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Outline

☞ CP violation in the K0 system

☞ Double ratio method in NA48

☞ Experimental setup

☞ Data analysis and Re("0=") measurement

☞ Conclusion and perspectives

The presented result is based on data
collected in 1998 and 1999 runs
- Eur. Phys. J. C 22,231-254 (2001)

The statistics is almost 7 times larger than
the previous published result based on 1997 data
- Phys. Lett. B 465 (1999)
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CP violation in the K0 system

✦ in 1964 CP violation discovery : KL ! �+��

Indirect CP violation
through mixing K0/K0

Box diagrams (�S = 2)
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through decay
Penguin diagrams (�S = 1)
) "0 parameter

De�ne the ratio of CP violating / CP conserving amplitudes :
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The measurable quantity Re("0=") is connected to the ratio of
observable decay rates :�
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Double ratio method in NA48

Rmeas =
N(KL ! �0�0)N(KS ! �+�� )

N(KS ! �0�0)N(KL ! �+�� )
' 1� 6Re("0=")

Statistics: need > 3:106 KL ! �0�0 for stat error on R < 0.1%

Systematics: systematic biases in the event counting are made

symmetric between �0�0and �+�� , or KL and KS

� The 4 modes are taken simultaneously from the same decay region

) Cancellation of 
uxes, dead times, ine�ciencies, accidental losses...

� Lifetime weighting to equalise distribution of KS and KL decay positions

) Cancellation of detector acceptance e�ects

� Use quasihomogeneous Liquid Krypton calorimeter to detect �0�0and

magnetic spectrometer for �+��

) Minimise backgrounds

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

) insensitive to KS -KL di�erence in E spectrum
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NA48 simultaneous and collinear KS and KL beams
K

L

crystal

~ 114 m~ 126 m

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

Proton momentum : 450 GeV/c
Cycle time : 14.4 s

SPS spill length : 2.38 s  
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Same decay region

KS and KL beams are distinguished by proton tagging upstream of the KS target
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NA48 detector

Kevlar window

Drift chamber 1

Anti counter 6
Drift chamber 2

Magnet

Drift chamber 3

Helium tank

Anti counter 7
Drift chamber 4

Hodoscope

Liquid krypton calorimeter
Hadron calorimeter

Muon veto sytem

�+��

�0�0

�0�0�0

�e�

���

High resolution detector to

identify �+�� and �0�0

and 3-body background

KL;S ! �+��

Magnetic spectrometer

�(M��) � 2:5MeV=c2,

KL;S ! �0 �0

Liquid Krypton ECAL

�(M�0) ' 1:1MeV=c2

Decay time

known to � 200 ps
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Data analysis

R = N(KL!�0�0)N(KS!�+��)
N(KS!�0�0)N(KL!�+��) +�R

At �rst order, almost everything cancels in R
Check and evaluate second order e�ects �R

1. Identify �+�� and �0�0 and subtract residual
backgrounds

2. Tag KS and KL decays and correct for
misidenti�cation

3. De�ne common decay region for �0�0 and �+��

events to ensure 
ux cancellation (reconstruction
uncertainties)

4. Compute residual KS / KL acceptance di�erences

!!! All given e�ects are on the double ratio R

!!! Re("0=") = (1� R)=6

�(Re("0=") ) = �(R)=6
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Background subtraction in �+��

- KS : � ! �+�� completely

rejected by an asymmetry cut

- KL : KL ! ��� and �e�, are

strongly suppressed by Muon Vetoes

and E/p respectively.

Estimate residual background under

KL signal using control regions in in-

variant mass M�� and transverse mo-

mentum PT
02

�R = (16:9� 3:0)� 10�4

syst. error: changes in control re-

gions, modelling of PT
02 shape

1

10 3

10 6

0 0.001 0.002
pt

/2 (GeV/c)2

Kl
Ks(norm. to Kl) + Kµ3 + Ke3 + collimators
Ks(norm. to Kl)
Kµ3 background
Ke3 background
collimators scattering
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Background subtraction for �0�0

- KS : no background

- KL : KL ! 3�0 with lost or fused


(s). Compatibility of the two 



pair masses with m(�0) described

by a �2 function. Events with extra

clusters are rejected.

