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Rare K-decays and Perspective

e PNN1: K™ — ntvi above K72 peak.
e PNN2: K+ — ntvi below K72 peak.
e Other results

e KOPIO: K? — 7w

Milind V. Diwan
Brookhaven National Laboratory



Consequences of Cabibbo - Kobayashi - Maskawa Mixing

neutral currents:
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No “flavor-changing neutral currents”
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Similarly following decays are not allowed
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.. or are they? Each of these diagrams s allowed:
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Unitarity of V = “G.I.M. mechanism”

VisVud + Vs Vea + VigVia = 0

No flavor-changing neutral currents at all!

Loophole: m, <« m. <« m,: the cancellation is not exact and most of the
surviving rate is due to top quarks!

The residual rate is calculable - for three neutrino flavors:

BReac(K+ = ntwi) = (0.75 £ 0.29) x 10719
A.J. Buras, Preprint hep-ph/0101336



CP and nvi_

_ KoteK
K= Jih cP~ -1
_  Ky4ekK- ~
KS — (1+k|2) CP~ +1

7% is CP even state

AK® = %) = (1/V2)A(Kt = ntvp)

A(K, = %) = Re(A(K* — ntvi)) =R
A(Ky = n%p) =iIm(A(K* — ntvi)) =1l
B(K, = n%w) = I? + 2Re(—ieRI) + |¢|*R? ~ I*

R . 3.0 x 1074

But the smallness of |¢|] ~ 0.0022 makes K; — 7%vi almost entirely
through direct CP violation (K; — 7% ).
Littenberg, 1989

Measurements of K — wvv provide CKM parameters with small theo-
retical uncertainties, but the experiments are hard.

Extend analysis to get limit on branching ratio:
B(K| — n°vi) < 4.4 x B(K* = ntvp)

Grossman and Nir, 1997
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CKM and v

“Golden” modes for determining CKM triangle. Dominated by short dis-

tance diagrams. Dominated by top quark coupling.

W
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Hadronic matrix element well determined by K+ — 7% % v, decay.

B(K; —+n°vp) = L_S@BKa) o1 yey )X (1,2

TK+ 27x“sin 0W'Vu.|

BK* smtvw) = ceBlals | X (20)ViaVigt X! (2e)Va Ve’

B(K; »7°vp) = 4.08 x 10719442

(2.6+1.2) x 10°"

8.88 x 10~ A%((p — 7)* + (om)7]
= (7.5+2.9) x 107!}

o=(1-2)%p=14

B(K* —x*vp)

Uncerta.mtles from current CKM parameters. Intrinsic theoretical uncer-

tainty{T% Kor K+ [2% k_r_ﬁ__h

(p'ﬂ),"‘ ___\’/B"‘TTIV

AMg, /BN,

B(K, » n'w)"?
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Arbitrary Units

PNN backgrounds and tools
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PNN1 main backgrounds
o Kt — 7+7% . Two body kinematics and Photon veto
e Kt — pu*v : Two body kinematics and 77 — put — et
id.

e Scattering of 7% contamination: K+ decay time and Cerenkov
Particle identification in the beam.

PNN2 main backgrounds

o Kt — 7mtml with scattering of 7% in the kaon stopping
target: Two body kinematics, Photon veto, and Detection
of m* scattering in the target.

o Kt = ntn~etv: Detection of 7~ and e in the target.

e Scattering of 7% contamination in the beam: K™ decay
time and Cerenkov Particle identification in the beam.

e Use CCD’s to find 7 hits hidden under the kaon fibers.
Allow long kaon decay time to help.

e Photon veto system not as effective as for PNN1 because
7% is not back-to-back with 7.
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E787 Technique

K™ 1.D.’d by beam counters, stop in 400-element sci-fi target

V Counter
| Counter 'u_cm| V—Ca.{ur
4 ...‘.'. ...... . -
‘," “‘ Target K* Beamn = Target 1__2 Ilzan
y -
Courter 1-Counter

scintilator  light guide

Wait 2ns for decay
Then 7t tracked & momentum analyzed in UTC (B=1T)

S
| E—
 S—

= )

7t then ranges out in an Range Stack (scint. + straw ch.)
Range/energy /momentum can be compared.
Also 7t — ut — e* decay chain is followed

Range Stack

Hermetic photon vetoing via barrel Pb-scint system (BV)
+ Csl-pure endcaps (EC)

[ ]

Get >10%:1 70 rejection, > 108:1 ut rejection
Also very good kinematic rejection of two-body decays.



