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K™ — 77vo in the Standard Model W
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The unitarity of the CKM mixing matrix. ..
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...constrains the relations between the matrix elements, e.g.:

which can be drawn in the complex plane as a “Unitarity triangle”.

It is convenient to use the Wolfenstein parametrization in which
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Processes with small theoretical uncertainties

Process Experiments

BK*T — ntvi) E787/E949
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ratio of “mixing” frequencies of neutral B mesons
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B(K™ — wtvi) measures Viq independently of Amg/Amy

B(Kt — ntvw), B(K} — 7vi) v. sin2f from B factories:

Comparison of CP violation in K and B systems
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Standard Model prediction of B(K™ — ntvp)

e Hadronic matrix element from u u
isospin analog reaction K* °
KT — 7%t v, (+ corrections) S u
e Long-distance effects small (10713) W <e
v

e Total theoretical uncertainty ~ 7%

Present predicted Standard Model value:?

(0.78 £0.11) x 10~19

2Buchalla and Buras, NPB548 309 (1999); Isidori, hep-ph/0307014; Buras, hep-
ph/0402112
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Detection Strategy

Positive i.d. of single KT entering, stopping, and

decaying in target (@) garrel

e Particle i.d. (Cerenkov, B4 dE/dx) upstream of Veto 11—

target. BVL

e Scintillating fiber target for energy, time, and stopping Stge ‘ :

position measurement. Rséffdcap — —

o “Delayed coincidence” (DELCO) between K1 stop, Collar - G/ Collar
and subsequent detection of outgoing particle. K+Beamv:/k P, *Taret —N
Positive i.d. of decay particle c URv eAD BllDriftCharLberg oY

e Precise momentum measurement (UTC).

e Tracking in range stack: measure total energy and
range (with target and I-counters).

e Observe complete @ — u — e decay in stopping
counter with 500 MHz Transient Digitizers (“TD”)
Veto energy not associated with

K — m — pu — e decay chain

e Look for extra particles entering the target

(B4, BWPC, Cerenkov).

e Look for photon, neutron energy at KT decay time,
and accidental hits around stopping counter at 71 decay

time.
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E949 Upgrades to E787

Detector/electronics/DAQ upgrades

e RS Layers 1-5 replaced: better trigger €, dE/dx

e Barrel veto liner

Adds 2.3 Xy = Better 7° rejection

e Higher segmentation (16 x 16) beam hodoscope (B4)

WLS fiber readout for better position resolution and pile-up rejection
Upstream “ring veto” improves 2-beam background rejection

e Segmented active degrader

e Upstream, Downstream photon vetoes

e New PLD trigger boards: Reduced deadtime

e RS TDC readout: et i.d. without TD info. Smaller data size, reduced
readout time

e RS LED monitor system: Improved energy calibration

e New RSSC elcectronics: better z in RS
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AGS Upgrades

More, better beam

e 60 weeks of running in FY01-037 X109 E787/E949 1995-2002 Doto Toking Summory
e Longer spill, higher duty factor: R AP — S S ——
65 Tp/spill, 4.1s/6.4s. duty cycle ;3 | | | | | | | |
5M live K stops/spill! S
e Goal: 5-10 SM events 3

2000 | B A o
"What really happened. .. . e F | | | |
e FYO01 : 10 weeks = 0 weeks (g-2) 1900 """"" f;-1995(57s7)
e FY02 : 25 weeks = 12 weeks i a | | | |
(broken generator, separator) 1000 = b g
e FY03 : 25 weeks = 0 weeks A ol | | |
o 'TGenerator: 22 GeV instead of 24 GeV; s — """"" I o
2.2s/5.4s v. 4.1s/6.4s; 10% lower K+ /™ ratio I : | | | | |
2.5M K stops/spill 0 Om;:"’f e 2001, (ES4SIEnginenting )l L1, éci)d

e Separator: KT /7t further reduced by ~ 20%

days (from beginning of run — e.g. 3/7/02)
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Photon veto improvement

e Better small-angle coverage.
e 2.3 more radiation lengths in
barrel

Figure: background Rejection as
a function of K¥ — wTvv signal

Acceptance for the photon veto
cut for E787 and E949.