Estimate residual background under

KL signal using control region in �2

(where 3�0 bkg is almost 
at), and

KS events to evaluate resolution tails.

�R = (�5:9� 2:0)� 10�4

syst. error : Bkg extrapolation (from

MC)
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KS /KL identi�cation

Kaon time - proton time (ns)
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Tagging Window

KS

Untagged KS

KL

Mistagged KL

�+��

in both decay modes KS tagged by

comparing the event time to proton times

as they pass through tagging station

coincidence window of �2 ns

in �+�� kaons are also identi�ed

through y-vertex

two ways of misidenti�cation:

Danger only if �+�� 6= �0�0

� KS mistagged as KL : �SL

tails on time measurement

� KL mistagged as KS : �LS

Accidental coincidence betwen KL and a

proton in tagger (rate � 30 MHz)
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KS=KL misidenti�cation

��SL = �00SL � �+�SL

�+�SL = 1:6� 10�4

dominated by tagging station ine�ciency

��SL is measured from 2�0 and

3�0 events with conversion - by compar-

ing the hodoscope time (from e+e�) with

LKr time (from photon showers)

other methods con�rm the result

��SL = 0� 0:5� 10�4

�R = (0� 3)� 10�4

��LS = �00LS � �+�LS

�+�LS = (10:649� 0:008)%

��LS is measured by looking at

the probability to see a random proton in

a false coincidence using untagged �0�0

and �+��
the correspondence to the true

coincidence for �0�0 is measured with

KL ! 3�0 decays

��LS = 4:3� 1:8� 10�4

�R = (8:3� 3:4)� 10�4
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De�nition of the decay region

K
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Proton momentum : 450 GeV/c
Cycle time : 14.4 s

SPS spill length : 2.38 s  

(AKS)
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Decay region is de�ned by applying cuts on the
reconstructed kaon energy and the decay vertex
position (and AKS for the beginning of the
KS decays)

This de�nition should be the same for �+�� and
�0�0 events
Otherwise, the kaon 
ux does not cancel in R

) Need to understand in details energy and decay
vertex computations
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Reconstruction uncertainties on energy and decay vertex

�+�� :

depends on geometry of

drift chambers before the magnet

(straight track extrapol. to vertex)

checked by:

AKS position measurement

�R = (2� 2:8)� 10�4
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0 500 1000
z decay vertex (cm)

KS → π0π0

MC

�0�0:

depends on energy scale and

calorimeter geometry

energy scale adjusted by mea-

surement of AKS position

uncertainties from:

energy scale, transverse size,

non-linearities, non-uniformities, non-

Gaussian tails etc.

�R = �5:8� 10�4
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Acceptance correction

decay position along beam axis (cm)

d
N

/d
z

Weight KL events with
W � e�t(1=�KS � 1=�KL)
) Same decay vertex distribu-
tion for KS and weighted KL

Gain : correction decreased
Price : increase in stat. error

Small residual e�ect from 0.6 mrad angle between KL and KS

beams ! Correction estimated using Monte-Carlo

Acceptance correction :
�R = +26:7� 10�4

MC R weighting

MC R  no weighting

Kaon Energy (GeV)

R

Uncertainties :

MC stat error: �4.1�10�4

Systematic error: �4.0�10�4

beam positions and shapes: �3.3�10�4

Comparison fast MC/GEANT based spectrometer
simulation: �2.3�10�4
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Systematic uncertainties

�R in 10�4

�+�� trigger ine�ciency -3.6 � 5.2 (stat)

AKS ine�ciency +1.1 � 0.4

Reconstruction
of �0�0

of �+��

|
+2.0

� 5.8

� 2.8

Background
to �0�0

to �+��

-5.9

+16.9

� 2.0

� 3.0

Beam scattering -9.6 � 2.0

Accidental tagging +8.3 � 3.4 (part. stat)

Tagging ine�ciency | � 3.0

Acceptance
statistical

systematic

+26.7

� 4.1 (MC stat)

� 4.0 (syst)

Accidental activity | � 4.4 (part. stat)

