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Executive Summary

A new� more precise measurement of the K������ branching ratio is proposed�
Improvements to the E��� apparatus and modi�cations to the Alternating Gradi�
ent Synchrotron �AGS� operating mode will be made to reach a sensitivity of ���
	���	����� an order of magnitude below the Standard Model �SM� prediction of
� 	� 	����� This will result in a determination of jVtdj to better than ���

Experiment E��� presented evidence for this decay based on the observation of
a clean event from data collected in the 	

� run of the AGS� The expected level
of background was ���� events� The branching ratio indicated by this observation�
B�K������ � � ����	�


����	����� is consistent with the SM expectation although the
central experimental value is four times larger� The �nal sensitivity is expected to
reach below 	����� The apparently large branching ratio� along with the surprisingly
large value of ��	� give additional impetus for E
�
 to extend further and more fully
explore the possibility of new physics� or alternatively to make a precise measurement
of jVtdj �

The intrinsic theoretical uncertainty of determining jVtdj from a measurement
of B�K������ � is small �
���� This decay� combined with the neutral analog
K�

L����� � provides the cleanest� most accurate determination of the CKM unitar�
ity triangle parameters � and �� In order to confront the Standard Model explanation
for CP violation� determination of these parameters from the K system is essential�
Such measurements are complementary to those obtained from the B system and any
discrepancy between the values found in the K and B systems would be a strong
indicator of new physics�

Since E
�
 uses the same technique as E���� the extensive experience in data
analysis provides a high level of con�dence in projecting the sensitivity of E
�
� A low
energy K� beam is stopped in an active� segmented target� Backgrounds are rejected
by precise� redundant measurements of the decay �� kinematics� by identi�cation
of the particle as a �� � and by vetoing of any other particle associated with the
K� decay� The momentum� energy and range of the decay �� are measured in a
low mass drift chamber and a segmented plastic scintillator range stack� The �� is
positively identi�ed by observation of the ������e� decay chain� Photons� or any
other particles associated with the K� decay are vetoed by a nearly �� photon veto
system�

E��� was primarily limited by the number of AGS protons available� The back�
grounds were su�ciently small for a background�free measurement of the branching
ratio� even if it is substantially smaller than that predicted by the Standard Model�

The E
�
 experiment plans to use ��� times more protons per spill than E����
This increase in proton �ux will be used to increase the number of stopped kaons
without signi�cant loss in acceptance� Since there is a loss in acceptance as rates in
the detector increase� the experimental sensitivity will be increased by reducing the
kaon momentum� thereby increasing the fraction of kaons that stop� and by increasing
the duty factor of the AGS� Although many of the improvements in E
�
 arise by
increasing the sensitivity without increasing the rates in the detector� there will also
be a number of improvements to the detector to decrease background and increase
acceptance�

The increased sensitivity of E
�
 is achieved by a combination of several factors�

�



� An increased number of protons per spill on the kaon production target �C�
target�� The E��� experiment typically ran with less than 	� Tp�spill �Tp �
	��� protons� during 	

��
�� E
�
 will run at �� Tp�spill�

� The increased �ux of protons will be used in part to lengthen the AGS spill�
E
�
 will gain in sensitivity with the increase in the AGS duty factor�

� The K� beam from the increased �ux of protons will be used at lower momen�
tum where the fraction of kaons that stop in the segmented target increases�

� Detector improvements will increase live time and acceptance� The data size
and readout deadtime will be reduced by adding a TDC system to the range
stack counters� allowing the readout region for the ��� MHz transient digitizers
to be reduced� The �rst level trigger deadtime will be reduced by pipelining
and improved electronics� The accidental losses from online photon vetos will
be reduced through meantiming�

� The data taking e�ciency of the experiment will be increased� Real�time mon�
itoring of several key systems will be implemented� Additional spare modules
will be made for several critical electronics components� Additional diagnostics
will be written for facilitating a rapid diagnosis of data acquisition problems�

� E
�
 will take advantage of the longer running periods available during Rela�
tivistic Heavy Ion Collider �RHIC� operation ���� weeks�year symbiotic with
RHIC��

� The photon veto system will be enhanced with a barrel veto liner and addi�
tional detectors along the beam line� The beam counters will be more �nely
segmented� establishing a tighter spatial correlation of the incident kaon with
the kaon position in the target� The target will be augmented with a new
position�measuring system to enhance pattern recognition e�ciency� The light
yield of the trigger counters will be increased� increasing their e�ciency� The
electronics of the drift chamber will be modi�ed to enhance the track recon�
struction e�ciency�

� Improvements to the data acquisition system will allow the experiment to run
at higher throughput�





� Introduction

The E��� experiment has presented evidence for the K������ decay based on the
observation of a clean event from data collected in the 	

� run of the AGS� The
branching ratio indicated by this observation is consistent with the Standard Model
expectation although the central experimental value exceeds it by a factor of four�

This rare decay� a �avor changing neutral current process� �rst arises at the one
loop level�	� in the Standard Model� The presence of the top quark in the loops���
makes this decay very sensitive to the modulus of the elusive CKM coupling Vtd ���
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 order��� �� ��� and the fact that the normally problematic hadronic matrix
element can be determined to a few percent from the rate of Ke� �K����e��e �
decay� In fact� corrections to the latter have now been calculated� reducing this
uncertainty even further���� Even the main higher order electroweak corrections have
been shown to be very small���� Taking account of all known contributions to the
intrinsic theoretical uncertainty� the branching ratio can be calculated to ���� given
the SM input parameters such as jVtdj � Conversely� if B�K������ �� mt� jVcbj �
etc�� were well known� jVtdj � could be determined to 
��� QCD corrections to the
charm contribution are the leading source of the residual theoretical uncertainty�

