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Motivation
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Perhaps the most incisive test of the SM pictureof CP violationisto
verify b, =b, from A(B,;® J/g EL) & B(K ® 8'i1)/B(K*® o*ii)
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" E/87. completed (1988-98); discovered two K*® p*nn events (DAR)
= E£949: 2002 run; approved but not funded for 50 more weeks...(DAR)
" CKM: FNAL scientific approval; P5 says no (separated DIF)

= PO40: FNAL LOI for unseparated DIF (rg ected: not enough protons)
= | OI’'s: JPARC L-04 (DAR) and CERN NA48-3 (unseparated DIF)

" E391aamsfor 0.01-0.1 K, ® p°nn events. E391b L OI for 1000 events
= KOPIO construction start in 2005, aim for 100 K, ® p°nn events
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Outline of K*® p*nn Experimental Method
= Problem: 3-body decay (2 missing n’s); BR<101°

= Event signature = single K*in, single p* out

= Basic concepts
* Precise and redundant measurement of kinematics

e.g. Energy (E) / Momentum (P) / Range (R)
or Velocity (V) / Momentum (P) / Range (R)

Primary signal
region

* PID: p-me decay chain and/or P/R, P/V, dE/dX... =

* Hermetic veto detectors (g)

= Magor backgrounds

e K*>ni'n (Br=63%) 2 iy
 Kinematics (monochromatic) £ mnt? b
* PID: p*/mt i ‘-”%\ .

« K*>p*p0 (Br=21%) ; \ 23N
 Kinematics (monochromatic) = f/ : /;ﬁ B
 Photon veto £ / / \ 4 9

o Scattered beam particles A
. Timing+ . / J\ % 3
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E949 Detector (1): Overview
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E949 Detector (2): Upgrades

= More protons from the AGS
® High duty factor, high stopping fraction at low |p|

" |mproved photon veto
® Especially important for pnn2
= |mproved tracking and energy resolution

» Higher rate capability from trigger, €ectronics,
DA Q upgrades (reduced deadtime)
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Endcap ' : ; H'“"*,Lﬁ

Dﬂllar-. l— ‘: § —! i BVL
NI N Barrel |  Drift
o UPV ;"54 WXl Veto Chambe I RSSC
(a) AD/ IMRGhare Range Stack | Target

Side view (cutaway) End view (top half)
® 700 MeV/c K* beam (80%)
* Activetarget (scintillation fibers) to stop K+
* Wait at least 2nsfor K+ decay
* Drift chamber to measure p* momentum
* 19 layersof scintillator, Range Stack (RS) to measure E and R
* Stop p* in RS, waveform digitizer torecord ~ Sonet mhe > el
p*-ni-e* decay chain New!
* Veto photons, charged tracks over 4p (BV/BVL/Endcap/...)
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Kinematics of K*® p*nn at rest
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Kp2 momentum, energy and range
E949 (yellow histogram) vs. E787 (circle)
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L, - " Same or even better resolution
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ldentify p*® m"® e* (TD)
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D
Ve % Fig :Radiation Length vs poiar angie  _
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* Rejection of K, background as a
function of acceptance for E787 and E949.
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Data Taking Conditions

e E787 collected N,,=5.9" 10'?in 81 weeks over 5 years.
e E949 proposed N, .=18" 102 in 60 weeks over 3 years.
o E949 collected Ny =1.8" 102 in 12 weeksin 2002,  cr/cois 1995-2002 oo eing summon

e Beam conditions were not optimized: Al v e S ————
* broken separator —more p* less K* 1| /
» spare M.G. —lower p* mom., worse duty factor fm l
e Detector worked very well 200 | Fa
e Smooth data taking m /f /ms—-ww
E787 | E949 | E949 2 / / N
Prop. - m—ivi /f
AGSmom. GeV/c|255 |255 |21.9 a0 |
Beamintensity Tp|15-35 |65 |70 VLA et L
Duty factor ~ %|41-55 |63 |41 L T T a1
K+/p* 374240 |30
N, 102|59 |18 |18
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Analysis Strategy
Signal region “the BOX”
AboveK* ® 8'8° region (PNN1)

fg 5
Background sources gn
uJ

&

=

o

|dentify a priori. Identify at least 2 _
Independent cuts to target each background i

