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“Rare Opportunities” Outline

Lecture |
e Introduction and Overview

e Motivation from theory for modern studies of rare 1, 7, and K decays;
access to new physics at high mass scales.
e Experiments and experimental techniques for high precision and high
sensitivity measurements of rare and ultra-rare processes:
Muons: u — ey, Nuclear 1z — € conversion
Pions: 7" —e'v/z" — u'v Branching ratio
Lecture |l
Kaons: K" > e'v/IK" = u'v
K" > zvw

0 0, —
Kl —=>7vy



Standard Model
Not likely the whole story

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

» Theoretical issues: gravity, neutrino mass,
flavor problem, hierarchy problem,...

LHC: Direct exploration of the TeV energy scale.

Flavor Physics (e.g. Rare Decays):
Explore the symmetry properties of new degrees
of freedom at high mass scales “1-1000 TeV”.



The Flavor Puzzle

Quarks Leptons
u (c |t e |k T
d [s |b Ve |V |Vs

» Weak states < mass states

* Quark, lepton flavors not conserved
* Three flavors = CP violation, BAU,...

Unexplained observations (no theory of flavor):

* Huge mass differences between and within the generations
« Universality of interactions

* Symmetry between lepton and quark sectors



Seeking Answers with Rare Decays
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Cartoon from Jewish Daily Forward (1920°s)



Overview of Light Particle Rare Decay Experiments

State of the art: single event sensitivity, 1012

Exotic Searches

New physics if seen; SM
effects are negligible.

K —> 1€  Lepton Flavor Violation
U—>ey LFV

u N—>e N LFV

K"—>z" f "Axions"

SM Parameters
and BSM Physics

New physics if deviations
from well-calculated SM
predictions occur.

7 (KY) > e'v

- — Lepton Universality
THKY) = 1y
n ey V., |
Ki>u |V,

K'>z'vy |V,

K" z°vv CP violation

Low Energy QCD Chiral
Perturbation Theory

Radiative decays K, — ee

<4.7 1012
<1.2 101

<7.81013

10-4: 4x10° events

10-8: 6200 events

10-10:  3events

10-11: 4 events



Flavor Violation 1n the Charged

Lepton Sector
H—> ey
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BRUC > &7y, o i =10 BR(u —e ) 5 10° _5”[ j tan” § =102
m; Mgysy

{tan 8 ~ ratio of <H> for 2 Higgs doublets}

e Observation means new physics.
e Some SUSY models predict BR(u — ey) near the
experimental limit:

S. Ritt PSI



u — e Conversion

1~ —e-Conversion
Muon Capture Decay in orbit W (N,Z)—>e (N,2)
#(N.2)—>v,(N.2=D)  u=evy I's Momentum P, = m —be.~100MeV /c

/ Coherent, Neutrinoless

Sensitive to a wide variety of models at high mass scales:
Non-diagonal Z-pe, H-pe couplings, horizontal gauge bosons,
heavy neutrino mixing, ...

PRI C(p#(N,Z)>e (N,Z)) 1

-

&'&%_T‘ C(u(N.Z)>v(N,Z-1)) (M,)’

- " UN Current limits — M, > 340TeV
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Updated from Cahn and Harari (1980).



Branching Ratios for x# — e Conversion and ¢ — ey
in a Minimal Supersymmetric Model (MSSM)

R(u Ti —€Ti) R(u = €7)
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V. Cirigliano, B. Grinstein, G. Isidori and M. B. Wise (2005);
Isidori FPCP (2006).

u—ey/u—e Conversion VS. 7 — uy?

Example new physics theory: Lepton number violation, flavor violation decoupled;
Heavy rt-handed neutrinos. LFV in the charged sector related to neutrino mixing matrix.

Future expts?
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S]_ 2 Figure 4: Isolevel curves for B(p — evy) and B(7 — py)

in the MSSM (for tan 8 = 10, p > 0 and Ag = 0)
compared with the present and future experimental
resolution on B(pu — ev) [35].

Limits on 1 — ey & u—e Conversion rule out observable

T — 1y 1n many theories.
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Important Element of the SM Story* n
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SM V — A Hamiltonian: (z/K)—ly,

:

g 2Vud
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e — u—7 Lepton Universality
Standard Model: e, 14, 7 have 1dentical electroweak gauge mteractions.

Differ only in mass and coupling to Higgs boson.

(M2
7t —>ev | 1= ;
=e,u C(z" —>e'v) Mo y
STIR =R T o e ;\ —1.284x10™
X I > upv) m, om,
2
LY

Independent of f_,V,.
"> 1vy

vV =6, U 8m2
T>;;, R, =(1- 2 ..)=1.0282
s M.

Unless... new physics does not respect universality.




Universality Tests

Mode ge / g.u

n—ev/m—uy | 0-9985+0.0016

T—evv/T—uyy | 09999 =0.0021

ve/vu scattering | 110 £0.05

W decays 0.999 +0.011




Kinoshita (1959), Marciano and Sirlin (1976, 1995), Finkemeir (1995)
Tt —>ev
Radiative Corrections; Inner Bremsstrahlung;
and Structure-Dependent Radiation:
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I'z— lvi(y)) = Jﬂl <! f,[mnm; [1* ”2 [l+2ﬂ In Mz ”
8 Mg i mp ||,
2
X 1—E{i1n[””’]+c.+c‘z “In ’:'+f:“3."”“"2 } 1+ 2 F(x)
r |2 Mg m?  mf 4
-4% for |=e

[Jr 7t Structure-dependent 7° — e vy terrns]

where G, =1.16637(1)x107°GeV ~*, V,, =0.9738



But, most factors F(ﬂ' —> VT — eV7/)

Rth _

cancel in the ratio ~ e/x F(ﬂ S v+ > ,Lll/]/)
th  _ o a e M ;42 mpz H‘IE
R™ =R j1+—|F —F +Cr—%5 In—4 +C3—% |(+SD,)
- - / / 8x1 0_8
Sl / /
Cu” » > /
F : kinematic factors C,=3.1 (Terentev) C, : Small but /
' /

Model dependent
Marciano: Oilol’

¥
Pure Structure Dependent (SD) 7 — evy

corrections are not helicity suppressed

but are small and known for 7 decay:



Structure Dependent Radiation in K — € vy Decay

SD radiation: Not Helicity Suppressed; Large effect for K — ev
[T[K—>evyy,)~T'(K>ev+K—oevyg)
Calculated in Chiral Perturbation Theory CHPT O(p*) (Bijnens, Ecker, Gasser,1992)
and CHPT O(p°) and Light Front Quark Model(Geng et al. 2007, 1998%)

Geng et al. (2007) Form Factors

SD*:V +A

- SD™:V-A

© ]

=~ ] Interference

&

< . Rates SD*(x10°)  SD (x10°)

3] eyt CHPT O(p*) 1.5 1.9

5 e CHPT O(p®) 1.4 1.1

T N LFQM 1.6 2.9

] _ . _ Experiment 1.52+0.23 <1600
00 02 04 0.6 0.8 1.0
x (=2E /M) *Phys. Rev. D 57, 5697 - 5702 (1998)



Ry, =(1.2353£0.0004)x10™*
(Marciano 2005) — +0.00017

7t —>e'y

The most accurately calculated decay process
involving hadrons (and “could be better” W. M.).

K" >e'y

Rth

K—e/u

— (2.472 +0.001")x10°°

Finkemeier(1995)
Helicity suppression 5x 77 —e'v

optimisticy  Otructure dependent radiation not included.



: cees
Experiments 14
:0
T—>evV K—>ev/K— uv

Rz?(l;” (:|:O4%) R:)/(‘ILK (:|:2%) }Mlgn;

1.2265(34)(44)X10 triumr 1992)  2.45(11)x107> 1=
1.2346(35)(36)x10™ pst 1993 2.416(43)(24)x10™ cerneo
th eX -8

RY —R&® =43(37)x10°" Reru=Rep =356(46)x10

KLOE : Stay tuned next week (£1-2%7?)
New K — ev experiment.
Goal: +(10)x10° (0.3%).




