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Prospects for measuring K+ + n+v~ and Ki + n”vfi at BNL 
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We report on current and future progress on measuring K+ + T+VD and Ki + T’VD at the Brookhaven AGS. 

1. INTRODUCTION 

The rare kaon decays K+ + a+vfi and Ki + 
~rOvfi offer unique opportunities to probe higher 
order phenomena associated with quark mixing 
and the origin of CP non-invariance. E787 at 
the Brookhaven National Laboratory Alternat- 
ing Gradient Synchrotron (AGS) has presented 
evidence for the K+ + ?r+z@ decay[l] based 
on the observation of a single clean event. The 
branching ratio indicated by this observation is 
consistent with the Standard Model (SM) expec- 
tation. To fully explore the possibility of new 
physics or to make a precise measurement of the t- 
d quark coupling l&j (assuming the SM level for 
B(K+ + r+vfi)), a new measurement is about 
to commence. E949 is designed to obtain a single 
event sensitivity of (8-14) x 10-12, roughly an or- 
der of magnitude below the SM prediction. In or- 
der to reach this sensitivity the present detector is 
being upgraded, and higher beam currents will be 
exploited. E949 is expected to begin in mid-2001 
when the Relativistic Heavy Ion Collider (RHIC) 
begins full operation and continue for two years of 
data taking ending in 2003. With the completion 
of E949, the possibility of an inconsistency with 
the SM prediction of K+ + z+vp will be fully 
explored or the important top-down quark mix- 
ing parameter will be determined to a precision 
15 - 30% if the SM expectation is confirmed. 

In addition, it has become evident that the 
K sector can yield the single most incisive mea- 
surement in the study of CP violation through 

Figure 1. The unitarity triangle. 

a measurement of the branching ratio for Ki + 
r”r@ (B(Ki + ?r”@), estimated to be about 
3 x lo-l1 . Within the SM this is a unique quan- 
tity which directly measures the area of the CKM 
unitarity triangles i.e. the physical parameter 
that characterizes all CP violation phenomena, 
or the height of the triangle shown in fig. 1. The 
quest to observe Kz + ?r”vD is being taken up 
by the new KOPIO experiment at BNL discussed 
below. 

The measurements of B(K+ + &VP) and 
B(Ki + nor@) will result in a complete picture 
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of Standard Model CP-violation in the K system 
and a comparison with comparably precise mea- 
surements anticipated from the B sector will be 
possible. 

2. THEORY OF K + mC 

K+ + ~+VD is a flavor-changing neutral cur- 
rent process, arising at the one loop level in the 
SM as shown in Fig. 2. The presence of the top 
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Figure 2. The leading electroweak diagrams in- 
ducing K + rvii decays. For Kl + 7r”vfi only 
the top quark contributes. 

quark in the loops makes this decay very sensi- 
tive to the modulus of the elusive CKM coupling 
&[2]. Moreover, this sensitivity can be fully 
exploited because of the hard GIM suppression, 
the relatively small QCD corrections (which have 
been calculated to next-to-leading-logarithmic or- 
der[4]), and the fact that the normally problem- 
atic hadronic matrix element can be determined 
to a few percent from the rate of K + rev (Ke3) 
decay[3]. Taking account of all known contribu- 
tions to the intrinsic theoretical uncertainty, the 
branching ratio can be calculated to a few per- 
cent[2], given the SM input parameters. QCD 
corrections to the charm contribution are the 
leading source of the residual theoretical uncer- 
tainty. Long distance contributions are known to 
be negligible so not only can the effects of SM 
short-distance physics be clearly discerned, but 
also the effects of possible non-SM physics. In the 
SM, using current data on mt, m,, I’$,, ]vub/vcb], 

cK, B - B mixing, etc., the branching ratio is ex- 
pected to be B(K+ + n+vD) = (0.6-1.5) x lo-lo. 

