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PNN1: above K _,
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Experiment E949 at Brookhaven National Laboratory studied the rare decay K™ — 7" v and other

PNN1: above K _,
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processes with an exposure of 1.77 X 10'> K*’s. The data were analyzed using a blind analysis technique K E K P hyS | CS S em l Nnar (Ap rl | 7 : 2 O 04)

yielding one candidate event with an estimated background of 0.30 = 0.03 events. Combining this result
with the observation of two candidate events by the predecessor experiment E787 gave the branching ratio

B(K*— 7t vi)=(1.477:3) X 10719, consistent with the standard model prediction of (0.74 = 0.20) X P hy g

10719, This is a more detailed report of results previously published [V. V. Anisimovsky et al., Phys. Rev.
Lett. 93, 031801 (2004)].

DOI: 10.1103/PhysRevD.77.052003 PACS numbers: 13.20.Eb, 12.15.Hh, 14.80.Mz
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First results (2004)
PNN1: above K _,

7~ momentum from J Tt decay at rest
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FINAL Results from BNL-E949
on the Rare Decay

KT — wttuvp

Takeshi K. Komatsubara (KEK-IPNS)

representing the E949 collaboration
e arXiv:0808:2459

o CKM2008 workshop at Roma, Sept 9-13
by D.E, Jaffe (BNL)
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[in 58 slides, 50 minutes]

outline

INtroduction

K™ - atvp
In and beyond the Standard Model

BNL AGS and E949 in 2002:
experiment with K+ decay at rest (and the * jargons “)

analysis for PNN2: why different and difficult ?

results

conclusions and future



K™ — wtvi decay

s W d s t d e Standard Model:

t tz w Z s — d FCNC loop (W*/Z9)
2 ;v e top-quark (174 GeV/c?) dominant
"~ ¢ A\ =V Vi
17,74 %4

z = AN .- (1—p—1in):

best place to determine |A;| (or |Vigl)




Cabibbo(1963)-Kobayashi-Maskawa(1972) matrix

[ Vi Vs Vi \ ( 975 22 002 — .005 )
Vea  Ves Ve =~ .22 974 038 — .044
\ Via Vi Vi ) \ 004 —.014 .037 —.044 .999 )
( 1—\*/2 A AN (p —in) \
~ —\ 1—)\°/2 AN

\ AN (1 —p—in) —AN

e \Wolfenstein parameterization (1983) :
A =sinfc =0.22, A, p, n.

/0 e p and 7 are hard to measure,
A because they are in Vi, and Vg4 of O()\S).
(/07 77) — “rare’ processes in K and B decays.
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inthe SM: K — tvr

B(KtT —ntvr) = (530x1071) - Crp
B(K) — rvp) = (232x107") - Crw

B(KT — 7leTv) 2y

Crw = | - x| " x
4.87 x 10 0.0415 1.529 « 10_11
2008
K+ 8.51 +- 0.70 ( 8%)
KL 2./6 +- 0.40 (14%)

- NNLO QCD calculations (Buras et al. ‘05, ‘06)
- non-perturbative effects due to charm&up (Isidori et al. '05)
- KI3 matrix elements (Mescia-Smith ‘07)

- electroweak corrections to charm contribution (Brod-Gorbahn arXiv:0805.4119)
- a complete review by Buras, Schwalb, Uhlig, Rev.Mod.Phys. 80, 965 (2008)
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go back to
E949 in 2002

That was the last time
AGS ever saw
high-intensity proton beam.
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Proton Intensity per pulse ( x 10")

BNL-AGS: > 60 x 10'*(Tera) protons per spill
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LESB3 — KT slowed by degrader and coming to rest

Separator 2 (a)
Separator 1 Mass Slit 2 Barrel__
E787 detector VetO '
Momentum
Collimator BVL

Range :
Stack |
N RSSC =
: Horizontal Endcap | N
{ Collimator Collar T
Ql &gy
T Collimator Mass Slit 1 K+Beam)7-|\ %\\ ' _ _ ////
Pt Production Target =O =1 =2 =3 4:1 EE é UPV Beo B4 \ | Target DPV

Meters

AD  Drift Chamber

E949-°02

Kt /nt 3

kaon momentum MeV/c 710
Ng in the spill M 3.5
Ny MHz 1.6

stopping fraction % 28




(a) Barrel
Veto [

BVL

Range
Stack

RSSC
Endcap

T
Collar ' E% Collar.jj

K'Beam» A= - - — // T
N :
BeO / B4 | 1arget ppy

C UPV
AD  Drift Chamber




K+ decay at rest in the Target (end-view)