7" —¢€V Beyond the Standard Model

High Sensitivity to New Pseudoscalar Interactions
which are not helicity suppressed.

PS contribution comes as interference with the axial-vector (dominant) interaction.

Effect is proportional to 1/A? where A is the mass of the hypothetical particle.

l l 1a) —SM

_______ N R — . . .

T W T 7, T @ H b) — New four fermion interaction
V| Vi Vi

(a) (b) (c) c¢) — Charged Higgs
New /
e V2T | mz ITeV 15 . 103
Rfjﬁ G# AEP me(md +mu) N( AEP ) .

0.05 % Measurement — A _,>1000 TeV
Charged Higgs mass m ., ~200 TeV probed.

Marciano

Hi



Charged Higgs and Lepton Flavor Violation
Masiero, Paradisi, Petronzio, hep-ph/0511289 PRD74,(2006)

The unobserved neutrino involved in ]
R
7" /K" — e'v decay may be Ve,V O V. ; eR-MR

UL

Low Energy SUSY (with R parity™®); Large tan .
RY, =R (1+ Ay
Current (Future) Experiments:
Ar?'] < 0.004 (0.0003) AR < 0.06 (0.005)
i) FCNC M —lv; At <107
*R Parity (MSSM): R=(-1)>B*1+25



i) Lepton Flavor Violation M — lv,;i(=e,u),=k(=7).
4 2
m m
ArE4 = —2 = | ALY tan® P=rxK
(]2 s
<0, (0.01), O_(0.0003);
For A} ~5107,tan 8 ~ 40

Effects (optimistically!) in range of planned experiments.

For the parameters above R(7 — ,uy/)~10'10;

(Present experiment (Babar/Belle) R(7 — u/e y)<107.)

Larger effects in B — 1v, beyond reach of current experiments.
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Campbell and Marbury (2003), Marciano

(CKM Unitarity: |V,  +|V,, > +|V,, =0.9992(10)
L(z" —>e'v(y)) »0.1% Precision

R, , = - - =1.231(4)x10™* (now =< 0.1%)
Y T > uv(y)
Constraining new Physics?
Direct Constraints G,
SM i~ ~ s Ay ~ 440GV
Re/ s A, ~20TeV, A, ~1000TeV (') "

Unitarity: A, ~ 20TeV, A; ~ 12 TeV

Induced Current Constraints >Q
Loops
Re/ " A, ~2TeV, Ay ~60TeV (') e.g. A induces V

Unitarity: A, ~ 2TeV P induces S



/K" >e'y

Other New Physics Possibilities:

SM extensions: J
Heavy v ‘ \

-Leptoquarks

(b) | -Excited gauge bosons

5 - ~ -Compositeness

““‘w " -R-parity violating SUSY
07 A /\/\/_\M/\]W/ e
! [ -Extra dimensions
P)

10 l T | T
0 20 40 60 120 140
T -v Mass from QCD cond.
ki Jass: (eires) (Davoudias,Everett (2006))
expected

- LFV (Isidor1, Paradisi (2006))
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7" — e"v Sensitive to R-Parity Violating MSSM

Ramsey-Musolf, Su, Tulin, arXiv:0705.0028 (2007)
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1 : Higgsino mass parameter

m, : Massofu,
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mg (GeV) R Parity (MSSM): R=(-1)*3"125



Quark Mixing: SM works well at the
Electroweak Scale

LSM = LGauge T LHiggs (¢| > Ai > Wi 9Y > V)

Flavor degeneracy broken by Yukawa couplings
CKM quark mixing matrix:

L e s e e i w R e
ded e E\}?
’: T?u / Am, & Am

1 _.}h :.'II 2 :"- Lﬁﬁ_}bi{_ |:‘_]I. lI -I} e B
=0 : : = S~ '
J = — —A2/2 3 2 VsV e :
Verm = A -2 AA ;

- T . .
AL (l1—p—m) -AA- |

Wolfenstein parameterization Review of Particle Prop. 2006






Kaon Milestones: The G.I.M. Mechanism and
Flavor-Changing Neutral Currents:

OBSERVED: K* — 7%*y ABSENT: K* — 7 vy
— —_ 0
K™ s u K™ 5 q 7

S d

So, why

-\ /- wasn’t it
observed?



Glashow, Iopolis, Miani “invented” the c
quark to solve the problem:

u u u u u u
s w_ d s w_ d s w_ d
u_\(Iu_ E\(IE f\(lf
Z N 7 N\ 7 N\
\\<\> \\<\> \\<\>
| %4 | %4
V V V

ViV +VEV | +VV,, =0

< |

Perfect cancellation only 1f K+ — 7t Vl_/

m, =m,=m :
t / should exist!

(0.0005, 1.5, 170 GeV)



K = zvyv 1n the SM

"Jarlscog CP-violation parameter":

Im 4 =ImV,V,,=nA°A

t

Precise SM Calculations (Buras, et al.):

2
BK{—>7 VV)=1-8><10_10(IIMT X(Xt)j =3.0+0.6x1071!

15

BK* =z vw)~1.0x107 08 4 (9, - p) |~ 78£12x107"!

K "uncertainty: m,



Constraints from 10% Measurements of K — zvv
(J.Charles et al., hep-ph/0406184, Eur. Phys.
J. C41, 1 (2005), http://ckmfitter.in2p3.fr/ .



Rare Decays play key roles for SM parameters e.g. V.

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

Special Case: K. — z'viv

* Dominated by direct CP violation in amplitude g, —q; +vv
* (K-K mixing effects negligible) q, q
 Dominated by short distance physics

* No tree level contributions

* Suppressed by CKM hierarchy

* Yield precise determination of CKM CPV phase

SM

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




New Physics: Model-Independent Description

(Buras, Isidori, et al.)
L,, ~ Renormalizable part of an effective F. T. :

A
Leer = Lo "'ZP

Main Issues: Cutoff scale A [TeV], Symmetries

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

o(B) |
B, (K = z%vv)

For measurement precision P=

405

\/— JP

201 51280 TeV!

TeV (90%C.L.)




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. — 7'vi still sensitive O(50%) whereas &ow A

. . . Cr My
previously clean SM observables (e.g. asymmetries in N & 4.
5 & ’ T®
non-leptonic B decays)are no longer clean or z

not generally sensitive to new physics in decay amplitudes.

10% measurement of K" — 7°vv’ probes EW-Yukawa structure at the 5% level --

only a high luminosity linear collider could do better. [G. Isidori]



Comparative Sensitivity to New Physics in the

‘Minimal Flavor Violation’ Scenario

Precision A ~TeV

ACTeW)
4 6 : 10 12

i1

(vl

B(K; — m'vw)
\

I|

| | BT — v h
B |

BB—=X.0')

D’ Ambrosio et al. 2002



Buras et al. Hep-ph/0408142, Isidori et al. (2006)

New Physics: 1-10 TeV Scale

Example: MSSM with generic tflavor couplings
Challenged by precise SM results in

. 3.0 . .'
B phySlcs - B(KS—)%’OVV) MFV region ,37/ f;/
But, large portion of the parameter By, 20 M

space unexplored
New sources of CP violation possible

Discovery at LHC?: masses, L5
dominant couplings

Rare decays: New Effects of CP

ff/v\
/ Sign ambiguity o
overall MSSM
coupling

2.0

1.0

violation, flavor mixing 0.5
e /A
0 40 80 120 160
squark and chargino masses (*5%) '-.|'m|ﬁf.-a ﬂ%'z'l (GeV)
ml_ =500GeV mR =300GeV Soft breaking trilinear couplings