K*e 8°8° .
. Muon background (K™ ® m™n (g),...) 0 L
- Beam background i

Analysis Strategy 35

e Blind Analysis
e Measure Background level with real data 30 |
e To avoid bias, '

1/3of datap cut development

2:" -
2/3 of data p  background measurement | Beam background
e Characterize backgrounds using back- _
ground functions R T TR R T T
e Likelihood Analysis Momentum (MeV/c)
14
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Calculation of backgrounds

Hustration of Bifurcation Method T
if cut! cut2 _
looser uncerrelated, sl Tag with g
AB=C/D | =t
signal region — A= EC/D »F
o A e e
'E)' E D B D Energy {(Me¥]
g =
o
fA]l € Al C
invert cut apply cut? . :
B+D events B events ‘_ Tag kinematics
outside pnn
box —in K
2
5| D 8| D bg = B/(R—1) ek
= BC/D
Al C Al C
invert cut2 apply cutl .
G+D events E = "G-I-D:I-’Iﬁ: 180 200 214 220 3D
Momentum (Me¥/c) 15
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Background Characterization

Background can be characterized using background functions
For muon backgrounds
- K ,(tal): K, but rangeissmall dueto interactionsin RS.

- K ,,(band): multibody K* ® m’ decay(K* ® mng, €tc)

[
i m TN :T ;1 2
FAVRINNEE SR VARN|
Rime - R : ‘ Momentum(P) forp andm
Cm = 10 180 200 210 220 230 240 260
S R P (MeVic)
— R 4 Changing cut position A
T ) e Acceptance & background |evel
A R | ' e at each point of parameter
+ + B + - + i ) B .
pr® m © e inthep .,mmmmmi[i:_. L Functions y
Slopping counter Neural net function for pand m
K-Rare Decay Workshop May 26, 2005 16
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Final Sensitivity and Background
= Sengitivity

E787 E949
N, (102 5.9 1.8 x 0.305
Acceptance (%) [0.20+0.02 |0.22+0.02 x1.1
Sensitivity (101°) | 0.83 2.6 x 0.336
= Background
e 30% Iarger acceptance, Source E/87 E949
by en|arg| ng the s gna| sz 0.032 0.216 + 0.023
box to lower edge of K, 0,064 0.044 + 0.005
E/PIR space, Kooy o | 0.024 + 0.010
resulting in larger Beam | 0.050 0.014 + 0.003
K, backgrounds
P Total 0.14 + 0.05 | 0.298 + 0.026

= All the cuts fixed and BG level estimated.
Check the BG estimate with the data

K-Rare Decay Workshop May 26, 2005 Steve Kettell. BNL
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* Two Iindependent cuts for one background

 For ex., Photon Veto or TD(NN function), and KINematics
= Compare prediction and observed # of events

PV x KIN 10 x 10 20x20 | 20x50 50 x 50 50 x 100
Kp2 | Observed 3 4 9 22 53
Predicted | 1.1+018 | 49:+06 | 124+13 | 31.1+31 | 624+56
TD x KIN 10x 10 20x20 | 50x 50 80 x 50 120 x 50
Kn2 | Observed 0 1 12 16 25
Predicted | 0.35+0.03 | 1.4+01 | 91+06 | 145+10 | 21.8+15
TD x KIN 10x 10 20x20 | 50x 20 80 x 20 80 x 40
Kmng | Observed 1 1 4 5 11
Predicted | 0.31+0.09 | 1.3+04 | 3.2+10 52+22 | 10.4+28

K-Rare Decay Workshop May 26, 2005
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Open the Box

» Rangevs. Energy after all
other cuts are applied

=" Box showssignal region
= Single candidate in the box

&
=)
|

Range {cm)
2
[

Y
P
|

B
L=
|

38 [
o
Details 2 [
Momentum (MeV/c) 227.3 -
Range (cm) 39.2
Energy (MeV) 128.9 Y R R
K*>p+ decay time (ns) | 4.3 Energy (MeV)
p*>ni decay time(ns) | 6.2
n >e" decay time (ns) | 1370

