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Borrowing some nice material from:

> K. Schubert, Dresden.
» J. Graham, University of Chicago, KTeV.
> Massimo Lenti, INFN Firenze, CERN-NA4S.

» The KTeV, CERN-NA48 and CPLEAR
collaborations.
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Outline of These Two Lectures...

Relevance: We are entering the era of precision measurements
in B-physics....What impact can Kaon physics have??

Brief review of the CPV and 7-violating phenomena that
have been observed, and some common formalism.

Review of precision CP, T, and CPT measurements &
techniques 1n the kaon system. (Today)

Review of rare kaon decay O(10-'° — 10-1%)! physics, which
can quantitatively probe the CP structure of the CKM matrix.
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Relevance I:  Baryogenesis Dilemma.

1 B

We need more CPV than
present in the CKM

formalism; But B’sand ~ ° ..
K’s so far respect this
formalism! ]

Doug Wright’s ICHEP 2002 talk
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Relevance 1I...

“I'mvented p and 1 and I don’t care what
there values are so why should you?? The
physics here 1s to determine 1f the breadth
of CPV phenomena are really described
by this simple description.””

Lincoln Wolfenstein, CMU

The work of Nir, Isidori, Colangelo, Buras and others have
shown that theories beyond (e.g. SUSY) the Standard Model
typically contain much more CPV, and often very different
manifestations between the B and K systems.
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Relevance III...

» Kaon Physics 1s a mature field...Advances in
very intense beams and detector technology
have staked out the Precision and Sensitivity
Frontiers....

Where the holy grail 1s the K= mtvv process.
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Post Cards From the Frontier...

e Link to the high energy frontier: B(K; — pe) < 4.7 x 1072(90%CL)
BNL-871. Corresponds to Lepton Flavor Violating X-boson:
myx > 190 TeV/c%.

e Rarest particle decay every seen: B(K; — ete™) = (975) x 10712
ENL-871.

e The KTeV K.+ » laboratory: K — pTu~ete™.

ae’e n’w” Invariant Moss After All Analysis Cuts
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Branching Fraction = (2.61 & 0.23(stat) & 0.18(syst)) x 10~°
(KTeV Preliminary.)
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Branching Fraction

Evolution ot the Frontier...
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1964, Discovery of CP violation.
BNL E787

1980, Dalitz Decays.

1973, GIM Suppression. \\\,ﬁ_, 4
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Time (ns)

1997, Birth of Quantitative CKM tests. B(K* —> wrvv)=1.57+175_ _ x10-10

1998, Rarest particle decay ever seen.

+ - -12
The Frontier: Kﬁ we <47x10 (90% CL)
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Where and how does CPV and T-violation

manifest 1itselt 1n our world?

CP Violation:

1) CPV in Mixing; e.g. Re(gy), Re(ep)

2) CPV in Mixing-Decay Interference; e.g. Sin2f3

3) CPV in Decays to one final state (Direct); e.g. Re(g’/¢)
T Violation:

1) Observation of T-Violation in K0+=>K~.

2) Observation of T-odd decay asymmetries in K; » wine'e".
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Kaon
Phenomenology
Review:

K%(5d) (8 = +1)
KP(sd) (S = —1)

K, = (K°+K%/v2 (CP=+1)
Ky = (K° —K?%/v2 (CP=—-1)
ata—, 77" (CP = +1)

Kg K4 4+ Kz (c1g = 2.67 cm)
Ki Kz +sK; (cr. = 15.5 m)

Ko Ky

69 % wtw— 21 % 30

31 %  «w°xw° 13% wta—«w°
27 % TV
39 % Tey
0.2 % ata—
0.1 % wOm0

== (2.27+£0.02) x 10—*2
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Re(ey) can be related to the p/q formalism,
K. = pK® - gKP which leads to:

N 2 Re(gK)

2

=1

1+2Re(5K), Re(gK)<<1.

