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CP Violation in K°— nn

CP Violation in the neutral kaon system is dominated by states mixing .
Mass eigenstates (K; and K, ) are not pure CP eigenstates (K; and K,):

KS - Kl + & Kz (K1 : CP: "‘1, —> T domlnanTIY)
K. = K,+eK;, (K,:CP=-1, > nnm,mbv ...)

Indirect CP Violation, or | € | =(2.28 £0.02 ) 103, is the main cause
of K, — = decays

Is there also a component of Direct CP Violation in the decay
process itself? That is, are there decays: K,—>mnn ?

This would imply: |A(KO > i )| 2 |A( KO > nr) 2

This requires the combination of two amplitudes, with different

phases in the weak couplings, and different final state phases due to
strong interaction between the decay products.

In the decay probability, the interference term would generate Direct
CP Violation (because the weak phases change sign between CP
conjugate states)

Corfu 2001 NA48 / 3



. Direct CP Violation

nr from K° can have two Isospin (I = O or 2) amplitudes: A, , A,
—> Direct CP Violation possible, in principle, in KO — nr
—> Since %% and n*n- select different I amplitudes, we identify
DCP violation comparing the decay modes:
AK L —> nrn )/ AKs—> - )=m,_ =g+ ¢
AK,—> 070 )/ AKg—> 070 )=mny, =¢-2¢
(the numerical factors +1 and -2 come from Clebsch-Gordan
coefficients between nr and Isospin eigenstates)

(Instead indirect CP violation - ¢ - does not distinguish
the two final states, because it occurs equally in K, and K
via the amplitude K; — nn)

¢’ : direct CP violation parameter, could be written as:

g = i e i2-8) (ReA,/ReA,) (ImA,/ReA,-ImA,/ReA,)/N2
(it vanishes if A, is zero or if it has the same phase of A)
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. Measured quantity

Experimental observable :

['(K, > n9710) I'(Kg > n*n)
R = =1-6Re(c'/ ¢)
['(Kg—> n970) I'(K, > n*n)

This is to first order in |¢'/ €|, which is a correct
approximation, since |A,|<«|Aql,
in agreement with the AI=1/2 rule of weak decays

Corfu 2001 NA48 / 5



dard Model predictions

Indirect violation through KO- K°
coupling = ¢ parameter

Direct violation through decay
penguin diagrams = ¢’ parameter

Typical theoretical predictions : ¢' /¢ ~ few 10-4 to ~ 2. 10-3

Improvements from forthcoming lattice QCD computations (?)
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B i situation of < /-

"Previous generation experiments (results in early 90's):
= NA31 (CERN) (23.0+6.5) x 10-4
= £E731 (Fermilab) (7.4 £+ 59) x 10-4

(¢'/¢)#0 ? Notclear = New generation of experiments

"First published results two years ago :
= KTEV (Fermilab) (28.0 + 4.1) x 104 (part of 96-97 data)
" NA48 (CERN) (18.5 +7.3) x 10-4 (97 data)
" Preliminary NA48 result on 98 data last year :
(140 + 4.3) x 10-% ( combined with 97 data )

—> Direct CP violation seems established
with world average (19.2+ 2.5) x 10-4 but y2/ndf = 10.4/3
Need final results from NA48 and KTEV to clarify the situation.
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Measure the double ratio:

BR(K, > n97%) BR(Kg — ')

R =1-6Re(e' /)

BR(Ks — n979) BR(K, > n*n)

by counting the number of decays in two
beams of K, and K¢

Need > 3.10° K — n'z°for stat. error on R <0.1%
and look for cancellation of systematic effects related to

differences in acceptance, efficiency, backgrounds:
(lifetimes are very different, KL decays are rare and are affected by

background)
cts = 2.67 cm Ks = n*n-: 69% KL= =n*n- ¢ 0.2%
S, 2 Skl Ks = n%0: 31% K.— n%0° : 0.1%
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NA48 method and setup

Strategy to minimize systematic effects:

" the 4 modes are collected concurrently
— cancellation of fluxes, dead times, inefficiencies,
accidental rates

" use same decay regions for all modes, apply lifetime
weighting to equalize distribution of K< and K, decay
positions