CCD-based 500MHz

waveform digitizers

413 scintillating fibers
(bmm square, 3.1m long)
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Time

|

40

Coincidence (DC)

J20LJ L30

1 10J

—

- energy loss and path length of outgoing 7+

t -t (ns)

|||||

- any ‘In-time” extra activity within the target

3ns in PNNZ2



Charged track from the Target to the Range Stack

Barrel
Veto Chamber | RSSC

Range Stack  Target

momentum and trajectory
with ultra-thin Drift Chamber

- correction with energy loss In the target



T+ loses energy, and comes to rest in the RS

sum of energy loss (= kinetic energy )
and
range In the plastic scintillator

Barrel Drift T

Veto Chamber I




T+ loses energy, and comes to rest in the RS

sum of energy loss (= kinetic energy )

and

range In the plastic scintillator

Barrel
Veto

Y {em)
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Sector Crossing point

\JEntrance of RS

Stopping
counter

RSSC hit

20

25 30 35 40 45 S0
X (cm)

33 60

Kinematic requirements (KIN)

- correction with energy loss and path length In the target

63
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K*decay at rest — 7"

Background Rejection

. . . . . e Kinematics of 7"

— Momentum

— Kinetic Energy

— "Range” in plastic scintillators

Arbitrary Unit

o w1 /uT separation
— KT — v

0 50 100 150 200 250 300
Momemtum(MeV/C) ® extra particles (/y’ ..)

— K+t 5 gt7Y

each weapon should have rejection of 10° ~ 10°
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output pulse shape in each end of the stopping counter
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Pulse height/2ns

Transient Digitizer (TD)

ut — et recorded by 500-MHz waveform digitizer
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"Photon Veto” (PV)

r detection by the hermetic Calorimetry

any in-time detector activity
with Barrel, Endcap, Range Stack, Target

Barrel . .
Veto new calorimeters (in blue)
BVL \ I
Range w w . barrel part (add 2.3 Xo)
Stack =
RSSC— :
Endcap - | ~ . minor openings
Collar -5 Ny ! B P ) : :
Fesoarm e along the beam direction
; \\ BeO / \ Target
& UPV B4\ I
(a) AD  Driit Chamber - segmented Active Degrader

- new Collar detectors
- Upstream and Downstream PV



"Photon Veto” (PV)

r detection by the hermetic Calorimetry

any in-time detector activity
with Barrel, Endcap, Range Stack, Target

|
| ~
| \\ Il | T
- _— —_—— — — //,
Target
AD Drift Chamber

Cu
disks

Scintillator
disks >

:

WLS fibers

(Active Degrader (ADD
14cm diameter, 17cm long,
12 azimuthal segments

6.1 radiation lengths
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Trigger requirements for

“above/below” the K., peak

Sector Crossing point

Stopping
counter

Er}t ance oi: RS . RISSCIhit

30 35 40 45 50 55 60 65
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Arbitrary units
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AR AR TR

uv (0.032)

—
—
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(0.21) (0.63

e s i

100 125 150 175 , 200

Momentum

: - i
25 50 75

225

(MeV/c)

E949-7Tvis(2)

E949-7rTvi(1)

Beam

KT at rest in the

target to decay

no incoming m™"

charged track to RS

|l-counters and

T-counters

RS stopping layer (7T range)

from 6 to 12

from 11 to 18

71 identification

7T — u™T in the stopping counter

gl

no shower in RS, Barrel, Endcap

KT exposure

# of triggered events

1.7 x 1012
9.3 x 107

1.8 x 1012
9.0 x 107




Arbitrary units

analysis for PNNZ

why different and difficult 7
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Kn2 background in PNN 1

% % g 7 (0.032)
107 .
10 % .
1 ! | |
[ H | ‘ ;1\‘\ | ‘ T I ‘ T I ‘ | \1\‘”‘“ :\HH [
190 195 200 205 210 215 220 )/ !y
;‘:gtﬁ78877.39§V;2§/;Z7?01t%§.9443 cm etot 97.9878 MeV  77.0645° trs 6.09971 P (MeV/C) ~I l
Kaon
15 | pion . 71'_'_ P/E/R get larger

MeV .
- only due to mis-measurement.