q 1+‘51<‘

Experimental results:

r(k, » ¢'ve)-T(K, > vr) |p| —laf
Nk, » ¢vr)+T(K, > vr) o +|g[

=(0.327+0.012)%. [PDG 2000]

‘% ‘ =1.0032740.00012, Re(s,)=(1.64%0.06)-10"
For BO mesons:  Re(g,)=(1+3+4)-10°.  [BABAR 2001]
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300M K> nev Decays!
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Re(s, )=(1.64+0.06)-10°  [PD& 2000]
Re(s, )=(1.661£0.037)-10°  [KTeV 2001]
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CPLEAR: CP Physics at a
Low Energy Antiproton Ring.
Technique is to stop p’s in H,,
and observe the following
reactions:

pp= K*1r'K°, and

pp= K-7"KO.

The K9/KO is tagged by the
away-side Kn. Hence one can

study the time evolution of
CPV in K°@ K° mixing.

The CPLEAR Detector'

200 MeV/c

Magnet coil B=0.44T
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Beam menlior H2 target
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chambers ‘ N
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nn- Results from CPLEAR, CPV in mixing:
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Meutral—koon decay time [5]

—(Tg+T,)1/2

a(f)= NK' > 772 )-NK* > z*z7) —2n,._|e cos (Am-t—@, )
NK’ > 27 )+ NK" > z*n") e—rsr+‘n+_‘2e—m

n._ = (2.27 + 0.02). 1()—3 ) ei(43.3i0.5)0

n._=¢+¢
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|Measureme11t of T vio]ation'

R(K" -+ K" — R(K* -+ K%
R (K" —+ K% + R (K®* - K%

AT = — 4Re e

Fxample + — .57y

N{K%_o = e wtE)[7] 15050

CPLEAR measires: N(ﬁ",ﬂu . e"‘-rr‘u}[*r]

13550

different reconstruction efficiency
for et~ and e xt. Obtained from

firet correctiorn: A = .10

unbinaceed puare electron arnd pion
samples: {53} = 1.014 o= A2

different reconstruction efHcoiency
for Kt~ amd K x ' . Obtained from

secordd correction: ww decays: {a) = 1.12758 & GHNIS4 A — GUOHHIR

(ratic of K+n— /K~ effciencie=s) x
[1 + 4Re (er + §)]

AESTITINE P CONEervation in

third correctiorn: eemnileptonic decay smplitvdes, vse A — O.0HHA

& = 2Ref{er+ 8) = {(0.327T 00123 %%

Q.01 f_ exp Ay — (ﬁ-ﬁ =+ 1.3atat. =+ 1-'“53:“.} > 1{]_3
oos E A
= [
0.02 == “Firet direct™
0.01 E_ measurernernt of
_T‘+"#_ titme reversal
A =i | non-irmvari arnce!
001 B Fhyn Lott. B444 (LO9&) 43
_0-02. :I I 11 1 I 1 1 1 I 1 11 I 11 1 I 11 1 I 11 1 I 1 1 1 I 11 1 I 11 1
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Neutral kaon decay time [T4]
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K~ n*n~e'e", Another T-odd laboratory...

K-=mmnee Processes

gl Bremsstrahlung
CP Violating(g) =%

¢/ El Direct Photon Emission
CP Violating or Direct CP(e")
(e from KLJ

bl W1 Direct Photon Emission

d) KO Charge

K; » my
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T
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BR(K,—>n™ne"e ) =3.6x10"’
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Aug 8t 2002

T-odd Observable

R T
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Discovered at KTeV, confirmed by CERN-NA4S...

400 [
180 .
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Asymmetry = (13.6 +/- 2.5+/-1.2)%

This T-odd effect 1s due entirely to mixing, no evidence of direct CPV.
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Summary of K ~K° CPV

>  Precisely measured in both K+ nt and
and K- mev decays.

