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Abstract

We report the results from a study of a partial sample of∼2.3× 107 K± → π±π0π0 decays recorded by the NA48/2 experiment at the CERN
SPS, showing an anomaly in theπ0π0 invariant mass (M00) distribution in the region aroundM00 = 2m+, wherem+ is the charged pion mas
This anomaly, never observed in previous experiments, can be interpreted as an effect due mainly to the final state charge exchang
processπ+π− → π0π0 in K± → π±π+π− decay [N. Cabibbo, Phys. Rev. Lett. 93 (2004) 121801]. It provides a precise determina
a0 − a2, the difference between theππ scattering lengths in the isospinI = 0 andI = 2 states. A best fit to a rescattering model [N. Cabib
G. Isidori, JHEP 0503 (2005) 21] corrected for isospin symmetry breaking gives(a0−a2)m+ = 0.268±0.010(stat)±0.004(syst), with additional
external uncertainties of±0.013 from branching ratio and theoretical uncertainties. If the correlation betweena0 anda2 predicted by chiral
symmetry is taken into account, this result becomes(a0 − a2)m+ = 0.264± 0.006(stat) ± 0.004(syst) ± 0.013(ext).
 2005 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address:luigi.di.lella@cern.ch(L. DiLella).

1 Funded by the UK Particle Physics and Astronomy Research Council.
2 Present address: Istituto di Cosmogeofisica del CNR di Torino, I-10133 Torino, Italy.
3 Present address: CERN, CH-1211 Geneva 23, Switzerland.
4 Also at Centre de Physique des Particules de Marseille, IN2P3-CNRS, Université de la Méditerranée, Marseille, France.
5 Also Istituto di Fisica, Università di Modena, I-41100 Modena, Italy.
6 Istituto di Fisica, Università di Urbino, I-61029 Urbino, Italy.
7 Funded by the German Federal Minister for Education and research under contract 05HK1UM1/1.
8 Permanent address: SLAC, Stanford University, Menlo Park, CA 94025, USA.
9 Present address: UCLA, Los Angeles, CA 90024, USA.

10 Funded by the German Federal Minister for Research and Technology (BMBF) under contract 056SI74.
11 Funded by the Austrian Ministry for Traffic and Research under the contract GZ 616.360/2-IV GZ 616.363/2-VIII, and by the Fonds für Wissenschaft un
Forschung FWF Nr. P08929-PHY.

mailto:luigi.di.lella@cern.ch


NA48/2 Collaboration / Physics Letters B 633 (2006) 173–182 175

ing
x-

e.
ple

a

ob
n e
rin

n

pro
sit
-
y a
tal
im
t
ce
,

the

g-

a
ire
g-

led
th

ea
es
ge

b
k o
r is

th

to
nt

-
ion

udi-

etic

ing

dles
s.

ig-
nt of
e of
ns.

drift
rged
ump-
a
re-

mo-
in
esh-
the
the

be
and

du-
ges
ent
the

rticle
d to

is-

orig-

int
e

est

best
1. Introduction

The NA48/2 experiment at the CERN SPS is search
for direct CP violation inK± decay to three pions. The e
periment uses simultaneousK+ and K− beams with a mo-
mentum of 60 GeV/c propagating along the same beam lin
Data have been collected in 2003–2004, providing sam
of ∼4 × 109 fully reconstructedK± → π±π+π− and∼108

K± → π±π0π0 decays. Here we report the results from
study of a partial sample of∼2.3 × 107 K± → π±π0π0 de-
cays recorded in 2003, showing an anomaly in theπ0π0 invari-
ant mass (M00) distribution in the region aroundM00 = 2m+,
wherem+ is the charged pion mass. This anomaly, never
served in previous experiments, can be interpreted as a
fect due mainly to the final state charge exchange scatte
processπ+π− → π0π0 in K± → π±π+π− decay[1]. A best
fit to a rescattering model[2] provides a precise determinatio
of a0 − a2, the difference between the S-waveππ scattering
lengths in the isospinI = 0 andI = 2 states.

