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What makes decays rare�

Common decay�

Rare by virtue of kinematics�

Rare since suppressed to �nd order�



Motivation for Rare Decay Experiments

Forbidden

S�M� forbids �or greatly inhibits� many kinematically
possible modes �esp� K�s�

A number of these are allowed �or enhanced�
by alternative approaches

Accessible sensitivity to these processes corresponds
to very high mass scales

Discouraged

Certain very inhibited processes cleanly sensitive to
S�M� parameters

Tolerated

Suppressed processes are a good area for testing
chiral perturbation theory and other approaches to
understanding the low energy structure of the S�M�
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Lepton Flavor Violation
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X
Poster child for sensitivity to
BSM processes such as ��
Attainable sensitivity corresponding
to MX

�
� ���TeV� clean signatures

Most BSM theories predict some LFV in K decays�
� extended technicolor
� SUSY
� heavy neutrinos
� horizontal gauge bosons

Necessary to study both two and three body decays
� check Lorentz structure of any new interaction
� generation number sensitivity

Current status�

Process ��� CL Limit Experiment Reference

KL� �e ���� ����� AGS���� PRL ���	�
�

K�
� ����e� ���� ����� AGS���	 PRL �	���	�

K�
� ����e� 	��� ����� AGS���	 PRL �	�����

KL � ���e 
�
� ����� KTeV Bellavance
DPF����

KL � ���e result preliminary�
More K�

� ����e� data under analysis�
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Prospects for LFV

Current experiments have already helped kill the most
promising approaches that predicted �nite e�ects� Theorists
now predicting more accessible levels of LFV in rare muon
processes�

Future progress on LFV in kaon decays likely to be slow� No
dedicated experiments on the near horizon� and background
getting harder to �ght�
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Probably no signi�cant progress at least until JHF or other
new facility turns on�



Cabibbo�Kobayashi�Maskawa �CKM� Matrix

Unitary matrix connecting weak with mass quark eigenstates�
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Parameterization of Wolfenstein and Maiani�
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CA

� � sin��Cabibbo� � ���� �from Ke� decay�
A � ���� �from semi�leptonic B decay	 etc
�
� � ��� �from Vub�Vcb	 �B �B mixing	
� � ��� �K 	 etc
�

Unitarity relation �

V �

ub
Vud � V �

cb
Vcd � V �

tb
Vtd � �

V �

ub
� �V �

cb
� Vtd � �

V �

ub

�V �

cb

� 
 � Vtd

A��
� �



Wolfenstein Parameterization to Higher Order

W�M parameterization of the CKM matrix only approximate
At O���� and beyond� W�M not unique
Buras� Lautenbacher � Ostermaier �PR D�� ������ �����
introduced a version that is unitary to all orders	

At the moment� don
t need to go above O�����
�
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Where �� � ���� ��
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Main e
ect is to move vertex of unitary triangle to ���� ���

In terms of �i � VidV
�

is�

Im�t � �Im�c � �A���

Re�c � ����� ��

� �

Re�t � ���� ��

� �A
������ ���

Note that the area of any unitarity triangle � �
�JCP �

where JCP � �Im�V �tsVtdV
�

usVud� � �
p
�� ��Im��t�

Thus� a measurement of Im��t� would determine the area of
all � UT
s	



One�loop K Decays

Short�distance contributions to K decays� These decays
include KL � ������ K�

� ������ KL � ����� KL � ��e�e��
KL � ������� etc� The hadronic matrix elements involved

are known from common decays such as K�
� ��e���� These

contributions can be cleanly calculated in terms of mt� mc and
the product of CKM elements V �

ts
Vtd � �t�

But there�s a Murphy�s Law for these processes�
The same interactions that allow charged �nal state leptons to
be detected� mediate long�distance contributions� E�g��

To avoid this one must exploit decays containing a ��� pair�
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In leading order in Wolfenstein parameters�
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It is 	� wider than it is tall



Uses of CKM Unitarity

Usual Use of Unitarity

V �ubVud � V �cbVcd � V �tbVtd � �

��� ��
� �V
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ub � �V
�

cb � Vtd � �

��������V �
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� � �
Vtd
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Unusual Use of Unitarity

V �usVud � V �csVcd � V �tsVtd � �

V �usVud � �V �csVcd � V
�

tsVtd

A�K � ����� � V �usVudX�mu� � V �csVcdX�mc� � V �tsVtdX�mt�

� V �csVcd�X�mc��X�mu�� � V �tsVtd�X�mt��X�mu��

Hard to calculate parts subtract away	
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Evacuated
Decay
Volume

Magnet (∆p⊥= +220 MeV )

Straw Chambers 3 & 4

Magnet (∆p⊥= -440 MeV )

Drift Chambers 5 & 6
Trigger

CerenkovScintillators

Muon
Hodoscope

Sweeping
Magnets

1 m.
0

1 0
m.

