beam. This
is not a large project; the realignment from the KTeV configuration to an appropriate
configuration for KAMI running required only a few days.

The beam design has been carried out for 120 GeV beam [109]. A plot of the beam
envelope from A0 to the KAMI target is shown in Figure 33.

It is expected that in the near future, Main Injector beam will be delivered to the Meson
Area. Then it will be possible to measure the emittance of the Main Injector beam. Given
good input data, detailed beam calculations will be redone after which, some additional
modifications of the beam design may be necessary. As the beam has already worked at
150 GeV, these additional modifications are expected to be modest.

The intensity of the primary beam in NMi and upstream of the target should be moni-
tored to assure efficient beam transport. The position of the beam must be monitored and
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Figure 33: KAMI Primary Beam Envelope

the beam must be kept well positioned on the target. It is assumed that it will again be pos-
sible to control the beam using automatic control and compensation software (AUTOTUNE)
and that the instrumentation necessary to implement those controls will be in place.

5.2 Target

The target used in the KAMI test run was one interaction length of BeO. The simulations
and rate calculations also assume a one interaction length target. A high A material would
maximize the kaon flux while minimizing the size of target presented to the collimating
system. A short target (the best would be a point) leads to a beam with less halo due
to elastic scattering in the collimators. Because the beam halo is recognized as a major
source of radiation damage to the Csl calorimeter, and because beam halo is a potential
source of background to the measurement of K; -+ 7°v% , the case for a dense, short target
is compelling.

One of the concerns associated with using a high-A target is that the ratio of v/K° or of
n/K°® might be compromised. However, GEANT studies of these ratios, shown in Figures 34
and 35, indicate that these ratios are, in fact, not compromised. Note that the number of
photons in the neutral beam is reduced to negligible levels by placing a Pb converter in the
neutral beam. The attenuation to the kaon beam from a 3 inch lead absorber has been
included in the flux estimates presented in Section 2.5. Note that because of the relatively
large targeting angles, the kaon flux increases monotonically with increasing target length.

Because of the large amount of energy deposited in the target, it will be necessary to
cool the target by flowing He over it. This means that there must be a recirculating system
and heat exchanger developed for the target area.

The target must be installed on a removable tray. It will not be possible to have actuators
and sensors directly associated with the target. This was attempted in the less intense
environment of K'TeV, but the devices failed early on in the experiment. Methods for dealing
with the very hot target and target environment are yet to be worked out.
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Figure 34: KAMI v/K° production ratios for various targets
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Figure 35: KAMI n/K° production ratios for various targets

5.3 Neutral Beam

'The neutral beam will be defined by the target and three collimators, all located in NM2.
The final collimator will be followed by a sweeping magnet. This final sweeping magnet
was determined to be absolutely necessary by tests done during KTeV running. Detailed
simulations of the KAMI neutral beam is in progress.

Two of the existing KTeV collimators can be reused. Of course new inserts with a single
beam defining hole must be installed. KAMI uses a single neutral beam instead of the two
beams used in KTeV. The sweeping system will be similar to that in KTeV. The target will
be located in the first sweeping magnet.

As the targeting angle is larger in KAMI than in KTeV, the location of the beam dump
will be changed. It will again need to be water cooled using the RAW system currently
in place. The dump will start approximately 2.5 meters downstream of the target. The
upstream end of the target pile will have to be rebuilt in order to install the new target
assembly, initial sweeper and beam dump. The E8 hyperon magnet, which is already in
place in the tunnel, will be used as a second sweeper. There will be space for converters and
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absorbers, followed by the first of the collimators and NM2S3. The spin rotator magnet is
not needed in KAMI (no hyperons make it to the KAMI decay region at these energies), but
there is no need to remove it. The slab collimator will be removed. The exact location of the
second collimator in NM2 is not yet fixed. It may be necessary to adjust the position of the
neutral beam stop and/or the existing jaw collimators to accommodate this new collimator.
The neutral beam will be in vacuum starting shortly downstream of the absorbers as in
KTeV. Again, the vacuum will be contiguous to the large window in front of the Csl.

5.4 Alignment

Standard alignment techniques may be used to place the primary beam elements and mon-
itors. The precision of the beam - target alignment is not particularly critical as it was for
the €¢'/e experiment in KTeV.

However, the alignment of the neutral beam defining elements - the target with respect:
to the three collimators is critical. Studies have shown that the tails on the neutral beam
shape are very sensitive to the collimator alignment. Monte-Carlo simulations indicate that
the collimator alignment must be better than 200 microns.

In addition, given the intensity of the beam, it will again be critical that the neutral
beam pass through the beam hole in the CsI array.

55 KAMI Test Run Beam Studies

The 150 GeV beam test run done in January, 2000 revealed a substantial halo closely sur-
rounding the beam. The intensity was seen to be high enough to lead to unacceptable
radiation damage to the Csl calorimeter. The angular spread of the halo can also limit the
ability to produce a pencil-beam for anticipated special studies.

The test beam conditions have been simulated using a Monte Carlo. This simulation
leads to an understanding of the test beam and serves to calibrate the Monte-Carlo. In the
process, the physical mechanism(s) contributing to the halo can be understood. The Monte
Carlo is then used to understand what changes are required to reduce the halo to acceptable
levels, and to determine the tolerances on collimator shapes and placements.

Nuclear coherent elastic scattering is the only mechanism that generates a closely lying
halo of the same type of particle as the beam itself. Inelastic processes distribute most of the
outgoing energy into pions at relatively large angles compared with the observed halo in the
dangerous region of a few milliradians. Occasionally, leading nucleons are produced outside
the halo as well as fission products and a swarm of low energy neutrons that continue to
interact for microseconds. A GEANT simulation revealed that elastic scattering dominated
the beam-halo by several orders of magnitude. Because inelastic processes result in large
energy losses, they will be responsible for collimator radioactivity but that is not the issue
addressed here.

The known components of the beam are (1) the primary collimator (PC) located 20
meters from the target, (2) the jaws at about 43 meters, and (3) the defining collimator
(DC) at about 88 meters. While the apertures of (1) and (3) are not adjustable {(except
for inserts), the position and orientation are not well known at the sub-millimeter and sub-
milliradian levels. As for the 2 jaws (and slab when it is in situ), neither the position nor
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orientation is accurately known. The beam is believed to have been clipped by a jaw. Some
tuning of the jaw geometry was therefore required to simulate the data. In the simulations,
rotations about the z-axis were neglected; perfect angular alignment was assumed between
DC and PC. Picture frame collimators were added upstream and downstream of the jaws
and upstream of the DC to simulate alignment errors.

The plots to be compared between the data and the simulations are the so-called “ring
number” plots. These rings are essentially a measure of the transverse location of decay
vertices with respect to the beam axis. In these simulations, a very naive spectrometer was
assumed, so the plots are not well simulated at large ring number. For modest ring number
the data is well represented by the simulation, as can be seen in Figure 36.
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Figure 36: Comparison of “ring number” (essentially a P, distribution) from the KAMI
beam test (dots) and simulation (solid line}

How can halo be reduced for KAMI? One change that suggests itself is to replace the
adjustable jaw structure with a precision collimator much like the DC and PC. The config-
uration used for the KAMI simulation is shown in Figure 37.

Note that this is not exactly the KAMI configuration discussed below. It was felt that the
optimization should proceed in small steps to maintain a detailed understanding of the effects
of each change from the KTeV/KAMI-Test-Beam calibration configuration. This round of
simulations proceeded in three stages. First was to reproduce the KAMI test beam results.
Second was to replace the jaws in the neutral beam with a nominal collimator. Finally, an
optimized collimator was placed at that location. Results from a simulation of this series of
studies is shown in Table 15, and the spectra and illuminations for the final case are shown
in Figure 38.

The new collimator is very simple, namely a rectangular solid placed at 43 meters from the
target and having an un-tapered square beam hole. Simulations were done with various hole
sizes. There is a factor of at least 10 improvement with this precision collimator. Clearly,
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yz-view

Figure 37: Target and collimator geometry in the vertical plane used to simulate the KAMI
beam.

GEANT Simulations - KAMI Tests

Case | Total Beam Particles | In Beam Hole | Out/In
No. 1 566257 561471 0.85%
No. 2 452629 452202 - | 0.094%
No. 3 395759 395722 0.008%

Table 15: GEANT simulations of 3 center collimator configurations: 1) KAMI Beam test;
2) 2 cm square: 3) optimized for KAMI beam.
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Figure 38: KAMTI neutral beam simulation with a precision middle collimator. -

a precision collimator between PC and DC is needed, but a more thorough parametric
study will very likely reveal better collimator positions along the beam, better aperture
shapes, tolerances, and better choices for material which need not be the same for all three

collimators.
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6 The KAMI Detector

6.1 Overall Geometry

The geometry of the KAMI detector is primarily governed by the stringent requirement of
hermetic photon rejection efficiency for the K; — 7°v% measurement. The KAMI detector
is shown in Figure 8.

The most upstream section of the detector is a 5 m long veto region which is surrounded
by the two Mask Anti detectors and vacuum photon veto detectors to reject upstream decays.
This section is followed by an 85 m long fiducial region, again completely covered by vacuum
photon veto detectors located inside of the vacuum tank.

The detector includes a charged spectrometer, consisting of five fiber tracking modules
and a wide-gap analyzing magnet. The fiber tracking modules reside inside the vacuum
chamber and integrate with the photon veto system. The vacuum chamber passes through
the magnet gap.

The KTeV pure Csl calorimeter will be re-used and will sit just downstream of the
vacuum window. The size of the calorimeter will be increased to improve the acceptance for
K; — %% . The gap between the vacuum window and the Csl is filled by two sets of Csl
Anti counters to cover any cracks between the vacuum veto system and the Csl. Behind the
Csl, the neutral beam is dumped onto a beam-hole calorimeter known as the Beam Anti,
designed to veto photons going down the Csl beam hole. Finally, there are multiple layers
of iron shielding and muon counters for muon identification. Table 16 shows the locations
of all the detector elements. '

6.2 Pure Csl Calorimeter
6.2.1 The4KTeV Calorimeter

The KTeV Csl calorimeter is the most advanced, high-precision electromagnetic calorimeter
currently in use. The calorimeter consists of 3100 pure CsI crystals, 27 radiation lengths
long, prepared for optimal resolution and linearity. It is instrumented with low-gain, highly
linear photomultiplier tubes (PMTs), each with its own digitizer.

The length of the crystals was chosen to be 27 radiation lengths (50 cm) in order to achieve
excellent energy resolution and linearity. There are two sizes of crystals, 2.5 x 2.5 x 50.0 cm?
crystals in the central region of the calorimeter, and 5.0 x 5.0 x 50.0 cm?® crystals in the
outer region. The two transverse dimensions were chosen to optimize the K; — 27% mass
resolution, while minimizing the number of channels. To optimize the resolution and linearity
of the calorimeter the Aluminized-Mylar wrapping of each crystal was individually tuned so
that the scintillation response along the shower is uniform to the level of 5%. Finally, on
average, the actual light yield of the crystals was 20 photo-electrons/MeV, which corresponds
to a contribution to the energy resolution of 0.007/+/E(GeV).

The signals from the CsI PMTs were digitized at the PMT base in 19 ns time slices, in-
synch with the RF structure of the K'TeV beam. The digitizer is a multi-ranging device with
16 bits of dynamic range in the form of an 8-bit mantissa and a 3-bit exponent. The noise
per channel is about 0.8 MeV. The energy resolution of the calorimeter is better than 1%
over the energy region of 5 - 100 GeV. The multiple samples allow for additional rejection
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z{up) | z(down) | R(in) | R(out)
(m) m) (m)| (m)
Production target 0.00 0.30 -1 0.0015
Primary collimator 20.00 22.00 -1 0.0029
Defining collimator 60.00 63.00 - | 0.0255
Mask Anti 1 95.00 95.70 | 0.07 0.40
Vacuum Veto la 95.70 99.30 | 0.40 0.90
Mask Anti 2 99.30 | 100.00 | 0.07 0.40
Vacuum Veto 1b 100.00 116.00 | 0.40 0.90
Vacuum Veto 2 116.00 134.00 | 0.65 1.30
Vacuum Veto 3 134.00 | 152.00 | 0.90 1.40
| Vacuum Veto 4 152.00 170.00 | 1.15, 165
Fiber Tracker 1 (x/y) | 170.00 | 170.05| 0.07 1.25
Vacuum Veto 5 170.00 | 173.00 | 1.192 | 1.692
Fiber Tracker 2 (x/y) | 173.00 | 173.05 | 0.07 1.25
Vacuum Veto 6 173.00 176.00 | 1.234 | 1.734
Magnet (gap) 173.00 | 179.00 | 1.900 -
Fiber Tracker 3 (x) | 176.00 | 176.05| 0.07 1.25
Vacuum Veto 7 176.00 | 179.00 | 1.277 | 1.777
Fiber Tracker 4 (x/y) | 179.00 | 179.05| 0.07| 1.375
Vacuum Veto 8 179.00 184.00 | 1.347 | 1.847
Fiber tracker 5 (x/y) | 184.00 | 184.05| 0.07| 1.375
Vacuum Veto 9 184.00 186.00 | 1.375 1.875
Vacuum window 186.00 186.00 - 1.95
Csl Anti 1 186.05 | 186.30 | 1.375 1.50
Csl Anti 2 186.30 186.70 | 1.375 1.50
Csl 186.00 | 186.50 | 0.075 | 1.375.
Muon Range Stack 188.00 | 200.00} 0.15 2.00
Beam Anti 1 189.00 | 190.10 | 0.075 0.25
Beam Anti 2 195.00 | . 196.10 | 0.075 0.35
Beam Anti 3 205.00 206.00 - 0.35

Table 16: Locations and inner/outer dimensions of all the KAMI detector elements.
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of out-of-time accidental activity. In addition, the time resolution of the system has been
found to be 150 psec, using a calibration laser flasher system.

6.2.2 The KAMI Calorimeter

The CsI will be re-stacked for KAMI to form a circular array with a single 15 cm x 15 ¢cm
square beam hole. Careful attention will have to be paid to cracks between crystals that can
lead to detection inefficiencies. It will be necessary to tilt the array or stack the crystals with
a non-projective geometry to prevent cracks from lining up with the trajectory of incident
photons. The diameter of the array will be 2.75 m, requiring the addition of 1068 new
_crystals. The re-stacked calorimeter is shown in Figure 39. The change from a square to a
circular array is driven by the desire to minimize the size of the vacuum window which sits
immediately upstream of the Csl.

For the KAMI experiment, the important calorimeter considerations include energy res-.
olution, resistance to radiation damage, efficiency to separate nearby photons, and gaps
between crystals. Let us discuss these issues in turn.

The energy and position resolution of the calorimeter can be determined from momen-
tum analyzed electrons from K — n%eTv decays. The ratio of energy measured in the
calorimeter to momentum measured in the spectrometer is shown in Figure 40. For electrons
incident over the entire calorimeter, and having momentum from 4-100 GeV, the resolution
is o(E/P) = 0.78%. The resolution as a function of momentum, with the estimated con-
tribution from the momentum resolution removed, is shown in Figure 40. The resolution
is 1.1% at the KAMI mean photon energy of roughly 6 GeV. Some improvement in the
resolution at low energies will be possible, since in KTeV we have masked off typically 50%
of the scintillation light to improve the linearity of our PMTs. For KAMI, where sub 1%
linearity is not critical, we will remove these masks to increase the scintillation light output
and improve the effective noise level.

In one year of running KAMI, we expect that the radiation dose in the center of the
calorimeter will be approximately 60 krads. At this dose we expect to see some degradation
of the calorimeter’s resolution.

The radiation resistance of the Csl crystals has been tested in two ways. First, controlled
tests of a small sample of crystals (~17) were performed in which doses of 0.5, 2.5 and
8.0 krads were applied evenly across the length of the crystals. There was considerable
recovery from radiation damage after 30 days for doses of 0.5 and 2.5 krads. After 8 krad of
exposure the resolution degraded by ~0.2%.

Second, by the end of the 1996-1997 KTeV run, the center of the Csl had been exposed
to a dose of ~10 krad. The crystals were exposed to another 10 krad during the 1999 KTeV
run. The overall gain in crystals that were exposed to 10 krad was observed to drop by
~25% (the radiation exposure is not uniform over the face of the Csl and is concentrated
near the beam holes). The longitudinal response did not change significantly for most chan-
nels. Approximately 80 of the 3100 crystals experienced a significant change in longitudinal
response. Most of these crystals were from a small number of ingots suggesting a correlation
with ingot quality. No significant degradation of the resolution has been observed in these
crystals or in the array as a whole.

In the seven years since KTeV purchased its Csl crystals, work has continued on radiation
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Figure 39: The KAMI Csl calorimeter.
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Figure 40: The E/P ratio for clectrons from K3 decays in the KTeV Csl calorimeter is
shown on the left. The encrgy resolution vs. momentum for electrons from K3 decays
in the KTeV Csl calorimeter. is shown on the right. The estimated contribution from the
momentum resolution hias been removed. '

hardness issues. Crystals with improved radiation hardness have been produced at Kharkov
in the Ukraine [110]. Radiation hardness of Csl crystals ¢an be improved by including specific
impurities in the crystals which compensate for the damage done by absorption of radiation.
Sequential doses of 10 krad have been applied over time to crystals produced in this way.
After a cumulative dosc of 50 krad no color centers are observed and absorption bands are
absent. Only a slow increase in the absorption coefficient was observed. These advancements
are encouraging. Future NANI R&D will include radiation studies of these new Csl crystals
with the idea of using them around the calorimeter beam hole where the radiation dose is
highest.

One of the ways in which &\, — 27Y events appear as background to K; — 7%v¥ is for
two of the photons to overlap or fuse in the calorimeter. This background is suppressed by
requiring that the photon’s transverse distribution of energy in the calorimeter be consistent
in shape with typical electro-magnetic clusters. A shape x* is formed using the measured
position of the cluster as a lookup for the mean and rms of the energy in each crystal in the
cluster. Typically a 7x7 array is used in the 2.5 cm crystals, and a 3x3 array is used in the
5.0 cm crystals. The efficiency of the shape x? requirement from a Monte Carlo simulation
of the K — 27% background is shown in Figure 41 as a function of the distance between
photons for the case of photons in the 2.5 cm x 2.5 cm crystals. Nearby photons can be
distinguished 50% of the time when they are separated by roughly the crystal’s transverse
dimension. :

Finally, the Csl calorimeter was constructed to minimize the amount of inactive material
between crystals and the size of gaps between crystals. The crystals are wrapped with one
layer of 12.5 pm Aluminized-Mylar (and two overlapping layers on one face). In addition, the
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Separstion Efficiency vs. Distance

Figure 41: Monte Carlo of the efficiency of separating fused photons vs. the distance between
the two photons. '

wrapping was secured with a thin layer of backless transfer tape. The inactive material thus
comprises only 0.22% of the array in cross-sectional area. Also, gaps between crystals were
minimized by pushing horizontally on each individual row of the array. However, on lines
extending radially from the beam holes, there are trajectories on which photons will only go
through the mylar wrapping. The probability that a photon will lie on such a trajectory is
roughly 7 x 1075, A more complete simulation is needed to estimate the probability that a
photon will convert in the mylar, and lead to a significant energy deposition. In KTeV data
itself, the inactive material and gaps between crystals has been seen in an enhancement in
the number of events with low electron E/P which occur at the boundaries of crystals. In the
2.5 em crystals, the E/P ratio is between 0.80 and 0.95 due to crystal boundaries for 9 x 10™°
of all electrons. This will not be adequate for KAMI, but there are several possible solutions
which include tilting the array or stacking the crystals with a non-projective geometry. This
issue is currently under study.

The front-end electronics used for the KAMI Csl calorimeter will be similar to the elec-
tronics used for the calorimeter in KTeV. However, because the KAMI beam will be de-
bunched with no real RF structure, the digitization scheme relative to the phase of the event
clock will have to be modified. This will be discussed in Section 6.8.

6.3 Photon Veto detectors

6.3.1 General Design Considerations

4

One of the most challenging detector issues facing KAMI is the efficient detection of all
photons produced by background events along the entire vacuum decay region. Complete
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hermeticity and efficient photon detection down to energies as low as a few MeV is required.
Achieving the lowest possible detection threshold in the photon veto detectors reduces the
background level for K; — 7°v¥ and results in a cleaner measurement. The photon veto
systems should also provide reasonably accurate energy and position measurements so that
well measured control samples of K; — 27° , K; — 37% and K; — 777 7% decays can be
used to monitor the global efficiency.

The KAMI photon veto system begins 95 m from the production target and terminates
immediately in front of the CsI calorimeter, located 186 m from the target. The photon veto
system consists of two Mask Antis at the upstream end of the detector, several sections of
barrel vacuum veto detectors, CsI Anti detectors, and a Beam Anti detector. The Beam
Anti detector uses a different technology because of its unique requirements and is discussed
in Section 6.4. The layout of the photon veto system can be seen in Figure 8 and Table 6.

The distribution of photons from K; — 27° decays that must be efficiently detected by
the vacuum veto system are shown in Figure 42. Each entry in the figures corresponds to
events with two photons in the Csl calorimeter that pass the nominal event selection cuts
described in Section 2.6.2 and two additional photons in the vacuum veto detector. For the
two photons in the veto system, the energy spectrum of the one with the higher energy and
the spectrum for the lower energy photon are plotted separately. From the energy spectrum
of the lower energy photon it is apparent that photons down to very low energies must be
vetoed. Fortunately, there is a correlation between the energy of the two photons in the
veto system. When one photon has a very low energy the other photon is likely to have a
high energy. This is demonstrated in Figure 43. The events in the bottom plot have been
weighted by the product of the the energy-dependent inefficiencies of the two photons in the
veto system from Table 9.

A fine sampling lead/scintillator calorimeter can satisfy the KAMI background rejection
requirements. The photon veto detectors will be constructed of alternating layers of 1 mm
thick lead sheets and 5 mm thick scintillator tiles. 1 mm diameter wavelength shifting (WLS)
fibers will be inserted into grooves in the the scintillator tiles to efficiently collect photons and
transport them to photodetectors mounted outside of the vacuum tank for easy access. The
fibers will be spaced at 1 cm intervals and will have a double layer of cladding to minimize
losses. The end of the fiber that does not run to the photodetector will be mirrored with an
aluminum vacuum evaporation process to increase the light yield. Each piece of scintillator
will be wrapped in white Tyvek to maximize light collection and protect the polished surfaces
from the lead. The layout of a scintillator tile is shown in Figure 44.