= cancellation of detector acceptance effects

" use quasi-homogeneous liquid Krypton calorimeter to
detect n°n® and magnetic spectrometer for n*n
— optimize resolution, uniformity, linearity and stability
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. 4

— |SPS spill length : 2.38 s K anticounter not to scale : I
oy Cycle time: 144 s Ks (AKS) : i
Eq Proton momentum : 450 GeV/ic Tﬂ[‘gﬁt : :
: K Target 11 -
o5 KL arge i = |
= =
- =
H : I |
\ .................................................... | :
______________________ = = |
"""""" e
Muon sweeping : :
Bent / i E :
cristal i g E
Last cullimal:ur/ : g i
Ks tagging station . | .
Decay Region | :
( ~3. 10 "protons per spill) (~ m long) | :
~ 126 m ~114 m S

K< and K, beams are distinguished by proton tagging upstream of the K. target
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. The Tagger

2x12 thin scintillator foils

fiuluminfz =d
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KS Protons

12 phatamubipliar - ———We—- -—-|

= time resolution : 140 ps

= double pulse separation : 4 ns

Proton rate ~ 30MHz — split
the intensity between foils,
readout by Flash ADC 8 bits at
960 MHz

-----
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. The AKS counter

Defines beginning of
decay region for n*n
and n°7°® Ks decays
| 22 mm » Plastic scintillation
counters following a

l * Ks beam ¥ photon converter :
™.

J\ - iridium crystal 3mm

thick , (22 £5 ) mm
upstream of counter

= 1.79 X, instead of

0.98 X, for amorphous
iridium

crystal
converter
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. NA48 detector

* Muon veto and hadron__|

calorimeter

(background, trigger)

*  Quasi homogeneous
liquid krypton

calorimeter to detect

910 events

- Scinftillation
hodoscope (trigger
and timing m*n-)

* Magnetic
spectrometer to
detect n*n- events
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Muon veto aytem
Hadmn cakrimeter
Liquid kry pton eakrrimeter

Hodogzope

Orift chamber 4
Anti counter 7

Halium tank
Drifteha mber2
Magnet

Drift cha mbar2
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aghetic spectrometer

4 drift chambers

Space point resolution
~100 um ;

ONE DRIFT
CHAMBER BEAMS

al
.,

s(P)/P= 05 % @ 0.009 P[GeV/c]%
(= 1% for 100 GeV/c track momentum)
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LKr electromagnetic calorimeter

* Quasi-homogeneous
detector

. e k.

- 10 m3 liquid krypton
(120 K);
- (Xp=4.7 cm,
Ry = 6.1cm)
- 13,212 cells

- granularity 2x2 cm?
- Depth 1.25 m
(27 Xo)

T '.|. "
" | :
I, -y = 5 & LN

e

| wah - .
\“"hh | ALY A " I.:_ : g :

3 -
e - b --;u
e, o
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LKr electromagnetic calorimeter

* Projective geometry pointing o decay region ( ~ 114
m upstream)

- Accordion geometry (£ 48 mrad )
- Initial current read-out

DETAIL ON RIEEQNE
AND EFACER-FLATE

Lkr CALORIMETER ELECTRODE STRUCTURE +- 0045 rad
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. LKr energy resolution

+ Use large sample of
K,— m e v to study
Lkr energy response.
+ Compare p from
spectrometer and E
from calorimeter.

o
[
L]

Resolution

0.02

0.01

| | | | | | | | |
® 0 20 30 40 S50 80 70 80 90 100
Energy (GeV)

o(E)/E = 3.2 %/VE® 0.09 /E ® 0.42%
(E in GeV)
(better than 1% for 25 GeV photons)
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@ reconstruction and cmalysis

Beware:

All the corrections and uncertainties
are quoted as applied to R:

When referred to (¢'/¢), they need to
be multiplied by -1/6
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e

n'” trigger

- Level I:
- Hodoscope + total energy + hits in drift chambers
- Output rate 100 kHz, dead time 0.5 %

- Efficiency (99.535 + 0.011)% (evaluated from
comparison of trigger components)

- Level 2:

- Fast track reconstruction (100us) from processors
farm

- Cut on vertex position and invariant mass
- Output rate 2kHz, dead time 1.1%
- Efficiency (98.353 + 0.022)% (from Level 1 triggers)
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' selection

