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The Fermilab Kaon Physics
Research Program

* 1985-1995: The Tevatron enabled high energy
(30-70 GeV), high flux neutral kaon beams with a K, /n ratio
near unity. Experiments: E617*, E731, E773, E799.

« 1995-2005: The KTeV era; exploiting these beams with
the revolution in computing and high precision calorimetry
and instrumentation. Emergence of blind analyses.

« 2005-2015: The KAMI, CKM, and ORKA K—mvv initiatives
advance but ultimately do not succeed. Important
contributions to the KOTO and NA62 experiments in Japan
and Europe which continue.

*Based on 400-GeV Main Ring beam, data taken 1982; Published 1985
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-1989-

March 1989: Tim Berners-Lee issued a proposal to the
management at CERN for a system called "Mesh" that later
became the World Wide Web.

November 1989:
Fall of the @@
Berlin Wall P& |

December 1989:
Taylor Swift born...eventual revenge of the World Wide Web.
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https://en.wikipedia.org/wiki/Tim_Berners-Lee

CP-violating decay K° —nv

Laurence S. Littenber
Phys. Rev. D 39, 3322 - Publishedgl June 1989

PHYSICAL REVIEW D VOLUME 39, NUMBER 11 1 JUNE 1989

CP-violating decay K? —7"vv

Laurence S. Littenberg
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973
(Received 6 January 1989)

The process K| —#"v¥ offers perhaps the clearest window yet proposed into the origin of CP
violation. The largest expected contribution to this decay is a direct CP-violating term at
=~fewX10™"%. The indirect CP-violating contribution is some 3 orders of magnitude smaller, and
CP-conserving contributions are also estimated to be extremely small. Although this decay has nev-
er been directly probed, a branching ratio upper limit of ~ 1% can be extracted from previous data
on K} —27". This leaves an enormous range in which to search for new physics. If the
Kobayashi-Maskawa (KM) model prediction can be reached, a theoretically clean determination of
the KM product sinf,sinf;sind can be made.
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CP-violating decay K% —nv

Laurence S. Littenber
Phys. Rev. D 39, 3322 - Publishedgl June 1989

Abstract:

“The process KO —movv offers perhaps the clearest window yet
proposed into the origin of CP violation. The largest expected
contribution to this decay is a direct CP-violating term at few x 1012
The indirect CP-violating contribution is some 3 orders of magnitude
smaller, and CP-conserving contributions are also estimated to be
extremely small. Although this decay has never been directly probed, a
branching ratio upper limit of ~1% can be extracted from previous data
on KO, —mPm®, This leaves an enormous range in which to search for new
physics. If the Kobayashi-Maskawa (KM) model prediction can be
reached, a theoretically clean determination of the KM product
sinB,sinB; sind can be made."
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Context and Prejudice:
Flavor Physics circa 1989..

 Neutrino mixing out of reach??
* What /5 CP violation? Why is it so small? A new super-weak force??
* The top quark is elusive.....very high mass; does it even exist?

« If the top quark exists and is heavy...new high mass particles can
compete in virtual loops in flavor changing neutral currents.

* But..B meson's are reconstructed only by the handful. Factories??

K mesons can be produced in large numbers, but how can we possibly
measure the rare K =>n%° neutral mode decay with sufficient
precision to search for direct matter anti-matter asymmetries??
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..and in 1989, “sage” advice to Postdocs...

* Neutrinos are boring
* The future is the Superconducting Super Collider

 Cosmology will never move errors from the exponent to
the mantissa

 CP-violation will be a rich Garden of Eden in the Quark
Sector; with bountiful new physics

 Oh, and don't worry, senior faculty will be retiring soon...
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Early D%s of the Fermilab Program:
e E617 Cauldron of
Cronin, Telegdi and Winstein.

"-q“h- T IS ———

L

U Chicago war r'oo, circa 1980
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First Fermilab Crack at Direct*
CP Violation with E617

e Introduction of double-beam
technique with an alternating
regenerator in the beam to serve
as a Ks source.

* 400 GeV Main Ring run, 1982

« Aiming for 50,000 K° —2m0°
events, got 3100 events.

e 6% mass resolution

« 1984 PhD Bernstein.

