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Standard Model
Not likely the whole story

e Cosmological issues: inflation, dark matter, dark
energy, matter anti-matter asymmetry

e Theoretical Issues: gravity, neutrino mass, flavor
problem, hierarchy problem,...



Seeking Answers with Rare K
Decays
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SM works well at the Electroweak Scale

LSM = LGauge T LHiggs (¢| ’ Ai ’ Wi ’Y ) V)

Flavor degeneracy broken by Yukawa couplings
CKM quark mixing matrix:
p-n plane: ICHEP '04 status
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Rare Decays play key roles for SM parameters.

Even more important:
Probing the flavor structure of ‘new physics’.

Special Case: K} — z°vi g, — 0 +V77

L q, q.
e No tree level contributions -

e Suppression by CKM hierarchy g+ (7)
 Dominated by short distance physics :
 Precise determination of CKM parameters
e Dominated by direct CP violation in amplitude
(K-K mixing effects negligible)

SM

» Still dominated by short distance physics!
BSM .« Still dominated by direct CP violation in amplitude.
e Unique access to new CP-violating phases




K. — z’vv inthe SM

Standard Model (Buras): Im A =ImV, V,,=nA°2°

ts ¥ td

B(KE — VYY) :1.8x10_1o(”251 X(XI)J

~4.1x10 Y A%? =3.0+0.6x10 71
BK* = z7vv)~10x10 0 A" | " +(p, - p)” | = 7.8+1.2x207



Golden Relation: sin(24) = =sin(248),
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New Physics- Model Independent Description

(Buras, Isidori, et al.)

L, ~ Renormalizable part of an effective F. T. :

A
LEFT — LSM "‘ZP
Malin Issues:

e Size of cutoff scale A [TeV]
e Symmetries governing new heavy
degrees of freedom

Rare K Decays can probe the flavor structure
of the new physics at very high mass scales.



Encoding new physics as
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where A =V.V,, and

ts " td !
Qi =57 (1=75)dy, (1-7s)v
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B, (K} = 7%v)

For measurement precision P=

A 3 Tev (90%C.L)
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Most pessimistic new physics scenario:

"Minimal Flavor Violation"
(Examples: Low energy SUSY, univ. extra dimensions,....) A~TeV

Breaking of flavor symmetry occurs at very high scales
- mediated at low energies by terms proportional to

SM Yukawa couplings.
Only small deviations likely (at LHC or in rare decays)
But new CP-violating phases are naturally present.

K? — z°vi still sensitive O(50%) whereas

previously clean SM observables (e.g. asymmetries in P
non-leptonic B decays)are no longer clean or ,

not generally sensitive to new physics in decay amplitudes.

10% measurement of K’ — z°vi7 probes EW-Yukawa structure at the 5% level --
only a high luminosity linear collider could do better. [G. Isidori]



New CP-violating Phase &, : B, = -0,
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Comparative Sensitivity to New
Physics in MFV Scenario

M TeV)
: 6 ; 10 12

D’Ambrosio et al. 2002



New Physics: 1-10 TeV Scale

Example: MSSM with generic flavor couplings
Buras et al. Hep-ph/0408142

Challenged by precise SM results in B physics

But, large portion of the parameter space unexplored
New sources of CP violation possible

Discovery at LHC?: masses, dominant couplings

Rare decays: New Effects of CP violation, flavor mixing



Scan of MSSM Models

B(K) = 7°vv)vs.B(K™ = z"vv)
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MSSM Example -- Isidori et al. (to be pub.)

squark and chargino masses (+5%)
m,_ =500GeV m, =300GeV
rﬁ;{i =200GeV 3.0-

| yoa
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Constraining New Physics with K — 7°vi7
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Theory - Summary

oK) — 7°vv (and K" — z*vi7) — highly suppressed in
SM and most of its extensions — opportunity for new physics.
e Most precisely calculated FCNC processes involving quarks
In SM and in its extensions.
e Unique, clean access to the CP-violating and flavor breaking
structure of new physics -- access to short distance effects.
e Even if SM holds at high precision, access to
very high mass scales - complementary to highest energy colliders.