. 7TJr triggered by RS ensures

770 In the opposite direction
(and 7 ’s are covered

e B S S S by Barrel and Endcap).
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Kr2 background in PNNZ

=Y
L

Arbitrary units

******** o (L *************** ,,,,,,,,,,,,,,,,,,,, | I . 7T P/E/R can get smaller
T 160 80 200 a0 a0 due to scattering (and energy loss)
Momentum (MeV/c) in the Target.
0 ,
. 70 (and r’s) may go to

the beam region

whose coverage Is weak.



* r detection in the beam region

Barrel

Veto-

BVL

Range
Stack
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Endcap ——=

Kr2 background in PNNZ
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WLS fibers

Cu
disks

=

L

|
|
[ ]
|

B
D

=
A
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Decay
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Kr2 background in PNNZ

|dentification of 7+ scattering

In the Target fibers:

- "kink™ In the XY pattern of fibers

- 1+ track that does not “point back™
to the K+ decay point.

Pi+

KINK Y9.28 107 rzk £2.24 194Cm rznk £.94 1 54cm slope U.gbb!
ptot 203.368 MeV/c rtot 29.2179 cm  etot 110.841 Mev ¢

i Kaon

| Decay
| NS Pion :
I M @\/ ‘C' Jf her |

FIBER TARGET
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o
‘\
d
- Gamma2 Kaon Hit Fibers
{4
S
T 013.
16
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B 13,1
1.6 -
154
¥ 0.
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1.54 g
1361 S '
4] 0
: 5 )
e 0.
13.302 a7 773 a3, -
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Kr2 background in PNNZ

|dentification of 7+ scattering
In the Target fibers:
- large energy deposit
hidden in the Kaon Hit Fibers
- extra energy deposit
Inconsistent with outgoing 7 +

Pi+

Decay
FIBER TARGET
CCD pulse fitting in kaon fibers 5
Run 48133 Event 1001 ek 26.783 tk 0.234 tpi 8.924 Gamma2 Kaon Hit Fibers

250 B Single Kaon Pion

- Prob 0 0.98 0.98
200 Time  —-0.216 -0.655 7.741

i Energy 26.812 22.695 4.116
150 Ampl  1825.45 1584.74  287.445
100 [ Cut Failed Passed Passed

50
0 60 80 100 120

Decay Vertex 420 Raw High



background sources in PNNZ2

maore sources

Arbitrary units

should be
i A Ty considered hnwv
L (0.21) (0.83
f T [ CEX
7 ) X107 u v (0.032)
f O | n'nety
| ~'’n® (0.017)
+ « O e
* ‘; [ ) Beam
e |
———
* — > (I e VY
3‘!!%‘ = |
| -l‘.vll"ﬁ +
> (I v
25 50 75 100 125 150 175 200 225
Momentum (MeV/c)

—_

L backgrounds are  n  jee e 1w 100
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selection criteria (cuts)

signal region: . Beam cuts (BEAM) and
140 < P < 199 MeV/c Delayed Coincidence cuts (DC)

Range: R, Kinetic Energy: E 3 K*
1021 g: i
Kinematic cuts (KIN)
55 1 g ;
Sector Crossing point  Stopping (l) ol -1I0- - I2|0I L -3I0- - .4I0. .

\ co?ter — t -t (ns)
. Photon Veto cuts (PV)

Y {em)

Barrel
Veto-

252;””2'5' 3lualsalo4lssln IIIIIIIIIIIII ; c o
i Range |
[arget cuts (

Stack

RSSC— ¢
Endcap ]

(@) AD Drift Chamber
’ . 71+ Identification cuts (TD)
250 1 L L L L L t
CCD pulse cuts (CCDPUL) x| Layer 12 Uét\faxed
£ 150 - TY+ L
Run 48133 Event 1001 ek 26.783 tk 0.234 tpi 8.924 g *
250 Single Kaon Pion g 1001 + -
i Prob 0 0.98 0.98 R + e
200 - Time  —0.216 —0.655 7.741 50 Yo M Y
ner . . . * Wt . b
150? k Emplg ’ ?gzsg.is ?isef.; 3;71245 05 . 5-0"‘““‘ pris e Py a— ;;‘ P
100 - Cut Failed Passed Passed Time (ns)
50 |- J,
AR
=0 20 20 60 80 100 120

Decay Vertex 420 Raw High

Single Kaon Pion
120 E et Prah 0O 0 |FRR 0 |ER



Background studies: our policy and philosophy

To avoid bias due to small statistics,
— 1/3 of sample: for study
— 2/3 of sample: (keep untouched)

invert at least one of the cuts to:

— enhance the backgrounds collected by the trigger

— prevent candidate events from being examined
(“Blind Analysis” even at the event selection)

Cuts were frozen with the 1/3 sample.