2. Beam and detectors

The two simultaneous beams are produced by 400 GeV
tons impinging on a 40 cm long Be target. Particles of oppo
charge with a central momentum of 60 GeV/c and a momen
tum band of±3.8% produced at zero angle are selected b
system of dipole magnets forming an “achromat” with null to
deflection, focusing quadrupoles, muon sweepers and coll
tors. With 7×1011 protons per burst of∼4.5 s duration inciden
on the target the positive (negative) beam flux at the entran
the decay volume is 3.8 × 107 (2.6 × 107) particles per pulse
of which ∼5.7% (∼4.9%) areK+ (K−). The decay volume is
a 114 m long vacuum tank with a diameter of 1.92 m for
first 66 m, and 2.4 m for the rest.

Charged particles fromK± decays are measured by a ma
netic spectrometer consisting of four drift chambers[3] and a
large-aperture dipole magnet located between the second
third chamber. Each chamber has eight planes of sense w
two horizontal, two vertical and two along each of two ortho
onal 45◦ directions. The spectrometer is located in a tank fil
with helium at atmospheric pressure and separated from
decay volume by a thin (0.0031 radiation lengths,X0) Kevlar
window. A 16 cm diameter vacuum tube centered on the b
axis runs the length of the spectrometer through central hol
the Kevlar window, drift chambers and calorimeters. Char
particles are magnetically deflected in the horizontal plane
an angle corresponding to a transverse momentum kic
120 MeV/c. The momentum resolution of the spectromete
σ(p)/p = 1.02%⊕ 0.044%p (p in GeV/c), as derived form
the known properties of the spectrometer and checked with
measured invariant mass resolution ofK± → π±π+π− de-
cays. The magnetic spectrometer is followed by a scintilla
hodoscope consisting of two planes segmented into horizo
and vertical strips and arranged in four quadrants.

A liquid krypton calorimeter (LKr)[4] is used to recon
structπ0 → γ γ decays. It is an almost homogeneous ionizat
chamber with an active volume of∼10 m3 of liquid krypton,
s
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segmented transversally into 13248 2 cm×2 cm projective cells
by a system of Cu–Be ribbon electrodes, and with no longit
nal segmentation. The calorimeter is 27X0 thick and has an
energy resolutionσ(E)/E = 0.032/

√
E ⊕ 0.09/E ⊕ 0.0042

(E in GeV). The space resolution for single electromagn
shower can be parametrized asσx = σy = 0.42/

√
E ⊕ 0.06 cm

for each transverse coordinatex, y.
A neutral hodoscope consisting of a plane of scintillat

fibers is installed in the LKr calorimeter at a depth of∼9.5X0. It
is divided into four quadrants, each consisting of eight bun
of vertical fibers optically connected to photomultiplier tube

3. Event selection and reconstruction

TheK± → π±π0π0 decays are selected by a two level tr
ger. The first level requires a signal in at least one quadra
the scintillator hodoscope in coincidence with the presenc
energy depositions in LKr consistent with at least two photo
At the second level, a fast on-line processor receiving the
chamber information reconstructs the momentum of cha
particles and calculates the missing mass under the ass
tion that the particle is aπ± originating from the decay of
60 GeV/c K± travelling along the nominal beam axis. The
quirement that the missing mass is not consistent with theπ0

mass rejects most of the mainK± → π±π0 background. The
typical rate of this trigger is∼15 000 per burst.

Events with at least one charged particle track having a
mentum above 5 GeV/c, and at least four energy clusters
LKr, each consistent with a photon and above an energy thr
old of 3 GeV, are selected for further analysis. In addition,
relative track and photon timings must be consistent with
same event within the experimental resolution (∼1.5 ns). The
distance between any two photons in LKr is required to
larger than 10 cm, and the distance between each photon
the impact point of any track on LKr must exceed 15 cm. Fi
cial cuts on the distance of each photon from the LKr ed
and centre are also applied in order to ensure full containm
of the electromagnetic showers and to remove effects from
beam pipe. Finally, the distance between the charged pa
track and the beam axis at the first drift chamber is require
be larger than 12 cm.