The cost of the photon veto system is of primary concern and a good deal of effort has
gone into designing a low-cost, high light-vield device with fast time response. Slgmﬁcant
effort has also been devoted to quantifying the photo-electron yield per MIP, the decay time
and FWHM of the anode pulse distributions for various combinations of WLS fiber and
scintillator. The WLS fibers that have been investigated include Kuraray blue WLS SCSF-
B2, Bicron green WLS BCF-92 and Kuraray green WLS Y11. The scintillator samples
include Kuraray violet SCSN-88, Bicron BC-404 and BC-400, several IHEP scintillators
from extrusion, injection molding and bulk-polymerization techniques as well as injection
molded scintillator from a joint Fermilab/NIU collaboration. R&D is still in progress in
collaboration with the proposed CKM experiment, the IHEP-Protvino group in Russia as
well as Osaka University in Japan. Various photomultiplier tubes have also been evaluated.
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Figure 42: The energy spectra (in GeV) of the two photons in the veto system for
K; — 27° decays with two photons in the Csl. The plot on the left is the energy spec-
trum of the higher energy photon and the plot on the right is the spectrum for the lower
energy photon.

So far, we have found several acceptable combinations of fibers and scintillator. The
combination of BCF-92 WLS fiber and BC-404 scintillator is a good candidate because of
the fast time response and high light vield. BCF-92 fiber combined with IHEP or BC-400
scintillator may also be acceptable. Although the Kuraray Y-11 fiber has a generally greater
light yield than BCF-92 fiber, its decay time is a factor of 2 longer. The results of some of
these studies are are summarized in Table 17. The scintillator tiles used in these studies were
2 mm thick, compared to the 5 mm thick tiles that have been selected by KAMI. Studies
will continue on new IHEP scintillator and new Fermilab/NIU injection molded scintillator
sheets.

Other variables that affect the light output include the fiber spacing, the depth of the
fiber groove, and the surface finish of the groove. The light output can be boosted further
by gluing the fibers into the grooves, though care must be taken to obtain a high quality
glue joint. Gluing the fibers complicates the assembly process, so the gain in light yield
will have to be weighed against such complications. Scintillator tiles prepared in this way
can yield more than 20 photo-electrons/MeV. The choice of photomultiplier tube can also
impact the light yield. In particular, green-extended photomultiplier tubes increase the light
vield to nearly 30 photo-electrons/MeV. Production procedures must still be developed to
obtain results of this quality in large volume.

Lead and scintillator tiles must be assembled into modules that present no cracks or dead
areas to incident photons. Alternating scintillator tiles in a module will be clocked at a small
angle forming module edges with a saw-tooth pattern. The saw-toothed edges from adjacent
modules will interlock with one another, forming a seamless joint without cracks.

The default photodetector is a fast, high-gain photomultiplier tube, though we leave open
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WLS Green WLS Green WLS | Green WLS | Green WLS
BCF-92 Y11(200)M Y11(250)M | Y11(150)M
1 mm 1 mm 1 mm 1.2 mm
Scintillator
IHEP(COMPASS)¥
7=2.8 ns N=6.1 N=10.9 N=8.2 N=10.5
THEP (exp G2)¥ N=6.2 N=11.2 N=8.2 N=12.0
7=2.7 ns fwhm=8.6 ns | fwhm=15.4 ns
7=5.1 ns 7=11.0 ns
IHEP(CKM)¥ N=6.9 N=9.7 N=8.2 N=11.0
T=2.7 18 fwhm=8.6 ns | fwhm=15.0 ns
7=>5.6 ns 7=10.3 ns
THEP (exp G3)¢ N=7.4 N=11.2
fwhm=8.0 ns | fwhm=14.0 ns
7=5.3 ns 7=10.6 ns
- SCSN-88 N=6.0 N=8.4 N=6.6 N=9.1
7=2.8 ns fwhm=7.8 ns | fwhm=16.6 ns
T7=5.4 ns r=11.1 ns
BC-400 N=8.6 N=12.3 N=10.9 N=13.7
r=2.4 ns fwhm=7.6 ns | fwhm=16.2 ns
T7=4.3 ns 7=10.2 ns
BC-404 N=10.5 N=14.3 N=12.5 N=16.3
7=1.8 ns fwhm=7.2 ns | fwhm=16.4 ns :
7=4.7 ns 7=11.0 ns
BC-404A N=8.4 N=13.3 N=10.7 N=14.6
7=2.0 ns
BC-408 N=94 N=12.7 N=10.8 N=14.8
T=2.1 ns fwhm=8.2 ns | fwhm=16.4 ns
7=5.0 ns T=11.2 ns

Table 17: Preliminary results on the comparison of different scintillating tile/WLS fiber
combinations. A THORN EMI 9903KB PMT with a rubidium bialkali photocathode was
used. N is the average photo-electron yield per MIP passing through a 2 mm scintillator
tile (the KAMI tiles are 5 mm thick); fwhm is the full width half maximum of the output
pulse; 7 is the decay time constant of the output signal. a) designates injection molded
tiles; b) designates tiles fabricated by extrusion; and c) designates tiles manufactured by a

bulk-polymerization technique.
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the possibility of reading out all of the photon veto detectors with large-area Visible Light
Photon Counters (VLPC). Small area VLPCs have been used successfully as photodetectors
for scintillating fiber trackers [115,116] and will be used for the KAMI fiber tracker as well
(Section 6.5.1).

The photon veto detectors will utilize the QIE technology first used in KTeV where
excellent low-noise performance was achieved without deadtime. QIEs will be used for the
front end readout of the photon veto detectors and the Csl calorimeter (see Section 6.8).
The anode signals will be digitized at the detector to achieve the lowest possible noise
performance. Each channel will also be equipped with a TDC.

6.3.2 Mask Anti detector

The active mask photon detector, called the Mask Anti (MA), is designed to reject upstream
37% and 27° decays to prevent background that can result when their reconstructed decay
vertex is shifted into the decay region due to mis-paired photons. A detailed simulation of
backgrounds originating from K, — 37° decays indicates the need for two stages of detector,
as shown in Figure 8. Each Mask Anti detector is a 27 radiation length deep sampling
calorimeter, consisting of alternating layers of 1 mm thick lead sheets and 5 mm thick
scintillator sheets. There is a small precision beam hole to allow the neutral kaon beam to
enter the long vacuum decay region. The Mask Anti detectors for KAMI will be very similar
to the one currently in use by KTeV except for its finer sampling ratio.

6.3.3 Vacuum Veto Detector

The vacuum veto is a fine sampling calorimeter consisting of 1 mm thick lead sheets and
5 mm thick plastic scintillator. The radial dimension of a module will be about 50 ¢cm. The
lead and scintillator sheets will be mounted at a 30° angle with respect to the beam axis.
The tilted modules improve the detection efficiency for low energy photons by reducing the
path length through lead, minimizing sampling losses. This will help in achieving a lower
detection threshold which has been shown to reduce background. The vacuum veto modules
are located inside the vacuum tank to minimize any dead material traversed by the photons
before encountering active detector elements. The first layer of the photon veto modules
accessible to incident photons will be scintillator in order to minimize backscattering of low
energy photons in the lead.

Two mechanical designs have been considered for the vacuum veto modules. The combi-
nation of these two designs provides hermetic coverage and still allows for efficient pumping
speed to obtain a good vacuum in the central decay volume. Figure 45 and Figure 46 show
the first hermetic barrel design with a 90 layer lead-scintillator sandwich module (about
26.7 Xy). The lead and scintillator sheets are tilted at a 30° angle with respect to the beam
direction, as described above. Each vacuum veto section has 12 ¢ sectors and each sector
will be divided into 3 readout segments longitudinally (every 30 layers).

The second option consists of trapezoidal lead/scintillator modules with maximum over-
lap between modules for hermetic coverage, but with sufficient gaps to allow efficient vacuum
pumping speed. None of the gaps line up with the trajectory of incident photons. Figure 47
shows the current design for a trapezoidal module. Note that the lead and scintillator sheets
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are again mounted at a 30° angle with respect to the beam axis. Figure 48 shows a front view
of 8 trapezoidal modules assembled into a vacuum veto section. Figure 49 is a 3-dimensional
view of a fully assembled trapezoidal vacuum veto section. The trapezoidal modules can be
mounted on guide rails inside the vacuum vessel. This design could be particularly useful in
the vicinity of the analysis magnet or between the fiber tracking planes for easy installation
and flexibility.

6.3.4 CslI Anti detector

The gap between the vacuum window and the Csl calorimeter must be filled by additional
‘photon veto detectors in order to plug any possible cracks which photons might pass through.
These are known as the (sl Anti detectors. There are two stages of CsI Anti; a small detector
inside of the blockhouse that houses the Csl, and a large one just upstream of the blockhouse.
Due to the limited space available inside of the blockhouse, only a 20 cm ring outside of the
Csl can be covered. This is 1ot large enough to detect all of the photons that escape through
the end of the vacuum tank. Therefore, another veto detector with a larger outer dimension
must be installed between the vacuum window and the blockhouse. The Csl Anti for KAMI
is very similar to the onc currently in use by K'TeV except for its finer sampling ratio and
larger volume. The KAMI Csl Anti consists of 1 mm thick lead sheets and 5 mim thick plastic
scintillators built into modules that are 25 cm (13 X,y) deep due to the limited available space.

6.3.5 Expected Performance

The inefficiency of a lead/scintillator sampling calorimeter at low energy is limited by sam-
pling effects that occur when a significant fraction of the deposited energy is absorbed in
the lead, leaving the observable energy below the detection threshold. Sampling losses can
be simulated using standard electromagnetic interaction packages to an accuracy of a few
percent. The effect of sampling losses increases for photons with large angles of incidence due
to the longer path length through the lead sheets. This effect is mitigated by the 30° angle
tilt of the KAMI vacuum veto modules. Simulations of sampling losses in the KAMI photon
veto detectors have been performed (see Appendix C) and are reflected in the inefficiencies
used to study backgrounds. All of the background studies described in this document are
performed with a 10 MeV’ thireshold on the energy of the incident photon, though our studies
of sampling losses and scintillator light, yield indicate we can likely go lower.

At higher energy, photo-nuclear absorption plays a dominant role. In the latter case, it
is possible for a photon to experience a photo-nuclear absorption interaction before it begins
to shower. If all of the secondary products in the interaction are neutrons, the interaction
may escape detection. ’

The inefficiency due to the photo-nuclear absorption was first studied in the photon en-
ergy region between 185 to 505 MeV at the INS-KEK tagged photon test beam facility with
quite encouraging results for Csl crystals and lead/scintillator sampling calorimeters [66].
A collaboration of physicists from KAMI and KEK has performed a more extensive set of
inefficiency measurements for various lead/scintillator sampling calorimeters and CsI crys-
tals at the same INS-KEK facility in 1998. Photons in the energy range between 100 to
1000 MeV were studied. Electrons were passed through a ~300 um thick aluminum foil
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emitting radiative photons that illuminate the test device. The momentum of the electron
after the photon emission was measured by a spectrometer magnet and an array of scintilla-
tion counters. Inherent in this technique is a false-tag probability of ~1% that results from
scattering in the foil and multiple bremsstrahlung. The rate of false photon tags required a
trigger with coincident activity in the neutron counters that surround the test sample. Thus,
the inefficiency measurements from the INS test rely on the assumption that photo-nuclear
interactions in the relevant energy range emit a sufficient multiplicity of slow neutrons. This
subject has been discussed in great detail in [111]. The number of evaporated neutrons is
~1 or 2 for energies of a few MeV and about 10 for photon energies around 140 MeV. While
the detection efficiency for single neutrons in photon veto counters is modest, the detection
probability for multiple neutrons is high.

An upper limit can be estimated for the inefficiency which results in the event of sin-
gle neutron emission from a photo-nuclear interaction from photo-production cross section
measurements. The cross section for v + n — 0 charged particles has been measured to be
11 pb at 7.5 GeV. Scaling to a lead nucleus, including the effects of shadowing which go
as A%/3 the cross section is ~420 ub. In the worst-case, the 0 charged particle final state
is composed of 1 neutron, although most of these final states will consist of many neutral
hadrons. The pair production cross section is ~ 50 b, so the relative probability of single
neutron emission to pair production is 420 ub/50 b. Hence, a conservative upper limit on
the photo-nuclear inefficiency in the event of single neutron emission that is not subsequently
detected is 8 x 107%. This limit is quite favorable, though it would be useful to have data at
lower photon energies.

Figure 50 shows the detection inefficiency due to photo-nuclear interactions as a func-
tion of the incident photon energy for lead/scintillator sampling detectors and CsI crystals,
respectively, as measured during the INS test. The results clearly demonstrate that in-
efficiency effects from photo-nuclear interactions are well under control for both CslI and
lead /scintillator sampling detectors at medium energies.

The inefliciency for photons above 1 GeV is dominated by photo-nuclear interactions and
photo-production of hadrons off nucleons. Based on the INS beam test measurements, the
photo-nuclear inefficiency at 1 GeV is 107° or better. All of the simulations for this proposal
use photon inefficiency profiles that plateau at 1.0 x 107% for energies >1 GeV.

The CKM collaboration has investigated the photo-production of hadrons off nucleons
for energies exceeding 800 MeV. A number of processes have been calculated, including
v+ Pb— p" = gt v+ Pb = nat, v+ Pb - AK®, v+ Pb — ¢ — KTK~, and
v+ Pb = ¢ — K Ks. The cross sections for these processes range from a few ub to a
few mb and correspond to an inefficiency of about 4 x 10~ if the hadronic final states go
undetected [117]. KAMI will have good efficiency for detecting these final states due to
the large hadronic cross section of the lead/scintillator detector, high light output and low
detection threshold.

While it seems likely that inefficiencies of 107% can be attained above 1 GeV, this is
an area that requires more work. A new beam test is planned to address some of these
issues. The photon veto inefficiency for photon energies between 1.5 GeV and 3.5 GeV will
be measured for lead/scintillator sampling detectors and CsI crystals. The beam test will
take place at the Spring 8 photon factory in Japan beginning in April, 2001.

The effects of operating with a lower detection threshold have been studied for fine
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sampling lead /scintillator calorimeters using 1, 5 and 10 MeV thresholds. Figure 51 shows
the inefficiency as a function of photon energy for all three thresholds. The inefficiencies
are the sum of simulated sampling losses and measured photo-nuclear inefficiencies. The
virtues of setting the lowest possible detection threshold are apparent in Figure 52 where
- the inefficiency curves from Figure 51 have been used to simulate the background level from
Ky — 2n° decays using a simplified detector model [112]. It is clear that a lower detection
threshold results in a cleaner measurement, with the background decreasing almost linearly
with detection threshold.

Instrumental losses can also contribute to inefficiency, so every effort must be made to
design a robust, redundant and well monitored photon veto system. The readout of each
veto module will segmented, allowing the fibers from alternating layers of scintillator tiles to
be readout by separate photomultiplier tubes. The signal from each tube will be digitized by
both a flash ADC (QIE) and a TDC. For large energy deposits the two tubes should register
similar readings. This cross-check provides a good indication that the readout chain of the
module is healthy. An additional diagnostic will be provided by a laser flasher system similar
to the one that was used to monitor the KTeV CsI calorimeter. The laser will operate at
approximately 1 Hz and will be used to monitor tube gain and system stability.

Experience in KTeV has shown that high-statistics kinematic distributions for the com-
mon kaon decay modes, like K3 and K3, are exquisttely sensitive to a wide variety of physics
and detector performance, including the precise locations of detectors and apertures, the ex-
act energy scale of the Csl calorimeter, and details of how processes like bremsstrahlung and
multiple scattering are modeled. In the same spirit, we plan to use the copious K; — n%z%x®
decay mode in KAMI to monitor the photon vetoes and to measure their inefficiency. This
will be done by collecting very large samples of both six- and five-cluster all-neutral events.
Both of these samples consist almost entirely of K; — 7%7%7° decays. The five-cluster
events we collect will have lost a photon due to intrinsic detector inefficiency, reconstruction
inefficiency, or two-cluster fusions. All these phenomena must be measured and monitored in
order to determine the K; — n°7° background to the K, — 7°vi signal. We will compare
the measured five-photon distributions, normalized to the fully-reconstructed six-photon dis-
tributions, in all possible variables, including photon locations, energies, and cluster shapes.
Although measurement uncertainties make it impossible to know where the missing photon
in a five-cluster event should have been on an event-by-event basis, with a reasonable knowl-
edge of the resolution of the KAMI detectors, we will be able to accurately predict what
the five-cluster distributions should look like for a given inefficiency assumption. With high
statistics, the distributions will be sensitive to variations in the inefficiency curves for the
various detectors, so that we will be able to determine the inefficiency levels by tuning the
inefficiency curves in the Monte Carlo simulation until the predicted level and shape of the
five-photon distributions matches those seen in the KAMI data.
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Figure 43: The correlation between the energies (in GeV) of the two photons in the veto
system for Ky — 97" decays with two photons in the Csl. The events in the bottom plot
have been weighted by the product of the inefficiencies of the two photons from Table 9.
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Figure 44: Layout of a scintillator tile with fiber grooves for KAMI.
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cintillator hermetic vacuum photon veto barrel

3D illustration of a 90-layer lead/s

Figure 45

section.
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Figure 46: The front view and cross section of a 90-layer lead/scintillator vacuum photon
veto design.
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Figure 48: Plan view of 8 trapezoidal modules assembled into a vacuum veto section. The
gaps between the modules allow for eflicient vacuum pumping, but do not line up with
incident photon trajectories. ”
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Figure 49: 3D illustration of an fully assembled trapezoidal vacuum veto section.
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Figure 50: The measured photo-nuclear inefficiencies of several lead/scintillator sampling

detectors (left) and pure CsI (right). KAMI will use a lead/scintillator detector with 1 mm
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Figure 51: The detection inefficiency due to sampling fluctuations and photo-nuclear in-
teractions as a function of the incident photon energy for fine sampling lead/scintillator
calorimeters using detection thresholds of 1, 5 and 10 MeV. The inefficiencies are the sum
of simulated sampling losses and measured photo-nuclear inefficiencies.
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Figure 52: Illustration of the i, — 27° background as a function of the X momentum for
detection thresholds of 1, 5 and 10 MeV in fine sampling lead/scintillator calorimeters.
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6.4 Beam Anti System

One of the critical requirements of the KAMI experiment is to find and veto events which
satisfy the K; — #'vi trigger requirements but which have “extra” photons which pass
through the 15 ecm x 15 ¢cm beam hole in the Csl. Several different neutral kaon modes can
generate backgrounds to the K; — n%v7 mode if photons from these decays pass through
the Csl beam hole and are undetected. The most serious of these is the K; — 7°7® mode. A
set of three beam anti stations BA1, BA2 and BA3 shown in Fig. 53 have been incorporated
into the KAMI spectrometer to deal with these backgrounds.

Bach BA is ~ 48 ¢cm

Csl
-137.5 cm
BA2
BAL - 20 om —B?g om
- 30 cm
L ] 1
185m 190m 195m 205m

Figure 53: The beam anti configuration

The dimensions and positions of the three BA stations are given in Table 18.

Beam Region Veto | Size | Beam Hole | Position |
BA1 +30cm +8cm 190 m
BA2 +40cm | £10em 195 m
| BA3 £30cm - 205 m

Table 18: KAMI Beam Region Veto Configuration

The most difficult operating conditions are experienced in the BA3 counter since this
station intercepts the neutral beam. Using data from the 2000 KAMI beam test (see Ap-
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pendix I), the neutron flux produced by 3 x 10'® 120 GeV/c protons per spill second with
a 15 mrad targeting angle is ~470 MHz. At the nominal neutral beam rate, every photon
incident on BA3 will be accompanied by an average of four neutrons, 1.2 of which on aver-
age will shower in the 0.9 absorption length BA3 during any 10 ns time window (the design
time resolution of BA3). Approximately 1.3% of all K —+ 7%7° decays between 100 and
185 meters deposit a photon in the neutral beam area of BA3. Overall, we expect that 37%
of the Ky decays between z=100m and BA3 will produce a decay product striking at least
one of the BA stations.

The 7z position of BA3 has been chosen to be 205 m downstream of the K; production
target, a compromise between the objective of allowing as many photons as possible from
the K — m°n® decays to separate from the neutral beam, thereby showering in BA3 outside
the meutral beam region and limiting the extra K decays that take place between the Csl
and BA3. Positioned at 205 m, 0.5% of the photons from various background modes that
pass through the hole in the CsI are inside the neutral beam region at BA3. An additional
13.4% of K, decays take place between the CsI and BA3.

At present, the baseline design of the Beam Anti uses NaBi(W0y), crystals [113]. This
material has the properties given in Table 19. The material is quite yellow, only reaching
100% transmission at 470 nm but has good radiation damage properties and is a Cerenkov
radiator, essential features for operation in the high rate environment of the BA3 neutral
beam region. ‘

Property

Radiation Length 0.98 co.
Moliere Radius 1.77 cm
Absorption Length 22.3 cm
Radiation Hardness | 10 Mrad/yr [113]
Density 7.57 gm/cm?

Table 19: NaBi(WOy), Properties

The ability to distinguish a photon shower in the presence of an average 1.2 neutron
showers per event (with energies distributed according to observations of the neutron beam
obtained during the KAMI beam test) has been studied with a GEANT simulation of a
BA3 detector that has the transverse and longitudinal segmentation (2 ¢ X 2 em x 2 ¢cm
NaBi(W0,), detector elements in ten longitudinal layers) shown in Fig. 54. The fine seg-
mentation is necessary to provide maximum discrimination between a photon shower and
coincident neutron showers. It has been kept thin {overall approximately 0.9 absorption
lengths) to keep the number of the interacting neutrons to a minimum. The transverse
and longitudinal segmentations of BA1 and BA2 are similar. Hodoscopic configurations of
NaBi(W,), are also being considered.