~ 2X better rejection at nomi-
nal PNN1 acceptance of 80% or
~ 5% more acceptance in E949
with same rejection as E787.
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Backgrounds to K™ — ntvw

P (MeV/c)
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Background measurement considerations

e Aim: Reduce total b.g. to O(0.1) event = need S/N gain of ~ 10!
Use at least 2 independent cuts for each background

e Need to predict b.g. levels before looking in signal region

“Blind analysis”

e Use data for b.g. estimates wherever possible; need unbiased
measurements

Use 1/3 of data to tune/set cuts; other 2/3 to measure backgrounds
e How to measure total background levels of ~ 10~! events?
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3
B D
signal region —-A C
cut2
B D B D
A C A C
invert cut1 apply cut2
B+D events B events
B D B D
A C A C
invert cut2 apply cut1
C+D events R = (C+D)/C

Bifurcated Analyses

if cut1,cut2
uncorrelated,

A/B=C/D
A = BC/D

bg = B/(R-1)
=BC/D

Potential Problems

e Undetected correlations

Background Normalization Rejection

or crosscheck
Ko v tagged Kinematic tagged
K2 TD tagged Kinematic tagged

Single beam

Double beam
Kt 5 K% CEX

TG Del. coin. tagged
BWPC tagged
CEX cuts tagged

B4 dE/dx tagged
B4 2-hit tagged
K g-based M.C.

e New or unaccounted-for background
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Mapping the signal space

Background probability functions

“Outside-the-box” studies

e Constructed by relaxing and tightening
cuts on the different backgrounds

K 2: adjust kin. cuts, ¥ parameters %
K, >: adjust k.ln. cuts‘, T_D cuts o bg = BC/D 5 D
Beam: adjust coincidence timing
windows
e Two results: signol region (A C
Testable prediction outside the box ' cut2
before looking inside. predict 0
A priori (i.e. unbiased) evaluation bg'=BC/D'-BC/D 2| B D’
function inside the box for interpretation mask out box g’,
of candidate events. and observe 2 A c
outside—the—box region .
f box=generalized signal region log scale —>

e Correlation studies

e Single-cut/double-cut failures

e Check predicted v. measured
backgrounds

e Look for anomalies and “loop-holes”
in analysis
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Signal region definition and candidate event evaluation

Old method: “Cut and count”

e Cut hard: set upper limit on background
(<< 1 events)
e Measure acceptance, integrated beam to

get S.E.S.
e Open box...

e Does not use all available information

e Difficult to assess effects of background,
acceptance systematics

e Difficult to
different measurements

combine results from

Joseph Mildenberger 15

New method: Likelihood analysis

e Divide signal region into many small
regions, (“cells”) ordered by S:N

e Don’t worry (too much) about increased
background (~ 0.3 events)

e Uses more information

e Increased signal acceptance

e Analysis accounts for background
expectations in b.r. and conf. limits

e Assessing effects of systematics easier
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Results

e 2002 background levels

Background | Events

Ko 0.216 £+ 0.023

K2 0.044 £+ 0.005

K,m 0.024 + 0.010

1-beam 0.006 £ 0.002

2-beam 0.003 £ 0.002

CEX 0.005 £+ 0.001

Total 0.298 + 0.026

e 2002 sensitivity
ET787 E949

# KT 5.9 x 10'? 1.8 x 10*2
Total Acceptance | 0.0020 £ 0.0002 | 0.0022 + 0.0002
Total Background 0.14 £+ 0.05 0.30 £ 0.03
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Inside the box...

N
o
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A E949 2002
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Event display
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Pertinent details

Date
Tape/run/spill/event
Time in spill

Kaon energy in target
Kaon time in target (f )
z of kaon decay vertex
(z,y) of kaon decay vertex
Pion energy in target
Pion range in target
Pion time in target (t)
Pion time in IC (ictime)
cos3d pion track

PhiO of the pion track
Pi5tq1 of pion track
Ry,tq1 of pion track
Eiotql ©f pion track

RS stopping sector/layer
Pion lifetime

Muon energy

Muon lifetime

Range-momentum

April 2, 2002
30266.3.2/48634/335/76046
1.27s

79.7 MeV
0.6 ns

8.9 cm

(-2.8, -1.6) cm
20.8 MeV
7.6 cm

4.9 ns

3.8 ns

-0.24

1.42

227.3 MeV /c
39.2 cm
128.9 MeV
3/14

6.2 ns

3.7 MeV
1370.53 ns
0.63

Joseph Mildenberger

19

R (cm)

e
[<)]

40

38

36

34

32

30

28

180

190

200

210 220 230 240 250

P (MeV/c)

Beach04 30 June 2004



2002 candidate on its own

Tolz) x 1077

e Branching ratio: (0.96

Combined measurement

e Branching ratio: (1.47

) X0

e 1 — CLy: 0.074 (N.b. a priori) e 1 — CLp: 0.001 (N.b. A priori)
o8 : Central value b.r. 22 3 Central value b.r.
I Corf. intervals | el Cont. intervals |
E787 E949
Candidate 1995A 1998C 2002A
S;i/b; 50 7 0.9
Wz’ = Sz/(Sz -+ bz) 0.98 0.88 0.48
1 — CLy 0.006 0.02 0.07
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Dependence on candidate S/B