At the following step of the analysis we check the cons
tency of the surviving events with theK± → π±π0π0 decay
hypothesis. We assume that each possible pair of photons
inates fromπ0 → γ γ decay and we calculate the distanceDik

between theπ0 decay vertex and the LKr:

Dik =
√

EiEk[(xi − xk)2 + (yi − yk)2]
m0

,

whereEi , Ek are the energies of theith andkth photon, re-
spectively,xi , yi , xk , yk are the coordinates of the impact po
on LKr, andm0 is theπ0 mass. Among all photon pairs, th
two with the smallestDik difference are selected as the b
combination consistent with the twoπ0 mesons fromK± →
π±π0π0 decay, and the distance of theK± decay vertex from
the LKr is taken as the arithmetic average of the twoDik

values (it can be demonstrated that this choice gives the
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Fig. 1. Invariant mass distribution of reconstructedπ±π0π0 candidate events
The arrows indicate the selected mass interval.

π0π0 invariant mass resolution near threshold).Fig. 1 shows
the invariant mass distribution of the system consisting of
two π0 and a reconstructed charged particle track, assume
be aπ±. This distribution is dominated by theK± peak, as
expected. The non-Gaussian tails originate from unident
π± → µ± in flight or wrong photon pairing. The final eve
selection requires that theπ±π0π0 invariant mass differs form
the K± mass by at most±6 MeV. This requirement is satis
fied by 2.287× 107 events. The fraction of events with wron
photon pairing in this sample is∼0.25%, as estimated by
high-statistics fast Monte Carlo simulation ofK± → π±π0π0

decays which takes into account the momentum distributio
the three pions,π0 → γ γ decay kinematics and the effect
the detector acceptance and resolution.

4. Cusp anomaly in the π0π0 invariant mass distribution

Fig. 2 shows the distribution of the square of theπ0π0 in-
variant mass,M2

00, for the final event sample. This distributio
is displayed with a bin width of 0.00015(GeV/c2)2, with the
51st bin centered atM2

00 = (2m+)2 (as discussed below, the b
width is chosen to be smaller than theM2

00 resolution). A sud-
den change of slope nearM2

00 = (2m+)2 = 0.07792(GeV/c2)2

is clearly visible. Such an anomaly has not been observe
previous experiments.

The Dalitz plot distribution forK± → π±π0π0 decays is
usually parametrized by a series expansion in the Lore
invariant variableu = (s3 − s0)/m2+, wheresi = (PK − Pi)

2

(i = 1,2,3), s0 = (s1 + s2 + s3)/3, PK (Pi ) is theK (π ) four-
momentum, andi = 3 corresponds to theπ± [5]. In our case
s3 = M2

00, ands0 = (m2
K + 2m2

0 + m2+)/3. We have used thi
parametrization in a fast Monte Carlo simulation ofK± →
π±π0π0 decays with the same detector parameters used in
vious NA48 analyses[6]. This simulation takes into accou
e
to

d

f

in

-

e-

Fig. 2. Distribution ofM2
00, the square of theπ0π0 invariant mass. The inse

is an enlargement of a narrow region centered atM2
00 = (2m+)2 (this point is

indicated by the arrow). The statistical error bars are also shown in these

most detector effects, including the trigger efficiency and
presence of a small number (<1%) of “dead” LKr cells. For
any given value of the generatedπ0π0 invariant mass the sim
ulation provides the detection probability and the distribut
function for the reconstructed value ofM2

00. This allows the
transformation of any theoretical distribution into an expec
distribution which can be compared directly with the measu
one.