Long term variations of KS / KL | � 0.6

Total +35.9 � 12.6

some uncertainties depend on statistics of control samples or MC
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Conclusions

New result of NA48 on 1998 and 1999 data

�0=� = (15:0� 2:7)� 10�4

Combining with 1997 result

�0=� = (15:3� 2:6)� 10�4

Proves existence of direct CP violation at 5.9 �

Re(ε’/ε)
Experiment Re(ε’/ε)

☞ Direct CP violation established (at 7.2 �) :
AND �2/ndf = 5.6/3 (Probability � 13%)

Both Indirect and Direct CP Violation components
discovered, measured and con�rmed in the kaon

system

La Thuile, 2002 16 Fr�ed�eric Derue



Perspectives for Re("0=")

Drift chambers have been repaired

Data taking summer 2001 (mid July - mid October)

Di�erent beam conditions (spill)

97-99 2.4s every 14.4 s (p energy = 450 GeV)

2001 5.2s every 16.8s (p energy = 400 GeV)

) better duty cycle

Accumulate > 1:4�106 KL ! �0�0

at lower instantaneous intensity

) complete statistics and verify result under di�erent conditions
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Spare transparencies

The following slides have not been shown

during the presentation and are used as

spare slides for questions
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Charged mode detection

HOD

Vide Helium

Aimant

9,2 mCH1 CH2 CH35,4 m 7,2 m
Kevlar

CH4
Alu.

BEAMS

120 cm

VIEW X
VIEW Y

VIEW U
VIEW V

NA48
CHAMBER

ONE CHAMBER

8 planes � 256 wires

5 mm drift distance
(td � 100 ns)

Space resolution
�X;Y = 90 �m

Time resolution
�t � 1 ns / track

✦ Redundancy ) on-line reconstruction (L2 trigger)
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Entries         5279306
Constant  0.2493E+06
Mean  0.4977
Sigma  0.2444E-02KL

π+π- inv mass (GeV/c2)

K ! �+�� mass resolution : 2.5 MeV/c2

Ke3 +K�3 backgrounds ! �R = (16:9� 3:0)� 10�4
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mode detection

+/-  0.048 rad

cathodes

anodes

2 cm x 2 cm
 ce l l

DETAIL  ON  RIBBONS
AND  SPACER-PLATE

13212 2� 2 cm2 cells
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� 0; 5% ; non-linearity < 0:2%

KL ! 3�0 background ! �R = (�5:9� 2:0)� 10�4
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Symmetry in the time variations

All four decays are collected at the

same time by using simultaneous KS and KL

beams. They are derived from the same pri-

mary proton beam using two targets with

di�erent distances to the decay volume.

KS events are weighted with KL=KS

intensity ratio

in case of dead-time (�20%) in one

decay mode no events are counted also in the

other mode
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Symmetry in the kaon energy

the targeting angles are tuned to de-

liver similar decay spectra in the chosen de-

cay volume and in the

energy interval 70 to 170 GeV

residual di�erences in the KS and KL

decay spectra are reduced by performing the

analysis in twenty

5 GeV bins

Kaon energy spectra:
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Counting �+�� and �0�0

m��
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Ks to π0π0 candidates
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0.132
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Trigger e�ciency KS �KL

cancellation

�0�0:

� Fully pipelined system using LKr cell infor-

mation to compute energy, centre of gravity,

proper lifetime and number of showers

� Output rate � 2 kHz

� No dead time

E�ciency : (99:920 � 0:009)%

�R negligible
Reconstructed showers

Hits in scintillator fiber hodoscope

Energy peaks -> trigger

�+��:

� Level 1:

{ Energy in calorimeters

{ Two track topology in hodoscope

{ Two track multiplicity

in drift chamber 1

E�ciency: (99:535 � 0:011)%

� Level 2: on-line processing of vertex posi-

tion and �� invariant mass from spectrom-

eter hits

{ Output rate � 2 kHz

{ Dead Time: 1:1% monitored and applied

to �0�0

E�ciency: (98:353 � 0:022)%

�R = (�3:6� 5:2)� 10�4
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Beam scattering background