As indicated in Fig. 54, a Hammamatsu R7400U-06 series PMT with a quartz window
is the present choice for a photomultiplier for the BA’s. This PMT is fast, with the signals
comfortably contained within a 5 ns window. In addition, there is little scintillation light
from the quartz window. The quartz window is sufficiently radiation resistant with essentially
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no loss of transmission in the region of transmission of the NaBi(W0,), (> 470nm) up to
44 megaRoentgen exposure to Co® photons [114]. Exposure to 1.4 x 10'* 14 MeV neutrons
per photosurface (as compared to the 3.4 x 10'® neutrons with the KAMI neutron beam
energy distribution that pass through each photo surface of the BA3 tubes per year in the
beam region) produced no discernible loss of transmission.

GEANT calculations indicate that the average number of Cerenkov photons generated
by the neutron beam flux is 50/cm?® in the visible region above 470 nm in a 10 ns time
window (arising from the 1.2 neutron showers per 10 ns time interval). Using reasonable
assumptions of an efficiency of 10% for transfer of these Cerenkov photons from the 8 cm?
BA segments to the PMT, a PMT quantum efficiency of 10% and a measured gain of 3 x 10°
for the Hammamatsu tube operated at 600 V, this results in an average anode current of
approximately 20 pA. ‘

The dynamic range required of the PMT to handle the range of energies of background
photons (0.25-50 GeV) expected in the BA in KAMI is approximately 200, within the specifi-
cations of the tube. A 0.5 GeV photon will produce on average approximately 5000 Cerenkov
photons in any 8 cm® segment of the BA (with approximately 500 Cerenkov photons in
the satellite segments). With our assumptions of quantum efficiency, capture efficiency of
Cerenkov photons, and using the measured gain of the Hammamatsu tube, a signal of ap-
proximately 2.5 pC (10 counts in a 0.25pC per count ADC) is produced, with the satellite
segments producing 0.5 pC. ’

. Finally, the maximum signals generated by either neutron or photons showers has been
investigated to check for possible tube saturation. Using the GEANT calculations, we find
that the largest signals are due to photon showers and generate less than 25 pC of charge at
our nominal 3 x 10° gain in a 10 ns window. This corresponds to a maximum instantaneous
current of 0.4 mA. )

We show in Fig. 55 a plot of the photon inefficiency vs. photon energy in the neutral
beam region of the proposed BA3 as estimated from GEANT calculations and from data
taken during the 2000 KAMI beam tests. The inefficiency in this case is defined as the failure
to identify an incident photon in BA3 in the presence of the anticipated flux of interacting
neutrons.

The BA3 inefficiency curve for the neutron beam region is generated by a set of cuts
designed to identify photons in the presence of a neutron interaction. These cuts are based
on the total energy deposited in the BA, the transverse and longitudinal shower shapes and
the position of the cluster. An average of 1.2 showering neutrons in a 10 ns time window,
distributed according to Poisson statistics is the assumed background from which a photon is
to be distinguished. These neutron and photon probabilities are determined from the energy
and longitudinal development of the energy deposits in BA3. It is estimated that 80% of the
pure neutron events are retained after applying the probability to eliminate photons. The
usable K; — 7% signal events will, of course, be included in the events which have either
no activity or only neutron showers in the BA. The results of the BA3 inefficiency studies
in the region of the detector shadowed by the neutron beam are shown in Table 20.

Similar inefficiency vs. photon energy cuts are shown in Fig. 55 for the BA regions
outside the neutral beam region. In this case, the retention of signal is much greater since
there are much lower neutron backgrounds outside the neutral beam region of BA3 and in
BA1 and BA2 generally. Inefficiencies similar to those of the Csl are used for the BA outer
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Energy BA3

Low-High Inefficiency
0.000 - 0.100 | 6.0 x 107"
0.100 - 0.500 | 6.0 x 107!
0.500 - 1.000 | 3.0 x 107!
1.000 - 2.000 | 2.0 x 107!
2.000 - 4.000 | 1.4 x 107!
4.000 - 8.000 | 1.0 x 107!
8.000 - 16.000 | 3.0 x 1072
16.000 - 32.000 | 9.0 x 1072
32.000 - 64.000 | 7.0 x 107°
64.000 - infinite | 7.0 x 107°

Table 20: Photon inefficiencies from a GEANT simulation of the BA3 detector. The ineffi-
ciencies are for the portion of the BA3 detector that is shadowed by the neutron beam.

inefficiency curve of Fig. 55.

To indicate the necessary rejoction required of BA3, we show in Flg 56 the photon energy
spectrum due to K, — 7"7" in the inner BA after the two photon Csl trigger and the other
veto inefficiencies (photon veto. mask anti, and Csl inner region) have been employed. We
find that in a year of operation approximately 37,000 events are still left that would form a
background to the experiment if the BA veto was not present. This is to be compared to a
total background of approximately 8 events after applying photon veto, mask anti and Csl
vetoes to events in which no photon is in the BA region.

The BA events as shown in Fig. 56 are mainly events containing a hlgh energy photon
above 20 GeV and a sccond photon that goes elsewhere in the KAMI detector. In this
region of the energy spectrumn. the average inefficiency of 10™* required for suppression of .
background is relatively casy to achieve since a high energy photon shower is quite distin-
guishable from neutrons with the energy spectrum of the KAMI beam. It is still important to
suppress the low energy part of the spectrum where the discrimination between photon and
neutrons showers are most difficult. Using the BA inefficiencies obtained from the GEANT
study for BA3 and the photon veto inefficiencies obtained from the KEK tests for BA1 and
BA2, we obtain the suppression of the BA spectrum shown as the lower curve in Fig. 56.
With these inefficiencies, the BA will contribute approximately 13 events (out of 19 total
background events) to the background in the K; — m% signal region.

6.5 Charged Particle Spectrometer

KAMI has proposed a rich and diverse physics program which requires a charged spectrom-
eter for detection of charged mode decays. A charged spectrometer is also required to collect
data necessary to monitor the performance of the detector and to accurately calibrate the Csl
calorimeter. The KAMI charged particle spectrometer consists of a wide-gap spectrometer
magnet and five tracking stations consisting of scintillating fiber planes. The spectrometer
is described in detail below.
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6.5.1 . Scintillating fiber tracker

Great progress has been made by the D0 collaboration at Fermilab in developing scintillating
fiber technology with Visible Light Photon Counter (VLPC) readout [115]. A scintillating
fiber detector with an early version of the VLPC technology was successfully implemented
by the E835 collaboration at Fermilab [116]. KAMI intends to incorporate the techniques
and advances of these two groups to build its own scintillating fiber tracker.

The KAMI tracking detectors are made from 500 pm diameter scintillating fibers dis-
tributed over 5 tracking stations. Four of the five stations are constructed of four sets of
fiber planes in an x/x’' y/y’ configuration. The fifth module is located at the middle of the
magnet for redundant measurement of momentum and to reject background events with a
kink. This is especially important in rejecting K; — 7*uFv backgrounds to Ky — putp~,
for example. This module has only x/x" planes in order to minimize the thickness of ma-
terial. The fiber tracking planes will each have a hole in the center for the beam to pass
through to avoid backgrounds associated with neutron and kaon interactions. Each of the 5
fiber tracking stations will be supported by a carbon fiber honeycomb structure which will
provide more than adequate strength and minimum mass.

The fibers will be read out at both ends allowing for mean-timing of the two signals for
use in a charged trigger with a narrow time window. The fibers are also used to veto charged
particles which requires fast time response as well. -

Visible Light Photon Counters (VLPC) will be used for the fiber readout. The high
quantum efficiency of VLPC detectors (~ 80%) make them particularly attractive, although
they must operate at liquid Helium temperature. The basic performance requirements for
the VLPC chips are listed in Table 21. These specifications are in line with the VLPC
performance obtained by D0 with the exception of the gain variation, which was found to
vary considerably with reactor load. The use of a new, more modern reactor facility by the
vendor should result in better uniformity. If this does not prove to be the case, the VLPC
chips will have to be sorted by gain. ‘

Quantum Efficiency | ~80%

Gain 30000 - 40000
Gain Variation | <10%
Linearity ~10%

Dark Count Rate <10 kHz ]

Table 21: The Basic performance specifications for the KAMI Visible Light Photon Counter
(VLPC) readout for the scintillating fiber tracker detector.

t

The scintillating fibers will mate with low-attenuation, double-clad clear fiber through
a custom optical connector. The clear fiber will have a slightly larger diameter than the
scintillating fiber. This step-up in diameter helps to minimize losses at the connector due to
small mis-alignments. The optical connectors will bolt into a flange in the vacuum chamber
and the clear fiber will connect from the outside. Bundles of clear fiber will be routed to
VLPC cassettes in light-tight, flexible, fire-resistant tubing. The VLPC cassettes will be
inserted into cryostats located under the vacuum chamber.
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DO obtains a mean yield of ~10 photo-electrons per MIP per fiber with their fiber tracking
detector. DO uses 835 pum diameter scintillating fiber with clear fiber lengths of ~11 m
to channel the light to the VLPC cassettes. The attenuation length of the clear fiber is
approximately 7 m. KAMI intends to use 500 ym diameter scintillating fiber that will
produce less light than the DO fiber. However, the clear fiber run from the detector to the
VLPCs will only be about 4 m for KAMI, resulting in less attenuation that will compensate
for the reduced light production. We assume a mean yield of 10 photo-electrons per MIP per
fiber for the KAMI tracking system. This is something that will require early verification
during R&D for the fiber tracker.

The KAMI fiber tracking system will consist of 74k fibers and twice that many readout
channels. A breakdown of the channel count appears in Table 22.

] Tracker No. Plane Size (x/y) #fibers | #plane | # Channels

| Type per Plane |
Fiber Tracker 1 | xx'yy’ | 229 x 229 cm 3820 4 15268
Fiber Tracker 2 | xx'yy’ | 238 x 238 cm 3970 4 15868
Fiber Tracker 3 | xx' | 247 x 247 cm 4115 2 8234
Fiber Tracker 4 | xx'yy’ | 255 x 255 cm 4250 4 17000
Fiber Tracker 5 | xx'yy’ | 269 x 269 cm 4480 4 35864

' Total | 74,302 18 - 148,604

Table 22: Breakdown of the number of channels required for the KAMI fiber tracking systeni.

Because the fiber tracker is located inside the vacuum chamber, it will be necessary to
understand the out-gassing characteristics of the fibers. Plans for such studies are currently
being developed.

6.5.2 Spectrometer Magnet

The fully hermetic veto system is a critical component of the KAMI spectrometer. In order
to maintain hermeticity, it is necessary that the veto svstem be contiguous through the
spectrometer magnet. With the two assumptions:

1. The Csl array is approximately circular with a radius of 2.75 m
2. The radial space required for the veto system is 0.5 m

The magnet aperture must be at least 3.75 meters. A new spectrometer magnet will therefore
be required.

We considered using the KTeV spectrometer with a larger gap. But the width of the
KTeV magnet coils is just under 2.9 meters. In addition, if the KTeV spectrometer magnet
gap is increased (and the beam height is unchanged), a pit must be cut into the floor. A
rough estimate prepared by Fermilab FESS is that this would cost about $376k. The full cost
of increasing the beam height has not been costed, but just raising the beam pipe through
the berm is estimated to cost $226k. This does not include any work that would have to be
done in NM2,
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The field integral requirements in KAMI are no higher than about 250 MeV/c. This
requirement is set by requiring that in searches for two body decays, for example K; — p*u~
or K; — pEeT, the field integral can be set to the p, of the decay. Setting the magnet in
this way makes it easy to define a restrictive but efficient trigger for the two body modes.
Of course, more complex triggers can be developed to limit the trigger rate without placing
particular requirements on the field integral.

A new KAMI magnet concept has been developed. The horizontal and vertical apertures
are about 3.8 meters. The length of the magnet is 3 meters and the yoke is .45 m thick on the
sides and top and bottom. The same conductor that was used for the KTeV spectrometer
is used. The number of turns is also the same. The array of conductors in each coil is made
taller and narrower (4 turns per layer, 20 layers in each of 4 coils) in order to maintain good
field integral uniformity with the much larger gap. A sketch of the magnet is shown in Figure
57. Note that this magnet does not require cutting a hole in the floor, assuming the bottom
yoke can be shimmed into place on the floor without any additional structure.

KAMI2a Magnet

=== =

Figure 57: KAMI Spectrometer Magnet. A 3.75 m diameter vacuum vessel is shown inscribed
in the magnet aperture. The upper and lower most coils are set in to nest into the inner
coils - minimizing the overall length of of the magnet.

This magnet has been modeled using ANSYS. The design concept meets the requirements
of the experiment, with the caveat discussed below. The vertical component of the field as
a function of distance from the center of the magnet is shown in Figure 58.

One of the problems with a magnet that has an aperture of 3.8 meters is that the fringe
fields extend out to very large distances. Though the central field is only a little about 1600
gauss, the field 8 m from the center of the magnet is about 16 gauss on the spectrometer
axis! These fields correspond to a field integral of 245 MeV /c. Moving the spectrometer
magnet upstream of the CslI far enough so that the fringe field does not compromise the CsI
readout reduces the acceptance for many modes unacceptably. Also, with the trackers at
reasonable locations with respect to the magnet in terms of acceptance, the tracking would
have to be carried out in strong fringe fields.
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Figure 58: KAMI Spectrometer Magnet - By(gauss) vs Z(meters). The monotonic line is B,
at x=y=0, where the other line is for the field at x=y=1.8m. The field integral at x=y=0 is
245 MeV /c. V

We are therefore attempting to design the vacuum system so that the vacuum vessels
and flanges provide magnetic shielding in the spectrometer regions upstream of tracker 2 and
downstream of tracker 4 - particularly for the CsI. The design of a passive magnetic shielding
system is not yet complete. Options such as using multiple flanges and/or additional layers
of steel around the vessels, or including active magnetic shielding have not yet been evaluated
or ruled out.

6.6 Vacuum System and Vacuum Window

The decay region and spectrometer must be evacuated to at least 107° torr in order to keep
background in K; — 7°¥ due to beam interactions in the residual gas to a negligible level.
The vacuum region will start in the neutral beam shortly downstream of the absorbers and
end at the large vacuum window just upstream of the Csl array. Note that the charged
spectrometer is in vacuum. The volume of the KAMI vacuum system is quite large, 450
m?, about 3x larger than the KTeV vacuum system (not correcting for the volume displaced
by the veto counters).

As a point of reference, the KTeV vacuum system had a volume of approximately 150 m?®.
The pumping system consisted of two large (50,000 1/sec) oil diffusion pumps backed by Roots
blowers and rotary mechanical pumps. The best vacuum obtained in KTeV was below 10~°
torr, but usual operation was a little over 107 torr.

In contrast to KTeV, liquid nitrogen baffles will be used between the diffusion pumps and
the main vessel. This will minimize the back-streaming of oil from the diffusion pumps and
also make it possible to ultimately attain a better vacuum. The addition of liquid nitrogen
baffles will reduce the effective pumping speed of the diffusion pumps by roughly a factor
of 2. The baflles will probably have to be fabricated to order or in-house. A brief search
for baffles for these pumps when we were constructing KTeV indicated that the appropriate
baffles were no longer in production. Because of the larger size of the system and because
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there will be much more equipment in the vacuum system, additional diffusion pumps will
be required.

Given the demanding requirements of the vacuum system, some tests using parts of the
existing KTeV vacuum system would be very useful. In particular, adding liquid nitrogen
baffles and measuring the change ultimately attainable vacuum would be very useful. These
tests would be done with a blanking flange on the vessels (as opposed to the thin window).

The vacuum vessels must contain and support the veto system. Though the detailed
design of the vessels await availability of appropriate engineering support, the general concept
is understood. The vesscls that must support the veto system will be fabricated with internal
and external frameworks to support the vetoes. The vessels themselves, other than providing

for improved rigidity, will not be primary load carrying devices.
The vacuum pressure must he maintained in spite of the out-gassing load of the scintil-
lator and fibers inside the vacuum chamber. The photon veto system will employ the same

“virtual vacuum” technique used for the KTeV ring veto detectors. In this scheme a thin
membrane surrounds the scintillator and is pumped separately from the main decay volume.
The vacuum/veto system mnst pass through the spectrometer magnet. The vacuum
vessels and associated mechanical structures must be non-magnetic in that region. In the
current design, the sections of the vessel between trackers 2 and 4 will be fabricated of
stainless steel. This section will be rigidly attached to the spectrometer magnet. The sections
adjacent to the stainless steel section are being designed in such a way as to help provide
magnetic shielding for upstream and downstream components - particularly the Csl array.
Sections of the vacuuin syvstem upstream and downstream of the magnet will be on wheels
(again similar to KTe\) to allow for movement due to mechanical and thermal stresses.

The diffusion pumps nust he placed in the general area of the decay region. The region
near the tracking system. magnet and Csl is too congested to allow for the addition of the
large diffusion pumps. lu order to maintain pumping speed to the downstream end of the
spectrometer, the upstream scctions of the vacuum system will be larger than would be
necessary to just contain the veto system and associated readout.

One of the major design issues is that of the vacuum window. The KTeV design, kevlar
cloth with 0.005” of aluminized mylar clamped between steel flanges, with the required safety
factor of 2, worked well. That design was based on detailed modeling and on extensive
testing. We will again carry out a program of analysis and testing to design the vacuum
window for KAMI. Preliminary calculations, using a safety factor of 2.5 and the same basic
design used in KTeV indicate that a window 2.5 times thicker than the K'TeV window is
appropriate. That window is expected to bow about 7.5”. The availability of kevlar of
appropriate dimension has not been confirmed. Carbon fiber cloth will also be considered.

The same safety procedures and techniques used in KTeV will be used. That is, it is
assumed that when there is a thin window installed and the system is under vacuum, a shield
must be in place downstream of the window if personnel are in the experiment hall. This
requirement will again be a part of the standard Fermilab interlock system.

6.7 Muon Range Stack

The KAMI muon range stack is designed to trigger on and identify muons from a vari-
ety of interesting rare decay modes such as K, — utu™, K — pTp v, K = putpu™ vy,
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K; —utuete, K » nutp™, K = n°u*e®, K, — pFeT and 7° = pe¥. For this pur-
pose we select a range stack of iron absorbers interleaved with scintillator planes. An ele-
vation view of this detector is shown in Figure 59. The transverse dimensions are chosen
to be 4 meters square, large enough to completely cover the solid angle subtended by the
upstream apparatus but still small enough not to require digging a pit in the existing hall.
The total thickness of the iron is 12 m, corresponding to a total muon range of ~12 GeV/c.
The stack is divided longitudinally into 27 layers, with thicknesses selected so that each layer
corresponds to a 15% increase in momentum. There are 2 gaps in the array to accommodate
the first 2 Beam Anti detectors discussed in section 6.4. The muon range stack has a hole
to allow the evacuated beam pipe to pass through. The total stack corresponds to about 65
hadronic interaction lengths.

—_— { f Bangix

Figure 59: Elevation view of the muon range stack.

Each layer of scintillator is divided into square tiles of 50 cm on a side (with the tiles
surrounding the beam pipe cut out as necessary). Thus there are 64 tiles per layer or 1728
in all. This geometry and size is chosen, rather than a hodoscope arrangement, to minimize
light propagation paths and thus improve the time resolution of the device. We envision
reading out the scintillator with optical fibers to phototubes.

Figure 60 shows the distribution in the transverse dimensions of hits from muons from
the decay K; — ptu~ at a longitudinal position 1m into the stack.

The detector contains about 1300 tons of steel, of which about 400 tons already exists
in the KTeV detector but would need fabrication to appropriate sizes. For 2 cm thick
scintillators, about 9 tons of scintillator are required. Supposing readout fibers are 5em
apart there is 25m of fiber for each tile, assuming the phototubes are mounted on the outer
perimeter of the detector. So 43,200 m of fiber is required. There are 1728 readout channels,
each with a phototube plus electronics similar to that used on the photon vetoes.

6.8 Electronics

There are two main requirements of the KAMI electronics. First, it must be dead-timeless
in the sense that all hits occurring in a time interval of several hundred ns around the trigger
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Figure 60: Distribution in the transverse plane of hits from K; — u*u~ decays at 1m depth
in the muon range stack.

must be detected and recorded. ! Furthermore there must be sufficient buffering to avoid a
reduction in the effective live beam flux due to trigger latency and the eventual transfer of
-data to the DAQ.

All veto and Csl photomultiplier tubes- will be read out by a charge integrating encoder
(QIE), a technique first used in KTeV [118]. The current version of this chip is being
developed for the CMS HCAL project. In addition to a multi-range integrator the chip has
an on-board FADC. The dynamic range of the CMS QIE is 13 bits . If a larger range proves
necessary for some detectors an attenuated copy of the signal would be sent to a second QIE.
A major difference between the CMS and KAMI operating conditions is that in KAMI the
signals to be sampled will arrive asynchronous to the clock. Studies on prototype CMS parts
have shown integrated charge errors less than 1%. in asynchronous conditions. The-CMS
QIE is specified to run at a clock rate of 40MHz although operation at 50MHz should also
be possible. This speed is satisfactory for the Csl and most vetoes. The inner BA, which
will be subjected to the full neutral beam, will be instrumented with two QIEs operating on
opposite clock phases to yield an effective integration period of 10 ns. An important feature
of the QIE is that it is fully pipelined. So, in principle there is no deadtime associated with
this type of readout.

The single largest channel-count system is the scintillating fiber tracker. Most fibers will

1This information is vital for monitoring veto performance since a hit occurring prior to a trigger event
may affect efficiency.




be instrumented at both ends in order to use time-difference and mean-time to facilitate hit
matching between the two views of fiber planes and rejection of out-of-time hits. In addition
hardware mean-timing may be used in forming charged mode triggers. The fibers will likely
also be used as a charged veto.

The typical M.I.LP signal (10 p.e.) out of the VLPC is expected to be about 24 fC.
However in order to maintain high efficiency for tracks passing near the edge of a fiber we
must plan on operating at a threshold of about 2.5 fC, corresponding to 1 p.e.. The VLPC
risetime is sufficiently fast to permit timing to a level of +1ns [119]. The output of the VLPC
will be conveyed by a short (< 30cm) flex circuit cable to an amplifier and discriminator
mounted on the detector. This function would be conveniently satisfied by the ASDQ, an 8
channel amplifier/shaper/discriminator ASIC developed for the CDF run II central chamber.
Although the tail cancelling shaper in this chip will likely suffer some overshoot with the
VLPC signal shape this should not be a problem given the relatively low rate per fiber. The
ASDQ amplifier and shaper sections are linear up to about 120 fC so overload should not be a
problem. A back-up solution would be to build an amplifier/discriminator from commercially
available transimpedance amplifiers (e.g. LM359, AD8015, SA5212) and comparators (e.g.
ADY96687, SPT9687, MAX9687). The discriminator differential output will be conveyed by
a short (< 10m) cable to a TDC located in racks nearby within the experimental hall.