M =200GeV squark & chargino masses fixed



K. — z°vv Discovery Potential

Experiment
Sensitivity for
SM

Ky—avV BR/BR,,

2

K. = 7'vv’(BR/BRg, ) vs. Events Observed
30 60 90 120 150 $M events

10

—
i
L
—
l

o

%)

10

d-. 4th generation Grossman
| SUSY w/R (LFV)
Extra vector quarks

Enhanced £-
| MssM
\ - ' MFV
Ymmm e T T [SOSINglet d quark
B TR =~ Y1, [ ),

Standard Model

based on Bryman-Buras-Isidori-Littenberg, hep-ph/0505171



Experiments

+ +
[ J [ J W
D™ T T L 40 4 L4 | 4 T
Lepton Flavor Violation K VAV
*;10'6 | = Klem 90% CL limits
! T T 1T | mCole 0 E
; Pu—ey 1 .<'K'|_ — 7 ]
107! - e : : X ~l
o Su—kce | L’ Asang ]
FI. . pud-red > £787 1988
3 oK? = e -+ £
= : LK = ue ;Z % ev §10 /5190
N S 2 £
2 o i i | E787.89-91
& i e : 5 b 0.0 10"
— ) 0 H i 1
i 107 c:_) . , - . . - - szg?blg > ]
I . Precision
3 "t Lo 1 10 =
- 10° : : .@ i ndard Model :
= e ]
a o 0 TN, SO 10" 4.0
o 90% CLo g e
L. _.‘ I 1970 1975 1980 1985 1980 1985 2000 2005
. o K* —e"v(2006) G
1940 1950 1960 1970 1990 1990 2001 a0z | \‘.

Year 10—13(17) ‘0.40/0

60

0.04%



S. Ritt 2006

Decay topology

Main background @

O
0 0 @éf
SI7F O

u — e vy signal very clean
e E,=E, =52.8 MeV Background: Energy, spatial, timing resolutions
e 0,=180° Good pile-up rejection

e eandvin time

2 2
R AE AE AQ
AB(u —ey)=| = At : z — | f(0
(=7 [d j(mﬂ/2](15mﬂ/2J ( 2 j (6,)1ws

M. Ahmed et al. 2002



MEG Experiment at PSI

p—ey
Goal (limit) <1.310713 (0.01 x prev. exp)
¥/ Liquid Xenon
COBRA Magnet -Q?ﬂ 4/ scintillation Detector

Thin Suparcondtlclhg Coll

Tl !
. i

Stopplng Target )

> Timing Counter
A\

= ‘*,k =

[ I
\Brlfl Chamber

im

e 107 — 108 p/sec, 100% duty factor

» LXe for efficient y detection
e Solenoidal magnetic spectrometer

S. Ritt 2006

Limitations: Accidental coincidences.



Engineering

Plans

e Data taking from
2007 on to reach
10-13 sensitivity
(90% CL)

| - Obtain a
“significant” result
before the LHC era

| « Eventual reach

10-14 during LHC
era




1N = e N Concepts: Sensitivity<10™"’

Lobashov (1980): Solenoidal Pion Collector; p Flux x 1000.
PRISM Concept (JPARC LOI

To

MECO proposal Cooled beam (Kuno)
(1) Pion Capture Solenoid Capture Solenoid
(2) Transfer Solenoid \\,’\\\\\\\W]H
(3) Kickers §
(4) Detector for PRIME R Eatd %

Collimators s — A7
o

Production

Solenoid Trigger

| [ Electron
‘ A

Proton \ N Stopping Tracking
Beam Production’, Target Detector
Exit Target
Detector A
Solenoid N Detector

Transport
Solenoid

* Singles experiment — not limited by accidentals
* Background (decay-in-orbit) known and calculable.
* High resolution detector feasible.



New 7z~ — e"v Experiments

Precision Goals for R;7": <0.1%

TRIUMF PIENU

R RENY

Ring Wl Ring

ASU, BNL, Osaka, TRIUMF, UBC, VPI

PSI PIBETA Spectrometer

INS (Pol.), IHEP, JINR,
PSI, RBI, Virginia, Zurich



.
"‘..'3!..&
Ay

N Experiment Concepts

Low Momentum 7 Beam at p=75 MeV/c. i’
7s lose energy and stop 1n a target of plastic i | i
scintillator (T). Scintillation detectors viewed }
by photo-multiplier tubes and all signals are U s '
digitized at 500 MHz. f
Nal
T—> 1 —> € m j |
R | | @) e
= T
Target £ =T /i
n b f ~el 7, =26ns,7, = 2200ns

/
Extra pulse T, =4.2(3.3)MeV

for 7 — u — € only.



Measure positron energies in a Nal(T1)

| |
I
crystal spectrometer (no magnetic field!): 1y 1177
|
7t >e'v]  PB=70MeV/c Yy

T

/

7t > u'v] P, =30MeV/c /
T,=42MeV, R, = 1.4mm Na““’,/
u—>e'vir| P =0-53MeV

Electrons have fairly uniform interactions over the range P[1-70 MeV]:
(7 —>e)

Systematic effects cancel (to 1" order) in the ratio
(7 —>pu—>e)

dE e er .
e.g. solid angle, Multiple Coulomb Scattering, —, annihilation, bremsstrahlung, timing.
dx

N.B.: When aiming for high precision: must rely on measurements for
corrections rather than simulations whenever possible!



Electromagnetic Calorimeters

Photons and electrons : EM showers

:
i ABSORBER

Pure Csl

Single Crystal Nal(Tl) - &y stal Ball

- Shashlyk Pb/SciFi
NA48 LKr n Sampling Calorimeter

lonization Calorimeter  MEG LXe Scint. KLOE Pb/sci-fi



Properties of Scintillating Crystals

Crystal CaliThh  Csl BaF, BGO CeF, MW0O,

Demtity  gom 451 451 489 743 616 K28

Ral length  ecm |.A5 185 206 1.12 168 0.59

Mididre radius cm 3.8 38 14 24 26 - 22

int. length cm BS 365 V9 20 239 224

Decay Tume o8 ooy 33 30 0 1030 <2

L] 0.e (2,10,38)

Peak pmission nm 563 420 0 480 30 425
30 20 0

frel. Light Yield 45 i6 21 L 10 0.7
23 2.7

HLYWT ®AC 03 -4 -2 -16 015 -1.9

=0
Refractive Index .80 180 1.56 220 1.68 2.16

Virdee



Comparing Some EM Calorimeters

BNL PSI NA48 Shashlyk
Nal(Tl) | Pure Csl LKr Pb/Scint./WLS
(Ionization) | Fiber
Density (g/cc) 3.67 4.53 2.41 2.75
Rad. Length (L, cm) 2.59 1.85 4.7 3.15
No. L, 1 12 27 15.9
Moliere Radius (cm) 4.5 3.8 4.7 5.49
Sampling Fraction (%)| 100 100 100 10
Lt. Decay (ns) 250 10, 36, 1000 2.7
Lt. (rel. NAIL %) 100 0.1(£),0.02(s) 3 p.e./ MeV
En. Res. (%) 70 MeV 2 5.4
E in [GeV] 0.5+3.5/\E | 3./\E
Position Res. (cm) - 2.5 0.9 3
Timing (ns) 1 0.5 0.26 0.08
JE
Rad. Damage Fair Excellent | Good