109 E787 1995-8 Dato Toking Summary
x
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T oys froen beginning of run — 6/9/98)

e B(K* = w*v) in PNN1 region sensitivities
- '95: 4.2 x 10710

—'95-'97 : 1.5 x 10710
—'95-'98 : ~ 0.8 x 10710

o B(K* — 7tvis) in PNN2 region sensitivities

— Only 96 data analysed so far.
1.12 x 10'? kaons
6M kaons in 1.6 sec at 730 MeV/c (24% pion cont.)
Known hardware problem in PBG detector.



PNN1 data analysis

Analysis Technique

e Background measured from data.

— Measured to O(107%) event level.
— Two independent cuts for each background.

e Compare prediction of background outside signal region

to actual count.

e Blind analysis (remove signal region from all studies).

Background E787 (95-97) | E787 (98-99)
Kt —ntn® 0.022 4 0.005 | 0.012:9-59
K*—pty, 0.028 4 0.010 | 0.03419-04%
Single beam 0.005 + 0.004 | 0.004 & 0.001
Double beam 0.003 % 0.002

CEX 0.010 £ 0.007 | 0.016%3%,

Total background

0.07 £ 0.01

0.0662 05
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Results from 1995-98 7mvr(1) data sets

Background 1995-97 1998

Ko 0.03 £ 0.01/0.012+9.9%3
K, 0.02 4+ 0.01]0.034+9:043
Beam (1 + 2) 0.02 £ 0.02]0.004 + 0.001
CEX 0.01 +0.01|0.016+9-995
Total background |0.08 £ 0.02 [0.0660 94

Acceptance factors 1995-97| 1998
K™ stop efficiency - 10.704  0.702
K™ decay after 2 ns 0.850 |0.851
K™ — ntvp phase space [0.155 |0.136
Solid angle acceptance 0.407 ]0.409
7+ nucl. int., decay-in-flight | 0.513 | 0.527
Reconstruction efficiency 0.959 [0.969
Other kinematic constraints [0.665 | 0.554
m — i — e decay acceptance |0.306 |0.392
Beam and target analysis [0.699 |0.706
Accidental loss 0.785 |0.751
Total acceptance 0.0021 [0.00196

Summary | 1995-97 1998

Nk 3.2 x 1012 [2.7 x 102
Acc. 0.0021(1)(2) |0.00196(5)(10)
Sensitivity [1.5 x 10710 [1.89 x 1010
Background | 0.08 & 0.03 [0.0667003%




K™ > n7vr Events

1995-98 Data

' 150 1:;0 1-:10 150
E (MeV)

Event Display (1998)

BR(KT—7ntwvr ) = 1.57'_"6'5‘3 x 10710
[Lab PR: http://www.bnl.gov/bnlweb/pubaf/pr/2002/bnlpr011002.htm]
[PRL cover: http://ojps.aip.org/prl/covers/88_4.jsp]



The Two E787 KT — vy Events
1995 Event : |

1998 Event

BR(K*—atur ) = 1571513 x 10710

[1995-8: PRL 88, 041803 (2002),
 1995-7: PRL 84, 3768 (2000),
995 PRET9. 22010 (19970 ]



Comparison of B(Kt —»7twvr ) to SM

Kinematic quantities Rel.
Event | P(MeV/c) | R(cm) | E(MeV) | S/N| Bkg | acc
1995 218.2 34.8 117.8 35 [ 0.008 | 0.55
1998 213.8 33.9 117.1 | 3.6 | 0.022 | 0.84
B2(98) 224.9 37.1 125.5 | 0.7 | 0.11 | 1.24
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E787 Summary

e 2 events found consistent with K+ — 7 tviy
e BR(Kt — ntwi) = 1.571315x1071° (SM: 0.75+0.29 x 10~10)

84% CL limits | 90% CL limits | 95% CL limits | 99% CL limits
(68% CL int.) | (80% CL int.) | (90% CL int.) | (98% CL int.)

[0.749,3.323] | [0.560,3.886] | [0.366,4.694] | [0.132,6.452]

® Pb ~ 0.02%
o B(K* = 1*X®) < 0.59 x 10~1° (90% CL)
e already has non-trivial impact on CKM fits [hep-ph/0112135]



PNN2 data analysis

e Good news: Much larger phase space acceptance below Kpi2 peak.