*Re (¢'/e) = 1/6[ 1 - T (K > nn /K> mtn)/T(K =11/ Kg>n0n0) ]

R. H. Bernstein Thesis, 1984
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First Fermilab Crack at Direct*
CP Violation with E617

e Introduction of double-beam
technique with an alternating
regenerator in the beam to serve . fl o
as a Ks source. —
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First Fermilab Crack at Direct*
CP Violation with E617
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*Re ('/e) = 1/6[ 1 - T(K ~ /K~ )/T(K ~mn/Ks~»non® ] R. H. Bernstein Thesis, 1984
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Context of E617. half-way between
1964 and 2004
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Kaons at the TeVatron

* The KTeV experiment was primarily a
comprehensive study of neutral kaon
decays, data collected 1995-2005.

* The research program yielded 32 PhD
theses and 50 physics publications,
most notably the establishment of
matter/antimatter asymmetry in
particle decay amplitudes.

» This rich research program was
largely driven by intense beams of in-
flight neutral kaon decays
reconstructed with a high-speed ,
high-resolution spectrometer.

Helen T. dwar'ds
May 27,1936 - June 21, 2016
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KTeV was the culimanation of the high-
energy in-flight program at Fermilab
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University of Chicago Group, circa 1997
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Enabling Collaborationt

1996 KTeV Collaboration meeting at the University of Arizona.
75 collaborators, 32 PhD students, 50 science publications.
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Unprecedented
photon calorimetry and Trigger & DAQ

MUON FILTERS MUON COUNTERS
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Beam view of K°—=n0 in CsI calorimeter
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KTeV Pure CsI Calorimeter

3100 crystals, 1.9mx1.9m

+ 27 X, deep (50cm) [ =
* 90% of light has 20-nsec | f
component | E == |
4 /
: . : . ,E. . j;
* Pioneering application of {49, :
the "QIE" pipelined t :

charge integrating
encoder broadly used in
the field.
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Delivered EM-calorimetry performance
better than 1% resolution over full

physics energy range: Best in the field
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e Calibration based on 1.5 billion Ke3 electrons
e Final E/p resolution after all corrections: ~0.6%
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KTeV CsI Crystals and PMTs continuing
Cgr'eat science in the
JPARC KOTO K —n°vv adventure

N Ei’é"f JPARC PAC tour of KOTO
f N
h 'gs
N

._\.Ik
N &N

KTeV Calorimeter assembly KOTO Calorimeter assembly
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KOTO experiment

« KOTO (J-PARC E14)
to search for new physics beyond the SM
with the decay K; — 7’vp
« KOTO collaboration Jsapan-korea-Russia-Taiwan-US

" Nanjo-san, JPARC PAC, July 2015, Tokai
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KTeV was the first major experiment to filter out
most events online based on fu// reconstruction of
events in software..now standard of the field

Great science
needs great
throughput!

e B
>

":- A | - 4 ———
Level-3 Visionary effort led by Yamanaka-san and Nakaya-Yl,
the Level-2 muscle provided by Yah Wah and colleagues.
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KTeV was the first major experiment to filter out
most events online based on fu// reconstruction of
events in software..now standard of the field

Great science
needs great

. throughput!
A= I

High Level-1 Trigger
(1 MHz)

LHCb High No. Channels
High Bandwidth
{ 1000 Gbit/s)

KTev —
108 O i

104 O

10° B, N

Level-1 Rate [Hz]

102 UA1 fﬁ‘: e

104 10° 10°

7 m (<Y Event Size [Bytes]
Level-3 Visionary effort led by Yamanaka-san and Nakaya-san, enabled by
the Level-2 muscle provided by Yah Wah and colleagues.
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KTeV was the first major experiment to filter out
most events online based on fu// reconstruction of
events in software..now standard of the field

Great science
needs great
.. Throughput!