Currently there are several nearly dead-timeless TDCs that have been developed for
existing or planned experiments. All of these are based on custom or semi-custom ASICs
which have been optimized for that particular experiment’s DAQ architecture and conditions,
e.g. beam time structure. A crucially important TDC specification for any of the KAMI veto
detectors is the minimum double pulse separation (DPS) since an unrecorded pulse would
contribute to veto inefficiency. Redundant readout by the QIE should mitigate this effect
to some extent. Moreover, recording both edges of the discriminated pulse is desirable to
avoid pile-up inefliciency in the discriminator. We list below a number of possible solutions
for TDCs with 1 ns resolution or better.

FPGA
Recently, the makers of FPGA chips have added high-speed 1/O capabilities to their
devices to serve communications applications. Companies such as Altera and Quick-
logic have included techniques to allow a “source synchronous” mode in which the
multiple data channels are received in a stream and are clocked by a single attending
clock. The chips include a phase locked loop to multiply the input frequency by at least
eight times. It turns out that these devices can serve to input time-sensitive pulses at a
rate of 840 MHz, which corresponds to about 1.25 ns. This is adequate for most TDC
applications. We have studied the feasibility of using these chips and believe that a
suitable device with up to 128 channels per card can be built, with no dead time. The
chip we would consider at this time is of the Altera Mercury family, an EP1M120-5,
which has eight high-speed input ports per chip. A card would contain 16 of these
chips. One high-speed port would input the common start or stop for the entire card.

JMC96
The JMC96 was developed by the Univ. of Michigan for the CDF tracking TDCs. Of
the three chips described here it has the smallest DPS = 10ns. The data is stored in
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a two level pipeline of lengths dus and 2us. Since the foundry no longer supports the
process only the spare chips at Michigan would be available. Only the most critical
high rate vetoes should use this chip due to the limited availability.

T™C
The TMC chip is currently being used by the DO muon system. Since it is produced
on a sea-of-gates chip, availability is not a problem. The minimum DPS is equal to the
system clock period (25 ns) for leading and trailing edges independently. It handles 4
channels per chip, as compared to the single channel JMC96.

The Foo also employs sea-of-gates technology and was developed for the COMPASS
experiment [120]. It contains eight channels per chip with 25 ns DPS. However, the
edges are not processed independently so to record both edges of pulses shorter than
25 ns would requiring dedicating half of the channels to recording the trailing edges.
The chip contains extensive logic for matching trigger hits to data. Rather than being
pipelined, the hit processing is data driven such that the chip is limited to recording
7 hits per trigger and 16 hits per channel during the time needed to match hits to
triggers (< 800 ns). '

6.9 Trigger and Data Acquisition System

The KAMI experiment will operate in the presence of kaon decay rates of several megahertz.
The more common decays include K —+ werv and K — 7%7%7°, both of which will be of key
importance for calibrating the KAMI detector. Large samples of these decays will have to
be collected in order to monitor the response of the Csl calorimeter and to understand and
track the efficiency of the photon veto detectors.

In addition to these high-statistics calibration and monitoring samples, KAMI wants to
search for or measure a variety of rare decays, including charged modes such as K — ete ete™
and K — 77n~ete™, as well as the flagship neutral mode K, — 7% % . The diversity of the
KAMI physics program is a key aspect of this proposal, but the variety of triggers required
to meet this objective will place additional demands on the trigger systems.

In general, the KAMI trigger will follow the general framework of the generally successful
KTeV trigger, with a few differences. First, all detector systems will have fully digital,
multi-level pipelined readout. This will simplify data -handling by eliminating the need for
long delay cables and signal conditioning. It will essentially eliminate deadtime, since data
collected when the trigger logic is busy can be processed once the trigger is done with the
earlier event. And it will allow comprehensive testing and debugging to be performed by
injecting simulated data into the pipeline at each stage. Second, the KAMI trigger will
adopt a more uniform format, using whenever possible VME as a general-purpose interface,
rather than the mixture of VME, Fastbus, FERA, and CAMAC that was used by KTeV.
This will allow greater standardization of control, monitoring, and readout functions than
was possible in KTeV. KAMI will use modern DSP and FPGA-based technologies, rather
than 1970°s-vintage LeCroy modules, in its trigger logic. KAMI will also make sure that the
technologies adapted will work reliably with the planned data rates, and will take advantage
whenever possible of commercial networking and switching solutions.
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Some additional complications arise in the KAMI trigger because of the unbunched KAMI
beam. The pipelined readout will be synchronous, which means that signals may be divided
between adjacent buckets. One technique for dealing with this would be to use overlapping
buckets, say 20 ns long but collected at 100 MHz. Then an event that lies near the edge
of one bucket will lie in the middle of another. Alternatively one could attempt to combine
data from two adjacent 10 ns buckets.

6.9.1 L1 Trigger

The first-level trigger for KAMI will run synchronously, at a rate between 50 and 100 MHz.
It will correlate signals from several detector systems to look for indications of an interesting
decay in a particular time slice. Data from the CsI calorimeter, the fiber tracker systems,
the photon vetoes, and the muon range stack will be collected in a first-level readout buffer.
Pipelined logic will look for photon veto signals, fiber tracker hits, muon range stack hits, and
significant Csl energy deposition, and produce signals describing the activity found, which
will be collected and processed synchronously by global first-level trigger logic. If the global
logic identifies a combination of signals of interest (which might be, for example, energy over
2 GeV in each quadrant of the Csl, in a time slice with fewer than 2 photon veto signals over
threshold), a Level 2 Interrupt will be generated which will be sent back to the first-level
pipeline buffers and will initiate the transfer of several time slices of data to a second-level
pipeline. The level 1 trigger logic should be designed to keep the.rate of Level 2 Interrupts
to 600 kHz or less.

We expect that roughly half of the Level 2 Interrupt rate will be due to the neutral
decay K; — 7°1%7°. The other half will be due to the various charged decay modes. Among
the charged modes, the four-track decays (including eepp, eeee, and wwee) will contribute
relatively little to the rate (unless the rate of noise hits in the fiber trackers is very high),
while the rate from dimuon modes should be limited by a two-muon-hit requirement. The
most problematic charged mode for the trigger is K; — pe, which is difficult to distinguish
from K3 decays without kinematic calculations or additional particle ID information.

6.9.2 L2 Trigger

Data in the Level 2 pipeline buffer will be downloaded to Level 2 trigger processors based on
FPGA and DSP technology. These processors will, in the first instance, correlate the data
from within each detector system. For example, they will determine the number of distinct
energy clusters in the Csl in order to identify six-photon or five-photon candidate-events for
calibration and photon veto monitoring, as well as two-photon events that could be 7%vi
candidates. Level 2 processors will also correlate the hits in the fiber tracker system to look
for sets of hits in geometrical roads that could have been left by charged tracks.

A simple Level 2 trigger might stop here, with a determination of cluster and track
multiplicity. A simple two-cluster requirement for the K; — 7°»7 mode would result in a
Level 3 Interrupt rate on the order of 10 kHz. We expect that the Level 3 Interrupt rate will
be dominated by other triggers, including five and six-cluster neutral triggers and the various
charged-mode triggers. It is not yet known whether kinematic constraints will be required
to keep the total rate of Level 3 Interrupts to the maximum of 100 kHz or so that the Data
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Acquisition system will be able to accept. If additional constraints are required, the Level 2
trigger logic could determine quantities such as the total transverse momentum in the Csl,
or it could correlate tracker information with Csl information to determine, for example,
the number of electrons in an event (tracks pointing to clusters of similar energy), or the
number of photons (clusters not pointed to by tracks) But the overall goal of the trigger
system will be to make the simplest possible selection criteria consistent with reducing the
Interrupt rate to a manageable level.

6.9.3 L3 Trigger and DAQ

When a Level 3 Interrupt is generated, data from the Level 2 pipeline buffers will be trans-
ferred to a DAQ pipeline buffer. The DAQ computers will build the event by collecting all
the data from the various DAQ pipeline buffers and transferring them to the DAQ computer
farm, where more complete event reconstruction and filtering will be performed (the Level
3 Trigger). By using about 200 Level 3 processors in parallel, we can budget roughly 10 ms
- of processing time per event at Level 3. At Level 3, it should be possible to make kinematic
cuts to drastically reduce the K — pe rate, and to select prescaled, clean samples of 7%7%7°
events for photon veto efficiency studies. Also, complete tracking will be performed which
should reduce the four-track event rate to something on the order of the real rate of four-
track decays, which is below 1 kHz. We aim for a total Level 3 Trigger rate of not more
than 15 kHz. Assuming an average event size of 20 kB, this would result in a formidable -
data-logging rate of some 300 MB/s, or 3 PB per 107 seconds of running. The trigger rates
are summarized in Table 23.

KAMI will collaborate with the Fermilab Computing Division and other concurrent ex-
periments to design a data acquisition system with a common architecture. Most of the
- details remain to be worked out, but a basic overall design is shown in Figure 61.

| Event Type Maximum Rate | Latency |
Kaon Decays in KAMI 10 MHz lus
Level 2 Interrupts 600 kHz 20us
Level 3 Interrupts 100 kHz 10 ms
Save to Permanent Medium | - 15 kHz —-

Table 23: Summary of the trigger rates discussed in the text.
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Figure 61: Basic architecture of the KAMI data acquisition system.
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7 Alternative Methods for Separating Signal and Back-
ground

7.1 Maximum Likelihood Analysis of Background in Beam Anti

While it may appear that the level of background under the signal region can be estimated
from the observation of the dominant 27° background below and above the signal region,
there are problems with this approach. With the assumed inefficiencies and cuts, as shown
in Figure 18 there are effectively are no background events above the signal region. Relaxing
cuts will allow us to change the background level to obtain events above the signal region and
determine if they follow the pattern that we expect from the baseline inefficiencies. However,
changing the cuts will change the complex effect of the vetoes and the background rejection,
so that it is not clear that the inefficiencies can be measured in this way. Finally, even if
both sidebands were present, there would still be the need to depend on a Monte Carlo to
determine the shape of the background under the signal.

However, study of the energy spectra in the veto detectors themselves can give additional
independent information about the level of background to supplement the direct observation
of background in the low P, spectrum. For example, if we restrict ourselves to events in
the signal region, approximately two thirds of the background under the signal is expected
to come from events in which there is a photon in the BA3 detector. A careful likelihood
analysis of the shower development in that detector should give us a way of estimating the
level of that part of the background due to this class of events.

For example, after all analysis cuts, a sample of events containing an unknown fraction
of K; — 7% decays and various backgrounds will be selected. The direct method of
estimating backgrounds using Monte Carlos of the the various background modes will not
only be sensitive to uncertainty in veto inefficiencies as it was discussed above but also to
_the mix of modes that contribute to the background. An alternative method is to measure
both signal and background rates by analysis of the veto shower distributions which are to
first order independent of the inefficiency problems and integrate over all background modes.
In particular, analysis of the Beam Anti shower distributions can distinguish between signal
and background for events in which a background photon is in the Beam Anti.

As it was shown in Section 6.4, the entire background rate (except for approximately
8 events/year) will come from events where at least one photon interacts in the Beam Anti.
K — 7°7 events will have only neutron interactions in the Beam Anti or no deposited
energy at all. The longitudinal position of the most upstream interaction, Z;,;, can be
measured for each event in the present Beam Anti design with longitudinal segmentation.
The distribution of Z;,,, is shown in Figure 62 for signal and background events. The number
of signal and background events can be measured by maximizing the likelihood

(s+8)N et X g P (z)+b- Pyz)
N! s+b

i=1

L(s,b) =

where s and b are rates for signal and background, respectively, N is the number of events
in the sample, P, and P, are distributions of Z;,,; for signal (neutron showers or no deposited
energy) and background (photon showers), normalized to one. The Poisson term in front of
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the product reflects the probability to get NV events in the sample for given s and b rates.
By maximizing L(s,b), one can obtain a best estimate for both signal and background rates
and their statistical uncertainties after all selection cuts.

The sensitivity of this method has been tested with Monte Carlo simulations. A sample
of 100 signal events was generated according to P, and was mixed with background events
generated according to P,. The number of background events in a sample was varied from
10 to 10000. The maximum likelihood method was applied to a sample and the number of
reconstructed signal events (s) were compared to s = 100. The method was found to be
unbiased. The statistical uncertainty on s is a function of the number of background events
and is summarized in Table 24.

Although we expect a signal-to-background ratio of about 4:1 after all cuts, the method
remains very sensitive at much higher background rates. The main advantage of this method
is that it is not sensitive to uncertainties in veto inefliciencies because the Z;,; distribution
does not depend on photon energy. Also, both P, and P, distributions will be experimentally
measured with high precision. For example, P; can be measured by the response of the
Beam Anti for completely reconstructed K — 77 7’ decays (with no missing particles)
collected simultaneously with the K — 7%v% sample. P, can be estimated by measuring the
Beam Anti response K; — 777~ 7% decays with one photon pointing into the Beam Anti.

0.2 JI ........................ .......................

EVENTS NORMALIZED

15
Z(BA) CM

Figure 62: Longitudinal distribution of the most upstream interaction in the Beam Anti for
signal and background. The signal distribution (extended z distribution) is due to events
with neutron interactions only and background (early showering peak) are events with photon
interaction superimposed on neutron interactions.
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N N S/B | Stat. err. | Increase in stat err.
signal | background on signal | due to background

100 10 10 +11 1.1

100 50 2 +12 1.2

100 100 1 +13 1.3

100 500 0.2 +18 1.8

100 1000 0.1 +22 2.2

100 5000 0.02 +25 2.5

100 10000 0.01 +45 4.5

Table 24: Statistical uncertainty on signal rate measurement as a function of background
level. The background level is for a sample of events before the likelihood analysis is applied.
The last column is a ratio of the statistical error and \/Nggna-

7.2 Neural Networks and Selection of K; — 707 Decays
7.2.1 Introduction

The Neural Network technique has become increasingly popular over the last couple of years
in feature recognition and function mapping problems with a wide spectrum of applica-
tions. High energy physics is no exception with its demanding on-line and off-line analysis
tasks. To date, neural network algorithms have been applied to v — 7° discrimination in
calorimeter measurements [124], in hadronic jet reconstruction [125], in the hadronic decays
of Z-boson [126], in track finding algorithms [127] [130] and elsewhere. Neural networks
could find application in KAMI as an additional tool for understanding the distribution of
signal and background events in conjunction with more traditional techniques.

7.2.2 Training of Networks

Two classes of events can be separated by maximally exploiting rather small differences
in their distributions many different parameters. The degree of separation increases as
the number of parameters is increased. Before applying the neural net to the problem of
event class differentiation, it is necessary to train the network. For this exercise the back-
propagation algorithm with a three-layer net is applied(see Figure 63), where the first layer
is for input values X, the second layer is the so called “hidden” layer and the third layer is
the output.

7.2.3 The Input Values for Training

For this example, the odd pairing background from K; — 27° events is considered where each
7° contributes a photon with E, > 1 GeV. The two missing photons both have an energy less
than 20 MeV. The P, of the 7%, the P, of each individual photon, the reconstructed Z-vertex
Zy and the distance between the two clusters 45 in the Csl calorimeter are all calculated
for both K — 7w'v¥ signal and background events.
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Figure 63: Three-layers neural nets: a) with two input nodes; b) with seven input nodes.

7.2.4 Training and Result

As a first example, a simple neural network is investigated using two input parameters;
X, = P,0 and X; = 8S. The neural network output for a sample of events that were not
used for the training procedure after 10 “epochs” and 100 epochs are shown in Figure 64
and Figure 65. «

After only ten epochs, the procedure cannot separate the signal from background. How-
ever, after one hundred epochs, we can begin to distinguish the signal from background.

If additional parameters are input to the neural network (E,;, E,,, Py, Prye and Zy),
the differentiation between signal and background becomes more pronounced. The output
from the neural network after 10 epochs (see Figure 66) and after one hundred epochs is
shown in Figure 66 and Figure 67, respectively. It is clear that additional input parameters
sharpen the differentiation between signal and background. ,

Neural networks are a potentially useful tool for understanding the distribution of signal
and background events in KAMI. However, there is a danger of relying too heavily on “black
boxes” without understanding the underlying mechanisms. KAMI will continue to develop
such tools primarily for the purpose of cross checking the consistency of results obtained by
more traditional methods.
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Figure 64: The neural network output distri-
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Figure 66: The neural network output distri-
bution for a net with input values FPio and
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Figure 65: The neural network output distri-
bution for a net with input values P, and
0S5 after one hundred epochs.
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Figure 67: The neural network output distri-
bution for a net with input values P,;0 and
38, E,i2, P2 and Zy after one hundred
epochs.
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A Comparison with the BNL KOPIO Experiment

The Fermilab Physics Advisory Committee has requested that we provide a comparison of
the relative merits of KAMI and the KOPIO experiment at Brookhaven National Labora-
tory. The primary goal of KOPIO is to obtain ~40 signal events per year with a signal-
to-background (S/B) ratio of 2:1 (60 events total). KAMI proposes to obtain ~90 signal
events per year with a S/B ratio of 4.6 (110 events total). Both experiments define a “year”
of running to be equivalent to 2/3 of a calender year, or approximately 2.0 x 107 seconds.
KOPIO expects 6.1 x 10° pulses, each with a 3.6 second cycle time, a 1.6 second flat-top and
1.0 x 10" protons. For the same running period, KAMI would expect 7.3 x 10° pulses, each
with a 3 second cycle time, a 1 second flat-top and 3 x 10'® protons.

There are many ways to compare the relative merits of the two experiments. We will
focus here on the basic fundamental requirements necessary to make measurements of this
nature:

1. Signal-to-background ratio;
2. The flux of kaons and neutrons;

3. Rate and acceptance.

Our studies indicate that at a very fundamental level, the higher kaon energy available in
KAMI (20 GeV compared to 0.75 GeV of KOIPO) gives us an advantage in all three areas.
The additional kinematic constraints available to KOPIO are not added merits but absolute
necessities in order to execute the experiment at low energy. We seek to determine the break
even point in terms of kaon energy, where at low energy one has the advantage of kinematics,
while at high energy one has the advantage of better photon vetoing.

A.1 Signal and Background

We have performed a detailed simulation with a realistic detector at five different Ky mo-
menta (500 MeV /c, 1 GeV/c, 5 GeV/c, 10 GeV/c, and 50 GeV /c) to investigate the interplay
between kinematical constraints and photon veto inefficiencies [1]. Four different scenarios
have been considered. They are: '

1. The simple case, where no additional constraints are available and the only applied cut
is on the P, of the 7°;

2. The case where the decay vertex is directly measured;
3. The case where the energy of the kaon is directly measured;

4. The case where both the decay vertex and the kaon energy are measured.

In each case, we optimize the signal-to-background (S/B) by cutting on the relevant kine-
matic variable to obtain a measurement of 7 that is accurate to 10%. The simulation assumes
a detector with the expected responses for the photon veto detectors and the calorimeter,
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micro-bunching, and photon pointing. The photon inefficiencies are those shown in Fig-
ure 80. The results of these extensive studies are reported in [1], with the salient features
highlighted below.

For the KOPIO apparatus, we assume that the calorimeter has an energy resolution of
3%/v'E, the photon-pointing preradiator has an angular resolution of 25 mrad and the kaon
time-of-flight resolution is 5%. For KAMI, the CsI calorimeter has an energy resolution of
1%/VE.

Figure 68 shows the results of the study. We caution that one should not take the absolute
level of the S/B too seriously, but the relative merits of the kinematical constraints should
serve as a guide to the advantages that high energy kaons provide. Both curves in Figure 68
have a steep slope with respect to kaon energy because of the improved efficiency for vetoing
photons at higher energy. At 500 MeV, a 10% measurement of  cannot be attained. It
should be noted that at low energy (~1 GeV) full kinematics is absolutely necessary to
obtain the S/B necessary to make a viable measurement, and that a deficiency in any of
the kinematical handles (poor kaon energy measurement or photon angular resolution) make
it impossible to obtain a S/B>1. However, at higher energy (~20 GeV), the S/B begins
at about 5. From this we conclude that the measurement of K, — 7%/ at higher energies
involves less risk than attempts at lower energy.
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Figure 68: The results of the signal-to-background (S/B) study demonstrating the relative
merits of kinematical constraints at low energy and photon vetoing at high energy.
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A.2 Particle Production and Beam Characteristics

The advantages of high energy provide KAMI with a relatively large kaon production cross
section allowing for a relatively small beam size (0.41 pstr) and a neutron-to-kaon ratio of
~T7:1 (~470 MHz of neutrons) with no beryllium absorber. In order to obtain a sufficient
number of K; — 7°v7 decays at low energy, KOPIO is forced to utilize a large “flat ribbon”
bearmn 500 pstr in size with a neutron-to-kaon ratio of ~100:1 (~30 GHz of neutrons). Working
in such a low energy, high-rate, very large solid angle beam, something that has not been
attempted before, could be problematic. Using a beam with some similar characteristics
to that proposed by BNL, a KEK experiment attempting to measure K+ —rte*e™ has
observed a sea of low-energy neutrons. From our experience, all important effects from a
neutron halo are much reduced at higher energy where beams are naturally of smaller solid
angle and the experiment is situated further from the production target.

The KOPIO proponents argue that most of the neutrons are of too low an energy to be
of any concern, and that they are much more spread out in time than the expected signals
from decay photons. Nevertheless, given that both detectors have a Beam-Anti or beam
catcher that must live in such environments, this is a concern.

Anti-neutron production could be another problem at low energy. Anti-neutrons can and
do produce 7%s even at rest; and if there is a component of anti-neutrons in the halo, this
could be even more serious than neutrons in faking photons in the detector. Of course at
higher energies, neutrons and anti-neutrons behave for all intents and purposes identically,
so KAMI is immune from this concern.