¢ Bad news: Huge background from K* — 7*7? in which 7% under-
goes interaction in the scintillator fiber target.

e Not possible to simulate all details of the main background. Must be
measured from data using two independent cuts and blind analysis
techniques.

o After reconstruction of pion and kaon, make fits to all CCD pulses for
kaon fibers.

e Find second pulses at pion time overlapping kaon fibers. Cut at 1
MeV threshold.

e Measure rejection of CCD cut by using events tagged by photons.

e Measure Photon veto rejection by using events tagged by CCD second
pulses as well as kinks in the track.

Pi+

FIBER TARGET

Gamma?2 Kaon Hit Fibers



PNN2 Kpi2 background

21/08/09 11.48

1996 2/3 dato togged by PV system

Events
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2/3 PNN2 1996 data tagged by CCD or Kink in Torget
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PNN2 Final Background Estimate

Table of Backgrounds for PNN2 data

Background 1/3 2/3
KPI2-sct-in-target 0.35+ 0.12 0.62 £+ 0.17
RS-KPI2-sct-in-target | 0.004 +0.004| 0.007 + 0.006
Kt = ntn0y 0.021 £ 0.004| 0.027 + 0.004
K* = putvy 0.011£0.011| 0.007 & 0.007
1-beam 0.0009 £ 0.0009 | 0.0003 + 0.0003
2-beam 0.056 + 0.056 | 0.033 % 0.033
Kt 5 ntrety 0.051 + 0.062| 0.026 + 0.032
Charge Xng 0.011 £0.011| 0.011 £0.011
Total 0.506 + 0.147] [ 0.731 + 0.177 | |

Total background estimates from the 1/3 and 2/3 1996 analysis. The
background estimate in both columns are for the entire 1996 data set.
Explicitly, the 1/3 data set has already be#n corrected by factor of 3 and
the 2/3 column has been corrected by factor of 1.5.

3 events in the background region just outside the signal. All of them
consistent with background estimate.

1 event at 4.2 ns kaon decay time consistent with background estimate of
0.45 £ 0.14 in the 2-6 ns region.
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History of the Search for K™ — 7 vv
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Fit using ETry bt no By~ Bydehe
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KOPIO Signal and Backgrounds

Process Modes Main source Events
KE — 7 40
K decays (%) 71'0#0,11'071'07:'0,11'077 Uzl 12.4
K; —xtn a0 1.7
Kp — vy ' 0.02
K decays (charge) Wieq:u.ﬂipq:u.w+7r— T etw 0.02
K| decays (7. charge) w:tl.:Fu'y. wil;uno.n"'n-_'y Tr_e+1/'y 4.5
Other particle decays A— won, K;Q, nt - 7r0p A — 70 0.01
Interactions ' n. Kj.~ n — 0 0.2
Accidentals n, Ky, v n, K;,~ 0.6
19.5

I

Total Background [

Signal Events vs. S/N
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CKM Experiment Sensitivity and Backgrounds
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Conclusion

e New clarity of purpose in searches for 7vv in both neutral and charged
mode.
E787 BR(KT—7Tvr ) = (1.5714E5) x 10710
CKM theory BR(Kp — n%vp) = (2.6 £1.2) x 1071
e mvv experimentally challenging, but no longer impractical.
E949 (K* — 7tvi) in progress at BNL.
CKM (K* — n*vp) planned at FNAL.
KOPIO (K[ — m%vi) planned at BNL.
e Many inconsistencies and puzzles in radiative and other somewhat
rare decay modes being resolved.

Several new discoveries and measurements. Work on higher order
CHPT needed.

KN* = 777 (DE) rate. k,-2

-

-

KT = 7n%ete versus KT — ntutu~
Kaon structure: form factors

e Spectacular sensitivities reached in lepton flavor violation searches,
but future belongs to 4 — e conversion searches.

e Information from 7"e¢ e~ still difficult, but looks better.
INj — j7 i has a very good experimental determination: needs work
o1 mterpretation,

o New idea using g7 polarization in K7 — 7'u" ™ PRD 65, 054020

e A new experiment that combines K; — 7w, K; —
mlete™. and K — nlutp™ 77
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