ATLAS TDAQ: overvie

W
m—

4 Three-level trigger architecture

4 L 11 e a-dvieia-ad Tﬂ, F Rates
eve L
[Muon| |[Calo| [Inner] 20/ MH
© Implemented in custom h/w z
@ Driven by local features in élfx‘fgr‘]?e
calorimeters and muon system
© Regions of Interest in no plane wead OulSystem 75/kHz
(Rols) forwarded to Level 2
‘ROB| = ROB *ROB,
4 Level 2 | T2600]
© Refines LVL1 results with a local [150 ROSs]

analysis inside Rols

? 3.5/kHz

results ]

@ Effective rejection mechanism that only Event Building |
requires collection of 1-2% of the event ‘ ‘ ‘ ‘

© Less requirements on the ROS and [100] e | L L]
network system [~1800]

4 Event Filter ~4 5
© Operates on fully assembled events 200Hz
5 i © Event building at ~ 5 GB/s 5] Y
g . g | Storage: ~ 300 MB/s |

-. Level- Visionary effort led by Yamanaka-san and l\iaka;/a-san, enabled by |
the Level-2 muscle provided by Yah Wah and colleagues.
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 and Wah opening the door to new rare decay physics....

S

Yamanaa—san ear the summit o Mauna ea; Oct 2010.
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Highlights of KTeV Science...

e Re(e'/e) =
(1.66 + 0.26)x10-3"

Matter/Antimatter asymmetry in
a decay amplitude established,

Superweak model excluded,
Large component of this

asymmetry might arise from New

Physics.

* K, = nlee, nlup

KTel limited these rates to x8
and x25 the Standard mode/

I['(K—mr) - T(K'—»nn)

[(K'>rr) + T(K—mtn)

(5.04 £ 0.22) x 106**

B(K+mp) (107

rates (1011 level) for the ee and
up modes.... fertile hunting ground

for new physics models.

NA48

- KTeV + NA48

o

.s. phase+CPT
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KTeV Experiment: K¢ beam KTEV z3.
made from an incident KL beam. Kaons at the Tevatron
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KTEV 2.

Kaons at the Tevatron

K; Beam passes
through 2m of
plastic scintillator,
which induces a
~3% coherent Kq
component 1n the
downstream
amplitude.

KDown — I<L 4 P KS
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K; and Ky in the Regenerator Beam. KTEV .35,

) o Kaons at the Tevatron
The regenerator beam is a coherent super-position

of Kg and K. Must account for K; component
to extract correct value of Re(€/¢).

KReg shape depends on:
e 75, Am, ¢,,.

e Attenuation in the regenerator.

E
g - "-"i.;! * Data
'g . s:g:zgz:without interference
5
| . 40 GeV <P, <50 GeV
h = Quantum
| Y coherence
o 3 I*“\H over 30m!

125 130 135 140 145 150 155
distance from target (m)

Regenerator Vertex Z distribution

Littenberg Symposium June 24th 2016 R. Tschirhart



Raw K= 7 Statistics: o(g’/g) = 1.7x10*
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Final KTeV Measurements of

CP Violation and CPT Symmetry st e Lttt
vl Darticla Phucice Sanmio: NA31 — 23.0+ 6.5
BML Particle Physics Seminar
NA48 —o— 147+ 2.2
Elizabeth Worcester
University of Chicago KTEV 19.2+ 2.1
August 25, 2011
0 10 20 30 (x10™
For the K'TeV Collaboration: Arizona, Campinas, Chicage, Colorade,
Elmhurst, FNAL, Ozaka, Rice; Sao Paulo, ICLA, "~'EI:_:|I!|i.'.,1'-1l- SCOnSin New World Ave. e 16.8+ 1.4
+ 60r
c |
X 4ol — KTeV + NA48
< NA48
E 2f a\
: |7 s phase+GPT
0 .
: \J
4l KTeV
A0+
.60-|1||JL|11|1\||\|||||\||J|||L|JL||
0 5 10 15 20 25 N F
Re(e'ex10°

Phys. Rev. D 83, 092001 (2011).
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Epsilon-Prime* Strikes Back!
REVISITED

Is new physics hiding in plain sight?? Renewed prospects of a
precise determination of Re (¢'/¢)* in the Standard Model.

*Re (¢'/e) = 1/6[ 1 - T(K »nrn /K> ntn)/T(K =710/ K> 7'n0) ]
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Serendipity: Resolution of the V /V /V

non-Unitarity tension by precision
measurement of K —mev decays.