The Kg + .rrOui? decay mode is unique in that 
it is completely dominated by direct CP viola- 
tion(5] due to the CP properties of KL, ?y” and the 
relevant short-distance hadronic transition cur- 
rent. Since Kg is predominantly a coherent, CP 
odd superposition of K” and K”, only the imag- 
inary part of Vt:Vtd survives in the amplitude. 
The comments made above about the hadronic 
matrix element, QCD corrections, etc., in K+ + 
~+UD also apply to Ki + x”uc with the addi- 
tional feature that the lack of a significant charm 
quark contribution reduces the intrinsic theoreti- 
cal uncertainty to 0(2%). Since the value of the 
sine of the Cabibbo angle is well known (IV,, 1 = 
X = 0.2205), Im(q*,&d) is equivalent to the 
Jarlskog invariant, 3% -Im(V,~VtdV~ISVUd) = 
-x(1 - $)lm(q’,&). 3, in turn, is equal to 
twice the area of any of the six possible unitarity 
triangles[6]. Since theoretical uncertainties are 
extremely small, measurement of B(Kz + n”vD) 
will provide the standard against which all other 
measures of CP violation will be compared, and 
even small deviations from the expectation de- 
rived from SM predictions or from other measure- 
ments, e.g. in the B sector, will unambiguously 
signal the presence of new physics. In the Wolfen- 
stein parameterization of the CKM matrix, 

B(Kg + r”vfi) = 1.8. 10-10v2A4X2(q) (1) 

Inserting the current estimates for SM parameters 
into Eqn. 1, the branching ratio for Ki + r”uD is 
expected to lie in the range (3.1 f 1.3) * 10-ll. A 
clean measure of the height of the unitary trian- 
gle, 7, is provided by the Ki + r”vD branching 
ratio. We note that, all other parameters being 
known, Eqn. 1 implies that the relative error of 
n is half that of B(Kg + T’vV). Thus, for exam- 
ple, a 15% measurement of B(Ki + TOI@) can, 
in principle, determine n to 7.5%. 

Most forms of new physics[7,8] postulated to 
augment or supersede the SM have implications 
for B(K + VD). In minimal supersymmetry 
and in some multi-Higgs doublet models[9], the 
extraction of sin2cu and sin 2p from CP asym- 
metries in B decays would be unaffected. Such 
effects might then show up in a comparison with 



Kz + rr”yD, where, e.g., charged Higgs contribu- 
tions modify the top quark dependent function in 
B(Ki + ?r’v~). In other new physics scenarios, 
such as supersymmetric flavor models[lO], the ef- 
fects in K + WD tend to be small, while there 
can be large effects in the B (and also the D) 
system. In these models the rare K decays are 
the only clean way to measure the true CKM pa- 
rameters. Examples of new physics scenarios that 
show large deviations from the SM in K + nufi 
are provided by some extended Higgs models, in 
topcolor-assisted technicolor models [ll], in left- 
right symmetric models [12], in models with ex- 
tra quarks in vector-like representations[8], lepto- 
quark exchange [8], and in 4generation models 
[13]. The confirmation of a relatively large value 
for c’/c has recently focussed attention on the con- 
tributions of flavor-changing Z-penguin diagrams 
in generic low-energy supersymmetric extensions 
of the SM[14]. Such diagrams can interfere with 
the weak penguins of the SM, and either raise or 
reduce the predicted B( K: + 7r”vii) by consid- 
erable factors. 

It is interesting that the effects of SUSY upon 
the K and B system generally turn out to be 
discernibly different. 

3. RESULTS FROM E787 

The E787 K+ + &YD event was observed in 
the 1995-97 data set where the estimated back- 
ground from all sources was 0.08 f 0.02 events 
(equivalent to a branching ratio of 3 x lo-‘l). 
This event was in a particularly clean region 
where the expected background was only 0.008 f 
0.005 and which contained 36% of the acceptance 
of the full signal region. Fig. 3 shows the results 
of analysis of data in which the one event con- 
sistent with being due to K+ + r+vD was ob- 
served. The branching ratio for K+ -+ n+vD im- 
plied by this observation is B(K+ + ?r+vD) 
= 1.5zf.i x 10-‘“.[l] The E787 sensitivity for 
K+ + &vij should extend below the most prob- 
able SM level to less than 7 x lo-‘l. 

The results presented so far were obtained from 
data in the phase space region above the K+ + 
?r+7~O (KT2) peak. Progress is also being made 
to access the region below the Kr2 peak. The 
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Figure 3. Range vs. Energy plot of E787 data 
taken in 1995-7. One event survived the analysis 
cuts indicated by the box. 

expected sensitivity in this region from the 1995- 
98 data is at the level of the SM prediction with 
S/N= 1. Substantial improvements will be made 
in E949. 

E787(E949) also studies numerous other rare K 
and A decays and performs searches for many as- 
yet unobserved processes. Table 1 gives a partial 
list of E787 results. In addition to K+ + A+VD, 
the decays K+ + hpp, K+ + n+77, and 
K+ + p+vy(SD) were discovered in E787 and 
many searches for other interesting processes were 
either done for the first time or improved by 
many orders of magnitude. Recently, the first 
high statistics measurement of the direct emission 
component of the radiative decay K+ + 7r+7r07 
was reported.[l5] In addition, we are performing 
searches for decays like K+ -+ n+777, K+ + 
?r+a”u’ii, K+ + ?r+X, and x0 + vi?, among oth- 
ers. 