Then measure the background levels in the search region
with the remaining (independent) 2/3 sample.



Kr2 background in PNNZ
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Kr2 background in PNNZ
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Ptot (MeV)

4.09 x 107
P+ oz = 203MeV/c

KT 7" me" v, (Kgyg

Monte Carlo with PNNZ2 trigger

Run 49295 Event 162510 ek 8.699 tk 0.821 tpi 12.903

| ENTRIES 6595

30 Pion
240 S Prob O 0.042 0.042
Time 2.671 0.137 12.732
50 Energy 8.661 4.26 4.4

50 Ampl  658.398 448.399 463.072

220 run 49295 event 162510 itg 0 10
ptot 167.255 MeV/c rtot 17.7236 cm etot 80) 30
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6 ns . 10
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4.09 x 107°
Ve (K€4) P+ oz = 203MeV/c

Target pattern recognition:

energy depOSit Of Charged traCkS are SimUIated. R\Lm49295 Event 162510 ek‘8.699 tk 0.821 tpi‘]Z?OS

Energy 8.661 4.26 4.4

> 018 [ 7 - absorption (data): A I e s
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total background in PNNZ2

Process Bkgd events (E949) Bkgd events (E787)
Ko-scatter 0.649 & 0.150F ;755 1.030 % 0.230
Kroe 0.076 + 0.007 + 0.006 || 0.033 + 0.004

Kea 0.176 +£0.0727533, | 0.052 4+ 0.041
CEX 0.013 +0.01379053 | 0.024 £ 0.017
Muon 0.011 +0.011 0.016 £ 0.011
Beam 0.001 + 0.001 0.066 + 0.045
Total bkgd 0.93 +£0.17753; 1.22 4+ 0.24




Kinetic Energy (MeV)

140 -
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130
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Region “PNN2”
P+ (MeV/c) [140,195]
Years E7387 96-97
Ref: PR D70,
037102 (2004)
Stopped K™ 1.73 x 1012
Acceptance 0.084%
SES 6.9 x 10710
Background 1.2240.24
Candidates 1
BK*T — ntvp) <22 x 10710
150+ T T T T T T T T T T T
: Before P cut
150
~ After P cut
1520 25 30 35 40 4580

Range (cm)

[140,199]
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arXiv:0808.2459

1.71 x 1012
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4.3 x 1010

0.93 +0.177)37
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[211,229]
E787(95, 96-97,98)
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PRL 93,
031801 (2004)

7.7 x 1012
0.2%
0.63 x 1010

0.44 4+ 0.05
3
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I
%]

Range (cm)
& S
I

)
=]
T
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Energy (MeV)



results



By further tightening four of the cuts,
Signal region (in multi-dimensional “cut” space)
was divided into 9 cells.

"Signal region”
140 < P < 199 MeV/c ]

2<R<28cm, 60<E<100.5MeV
excluding the tight region

tight-"signal region” [
[ 165 < P < 197 MeV/c J ]
V

17<R<28cm, 72<E<100Me

Delayed a4 / \

Coincidence (DC)

NN

20
t -t (ns)

\ / aof LOyer 12 Upstream |

Barrel £ 1501 ! 7T+ I

Veto — [ 3 ..

iVLg F \./f ; e’

Staré?(e/’ %% 3 5?)M 100 150 00 - ‘:ohh

; : | Time (ns)
Photon Veto ™& T
Collar — ?f:( B _ o .
(PV) o= m?iupv Beoﬂz{\'*lTarget”I 7 + identification (TD)




By further tightening four of the cuts,
Signal region (in multi-dimensional “cut” space)

was divided into 9 cells.
Acc =
0.137%

rel. Acc| bkg Acc/bkg

0.314 | 0.152 2.065

Sum

0.073 | 0.038 921
0.031 | 0.019 1.653
0.007 | 0.005 1.559
0.287 | 0.243 1.183
0.066 | 0.059 1.135
0.028 | 0.027 1.036
0.006 | 0.007 0.998
0.188 | 0.379 0.496

1

0.93




Acc =
0.137%
rel. Acc| bkg Acc/bkg
0314 | 0.152 2.065
0.073 | 0.038 1.921
0.031 | 0.019 1.653
0.007 | 0.005 1.559
0.287 | 0.243 1.183
0.066 | 0.059 1.135
0.028 | 0.027 1.036
0.006 | 0.007 0.998
0.188 | 0.379 0.496
sum ] 0.93