A.3 Rate and Acceptance

KAMI and KOPIO both operate in an environment with a high rate of of kaon decays.
Accidental losses from kaon decays will have a significant impact on the final event yields
of both experiments. KAMI will run with a debunched beam in order to spread out the
rate of accidental activity in the detector. KOPIO operates with a micro-bunched beam by
necessity which can only exacerbate accidental losses. KAMI has taken a very conservative
approach to estimating accidental losses, which add up to 45%, by defining a 20 ns veto
window in the vacuum veto detector and a 10 ns veto window in the Beam Anti. KOPIO
uses a 2 ns veto window and quote a 10% loss from accidentals even though their decay rate
and neutron flux is higher than KAMUI’s. In the absence of accidental losses, KAMI would
collect ~160 events per year compared to ~72 events per year for KOPIO. Both experiments
will obviously work as hard as possible to minimize the magnitude of accidental losses.
KAMI has an acceptance for K; — 707 of that is approximately 7 times larger than KO-
PIO. This factor of 7 results from the combined geometry and performance of the calorimeter
and the relative beam sizes. The KAMI Csl calorimeter is a circular array with a diame-
ter of 2.756 m, block sizes of 2.5 cm x 2.5 em x 27 radiation lengths near the beam hole
and 5 cm x 5 cm x 27 radiation lengths elsewhere. The energy resolution of the KAMI Csl
calorimeter is ~1%. KOPIO has chosen a 5.2 m x5.2 m Shashlyk based calorimeter with a
resolution response of ~8% and a granularity of 10 cm. Perhaps the most important issue
besides the obvious geometric advantage (e.g. cluster separation and fusion cuts), the Csl
calorimeter also performs as a superior photon veto for background events with more than
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2 photons in the calorimeter.

Because of the rather elaborate photon converter that KOPIO is forced to use in order to
reconstruct the 7° decay photons, besides the loss in acceptance, there is lateral spreading
of the resulting electromagnetic showers. In order to obtain the desired resolution, the BNL
group must add in calorimeter channels corresponding to a region of diameter of about 120
cm [2]. The corresponding figure for the KAMI calorimeter is just 15 cm.

A final point of comparison is related to the charged particle spectrometer implemented
in KAMI but absent in KOPIO. KAMI is not a single decay mode experiment. The spec-
trometer gives KAMI sensitivity to all K; and 7° decay modes. KTeV has demonstrated
this principle well. In the most current compilation from the Particle Data Group, there are
only two K7, rare decay results that are not from KTeV.

KAMI and the KOPIO experiment at Brookhaven National Laboratory are both designed
to detect the very rare decay K; — 7°v/7 . The approaches of the two efforts are comple-
mentary. KAMI is a high energy experiment which relies on the many advantages available
at high energy. KOPIO is a low energy experiment which relies on a time-structured beam,
time-of-flight and reconstruction of photon directions to kinematically reject background.
Both experiments rely heavily on the performance of photon veto detectors, though the effi-
ciency for vetoing.photons is a more critical parameter for KAMI. Both experiments should
go forward. Consistent results from the two measurements, which have very different sys-
tematics, would give the community confidence in the implied conclusions. In the event
that these results imply a deviation from the Standard Model, confirmation from a second
independent group would be an important statement.
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B Results From The 2000 KAMI Beam Test

B.1 KAMI Measurements of Neutral Hadron Beam Rates

A beam test for KAMI was performed at the beginning of 2000, immediately following the
1999 KTeV run. Using a 150 GeV proton beam incident on a 30 cm long Beryllium Oxide
target, the kaon and neutron rates in a secondary neutral hadron beam were measured and
compared with predictions. The measurements were made with beam-detector (targeting)
angles of 12, 15 and 20 milli-radians. The experiment took place at the Fermilab Tevatron
and used the KTeV beamline and detector.

B.1.1 Overview of the Measurement

The neutral hadron rates were measured using the KTeV detector at Fermilab. This detector
was designed to measure Re(e'/€) and to search for rare kaon decays using an 800 GeV
- proton beam that produces kaons in the energy range 20-200 GeV. The test-beam results

presented here used a 150 GeV proton beam resulting in kaon energies that are several times
smaller than what the KTeV detector was designed for. Our charged spectrometer is only
sensitive to kaon energies above 20 GeV; to measure the kaon rate and spectrum down to
6 GeV we used the Csl calorimeter [1] to detect the six photons from K; — 37° decays.
Extracting the absolute kaon rate and spectrum requires large corrections due to acceptance
(few percent) and decay fraction (~ 8%). However, a precise Monte Carlo simulation of
the KTeV detector has been developed for the Re(€’'/€) analysis [2] which can be used to
determine the acceptance for this measurement to good precision. As a systematic check,
K; — 77r~ 7% decays can also be used to verify the kaon rate and energy spectrum for
kaon energies above 20 GeV.

The neutral beam rate, consisting of neutrons and kaons that did not decay, was measured
using a six-interaction length Uranium Calorimeter (UCAL) placed in the beam. The UCAL
had 100% geometric acceptance for beam-particles that. did not decay. The neutron rate was
determined from the difference in the total UCAL rate and the measured kaon rate from
K; — 37° decays.

B.1.2 Definition of Flux

The measured hadron flux (Fgp) is the number of hadrons per unit solid-angle per incident
proton on the 30 cm long BeO target. The exact definition is

‘ap - PS 108 |
}-HAD - (eacc - DKeor . ]VP * Elive * Ctgt * dl (25)

- (NCOR) x (N2F) (26)

where

® Npyap is the experimentally measured number of hadrons (neutrons and/or kaons)
after all off-line analysis cuts.
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e PS is the trigger pre-scale.

e ¢, is the signal acceptance. For kaon decays this includes both geometric acceptance
and analysis cuts. For neutrons (and kaons that do not decay) the geometric [UCAL]
acceptance is 100% and the analysis efficiency is taken as the efficiency of the trigger.

e DK, is the decay-fraction correction. For neutrons we have DK, = 1 since the 15
minute life-time is too large to notice. ~8% of the kaons decay before hitting the
UCAL, so DK, ~ 0.92 for kaons that hit the UCAL.

e N, is the total number of protons delivered to the target.
® ¢, 1S the trigger live-time (typically above 95%).
e ¢, corrects for the effective target length seen by the beam.

e dS) is the solid angle of the secondary beam which is 0.212 &= 0.004 ustr for this
measurement.

The factor 10° in the numerator converts the flux units to x10~%/prot/ustr. Note that Eq. 25
is separated into two parts, NCOR and N2F as shown in Eq. 26. The quantity NCOR
depends explicitly on which hadron (k or n) is under study. The quantities that contrabute
to N2F (N to F conversion) depend only on the run conditions.

B.1.3 KTeV Beamline and Detector

The Main Injector was used to inject protons into the Tevatron, which were then delivered
to the KTeV target. Since the KTeV beamline was designed to transport 800 GeV beam,
significant modifications were made to accommodate the 150 GeV beam.

The beam intensity during the test was ~ 5 x 10 protons per pulse, where each pulse
is 40 seconds in duration and repeats every 80 seconds. This intensity is about ten times
less than the nominal KTeV intensity, resulting in nearly 100% trigger live time. Although
KTeV was designed with two nearly parallel kaon beams, one of the beam holes was plugged
jor this measurement so that only one beam entered the KTeV decay volume.

The vacuum decay region is 90-159 meters from the target. This is followed by a magnetic
spectrometer with four drift chambers, a Cesium Iodide (Csl) electromagnetic calorimeter,
photon vetoes and a Uranium hadron calorimeter (UCAL) located behind one of the Csl
beam holes. Helium bags filled most of the air gaps in the spectrometer in order to reduce
the amount of material in which particles can scatter.

The Csl calorimeter consists of 3100 individual crystals [1] and with its multi-range
DPMT readout [3] energies from a few MeV up to 100 GeV were accurately recorded. The
calorimeter has two 15 x 15 ¢m? beam holes to allow two neutral beams to pass through
without interaction; the UCAL (see below) was placed behind one of these beam holes.
The Csl performance is shown in Figure 69 which shows the ratio of Csl cluster energy to
track-momentum (E/p) for K, — n*eTv decays. The peak at 1.0 is due to electrons and
positrons; the distribution below 1.0 is due to the charged pions. Figure 69 is from data at
the end of the week-long beam test, after which the Csl calorimeter had not been calibrated
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for three weeks; the mean E/p had drifted by almost 2% and the resolution had degraded to
2% (from 1%). Although this is not optimal for the Re(e/¢) analysis, it is still an excellent
calorimeter for measuring the kaon rates with K, — 37° decays.

The UCAL consists of 15 layers of Uranium and Kuraray SCSN-88 scintillator. Each
U-slab has dimension 46 x 46 x 4.3 cm?, corresponding to 0.41 nuclear interaction lengths,
or 13.4 radiation lengths. The Uranium is contained in a 0.7 mm steel casing, which adds
1.4 mm Fe per layer, or 21 mm total. The total mass is about 2,800 kg (about 1/3 of the CsI
mass). Each scintillator channel has dimension 43.2 x 43.2 x 1.0 cm?®; the scintillation light
was brought to a PMT via Kuraray SCSF-B21 wavelength shifting fibers. The PMT gains
. were a few x 10° and one MIP contributes roughly 15 photo-electrons per channel. Each
PMT signal was digitized twice using 11-bit FERA ADC modules. The first set of ADCs
had unity gain and served to measure the energy spectrum of the beam. A second set of
ADCs followed a x10 amplifier in order to allow muon calibration using the same PMT high
voltage.

~After calibrating the UCAL channels relative to one another with muons, the final overall
calibration from MIPs to “hadron GeV” was done using A — pn~ decays. The KTeV-E832
regenerator [2], which is a 1.7 meter long stack of scintillator plates, was placed in the neutral
beam at 122 meters from the primary target. This secondary target was used to generate
A’s via the reaction K +n,p — A+ X. The A — pr~ decay products were momentum
analyzed in the magnetic spectrometer. There are more than 13 thousand momentum-tagged
protons. which hit the UCAL, and the background-to-signal ratio is 1.4%. The A — pr~
calibration resulted in 2.7 “hadron” GeV/MIP compared to 2.6 GeV/MIP from a GEANT
simulation. The ratio of energy measured in the UCAL to the track momentum of the tagged
proton is shown in Figure 70. The peak is centered at 1.00 (by definition) and the width is
18.5%. The E/p response of the UCAL to protons varies by less than 3% with respect to the
momentum of the protons and the width of the E/p peak changes from 25% at 20 GeV to
15% at 120 GeV. The same study was performed with a GEANT-based simulation. GEANT
predicts an 8% FE/p variation with proton momenta and slightly worse resolution.

The trigger for K; — 37° decays required at least 2 GeV of energy deposited in the Csl
crystals near the beam hole. The on-line Level 3 filter software then selected events with
six clusters of energy in the Csl array. A UCAL self-trigger selected events in which the
15-channel analog sum exceeded 0.8 MIPs, or about 2 “hadron” GeV. No software filter was
applied to the UCAL triggers.

B.1.4 Kaon Rates

The number of kaons in the beam was determined by counﬁng the number of fully re-
constructed K; — 37° decays, and then correcting for the acceptance. The kaon energy
spectrum and flux, at Z = 90 meters from the target, was determined by correcting for the
acceptance and decay fraction in each kaon energy bin. The corrected kaon energy spectrum
is shown in Figure 71 along with a Malensek-based prediction [4]. At all three beam-detector
angles the kaon energy peak in the data is a few GeV higher than the prediction. As a sys-
tematic check, the kaon energy spectra above 20 GeV are compared between K; — 37° and
K; — ntn~ 7% decays. These two independent analyses show excellent agreement in both
the spectral shape and absolute flux.
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The absolute kaon flux defined by Eq. 25 is shown in Figure 72 as a function of the
beam-detector angle. The statistical errors are all less then 3% and hence the total errors
are dominated by the following systematic errors: 20% from effective target length correction,
5% from proton beam loss corrections, 5% from MC acceptance and 2% from the solid angle.
Note that most of these systematic uncertainties are correlated among the different beam-
detector angles. The relative systematic uncertainty between different beam-detector angles
comes from an effective target length correction which is about 0.65.
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Figure 71: The corrected kaon energy spectrum based on K; — 37° decays, at 12, 15 and
20 milliradians. The data are shown with solid dots and the Malensek-based prediction is
shown by the histogram. The flux units (vertical axis) are x107%/prot/ustr/GeV .

B.1.5 Neutron Rates

The analysis of the UCAL consists of summing the energies in the 15 active layers and
applying tight veto cuts to reject charged particles passing through the beam hole and
hitting the UCAL. Veto cuts were applied to the CsI calorimeter, drift chambers, and the
muon and photon veto systems. Events with early activity in the UCAL are also rejected.
The analysis efficiencies are 0.77, 0.91 and 0.96 at 12, 15 and 20 mrad beam-detector angles,
respectively. The total flux of neutrons and kaons in the UCAL F, 4, is defined by Eq. 25.
The neutron flux is obtained by subtracting the kaon flux,

-?:n = }—(n-{-:‘c) - :F;‘c X (1 - DKzzor) 4 (27)
where DK[, ~ 0.1 is the estimated fraction of kaons which decay before hitting the UCAL,

and whose hadronic decay products do not hit the UCAL. The neutron energy spectrum at
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Figure 72: The kaon flux for energies above 6 GeV vs. beam-detector angle. Both data from
this experiment (dots) and the predictions (open squares) are shown. '

20 milli-radians is shown in Figure 73, along with a GEANT-based prediction. The absolute
flux vs. beam-detector angle is shown in Figure 74, along with_predictions [5].

The ratio of neutrons to kaons is shown in Figure 75. This ratio is very insensitive to
the target length correction so the uncertainty is largely free of systematics. The data show
that the n/k ratio is almost TWO TIMES smaller than predictions.

B.1.6 Flux and Absorber Studies

The measured kaon flux is compared with the Malensek prediction in Table B.1.6. Note that
for both the data and Malensek predictions the kaon flux is for Ex > 6 GeV at Zx = 90 m.
The errors on the data are dominated by the 20% uncertainty in the effective target-length
correction. The errors on the predictions are based on the +1 mrad uncertainty in the
beam-target angle. The data are consistent with the predictions at the 2-o level.

The data prediction with 150 GeV beam seems to under-estimate the kaon energy peak
by several GeV. The measured average kaon energy (above 6 GeV) is 2 GeV higher than
Malensek-based predictions.

The measured neutron fluxes are almost a factor of 2 lower than predictions. To get the
neutron flux, the kaon flux must be subtracted,

Fr = Fnrry — Fr ¥ (1 = DKgyp) (28)

where DK[,, is the fraction of kaons which decay before hitting the UCAL, and whose
hadronic decay products do not hit the UCAL. The absolute neutron flux is shown below in
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Table B.1.6. The 150 GeV beam predictions for F, were obtained by scaling the 120 GeV
predictions by 150/120.

Figure 76 shows the n/k ratio vs. Be absorber thickness for all four beam energy/target
angles. Also shown is the relative n/k ratio relative to the n/k ratio with no Be absorber.
This shows that the n/k ratio dependence on Be is very nearly constant regardless of the
production spectrum; 10” Be reduces n/k by 30%, 20" Be reduces n/k by about a factor of
two and 38" Be reduces n/k by about a factor of three. We also found that the kaon energy
spectrum is not distorted by the 207 Be.

B.1.7 Summary

This report describes the neutral hadron flux analysis using data from the 2000 KAMI beam
test. The proton beam energies were 800 and 150 GeV, the latter intended to be near -
the nominal KAMI beam energy of 120 GeV. At 150 GeV the neutron and kaon flux was
measured at three beam-target angles: 12, 15 and 20 mrad. The K flux was measured using
K; — 37° decays, and was successfully checked with K, — 7t7~7° decays for Ex > 20
GeV. The neutron flux was measured using a six-interaction length Uranium Calorimeter
behind one of the Csl beam holes; it was calibrated with muons and with tagged protons
from A — pn~ from the regenerator. The measured fluxes were compared with predictions,
and in general the agreement was good to well within a factor of two. Some of the main
results and conclusions from this analysis are: ’

e the absolute neutron flux is 30 + 10% lower than predictions (Fig. 74) at all targeting
angles;. ' :

e the absolute kaon flux is 30% higher (at 12 and 15 mrad) and comparable (at 20 mrad)
with the Malensek-based predictions (Fig. 72);

e the measured n/k ratios are a factor of 2 lower than the predictions (Fig. 75);

e With 150 GeV beam the kaon energy spectrum is a few GeV “stiffer” than Malensek-
based predictions;

target
angle Fr Fr data/predict | < Ex > < Eg >
(mrad) (data) (predict) ratio (data) (predict)

12+1 | 892£1.87 6.18+0.25 1.44+£0.28 27.72 25.47
15+1 | 686+1.44 5.104+0.18 1.34+£0.26 25.16 22.95
201 | 416087 3.87x£0.20 1.07=x0.20 21.51 19.66

Table 25: Kaon flux (F;) vs. target angle compared with Malensek predictions; Ex > 6 GeV
and Zx = 90 m. The incident proton beam energy is 150 GeV with no Be absorber in
the neutral beam. The flux units are x107%/prot/ustr and the errors are systematic only.
< Eg > refers to the average kaon energy in GeV.
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target
angle | Fioary  Fi Fa Fa data/predict
(mrad) | (data) (data) 1— DK, (data). (predict) ratio

12 69.8 8.9 0.90 61.8 79.8 0.77

15 44.2 6.9 0.90 38.0 47.0 0.81

20 21.0 4.2 0.90 17.3 28.0 0.62

Table 26: Summary of absolute neutron flux with £, > 2 GeV, and comparison with pre-
dictions. The incident heam energy is 150 GeV with 0” Be absorber in the neutral beam.
All flux (F) units are x107"/prot/ustr.

e At both 150 and 800 GeV beam, the neutron energy spectrum peak is consistent
with GEANT-bascd predictions. However, the data distributions are broader than the
simulations

e Adding Berylliumm absorber does not change the kaon energy spectrum, but it changes
the neutron energy spectrum by preferentially absorbing higher energy neutrons;

B.2 Beam Test Results for a Prototype Beam Anti

In January and February of 2000. at the end of the Fermilab fixed target run, the KTeV ex-
periment devoted several days to various studies pertinent to the KAMI experiment. Among
the studies performed was that of the operation of a calorimeter prototype (BAG) based on
quartz detectors. The BAG calorimeter consisted of 20 layers of quartz where each layer
was 0.059.X, thick. The quartz lavers were interspersed with 0.44X thick lead sheets. The
overall thickness was about 10.5 radiation lengths. The Cerenkov light was detected by 35
PMTs positioned on both sides of the detector, 4 rows on one side and 3 rows on the other
side, 5 PMTs in each row.

The KTeV detector configuration was modified by moving the KTeV transition radiation
detector system transverse to the beam so that they covered the beam regions. In addition
one of the two beams was hlocked so that one of the two beam holes in the CsI detector could
permit access to the BAG test calorimeter which was stationed directly behind the Csl. In
this configuration, decay products from the neutral K decays could be used to study the
response of the BAG to electrons. In addition, we were able to collect data on the response
of the BAG to muons.

A clean electron sample in the BAG was obtained by selecting K5 decays by kinematic
cuts and determining the pion and electron nature of the two charged tracks using the eight
station TRD system. Additional verification of the pion identity of one of the tracks was
obtained by requiring that the track identified as a pion by the TRD go into the Csl so that
an E/p cut could be made.

With these criteria, a very clean sample of electrons passing though the hole in the Csl
and striking the BAG could be obtained. The energy spectrum for these events is shown in
Fig. 77 in units of minimum ionizing pulse heights (MIPs) where a MIP is the most probable
response to a minimum ionizing track. The x axis in this plot is In(E/E,)+1. The feature
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in this plot at zero MIPs is the pedestal obtained by recording events in which both charged
particles went into the Csl and no track intersected the BAG.
A 34k sample of almost pure electrons were obtained in this way. These are the events that
comprise the large group at centered at 4. No track failed to give a signal in the detector
and only a very few events (approximately 8) were significantly below the the large electron
signal. The nature of these few events was determined by varying the TRD cuts on tracks
allowing particles other than electrons into the BAG. The variation of the peak at 1 MIP
obtained by the varied TRD cuts cuts suggests that these few events were muons, most likely
due to a K3 background. The total BAG inefficiency for electrons estimated from the study
of this spectrum, which was limited by K3 statistics, is < 3 x 107° or less. This is to be
compared to the inefficiency goal of 0.1% for photons with energy greater than 10 GeV.
The response of the BAG to muons is shown in Fig. 78 A clean sample of 19.7k muons
was obtained by closing collimators in the KTeV neutral beam and making a muon run.
The lower edge of the muon spectrum obtained in this way is shown on a greatly expanded
scale in Fig. 78, A very clean separation of the 1 MIP peak from threshold (determined to be
at zero) is seen. There are four events below the lower edge of the Landau distribution due
to the muons. From this we infer that the inefficiency for seeing muons is at most 2 x 1074,
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Figure 78: Muon energy spectrum in the BAG obtained in the KAMI beam test
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C Photon Veto Inefficiency

Since the major background for the K; — w°v¥ signal results from the decay K; — #%x°

with two missing photons, understanding the sources of detection inefficiency for the photons
is important.
There are three mechanisms by which photons can escape detection:

e Punch through where the photon travels through the detector without an interaction.
This effect can be calculated easily from the photon cross section;

¢ Sampling effect in lead-scintillator sandwich detector, where most of energy is absorbed
in the lead and the amount of energy deposited in the scintillator is below the detection
threshold. This effect can be studied using EGS or GEANT simulations.

e Photo-nuclear interaction where a photon excites heavy nuclei producing multi-neutron
final states. This is more difficult to simulate than the sampling effect.

C.1 Inefliciency Due to Photo-Nuclear Interactions

In order to understand the detection inefficiency due to the photo-nuclear interactions, a
collaboration of physicists from the three future K; — w°/7 experiments initiated experi-
ment ES171 at KEK Tanashi in Japan. Figure 79 shows the plan view of the experiment.
Electrons from the synchrotron passed through a ~300 pgm thick aluminum foil and emitted
radiative photons. Three different incident electron energies, 430, 750, and 1100 MeV, were
used. The momentum of the clectron after the photon emission was measured by a spec-
trometer magnet and 32 scintillators placed at the focal plane of the spectrometer. Each
scintillator covered a 10 MeV /e momentum bin. The difference between the incident elec-
tron energy and the energyv of the electron after the radiation gave the energy of the radiated
photon. The radiated photon went through active collimators and hit the detector under .
study, located downstream. The detector was surrounded by 12 liquid scintillator (NE213)
counters to detect neutrons cmitted from a photo-nuclear interaction.