19
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The 39 K*® p*nn candidate
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Branching ratio & Confidence level

e E949 result alone:
Br(K"® p™nn)=0.96"2" 10" (68% CL)

e Combine E787 and E949 results
Br(K*® pmn)=1471%" 10"
PRL 93, 031801 (2004)

(68%CL) o

E/87 E949
N, (10%) 5.9 1.8
Candidate E/87/A | E/87/C | E949A i | é
S/b 50 7 0.9 ‘9-‘-"5 1996 2000 2002 2004 2006 '22;’:;;
W=S/(S+b) | 0.98 0.88 0.48 E949(02) = combined E787& E949.
BG Prob. 0.006 0.02 0.07 E949 projection with full runn(l [16(;10[\)Nere|e izl)
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Impact on Unitary Triangle

= Contour inr-h plane

Green arcs indicate

this K*>p*nn result
(including theoretical uncertainties) |-

Central value <:> s : Centr:flf\:ﬁ:eu?sw
68% interval — T > Need more data!!
90% interval ——— —
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PNN2 analysis

* More phase space than pnnl
" | esslossfrom p*N interactions

" Probe K*® p*nn spectrum

®* Main background isK*® p*p® with p*
scatter in target — loss of R and P with
photons aimed at weak part of detector

Arbitrary Units

=
“a
©
___oe*"“ FIBER TARGET |
o 20
'\‘y“ |
-."-"P |
=
" 10
Gamma 2 Kaon Hit Fibers

PR o

= . Z

muon band ﬁr.:

I | I
120 140
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P (MeV,/c)

500

23



PNN2 analysis (2)
e Goal: sengitivity equal to PNNL, s/lb=10p
2~ acceptanceand 5 - rgection

 Improved PV: new detectors at small angles

 Improved algorithmsto identify 6* scattersin target

Total Rejection Factor

T ————— =1

[
BeO / B4 \\ Target ppy
A Drift Chamher

Total Acceptance 24



PNNZ2 analysis (3)

E787 Result:

1996: PL B537, 211 (2002)
1997: PR D70, 037102 (2004)

140<p,<195 MeV/c

1 candidate event

Expected background of 1.22 +/- 0.24 events
BR(K*® p* nn) <22x 101

Background limited, with S/N<0.2

E949 Data:

= E949 datais being worked on now — improved photon veto
r?' ection will improve the limit and may allow observation
of K*® p*nn signal.
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Other Physics
K*® p*gg (and K*® p*g)

Barrel _
Veto- [ g

£,

= *]
5vL — =
Range = ; B  Enriuii s s
Stac | : ' = o

| Inefficiency tables.

F s po rejeCtion from real data et b
1 (from pnnl analysis.)

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Total Acceptance

K*® p*nn (pnn2)

..and from E787.:
1. K*® p*p°g
2. K*® mp°ng

Total Rejection Factor

10 Total A 1
ot cCce ance
pt 26
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K*® p*gg

= Striking difference near the endpoint
between K*® p*gg W/UC vs. w/oUC
=  Endpoint isinteresting in K°® pYg for
the CP-conserving contribution to
K% p9l+l-
= E787 observed 26 events with
100<P ,<180 MeV/c; good fit to
c=1.8+0.6 w/UC and ¢=1.6+0.6 w/oUC.
B(K*® p*gg:100<P,,<180MeV/c)=(6.0+1.5+0.7)" 107
4 No unitarity corrections—», = First run of E949 should see events near
e ~ endpoint w/UC
i with unitarity corrections— = Same and yS|S Stra[egy and techni ques
as E787/E949 K*® p*nn

bl sl ol e e i gm| = Bkg=0.19:0.07
10 I A A

0 % 0 w0 U5 B0 om0 s m  Acc=(3.72:0.14) " 10 UC
— Acc = (1.100.04) - 10-4w/oUC

eV/c)

K-Rare Decay Workshop May 26, 2005 Steve Kettell. BNL
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K*® p*gg
= No events are observed! -
" B(K*® p*gg:P,,>213MeV/c)<8.3 10°(ucy |
= B(K*® p*gg:P,,>213MeV/c)<2.3" 108 gﬁ -
= Limitinthisregionis’ 8 better than: |

E787 “r
= Need the rest of the scheduled E949 = ¢
data.

hep-ex/0505069

4

= Same datais used to search for *r
K+*® p*g (forbidden by angular .
momentum and gauge invariance), |
allowed in noncommutative theories *

. B(K+® p*g)<2.3'10‘9 23:HH|||H||m||||.|....|....|....|....

