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OverviewOverview

n Direct CP violation in K±→3π decays;
n NA48/2 experimental setup;
n Measurement principle;
n Systematic effects;
n The preliminary result in the K±→3π± mode 

based on the full collected statistics;
n Status of the K±→π0π0π± analysis;
n Conclusions.

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006
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DCPV in KDCPV in K33ππ decaysdecays

Kinematics:

si = (PK−Pπi)2, i=1,2,3 (3=odd π);
s0 = (s1+s2+s3)/3;

u = (s3-s0)/mπ
2;

v = (s2-s1)/mπ
2.

Kaon rest frame:

u = 2mK·(mK/3−Eodd)/mπ
2;

v = 2mK·(E1−E2)/mπ
2.

The two decay modes: BR(K±→π±π+π−)=5.57%;   BR(K±→π±π0π0)=1.73%.
““chargedcharged”” ““neutralneutral””

Matrix element:

|M(u,v)|2 ~ 1 + gu + hu2 + kv2

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

“Charged” mode 
g = −0.2154±0.0035

|h|, |k| ~ 10-2

Direct CP-violating quantity:
the slope asymmetry

Ag = (g+−g−)/(g++g−) ≠ 0

U
V

DCPV: a window to physics beyond the SM
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Measurements before NA48/2 Measurements before NA48/2 

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

nn ””ChargedCharged”” modemode (K±"3p±)
n Ford et al. (1970) at BNL: Ag=(−7.0±5.3)×10-3

Statistics: 3.2M KStatistics: 3.2M K±±

n HyperCP prelim. (2000) at FNAL: Ag=(2.2±1.5±3.7)×10-3

Statistics: 41.8M KStatistics: 41.8M K++, 12.4M K, 12.4M K−−

SystematicsSystematics due to knowledge of magnetic fieldsdue to knowledge of magnetic fields
Published as PhD thesis W.Published as PhD thesis W.--S.ChoongS.Choong LBNLLBNL--47014 Berkeley 200047014 Berkeley 2000

nn ””NeutralNeutral”” modemode (K±"p±p0p0)
n Smith et al. (1975) at CERN-PS: Ag

0=(1.9±12.3)×10-3

Statistics: 28000 KStatistics: 28000 K±±

n TNF (2005) at IHEP Protvino: Ag
0=(0.2±1.9)×10-3

Statistics: 0.62M KStatistics: 0.62M K±±
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Theoretical expectationsTheoretical expectations

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006
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Experimental precisions before NA48/2:Experimental precisions before NA48/2:

10-5

10-4

10-3

10-2

SMSM

SUSYSUSY
&&

NewNew
physicsphysics

Ford et al. (1970)
HyperCP prelim. (2000)
TNF (2005) “neutral”

NA48/2
proposal

[[δδAAgg~10~10--33]]

“charged”
“neutral”

Asymmetry in decay widths
expected to be smaller than

in Dalitz-plot slopes
(SM: ~10-7…10-6).

Smith et al. (1975) “neutral”

10-6

Some models beyond SM predict 
substantial enhancement partially 

within the reach of NA48/2.

SM estimates vary within
an order of magnitude

(few 10few 10--66……88××1010--55).
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NA48/2 beams setupNA48/2 beams setup

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

1cm

50 100

10 cm

200 250 m

He  tank
+ spectrometer

Front-end 
achromat

• Momentum
selection

Quadrupole
quadruplet

• Focusing
• µ sweeping

Second
achromat

• Cleaning
• Beam spectrometer

(resolution 0.7%)

~7⋅1011 ppp,
400 GeV

K+

K−

Beams coincide within ~1mm
all along 114m decay volume

focusing beamsfocusing beams

BM

z

magnet

vacuum 
tank

not to scale

K+

K−

beam pipebeam pipe

Simultaneous K+ and K− beams:
large charge symmetrization of 

experimental conditions

Be target

2-3M K/spill (π/K~10),
π decay products stay in pipe.

Flux ratio: K+/K– ≈ 1.8
PK spectra, 
60±3 GeV/c

54               60              66
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The NA48 detectorThe NA48 detector

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Main detector components:

• Magnetic spectrometer (4 DCHs):
4 views/DCH: 4 views/DCH: redundancy redundancy ⇒⇒ efficiency;efficiency;
?? p/p = 1.0% + 0.044%*p [p/p = 1.0% + 0.044%*p [GeV/cGeV/c]]

• Hodoscope
fast trigger;fast trigger;
precise time measurement (150ps).precise time measurement (150ps).