4. E949 

E949 is based upon incremental upgrades to the 
techniques and technology of E787. The extensive 
analysis of E787 data has been used to project the 
sensitivity of E949. The detection of K+ + n+u~ 
(a single incident K+ followed by the decay to 
a single X+ of momentum P < 227 MeV/c and 
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Table 1 
Some results from E787. The numbers in parentheses indicate the gain in sensitivity over previous work, 
if applicable. 

no other observable products) requires suppres- 
sion of all backgrounds to well below the sen- 
sitivity for the signal, preferably to the level of 
10-l’. The two most significant backgrounds are 
the two body decays K+ + p+v (Kp2) and K,z. 
The other significant background comes from ei- 
ther a n+ in the beam scattering into the detec- 
tor or from K+ charge exchange (CEX). Careful 
measurement and rejection of these backgrounds 
which can occur at levels 10’ to lOlo greater than 
the signal is of paramount importance. 

A drawing of the E787 detector upgraded for 
E949 is shown in Fig. 4. The AGS will be oper- 
ated during the next several years in conjunction 
with RHIC which requires injection roughly twice 
per day leaving > 20 hrs./day available for AGS 
slow extracted beam. E949 will be the primary 
(or only) AGS user during the 2001-2003 period. 

The beam line, LESB3[16], transports 3 x 
106K+/spill kaons at 700 MeV/c with a K/T ra- 
tio of 4:l for 1013 protons on the production tar- 
get. The K+ are stopped in a scintillating fiber 
target in the center of the detector[l7]. The fully 
hermetic detector is located in a 1-T solenoidal 
magnetic field. The incident kaons come to rest in 
a scintillating fiber target (TT). A low-mass cen- 
tral drift chamber[l8] (UTC) measures the mo- 
mentum of decay products. The energy, range, 
and decay sequence of charged particles are mea- 
sured in the range stack (RS) array of scintilla- 

tors. Two layers of straw tube detectors (RSSC) 
provide tracking within the RS. The entire range 
stack is instrumented with 500 MHz transient dig- 
itizers (TD)[19] to measure the 7~ -+ Jo + e decay 
chain. In addition, approximately 1000 transient 
digitizers based on GaAs CCD’s[20] instrument 
other E787/E949 detector systems. 

The photon veto system covers 47r sr. It con- 
sists of a barrel veto (BV), a barrel veto liner 
(BVL), two endcaps (EC) with pure-CsI crys- 
tals[21], two collar counters (CO) located outside 
of the EC’s, a micro-collar (CM) located further 
downstream of the downstream CO, and an ac- 
tive degrader upstream of the target. The BV 
surrounds the RS. The total thickness of the BV 
is 14.3 radiation lengths (X,). In E949, addi- 
tional photon veto detectors will be installed. 

The net increase in sensitivity per year of E949 
over initial E787 running is a factor of 13 com- 
ing from improvements summarized in Table 2. 
After the proposed E949 running time of 6000 
hours (~2 years or about 60 weeks), the expected 
K+ -+ ~F+uD sensitivity will be 1.7 x 10-l’. Com- 
bined with the E787 data, the result will reach 
1.4 x 10-l’ with 0.7 expected background events. 
With the added acceptance from the region be- 
low the K+ + ?r+r”, the sensitivity may reach 
7.6 x 10-12. We would therefore expect to see 
7-13 events if the branching ratio is equal to the 
central SM value of lo-lo. 



Figure 4. The E949 detector. 

Fig 5 is a plot of the progress in sensitivity for 
Kf + x+u~ experiments. Included are experi- 
ments that set 90% CL limits (earlier E787 results 
and previous experiments), as well as the single 
event sensitivities for E787 and E949. 