2 0

3 0
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5 0

Precision
Collimators

Rangefinder
Muon

Lead Glass
Calorimeter

Shielding

0

Neutral
Beam Dump

µ e

Kaon Production Target

Straw Chambers 1 & 2

BNL Experiment 871 - The Search for KL
0 → µe



KL� ���� � �

Actual quantity measured is

B�KL����
B�KL������

� ������ ����� � ���� �PDG average�

So best to compare to	
Recently measured

by KLOE

j

calculated lastmeasured
by NA�� in ���� j

B�KL������
B�KL������

� �
z �� �

j

Babs
�� �KL����

B�KL������
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Bdisp�KL����
B�KL������

� �����
� ������ � ����

Then multiply by B
�
KL � �	��

�
� ������� ������ � ���� �PDG 
t�

To get Bdisp �KL � ��� � ������� ������ � ����

i�e�

Bdisp �KL � ��� � ���� � ���� at ��� c�l�

Disagrees with BSD
�� � ������ ����� � ���� by �����

Why haven�t we been hearing about this�



KL� ���� � �

Problem is long distance contribution to Bdisp �KL � ���
This can interfere with the short distance amplitude
To untangle� must know A �KL � ��� with �s o� mass�shell

� size� calculability controversial�
Pro Con

Gomez�Dumm et al�� PRL �� ������ ��		 Valencia NP B ��� ������ 		�
D
Ambrosio et al�� PL B ��� ������ 	�� Knecht et al�� PRL �� ������ ��	


Can one measure this�

There are recent results on�
KL � ee� KTeV� NA��
KL � ��� KTeV
KL � eeee KTeV� NA��
KL � ee�� KTeV� NA��

People have used 	ts to some of these to put a limit on ��
� how legitimate this is is still unclear
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The  NA48 Detector

µ-veto counters

Hadron calorimeter

Liquid krypton 
 calorimeter

Hodoscope

Wire chamber 4

Anti counter 

Wire chamber 3

Magnet

Wire chamber 2

Anti counter 

Wire chamber 1

Beam pipe

Helium tank

10 m

Fe



Virtual photon form factors

Virtual photon form factors are needed to calculate the long�
distance dispersive contribution to KL � �����

That these processes not
pointlike� now clear�

Data at right from KTeV
m�� dist� in KL � �����
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x (mµµ/mK)2

 Data
 MC, f(x)=1

There are a couple of form factor parameterizations on the
market� the traditional one is Bergstr�om� Mass�o� � Singer
�BSM	� with parameter �K�

Figure at right shows �K�

from recent experiments�
�Adapted from
E� Halkiadakis thesis	

Agreement not inspiring
but proper radiative
corrections may help�


 some issues not apparent
in �gure

Finally� di�erent parameterizations give di�erent results�
e�g� from KTeV KL � ��� �

jReABMS
LD j � 
��� ���� but jReADIPLD j � ����� ����
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Di�ers from KL � ���� in that there�s no weak component
�Unitarity� contribution is ����� ����

Chequered history	

Finally seen clearly
in KTeV experiment

using tagged ���s
from KL � �������

Theorists can �nally
get to work






Predictions for K
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� Standard Model
A� J� Buras� hep�ph��������

� MSSM with no new sources of 	avor� or CP�violation
A�J� Buras et al�� hep�ph����
��� Nucl�Phys�B���
�������

� �Generic� SUSY with minimal particle content
A�J� Buras et al�� hep�ph�����
� Nucl�Phys�B���
������

� Upper limit from Z� limit given by K mass di�erence
H�N� Long et al�� hep�ph�������


� Topcolor
G� Buchalla et al�� hep�ph������
� Phys�Rev�D��
���������

� Topcolor�assisted Technicolor models
Z� Xiao et al�� hep�ph�������� Eur�Phys�J�C��
�������


 Multiscale Walking Technicolor Model
Z� Xiao et al�� hep�ph�������
 Eur�J�Phys�C
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Experimental Considerations for

