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Rare K-decays and Petsp e

e PNN1: K™ — 7w vv ab ve K72 pak.
e PNN2: K™ — 7 vw lolo w K72 pak.
e Other results

e KOPIO: KY — 7w

Milind V. Diwan
Bkba  ven National loahtory



Consequences of Cabibbo - Kobayashi - Maskawa Mixing

neutral currents:

& d
(d & V) s’)—(d s DIVIV|s| =
Y I b

ddZ +s557Z +bbZ +~uwusd +eccZ + 7

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 5 allowed:
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Unitarity of V' = “G.LM. mechanism”

ViVad + ViV +ViVia =10
No flavor-changing neutral currents at all!

Loophaole: m,; <« m, <€ my: 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:

BReuc (Kt = atwi) = (0.46 — 1.04) x 1071



CP and nwvr

Ko+eK;

KL_,/1+| CP =~ —1
KI“K? CP~+1
(1+]e2)

v is CP even state

AK® = W) — (1/V2)AK* = mtvD)

A(K; — 1) = Re(A(KT — 7uvi)) =R
AKy —» 7 w/) =0l (A(KT — 7twp)) =il
(KL—HT v) =I1?+2Re(HieR )+ |e|*’R* ~ I*
3.0 x 1074
R/ =~ Re(ViiVi)pl  (ViVia) = 14 %101

But the smallness of |¢] ~ 0.0022 makes K; — 7w'vir almost entirely
through direct CP violation (Ky — 7'vi).
Littenpe 1989

Measurements of K — 7wvv provide CKM parameters with small theo-
retical uncertainties, but the eximen  ts are hard.

Extend analysis to get limit on branching ratio:
B(K; — n'vp) < 4.4 x B(K* — 7tvp)

Grossman and Nir, 1997
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CKM and nvr

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

tance diagrams. Dominated by top quark coupling.
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Hadronic matrix element well determined by K+ — #%% v, decay.

B(Kgsaovp) = L B o | Il Vv X (o)

TK—|— 21‘1’25i]14gw |Vus |2

BK*—mtvp) = F2fB0alor |X (2 Vit Vit X (2) V2 Vad?

B(K{—+a°v7) = 4.08 x 107194152
= (2.641.2) x107"
B(K+—atyr) = 8.88 x 1071 A1(p, — p)? + (07)?]
= [T5E20) 31075,

2
og=(1-%)%p)=14

Uncertainties from current CKM parameters. Intrinsic theoretical uncer-
tainty 7% for K+, 2% for K.
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Arbitrary Units

PNN backgrounds and tools
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PNN1 main backgrounds

o Kt — 7t7% . Two body kinematics and Photon veto

e KT — yv: Two body kinematics and 77 — u™ — e™
id.

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

PNN2 main backgrounds

o KT — 7t7% with scattering of 7% in the kaon stopping
target: Two body kinematics, Photon veto, and Detection
of 7% scattering in the target.

e Kt — 77n etw: Detection of 7~ and €' in the target.

e Scattering of 77 contamination in the beam: KT decay
time and Cerenkov Particle identification in the beam.

e Use CCD’s to find T 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.

Milind V. Diwan
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E787 Technique

KT 1.D.d by e counters, stop in 400-element sci-fi target

V Counter

24cm V-Counter
—

—
T

y
= T:?gg?; K* Beam = Target ]12 cm

| Counter

z

I-Counter I-Counter
scintillator light guide

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

——
—

—] o

7T then ranges out in an Range Stack (scint. -+ straw ch.)
Range/energy /momentum can be compared.
Also 7™ — u™ — eT decay chain is followed

Range Stack
Chambers

Range Stack

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

o 5 8 5 & 8

L L

Get > 10%:1 70 rejection, > 10%:1 pt rejection
Also very god kinematic rejection of twhod decays.