‘Wire Chombers
|

| \\:1

TINA (Nal) \ \\
I
o

_|_

Previous TRIUMF Experiment Britton et al. (1993)

e %4%%@;&%% B1
Y E d Ti t
wel 1 ¥ Energy an ime spectra
s DD arate events by Energy: (E ~52 MeV)
—J l:v'[;__w— 1 - L L | VIS 2000 ! I L
e i 0.511 Mev n ey < Time (a)
20000 il T - _— i
15000 - ! n—-ev
) d %07 7 =26ns '
310000 - P i "
© nEH e 500 -
5000 5 EO_ni
69 MeV] T ”
—N - T T T
’3 1000 2000 3000 4000 sooo/ 5 30 — ' '
Pulse Height (channel) 3 - < Time (b) N
T—U—e region| T—€V| w0  mou-e :
1
S 15 -
- T,=22us
10 - -
. . 54 L
Fit both spectra simultaneously
and obtain the ratio. ° 3 2000 4000 6000 8000

TIME (TAC—ADC Channels)
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Collaboration

M. Aoki, M. Blecher, D. Bryman, J. Comfort,
P. Gumplinger, S. Kettell, T. Krupovnickas,
Y. Kuno, L. Kurchaninov, L. Littenberg, W.
Marciano, G. Marshall, T. Numao, A. Olin,
R. Poutissou, M. Ramsey-Musolf, F. Retiere,
A. Sher, V. Selivanov, B. Walker, K. Yamada

Canada-Japan-Russia-US
Arizona State University, BNL, Caltech,
Kurchantov Institute, Osaka University,
TRIUMF, University of BC, Virginia
Polytechnic Institute and State University



2 PE N

TRIUMF PIENU Experiment

Precision goal: <0.05%

&
WC1(2,3) Wire chambers
B1(2) Beam counter

B3(4), Veto Target counters

T1(2,3) Telescope counters
TINA Nal

(dE/E=29, @ 66 MeV)
Ring CslI crystals
< J

Target assembly

Elevation vie;v (schematic)
eaim

Solid angle: 25% (2.9%)

" rate: ~ 70kHz 10o0kHz)
Tina rate: ~ 40kHz 3okHz)

Silicon strip
B3

B4 (target)
Veto
Silicon strip

Trigger rate: ~ 1kHz

Statistics:

~5x10° T—ev (x 30 E248)



R PLE NU .
Equipment
 Single crystal Nal(T1) detector (BNL)
Energy resolution <2% (RMS) at 70 MeV
* E949 Pure Csl crystal collar
* 500 MHz digitizers
 Silicon strip and drift chamber tracking

Elevation view (schematic)

Si Strips
300 (80) um pitch

48 cm dia. x 48 cm ~19 X0



Britton et al. (1993)

Tail correction

(the main source of systematics)

TT—€CV

Tr+AEe W
e UV
Tr+AEe+EN

900

800 -

T>u->¢e

o

(]

o
1

Narrow—gate ADC (ch)
S
o
L

. 4 MeV

600 70[0 B'D[U 960 10{50 1100
Wide—gate ADC (ch)

25000 1 .l - 1 |
il Timing cut
200004 (Q -
58 ~1/100
15000 = -
10000 =
5000+ =
= -
= &T\“ ey
By, @ '
2 jT1mmg+Ene1‘gy
3 1 " cuts ~1/10° i
)
400 -
m—=ey
200 - K |
27 000 2000 3000 4000 5000

PULSE HEIGHT (ADC Channels)



Britton et al. 1994

TABLE I. 7 — ev branching ratio summary.

Raw branching ratio R’ (x10~%) 1.1994 + 0.0034(stat) £ 0.0023(sys)
Multiplicative corrections

Tail correction 1.0193 + 0.0025
Pion stop time to 0.9998 + 0.0008
Time calibration 1.0000 £ 0.0003
Monte Carlo * 1.0027 £+ 0.0011
V1 veto 1.0009 + 0.0005
Wire-chamber inefficiency 0.9998 + 0.0004
7 lifetime 1.0000 + 0.0009
Branching ratio Rexp: (x107%) 1.2265 + 0.0034(stat) £ 0.0044(sys)

*MC: dE/dx, annihilation in flight, multiple Coulomb scattering,
Bhabba and Moller scattering



Resolution and Nal Tail

Simulations for New PIENU Experiment

i | | RAVE A

108; Nal Response Function ol T—eV T—p—e
EENaI T ETarg T ECsI / |
I { I

0% By | o
: ~ |

ob o o i
”J[HUL Iy — H”HL
A ail is i ﬁ WW L]

‘M‘H%H%Mﬂwﬂ%l LML . BeamP=22% [ ]I,

0 10 20 30 40 50 50 20 80 5 7.5 10 1256 1% 1756 20 225 i)

Positron Energy (MeV) Etarg

T—€V events ‘ Target energy ‘




Beam Test Data

total energy deposit in
the target

400

350

300

250

200

150

100

14
[=]

Entries 4334 p| mue | Entries 179930

Mean 17.92 Mean 21.43
RMS 0.8572 RMS 0.8573
2/ ndf 27.57/20 ¥2 { ndf 201/20
Constant 391.1=79 Constant  1.42e+04 - 46
Mean 17.77= 0.01 Mean 21.29+ 0.00

Sigma 0.5543 = 0.0076

Sigma 0.6025 = 0.0019

Ev

S

B L A R L I L

-

ol W e Lo L e T
15 16 17 18 19 20 21

woof JT — €
6000
4000
2000f
sl I T B e b b by Looiy
22 23 24 Y617 7819 20 21 22 23 24 25 26
EIMeV] EIMeV]

Good separation in the target dE/E ~3%



T Expected Uncertainties

Largest systematics come from:

é )
Britton et al. : 0.25%Uncertainty of the

correction - limited by statistics
& contamination by in-flight pion decays

# P E Nu Better dE/dx in target (x2)

\.and smaller statistical uncertainty (x5): /

2 PLE N
Larger solid angle x5:




"‘ PI E NU

Uncertainties Summary

N

Sources Britton et al. 1993 | &2 |=| E NU
/ . .

Statistical error 0.0028 0.0005
\

Low energy tail (t—ev) 0.0025 0.0003
Acceptance differences 0.0011 0.0003
Pion lifetime 0.0009 0.0002
Others (time calibration, etc.) 0.0011 0.0003
/

Expected systematic error 0.0031 0.0006
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PIENU Experiment Plan

2006/7: Beam Tests

« 2007: Assembly

2008-2009 Data runs

2008-10  Analysis/publications

Students, Postdocs: Interested? See me later!



Detector build-up

Brookhaven Nal crystal T e
(BINA)
Radius=24 cm Pure Csl crystals
Length = 48 cm(19 XO0) T B
eam

Energy resolution: 4
~<2% (FWHM) at 70 MeV Si Strips

\300 (80) pm pitch




Csl enclosure

EXPLODED VIEW,
DOWNSTREAM SIDE

437
SECTION B-B OF
ENTIRE ARRAY

(CRYSTALS NOT CROSS—
HATCHED FOR CLARITY)

A

7 | 5 ‘—l As || 27 ’,_Ill:l
TILEiT Thil

e _.IJ Eere _.JJ i _.IJ

CRYSTAL DIMENSIONS =SYM ABOUT CENTERLINE

[T | |
i i fe e

TRIUMF St SAADAY HATOMAL MESOH FACLITY

DOWNSTREAM CRYSTAL ARRANGEMENT
PIENU EXPERMENT

| — =
= I




To reach 0.05% precision, everything must be
studied/known to 0.01%: GEANT3 & 4 MC

Studies Example:

Dead material and Gaps between crystals

Total Nal+Csl+T Energy (Blue) & with Csl enclosure (Red) |

Percentage of events
o o
(=) - -
-t N =

o
o
@

0.06

0.04

0.02

Energy (MeV)

Support material
in gaps between
crystals: <10%
effect, known to
<1% precision.



