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Abstract

Using the NA48 detector at the CERN SPS,Bg — noyy candidates with an estimated background a7 #33.2 events
have been observed. This first observation leads to a branching ratio(&f BR noyy)po.z = (4.9 % 1.6stat £ 0.9sysd x
10-8in agreement with Chiral Perturbation Theory predictions.

0 2003 Elsevier B.V. All rights reserved.

1. Introduction

Radiative non-leptonic rare kaon decays have prov-
en to be useful tests for low energy hadron dynamics
studied in the framework of the Standard Model by
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the Chiral Perturbation TheoryPT). This Letter de-
scribes the first observation of t& — 7%y decay
obtained from data taken by the NA48 experiment in
the year 2000.

In the decayK s — 7%y, the photon pair produc-
tion is theoretically described by an amplitude domi-
nated by a pseudo-scalar meson polexT this pole
is dominated by the'© contribution, and the tree level
amplitude is non-vanishing, in contrast to the simi-
lar K, — yy decay. The leading order theoretical
prediction for the branching ratio is@x 10~8 with
higher order corrections expected to be small [1] and
is quoted in the kinematic regian=m2 ,/m% > 0.2
which is free from the overwhelmings — 7%7°
background. A measurement of the branching ratio
can provide information about the presence of extra
non-pole contributions studied, e.g., in [2]. In addi-
tion, the momentum dependence of the weak vertex
which is predicted byPT can be tested by the mea-
sured shape of the spectrum. The lowest previously
published limit on the branching ratio is BRs —

7% ¥).-02 < 3.3x 10~7 at 90% confidence level [3].

2. Experimental set-up and datataking

The NA48 detector was designed to measure direct
CP violation in the decays of; and Ky into =,
described by the parameter®€¢), using simultane-
ous far- and near-target beams [4]. The analysis pre-
sented in this Letter is based on data recorded during
a special 40-day run performed in the year 2000 with
near-target beam only and with an intensity of about
~ 100 400 GeV protons hitting the target during the
3.2 s long SPS spill. The exit of the collimator, 6 m
downstream of the target, is followed by a wide vac-
uum tube approximately 113 m long containing the de-
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cay region and terminated by an aluminium window
close to the detectdf.

The detector elements used in the analysis are the

following:

e A liquid krypton calorimeter (LKr) [5], placed
less than 2 m behind the aluminium window, is
used to measure the energy, position and time of
electro-magnetic showers. The energy resolution
is

o(E) 0090 0032
E ~ E JVE

where E is in GeV. The position and time reso-
lutions for a single photon with energy larger than
20 GeV are better than 1.3 mm and 300 ps, respec-
tively.

A sampling hadron calorimeter composed of 48
steel plates, interleaved with scintillator planes,
with a readout in horizontal and vertical projec-
tions.

Seven ring shaped scintillator counters equipped
with iron converters (AKL), used to detect pho-
tons escaping the outer limits of the calorimeter
acceptance.

@ 0.0042 (1)

The trigger decision, common te%yy and 7°7°
decays, is based on quantities which are derived
from the projections of the energy deposited in the
electromagnetic liquid krypton calorimeter [6]. The
trigger required that the total deposited enerty;
is larger than 50 GeV, the radial distance of the
energy deposition centre of gravity from the beam
axis is smaller than 15 cm and the proper life time
of the kaon is less than ®g lifetimes downstream
of the collimator. The inefficiency of the trigger was
measured to bg 0.1%.

More about the detector and the experimental
configuration during data taking in the year 2000 can
be foundin [7].

17 |n the usual NA48 experimental configuration the vacuum tube
is terminated at 89 m by a thin Kevlar window followed by a helium
filed tank which contains drift chambers and a spectrometer magnet.
For these data, however, the Kevlar window and the drift chambers
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3. Event selection

The energies and positions of electro-magnetic
showers measured in the liquid krypton calorimeter,
are interpreted as initiated by photons and are used to
calculate the kaon energy and decay vertex. To select
Ks — 7%y andKs — n%0 candidates, all events
with > 4 clusters are considered. All combinations of
four clusters which are within 5 ns from the average
time and with no other cluster with energyl.5 GeV
closer in time than 7 ns with respect to the event
time are selected. The event time is computed from
the times of the most energetic cells of the selected
clusters. In addition, the cluster combination must pass
the following cuts:

To guarantee the appropriate reconstruction qual-
ity, the energy of each cluster must be greater than
3 GeV and less than 100 GeV.