10? E787 1995—8 Data Taking Summary
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e B{(K™ — @) in PNN1 region sensitivities
—'95: 42 x 10719
—'95-'97 : 1.5 x 10~
—'05-98 : ~ 0.8 x 1010

o B{Kt — atpvi) 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.



PININ1 aata analysis

Analysis Technique

e Background measured from data.

— Measured to O(107?) event level.
— Two indep t 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—natr° 0.022 £ 0.005 | 0.012+5:90
Kt—pty, 0.028 £ 0.010 | 0.034 13933
Single bam 0.005 £ 0.004 | 0.004 4 0.001
Double he 0.003 & 0.002
CEX 0.010 £ 0.007 | 0.016%3%,,

‘ Total background | 0.07 £ 0.01 | 0.066%0 5
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K9 background.

v veto reversed K, (E,R gak)
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N = 2/1.6 Rej(7) = 46.6
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Results from 1995-98 nvr(1) data sets

Background 1995-97 1998
Koo 0.03 4 0.010.01270-09

Ko 0.02 £ 0.01 | 0.034453
Beam (1 +2) |0.02+0.02 0.004 = 0.001
CEX 0.01 4 0.01 0.016:9:905
Total background | 0.08 & 0.02 | 0.066 5055

Acceptance factors 1995-97| 1998
K™ stop efficiency 0.704 0.702
K™ decay after 2 ns 0.850 |0.851
K™ — ntvp phase space |0.155 |0.136
Solid angle acceptance 0.407 10.409
7" nucl. int., decay-in-flight | 0.513 | 0.527
Reconstruction efficiency 0.959 0.969
Other kinematic constraints | 0.665 | 0.554
m — p — 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 1071 |1.89 x 1071
Background | 0.08 &= 0.03 | 0.06670 035




KT > r vy Events

1995-98 Data
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BR(Kt—>atvr ) = 1577513 x 10710
[Lab PR: http://www.bnl.gov/bnlweb/pubaf/pr/2002/bnlpr011002.htm]
[PRL cover: pstaiyf,og/prl/co vers/88 4.jsp]



The Two E787 K™ — nvr Events

1995 Event

éO ‘ 4‘0 éO 80
Time (ns)

0o 20 40
Time (ns)

1998 Event

BT
Time (ns)

BR(K+—atvw ) = 1571013 x 10710

[1995-8: PRL 88, 041803 (2002),
1995-7: PRL 84, 3768 (2000),
1995: PRL 79. 2204 (1997) |



Comparison of B(KT = 7tvwr ) to SM

Hinematic suantitiea Hel
Event | P{MeV/e)} | R(ewm) | E(MeV} |8/N| Bkg | ace
1995 218.2 J4E 117.8 | 35 | 0.00S | 055
1993 2138 33.9 117.1 4.8 | 0022 | 084
H2{9%8} 224.0 37.1 1255 | 0.7 | 0.1 | 134
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ZO000
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250950

15000

1ooaa

mooe |

Bronching ratic

E787 Summary

* 2 events found consistent with &+ — 7tvi

e BR(KT — nwwr) = L5773 x 10717 (SM: 0.75+0.29x 10717)

84% CL limits
(68% CL int.)

00% CL limits
(80% CL int.)

05% CL limits
(90% CL int.}

09% CL limits
(98% CL int.)

(1.749,3.323]

[0.560,3.886

[0.366,4.604]

[0.132,6.452] |

e B, ~ 0.02%

e B(K+ = 77 X" < 0.59 x 101 (90% CL)
e already has non-trivial impact on CKM fits [hep-ph/0112135]



PNIN2 data analysis

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

e Bad news: Huge background from K+ — aa% in which #+ 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 ndependent cuts and blind analysis
techniques.

e 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.

/fPi+
Gammal

T ’ I
K+ 1

Denay

&,o‘
& FIBER TARGET
g

Camma? Kaon Hit Fibers



PNN2 Kpi2 background

z1/08/02 11.48

1996 2/3 dato tagged by PV system

Events




2/3 PNNZ 1996 data tagged by CCD or Kink in Target

Events

- FPhoton veto rejection

.........