Reliable estimation of backgrounds is one of the 
most important aspects of the measurement of 
K+ + n+ufi at the lo-lo level and the tech- 
niques established by E787 appear to be robust. 
The very large amounts of data written to tape 
are used directly to estimate the background lev- 
els in the signal region using a technique designed 
to avoid biases. The only background calcula- 
tion that relies considerably on Monte Carlo sim- 
ulation is that from CEX. In the E787 1995-7 
data set, the estimated background level in the 
signal region with the final analysis cuts was 
b = 0.08 f 0.02 background events as indicated 
in the second column of Table 3. The third col- 
umn in Table 3 shows the background levels an- 
ticipated for E949. 
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1 Upgrade 11 Imprvmnt. 1 

Lower momentum 

factor 

1.44 
Higher duty factor 1.53 
E787 improvements 1.54 
Addtl. efficiency improvements 1.9 
Rate effects & below Knz 2 

Total 13 
Table 2 
Sensitivity/hr. improvement factors for E949 
compared to the published E787 result. 
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Figure 5. History of progress in the search for 
and measurement of K+ + duii. The solid 
squares represent single event sensitivities for ex- 
periments that set limits on the branching ratio. 
The solid circles represent the measured and ex- 
pected sensitivities for the E787 observation of 
this decay. The open circles represent the ex- 
pected sensitivity for E949. 
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Background E787 1995 E949 

Kn2 0.03 f 0.02 0.23 

Total background 1 0.08 f 0.02 ] 0.6 
SM signal level 1 0.25 I 7 

Table 3 
Background levels (events) measured for the E787 
1995 data set and expected for E949 for the region 
above the Kn2. The SM signal levels are also 
shown. 

5. THE KOPIO EXPERIMENT 

The experimental aspects of measuring 
B(KE + T’~D) are quite challenging. Observing 
a decay mode with a branching ratio on the or- 
der of 3 x lo-l1 requires a prodigious number of 
kaons in order to achieve the desired sensitivity. 
Moreover this is a three body decay where only a 
rr” can be observed. There are competing decays 
that also yield r’s but with branching ratios that 
are millions of times larger, e.g. KL + T’T’. 
Compounding the difficulty, interactions between 
neutrons and kaons in the neutral beam with 
residual gas in the decay volume can also result 
in emission of single n”s, as can the decays of 
hyperons which might occur in the decay region, 
e.g. A + non. The current experimental limit 
B(Kz -+ n’~@)< 5.9x lo-‘[22] is a by-product of 
the KTeV experiment at Fermilab. It employed 
the Dalitz decay 7r” + ye+e-. Further improve- 
ment in sensitivity by perhaps an order of magni- 
tude may be expected during the next few years. 
An experimental improvement in sensitivity of 
more than four orders of magnitude is therefore 
required to obtain the signal for Ki + r”vfi at 
the SM level of B(Ki + T~VD)= 3 x 10-i’. 

Thus, a detection technique must be developed 
that provides maximum possible redundancy for 
this kinematically unconstrained decay, that has 
an optimum system for insuring that the observed 
m” is the only detectable particle emanating from 

the Kg decay, and that has multiple handles for 
identifying possible small backgrounds that might 
simulate the desired mode. It is with these is- 
sues in mind that the KOPIO experiment has 
been designed. KOPIO employs a low energy, 
time-structured Ki beam to allow determina- 
tion of the incident kaon momentum. This in- 
tense beam, with its special characteristics, can 
be provided only by the BNL Alternating Gra- 
dient Synchrotron (AGS)[23]. Utilizing low mo- 
mentum also permits a detection system for the 
rr” decay photons that yields a fully constrained 
reconstruction of the TO’S mass, energy, and, mo- 
mentum. The system for vetoing extra particles is 
well understood. These features which are similar 
to those employed successfully in the E787 mea- 
surement of K+ + 7rr+ufl provide the necessary 
redundancy and checks. 

The beam and detectors for KOPIO employ 
well known technologies. Important aspects of 
the system are based on previously established 
measurement techniques and new aspects have 
been studied in beam measurements and with 
prototypes and simulations. Figure 6 shows a 
simplified representation of the beam and detec- 
tor concept. The 24 GeV primary proton beam 
impinges on the kaon production target in 200 
ps wide pulses at a rate of 25 MHz giving a mi- 
crobunch separation of 40 ns. A 500 psr solid an- 
gle neutral beam is extracted at N 40° to produce 
a “soft” KL spectrum peaked at 0.65 GeV/c; 
kaons in the range from about 0.4 GeV/c to 1.3 
GeV/c are used. The vertical acceptance of the 
beam (0.005 r) is kept much smaller than the hor- 
izontal acceptance (0.100 r) so that effective col- 
limation can be obtained to severely limit beam 
halos and to obtain an additional constraint on 
the decay vertex position. Downstream of the fi- 
nal beam collimator is a 4 m long decay region 
which is surrounded by the main detector. Ap- 
proximately 16% of the kaons decay yielding a 
decay rate of about 14 MHz. The beam region 
is evacuated to a level of 10m7 Torr to suppress 
neutron-induced 7r” production. The decay re- 
gion is surrounded by an efficient Pb/scintillator 
photon veto detector (“barrel veto”). In order 
to simplify triggering and offline analysis, only 
events with the signature of a single kaon decay 
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Figure 6. Elements of the KOPIO concept : a pulsed primary beam produces low energy kaons whose 
time-of-flight reveals their momentum when the x0 from Ki + w”vii decay is reconstructed. 

producing two photons occurring within the pe- 
riod between microbunches are accepted. 