Although in principle� long�distance contributions could spoil the connection be�
tween the branching ratio B�K������ � and jVtdj � a number of calculations have
shown them to be negligible�
� 	�� 		� 	�� 	�� This implies that not only can the e�ects
of SM short�distance physics be clearly discerned in this process� but also the e�ects
of possible non�SM physics� Most forms of new physics postulated to augment or su�
persede the SM have implications for B�K������ ��	��� Recently� attention has fo�
cussed on the possible e�ects of a fourth generation�	��� leptoquarks�	�� 	�� 	��� a left�
right symmetric model�	
�� technicolor���� �	�� various forms of supersymmetry����
�� ��� ��� ��� ��� ��� �
� and assorted others��� 	� ��� It is notable that the e�ects
of SUSY upon the K and B system almost always turn out to be discernibly di�erent�
This also tends to be true for other possible new physics� Very recently the surpris�
ingly large value of ��	� reported by the KTeV group�� has excited speculation that
new physics may be at work in the K system� In a large number of models �e�g�
supersymmetric ones�� the same interactions that have the potential to raise ��	�� can
have large e�ects on K������ � For example in the usual application of supersym�
metry to �avor changing neutral currents� the reported central value of ��	� with its
error can accommodate a value of B�K������ � as large as ���	������� ��� very
close to E����s initial branching ratio 

In the SM� using current data on mt� mc� Vcb� jVub	Vcbj� �K � B�!B� mixing�
etc�� the branching ratio is expected to be B�K������ � � �����	����	��������
If the latest experimental input and theoretical calculations are �t� scanning each
parameter within the range of its estimated error� Buchalla and Buras��� obtain a
more precise prediction of B�K������ � � ������ ����� 	����� A measurement
of B�K������ � along with that for the neutral analog B�K�

L����� � completely

�



determines the CKM triangle� �see Fig� 	�� Measurements of these decays are the

Figure 	� CKM triangle determination from the K and B systems�

theoretically cleanest ways of determining the CKM parameters � and ����� In order
to confront the Standard Model explanation for CP violation� determination of these
parameters from the K system is essential� Such measurements are complementary
to those obtained from the B system and any discrepancy in the values found would
be a strong indicator of new physics�

The E��� experiment is expected to reach a single event sensitivity �S�E�S�� below
	���� from data acquired through 	

�� Although there is a large statistical uncer�
tainty in the current determination of the branching ratio� if the central value holds
up� several additional events will be seen and new physics would be indicated� To
fully explore this possibility or to to make a precise measurement of jVtdj assuming
the SM level for K������ � the new measurement proposed here will obtain a single
event sensitivity of ���	���	����� an order of magnitude below the SM prediction�

� Results from E���

The E��� experiment had its �rst signi�cant running period during the 	
�
�
	 runs
of the AGS� The experiment and beam line underwent a major upgrade from 	

��
��
and took data from 	

��
��

�This assumes that mt and jVcbj are known�

�



��� Evidence for K���
�
��

The �rst observation of the K������ decay��� was based on data from the 	

�
run of E���� The range and energy of event candidates passing all other cuts is
shown in Fig� �� The box indicates the signal region� One event consistent with

E (MeV)

R
 (c

m
)

 (a)

28

30

32

34

36

38

40

42

44

46

90 100 110 120 130 140 150

E (MeV)
R

 (c
m

)

 (b)

28

30

32

34

36

38

40

42

44

46

90 100 110 120 130 140 150

Figure �� Final event candidate for K������ � a� Data b� Monte�Carlo

the decay K������ was observed� The measured background from all sources was
����� ��� events �equivalent to a branching ratio of � 	������ This event was in a
particularly clean region where the expected background was ����������� and which
contained ��� of the acceptance of the full signal region� A reconstruction of the
event is shown in Fig� � The kaon decayed to a pion at ��
 ns� followed by a clean
����� decay ���� ns later� as can be seen in the upper insert in Fig� � there was a
clean ���e� decay ��	�	 ns later� There was no signi�cant activity anywhere else in
the detector at the time of the K� decay� The branching ratio for K������ implied

Figure � K������ event�

by the observation of this event is B�K������ � � ����	�

���� 	����� Recent analysis

�



of the entire 	

��
� data set observed no additional events� resulting in a revised
branching ratio of 	������

���� � 	�����
��

��� E��� Data

The expected sensitivity from the data already on tape �	

��
�� is � times that of the
	

� data alone� Improved analysis software has demonstrated a background rejection
on the 	

��
� data set that is more than a factor of � larger� with comparable
acceptance� This level of background �equivalent to a branching ratio of 	����� is
su�cient for E
�
� Results of analyzing this larger data set are expected shortly�

Typical conditions during the 	

� run included 	 Tp�spill� �� MHz of incident
K� � a stopped kaon rate of 	�� M�spill� a deadtime of ���� an online photon veto
loss of 	�� and an acceptance of ��	��� This acceptance is ��� of the acceptance
at zero rate� The rates in most detector elements were proportional to the incident
�ux rather than the stopped kaon �ux� This implies that E
�
 can substantially
increase sensitivity by increasing the fraction of stopped kaons�incident kaons� as will
be discussed in Section  below�

��� K
���

�
�� below the K���

�
�
� peak

The published 	

� result was obtained from K������ with a �� momentum above
the K������ �K�� � peak at ��� MeV�c� The region below the K�� peak has been
deemphasized in the primary search for the decay K������ because of the low
momentum tail of K�� decays resulting from pion�nucleus interactions� However� this
momentum region has attractive prospects for the study of K������ � It has more
phase space and su�ers less from pion absorption because slower pions are further
from the "�	��� resonance� These factors can increase the acceptance up to a
factor of  times larger than that above the K�� peak� Also� if non�SM physics were
present� the �� momentum spectrum could be drastically di�erent� for the case of
scalar couplings����� the maximum of the spectrum occurs around 	�� MeV�c� instead
of at the endpoint ���� MeV�c��

Using 	
�
 data� the published upper limit for the region below the K�� was
	���	��� �
�� C�L����� based on no candidate events� The most serious background
comes from K�� decays� where the �� loses energy in nuclear interactions and the
detector fails to detect either of the two photons from the �� decay�

With the 	

��
� upgrade of the detector� the photon veto capability was en�
hanced at least by a factor of three and the detection e�ciency of extra energy or
a visible kink in the target track �indicating nuclear interaction� was signi�cantly
improved� Moreover �	� identi�cation was improved by three orders of magnitude
due to the better momentum resolution and demultiplexed range stack scintillators�
At present� the analysis of 	

��
� data is in progress in parallel to the analysis of
the region above the K�� peak� The expected sensitivity from the 	

��
� data is at
the level of the SM prediction with the same level of background�

�



� Overview of E	
	

The E��� detector��	� is the foundation for the new experiment� Since E
�
 uses the
same technique as E���� that extensive experience in data analysis provides con�dence
in projecting the sensitivity of E
�
�

The detection of K������ � a single incident K� followed by the decay to a
single �� of momentum P 
 ��� MeV�c and no other observable products� re�
quires suppression of all backgrounds to well below the sensitivity for the signal�
preferably to the level of 	����� The two most signi�cant backgrounds are the two
body decays K������ �K�� � with BR����� and K������ �BR��	��� The
K������ signal can be observed in the region away from these two kinematic peaks�
A plot of the momentum spectra of the �� from K������ is shown in Fig� �� The

Figure �� Momentum in the center of mass of charged particles from the major
K� decay modes and K������ � �Branching ratios in parentheses��

only other signi�cant background comes from either a �� in the beam scattering into
the detector or from K� charge exchange�

The three sets of tools for suppressing backgrounds are redundant measurements
of particle kinematics �momentum� energy and range�� particle identi�cation and
photon vetoing� The K�� is rejected by particle identi�cation� for not having a
������e� decay chain and by its mono�energetic decay� The K�� is rejected by
detecting one of the two photons from the �� decay as well as by its mono�energetic
decay� The scattered pions are rejected by good particle identi�cation in the beam�
tracking of both the kaon and the pion� and requiring that the putative kaon decay
at rest in the target �by requiring that the �� track occur later than the incident
K� track�� The charge exchange background� from a K� � n � p � K� interac�
tion followed by K�

L������ � is rejected by identi�cation of the extra particles �the
proton and charged lepton� and by the delayed coincidence� To satisfy the delayed
coincidence� the K�

L has to remain in the target without decaying for at least � ns�
The cross section for these slow K�

L �s is measured to be very small�
The primary improvement for E
�
 is stopping more K� near the center of the

detector� without signi�cantly increasing the instantaneous rates in the detector� At
signi�cantly higher �ux from the AGS� the increased duty factor and lowered kaon
momentum leave the instantaneous rate of incident kaons essentially unchanged� At

�



lower kaon momentum the fraction of kaons that stop increases� so the sensitivity
increases �e�g� for a constant �ux of incident kaons� the acceptance is constant and
the sensitivity increases at the lower momentum�� Additional improvement arises
from the longer running time envisioned while the AGS is serving as an injector into
RHIC and from increased trigger� data acquisition �DAQ� and running e�ciency�
Upgrades to the E��� detector and DAQ are needed to increase the background
rejection in the region below the K�� peak and to increase the DAQ bandwidth for
the increased sensitivity�

��� The E��� Detector

A drawing of the E��� detector upgraded for this experiment is shown in Fig� ��
The detector is located in the C� beam line at the AGS� The C� beam line� or Low

Figure �� The E
�
 detector�

Energy Separated Beam �LESB������ transports kaons of up to �� MeV�c� At �
�
MeV�c it can transmit more than � 	��K��spill with a K���� ratio of �	 for 	���

protons on the production target� The K� are stopped in a scintillating �ber target
in the center of the detector� The detector� which for vetoing purposes is hermetic�
is located in a 	 T� solenoidal magnetic �eld�






The incident kaons are identi�ed in a Cherenkov counter� two tracking counters
and then� after slowing down in an active degrader� an energy loss �dE	dx� counter
before coming to rest in the central target�

The scintillating �ber target �TT� consists of �	 ��mm square �bers� Each �ber
is 	� cm long and read out by a single PMT� The K� � incident along the length of
the �bers typically hits only a few �bers� but deposits substantial energy in each� The
outgoing �� typically hits several �bers and deposits �	 MeV in each� The target�s
high light output and low level of dead material provides good energy and timing
information on both the incident K� and outgoing �� � The target is surrounded
by ��� smaller scintillating �bers read out by 	� PMTs and by � scintillators �IC��
whose ���	 cm length determines the �ducial region of the target�

The central drift chamber��� �UTC� is a cylindrical� low�mass chamber that con�
sists of 	� layers of axial wire cells and six layers of thin cathode strip foils supported
by di�erential gas pressure� The chamber is arranged in three super�layers� each
super�layer consists of four layers of axial sense wires in a square cell arrangement
and two layers of thin foils with helical Cu cathode strips� The induced charge on
the cathode strips� which are tilted at ��� to the z�axis� is used to determine the
longitudinal�z� coordinate� A track is expected to have 	� xy and � z measurements�
The momentum resolution for muons and pions in the range 	������ MeV�c is 
	�
and the z�resolution is 
	 mm� The chamber has �� �m Au�plated tungsten sense
wires and 	�� �m Al �eld shaping wires� The chamber runs with a ����� mix of
argon�ethane� with N� between the super�layers� The total amount of material in the
active momentum measuring section of chamber is �� 	��� radiation lengths �X���

The energy� range� and decay sequence of charged particles are measured in the
range stack �RS�� They are stopped in this cylindrical array of 	
 layers and ��
azimuthal sectors of plastic scintillator� Each counter is read out with a PMT on each
end� The innermost layer� �� T�counters� are ���� m long to de�ne the acceptance
and ��� mm thick� The remaining layers� ��	�� are 	��� m long and 	
��� mm thick�
The �nal layer� 	
� is 	 cm thick� Two layers of straw tube detectors �RSSC� are
located after layers 	� and 	�� to provide �ne resolution tracking within the RS�

Fig� � shows the resolution of one set of kinematic variables for pions and muons
selected with particle identi�cation cuts�

The entire range stack is instrumented with transient digitizers �TD����� to mea�
sure the ������e� decay chain� Four sectors are multiplexed together into one
TD channel� They operate at ��� MHz with up to 	� �sec of data from ��bit �ash
ADC�s� A custom macro�cell chip provides zero suppression and a custom ASIC pro�
vides a decision on whether the particle is a �� or �� in 	��	� �sec for the Level 	�	
trigger� The Level 	�	 �� decision is based on �nding a detached second pulse within
	�� ns or a single pulse with a large area�to�height ratio� consistent with a �� to
�� decay� in the stopping counter� TD data from both ends of � adjacent RS layers is
shown in Fig �� The pion� entering from layer 		� is seen to stop in layer 	�� decay to
a muon which then decays to an electron� In the o�ine analysis� the pulse from the
stopping counter is �t for both a 	�pulse and ��pulse hypothesis� Muons are rejected
by requiring good ��pulse �ts in both ends� energy consistent with a ������� decay�
agreement of the times of the �� and �� from both ends and a good e� found in the
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Figure �� Kinematic separation of �� and �� �

region near the stopping counter�
The E��� photon veto system consists of� a barrel veto �BV�� two endcaps �EC��

two collar counters �CO� located outside of the EC�s� a micro�collar �CM� located
further downstream of the downstream CO and an active degrader upstream of the
target� The BV consists of �� sectors and � layers of Pb�scintillator sandwich� read
out by a PMT on each end� The BV surrounds the RS� �� in azimuth and 	�
 m
axially� The total thickness of the BV is 	�� X�� The E
�
 photon veto system� will
have several additional detectors� principally a barrel veto liner �BVL�� between the
RS and present BV�

The BVL system� shown in Fig� �� consists of �� modules of Pb�scintillator ar�
ranged in �� azimuthal sectors� Each ���� m long module has 	 layers of � mm
thick Bicron BC��� scintillator� and 	� layers of 	 mm thick lead� for a total of ��
X�� This system is ready for installation� A few of the completed BVL modules were
tested in the AGS test beam� where their performance characteristics were veri�ed�
The measured attenuation lengths� 	���	�� cm� compare favorably with the existing
barrel veto� ���	�� cm� The BVL is a factor of  brighter than the existing BV system
and provides �� photoelectrons�MeV�side� It adds critical live material in a thin
region of the E��� detector near ���� and thus is expected to signi�cantly improve the
photon vetoing power of the entire detector� It will be especially e�ective in reducing
the K�� background in the region below the K�� peak�

The endcaps���� ��� ��� consist of 	� crystals of pure�CsI� arranged in four con�
centric rings� The crystals in the inner rings are read out by �# PMT�s and the others
are read out by # PMT�s����� all in the 	 T magnetic �eld� The crystals are fully
active and have excellent light output� The timing resolution� ���� ps� is critical in
the endcap� which is subject to the highest rates in the detector�

The CO and CM systems are both Pb�scintillator and provide coverage of photons
at small angles� In the beam direction� the E��� experiment mounted a 	� cm
lead glass �PbG� photon detector on the downstream end of the Beryllium�oxide

		



Figure �� TD data from four adjacent RS layers� A �� enters from below �layer 		��
stops in layer 	�� decays to a �� �� ns later� and �nally decays to an e� 	
� ns later�

�BeO� degrader� The E��� photon veto thickness is only ��� X� along the beam
line in the forward and backward directions� For photons in the relevant energy
range this implies a pass�through ine�ciency as high as a few percent� For reasons
discussed below� it is important to reduce this ine�ciency in order to suppress the
K�� background below the peak� This can be accomplished by a small supplemental
veto counter downstream of the �ber target� and on the upstream end by making
more of the K� degrader $live� with the addition of new detectors� In addition to the
photon veto detectors listed above� the entire detector is used to veto energy that is
not associated with the charged track� A plot of the thickness of the photon veto
with and without the BVL is shown in Fig 
�

Approximately 	���� channels of transient digitizers based on GaAs CCD�s����
have been instrumented on the TT� EC� BV and beam systems� These ��� MHz
��bit CCD�s have ranges of ��� or �	� ns� They have improved the timing resolution
and the double pulse resolution for these systems�

The trigger consists of � levels� The �rst� Level �� requires a kaon stopping in
the target� a decay at least 	�� ns later� no photons in the BV� EC or RS� a range
longer than the K�������� and shorter than the K�� � This part of Level ��
as measured by E��� provides a rejection of ����� The E
�
 Level � trigger will
be pipelined� thereby removing about �� of the deadtime compared to E���� In
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Figure �� Side view of one half of one module of the barrel veto liner� The BVL �red�
lies radially between the outer layers of the RS �blue� and the inner layer of the BV
�green��

addition� detailed track and photon pattern �nding will be available for additional
trigger rejection� The second level trigger� Level 	� has two components� Level 	�	� as
described above requires a ����� decay in the stopping counter� Level 	��� requires
that no energy is deposited in non�stopping counters in the stopping TD channel and
no energy is deposited in the counter radially outward from the stopping counter�
The combined Level 	 rejection is ����

The DAQ��
� ��� �	� ��� �� is Fastbus based� with front�end readout into Slac
Scanner Processors �SSP�� The data are transferred via the Cable Segment to VME
processors ���� MHz Power PC�s�� The data are transferred between spills from the
VME processors to an ��CPU SGI Origin ����� The E��� data transfer capability
with an older computer was demonstrated to be ��� Mbytes per spill� It is calcu�
lated that the E��� system could maintain �� Mbytes�spill� The deadtime� which is
dominated by the readout of the front�end modules into the SSP�s� was �	�� per
MHz of stopped kaons �KB� �down from ��� in 	

��� The DAQ system has been
substantially upgraded already� The addition of a fourth Cable Segment and VME
processor are needed for running at the proposed throughput�

��� Sensitivity Improvements

The signi�cant features that allow E
�
 to reach higher levels of sensitivity are listed
below� These items are listed as independent gains� whereas� in fact� they have been
included� along with the correlations between them in a calculation of the optimum
running conditions as described in the next section� Some of these gains are dependent
on the rate of incident kaons or on the rate of stopped kaons�
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�
 with the BVL� compared to the E���� The thickness is
shown in radiation lengths versus the polar angle from the z�axis� assuming a point
source at the center of the detector�

	� Improved fraction of incident K� that come to rest in the center of the appara�
tus� At �
� MeV�c� 	
� of the K� �s incident on the detector can be brought
to rest in the kaon stopping target� Most of the remainder interact or scatter in
the degrader just upstream of the stopping target� and cause acceptance losses
due to accidental hits in the detector� By removing some of the degrader and
transporting a lower momentum K� beam� the fraction of the incident kaons
stopping in the target increases� The increase in sensitivity is proportional to
the increase in the stopping fraction� The increase in stopping fraction has
been measured during the 	

��
� runs� E
�
 will run at ��� MeV�c� with
a stopping fraction of ���� which will provide an improvement factor of ��
with respect to the 	