Overview of Rare Kaon Decay Experiments

State of the art: single event sensitivity, 10-12

Exotic Searches

K'— e LFV

K'——>z" f "Axions".

SM Parameters
and

ch_) —utu Vg

K'—sz vy |V

BSM Physics K!——7z° e"e” CPviolation
K'——7z°vy  CP violation
Low Energy QCD KO > e'e
Chiral Perturbation KL=>y1" 17 I=eu
K>z 1"I”

Theory

...Radiative decays

<4.7 1012

108: 6200 events

10-10:  3events

10-11: 4 events



Experiments Seeking K™ — 7 vv

e BNL E949

BK" — 7T+Vl_/) — 1_47%2% x 1071

e | Ols: New Techniques



The Secrets of Rare Decay Experiments
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Measurement of K™
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Special Features of
Measurin g e (056) wa (29 ]

K" > z7vv

i
e (048]

Arbitrary Units

Background processes
exceed signal by >1010

T DY M P I R
a a0 100 120 200 250 30
Momentum {MeV¥/c)

 Determine everything possible about the K* and =+
* wt/pt particle 1D better than 10° ( wt-pt-et )
 Eliminate events with extra charged particles or photons
* 7tV inefficiency < 10°
o Suppress backgrounds well below the expected signal (S/N~10)
* Predict backgrounds from data: dual independent cuts
* Use “Blind analysis” technigues
* Test predictions with “outside-the-box” measurements
 Evaluate candidate events with S/N function




Background Processes: Range vs. Momentum
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Estimating Backgrounds
Dual-Cut BLIND Analysis Method

CutlvsCut?2

If Cuts 1 and 2

!ac!groun! in !:

A=B C/D

Cutl

Blind
Signal Regi}‘
Cut 2
Blind Near
Signal Region:

Test Predictions



K* - z*z° Background Suppression
Dual cuts: »  Veto and Kinematics (P,R,E...)

vy Veto Reversed

vy Veto Applied

Range vs. Energy Momentum
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Background Suppression:
E949 Improved Photon Detection Efficiency

Rejection vs. Acceptance

ok
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Twice the rejection
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of 7° backgrounds
at comparable acceptance.

'otal Rejection Factor
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Total Acceptance
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New Approachesto K™ — 7z vy :

High Energy Decay-in-Flight. Tschirhart and Cooper (2005) FNAL
Unseparated Beam NA48-3 Group (2005) CERN

(Latest) NA48/3 Detector Layout

Acceptance
Straw3s6 < -
Final C. ¥ M4MUD K* momentum: (75.0 £ 0.8) GeV/c
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(n/Kip) L a2 . 12 e
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Only the upstream detectors decays CHOD 1Ky ' 70 events/year
Are exposed to the 800 MHz beam
Z(m)
| | | | o
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LMF, March 23, 2005 A. Ceccucci, CERN



New Approachesto K™ — 7z vy :

