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Executive Summary 

Introduction 

We propose to measure the CKM parameter 1] to an accuracy of better than 10% by 
collecting at least 100 KL -t 1fol/V "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 CsI 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 8JId 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 approximately 
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 KL -t j1+,c, was a single event. In 1998, the world sample reported by the PDG was 
almost 200 events. In RAMI we will record more than 700k KL -t j1+p,-, 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 

KAMI's primary physics goal is to detect the very rare KL -t 1fol/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, 1] is the parameter responsible for 
all CP violating effects. While the value of 1] 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 Stanqard 
Model. For example, it is possible to measure the angle f3 of the unitarity triangle from the 
ratio B(KL -t 1fol/V )/B{K+ -t 1f+l/v) and from the CP-violating asymmetry in the decay 
Bd -t V)Ks. K -t 1fl/V and Bd -t 1/JKs 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 KL -t 1fol/V 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 KL ---1 7[°VV experiments has this capability. 

To meet the stated goal of collecting at least 100 KL ---1 7[°VV events, it is necessary to 
have a sufficient flux of kaolls and a large acceptance. The loss of events due to accidental 
activity in the detector ('(\11 s(\yerely reduce the number of collected events and must be 
clearly understood. It is dl'lllollstrated that KAMI can collect ",90 events per year, assum

11ing B(KL ---1 7[°VV ) = 3 X ]0- . This event yield depends on measured kaon fluxes and a 
realistic and conservatiw ('st illlat (' of losses due to accidental activity in the detector. Addi
tionally, there is suffici('lIt ht'iH\room to still meet our goals in a reasonable period of time if 
the B(KL ---1 7[°VV ) is small!'!' than expected by a factor of 2 or 3. 

Backgrounds to J{L --+ 1r0vv 

The dominant sour('(' of' backp;round to the KL ---1 7[°VV signal is KL ---1 27[° decays where 
two of the photons are lIot d!'1 ('('t ('(i. Controlling this background requires a hermetic, state
of-the-art photon veto s~·st<'1l1. The CsI calorimeter, used to detect the two photons from 
the signal mode, must do a p;ood job of identifying individual photon clusters that are close 
to one another since phot OilS C<11l escape detection if they merge with other clusters. An 
exhaustive study of til(' A'/. ---1 :2,,0 background has been performed with the conclusion that 
a signal-to-background of -I.G ('an he attained. To obtain this level of background suppression 
we rely, in large part, 011 til<' Iw!'formance of the photon veto system. Our expectations for 
the detectioll' efficienc~' of' Ill<' photon veto system over a broad photon energy range are 
based on a combinatioll of \)('lIlII tests and simulations. 

There are many other pot (,lit iill sources of background from decays of kaons and hyperons 
and from interactions of t \1<' II1'1Itrai beam in residual gas inside the vacuum decay volume 
and the vacuum window, Th('s(' have been carefully studied and found to be negligible 
compared to the backgl'OlIlId from KL ---1 27[0 decays, 

Other ,Rare and Very Rare Decay Modes 

There are many rare and very rare kaon decays other than K L ---1 7[0VV which are of 
considerable interest for a variety of -reasons. There are very rare kaon decays which are 
sensitive to direct CP violation including KL ---1 7[0 J.l+ J.l-. 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 
KL ---1 7[°J.l±eOf and KL ---1 J.l±eOf 

• KL decays to 4 leptons will be abundant in KAMI. De
cays such as KL ---1 J.l+J.l-e+e- and KL ---1 e+e-e+e- provide critical insight into the K L,*,* 
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 KL ---1 7[+7[-e+e- 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 
(meas. or pred.) 

Current Best 
(events or 
90% C.L.) 

Events per Year 
or Sensitivity 

for KAMI 
KL -r 1r

up,+p, CPV 0.3 - 1.0 x 10 -11 < 3.8 x 10 -LU < 2 x 10 -11 

i KL -r 1r+1r-e+e- CPV, K Radius 3.2 x IOI 6000 678,000 
KL -r p,+ p, vtd 7.2 x 10 -9 6200 45,000 

• KL -r p,+p, , K L,*, 3.7 X lOr 9327 711,000 
KL -r e+e-e+e- CPV, K L,*,* 3.7 x 10 ·IS 441 34,000 
KL -r p,+p, e+e CPV,KL ,*,* 2.5 x 10 -9 38 1600 

i K L -r 1rup,±e"f LFV - < 4.4 x 10 ·LU 4 x 10 -lj (SES) 
KL -r p,±e"f LFV - < 4.7 x 10 -1:£ 2 X 10 -lj (SES) 
1ru -r p,±e"f LFV - < 7.9 X 10 ·lU 8 X 10 1 

:£ (SES) 
KL -r p,±I1,±e"fe"f LFV - < 1.4 X 10 ·lU 3 X 10 ·lei (SES) 

Table 1: Summary of the current best results and the expected KAMI sensitivity for various 

. decay modes with charged particles. The KAMI yield or sensitivity assumes one year of 

running with 6 X 1013 KL decays. SES denotes single event sensitivity. Except for KL -r p,+p,

and KL -r p,±e"f 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 KL -r 1r°vIl and is not possible to execute at any of the other proposed 
KL -r 1r°vIl experiments. 

Table 1 summarizes KAMl's sensitivi,ty for the various charged modes discussed in the 
proposal as well as their current status. Except for K L -r p,+p,- 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 KL and neutrons by the 
time it reaches the detector. The Main Injector delivers beam in a 1 second spill that repeats 

1013every 3 seconds. KAMI is requesting a proton intensity of 3 X 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 CsI calorimeter in the area around the calorimeter beam hole. The current 
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design reduces the halo by a factor of 105 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. 	 A high-resolution pure. CsI calorimeter with a demonstrated record of exceptional per
formance in KTe V; 

2. 	 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; 

3. A highly segmented beam anti system based on fast, radiation-hard NaBi(W04 h crys
tals; 

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

5. 	 A wide-gap spectrometer magnet; 

6. 	 A well segmented muon range stack;. 

7. 	 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 
rJ to better than 10%, KAMI has the potential to discover new physics in rare and very rare 
kaon decays. 
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Figure 1: Schematic of the KAMI detector. 

18 


3 



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 T-() puzzle [3J and the understanding of 
parity violation [4J, the understanding of quark mixing [5,6], the discovery of CP violation [7J, 
the small rate for KL ---+ p,+11,- 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 rv10-3 to the current levels of rv10-12 . 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 \iVolfenstein parameterization [18,19J are shown below: 

VCKM (1) 

where A is the sine of the Cabibbo angle, A - sin ()c c::= 0.22. 
The unitarity of this matrix can be expressed in terms of six unitarity conditions 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, Jcp [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: 

17* 17 + 1/*17 T7*T,' 
t US v ud v cs V cd + v ts t td o (2) 

with the three vectors Ai - Vi~Vid converging to form a very elongated triangle in tlie complex 
plane. This is illustrated graphically in Figure 2. The first vector, Au = V:sVud) is well 
known. The height will be measured by KL ---+7r°v1J and the third vector, At ~:\/td, will be 
measured by the decay K+ ---+7r+v1J . 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 L ---+7r°(!+(!- deca)'s and on Re(At) from KL---+P,+P,- decays. 

The base of this triangle has the length b Au = V:sVUd1 determined from the de
cay rate of K ---+7reVe and nuclear beta decay. If we assume unitarity then b is determined 
completely from K ---+7reve and b = lVusl to very good approximation. The value of A, the 
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(O,lm~) 

(-Au+ReAt,O) __ ,,(1_,,2/2_,,4/8) 
0r(K+ -41\ e+1/)1/2 

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 -71reVe rate [22]. The height of the triangle, h Im()..t) can be derived from a measure
ment of the KL -71r°VV branching ratio. The area of the triangle, a, is then given by two 
kaon decay measurements as 

(3) 

the ultimate uncertainty on Im()..t) and a will be limited, not by theoretical ambiguities, 
but by experimental uncertainties on B(KL -71r°vIJ ), to 0(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 

17* 17 + 17*17 17*T,T 
t ub ~ ud t cb Y cd + t tb ~ td o. (4) 

This equation can be represented graphically, as in Figure 3, where we have divided all 
sides by ~;bV~d, which is a real quantity to 0()..6). This particular representation provides 

, 
........ 

~tdl>.... '\" B(K+ + -)1/2 
/" .. -4 11 1111 

A",3 , .... , 
\ 

p 

(1,0) 

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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\Volfenstein parameters, p and Tj where p and Tj are related to the Wolfenstein parameters p 
and T] by P= p(l ;\2/2) and Tj T](1 ;\2/2). 

The best information currently comes from several measurements of B meson decays, as 
well as the measured value of f. 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 Jcp 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, 
Jcp (2.7 1.1) x 10-5 , is known, primarily from measurements of B meson decays, with 
about 40% uncertainty [23] . .Yleasurement of Jcp 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 Jcp 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. 

. . 
KL -t 7foVV 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 S d

\U,,\ 

'\\ " W 

~. 
v v v v 

d 

W
I I 

(b) W'I :W 
I I 

n 
v v 

Figure 4: Feynman diagrams for the decays K -t7flii/ . 
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(5) 

The factors KL and K+ refer to the isospin corrections relating K -t7rvv to 
K+ -t7foe+ve . The Inami-Lim functions [15,39]' X ql are also functions of x q ; 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 

4.08 X 1O-lOA41]2 (6) 
(3.1 1.3) x 10-11 

• 

The decay amplitude KL -t7foVV is direct-CP-violating, and offers the best opportunity for 
measuring the Jarlskog invariant JcP' 

Reference 30 points out that in a generic supersymmetric extension to the standard 
model, an enhanced Zds or sdg vertex that contributes to 15'/15 will also enhance either 
KL -t7fOVV or KL -t7foe+e- . An enhancement in these rare modes would be much easier to 
interpret than in 15'/15. 

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 L -t 7f+7f- e+e- decay was observed for the first time by the 
KTeVexperiment. This is the largest CP-violating effect yet seen, and the first CP-violating 
effect ever observed in an angular distribution. 

1.4.1 KL -t7f+7f-e+e-

The KL -t 7f+7f-e+e- 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 KL -t 7f+7f-e+e- decay, based on 
the model of Sehgal and co-workers [25], include (i) Indirect CP violating bremsstrahlung 
process; (ii) CP conserving Nil 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 KL -t 7f+7f-e+e- decay amplitudes are shown 
in Fig. 5. The dominant processes are the CP violating bremsstrahlung amplitude and the 
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M1 photon emission both of which have been observed by the KTeV experiment. In the 
bremsstrahlung process, the 7f7ree final state occurs through the CP violating KL -4 7f+7f

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- pair. 

a) b) 

it'"e+ 
C" c+ 

c) d) 

1C'" 

e+ 
Indirect CP 

e

1C'"Indirect CP Cf' e"" 

e) 1t+ 

IG.. r(' 

" 
gsd 

'\ 

Uirect CI~ \ e+ 
e"' 

Figure 5: Processes contributing to KL -4 7f+7f-e+e-. a) CP-violating bremsstrahlung 
process b) CP-conserving M1 ! emission c) 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 KL -4 Ks 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 

(7) 


In addition, via simple models [33], the mass difference of the constituent sand d quarks in 
the KO 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 

;t;. _ eiOo(Mi<l+<P+-;t;. _ 'eiodM;,,)
'1'br - , , '1'M1 - • . (8) 

The extra factor of i in the M1 amplitude is required by CPT conservation. So if 60 , 61 and 
<p+- 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 7r /2 
phase. Alternatively, assuming CPT conservation, a measurement of the relative phase can 
be used to determine the 7r7r 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 K L~/1 /1• . 

There has historically been strong interest in the K L ~ /1+ /1- decay as a probe of weak 
interaction dynamics, specifically Re(vtd) , through its short-distance amplitude. But the 
short-distance amplitude is known to be quite small compared with the long-distance part, 
involving the " and "/,* intermediate states. An accurate determination of the K L ,* ,* 
form factor is needed in order to evaluate the long-distance contribution, which is needed in 
turn to extract Re(vtd) from B(KL ~ /1+ /1- ). 

The decay KL ~ /1+ /1- is dominated by the process of K L~" with the two real photons 
converting to a /1+/1- pair. This contribution can be precisely calculated in QED [32) based 
on a measurement of the KL ~" 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 KL~e+e-" KL~/1+/1-"'1, KL~e+e-e+e- and KL~/1+/1-e+e- (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 

- + 

Sj\~ <Jl+:wk~ q /r--rz
d lW 

J.1 J.1 

Figure 6: Feynman diagrams for the short-distance component of the decay K L ~ /1+/1- . 

of the poorly known CKM matrix element vtd or equivalently to p [15,38). If this were the 
only contribution to the decay, the branching ratio BSD(KL~/1+/1- ) could be written as 

2 . 
1"£ (l B(Kp.2) 2 

BSD(KL~/1+/1-) = 2 . 4f) 11/ 12 [YcRe(Ac) + ytRe(At)] (9)
TK+ 7r SIn w "us 

1.51 X 10-9 A4(po _ P)2, 
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=
with Po = 1.2 and the Inami-Lim functions [15,39], l~, are functions of Xq 1\-1;/ 1\f~ where 
lv!w is the mass of the W boson and lvlq is the mass of the quark q. This mode has now been 
measured with impressively high statistics [40] ( 6200 events) by the BNL E871 collaboration. 
The branching ratio, B(KL-+/l+JF) (7.18±0.17) x 10-9 , is a factor of three more precise 
than previous measurements, and the error on the rate relative to KL -+ 1[+1[- , 

r(K + -)
L-+/l /l ) = (3.474±0.054) x 10-6 , (10)
L-+ 

no longer dominates the error on the ratio 

r(KL -+ 11,+ /l- ) 
(1.213 ± 0.030) x 10-5 

, (11)
r(KL -+ II ) 

contributing only ",1.5% of the 2.5% error. The remaining significant sources of uncertainty, 

r(Ks -+1[+1[- ) 
2.186 ± 0.028, (12)r(Ks -+1[01[0 ) 

will need to be improved in the near future. 
This measured ratio is only slightly above the unitarity bound from the on-shell two

photon contribution 
r(KL -+ 1/+11,- )
~:--=-:-_r_--,-- = 1.195 X 10-5 (13) 

-+ 

and limits possible short-distance contributions. "Vith a recent estimate of the long-distance 
dispersive contribution [34], a limit on p was extracted: p > -0.33 at 90% confidence level 
(CL) [40]. 

1.4.3 KL -+11 and Related Decays 

Like the 1[0, the neutral kaons couple to two photons. The effective interaction term for 
the CP-conserving interaction between a pseudoscalar meson field P of mass Itfp and the 
electromagnetic field F~tV is given by 

£ = ifpr"i FjlV p>.aP (14)4lvlp €jlVAl7 

which leads to a II partial width of 

. f2 M 
r (P) = Pn P (15)

TY 161[ . 

The coupling fKsn is determined in O(p4) ChPT, without any free parameters, leading to 
the prediction [43] B(Ks -+ II) 2.0 x 10-6. 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 2

• In this case, the coupling fpr•r• can depend on the two k 2 values. Typically, a 
form factor Fpn is introduced, so that 

(16) 
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I Decav Mode - II Branching Ratio events I Experiment 

Ks-+" (2.6 ± 0.4 ± 0.2) x 10 -{) 148 NA48-00 [42] 

K L-+" (5.92 ± 0.15) x 10 -4 110000 NA31-87 [48] 

· KL-+P+P (7.24 ± 0.17) x 10 -~ 6200 E871-00 40 
i KL-+e+e (8.7!~:D x 10 -I;! 4 E871-98 [41 
I KL-+e+e "I (1.06 ± 0.02 ± 0.02 ± 0.04) x 10 -t> 6854 NA48-99 [46] 
. KL-+P+P , (3.66 ± 0.04 ± 0.07) x 10 7 

(3.77±0.18±0.13±0.21) x 10-1S 

9105 
436 

KTeV-OO [47] 
KTeV-OO [47]f:~;:~r+e e+ep+p-e+e-

K L -+ p+ P p+ P 
(2.50 ± 0.41 ± 0.15) x 10 -9 

no limit 
38 KTeV-OO [47lj 

K s -+ p+ P < 3.2 X lOr 0 CERN-73 [49] 
Ks-+ ,+ ,  < 1.4 X lOr 0 CPLEAR [50] 
KL-+e+e " (5.84 ± 0.15 ± 0.32) x lOr 1543 KTeV-OO [51J 

. KL-+p+jl, " (1.42!~:~ ± 0.10) x 10 -9 4 KTeV-OO [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 FpTy(O,O) 1. The form factor 
FKL/I is needed to accurately calculate the long-distance contribution to KL -+ p,+p,- and 
KL -+e+e- , which both h;;tve important contributions from the ,*,* interme<;liate state. 
As is discussed in Section 1.4.2, this long-distance contribution must be subtracted from 
the precise experimental measurement of KL -+ p,+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 l~d or, equivalently, to the standard-rilOdel parameter p. 

A number of models are available for the form factor. The simplest approach is to 
determine the coefficient of the first few terms in a Taylor series expansion in the parameters 
Xi = ·k;;Mi.. An alternative parameterization [34] assumes that the form factor can be 
written in terms of vector-meson poles: 

(17) 

Rare kaon decays can be used to study the K "1/ form factors in several regions. For example, 
the electron and muon Dalitz decays KL -+e+e-'-y and KL -+ p+ p,-, are sensitive to the 

2form factor with k~ = 0 and 4m2 < kr <: lVIi., where m is the lepton mass. From lepton 
universality [44] the form factors obtained in the electron and IIlUon modes should be the 
same. As Table 2 shows, accurate measurements are now available in both of these ff"l 
modes. Experiments analyzing l+ l-, data have usually fit for the CtK* parameter in the 
Bergstrom, Masso & Singer form factor model [45], 

(18) 

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 
yield rather different values, though. A recent fit [46} to the NA48 /{L --+e+e-., data yields 
O!K* = -0.36±0.06, somewhat more negative than the best fit values from earlier experiments 
studying the same mode. A new KTeV result [47} based on the /{L --+ p,+ p,-"y mode finds 
O!K* -0.157 ± 0.027, a value about three sigma different from the new NA48 result. The k2 

region sampled by the /{L --+ p,+p,-., data is much more heavily weighted to large k 2 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 4mi < ki < (NfK 2m2)2 
and 4m§ < k§ < (A1K 2ml)2, where m1 and m2 are the two lepton masses. Three such 
modes are expected: /{L--+e+e-e+e-, /{L--+p,+lCe+e- and /{L--+P,+P,-P,+p,-. The pro
duction of muon pairs requires virtual photons at much higher k 2 and is strongly suppressed. 
The largest sample of e+e-e+e- decays reported to date is from KTeV, with 436 events in: 
the 1997 data sample. KTeV has also reported seeing 38 e+e-p,+Ji'- events. The predicted 
branching ratio for the /{L --+ /1+ lC /1,+ p,- mode is below 10-12. 

1.4.4 /{L --+ 1f0 
.,., 

The measurement of such modes a,."1 /{L --+ 1f 0 
.,., and /{L --+ e+e-.,., is important for a different 

reason. /{L --+ g+g-.,., is an important background in the search for /{L --+ 1fog+g- . 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 /{L --+ 1f0

.,., can be used to 
determine the CP-conserving part of the amplitude of /{L--+1foe+e- and /{L--+1f°p,+P,-. 

Additional contributions from the 1f0 .,*.,* 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 /{L --+ 1fo ,on and 
the related mode /{L --+ 1fO e + e -., . 

The decay rate and spectral shape of /(L --+1f0 
.,., are calculated at O(p4) 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(p6) is needed, which is usually parameterized 
with a constant av [53] that measures the vector meson exchange contribution to the am
plitude. This parameter is of particular importance because the CP-conserving contribution 
to /{L --+1foe+e- depends on the value of avo Based on half of the total data sample, KTeV 
has recently measured av -0.72 ± 0.05 ± 0.06 [54], implying a contribution of 1--2 x 10-12 

to /{L --+1foe+e- . NA48 has also reported a preliminary result [56}, based on almost 1400 
events from part of the 1998 and 1999 runs, ofB(/{L--+1fo'n) (1.51±0.05±0.20) x 10-6

, 

with av -0.45. 
Table 3 summarizes the experimental measurements of /{ --+ 1f.,.,. The KTe V mea

surement of /{L --+1foe+e-., should improve by a factor of three and the measurement of 
/(L --+1f0 

.,., 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 --+ 1f.,., modes 
and the direct-emission component of radiative semileptonic decay modes have proven to be 
good testing grounds for comparing O(p4) to O(p6) calculations. ChPT calculations of 1f1f 
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I Decay Mode II Branching Ratio I events I Experiment 

KL --t 7r°"(r (1.68 ± 0.07 ± 0.08) x 10 -I) 884 KTeV (1999) [54] 
KL --t7r°e+e i (2.20 ± 0.48 ± 0.11) x 10 -tj 18 KTeV (1999) [55] 

Table 3: Summary of K --t 7ri"( results 

scattering can likewise be tested by measuring the form factors of K --t 7r7r£V£ (K£4) 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 KL --t {L+ {L- and KL --t are al
lowed, although suppressed by the GIM mechanism and by helicity suppression, whereas. 
KL --t {Le 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 L --t j1,e or K L:-+ 7r 

0 
{Le 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 KL --t {Le and the modes with an extra pion, KL --t 7r 
0 
{Le , 

because the KL --t {Le 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 Mx is gx, then the lower bound on lvfx 
implied by an upper limit on B(KL --t {Le ) is given in terms of the electroweak coupling 9 
by the approximate expression 

10-12 ] 1/4
2 gx 

(19)Mx ~ 200TeVIe x 9 x [B(KL --t {Le ) 

Thus, upper limits in the range of 10-12 will yield impressive lower bounds on M x , at least 
if gx is comparable to g. 
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2.1 Introduction 

We summarize here the concepts that drive the design of the KAMI detector and the 
KL -7 1T'°vfj physics measurement. These concepts are discussed in detail in the sections 
that follow. 

In order to attain a clear observation of KL -7 1T'°vfj , 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 (8,00 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 BKL), 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 Ge V 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 KL -7 21T'° decays. In KAMI, we achieve a SIB 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. MO,st important is the photo-nuclear inefficiency for 
photons in the CsI and the photon veto detectors. Appendix C describes beam test measure
ments of photo-nuclear inefficiency in CsI 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 KL -7 31T'° / KL -7 21T'° and 
the ratio of 5 to 6 cluster events from KL -7 31T'° decays can both be used as a cross-check 
of the K L -7 21T'° / K L -7 1T'0 vfj S/B while e± from K L -7 1T'±e"Fv decays, muons and photons 
from KL -7 31T'° and KL -71T'+1T'-1T'0 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 SIB ranging from traditional methods of tagging photons 
from 31T' 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(lV04 h 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 CsI 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. \iVe 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. \Vr believe that we are on solid ground with respect to all truly 
fundamental issues. 