• Liquid Krypton EM calorimeter (LKr)
High High granularitygranularity, quasi, quasi--homogenioushomogenious;;
σσEE/E = 3.2%//E = 3.2%/vv E + 9%/E + 0.42% [E + 9%/E + 0.42% [GeVGeV].].

• Hadron calorimeter, muon veto counters,
photon vetoes.

Beam pipe
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NA48/2 data taking: completedNA48/2 data taking: completed

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

2003 run:  ~ 50 days
2004 run:  ~ 60 days

Total statistics in 2 years:
K± → π−π+π±: ~3·109

K± → π0π0π±: ~1·108

Rare K± decays:
BR’s down to 10–9

can be measured

>200 TB of data recorded

A view of the NA48/2 beam line
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Selected statisticsSelected statistics

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

even pion
in beam pipe

The final 2003+2004 data sample:
3.11x103.11x1099 events selected

KK+ + : 2.00x10: 2.00x109 9 eventsevents

π→µν

odd pion
in beam pipe

σσMM=1.7 MeV/c=1.7 MeV/c22

Ev
en

ts
π→µν

KK−− : 1.11x10: 1.11x109 9 eventsevents
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∆∆g measurement: fitting methodg measurement: fitting method

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

f(u,v) = n 1 + gu + hu2 + kv2
1 + (g+∆g)u + hu2 + kv2

The “charged” mode:
g = −0.2154±0.0035

|h|, |k| ~ 10-2

analysis of 1-dimensional U spectra

If KK++ and KK−− acceptances are made sufficiently similar,
in general case ∆∆gg can be extracted fitting the

2D-ratio R(u,vR(u,v)) with a non-linear function:

f(u) = n·(1+∆gu)

RR22((uu,,vv)=)=NN++((uu,,vv)/N)/N−−((uu,,vv))

RR11((uu)=)=NN++((uu)/N)/N−−((uu))

However, given the (small) slopes in the “charged” mode,
1D-ratio R(uR(u)) and linear function are suffcient approximations:

(normalization is a free parameter)
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Addressing the acceptanceAddressing the acceptance

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

n Magnetic fields present in both beam line and spectrometer:
n This leads to residual charge asymmetry of the setup;

nn SupersampleSupersample data taking strategy:
nn Beam line (Beam line (achromatachromat)) polarity (AA) reversed on weeklyweekly basis;
nn Spectrometer magnetSpectrometer magnet polarity (BB) reversed on a more

frequent basis (~daily~daily in 2003, ~3 hours~3 hours in 2004)

Example: Data taking from August 6 to September 7, 2003

B+ B–

B+

B+

B+

B+

B+

B+

B+

B+

B+ B+

B+

B+

B+

B–

B–

B–

B–

B–

B–

B–

B–

B–

Supersample 1

Supersample 2

Supersample 3

12 subsamples

12 subsamples

4 subsamples

B–

B–

B–

B–

Achromat +

Achromat +

Achromat –

Achromat –

Achromat –

Week 1

Week 2

Week 3

Week 4

Week 5

Achromat +
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Acceptance cancellationAcceptance cancellation

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Detector leftDetector left--ririgght asht asyymmetrmmetryy cancelscancels
in 4 ratios of in 4 ratios of KK++ over over KK–– UU--ssppectraectra::

ZZ

XX
YY

JuraJura

SalSalèèveve

AchromatsAchromats: K: K+ + UpUp

AchromatsAchromats: K: K++ DownDown

B+

B−

Indices of R’’ss correspond to
• beam line polarity (UU/DD);
• direction of kaon deviation

in spectrometer magnet field (SS/JJ).

•• same deviation direction by spectrometer magnet in numerator ansame deviation direction by spectrometer magnet in numerator and denominator;d denominator;
•• data from 2 different time periods used at this stage.data from 2 different time periods used at this stage.

N(A+B+K+)
N(A+B-K-)RUS(u)=

N(A+B-K+)
N(A+B+K-)RUJ(u)=

N(A-B+K+)
N(A-B-K-)RDS(u)=

N(A-B-K+)
N(A-B+K-)RDJ(u)=

within supersample
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More cancellationsMore cancellations

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

(2) Double ratio: cancellation of local beam line biases effects
(slight differences in beam shapes and momentum spectra):