PDG

2004: |V 4|24V |2+|V |2 < 172

—O0—

K+

E865 [10]

PDG O
KTEV

Leutwyler and Roos [9]

Bijnens and Talavera[11]
Becirevic et al. [12]
Jamin et al. [13]

0.21

0215

f,0)(1-IV IV, %)

1

0.224
|

IV, I1,(0)
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0.974

New Physics models squeezed
out beyond the 5 TeV scale

Enrico Lunghi, LME-2010, Fermilab
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Serendipity: Resolution of the V /V /V

non-Unitarity tension by precision
measurement of K —mev decays.

2004: |V 4|2#| Vs 2|V |2 < 122 2010: KTeV,BNL-865NA48 KLOE
K* 0.228 |\ | "y e . =m
V.. (0"—0
PDG |1 Yus wa (0 —0)
E865[10] ——0—
PDG O 0.226 I
KTEV H—— P
f,0)(1-IV IV, %) fit with
Leutwyler and Roos [9] R HRIEQHLY
Bijnens and Talavera[11] ; O , 0.224 I
L : K2
Becirevic et al. [12] I o W Ly Voo »
Jamin et al. [13] | 0 | e
! ! ! | ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! 9-"l
0.21 0.215 0.22 0.225 Z V4l
N 1 L L L 1 1 1 N
V! 1,00) 0.972 0.974 0.976
Enrico Lunghi, LME-2010, Fermilab
New Physics models squeezed
out beyond the 5 TeV scale
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KTeV and BNL-865 Resolve the Unitarity
Tension of the CKM matrix,

followed by important contributions from
NA48@CERN and KLOE®Frascati

PDG 02 ' PDQ n2
= KTEV " KTEV 2
e ——
pR& 038 04 o0& 027 02725  0D27F
B(K —mnev) B(K —mpv)
PDG 02 . PDG 02
KTEV : ) KTEV
——i ——i
019 0.2 o 021 0.124 0126, 01
B(K —3n) B(K»nrmn)
PDG 02 PDG 02
KTEV KTEV
lon. 2l —a—

0.85 0.0 0!
1000 x B(KL—:oirg[FnU)

Phys. Rev. D 70, 092006 (2004).

' g 2.1
1000 x B(K —»n'n’)

R. Kessler E. Blucher, S. Glazov,
University of Chicago
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http://ktev.fnal.gov/public/ktev_pubs.html%23brprd

KTeV Rare Decay Program (%). Manifest in the
PSI Littenberg Summer School Lectures
August 18th-24th 2002

TABLE 1. Rare K decay modes under recent or on-going study.

KT —mrvy *KL — vy *KL — no;ﬁy_ *KL — nlete
Kt —=ntutu- K™ —nTete K — utu K —eTe
Kt—ntetey Kt —ntn®w KK —etetutut KT —ntnly
XKty KK —ntneter Kt —mtnleter Kt — nlutvy
KK — n'yy KT —ntyy K™ —utvy KT —efveTe
KT —utvete KT —etvutu *KL —etey *KL — Uy
KK, —eteyy KK —utuyy kKL —ete ete Ik —nletey

KT —ntute *KL —nlutet Ky — e KT —mn utet
Kt —metet K™ —m utut Kt —ntx’ KK — etet utut
Kt —mty *KL — n'nlete

T — R03+v€ T — e+v€_ T — e+ve'y T — e’ veeJre_
T — e+vgvx_f *Tto —eTe *nﬂ —eTe eTe 0 — vy

n’ — ywv n — 3y *nﬂ — ue
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KTeV Detector in the
Rare-Decay Configuration

Spectrometer u Hodoscopes
Mognet .y
Photon Veto Detectors Hadron Vem

- TRO C 5|

- E Bock :

\/ocuum"-‘WIndow Drift S Anti e
Collimator Chambers Trigger  Muon
| | | | | | | I_!Odosccl)pes IFllE'?r
100 120 140 160 180
Distance from Target (m)

— Decay Region
-_- 2 KL bea mS

‘. Sweeping
. Magnet
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Designed for State-of-the-Art Sensitivity to
KO, —mPe and K° —mlup

Backgrounds for K, — te*e-

Other backgrounds come from a
kaon decay modes such as
K — nonOn0y .