K. - no backaround Kinematical cuts
S | y ) | M. - MK‘ < 3-op, (GM%2.5 MeV)

K 'nm: BR=0.2%
L o P,”2 < 200 (MeV/c)?
Backgrounds : Ke3(BR=39%), transverse momentum of n*n” to the

- line between target and Kaon
Ku3 (BR=27'%) projection to spegc’rr‘ome‘rer

. . ~ O for two body decay,
e and n rejection . 0 for Ke3, Ku3

E(LKr)/p < 0.8 | P1-Ps | / p+p, < min (0.62,1.08-

ho hits in u detector 0.0052 E\) [ & cut on cos(6*),
reduces acceptance difference
between K, and K]

» Center of gravity R.o; <10 cm

Kaon impact point extrapolated to the
calorimeter COMMON WITH momo

K
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m'm- mass resolution

=]

—h

o

a

=)
I

K, —>n'n G = 2.5 MeVic’

&00
BOD
400

200

0 D48 0485 D43 D455 0.5 0.505 0.51 |:I.515E
M) (GeVic?)

Corfu 2001 NA48 / 21



and background

V)
-
S
=
N
('
l
M,_r
=

Signal

Study background

with

inverted cuts,

in K

-and f
sample,

€

@]
c o
=

Q
c §
elnbuv
< n Q
+—_ £
V o g
ST v
2.9 v
e U M

J,._-.____

b _r..
LA
4 “%.. A
TR RS Y A
ﬂ__...._.., .5.. !

A0
AR B
SR
AN
]
___. /)

NA48 / 22

Corfu 2001



ackground subtraction

In the signal region (M., and
P,’2 cuts), the background is
due to Ke3, Ku3

and a smaller fraction of
collimator scattered Kaons

(partially asymmetric in ©'m” and
m°m°)

Background = (16.9 + 3.0) 10-#
(systematic error :

-changes in control regions,
modeling of P,’2 shape)

Corfu 2001

10

E -

i,

s Ke3 background

Kl

m

— Ks{norm. to KI} + Kp3 + Ked + collimators
s Ksinorm. to Kl

» Ku3 background

i & colimators scattering

1 ] I 1 I I
0 .00 0 .DDE
pi2 (GeVicy’
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g

mon0 trigger ] |y peaks > trigeer
Based on LKr information et .
summed into projections / \
Cuts on total energy, decay
vertex and number of photons oo !
Fully pipelined (3us), no dead- ) ;
time, 2kHz iz
Efficiency (99.920+£0.009) % X /
(from auxiliary trigger)
Negl igible Ks To K| (weighted) R econsimcted shovere
difference
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eutral reconstructi .ﬂ

D= Z kr - zdecay

- I/MK\/ Z i E,EJdIJZ

The neutral reconstruction is based on
showers energies and positions,
the Z decay vertex follows assuming M, as total invariant mass
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monon® background sub’rmc‘ri

Ks— n%1%: no background
K, > %% BR~0.09%
Background : K,— 3 =% (BR~21%)

TO REDUCE THE BACKGROUND:

- after assuming M, invariant mass
for the 4 showers

- at a corresponding decay vertex

Zdecay
- the showers can be further

paired, at the same Z, .,
reproducing twice the n° mass

—study a y? distribution (2 d.o.f.,
mass resolution ~ 0.9 MeV)

Corfu 2001

KB to n°n° cand idates

o
s

M(Yy7,) (DGeVa'c”)

o
a
)
m

0134

D132

D13 D132 0134 D‘ISE‘- U‘ISE 514

M(y,7,) (GeV/c?)

To reduce the background
further:

veto events with additional
in-time clusters
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' background subtraction

Estimate residual background
under K, signal using control

region in 2.
(379 background is ~ flat)

nO79 contribution in control
region from resolution tails is
derived from K. events.