RS = RUS × RDS

RJ = RUJ × RDJ

f2(u)=n·(1+?gS⋅u)2

f2(u)=n·(1+?gJ⋅u)2

R = RUS×RUJ×RDS×RDJ f4(u)=n·(1+∆g⋅u)4
(3) Quadruple ratio: both cancellations

The method is independent of
K+/K– flux ratio and

relative sizes of the samples collected ?g = 2g⋅Ag ˜ - 0.43⋅Ag

(1) Double ratio: cancellation of global time instabilities
(rate effects, analyzing magnet polarity inversion): [IMPORTANT: SIMULTANEIOUS BEAMS][IMPORTANT: SIMULTANEIOUS BEAMS]

RU = RUS × RUJ

RD = RDS × RDJ

f2(u)=n·(1+?gU⋅u)2

f2(u)=n·(1+?gD⋅u)2

NormalizationNormalization Slope differenceSlope difference
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Beam spectra differenceBeam spectra difference

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Beam line polarity reversalBeam line polarity reversal
almost reverses almost reverses KK++ and and KK––

beam spectrabeam spectra

Systematic differencesSystematic differences
of of KK++ and and KK–– acceptanceacceptance

due to beam spectradue to beam spectra
mostly cancelmostly cancel in in RRUU×RRDD

SupersampleSupersample 11 SupersampleSupersample 22 SS 3SS 3

Systematic check:Systematic check:
ReweightingReweighting KK++ eventsevents
so as to equalize so as to equalize 
momentum spectramomentum spectra
leads to a negligible effectleads to a negligible effect
δδ((?? g)=0.03g)=0.03××1010--44

KK++

KK––

(an example of cancellation)
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MonteMonte--Carlo simulationCarlo simulation

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Still Monte-Carlo is used to 
study systematic effects.
n Based on GEANT;
n Full detector geometry and material 

description;
n Local DCH inefficiencies simulated;
n Variations of beam geometry and 

DCH alignment are followed;
n Simulated statistics similar to 

experimental one.

Example of data/MC agreement:
mean beam positions @DCH1

K+ data
K− data
K+ MC 
K− MC 

K+

K−

Due to acceptance cancellations, the
analysis does not rely on Monte-Carlo

to calculate acceptance 

Due to acceptance cancellations, the
analysis does not rely on Monteanalysis does not rely on Monte--CarloCarlo

to calculate acceptance 
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SystematicsSystematics: spectrometer: spectrometer

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Time variations of spectrometer geometry: do not cancel in the result.
Alignment is fine-tuned by scaling momenta (charge-asymmetrically)
to equalize the reconstructed average K+,K- masses

MaximumMaximum
equivalentequivalent

transverse shift:transverse shift:

~200~200µµmm @DCH1@DCH1
oror

~120~120µµm m @DCH2@DCH2
oror

~280~280µµm @DCH4m @DCH4

Sensitivity to DCH4 horizontal shift: 
|∆M/∆x| ≈ 1.5 keV/µm

The effect of imperfect inversion of 
spectrometer field cancels in 
double ratio [simultaneous beams]

Momentum scale adjusted anyway by 
constraining average reconstructed K 

masses to the PDG value

Sensitivity to 10- 3 error on field integral: 
∆M ≈ 100 keV

Transverse alignmentTransverse alignment

Magnetic fieldMagnetic field

∆M3π
∆M3π

Max. effect in 2004

à Much more stable alignment in 2004!
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SystematicsSystematics: beam geometry: beam geometry

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

• Acceptance largely defined by central hole edge (R≈10cm);

• Geometry variations, non-perfect superposition: asymmetric acceptance.

• Additional acceptance cut defined by a “virtual pipe” (R=11.5cm)
centered on averaged reconstructed beam position as a function of
charge, time and K momentum

Y
, c

mSample beam profile at DCH1

0 0.4 0.8-0.4-0.8

0

0.4

0.8

-0.4

-0.8

X, cm X, cm

Beam widths:
~ 1 cm

Beam movements:
~ 2 mm

Y
, c

m

“Virtual pipe” also 
corrects for the 

differences between 
the upper and lower 

beam paths

2mm

Statistics loss: 12%12%
[Special treatment of permanent magnetic fields effect on measured beam positions]
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SystematicsSystematics: trigger: trigger

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

L2 trigger [online vertex reconstruction on DCH data]

time-varying inefficiency (local DCH inefficiencies, tuning)

1–ε = 0.06% to 1.5%
u-dependent correction applied

L1 trigger [2 hodoscope hits]

small and stable inefficiency
1–ε ˜ 0.9x10-3

(no correction)

Only charge-asymmetric
trigger inefficiency

dependent on u can bias the result

0.4

0.2

0.6

0.8

1.0

1.2

1.4

1.6
Inefficiency, % L2 inefficiencyL2 inefficiency

vsvs time (2003 data)time (2003 data)

