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S Where the frontier lies
IS reckoned from measurement of virtual
effects. This inference requires good theory
(ex: W/Z + top == Higgs) |
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Evelution of the Rarity Frontier...
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TThe KTeV: Experiment

Startup E83z2

The KTeV Collaboration:
. . . 1996 Re{s/g)
Arlzona’ CamplnaS (BraZIl)’ Jan [ Feb | Mar | Apr | May [ Jun | Jul | Aug | Sep | Oct | Nov | Dec

Chicago, Colorado, Elmhurst,
Fermilab, Osaka (Japan),
Rice, Rutgers, San Paulo
(Brazil), UCLA, UCSD,
Virginia, Wisconsin

Two KTeV Goals:

E832: Measure Re(efe) (Decay Amplitude
Matter-Antimatter Asymmetry)

June 26th 2003

E799:. Advance the K, Raritx Frontier by ~ x50.
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KTeV Menu Today:

e Prospects of Precision Measurements:
Re(€'/e); Direct CP Violation.

Based on 600 Billion K, decays:

e New Results on Medium Rare Physics:
K = pple™n; K, = ete'g K, = e‘ee’e"

e New Results on Ultra Rare Physics:
K, = pe*e’; pone.
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Measurement of Re(€/€)

IF the 4 modes are talken
e simultaneously

@ I1n the same decay region

N(KL — w°w®) N(Kg — wwtraw—)
N(Kg — wa9%97°) N(IK1. — wwta—)
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TThe KieV Detector (E832)
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Sample K — w7~ Event
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Magnetic spectrometer to reconstruct
kinematics.

Regenerator/Vacuum beam identification
using xr-vertex position

Clearance cuts define iducial volume.
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Sample K — 7979 Event
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Csl calorimeter to reconstruct photons energies
and positions

z. determined as average of
zoo = WV E1FaRqi2 /1m0

Regenerator/Vacuum beam identification using
x-center of enegy

Fiducial volume defind by veto detectors & =z,
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The KTeV Detector Performance

NEUTRAL:

e Csl energy res: 0.7% at 15 GeV (1.3% at 3
GeV)

e (sl position res: ~ 1 mm

E/F Resolution for Electrons from K —mey
xd0d o 02
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CHARGED:
e Drift Chamber resolution: 100 pm.

e MNMomentum resolution:

% = 0.17% & 0.0071% - p [GeV]

oc(Mp+r-)~oc(Mpow) ~ 1.5 MeV
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Raw K% pp Statistics(1997): s(€/e) = 1.7x104
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Thousand avants per m
Thousand events per

K, and Ksdecays have different decay distributions.

Use Monte Carlo to under stand acceptance correction:
(e¢'/eunits; ~5% in R)

~70 x 104 from geometry

~10 x 104 from resolutions and inefficiencies
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= Data
— Prediction
— Prediction without interference

- GeV < P, < 50 GeV

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

Regenerator Vertex Z distribution

Events per 0.5m

-
]

Dm, t_, T,
Measurements :

gy sl Dm = (52.61 + 0.15) x 108 hs

Measurements of direct

CP violation, CPT te =(89.65+0.07) x 10%s
S enc oher F, =[(44.12+0.72 (stat) + 1.15 (syst)]°

parameters in the

neutral kaon system, Df =[+0.39 + 0.22 (stat) + 0.48 (syst)]°

(Pch{)E))sE)S.7 e Im(€'/e) = [-22.9 + 13 (stat) + 28 (syst)] x 104
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KTeV Result fior Re(ede)

G(K 2> p'p)/6(Ks>p'p) _
Re(eve) [ 1/6 |- LB )30 D) -1 |

Re(ete) = (20.7 + 1.5(stat) + 2.4(syst)) ~ 104
=(20.7 + 2.8) - 104 ('96+'97 data)

Published: Measurements of direct CP RG(EE/E)
violation, CPT symmetry, and other E731 |
parameters in the neutral kaon system, ;
PRD 67, 012005 (2003). NA31 1 B0EES

74+ 59

KTEV (half data) o 207+ 28

Update on Re(eve): 1999 data
sample is currently being analyzed B
(% of the full data sample). 0 10 fa 3 o

NA48 (full data) 147+ 22

New World Ave. '-- 166+ 1.6
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Analysis of Full E832 Data Sample

Data / Monte Carlo Comparison:
K ® p*p- from the full E832 data sample

Including the 1999 data.