> Recently, T-violation in K= KO has

been directly measured, and agrees
with CPV; thereby testing CPT.
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Is there also a component of CP violation in the
decay process?

|
-1 +1 + - 0 0
Ki=K,+¢eg K T 7T ,.TT T

"

%
1 CP=+1

Need interference of two decay amplitudes

ww from K° can have I=0,2 = amplitudes Agp, Ao
AK° — wxw,I)= Ajexp(id;)

A(KC — 7w ,I)= A}exp(id;)

< — < Jm42 exp(i(8; — 8v))

V' 2
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Y]

IF the 4 modes are talken
e simultaneously

e In the same decay region

o _M(KL —}TTDTTD) _M(Kg —:-ﬂ'+ﬂ'_)

R =
N(Kg — 7%79%) N(Ky, — atam—)
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Status of Re(g’/¢)...

Experiment:

NA48, Final Result @ Blois 2002: Re(¢'/g,) = (14.7+2.2)-104
KTeV, (1/2 Data) @ Blois 2002: Re(¢'/g,) = (20.7+2.8)-104

World Average: Re(g'/ey) = (16.6+1.6)-10-

Theory: (victim of the brown muck)

Typical range has been 5x10*to 40x10*,
However, latest Lattice calculations are
around -7x10 (!) (CP-PACs, RBC)
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— The KTeV Detector

WLUON FILTERE

LEAD WALL
Csl CRYSTAL CALORIMETER -
HODOSCORES

. BACK—ANTI
; = HAD RO = ANT)

DRIFT CHAMBER 3 AN

DRIFT CHAMBER 4

N .
MAGHET -~ TROS [E7949)

&
“5m
REGENERATOR [EB32) KT‘::'\.F
MASK-ANT| [EB32)
“Vacuum” beam — K7 beam

“Regenerator” beam — Ky + pKs beam

Aug 8t 2002 R. Tschirhart, Fermilab. XXX SLAC Summer Institute.

23



Drift Csl
Chambgrs . Calorimeter

Regenerator
| o= | 3 ‘

LK, Decay Volume

. Phidfon

25 cm | Photon Vetos Analysis Vetos

Magnet
\

\ \ \ \
120 140 160 180

Z = Distance from Target (m)
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The KTeV Pure Csl Calorimeter.

Very fast scintillation
light, t ~ 20 nsec,

lower light yield S
requires PMT el :
readout. U :
/ =
ﬁ. , : | 1|.
0 =
%‘ '"
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4 The KTeV Detector Performance ~

NEUTRAL:
e Csl energy res: 0.7% at 15 GeV (1.3% at 3
GeV)
e (sl position res: ~ 1 mm
E/F Resolution for Electrons from K —mey
x10 0.02 —
0018
0o r # 0.016
Haa f llll 0014 |
DN = . HE+08 0012
1500 | e, =0.72% 0.01 | -
1000 |I IEI Er 008 "'-__‘_n'.
|- 0. 006 ——
00 [N IY
. . 0,002
09 09325 095 0973 1 102 105 107 11 nﬂ 1 el ] et ] ik = il alg
EnergviFlomentum ST T | 14
CHARGED:

e Drift Chamber resolution: 100 pm.

e Momentum resolution:
T

Fp = 0.17% @ 0.0071% - p [GeV]

H(Mﬂ+7r_} o H(Mﬂﬂﬂnj ~ 1.5 MeV
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e Magnetic spectrometer to reconstruct

kinematics.

e Regenerator/Vacuum beam identification

using r-vertex position

e (Clearance cuts define fiducial volume.
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Sample K — 77" Event ——
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Csl calorimeter to reconstruct photons energies
and positions

z, determined as average of
zoo = v 1 FaRia/m o

Regenerator/Vacuum beam identification using
x-center of enegy

Fiducial volume defind by veto detectors & =z,
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Raw K=t Statistics: o(e’/e) = 1.7x104
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Position and Energy of K—nm decays...

E i 3
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Detector Acceptance Issues.