Weigthed events

Slgnal reglon
Background = (6.9+2.0) 10-4

(systematic error : uncertainty in
background extrapolation)

Control reglon

Additional 7910 background due
to collimator scattering:

(9.6 £2.0) 104
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tagger

hodoscope 7

LKr calorimeter




. Tagging coincidence

Korn'n

At (Kaon-proton)

<2ns = Ks
>2ns = KL

Corfu 2001

108k
10°E
104 L
e = m
III III |II III 1 III|III|IIIIIII
10 -8 -B -4 -P 0 : 4 B 8 10
0_0
K—onrn
105?
104k
W M
10°%E
—IIIIIIIIIIIlIIIIIIIIIIIII|III|III|III
-10 -8 -B '4 -P 0 2 4 B '8 10
Kaon time - nearest proton time(ns)
4 ns
o
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. Tagging errors

Two possible kinds of mistake :

-Ks mistagged as K| : probability og
[inefficiency in time measurement by tagger counter or main
detector (=trigger hodoscope or calorimeter): a5 ™ and og °° ]

-K, mistagged as K : probability o, o

[accidental coincidence between K, decay and a proton in the tagger
(rate 30 MHz) - o, s and 0 °° -  approximately symmetric
between n'n-and ° because of simultaneous data taking]

+

Og *~ and o s* can be measured reconstructing
the decay vertex with the tracking chambers
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@ g performance for n*n” events

K—n'n (vertex selected)

‘IDE:— Tagging Window HOdOSCOpe

g - Tagger
107 Mistagged K,
10 L

b T "
10 Sg—

K Untagged K,
10 Eg—
10 E K

E TS

-1
10 8 6 4 2 0 2 4 B 8 10
Kaon time - nearest proton time (ns)

Identify K, K, with decay vertex ag = (1.63 +003) 104
position in tfransverse plane agts = (10.649 +0.008)%
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. Tagging errors

The measurement of R is mostly affected by the
asymmeftries in tagging errors:

Adg =0lg % - 0g ™
Aoy =0 % - 0 g™

* CorrectiontoR: AR =2 x Ao g—6 x Aag
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. Measuring A og

Compare the time provided by
calorimeter and hodoscope in
events where both are
available:

1. Dalitz decays of n°

2.y conversions in vacuum
window

» Tails < 0.5x10-4

Calorimeter - hodoscope

|

Entriea
Mesn

1
RMS

reTa
-0 5424 E-01
1.2140

10t

|

|

OOFLW

OVFLW

L
FRICH

10

I

l

10°E

—>Therefore most of the tails in
n*n- tagging coincidence are due
to the tagger
= they are equal in '
and n9r°

|

k

10 E

|

10 -8 -B -4

-2

— AG’SL - (O

.+0.5) 104

Corfu 2001
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& 10

Neutral - Charged time In conversion (ns)
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. Measuring A o

Joy s comes from accidental 1o’ Mgk, | |
coincidences [ Closest proton

= measure AOLLS using \' /
cgmcudence rate in tagging o All protons
windows offset from the o side bands
event time ("sidebands” oo

( ) 55000 ﬂﬁw\ (,ow/ \hﬁﬁwﬁm

>o000 |

This is done for events tagged as

5000 [

K, (no proton in central window),
and allows ™~ / n91® comparison

booo |

5000

o P I P N PN | I I T P N P I N I P PP I P
-25 -20 15 -10 -5 4] 5 i 15 20 25 30 35

Time of protons - event time in K, events (ns)
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 Summaryontosgng

* Data corrected for tagging mistakes
* Error onR < w'n™ — nn0 difference

A(R) (in 10-4 units)

KS tagging inefficiency

ag = 1.6 x 104

Aag = (0.%05 )10 0. + 3.
K, accidental mistagging

s = (10.649 £ 0.008 ) %

Aays= (4.6 £17)104 8.3 +34
Total 8.3 £45
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iducial volume definition

The event samples are selected applying cuts on the
reconstructed kaon energy and the decay vertex

position:
70 <E <170 GeV,
0<1t<35 (proper decay time:

T = I/CTKS (zver’rex'zO) My 7 Ex)

The control of the boundaries of the fiducial volume
is of major relevance, good control of:

vertex computation,
-scale and linearity of the energycomputation.
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Energy and decay vertex computations

T

Z,ortex from track segments
upstream of magnet

= Computation based on
spectrometer geometry

7070

* D(LKr-vertex)=1/M(Z;EE d;?)
= (Energy scale)

x (Transverse size scale)

Corfu 2001

Detector geometry
- Z positions known to = 1 mm

- Transverse size scale known
to:
» spectrometer = 100 um/m

» LKr = 300 pm/m
(after cool down)

Energy scale

-adjust energy scale to fit the
known position of the AKS
anticounter

1 cm of reconstruction error

—> 1x10* on energy scale
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C

struction of AKS position

x10%7

3500

]
=]
(=]
o
T

event per 8em
.