100 105 110 153 120 125 130 135 140

= Limitis’ 150 better than E787 n* energy (MeV)

All limits are (90% CL)
K-Rare Decay Workshop May 26, 2005 Steve Kettell BNL
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~=o .| Summary & Outlook (1)

= E949 has observed a 3 Sk B78I/EHMD  otm s
K+*® p*nn event. 2 o
+1.30 E 42 b
B(K*® p*nn)=1.47-089" 1010 :
40 - , :
(SM: 0.8 1019 " oy
" PRL 93 (2004) 031801 N e
= Detector and collaboration ready : CAlE
to complete experiment but DOE~ **F o

has not supplied funding for the 2f

running time that they approved. g
®* Termination of AGS HEP ops. was a

non-g:ier]tifiCd&is.on impow On the 28 -_I L1 1 | Jr=.] | Ill | et ) A | | | RN S i | | N I | | 11 1 1
Office of Science. g0 100 110 120 130 140 150
Energy (MeV)
29
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Summary & Outlook (2)

= E/87 discovered K*® p*nn: g ! :

" Thethree events observed
the BR measured by ol
E787/E949 remains higher 8
than expected D19

= __moredatais needed!

T T 'I'
f m

~

3 do
UL ity e Iy L et R - R e St il S S|

Branchin
—
-
[{=]

] LA Il_l_i____ |

—
L=}

—
o
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Gl

B P T e
il

1970 1980 1990 2000 201 0 2020

Year
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Summary & Outlook (3)

E949 remains an approved but now un-funded DOE experiment.
CKM was cancelled by DOE. Kplusis stopped by FNAL.

NSF has expressed interest in K*® p*nn: aproposal to NSF to
complete E949 has been awaiting RSV P management
reorganization and RSV P construction funding, and then...

What about the future: a high rate unseparated experiment at
CERN looks promising? or a stopped JPARC experiment?

Two K, ® p®nn experiments are now on reasonably strong footing
(E391a has data; KOPIO construction funding has been appropriated).

It isclear that K® pnn remains an incisive test of the flavor
structure of our physical world, whether described by the SM or
new physics, and some combination of experiments should go

forward!

K-Rare Decay Workshop May 26, 2005 Steve Kettell. BNL
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Summary & Outlook (4)

= E949 observed a39 K*® p* nn

event — consistent with the SM
prediction (and equally consistent
with 3 timesthe SM). It istwice the
expectation.

= | ower Phase space region accessible
- resultsin 1-2 years with ssmilar
sensitivity (»double E949 sensitivity).

= Detector and collaboration ready to
complete experiment but ...?

" Together K*® p* nn and K, ® p® nn
provide a unique opportunity for
discovery of new physics. 0

M Kt ooty
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Pulse fitting In the p*™ stopping counter

160 E-_.”--i__-—. ek g S
o IPIFLG O KPIFLG 100 DT 2.13
m Truav 6.15  Ermut 150,68
o J : Prod 3.59 Elast 22.48
Hil —'- I.
. \ Crmupi 2.35, 1,57
o Cruend 39.25, 96.5
] US probs 0.210.980
“ DS probs 0 0.060
f -L- _r-z-'cl_-- _-u-mnil;llll-“:--“._lal_"‘ i) T Th ]
End I {EAW)
T j__- S 1 et L SR i L B E - E AN Lol 12 S
] Epion 918.19, 677.9
" Emuon 106.01, 216.12
" Tpion 5.43, 6.97
o ] Truen 7.2, 5.09
o Ped(single) 4.56, 5.51
] Ped(double) 3.93, 4.88
el —-
- S e s T LI “

]
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= Plotswith p* and n” samples