E E3000
3 250 - ——— i -
g | ~ 22500 |-
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100 5,
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110 120 130 140 150

distanee from target{m)

Reg n°n” z distribution

Due to the different lifetimes (71, > 75), the Kg
beam reconstructs upstream of the K beam, and
hence has a different average acceptance.

Need an analysis technique to put two beams on

equal footing,
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Monte Carlo Acceptance Correction.

Aug 8t 2002

We measure the detector geometry and response,
and create a detailed MC prediction of the
acceptance in each beam.

Correction to Re(€'/e) is large (~ 80 x 107%) —
Systematics under control?

Most of the correction is due to the geometry
of the detector (~ 90%).

Remaining effort for detailed understanding
of detector response.

Use large statistics modes (K3, K — 37°)
to cross-check performance of the Monte

Carlo.

Monte Carlo predicts slight acceptance

differences between beams, due to accidental
activity.

Can measure kaon parameters (75, Am)

R. Tschirhart, Fermilab. XXX SLAC Summer Institute.
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Geometry-Only Monte Carlo Simulation.

ei10?
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Acceptance correction based on Monte Carlo with
ideal detector response: ARe(e'/e) =~ 12 x 10~4,
of which ~ 10 x 10~ * is seen as a z-slope.

— corrections due to detector simulation
~ 10 x 104,

k F
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The ""Hard Part’’ of Detector Simulation.

We measure the response of detector:
e Resolutions.
e Inefficiency profiles.
e DC “maps” of response.
e New DC delayed-hit model.
e GEANT showers in Csl.

For example, measure the inefficiency and delayed-hit
probabilities across chamber face, use as input to MC.
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How well 1s the Acceptance Known?

The final check of the acceptance is the vertex z
distribution in the vacuum beam.

Acceptance bias on Re(€'/€) <+ slope in plot, due
to different vertex z distributions in vac/reg

1997 K - ntn— & K_»

beams.
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From Counting to Re(e’/¢)....

Naively, could take global acceptance, raw
number of events, and calculate Re(€'/€).

N{Vac 7 Twx™) j/ N(Reg wtm ™)
7 1 A(Vac wtx=) A(Reg wtw—)
R p f{’} o 0 T; 00 1
G N(Vac m0x) f N({Reg m'=")
A(Vac wlxl) A(Reg 7wl

Problems:

e Regenerator beam not pure Kg.
Kreg = K + pK S
Interference

e Requires precise determination of average
acceptance.
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K, and K in the Regenerator Beam.

The regenerator beam is a coherent super-position
of Kg and K. Must account for Ky component
to extract correct value of Re(€'/¢).

KReg shape depends on:

®* Tg. &mj t;f}n.

e Attenuation in the regenerator.

E
:": .l'-|:| ] IE:;;ictiun
& . Pradiction without interference
Bor |
. 40 GeV <Py <50 GeV
. Quantum
10 —L'LEI:'; h
conerence
T
0° f“_""*—\H over 30m!

125 130 135 140 145 150 155
distance from target (m)

Regenerator Vertex Z distribution
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Fitting for Am, t, ¢, , A} ..

With the interference information in the
regenerator beam, KTeV can measure the ki
sector parameters:

o Am=m K ; e
. -I. Moy
e ¢, ., phaseof g

L] ;_\"n.-!'_,l — @nn @ {‘Ej_j

argle)

Im(e' fe) = %iﬁ_; CPT
Have made new measurements of the above.
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Summary of KTeV K= mt Measurements.

FNAL experiments can measure both Re(¢€'/¢)
and Im(e’ /e) (with less precision).

Re(e’/e) =
o 00
* oo | 20.7+/-1.5(stat)+/-2.4(sys)x10-4
~ I M\
X200 Y
£ | 731,

“%. Ad =
| 0.410+/-0.22°(stat)+/-0.48°(sys)

(CPT test)

-100 B - 773 | (I) -

L Hhh‘“--xh A
-150 |- ~— 44.11°+/-0.72°(stat)+/-1.1°(sys)
_200 N N P N

=40 =20 0 20 40 60 B0 100 120 140

Re(e/e) x10*
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Sister Experiment to KTeV: CERN-NA4S.