2500 [ * 3

2000 — : '-.,.‘
1500 — ]
100 [

500

AN N A S T

-200 0 200 400

z decay vertex (cm)

E
]

070000 [
g | LS

e : - \' l] l]
gsuuuu - - " Ki—rnn

so000 | . %
B .

4ooo0 [ ]
: Y

3ooon - . l\"h'-

20000 - -\\
| »
g .
+

ipoon -

'.|_..i'.....|...|...|...|...|.

-200 0 200 400 GO0 800 1000
z decay vertex (cm)

't : Check of geometry and

reconstruction
= A(z) =2 cm

— A(R) = (2 + 2) 104

1910 : Adjust energy scale to
match nominal position

(one factor, independent of energy)
Stability with time better than

+ Hx10-4

38




- ry on Decay Region Definition
A(R) (in 10-% units)

Corfu 2001

AKS position
Non gaussian response

Total

+2.0
+2.0

+2.8

OO
Energy scale
Non linearities
Transverse size
Non uniformities
Non gaussian response
Others (energy sharing

Total

+20
+3.8
+2.5
+15
+1.2
) +2.3

+5.8

NA48 / 39



- Lifetime Weighting

100 < Kaon Energy < 110 GeV At any given Z.

(subsample)

K decay time from AKS (o)

€ oos M acceptance Ks = acceptance K
;oo s Kt B!_IT Ks and K, have very
S 003 J —— K, - % weigitted different decay lengths
B
zooz | = Ty = 600 x 1 s
200t | . = different integrated acceptance
o L ) R U D Nwers e for Ks and K, and large correction
D5 0 05 1 1.5 2 25 3 35
K decay time from AKS {(cT) on R
15 ¢ . . .
14 F el solution: weight K_events with
12 Saeighted 2 Wz=e-2Bro)(1/1,-1/7)
1'1 Sbatorbat gttt | = Same decay vertex distribution
o for K5 and weighted K,
o = same illumination of detector
05 Erld by decay products
D5 2 25 3 35

Acceptance correction cancels at

Corfu 2001

the price of an increase of the
statistical error by factor =1.4




. Detector illumination

Z0.01

12

100 < Kaon Energy < 110 GeV

[
2002
%.915 3

W.005 E

- K

L
v K, weighted
K

=]

E

el b b by s by v v by by vy '
20 30 40 50 B0 Y0 80 90 100 110

14 F
12 |

08 F
06 F

Kg /K| unweighted
o - _..-_M-M'ﬂ-w-'ﬂ’w%wh‘:*
SN

20 30 40 50 B0 Y0 80 90 100 110

14 F

D8 [

] Ky /K, weighted ~ ° BATA

:i . aie_mn i e R, ey

06 F

A S NN NS S N N S ' N
20 30 40 B0 B0 FO BD 90 100 110
Cluster radius at LKr (cm) for K - '

- N W P

100 < Kaon Energy < 110 GeV

—4 M o O

— - I{L
= K, weighted
KE
I L1 | L |
15 20 25 30 35 40 45
3 Kg /K, unweighted —
L1 | |_T_|_.|_| PN T T T  H H  H |
15 20 25 30 35 40 45
3 Kg /K, weighted " DATA
C MC
g ' | Ll | L | I R T B ' T |
45

15 EDI IEEI ISD 35 40
Rmin at drift chamber 1 (cm) for K — o'

After weighting, the illuminations are equal for K, and Ks
(apart from limited effect in charged decays due to beam angles)

Corfu 2001
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Accep’rance Correction

- Acceptance correction :
+26.7 x 10-4

* Uncertainties on R :