K
�
� �

�
��

� � BODY DECAY�

� missing particles

no kinematic constraints on the �� �� � p
�
� � ���MeV�c�

must veto to � ��
�� � extra particle

particle identi�cation is essential�
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E��� Technique

K� I�D��d by beam counters� stop in ����element sci�� target

I Counter

V Counter

Target
Fibers 12 cm

z

y

V-Counter

TargetK   Beam +

light guide
I-Counter

scintillator
I-Counter

24 cm

Wait �ns for decay
Then �� tracked � momentum analyzed in UTC 	B
�T�

�� then ranges out in an Range Stack 	scint� 
 straw ch��
Range�energy�momentum can be compared�
Also �� � �� � e� decay chain is followed

Hermetic photon vetoing via barrel Pb�scint system 	BV�

 CsI�pure endcaps 	EC�

Get � ��� � � �� rejection� � ��� � � �� rejection
Also very good kinematic rejection of two�body decays�



K
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Data
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� Probability for the event to be one of the known backgrounds

is very low�
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Method of orthogonal cut sets �works if no correlations�

� Look at K�� kinematic peak after all other cuts�
� From this� given the resolution function� can predict

the K�� background in the signal region�
� Get resolution function from events with photons�

events from primary data stream�
automatically takes many e�ects into account

� Develop cuts on limited fraction of available data�
� Check background estimates on remainder of data�

assures that estimate is unbiased�
� Con�rm orthogonality by loosening cut sets
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Constraints on Vtd

Can extract constraints on Vtd from this result�

Assuming unitarity and taking �mt�mt� � ��� �
�GeV�c� Vcb � 	�	
� � 	�		�� but assuming nothing

about Vub or �K�

E�
� result implies�

	�		� � jVtdj � 	�	�	 at �
� CL

	�		� � jVtdj at �	� CL

jVtdj � 	�	�� at �	� CL

�	�	�� � jReVtdj � 	�	�	 at �
� CL

jImVtdj � 	�	�
 at �	� CL

These limits are about an order of magnitude looser
than the current phenomenology �Vtd � 	�		�� �
	�		��i in the �		� PDB� but assume less�



Constraints on �t from E���

With no input from B system� �K or ���� can get limits on
�t � V �

ts
Vtd�

���� ���� � j�tj � ���� ���� at ��� CL
������ ���� � Re	�t
 � ���� ���� at ��� CL
Im	�t
 � ���� ���� at ��� CL
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K������ pulls
outward� while
�B �B mixing
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K
�
� �

�
��� and Global Family Symmetry

�Wilczek������� Gelmini et al� ����	�� Feng et al� ������


Motivation� Explain the replication of families
Postulate� Global Family Symmetry spontaneously broken at

large mass scale �F� � Goldstone Boson �familon
 �f�
Leff � �

F ��f
�J��� �� e� f � s� d� f � etc�

Process BR U� L� Limit on F �GeV�
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Status of E���

All hardware upgrades completed � installed

Commissioning run completed

Technique for heavy ions�protons switch tested

�� week data run �w�o RHIC� in Mar�June ����

Waiting for funding of the remaining �	 weeks



CKM K
�
� �

�
��� Experiment

� New in��ight decay technique
� Particle ID� RICH vs spectrometer measurement of p
� Sensitivity goal ������event
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Plot shows GEANT simulation of
RICH �velocity� vs spectrometer
�momentum� measurement of
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� decays



CKM RF�separated K� beam

Required�

� �� MHz of ��� ��� GeV�c K�

� debunched beam
� total rate � �� MHz

Pushes technology of RF�separation

Requires length of �	m

frequency of ���GHz

Beam stop removes center of dist�
leaving a beam � ��� K�

Good progress on RF cavities



CKM Goal

��� events with S�N � �

E�ective BR

Background source ��������

K�
� ���� � ����

K�
� ���� ���

K�
� ����� � ����

K�A� KLX	 KL � ��e�
�e � ����

K�A� KLX in trackers � ���

K�A� KLX in residual gas � ���

Accidentals �� K� decays� ��
�

Total � ����
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KEK E���a Beamline

Critical to reduce the beam halo� Tests encouraging�
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KOPIO Beam and Constraints



P  cut*

P  cut*

KL −> π0νν− KL −> π0π0

(1 π0 missed)