2.2 Experimental Status 

Explicit attempts to drt('c'l III(' dpcay KL -t 7["°VV thus far have all been made at Fermilab. 
\Vith one exception, tlH's(' a II (')Hpts have relied on observation of the Dalitz decay mode 
of the 7["0 to e+e-'}'. TIl<' dwq.!,(·d vertex from the e+e- provides kinematical constraints 
which allow for simplp n'collst rtwtion of the 7["0 and effective rejection of backgrounds to the 
sensitivity levels reach('d t hilS far. The best published limit to date for the decay is 5.9 x 10-7 

(90% CL) from KTeV-E799 [;)7]. Previously, a limit of 5.8 x 10-5 (90% CL) was obtained 
from from Fermilab ex}><'rilll(,111 E799-I [58] using the Dalitz mode. 

The 2'}' decay mode of I II<' lit! 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 lIH'ttSlI)"(' this decay in the future must rely on the 2'}' mode to take 
advantage of this increasp<\ s('llsitivity. 

The only attempt to dalC' 10 measure KL -t 7["°VV using the 2'}' decay mode has been 
made by KTeV in a dedicHI ('<\ ou<, day run in December, .1996. During this special run, one 
of KTeV's two parallel 1le'1I1 ral lH'ams was collimated down to.4 cm x 4 cm (at the CsI) in 
order to obtain better n r<'sollltioll on the decay. The second beam was completely closed 
off. Figure 7 shows the P, dist rilmtion of 7["0 events passing all other cuts. This special run 
wa.." performed at 800 G('\" whpJ'(' background from hyperons are a concern. This will not be 
the case for KAMI with a 120 G('V primary protons. 
An upper limit on the brHllcliillg ratio of 1.6 x 10-6 (90% CL) was obtained [59]. At the 
time, this represented a fador of 30 improvement over the best .existing limit from E799-I 
using the Dalitz decay mo<ip of the 7["0. The sensitivity of the measurement was limited by 
beam neutrons interacting ill t h(' vacuum window approximately 30 m upstream of the CsI 
calorimeter. This points out t hI' danger posed to high-sensitivity rare decay searches when 
any material is present in tIl(' beam region. The evacuated region in KAMI will extend to 
the front face of the CsI calorilIle'ter with no material in the beam region until reaching the 
vacuum window, just upstream of the CsI. 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, s:veeping, absorber configurations, collimator scattering and secondary production, etc. 
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Figure 7: The Pt distribution from the.one day 800 GeV KTeV run after all cuts except the 
final Pt cut. The arrow designates the signal region. The simulated backgrounds from KL 
and A decays are overlaid on the data. The two events above 190 r..1eV / 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. 

KAMI's primary physics goal is to detect the very rare KL -+ Jr°vv decay, measure its 
branching ratio, and extract a value for the CKM parameter 17 to an accuracy of better 
than 10%. \Vithin the context of the Standard Model, 17 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 L -+ 7r°VV 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 KL -+ Jr°vv experiments has this capability. 

2.4 Detector concepts 

A clear observation of the decay KL -+ Jr°vv 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 KL -+ M+M-, Jr+Jr-e+e-, Jr°M±e'f 
and M±e'f. 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 CsI calorimeter, and significant parts of the vacuum system; 
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2. For KL -+ 7r°VV , install newly constructed hermetic photon veto detectors; 

3. 	 For charged decay modes, to monitor the detector, and to maintain our ability to 
calibrate the CsI 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 KAI\lI 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 [60J. The measured kaon flux from the beam test for 3 different targeting angles 
is shown in Table 4. The correction factors and the flux expected from 120 Ge V 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. 

ExpectedMeasuredI target 
angle 150-+120 GeV KL Flux KL Flux 

I (mrad) (150 GeV) Correction Factor (120 GeV) 
12 ± 1 0.728.92 ± 1.87 6.42 
15 ± 1 6.86 1.44 0.73 5.01 

I 20± 1 4.16 ± 0.87 0.74 I 3.08I 

Table 4: Kaon flux vs. target angle from 2000 KAMI beam test for EK > 6 GeV. The flux 
is measured 90 m from the production target in units of x 10-6/proton/ j1str. 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 KL 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 3x 1013 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 j1str in size, which corresponds to a 12 cmx12 cm beam spot at the CsI 
calorimeter. We further assume that the Main Injector delivers fixed target beam 2x 107 

seconds per year [61] with a duty factor of 1/3. This corresponds to 2.0x102o protons per 
year delivered to KAML 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 KL -+ 7fovlJ , measure its branch
ing ratio, and extract a value for the fundamental CKM parameter 'fl. In order for the value 
of 11 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 

34 




KL Flux at 90 m 
Decay probability (90-183 m) 
Kaon decays/sec. (90-183 m) 
Kaon decays/year (90-183 m) 

12 mrad 15 mrad 
7.9x lOr 6.2x lOr 

0.143 0.152 
1.1 X 107 I 9.4x 106 

7.3x1013 . 6.3x1013 

i 

20 mrad I 
3.8x lOr I 

0.172 
6.5x 106 

4.3x 1013 

I 

Table 5: Rate of kaon decays vs targeting angle for 120 Ge V proton beam from the :Main 
Injector. Each Main Injector pulse contains 3 x 1013 protons. The beam is 0.41 p.str in size 
and no beryllium absorber is included in the neutral beam. 

measurement of 1] 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 KL --+ 7r°VV 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 Background Signatures 

The signature far a KL --+ 7r°VV decay is a single unbalanced 7r
0 

• Exactly two neutral clusters 
are required in the CsI calorimeter with no accompanying activity in any of the veto counters. 
Reconstructing the two clusters to the mass of a 7r

0 allows a determination of the decay vertex 
along the beam direction. Using the small angle approximation, the Z vertex is expressed 
as: 

(20) 


where ZCsI is the position of the CsI calorimeter, Tl2 is the distance between the two photons 
in the calorimeter, m1ro is the 7r

0 mass and Ei 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 (Pt ) of the reconstructed 7r

0 can be determined. 
An unbalanced Pt spectrum is a characteristic feature of the KL --+ 7r°VV decay, as shown in 
Figure 9. The Pt resolution is smeared by the finite transverse beam size. 

The primary background to KL --+ 7r°VV is KL --+ 27r° 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 CsI 
calorimeter. There are three primary handles on reducing the KL --+ 27r° background; photon 
vetoing, Pt cuts and vertex cuts. The KL --+ 27r° background will be discussed in detail in 
Section 3.2. 
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Figure 9: The reconstnH'tl'd PI slH'ctrum for KL -+ 7r°VV decays, An unbalanced Pt spectrmn 
is a characteristic featur(' of til!' dpcay. 

2.6.2 KL -+ 7r°VV Acceptance 

The acceptance for 1\1. -+ ,,° //;; ('vents is the product of the geometrical acceptance and 
the efficiency of the cuts w.;('d to reduce background contamination, A fast Monte Carlo 
with realistic resolutioll SHU'ell'illg. measured KL momentum distributions and beam halos 
obtained from GEANT sillllllatiolls of the beamline is used to calculate the acceptance. 
KL -+ 7r°VV decays are g('Il('rat('d llsing the matrix element for K+ -+ 7r+vv which depends 
on the measured form fadors from KL -+ v and KL -+ 7r±J1"fv [62]. KL -+ 7r°VV and 
K+ -+ 7r+vv are related h~' isospin and the amplitudes for decays of the CPeigenstates 
K1 and K2 into 1\L -+ nil/IV HI,(, ('qual to the real and imaginary parts, respectively, of the 
amplitude for K+ -+ 71+1/17 [G3] [G-l]. 

A set of cuts have been d('wloped to reject the anticipated backgrounds while maintaining 
good acceptance for K L -+ 71°//;; decays. The cuts used for this analysis are: 

1. 	 Reconstructed Pt 1)(,t\\'('('11 0,130 GeV Ic and 0.250 GeV Ic; 

2. 	 Reconstructed Z vert('x hptween 100 m and 165 m; 

3. 	 Energy of each CsI clustpI' greater than 1.25 GeV; 

4. 	 Sum of the two CsI cluster energies greater than 5.0 GeV; 

5. Center-of-energyof the two CsI clusters greater than 0.1 m; 

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

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

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

36 




The first 4 cuts are primarily intended to reduce the background from KL -t 21r° . 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 Pt cut, is intended to eliminate 
the background from KL -t II . 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 CsI 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 KL -t 31r° decays. These cuts will all be 
described in greater detail in Section 3 when we explicitly discuss the various background 
sources. 

The acceptance for KL -t rrovTJ 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 IAcceptance 
(mrad) 

12 0.091 
15 
20 I 

0.084 
0.067 

Table 6: Acceptance for KL -t rrovTJ 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 KL -t rrovTJ signal, it is necessary to veto on 
extra particles in the detector down to very low energies (rv10 Me V). 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. 
Decays downstream of the CsI 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 unifo;mly 
over the 1 second spill du!ation. 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 (KL -+ 37fo , KL -+ 7f+7f-7fo , 
KL -+ 7f±e'f ll , KL -+ 7f±J1'f 1l ), 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 I Fake.1 Rate 
in BA3 • .Flux 

12 mrad 
0" 760 MHz 228 MHz 46 MHz 
10" 21 MHz346 MHz 104 MHz 
20" 155 MHz 47 MHz 9 MHz 

3 MHz 38" 13 MHz42 MHz 
15 mrad 

140 MHz 28 MHz0" 467 ¥Hz 
12 MHz10" 198 MHz 59 MHz 

20" 29 MHz 6 MHz 95 MHz 
38" I 27 ~lHz 8 MHz 2 MHz 

20 mrad 
13 MHz0" 213 MHz 64 MHz 

10" 28 MHz 6 MHz 93 MHz 
20" 42.MHz 13 MHz 3 MHz 
38" 14 MHz 1 MHz 4 MHz II \ 

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 1013 /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 1020 delivered pro
tons per year, the number of effective or live J{L decays can be calculated. The number 
of J{L -t ]f°VV events per year, corrected for accidental losses, are also calculated using a 
branching ratio of 3 x 10-11 [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 J{L J{L -t ]fuVV 

Loss Fraction Decays per Year Events per Year 
12 mrad 

0" 55% 3.3 x 1013 91 
10" 36% 2.8 x 1013 77 
20" 24% 2.2 x 1013 61 
38" 13% 1.1 x 1013 30 

15 mrad 
0" 45% 3.5 x 1013 88 
10" 28% 2.5 x 1013 63 
20" 20% 2.0 x 1013 50 
38" 11% I 9.1 x 1012 23 

20 mrad I0" 31% 3.0 x 1013 60 
10" 20% 2.4 x 1013 48 
20" 14% 1.5 x 1013 

1% I ; 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 J{L -t ]f°VV events per year for various targeting angles and beryllium 
absorber configurations. The number of J{L -t ]f°vV events per year were calculated using a 
branching ratio of 3 x 10-11 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 J{L -t ]f°VV 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. vVith a 15 mrad targeting angle and no beryllium 
absorber "",90 events can be collected per year. 

Because the benchmark of 100 KL -t 7r°VV 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 KL-t 7r°VV within the context of the Standard 
Model is (3.1 ± 1.3) x 10-11 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 1O-11 

. 

If BR(KL -t 7r°vv) is as small as 1.0 x 1O-11 KAMI would only collect "",30 events per 
year (other experimenters attempting this measurement would be similarly affected). The 
KL -t 37r° flux measured during the KAMI beam test is accurate to f"'..I20% which could, 
in concert with a smaller branching ratio, further reduce the KL -t 7r°vv. "Similarly, a 
branching ratio as large as 4.0 x 10-11 would result in 120 events per year using our nominal 
flux number. The acceptance for KL -t 7r°VV with a 2 m x 2 m CsI 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 CsI calorimeter. The expanded 
calorimeter being proposed makes it possible for KAMI to still collect nearly 100 events in 
three years of running in the event of the pessimistic scenario described above. 

The yield of K L -t 7r0VV events could also fall short if the required number of protons 
are not available. We assume 2.0 x 1020 protons per year based on a running time of 2 x 107 

seconds per year, a duty factor of 1/3 and 3 x 1013 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 KL -+ 7r°VV 

3.1 The KAMI Monte Carlo 

The K L -t 27l"° background is estimated using a fast Monte Carlo with realistic resolution 
smearing, measured K L momentum distributions and beam halos obtained from GEANT 
simulations of the beamliue, The performance of the CsI calorimeter has been parameterized 
based on extensive eXIH'ri('lW(' with the KTeV CsI calorimeter. The performance of the 
photon veto detectors is b<l~('d 011 a combination of beam tests (see Appendix B) and Monte 
Carlo simulations (see S('CI iOIl 6.3), The inefficiencies of the various detectors to photons, 
as a function of energ~'. ;\1'(' li~I('d in Table 9. The considerably higher inefficiencies in the 
BA3 are due to to the filct 1)1<11 t his detector sits directly in the hadron beam. No efficiency 
is assumed below 1 Gc\' in 13:\3 for the purpose of estimating backgrounds, though Monte 
Carlo studies indicat(' tillI! SOliI<' sensitivity at low energy will be possible. A photon veto 
threshold of 10 MeV is \Is('d ill all of the simulations. 

The background rej<,("f iOIl is ('stimated from a sample of KL -t 27l"° decays which pass all 
the analysis cuts, For ('(\<"11 (','I'llt a weight is constructed from the product of the detection 
inefficiencies of the two ('X! rn photons, The weight is the probability that the event will 
not be vetoed. Fused photolls in the CsI calorimeter are handled in a similar way. Nearby 
clusters are fused into 01)(' b(ls('d 011 the distance which separates them and the probabilities 
listed in Table 10. Intf'nwt iOlls of kaons and neutrons in residual gas in the vacuum decay 
volume and in the va(,llUlIl willdow are also simulated as are the interactions of KL decay 
products in the fiber tracking planes and the vacuum window. These interactions will be 
discussed in more detail ill tlt(' I'<'!evant sections which follow. 

3.2 KL ~ 211'° 

The dominant backgroulld to Ill<' KL -t 7l"°llV signal is KL -t 27l"° decays where two photons. 
are detected by the CsI caloriuH'ter and the other two photons go undetected. There are 
several ways for two plio! OIlS to escape detection. The photons can go undetected in the 
photon veto detectors, tlH' B('alll .:lnti or the CsI. Additionally, two photons can fuse together 
in the CsI and be detected as a single cluster. 

There are three primm-." haudles on reducing the KL -t 27l"° background; photon vetoing, 
Pt cuts and vertex cuts, TIl<' J{L -t.27l"° background can be separated into two distinct 
categories. "Even" background events are those where the two detected photons originate 
from the same 7l"0. 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 7l"°s. In this case the reconstructed 
vertex, and hence the reconstructed Pt , can differ substantially from the actual values because 
of the incorrect assumption that the two detected photons originate from the same 7l"0. 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 L -t 27l"D 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 
7l"0. Each of the events in the plot has a reconstructed Z vertex between 100 m and 165 m. 
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Energy 
Low-High 

0.000 - 0.010 
0.010 - 0.020 
0.020 - 0.030 
0.030 - 0.040 
0.040 - 0.060 
0.060 - 0.080 
0.080 0.100 
0.100 - 0.150 
0.150 - 0.200 
0.200 - 0.250 
0.250 - 0.300 
0.300 - 0.350 
0.350 - 0.400 

". 0.400 - 0,450 
0.450 - 0.500 
0.500 - 0.550 
0.550 - 0.600 . 
0.600 - 0.650 

0.650 - 0.700 

0.700 - 0.750 

0.750 - 0.800 

0.800 - 0.850 

0.850 - 0.900 

0.900 - 0.950 

0.950 - 1.000 

l.000 - 3.000 

3.000 - 10.00 


" 10.00 - infinite 


MA/VV/BA1/BA2 

Inefficiency 


1.00 

3.0x 10-2 


2.0xlO-3 


LOx 10-3 


8.0x10-4 


7.0x 10-4 


5.0xlO-4 


4.0xlO-4 


3.0xlO-4 


2.5x 10-4 


LOx 10-4 


7.0x 10-5 


4.0x 10-5 


. 3.0x 10-5 

2.0x 10-5 

1.5x10-5 

LOx 10-5 

9.0xlO-6 

7.0x10-6 

5.0xlO-6 

4.0xlO-6 

3.0x 10-6 

2.0x 10-6 

1.5xlO-6 

LOx 10-6 

l.Ox 10-6 

LOx 10-6 

LOx 10-6 

CsI 
Inefficiency 

1.00 
1.5xlO-3 

1.0x10-3 

9.0x 10-4 

8.0xlO-4 

6.5xlO-4 

5.0x 10-4 

3.0x 10-4 

1.8 x 10-4 

1.5xlO-4 

5.5x 10-5 

3.5xlO-5 

2.0xlO-5 

1.5 X 10-5 

5.5xlO-6 

3.0xlO-6 

1.5xlO-6 

l.Ox 10-6 

LOx 10-6 

LOx 10-6 

LOx 10-6 

LOx 10-6 

LOx 10-6 

LOx 10-6 

LOx 10-6 

1.0x10-6 

1.0xlO-6 

LOx 10-6 

I BA3 
" Inefficiency 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

LOn 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 


l.Ox10-:-1 


LOx 10-2 


l.Ox10-3 


Table 9: Photon inefficiencies as a function of energy for the various KAMI detectors. ~1A, 
VV, B.A1, BA2 and BA3 refer to the Mask Anti, Vacuum Veto, Beam Anti! Beam Anti2 
and Beam Anti3 detectors, respectively (see Figure 8). The inefficiencies in this table are 
used in the background simulations. 

42 




Distance 
Low-High (em) 

Inefficiency 
2.5 x 2.5 cm2.crystals 

Inefficiency 
5.0 x 5.0 cm2 crystals 

0.0 - 1.0 1.000 1.000 
0.0 - 1.2 0.800 1.000 
0.0 104 0.725 1.000 
0.0 - 1.6 0.625 0.850 
0.0 - 1.8 0.550 0.750 
0.0 - 2.0 00450 0.650 
0.0 - 2.2 0.375 0.500 
0.0 -204 0.300 00450 
0.0 - 2.6 0.250 00400 
0.0 - 2.8 0.160 0.350 
0.0 - 3.0 0.125 0.300 
0.0 - 3.2 0.080 0.250 
0.0 - 3.4 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 - 7.5 0.000 0.020 

Table 10: The fusion separation inefficiencies in the CsI 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. 

x 1 
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0 
60 80 100 

Monte Cerlo Decay Vertex 

Figure 11: The Z decay vertex generated by the KL --+ 2?To 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 ?To. When the Z vertex for these events is calculated, assuming they originate 
from a single ?To, 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 Pt resolution is smeared due to the transverse size of the 
beam (12 cm x 12 cm at the CsI) it still provides good background rejection. In Figure 12, 
the Pt cut is varied to determine its effect on the signal and background. The signal-to
background curve begins to plateau at a Pt cut of about 0.125 GeV Ic. All of the cuts 
listed in Section 2.6.2 have been applied except for the nominal Pt cuts at 0.130 GeV Ic and 
0.250·GeVIc. 

The reconstructed Z vertex of the ?To decay is also a powerful tool for reducing back
ground from KL --+ 21r° decays. In Figure 13 the KL --+ ?Tol/V acceptance is plotted vs. the 
downstream vertex cut. Also shown is the ratio of the KL --+ ?Tol/V signal to the background 
from KL --+ 2?To vs. vertex cut. The selected cut at 165 m 'is clearly a compromise between 
maximizing the signal yield and rejecting background. Variation of this cut along with the Pt 

cut in the offline analysis can help to understand the relative level of signal-to-background. 
The implications for the K L --+ 2?To background of photon conversions in the scintillating 

fiber tracking planes has been studied using a GEA~T 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 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 CsI) 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 CsI calorimeter do not contribute significantly to the 
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Figure 12: The effect of the Pt cut on the signal and background from KL --+ 2T1o decays 
is shown. The top plot shows the variation of the KL --+ Tlol/V acceptance vs. Pt cut. The 
acceptance is calculated relative to the number of decays between 90-183 m. The bottom 
plot shows the ratio of the KL --+ TlOVV signal to the background from KL --+ 2T1° vs. Pt cut. 
A Pt cut of 0.130 GeV Ic is ultimately selected. 
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Figure 13: The effect of the downstream Z vertex cut on the KL ---* 7["°VV signal and 
background from K L ---* 27["° decays is shown. The top plot shows the variation of the 
KL ---* 7["°VV 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 KL ---* 7["°VV signal 
to the background from KL ---* 27["° vs. vertex cut. A Z vertex cut of 165 m is ,ultimately 
selected. 
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KL -+ 27[° background. Only 0.1% of KL -+ 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 10-6. 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 
CsI for these double fusion events, the center of energy of the event is small and fails the 
ECEN cut at 0.1 Ill. 

The sequential acceptance factors for the K L -+ 27[° background are listed in Table 11. 
The acc.eptance 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 KL -+ 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 year for a signal-to-background of 
4.6. 

Cut Acceptance 
2:: 2 CsI clusters with energy> 1.25 GeV 
Total CsI Energy> 5.0 GeV 
Center-of-Energy > 0.1 m 
Cluster Separation> 0.3 m 
Pt between 0.130 GeVIc and 0.250 GeVIc 
Z vertex between 100 m and 165 m 
CsI fiducial cuts 
Photon vetoes 

0.43 
0.41 
0.33 
0.31 
0.14 
0.10 
0.09 

2.6 x 10-10 

Table 11: The sequential acceptance factors for the analysis and trigger cuts applied to the 
background from KL -+ 27[° decays. 

3.3 KL -+ 37r° 

K L -+ 37[0 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 CsI calorimeter could be 
more problematic for this background, but the segmentation of the CsI is sufficient to mini
mize this complication. 1.6% of all K L -+ 37[0 events have 1 pair of photons within 5 cm ofone 
another in the CsI calorimeter and the fraction of events with 2 pair of photons within 5 cm 
is 5 x 10-4 

• Fused photons in the CsI calorimeter only increase the K L -+ 37[0 background 
by 0.03%, compared to the case where every photon in the calorimeter is perfectly resolved. 

The most serious background from K L -+ 37[0 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[°S pass through 
the Mask Anti and reach the CsI 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 ± 15 cm fiducial cut around the CsI 
beam hole is used to help reject photons from upstream which pass through the beam holes 
of the Mask Anti. The background contribution from KL ~ 37r° is determined to be 0.5 
events per year. 

3.4KL -t 11"+11"-11"0 

The background from /\1. ~ 7r+7r-7r0 is easily reduced to negligible levels using a combina
tion of signals in the photoll y('to detectors, the scintillating fiber tracker and a Pt cut. The 
standard geometrical, fidw'ial aud energy cuts reduce the acceptance to about 10%. The Pt 
cut further reduces the ;w('('pl alice to 7 x 10-4 

• The efficiency of detecting charged particles 
at each of the scintillatillg fiI)('1' stations is assumed to be 98%. This is a conservative estimate 
since four of the five sta I iOBS COl1sist of xx' and yy' layers, each of which should be at least 
this efficient. Following I \w pH'scription of Inagaki et aL [66] for vetoing charged particles 
in scintillation counters. WI' assUllle an inefficiency of 1 x 10-4 for 7r- and 1 x 10-5 for 7r+ in 
the photon veto counters. Illagaki's measurements were made using a single piece of 10 mm 
thick scintillator. The K.\:\lI photon veto detectors consist of 5 mm thick scintillator sheets 
separated by 1 mm thick klld sh('ets. In the absence of any interactions, charged particles 
will traverse many scint ilia lor sh('ets, resulting in efficient detection. Charge exchange re
actions of the type 7r-l) ~ ,,0./1 ("all reduce the detection efficiency if the 7r0 deposits most 
of its energy in the lead. Additionally, processes such as 7r- + C ~ n + n can limit the 
charged detection efficic'lH·Y. h:OPIO has studied these reactions in the energy range relevant 
to their experiment [67] w\wl'(, the cross sections are larger than at KAMI energies. They 
also conclude that cllarg('d parI ide inefficiencies of 1 x 10-4 for 7r- and 1 x 10-5 for 7r+ are 
reasonable. The backgroulld cOlltribution from K L --t 7r+ 7r-7r0 is determined.to be less than 
0.003 events per year. 