Improvements in systematics are needed
to take advantage of the increase in
statistics. (Numbers in the table are

approximate.)
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Vacuum beam (K ) | Reg. Beam ("Kg")
p'p’ p%° pp’ p°p% | s(ede)y,
(10  (10°) [ (10 (110°) | (1079
96+97 11.2 3.4 19.4 5.6 1.5
gl 1999 14.9 3.7 25.8 6.1 1.4
26.1 7.1 45.2 11.7

June 26th 2003

R. Tschirhart




Understanding the Neutral Mode Energy
Scale Is the Lead Systematic
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Large Control Data Sets
Systematics...

Getting From here to there:
Calibrate with electrons,
goal is photon response.

Issues:

Different angular
distributions.

Different depth distributions.

Skewed electron momentum.
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KT'eV: Euture Prospects for the Precision
Erontier:

Improvements in neutral mode Reconstruction will

enable systematics on Re(e'/e) and Im(e'/e) [CPT test] to
approach the existing statistical accuracy.

Measurement of Re(e'/e) will remain the most precise of
probe of Decay-Amplitude CP-Violation for some time.

Significantly better theory is required to connect the this
measurement to quark level dynamics.

Lattice Community: The world Is waiting!
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Towards a New Precision Measurement
of Ki __ p*plen, e

‘ Underlying physics .

The invariant amplitude for K‘E‘i can be written as

M = ETgﬂinEEEqu(l — ¥ Jve {mw |V 4 AP | K},

with the vector and axial hadronic currents
1

(| V| K Fﬂfpaagﬁ'ﬂm +p2)*(p1 — p2)?
1
{war|Au| K} 7 [Flp1 +p2)u + Glp1 —pa)u + BR{K —p1 —p2)y].
Given the awvailable energy in the final state one can write

F= .fS'Ei&S + fP'Ei&P CCIEE.,T} iF= g.giﬁP} H = heiﬁp

Isospin symmetry, and AJ =1/2 rule, dictate that the neutral K24
is dominated by P waves far the mr state. In contrast, 8§ waves are
predominant in the charged K :1 made.
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2 .. 2
45T = Sren B0 gy o 8. 8., ®)de,ds;d cosf.dcos b, dB
(4 )b g
K

where I holds all the dependence on the form factors

= K4 Tcoa2f. 1t Iein®8,con2® L Jian20, coa® - Jrsin G, coa &

Tscoafl, + I sin#, sin ® + Jysin 28, sin & + Jp sin? 4, sin 28,

An appraximate expression of the total decay amplitude is
I' = 1970 F? + 40062 4+ 3H2 +. ..

Therefore, we expect:
s Clear determination of F and (7
s bmall sensitivity to H;

s fp should dominate over fq;
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First observation of 16 events at Brookhaven®.
ET731{FNAL) collected 729 4 15 events, reporting a branching ratin ?°:

{K; — mxTeTi{D))

=5
T{kK — all) [5.16 £ 0.20(stat) £+ 0.22{syst)] x 10

and measuring the neutral KE& form factors

falg = 0.010 0016+ 0.017
folg = —0.079+0.040 £0.022
hilg = —0.07+£0.31+0.31

The measurement doean’t demonstrate the dominance of I? waves in the Kgé
decay.

© A4.8. Carroll et al., Phys. Lett. 988, 407 (1980)
b3, Makoff et al., Phys. Hev. 71,1691 {1993}
“(3. Makoff, PhD thesi=, Iniversity of Chicago, 1993
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Ke4d Decay In the KTeV Detector.