Fig. 3(a) shows the expectedM00 resolution (r.m.s.) as
function of M2

00, together with examples ofM2
00 distributions

for five generatedM2
00 values. TheM00 resolution is the best a

smallM2
00 values, varying between∼0.4 MeV/c2 nearM00 =

2m0, and∼1.4 MeV/c2 at the end of theM00 allowed range. It
is 0.56 MeV/c2 at M00 = 2m+. A plot of the overall detecto
acceptance as a function of the generatedM2

00 value, as pre-
dicted by the Monte Carlo simulation (seeFig. 3(b)), shows no
structure in theM2

00 region where the sudden change of slop
observed in the data.

We have tried to fit the distribution ofFig. 2 in the interval
0.074< M2

00 < 0.097 (GeV/c2)2 using the distribution pre
dicted by the Monte Carlo simulation with a matrix eleme
as given in Ref.[1]:

(1)M0 = 1+ 1

2
g0u.

In this fit the free parameters areg0 and an overall normal
ization constant. Because of the anomaly atM2

00 = (2m+)2,
it is impossible to find a reasonable fit to the distribut
of Fig. 2 (the best fit givesχ2 = 9225 for 149 degrees o
freedom). However, fits with acceptableχ2 values are ob
tained if the lower edge of the fit interval is raised few b
aboveM2

00 = (2m+)2. As an example, a fit in the interva
0.07994< M2 < 0.097 (GeV/c2)2, with the lower edge only
00



NA48/2 Collaboration / Physics Letters B 633 (2006) 173–182 177

of
Fig. 3. (a) ExpectedM00 resolution (r.m.s. in MeV/c2) versus generatedM2
00 (full line histogram), together withM2

00 distributions for five generated values

M2
00; (b) Acceptance versusM2

00 (see text). The pointM2
00 = (2m+)2 is indicated by the arrow.
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Fig. 4.∆ ≡ (data−fit)/data versusM2
00. The pointM2

00 = (2m+)2 is indicated

by the arrow. Also shown is theM2
00 region used in the fit.

0.002(GeV/c2)2 above(2m+)2, givesχ2 = 133.6 for 110 de-
grees of freedom. This fit givesg0 = 0.683± 0.001 (statistical
error only), in reasonable agreement with the present world
erage,g0 = 0.638±0.020[5] (it should be noted, however, th
the matrix element used here has not the same form as tha
in Ref. [5]). The quality of this fit is illustrated inFig. 4, which
-

ed

Fig. 5. Data (points with error bars) and Monte Carlo (histogram) compar
of the ratio of normalized photon energy distributionsI+/I− between events
with M2

00 > (2m+)2 andM2
00 < (2m+)2 (see text).

displays the quantity∆ ≡ (data−fit)/data as a function ofM2
00

for the fit region 0.07994< M2
00 < 0.097 (GeV/c2)2 and also

for M2
00 < 0.07994(GeV/c2)2, where the prediction with th

same parameters is extrapolated.
Fig. 4 shows that, in the regionM2

00 < (2m+)2, the data
fall below the prediction based on the same parameters
tained from the fit region. The total number of events in
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d

Fig. 6. Data (points with error bars) and Monte Carlo (histogram) comparison of ratiosI+/I− of normalized distance distributions between events withM2
00 >

(2m+)2 andM2
00 < (2m+)2 (see text), (a) min.rγ : distance (cm) between LKr centre and closest photon; (b) max.rγ : distance (cm) between LKr centre an

farthest photon; (c) min.dγ γ : minimum distance (cm) between photons at LKr; (d)dγ -track: minimum distance (cm) between photons and tracks at LKr.
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first 50 bins of the data is 7.261× 105, while the extrapolated
prediction gives 8.359× 105 events.

In order to investigate the origin of this “deficit” of even
in the data we have studied the event shape distributions in
20 bins wide intervals, one just below and the other just ab
M2

00 = (2m+)2. SinceM2
00 is computed using only informatio

from the LKr calorimeter, we consider only photon cluster pa
meters. We denote the distributions of measured photon en
and distances in these two intervals asI− andI+, respectively,
and we compare theI+/I− ratios with those predicted by th
simulation after normalizingI− andI+ to the same area.