The distance between two clusters is required to
be greater than 10 cm to avoid shower sharing
effects.

The total energy of the selected cluster combi-
nation is required to be less than 170 GeV and
greater than 70 GeV.

The distance of the centre of gravity of the energy
deposition from the beam axis,

2 2

V(S ) + (51 Ei)
2 Ei ’
is required to be less than 5 cm, whefg x;, y;

are theith cluster energyy andy coordinates at
LKr, respectively.

2

Cc =

On top of these requirements for each selected event
the energy deposited in the hadron calorimeter must
not exceed 3 GeV in a time window €f15 ns around
the event time and the AKL counter should not register
any hit in a time window oft7 ns around the event
time

The decay vertex positionyertex Of a kaon is
calculated using the kaon mass constraint,

.2
> =i EiEjd;
Zvertex= ZLKr — s
mg

3

were removed, the helium tank was evacuated and the magnet wasWherezik, is the longitudinal coordinate of the LKr

switched off.

calorimeter with respect to the end of the collimator
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andd;; is the distance betweeth and jth cluster at
the calorimeter. The invariant mass of photon pairs is
calculated usingyertex

The Ks — 7%y candidates must have a photon
pair with an invariant mass within 2 Me? of the
70 mass,m,0, and the other pair must satisfy the
conditionm}z,y/mﬁ > 0.2. IntheKs — 7970 sample
ax?cutof 27 ¢~ 50) is applied to the invariant masses
of photon pairs, defined as

s e,

whereoy are the resolutions otm1 + m2)/2 mea-

(m1+4m2)/2—mo

0+

o_

(m1— mz)/z}2
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sured from the data and parametrised as a function of Fig. 1. lllustration ofzvertexandz* ; cuts on the data. All other cuts

the lowest photon energy. The typical valueoof is
0.4 MeV/c? ando_ is 0.8 MeV/c? [8]. For K5 —
7%y candidates thg? is required to be larger than
5400.

In order to suppress the large background from
Kg — nOnD (7% — eTey) decays with one parti-

cle escaping the acceptance the decay region was reKs — 7

stricted to be betweer1 m and 8 m with respect to

the exit of the collimator. Most of th&s — 7%72

background events have an appareptiex down-

stream of this region because of the missing energy.

This condition is even more effective against back-
ground fromk ;, — 7%7%7°. The K5 — 7% % back-
ground is further suppressed by imposing tffemass
hypothesis on the remaining four pairid§sf photon
showers and calculating the vertex positians for
each of thesg pairs. Denoting as”, the closest o

to the exit of the collimator, events with
z;’;o <—45m or z;‘ro > zZvertex+ 10 M

®)

are accepted (Fig. 1). This cut is very effective in sup-
pressingKs — nong background because, as shown
by Monte Carlo studies, this background is completely
dominated by events with one of tln% — eey decay

products escaping detection. In addition, this cut re-
moves events from inelastic scattering of beam parti-
cles in the collimator with multiple® production. The

downstream end of this cut is intentionally extended in

18 |f indexes 1 and 2 refer tg’s assigned to ther® then these
four pairings are 1-3, 1-4, 2-3 and 2—4.

were applied. Rejected areas are shaded. Both variables are defined
with respect to the exit of the collimator. The accumulation of events
around smallr*0 values is due t&K g — 7 ng background at high
Zvertex and due mainly to pile-up events at low or negativertex-

order to reduce background from pile-up ot &from
070 with y’s from another decay.

A small amount ofKs — 7%72 background sur-
vives the above cuts if & from onen and ay or
ane from the otherr? overlap. In this case the recon-
structedtzyvertex does not move downstream because the
entire kaon energy is collected in the LKr calorimeter
and there is no pair of showers which would give a
correctzo under ar® hypothesis. Still, by assuming
this type of overlap the correct vertex position can be
reconstructed by

4 2
Z]>lz>] E; E d
Zi E;d], i4

2
Zoverlap= ZLKr — E1d14

(6)
where index 1 refers to the from the 79, indexes
2 and 3 toy or ¢'s from 73 and index 4 to the
overlapping shower. Forlyy eVeNtXoverlap# Zvertex
and hence a cutoverlap— Zverted > 1.5 m on all 12
possible combinations reduces this type of background
to a sufficiently low level, without significant loss of
signal.