In the analysis, the neutrons in the neutron counters were distinguished from photons
based on the TOF and the pulse shape from the liquid scintillator. More than one neutron
was required to tag a photo-nuclear interaction. The efficiency for tagging the interaction
was estimated by fitting thie multiplicity of neutrons with a Poisson distribution.

The number of incident photons was estimated by using a pre-scaled sample of photons
which deposited an amount of energy consistent with the energy loss of the electron measured
in the spectrometer.

The detection inefficiency was measured for the following three detectors.

e An alternating stack of 1 mm thick lead sheets and 5 mm thick scintillator plates,
totaling 18 radiation lengths;.

¢ An alternating stack of 0.5 mm thick lead sheets and 5 mm thick scintillator plates;

e A 3x3 array of pure Csl crystals. Each crystal was 5 cm x 5 cm x 50 cm (27 Xj).
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Figure 80: The plot on the left shows the inefficiency of lead /scintillator sampling detectors
due to photo-nuclear interactions for 3 different sampling ratios. The default design for
KAMI consists of 1 mm thick lead sheets and 5 mm thick scintillator tiles. The plot on the
right shows the inefficiency of a pure Csl detector due to photo-nuclear interactions. The
data in both plots was taken with a 10 MeV detection threshold.

Figure 80 shows the detection inefliciency due to photo-nuclear interactions as a func-
tion of the incident photon energy for the lead/scintillator sandwich detector and the Csl,
respectively,. The threshold is set is to the equivalent of 10 MeV incident photons. The
inefficiency is a strong function of the photon energy, and it drops from 3 x 10™* at 100 MeV
to 1 x 107% at 1000 MeV.

C.2 Total Inefficiency Including Sampling Effects

The detection inefficiency due to electromagnetic interactions was estimated using the EGS
simulation code. Figure 81 shows the combined photon detection inefliciency due to sampling
effects and photo-nuclear interactions. The threshold was set to the equivalent of a 10 MeV
incident photon. For photon energies below 30 MeV, the effect due to sampling effects
dominates while the effect due to photo-nuclear interaction is dominant above 30 MeV.

In Figure 81 the inefficiency above 1 GeV is corresponds to the requirement given in the
KAMI EOI [1], which conservatively assumes that the inefficiency is flat for higher energies.
A new beam test is planned to measure the photon veto inefficiency between 1.5 GeV and
3.5 GeV in April 2001 at the Spring 8 photon factory in Japan.
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detection threshold is 10 MeV.
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D Overview of FCNC Processes

D.1 General Considerations

The processes induced by Flavour Changing Neutral Currents (FCNC) play an important
role in the study of weak decays and in verifying the Standard Model (SM) predictions for the
mechanism of CP violation. Due to the unitarity of the CKM quark mixing matrix Vog s,
these processes cannot take place at tree level since the matrix elements of the corresponding
non-diagonal currents vanish.

However, FCNC processes can take place via loop diagrams containing internal quarks
and intermediate bosons, although with very low probability. The contributions from the
various diagrams with different quark leops are unequal, as they usually depend on the quark
mass. We shall consider the FCNC decays Kt — 77w and K? — 7% (see the diagrams
in Figure 82). These decays are of particular interest and are called ”gold-plated decays”
since they can be predicted in the SM framework with very high theoretical accuracy.

g
W
8 d 8, 4 . L
¥, N/ T e
"""" S o ul uk

Figure 82: Diagrams for FCNC s — dvv

decays (K — mvi decays): a) penguin di-

agrams, b) box diagram. Figure 83: Diagrams containing SUSY
contributions to the Zd3s vertex.

The K — wvi decays in the SM framework are treated in detail in a number of papers,
reviews and monographs [1-25]. We enumerate here the interesting aspects of these decays. -

a) The main contribution to the FCNC processes is made by the region of very small
distances r ~ 1/m;, 1/my. Therefore in this case, a very accurate description for strong
interactions is possible in the framework of perturbative QCD in the leading logarithmic
order (LLO) with corrections in the next to leading order (NLO) approximation.

b) The calculation for the matrix element (7|H,|K),,» requires one to relate the quark-
level processes to hadronic ones. This is difficult, as it involves long-distance physics.
However, this can be avoided by using a novel renormalizing procedure developed by
Inami and Lim [5]. Through isotopic-spin symmetry, the matrix element (7|H,|K) .5
can be related to (7|Hy|K)ge,, the matrix element of the well-known decay mode
Kt = 7%*y,.




The difficulties with long-distance physics is therefore minimized in the ratio BR(K " (K®) —
7t (7)) /BR(KT — netv).

¢) Since the effective vertex Zd5 in the diagrams of Figure 82 is determined by the re-
gion of small distances R ~ 1/my, 1/mgz, these processes are also sensitive to the
contributions from new heavy objects (e.g., supersymmetric particles — see Figure
83). Consequently, the comparison of the experimental results with reliable theoretical
estimates in the SM framework allows us to search for new physics in these rare decays.

D.2 Physics of K — nvv decays in the Standard Model

As was shown in [22,23,1 and 4] the decay K} — n%v is governed by direct CP-violation
mechanism or more precisely by interference between direct CP-violation amplitude s — dvy -
and amplitude for K° = K9 mixing.

Define the decay amplitudes

a=AK’— n'vp) ; &= A(K®— r'vp) (29)

and related value A,,; for the decays ng;S) = p|K°) F ¢|K")

q a
Apoy = | 2] - = (30
nvy (p) a ( )
Thus A(K}.¢ = n°vp) = pa F ¢& = pa [1 F (%) . %] = pa{l F A5
and the ratio between the corresponding decay rates is
(K} = n%vp)  [pa—qa|® |1=Ans|®  1—2ReAns + [ Anol? (31)
D(KY — %)~ |pa+qa| = |1+ Ams| 1+ 2Redns + [Amsl?

As is well known l%{ = |12 ~ 1-2Ree = 1+ 0(107%) ; |2| = 1 with very good precision
because there are no different amplitudes with different scattering phases in the final state.
Thus [Ams| =14 0(1073) and

Ao = €770 | (32)

From (31) and (32) the ratio of the decay rates is

D(K] — n'wp)  1—cos20
D(K2 - mvp)  1+4cos2d

tg*o . (33)

In the CP conserving limit ¢ = @ and A,,; = 1 (4 = 0). Thus the decay K} — 7w is
forbidden in this limit and would go only through CP violation mechanism as an interference
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between amplitudes of K® = K mixing and direct FCNC s — dvo decay ( ¥ in (32) and
(33) is a phase between these two amplitudes).

Let us also obtain the model independent relation between the decay widths I'( K} —
7vp) and T(K* — 7Fvi) [23]. From isotopic symmetry the ratio of the amplitudes A(K* —
wtup) JA(K® — 7% 5) = /2r, (r, = 0.954 s correction factor for isotopic symmetry breaking
and phase space differences).

From this amplitude ratio

g i~}

2
IN(K? - 7vp) _ pAK® = 7°wp) [1 _ (%) ' ] 1 - )"""""12

D(K+ — wtvi) V2r A(K® — 7000) dr,

1 —exp(2i)]” 1-cos20 1 ,
= = = —gin“9.
4r, 2r, Ty

Thus (K} — n°vir) < -T(KN* — 77wp), or

(KY) 1 | :
i) L pRr(k* 5 ntup) = 437 BRIK* = nto)  (34)

-0 0, _
BR(K} — mvp) < T

It is possible also to cxplain directly the CP violation in the decay K? — #%v5. The
CP-parity of 7%vp system in this decay is CP|np) = CPin®) - CPlvp) - (-1)*, where
L is relative angular- monientum between |7°) and [vP). For spinless K° and 7° mesons
L = J, where J is angular momentum of |v7). In the rest frame for this system lefthanded
neutrino and righthanded autincutrino have the summed angular momentum J = 1. Thus
CP|r%p) = CP|x% - (-1)) - CPlvp) = (~1)(-1) - CPlvp) = CP|vi). In the lepton
flavory conserving approximation (e.g. for K} — 7°v0 decay with production neutrino
and antineutrino of the same generation - 1/6176,1»',m Uy, v-Pr) |vP) system must have quantum k

numbers J¢ = 1t or 17~ [4]. But K? = m [1K3) +€IK1)] has the main component
|K3) with CP = —1 and the decay K? — 7% is going with CP violation. It must be

emphasized that the same analvsis holds also for K9 — n%*[~ decays if the production of
I*1~ pair is governed by the FCNC box or electroweak penguin diagrams (with Z° or one
photon exchange). In this case CP|I*I™) = +1 and CP-parity of |7°/*I™) system is also
positive { CP|r%*™) = CPITI™) = +1; K? — 7%~ decay is going with CP violation).
In the SM the amplitudes of K’ — wvi decays are governed by the FCNC loop diagrams of
Fig. 82 at short diqtances (SD) After the "renormalization” of hadronic structure effects by
normalizing on K+ — 7%e*v, decay rate the long distant (LD) contributions to K — 7vi are
negligible [9,11,12]. From the loop diagrams of Fig. 82 it is possible to calculate amplitudes
of K — mvp processes and to obtain the SM predictions for these decays for any single type

of neutrino flavory (see [1-3,8,13-18]):

AK* = 7tup) = % (B Hy | K - (-é;—s%;,;-w) AF(z) + NF(z)]  (35)
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- N
AGR? = 79) = S8 Bl Ho K - (G2 ) - Dol + AF ()] (36)
AK® = i) = Cr (r°vi|H,, | K°) - —= ). NP (ze) + A F(z4)] (37)

9 “ 27 sin?J,, e e ; '
A(KY - 1) ~ A(KJ - 7%5) = %[A(KO — 1up) — A(K® - 2%p)] =
_Gr, (7w Hy | K°) - ( - ) 22[ImA, - F(x.) + Im); - F(x,)] (38)
V2 w V2 - 2nsin? 9, ‘ ¢ ' !

F(z,), F(z;) in (35)-(38) are the known functions of the variables z, = (mZ2/m},) for
c-quarks and z, = (m/mj,) for t-quarks for the loop diagrams in Fig. 82 (the Inami-
Lim functions [5]). After taking into account the QCD corrections in the LLO and NLO
approximations we get F(r,) = (9.5 +1.4) - 107" and F(z,) = 1.53 +0.05 [1,17,18,25] (the
accuracy of QCD calculations improves with the growth of quark mass).

The values A and \; = VigVii(i = ¢;t) in (35)-(38) are determined by the elements of the
CKM matrix ‘/CKM [26,27] . ’

d wd Vus Vb d d
S 1= Vu Ve Vi s | =Veknm | s (39)
v Vie Vis Vi b b

The matrix Vg in the Wolfenstein parametrisation [28] is presented as an expansion
over the small parameter A = V,,; = 0.2196 + 0.0023. Including terms up to order AL, the
Ve ar matrix has the form

1- ’\72 A ; AX3 (o — in)
Vorm = ) A AN? +O(\Y). (40)
AN(1 —p—in) —AN 1

In this representation the Vog ps matrix is defined by four parameters A ; A = ‘f—} D opoim,
i.e. by three real values and one phase, which is responsible for the description of CP violation
in the SM weak interactions. The modified parameters

ﬁ=p(1—§);ﬁ=a(1—§), (41)

are introduced to improve the accuracy of the Vi ar decomposition to an accuracy not
worse than O(\%). The complex quantities in expressions (35)-(38)

M=V Vi (i=a1), .
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have the following forms:

Re A,
ImA,
Re )\,
Im),

R

I

- (1-%) +0o0)
—nA*XS + O(N7)

_ A2y (1 - i;-) (1= p) + O\ 43)

= nA2N +0(N)

Since F(x.)/F(zx;) ~ 1073, the contribution of the c-quark induced terms is only sig-
nificant for real parts of matrix elements in (35)-(38) due to enchancement by factor Re,
(ReA. ~ A is much larger than Re),, ImA., ImA; < X°). Therefore

I[ACF(:EC) + )\tF(xt)] - [AEF(:CC) + )\:F(%)Hz

and

l‘/\cF(xc) + /\tF(mt)\z

R+

~

4/ImA, - F(x,) + Im), - F(z,)?
4(]m)\t)2 - F(xt)g =
SN LAY F(z)? =

A | Vo' AP = 4|V [* A2 (44)

[Re, - F(x.) + Redy - Fx)]? + [Im), - F(z,) +
Imh; - F(z)]? ~ o
[ReA. - F(z,) + Redy - F(x))? + [Im), - F(z))? =

{—,\5 (1 — 5;-) A?F(x)(po — ,5)] 2 +
[)\5 (1 — -)—\2—2) AQF(act)anr =

XA F(xy)® - = [(po = p)° + (00)%] =

A2 Vil Fz)? - ;— [(po — §)? + (o7)*]

Q|

(45)

Here the following notations have been introduced

o

g

A

PRI CONPINNE B
AZNF(z,) | A2F(z,)
1+ A = 1.42 £ 0.06;
1 >
Vo
Az J

(46)

The quantity & = Py/A*F(z;) = F(z.)/A’>*F(z,) = 0.42 + 0.06 is connected with

c-quark contribution.
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To avoid problems with the hadronic matrix element (tvv|H,,|K) the well-known K+ —

7%* v, decay amplitude can be used:

AKY = 1%Ty,) = % A7t v | Hy|[KTH. (47)

Because of isotopic symmetry it is possible to find the ratios

2

(mrup|H |K*) |©

e B KTy |~ 2 (48)
and

(r°vp|H,| K% |*

v H K| T 49).

where r, = 0.901 and ry = 0.944 are correction factors that arise to account for the
isotopic symmetry breaking and the phase space differences for K+ — n%*v,, K* — atvp
and K% — 7% decays.

From (33)-(47) one can obtain the SM predictions for the branching ratios of the K° —

7% and K+ — ntvi decays [17):

i

; ) ‘ i : {K? 3a*
BR(KL—7°vp) |sn = [BR(R+*>WO€+;]€).TEI{§)).27r2sin419 oy
1
‘Royg - {ImAe - Fa)" = Ro- XA'F(z,)* ol =
= Ry Vol F(z)" - olif* =
= 3.28-107° - |Vy|' F(z)* - olfi]® =
= (31+13)-107% | (50)

1
BR(K+-§'7T+I/I7) ‘SM = R+ . “5\3 . [ACF(LCC) -+ )\tF(ﬂftHQ =

, 1
= R, NA'F(2)* ~[(po — p)* + (07)’] =
. 1 _ _

= R, |[Vy|* Flz;)*- E[(Po —-p) + (on)’] =

- 615 - 1 _ _
= 7.50-10 61‘%&14 : F(mt)Q ; E[(f?o - P)Q + (0"?)2] =

= (82+32)-107" (51)
Here o = 1/129, sin? 9, = 0.23, BR(KT — 7l*y,) = 4.82-107%

R, = [BR(K‘*’ rlety,) - st r+] =7.50-1075; 7(K?)/r(K*) = 4.17;

272 sin® 9y
- (K (K9 —
Ro= [BR(K® = 7°¢*v) - galiieg o~ 5k = Ra - 5{gh - rofrs = 328107
From (50), (51) one can obtaine
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BR(K} = 7n'vi)|sne  7(KD) Ty (on)? T(K?) 7y

BR(K* = mtui)lsse 7(K¥) 14 (po—p)2+ (on)? ~ 7(K+) 1,

=435 (52)

which can be compared with the model independent limit from (34).

One of the most important points to be made here is that the theoretical predictions for
the rate of K — mvv decay are very precise; ~ 1 — 2% for BR(K? — n°v) and ~ 5% for
BR(K* — 7wtvi). In the latter case the uncertainty is dominated by the virtual c-quark
contribution. However the numerical estimations of the BR(K} — 7°vp) and BR(K —
7vi) given in (50) and (51) are characterized by uncertainties which are much larger than
the theoretical uncertainties above. This is due to the uncertainty of the CKM parameters
which are input to the calculations.

The values for the CKM matrix elements V4, Vi, and V}, are not obtained directly from
top decays but indirectly from other data and from the unitarity requirements on Vg ay.
One of these unitarity constraints has the form

Vad  Vay +Via - Vig = =V - Vi « (53)

or for vectors on complex plain (ﬁ,iﬁ)

AN (4 i7) + AN[1 — (5+in)] = AN?

After normalizing by AX? the unitarity condition can be graphically represented as a
triangle in the complex (p, i7}) plane as shown in Figure 84.

®.m

0.9 10

Figure 84: Graphical representation in the g, 177 plane of the unitarity condition V4V, +
ViaVip = —VeaVip-

Figure 85 is an idealized diagram showing the connection between the position of the
apex of the triangle (5, 7) and various physical processes. In reality, the current theoretical
and experimental uncertainties constrain p and 7 to lie in the region shown in Figure 86.
Detailed analyses of the Vg matrix are given in refs. [29]- [33]. Table 27 presents the new
values of the relevant SM parameters which can be used for numerical estimates of of various
decay rates. For example, from the values of the Table 27 the decay rates in (50) and (51)
are BR(K) — 7%w) |gy= (2.6 +0.9)- 107" and BR(K" —= 7ntvi) |gp= (74 £ 1.7)- 107
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Figure 85: The ideal unitary triangle. For illustration, the value of #j has been chosen to be
higher than the fitted central value (reproduced from [14, 15]).

D.3 Other rare kaon decays arise by FCNC processes

There are a number of other rare kaon decay processes that arise from short distance (SD)
effects that are also sensitive to direct CP violation and to searches for New Physics. Among
these decays are KY — #'/"/~ and K? — pTp~. Separation of direct CP violation from
other processes is more conplicated for these decays because of the significant influence of
long distance (LD) effects connected with one photon and two photon exchange diagrams.

D.3.1 K?! - 7%*" decays

Let us consider K? — 7"ff decays with f = v;17. A(KY — 7°ff) is the CP violating
amplitude (direct CP violation) and A(K{ — 7°ff) is the CP conserving amplitude. Thus
(see Figure 87)

4(K2 - 7TOfJF) = [A(KO - Woff)]cp—éérecz +[e - A(K? - WOff)]CP—-z’ndireci- (54)

For short distance K? — 7%vi7) decays, the amplitudes A(KY — 7n%vp) and A(KY —
n%vi7) are comparable (see (3)) and because of the small of mixing parameter ¢ ~ 2.3 - 1073
the indirect CP violation effect in K? — 7% is negligibly small [35]. But for K¢ — 7%+~
decays the situation is changed dramatically by the influence of LD effects in photon exchange
diagrams.

It was shown in [4] that in LD region the one-loop diagram with a virtual Z* is heavily

suppressed (as (my/mz)*) with respect to the corresponding diagram with a virtual v*:

BR(KY — %) p N BR(KY% — %) p,  mi Qem
BR(K? - ’E’TOZ—!’[“)LQ - BR(Kg —3 W'Ol_;'l_)LD,y m22 Qyyy

<1077 (55)
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Figure 86: The limitations for parameters of the unitary triangle from existing data for
g, Amp,, Amp,, |Va/Vel, sin 283 (from B*(B°) — J/v K2) — see [30].

Thus, A(KY — #%*17)p > A(KS — #°1717) and the indirect CP violation effects in -
K? — 7%*1~ can be qigniﬁcant and comparable with the direct CP violation component.
The SM diagrams for K? — 7%*1~ decay are shown in Figure 88a,b.

It is clear from Figure 88 and from the previous discussion that there are three contmbu—
tions for these modes. The first is a direct CP violation contribution from the short distance
electroweak penguin and W* box diagram. The second contribution is the indirect CP vio-
lation amplitude due to the K¥ component of K }3. The third contribution is connected with
the two photon diagram (Figure 88c). This component is CP conserving. The K? — #%%1~
decay is discussed in the framework of SM in [3], [4], [14]- [16], [20], [25], [36], [37].

We will consider all three contributions to this decay using K¢ — 7% %te™ as an example.

After this, the decay K — n%u*~ will be discussed as it is potentially interesting for study
in KAMI.

|Ky) o |K3) + ¢ |KY)
L — 70+ L — 707+~
Direct Indirect
CP violation CP violation
in the decay due to |KV) = |KD)
amplitude mixing

Figure 87: Direct and indirect CP violation in the decay K° — 7ot
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D.3.2 K? — r%Te” decay with direct CP violation.

The decay K} — m’eTe™ is governed by the SD FCNC electroweak penguin and box diagrams
in Figure 88, with the main contribution from the operators

Qrv = (5d)y_4 - (€e)v; Qra = (3d)yv_4-(€€)4. (56)

W J U, C, 1

l a)
5 e e W N W l
W,'
u,c, 1Y A
e W W R
d 1514 l
b)
?’TO
K? J
5 {
c)
l

Figure 88: Diagrams for K} — 7n°1*1~ decays a) Electroweak penguine diagrams ,
b) box diagram
¢) two-photon exchange diagram (K? — n%*~y* — 701717)

The branching ratio for the direct CP violating amplitude is

BR(K}—7'¢e” )op_air

1 7(K}) [a

[T+ T3] - (Imr)? = K [T+ V4] - (Ima)? (57)

2
) -BR(K*— 7?0@"”1/8)} :
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Here K, = FI?% (%) -BR(K* —=n",) = 6.3 x107% and the amplitudes ¥;4 and Y7y,
are determmed by Inami-Lim functions for loop diagrams with the variable z, = m? /m}:

~ 1
Youo = — - Yolx
TA sin? 9, o(4)

. 1
Yov = Bo+ snf o, Yo(zy) ~ 4Zo(x¢)

(58)

The effective mass of the t-quark is m, = 167+ 5 GeV [31]%, and the loop diagram functions
are

m 1.55
Yo(z,) = 0.96 (“L—) = 0.98 + 0.06

165GeV
1.90
_ _ my N (59)
Zo(z) = 0.66 (W) =0.68 £ 0.04
BO ~ 3.0
where By =~ 3 from QCD in the NLO approximation. From (58), (59) one obtains
Y2 + Y3 =388+29 (60)
and [17], [18] ’
BR(K]—7'"e )cpoar = K. [327%4 + }%%{,} - (ImAy)?
= 2.45-107% (Im),)?
= 245.107" . o|f* - A*AY
= 245-107% . 0|77 - [Vip|* - A?
‘= (4.6+1.8)-1071* (61)
or from the values of parameters in Table 27
BR(K?—rcte ) op_giy = (4.1£1.3) - 10712 (62)

D.3.3 K} — n%Te” decay with indirect CP violation.