From analysis of the Beam Test data:

Pulse fitting

Fitting as a single pulse
Fitting function

2 free parameters Al, Tl

I U BN ITUPIT U IR W PR B
830 920 -910 -000 890 -880 870 -

Fitting as a double pulse
Fitting function

4 free parameters Ai,Ti i=1,2

V=AIF(t+T1)+A2F(t+T2) k/\a&ﬂ

LJJJ_LLH_LLLL._L._L._.J_LL._.J_L._u_Lu_u_L._Lu_L._u_._L
920 910 900 890 -880 -B70 -B6O sm
[nsl

pie->correct assumption
->incorrect assumption

.
=

i ADC2
3 indi=8511.1/28

Voltage [my]

pimue Ee=r

%) w
2 2

g

=]
L L

Bl Lo Lo b L b b Ll
-320  -910 900 -390 -BAD -BF0 -B60 650 -84l
Time Ins]




From analysis of the Beam Test data:

Decays in Flight

Correlation between Eiotq and PS-cut

Horizontal axis:Eiotql

pimue data Suppression of each bin Monte Carlo

Bad
" suppresior




S1 Strip and WC tracking
helps veto decays in tlight

at rest

DIF uls

angle] ]

Measuring the angle between
the incident beam pion (using
WC) and the charged particle
entering the target (using
Silicon Strip detectors) helps
in significantly reducing
decays 1n flight

(factor ~8)

Elevation view (schematic)
Beam




SS and WC tracking helps
veto decays in flight

- F3

DFuls

.

[mm]

meph=-2.6/mm

PIENU

e =
Z@r min[mm]

_ E‘fﬂ |

Using SS tracking to
determine Z of the vertex

helps to suppress decays-in-
flight even further.

total factor ~30




77— e’y atPSI
Precision Goal: 0.05%

Pl Beta Spectrometer: 12 X0 pure Csl

) The PEN Experiment:
PI’CVIOUSlY measured o stopped T beam

o active target
+ 0,4+ + + o 240-det. Csl(pure)
T —>7me VvV, — € Vj/ calorimeter
o central tracking
o digitized waveforms

Detector schematic cross section



m T TT | T T | T | T | T T | T T T | T | T TT | ]
PEN Active Target ?122_ —[ p=80 MeV/c
detector energy resolution gl . At Thlil E
o160; -.;EBE/ b | et ;
e stopped pion signal s140F OF 070 | | 3.0% | mHTte =
L - b .
e stopped pion with £120F E
T — Qv Z1gg_ ] Pﬂ E
— ! L g
® stopped pion with 60E- I E
T— | — e 40F L I—' | =
[From 2006 PEN test run] 20F ! fi' |—| E
Cooa Ll |—L| |-J-|J| | |I"':| S I e T
OB 10 12 14 16 18 20 22 24
Active Target Energy (MeV)
L L L L L L B B L B L BB
) — Simulati )

Calorimeter energy ;m - . DI;;? o LIS
resolution for 7 — et u f]mﬂ - .
after subtraction of late jgmﬂ:_ -
decay events. Z b :

[From 2004 PIBETA run]

ﬂ4ﬁllllfﬂllllﬁlﬁllllﬁlﬂllIIE-ISIIIIT{I I?ﬁ

Positron Energy (MeV)

12.8% FWHM at 66 MeV



PSI 7-f Target Arrangement




“Rare Opportunities™ PEe

Lecture | A g
e Introduction and Overview s N

e Motivation from theory for modern studies of rare 1, 7, and K decays;
access to new physics at high mass scales.
e Experiments and experimental techniques for high precision and high
sensitivity measurements of rare and ultra-rare processes:
Muons: @ — ey, Nuclear 1z — € conversion
Pions: 7" —e'v/z" — u'v Branching ratio
Lecture |l
Kaons: K" > e'v/IK" = u'v
K" > zvw

0 0., =
KL —=>7vvy



Douglas Bryman

University of British Columbia
UBC



“Rare Opportunities” Outline

Lecture |

e Introduction and Overview
e Motivation from Theory for modern studies
rare u,7, and K decays.

e Experiments: u — ey, Nuclear £ — e conversion
rt —e'v/ir" = u'v Branching ratio
Lecture |l

e Rare K decays:
K™ — e v/K"™ — u'v Branching ratio

K" —z5vw, K — zviv



Overview of Light Particle Rare Decay Experiments

State of the art: single event sensitivity, 102

Exotic Searches

New physics if seen; SM
effects are negligible.

K —> 1€  Lepton Flavor Violation
U—>ey LFV

u N—>e N LFV

K"—z" f "Axions"

SM Parameters
and BSM Physics

New physics if deviations
from well-calculated SM
predictions occur.

7 (KY) > €'y

- — Lepton Universality
7 (K)y—>u'v
n ey V., |
Ki>u |V,

K' >z vy |V,

K" z°vv CP violation

Low Energy QCD Chiral
Perturbation Theory

Radiative decays K, — ee

<4.7 1012
<1.2 101

<7.81013

10-4: 4x10° events

10-8: 6200 events

10-10:  3events

10-11: 4 events



K™ Decay Modes 7, . =12.4ns

Decay Mode

Branching Ratio

Kt — utv
K+ — ntqn©
Kt —ntnte™
K+ — ntgOx0
K+t — nutv

K+ — mlety

630 ['i_".':'lllt'*{l ﬁ.-pg )
21%
67
2%

3% (called KJ5)

5% (called K:j )

K" —>e'y

K" —>zw

4x10°(K_,)
107"

Arbitrary Units

AR N

ev

100 190 200
Momentum {MeV/c)

250 301



Previous K — ev experiments done at CERN

with low energy stopped K™ beams.

+4.5%

P
en

PDG-05 average: 2.45 + 0.11

Measurement
-9

- [CLARKT2]

[t}
—IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | |
2 2.5 3 3.5 4
(K" e v)II (K™ —ptv) [107]




New Measurements of K —>ev/K — uv at CERN

I AT o e § ]

,Naples, Perugia;Profiino, Pisa, Rome I, Rome Il Saclay,

&



K* and K- decay-in-flight NA48/2/3 P326

Momentum (6013) ->75t1 GeV/c K—>ev & K> uv

Y* TAX 17,18 . _gz 8 5
l 'L FDFD mﬁi'.'ﬁ:.’m.- DCH IMag?elDu[ F-= =
| \ Di]elﬁnintg } ‘ Pritly_lecl‘:ng it :
| e \collimator || collimator “leanin :
1 5 X | ' \ : | T ]’ ctc;himnlfr ‘ : i
1012 | ’ [: K J_ KAB]"‘Q, 1 || Decay volume : i
protons . KABES 3 |y i
. 1 P [
per spill 2 : ey ) I
Target| | \hiroa” ; » z L Z
I T \\ + focused beams 5 ¥ 3 el
/KABES 2 N 5 '
K \Y— ' 5
\V/ DFDF 2nd “ 10
FRONT-END ACHROMAT 2 4nole ACHROMAT ' Vacuum tank + em
1cmr Quadruplet s lank Spectromgir
50 100" - 200 250 m
Trigger
Momentum Analysis
y Hodoscopes

Goal: 150,000 Ke2 events
—+ o Energy Measurement
RK +0.34% Liquid Krypton Calorimeter



K—>ev & K — uv Selection Criteria
e Exactly one track

e Restricted decay vertex for reconstruction
oK >ecv E/P>0.95
eK—>ur E/P<0.2

e "Missing Mass" M, =~ 0 defines K* — I*v

M,

‘2

e EY" <2GeV (Radiative Decay) - "
v

102&

limited by calorimeter response.