By further tightening four of the cuts,
Signal region (in multi-dimensional “cut” space)

was divided into 9 cells.
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except for 140 <P < 199 MeV/c



Acc =
0.137%
rel. Acc| bkg Acc/bkg
0314 | 0.152 2.065
0.073 | 0.038 1.921
0.031 | 0.019 1.653
0.007 | 0.005 1.559
0.287 | 0.243 1.183
0.066 | 0.059 1.135
0.028 | 0.027 1.036
0.006 | 0.007 0.998
0.188 | 0.379 0.496
sum ] 0.93

By further tightening four of the cuts,
Signal region (in multi-dimensional “cut” space)

was divided into 9 cells.
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By further tightening four of the cuts,
Signal region (in multi-dimensional “cut” space)
was divided into 9 cells.

ACC - ~—~ I AN R LR R
0.137% S as [ E949 :
;; i E949-PNN2
rel. Acc| bkg || Acc/bkg || data | £ 40 -
o
0.314 | 0.152 || 2.065 0 ®F :
0.073 | 0.038 || 1.921 0 30 | . :
0.031 | 0.019 1.653 0 o b . ]
0.007 | 0.005 [| 1.559 0 : ' :
0.287 | 0.243 || 1.183 1 20 -
0.066 | 0.059 || 1.135 0 15 [ -
0.028 | 0.027 || 1.036 1
0.006 | 0.007 0.998 0 50 60 70 80 90 100 110 120 130 140 150
Energy (MeV)
0.188 | 0.379 || 0.496 1
sum 1 0.93

after imposing 140 < P < 199 MeV/c

The probability that the 3 events were due to background only is 3.7%.



named as A =) C
P (MeV/c)|| 161.46 188.40 191.30
R (cm)|| 17.29 24.10 20.10
= (MeV)|| 706.07 95.57 97.94
tight Box fall pass pass
K+ decay time (ns) 3.70 15.74 5.14
7T+ decay time (ns) 22.4 16.7 10.2
u+ decay time (ns) 5959 2271 9508
tight DelCo fail pass fail
tight PhotonVeto pass fall fall
tight TD pass pass pass




Kinetic Energy (MeV)
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Region “PNN2”
P+ (MeV/c) [140,195]
Years E787 96-97
Ref: PR D70,
037102 (2004)
Stopped K™ 1.73 x 10*2
Acceptance 0.084%
SES 6.9 x 1010
Background 1.22 +0.24
Candidates 1
BKT — ntup) < 22x 10710
150+ T T T T T T T T T T T
: Before P cut
150
~ After P cut
1520 25 30 35 40 4580

Range (cm)

4 )
“PNN]_”
[140,199] [211,229]
E787(95, 96-97,98)
E949 E949
arXiv:0808.2459 PRL 93,
031801 (2004)
1.71 x 102 7.7 x 1012
0.137% 0.2%
4.3 x 10710 0.63 x 1019
0.93 +0.1719:32 0.44 + 0.05
3 3
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with

5i(BR)

BRCNKCAZ'

FIG. 1T in arXiv:0808.2459
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B.R(KT —nvp) =

with BR = 1.73 x 10~

The probability that
all 7 events were due to background

1S 0.1% (30).

(1.735702 ) x 10710

68%C.L. interval



90%C.L. interval upper limit @pper limit on B.R.(K}? — w%vi ) by Grossman—Nir(1997)\:
—10
3.39 x 10 ISn —9
. 1.4 > 10 unchanged
FIG. 1T in arXiv:0808.2459
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B.R(Kt - ntvp) = (1737752 ) x 10710
B.R.sy = (0.85+£0.07) x 10717




conclusions and future

An Example of Decay Experiments

+

E10 Y.Nagashima: K =7

K" = 7t + axion

A Table—top experimrnt
: An extinct species of HEP apparatus

PS REVIEW 080122 17

< 1.4%x10"7
KEK-E10, PL B107, 159-162 (1981)



conclusions and future

After the efforts of many people for 25 years
and with the sophisticated (and state-of-the-art)
hardware and software, E9Q49/E/787 at BNL-AGS

succeeded In measuring the rare decay.

B.R(Kt - ntvp) = (1737752 ) x 10710

consistent with SM
Proton operation at AGS halted.

Analyses of EQ49/E/87 for other K+ decay modes still continue.

The show must go on;
the task of precise measurement (and beyond_the SM study)
IS passed to:

- K+ decay in flight @ CERN NAGZ2 (in preparation)

- K+ decay at rest @ J-PARC (Lol)
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