These ratios (seeFigs. 5 and 6) show that the shapes o
all distributions for the twoM2

00 intervals, as measured in th
data, are in excellent agreement with the Monte Carlo pre
tions. In addition, no difference is observed betweenK+ and
K− nor between the data taken with opposite direction of
spectrometer magnetic field. The simulation also shows
the M2

00 distribution of the events affected by wrong phot
pairing has no local structures over the wholeM2

00 range. We
conclude that the Monte Carlo simulation describes corre
the M2

00 dependence of the detection efficiency in the reg
aroundM2

00 = (2m+)2, and the “deficit” of events in the data
the regionM2

00 < (2m+)2 is due to a real physical effect.

5. Interpretation and determination of the ππ scattering
lengths

The sudden change of slope observed in theM2
00 distribu-

tion at M2
00 = (2m+)2 (seeFig. 2) suggests the presence o

threshold “cusp” effect from the decayK± → π±π+π− con-
o
e

-
gy

-

t

y

tributing to theK± → π±π0π0 amplitude through the charg
exchange reactionπ+π− → π0π0. The presence of a cus
at M2

00 = (2m+)2 in π0π0 elastic scattering due to the effe
of virtual π+π− loops has been discussed first by Meiss
et al. [7]. For the case ofK± → π±π0π0 decay Cabibbo
has proposed a simple rescattering model[1] describing the
K± → π±π0π0 decay amplitude as the sum of two terms:

M
(
K± → π±π0π0) = M0 +M1,

whereM0 is the “unperturbed amplitude” of Eq.(1), andM1
is the contribution from theK± → π±π+π− decay amplitude
throughπ+π− → π0π0 charge exchange, with the renorm
ization conditionM1 = 0 atM2

00 = (2m+)2. The contribution
M1 is given by

(2)M1 = −2axm+M+

√
1−

(
M00

2m+

)2

,

where ax is the S-waveπ+π− charge exchange scatterin
length (threshold amplitude), andM+ is the knownK± →
π±π+π− decay amplitude atM00 = 2m+. M1 changes from
real to imaginary atM00 = 2m+ with the consequence thatM1
interferes destructively withM0 in the regionM00 < 2m+,
while it adds quadratically above it. In the limit of exact isos
symmetryax = (a0 − a2)/3, wherea0 anda2 are the S-wave
ππ scattering lengths in theI = 0 andI = 2 states, respec
tively.

In this simple rescattering model there is only one additio
parameter,axm+. A fit to the M2

00 distribution in the interva
0.074< M2 < 0.097(GeV/c2)2 usingaxm+ as a free parame
00
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f
Fig. 7.∆ = (data− fit)/data versusM2
00 for various theoretical models: (a) using the simple charge-exchange model of Ref.[1]; (b) fit to the rescattering model o

Ref. [2]; (c) fit to the model of Ref.[2] including pionium formation; (d) fit to the model of Ref.[2] excluding a 7 bin wide interval centered atM2
00 = (2m+)2. The

two vertical dotted lines in (d) show the interval excluded form the fit. The pointM2
00 = (2m+)2 is indicated by the arrow.
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ter givesχ2 = 420.1 for 148 degrees of freedom. The quality
this fit is illustrated inFig. 7(a) which displays the quantity∆
defined in Section4 as a function ofM2

00. One can see that th
model provides a much better but still unsatisfactory desc
tion of the data. In particular, the data points are systematic
above the fit in the region nearM2

00 = (2m+)2.
Recently, Cabibbo and Isidori[2] have proposed a mor

complete formulation of the model which takes into acco
all rescattering processes at the one-loop and two-loop leve
this formulation the matrix element forK± → π±π0π0 decay
includes several additional terms which depend on five S-w
scattering lengths, denoted byax , a++, a+−, a+0, a00, and de-
scribingπ+π− → π0π0, π+π+ → π+π+, π+π− → π+π−,
π+π0 → π+π0, π0π0 → π0π0 scattering, respectively. In th
limit of exact isospin symmetry these scattering lengths ca
be expressed as linear combinations ofa0 anda2.