4
<5 L 84% upper c.l. |
i central value | ——
5 L 84% lower c.l. | e
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Consistency with/influence on unitarity triangle (G. Isidori)

B constraints included B constraints excluded

i I \ ‘\\ i /
. \\ W
] { L \\f\\ ] {
I | ! I B \ l | !
| I | | N | I |
; ! ! ! ! ! R ! ! ! ! \ ; ! ! ! ! ! R
-1.6 -1.4 -1.2 I-1 -0.8 06 'l-04 | -0.2 0.2 i 0.4 0.6‘\ 0.8 1 -1.6 -1.4 -1.2 I-1 -0.8 06 'l-04 | -0.2
| |
| |
: | ! ) \ : | !
l 1 4 l 1
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Kt — 7mtvv below the KT — 779

peak

itrary units

~

e Lots of phase space

e Some different KT decay modes prominent:
K™ decay Branching ratio Background level
T w? 0.211 0.40 £ 0.15
ataly 2.8 x 1074 0.006 4+ 0.002
ptv,y, utv,=° 0.033 0.009 + 0.009
rtr~etv, 4.1 x 107° 0.026 4 0.026

e Problematic background from ntx° where n1 scatters

inelastically in the target

e ~ goes off through beam pipe, or “hides” in target

e correlates kinematics with y-veto

e Tag events with “kink” in target track, and/or extra energy ~w.

in target

e Use digitized pulse shapes from target CCD’s to find pulses

in KT fibres

Joseph Mildenberger
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Analysis of 1997 data set now completed; in publication

E W e o
I
Name «“PNN2?” “PNN1”
P, (MeV/c) [140,195] [211,229]
Years 1996-97 1995-2002 al | -
Stopped K* 1.7 x 102 77 % 1012 e
Acceptance ~ 0.1% ~ 0.2%
Candidates 1 3 g
Background 1.22 4+ 0.24 0.45 + 0.06 ]
BK* - ntup) | <22x 10710 | (1.477130) 10710 | &
PNN1: Accepted by PRL; %"’ E

http://arXiv.org/abs/hep-ex/0403036, TRI-PP-04-07

90
s

PNNZ2: limit at 90% CL is combined result from 1996 5 <_() ;
(PL B537, 211 (2002)) and 1997 (hep-ex/0403034) data. S

0 50 100 150 200 250 300
M, (MeV/c?)
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KOPIO: measurement of B(K} — 7'vi)

Kt - 7ntvi | KY — 7

Top dependence Ae|= |ViEVia| | Im(A)=Im(V;% Vi)
Calc. BR (10719 | 0.78 +0.11 0.26 & 0.05

Est. theor. uncert. | 7% (charm) | 2%

KOPIO Window of Opportunity

107 4 \KTev upper limit
. e Improvements over KTEV
107 Grossman—Nir limif B
Py ~ based on E787 K result
I\ L2 il M M
o 0] - o Usen® — vy (~ x83)
110" -
S | | | | —_— o More acceptance (~ x5.6)
o 107" .
074 i o More decaying K{’s (~ x800)
wofﬁ

1 3 5 7/ 9 11
Theoretical Predictions
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Background supression strategy

o~200psec
ﬁ 40nsec o
\ |

Vs

KL% —- e —

Barrel Veto
7
-
,Z,/ C -
e O 2
. = )
________ - O .
S o 9
~. 8 O
o ) O
> fl
~
o =
DN =
\\\\\ N—
V‘\-

° K% produced by “micro-bunched” beam:
oat = 200ps = p .0 from TOF
L
° K% decays in evacuated region

e Preradiator to measure v PID, position, direction:
= K% decay vertex —> Work in C.M. system

e Calorimeter completes v energy measurement

e Upstream -~ spoiler, 47 photon veto, charged-
particle veto surrounding decay volume
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e 3 years of R&D so far

e $2.5M this year for
“advanced planning”

e Baseline review in
early 2005

e¢ RSVP onstruction start
in FY05 requested
in NSF budget
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Progress in measuring K+ — 7t v
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Branching Ratio (K* — m*vi)
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Summary and future prospects

o Kt — ntup: Explore SM physics
and search for non-SM effects
0
(-
77 Bd-| ©
. IS
Q O
A\\’P Q >
7‘{\K AN
Q& K - O
04
e
AVceb
e ET787/949: demonstrated ability to

detect and measure KT — n v

e Upgraded detector and electronics able
to function in high-rate environment

e Analysis has shown steady improvements

from

1. Better understanding of backgrounds
and systematics

2. Improved analysis techniques

Joseph Mildenberger

28

e Successful transition from “cut and

count” to full likelihood analysis
¢ Equiv. to background subtraction

¢ Increased signal acceptance:
No longer require Npie << 1

¢ Ambiguous events accepted and given
appropriate weight in branching ratio
and limit measurements