Muaon veto sytem
Hadron calorimeter
Liguld krypton calorimeter

Hodoscope

Drift chamber 4
Antl counter 7

nonY detection ( —4 v) —
LKr calorimeter ‘
o(E)/E=0. 032/NE®0.09/ED0.0042 \ ;ﬁ.ﬁf

< 1% fOI’ E 2 5 GeV L . N | P enambert

ntn~ detection ?
magnetic spectrometer

5(p)/p = 0.5%®0.9%*(p/100 GeV)
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The CERN NA48 Technique: Separate K; and K¢ decays in
time, and analyze K, and K¢ with the same effective proper
time == Relative K, /K¢ acceptance cancels!

Kgtarget

Decay region

Detector

Defininig
collimator
Cleaning
collimator
collimator

Final

~114m

2
[ %]
o
=
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NA48
K tagger:

Aug 8t 2002

2 x 12 thin scintillator foils

12 phetemuliplisc [y
» for vartical [
' 1op A
- g
Scintillator foils g ) : Anticonniar

14 x4 mm?, thickness
betwaen 0.2 and 3 mom

12 photomuliplier
for horizonial hdder

Proton rate: == 30 NHz
— split the intensity between foils

readout by Flash-ADC 8 bits at 960 MHz
= Time resolution: 140 ps
= Double pulse separation: 4 ns
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K/ KS . Equalize
Identification: Acceptance
. K—=n'n (vertex selected)
105 H
L Tagging Window "%" .
10%
Mistogged K,
9% K
5 % Ks decays
'DE 05 2

weighted Kl decays

2
10 Untogged ks

K|dEEﬂyé"

10 £

] ] I ] ] ] ] ] ]
¢ 200 400 &0G 800 1000 1200 1400 1600 1800

-10 -& -8 4 -2 0 2 4 6 & 10 decay position along heam axis (cm)
Kaon time - nearest proton time (ns)
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Comparison of experimental results

<107
@ SO
|
30 [ o o~
: T > 2 NA31: (23.0£6.5)10
o5 [ 5.- o I
L 3 T 5 g 4
o b E:f £ & I | EBL (74559)10
e E ..... E ..... — I : :
P T T = I = KTeV: (20.7+2.8)10
L <L
[ & TN (preliminary)
10 [ = E
N & |
o 3 NA4S: (14.7£2.2)10*
: =
; %
0

World average €’/€ = (16.6:|:1.6)10'4 v?>=6.2/3 (prob=10%)
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Summary of Re(g’/¢) Measurements.

» Direct CPV into one final state has been clearly
established, (K= ntm).

» This validates a clear prediction of the Standard
Model, although the prediction comes with a poor
level of precision due to difficulty of the calculation.

> Re(g’/e) will stand for quite some time as the most
precise measurement of Direct CPV. Lattice based
calculation techniques are promising, and could
provide a precision test in the future.
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Preview for Friday....

Tommorow our discussion will turn to rare
kaon decays, where we can leave the brown

muck behind and quantitatively challenge the
Standard Model.
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Spare Slides

Aug 8t 2002
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Entries / 0.6 ps

Raw Asymmetry

Second example for Type-Il CPV: BO,_BO—>CEK

_Il\ll\‘l\\
OBOtags

p—
N
o

* i5Y  Background

At (ps)

sin23 = 0.755 + 0.074

sin2/5 = 0.741 + 0.067 (stat) + 0.033 (sys)
(BaBar, ICHEP 2002)
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Raw Asymmetry

At (ps)

sin2p = 0.723 £ 0.158



The Physics Context

e It is wifal that p and i of the CKM matrix be precisely measured.

e The critical guestion is not what p and » are, but whether all CP
phenomena can be described with such a compact formalism.