Indirect CP violation in K — n%%e™ decays is due to K° ¢ K° mixing and can be
estimated as

T(Kg) . 1fl2
T(K3)
= 3.0-107%. BR(K3—nte). (63)

BR(K]} =% e Vepingr = BR(Kgx—éwge+e”)~

2Here m; is effective mass of the t-quark. This effective mass is connected with the pole mass in D0 and
CDF measurements (m?” = 174.3 + 5.1 GeV [34]) by the relation m; = m?” [1 -3 MEQ] [15], [16].
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The K§— n’e*e™ branching ratio has yet to be measured but an upper limit of BR(K?—
€T e )eap < 1.5:1077 exists [40]. The expected value of BR(KY — n%e*e™) is ~ 10~2+10~1°.
From CHPT it is possible to use the data from K — nx*ete™ to obtain the limit

D(KY — 7n%*e) _ BR(KJ = n%te™) (K

. _ 2
[(K* — ntetem)  BR(K+ — 7wteter) 1(K9%) Irf* < 0.25 (64)
which leads to
. _ , 0.25 - 7(K?
BR(K} —» n’ete™) < BR(K't — ntete). ——7:(—%32 =
= (2.9440.14)-1077-1.80-107% =5.3. 10710 (65)
and
BR(K? = e ) ep_inair. < 3.0-107%.53.107°=1.6-10"12 (66)

It is possible that BR(K§ — n%%e™).;, will be measured in future by KLOE [41] and
N A48 [42], leading to a more definite value for BR(K] — 7% e™)cp_indgir-

There is an additional complication associated with the interference between the vector
part of A(K? = 7% %e ™ )op_gir and A(K? — %% e™)cp_inair which must be considered for

any future measurement of direct CP violation in K9 — n%%e™,

D.3.4 K} — n%*te” without CP violation.

The. CP conserving amplitude of the K? — 7%*e~ decay is governed by the two photon
exchange mechanism with an intermediate 7%v*y* state (see diagram in Figure 88). To
estimate the absorptive amplitude for the decay K9 — 7%y*v* — n%*e™, data from KTeV
for KY — 7%~ can be used [43]. KTeV obtained the first evidence for a low-mass vy
signal as predicted by O(p®) chiral perturbation theory calculations which include vector
meson exchange contributions [37], [44]. From KTeV data the value for the effective vector
coupling ay = —0.72 £ 0.05 £ 0.06 was measured. This value of ay suggests that the CP

conserving contribution for K? — 7% e~ can be estimated as

BR(KY = 1% e ) op_consers. =~ (1+2)- 10712, ' (67)

This contribution is 2 — 3 orders of magnitude larger than predictions based upon O(p*)
CHPT calculations which are helicity suppressed. At the same time, vector exchange terms
from O(p?) calculations are not helicity suppressed (they correspond to the D-wave exchange
of two photons). The CP conserving amplitude does not interfering with the CP non-
conserving amplitude. :

In the future, the value of BR(K? — 7%%e™)cp_consers. an be more precisely evalu-
ated from further studies of the low m(yy) part of K} — 7%y decays and with a form
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factor analysis of K — n%ye*e™ and ne*eete™, which is important for estimation of the
dispersive amplitude in K} — n%*y* — 7%te™. The relative weight of the CP conserv-

ing contribution can be constrained by appropriate kinematical cuts (due to the different
Dalitz-plot distributions of the CP conserving and CP violating components).

D.3.5 K? - 7%ty decay.

The decay rate of K¢ — n%u*u~ is approximately a factor of 5 smaller than K] — 7%¢*e”
due to reduced phase space. In addition, the helisity suppressed CP-conserving contribution
K¢ - 7%~*+*)gp — 7°utp~ seems to be significantly greater than Ki — 7°(v*v*)sp —
n’ete” because of the mass of m,. But as was shown in 1.2.4, the main role plays the
helisity nonsuppressed component K7 — 7°(y*v*)p — n’e¢*e”. Thus the total relative
weights of CP-conserving contributions to K¢ — n%%e™ and K? — 7°u* 4~ may be are not
so different. The difference in the background for K? — 7%*e™ and K? — #°u* ™, on the

other hand, can be substantial and favors the muon mode (see for example [45]).

D.3.6 Experimental situation for K? — 7%t~

The best upper limits for the decays K? — 7%*e™ and K? — 79" 1~ have been obtained
by KTeV [46], [47] :

BR(K? - r%%te™) < 5.1-1071° " (68)

BR(K} - wutp™) < 3.4-107'C (69)

These limits are still two orders of magnitude above their expected rates in the SM.

The main experimental difficulty in the search for K? — 7%%e™ is the “Greenlee back-
ground” from the radiative decay K? — ete vy with a rather large branching ratio of
~ 61077 [48]. The two photon invariant mass has a spectrum which includes the mass of
~ the 7°, so that a component of this decay is indistinguishable from the 7%*e™ mode. To
deal with this background a high-precision photon calorimeter must be used to minimize the
background from m(vyv) near the n°. Additional kinematical cuts are also needed to reduce
the radiative background. The similar background from K¢ — utpu~ v~y is reduced due to
the mass of muons.

To further increase of sensitivity of K¢ — %[~ future searches will have to rely on
subtraction of the radiative background on a statistical basis by measuring the backgrotind
with to very high precision and by subtracting the m(y~) sidebands.

D.3.7 K} — pTu~ decay

The branching ratio of K? — y*u~ can be presented in a form
BR(K}] - m°utu™) = (ReA,,)* + (ImA,,)% p. (70)
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The absorptive LD amplitude (/mA,,).p in (70) is dominated by the process K? — ~v
with two real photons (on mass shell) converting ¥~ pair. The square of this amplitude
can be precisely calculated in QED as

o’m? 1-3, 2
(ImA,)ip = (Om%g . [lnl y? ] -BR(K} — v7)
2m3-58,

= 1.20-107°-(5.92+0.15) - 107" = (7.09 £ 0.18) - 107, (71)
with 8, = /1 — é:"g‘— = 0.905 (unitary lower limit of BR(KY — ptu™) [49]).
The dispersive amplitude /¢c 4, contains two components

Red,, = (ReA,,)sp + (ReAu)Lp (72)

The long distance amplitude (Rcd,,)rp is determined by an intermediate state with two
virtual off-shell photous {see diagram in Fig. 89a).

d i mood b)

Figure 89: Diagrams for A — ptu~ decay:
a) two-photon exchange diagram (K7 — 7" y* — utp™)
b) FCNC SD electroweak penguine and box diagrams

Most interesting is the short distance part of the dispersive amplitude which depends
upon the FCNC loop diagrams in Figure 89b and can be presented as

2 + + 0
(Red,,)%p = {a BR(K™ — p'v,) T(Ki))/\g}

72 sin* Oy T(K

(
T Po(Y) + Y (e r
[ReA Re),

[RQA R@At

= [y 4 By |
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= 1.68-107°A' (z,)* - ';*—(ﬂﬁ - p)’

= (1.33£0.15)-107°4*(g) — p)?

(6.9 + 1.5) - 107°(ph — p)?

(8.7+3.6)-1071° (73)

T 0 .
(see [3], [17], [18]). Here: K, = [QZ'BR‘K*"*“‘“"#) : T(‘j(‘g)))@] = 1.68-107% pp = 1+ 2) =

w2 sin? dyyr
1.23+0.03, determined by virtual c-quark loops in Figure 89b and includes QCD corrections
in the NLO approximation; the QCD corrected (n) function Y (x;) = nY¥y(z,) = 1.026 £0.06
and Yy(z;) = 0.98 +£0.05 is determined in (59). The experimental value BR(K) — ptp~) =
(7.15 4 0.16) - 107? [50], [34] nearly saturates the unitarity bound from (ImA,,);p (71):

(ReAuu)gch = BR(K’?, - /«L+au~) - (ImA#p)%D =
= (7.1540.16) - 107 — (7.09 £ 0.18) - 107° =
= (0.06 +0.24)-107° < 3.7-107'°(90%C.L.) (74)

This can be used to obtain the an upper limit for the short distance term

{ReA#ulSDrﬁa:c < IReAuulemp+|ReAﬂuiLD- (75).

In the framework of the SM this can be used to determine a limit on the CKM matrix
parameter p ’

L |ReA,u.lsp
1P = pol (26+0.3)- 1075 "
and |
~ ;o !R€x4up!SDmaﬂ? .
P> PT36%03)-105
B |ReA, | s Dmaz
= (1.234+0.03) - (264+0.3) -10-5
, Re/
> (1.23+0.03) — | ReApuuleap + | eA’“‘iLD. (77)

(2.6 +0.3) - 105

To evaluate p one needs to find the long distance component of the dispersive amplitude
|ReA,,|Lp. For this analysis [51], [52] the experimental data for the form factor of the
K}v*v* vertex is used.

As was shown in [51]

208mi 3 i
(ReAu)ip = —;;;%{—"'BR(R?,—W’}')-lReR(M%)F, (78)
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with

% " 2k2 _ -k 2 )

Here p* = m; flqt; 43) = fk?; (p— k)?] is the transition form factor for KJ — +*v*; k? = ¢7
and (p — k)* = ¢4 where ¢; are the momentum transfers for v; in f(q?;q3).

To determine (ReA,,);p, one needs information about the form factor f(q};¢3) which
can be obtained by KAMI in a model independent way by analysis of K? — ptu~ete”
decays.

Currently, the only available information is for the form factor f(¢%0) in the decays
K} — pfp~y and K} — eTe ™y (KTeV, [52]). To extrapolate from f(g%0) to f(g%; ¢2) the
vector dominance model of [51] was used and the upper limit of (ReA,,).p was estimated:

1
20°m2B, - BR(K} = v¥)]? . .. A
(ReA,)1p = # =3 15.25 + 3.47c + 3(1 + 20 + ﬁ)ln;ln—ﬁl
A
= 1.61-107°5.25 + 3.47a + 3(1 + 20 + /3)17%—]. (80)
g R

Here o = —1.53+0.09 [52] and 3 are parameters of the form factor f(¢?;0); lnm%'is a cut-off
parameter; (1 + 2o + ﬂ)lnm—*"‘-‘3 = (0 £ 0.69) from perturbative QCD. Thus V

(ReAy)p = 1.61-107°0.06+ 0.31 £ 0.69] = (0.10 + 1.21) - 10~°

- (81)
ar
(ReA,)ip < 1.7-107°(90%C.L.). | (82)
From this value and from (74), (75) and (77)
(ReA,)%p < 1.3-107°(90%C.L.) " (83)
(ReA,,)sp < 3.6-107°(90%C.L.)
5> —0.3(90%C.L.) (84)

(see [50,52]). The upper limit for (ReA,,)%p plays a very important role in the search
for New Physics in rare kaon decays.
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D.3.8 K! — ete™ decay

In the SM this decay is strongly suppressed for V-A interactions by helicity conservation.
For this decay

a’m? 1-5,\?
(ImA,)? = : (lnm) T(K? = vy)

k
2 m 2 m 2
= ( ) -(Qmme) -BR(K} — vy) = 2.70- 107" (85)
: K

a 4mZ 2m2, 1-B. ., m:
(B = 1~ 7zt =1 =355 3 = o) |

In the framework of CHPT it is possible to estimate (ReAe)? and to obtain [53], [54]

BR(K? > ee)|syy = (9.0£0.5)-107" (86)

in good accordance with the experimental value [55]

BR(K} = e e Mewp = (8.713]) 107" ‘ (87)

For this'decay the helicity suppression of (ReA..)sp is negligibly small:

BR(K*™ = etu,) |
(ReAee)QSD = (RGA;L;L)2

~ - _14
5P BR(K+ — utv,) 210 (88)

Due to strong suppression of this decay in the SM its careful study can be used to search
for New Physics effects.

D.4 B-meson experiments and unitarity triangle

In the B-meson system the story is much longer and more complicated. Many of the same
authors have studied the theoretical limitations of the B sector measurements [1-3,13-18]. A
- summary of their conclusions is as follows:

1. The present uncertainty on |V4| measured with the By mixing parameter 4, = Ampgy/Gammag,
is already dominated by the uncertainties in the lattice calculations of fg, and Bp,.
This is a theoretical limitation common to most of the hadronic B decays.

2. The z,/z4 ratio of these observables is significantly less sensitive to lattice calculation
uncertainties. Currently, the B, mixing parameter x; has not yet been firmly estab-
lished. This would be measured in future hadronic B production experiments, where
particle identification is crucial for distinguishing B, from B, events.

3. Among the conventional measurements of the unitarity triangle angles «, 3 and v
expected from the B factories, only 3 from the measurement of B® — y/Kg(K) is free
from significant theoretical uncertainties.
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4. o measured with B® — n*7~ suffers from significant “penguin pollution” which must
be overcome before this measurement can be useful for CKM parameter determinations.
The isospin analysis required to control this problem requires measurements of modes
which are probably too low in branching ratio to be well measured with the available
luminosity.

5. The B set'tor analogies of the ultra-rare kaon decays; B° —» Xuw, B® —» X,vp,
By — ptp~ and B? — ptu~ are likewise theoretically clean. The Standard Model
branching ratios for these modes are believed to be beyond the sensitivity of all pro-
posed experiments.

The B sector experiments have more than ample experimental insurance. Eight experi-
ments are in process of working or under construction: Babar, Belle, CDF, CLEO-III, Dzero,
HERA-B, BTeV and LHCB. )

The most theoretically unambiguous constraint on Vg can be obtained in 2 types of
measurements.

a) The intensity of B} 2 BY and B? & B? mixing depends on Amp, and Amp,, the
mass differences between the “heavy” and “light” eigenstates of B® mesons.

GQ

Ampg, = = QmeBdedBBdnBS(mt)[" WVl
G2

Amp, = 67 QWleBsz Bp,npS(x:)|Vis

Here S(z,) is the corresponding Inami-Lim function for the box diagrams responsible
for B & B® mixing; np = 0.55 £ 0.01 is QCD correction factor; f}.. Bg,, f5., B,
are coupling constants and decay parameters for BY and BY mesons and mpg s g, are
their masses. The values of the coupling constants and decay parameters are obtained
from lattice QCD calculations and have large systematic uncertainties. Thus, it is
much more convenient to use the ratio:

2
Dmp, _msy 5, Doy [Vl s, 1|V

= - = - 89
Amg,  mp, f3, Bs, Vul  ms & (89)

Here

¢€=fp, /Bs/fp, v/ Bs=114£0.06

Ampg, = (0.473 £ 0.016)ps ™"
Amg, > 15.0 ps~(95% C.L.)

Thus

Ram, < 3.0-107% and > 5.0 (95% C.L.). (90)
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b) Another important measurement is the search for a CP asymmetry in the decays
By(BS) = J/YKs(KL). For By(By) — J/¥Ks:

[B(t)* = J/yK§] — [B(t)’ = J /¥ K]

[B(1)0 = J/vK3] + [B(t)* — J/$K{]
= —aygg -sinAMp,t = —sin2f -sin AMpg,t (91)

Acp

The first results of measurements from CDF, electron B factories BaBar (SLAC), Belle
(KEK) and LEP data yield an average value of [33]:

(ayro) = (sin23) = 0.48 = 0.16 (92)
The SM prediction is sin243 |gy= 0.70 & 0.07. It is expected that the precision for
these very important asymmetry measurements will increase significantly in the next
several years. '

D.5 Over-constraining the Unitary Condition and Detecting Ef-
fects Beyond the SM

In this section we discuss over-constraining the unitary triangle, with due emphasis on the
measurements of K — wvv as they provide theoretically clean constraints. This makes it
possible to see effects beyond the SM, and we enumerate some of the possibilities here. This
subject has been widely discussed in the recent literature, and we summarize the key ideas.

The apex of the unitary triangle can be reconstructed from measurements of BR(K+ — ntvi)
and BR(K{ — 7% 1) as the crossing of an ellipse and a horizontal line as shown in Figure 90.
In addition, the combined K — 7rr measurements can determine sin(2/3) without being af-
fected by the uncertainty on |V|. This is enumerated in table 28 and denoted as sin(243)|x.
The expected measurement accuracy is o(sin 23) |g= 0.07 [17,18]. This is comparable to the
expected precision on sin(23) derived from the CP asymmetry in BY, B) — J/+ K2, which
is 0.06 — 0.08. This value is denoted as sin(23)|g. A possible outcome of the future K-meson
and B-meson experiments is shown in Figure 90.

As a result, one will be able to independently obtain information on direct CP-violating
processes from K and B experiments. Obviously, if the SM is correct thensin23 |p = sin 28 |k,
as all CP-violating phenomena in the SM are described by a single phase.

It is worth noting that K — wvv and BY(BY) — J/v¥ K are distinctly different processes,
so that new physics might differentiate between the two. The FCNC decays K — wvi are
loop processes and therefore the Zds vertex in these decays is especially sensitive to the
contributions from new interactions. On the other hand, the decays B3(BY) — J/v Kg can
proceed at tree level via b — c€s and b — écs.

Regarding CP violation, the CP asymmetry ayx, is caused by the relative phase between
the BY = BY mixing amplitude and that of the tree-level b — c&s decay [57]. On the other
hand, CP violation in the K; — 7%v© decay is due to the relative phase between the
K° = K° mixing amplitude and the FCNC amplitudes of s — dv shown in Figure 82.

New physics such as supersymmetry, where there are additional Higgs doublets and other
mechanisms of CP violation, may differentiate between K and B measurements [57]. In the
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1K* ~> 7ty
GVl /N,y = £ 10%

CKM
AM,/OM, P —
< 5Vl / IVl = + B% K>ty
- én/n=+10%

8% > K’
8sin(28)==0.06

Figure 90: A possible outcome for 7, p, and 3 obtained from future K-meson and B-meson
experiments. The light region includes possible theoretical uncertainties in BR(K™* — 7%
connected with the influence of c-quarks [58].

BY(BY) — J/v Kg decays these mechanisms are very likely to manifest themselves in the
BY = BY mixing amplitudes, which are loop diagrams at small distances and sensitive to the
contribution from new heavy particles. The first order process b — ¢¢s would remain in this
case essential unchanged. The ay K¢ asymmetry in the B-decays would now be determined
not only by the CKM phase (which leads to the 3 angle) but also by a new additional phase
Bq. Consequently, the a,k, asymmetry will change and will have the form ay g, = sin(6+05;).

As previously mentioned, new mechanisms for the K — nv¥ decays may influence consid- .
erably the FCNC loop processes which are sensitive to effects at small distances. In this case,
the ratio of BR(K+ — 7ntvp) to BR(K} — 7n°vi) is very likely to change, also changing the
value for sin23|x. Hence if new mechanisms for CP violation exist, the values for sin24|p
and sin 23| x may become significantly different, and the proposed future K experiments may

be able to detect this.

The experimental limits for FCNC processes, presented in table 29, still leave a large
region to search for new physics in K — 7vr decays. Such effects were dealt with in a
number of papers [18,20,35,57,59-75].

The new physics considered encompasses new heavy particles, new interactions at small
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BR(I{E — W{}UD)
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. BR(K* — n*ub)

Figure 91: A model with four genera-
tions of fundamental fermions with quark
doublets [38]. a) Unitary quadrangle for
this model. b) The correlation between
BR(K* — n*vp) and BR(K} — 7%#) in
this model; the dotted line rectangle corre-
sponds to the SM predictions.
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distances, and new mechanisms of CP violation, which are characterized by additional com-
plex parameters (new phases). As shown in table 29, numerous predictions have been made
as to the possible modification to the FCNC processes, in particular, for rare K-meson decays.

As shown in [60], in nearly all models with new physics but with only left-handed neu-
trinos, the effective Hamiltonian describing K — 7w decays has the form:

_QGF [0
I="/2  nwsin?d,

He /\t . §"/“(XLPL + XRPR)d . qu,',p“PLVe + (herm.conjug.). (93)
Here Pp = (1 — ;) and Pg = (1 + 75), which correspond to left and right handed currents
(with X and Xy). Hamiltonian (93) leads to the following branching ratios for K — wvi
decays:

- 2
BR(K" — ntvp) = 7.50-107° i‘(XL_;_‘X_R_) (94)
M(Xp + Xp) 1P
BR(K} — n’vp) = 3.28-107° |Im [t(—L;X—R)] (95)

In the limit of the SM, as one can see from the comparison of (94) and (95) with (50)
and (51), X and X reduces to Xp = 0 and X}, = F(z,) + A*A.Py/ ). In different models
with new physics, the expressions for X;, and (or) Xp are modified, as it will be shown in
what follows by several examples.

In models with an additional generation of fundamental fermions, the unitarity conditions
for the Vi matrix no longer hold. For example, instead of the unitarity relation V,4- V), +
Vea - Vi + Vig - Vi = 0, the valid relation would be Vi - V5 + Vi - V3 + Vig- Vii = =VeaVily
which is represented by a quadrangle (see Figure 91). In these models, the amplitude X
acquires an additional term: X; = (Xp)sa + z‘iiF(a:t,) '

Depending on the mass my the quantity F' (333:) lies within the limits 1.5 < F(zy) < 5.
At sufficiently large values of f’ the contribution from the fourth generation of quarks to the
probabilities (94) and (95) mav ‘be quite significant and result in considerable deviations from
the SM predication in estimating the branching ratio for X' — 7vr decays. For instance,
ref. [62] gives the following limitations for the branching ratios of FCNC decays of K-mesons
in the model with 4 generations of fundamental fermions (having accounted for constraints
arising from Amy, Amg,, Amp,. Amp): BR(K' — ntvp) =~ (0.7—-4.4)107"°, BR(K} —
7o) ~ (0.05 — 10)107'° (see also Figure 91).

The estimates of the branching ratios for K — mvp and K9 — 7%~ decays in different
variants of supersymmetric models (SUSY) are of particular interest [63-69].