The most significant and dangerous
background comes from K, — eeyy
decays.

K, — mOmOn0,,

+ F
0
mwe v+ n..¢

The normalization mode is
0.0
K. — ¥ty

LLt;*YX
YX

Littenberg Symposium June 24th 2016 R. Tschirhart

June 26th 2003 R. Tschirhart




From Kaon-2013 Littenberg Presentation

10}

ol
o
S
Q 50
q p—
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0| = 30j
4 ,
<
3 T
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i e
- KTeV:
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< 3801012 e
~ “Imi
- 10
KTeV:
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< 280x10-12 4
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B(K.—»ne'e) (x1077)

Figure 4: From Ref. [17], 25%. 50% and 75% confidence-level regions for the Standard Model (assuming
positive interference) and the enhanced-electroweak-penguin model of Ref. [12], taking into account all the

present uncertainties..

Phys. Rev. Lett. 93, 021805 (2004).
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http://ktev.fnal.gov/public/ktev_pubs.html%23prl84_5279
http://ktev.fnal.gov/public/ktev_pubs.html%23prl84_5279

K— mwfmt—e"e, Another T-odd laboratory...

K ->mmee Processes
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Asymmetry = 13.6 +- 1.4 +- 1.5 %

gcr (coupling of the CP conserving charge radius process)

= 0.163 +- 0.014 +- 0.023

<r?,,> (K° charge radius) = (-0.077 +- 0.007 +- 0.011 )fm2
|ge11/Igmil < 0.04 (90% CL)

lgmil = 1.11 +- 0.12 +- 0.08

a;/a, = (-0.744 +- 0.027 +- 0.032) GeV?2/c?

Published in Phys. Rev. Lett. 96, 101801 (2006).
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Rare Decay Serendipity
High Detector Acceptance

1200 | Entire KTeV Data Set Red — singcosg > 0

Blue — singcose < 0
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BR(K;— n*ne*e ) = 3.6x10"’

Asymmetry = 13.6 +- 1.4 +- 15 %

gcr (coupling of the CP conserving charge radius process)

= 0.163 +- 0.014 +- 0.023

<r?,,> (K° charge radius) = (-0.077 +- 0.007 +- 0.011 )fm2
|ge11/Igmil < 0.04 (90% CL)

lgmil = 1.11 +- 0.12 +- 0.08

a;/a, = (-0.744 +- 0.027 +- 0.032) GeV?/c?

Published in Phys. Rev. Lett. 96, 101801 (2006).
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What High Performance
Calorimetry brings to Rare Decays
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FIGURE 7. Left: history of m° — e"e™ measurements from Ref. [35]. Horizontal line is the absorp-
tive contribution from ©° — yy. Right: Reconstructed m,, distribution for n° — e*e™ candidates from
Ref. [35].

BR(n%—ee) = (6.44 +- 0.25 +- 0.22) x 10-8 Littenberg, 2003 Review
Published in Phys. Rev. D 75, 012004 (2007).
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Tour-de-Force of
K.2yy*and K, =>y*y* daughters...
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i

Phys. Rev. Lett. 99, 051804 (2007).

Phys. Rev. Lett. 90, 141801 (2003).
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The KTeV Legacy

 Established decay-amplitude
matter-antimatter asymmetries
together with our CERN colleagues.

* Probed many, many rare-decays that
have cranked up the tension on the
“flavor problem"”.

 Substantially advanced the state of
the art in precision calorimetry and
data acquisition in High Energy
Physics.