Photons from Ki + a”vp decay are ob- 
served in a two-stage endcap detector comprised 
of a fine-grained preradiator followed by an 18 
radiation length (Xc) electromagnetic calorime- 
ter. The preradiator obtains the times, positions 
and angles of the interacting photons from x0 de- 
cay by determining the initial trajectories of the 
first e+e- pairs. The preradiator consists of 64 
0.034 Xc-thick layers, each with plastic scintilla- 
tor, converter and dual coordinate drift chamber. 
The preradiator has a total effective thickness of 
2 X0 and functions to measure the photon posi- 
tions and directions accurately in order to allow 
reconstruction of the KL decay vertex while also 
contributing to the achievement of sufficient en- 
ergy resolution. 

The calorimeter located behind the preradiator 
consists of “Shashlyk” tower modules, 11 cm by 
11 cm in cross section and 18 X0 in depth. A 
Shashlyk calorimeter module consists of a stack 
of square tiles with alternating layers of Pb and 
plastic scintillator read out by penetrating WLS 
fibers. The preradiator-calorimeter combination 
is expected to have an energy resolution of an/E- 
0.033/a. Shashlyk is a proven technique which 

has been used effectively in BNL experiment E865 
and is presently the main element in the PHENIX 
calorimeter at RHIC. 

Suppression of most backgrounds is provided 
by a hermetic high efficiency charged particle and 
photon detector system surrounding the decay 
volume. The system includes scintillators inside 
the vacuum chamber, decay volume photon veto 
detectors and detectors downstream of the main 
decay volume. The barrel veto detectors are con- 
structed as Pb/scintillator sandwiches providing 
about 18 Xc for photon conversion and detection. 
The detection efficiency for photons has been ex- 
tensively studied with a similar system in BNL 
experiment E787. The downstream section of the 
veto system is needed to reject events where pho- 
tons or’charged particles leave the decay volume 
through the beam hole. It consists of a sweeping 
magnet with a horizontal field, scintillators to de- 
tect charged particles deflected out of the beam, 
and photon veto modules. A special group of 
counters - collectively, the “catcher” - vetoes par- 
ticles that leave the decay volume but remain in 
the beam phase space. This system takes advan- 
tage of the low energy nature of our environment 
to provide the requisite veto efficiency while being 
blind to the vast majority of neutrons and K”s in 
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the beam. The catcher uses aerogel Cerenkov ra- 
diators read out with phototubes. 

The goal of KOPIO is to obtain about 60 events 
with a signal to background ratio of greater than 
2:l. This will yield a statistical uncertainty in the 
measurement of the area of the CKM unitarity 
triangle of less than 10%. While Ki + 7r”vV is 
clearly the focus of KOPIO, many other radia- 
tive K decays of significant interest to the study 
of low energy QCD will be measured and numer- 
ous searches for non-SM processes will also be 
conducted simultaneously. 

The KOPIO collaboration includes UBC, BNL, 
Cincinnati, Kyoto, Moscow (INR), New Mex- 
ico, TJNAF, TRIUMF, Virginia, VPI, Yale, and 
Zurich, and we are actively seeking additional 
collaborators. Construction of the detector and 
beamline is expected to begin in 2002, and the ex- 
periment is scheduled to begin operation in 2005- 
6. 

6. CONCLUSIONS 

Rare kaon decay experiments underway or 
planned for the BNL AGS will yield new and in- 
dependent determinations of K*,Vt,j. A measure- 
ment of B(Kl + 7r”yD) allows a determination of 
the imaginary part of this quantity, which is the 
fundamental CP-violating parameter of the Stan- 
dard Model, in a uniquely clean manner. Since 
the measurement of B(K+ + r+vD) determines 
Ivt’,vtdj, a complete derivation of the unitarity 
triangle is facilitated. These results can be com- 
pared to high precision data expected to come 
from the B sector in a number of ways, allowing 
for unique tests of new physics. 
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