KEW Ever Display
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E/p & m(go) Ke4d Signal: (4400 evts)
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Definition off Ked Kinematics

koon line of flight
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Background Subtracting Ke4
Distributions:

fof= 4.8 F 36

)

. e

025 03 035 04 045 05
v moss(GeV? /c*)

lidaf=g2.8 740

[T

E731 Form
Factors
used:

a 2
P{radians)
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2 tdaf = 53,9 7 42

015 0.2

e maoss(Gev*,/c*)

Pidaf = dB.1 7 49




Prespects for KTeV' Neutral Ke4
Veasurements:

e A clean signal of 4400 events has been found
from the 1997 data set. Comparable
statistics exist in the 1999 data set.

e The statistical sensitivity for both the p-wave

and s-wave pp components of x3-4 over the
E731 data set is in the offing. Results soon.

Clear opportunity to observe the p-wave
component of the decay.
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TThe KiieV Detector (E799, Rare Decays)

MUON FILTERS —___ MUOM COUNTERS

LEAD WALL —-.

Pure Csl Calorimeter: Csl GRYSTAL CALORIMETER -

(Energy resolution <1% at <E,>=
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Transition radiation detectors: DRIFT CHANBER 2~ Sy
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Samios et al Bubble Chamber Measurement 40 yrs
I
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A Large TRD System Performs well in the

KTeV Detector

Event display, showing activ-
ity in the TRD systern for
a Ky — m%r°r° event with
three #° Dalitz decays.

The TRD’s can achieve
0% electron-identification
efficiency with a less than
1% pion misidentification.
This is important In reduc-
ing background from com-
rmon K.z decays combined
with accidentals.




K, ® efeghbranching ratio and form factor

K.gg form factor

The form factor from K >e*eg
decays can be used to calculate
the “long-distance” contributions
to the decay K > nini.

The Bergstrom, Masso6 and Singer
(BMS) model can be used to
determine the form factor. The
form factor Is a function of the
parameter a,.
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One of the K= ¢g*g Descendents:

Measurements of Ky — eTe ~

The decay Ky — etTe -y proceeds via Ky — +v*y, where the virtual
photon converts internally into an ete— pair:

y

The functional dependence of the Krvvy* coupling on the g2 of the
virtual photon is called the Krvy~y form factor. It can be determined
frorm the cbserved M.. spectrum.
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K, ® efergevent selection

A track separation cut of 1.5 mm
rejects essentially all background
from external conversions.

The TRD particle identification is
used to reject backgrounds from
misidentified charge pions.

Before TRD cuts

In the 1997 data sample, 93,383

K, ~>e*e g candidate events are
observed.

The background is estimated to
be less than 0.1% after cuts.
The normalization mode is

K 2p%°°%. (ggggeterq)

et+=—y Conddote Mass
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Analysis of Systematics:

Statistical Uncertainty

Internal Systematic Uncertainty
Absclute Photon Inefficiency
Drift Chamber Inefficiencies
YVary Cuts

Energy Slope

Energy Resolution
Background

Upstream Material

Track Position Resolution
Form Factor Uncertainty
O{a>) Radiative Corrections

Total Internal Systernatic

External Systematic Uncertainty

June 26th 2003

0.26%

0.43%
0.37%
0.33%
0.23%
0.149%
0.08%
0.07%
0.049%
0.03%
0.03%

2.835%

R. Tschirhart

Kr — e—l_e_'y
Branching Ratio

Contributions to overall
uncertainty

External systematic is
rostly from uncertainty
in the «% — e+ e
branching fraction. Can
KTeV improve this?y




K, ® eferg Results (1997, preliminary)

BR(K_ >e*eg) =(10.19 + 0.04(stat) + 0.07(sys) + 0.29(norm) ) X 10°

The mass of the e+e- system is sensitive to
the BMS form factor parameter a,. .

a,.=-0.192 + 0.011(stat) + 0.009(sys)

Comparisons to Monte
Carlo with different form

factor parameters a . : :
Comparison to previous

June 26th 2003 measurements




Measurement of K, ® e'e e’e

Analysis of the Kaon Double-Dalitz Decay

Predicted rate: Br(K, ® e*e e*e’) @3.5 x 10°®

Can extract the K g*g* form factor from the M., distributions.
The distribution of the angle f between the two e*e’ planes can
be used to place a limit on CP-violating K, g*g* decays.