 Developed next generation leaders
for the field.
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1990's Br'ought Clear Emergence of the
Flavor Problem

Why don't we see the
Terascale Physics we expect
affecting the flavor physics
we study today??
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Flavor Problem

Why don't we see the
Terascale Physics we expect
affecting the flavor physics
we study today??
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The Post-KTeV Era: Next Generation
Rare Decays to Crack the Flavor Problem

010 tm—— |00 2

Kaons at the Main Injector (KAMI)
proposed

Charged Kaons at the Main Injector
(CKM) proposed and granted scientific
approval

BTeV, CKM and RSVP cancelled in the
inaugural P5 process

The MuZ2e experiment advances in the
second P5 process

ORKA proposed and granted scientific
approval

ORKA and Project-X kaons cancelled by
the P5 process

Mu2e continues; Project likely to succeed Amalfi Coast, June 2013
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Laur's advice towards developing
the Fermilab Rare Decay Program
for the post KTeV era..
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Laur's advice towards developing
the Fermilab Rare Decay Program
for the post KTeV era..

 Eschew elegance, embrace overkill.

» Redundancy, Redundancy, Redundancy.

* You will over-estimate your acceptance

* You will under-estimate your backgrounds

* You are worried about biasing your signal;

* Now worry about biasing your backgrounds....

-Laur Littenberg, rare-decay workshop at
Fermilab in the 90's
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The NA62 experiment at the SPS MIEZQ

75 GeV secondary positive beam LAV RICH MU
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Forbidden pion and kaon decays in NA62 — M. Moulson (Frascati) — KAON 2013 — Ann Arbor, MI — 29 April 2013 13
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Back in the lab frame!

A. Ceccucci , Chiral Dynamics Pisa, July 2,
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RICH PERFORMANCE MJEZQ

| NHits vs Momentum
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A. Ceccucci , Chiral Dynamics Pisa, July 2, 2015
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ORKA .
ORKA is a 4" Generation Detector
- x100 sensitivity - |
x10 from kaon flux, x10 from de'rec'ror'
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Laur and Colleagues made Leading Contributions
towards Understanding the:
Definitive Measurement of K->nvv

In the Project-X era the Fermilab
ORKA experiment could have
precisely measure the rate and
form-factor of K*->nvv .
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The Project-X era presented an
opportunity to measure the holy grail
of kaon physics with precision:
KL_)TCVV-.

3 GeV Protons 4 ‘ ‘j_,f ’
20
"S*L'L[ =

40 ns
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Laur and Colleagues made Leading Contributions
towards Understanding the:
Definitive Measurement of K->nvv

In the Project-X era the Fermilab The Project-X era presented an

ORKA experiment could have opportunity Yo measure the holy grail
precisely measure the rate and of kaon physics with precision:
form-factor of K*=>nvv . K —>nvv.

AN VAV VANV N NRRANVNNNAN

EXCESSIVE ORDNANCE? [ESSN

- _
40 ns KE-) TCOVV

Buffy doesn't think so.

Littenberg Symposium June 24th 2016 R. Tschirhart



Legacy of Littenberg/Bryman
guidance for the next generation
rare decay program at Fermilab...

\\.‘\\___._ ___———" Remarks: How to lose a factor 10 (100...)

in a LFV experiment?
Tension between needing high rates and high sensitivities.

« Optimistic resolutions — excessive rates or beam
contamination?
+ Optimistic acceptances — extra losses due to cuts?

+ Missing background sources e.g. due to high energy
production or multiple low probability events ...

« Cosmic rays and other effects?
* Fill in your own....

Posted above the
Mu2e Project
Manager's desk
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"Sage” advice to Postdocs Today...

e Flavor Physics is boring
e The future is neutrinos
* Collider physics is over after the LHC

« Cosmology will be a rich Garden of Eden with bountiful
new physics

 Oh, and don't worry, senior faculty will be retiring soon...
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Advice from a real Sage* Regarding
the Future of Rare Decay Physics...

* "Don't worry too much about what others will or won't do.
 If you are going to do it, don't scrimp!

* Allow enough running time (years) for development, mid-
course corrections, upgrades, and learning as you go."

*Littenberg, Villars 2004; as CERN considers it future.
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Amalfi coast, June 2013
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alfi coast, June 2013
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Hawaii; c’r 2010
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Spares
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K% —mn%e, K° —>nup and
related backgrounds

*«K_->p°e* e BR < 2.8 x 10-10 (90%CL) .
Published in Phys. Rev. Lett. 93, 021805 (2004).

K ->p°m*m- BR < 3.8 x 10-10 (90% CL)
Published in Phys. Rev. Lett. 84, 5279-5282 (2000).