Beginning of 2003 run:
L2 algorithm tuning

Trigger efficiencies measured using control data samples
triggered by downscaled low bias triggers

Statistical errors due to limited sizes
of the control samples

are propagated into the result

0.4

0.2

0.6

0.8

1.0

1.2

1.4

1.6
In

ef
fi

ci
en

cy
 x

1
0

3
L2 inefficiency L2 inefficiency vsvs uu
(normal conditions)(normal conditions)

1.0 1.50.50.0-0.5-1.0-1.5 U

Max. inefficiency in 2004
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Other Other systematicssystematics

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

0.5MeV/c2

No magnetic fieldNo magnetic field
correctioncorrection

Magnetic fieldMagnetic field
corrected forcorrected for

Field mapField map in in decaydecay volume: Y volume: Y projectionprojection

Decay volume: Z coordinate

0.4

0

-0.4

-0.8

-1.2

[Gauss]

Residual effects of stray magnetic fields
(magnetized vacuum tank, earth field)

minimized by explicit field map correction

Further systematic effects studied:

• Accuracy of beam tracking,
variations of beam widths;

• Bias due to resolution in u;

• Sensitivity to fitting interval and method;

• Coupling of π→µν decays to other effects;

• Effects due to event pile-up;

• π+/π– interactions with the material.
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SupersamplesSupersamples collectedcollected

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

3112.593112.59349349TotalTotal

255.29255.296201/08 − 11/088

304.98304.986624/07 − 01/087

301.83301.838607/07 − 19/076

221.74221.744827/06 − 07/075

134.13134.13403/09 − 07/093

4

2

1

0

SupersampleSupersample

362.07362.078716/05 − 07/06

2004

421.50421.501206/08 − 20/08

413.37413.371220/08 − 03/09

22/06 − 25/07

DatesDates

26

SubsamplesSubsamples

697.69697.69

2003

KK33ππ events events 
selectedselected
(millions)(millions)

RunRun

Supersample: a minimal independent
self-consistent set of data

(including all magnetic field polarities)
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∆∆g g fits in fits in supersamplessupersamples
(quadruple ratios corrected for L2 trigger efficiency)
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Results in Results in supersamplessupersamples

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

2004

2003

RunRun

0.60.6±±0.70.7
0.4±2.3
1.5±2.1
5.0±2.2
4.4±2.6

−2.0±2.2
1.0±3.3

−1.4±2.0
−0.5±1.8
−0.8±1.8

∆∆g x10g x1044

L2L2--correctedcorrected

0.70.7±±0.70.7
1.3±2.3
1.7±2.1
5.1±2.1
4.7±2.5

−2.8±1.9
0.4±3.2

−1.5±2.0
−0.4±1.8
0.5±1.4

∆∆g x10g x1044

““rawraw””

23/268

CombinedCombined

10/267
26/266
20/265
18/264
19/263
28/262
24/261
30/260

χχ2 2 of the Rof the R44(u) fit(u) fit
(L2(L2--corrected)corrected)SupersampleSupersample

Accepted
by PLB;

hep-ex/0602014

[NEW]
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TimeTime--stability & control quantitiesstability & control quantities

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

2003
Accepted
by PLB;

hep-ex/0602014

Physics asymmetry

(results consistent)

2004
[NEW]

RLR(u)=RS/RJ

Control quantities Control quantities cancellingcancelling in the resultin the result
quadruple ratio components rearrangedquadruple ratio components rearranged

(smallness demonstrates: second order effects are negligible)

RUD(u)=RU/RD

Control of setup
time-variable biases

Control of differences
of the two beam paths

MonteMonte--CarloCarlo
(reproduces apparatus asymmetries)
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SystematicsSystematics summarysummary

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

0.60.6±±0.70.7

0.70.7±±0.70.7

±±0.70.7

−−0.10.1±±0.40.4

−−0.10.1±±0.30.3

±±0.30.3

±±0.60.6

±±0.30.3

±±0.20.2

±±0.40.4

±±0.20.2

±±0.10.1

±±0.10.1

Effect on Effect on ∆∆gg××101044

Systematic & trigger uncertainty

Total trigger correction

L2 trigger: correction

Total systematic uncertainty

Accidental activity (pile-up)

Pion decay

Momentum scale

∆g corrected for L2 inefficiency

Raw ∆g

L1 trigger: uncertainty only

Resolution effects

Acceptance and beam geometry

Spectrometer alignment

Systematic effectSystematic effect
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The preliminary resultThe preliminary result
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NA48/2
(results superseding

each other)