At tree level, omitting one-photon exchange diagra
isospin symmetry breaking contributions to the elasticππ scat-
tering amplitude can be expressed as a function of one par
ter ε = (m2+ − m2

0)/m2+ = 0.065[8]. In particular, the ratio be
tween the threshold amplitudesax , a++, a+−, a+0, a00 and the
corresponding isospin symmetric ones—evaluated at theπ±
mass—is equal to 1− ε for π+π+ → π+π+, π+π0 → π+π0,
π0π0 → π0π0, 1 + ε for π+π− → π+π−, and 1+ ε/3 for
π+π− → π0π0. These corrections have been applied to
-
y

t
In

e

ll

,

e-

rescattering model of Ref.[2] in order to extracta0 anda2 from
the fit to the data.

In the model of Ref.[2] the matrix element forK± →
π±π0π0 decay includes terms which depend on both indep
dent kinematic variables (M00 andM+0, the invariant mass o
theπ±π0 pair) requiring, therefore, a fit to the two-dimension
Dalitz plot. We have performed an approximate fit to this mo
by calculating these terms at the average value ofM2+0 for each
value ofM2

00. This fit has five free parameters:(a0 − a2)m+,
a2m+, g0, a quadratic term of the form 0.5h′u2 added in
Eq. (1) and an overall normalization constant. The quality
the fit (χ2 = 154.8 for 146 degrees of freedom) is shown
Fig. 7(b). A better fit (χ2 = 149.1 for 145 degrees of free
dom, seeFig. 7(c)) is obtained by adding to the model a te
describing the expected formation ofπ+π− atoms (“pioni-
um”) decaying toπ0π0 at M00 = 2m+. The best fit value for
the rate ofK± → π± + pionium decay, normalized to th
K± → π±π+π− decay rate, is(1.61± 0.66) × 10−5, in rea-
sonable agreement with the predicted value∼0.8× 10−5 [9].

The rescattering model of Ref.[2] does not include radiativ
corrections, which are particularly important nearM00 = 2m+,
and contribute to the formation ofπ+π− atoms. For this rea
son we prefer to exclude from the final fit a group of sev
consecutive bins centered atM00 = 2m+. The quality of this
fit (χ2 = 145.5 for 139 degrees of freedom) is illustrated
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Table 1
Parameter best fit from two independent analyses (statistical error only)

Parameter Analysis A Analysis B Arithmetic avera

(a0 − a2)m+ 0.269± 0.010 0.268± 0.010 0.268± 0.010
a2m+ −0.053± 0.020 −0.030± 0.022 −0.041± 0.022
g0 0.643± 0.004 0.647± 0.004 0.645± 0.004
h′ −0.055± 0.010 −0.039± 0.012 −0.047± 0.012

Fig. 7(d), which shows the small excess of events from p
nium formation in the bins excluded from the fit.Table 1lists
the best fit values of the parameters, as obtained by two
dependent analyses which use different event selection cr
and different Monte Carlo simulations to take into account
ceptance and resolution effects (the analysis described so
denoted as Analysis A; Analysis B uses a simulation of the
tector based on GEANT[10]). We take the arithmetic averag
of these values as the measurement of these parameter
one half of the difference between the two values as a sys
atic uncertainty from acceptance calculations. In both anal
changing the selection criteria never leads to variations of
best fit parameters larger than these uncertainties.

6. Other systematic uncertainties on the best fit
parameters

In addition to the systematic uncertainties associated
differences of the two analyses, the following potential sou
of systematic errors have been considered (seeTable 2).

6.1. Variation of the trigger efficiency over theM2
00 fit interval

The trigger efficiency has been measured using a samp
“minimum bias” events recorded continuously by a trigger
quiring only the presence of a signal in at least two quadr
of the neutral hodoscope (during data taking the rate of
trigger was downscaled by a large factor). Within statistical
rors the dependence of the trigger efficiency onM2

00 is found
to be consistent with the constant valueεtr = 0.928± 0.001 for
(2m0)

2 < M2
00 < 0.097 (GeV/c2)2. An equally good fit to the

trigger efficiency is obtained using a 3rd degree polynom
Varying the polynomial coefficients, so that theχ2 increases by
an amount corresponding to±1σ , (a0 − a2)m+, a2m+, g0 and
h′ change as shown inTable 2.