KTeV has previously published an
analysis of 441 events from the
1997 data sample:

BR(K, >e*e e*e’ ) =(3.72 =
0.18(stat) + 0.23(sys) ) X 108
(1997 data sample)

June 26th 2003 R. Tschirhart




K, ® e’e ee Branching Ratio

KTeV has analyzed the combined
1997 and1999 K, ® e*e e*e data
sample and has made a
preliminary measurement of the
branching ratio. Combined Form
Factor analysis is forthcoming.

BR(K >e*e e*e’) = (4.16 + 0.13(stat) + 0.13(sys) + 0.17(norm) ) X 108

1056 events were observed with a background of 5 events.
The normalization mode is K >p°%°;p°,. (gge*ege*eq)
Backgrounds mainly from e*e-g plus a conversion.

Form factor evaluation for the full data sample coming soon.
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Ultimate K& g¢g*g* Laboratory:

Measurement of Ky —eTe utu™

133 E‘I'E_p"'p_ et B
C.B eapaoted bachground asamn -

.

L L L L [ L L L L L L L L
LT3 -+ ] ¥ ] ol o - j:l = -BF -lE o al B AF o AR
B Ty irgdl
atawhu” Invarlont moss after all oot anguiar detribution of e wha eaenin T

A total of 122 candidate events remain after all cuts, with a background esti-
mated at 0.82 events.

T he branching fraction is measured to be

BR(K; »ete uTu ) =(2.624+0.22 £0.18) x 1077

Mo CHF-viclating asymmetry s seen in the distribution of sing cosg, where ¢ is
the angle betwean the eTe™ and ,u"‘,u‘ planes in the kaon rest frame.
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Looking for Lepton Flavor Violation in This

Search for AL =2
Lepton Flavor Violation

As a byproduct of the measurement
of Ky — eTe T, we have search
for the lepton-flavor-violating decay
K; — etetpu—pu~ and its charge
e cmL e cee L conjugate.

wrong—algnad aggo. maea [Gav/ ot

—
£,
3 |
o |
e
o
e
s |
o
s |
ot
i |

'?I:

=
e
-
u

No events are seen in the search region in the Pf vs M (ppee) plane,
leading to an upper limit

BR(K; — eTetuTuT) c 412 x 10711

at the 90% confidence lavel.

June 26th 2003 R. Tschirhart




Search for K, ® p°e‘e’

VK > @YK p> + eVK

EVEN>
p°g" ple‘e
The decay K, ® p®e*e decay is of Bilk, © <’ )= T DBk, e =ee)
interest because it is expected to have a :
large CP-violating component.

The Standard Model prediction for the
Branching Ratio is (3-30 x 10 —1?).

The major background is from the ViaVis - Vig Vis
radiative Dalitz decay of the kaon m A(VigVi)  mA%®h
K, = eegg.

p’g‘g* ple’e
June 26th 2003 R. Tschirhart




Backgrounds, for K, ®

Other backgrounds come from a
kaon decay modes such as

KL® popopoD_

The most significant and dangerous
background comes from K ® eegg
decays.

KL ® pOpOpOD’

+ 0
Pentp,c

The normalization mode is

K ® pOpOD K ® p°p°p°, pie On + Oace
L e"gXx
e X
June 26th 2003 R. Tschirhart gX




K, ® p°e‘e vs. K ® e‘e gg

Kinematic cuts are use to eliminate
background from K, ® e*egg

June 26th 2003 R. Tschirhart




Background from K, ® e‘e'gg

Check of background: data
--- K ® ple'e

against MC: . K® ccgg gl

0 ) e e e e e e e e A e T T - -.-I-—_-
K.® p°e’e firl‘q'FIE+

£ H il Jr+1’hLﬁﬁhtﬁtrH‘JE|ﬁ

K + - . I:I.i a3 Ed (u B (a ] (=17 1
L® eegg |Y|(|cos(q)|)

Studied K, ® e*e'gg

data by selecting events
in a diagonal Swath and I|||||||||||||i|:|||1j:|THTr1j-ll ||||||||-I|_I

outside the signal box in 05 A7 q 178 2
M, Vs M plot. min
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New: Limit for K, ® p°e‘e

Previous Result (E799Il, 1997):.
1999 Data Sample Br(kK, ® p%ee’) <5.1 x1020

M(gg) Vs M(eegg
(99) (eegg) N

1999 preliminary:

After all cuts 1 event is observed in signal box;
expected from background = 0.99 + 0.35
events

Br(K, ® p°e*e’) < 3.5 x10-10 (1999)

Combined Limit:

Br(K._® p%e*e) < 2.8 Xx1010 (full data sample, preliminary)
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Wihat about the NA48 K. Measurement?

e The NA48 Experiment at CERN has recently
measured Br(K.® p‘e’) =(6+/-3)x10°.

e This enables an estimate of the Indirect &
Direct CP Violating components:

%L ® poe+e') [CP-Violating]:
(12 [indirect] + 10 [int.] + 5[direct])x10-12

~10% of the current KTeV
Sensitivity!
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Search for K; — #9uteT

> KTeV has searched for the lepton-flavor-viclating decay mode K — a’u®eT.
The backgrounds In this search are dominated by semileptonic decays with

accidental activity, and have proven difficult to simulate.

i In the 1997 data, 2 events were observed In the signal region, compared to an
expected background of about 0.6 events.

= In the 1999 data, 2 events were observed In the signal region, compared to an
expected background of about 0.5 events.
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Search for K; — nOuTeT

> We believe that the five events are background, albeit

one not yet understood or correctly predicted.

> We therefore quote a 90% confidence level upper limit,

treating these events as though they were a signal;

BR(Kj — 7%uFeT) < 3.31 x 10719

0 0.0

> A search for o~ — ,uiﬁ using K; — 797 is also

underway. Results have not yet been determined.

June 26th 2003 R. Tschirhart




KTeV Rare Decay results (1)

Results are for '97 data sample except where noted.

Decay Mode Publ. # Events BR

Direct CP Violation
K. ® plete 2 <5.1x 10

K. ® pm'm 2 < 3.8 x 1010
K, ® p°nn 0) <59x 107
Indirect CP Violation

K, ® p*pg 8,669 (2.08 + 0.03) x 102

x B(K_ ® p*p*)
K. ® p*p ete 1,558 (3.63 + 0.11 + 0.14) x 10~

cPT and VMD

K, ® pYg 884 (1.68 + 0.07 + 0.08) x 10°
K, ® pYe*eg X 48 (2.34 + 0.35 + 0.13) x 10®
K. ® p°lete X 1 <54x10°




KT'eV Rare Decay results (2)

Decay Mode Publ. # Events Branching Ratio

Kgg® Vertex

9,327 (3.62 + 0.04 + 0.08) x 107
1,543 (5.84 + 0.15 + 0.32) X 107
4 (1.04*075  + 0.07) x 10°8

Kg'g Vertex
X 97 441 (3.72 + 0.18 + 0.23) x 108

x 97+99 132 (2.69 + 0.24 + 0.12) x 107

Lepton Flavor Violation
X 97+99 0 <412x 10%




Summary: and Conclusions

Preliminary results for K, ® pYe*e- and K, ® e*e-ete-
from the full E799 data sample were presented.

The first rare kaon decay results from 1999 KTeV
data sample were published this past year.

K,_® e*e-m'mi branching ratio and form factor

The KTeV 1999 data set will double the statistics of
the 1996-97 data reducing the statistical error for
Re(ede) to about 104

More results from KTeV rare decays expected soon —
K. ® e*e e*e” form factor with all data
K, ® e*e gform factor with full data sample
K. ® p°p®p°with p°® e*e ete
K, ® p*pete update with full data set

Ke4 branching fraction and form factors.
June 26th 2003 R. Tschirhart




KTeV 2001
i Columbia 69 P o Kel
z i o Kpd
E Columbia-Haivaid e
x wy -LCern 70
;' i E SLAC T2 o
é i 3 E.; Princeton 73 S
g = Cermn-Heidelberg 74 — o
g =
& ;=
Cern-Heidelberg 74 St
1P KTeV .
100 120 140 pon
Distance from Target (meters) Re(S ) — (16 4 + 006) X].O 3, 2000 450 L00)
Re(e )=0,(3.322+0 K | (10°)
“m R o e e £t T R Fermilab-Pub-02/007

Re(z . )= (1.661+ 0.037)x10 ° ISR

June 26th 2003 R. Tschirhart