3.5 KL -t 11"±e=fv 

The KL ~ 7r±e'fv deca~' is similar to KL ~ 7r+7r-7r0 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 CsI caloriIl1ptpr results in an additional factor of 10 rejection for charged 
pions based on measuremellts using the KTeV CsI. This can be seen in Figure 14 where 
the shower-shape X2 is plotted for photons and charged pions from clean K L ~ 7r+7r-7r0 

decays. The shower-shape X2 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 KL --t 7r±e'fv decays can result when the 7r- and the e+ react in a 
fiber tracking station via charge exchange 7r-P ~ 7r°n and annihilation e+e- ~ II' 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 KL ~ 7r±e'fv 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 10-4 and 1 x 10-5 for e± and 1f±. 

-.... ........ 
• -,f........ 

Pions 
• ;";"'1oton$ 

. . .....,.-, ............. 
. .... 

Shower S.-,cpe l 

Figure 14: The shower-shape X2 distribution in the KTeV CsI calorimeter for photons and 
charged pions from clean Kt -t 1f+1f-1fo decays. A typical cut requires X2 < 4.. 

3.6 KL -r 'Y'Y 

The background from KL -t II is distinguished from KL -t 1fOyV because the two photons 
are Pt balanced and deposit the full kaon energy in the CsI calorimeter. However, the 
reconstructed Pt can be non-zero because of the Pt resolution smearing which results from 
the finite size of the beam and the incorrect assumption that the two photons result from a 
1fo decay. KL -t II decays can be effectively eliminated using the reconstructed center-of
energy (EeEN) defined a,,, 

(21) 

where Xl and X 2 are the reconstructed X'coordinates of the two photons in the CsI calorime
ter, Yi and 1'2 are the Y coordinates and EI and E2 are the energies. The EeEN 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 EeEN distributions from KL -t II and 
KL -t 1fOyV are shown in Figure 15. EeEN is required to be greater than 0.1. The back
ground contribution from KL -t II is determined to be less than 0.04 events per year. 

3.7 A -r nOn 

Approximately equal numbers of A's and KL's are produced at the target. The A -t 1fon 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 KL -+ Tf (left) and 
KL -+ 1[°vTJ (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 Pt 

endpoint of 104 MeVIe 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-depi:mdent 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 KTe V at 800 Ge V was consistent with the scaled rates from 400 Ge V to within 
20%. The background contribution from A -+ 1[°n decays is estimated to be less than 0.2 
events per year. 

3.8 :=: Decays 

The decay::: -+ A1[° -+ n1[°1[° is potentially more troublesome than A -+ 1[°n because the 
second 1[0 can carry a Pt as large as 230 MeVIe. Photons from different 1[°'S can also re
construct with large Pt 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 
:::: -+ A1[° -+ n1[°1[° decays is determined to be completely negligible. 

A related decay is :::: -+ Ai -+ n1[°"! which can also produce a high Pt 1[0. This decay 
mode has a relatively small branching ratio (1.2 x 10-3

) and h&', one extra photon available 
for vetoing. The background contribution from this mode is also completely negligible. 
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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 7r°s. Interactions of neutrons in the beam 
tail with the fiber tracking planes can also produce 7r°s. The process nn --t nn7r° 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 --t PP7r° 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 10-6 torr can be calculated using: 

(22) 

where A is the average atomic mass of air (14.4), N n is the number of beam neutrons 
per year (2.7 x 1015), NT is the number of target nuClei along the 186 m of decay volume 
(1.2 x 1014/cm2) and a is the cross section per nucleon (,.,.",2 mb for the reaction nn --t nn7r° [79]). 
This results in about 1600 interactions per year. 108 nn --t nn7r° 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 10-5 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 10-4 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 7r0 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 CsI calorimeter for nn ~ nmro 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 1["0, reducing the acceptance. 

'Neutrons can also produce 1[°S by interacting in the vacuum window. This was the lim
iting background source during the one-day dedicated KL ~ 1["°vYJ KTeV run in December, 
1996 [59]. 'While the KTeV vacuum window was located well upstream of the CsI 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 10-5 

"-! . 

108 nn ~ nn1[° reactions have been generated by a Monte Carlo at the vacuum window. 
No events survive the cuts. The photons often pass through the CsI beam hole or hit the 
calorimeter very close to the beam hole, failing the ±15 cm fiducial cut. When the photons 
do hit the fiducial area of the CsI they typically reconstruct with a Pt that is larger than the 
0.250 GeVIe cut and they reconstruct with a Z-vertex well downstream of the 165 m cut. 

The reaction nn ~ nn1[°1[° is potentially more problematic because of the potential for 
mis-paired photons from different 1[°S to mis-reconstruct within the fiducial volume. The 
cross section for the related process PP ~ PP1[°1[° has been measured for 2.8 Ge V Ic protons 
to be 0.92 mb [107]. For a 1 mb cross section we expect 775 residual gas interactions per 
year. 108 nn ~ nn1["°1[° reactions were generated with a Monte Carlo between the target 
and the CsI with a resulting acceptance of 1 x 10-5 

. This corresponds to 0.009 background 
events per year. 

High energy neutrons which hit the vacuum window and initiate the reaction nn ~ nn1[°1[° 
can produce two relatively high energy 1[°S which both fuse in the calorimeter, resulting in 
two CsI clusters which can mis-reconstruct as a 1["0 from the fiducial volume with <;t good Pt. 
This background is eliminated by the close proximity of the vacuum window to the CsI and 
by requiring the two CsI clusters to be separated from one another by more than 30 cm. 
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3.10 KL Interactions 

It is also possible for KL reactions to occur in the residual beam gas and vacuum win
dow. KLn ---7 1r°A and KLN ---7 K LN1r° reactions are both potential background sources. 
KL.N ---7 K LN1r° is similar to nn ---7 nn1r°, considered above. Because the neutron flux in 
KAMI is many times larger than the KL flux, KLN ---7 K LN1r° is just a fraction of the 
nn ---7 nn1r° background of (L04 events per year. 

To estimate the backgrolllld from KLn ---7 1r°A an analysis similar to that done for neutron 
interactions is applied. The IlIllllher of interactions per year is calculated using a KL flux per 
year of 4.8 x 1014

. ThE" cross spdion for the similar reaction KLP ---7 1r+A has been measured 
to be 0.013 mb at 11 G{\\)C. If we assume the KLn ---7 1r0A cross section to be as large as 
1 mb over our energy rallg{'. total of 1500 interactions per year results. The acceptance(l 

for this reaction is 2.3 x 1 W'· 1)(\cause of the additional particles available for vetoing. The 
total background contrihllt iolt from KLn ---7 1r0 A is estimated to be 0.03 events per year. 

3.11 Discriminating a 1{L ---7 7r°viJ Signal From Backgrounds 

The observation of the h'/. -t "ii/Iii decay with only the two photon energies and positions to 
distinguish the decay fWIIl sizahlp backgrounds is a challenging task. However j the unique 
configuration of the K.-\'\II px)){\riment with its small beam size (0.41 pstr resulting in a 
12 cm x 12 cm size at th!' Csi nllorimeter) allows the Pt of the two photon system to be 
determined. This prO\-idl\s iI \\'a~' to directly observe the presence of a KL ---7 1r°vii signal 
over the major backgro1l1ld /\'/, ---7 1r0

71'0 (larger by a. factor of ten than the next largest 
contribution) . 

As shown in Figur(' 18. Ill{' P, distribution of the KL ---7 1r°vii is significantly different 
than the Pt distributioll of' h,u'kground due to KL ---7 1r071'0 events that have two photons in 
the CsI which satisfy the trig).!,('r criteria and whose remaining two photons are not detected 
in the veto system. Thif-i is sltowll for four different detection thresholds in the veto counters 
(5 MeV, 10 MeV, 15 ]\1('\- all< \ 20 MeV). The level of the signal and background curves 
have been normalized to t 11<' estimated number of signal and background events expected 
in one year of running. Tit!' plots for the four different detection thresholds make clear the 
importance of pushing till' t hr('shold as low as possible. The K L ---7 71'0 vTJ signal is clearly 
most prominent with a 5 ~1(\ \. threshold. 

The ability to suppress til<' K L ---7 n°1r° background in the signal region depends critically 
on the inefficiencies for deteetillg photon showers in the photon veto, the CsI, 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 KL ---7 71'°viJ 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 KL ---71r01r0 

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 Ge V, the inefficiencies of the various veto detectors 
fall below 10-5 where the ability to precisely measure inefficiencies becomes difficult. 
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Figure 18: The K L -+ 7[0 lIV and K L -+ 27[° Pt spectra for various detection thresholds in the 
photon veto detectors. The top left plot is for a 5 MeV threshold; top right is for a 10 MeV 
threshold; bottom left is for a 15 MeV threshold; and bottom right is for a 20 MeV detection 
threshold. The nominal conditions for this proposal assume a 10 MeV detection threshold. 
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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 2no 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 10-5 . In 
Figure 19 we show the magnitude of the various 2no background curves obtained with photon 
veto and CsI inefficiency maps varied up and down over a reasonable range of ±2 x 10-6 

in the photon energy region above 1 GeV. The beam anti system inefficiencies are not 
required to be as small as 10-5 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. \Vhat can be inferred from these curves is that the 2no 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 inefficiencies, 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 determining the magnitude of the signal 
(estimated to be 'approximately 90 events per year), if the veto inefficiencies 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 L -+ nO vi} signal is 
the attainable threshold levels for observing low energy photons in the Cs1, 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 
Pt 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 ::VIeV detection threshold then the background level from KL -+ nOno 

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 L -+ nO vv signal has been 
conducted. The only serious background is from KL -+ 2no decays. The number of back
ground events from K L -+ 2no decays ultimately depends on the performance of the photon 
veto system. Based on the inefficiencies in Table 9, we expect 19 such events per year 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 KL -+ 71"071"0 background Pt spectra, shown in the plot on the left, 
obtained by varying the vacuum veto, mask anti, and CsI inefficiency maps in photon energy 
regions where the expected inefficiencies are less than 10-5 Errors are the statistics expected 
from one year of operation. The right plot shows the ratio of background spectra obtained 
with different inefficiency maps to the background spectrum obtained with the baseline 
KAMI inefficiencies. 

o +lxlO" 

• +2x10" 

Inefficiency Map KL -+ 71"u VV Background 
Events/Year 

All Pt 

Baseline inefficiencies (10 MeV Threshold) 
::; 10-5 inefficiencies +1 x 10-6 

::; 10-5 inefficiencies +2 x 10-6 

19 events 
27 events 
33 events 

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

15 Mev threshold - baseline inefficiencies 
20 Me V 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 KL -+ 71"°vlJ obtained after variation of the vacuum veto and 

CsI inefficiency maps over the range of ±2 x 10-6 in the photon energy region above 1 GeV. 
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Mode Primary Rejection Tool Events/yr 
Kr- -+ 21]"u 
KL -+ 31]"0 
KL -+ 1]"+1]"-1]"0 

KL -+ II 
KL -+ 1]"±e=Fv 
A -+ 1]"°n 

· :::: -+ A1]"° -+ n1]"°1]"° 
:::: -+ ky -+ n1]"°"'f 
nn -+ nn1]"° 

Photon Vetoes, Pt , Vertex 
Photon Vetoes, Pt 
Pt 
f't, center of energy 
charged veto 
Pt , A lifetime 
:::: lifetime, Photon Vetoes 
:::: lifetime, Photon Vetoes 

19 
0.5 

0.003 
0.04 
2.0 
0.2 

negligible 
negligible 

0.04 
nn -+ nn1]"°1]"° 0.09 

0.03KLn -+ 1]"°A 
Total Background per year 22 

Table 13: Estimated background levels per year of running. 

57 

--..... ... ....~~ ~--~ 



4 Other Rare and Very Rare Decay Modes 

4.1 Introduction 

There are many rare kaon decays other than K L -+ 7["01/1/ 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 KA\lI the best place to study these decays. None of 
the other proposed KL -+ 7["01/1/ experiments has this capability. 

In addition to KL -+ 7["01/1/ , there are other rare kaon decays which are sensitive to direct 
CP violation including KL -+ 7["0 p,+/[. The branching ratio predicted by the Standard 
Model for this decay is within reach of KAr..n. 

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 L -+ 1["0p,±e~ and K L -+ p,±e~ . 

KL decays to 4 leptons will be abundant in KAMI. Decays such as KL -+ p,+p,-e+e- and 
KL -+ e+e-e+e- provide critical insight into the K L,*,* form factor. Additionally, the an
gular distribution between the decay planes of the lepton pairs is sensitive to CP violation in 
the KL -+ ,*,* transition. KAyII can collect on the order of 34,000 KL -+ e+e-e+e- events 
and 1600 KL -+ p,+,l-e+e- events in one year of running. 

A large sample of KL -+ 1["+1["-e+e- events will 'also be collected by KAMI. This decay, 
first observed by KTe V, has opened a new window on CP violation through the study of final
state angular distributions. A very large asymmetry is measured due to indirect CP viQlation 
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 L -+ 7["+1["-e+e- decays per 
year. 

Finally, the decay KL -+ 1["°7["°e+e- is the neutral partner of the KL -+ 1["+1["-e+e- 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 KL -+ 1["01/1/ and is not possible to execute at any of the other proposed 
K L -+ 1["01/1/ experiments. The details of this program are discussed in the sections which 
follow. 

4.2 KL -+ 7r+7r-e+e-

Discovery of the KL -+ 1["+1["-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 e+e- mass spectrum from KTeV which shows approximately 1800 
signal events for the KL -+ 1["+7["-e+e- ,decay mode over a negligible background. Based on 
the measured branching ratio from KTeV of 3.63 ± 0.11 (stat) ± 0.14 (syst) x 10-7 and an 
estimated acceptance of 3.5%, a yield of ",678,000 reconstructed KL -+ 1["+1["-e+e- events 
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per year are expected in KAMI. 
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The measured brall('hillg nltio for this mode will undoubtedly be systematics limited. 
Determination of the '"('('tor f<mll factor [r1l.f1 (Fig. 5) from the E; spectrum of the virtual 
photon energy (Fig. 22) <Ill<1 IIH'Hsurement of the indirect CP violating asymmetry (Fig. 21) 
in the angle between tlJl' (+ ( and 7f+7f- planes in the KL center of mass, both of which are 
currently limited by statist ics. will improve . 
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Figure 21: a) Observed <p and h) sin <pcos <p 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 Igpl for the "charge radius" process (Fig. 5) 
has been made in KTeV. The result 

Igpl = 0.100 ± 0.018(stat) ± 0.013(syst) (23) 

has been reported [75]. Using equation 7, a value of < R2(KO) > of -0.047±0.008(stat)fm2 
has been obtained. Fig. 23 displays this measurement in comparison with the previous 
measu.rements, all achieved using coherent regeneration of Ks from atomic electrons. Using 
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Figure 22: a) E; spectrum of data (dots), Monte Carlo using a constant IglVf11 (dashed 
histogram), Monte Carlo with E; dependent form factor (solid histogram); b) Likelihood 
contours of aIJa2 and 19M1l; Constant asymmetry contours calculated from the data are 
superimposed 

a model of the neutral kaon due to Giersche and Munz [33J in which the lighter d quark 
circles the heavier s quark, the difference between the constituent sand 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 

1.9Eli 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 CT displacement of the 105° maximum from 90° may be due to lack of 
precise knowledge of the 7f7f phase shifts or subtle effects of the other amplitudes. The other 
maximum at 38° is an artifact of the fitting process. 

Finally, and most speculatively, direct CP violation can take place in the KL -+ 7f+7f-e+e

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 L -+ 7f+7f- e+e- decays in sin(}e+cos<jJ where <jJ is the angle between the normals to the 
e+e- and 7f+7f- planes in the K L CMS as before and (}e+ is the angle of the positron relative 
to the direction of the 7f+7f- in the e+e- GMS. The double differential cross section in these . 
angles is given by 

dr 
d () d' = Kl + K 2cos2(}e+ + K3sin2(}e+cos2<jJ + K 4 sin2(}e+cos<jJ 

cos e+ <P 

+K7sin(}e+sin<jJ + Kgsin2(}e+sin<jJ + K9sin2(}e+sin2<jJ 

Under time reversal the K 4 , K7 and K9 terms reverse sign. Asymmetries in these distrib
utions indicate CP violation. Indeed the asymmetry in the K9 term is just the asymmetry 
in <jJ that was generated by the interference of M1 and indirect CP violating bremsstrahlung 
process. Direct CP violation in the K7 term where is manifested as an asymmetry in the 
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Figure 23: Various measurements of the charge radius of the neutral kaon 

sinOe+s'in¢ distribution. We show in Fig. 25 the sinOe+sin¢ distribution obtained in a Monte 
Carlo in which the short distance El photon emission has been enhanced by a faetor of 100. 
\Ve show from this same Monte Carlo the asymmetry as a function of a cut against low 
Afe+e- masses. 

4.3 KL ----t 1r°1r°e+e-

Analogous toKL ---+ e+e- is the decay KL ---+ 7fo7foe+e-. Of course, because the 7f'S are 
neutral, this mode has no inner bremsstrahlung contribution. Furthermore, gauge invariance 
and Bose statistics force the 7f07f0 system into an angular momentum I = 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 predietions of the branching ratio for 
KL ---+ 7fo7foe+e- range from 2.3 x 10-11 [76] to 1 x 10-10 [77]. KL ---+ 7fo7foe+e- is of course 
related to the decay KL ---+ 7fo7fo, which is extremely difficult to detect due to backgrounds 
from KL ---+ 7f07f07f0 with one, undetected. 

KTeV has reported preliminary results on the first upper limit for KL ---+ 7fo7foe+e- [78]. 
From 2.7 x 1011 KL decays a 90% confidence level upper limit of 5.4 x 10-9 was obtained 
based on the observation of 1 event with an expected background of O.4~g:j events. 

The trigger for KL ---+ 7fo7foe+e- would require 2 tracks and 6 clusters in the CsI 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 KL ---+ 7fo7fo7f~ where 7f~ denotes 
the Dalitz decay 7f0 ---+ 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 Ml and bremsstrahlung amplitudes 
using presently available measurements of 4>+- and 60 ,61 

4.4 Decays of the type K L -+ "(*"( and K L -+ "(*"(* 

As described in Section 4.5, the decay KL -+ /1+/1- is of great importance in studies of the 
CKM matrix. The short distance part of the amplitude for KL -+ /1+Ji'- is directly related to 
the parameter p in the vVolfsenstein 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 KL -+ "II -+ /1+/1
can be determined from the measured branching fraction of KL -+ ". The contribution 
from virtual photon intermediate states ,*"( and ,*,* needs to be determined from a detailed 
study of the form factors of the decays KL -+ e+e-" KL -+ /1'+/1-" KL -+ e+e-e+e- and 
KL -+ /1,+/1- e+e-. KAMI will be able to make significant contributions to these studies. 

4.4.1 KL -+ /1+ /l-, 

The interest in KL -+ /1+/1-, centers on the the KL -+ /l+ /1- decay mode. The KL -+ I./,+ p,
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(KL -+ /1+/l-) = IReAI2 + IImAI2. The experimental value of the branching ratio 
B(KL -+ /1+ /1-) (7.18 ± 0.17) x 10-9 is almost completely saturated by the absorptive 
component calculated to be IImAI2 = (7.07 ± 0.18) x 10-9 [40,84]. IImAI2 is the unitarity 
bound and corresponds to the case of two real intermediate photons: Short distance and 
KL -+ ,*,* contributions make up the dispersive component, ReA = ReAsIJ+ReALIJ, which 
is limited to IReAexpl2 < 3.7 x 10-10 (90% C.L.). ReALIJ can be calculated using the form 
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Figure 25: a) The sinOe+sin¢ distribution in which direct CP is supposed to appear as an 
asymmetry between sinOe+sin¢ ~ O. and sinOe+sin¢ :S O. b) The sinOe+sin¢ asymmetry as 
a function of Mee mass cut 

factor measured from KL --t p+p-; and p is limited with the expression [106]: 

IReAexpl + IReALDI x ( mt(mt) )-1.55 x ( I~bl )-2}m (24)p > 1.2 ax { 3 x 10-5 170Ge V 0.040 

Also presented are measurements of the form factor according to the models of Bergstrom, 
Masso, and Singer (BMS) [45] and of D'Ambrosio, Isidori, and Portoles (DIP) [86]. Each 
model of the ;*; form factor includes a single free parameter: (XK* for BMS and a 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 
m/.L+tJ.-"( distribution is shown in Fig. 26. There are 9327 events in the mass window 
490 ~1eV jc2 < mtJ.+tJ.-,,( < 506 MeV jc2

• 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(KL --t p+p-;) (3.66 ± 0.04stat ) X 10-7

. 

In Fig. 27 is shown a model-independent measurement of the form factor as a function 
of x (bin-by-bin values for If(x)12 are given in [105]). The model parameters aK* and (X 

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 aK.Shape = -0.193~g:g~~ and aShape = -1.73!g:i~, where systematic 
errors dominated by the placement of the cut on track momentum are included. Integrating 
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Figure 26: The reconstructed mjL+jL-'Y distribution after final cuts. The large peak centered 
at 380 MeV /c2 is KL ---+ 7f+7f-7fo . K~3 dominates the background from ",400 MeV /c2 out 
to 900 MeV /c2 with a slight enhancement at 450 MeV /c2 from K/13'Y' 
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Figure 27: The dimuon mass distributions for eJata 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(KL -t J1+J1-r) was found as a function of aK' or a, yielding
BRaK,BR -0.117~g:gi~ and a = 1.38±0.12. The shape and branching ratio measurements 

were combined to give aK' = -0.157~g:g~~ and a = 1.53 ± 0.09. 
A limit of IReALDIDIP < 2.07 x 10-5 is obtained using the measured form factor parame

ters with the DIP model. In forming the IReAexp I+ IReALD IDIP limit, the measured values of 
IReAexpl2 and IReALDIDIp are converted into Gaussian distributions, the product of which 
forms a two-dimensional probability distribution. The contour of IReAexp I + IReALDIDIP 
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 KL -t J1+J1-r in KAMI will require 2 or more tracks, 2 hits in the muon 
stack, and at least one electromagnetic cluster in the CsI calorimeter. The acceptance is 
calculated to be 8.3%. In the KTe V analysis the various cuts and reconstruction efficiencies 
introduced another acceptance factor of 0.39. Putting these numbers together for a year 
with 6 x 1013KL decays KAMI would get a sample of 711,000 events, nearly 100 times the 
current largest sample from KTeV. 