6.2. Dependence on the upper edge of the fit interval

The upper edge of theM2
00 fit interval has been varied from

0.094 to 0.107 (GeV/c2)2, resulting in variations of the bes
-

-
ia
-
is
-

and
-
s
e

h
s

of

ts
s
-

.

fit parameters with respect to the default upper boundM2
00 =

0.097(GeV/c2)2 as listed inTable 2.

6.3. Dependence on the position of theK± decay vertex

As an additional check of the acceptance calculation,
K± → π±π0π0 events have been subdivided into two ind
pendent samples with the distanceD of the reconstructedK±
decay vertex from the LKr in the intervals 48< D < 88 m,
and 88< D < 136 m, respectively. The best fit parameter v
ues obtained from separate fits to the two samples agree w
statistics, providing no evidence for a possible systematic
certainty associated with the position of the kaon decay ve

6.4. Dependence on theK± charge sign

TheK± → π±π0π0 events consist of 1.470× 107 K+ and
0.817×107 K−. Separate fits to these two samples give stat
cally consistent values for all best fit parameters. The two va
of the slope parameterg0 areg0 = 0.638± 0.005 forK+ and
g0 = 0.653±0.006 forK−, which disagree by∼1.9σ . We take
one half of their difference (0.008) as a systematic uncerta
on the value ofg0 obtained by the fit to the fullK± sample.

6.5. Dependence on the distance between theπ± track and
the nearest photon

The π± interaction in LKr may produce multiple energ
clusters which are located, in general, near the impact poi
theπ± track and in some cases may be identified as photon
order to study the effect of these fake photons on the best fi
rameters we have repeated the analysis by varying the cut o
minimum distanced between each photon and the track imp
point on LKr (both analyses A and B required > 15 cm). Vary-
ing d between 10 and 25 cm changes(a0 − a2)m+ by ±0.002,
while leaving the other parameters unchanged. We take
variation as a systematic uncertainty on(a0 − a2)m+.

6.6. Effect of LKr resolution and non-linear response at low
photon energies

The effect of possible uncertainties in the parameters
scribing the LKr energy resolution has been simulated
adding a Gaussian noise with r.m.s. value of 0.06 GeV to
measured photon energies. An additional uncertainty may
form the correction applied to the measured photon energi
account for the LKr non-linear response at low photon e
gies (typically<2% at 3 GeV and becoming negligible abo
Table 2
Systematic uncertainties

Parameter Acceptance
calculation

Trigger
efficiency

Fit
interval

K+/K−
difference

π±–γ

distance
LKr
response

Total

(a0 − a2)m+ 0.001 0.001 0.0025 – 0.002 0.001 ±0.004
a2m+ 0.012 0.005 0.006 – – – ±0.014
g0 0.002 0.002 0.002 0.008 – – ±0.009
h′ 0.009 0.003 0.006 – – – ±0.011
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10 GeV). The parameters describing this correction have b
varied within limits chosen so that the measuredπ0 mass for
symmetric photon pairs does not depend on theπ0 energy.
Varying both the LKr resolution and non-linearity correcti
parameters according to these procedures changes(a0 −a2)m+
by ±0.001, while leaving the other parameters unchanged.
take this variation as an additional systematic uncertainty
(a0 − a2)m+.

Table 2 lists all the systematics uncertainties discus
above. These are added in quadrature to obtain the total ex
mental systematic error on the values of the best fit parame

6.7. “External” uncertainties

A crucial parameter in the model of Refs.[1,2] is the ra-
tio R = A++−/A+00 between the weak amplitudes ofK± →
π±π+π− and K± → π±π0π0 decay. The value extracte
from the measured decay branching ratio[5] is R = 1.972±
0.023. VaryingR withing its error changes(a0 − a2)m+ by
±0.003, while leaving the other parameters unchanged. An
ditional theoretical error of±5% on(a0 − a2)m+, or ±0.013
is estimated in Ref.[2] as the result of neglecting higher-ord
terms and radiative corrections in the rescattering model. T
uncertainties have no significant effect ona2m+.