Rej(y) = 163+ 23

Ptot (MeV/c)

Nb.g. =l N[ﬁn_/Rf = (.62



PNN2 Final Background Estimate
Table of Backgrounds for PNN2 data

Background 1/3 2/3
KPI2-sct-in-target 0.35 £ 0.12 0.62L0.17
RS-KPI2-sct-in-target 0.004 £ 0.004 | 0.007 L 0.006
K+ s atady 0.021£0.004| 0.027 4 0.004
K+ =yt oy 0.01140.011| 0.007 0.007
1-beam 0.0009 X 0.0009 | 0.0003 & 0.0003
2-beam 0.066 £ 0.056 | 0.033X0.033
Kt 5> ataetw 0.061£0.062| 0.026L 0.032
Charge Xng 0.01140.011| 0.011 4 0.011
Total 0.506 £0.147| 0.731 X 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 bean 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 4 0.14 in the 2-6 ns region.

Milind V. Diwan



PNNZ2 signal region
1 event found
Consistent with background

Estimate of 0.73
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Comparison of B(Kt—71uvr ) to SM

Kinematic quantities Rel.
Event | P{MeV/c) | R(em) | 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| 084
B2(98) | 224.9 37.1 | 1255 | 0.7 | 0.11 |1.24
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E787 Summary

o 2 events found consistent with K+ — wtviv

¢ BR(K* — ntww) = 1.577113x 10710 (SM: 0.75+0.29x 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] |

o P, ~ 0.02%
¢ B(KT - 77 X% < 0.59 x 1071% (90% CL)
e already has non-trivial impact on CKM fits [hep-ph/0112135]



History of the Search for KT 7 tvw

Branching Ratio (K" —n"vv)
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Unitarity Triangle with the Cleanest Probes
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KOPIO

|ntense Pulsed Low Energy

K_L beam o
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Tag Momentum by time
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Hermetic Photon veto
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KOPIO Signal and Backgrounds

Process Modes Main source Events
K — x0i 40
K decays (7] TIU?IU,?IU?I'UTI'U,TI'U‘{T by 12.4
Kp — atnn 1.7
KEr — 0.02
it
K decays (charge) ﬂie:Fu,nip:Fu,ﬂ+ﬂ_ ety 0.02
Ky decays (7, charge) ?ril:Fuqi, ?T:l:E:FU?TD,‘H—l_‘H_"f ‘n_e—l_uq‘ 4.5
Other particle decays A — ?TD‘H., K;Q’ FiT g ?rop A 0.01
Interactions n, KL’ ¥ n— ?TD 0.2
Accidentals mn, KL’ i n, KL’ T 0.6
19.5

| Total Background

Signal Events vs. S/N
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CKM in brief

CKM Apparatus N KM
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Conclusion

e New clarity of purpose in searches for wvv in both neutral and charged
mode.
E787 BR(K*—a*wr ) = (L.57755) x 10710
CKM theory BR(Kj — n%vp) = (2.6 +1.2) x 1071
e wvi experimentally challenging, but no longer impractical.
E%49 (K* — «*vw) in progress at BNL.
CKM (K* — afv¥) planned at FNAL.
KOPIO (K — n%v) 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.
Kt — ataPy(DE) rate.
K+ — ntete versus KT — wtptu
Kaon structure: form factors
e Spectacular sensitivities reached in lepton flavor violation searches,
but future belongs to g — e conversion searches.
e Information from w¥e*e~ still diffieult, but looks better.
K7 — p*p~ has a very good experimental determination; needs work
on interpretation.
e New idea using p* polarization in Kj — 7%+~ PRD 65, 054020

0

» A new experiment that combines K; — w'vr, K; —

nlete™, and Ky — nlutpu— 77
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