High Field Version of E7/87/E949

Compact High Rate Detector
e Sci-Fi target and range stack
for highrate z > u—e

y Veto

~~~
~~
—

e Improved momentum measurement ~
suppresses K* — 7 7%, — u'v
e Improved crystal photon veto detectors

Possible J-PARC experiment.

50-100 events at S/N=5 _
3T field



K" — 7" vy Measurement Prospects

100 BK > vy)
e E949 Lower Phase Space* 3}’ RN EE e e

« Complete 949(?)
* New LOlIs

*E949 Results Soon:
7’ S vy
K" > z7yy
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Future £949777
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Experiments Seeking K’ — 7%vv

Limit based on K™ — 77 via isospin : < 1.4 X107 ® terossman. nir
o KTEV (FNAL) result: B(K® —>7'v1/) <5.9x10 " (90%6CL)
e KEKEla 10 °-1077
e KOPIO (BNL): Single event Sensitivity <102
Discovery (50) for B('K; S >4,5x10 1
or  300"SM'events

LOI at JPARC



KEK PS E391a

Front barrel

____ .

Movable irame support

Features: * Pencil Beam * Pilot Project for JHF
* High acceptance * Test reliance on extreme
* High P selection photon veto efficiency



K(L) — 7% v Measurement

Background suppression factor needed: 1040
Primary Backgrounds
Mode Branching Ratio

K} - 27" 0.93 X 10>
Kl ->7ze¢ vy 036 x107°
Kl - 7z"7n x° 01255

KY —z°2°7° 02105
Others



The Challenge

B(KL—);:OVV) ~ 3x10 ;
need huge flux of K’s -> high rates
Weak Kinematic signature (2 particles missing)
Backgrounds with nt®up to 1019 times larger
Veto inefficiency on extra particles must be <10

Neutrons dominate the beam

— make n0 off residual gas — require high vacuum
— halo must be very small
— hermeticity requires photon veto in the beam

Need convincing measurement of background



KOPIO Concepts

N

‘

A Y T T Y A A A SO Y IO 4

/\F‘.““‘.‘.“.‘“‘.‘.‘.‘.
M A R A AT A A Y A A Y A A
%ﬁ. /77
: ~ ;
- - .
i \\. i {

25 GeV Protons A

(

|

>
40 ns

200 ps

/5??55?55?;

i

§ 40 ns




500
500 F
400 F

EPI®

200 F

100 = J°
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« Maximize micro-bunched beam from the AGS
* Measure everything! (Energy, Position, Angle, Time)

 Eliminate extra charged particles or photons
* KOPIO: w0 inefficiency < 108

» Suppress backgrounds

* Predict backgrounds from data: dual cuts

* Use “Blind analysis” techniques

* Test predictions “outside-the-box”
 \Weight candidate events with S/N likelihood function
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V7Y (Energy and direction)

6=200 ps A<— 40 ns between
—] l— microbunches
] ]

Proton Beam:

100 Tp/spill (Upgraded from present 70 Tp)
~5.5 s spill, 2.3 s interspill period

25 MHz micro-buching frequency

Bunch width 200ps

Interbunch extinction 107

P Kaon Beam:

42.5 degree take-off angle

Soft momentum spectrum [0.5,1.5 GeV]
3x10° K, /spill, 8 % decay

10 GHz neutrons
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PRERADIATOR-CONVERTED IN-BEAM AEROIGEL

PHOTON DIRECTION & EMERGY  CERENKOV GAMMA VETO
UPSTREAM HISH EFFICIENCY | EXTERNAL PHOTONVETD /

PHOTO VETO ||I [

03 SWEESING

HHGHETH
\

DOWNSTREAM VETO
I OUACLILUM TAME

SWEEPNG MAGHNET
CHARGED PARTICLEVETO &

PHOTCH VETO INSIDE

MICROBUNCHED K, BEAM HIGH EFFICIENCY AIEH RESOLUTICN " SHASHLYE
[WITH REUTRONS) BARREL PHOTON VETC FHOTON CALCRIMETER



Primary detection mode: Secondary mode:

2 photons covert in preradiator 1 photon in preradiator, 1 in BV
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(a) (k)

Reconstruct first y — e*e” in "Preradiator"”
Point to K decay vertex in vacuum.



KOPIO Signal and Background
Estimates

The key features of the KOPIO approach have
been established by measurements