e Four Gold-Plated accessible measurements have sufficient theoretical ro-
bustness that a contradiction could call the Standard Model into ques-

tiomn:
K* 5 otvr : BNLT87 /949, CKM
K — 7m@vr KOPIO, KEK-e391a/JHF
By — J/wKs :  Babar, Belle, CDF, DO, LHCb, Atlas, CMS, BTe\
AMg/AM, : CDF. DO, LHCb, Atlas, CMS, BTeV
1.5
BT — e
AL e o 10 [y
1 + CEM
= 8% > a, C‘DF.—"[:--CIT
Ssinl 2= +0.08 A, AN,
os L -.l-r S Al = £ BF [{]..'D} [{],l}
K —» mr LI -,
On e 1052 B unitarity triangle
[ &
. D—D.E 0 - D.IS 1
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—~ 0.5

£

- 0.4
0.3
0.2

0.1

—0.4 |

0505040302010 0102030405

Energy Centroid X {m)

The two KTeV beams are shown: Vacuum on left,

Regenerator on right.
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Neutral-Mode Backgrounds ~

“Ring Number” is a scaled Center of Energy. Cut at R = 110 is
the edge of the beam. Scattered events appear outside beam,
R > 110. K; — 3n° events are inside beam, but identifiable

from mass sidebands.

RING Signal and M C Dackgound w. Kwa Momestam RING Signal and M C Dachkground va Kaon blomentum
i DATA i | DATA '
s 0 ® TOTALME Bakgymend L * TOTALMC Bahggrmind
! e L L ! L i el gy

3 L
4 o Clll mames o Calkwadar
I B e i - 0 o halrn ragandnriman
i g * il il g
ﬂl TP e rrrrrrnrr e
R S — —_— D s
10 Shinfptelyiiepiuttatomisatatut - .
[t - :\"NN’-
e e i
== R et gt """'im"ﬂ-.-lm.....q__. pa
N T,
0 0 e o S e "
P I o S et e,

0 W X0 M0 4H0 20 &0 B o W0 20 0 A0 00 B

Rizg Number - Versum Bem - n'mﬁ“""" Ring Number - Brgeuerstor Beam « n'mh“"'“
Back /Sign(Vac) ~ 0.5% Back/Sign(Reg) =~ 1.2 %

. /
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Aug 8t 2002

/ Systematic Uncertainties for 1997

Uncertainty (x107%)

Source of uncertainty from 777~ from 7°x"
Class 1: Data collection
Trigger and level 3 filter 0.62 0.16
Class 2: Event reconstruction, selection, backgrounds
Energy /Resolution scale 0.16 1.37
Calorimeter nonlinearity — 0.66
Detector calib, alignd 0.28 0.38
Analysis cut variations, 0.25 0.37
Reconstruction
Background subtraction 0.20 1.06
Class 3: Detector acceptance
Limiting apertures 0.33 0.48
Detector resolution 0.15 0.08
Drift chamber simulation 0.37 —
z dependence 0.53 0.26
Class 4: Kaon flux and physics parameters
Reg-beam attenuation 0.19
Am, Tg 0.24
Reg phase screening 0.31

R. Tschirhart, Fermilab. XXX SLAC Summer Institute.

QDTAL 2.32 /

52



Aug 8t 2002

Update of Published Result with
Improved Techniques (cont) N

Re(e'/e) = (23.2 4 3.0 (stat)

+3.2 (syst) + 0.7 (MC stat)) x 10~

N

Re(e'/e) x 10*

28

27

26

25

24 4

£/e change relative to PRL B3, 22 (1993}

background error

¥

1 G (syst

\L miscellaneous
l, IMprovements,

'«IR‘L N 1‘ l each change

consistent

with its Cgyst

use KTEV Am, g
instead of PDG 1998

MC fluctuation (1o if MC)
and

recalibration

Note: sources of shifts are not correlated /
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