=(E, —E)*—(p, —p,)” <0.015GeV°

Ke2y events

g (CM) - SD fterm




Missing Mass Technique

0.05

NA48 DATA 2004
K., candidates :Eg.g:
and a KH2 sample En:uz
P.=60GeV/c oot
Dipole Pt kick 120 MeV/C _ ©
0.02
Background: g:gg
isidenti 2~0.04
K/J2 misidentified o os
as K,, for P>35 GeV/e. & 0.02
~0.01
= 0
-0.01
-0.02

(4 reconstructed as e)

M ivs.Momentum

l‘_é!:l’jj'l.:-ll.llllllllll

ity

IIII|I..II!_T_!Z_I_II|IIII |'.|

La | 0,01

0.06
0.05
0.04
0.03
0.02

|IIII|I_L_LI

-L!.'l'H'lIIIIlIIII

me ©
- Ku2

3 D:'._;'

Ke2 o =0.01 5 ke2 32
v b b B fa0,02 el o lov e berae b
20 30 40 50 20 30 40 50

p (GeV/c) p (Gev/c)
5 Ku2
= Ke2
:I'Illlll||||||||||||||||||
20 30 40 50

p (GeV/c)

2004 MC :
Equal samples of
Kez @and K

Some 1 (5x107°)
misidentified as e
for p>25 GeV

2007 MC :

.| Equal samples of

Kez and K
PK =75GeV/c

0Dipole Pt kick: 263 MeV/c



Expected momentum distribution of electrons from K_, decay
and of fake electrons from K , for 150,000 K, decays

NA48/3 Monte Decay vertex interval: 12m <z <102 m

Carlo 2007 (z=0 corresponds to collimator downstream end)
4000
3000 [
2000
1000 2 _EH?
0 :I R N R Y N N A B L,_I--—1"'|r_r_|r:_| I T R N T N B
20 30 40 20 60

p (Gev/c)
For p <35 GeVic, 64,000 (43%) of events are background free.

For p > 35 GeV, the fraction of muons from K, decay with

0.95 <E/p <1.05 will be measured by inserting a small lead plate in
a region between the two hodoscope planes to give positive u ID.



Errors

Sourse Relative error ? | Average: 2,455+ 0.045
Ke2 sample statistics 1.85% = 2 3

Kmu2 sample statistics 0.05% o

E/p correction for the electrons (E/p>0.95 cut) 0.18% * §

E/p correction for the muons (E/p<0.2 cut) Negligible i K- |
Trigger efficiency 0.3% 1]

Acceptance Kmu2 0.03% :

Accaptance Ke2 0.3% i K+ |
Radiative corrections 0.12% 0.5

Background subtraction 159% * cf o -
Total statistical error 1.85% eIt 10T
Total systematics error 1.66%

RPE =2 416(43)(24)X10™ cErnE006)

e/ u
Rth

K—e/u

- (2.472i 0.001*)x10‘5

Substantial Improvements (+0.34%) planned for 2007.



The NA48 2007 Ry run

2004 special run

2007 run

SPS duty cycle (s/s)
Eff. < no. of days
Eff. no of pulses

Protons per pulse

1.8/16.8

~ 0.9 x 2.3 =2.1
1.08 - 10*
2.5 101

9.6/39.6

~ 0.6 x 120 =72

1.6-10°
1.5-10%

K12 beam: p (GeV/c) +60 +75
Acceptance (mr?) 0.36 x 0.36 0.18 x 0.18
AQ (sr) 4-10°7 1-10°7
Ap/p effective (%) +3 +2.5
RMS (%) ~ 3.0 ~ 1.8
TRIM3 2’ (mr) 0 70.3
pr (MeV /c) 0 F22.5
MNP33 2" (mr) +2.0 +3.5
pr (MeV /c) +120 +263
Triggers/pulse 45,000 96,000
Good Kez/pulse ~0.37 ~ 0.94
Good Ko (total) 4000 150,000




K — zvv Experiments
K" 7w
e BNLEM9 BK™ —7zw)=147+£% x10™
e New Proposed Techniques: CERN, JPARC
K’ — 7w
e New Proposed Techniques — KEK/JPARC



The Secrets of Rare Decay Experiments

A BEAIMAUL LikeNEsSS oF FETER.
HEoewW Do You Doar 7

CGBC”



e T

siMPLElL TOU TAKE A B mEcocec,

T™HEN YDU O Avvdy EVEETTHIMG
THAT DOSENT Lo LIKE FETER,

CGBC”




The Si1x Steps to

Measuring K — 7vv Reactions



Step 1: Know the enemy. K™ Decay Modes 7, . =12.4ns

Decay Mode Branching Ratio Background Rejection

K+ — utw 63% (called K,5) it PID, Two-Body Kinematics

Kt — otq® 21% Photon Veto, Two-Body Kinematics

Kt —atater™ 6% Charged Particle Veto, Kinematics

K+ — mta0x? 2% Photon Veto, Kinematics

K+ — mutvy 3% (called K3 Photon Veto, u PID

K+t — 7%ty 5% (called K3) Photon veto, E/p
Background o0

. i -
v M:21} K-I— : 7Z_+VV
L T _—
/

processes
exceed
signal by
> 1 010

Arbitrary Units

L 1 I 1 1 I 1 1 1 1
a a0 100 120 200 250 30
Momentum {Me¥/c)




Approaching

Arbkitrary Units

K+ ; ﬂ-I_VV ..|_.ar.".’|d.... s
0 50 100 %0 200 254 30

Momentum {(MeV/c)

* Determine everything possible about the K™ and ™
* nt/ut particle ID better than 106 ( wh-p*-e* )
 Eliminate events with extra charged particles or photons
* 10 inefficiency < 10-¢
 Suppress backgrounds well below the expected signal (S/N~10)
* Predict backgrounds from data: dual independent cuts
* Use “Blind analysis” techniques
* Test predictions with “outside-the-box” measurements
 Evaluate candidate events with Signal/Noise function
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AV,

Drift Chamber

D
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o
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BNL E949 Measurementof K™

Step 2

<]
=
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s

\ \ : u”

1

Target

Drift
Chambhar

Range Stack

=
D
=




Special Instruments Required: 500 MHz Transient Digitizers

| . K stop
K — 7 o \ 1] K 2 1

IIIIIIII-.III- .IIIIIIII

={ Lover 14 Up=atreamn =] Loyar 14 Cownstream

i N

; C A e
- ! F mr

t.—m'ﬁ tﬁ—iT—A—‘

-] L]
=1 Loyer 13 Upatraarmn = Loyar 13 Cownzkraam
i" F 1Y
T—>U—>e Nk e
D '\._
- [ [ *“'-H 20 = an - [] [] ﬁ‘_"i ) ) E ]

3 N Tl p—>e

5 oo "7 enters T



Step 3: Demolish the Backgrounds

Background Processes: Range vs. Momentum

Range (cm)

L)

50

150

200 210

220 23 240 250

55

50

IS L B N BN B FOSCIC B LI
I K |
i K'—n'x’ -
‘Beam background ]
L e e ] gy
180 190 200 210 220 230 240 250

Momenium (MeV/ic)

Signal Box



Estimating Backgrounds
Dual-Cut BLIND Analysis Method

Cut 1vs Cut 2 If Cuts 1 and 2

are uncorrelated:

Background in A:

Cutl1 A=B C/D

Blind  ~__

Signal Region
Use a subset (e.g. 1/3) of the
Cut 2 data to finalize cuts which are then
. applied to the remainder of the data.
Blind Near- Background estimates are also

Signal Region: subject to blind analysis.
Test Predictions



K" — 77" Background Suppression

Dual cuts: ¥ Veto and Kinematics (P,R,E...)

¥ Veto Reversed y  Veto Applied
Range vs. Energy Momentum
%\ 45 : :
425 b WOSé
2| | Max. ¥ veto
o 40 |- 107k
375 | 106
®F 10°F
325 | 04
B 7 10°
275 :7 woz
; 10
; o e e b e e e b 1 Sk (EEEEE
2OBO 30 100 110 120 130 140 190 200 210 220 230

Energy (MeV)
Momentum (MeV/c)

Important step: Check for correlations.