The major background to KL -t J1+ J1-r arises from KL -t JT'±J1=fV {Kj.L3) where the 
JT' either decays in flight or punches through the muon shielding, in conjunction with an 
accidental photon in the CsI 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 th(} center of the analysis magnet helps to remove "kinks" from .decays. 

4.4.2 KL -t e+e-e+e-

The best current result on IG -t e-t:-e-e+e- has recently been obtained by KTeV [87]. From a 
sample of 441 events the branching fraction is measured to be (3. 72±0.18stat±0.23syst)x 10-8 

. 

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 L -t rr, 
is (3.65 0.09) x 10-8. If it is assumed that the form factor factorizes into two terms 
of the Bergstrom, Masso and Singer type, then a fit yields aU! -0.14 ± 0.16(stat) ± 
0.15(syst) where the notation aU! denotes the fact that radiative corrections have not 
been made. Similarly the D'Ambrosio, Isidori and Portoles form factor is measured as 
ae;/p = -1.1 ± 0.6(stat). One may also look for CP violation in KL -t e+e-e+e- in the 
distribution of the angle ¢ between the planes of the two e+ e- pairs in the KL rest frame. 
The ¢ distribution is proportional to 1 + Pcpcos(2¢) +rcpsin(2¢) where PCP i~I:~i:B, 
rcp = ~!I~;IJ C, where f is the usual CP violation parameter and T is the ratio of the 
amplitudes of Kl and K2 decay to e+e-e+e- (approximately 1). Ignoring CP violation 
(f = 0) the formula reduces to the Kroll-vVada formula where the constant B is -(+)0.20 
for an odd(even) CP eigenstate. With CP violation, ,Bcp differs from the Kroll-Wada value 
and rcp no longer vanishes. There are, however, no predictions for the value of C, and 
thus rCP' To improve the resolution in ¢ for the KTeV data only the 264 events with 
the invariant mass of both e+e- pairs greater than 8 l\1leV/c2 were used in a fit to the 
¢ distribution. One would expect B to be -0.23 accounting for this cut. The fit yields 
PCP = -0.23 0.09{stat) 0.02(syst), and rcp -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 KL ----11f±e±ve+e- is seen 
in the lower mass region. 

The trigger in KAMI for K L ----1 e+e-e+e- will require 4 tracks and at least 2 elec
tromagnetic clusters in the CsI. In KTe V, the largest background to this mode was from 
KL ----1 e+e-')' or KL ----1 ')'')' with one or two photon conversions in the apparatus. This back
ground was suppressed by cuts on the minimum track separation of e+e- 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 1013KL 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 KL ----1 f1+ {Ce+e-

The decay KL ----1 f1+f1-e+e- is the best mode to determine the form factors of KL ----1 ')'*')'* 

since the lepton pairs are definitely defined. KTeV has recently measured [89] the branching 
fraction of KL ----1 f1+f1-e+e- to be (2.50 0.41 (stat) 0.17(syst)) x 10-9 

, 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 KL ----11f+1f-1f~ and KL ----11f+1f- e+e
decays in the signal region. Note that the VMD model of Quigg and Jackson [92], which 
predicts a branching ratio of 2.37 x 10-9 , 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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Figure 29: ~~eeJ.tJ.t for data (dots) and the scaled sum of KL -t Jr+Jr-Jr~ and KL -t Jr+Jr-e+e

background simulations (line), with pl ::; 250 (MeV /C)2. 

of (~)2 ::; 2.77 X 10-4 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 8(KL -t e±e±J1=FJ1=F) ::; 
1.36 x 10-10 at the 90% confidence level. 

The calculated acceptance of KA\lI for KL -t Jj+J1-e+e- is 5.0%. In KTeV, the offline 
analysis had an efficiency of 22%. So for a KAMI year of 6 x 1013 decays we expect a signal 
of 1600 events. The main backgrounds ar~ due to two nearly simultaneous decays which is 
suppressed by cuts on measured vertex quality, and KL -t Jr+Jr-Jr~ (Jr~ denotes the Dalitz 

'decay 	Jro -t e+e-f) where the Jr's simulate J1'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 KL -t J1+ J1-'1 decays where the f 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 KL-te+e-fl and K L -tJ1+J1-"n 

Two decay modes related to K L -t ff , though not especially interesting in themselves, have 
significant implications for the attempt to observe direct CP violation in KL -t Jr°e+ e- and 
K L -tJr°J1+J.l-. These are the radiative Dalitz decays KL-te+e-"'n and K L -tJ.l+J1-" . 

With a typical infrared cutoff of 5 MeV for the photon energies in the kaon center of mass, 
the electron mode, KL-te+e- , has a branching ratio of about 6 x 1O-7~ five orders of 

"magnitude higher than the expected rate for KL -t Jr°e+ e- . Moreover, the peak of the If 

invariant mass spectrum in observed events is near the Jr 
0 mass. With a good calorimeter, 
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experiments can limit the 1r
0 mass range to a few MeV, but the number of e+e-"'(Y events 

in this range still swamps the expected 1r°e+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 1r°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(KL-+1r°e+e- ). KTeV has identified a sample 
of over 1,500 e+e-"f"'f events and has verified that their kinematic distributions are generally 
in agreement with those predicted. 

In a similar fashion, KL -+ /1+ /1-"("( decays are a serious background to the measurement 
of K L -+ 1r

0 /1+ /1- . 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 L -+ 1r

0 /1+ /1- , after the NIT'( and other kinematic cuts, 
is not particularly suppressed. 

4.5 KL -+ tt+ tt-

The decay K L -+ /1+/1- has a long 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 L -+ TY which yields a lower limit, knmyn as 
"the unitarity bound" for the KL -+ /1+/1- branching fraction of (7.07 0.18) x 10-9 . 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 IRe(~~:~~d)12 from which pin 
the Wolfenstein parameterization may be derived. 

The current experimental knowledge of the branching fraction of KL -+ /1+/1- is domi
nated by the result of BNL E-871, [40] who obtain the value (7.18 ± 0.17) x 10-9 , 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 KL -+ Jl+Jl- 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 1013KL decays, a signal of 45,000 events before offline cuts. 
The principal background is due to KL -+ 1r±Jl"fv where the 1r decays or punches through 
the muon absorber. The endpoint of the /1+Jl- mass distribution is 8 MeV below the KL 
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 KL -+ 7r011,+tt-

Along with the decay KL -+ 1r°VV that is the principal objective of KAMI, the related 
decays KL -+ 1r°e+e- and KL -+ 1r

0 /1+Jl- 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 VV± box diagrams; only loops with t quarks, 
which have amplitudes proportional to rJ in the Wolfenstein parameterization, ultimately 
contribute. The second contribution is an indirectly CP violating amplitude [94] due to the 
Kl component of the K L . Third, there is a CP conserving component proceeding through 
?To,*,* intermediate states [95], which can be estimated from mea..'mrement [96] of the decay 
KL -+ ?To". The expected branching fraction in the standard model for these decays is in the 
range 0.3 1.0 x 10-11 

. The branching ratio predictions are modified in theories containing 
particles beyond 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 L -+ ?Toe +e - an upper limit at the 90% confidence level of 5.1 x 10-10 was set [99] 
based on the observation of 2 events with an expected background of 1.06 0.41 events. 
For KL -+ ?T0f-L+f-L- the 90% confidence level upper limit was [100] 3.8 x 10-10 based on 2 
observed events with an expected background of 0.87 ± 0.15 events. ~ote that these limits 
are not background free. In particular, there are physics backgrounds due to the decays 
KL -+ e+e-~fI and KL -+ f-L+ f-L-TI where the Tf invariant mass coincides with that of the 
?To. The branching fractions ofthese decays have been measured inKTeV [101] [102]. To some 
extent thi~ background can be suppressed by judicious cuts on the decay kinematics [103] . 

.. 
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Figure 30: Signal and background rates for K L -+ ?To f-L+ f-L-, 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 KL -+ f-L+ f-L-" only (dot-dashed) and -also other 
background sources (dotted). 
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For the KL --+ 11"°e+e- decay in KTeV, rejection of backgrounds from KL --+ 11"±e=i='J decays 
required additional 11" / e separation above that of the OsI 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 Jr°e+e- mode and concentrate on Jr0p+p-. 

The trigger for KL --+ 11"0 p+p- 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 OsI calorimeter. We calculate the KAMI acceptance 
to be 5.5%. If event reconstruction was perfect in one year with 6 x 1013KL decays the signal 
event yield versus 11"0 p+p- branching fraction is given by the upper diagonal curve in Figure 
30. For a branching fraction of 1.0 x 10-11 we expect 33 events. Of course, reconstruction 
efficiency will not be 100%; in KTeV the reconstruction efficiency after geometric and trigger 
acceptance was about 20% [104J. 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 ofKTeV. Extrapolating from the calculated 0.37 events of the physics background 
due to KL --+ p+P-I"('I 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 yields 209 events per year in KAMI, as shown in the upper horizontal line in 
Figure 30. These additional backgrounds arise mostly from common K L 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 probabili.ties. 

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 
11"0 p+ p-. 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 (j detection for a branching fraction of 
about 2 x 10-11 

. 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 KL --+ p+p-" 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 experiment. 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 dividpd by square root of background for 1['0/1+/1- in one year of running 
for the 4 combinations of sigllal and background shown in Figure 30 

which are sensitive to pln'sics h('.\'ond the Standard Model. Reference [122] is a survey of 
LFV kaon decays and th(' ('111"1"('111 constraints on supersYUlmetric parameters imposed by the 
existing experimental lilllit s. 

KTeV h&<; set LFV lillIits ill spn~ral decays, and additional limits will be forthcoming. Our 
experience with KTeV allows us to make reasonable estimates of LFV sensitivities accessible 
to KAMI. 

4.7.1 Kro ---* 1['°lte 

KTeV announced a prelilllilJar,\' limit on this mode at DPF2000 in Columbus [72]. The limit 
is 4.4 x 10-10 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 
KL ---* 1['ev 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 KAML One possible source of extra photons is an additional decay which produces 
a 1['0 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 1['0 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: M1r0 lle invariant mass 

accidental backgrounds can be controlled, we expect a single event sensitivity (assuming 
6 x 1013K L decays) of about 4 x 10-13

. 

In KTeV we used the TRD information to reduce backgrounds from KL ---+ ?T+?T-?T
o with 

one charged ?T 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 lvL][ollc 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 ?To ---+ J-i±eT- tagged from KL ---+ ?T0?T0?T0 

KTeV announced a preliminary result from this decay at the DPF2000 meeting in August 
2000 [72J. The background-free limit was 7.85 x 10-1°, a factor of 22 improvement over the 
PDG limit. An additional factor of two improvement is expected from the KTe Vgg data. 

The search requires an electron and a muon with an invariant mass near the ?To mass, as 
well as four other photons, consistent with two ?To,S, all of which form a kaon mass. These 
requirements are exceedingly restrictive, leading to a totally background-free limit. We do 
not yet 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 1013KL decays, we expect a single event sensitivity of about 8 x 10-12 

. 
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4.7.3 KL -t J.l±J.l±eT-eT-

KTeV set a 90% CL limit of 1.36 x 10-]0 on this mode, as part of the measurement of the 
branching ration for K L -t J.l±J.l'fe±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 KTe V 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 10-13 in this mode. 

4.7.4 Other Lepton Flavor Violating Modes 

The current best limit on any kaon decay is BR(KL -t J.l±eT- )< 4.7 x 10-12 [121J. KTeV 
did not study this mode, since we could not improve on this limit. However, KA~lI should 
achieve a SES for this mode of "-' 2 x 10-13 . Triggering and backgrounds in KAMI for this 
mode are currently under study. Other LFV modes currently under study in KTe V include 
KL -t 1f+1f-J.le and KL -t 1fo1fofJ,e. In KTeV we expect limits comparable to the limit on 
KL -t 1f0J.le, and would expect comparable improvements in KAML Background levels for 
these decays in KTeV are not yet 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 KL -t 1fOVV 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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IDecay Mode 

i 

I3nllH'liillg Fraction 
(nH·t\s1lrpd or predicted) 

Current Best Result 
(events or 90% C.L.) 

Events per Year 
or Sensitivity 

for KAMI 
: KL -+ 1['u fLT fL 0.3 1.0 x 10 -11 < 3.8 x 10 -10 < 2 x 10 -11 I 

I K +i L-+1[' 1[' e+e 3.2 x 10' 6000 678,000 
I K + . L-+fL fL 7.2 x 10 -\j 6200 45,000 i 

KL -+ 11,+ fL II 9.1 x 10 -\j 4 11,000 
KL-+fL+fL I 3.7x101 9327 711,000 
KL -+ e-+-e e+e 3.7 x 10 -M 441 34,000 

i K -+ + e+. L fL fL e 2.5 x 10 -\j 38 1600 I 

KL -+ 1['u fL±e,'f < 4.4 x 10 -10 4 x 10 -1iS (SES) 
KL -+ fL±e'f - < 4.7 x 10 'l:J 2 x 10 -lJ (SES) 
1['u -+ fL:I:.e'f - < 7.9 x 10 '10 8 X 10 1

:J (SES) 
KL -+ fL:I:.J1,=e'fe'f - i < 1.4 x 10 -IU 3 x 10 ,l;j (SES) 

. 

Table 14: Summary of tlip current best results and KAMI sensitivity for various decay 
modes with charged partid(·s. The KAMI yield or sensitivity assumes one year of running 
with 6 x 1013 KL decays. SES dellotes single event sensitivity. 
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5 Beams 

The KAMI experiment requires a high-intensity primary beam of 3 x 1013 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 1020 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 de bunched 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 [108J. The general layout of the primary beam, target, and neutral beam are 
very similar to the existing KTe V 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 Primary Beam 

The KAMI primary beam is very similar to the KTe V 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: 

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

• 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. 

• 	 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 [109J. A plot of the beam 
envelope from AO 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 CsI calorimeter, and because beam halo is a potential 
source of background to the measurement of KL -t 1['°vlJ , 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 1/KO or of 
n/KO 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 KTeV, 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 35: KAMI n/KO 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 RA\V 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 f'/f 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 ~ole in the CsI array. 

5.5 KAMI Test Run Beam Studies 

The 150 Ge V 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 CsI 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 placemerits. 

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. \Vhile 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. 

Vertex RING nu'T':Jers. em.?, VT08J2 and trk cuts. 2V···;50 GeV 

Figure 36: Comparison of "ring number" (essentially a Pt 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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Figure 37: Target and collimator geometry in the vertical plane used to simulate the RAMI 
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 395755 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: KAMI 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 L -+ 1iovIJ 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 CsI 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 
KL -+ 1iovIJ . The gap between the vacuum window and the CsI is filled by two sets of CsI 
Anti counters to cover any cracks between the vacuum veto system and the CsL Behind the 
CsI, the neutral beam is dumped onto a beam-hole calorimeter known .as the Beam Anti, 
designed to veto photons going down the CsI 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 CsI Calorimeter 

6.2.1 The KTeV Calorimeter 

The KTeV CsI 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 cm3 

crystals in the central region of the calorimeter, and 5.0 x 5.0 x 50.0 cm3 crystals in the 
outer region. The two transverse dimensions were. chosen to optimize the K L -+ 21io 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/ JE(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 KTeV 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 

82 




R(out)I z(up) I z(down) IR(in) 
II (m) (m), (m) (m)
I 

0.30 0.00150.00Production target -
22.00 - 0.0029Primary collimator 20.00 
63.00 .  0.0255Defining collimator 60.00 

I-::-::-- . 
95.00 95.70 0.07 0040Mask Anti 1 

99.30 0.40 0.9095.70Vacuum Veto 1a 
0.07 004099.30 100.00Mask Anti 2 

100.00 116.00 0040 0.90Vacuum Veto 1b 
134.00 0.65 1.30Vacuum Veto 2 116.00 
152.00 0.90 1.40Vacuum Veto 3 134.00 

152.00 1.65Vacuum Veto 4 170.00 ' 1.15 
170.05 0.07 1.25170.00Fiber Tracker 1 (x/y) 
173.00 1.192Vacuum Veto 5 170.00 1.692 

173.00 173.05 0.07 1.25Fiber Tracker 2 (x/y) 
1.234 1.734176.00Vacuum Veto 6 173.00 

179.00 1.900Magnet (gap) 173.00 -
176.05 0.07 1.25Fiber Tracker 3 (x) 176.00 
179.00 1.277 1.777Vacuum Veto 7 J 76.00 
179.05 0.07 1.375Fiber Tracker 4 (x/y) 179.00 

179.00 184.00 1.347 1.847Vacuum Veto 8 
184.00 184.05 0.07 1.375Fiber tracker 5 (x/y) 

Vacuum Veto 9 184.00 186.00 1.375 1.875 
186.00 186.00Vacuum window - 1.95 I 

186.30CsI Anti 1 186.05 1.375 1.50 
186.70 1.375 1.50CsI Anti 2 186.30 

1.375.186.00 186.50 0.075CsI 
188.00 200.00 0.15 2.00Muon Range Stack 

Beam Anti 1 189.00 190.10 0.075 0.25 
0.075Beam Anti 2 195.00 . 196.10 0.35 

205.00 206.00 - 0.35I Beam Anti 3 

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 CsI. 

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 KL -t 1f±e"1"v 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 a(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 KTe V 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 CsI 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 CsI 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 CsI 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 KTe V purchased its CsI crystals, work has continued on radiation 
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Figure 39: The KAMI CsI calorimeter. 
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Figure 40: The E/P l'a t io I'm l'ipctrons from K e3 decays in the KTe V CsI calorimeter is 
shown on the left. TIJ(' ('llP!').!;.\' resolution vs. momentum for electrons from Ke3 decays 
in the KTe V CsI caloriul!'t ('j' is shown on the right. The estimated contribution from the 
momentum resolutioll has 1)(1('11 l'('moved. 

hardness issues. Crystals wit h improved radiation hardn~ss have been produced at Kharkov 
in the Ukraine [110]. Radial iOB hardness of CsI crystals can be improved by including specific 
impurities in the crystals ",liil'h compensate for the damage done by absorption of radiation. 
Sequential doses of 10 had ha\'(l been applied over time to crystals produced in this way. 
After a cumulative dol'll' of ;)() krad no color centers are observed and absorption bands are 
absent. Only a slow incl'('(ls(' ill the absorption coefficient was observed. These advancements 
are encouraging. Future I\::\'\Il R&D will include radiation studies of these new CsI crystals 
with the idea of using tlJ(llll around the calorimeter beam hole where the radiation dose is 
highest. 

One of the ways in 'which ]\L ~ 211° events appear as background to KL ~ 1I
OVV is for 

two of the photons to owrlap 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 X2 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 X2 requirement from a Monte Carlo simulation 
of the KL ~ 211° 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 CsI 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 Qf 12.5 /lm Aluminized-Mylar (and two overlapping layers on one face). In addition, the 
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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 ea~h 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 10-6

. 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 cm crystals, the E/P ratio is between 0.80 and 0.95 due to crystal boundaries for 9 x 10-5 

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 CsI 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 . 

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 J(L -} 7r°VV 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 J(L -} 27r° , KL -} 37r° and KL -} 7r+7r-7r0 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 J(L -} 27r° 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 CsI 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 th~ 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 em intervals and will have a double layer of cladding to minimize 
losses. The end of the fiber that does not run to the photo detector 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-yield device with fast time response. Significant 
effort has also been devoted to quantifying the photo-electron yield per MIP, the decay time 
and FvVHM of the anode pulse distributions for various combinations of WLS fiber and 
scintillator. The vVLS 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 Ge V) of the two photons in the veto system for 
K L -t 2r.° 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 \VLS fiber and BC-404 scintillator is a good candidate because of 
the fast time response and high light yield. BCF-92· fiber combined with IHEP or BC-400 
scintillator may also be acceptable. Although the Kuraray Y-ll 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 KAML Studies 
will continue on new IHEP scintillator and new Fermilab/NIV 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 
yield 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 scintillatqr 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 photo detector is a fast, high-gain photomultiplier tube, though we leave open 
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I 

\VLS Green WLS Green WLS Green vVLS Green WLS 
BCF-92 Yl1(200)M Yl1(250)M Yl1(150)M 
1 mm 1 mm 1 mm 1.2 mm 

Scintillator J 
I IHEP(COMPAss)a) I 

7=2.8 ns N=6.1 N=10.9 N=8.2 N=10.5 
IHEP( exp G2)a) N=l1.2N=6.2 N=8.2 N=12.0 

7=2.7 ns fwhm=8.6 ns fwhm=15.4 ns 
I 7=5.1 ns 7=11.0 ns 

IHEP(CKM)b) N=6.9 N=9.7 N=8.2 N=11.0 
7=2.7 ns fwhm=8.6 ns fwhm=15.0 ns 

7=5.6 ns 7=10.3 ns 

IHEP( exp G3)C) 
 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 

I 7=5.4 ns 7=11.1 ns 

BC-400 
 N=8.6 N=12.3 N=1O.9 N=13.7 

7=2.4 ns fwhm=7.6 ns fwhm=16.2 ns 
7=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 
 l'J=10.7 N=14.6 
7=2.0 ns 

N=8.4 N=13.3 

I 

BC-408 N=12.7 N=14.8N=9.4 N=1O.8 
fwhm=16.4 ns 

7=5.0 ns 
7=2.1 ns fwhm=8.2 ns 

7=11.2 ns I 
Table 17: Preliminary results on the comparison of different scintillating tile/\VLS 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 CsI calorimeter (see Section 6.8). 
The anqde 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 
31r° and 21r° 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 KL -+ 31r° 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 Xo). 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 d~sign 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 CsI Anti detector 

The gap between the nH'1l1l111 window and the CsI calorimeter must be filled by additional 
photon veto detectors ill on)('r to plug any possible cracks which photons might pass through. 
These are known as the Csi .-\ II t i detectors. There are two stages of CsI Anti; a small detector 
inside of the blockhousp t ha I hOlls('s the CsI, and a large one just upstream of the blockhouse. 
Due to the limited span' ayailahl<' inside of the blockhouse, only a 20 cm ring outside of the 
CsI can be covered. This is 1101 large enough to detect all of the photons that escape through 
the end of the vacuum tauk. Tlwrefore, another veto detector with a larger outer dimension 
must be installed betw{,PII t)1(' \'i\('uum window and the blockhouse. The CsI Anti for KAMI 
is very similar to the 011(' ('\llTPlIt )~' in use by KT-eV exceJ?t for its finer sampling ratio and 
larger volume. The KA:\Il ('sI . .\uti consists of 1 mm thick lead sheets and 5 mm thick plastic 
scintillators built into Illodllipst hat are 25 cm (13 Xo) deep due to the limited available space. 