In order to remove events with hadrons or over-
lapping showers from the®yy sample, the shower
width is required to be less tharw3above the aver-
age value for photon showers of a given energy. This
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cut, which is calibrated using showerskfy — 7%7°
decays, removes 1% of goodKs — 7%y events.
In addition, residual background fro@° — Ax°

with subsequentt — n79 decay, where one es-

281

4. Background subtraction

The following processes have been considered as
potential sources of residual background:

capes and the neutron produces a photon-like shower

in the LKr calorimeter, is suppressed by exploiting the
large momentum asymmetries in bd@? and A de-
cays and accepting only events with:

|E3 — E4
E3+ E4

(E3+ Eq) — (E1+ E2)
E1+Ex+E3+ E4

< 0.35,

<0.3, )
where indexes 1 and 2 refer to the shower pair
identified as photons from the® and 3, 4 to other two
showers.

The background from accidental pile-up events is
reduced by strengthening the requirements on shower
times. Two configurations of a pile-up are considered:
3+ 1 showers and 2 2 showers. The 3- 1 configu-
ration is best described by a variable

I3max= |: i| )
max

where the difference between any shower time and the
average of the other three is maximised. Similarly, for
the 2+ 2 configuration one can use a variable

2max= |: :|
max

in which only two of three remaining shower times
are averaged. For the 8 1 pile-up topologyzs max
andzs max are always equal within the time resolution,
however in the 2- 2 case the two variables have differ-
ent values in principle. This allows one to analyse this
type of background in more detail. For the selection
of the signal sample a single cut gimaxof <1 nsis
chosen, becausgmaxdescribes both configurationsin
the same way.

After all selection cuts 31 events remain in the
sample. For the normalisation a sample scaled-down
by factor 1000 of about 28% 10° K5 — 770 events
has been used.

t; —th/3

JF#

®)

©)

= 1j/2

JF#i

Irreducible K; — 7%y background from the
K component of the beam;

e Kg— 7% 9 with mis-reconstructed energy;

e K5 — 7%29 with ay or ane escaping detection
or with a shower overlap;

Hadron background, maing® — Ax° with sub-
sequentd — nxr®, with three photon showers and
one narrow neutron shower in the LKr calorime-
ter;

e Pile-up of two decays where the two decaying
particles originate at the target either from two
protons (accidental pile-up) or from a single
proton (in-time pile-up).

The amount ofK; — 7%y admixture in the signal
sample is estimated using tl&g flux measured from
theKs — 790 rate assuming equal productionfg

and K at the target. The acceptance was calculated
using the same Monte Carlo simulation as used for
the Ks — 7%y acceptance calculation described in
Section 5. This background amounts t8 3 0.2
events.

Ks — 7% events can pass the cuts on invariant
masses, and especial? > 5400, only if far non-
Gaussian tails are present in the energy reconstruction
from the LKr calorimeter. In order to study cases
where one of the four shower energies may be mis-
reconstructed, making use of the over-constrained
kinematics ofK s — 7970 events, the invariant mass
of the event is reconstructed by using only three
out of four shower energies and all four positions.
None of the signal events has been found to have an
invariant mass close to the kaon mass in any of the
shower combinations. In addition, a toy Monte Carlo
was employed to generatés — %79 events using
realistic resolutions and non-Gaussian tails in energy.
To probe an extreme case the probability of non-
Gaussian tails was enhanced by an order of magnitude
with respect to that known fronE/p studies of
electrons from the Re’/¢) analysis [8]. In a sample
equivalent to twice the flux of the 2000 near-target run
no event passes the?, my, and zyertex CUtS at the
same time.
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The residualKg — nong background has been
studied using full Monte Carlo simulations. Generat-
ing 1.7 times the collected flux, 4 events have been
found to pass all cuts. Three of them have overlapping
showers and reside in the tail of thgverlap— zvertex
distribution. The fourth event decays in the collima-
tor, and one of the photons undergoes a conversion in
the collimator walls, while the* e~ pair from ther©
passes trough the central hole of the detector. Scaling
these events to the observed kaon flux, a background
estimate of 24+ 1.2 events is obtained with an uncer-
tainty dominated by the statistics. The systematic error
of this estimate has been checked by rela>ejj;}gand
ZoverlapCUts. The number of events and theitex dis-
tribution agree with data within few percent.