∆g = (0.6 ± 0.7stat ± 0.4trig ± 0.6syst) × 10-4

∆g = (0.6 ± 1.0) × 10-4

Ag = (−1.3 ± 1.5stat ± 0.9trig ± 1.4syst) × 10-4

Ag = (−1.3 ± 2.3) × 10-4

∆∆g = (0.6 g = (0.6 ±± 0.70.7statstat ±± 0.40.4trigtrig ±± 0.60.6systsyst) ) ×× 1010--44

∆∆g = (0.6 g = (0.6 ±± 1.0) 1.0) ×× 1010--44

AAgg = (= (−−1.3 1.3 ±± 1.51.5statstat ±± 0.90.9trigtrig ±± 1.41.4systsyst) ) ×× 1010--44

AAgg = (= (−−1.3 1.3 ±± 2.3) 2.3) ×× 1010--44

A NEW RESULT
based on the full statistics

accumulated in
2003 and 2004 runs

Measurements of Ag

• More than an order of magnitude
better precision that the previous
measurements;

• Uncertainties dominated by those
of statistical nature;

• Result compatible with the
Standard Model predictions;

• The design goal reached!
There is still some room to improve
the systematic uncertainties.

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

AA
gg

××
1010

44
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The The ““neutralneutral”” mode analysismode analysis

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

σσMM=1.1 MeV/c=1.1 MeV/c22

M(3π), GeV/c2

E
ve

n
ts

0.500.4960.4920.488

U

|V
|

The final result with the 2003 sample
(based on ~48(based on ~48××101066 eventsevents))

[a new result superseding the old one!]

Ag
0 = (1.8±2.6)×10-4

Q
ua

dr
up

le
 r

at
io

s 
R

4(
u)

Statistical precision in Ag
0 similar to “charged” mode:

n Ratio of “neutral” to “charged” statistics: N0/N±~1/30;
n Ratio of slopes: |g0/g±|≈1/3;
n More favourable Dalitz-plot distribution (gain factor f~1.5).

(will be presented at Moriond’06)
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ConclusionsConclusions

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

n New NA48/2 results on direct CP-violating charge 
asymmetry in K±→3π slopes:

n ~10 times better precisions than previous 
measurements, still dominated by statistical 
contributions;

n The NA48/2 design goal reached, however 
further improvements of the analysis possible.

Ag = (−1.3 ± 1.5stat ± 0.9trig ± 1.4syst) × 10-4

Ag = (−1.3 ± 2.3) × 10-4

AAgg = (= (−−1.3 1.3 ±± 1.51.5statstat ±± 0.90.9trigtrig ±± 1.41.4systsyst) ) ×× 1010--44

AAgg = (= (−−1.3 1.3 ±± 2.3) 2.3) ×× 1010--44

Ag
0 = (1.8±2.2stat±1.0trig±0.8syst±0.2ext) × 10-4

Ag = (1.8 ± 2.6) × 10-4

AAgg
00 = (1.8= (1.8±±2.22.2statstat±±1.01.0trigtrig±±0.80.8systsyst±±0.20.2extext)) ×× 1010--44

AAgg = (1.8 = (1.8 ±± 2.6) 2.6) ×× 1010--44

““ChargedCharged”” mode Kmode K±±→→33ππ±±

Full data set, preliminaryFull data set, preliminary

““NeutralNeutral”” mode Kmode K±±→π→π00ππ00ππ±±

~~½½ of data set, final resultof data set, final result
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ConclusionsConclusions

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Spare slidesSpare slidesSpare slides
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Consistency of 2003 & 2004 resultsConsistency of 2003 & 2004 results

E. Goudzovski / La E. Goudzovski / La ThuileThuile, March 9, March 9thth, 2006, 2006

Slope differenceSlope difference
2003: ∆g = (−0.7±0.9stat±0.6trig±0.6syst)×10-4 = (−0.7±1.3)×10-4

2004: ∆g = (1.8±1.0stat±0.5trig±0.6syst)×10-4 = (1.8±1.2)×10-4

Slope asymmetry
2003: Ag = (1.6±2.1stat±1.4trig±1.4syst)×10-4 = (1.6±2.9)×10-4

2004: Ag = (−4.1±2.2stat±1.1trig±1.4syst)×10-4 = (−4.1±2.8)×10-4

2003 2004

Probability=15%

Raw (L2-corrected)
2003 and 2004

results are
1.4σ (1.7σ) away