supported by simulations

e Micro-bunching and neutral beam design
e Photon pointing, energy resolution
e \etoing — charged particles and photons



u Bunch Width (Extinction)
¢, Resolution (250 MeV)

Ey Resolution

ty Resolution

Photon Veto Inefficiency

Charged Particle Inefficiency

Expected Performance
200 ps  (10°)
25 mr

2.7% /\/Ey(GeV)

90ps /\/Ey(GeV)
E949 or better
10> (7%),10%(7")



AGS Microbunching Beam test

Microbunch width Interbunch extinction

Studied the RF extraction mechanism
proposed for KOPIO & measured a
microbunch rms width of 244 ps --
KOPIO requires <300 ps rms

Measured the inter-bunch extinction ratio
(flux between bunches/within bunch).
KOPIO requires ~ 103,

93 MHz 4.5 MHz
) 5050
S00 - Entrigs 18789
B Mean 18.44
RMS B.876
UDFLW 0.000 o
5 OVFLW 0.000 0t
400 ALLCHAN 0.1879E+05 |
¥/ndi35.68 / 23 |
Constant 457.1 + 7.611
Mean 18.52 + 0.3672E—02 |
| Sigma 0.2621 £ 0.3028E—02
300 | nh
|
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= _n —
I ]
100 |
I 1 & I
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4m

Preradiator

64 Layers (4% X//layer, 2.7 X,)
256 Chambers

288 Scintillator Plates (1200 m?
150,000 Channels Readout



Preradiator Angle Measurement of y —e‘e

e . -
.e_
/ 8 mm
| Extruded
s Scintillator &

WLS fibers




KOPIO Prototype Measurements
— BNL LEGS Tagged Photon Beams

Preradiator Angular resolution:
25 mr at 250 MeV/c

.E windf 15351 52
‘:‘-,1 1003 F1 T521
= Fa Q. 1042E-01
i i‘ P3 0.2445E.01
P4 1656
F & 0. 1333E-01
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400
Simulations _
agree with s |
measurements.
° -1 = I-CI.SI I I-'::I.EvnI I I-U.dl I_I:.;.EI IDI I o2 I Iﬂ.dl I IU.EI I IUBI I 1

ram
Angular distribution 2 of detected photons ‘



_ TO0& cm

Shashlyk modules prototyped i
and tested in beams.

— 155 cm

Mechanical design in progress
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Shashlyk Beam Measurements Ko

Energy spectra. APDYWFD., _E;'l:lrm' resolulion ol Shashlyk calorimeter
ang . 3
g Pratotype 2 u
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Every detector is a photon veto!

US Wall

Barrel veto

Preradiator

Prerad outer veto

Calorimeter

v vetoes in D4 sweeping magnet
v vetoes in DS vacuum pipe

Fine-sampling lead/scintillator-based
shower counters of shashlyk & bar
geometry. All thick enough so punch-
through not an issue. All with
sufficient efficiency




E949 Single Photon Inefficiency Measurement

g

Kr2 Decay

Energy (MeV)
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Kaon decay vertex o
120
. . 100
Missing
photon

205003 165003  2.11E-03
(LO2E-04) (9.62E-05) (9.72E-05)

Tagging
photon

Y2 [.

-1 0.75 0.5 -0.25 0 0.25 0.5 0.75 1
sin(theta) : cos3d

71



KOPIO PV Estimates and Simulations based on
Improved E949 Measurements supplemented by
FLUKA calculations

—

1 MeV Visible Energy Threshold
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Photon Veto Inefficiency and :
Technology d

o 0.3% VVS Prototype bult
o Tested at JLAB in an ¢ beam

o Achieved <1x10- (3x10-% ) veto inefficiency at 1 GeV (required 3x10-5)

o o Tum v

Inefficiency

PAC April, 8, 2005 Robert Tschirhart 16
FPeter 5. Cooper - Fermilab



Catcher Single Moduie| g
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Aerogel Counter

420 modules of
Pb-Aerogel counter
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ORI®

New Aerogel tiles

SP-50 (left) and TY-45 (nght)

Modules prototyped and
tested in beams.

sarogel Parabolic mirror

efficiency for

= 1.05 coinc. hit prob. for neutron (catcher)
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Charged Particle Veto In vacuum