� running conditions�

�� Increased spill length� During 	

� the average duty factor was �	�� By
increasing the spill length to ��	 sec ���� Duty Factor� the sensitivity per hour
increases by ����

� Increased e�ciency already obtained� During the 	

� run� an additional factor
of two in trigger rejection was achieved� with improved e�ciency� as a result of
the addition of the Level 	�� trigger� The trigger e�ciency �Level 	�	� relative
to 	

� has been increased by ��� and the experimental deadtime has been
reduced from ��� to 	�� per MHz of stopped kaons� At the same time� the
time range of the TD�s to look for the Michel electron from ���e��e�� decay
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has been extended� with a ��� acceptance improvement� These factors yield
��� more sensitivity�

�� Additional e�ciency improvements� The deadtime will be reduced by at least
an additional �� per KB�MHz�� Replacement of the trigger counter counters to
provide more light output will increase the trigger e�ciency by ��� Upgrades
to the electronics forming the online BV and RS veto signals should gain an
additional ��� Based on the analysis of the 	

��
� data set and the increased
statistics on the background samples expected in E
�
� an increase in acceptance
of �� is likely with a background level of �	�� of the SM� Additional trigger
and DAQ e�ciency improvements should provide an additional ��� gain� The
addition of RS TDC�s� extending the time for accepted ���e� decays to ���sec
will increase acceptance by ��� Improvements to the o�ine production software
will yield a �	�� increase in acceptance� These incremental improvements
should combine to provide a factor of ��	 increase in the sensitivity�

�� Reduced rate�sensitive acceptance loss from online photon veto� deadtime and
o�ine analysis selection criteria� In addition to the online photon veto and
deadtime improvements listed above� improvements to the rate�dependence of
the o�ine analysis are expected� In o�ine analysis� the rate�dependent selection
criteria� namely the photon veto� TD and beam counter cuts will be loosened
and compensated for by the less rate�dependent kinematic and target pattern
recognition cuts� These e�ects are presently under study and may yield up to
a factor of � gain in sensitivity�

Secondly� additional acceptance from below the K�� may also be achievable�
The additional radiation length provided by the BVL will provide a factor of two
improvement in the photon veto capability as indicated previously� Improved
photon detectors in the beam direction� where the photon veto is presently
weak will provide a signi�cant increase in background rejection capability� This
is because for the K�� event� in which the �� is initially emitted along the
beam axis but scattered into the accepted solid angle� the photons from the
�� decay tend to be emitted along the beam axis� Once this correlation has
been suppressed� the K�� background estimation will be more reliable and the
acceptance may be increased by up to a factor of two�

While the expected improvement from these last two items is a factor of four�
they are conservatively counted as a combined factor of two�

The net increase in sensitivity per year �relative to the published 	

� result�
from these improvements �items 	� � above� is �	� and is summarized in Table 	�
In order to achieve this increase in sensitivity for E
�
 the number of protons on
target will be increased to �� Tp�spill� All of the requirements from the AGS for
this experiment are well within the expected AGS operating parameters for the year
����� The AGS intensity has increased signi�cantly� to more than �� Tp� and with the
$barrier bucket� should reach �	�� Tp����� The AGS duty factor has simultaneously
increased� from �� in early 	

� to �
� in 	

�� It is expected that there should
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Upgrade Improvement factor

Lower momentum 	��
Higher duty factor 	���
E��� improvements 	���
Additional e�ciency improvements ��	
Phase space below K������ ���
Optimization at higher rate ���

Total 	�

Table 	� Sensitivity improvement factors for E
�
� compared to the running condi�
tions of the published E��� result�

be no problems in increasing this to ��� or more����� The cooling requirements for
the production target for this experiment �with 	� Tp�sec� are less than has already
been demonstrated for the E��� target�����

��� Running Conditions and Expected Sensitivity

A reliable calculation of the sensitivity of E
�
 in the region above the K�� is pos�
sible due to the large amounts of data available from E���� Measurements of the
K� production and the fraction of kaons that stop in the scintillating �ber target
have been made as a function of K� momentum� The deadtime of the E��� trig�
ger and DAQ� the acceptance of the o�ine analysis cuts and online trigger have been
measured as a function of rate� From these data� the sensitivity of E
�
� as a function
of spill length� kaon momentum� and protons on target has been studied� Contour
plots of the sensitivity are shown for E����s 	

� conditions �	 Tp� and for E
�
 ���
Tp� in Fig� 	�a�b�� The maximum sensitivity for the 	

� conditions is 	����	���hr

Figure 	�� Contours of constant sensitivity�hr for E��� as run in 	

� �	 Tp� and
for E
�
 at �� Tp �for the region above the K�� ��

�Neither calculation includes AGS or experimental running ine�ciencies�
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at ��� MeV�c and a 	�� sec spill �see Fig� 	�a�� These conditions are� in fact� quite
close to the actual E��� running conditions in 	

��

The maximum sensitivity at �� Tp �see Fig� 	�b�� which is the proposed running
condition for this experiment� is ��
�	���hr at �� MeV�c and ��	 sec spill every ���
sec� which is � times larger than the 	

� sensitivity and validates the estimates from
the previous section for the region above the K�� peak� If the AGS is able to deliver
	�� Tp to the C�target� the experiment can be re�optimized for higher intensity� For
example� at 	�� Tp the optimum running conditions are �	� MeV�c with a �� sec
spill� The sensitivity gain in this case is 	�� A plot showing the optimum sensitivity
as a function of protons on target is shown in Figure 		��

Figure 		� The sensitivity of E
�
 per hour of running� as a function of protons on
the C�target�

After the proposed running time of ����� hours ��� years�� the expected sensitivity
will be ���� 	������ � 	�
� 	����� Combined with the E��� result� the sensitivity
should reach 	�� � 	���� with ��� expected background events� With the added
acceptance from the region below the K������ � the sensitivity should reach ����
	����� Therefore the expected number of SM events is ��	�� if the branching ratio is
the central SM value of 	�����

The sensitivity of this experiment is compared to the existing E��� data� including
the published 	

� result� in Table ��

A plot showing progress in sensitivity to K������ is shown in Fig 	�� Included
are experiments that set 
�� CL limits �earlier E��� results���� ��� �
� ��� and
previous experiments��	� ��� ���� as well as the single event sensitivities for E���
and this proposal�

��� Background Estimates

Reliable estimation of backgrounds is one of the most important aspects of the mea�
surement of K������ at the 	���� level� An identi�ed K� is required to stop in the
target followed� after a delay of at least � ns� by a single charged�particle track that is
unaccompanied by any other decay product or beam particle� This particle must be

�It is assumed that to reach ��� Tp the inter�spill period is increased by 
�� msec�
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year KBL j �pKj DF sf �S�E�S���� bck
�	���� ��� ��� �	���� events

	

� 	��
 �
� �	 	��� ���� ����

	

��
� ��� �����
� �� �� 	�� ��	�

���	��� 	� �� �� �� �� ���

Table �� Comparative Sensitivities� The number of stopped kaons collected on tape
�KBL� has been measured for 	

��
� and is estimated for ���	��� The reduction
of the incident kaon momentum �pK� has led to an increase the fraction of stopping
kaons �sf�� The AGS duty factor �DF� has increased over the same time period� The
expected sensitivity �S�E�S���� and number of background events �bck� for the region
above the K�� peak are scaled from the published 	

� result� including online trigger
and o�ine acceptance improvements�

identi�ed as a �� with P � R and E between the K�� and K�� peaks for the high energy
phase space region or well below the K�� peak for the lower energy region� To elude
rejection� K�� and K�� events have to be reconstructed incorrectly in P � R and E� In
addition� any event with a muon has to have its track misidenti�ed as a pion ! the
most e�ective weapon here is the measurement of the ������e� decay sequence
which provides a suppression factor 	��� Events with photons� such as K�� decays�
are e�ciently eliminated by exploiting the full calorimeter coverage� The ine�ciency
for detecting events with �� �s was 	��� in E��� for a photon energy threshold of
�	 MeV� A signi�cant improvement in �� detection e�ciency is expected in E
�
 as
indicated earlier� A scattered beam pion can survive the analysis only if misidenti�ed
as a K� and if the track is mismeasured as delayed� or if the track is missed entirely
by the beam counters after a valid K� stopped in the target� Kaon charge exchange
�CEX� background events can survive only if the K�

L is produced at low enough en�
ergy to remain in the target for at least � ns� and if there is no visible gap between
the beam track and the observed �� track� and if the additional charged lepton went
unobserved�

In developing the required rejection criteria �cuts�� the redundant and indepen�
dent constraints available on each source of background are used to establish two
independent sets of cuts� One set of cuts is relaxed or inverted to enhance the back�
ground �by up to three orders of magnitude� so that the other group can be evaluated
to determine its power for rejection� For example� K�� �including K������� � are
to be studied by separately measuring the rejections of the TD particle identi�cation
and kinematic cuts� The background from K�� is evaluated by separately measuring
the rejections of the photon detection system and kinematic cuts� The background
from beam pion scattering is evaluated by separately measuring the rejections of the
beam counter and timing cuts� K� charge exchange in the target was measured in
E���� This data combined with Monte Carlo simulation of semi�leptonic K�

L decays�
allows the CEX background to be determined� Small correlations in the separate
groups of cuts are investigated for each background source and corrected�
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Figure 	�� History of progress in the search for K������ � The solid squares
represent single event sensitivities for experiments that set limits on the branching
ratio� The solid circles represent the measured and expected sensitivities for the E���
observation of this decay� The open circles represent the expected sensitivity for E
�
�
combined with previous running�

In the E��� 	

� data set� the total background level anticipated in the signal
region with the �nal analysis cuts was b � ���� � ��� background events �see Ta�
ble �� Further con�dence in the background estimates and in the measurements of

Background E��� �	

�� E
�


K�� ���� ���� ��	
K�� ����� ���� ���
Single beam ���	�� ����
 ����
Double beam ������ ����� ����
CEX ���	� ���	 ����

Total ����� ��� ���

Table � Background levels �events� measured for the E��� 	

� data set� which had
a S�E�S� � ����	���� and for E
�
 �	

������ with an expected S�E�S� � 	��� 	�����
Both cases are for the region above the K�� peak�

the background distributions near the signal region was provided by extending the
method described above to estimate the number of events expected to appear when
the cuts were relaxed in predetermined ways so as to allow orders of magnitude higher
levels of all background types� Confronting these estimates with measurements from
the full K������ data� where the two sets of cuts for each background type were
relaxed simultaneously� tested the independence of the two sets of cuts� At the level

	




of �� � b� two events were observed where 	�� � ��� were expected� and at 	�� � b�
	� events were found where 	� � � were expected� Under detailed examination� the
events admitted by the relaxed cuts were consistent with being due to the known
background sources� Within the �nal signal region� additional background rejection
was available� Therefore� prior to looking in the signal region� several sets of increas�
ingly tighter criteria were established which were designed to be used only to interpret
any events that fell into the signal region� Table  summarizes the background levels
measured in 	

� and projected to E
�
�

��	 Sensitivity to jVtdj

Based on the estimated 	�� systematic uncertainty� jVtdj would be determined to
�� if the central value of the SM prediction is measured���� �assuming a �� uncer�
tainty on jVcbj �� With the added sensitivity from the region below the K������ �
the uncertainty on jVtdj would be ���� This precision is comparable to that obtained
from measurements of B�

d!B�

d mixing� In the latter case the limit on the preci�
sion is less reliable since it comes from the theoretical di�culty in calculating the
hadronic matrix element����� This proposed experiment is free of such di�culties�
Eventually measurements of jVtdj from the B sector with better theoretical uncer�
tainty are expected �e�g� from measuring B�

s!B�
s as well as B�

d!B�

d mixing� and the
comparison with the K������ result will become very interesting from the point
of view of probing beyond the Standard Model�	�� ��� �� ��� using only theoretically
unambiguous quantities�


 Conclusion

The initial observation of K������ at the 	���� level inspires this proposal to
explore this important rare process to a level of sensitivity one order of magnitude
below the Standard Model prediction with minimal expected backgrounds� Modest
upgrades of a proven detector provide the opportunity to reveal non�Standard Model
physics or to make a precise� unambiguous measurement of jVtdj� This measurement
bears directly on the question of the Standard Model origin of CP violation� Combined
with a measurement of K�

L����� � the CKM triangle �parameters � and �� can
be accurately determined� providing crucial and unambiguous information from the
precisely calculatedK system� This information is independent of and complementary
to future measurements in the B system� Input from both systems is necessary to
confront the Standard Model and search for new physics�

The large amount of K������ data collected by experiment E��� supports a
con�dent projection for the E
�
 experiment to this extraordinary level of sensitivity�
an order of magnitude below the Standard Model prediction for the branching ratio�
Important issues� such as deadtime� online and o�ine accidental veto losses� trigger
and reconstruction e�ciencies� other o�ine acceptances� and background rejection
power have all been extensively studied� including dependencies on counting rates in
the detector� These studies have led to the careful and conservative estimates of the

��



proposed sensitivity increases� These improvements are based on modest and well
understood incremental upgrades to the beam delivery and detector systems�

The background levels have already been well established by E��� to be small
enough not to contribute signi�cantly to the determination of jVtdj by E
�
� The
measurement of the K������ branching ratio depends critically on this large and
well determined background rejection power� already demonstrated� Equally im�
portant is the ability to accurately calculate the background level� The extensive
knowledge of the detector and background sources� as measured by the sophisticated
techniques of E���� provide a degree of certainty that is not normally available to a
new proposal� Additional background rejection capability will be included in E
�
 to
exploit the region below the K�� peak and to gain further sensitivity by operating at
higher rates�

This proposal builds on the signi�cant investment already made in the E��� de�
tector and beam line and takes advantage of the most intense proton synchrotron in
the world� by using an idled AGS when it is not injecting for RHIC� The modest and
well understood upgrades give an increased sensitivity per hour of ��	� times that of
the published E��� result from 	

� data�

The tantalizing prospect of new physics� based on the apparently large branching
ratio observed by E���� requires follow�up� E
�
 will decisively resolve the issue� and
if new physics is not found� will determine the elusive CKM matrix element jVtdj �
The origin of CP�violation is one of the most important outstanding issues in the
Standard Model� Determination of CP�violation parameters from the K system is
critical to this understanding and the measurement of B�K������ � is one of the
cleanest ways for advancing this� through determination of jVtdj �
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Appendices

A Other Physics

In addition to the main mode of interest� K������ � other K� decay processes�
many of great interest to tests of low�energy QCD models such as chiral pertur�
bation theory �CHPT� ����� can be studied in E
�
� These include K�������� �
K������ � K������� � K��e������ � K������� � K����� � K����X� �
K��������� and K������ ������ �

CHPT provides a systematic method to analyze kaon decays in which perturba�
tive QCD is not applicable� It uses only the symmetries of the Standard Model�
and the � lightest pseudoscalar mesons� �� K� %K� and �� are assumed to be the
Nambu�Goldstone bosons due to the spontaneously broken axial SU�� symmetry�
A low�energy e�ective Lagrangian is obtained by expanding the most general chiral
Lagrangian in powers of external momenta of the pseudoscalar mesons�

Calculations of order p� � p� in the momentum expansion are the present state of
the art� Systematic studies of $medium�rare� K decays are one of the most stringent
tests for the theory as they are sensitive to terms of the order of p� and p��

A�� Results from E���

In addition to the �rst observation of K������ � E��� reported the �rst observation
of the decay K������ ����� The branching ratio and invariant mass M�� for the
decay K������ are predicted by CHPT ��
� ��� �	� ��� ��� The prediction for M��

is striking� Instead of a smooth phase space distribution� there is a sharp turn�on
above M�� � �M� due to a dominant pion�loop contribution� The measured spectrum
veri�es this prediction� as can be seen from the momentum spectrum of the �� shown
in �gure 	� The K������ trigger had two components� one accepting events with
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Figure 	� K������ � 	 events� The solid line is the best CHPT �t� The dashed
line is a phase�space distribution normalized to the 
��CL limit in the ���	 region�

��



a P� above the K�� peak ����	� and one accepting P� below the K�� peak �������
There were 	 events observed in the ���� sample and none observed in the ���	
sample� The model independent branching ratio is

B�K������ � 	�� 
 P�� 
 	��MeV	c� � ����� 	��� ����� 	��
� �	�

The �t to the branching ratio and spectrum favors the CHPT parameter of &c �
	������ with the so called $unitarity corrections� of the order of p� ���� ���� The total
branching ratio �assuming &c�	��� is

B�K������ � � �	�	� ��� ��	�� 	���� ���

In the ���	 region a 
��CL limit of

B�K������ � P�� � �	�MeV	c� 
 ��	� 	��� ��

was set�
E��� also reported the �rst observation of the decay K�������� ����� Two

separate analyses of this decay were made� In the �rst� all three tracks were fully
reconstructed� In the second� the minimum requirement for the third track was that
its energy was measured� In the �rst analysis a total of 	������� events were observed
and in the second analysis 	
����	��� events were observed �see �gure 	��� These

Figure 	�� Final event candidates for K�������� � a� �track events and b� ��track
events�

two analyses were combined to give a branching ratio for this decay of�

B�K�������� � � ����� ���stat � ���syst � ���theor�� 	���� ���

This branching ratio implies a value for the CHPT parameter ���� w� � 	���� �����
This value is larger than that derived from K����e�e� � w� � ���
�����

����� by the
BNL E��� experiment �����

Using the same data set� a search for the decay K��e������ was made� In this
decay mode� the structure dependent terms dominate over inner bremsstrahlung due
to helicity suppression� No events were observed and the 
�� CL upper limit of the
branching ratio was established to be �� 	��
 ����� This result is consistent with a
CHPT prediction of 	�	� 	����

�



An engineering run in 	

� produced another discovery� the �rst observation of the
Structure Dependent �SD� � component of the radiative decay K������� ��
� ����
The K������� �K��� � decay is dominated by Inner Bremsstrahlung �IB�� which
has been well measured ��	�� however� the structure dependent component had not
previously been seen� Two days of data taking with a special trigger� selecting a
high energy muon accompanied by a high energy photon� yielded a total of �����
K��� events with a background of 	�� events �K�� and K�� with a missing photon
and K�� with an accidental photon�� Of the ���� K��� events a clear signal of �
��
events from the SD� component is seen in �gure 	�� From a more sophisticated
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Figure 	�� Distribution of cos ��� for E��� K������� candidates� A �t to IB alone
is shown in �a�� and a �t to both IB and SD� is shown in �b��

analysis� �tting E�� and E� to IB� SD� and the interference terms� the branching
ratio for the SD� decay is�

B�SD� � � �	�� ��	�� ��	��� 	�� ���

and the form factor jFV � FAj � ��	�� � ����� � ���		� This can be compared to
the O�p�� CHPT calculation of FV � FA � ���	�� ����� and B�SD� ��
����	���

�Ref ������ An O�p�� calculation is underway ��� ����

A�� E���
E��� Prospects

In 	

�� a trigger was implemented to observe K������� � This decay is a sum of
the dominant Inner Bremsstrahlung �IB� contribution and the smaller direct emission
�DE� contribution of O�p�� which is due to the chiral U�	� anomaly� Measurements of
the DE contribution by previous experiments disagree with the prediction of CHPT
by about a factor two� although errors on both experiment and theory are large �����
E��� should observe ������� �IB�DE� events� This will be enough to settle the
outstanding issues in this decay�

In 	

�� a trigger was implemented to search for the decay K��������� � This
decay� which has never been observed� is predicted to occur with a branching ratio of

��



	�
� 	��� This decay is sensitive to the L
 and L	� coe�cients� and the anomalous
amplitude of CHPT����� In addition� in this decay it is possible to search for a
CP�violating T�odd correlation of the three observed �nal state momenta����� Such
an e�ect can show up in the interference between the inner bremsstrahlung and the
direct emission components of the decay� Since it is not necessary to measure the
muon polarization� E����E
�
 may be able to do quite a reasonable job�

With the same trigger� a search for the decay K���������� � which has never
been observed� will proceed� The measurement of K������� will be also improved
in the low �� momentum region� which may result in a discovery of the CP violating
interference of IB with the E	 transition�

In addition to the CHPT decay modes� E����E
�
 is capable of searching for
yet more exotic modes such as K����� � K����X� � X���� �X� � new light
neutrals� ����� and K������ ������ �����

��



B History of E���

A proposal to search for the process K������ � and related decays was submitted
to the AGS Program Committee in October of 	
� by a collaboration of BNL�
Princeton� and the TRIUMF laboratory of Canada� The main object was to observe
K������ at the Standard Model�predicted level unless new physics intervened�
The proposal was promptly approved� initiating Experiment ���� The collaboration
spent the next year in R'D and design studies culminating in a technical design�
First funding was obtained in October of 	
�� and construction began in January�
	
��� A test run with a partial detector was conducted in 	
��� Construction was
completed in January of 	
�� and the experiment was ready for an engineering and
commissioning run in February of that year� In addition� two weeks of physics�
quality data were taken� These data resulted in four publications in Physical Review
Letters� an improvement in the previous limit on K������ by a factor � �� and
order of magnitude improved limits on the processes K������ � K�������� �
����� and the �rst�ever limit on K��������� �

The �rst major data collecting run took place the following March �	
�
�� Pub�
lications based on that data included a further improved limit on K������ �by a
factor � ��� and the �rst�ever limit on the class of processes ����X� �where X� is
an unobserved neutral particle or system of particles��

Two more major data collection runs took place in 	

� and 	

	� These resulted
in the discovery of K������ and of K�������� � and a further improvement
on the limit of on K������ � to a 
��c�l� upper limit of ��� � 	��	� This was a
� ���fold improvement on the sensitivity available before the experiment began� and
was actually within the range of theoretical prediction for this process current at the
inception of the experiment� However in the ensuing years� the prediction had fallen
into the range ����� ��� 	�����

The collaboration wished to pursue this process down to the predicted level� but
it had become clear� even by the time of the �rst major data run that neither the
beam nor the detector was capable of this� Moreover the AGS was not capable
of producing su�cient protons� Fortunately a major upgrade of the AGS intensity
was scheduled� Thus a proposal for a major detector and beamline upgrade was
submitted� This was approved in November of 	
�
� and R'D was conducted in
parallel with the 	
�
�
	 run� Several institutions from Japan �INS�Tokyo� KEK�
and later Osaka and Fukui Universities� joined the collaboration in 	

� under the
Japan�U�S�A� Cooperative Research and Development Project and participated in the
detector upgrade� Fabrication of a new beamline began in August of 	

� and was
complete by May of 	

�� The new beam was doubly separated and could produce a
positive beam in which the K	�� � �� ratio was as high as � � 	� This is in contrast
to the previous beam where this ratio was typically 	 � � The new beam also had an
acceptance roughly twice that of its predecessor� It was �rst used for prototype testing
for the new detector systems� The detector upgrade� in which ��� of the systems were
replaced or highly modi�ed� was largely complete in time for the commissioning run

�Then known to be � ����

��



of May� 	

�� Data collected during that run led to the �rst observation of structure
dependent radiation in the process K��� �

The �rst full data run of the upgraded experiment took place in 	

�� There
was nearly a �ve�fold increase in the rate of collecting sensitivity to K������ �
This run yielded the �rst example of K������ � Subsequent runs were taken in
	

�� 	

� and 	

�� The sensitivity collected in total is expected to be in the range
���	���	�����event�

E��� has produced many results in addition to the ones mentioned above� Table �
lists all those which have so far been made public� In addition� several other analyses
are in progress�

Mode Result Gain w�r�t� Comments
prev� data

K����X� 
 � 	���� 	�� new particle search�
future� �nd�rule out f �

K������ �����	�

���

�� 	���� 	�� constrain new physics�jVtdj

Discovery�

K�������� ����� 	���� 	��� �� ��� �PT study
future � determination

Discovery� � ��� events
K������ �	�	� ���� 	��� 	�� Long distance e�ects

search for light X����
Discovery� � � events

K������� �	�� ��	��� 	�� 	� ��� �PT study
	st observation of SD�

Discovery� � 
�� events
K��������� 
 ��	� 	��
 ���M Higgs hunting ground�

no previous limit
K��e������ 
 �� 	��
 ���M �PT study�

no previous limit
����� 
 �� 	��
 	� Also search for new

light particles
����X� 
 ��� 	��� 	� 
�� New light vectors

no previous limit

Table �� E��� results�

A list of the major publications from E��� is provided in Table ��
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