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The NA48/2 beams
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◮ Simultaneous[ P = (60± 3) GeV/c ] K+ andK− beams
⇒ largecharge symmetrizationof experimental conditions

◮ Beams coincide within∼ 1 mmalong the114 mdecay volume.

◮ Flux ratioK+/K− ∼ 1.8.



The NA48/2 detectors

K
±

◮ LKr electromagnetic calorimeter:
quasi-homogeneous, high granularity
σ[M(π±π0π0)] = 1.4 MeV/c2

◮ Magnetic spectrometer:
4 DCH +dipole magnet
σ[M(3π±)] = 1.7 MeV/c2

⇒ e/π discrimination (E/p)

◮ Scintillator hodoscope
for charged fast trigger:
σ(t) = 150 ps

◮ hadron calorimeter

◮ muon counters

◮ photon vetoes
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K± → π
±
π

0
γ : Theory

Two sources ofγ radiation:

Inner Bremsstrahlung (IB)andDirect Emission (DE)

Two kinematic variables:

T∗

π
= π± kinetic energy

in K± rest frame

W2 =
(pπ · pγ)(pK · pγ)

m2
Km2

π

After integrating onT∗
π
:

dΓ±

dW
=

dΓ±

IB

dW

[

1 ⇐ (IB)

+ 2m2
Km2

π
cos(±φ + δ1

1 − δ2
0) XE W2 ⇐ (INT)

+ m4
Km4

π

(

|XE|
2 + |XM|2

)

W4
]

⇐ (DE)



K± → π
±
π

0
γ : Theory

dΓ±

dW
=

dΓ±

IB

dW

[

1 ⇐ (IB)

+ 2m2
Km2

π
cos(±φ + δ1

1 − δ2
0) XE W2 ⇐ (INT)

+ m4
Km4

π

(

|XE|
2 + |XM|2

)

W4
]

⇐ (DE)

IB is known fromK± → π±π0 (Low theorem) + QED corrections

⇒ dominant, although suppressed by∆I = 1/2 rule

DE amplitude contains two terms
[

O(p4) ChPT
]

:

◮ magnetic dipoleXM with two contributions:
– reducible Wess-Zumino-Witten functional (∼ 260 GeV−4)
– direct (non known)

◮ electric dipoleXE: no prediction in ChPT

INT is interference betweenIB andelectric DE (XE) amplitudes



K± → π
±
π

0
γ : Theory

dΓ±

dW
=

dΓ±

IB

dW

[

1 ⇐ (IB)

+ 2m2
Km2

π
cos(±φ + δ1

1 − δ2
0) XE W2 ⇐ (INT)

+ m4
Km4

π

(

|XE|
2 + |XM|2

)

W4
]

⇐ (DE)

Monte Carlo W-distributions

W (IB) W (INT) W (DE)



K± → π
±
π

0
γ : Previous measurements

PDG 08: BR =(275± 15) · 10−6

BR(DE) ×106 Stat.

E787 4.7± 0.9 20 k

E470 3.8± 1.1 10 k

ISTRA+ 3.7± 4.0 0.9 k

PDG 08 4.3± 0.7

Previous DE measurements:

BNL E787

W

m
ea

su
re

d 
W

/W
 fr

om
 IB

0
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3
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

◮ Kinematic range 55 MeV< T∗
γ

< 90 MeV

◮ Photon mistagging probability> 10%

◮ Assumption: INT = 0

So farno interference nor CP violation observed.

◮ E787: INT / IB= (−0.4± 1.6) %



K± → π
±
π

0
γ : T∗

π range
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55 MeV <T∗
π

< 90 MeVregion used in previous experiments
to reject background (mainlyπ±π0 andπ±π0π0)

But... this excludes most ofDE events.



K± → π
±
π

0
γ : T∗

π range
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< 90 MeVregion used in previous experiments
to reject background (mainlyπ±π0 andπ±π0π0)

But... this excludes most ofDE events.

⇓
This measurement is performed in the region0 < T∗

π
< 80 MeV

to improve statistics and sensitivity toDE
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K± → π
±
π

0
γ : Data sample

New NA48/2 measurement:

◮ Both K+ andK− in the beam
(⇒ CPV check possible)

◮ EnlargedT∗
π

region:
0 < T∗

π
< 80 MeV

◮ Background< 0.01%
(mainlyπ±π0π0)

◮ γ mistagging probability< 0.1%
Reconstructed kaon mass (GeV/c2)

E
ve

nt
s/

0.
00

05
 (

G
eV

/c2 ) Data
MC(π+π0π0)
MC(π+π0γ)
MC(Total)

1

10

10 2

10 3

10 4

10 5

0.44 0.45 0.46 0.47 0.48 0.49 0.5 0.51 0.52

Total K± → π±π0γ data sample:

◮ More than1 million events
◮ For the fit: restrict to0.2 < W < 0.9 and Eγ > 5 GeV

⇒ still 600 000 π±π0γ candidates in the fit



K± → π
±
π

0
γ : Fit techniques

◮ Poissonian Maximum Likelyhood Fit in bins ofW2

Correct for acceptance with MC
Data(i) =N0[(1−α−β)· IBMC(i) + α· INTMC(i) + β· DEMC(i) ]

W (IB) W (INT) W (DE)
◮ Polynomial Fit (used as cross-check)

Fit the ratioW(Data) / W(IB)MC) with polynomial function:
F(W) = c · (1 + aW2 + bW4) ⇒ Frac(DE), Frac(INT)



K± → π
±
π

0
γ : Fit Results

Fit with the “Maximum Likelyhood” method:

Fit
Data
MC(IB+DE-INT)
BG(π+π0π0)
MC(IB)
MC(DE)
abs(MC(INT))

W
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Frac(DE) =(3.32± 0.15) · 10−2

Frac(INT) =(−2.35± 0.35) · 10−2

with: Frac(DE) = Br(DE) / Br(IB)
Frac(INT) = Br(INT) / Br(IB)

and 0< T∗
π

< 80 MeV.