K@pi@

CPV Barrel Detsctor

~34m*

Total Area of Bointillatar:

180

Total Maber of Elements:

3ed

2IE:

Total Mumker of Photomiltrpli




Example Background: K! > T eVvy

Plastic Scintillator —
baC ked u p by Y VetoeS! -3 I'I'NCI.‘vZZ'/ res:ults;. tl'lﬁcknes:s = 6.|7' n"n;|,/"c|:rr'||2I1 Etlhres = 0.(:.}5 MeV
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K, modes simulated for background Studies

Wl

Name Final state Branching fraction B/B(K] — 7'vp)
Kpnn 7'vo 0.3000 x 10— 1.000

Kp2  «Vz° 0.9320 x 10~ 0.31 x 10°
Kep2 7tn— 0.2090 x 102 0.70 x 108
Kgg A~ 0.5900 x 10~ 0.20 x 10°
Kp3  #'zYzY 0.2105 0.70 x 1010
Kep3 #ta— 7Y  0.1259 0.42 x 1010
Ke3  ntetv 0.3881 0.13 x 101
Km3 #tufu 0.2719 0.91 x 10%°
Ke3g 7nteTry  0.3530 x 102 0.12 x 10"
Km3g =T uFvy  0.5700 x 1073 0.19 x 103
Kpgg 7'~ 0.1410 x 107> 0.47 x 10°
Ked  #%7%eFr  0.5180 x 10~ 0.17 x 107
Km4 7%#%,Fr  0.1400 x 10~ 0.47 x 10°
Ke2g eTe 0.1000 x 104 0.33 x 10°
Km2g ptp - 0.3590 x 10~° 0.12 x 10°




Other Backgrounds

K* contamination of beam: <0.001 of signal rate
K —K*ev, Ke*v: ~0.001 of signal rate

nN —7°N: negligible production from residual gas in
decay volume if pressure<10° Torr. Requirements on
reconstructed Z,,(K, ) suppress rate from US wall to <0.01
of signal rate

Anti-n: far smaller than neutron background
Hyperons: <10~ of signal rate

Fake photons < 0.05 of signal rate assuming ~10-3x 103
suppression from (vetoing) x (y/n discrimination)

Two K, giving single candidate: negligible due to vetos
(K, »1*tX) x (7t >nl% *v): ~0.01 of signal rate
Kg =n91% ~4 x 104 of K| —n%7% background rate



| /. < Kinematic Separation of Signal and Backgrounds
A ORIO

Pion Kinetic Energy Squared (T.?) vs. Ln (Missing Energy)

Signal Backgrounds
i-j--\' ""‘-TH
= 25000 | v 25(HH) 1
2 -
o —
- =
£ 2HHN e LLLL
—~ ~
=1
L5000 oL B '
LK) 1K)
2
10
SO0 SO0

7 75 8
(MeV))

7 75 8 45 5 55 6 65
(MeV)) Ini E

“miss

i
l[ll I"miﬁﬁ



Normalization Factors and Uncertainties

e |_0sses

Rate dependent trigger effects
Signal “self-vetoing”
Accidental vetoing

Multiple decays/microbunch

e Additional Uncertainties
Flux

 Possible Gains
Improved photon efficiency



Optimized S/B vs. Signal (SM Events)

10 _Pptimizaﬁon job a: Baseline 3/2005
Q g - s: signal pr: preradiator
n b: background cal: calorimeter
8- bv: barrel calorimeter
7
1 — Combined
SIB 6 — &rp
Ypr+1ybv
5 - ypr+vycal
4
3
2]
1
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Standard Model Results for B(K{ — z°vv) Events



Discovering/Constraining New Physics

Equivalent Standard Model Events
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KOPIO: SM Precision

B(K 7 ww) o« (ImA)

. A = —M2 (1 = (X/2) )Im(\,)
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Branching Ratio Measurement
Precision Estimates

e Precision at B(K| —

Using probability likeli

all observed events (ap
+9%

7%v) =3.0x1071
nood method employing

proximately 300 ):

e (Statistical) Precisionon ImA: £5%



KOPIO Operations Plan

e 2010 Test Run — partial detector
e 2011 Engineering Run

“Discovery phase”: Sensitivity goal:~10-10
e 2012-16 Data Acquisition



‘Summary and Outlook
K - z°vv and K" - zvv
e Extraordinary discovery potential for non-SM physics:
Unigue connection with underlying short distance parameters.
e K™ : E949 (3 events), Future: LOI's - new techniques
e K]: KOPIO: 50 discovery if Br < 0.6Br, KL*” vL,> 17 Brsﬁ*”ow
Clean access to the CP-violating phases of new physics.

In the absence of new physics, precision on Im A,: <5%;
Access to very high mass scales!

KOPIO KOFFEE s