KS beam

Rcog

target AKS

coll

K π

π

DCH LKR

KS scattering removed by

Rcog cut

) �+�� and �0�0 symmetric

) no e�ect on R

KL beam

Rcog
target

coll.

final coll.

n Ks

π

π

DCH LKR

Background from beam scattering

produces KS in �nal collimator

Removed from �+�� sample by PT
02

cut
Kept in �0�0 sample

) correction
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Beam scattering background

Measure collimator background in �+�� mode
from events at PT

02 > 200 (MeV/c)2

with M�� = MK
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800
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1200

1400

0.49 0.5 0.51
M(π+π-) (GeV/c2)

KL → π+π-

pt
2 > 2.10-4 (GeV/c)2

Can also be estimated from �0�0 events as cross-check

�R = (�9:6� 2:0)� 10�4
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Non linearity checks

Electron Energy (GeV)

E
/p

(E+45MeV)/p from Ke3

0.1%

KS → π0π0

Kaon Energy (GeV)

R
ec

o
n

st
ru

ct
ed

 a
n

ti
co

u
n

te
r 

p
o

si
ti

o
n

 (
cm

)

∆E/E ~ 5.10-4

Electrons from Ke3 decays :

E/p constant within � 0.1%

between a few GeV and 100 GeV

Overall Check :

Reconstructed AKS position

independent of K energy
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� mass measurement
PDG: M� = 547.30�0.12 MeV
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∆M(η) (GeV)

η → 3π0

<∆M> = 523+-59 keV
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∆M(K) (GeV)

KL → 3π0

<∆M> = -72+-55 keV
� Use � ! 3�0 ! 6
 decays

� Decay vertex from �0 mass con-

straint

) Measure M�=M�0

Independent of energy scale!

� Check method on KL ! 3�0

� �M �MNA48 �MPDG

NEW Preliminary result M� = 547:823� 0:020stat � 0:055syst MeV

Use this measurement to check energy scale with � ! 
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Checks

Stability with kaon energy and cuts:
0.95
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0.99
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χ2/ndf = 13.2/19

R - Rstandard (10-4)

Acceptance

Accidentals

Tagging

Energy scale

Neut. Backg.

Charg. Backg.

Beam Halo

total syst. error

Estimated systematic band
for correction under test

outgoing tracks
ingoing tracks

no asp cut
asp < 0.2

track radius > 18 cm
γ radius > 18 cm

no Ks/Kl intensity weighting
reject extra tracks

reject OVFL ± 344 ns
reject OVFL ± 281 ns
accept 1 view OVFL

accept MBX dead time
accept QX dead time

tagging window ± 1.5 ns
tagging window ± 2.5 ns

τ < 2.9 τS

τ < 3.8 τS

Rell < 1.1
Rell < 1.9

pt
2 < 1.5x10-4

pt
2 < 3.0x10-4

∆Mππ < 2.5 σ
∆Mππ < 3.5 σ
COG < 7 cm

COG < 12 cm

-20 -10 0 10 20 30
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1998 Systematics prel./�nal

Corrections and syst. uncertainties on R (Units = 10�4)

Source 1998 prel. 1998 �nal

Charged trigger {1 � 11 {2.6 � 11.4

Accidental tagging +1 �8 16.1 � 5.4

Tagging e�ciency { � 3 { � 3

Neutral rec. systematics { �10 { �5.8

Charged vertex +2 �2 +2 �2.8

Acceptance +31 �9 +23.4 �8.3

Neutral BKG {7 �2 {6.3 �2

Charged BKG +19 �3 +17.6 �3

Beam scattering {10 �3 {9.6 �2

Accid. activity +2 �12 { �7.1

Total +37 �24 +40.6 �18.6

R 9926.7 �29.4 9927.4 �25.8

Re("0=") = 1
6
� (1�R)
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Experimental situation in spring 2001

Previous generation of experiments (E731,NA31)
without conclusive answer : Re("0=") 6= 0 ?
only 1.9 � e�ect (errors renormalised �a la PDG)
�! New generation of experiments

Re(ε’/ε)
Experiment Re(ε’/ε)

☞ Direct CP violation established (at 4.2 �) :

BUT �2/ndf = 10.4/3
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