¢ Quite insensitive to systematic effects
e 1 new candidate found in 2002 data set

¢ Low signal:noise value:

~ 1 at measured b.r.
o Combined B(Kt — ntvp):
+1.30 —10
(1.477 3g) X 10
0.005 < |[Viq| < 0.027
o B(KT - ntX%: <0.73x10" "'
(based on 2002 candidate; 90% c.l.)
e Present results consistent with Standard
Model predictions, but low stat. prec.

e Some hope for future running, based on
pending NSF proposal.
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“Extended box” S:N-ordered cell construction

e Background functions are like the basis functions of a 7-d space

e An event’s locality in this space determined by:

v veto timing windows/energy thresholds (PV) —
2. Proximity (E, P, R) to Kr2 peak (Kp2) =
3. m — p — e properties via NN function (TD) <—
L 4. Proximity (P) to K, “tail” (Km2t)

5. Proximity (R,P) to K 2 “band” (Km2b)

ST | 6. Kaon lifetime, or “delayed coincidence” (bm1)

7. 2nd-hit timing in beam wire chambers (bm?2)

e Sample functions at discrete points to form a grid of “cells”;

calculate (absolute) background levels (b) and (relative) signal

acceptance (s) in each cell.

.39985

QT T T T

0.3998

ot 2 Nikr2 = Niotalikr2 X dNkp2 X dNpy X
.-
TeBn T dATp X dApm1 X dApm2
- e . s bi = Nikgp2+ Niky2t + Niky2e +
- Ni;bml + N’i;bm2
S; = 1 X dAKp2 X dApV X

dATp X dApm1 X dApm2
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Confidence level calculation (T. Junk, NIM A434, 435 (1999))
e Get the conf. lim. by finding/summing all

° Deﬁr}e an qptimal “test.statistic”X, configurations of d; that give X < Xops
the Poisson likelihood ratio: for s + b, and b only: -
M
CLs—l—b = Ps—l—b(X < Xobs)
X = I I X; d’
_(3 +b; )(s + b, ) 1
i=1 _
) > I
. (it oy p% TP X({al <X ({d;}) i=1
i pr—
4! ;! CL, = Pu(X < Xgps)

d;
N (HE) B Z H —<b>(b) i
b'i -

X d’ <X({d. i=1
b;,s; : expected sig., bkg. in each bin ({d; H=X{d;})

i ¢ Fobserved events in each bin e Get the B(Kt — xtuvp) limits from the

C te the Poi babilities f . :
¢ Lompute the olSson probablities 1ot “Modified Frequentist” confidence level:

s+ b and b only:
CL; =CLs1p/CLy

M
e~ (8iFbi) (5. 4 b,)%
Ps+b =
I I d;!
i=1 e Scan over large range of “expected signal” to
Mg, get a complete set of confidence levels.
P, = I I ¢ b e 1995-97: divide signal region into 2 bins
;! e 1998: divide signal region into 486 bins
=1

e 2002: divide signal region into 3781 bins
e Combine contiguous (in S:N) empty bins
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Examine TD properties closely

I PRI BRI ik i D Sl "\"\’* e
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
emutcl vs tdvar tmuav] vs tdvar

1034

s L1 ‘ Lol \. ‘ -] L1 ‘ I ‘ I ‘
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
log10(prod1) vs tdvar logl0(cmuend] *cmuend2) vs tdvar

10 =
I | ‘ | ‘ | ‘ I ‘ I I | ‘ I I | ‘ L ‘ | ‘ | ‘ I 20 j ,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,, ,,,, ,,,,,,,,,,,,,,i,,
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 P b b e |
NN Output ’ o dtl ‘(')S.S‘d\’ﬂ‘ o I 0 o Zpi-zmg‘?/s tdvar 07 :

Conclusion: Inconclusive. ..
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Sensitivity to systematic effects

e Magnitudes from

outside-the-box correlation fit errors
(backgrounds: ~ 20%; Acc. X Nk: ~ 10%)

e Re-measure b.r./limits with various assumed
background and sensitivity mismeasurements
e Fold in effects via weighted sum of

c.l. v. b.r. curves

4
35 F
5 -
[ S S . B e |
b0 0 0 o ©
2.5 F
[ KﬁZ
2 b
K, (band)
1.5
2—beam
Tr
05 ?70———&———9———0——— B S S S
o ) AT AN T A B I B S
-0.4 -0.3 —-0.2 —-0.1 0 0.1 0.2 0.3 0.4
84% limits v. relative mismeasurement
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