6.3.5 Expected Performance 

The inefficiency of a lead/sdlltil1ntor sampling calorimeter at low energy is limited by sam
pling effects that occur wllt'll a significant fraction of the deposited energy is absorbed in 
the lead, leaving the obs(')'\'abl<, mergy below the detection threshold. Sampling losses can 
be simulated using standard (,/<,(·tromagnetic interaction packages to an accuracy of a few 
percent. The effect of sampliug losses increases for photons with large angles of incidence due 
to the longer path length t hwugll the lead sheets. This effect is mitigated by the 30° angle 
tilt of the KAMI vacuum n'to modules. Simulations of sampling losses in the KAMI photon 
veto detectors have been IH'rfol'med (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 thn'shold on the energy of the incident photon, though our studies 
of sampling losses and scilltillator 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 CsI 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 /lm thick aluminum foil 

92 




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 I + n -+ 0 charged particles has been measured to be 
11 /lb at 7.5 GeV. Scaling to a lead nucleus, including the effects of shadowing which go 
as A 2/3, the cross section is ",420 /lb. 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 /lb/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 10-6 

. 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 dearly demonstrate that in
efficiency effects from photo-nuclear interactions are well under control for both CsI and 
lead/scintillator sampling detectors at medium energies. 

The inefficiency for photons above 1 Ge V 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 Ge V is 10-6 or better. All ofthe simulations for this proposal 
use photon inefficiency profiles that plateau at 1.0 x 10-6 for energies >1 Ge V. 

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 
"y + Pb -+ pO -+ 1T+1T-, 1+ Pb -+ n1T+, 1+ Pb -+ AKo, 1+ Pb -+ ¢ -+ K+K-, and 
""( + Pb -+ ¢ -+ KLKS' The cross sections for these processes range from a few /lb to a 
few mb and correspond to an inefficiency of about 4 x 10-5 if the hadronic final states go 
undetected [117]. KAMI will have good efficiency for detecting these final states du~ 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 10.-6 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 
KL ~ 21[0 decays using a simplified detector model [112J. 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 Ke3 and K7r3' are exquisitely 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 CsI calorimeter, and details of how processes like bremsstrahlung and 
multiple scattering are modeled. In the same spirit, we plan to use the copious KL ~ 1[01[01[0 

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 KL ~ 1[01[01[0 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 KL ~ 1[01[0 background to the KL ~ 1[°vii 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 var~ations 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 Ge V) of the two photons in the veto 
system for K L -+ 211"° 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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Figure 45: 3D illustration of a 90-layer lead/scintillator hermetic vacuum photon veto barrel 
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 47: The current design layout of a trapezoidal vacuum veto module. 
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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 efficient vacuum pumping, but do not line up with 
incident photon trajectories. 
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Figure 49: 3D illustration of ap 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 OsI (right). KAMI will use a lead/scintillator detector with 1 mm 
thick lead sheets and 5 mm thick scintillator tiles. 
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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 thp J.:L -t 2rro background as a function of the KL 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 KL -+ 1[°vD trigger requirements but which have "extra" photons which pass 
through the 15 cm x 15 cm beam hole in the CsI. Several different neutral kaon modes can 
generate backgrounds to the KL -+ 1[°vD mode if photons from these decays pass through 
the CsI beam hole and are undetected. The most serious of these is the KL -+ 1[01[0 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. 

Each BA 

BA3 

is - 48 em 

CsI 
-:'..37.5 em 

BA:'.. BA2 BA3 
30 em 40 em - 30 em 

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 Positionl 
BA1 
BA2 

±30cm 
±40cm 

±8cm 
±10cm 

190 m J
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 1013 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 KL -+ 1[01[0 decays between 100 and 
185 meters deposit a photon in the neutral beam area of BA3. Overal1~ we expect that 37% 
of the KL decays between z=100m and BA3 will produce a decay product striking at least 
one of tre BA stations. ' 

The z position of BA3 has been chosen to be 205 m downstream of the KL production 
target, a compromise between the objective of allowing as many photons as possible from 
the KL -+ 1[01[0 decays to separate from the neutral beam, thereby showering in BA3 outside 
the neutral beam region and limiting the extra K L decays that take place between the CsI 
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 KL decays take place between the CsI and BA3. 

, At present, the baseline design of the Beam Anti uses NaBi(W04h 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. 

Radiation Length 
Moliere Radius 
A bsorption Length 
Radiation Hardness 
Density 

0.98 cm 

1.77 cm 

22.3 cm 


10 Mrad/yr [113] 

7.57 gm/cm3 


Table 19: NaBi(W04h 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 em x 2 em x 2 em 
NaBi(W04h 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(W04h 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 tr~nsmission in the region of transmission of the NaBi(~V04h (~ 470nm) up to 
44 megaRoentgen exposure to Co60 photons [114J. Exposure to 1.4 x 1014 14 MeV neutrons 
per photosurface (as compared to the 3.4 x 1013 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/cm3 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 cm3 

BA segments to the PMT, a PMT quantum efficiency of 10% and a measured gain of 3 x 105 

for the Hammamatsu tube operated at 600 V, this results in an average anode current of 
approximately 20 /-lA. ' 

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 cm3 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 GEAj\;T 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 105 gain in a 10 ns window. This corresponds to a maximum instantaneous 
current of 0.4 rnA. 

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 KL -+ 7r°vi/ 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 CUtts 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 CsI are used for the BA outer 
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Energy 

Low-High 


0.000 - 0.100 
0.100 - 0.500 
0.500 - 1.000 
1.000 - 2.000 
2.000 - 4.000 
4.000 - 8.000 

8.000 - 16.000 
16.000 - 32.000 
32.000 - 64.000 
6-1.000 - infinite 

BA3 
.~ 

Inefficiency 
6.0 x 10 "1 

6.0 x 10-1 

3.0 X 10-1 

2.0 X 10-1 

1.4 X 10-1 

1.0 X 10-1 

3.0 x 10-2 

9.0 x 10-3 

7.0 x 10-5 

7.0 x 10-5 I 
Table 20: Photon ineffiei('ll('i('s from a GEANT simulation of the BA3 detector. The ineffi
ciencies are for the portioll of' 111<' BA3 detector that is shadowed by the neutron beam. 

inefficiency curve of Fig. ;j:-J. 

To indicate the nec('ssary \'('j('ction required of BA3, we shmv in Fig. 56 the photon energy 
spectrum due to ](L -+ ,,11,,11 i \l I II(' inner BA after the two photon CsI trigger and the other 
veto inefficiencies (photoll \"(,10. lllask anti, and CsI inner region) have been employed. \Ve 
find that in a year of operal ion approximately 37,000 events are still left that would form a 
background to the eXIWrilll<'llt if the BA veto was not present. This is to be compared to a 
total background of approxi III 11 I (ol.\' 8 events after applyi~g photon veto, mask anti and CsI 
vetoes to events inwhidl \I!J photon is in the BA region. 

The BA events as sho\\'I] ill Fig. 56 are mainly events containing a high energy photon 
above 20 GeV and a S('('ol1<1 photon that goes elsewhere in the KAMI detector. In this 
region of the energy Sp('('l nllll. the average inefficiency of 10-4 required for suppression of . 
background is relatively ('as~' to achieve since a high energy photon shower is quite distin
guishable from neutrons wit It t II(' 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 suppressioIl of the BA spectrum shown as the lower curve in Fig. 56. 
\Vith these inefficiencies, the BA will contribute approximately 13 events (out of 19 total 
background events) to the background in the ](L -+ 7foviJ 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 CsI 
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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Figure 55: Estimated BA inefficiencies as a function of photon energy outside and inside the 
neutral beam region for various cuts discussed in the text. 
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background in the BA system after application of all vetoes except the BA itself; lower curve 
the residual energy spectrum per year that survives the BA veto due to BA inefficiencies. 
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6.5.1 Scintillating fiber tracker 

Great progress has been made by the DO collaboration at Fermilab in developing scintillating 
fiber technology with Visible Light Photon Counter (VLPC) readout [115J. 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 {tm 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 KL ---t Jf±{t'f'v backgrounds to KL ---t tl+{t- , 

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 DO 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 
Gain 
Gain Variation 
Linearity 
Dark Count Rate 

",,80% 
30000 - 40000 
<10% 
",,10% 
<10 kHz I 

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

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 J1m 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 Jim 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. 

I1 Plane Size (x/y)I Tracker No. #fibers I #plane I # Channels , 
Type per Plane·. • 
xx'yy' 229 x 229 cm 4Fiber Tracker 1 3820 15268 
xx'yy' 4Fiber Tracker 2 238 x 238 cm 3970 15868 

xx' 247 x 247 cm 4115 2 8234Fiber Tracker 3 
255 x 255 cm 4250 4 17000i Fiber Tracker 4 xx'yy' 

Fi ber Tracker 5 . xx' yy' 269 x 269 cm 4480 4 35864 
.148,60474,302 18i Total I 

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

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 system be contiguous through the 
spectrometer magnet. With the two assumptions: 

1. The CsI 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 
KTe V magnet coils is just under 2.9 meters. In addition~ if the KTe V 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 cos ted , 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 Ic. This 
requirement is set by requiring that in searches for two body decays, for example K L -+ fJ+ p
or K L -+ {l±e~ 1 the field integral can be set to the Pt 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 KTe V spectrometer 
is used. The number of turns is also the same. The array of conductors in each coil is made 
taller and narrower (4 t urns 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 

floor 

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 Ic. Moving the spectrometer 
magnet upstream of the CsI 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 By 
at x=y=O, where the other line is for the field at x=y=L8m. The field integral at x=y=O is 
245 MeVIe. 

vVe 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 CsL 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 10-6 torr in order to keep 
background in KL ---* 'lr°VV 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 CsI array. Note that the charged 
spectrometer is in vacuum. The volume of the KAMI vacuum system is quite large, 450 
m 3

, 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 3
• 

The pumping system consisted of two large (50,000 l/sec) oil diffusion pumps backed by Roots 
blowers and rotary mechanical pumps. The best vacuum obtained in KTeV was below LO-6 

torr, but usual operation was a little over 10-6 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 baffles will probably have t~ 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 KTe V 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 hi anking flange on the vessels (as opposed to the thin window). 

The vacuum vessels lllllst ("Ontain and support the veto system. Though the detailed 
design of the vessels await cmdlahility of appropriate engineering support, the general concept 
is understood. The vess('ls I hat must support the veto system will be fabricated with internal 
and external frameworks 10 sllpport the vetoes. The vessels themselves, other than providing 
for improved rigidity, will IIO! h(' primary load carrying devices. 

The vacuum preSSHr!' IIlIlS! 1)(' maintained in spite of the out-gassing load of the scintil
lator and fibers inside tlw nWllll1ll chamber. The photon veto system will employ the same 
"virtual vacuum" techuiqlH' lls!'d for the KTeV ring veto detectors. In this scheme a thin 
membrane surrounds thl' scillt illntor and is pumped separately from the main decay volume. 

The vacuum/veto S~'S!1'11I lll11st pass through the spectrometer magnet. The vacuum 
vessels and associated Ilwdtalli('al structures must be non-magnetic in that region. In the 
current design, the S('("I iOlls of the vessel between trackers 2 and 4 will be fabricated of 
stainless steel. This sectioll \Yilll)(' rigidly attached to the spectrometer magnet. The sections 
adjacent to the stainless st('1'1 s('(tion are being designed in such a way as to help provide 
magnetic shielding for liPS! r<'HIlI and downstream components - particularly the CsI array. 
Sections of the vacuum S~'S\('111 llpstream and downstream of the magnet will be on wheels 
(again similar to KTe\') 10 aUm," for movement due to mechanical and thermal stresses. 

The diffusion pumps IIIIISI 1)(, placed in the general area of the decay region. The region 
near the tracking SystPlll. Illagll('t and CsI is too congested to allow for the addition of the 
large diffusion pumps. 111 onkl' to maintain pumping speed to the downstream end of the 
spectrometer, the upstrC'HIII sl'dions of the vacuum system will be larger than would be 
necessary to just contaiu t II(' ,'('to system and associated readout. 

One of the major desigll iSSII(,s is that of the vacuum window. The KTeV design, kevlar 
cloth with 0.005" of alurnilliz('d Ill~'lar clamped between steel flanges, with the required safety 
factor of 2, worked well. That design was based on detailed modeling and on extensive 
testing. \Ve will again calT~' Ollt a program of analysis and testing to design the vacuum 
window for KAMI. Prelirnillary calculations, using a safety factor of 2.5 and the same basic 
design used in KTeV indicatf' that a window 2.5 times thicker than the KTeV 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 KTe V 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 KL -+ 11+,F , KL -+ 11+11-" KL -+ 11+11-", 
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KL -+ Jt+j..l-e+e-, KL -+ 7r0 j..l+j..l-, KL -+ 7r°j..l±e=F, KL -+ j..l±e=F and 7r
0 -+ j..l±e=F. 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 1"V12 GeVIc. 
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. 

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 KD -+ j..l+ j..l- 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 5cm 
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 KL ----711+11- decays a:t 1m depth 
in the muon range stack. 

must be detected and recorded. 1 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 ~o the DAQ. 
All veto and CsI photomultiplier tubes' will be read out by a charge integrating encoder 

(QIE), a technique first used in KTeV [118J. 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 CsI 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 

IThis information is vital for monitoring veto performance since a hit occurring prior to a trigger event 
may affect efficiency. 
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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.P 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 ± 1 ns [119}. The output of the VLPC 
will be conveyed by a short « 30 cm) 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 
av~ilable transimpedance amplifiers (e.g. LM359, AD8015, SA5212) and comparators (e.g. 
AD96687, SPT9687, MAX9687). The discriminator differential output will be conveyed by 
a short « 10 m) 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 KAMl 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 inefficiency 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 I/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. \Ve have stuqied 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 = 10 ns. The data is stored in 
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a two level pipeline of lengths 5JLs and 2JLs. 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. 

TMC 
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. 

Foo 
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 Dqta Acquisition System 

The KAMI experiment will operate in the presence of kaon decay rates of several megahertz. 
The more common decays include K -+ JrelJ and K -+ JroJroJro, 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 CsI 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 -+ e+e-e+e
and K -+ Jr+Jr-e+e-, as well as the flagship neutral mode KL -+ Jr°lJV . 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 adqitional complieations arise in the KAMI trigger because of the unbundled 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 CsI 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 Ge V in each quadrant of the CsI, 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 KL -+ 1T01T01TO. The other half will be due to the various charged decay modes. Among 
the charged modes, the four-track decays' (including ee/-L/-L, eeee, and 1T1Tee) 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 KL -+ /-Le, which is difficult to distinguish 
from KP,3 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 CsI 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 1ToviJ 

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 KL -+ 1TOViJ 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 oe 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 CsI, 
or it could correlate tracker information with CsI 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 

\;VThen 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 ~went 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 -+ Me rate, and to select prescaled, clean samples of 71"071"071"0 

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. vVe 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 I Maximum Rate I Latencv I. 
I I

Kaon Decays in KA~lI 10 MHz 1MS 

Level 2 Interrupts 600 kHz 20MS I ----  - I 

Level 3 Interrupts 100 kHz 10~
I
.~ve to Permanent Medium I 15 kHz I --  I 


Table 23: Summary of the trigger rates discussed in the text. 
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rl ADCfIDC rl ADCffDC rl ADCIfDC -l ADCfIDC 

I I I 1 
Front End Front End Front End Front End 

Buffer Buffer Buffer Buffer 
I~- -  -.  - 1- -  1-' -~ 

• • • • • • • • •• • • •• • • • 
I~~ ---..~"'--- - ..-----..~ ~ -- 

i -~- --~ .

- --~ 

I I I I 
Front End Front End Front End Front End 

Readout Readout Readout Readout 

Controller Controller Controller Controller 

1 1 I J 

I 
Levell. Level 2 Event Builder 

Trigger Logic Leve13 Trigger 

1
-CLogging Device 

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 

vVhile it may appear that the level of background under the signal region can be estimated 
from the observation of the dominant 27r° 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 Pt 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 corne 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 KL ~ 7r°l/V 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 L ~ 7r°T/V events will have only neutron interactions in the Beam Anti or no deposited 
energy at all. The longitudinal position of the most upstream interaction, Zinb can be 
measured for each event in the present Beam Anti design with longitudinal segmentation. 
The distribution of Zint is shown in Figure 62 for signal and background events. The number 
of signal and background events can be measured by maximizing the likelihood 

L(8, b) 

where 8 and b are rates for signal and background, respectively, N is the number of events 
in the sample, Ps and Ph are distributions of Zint 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 N events in the sample for given 8 and b rates. 
By maximizing L(8, 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 Ps and was mixed with background events 
generated according to Pb' 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 
reconstr,!cted signal events (8) were compared to 8true = 100. The method was found to be 
unbiased. The statistical uncertainty on 8 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 inefficiencies because the Zint distribution 
does not depend on photon energy. Also, both Ps and Pb distributions will be experimentally 
measured with high precision. For example, Ps can be measured by the response of the 
Beam Anti for completely reconstructed KL -+ rr+rr-rro decays (with no missing particles) 
collected simultaneously with the KL -+ rrovv sample. Pb can be estimated by measuring the 
Beam Anti response KL -+ rr+rr-rro decays with one photon pointing into the Beam Anti. 
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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 Stat. err. Increase in stat err.N SIB 
signal background on signal due to background 

100 10 1.110 ±11 
2 ±12100 50 1.2 

100 100 1 ±13 1.3 
0.2100 500 ±18 1.8 

100 1000 0.1 2.2±22 
100 5000 0.02 2.5±25 

±45 4.5100 10000 0.01iI 

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 -jNSignal' 

7.2 Neural Networks and Selection of KL ---t 7r°VV Decays 

7.2.1 Introduction 

The Neural Network technique has become increasingly popular over the last couple of years 
in feature. recognition and function m,apping 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' r - KO 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 conjunct{on 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 Xk, 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 KL -t 2K o events is considered where each 
KO contributes a photon with By > 1 GeV. The two missing photons both have an energy less 
than 20 MeV. The Pt of the KO, the Pt of each individual photon, the reconstructed Z-vertex 
Zv and the distance between the two clusters 6B in the CsI calorimeter are all calculated 
for both KL -t KOVV signal and background ev'ents. 
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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; 
Xl = Pt7rO and X 2 88. 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"'(l' E"'(2' Pt",(l, Pt",(2 and Z\7) , 
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. . 

~eural 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 uptwork output distri  Figure 65: The neural network output distri
bution for a net with input nlhH's Pt7rO and bution for a net with input values Pt7rO and 
68 after ten epochs. 68 after one hundred epochs. 

Figure 66: The neural network output distri  Figure 67: The neural network output distri
bution for a net with input values Pt7r O and bution for a net with input values Pt7rO and 
68, £',1.2, Pt ,,(1,2 and Z"r after ten epochs. 68, E"(1,2, Pt"(1,2 and Zv 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 (SIB) ratio of 2:1 (60 events total). KAMI proposes to obtain "",90 signal 
events per year with a SIB 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 106 pulses, each with a 3.6 second cycle time, a 1.6 second flat-top and 
1.0 x 1014 protons. For the same running period, KAMI would expect 7.3 x 106 pulses, each 
with a 3 second cycle time, a 1 second flat-top and 3 x 1013 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.I Signal and Background 

We have performed a detailed simulation with a realistic detector at five different KL mo
menta (500 MeV Ic, 1 GeV Ic, 5 GeV Ie, 10 GeVIc, and 50 GeV Ic) 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 Pt of the 1fo; 

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 (SIB) by cutting on the relevant kine
matic variable to obtain a measurement ofT] 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%1vE, 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 
l%lvE. 

Figure 68 shows the results of the study. \Ve caution that one should not take the absolute 
level of the SIB 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 effieiency for vetoing 
photons at higher energy. At 500 MeV, a 10% measurement of ", cannot be attained. It 
should be noted that at low energy (rv1 Ge V) full kinematics is absolutely necessary to 
obtain the SIB 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 SIB>!. However, at higher energy (rv20 GeV), the SIB begins 
at about 5. From this we conclude that the measurement of KL -+ 7r°llV at higher energies 
involves less risk than attempts at lower energy. 
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Figure 68: The results of the signal-to-background (SIB) 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 j.Lstr) and a neutron-to--kaon ratio of 
'"'-'7:1 ('"'-'470 MHz of neutrons) with no beryllium absorber. In order to obtain a sufficient 
number of KL ~ 7r°VV decays at low energy, KOPIO is forced to utilize a large "flat ribbon" 
beam 500 j.Lstr in size with a neutron-to-kaon ratio of '"'-'100:1 ('"'-'30 GHz of neutrons). W'orking 
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+ ~ 7r+e+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 Iowan 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 7r°'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 KAfvl1 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. KA~n 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 KAMI'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 KL ~ 7r°VV 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 CsI calorimeter is a circular array with a diame
ter of 2.75 m, block sizes of 2.5 em x 2.5 cm 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 CsI 
calorimeter is '"'-'1%. KOPIO has chosen a 5.2 m x5.2 m Shashlyk based calorimeter with a 
resolution response of rv8% and a granularity of 10 cm. Perhaps the most important issue 
besides the obvious geometric advantage (e.g. cluster separation and fusion cuts), the CsI 
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 ?To 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 KL and ?To decay modes. KTeV has demonstrated 
this principle well. In the most current compilation from the Particle Data Group, there are 
only two KL 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 KL -+ ?Tol/v. 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 ve:r;y 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.l 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.l Overview of the Measurement 

The neutral hadron rates were measured using the KTe V detector at Fermilab. This detector 
was designed to measure Re(E'/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 CsI calorimeter [1] to detect the six photons from KL -t 31[0 decays. 
Extracting. the absolute kaon rate and spectrum requires large corrections due to acceptance. 
(few percent) and decay fraction (rv 8%). However, a precise Monte Carlo simulation of 
the KTeV detector has been developed for the Re(E'/E) analysis [2] which can be used to 
determine the acceptance for this measurement to good precision. As a systematic check, 
KL -t 1[+1[-1[0 decays can also be use~ to verify the kaon rate and energy spectrum for 
kaon energies above 20 Ge V. 

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 DCAL 
had 100% geometric acceptance for beam-particles that did not decay. The neutron rate was 
determined from the difference in the total DCAL rate and the measured kaon rate from 
KL -t 31[0 decays. 

B.1.2 Definition of Flux 

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

N HAD . PS)
( 

Eacc' DKcor 
(25) 

(NCOR) x (N2F) (26) 

where 

• NHAD is the experimentally measured number of hadrons (neutrons andlor kaons) 
after all off-line analysis cuts. 
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• 	 PS is the trigger pre-scale. 

• 	 €acc 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 [GCAL] 
acceptance is 100% and the analysis efficiency is taken as the efficiency of the trigger. 

• 	 DKcor is the decay-fraction correction. For neutrons we have DKcor = 1 since the 15 
minute life-time is too large to notice. rv8% of the kaons decay before hitting the 
GCAL, so DKcor rv 0.92 for kaons that hit the DCAL. 

• 	 Np is the total number of protons delivered to the target. 

• 	 €live is the trigger live-time (typically above 95%). 

• 	 €tgt corrects for the effective target length seen by the beam. 

• 	 dO is the solid angle of the secondary beam which is 0.212 ± 0.004 Mstr for this 
measurement. 

The factor 106 in the numerator converts the flux units to x 10-6 /prot/Mstr. Note that Eq. 25 
is separated into two parts, NCOR and N2F as shown in Eq. 26. The quantity NCOR 
depends explicitly on which nadron (k or n) is under study. The quantities that contribute 
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 KTe V target. Since the KTe V beamline was designed to transport 800 GeV beam, 
significant modifications were made to accommodate the 150 Ge V beam. 