- MC stat error : + 4.1x104

- Systematic error:
+4.0x10-4 due to:
- beam positions and
shapes: + 3.3x10-4

» Comparison of fast MC
with GEANT based
spectrometer simulation:
+2.3x104

Corfu 2001

1.1

1.05

0.85

0.9

0.35

o = MC R weighting
* MC R no weighting
.
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|_H
|_H
Hw*ﬂmﬁaﬁiﬂﬁ'ﬂl " ieleiel
g
|br—
e
FH"*‘I_._
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80 100 120 140 180

Kaon Energy (GeV)
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. Accidental Activity

Event losses cancel accurately in R because of
simultaneous data taking in four modes

Residual effect: AR~A (7m0 - w'n™ ) x A (K -Ks)

A( 7°1° - ' ) minimized by applying dead time conditions
to all modes (accidental losses =1 - 2 %, studied with random
events overlaid with data and Monte Carlo)

A( K -Ks ) small because K, and K events see the same
accidental activity, within 1% (checked directly with data)
and because lifetime weighting produces equal detector
illumination for K and K events

Correction to R : AR=(0x44)x104
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ry of corrections and systematic errors

A(R) (in 10-4 units)

background
tagging errors

Total

geometrical/energy scale, linearity
trigger/AKS efficiency
acceptance correction

accidental losses

14 + 41
8.3 + 45
20 + 64
-25 £ 5.2
267 £ 6.2

+ 44
359 t126

Some uncertainties include a statistical component (trigger efficiency,
tagging, acceptance ...), contributing about + 8 to the total error above

Corfu 2001
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. Energy spectrum

e el
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x10%

4000

3000

£000

1000

x10%

2000

1500

1000

500

80 100 120 140 1BO
Kaon energy (GeV)

80 100 120 140 1BO
Kaon energy (GeV)

Event statistics :

K, — n%n0: 3.29 x10¢
Ks— n0n0: 5,21 x106
K. — ' 1 14.45 x109
Kg— i 22.22x10°
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. Data Analysis

* Measure R in Kaon energy bins (5 GeV wide)

= insensitive to K;—K, difference in energy
spectrum

* Apply lifetime weighting to K,
* Record dead time conditions

* 1.5% from n*n- trigger
* 21.5% from drift chamber multiplicity limit

and apply them offline to m°n° too = Minimize
effect of Ks—K beam intensity difference
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Result and systematic checks

R = 0.99098 + 0.00101_, , + 0.00126

syst

—
[=]
(]

—_

o

i =5
T

Double Ratio
3
[

102 |

101 F

¥indf = 13.2/19
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From (1-R)/6, we determine from 98 and 99 data:
& /e=(15.1+2.7) 104
Combining with 97 result (18.5 + 7.3) 10-4:

e /e=(153+2.6) 104

Direct CPV is established at 5.9 o, and, with some
algebra, we could say:

DO or o) IOt} (5.0 1 .9) x 10-6

F(KD*W—I_W_)—I—F(F%?T""W_)
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New results from Fermilab

The KTeV collaboration has just
presented new results:

1. Re-analysis of 96-97 partial sample,
published in 1999, now with revised
result

2. Result of the analysis of the
remaining 1997 sample
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KTeV technique
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. KTeV new results

1. Revised result: ¢€'/e = (23.2 +4.4)x10-4
it was: (28.0 + 4.1)x10-4

(-1.7 due to mistake remaining: better corrections)

2. New sample : g'/e = (19.8 £ 2.9)x104

3. KTeV new average: €'/¢ =(20.7+ 2.8)x10-4,
or namely:

(20.7 £ 155101y £ 2.4(sys1) £ 0.5 stany)x10

The main systematic errors include energy scale/linearity,
neutral background, and acceptance.
[ The acceptance correction to R is about: (~480+7)x104,
vs. NA48's: (27+6) x10-4]
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imental results comparison
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Total average: ¢' /¢ =(17.3+1.8) 104
with y2/ndf =5.7/3
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. Conclusions

* The average of the 4 last experiments
(NA31, E731, KTeV and NA48) is:

g'/e = (17.3+18) x 104
(weighted average, with x2/ndf = 5.7/3)

*This is a very significant improvement
in resolution and consistency of results
over 2 and 8 years ago

‘Direct CP violation is established, and the
experimental precision is challenging the
computational accuracy of the Standard Model
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