K± → π
±
π

0
γ : Polynomial fit

Fit with a Polynomial :

f (W) = c(1 + aW2 + bW4)

Assumes same acceptance
as a funcion of W
for IB, DE and INT

⇓
used as a cross-check

                   66.3 / 67
a -0.21  0.04
b 1.41 0.07 
c   1.004 0.004    

W

W
da

ta/
W

M
C

(I
B

)

f=c(1+aW2+bW4)

1

1.2

1.4

1.6

1.8

2

2.2

2.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Frac(DE) =(3.19± 0.16) · 10−2

Frac(INT) =(−2.21± 0.41) · 10−2
⇒ Excellent agreement with

Maximum Likelyhood Fit



K± → π
±
π

0
γ : Fit with no Interference term

Fit with INT = 0:

W

F
it 

re
si

du
al

s

χ2= 51.0

-500

0

500

1000

1500
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⇒ Clear disagreement with INT = 0 hypothesis!



K± → π
±
π

0
γ : Final results

Systematics:

DE INT
Source ×102 ×102

Acceptance 0.10 0.15
L1 trigger 0.01 0.03
L2 trigger 0.05 0.30
Energy Scale 0.09 0.21
Total 0.14 0.39

FRAC(DE)

F
R

A
C

(I
N

T
)

CL(68.3%)
CL(95.5%)
CL(99.7%)

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

0.026 0.028 0.03 0.032 0.034 0.036 0.038 0.04

Final NA48/2 results on K± → π±π0γ fractions:

Frac(DE) =(3.19± 0.16) · 10−2

Frac(INT) =(−2.21± 0.41) · 10−2

Correlation:ρ = −0.93



K± → π
±
π

0
γ : Extraction ofXE andXM

Approximations for extracting XE and XM :

◮ φ = 0

◮ cos(δ1
1 − δ2

0) = cos 6.50 ≈ 1

Magnetic and electric components (first measurement):

XE = (−24± 4stat± 4syst) GeV−4

XM = (254±11stat±11syst) GeV−4

WZW reducible anomaly predictions:XM ≈ 260 GeV−4

⇒ NA48/2 XM measurement points toWZW reducible anomaly only
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K± → π
±
π

0
γ : CP violation studies

dΓ±

dW
=

dΓ±

IB

dW
[1 + 2m2

Km2
π

cos(±φ + δ1
1 − δ2

0)XEW2

+ m4
Km4

π
(|XE|

2 + |XM|2]W4

◮ φ 6= 0 ⇒ Γ(K+ → π+π0γ) 6= Γ(K− → π−π0γ)

◮ SM prediction on asymmetry:

2 · 10−6 ∼ 10−5 for 50 MeV< E∗
γ

< 170 MeV.

◮ Possible SUSY contributions can push the asymmetry

up to10−4 in someW regions.

◮ Two possible measurements:
– Asymmetry in the total rate⇒ needs normalization (K3π)
– Asymmetry in the Dalitz plot⇒ W spectrum



K± → π
±
π

0
γ : CP violation studies

For CP asymmetry analysis: remove cuts onW range andEmin
γ

⇒ 1.08 million eventsfor CPV analysis.

Measurement of rate asymmetry:

AN =
Γ+ − Γ−

Γ+ + Γ−
=

Nπ+π0γ − R · Nπ−π0γ

Nπ+π0γ + R · Nπ−π0γ

with R = NK+/NK− = 1.7798(4) from K± → π±π0π0

⇓
AN = (0.0±1.0stat±0.6syst) ·10−3

AN < 1.5 · 10−3 (90% CL)

⇒ First limit onsin(φ):

sin(φ) = −0.01± 0.43 , | sin(φ)| < 0.56 (90% CL)



K± → π
±
π

0
γ : CP violation studies

Fit of asymmetry in W spectrum:

dΓ±

dW
=

dΓ±

IB

dW

[

+(a ± e)W2 + bW4]

⇓
Single parameter fit to:

dAW

dW
=

e · W2

1− 0− 247W2 + 1.463W4

⇓
AW = e

∫ INT
IB = (−0.6 ± 1.0) × 10−3 compatible withAN .

No CP asymmetry observed in K± → π±π0γ !
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Conclusions

◮ More than1 million K± → π+π0γ events withtiny background

◮ First observation and measurement ofinterferencebetween IB
and DE amplitudes

◮ XE = (−24± 4stat± 4syst) GeV−4 measured for the first time

◮ MeasuredXM = (−24± 4stat± 4syst) GeV−4 consistent with
WZW reducible anomaly only

◮ O(10−3) limits on directCP violationin K± → π±π0γ decays

◮ May 2010: paper accepted for publication inEPJ C
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