The beam intensity during the test was'" 5 x lOll 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 KTe V intensity, resulting in nearly 100% trigger live time. Although 
KTe V was designed with two nearly parallel kaon beams, one of the beam holes was plugged 
lur 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 (CsI) electromagnetic calorimeter, 
photon vetoes and a Uranium hadron calorimeter (DCAL) located behind one of the CsI 
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 CsI 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 cm2 beam holes to allow two neutral beams to pass through 
without interaction; the DCAL (see below) was placed behind one of these beam holes. 
The CsI performance is shown in Figure 69 which shows the ratio of CsI cluster energy to 
track-momentum (E/p) for 1(L -+ 1[±e'fv 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 CsI 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( ff / f) analysis, it is still an excellent 
calorimeter for measuring the kaon rates with KL -+ 311"° decays. 

The DCAL consists of 15 layers of Uranium and Kuraray SCSN-88 scintillator. Each 
U-slab has dimension 46 x 46 x 4.3 cm3 

, 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). ~ach scintillator channel has dimension 43.2 x 43.2 x 1.0 cm3 ; the scintillation light 
was brought to a PMT via Kuraray SCSF-B21 wavelength shifting fibers. The PMT gains 
were a few x 105 and one MIP contributes roughly 15 photo-electrons per channel. Each 
PMT signal was digitized twice using ll-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 x 10 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 -+ P11"- 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 KO + n, p --+ A + X. The A -+ P11"- decay products were momentum 
analyzed in the magnetic spectrometer. There are more than 13 thousand mpmentum-tagged 
protons, which hit the DCAL, and the background-to-signal ratio is 1.4%. The A -+ P11"
calibration resulted in 2.7 "hadron" GeV /MIP compared to 2.6 GeV /MIP from a GEA::-JT 
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 DCAL 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% E/p variation with proton momenta and slightly worse resolution. 

The trigger for K L -+ 311"° decays required at least 2 Ge V of energy deposited in the CsI 
crystals near the beam hole. The on-line Level 3 filter software then selected events with 
six clusters of energy in the CsI 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 counting the number of fully re
constructed KL -+ 311"° 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 Ge V higher than the prediction. As a sys
tematic check, the kaon energy spectra above 20 Ge V are compared between K L --+ 311"° and 
KL -+ 11"+11"-11"0 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 KL --t 37fo 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 xlO-6/prot/f,lstr/Geli. 

B.1.5 Neutron Rates 

The analysis of the VCAL 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 VCAL. Veto cuts were applied to the CsI calorimeter, drift chambers, and the 
muon and photon veto systems. Events with early activity in the VCAL 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 VCAL :F(n+k), is defined by Eq. 25. 
The neutron flux is obtained by subtracting the kaon flux, 

:Fn :F(n+k) - :F~ x (1 - DK~or) (27) 

where DK~or :::::: 0.1 is the estimated fraction of kaons which decay before hitting the VCAL, 
and whose hadronic decay products do not hit the VCAL. 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/ J.~ 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 EK > 6 GeV at ZK = 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 2-0' level. 

The data prediction with 150 GeV beam seems to under-estimate the kaon energy peak 
by several Ge V. The measured average kaon energy (above 6 Ge V) is 2 Ge V 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, 

(28) 


where DK~or is the fraction of kaons which decay before hitting the DCAL, and whose 
hadronic decay products do not hit the DCAL. The absolute neutron flux is shown below in 
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Figure 73: Neutron energy spectrum with 150 GeV beam at 20 mrad_ The data are shown 
in dots after subtracting the kaon energy spectrum (crosses) at the UeAL Z-location. The 
thick line histogram is a GEANT-based prediction after re-scaling to have the same area as 
the data. 
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Figure 74: The neutron flux (Tn) for energies above 2 GeV vs. hearn-detector angle. Both 
data from this experiment (dots) and the predictions (open squares) are shown. 
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Figure 75: The neutron/kaon ratio vs. beam-detector angle. 
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Table B.1.6. The 150 GeV beam predictions for Fn 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. Vve also found that the kaon energy 
spectrurp is not distorted by the 20" Be. 

B.l.7 Summary 

This report describes thR 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 KL flux was measured using 
KL -l> 31TO decays, and was successfully checked with KL -l> 1T+1T-7fO decays for EK > 20 
GeV. The neutron flux was measured using a six-interaction length Uranium Calorimeter 
behind one of the CsI beam holes; it was calibrated with muons and with tagged protons 
from A -l> P1T- from the regenerator. The measured fluxes were compared with predictions, 
and in general the agreement was good t.o well within a factor of two. Some of the main 
results and conclusions from this analysis are: 

• 	 the absohrte neutron flux is 30 10% lower than predictions (Fig. 74) at all targeting 
angles;. 

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

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

• 	 \\lith 150 GeV beam the kaon energy spectrum is a few GeV "stiffer" than Malensek
based predictions; 

target I 

angle Fk Fk data/predict I < EK > <EK> 
(mrad) (data) (predict) ratio (data) (predict) 

12 ± 1 . 8.92 ± 1.87 6.18 ± 0.25 1.44 ± 0.28 27.72 25.47 
15 1 6.86 ± 1.44 5.10 0.18 1.34 ± 0.26 25.16 22.95 
20 ± 1 4.16 ± 0.87 3.87 ± 0.20 1.07 ± 0.20 I 21.51 19.66 

Table 25: Kaon flux (Fk ) vs. target angle compared with Malensek predictions; EK > 6 GeV 
and ZK = 90 m. The incident proton beam energy is 150 GeV with no Be absorber in 
the neutral beam. The flux units are x 10-6/prot//lstr and the errors are systematic only. 
< EK > refers to the average kaon energy in Ge V. 
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target 
angle I:.F(n+k) :.Fk :.Fn :.Fn data/predictI (mrad) (data) (data) 1 - DK~or (data) (predict) ratioi 

69.8 8.9 0.90 61.8 79.8 0.77 
15 
12 

44.2 6.9 0.90 38.0 47.0 0.81 
20 21.0 .1.2 0.90 17.3 28.0 0.62 

Table 26: Summary of absolut(' neutron flux with En > 2 GeV, and comparison with pre
dictions. The incident ])('C11ll ('lwrgy is 150 GeV with 0" Be absorber in the neutral beam. 
All flux (:.F) units are x lW(i/prot / Mstr. 

• 	 At both 150 and SOO G(I\' beam, the neutron energy spectrum peak is consistent 
with GEANT-baspd pn'dictions. However, the data distributions are broader than the 
simulations 

• 	 Adding Berylliulll ahsor)H'r does not change the kaon energy spectrum, but it changes 
the neutron energy Sl )('('1 nllll by preferentially absorbing higher energy neutrons; 

B.2 Beam Test Results for a Prototype Beam Anti 

In January and Februar~' of :200(), at the end of the Fermilab fixed target run, the KTeV ex
periment devoted several <Ia,\'s 1() yarious studies pertinent to the KAMI experiment. Among 
the studies performed was 1hat of the operation of a calo,rimeter prototype (BAG) based on 
quartz detectors. The BAG calorimeter consisted of 20 layers of quartz where each layer 
was 0.059Xo thick. Th(' quartz layers were interspersed with 0.44Xo thick lead sheets. The 
overall thickness was abollt 10,;) radiation lengths. The Cerenkov light was detected by 35 
PMTs positioned on both sidc's of the detector, 4 rows on one side and 3 rows on the other 
side, 5 PMTs in each row, 

The KTeV detector cOllfigurHtion was modified by moving the KTeV transition radiation 
detector system transvers(' to t he' beam so that they covered the beam regions. In addition 
one of the two beams was hlo('k(,cl 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 CsI. 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 Ke3 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 CsI so that 
an E/p cut could be made. 

\Vith these criteria, a very clean sample of electrons passing though the hole in the CsI 
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/J+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 CsI 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 Kp3 background. The total BAG inefficiency for electrons estimated from the study 
of this spectrum, which was limited by Ke3 statistics, is ::; 3 X 10-5 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 10-4 . 
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Figure 76: The neutron to kaon ratio (n/ k) is shown as a function of Be absorber thickness 
(left). The right plot shows the n/k ratio relative to the n/k ratio with no Be absorber. 
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Figure 77: Electron energy spectrum in the BAG obtained in the KAMI beam test from 
Ke3 decays ·in units of MIPs; the x, axis is In(EjEI-L)+ 1; the peak at zero is the pedestal, the, 
intermediate peak at 1 MIP is the peak due to charged particles mainly muons and the large 
peak centered at 4 is the electron peak 
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Figure 78: Muon energy spectrum in the BAG obtained in the KAMI beam test 

151 



References 

[1] 	 A.J. Roodman, "The KTeV Pure CsI Calorimeter," Proceedings ofthe VII International 
Conference on Calorimetry (World Scientific, 1998) 

[2] 	 Phys. Rev. Lett. 83, 22 (1999). 

[3] 	 J. Whitmore, Nuclear Instruments and Methods in Physics Research A 409 (1998) 687
690. 

[4] 	 A. J. Malensek, "Empirical Formula for Thick Target Particle Production'" Fermilab 
Report FN-341 (1981). 

[5] 	 E.Edwards et. at." Phys. Rev DI8, 76 (1978), 

J.Engler et. at." Nucl. Phys. B84, 70 (1975). 


152 




C Photon Veto Inefficiency 
0	 0Since the major background for the J{L -+ Jr°vv signal results from the decay J{L -+ 1f Jr

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: 

• 	 Punch through wll1'l'(' t1](' photon travels through the detector without an interaction. 
This effect can be ('aklllat<'d easily from the photon cross section; 

• Sampling effect in !Pad-scilltillator sandwich detector, where most of energy is absorbed 
in the lead and tI](' alll()lIl1t of energy deposited in the scintillator is below the detection 
threshold. This eH·(·(" ('elll he studied using EGS or GEANT simulations. 

• 	 Photo-nuclear interact iOI! where a photon excites heavy nuclei producing multi-neutron 
final states. This is 1I1()1'(' difficult to simulate than the sampling effect. 

C.l Inefficiency Due to Photo-Nuclear Interactions 

In order to understand 'hI' dpt (,(·tion inefficiency due to the photo-nuclear interactions, a 
collaboration of physicists from the three future J{L -+ Jr°vv experiments initiated experi
ment ESl71 at KEK Tal!1Ishi ill Japan. Figure 79 shows the plan view of the experiment. 
Electrons from the syucllrot roll passed through a ",,300 !Jm thick aluminum foil and emitted 
radiative photons. Tlm'(' diff'('J'('ut incident electron energies, 430, 750, and 1100 MeV, were 
used. The momentum of III<' ('I('('tron after the photon 'emission was measured by a spec
trometer magnet and 32 sdutillators placed at the focal plane of the spectrometer. Each 
scintillator covered a 10 :"1('\,/(' momentum bin, The difference between the incident elec
tron energy and the enel'!~~' of t 11(' electron after the radiation gave the energy of the radiated 
photon. The radiated phot Oil \wnt through active collimators and hit the detector under . 
study, located downstream. TIl(' detector was surrounded by 12 liquid scintillator (NE213) 
counters to detect neutrollS <'mitted from a photo-nuclear interaction. 

In the analysis, the ll<'lIt rollS in the neutron counters were distinguished from photons 
based on the TOF and tll(' pIIls(' shape from the liquid scintillator. More than one neutron 
was required to tag a photo-lIl1dear interaction, The efficiency for tagging the interaction 
was estimated by fitting tlu' 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. 

• 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; 

• A 3x3 array of pure CsI crystals. Each crystal was 5 em x 5 cm x 50 cm (27 X o). 
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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 ~ mm thick lead sheets and 5 mm thick scintillator tiles. The plot on the 
right shows the inefficiency of a pure CsI detector due to photo-nuclear interactions. The 
data in both plots was taken with a 10 MeV detection threshold. 

Figure 80 shows the detection inefficiency due to photo-nuclear interactions as a func
tion of the incident photon energy for the lead/scintillator sandwich detector and the CsI, 
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 10-4 at 100 MeV 
to 1 x 10-6 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 inefficiency 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. 

I 

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 Ge V and 
3.5 GeV in April 2001 at the Spring 8 photon factory in Japan. 
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Photon Detection Inefficiency 
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Figure 81: Total detection inefficiency as a function of the incident photon energy for (a) 
0.5 mm Pb/5 mm scintillator and (b) 1mm Pb j. 5 mm scintillator sampling ratios; The 
detection threshold is 10 MeV. 
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D Overview of FCNC Processes 

D.l 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 VCKM , 

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 ':ia 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 K+ -t 1f+viJ and K2 -t 1foviJ (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. 

lI~d 

~ 

Figure 82: Diagrams for FCNC s -t dviJ 
decays (K -t 1fviJ decays): a) penguin di
agrams, b) box diagram. 	 Figure 83: Diagrams contammg SUSY 

contributions to the Zds vertex. 

The K -t 1fviJ decays in the SM framework are treated in detail in a number of papers, 
reviews and monographs [1-25]. vVe 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 ,-..,; l/mtl l/mz. 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 (1fIHwIK)1rvV 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-spirt symmetry, the matrix element (1fIHw IK)1rvV 
can be related to (1fIHw IK)1rev, the matrix element of the well-known decay mode 
K+ -t 1foe+ve. 
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The difficulties with long-distance physics is therefore minimized in the ratio BR(K+(KO) --+ 
1f+(7fO)vv)/BR(K+ --+ 7foe+v). 

c) 	 Since the effective vertex Z ds in the diagrams of Figure 82 is determined by the re
gion of small distances R l/mt, l/mz, these processes are also sensitive to therv 

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 -+ 7rviJ decays in the Standard Model 

As was shown in [22,23,1 and 4] the decay K2 --+ 1fOVV is governed by direct CP-violation 
mechanism or more precisely by interference between direct CP-violation amplitude s --+ dvD 
and amplitude for K O ;::::t KO mixing. 

Define the decay amplitudes 

a = A(Ko --+ 7fovv) ; ii = A(KO --+ 7fovv) 	 (29) 

and related value A7rVii for the decays IK2;s) = pIKO) =+ qIKO) 

A7rVii = (~) . ~ 	 . (30) 
p a 

Thus A(K2;s --+ 7fovD) = pa =+ qii = pa [1 =+ (~) . ~] = pa [1 =+ A7rVii ] 


and the ratio between the corresponding decay rates is 


r(K£ --+ 7fovv) Ipa - qii 12 11 - A7rVii 12 _ 1 - 2ReA7rVii + IA7rVid2 
(31)

f(K~ --+ 7fOvv) - pa + qa - 1 + A1rVii 1 + 2ReA1rVii + IA7rViiI2 

As is well known I~ I Ii+~ I~ 1 - 2Rec: 1 + O(10-3
) ; I~ I= 1 with very good precision 

because there are no different amplitudes with different scattering phases in the final state. 
Thus IA I = 1 + 0(10-3 

) and1rvil 

\ 	 _ ""-' e2iiJ (32)/\1rVV 

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

f(K2 --+ 1fOVVl = 1 - cos2fJ = tifJ (33)
r(K~ --+ 7fovv) 1 + cos2fJ 

In the CP conserving limit a = ii and A7rV ii = 1 (fJ = 0). Thus the decay K2 --+ 1fOVV is 
forbidden in this limit and would go only through CP violation mechanism as an interference 
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between amplitudes of KO go mixing and direct FCNC 8 ~ dvD decay ( fJ in (32) and 
(33) is a phase between these two amplitudes). 

Let us also obtain the model independent relation between the decay widths f(K2 ~ 
7r°vD) and f(K+ ~ 7r+vD) [23]. From isotopic symmetry the ratio of the amplitudes A(K+ ---+ 
7r+VD)/A(KO ---+ 7r°vD) = ..j2r" (rs = 0.954 is correction factor for isotopic symmetry breaking 
and phase space differences). 

From this amplitude ratio 

1)A.(Ko ~ 7r°vD) [1 - (~) . ~] 2 11 '\'WvI2f(K2 ~ 7r°VD) 
f(K+ ~ 7r+lJiJ) ..j2rsA(KO ---+ 7r°vD) 4rs 

11 exp(2ifJ) 12 1 - c082fJ 1. 2 
- 2 = -8m fJ. 

Ts Ts 

It is possible also to ('xplaiu directly the CP violation in the decay K2 ---+ 7r°vD. The 
CP-parity of 7r°vD Syst('111 ill I his decay is CPI7r°vD) = C PI7r°) . CPlvD) . (_l)L, where 
L is relative angular'lllOIlH'ut 11111 between 17r°) and IvD): For spin less KO and 7r0 mesons 
L = J, where J is angular 1ll011H'lItum of IvD). In the rest frame for this system lefthanded 
neutrino and righthand('d aliI jll('lItrino have the summed angular momentum J = 1. Thus 
CPI7r°vD) = CPI7r°) . ( 1)". C'PlvD) = (-1)(-1) . CPlvD) = CPlvD). In the lepton 
flavory conserving approxilllatiou (e.g. for K2 ---+ 7r°vD decay with production neutrino 
and antineutrino of the SaIll<' W'llcration - VeDe,vp.Dp.l vrDr) IvD) system must have quantum 
numbers J Pc = 1++ or 1-- [4]. But K2 = ~ [IKg) + £IKP)] has the main component

1+\c\2 . 
IKg) with CP = -1 and tIl<' decay K2 ---+ 7r°vD is going with CP violation. It must be 
emphasized that the sanlt' allal~'sis holds also for K2 ---+ 7r0 [+[- decays if the production of 
[+l- pair is governed by tIl<' FCNC box or electroweak penguin diagrams (with ZO or one 
photon exchange). In this C(-\8(' CPll+l-) +1 and CP-parity of 17r°l+{-) system is also 
positive ( CPI7r°l+[-) CPII+I-) = +1; K2 ---+ 7r0[+[- decay is going with CP violation). 

In the SM the amplitudes of K ---+ 7rvD decays are governed by the FCNC loop diagrams of 
Fig. 82 at short distances (SD). After the II renormalization" of hadronic structure effects by 
normalizing on K+ ---+ 7r°e+ve decay rate the long distant (LD) contributions to K ---+ 7rvD are 
negligible [9,11,12]. From the loop diagrams of Fig. 82 it is possible to calculate amplitudes 
of K ---+ 7rvD processes and to obtain the SM predictions for these decays for any single type 
of neutrino flavory (see [1-3,8,13-18]): 
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(36) 

(37) 

F{xJ, F(xt) in (35)-{38) are the known functions of the variables Xc (m~/mtv) for 
c-quarks and Xt = (mUm"fy) 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(:Ec) = (9.5 ± 1.4) . 10-4 and F(xt) = 1.53 ± 0.05 [1,17,18,25] (the 
accuracy of QCD calculations improves with the growth of quark mass). 

The values A and Ai = VidVi;(i = c; t) in (35)-(38) are determined by the elements of the 
CKM matrix l/CKM [26,27]: 

d' ) (V;td Vus VUb) ( d ) ( d ) s: = 'Jd ~;s V: S VCKM S (39)
( 

b ~ td hs ~ tb b b 

The matrix VCKiVf in the Wolfenstein parametrisation [28] is presented as an expansion 
over the small parameter A Vus = 0.2196 ± 0.0023. Including terms up to order A\ the 
~'CKM matrix has the form 

(40) 

In this representation the ~'CKM matrix is defined by four parameters A ; A ~ ; p; ir], 
i.e. by three real values and one phase, which is responsible for the description of CP violation 
in the 8M weak interactions. The modified parameters 

A2) (41)
2 ' 

are introduced to improve the accuracy of the VCKM decomposition to an accuracy not 
worse than 0{A6 

). The complex quantities in expressions (35)-(38) 

A< V"d' V* (i = c; t), (42)z z zs 
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have the following forms: 

Re).e -). (1- ~2) +O().5) 

Im).e '" -1]A2).5 + O().7) 
(43)

Re).t - _A2).5 (1- Y) (1 p)+O().7) 

Im).t 1]A2).5 + O().9) 

Since F(xc)/F(xt) '" 10-3 
, the contribution of the c-quark induced terms is only sig

nificant for real parts of matrix elements in (35)-(38) due to en chan cement by factor Re).e 
(Re).e '" ). is much larger than Re).t, Im).e,Im).t < ).5). Therefore 

\[).eF(xe) + )'tF(Xt)] - [)'~F(xJ + ).;F(xt)W 4IIm).c· F(xe) + hn).t . F(Xt)\2 c:::: 

'" 4(Im).t)2. F(Xt)2 = 

_ 41]2).10. A4 . F(Xt)2 

_ 	 41]21~~bI4).2 = 4iJ2a\~7cbI4).2 (44) 

and 

r).eF(Xe) + )'tF(Xt) 12 [Re).e . F(xJ + Re).t . F(xt)f + [Im).e . F(xe) + 
+ 	1m).t· F(Xt)]2 c:::: 

[Re).e . F(xe) Re).t· F(xt)f + [Im)'t . F(Xt)]2 

[-A' (1 ~) A2 F(Xt) (Po p)r+ 

+ [A5 (1 _~2) A2 F(Xt)"{ _ 

).10. A4 . F(Xt)2 . ~ [(Po .0)2 + (aiJ)2] 
a 

).2 . IVcbl 4 
. F(Xt)2 . ~ [(Po .0)2 + (aiJ)2] (45) 

Here the following notations have been introduced 

Po 

A 

(46) 


The quantity = PO/A2 F(Xt) 
c-quark contribution. 
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To avoid problems with the hadronic matrix element ('7fvvIHwIK) the well-known K+ -t 

rroe+ve decay amplitude can be used: 

A(K+ -t rroe+ve) = ~ . (rroe+veIHwIK +).>\. 	 (47) 

Because of isotopic symmetry it is possible to find the ratios 

(rr+vvIHwIK+) 12 
(48)

(rroe+veIHwI K +) = 2T+I 
and 

(rrOvvIHwIKO) 12 

I 	 (49)(rroe+veIHwI K +) = TO 

where T+ 0.901 and TO = 0.944 are correction factors that arise to account for the 
isotopic symmetry breaking and the phase space differences for K+ -t rroe+ve, K+ -t rr+vv 
and KO -t rrovv decays. 

From (33)-(47) one can obtain the 8M predictions for the branching ratios of the KO -t 

rro//v and K+ -t rr+vv decays [17J: 

r+ ° + ) T(Kf) 30: 
2 

]BR(K2 -t rrOvv) ISM ([BRR -trre ve 'T(I{+)'2rr2sin4'!9w'To . 