We now consider a more general variant of the SUSY model, where new mechanisms of CP
violation and changes of quark flavors may take place. The contribution from supersymmetric
particles may quite noticeably change the Zd§ vertex, which will have a very significant
impact on the branching ratios of kaon FCNC decays. In the general case, such processes
are described by 4 quark operators of the form 45:(ff)(ff) where M is some mass scale.
Another SUSY contribution is related with the so-called chromomagnetic operators of the
type 37G0™ f,,q which influences the photon or gluon radiation (f,, field). These operators
manifest themselves in BR(K} — #°I"17)|cp_a:r and in £'/c [65, 66,68, 69)].
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Supersymmetric models lead to the following modification of the X amplitude in (94),
(95)

A
Xp = (Xp)sm + ;fﬂ(xs) = X. (96)

Here A; and H (z4) are defined by the masses and mixing of supersymmetric particles which
make an additional contributions to the amplitudes of FCNC processes. The contributions
depend on three effective constants: A; (accounts for the Zd3 vertex modification) and A;h
(accounts for the contribution from chromomagetic operators). Here A, = A, H(z,) and
similar expressions are for A;*: with loop functions which describe chromomagnetic penguin
diagrams.

In other words the supersymmetric contribution leads to the following modification of
the expressions for probabilities of the FCNC processes:

At - O(z) = MO(xy) + At(Agj:) (97)

Here A, is related to the CKM matrix, A; describes the contribution from new processes in
the Zds vertex, and A;z are chromomagnetic operators. Some upper estimates have been
obtained for these quantities:

500GeV

my

A <3-1073 (

: 500GeV
) and |AT| < 107 (a-_e_) .

q

(98)

The supersymmetric contribution to the X, amplitude has a rather complicated character
and depends on the various supersymmetric models being considered, which are character-
ized by different masses and mixing mechanisms of new particles as well as by some other
peculiarities. Various scenarios which lead to essentially different results, have been consid-
ered. Additional constraints on the model parameters, brought forward by the experimental
data on &'/e and BR(K? — u*u~)sp, have been taken into account.

Different supersymmetric contributions influence, each in its own way, the decay prob-
abilities BR(K™ — ntvp), BR(K? — 7%w) and BR(K? — 7%*17)cp_gr. For instance,
chromomagnetic penguin operators make a contribution only to K — 7% %[~ and do not
change predictions for the other K — mvi decays. On the other hand, the K? — 7% decay
is insensitive to certain supersymmetric models where direct CP violation is no longer defined
by the Veg s phase (which is quite small in such models), but by new mechanisms. This
is the reason why it is so important to carry out experimental studies of all the three rare
K-meson processes and to compare the data to theoretical predictions in different variants
of supersymmetric models.

We present here the results of the most consistent and conservative analysis from [65,66].
Various phenomenological scenarios of CP violation are treated in the analysis, where: a)
ImA, = 0 and ImA; # 0, b) ImA, # 0 and ImA3 = 0, ¢) ImA, # 0 and ImAT # 0. At
the same time various assumptions on \; are made, which now can differ from the preferred
SM values, but satisfy the unitarity condition of CKM matrix (e.g., the case has been
considered where Im); = 0 described above). To characterize qualitatively the influence
of the parameters \; and A; on the probability of rare FCNC kaon decays we present the
relevant estimates in Table D.5 [66].
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Different scenarios of the model [65,66] give the following limits for the decay probabili-
ties:
BR(K* — ntvp) <2.7-107"% (< 1.7-10719)
BR(K? — 7°vp) <4-107"% (< 1.2 10710 (99)
BR(K} = n%ete )epogir <6-1071 (< 2-1071).
Here in the brackets are the most probable limitations, which do not demand extreme
assumptions. It should be noted that in this model, for the variant with Im), = 0,
BR(K} — i) has a very small value (< 107 [35]).

Less stringent limitations quoted in [63,64] seem to be artificial and hardly probable,
though they cannot be completely neglected because of possible compensations between
different supersymmetric contributions.

Other variants of supersymmetric extensions of the Standard Model were also considered.
For instance, papers in [67] analyze rare K and B-meson data and CP violation in the frame-
work of ‘least expansion’ to the SM in which new processes with flavor and CP violation
are absent (the so-called MSSM model with MFV (Minimal Flavor Violation) requirement).
In this version, one complex phase in the CKM matrix remains as the sole source of CP
violation. Quark flavor mixing is also defined by this matrix. The contributions from su-
persymmetric particles and new Higgs doublets manifest themselves through the corrections
to the loop diagrams describing the processes of K = K° and B° = B° mixing, FCNC
decays, etc. The main contributions to these corrections are made by the charged Higgs
bosons H* and supersymmetric charginos X;L (j = 1,2), which interact with bottom d-, s-,
b-quarks and top superquarks i, & . The contribution from supersymmetric particles in this
case tends to reduce the K — vy and K? — %"~ branching ratios [67]:

BR(Kt - 7tvp ) )
( _ 4 VV)_MSSM <1.03
BR(K+ —y 7T+VI/)SM'
041 < BR(K} — m°v0)pssm
’ o BR(I(‘)((L), s gf'ﬂf}ﬂ)g]\,{
BR(K? = 7ete ) ep_y Ny
0.48 < ( L’O e e )-CP dir. MSSM <11
BR(K} — n%*e™)op_gir.sm J

0.65 <

< 1.03 (100)

'

If the probabilities for these decays significantly exceed the SM predictions, it will imply,
that more complicated mechanisms of CP violation, which are not described by one CKM
phase, take place in nature.

In the supersymmetric model of [70] all CP violation in K decays are due to a FCNC
sd-transition with gluino exchange, and the CKM matrix does not contain complex elements.
This mechanism makes no contribution to the CP violating s — dvo decay. Therefore in the
model under consideration the K? — 7°v> branching ratio will be very small. At the same
time, the branching ratio for K* — ntv&, which has CP-conserving as well as CP violating
amplitudes, will be comparable with the SM predictions.

In models with technicolor, the probabilities for the K' — wv decays may be one or
two orders of magnitude larger than the SM predictions, which is due to the influence of
new interactions on the Zds vertex [71]. In fact, the existing data for the K* — 7n*vy and
K? — p*p decays is used to constrain the technicolor model parameters. The resulting
limits on the technicolor parameters still allows for a possible increase of 1-10 times the SM
prediction of the K+ — 7ty and K? — 7%v& branching ratio.
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The branching ratios for K — mv decays can also change by considerable amounts in
several exotic theories including supersymmetric models with R parity violation, models with
leptoquarks as well as in some other models with significant modification of the structure of
the FCNC [60, 61].

In conclusion, table 29 presents the data and the possible manifestations of new physics
in rare K+ — 7tvi, K — %05 and K? — n%e*e” decays, which were discussed in [60-
75]. It shows that future experiments on the studies of rare kaon decays provide a unique
opportunity to perform high precision tests of CP violation and flavor mixing within and
beyond the SM. It was also stated, that in the kaon system large SUSY effects are naturally
expected in any model with non-universal soft-breaking terms. The proposed K — wvv
experiments have a real possibility of obtaining one of the first evidence for new physics
including supersymmetry extensions of the Standard Model [13,18, 20, 68, 76).

D.6 Lepton flavor violating processes in kaon decays

The main decay processes with lepton flavor violation (LFV) are summarized in Table 31.
For completeness, LFV results from K+ decays are also included.

From purely statistical considerations, there is a clear opportunity for KAMI to perform
(in parallel with the main K; — 7°/7 measurement) considerably more sensitive searches
for many of these.modes to the level ~ 107'3. Careful investigation of possible background
limitations for these searches must be done, and some are already under way.

Even sensitivities of 107** for kaon LFV processes appear modest compared with sophis-
ticated new proposals to search for 4 — ey [84] and = + A — e~ + A [85] LFV processes to
the level < 107 +107!. But it is very important to stress that the searches for LFV in kaon
decays are complimentary to the pu — ey searches. Kaon decays are the only processes that
are sensitive to s — dué interactions. Such decays could exhibit very exceptional properties
and open a unique possibility to study lepton flavor violation with more favorable condi-
tions for certain hypothetical selection rules connected with fundamental generation number
conservation. In other words, for these decays a change of generation in the leptonic sector
can be compensated by a corresponding change of generation in the quark sector ( [86], see
also [45,87,88]). Let us introduce the generation number G| = 1 for the first fundamental
fermion generation and G, = 2 for the second one (for antifermions G; = —1; G, = —2). As
is seen from diagrams in Figure 92, it is possible to classify different processes according to
changing AG, as follows from Table 32.

The strength of hypothetical AG selection rule is unclear now. A new perspective in the
search for LF'V effects in kaon decdys to compare with muon processes will open only if this
strength is meaningful and every next order in AG will lead to significant suppression of
corresponding decay rates to compare with lower order processes.

In the diagrams in Figure 92, the decay processes are governed by the exchange of a
“horizontal” intermediate boson H®. But it is also possible to consider kaon decay LFV
processes s — dué which are governed by the exchange of leptoquarks Y*. Amplitudes for
s — dué processes of the pseudoscalar and axial-vector type (for K9 — pé decay) or vector,
scalar and tensor structure (for K — #ué decay) with the “horizontal” H® boson exchange
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Figure 92: Diagrams for LF\" processes and K° = K° mixing in horizontal boson exchange
model with AG selection rule.

183




can be presented with the help of general generation number conserving operators [60]:

2 .
QV,A = %dyﬂ[CLqPL -+ CRqPR]3 . ﬁ’}’ﬂ[CL[PL ~+ CRIPR]G + h.c.

2
QS,P = %—%d{CiqPL -+ C;‘ngR]S ' ﬁ[CiZPL -+ C;ﬂPR]e + h.c.

(101)

Where P, = (1 — vs); Pr = (1 +3); C,C" are constants.

Calculation of the branching ratios for K — ue and K — mwue decays for the interactions
in (101) are presented for illustration in Figure 93 as a function of the scale parameter My
(for gir = g — a weak constant; C,C’ = 1).
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Figure 93: Branching fractions for K; — eu (a) and K — wep (b) as function of the scale
parameter My = My in (101) (assuming gy = g — weak constant). In (a) the solid (dotted)
curves correspond to A(P) exchange. In (b) the K? mode is represented by the solid (S) and
dashed (V) curves while the K mode is represented by the dash-dotted (S) and dotted (V)
curves (see [60]). Here V, A, S, P correspond to vector, axial-vector,scalar and pseudoscalar

interactions, respectively.

There are other interesting models for s — due processes in supersymmetrc theories with
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R-parity non-conservation [89,90], in left-right models with heavy Majorana neutrinos [91]
and in leptoquark exchange models [92].

LFV processes are known to take place in both the minimal supersymmetric models
(MSSM) and in its modifications which include violation of R-parity. In the context of
the MSSM, rare kaon decays allow one to correlate (s)quark and (s)lepton mixing, while in
R-violating supersymmetry one can probe non-trivial products of Yukawa couplings.

Within framework of the MSSM the magnitudes of the predicted rates depend on the de-
tails of the masses and mixings of sparticles including the sneutrinos. Maximal contributions
for K9 — p*e™ decays are expected from the box diagrams involving chargino and neutralino
exchange. However, the universal GUT-scale parameters for sfermions and gauginos, when
limited from the similar pure lepton decays y — e and p — etete™, lead to hopelessly low
branching ratios of order 107'¢ + 107!, Only a fine tuning of GUT parameters can make
such searches more interesting within this framework. ‘

The situation can be very different in R-parity violating supersymmetric models, as
pointed out in [89,90]. In this case, the gauge symmetry of the SUSY model allows additional
Yukawa coupling terms in the superpotential of the form AL,L;E,, X' L; Qng, N'U; D; Dy
Here the L(Q) are the left-handed lepton (quark) superfields &nd the E (D, U) are corre-
sponding right-handed fields. Each of these terms has three Yukawa couplings. For example
the first term is 3 ) 3

NJjk(L;LEy + L;L;Ey + L, L, E})

. This term involves a single SUSY state and violates the R-parity of MSSM. For electroweak
SU(2) and color SU(3) symmetry it was shown that there are 45 R-violating couplings.
Certainly, there are many experimental constrains on this set of constants (non-observation
of proton decay and some exotic processes, lepton universality, non-observation of possible
modification of different SM processes). In spite of these limitations it was stated in [89]
that it is still possible that several R-violating operators may be large and useful limitations
for some of them can be obtained from existing upper limits for LFV kaon decays and
from their future searches. In this class of models, u — e occurs at the one loop level,
i — 3e, y — e conversion, K9 — p*e™ and K — mute™ decays may occur at tree level via,
different combinations of couplings. Thus, LFV kaon decays have the possibility to provide
important complimentary information for R-parity violating processes.

For illustration, it is possible to consider the d§ — Z;l;: interaction with an effective
Lagrangian written in terms of quark and lepton fields

1 -
’gdg—-ﬂj'l,'{ = m? Ak Nie (Brdr (inler) + Aikj zi?(.ngR)(llekR)] -
/\' Aki
‘5%7{6”2‘( SrYudr) izl (102)
The tree diagrams for K% — Iy Z,f and K — :e'rlj’l;j decays are presented in Figure 94.
The calculations from (102) and upper limits for K? — p*e¥ decays (Table 31) give limita-
tions for the values of A\ /m; and AN /my with sneutrino (7) and up squark (&) contributions

)\%21A112 (100(;&\ ) < 6.2. 10»—9 }

/\mAm(woéeVJ ; 1.9.10-7 (103)
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Figure 94: Diagrams for N' — pe and K — 7wpe in SUSY model with R-parity non-
conservation [89]

From K — #l; [, decays the upper limits for A /m; and AX' /m; are 1-2 orders of magnitude
larger than in (103).

The decay K} — pi%¢* was considered also in the left-right SU(2)z ® SU(2); ® U(1)g_p
gauge model which includes new 1y, intermediate bosons and heavy Majorano neutrino [91].
It was shown that BR(L\{ — y1*¢¥) can be considerably enhanced due to the presence of left-
and right-handed currents in the loop diagrams for this decay. Even the existing upper limit
for BR(K} — p*e™) gives important constraints for the parameters of the I ® R models.
Thus, new more sensitive scarches for this decay are quite desirable. It was stated in [91]
that K? — p£e¥ could be sensitive to LFV mechanisms that do not manifest themselves in
muons decays and g — ¢ conversion.

Further searches for LF\" kaon decays are very important since they offer complementary
information on possible theories of lepton flavor non-conservation. In some instances the
information available from kaon decays is unique and not accessible in muon processes.
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X = [Vosl = 0.2196 £ 0.0023
p = 0.223 £ 0.038

7 = 0.316 £ 0.039

Vi) = (4102 1.6)-107°
Vil = (35.5+3.6)-107*
A= Vy/A? = 0.819 + 0.049
sin 243 = 0.70 + 0.07 -

my, = m; = 167+ 5 GeV

F(z;) = 1.53 £ 0.05

= . alt 2347 -1 '
pe*1+A2-F(xt) 14 Fla) /AN F(x;) = 1.42 £ 0.06

g = fBS\/ Bs/de\/ Bd - 1Q14 It 0.06
mpo = 5.2792 GeV
mpo = 5.3693 GeV

My = 80.41 GeV

Table 27: Main parameters of CKM matrix and Standard Model which are important for
evaluation of K — wvv branching ratios and other values [32,34] — see also [29-31},[33].
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Branching ratios of K — 7v¥ decays in the SM (see (50) and (51))

BR(K* — 7+vi5) = 4.06 - 10~ A F(2,)% - {(po —
a

2
= 4.06- 1071 [(ITsAtF(xt)) + (

1
BR(KY - n°vi) = 1.78 - 1070 4*F (2% ()" = 1.78 - 10 ( b

P +

Re),

(o7)?] =

A

Fy

Re) 2
+ f;\ F(xt)”

)\tF(%))z

Reduced branching ratios:
BR(K* — ntvi)

BR(K? — 7%w)

Bi=— 60 B~ 1m0
From (50) an (5 )E
Im>, = X ( )
fe. *Py++/B, — B, S b o(B1—B;) )
Redg= -\ | A yZEn P A2F(z,)
(o | VB
From (8): \/EAQF(:E‘) -
. 1thA)‘ (1—-p~—1n)
ReXy = —A°XN(1— p)—\/—; Vil = AN - /O = 2+ 2
A
Red, = ——=
Vo )

These values
can be
determined

from

measurements
of branching
ratios for

K —mvi decays

_ i.e.Byand By

We introduce

A

The precision ofon sin 23 does not
depend on uncertainties on F'(z;) or

and B, and from calculation of Fy =

on the precision of m; and |V, |. Thus the result
for sin 23 from K — 7vo decays is dependent
only on the precision of measurements of B;

F(z.) /M

1-p _ \/c—r{m‘ Ry
- B
Then (

. 2i(1 ~ p) 2rs

A= =
sin 203 (1-p)2+n2 1412

) 2r,
For SM sin 28 |x= 152

= aygy =sin2f |p

BR(RL — 7o) (.s(—‘e [1a 18])
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681

BR(KT > 7Tvp)

BR(KR —1lvD)

BRK} >’ ¢ )op_ar

Note

Standard (74£17)-100" | (264£0.9)-107" | (414£1.3)- 1072 with values of SM parameters from
Model pre- Table 27.

diction V

Experimental| (1573) - 1071 [77] | < 5.9-1077 [78] | < 5.1 - 107° [47] (90% | From isospin symmetry there is a
data (90% C.L.) C.L.) model independent limit:

BR(K! — %) < 44BR(K* —
rirp) <2.9.107° (90% C.L.)

Models with

R(U = BR(W+I/I7)/

R(g) = BR(WD_LTIT')

R = BR(WO€+€")0P-—4¢T

new physics | BR(zTvi)gn BR(7%)gp BR(7eTe ) ep_dirsm

Super sym- The most probable limitations

metry mod- are:

els with gen- Ryy <22

eral flavour R < 4.3

and CP vi- Ry < 10

olation and

with modifi-

cation of

- Zds <4 <14-18 <22-29

structure

[65, 66, 68]

[64] <3 <8 <7 Values of R 2 10 can be due to

(with some | (<6,5) (< 45) (< 45) influence of chromomagnetic opera-

additional tors. Very large values of Ry, Ry

mechanisms) and R as a rule have been ob-
tained without taking into account
all experimental limitations ( [63]),
or by fine tuning of some model pa-
rameters and are not very probable.

[63] <12 < 130 <120
Table 29: Branching ratios BR(n*vi7), BR(7°v7) and BR(x% e~ )cp_g, for various new physics scenarios.
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Rq Ry R

Minimal SUSY with Minimal 0(6% —1.03 |0.41~-1.03 | 0.48 — | The decay probabilities are modified due to the su-

Flavor Violation (MFV). No 1.1 persymmetry corrections in the loop. diagrams. In

new mechanisms of CP viola- this model the decay probabilities as a rule are re-

tion [67,68] duced in comparison with SM predictions.

SUSY with real CKM matrix | 0.2 — 2 <1 Ry is very small since the CKM phase is ~ 0 and

and new mechanisms of CP vio- the gluino exchange mechanism makes very small

lation (sd transition with gluino contributions to K% — n%vp.

exchange) [70].

Model with 4 fundamental gen- | 0.9 — 6 0.2 - 36 Instead of a unitary triangle, there is instead a uni-

erations of quarks and leptons tary quadrangle

62]

Technicolor [71] <1-10 <1-10 1 Kt — n7vp and K] — pp~ data can be used to
obtain the limits for the parameters of technicolor
models.

Model with lepton flavor viola- CP conserv- For SM CP conserving decay K? — 7%v7 is very

tion for the decay K} — 7%, ing process small (~ 1071) [35].

[23] can be domi-

nant for this
decay

L-R model with W and Wy |1 1.3 In this model the scalar operator gives additional

and X7 and Xy amplitudes. In CP conserving input even to K? — 7°v& (in dis-

this model there is an additional tinction from V-A interaction of SM). Additional
scalar interaction which gives a interaction modifies the soft part of 7° momen-

CP conserving input to K — tum spectrum in KY — 7°07 and increases Ry

T [72] by ~ 30%.

Anomalous interactions in the | 0.1 — 2.8 It was shown that if the anomalous coupling con-

triple boson WWZ vertex (73] stant of WWZ interaction Ag{ varies from -0.2 to
+0.2, the ratio R;) can vary from 0.1 up to 2.8.

: This ratio is not sensitive to AgZ.
Several variants of MSSM, two | 1 1 If quark mixing and CP violation is governed by

doublet Higgs models, several
other theories [20,60,61,74,75]

the properties of CKM matrix (in the same way as
in the SM) the branching ratios of K — v decays
would be the same as in the SM.

Table 29: (continuation)



A; is not from SM, but satisfies
A, BR A; from SM the unitarity requirements
: of the quark mixing matrix
BR(K? — n°vi) 0.7-1071° 0.9-107"
At >0 BR(KE - 71'U€+€—)(jp_dir 1.1-107H 1.3 10*]1
[ BR(K" — ntvi) 1.7-1077 2.0-107" |
BR(KY = n0wp) 08-10°7 | 10-100
A <0 [ BR(K] ww%Te )epogr | 2.0-107H 5.9-107*
BR(K' — 7' vp) L7 10" 27107 |

Table 30: The dependence of branching ratios for decays K — wviz and K} — nlete™ |op_gir
in the SUSY model [66] on the parameters A, and A,.

Upper limit Expected Statistical sensitivity

(90% C.L.) in KAMI experiment
BR(K? — 7%ue) 4.4-107"° [80] 4x107 1
BR(K] — w7~ pe) - ~ 1071
BR(KY — m°n%ue) - ~ 1071
BR(K? — pFuFe¥e™) [ 1.36 x 1071° [52] 3x107F
BR(K] — pe) 4.7-107"% [79] -

| BRIKT > ntpute) 2.8.1071 [82] -
| BR(KT 5 7Tp"e™) 5.2-1077° [83) -
BR(KT —»rnpute™) 5.0 - 107" [83] -
BR(
BR(

Kt s n utu®) 3.0-107 [83] -
Kt o5 77efel) 6.4-107" [83] | -

Table 31: Lepton flavor violation in kaon decays

First order AG=0 | KT —watpte; K] = uFet; KY — nlpFe™
Second order | [AG|=1|pu—3e; u—evy; u~ N — e N; |
Third order | |AG| =2 | K' 2 K (Am(K} — K9)); p et - pufe s KY s atu~et |

Table 32: Classification of some rare generation changing processes.
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