TD properties of the candidate

Arrows show the candidate event Red
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Likelithood method

" Thesignal regionisdivided into cells
by binning parameter space (g, P, R, TD, photon veto...)
* Once cuts are fixed, calculate BG level in each cell b; inside box
* Expected signal S from BR and calculated acceptance A,
S = BR (asafree parameter) x N X A,
= | ikelihood technique in small S;, b; (1.aunk, Nim A434, 435 (99))

* Ratio of two Poisson probabilities (S+B or B only)

® Estimator defined as

'D ex '(S+t)|) S‘l‘b d, ex '(h) bdi j _ S d
X(BR)=O p d(| | |) p d|( |) =OeXp Si(1+b_|)
i=1 i" it i=1

(d. =# of observed candidate in the cell)

» When maximum X(BR), the central value of the BR
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K*® p*nn Motivation

One of the Golden Modes for
study of the CKM matrix and
CP violation. The rate can be
calculated precisely from
fundamental SM parameters
(~8%), and any deviation in
the measured rate will be a
clear signal for new physics.

FCNC, hard GIM suppression
No long distance contribution

arONRE

B(K*® p*nn) = (0.8+0.1)" 1010
hep-ph/0405132
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E787 Prop | E787 (run) | E949 (run) | E949Prop | CKM Prop | KplusLOI | JPARCLO4 | NA48-3LOI
IP,| (GeVic) 25 25 22 25 120 120 30 400
P/spill 5Tp 19Tp 75Tp 65 Tp 5Tp 2Tp 100 Tp 3Tp
Pl/sec 2Tp 9Tp 30Tp 10Tp 1.7Tp 0.7Tp 23Tp 02Tp
DF 15/2.4s 29/4.3s 2.25/5.4s 4.196.4s 19/3s 65/28s 1.79/4.4s 4.8916.8s

42% 48% 41% 64% 33% 21% 39% 29%
Teff/Tsp 1? 0.85 0.92 0.85 1? 1? 0.9? 0.63
|P«] (MeV/c) 710 730 710 730 22,000 45,000 550 75,000
K/(K+p+p) 0.25 0.8 0.7 0.8 0.7 0.04 0.75 0.06
K/sec (spill) 1.0MHz 4 MHz 6 MHz 5 MHz 30 MHz 10 MHz 18 MHz 25 MHz
K/sec 0.4 MHz 1.8 MHz 2.4 MHz 3.1 MHz 10 MHz 2.1 MHz 7.0 MHz 7.5 MHz
Flux/Teff (spill) | 5.5 MHz 5.6 MHz 8.4 MHz 6.7 MHz 50 MHz 250 MHz 25 MHz 800 MHz
F/(cm? -~ Teff) 0.1 MHz 0.07 MHz 0.11 MHz 0.09 MHz 0.25 MHz 30 MHz 0.3 MHz 40 MHz
“decay’ factor 38% 23% 27% 26% 13% 17% 40% 9%
K-decay/sec 0.15 MHz 0.41 MHz 0.65 MHz 0.8 MHz 1.7 MHz 0.4 MHz 2.8 MHz 0.6 MHz
L T*eff 1*0.5? 0.78*0.40 0.74*0.52 0.82*0.71? | 1*0.717? 1*0.71? 0.8*0.66? 1*0.67?
week slyear 17 20 12 25 39 39 25 12.9
years 1 4 1 24 2 3 3 2
Total K ‘decay’ | 7.5 1011 6.2" 1012 1.8 1012 1.7- 1013 5.8 1013 1.8 1013 71013 71012
pnnl Acc. 1.5% 0.2% 0.22% 0.3% 1.6% 2.0% 0.6% 5%
pnnl (/yr) 1(1) 1.2(0.3) 0.4(0.4) 7(3) 95(47) 36(12) 40(13) 17(8)
pnn2 (/yr) 0.15(0.07) | 0.4(0.4)? 5(3) 130(65) 54(18) 40(13)? 17(8)
Events (/20wk) | 1(1.3) 1.3(0.4) 0.8(1.3)? 12(4) 225(58) 90(15) 80(21) 34(26)
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