1 2
·RoA2 ·IImAt . F(xt)1 	 Ro ' A8 A4F(Xt?' alt}1 2 = 


Ro' IYcbl 4 
• F(Xt)2 . alt}1 2 = 


3.28· 10-5 
. IYcbl 4 

• F(Xt)2 . alt}12 = 


(3.1 ± 1.3) . 10-11 	 (50) 

1 	 2 
R+ . A2 'IAcF(Xc) + AtF(Xt)1 = 

8 4 2 1 2 2R+ . A A F(xt) . -:[(Po - p) + (at}) ] 
a 

1
R+ . IV~bI4 . F(Xt)2 . -[(Po - p)2 + (ary)2] 

a 

7.50· 1O-6 1Ycb1 4 
. F(Xt)2 . ~[(po p)2 + (a'i])Z] = 

(j 

(8.2 3.2)· 10-11 	 (51) 

Here 0: = 1/129, sin2 '!9w = 0.23, BR(K+ -t rroe+ve) = 4.82 .10-2
; 

R+ = [BR(K+ -t rroe+ve) . 2 2 3~24 fl . T +J 7.50.10-6
; T(K2)/T{K+) = 4.17;

1r 	 SIn 'W 

R 	 ° +) 30 r(K£) J R r(K£) / -5°	= [BR(R'+ -t rr e Ve • 21r2 sin4 
2 

flw • TO . r(K+) = +' r(K+) . TO T + = 3.28 . 10 . 

From (50), (51) one can obtaine 
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BR(Kf -+ 7foVV)iSM r(Kf) TO (af})2 r(Kf) TO 
--.-. < ·_·=435 (52)BR(K+ -+ 7f+VV) ISM r(K+) T+ (Po - p)2 + (af})2 r(K+) T+ ., 

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 -+ 7fVV decay are very precise; '" 1 - 2% for BR(Kf -+ 7fovv) and::::: 5% for 
BR(K+ -+ 7f+vv). In the latter case the uncertainty is dominated by the virtual c-quark 
contribution. However the numerical estimations of the BR(Kf -+ 7fovv) and BR(K+ -+ 
7f+vv) 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 ~d, ~8 and ~b are not obtained directly from 
top decays but indirectly from other data and from the unitarity requirements on VCKM . 

One of these unitarity constraints has the form 

(53) 

or for vectors on complex plain (p, if}) 

After normalizing by .1..\3 the unitarity condition can be graphically represented as a 
triangle in the complex (p, if}) plane as shown in Figure 84. 

(0,0) (1,0) 

Figure 84: Graphical representation in the p, if} plane of the unitarity condition Fud F:b+ 
Vtd~b = ~Vcd1!;;b' 

Figure 85 is an idealized diagram showing the connection between the position of the 
apex of the triangle (p, fj) and various physical processes. In reality, the current theoretical 
and experimental uncertainties constrain p and il to lie in the region shown in Figure 86. 
Detailed analyses of the VCKM matrix are given in refs. [29]- [33]. Table 27 presents the new 
values of the relevant 8M 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(Kf -+ 7fovv) iSM= (2.6 ± 0.9) .10-11 and BR(K+ -+ 7f+vv) iSM= (7.4 ± 1. 7) . 10-11

• 
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Figure 85: The ideal unit a 1',\" I riangle. For illustration, the value of fj has been chosen to be 
higher than the fitted ('('ulral nlitH' (reproduced from [14,15]). 

D.3 Other rare kaondecays arise by FCNC processes 

There are a number of ot IJ('r ran' kaon decay processes that arise from short distance (SD) 
effects that are also S€nSiliw to direct CP violation and to searches for New Physics. Among 
these decays are Kl' -+ "tI,"" , and K2 -+ It+ /1'-' Separation of direct CP violation from 
other processes is mon' colllplicated for these decays because of the significant influence of 
long distance (LD) effects ('ollll('('ted with one photon and two photon exchange diagrams. 

D.3.1 K2 -+ Tr°Z+Z- decays 

Let us consider K2 -+ 11°.11 dpcays with I = v; l-. A(Kg -+ 11°I 1) is the CP violating 
amplitude (direct CP violation) and A(K? -+ Troll) is the CP conserving amplitude. Thus 
(see Figure 87) 

° ° - -0 ° - ° 0A(KL -+ Tr If) = (A(k2 -+ Tr I f)JCP-direct + [c . A(K1 -+ Tr I f)]CP-indirect. (54) 

For short distance K2 -+ Tr°vD) decays, the amplitudes A(Kg -+ Tr°vD) and A(K? -+ 
Tr°vD) are comparable (see (3)) and because of the small of mixing parameter c ::::::: 2.3 . 10-3 

the indirect CP violation effect in K2 -+ Tr°vD is negligibly small [35J. But for K2 -+ Tr°l+Z
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 (mK/mz)2) with respect to the corresponding diagram with a virtual A(: 

BR(K? -+ Tr°VDhD BR(Kg -+ Tr°VD)LDz mk (tern -7 

BR(K? -+ Tr0Z+I~hD ::::::: BR(K~ -+ Tr0l+Z-hD"{ < m~ . (tw < 10. (55) 

165 




1 ,--------------------------------------------- 

0.9 

0.8 

0.7 

0.6 

-TJ 0.5 

0.4 

0.3 

0.2._
0.1 


0 ..........-+--->-------'

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

P 
Figure 86: The limitations for parameters of the unitary triangle from existing data for 
c, b.mBd' b.mB

8
, lVub/"~b\' sin 2J3 (from B°(1jO) --t J /¢ K~) see [30]. 

Thus, A(I\'f --t nOl+Z-hD » A(Kg --t nOl+Z-) and the indirect CP violation effects in ' 
K2 --t nOZ+ l- can be significant and comparable with the direct CP violation component. 
The 8M diagrams for K2 --t nO Z+ l- decay are shown in Figure 88a, b. 

It is clear from Figure 88 'and fr:om the previous discussion that there are three contribu
tions for these modes. The first is a direct CP violation contribution from the short distance 
electroweak penguin and H'± box diagram. The second contribution is the indirect CP vio
lation amplitude due to the K? component of K2. The third contribution is connected with 
the two photon diagram (Figure 88c). This component is CP conserving. The Kf --t nOl+Z
decay is discussed in the framework of 8M in [3], [4], [14]- [16], [20], [25], [36], [37]. 

We will consider all three contributions to this decay using K2 --t nOe+e- as an example. 
After this, the decay K2 --t nO J.L+ 11- will be discussed as it is potentially interesting for study 
in KAML 

IKi) ex IKg) + c 'IKP) 
L -+ 7r0l+ l- L -+ 7r0l+l 

Direct Indirect 
CP violation CP violation 
in the decay due to IKP) 
amplitude mlxmg 

Figure 87: Direct and indirect CP violation in the decay KO --t nOZ+ Z
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D.3.2 K£ -+ 1r°e+e- decay with direct CP violation. 

The decay K£ -+ 1r°e+e- is governed by the SD FCNC electroweak penguin and box diagrams 
in Figure 88, with the main contribution from the operators 

(56) 

TV 'IL, c, t 
d s ds 

a) 

s 

U, c, t 

"""

d 

~ 

M/' 

~ 

W 

b) 

Figure 88: Diagrams for K£ -+ 1r°l+[- decays a) Electroweak penguine diagrams 
b) box diagram 
c) two-photon exchange diagram (K£ -+ 1r

0,*,* -+ 1r°/+I-) 

The branching ratio for the direct CP violating amplitude is 

BR(K2-+1r°e+e-)CP-dir - [:J8· ;i:~~· (2:r .BR(K+-+1r
O
e+ve )]. 

[Y72A+ fr7~T] . (ImAt)2 = Ke [.fT7~ + }7~T] . (ImAt)2 (57) 
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Here Ke = ~. ;f:&~' (2~)2 ·BR(K+ -4-1r°e+ve) = 6.3 x 10-6 and the amplitudes f7A and Y7V 

are determined by Inami-Lim functions for loop diagrams with the variable Xt = mUm'f;y: 

1 
. 2iJ . }'O(Xt) 

sm w (58)
1 7

Bo + . 2iJ ·l o(Xt) 4Zo(x,) } 
SIn w 

The effective mass of the t-quark is mt 167 ± 5 Ge V [31]2, and the loop diagram functions 
are 

Yo(Xt) - 0.96 (16~ev ) 1.55 = 0.98 ± 0.06 
1.90 (59)

Zo(Xt) 0.66 ( 16~d7 ) = 0.68 ± 0.04 

Bo 3.0 

where Bo :::::: 3 from QCD in the NLO approximation. From (58), (59) one obtains 

- 2 -/'2
Y7A + 17V = 38.8 ± 2.9 (60) 

and [17], [18] 

° 0 [-2 -2] 2BR(KL -4-1r e+e-)cp-dir - Ke Y7A + Y7v . (Im)..t) 

2.45.10-4
. (Im)..t? 

2.45.10-4 
. 0"1171 2 

. A4 
)..10 

2.45.10-4 
• 0"1171 2 

• IYcbl4 . )..2 

(4.6 ± 1.8) . 10- 12 (61) 

or from the values of parameters in Table 27 

(62) 

D.3.3 K2 -4- 1r°e+e- decay with indirect CP violation. 

Indirect CP violation in K2 -4- 1r°e+e- decays is due to KG f-+ KG mixing and can be 
estimated as 

( ° 0 + ) (0 0 + - r(K2) 2
BR KL -+1r e e- CP-indir BR KS-4-1r e e ). T(K~) 'Iel 

- 3.0.10-3 • BR(K~-4-1r°e+e-). (63) 

2Here mt is effective mass of the t-quark. This effective mass is connected with the pole mass in DO and 
aCDF measurements (miDI = 174.3 ± 5.1 GeV [34]) by the relation mt = miDI [1 - ~ . ct ';,)] [15J, [16]. 
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The K~-t1f~e+e- branching ratio has yet to be measured but an upper limit of BR(K~-t 
1foe+e-)exp < 1.5.10-7 exists [40J. The expected value of BR(K~-t1foe+e-) is"'" 10-9 +10-10 . 

From CHPT it is possible to use the data from K+ -t 1f+e+ e- to obtain the limit 

r(K~ -t 1foe+e-) BR(K~ -t 1foe+ e-) 
(64)r(K+ -t 1f+e+e-) BR(K+ -t 1f+e+e-) 

which leads to 

< BR(K+ + + -). 0.25 . T(K<~) = 
-t 1f e e T(K+) 

(2.94 ± 0.14) . 10-7 . 1.80· 10-3 5.3· 10-10 (65) 

and 

BR(K2 -t 1foe+e-)cp-'indir. ~ 3.0.10-3 .5.3.10-10 = 1.6.10-12 
. (66) 

It is possible that BR(K~ -t 1foe+e-)exp will be measured in future by KLOE [41] and 
N148 [42], leading to a more definite value for BR(K2 -t 1foe+e-:)cP-indir' 

There is an additional complication associated with the interference between the vector 
part of A(K2 -t 1foe+e-)CP-dir and A(K2 -t 1foe+e-)CP-indir which must be considered for 
any future measurement of direct CP violation in K2 -t 1foe+e-. 

D.3.4 K2 -t 1foe+e- without CP violation. 

The· CP conserving amplitude of the K2 -t 1foe+e- decay is governed by the two photon 
exchange mechanism with an intermediate 1fOl*I* state (see diagram in Figure 88). To 
estimate the absorptive amplitude for the decay K2 -t 1fO~t*I* -t 1foe+ e-, data from KTeV 
for K2 -t 1fo"l1 can be used [43]. KTeV obtained the first evidence for a low-mass II 
signal as predicted by O(p6) chiral perturbation theory calculations which include vector 
meson exchange contributions [37], [44]. From KTeV data the value for the effective vector 
coupling av -0.72 0.05 ± 0.06 was measured. This value of av suggests that the CP 
conserving contribution for K2 -t 1foe+e- can be estimated as 

(67) 

This contribution is 2 - 3 orders of magnitude larger than predictions based upon O(p4) 
CHPT calculations which are helicity suppressed. At the same time, vector exchange terms 
from O(p6) calculations are not helicity suppressed (they correspond to the D-wave exchange 
of two photons). The CP conserving amp1i1mde does not interfering with the CP non
conserving amplitude. 

In the future, the value of BR(K2 -t 1foe+e-)cP-conserv. can be more precisely evalu
ated from further studies of the low m(rl) part of K2 -t 1fOIl decays and with a form 

169 




factor analysis of K2 --+ 71" °"(e +e- and 71"°e+ e- e+ e-, which is important for estimation of the 
dispersive amplitude in K2 --+ 71"0''(*,* --+ 71"°e+ e-. 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 K2 --+ 71"0 p+p- decay. 

The decay rate of K2 --+ 71"0 p+p- is approximately a factor of 5 smaller than K2 --+ 71"°e+ e
due to reduced phase space. In addition, the helisity suppressed CP-conserving contribution 
K2 --+ 71"°(r*'*)SD --+ 71"0 p+p- seems to be significantly greater than K2 --+ 71"°(r*'*)sD --+ 
71"°e+e- because of the mass of mw But as was shown in 1.2.4, the main role plays the 
helisity nonsuppressed component K2 --+ 71"°(r*"lhD --+ 71"°e+e-. Thus the total relative 
weights of CP-conserving contributions to K2 --+ 71"°e+e- and K2 --+ 71"0 p+p- may be are not 
so different. The difference in the background for K2 --+ 71"0 e+e- and K2 --+ 71"0 p + /1-, on the 
other hand, can be substantial and favors the muon mode (see for example [45]). 

D.3.6 Experimental situation for K2 --+ 71"0[+[

The best upper limits for the decays K2 --+ 71"0 e+ e- and K2 --+ 71"0 p + P - have been obtained 
by KTeV [46], [47] 

(68) 

(69) 

These limits are still two orders of magnitude above their expected rates in the SM. 
The main experimental difficulty in the search for K2 -+ 71"0 e+ e- is the "Greenlee back

ground" from the radiative decay K2 --+ e+e- "IT with a rather large branching ratio of 
'"'-' 6· 10-7 [48]. The two photon invariant mass has a spectrum which includes the mass of 
the 71"0, so that a component of this decay is indistinguishable from the 71"°e+ e- mode. To 
deal with this background a high-precision photon calorimeter must be used to minimize the 
background from m(,,) near the 71"0. Additional kinematical cuts are also needed to reduce 
the radiative background. The similar background from K2 --+ /1+/1-" is reduced due to 
the mass of muons. 

To further increase of sensitivity of K2 --+ 71"0 l+ [-, future searches will have to rely on 
subtraction of the radiative background on a statistical basis by measuring the background 
with to very high precision and by subtracting the m("'n) sidebands. 

D.3.7 K2 --+ p+ /1- decay 

The branching ratio of K2 --+ p+p- can be presented in a form 

(70) 
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The absorptive LD amplitude (ImAIJ.IJ.hD in (70) is dominated by the process K2 -;. TY 
with two real photons (on mass shell) converting /1+/1- pair. The square of this amplitude 
can be precisely calculated in QED as 

a2m! [ 1 - B ] 2) . BR(K2 -;.,,)( 2mk,8IJ.· In 1+ ,8: 
1.20· 10-5 

. (5.92 0.15) . 10-4 = (7.09 ± 0.18) . 10-9 , (71) 

with BIJ. = VI - ~7l = O.no.-l (uuitary lower limit of BR(K2 -;. /1+/1-) (49]). 
The dispersive amplitude R( ...1/1,1 contains two components 

(72) 


The long distance amplitlld!' (fr, AIJ.IJ.hD is determined by an intermediate state with two 
virtual off-shell photons (Sf'I' II ia gram in Fig. 89a). 

h7----~" 
a) ~ 

.!< 

.';Yz<1I' 

Ir 

Z 

d b) IJ. 

Figure 89: Diagrams for A'Z -;. "+/1- decay: 
a) two-photon. exchange diagralll (K2 -;.,*,* -;. 11+/1-) 

b) FCNC SD electroweak }wugnine 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 
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1
1.68.10-9A4Y(Xt)2 . _(p~ _ p)2 

a 
_ (1.53 ± 0.15) . 10-9A4(p~ _ p)2 

(6.9 ± 1.5) . 1O-10(p~ _ p)2 

(8.7 ± 3.6) . 10-10 (73) 

(see [3], [17], [18]). Here: KIL = [a2'B:Z(~n:;:+VI"). ;i~&~A8] = 1.68.10-9 
; p~ = 1 + ~o2\Y.J = 

1.23 ± 0.03, determined by virtual c-quark loops in Figure 89b and includes QCD corrections 
in the NLO approximation; the QCD corrected (1]) function Y(Xt) = 1]l'o(Xt) = 1.026 ± 0.06 
and lij(xt) = 0.98 ± 0.05 is determined in (59). The experimental value BR(K2 -+ p+ /1-) 
(7.15 ± 0.16) .10-9 [50], [34] nearly saturates the unitarity bound from (ImAILIL)lD (71): 

BR(K2 -+ f.L+ f.L-) - (ImAILIL)lD 
(7.15 ± 0.16) .10-9 - (7.09 ± 0.18) . 10-9 = 

(0.06 ± 0.24) . 10-9 < 3.7· 1O- 1O (90%C.L.) (74) 

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

(75) 


In the framework of the 8M this can be used to determine a limit on the CKM matrix 
parameter p 

(76)
(2.6 ± 0.3) . 10-5 

and 

, IReAlLlLlsDmax 
p > Po - (2.6± 0.3) . 10-5 

IReAlL1L ISDmax 
= (1.23 ± 0.03) (2.6 ± 0.3) .10-5 > 

> (1.23 ± 0 03) _ IReAtLlLlexp + IReAlLlLlLD (77). (2.6 ± 0.3) . 10-5 • 

To evaluate p one needs to find the long distance component of the dispersive amplitude 
IReAILt.£ILD' For this analysis [51], [52J the experimental data for the form factor of the 
K2,*'"'/ vertex is used. 
As was shown in [51] 

(78) 
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with 

(79) 

Here p2 m~; J[q?; qi] = f[k 2;(p - k)2] is the transition form factor for Kf --t ,*,*; k2 = qf 
and (p k)2 = q~ where qi are the momentum transfers for Ii in f(qf; q~). 

To determine (ReAtL/-Lhv, one needs information about the form factor f(q;; qi) which 
can be obtained by KAMI in a model independent way by analysis of Kf --t f..t+f..t-e+C 
decays. 

Currently, the only available information is for the form factor f(q2; 0) in the decays 
Kf --t f..t+ f..t-, and Kf --t e+e-, (KTeV, [52]). To extrapolate from f(q2; 0) to f(qf; qi) the 
vector dominance model of [51] was used and the upper limit of (ReAtLf.Lhv was estimated: 

20;2m 2B . BR(KO --t ~('Y)] "2 
1 

A 
tL, f.L 2 2 L , , 15.25 + 3.470; + 3(1 + 20; + ;3)ln-1[ IT m K m(3 

A 
1.61 . 10-515.25 + 3.470; + 3(1 + 20; + (3)ln-l. (80)

m(3 

Here 0; 1.53±0.09 [52J and (3 are parameters of the form factor f(qf; 0); ln~j3 'is a cut-off 

parameter; (1 + 20; + (3)ln~j3 (0 ± 0.69) from perturbative QeD. Thus 

1.61 . 10-5 [0.06 ± 0.31 0.69] = (0.10 1.21) . 10-5 

(81) 

or 

(ReAf.Lf.Lhv < 1.7· 1O-5(90%C.L.). (82) 

From this value and from (74), (75) and (77) 

(ReAtLf.L)~v < 1.3· 10-:9 (90%C.L.) } (83)
(ReAf.Lf.L}sv < 3.6· 1O-5 (90%C.L.) 

p> -0.3(90%C.L.) (84) 

(see [50,52]). The upper limit for (ReAf.Lf.L)~v plays a very important role in the search 
for New Physics in rare kaon decays. 
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D.3.8 K2-+ decay 

In the 8M this decay is strongly suppressed for V-A interactions by helicity conservation. 
For this decay 

(ImAee)2 

(85) 

2m2 m2),.....",,; ~ ""'" ...:.:...:L_1- ~, - •2 . m K m K 

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

BR(K2 -+ ISM = (9.0 0.5).10-12 	 (86) 

in good accordance with the experimental value [55] 

BR(K2 -+ e+e-)lexp = (8.T~l:D· 10-12 
. 	 (87) 

For this decay the helicity suppression of (ReAee)SD is negligibly small: 

2 	 2 BR(K+ -+ e+ve ) -14. 
(88)(ReAeehD ::.::::. (ReA,..,..)SD· BR(K+ -+ p,+v,..) ::.::::. 2 ·10 . 

Due to strong suppression of this decay in the 8M 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 I\ltdImeasured with the Bd mixing parameter Xd = t::..mBd/GammaBd 
is already dominated by the uncertainties in the lattice calculations of f Bd and B Bd' 

This is a theoretical limitation common to most of the hadronic B decays. 

2. 	 The Xs/Xd ratio of these observables is significantly less sensitive to lattice calculation 

uncertainties. Currently, the Bs mixing parameter Xs has not yet been firmly estab

lished. This would be measured in future hadronic B production experiments, where 

particle identification is crucial for distinguishing Bs from Bd events. 


3. 	 Among the conventional measurements of the unitarity triangle angles 0:, ,8 and r 

expected from the B factories, only f3 from the measurement of B O -+ 'ljJKs(Kd is free 

from significant theoretical uIlcertainties. 
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4. 	 Q; measured with B O -+ 1f+1f- 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. 

B O B O5. 	 The B sector analogies of the ultra-rare kaon decays; -+ XdviJ, -+ Xs l/iJ , 

B~ -+ p+p- and B~ -+ p+p- 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 ~'CKJH can be obtained in 2 types of 
measurements. 

a) 	The intensity of B~ t=! E~ and B~ E,? mixing depends on D"mBd and D"mB., the 
mass differences between the "heavy" and "light" eigenstates of B O mesons. 

Here S(Xt) is the corresponding Inami-Lim function for the box diagrams responsible 
for BO t=! EO mixing; 17B = 0.55 ± 0.01 is QCD correction factor; I~d' BBd , Ii, BBs 
are coupling constants and decay parameters for B~ and B~ mesons and mBdl mBa 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: 

(89) 

Here 
e,= lB.' V13s/IBd' ~ 1.14 ± 0.06 

D"mBd = (0.473 ± 0.(16)ps-l 

limBs> 15.0 ps-l(95% C.L.) 

Thus 

R6mB < 3.0· 10-
2 

and. 1 ~~: 1 > 5.0 (95% C.L.). (90) 
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b) Another important measurement is the search for a CP asymmetry in the decays 

Bd(B~) 	-+ J/'l/JKs(KL)' For Bd(B~) -+ J/'l/JKs: 

[B(t)O -+ J/'l/JK~]- [B(t)O -+ J/1/JK~]
Acp 

[B(t)O -+ J/'l/JK~] + [B(t)O -+ J/'l/JK~] 


-a'l/JK~ . sint::uWBd t = sin 26 . sin6.1WBdt (91) 


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

(a'l/JKO) (sin 26) = 0.48 ± 0.16 	 (92) 

The 8M prediction is sin26 ISM= 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 8M 

In this seCtion we discuss over-constraining the unitary triangle, with due emphasis on the 
measurements of K -+ 1WV as they provide theoretically clean constraints. This makes it 
possible to see effects beyond the 8M, 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+ -+ 1r+vv) 
and BR(K2 -+ 1r°vv) as the crossing of an -ellipse and a horizontal line as shown in Figure 90. 
In addition, the combined K -+ 1rVV measurements can determine sin(26) without being af
fected by the uncertainty on IVcbl. This is enumerated in table 28 and denoted as sin(2f3)IK' 
The 'expected measurement accuracy is a(sin 26) IK= 0.07 [17,18]. This is comparable to the 
expected precision on sin(26) derived from the CP asymmetry in B~,B~ -+ J/'l/JK~, which 
is 0.06 - 0.08. This value is denoted as sin(26)IB' 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 8M is correct then sin 26 IB = sin 26 IK' 
as all CP-violating phenomena in the SM are described by a single phase. 