Background Suppression:

E949 Improved Photon (") Detection Efficiency

Photon Detection Efficiency limited by
 Photonuclear interactions ("y — n")

« Sampling Fluctuations

» Punch-through Rejection vs. Acceptance

—
=
- |

7" Rejection: ST

(for K* = 77" background)

e
=
- (=,

Twice the rejection

Total Rejection Factor

of 7° backgrounds

10 %
at comparable acceptance :

for K" = z7vv.

0.3 0.4 0.5 0.

* E787 was a previous version of E949.

6 0.7 0.8 0.9
Total Acceptance



Step 4:Open the Box



Combined E787/E949 Branching Ratio

B(K* - 7vv) = 1.47

Range (cm)
= &

=Y
%]
LI L

38 [

36 |

30 |

28 |

- E787/E949

(3 E787 1995-98
A E949 2002

1.30
i0.89

X 107"

B, (K" = ztvy)=78+12x10""!

3 events observed— consistent with SM

e
A
1 I* 1 I L1 1 I L1 1 I L1

90

\mu 110 120

130 140 150
Enerav (MeV)

ETAT E0949
N 5.0 1012 1.8 w1012
Total Acceptance |00020 4 DU0002[0.0022 + 00002
Total Background | 0014 &£ 0.05 030 4+ 0.03
Candidate 190954 [ 19980 20024
S b 5l T Ry
W 0as [ 088 .45
Background Prob, | 0.006 | 0.02 0.07

Low energy phase space data under analysis.



Step 5: Get lots of events! CERN Proposal P-326 : K™ —» z'vi

Goal: >80 events for BIK™ — 77 vv)=10""

SPS primary p: 400 GeV/c Measure B, P .6,
Secondary beam:

- 75 GeV/c , 800 MHz Hermetic detector for 7 — yy Decays & , ~ 1078
* /K/p (~6% K*
m) TRIP (F6% K) 41D, ~5x10°
L ANTI ~=------. MAMUD
] fo~ VoA
ANTI [ RICH' |
E ANTI Ly "T l'TH: '
- TR L
1] S
] SPIBES BRRRR t | _—m@_RC

—;Ti.lrget8go MHz : : K+ VAC/UUM/ —
U—: -'rU| [T {11 IJ:U:ll

=~ ‘\\ ..................
-
— -

11 MHz of K* decays -]

E . (KABE‘ ) LI -
4 re— HF FTPC U]_”_H! I”i Hi Hi 1::“ :‘
: I
—2 Straw Tubes
| ' ' ' | ' b | ' ' ' | ' ' ' | ' ' ' | Z:'l.—
0 50 100 150 200 250
. AP AP
Resolutions: —& ~ 0. z ~1%, A6, ~60urad

K V4



P-326 Detector Challenges

Detector/System

CEDAR

Differential Cerenkov Detector — tag K

Gigatracker (SPIBES, FTPC)

S1 micro-pixels, TPC- measure Py @ 1 GHz

Straws tracker in vacuum

Charged particle detectors

Large Angle Vetoes Photon Veto detectors (9-50 mrad) :
Pb/Sccint. WLS fiber readout
SAC/IRC Small, intermediate angle P.V. (<] mrad):
shashlyk Pb, scintillating fiber towers./PbWO4
MAMUD Muon particle 1.d. (range); Magnetized Fe/Scint.
Hadron calorimeter.
RICH Ring Imaging Cerenkov Detector — pi/mu 1.d.
LKr Consolidation Calorimeter — P.V. (1-9 mrad)




Gigatracker Micromegas Tracking/TPC

(b)

G 0 e L E B i ey ——




17m

2.8 m

RICH counter

18 m

RICH Specifications for K*—>u*v rejection:

— Separate n—p at 23 ¢ from # Slgma TC_M Sepal'atiOIl VS.
15 to 35 GeV
— Time resolution: <100 ps Momentum

Radiator: Neon

1 atm, (n—1)=67%10° N — e

7 threshold = 12 GeV 2 a0 [T S M S S S

(15 GeV for full eff.) O O R e

Length: ~18 m (5.6% X,) S oo bl T :

Focal: 17 m 2 mirrors (eff.) 5 e e

~2000 PMTs e e .| 3 sigma
Hamamatsu 7400-U03 e | at 35
Dispersion: 1.6%x107° (convoluted with PMT s [-neon dispersion. el (G
response) [ttt i
Pixel size: 18 mm B O ki B |

Single Anode PMTs 2

PMTs matrix on the focal plane with compact

hex packing : e

P32 p.(GeV)



Straw Tracking in Vacuum

Gas proportional chamber;
wires (anode) strung in
thin “soda straw”
cathodes.

48 holes for straws: R/0 electronics Gas connectors
8 layer x 6 straws box



K* — 7 vy Kinematics
and Backgrounds at 75 GeV

Missing Mass K" — 7" (M )

»
B K —mn?
=
iy
i
£ K =
o
™\
) 1
[
| "-,
s "':"P | I|I
s
! 7L |I II|
HEE '.
8 |
® | Rpaglonn -
L L L L I L L L L I L L L L I L L L L I L I|I L r--1"JII L L I
013 0.1 .05 i} 003 0.1 013
mg,,., GeVic*

0 _VS.P.

P =75 GeVie

0.02 ;
L !
[ i
0018 [ /‘-,
1
I \
0.016 _—Kes \

o |
o2 |
0.01 [
0.008 |
0.006 |

0.004 |

No Missing Mass Constraints:

K+t — etay

K+ — ptoy

Kt — 1TI'+WD’:r'

ER 4,87 x 10~? | 5.50 x 10-3 2.75 x 10~4
Acceptance 13.4% 15.3% 17.9%
Ty — 10-5 —

o 5% 10-% — T
s — 2 % 1074 10~
e 10-3 — —
S/B 30 5 4000

P326 Proposal (2006)




New Approaches to K™ — 77 v

High Field Version of E787/E949

Compact High Rate Detector ¥ Veio

e Sci-F1 target and range stack
for highrate 7 > u—>e < _ _
suppresses K™ — 77", > u'v

e Improved crystal photon veto detectors

Possible J-PARC experiment.

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



Step 6: Tackle Something even harder:

K. — 7"vv Experiments

Theory: (3.0i 0.6) x107 11

Limit from K™ —> 7Z'+V]7 via iSOSpin s < 1_4 X10_9 ® [Grossman, Nir]

o KTEV (FNAL) result: B(K' —7'vv)<59x10 " (90%CL)

o KE

KE391a: BK' —7'w)<2.1x10° (90%CL)

¢ JPARC Proposal:
Phase 1: Single event Sensitivity 10710
e KOPIO Concept: <1012



The Challenges
B(KL—>7;OVV) ~3x1011;
need huge flux of K’s -> high rates
Weak Kinematic signature (n°+2 particles missing)
Backgrounds with 7 up to 101V times larger
Veto inefficiency on extra particles must be <10
Neutrons dominate the beam

— make 7V off residual gas — require high vacuum
— halo must be very small
— hermeticity requires photon veto in the beam

Need convincing measurement of background



Kl(_’ — 7%v Measurement

Background suppression factor needed: 10"

Primary Backgrounds
Mode Branching Ratio

K} - 2’7" 0.93 X 10
K) >z e vy 036 x10°
K’ —» 77z 7" 01255

K’ —7z°2°7" 02105
Others



Photon Veto Efficiency Estimates and Simulations
based on improved E949 Measurements
supplemented by FLUKA calculations

Photon Detection Efficiency limited by
« Photonuclear interactions ("y — n")

« Sampling Fluctuations

+ Punch-through 1 MeV Visible Energy Threshold

= 1
=
aa
KP2 Decay =
L1
=210 o ED49 datn
. = - KOPIO Total Ineff

Pi+ = = KOPIO Phatonuslaar
B10o KOPIO Sampling
£ A *  KOPIO Punchthrough
5 e e
=10 EE—