KL -> π0νν and KL -> π0π0  identification
_

KL � �
�
��� KL � �

�
�
�

Energy of the purported �� �vertical� vs absolute value of the di�erence
of the energies of the two detected ��s �horizontal� both in the KL cm
system�



 

Test of beam microbunching at the AGS

265psec RMS

0                          10                          20                         30

time (nsec)

Technique now well established
Very successfully used to smooth AGS spill

Microbunch structure of the beam produced 
by a 93 MHz cavity operating at 22 kv





������ ����� 	��
���	���

���������� 	�
�� �
	 ������	�� �
��
�� �������
�	� ����
��
	��

�� �
���
 �� ��
���� � 
���	���
	��
� �
�� 
	
	��� ������

�� ���� ���� �� � ����

�� �����
	�
 	��
 �
� �� ����

���	�	��� 	�
	
 �� 	��  !"# 	
$$�� � ��
� 
	 	�� %& &# #
���'���� 	��
�



�����������

���� ���� � �����
�
�

��� ����	
�����
��� �������� 
���������

��

�� 
��� �����
�
� ������� ������
��
��

�� ������
�� ���� ��� �� �
�����
��������� �������

Scintillator

Paper + lead
+ paper

WLS fiber

PM tube

50   m steel
tapes
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PMTs

Plastic  thickness:  7 mm

Lead  thickness ~ 1 mm

width      :  15-20 cm

WLS  fibers

length     :   4 m
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5" PMT

Mirror
Molded plastic spherical mirror.

Radius of sphere - 50 cm.

Cerenkov radiator
Aerogel, n = 1.03.

Converter
Hard lead - 1/3 Xo









A New Challenge� K � �����

Another interesting short�distance dominated decay

Related to Ke� the way K�
� ����� is related to Ke�

Calc� by C� Geng� I Hsu� � Y� Lin� also by G� Valencia � LL
Latter obtain�

B
�
KL � �������

�
�

h
��	 
���� ��� � 
����

i
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B
�
KL � �������
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� �
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B
�
K�

� �������
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� ��
� �
���

h

���� ��� � ��

i

Very interesting angular distributions in charged case
� � � terms correspond to di�erent ��� states
therefore can in principle extract � and � separately

In practice � term dominates almost completely

KL � ������� major experimental challenge�
must reject KL � ������ by � �
����
K�� by a similar factor
KL � ����� by � �
��

best to get into KL c�m� 
only at low momenta�
� veto � particle ID usually best at high momenta

KL � ������� seems harder� but has certain advantages�
detector can focus on photon detection and vetoing
KL � ����� very suppressed

Experiments seeking KL � ����� can add this to their menu

So far only K�
� ������� has been probed



E��� Search for K�
� �

�
�
�
���

Target of opportunity in monitoring data of for K�
� �����

Data Monte Carlo signal
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No events observed � ��� CL limit established�
B�K�

� �������� � ��	� 
���� far short of SM expectation�
But comparable to level of 
st order process K�

� ����e��e

Can also get limits on non
SM process K�
� ����X��



KL� �
�
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�

These decays also sensitive to ImV �
ts
Vtd

�Direct� BR � �
�
B

�
KL � �����

�
but nonetheless

at �rst sight much more tractible than KL � �����

But they su�er from a number of problems� both experimental
and theoretical

In addition to B
�
KL � ������

�
dir

there are � problematical
contributions�

�	 Background from KL � ������

� �
��� larger than KL � ������

Even with very good resolution very hard to �ght�
already seems to be appearing in signal boxes

�	 CP�conserving ���mediated state
Roughly comparable in size to CP�violating piece
Information on KL � ���� relevant

New data from NA
�
But not so easy to make the connection
F	 Gabbiani � G	 Valencia hep�ph�
�

�

�

absorptive contribution model dependent
� large uncertainty in dispersive contribution

�	 State�mixing CP�violating contribution � j�j�B
�
KS � ������

�

Best knowledge is of B
�
KS � ��e�e�

�
� � ��
� �
�� �NA
��

This yields B
�
KL � ��e�e�

�
indir

� 
��� �
���

Still probably �

� larger than actual e�ect
To make life even more interesting� there�s interference

Is there a way out of this morass�



KL� e�e���

+

KL e

e

-

Discovered by AGS E���
as bkgnd to KL � e�e���

Radiative corr� to KL � e�e��

Turned out to be a big problem

Now large samples available
�This from KTeV ��

Even form factor
info� now available
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CP�conserving contribution to KL� �
�
e
�
e
�

Mediated by KL � �����
Can get absorptive part
by measuring this process�

γ∗

Κ

γ∗
e

π

e

−

+

0
0

M�KL � ����� � G��
�� ���q�����q���A�q

�
�
q�
�
� q� � q� g

���

�B �

m�

K

�k � q� q
�
�
p� � p � q� q

�
�
p� � q� � q� p

�p� � g��p � q� p � q���

The A and B amplitudes refer to the J�� � � and J�� � �
amplitudes respectively� The e	ect of the former on KL �

��e�e� is greatly suppressed by helicity conservation�

Large samples of KL � ����

now available
 e�g� from NA��
which contains � �
�� events�

NA�� data imply B rather small

�little action at low m����
aV � ������ ����stat � ����syst �

B�KL � �����CPcons � �������
���� � �����

But this absorptive only
 � KTeV data disagrees with NA���
Possible total contributions from ����
 to ����� �����

C�f� direct contribution expected to be � 
� ����� in SM
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Mass�matrix contribution to KL� �
�
e
�
e
�

Arises from O��� admixture of K� in KL

Amplitude can be measured from KS � ��e�e�

But this contribution interferes with vector part of direct�

B�KL � ��ee�CPV �
�
����a�

S
� ���

Im��t�
����

� 	���
Im��t�
����

��
�
� �
���

where B�KS � ��e�e�� � ��	� �
��a�
S

and aS is a parameter of order ��
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which can be related via �PT � models to KS � ��e�e�
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 events from AGS E��� �
But mee spectrum disagrees

with simple O�p�� �PT
estimate on which guesses based�
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�
� Summary

� The parity�odd observable PL has the interesting property of being
sensitive to Direct�CPV�

� Both out�of�plane polarization and the lepton energy asymmetry are
sensitive to indirect CP�

� Could all three measurements and the branching ratio be used to

obtain the direct component �

� Still need to examine how well the decay is described in terms of as�
�V � and Im��t��

Decay distribution

Longitudinal and out�of�plane polarizations

Milind V� Diwan
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Suppressed by kinematics to the ���� level�
Main interest is potential for measuring jVudj
BR � jVudj

�� presently known to � ��

Want to check unitarity of the CKM matrix�

Should have jVudj
� � jVusj

� � jVubj
� � �

At present� best knowledge of jVudj is from superallowed Fermi
nuclear � decays
Vus known from Ke� decays� Vub known to be tiny
One �nds jVudj

� � jVusj
� � jVubj

� � ��		
�� �����
�
a ���� discrepancy�

Thus the PIBETA experiment at PSI�

AT

MWPC1

MWPC2

PV

AD

AC1

AC2BC

CsI
pure

π+
beam

10 cm

Partial data set
� ��� ��� events

 

B
�� � ��e��� � 
������ ������ ������� ����� preliminary
c�f� unitarity prediction 
������ ������� �����
When full data set analyzed� precision will be ������
Other modes� e�g� �� � e�� will also be studied�



E��� study of K�� ���e�e� � K�� e��e�e�

Exploration of kaon structure� check of �PT

K+ l +
K+ K+l + l +

e+ e − e+ e − e+ e −

ν ν ν
a)    c)b)

���� K� � ���e�e� evts of ��� K� � e��e�e� evts of
which ��� were background which �� were background

Form factor analysis	
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New �� � e��� data expected soon from PIBETA experiment�
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Conclusions

LFV experiments have been pushed to remarkable sensitivities
� correspond to mass scale of well over ��� TeV

But success has killed most models predicting LFV in K decay
� future mainly as by�products of other studies

High precision measurement of KL � ���� available
� very useful if theoretical issues resolved
� auxilliary measurements to help this resolution in process
� but situation still unsettled

KL � ������ experiments have been pushed by an O�M�
� Experiments on auxillary processes have made similar progress
� But background is starting to be seen
� and progress in untangling the components slow
� Maybe new idea will help

K�
� ����� has been seen�
� clear that it can be exploited
� two initiatives to pursue it further

� ������evt level experiment in testing stage
� ������evt level experiment in R�D phase

First dedicated experiment to seek KL � ����� proceeding
Initiative to go all the way in progress

� trying for � ��� measurement of �

Goal is future high precision determinations of �t from K	s
to be compared to B information to critically test SM