It is worth noting that K -+ 1rVV and B~(B~) -+ J/'l/JKs are distinctly different processes, 
so that new physics might differentiate between the two. The FCNC decays K -+ 1rVV 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 B~(B~) -+ J/1/J Ks can 
proceed at tree level via b -+ ees and b-+ ees. 

Regarding CP violation, theCP asymmetry a¢Ks is caused by the relative phase between 
the B~ t=± B~ mixing amplitude and that of the tree-level b -+ ccs decay [57]. On the other 
hand, CP violation in the KL -+ 1r°VV decav" is due to the relative phase between the 
KO go mixing amplitUde and the FCNC amplitudes of s -+ dvv shown in Figvre 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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Figure 90: A possible outcome for.ry, p, and (3 obtained from future K-meson and B-meson 
experiments. The light region includes possible theoretical uncertainties in BR(K+ --t 1r°VV 
connected with the influence of c-quarks [58J. 

B~(.i3~) --t J /1/J Ks decays these mechanisms are very likely to manifest themselves in the 
B~ ~ B~ mixing amplitudes, which are loop diagrams at small distances and sensitive to the 
contribution from new heavy particles. The first order process b --t ccs would remain in this 
case essential unchanged. The a1f;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 
(3d' Consequently, the D:1f;K s asymmetry will change and will have the form a1f;K s sin({3+{3d)' 

As previously mentioned, new mechanisms for the K --t 1rvil 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+ -+ 1r+vil) to BR(K2 -+ 1r°vil) is very likely to change, also changing the 
value for sin 2{3IK' Hence if new mechanisms for CP violation exist, the values for sin 2{3IB 
and sin 2{3IK 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 --t 1rvil 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 

177 




( 0) 

1 r. 
Lldb 

.8 

-':::.::. 
Q 

t:: 

T 
0-4 

~ 
'--" 

~ 
t::l 

10' 

l b) 

-1 
10 

O.S 1.0 2.0 3.0 

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+ -* 7r+vD) and BR(K2 -* 7r°vD) in 
this model; the dotted line rectangle corre
sponds to the 8M predictions. 
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2GF a 
Heff = V2 . 7r (93) 

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 -7 7rvD decays has the form: 

Here PL = (1 - IS) and PR (1 + IS), which correspond to left and right handed currents 
(with XL and X R ). Hamiltonian (93) leads to the following branching ratios for K -7 7rvD 
decays: 

BR(K+ -+ ,,+vv) = 7.50· 10-6 I"t(X\+ Xu) I' (94) 

BR(Kf -+ "Ovii) = 3.28· 10-' 11m [",(XL,,+ Xn) ll' (95) 

In the limit of the SM, as one can see from the comparison of (94) and (95) with (50) 
and (51), X R and XL reduces to X R = 0 and XL = F(xt) + A4 AcPolAt. In different models 
with new physics, the expressions for XL and (or) X R 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 VCKM matrix no longer hold. For example, instead of the unitarity relation l'~d' 1:;b+ 
V~d . l::b + Vid . '~b = 0, the valid relation would be l~d . '~*b + V~d . l~b + V~d . l~b = - Vt'd 1:~ib 
which is represented by a quadrangle (see Figure 91). In these models, the amplitude XL 
acquires an additional term: XL = (XdSM + *F(xt,). 

Depending on the mass Tnt' the quantity F(xtl) lies within the limits 1.5 ::; F(xt') ::; 5. 
At sufficiently large values of ~; the contribution from the fourth generation of quarks to the 
probabilities (94) and (95) may be quite significant and result in considerable deviations from 
the SM predication in estimating the branching ratio for K -7 7rVV decays. For instance, 
ref. [62] gives the following limitations for the branching ratjos of FCNC decays of K-mesons 
in the model with 4 generations of fundamental fermions (having accounted for constraints 
arising from D.TnK, D.TnB

d 
, D.TnB., D.TnD): BR(K+ -7 7r+vD) :::: (0.7 4.4)10- 10 

, BR(Kf -7 

7r°vD) :::: (0.05 - 10)10-10 (see also Figure 91). 
The estimates of the branching ratios for K -7 irvD and Kf -7 7r°l+l- decays in different 

variants of supersymmetric models (SUSY) are of particular interest [63-69]. 
\Ve 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 Zds 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 (11)(1f) where 1\.1 is some mass scale. 
Another SUSY contribution is related with the so-called chromomagnetic operators of the 
type fdaJ1V fttvq which influences the photon or gluon radiation (ftt/J field). These operators 
manifest themselves in BR(Kf -7 7r°l+l-)!CP-dir and in elle [65,66,68,69]. 
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Supersymmetric models lead to the following modification of the XL amplitude in (94), 
(95) 

(96) 

Here .xt and H(x s ) 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: At (accounts for the Zds vertex modification) and A~ 
(account's for the contribution from chromomagetic operators). Here At = .xt H(xs ) 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: 

(97) 

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

(98) 

The supersymmetric contribution to the 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 c;'jc; and BR(K2 -+ f-L+ f-L-)sD, have been taken into account. 

Different supersymmetric contributions influence, each in its own way, the decay prob
abilities BR(K+ -+ 1T+lID), BR(K2 -+ 1TOllD) and BR(K2 -+ 1Tol+l-)cP-dir' For instance, 
chromomagnetic penguin operators make a contribution only to K2 -+ 1Tol+l- and do not 
change predictions for the other K -+ 1f1lf) decays. On the other hand, the K2 -+ 1fOllf) decay 
is insensitive to certain supersymmetric models where direct CP violation is no longer defined 
by the V"CKM 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. 

\'Ve 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) 
ImAt = 0 and ImA~ 1= 0, b) ImAt 1= 0 and ImA~ = 0, c) ImAt 1= 0 and ImA~ 1= o. At 
the same time various assumptions on At are made, which now can differ from the preferred 
8M values, but satisfy the unitarity condition of CKM matrix (e.g., the case has been 
considered where ImAt = 0 described above). To characterize qualitatively the influence 
of the parameters At and At 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+ -71r+vv) < 2.7.10-10 « 1.7· 10-10) } 

BR(K2 -71r°vv) < 4.10-10 « 1.2.10-10) (99) 
BR(K£ -7 1r°e+ e-)CP-dir < 6.10-11 « 2 . 10- 11 ). 

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 ImAt 0, 
BR(K2 -7 1r°vv) has a very small value « 10-14 [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 KO kO and BO 13° mixing, FCNC 
decays, etc. The main contributions 'to these corrections are made by the charged Higgs 
bosons H± and supersymmetric charginos xi (j 1,2), which interact with bottom d-, s-, 
b-quarks and top superquarks ii, c, i. The contribution from supersymmetric particles in this 
case tends to reduce the K -7 1rVV and K2 -7 1['°l+Z- branching ratios [67]: 

_ BR(K+ -77r+VV)MSSM 
0.6v:::; BR(R'+ +) :::; 1.03-71[' VV SM 

BR(K2 -71['°VV)MSSM
0.41:::; BR(KO 0) , ::; 1.03 (100)

L -71r VV SM 
BR(K2 -71r°e+e-)cp-dir.MSSlv[ 

0.48 < R( 1IO ° + ) < 1.1B I\. L -7 1[' e e- CP-dir. SM 

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 -7 dvv decay. Therefore in the 
model under consideration the K2 -7 1r°VV branching ratio will be very small. At the same 
time, the branching ratio for K+ -7 1r+vv, 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 -7 1rVV decays may be one or 
two orders of magnitude larger than the SMpredictions, which is due to the influence of 
new interactions on the Zds vertex [71]. In fact, the existing data for the K+ -7 1['+vv and 
K2 -7 J-l+J-l- 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+ -7 1r+vv and K2 -7 1['°VV branching ratio. 
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The branching ratios for K -+ 1WiJ 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+ -+ 1f+viJ,K2 -+ 7r°viJ and K2 -+ 7r°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 -+ 1fviJ 
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 Tabie 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 KL -+ 7r°VV measuremel1t) considerably more sensitive searches 
for many of these. modes to the level ,......,10-13

• Careful investigation of possible background 
limitations for these searches must be done, and some are already under way. 

Even sensitivities of 10-13 for kaon LFV processes appear modest compared with sophis
ticated new proposals to search for fl -+ e, [84] and fl- +A -+ e- + A [85] LFV processes to 
the level < 10-14 +10-16 . But it is very important to stress that the searches for LFV in kaon 
decays are complimentary to the fl -+ e, searches. Kaon decays are the only processes that 
are sensitive to s -+ dfle 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 G1 1 for the first fundamental 
fermion generation and G2 = 2 fot the second one (for antifermions G1 = -1; G2 = -2). As 
is seen from diagrams in Figure 92, it is possible to classify different processes according to 
changing !:::..G, as follows from Table 32. 

The strength of hypothetical !:::..G selection rule is unclear now. A new perspective in the 
search for LFV effects in kaon decays to compare with muon processes will open only if this 
strength is meaningful and every next order in !:::..G will lead to significant suppressioiI 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 HO. But it is ~lso possible to consider kaon decay LFV 
processes s -+ dfle which are governed by the exchange of leptoquarks Y*. Amplitudes for 
s -+ dfle processes of the pseudoscalar and axial-vector type (for K2 -+ fle decay) or vector, 
scalar and tensor structure (for K -+ nfle decay) with the "horizontal" HO boson exchange 
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Figure 92: Diagrams for LFY processes and K O ;::2 kO mixing in horizontal boson exchange 
model with !:::.G selection rule. 
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can be presented with the help of general generation number conserving operators [60J: 

fl,J1.[CLlPL + CRlPRJe + h.c. } 
(101)

fl[CbPL + Ck1PRJe + h.c. 

Where PL = (1 - '5); PR = (1 + '5); C, C' are constants. 

Calculation of the branching ratios for K -)- fte and K -)- 1Tl.te decays for the interactions 
in (101) are presented for illustration in Figure 93 as a function of the scale parameter lvIH 
(for 9H = 9 a weak constant; C, C' 1). 

10-13 
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Wx (TeV) 
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\ ,10-12 ,,, , , , , , 
10-13 

Figure 93: Branching fractions for KL -)- eft (a) and K -)- 1Teft (b) as function of the scale 
parameter lvIx = AIH in (101) (assuming 9x 9 - weak constant). In (a) the solid (dotted) 
curves correspond to A(P) exchange. In (b) the K2 mode is represented by the solid (8) and 
dashed (V) curves while the K+ mode is represented by the dash-dotted (8) and dotted (V) 
curves (see [60]). Here V, A, 8, P correspond to vector, axial-vector,scalar and pseudoscalar 
interactions, respectively. 

There are other interesting models for s -)- dfte 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. 

VVithin framework of the MSSM the magnitudes of the predicted rates depend on the de
tails of t,he masses and mixirigs of sparticles including the sneutrinos. Maximal contributions 
for KZ -t Jt±eOf decays are expected from the box diagrams involving chargino and neutralino 
exchange. However, the universal GlJT-scale parameters for sfermions and gauginos, when 
limited from the similar pure lepton decays p -t e'y and p -t e+ e+ e-, lead to hopelessly low 
branching ratios of order 10-16 -:-- 10-18 • 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 ofthe SlJSY model allows additional 
Yukawa coupling terms in the superpotential of the form ALiLjEk, X LiQjDk' X'(JiDjDk. 
Here the L(Q) are the left-handed lepton (quark) superfields and the E (D, 0) are corre
sponding right-handed fields. Each of these terms has three Yukawa couplings. For example 
the first term is 

AiJk(LiLjEk+ LiijEk + iiLjEk) 

. This term involves a single SlJSY state and violates the R-parity of MSSM. For electroweak 
SU(2) and color SlJ(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, p -t ery occurs at the one loop level, 
p -t 3e, p -t e conversion, K£ -t p±eOf and K -t 7fp±eOf 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 ds -t i; it interaction with an effective 
Lagrangian written in terms of quark and lepton fields 

L d- 1-1+ = ~ [)..tjkA~12(SRddljLlkR) + AikjA~~2(sLdR)(ljRikR)] s-+ J k m~ , 
\ 1* \'/\ "1/\k'2 
;tm~ (SRI/.LdR)(ljLlkL)' (102)t 

Ui 

The tree diagrams for K O -t l; It and K -t 7fl; it decays are presented in Figure 94. 

The calculations from (102) and upper limits for KZ -t p±e'f decays (Table 31) give limita

tions for the values of AXImo and AXImfJ, with sneutrino (iJ) and up squark (it) contributions 


Ai21A~12 eo~=ev) < 6.2· 10-9 
} 

(103)Ai21 )..' mil 
<(lOoGeV) 1.9.10-7
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Figure 94: Diagrams for 1\' --+ JLe and K --+ 7fJLe in SUSY model with R-parity non
conservation [89J 

From K --+ 7fl; It decayl'i t IH' IIPI)('r limits for A.A.'/mv and A.A.' /mu are 1-2 orders of magnitude 
larger than in (103). 

The decay K£ --+ Il±(+ WHI'i ('ollsidered also in the left-right SU(2)R ® SU(2)L ® U(I)B-L 
gauge model which includes IH.'W feR intermediate bosons and heavy Majorano neutrino [91]. 
It was shown that BR(J\'i~ --+ p:J::(+) can be considerably enhanced due to the presence ofleft 
and right-handed currents ill the loop diagrams for this decay. Even the existing upper limit 
for BR(K£ --+ JL±e+) gh'('s illlportant constraints for the parameters of the L ® R models. 
Thus, new more sensitiw s!'ardH'1'i for this decay are quite desirable, It was stated in [91J 
that K£ --+ JL±eCf could IJ(' s('llsitiw to LFV mechanisms that do not manifest themselves in 
muons decays and JL --+ (' ('Ol1\'('rsion. 

Further searches for LF\' kaon decays are very important since they offer complementary 
information on possible t 1J('ori('s of lepton flavor non-conservation. In some instances the . 
information available frolll kaOll decays is unique and not accessible in muon processes. 
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.:\ = IVusl = 0.2196 ± 0.0023 

p = 0.223 ± 0.038 

fj = 0.316 ± 0.039 

11/~bl = (41.0 ± 1.6) . 10-3 

Il~bl = (35.5 ± 3.6) . 10-4 

A = Feb/.:\2 0.819 ± 0.049 

sin 2{3 = 0.70 ± 0.07 . 

mt = in t = 167±5 GeV 

F(Xt) = 1.53 ± 0.05 

Po . 2 4 
Po = 1 + A2. F(Xt) = 1 + F(xc)/A .:\ F(xt) = 1.42 ± 0.06 

f, = fB • .fl3s/fBd~ = 1.14 ± 0.06 

mBa = 5.2792 GeV 
d 

mBa = 5.3693 GeV 
8 

= 80.41 GeV 

Table 27: Main parameters of CKM matrix and Standard Model which are important for 
evaluation of K ~ 1T'VV branching ratios and other values [32,34) see also [29-31),[33]. 
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Reduced branching ratios: 
B _ BR(K+ -+ 7r+vD) BR(K£ -+ 7r°VV) 

1 - 4.06.10-11 ; B2 = 1.78.10-10 

From (50) and (51): 
. 5 JIJ; 

1m)..t = ).. F([X~e)..c . / 1 
~PO+VBI-B2 

Re)..t = _)..5 ).. .. F(xt) 

From (8): 
2 - 1Re)..t = -A )..0(1_p) Va 

).. 
Re)..c = - va 

These values 
can be 
determined 
.from 
measurements 
of branching 
ratios for 
K -+ 7rvD decays 
i.e. Bl and B2 

\Ve introduce 

1 - P = J(i[y'a(Bl - B 2 ) - Pol 
fj JIJ; 

Then 
. (. 2fj(1 - p) 2rs 

sm 2fJ = (1 _ pF + fj2 1 + 

The precision of on sin 2,8 does not 
depend on uncertainties onF(xt) or 
on the precision ofmt and IVcbl.Thus the result 
for sin 2fJ from K -+ 7rVV decays is dependent 
only on the precision of measurements of Bl 
and B2 and from calculation of Po = F(xc)j)..4 

Table 28: Determination of sin 2fJ and lV,dl from branching ratios BR(K+ -+ 7r+vD) and 
BR(J<£ -+ 7r°vv) (see [15-18]). ' 
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BR(J(+ -+1f+vv) BR(J(~ -+ 1fovv) BR(J('l -+1fue+e )CP-dir rote 
Standard (7.4 ± 1.7)· lOll (2.6±0.9).10 -J1 (4.1 ± 1.3) . 10 -14 with values of S~{ parameters from 
Model pre- Table 27. 
diction 
Experimental (15:ii) . lOll [77] < 5.9 . 10 7 [78] < 5.1 . l(JlU [47] (90% From isospin symmetry there is a 
data I (90% C.L.) C.L.) model independent limit: 

BR(K~ -+ 1fol/V) < 4.4BR(K-+ -+ 
I 1f+vv) < 2.9.10--9 (90% C.L.} 

Models with IR(l) = BR(1f+vv)/ 1 R(2) = BR(1fOvv)f R(~) - BR(1fOe+e-)CP-dirt 
new physics BR(1f+vV)SM BR(1fOI/V)SM - IBR(1foe+e-)cp-dirSM 
Super sym The most probable limitations 
metry mod are: 

els with gen
 R(i) < 2.2 

eral flavour 
 R(2) < 4.3 

and CP vi
 R(3) < 10

I-' 
00 olation and\.0 

with modifi

cation of 

Zd.s < 22 - 29 

structure 

[65,66,68] 

164]

< 14 -18<4 

~3 I~ 8 I~7 IValues of R(3) 2:: 10 can be due to 
(with some (~ 6,5) « 45) « 45) influence of chromomagnetic opera
additional tors. Very large values of R(l), R(2) 
mechanisms) and R(3) 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. 

[63J-~ < 12 1<130 1~=-·-'-1_2~(_)-_-_-_-_-_-_-_-_-_-_~1__________ 

Table 29: Branching ratios BR(1f+vv), BR(1foz1v) and BR(1foe+e-)CP-dir for various new physics scenarios. 



Minimal 8U8Y with Minimal 
Flavor Violation (MFV). No 
new mechanisms of CP viola
tion [67,68] 
8U8Y with real CKM matrix 
and new mechanisms of CP vio
lation (sd transition with gluino 
exchange) [70]. 
Model with 4 fundamental gen
erations of quarks and leptons 
[62] 

Technieolor [71J 


Model with lepton flavor viola
tion for the decay Kl -+ 1TOl/if}j 

~ [23]c:.o o 

L-R model with lVL and lVR 
and XL and X R amplitudes. In 
this model there is an additional 
scalar interaction which gives a 
CP conserving inpnt to K -+ 
1T1/f} [72] 
Anomalous interactions in the 
triple boson VVWZ vertex [73] 

8everal variants of M88M, two 
doublet Higgs models, several 
other theories [20,60,61,74,75] 

R(ll 
0.65 - 1.03 

0.2 

0.9 

<1 

2 

6 

10 

1 

0.1 

1 

- 2.8 

R(2) 

0.41 1.03 

~1 

0.2 - 36 

< 	1-10 

CP conserv
ing process 
can be domi
nant for this 
decay 
1.3 

-

1 

R(3) 

0.48  The decay probabilities are modified due to the su
1.1 persymmetry corrections in the loop diagrams. In 

this model the decay probabilities as a rule are re
duced in comparison with 8M predictions. 
R(2) is very small since the CKM phase is :::: 0 and 
the gluino exchange mechanism makes very small 
contributions to K2 -+ 1T

O
l/f). 

Instead of a unitary triangle, there is instead a uni
tary quadrangle 

• 	 K+ -+ 1T+l/f} and Kl -+ IJ'+ J-t- data can be nsed to 
obtain the limits for the parameters of technicolor 
models. 
For 8M CP conserving decay K2 -+ 1TOl/f} is very 
small (rv 10-14 ) [35]. 

In this model the scalar operator gives additional 
oCP conserving input even to K£ -+ 1T l/f} (in dis

tinction from V-A interaction of 8M). Additional 
interaction modifies the soft part of 1To momen
tum spectrum in K£ -+ 1TOZ/f} and increases R(2) 

by rv 30%. 
- ~ 

It was shown that if the anomalous coupling con
stant of WWZ interaction 6gf varies from -0.2 to 
+0.2, the ratio R(l) can vary from 0.1 up to 2.8. 
This ratio is not sensitive to 695. 
If quark mixing and CP violation is governed by 
the properties of CKM matrix (in the same way as 
in the 81Vl) the branching ratios of K -+ 1Tl/f} decays 
would be the same as in the 8M. 

~ ~- ...... ....... .....- .... 

Table 29: (continuation). 




--

At is not from SM, but satisfies 

At BR At from SM the unitarity requirements 1 
of the quark mixing matrix 

BR(K~ -+ 1fuvv ) I 0.7.10-10 0.9.10- 10 

A > 0 BR K'! -+ 1fue+e - 1.1.10 -11 1.3 . 10 "11 

~i~B~R~(K~L~1-+~1f~v~v)__~1~0~.8_.~10~-~~~~I____~4~.0~.1~0-~:~~.~ __1 
At < 0 I BR(K2 -+ 1foe+e )cP-dir I 2.0 ·10 .' 5.9· 10 ~ 

. BR(K+ -+ 1f+vv) . 1.7·10 10 : 2.7·10 10 I 

Table 30: The dependence of branching ratios for decays K -+ 1fVV and K2 -+ 1foe+e- \CP-dir 

in the SUSY model [66] on the parameters At and At. 

I 
I 

I 
I 

I BR(K~ -+ 1f+1f fle) ~ 10 ~: ==JI BR(K£ -+ 1fol1,e) 

Upper limit 
(90% C.L.) 

Expected Statistical sensitivity: 
in KAMI experlment . I 

4 x 10 13 

~ - 10BR(KL -+ 1f° ° ) fle~ 1f 

BR(K2 -+ fl±fl±e'fe'f) 1.36 x 10 -10 [52] I 3 x 10 1J I 
4.7.10 -12 [79] 

I BR(K+ -+ 1f+fl+e ) 2.8.10 -11 [82] 
BR(KY -+ fle) 

-I 
5.2 . 10 ";u [83]BR(K+ -+ 1f+fle+) -

I5.0· 10 -10 [83J IBR(K+ -+ ~ I,+e+) 
3.0 . 10 "\I [83J I BR(K+ -+ 1f fl+ fl+) 
6.4 . 10 -10 [83J I BR(K+ -+ 1f e+e+) I 

Table 31: Lepton flavor violation in kaon decays 

First order 6J.G = 0 K+ -+ 1f+ fl+ e ; K£ -+ IJ,'fe± ;K£ -+ 1fofl'f e± 
Second order j6J.GI = 1 fl -+ 3e; fl -+ e,i fl N -+ e N; 
Third order j6J.Gj = 2 K U~ KU(D.m(K~ - Kg)); fl e+ -+ fl+e ; K+ -+ 1f+fl +: 

e 

Table 32: Classification of some rare generation changing processes. 
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