* K. ->p° n n-bar BR <5.9 x 10-7 (90% CL)
Published in Phys. Rev. D 61, 072006 (2000).

*K ->e"egg

BR(Egamma*>5MeV) = (5.84 +- 0.15 +- 0.32) x 107,
based on 1543 events including 56+-8 background events.
Published in Phys. Rev. D 64, 012003 (2001).

* K.->mu'mu—g g
BR(M,amma gamma > 1MeV/c?) = (10.4 +7.5 -5.9 +- 0.7) x 10-%,
Published in Phys. Rev. D 62, 112001 (2000).
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Other Rare Kaon Decays
Probed by KTeV...

* K _->pi°piCe*e-
BR < 6.6 x 10-2 (90% CL)
Published in Phys. Rev. Lett. 89, 211801 (2002).

* K ->pi%i°mu*mu-

BR(K - >pi%i°mu*mu-) < 9.2 x 10-11 (90% CL)

BR(K_- >pipi®X° -> pi%i°mu*mu-) < 1.0 x 10-10 (90% CL)
Published in Phys. Rev. Lett. 107, 201803 (2011).

« K - >pi°pi®’gamma
BR < 2.32 x 10-7 (90% CL)
Published in Phys. Rev. D 78, 032014 (2008).

« K ->e’e e'e-
BR = (4.16 +- 0.13 +- 0.13 +- 0.17 (ext syst)) x 10-8
Published in Phys. Rev. Lett. 86, 5425-5429 (2001).
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The Dalitz Decays...
« K ->e*ey
BR/BR(K, - >pi%i%%i°,) = (1.3302 +- 0.0046 +- 0.0102) x 10-3,
CalphaK* = -0.517 +- 0.030(fit) +- 0.022(syst.)

alphag, = -1.729 +- 0.043(fit) +- 0.028(syst.)
Published in Phys. Rev. Lett. 99, 051804 (2007).

* K ->prpoy

BR = (3.62 +- 0.04 +- 0.08) x 107 ,
alphay« = -0.160 +0.026-0.028,

Published in Phys. Rev. Lett. 87, 071801 (2001).

* KL ->eterprpr

BR=(2.69 +- 0.24 +- 0.12) x 10-° ((M_.nn/M)? > 0.95) ,
Form factor alphay,y = -1.59 +- 0.37.

BR(lepton flavor violation) < 4.12 x 10-11

Published in Phys. Rev. Lett. 90, 141801 (2003).

Following BNL measurements and searches of Carrol et al:
Published in Phys.Rev.Lett. 44 (1980) 525
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Other Rare Decays Probed
by KTeV..

« K _->pi*e nu e*e-

BR(KL->pi*-e-*nu e*e~; M,,>B5MeV/c?, E,, > 30MeV)
= (1.285 +- 0.041) x 10-5,

Published in Phys. Rev. Lett. 99, 081803 (2007)

« K. ->pi® e* e- gamma
BR = (1.62 +- 0.14 +- 0.09) x 10-8
Published in Phys. Rev. D 76 052001(2007).

« K ->pi°mu e
BR < 7.6 x 10-11 (90% CL)
Published in Phys. Rev. Lett. 100, 131803 (2008)

« K ->pi%i°mu e
BR < 1.7 x 10-190 (90% CL)
Published in Phys. Rev. Lett. 100, 131803 (2008)
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Rare pion decays probed b
; KTe P Y

« pi® ->e* e-
BR(pi°->e*e-, (Mee/Mpi®)? > 0.95) = (6.44 +- 0.25 +- 0.22) x 10-8
Published in Phys. Rev. D 75, 012004 (2007).

* pi® ->e* e e* e-

BR(piO ->4e) BR(piO->gg)/BR(piO->eeg)? = 0.2329 +- 0.0015 +- 0.0010,
BR(piO->4e; x>0.9) = (3.26+-0.18) x 10-5,

Published in Phys. Rev. Lett. 100, 182001 (2008)

« pi®->mu e

BR < 3.6 x 10-19 (90% CL)
Published in Phys. Rev. Lett. 100, 131803 (2008)
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