Kaon decay vertex A= T T e —
— e —
10 Dregly —
Missing R N ——
photon o
Tagging 5 - . T
photon g 12 T e,
gl 10 1 1 1

1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
=0 <H] [ B 1050 120 14940 160 1TBGD 200
Pyvtpnd. angla—n - Noton anargy (M)



Photon Veto Inefficiencies Assumed for JPARC K] — vy
I §al |
':'-F ; .“'-; E I:.;.
n Csl i f“
:JI - -!:I - i | | =
o LI o4l Sampling HHHE:
| L] 4l cal. ikl
0810 1
heident Energy (GeV] Ia E e | ey e

Figure 56: Photon detection metheiencies for Cal erystals (Left) and a sam-
phing calorimeter (Hight) as a himction of meaident photon energy. The open
black circles are expermmental data for photonuclear interactions. Monte
Carlo results for the methiciencies due to punch-through and sampling flue-
tuations are shown in the Hight figures as colored points. Different colors
indicate different incident angles on the detector. The solid curves are the
model mefhiciency functions obtained by fitting the data and Monte Carlo
results.



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



Example Background: K| > 77 e'vy
Plastic Scintillator —
backed up by v vetoes! -3 TNO27 results, thickness = 6.7 mg/cm”, Ethres = 0.05 MeV

O | v with Nal omponent 1 3

n ' ® 7T , with Nal veto, compone “ _'

PSI Measurement E I v Mol veto, qemponerk 2 3
A v, with Nal veto, component

10-3 v i, with Nal veto, component 2 1

10+ 5 .
_ Q
= ?
& >
=

10- E
185 290 |

0 200 400 600 800 1000

Momentum (MeV/c) momentum (MeV/c)



KEK PS E391a >>> JPARC with KTEV Csl

Support

== Movable irame

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

2006 Result: B(K" — z'vv) < 2.1x10™" (90%CL)



KEK PS E391a>>> JPARC

Maln Barrel

. Caborimeter

Front Barrel J
ccot v | cco2 -
= 1| L
1.
3 4 i i [ i
) ) Figure 26: Schematic view of the role of the upstream decay chamber.
FIG. 1: Cross section of the E391a detector. K9’s enter from the left side.

S.E.S. = 1/(Ng x decay probability * acceptance) = 4.0 x 10712

With a Standard Model prediction of B(K; — 7% %) = 2.8 x 1071, we
expect to observe 7.0 events m Step 1. If the acceptance loss 15 500 as

we estimated, the S.E.8. 12 8.0 » 10712 and 3.5 Standard Model events are
expected.



Calorimetry and Photon Vetos

J

Figure 15: Layout of the Calorimeter for the J-PARC experiment with the
KTeV Cel crystals. The 2.5 x 2.5 » 50-cm® crystals are used for the inner
region, and 5.0 x 5.0 % 5lbem® crystals are used for the outer region.

KTEV Pure Csl

Figure 16: Event display for two photons in the calorimeter close to each

other for Step 1 (Left) and E391a (Right).

mirror
30cm Heam

_ Beam Veto
Pb/Aerogel

Winston~type funnel

5 inch PMT

Figure 30: Schematic view of the BHPV module.

Beam
[

>

YR Y YT YYYYYYYYYYYYY

Figure 31: Schematic side view of the BHPV arrangement.



Transverse Momentum P
vs. Vertex Position (Z)

Kl(_) — 70y

£

=]
&

PT (GeVie)

0.2

015

0.1

0.05)

AN I T I I I
uﬂ 100 200 300 400 500 &00
Reconstructed Z {cm)

Figure 33: Distribution of Pr va. the reconstructed = position for the Ky —
7T signal events. The box shows the signal region.

“Odd”

o LF M AT A8 o
Energy of incident gamma (GeV)

R Veriex (cm)

Figure 35: Left: reconstructed wvertex and Pr distnibution for odd-pairmg
Ky — 7z background. The reconstructed vertex is not correct which make
the Pr lower than the signal box. Right: Energy distribution of photons
that enter the veto counters. Even though many events have low energies for
both of the photons, the events are rejected through the high- Py selection.
As a result, the photons needed to be rejected by the veto counters have
distnibutions simmlar to those foli)even pairin%. 0
K|, »7n'x

™

“Even”

g™ S
= w2
] < an
‘1'-
£ J"énﬂ i
51
ms E“"
- P
v £
T - ','sn.f
c 8
M- ]
o [ =B
E anH
'Y
o |
ar
1
v W m M A wma am e

Rec. Weries [om)

Energy of incidend gamma (eV)

Figure 34: Left: reconstructed vertex and Fr distribution for even pairmg
K — 77" background. It has a distribution similar to that of the K; —
77 decay. Right: Energy distribution of gammas that enter the veto
counters. At least one photon has sufficiently high energy to trigger the

counter with a high detection efficiency.



KEK PS E391a >>> JPARC with KTEV Csl

Estimates: Signal (SM) 7
Background 5 (dominated by K} — 7°z")

Table 7: The estimated number of background events for Step 1. The smmgle
event sensitivity is 4.0 x 10712, with which 7.0 standard model events are
expected. With a 50% of acceptance loss, both the number of expected
signal events and background events would be scaled accordingly.

Background source #Background events
Other Ky, decays

K; — n%" 3.65

Ky — ata a" 0.93

Ky — a et 0.01

Ky — oy neglhgible

K — 7% neghgible
Neutron Interaction

With Hesidual gas 0.07

At the CCO2 0.26

At the C.V, neghgible

Accidental Comadence 0.20
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3 00 250 300 350 400 450 300 350 600 FIG. 4: Distribution of the invariant mass (left) and the decay
vertex (right) for the Kj — «"7" decays. In the top plot, the
dots show the data and the histogram shows the MC. The
FIG. 3: Z,.,. versus Pr with all the event selection cuts. The bottom plot shows the ratio of the data to the MC.

Z, (cm)

number of observed (total expected background) events are
shown. The expected number of background events was con-
sistent with the observed number of events for all the regions.



K10->p1 p1 nu nubar

5 n Signa High Mass TABLE II: Prediction of background events in different
-E 0I5 = ]_'E:'E;i(ﬂ]_""\-_
" Logw Pt ) . Region |Nzg|NVag|Nig|Prediction |Data
R _ I Signal Low Py | 380 | 72 | 115 [21.1 £33 13
" N i High Mass| 46 | 0 | 4 |0.78 £0.48] 1
“Aiae - L Low Z | 5 | 0 | O 0 0
A - HighZz | 0 | 0 | 6 0 0
Signal | 54 | 18 | 2 [043 £0.32] 1
1 L {1 ] (L] 5 LUK Ly L LA 1

Imvariant Mass (Gel)

FIG. 4: Pr plotted against mass. The rectangular
regions correspond to the regions in Table 1L



KOPIO Concepts: Goal >100 events

25 GeV Protons

200 pst_t

e Use TOF to work in the K| c.m. system
e Identify main 2-body background K} — 7’7"

e Reconstruct 7° — yy decays with pointing calorimeter

e 47 solid angle photon and charged particle vetos



T S
=T =R CST N\
umimary =

Rare Decays of 1, 7, and K offer unique, clean access to the
flavor breaking and CP-violating structure of hypthetical
new physics -- access to short distance effects and high mass

scales are complementary to collider studies at the LHC.

Star Attractions: New Physics Sensitvity

. 1

e 11— e Conversion and 1 — ey y
PSI-MEG My

. 7/K ey ZeeENy  KLOE 12
r/K— puv PSI-PEN NA48/3 M
_ _ 1

e K! > z'viand K" — 7fvv -

M H

JPARC CERN P-326
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