Taking into account all systematic and external uncertain
we quote:

(3)

(a0 − a2)m+ = 0.268± 0.010(stat) ± 0.004(syst)

± 0.013(ext),

(4)a2m+ = −0.041± 0.022(stat) ± 0.014(syst).

The two statistical errors from the fit are strongly correlat
with a correlation coefficient of−0.858. We note that this
analysis offers the first direct determination ofa2, though not
as precise as that ofa0 − a2.

Preliminary results obtained under the assumption of e
isospin symmetry have been reported earlier[11].

7. Fit using the correlation between a0 and a2 predicted by
chiral symmetry

It has been shown that analyticity and chiral symmetry p
vide a constraint betweena0 anda2 [12]:

a2m+ = (−0.0444± 0.0008) + 0.236(a0m+ − 0.22)

− 0.61(a0m+ − 0.22)2 − 9.9(a0m+ − 0.22)3.

Using this constraint in the fit to the rescattering model
Ref. [2] we obtain

(5)a0m+ = 0.220± 0.006(stat) ± 0.004(syst) ± 0.011(ext),

which corresponds to

(a0 − a2)m+ = 0.264± 0.006(stat) ± 0.004(syst)

(6)± 0.013(ext).
n
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8. Summary and conclusions

Theπ0π0 invariant mass (M00) distribution measured from
a sample of 2.287× 107 K± → π±π0π0 fully reconstructed
decays collected by the NA48/2 experiment at the CERN SP
shows an anomaly atM00 = 2m+. This anomaly has been ob
served for the first time in this experiment thanks to the la
statistical sample and the excellentM00 resolution. It can be
described by a rescattering model[1,2] dominated by the con
tribution from the decayK± → π±π+π− through the charge
exchange reactionπ+π− → π0π0. These data have been use
therefore, to determine the differencea0 − a2 between the
I = 0 and 1= 2 S-waveππ scattering lengths. Our result (s
Eq. (3)) is in very good agreement with theoretical calcu
tions performed in the framework of Chiral Perturbation T
ory (ChPT)[13], which predict(a0 − a2)m+ = 0.265± 0.004.
A different theoretical calculation based on a direct ana
sis of ππ scattering data without using chiral symmetry[14]
leads to a somewhat different value with a larger uncerta
(a0 − a2)m+ = 0.278± 0.016, which also agrees with our r
sult.

Previous determination of theππ scattering lengths have re
lied on a variety of methods, such as the measurement ofK+ →
π+π−e+νe decay[15], also being studied by the NA48/2 col-
laboration, or the measurement of the lifetime of theπ+π−
atom [16]. Our value ofa0 (see Eq.(5)) is in good agree
ment with the result of experiment 865 at BNL[15], a0m+ =
0.216±0.013(stat)±0.002(syst)±0.002(theor), also obtained
using constraints based on analyticity and chiral symmetry.
value ofa0 − a2 is also in good agreement with the first me
surement of the lifetime of theπ+π− atom [16], which cor-
responds to|a0 − a2|m+ = 0.264+0.033

−0.020 (it should be noted tha
the latter result provides only a determination of|a0−a2|, while
our measurement ofK± → π±π0π0 decays is also sensitive
its sign).

To conclude, the study of a large sample ofK± → π±π0π0

decays with excellent resolution on theπ0π0 invariant mass ha
provided a novel, precise determination ofa0−a2, independen
of other methods and with different systematics uncertain
In the near future the expected increase of the event samp
about a factor of 5 from the analysis of all the 2003–2004 d
will further reduce the statistical error of our measurement
be useful, this will require an improvement of the rescatter
model to include higher-order terms and also radiative cor
tions.
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