The amount of hadron background surviving cuts
on the energy deposited in the hadron calorimeter, the
shower width and the energy asymmetry (7) was esti-
mated by extrapolating the shower width distribution
from large widths to the signal region. The shower
width distribution of neutrons was extracted from fully
reconstructed2® — An® — n7%0 events. An esti-
mate of 01 4+ 0.1 events has been obtained, with an
uncertainty determined by the limited knowledge of
the extrapolation shape.

The accidental pile-up background has been stud-
ied using time variable® max (9) and#zmax (8) in a
time window of 6 ns which is six times larger than the
signal time window. In this time window the event dis-
tribution is not affected by any selection cut. It turns
out that about 50% of the background is in &3
configuration while 50% is 2- 2. Since both of these
configurations are described equivalentlyrbyiax this
variable is used to extrapolate from the control region
2 < |tamax < 6 ns to the signal regioflomax < 1 ns
assuming a fat distribution. This extrapolation gives an
estimate of 0 £ 1.3 events for the accidental pile-up
background. The order of magnitude of this estimate
was confirmed by overlaying 3-photon events from a
Ks — 7970 toy Monte Carlo with random showers
detected close intime (20-30 ns) to fully reconstructed
Ks — n%9 events and by taking into account the
kaon flux.

The in-time pile-up background in general has a
topology similar to the accidental pile-up, but, since
it is generated by the same proton in the target, its
rate cannot be measured by extrapolating from the out-
of-time sample. The relative rate of in-time and ac-

etters B 578 (2004) 276284

20
"2 * data
o 18F
> N Ks—)noyy MC
16 signal region | o
1ab ¥ Kl K —»n’yyMC
0 0
12F B Ks—n’myMC
10F B3 pile-up bkg.
8 lw
6
4
2 k=
00

0
R. (cm)

Fig. 2. TheR distribution of data compared to the sum of back-
ground models and signal Monte Carlo scaled by the calculated
branching ratio. The control region for pile-up background subtrac-
tion is indicated.

cidental pile-up has been studied using fully recon-
structedK s — 797 with additional showers in the
LKr calorimeter. It has been found that a 20% en-
hancement of pile-up background due to an in-time
component cannot be excluded. In order to estimate
the amount of total pile-up background without using
time variables, the distribution aR- has been em-
ployed. The background is extrapolated from a control
region 7< R¢ < 10 cm to the signal regioRc < 5

cm by using theR¢ shape obtained from the out-of-
time sample in thex max control region. This extrapo-
lation leads to an estimate of&t 2.9 events for both
in-time and accidental pile-up backgrounds. The un-
certainty takes into account the statistical error of the
data in the control region as well as the uncertainty
of the extrapolation which is determined by the sta-
tistics of the out-of-time sample. This measurement is
in good agreement with previous considerations and,
since it contains the least number of assumptions, it
is used for the branching ratio calculation. As can be
seen from Fig. 2, th& g — nong background is not
double-counted in this subtraction because it populates
the R¢c < 7 cm region.

Recently, theKs — 7% *e~ decay has been ob-
served for the first time. Using the measured branch-
ing ratio [9] and taking into account the cutoff on the
invariant mass of the*e~ pair m2,/m2 > 0.2 this
background has been estimated to contribuéet.3
events.
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5. Result 9 20 contr.t. [ [__signalregion |  [contr.r.
S18f
i > * data
Of the selected 31 events, Y3t 3.2 are estimated o 16f .
to be background (Table 1). The probability to observe 1aF B keon'nyme
31 or more events in absence of a signal with a back- 12 B K -n’yyMC
ground of 137+ 3.2 eventsis 5 x 10~3. Subtraction Koot Me
of the background from the selected sample leads to a 10 \‘ Hou bk
signal of 173+ 6.4 events. In the control region, de- 8f .\‘& & plleup bkg.
fined as 3< |m12 — m._ 0| <5 MeV/c?, the observed 6F N w
] . . ‘w \
data agree well with the background estimate (Fig. 3). - & N
0 4 PR KX X3 \\G
The detector acceptances of tkie — 7~y y decay Sl B N, o7
and of the normalisation decay chandg} — 7%z° o
were calculated using a full Monte Carlo simulation 813 0132 0134 0136 0.138 0.14

of the detector based on GEANT [18].The K5 — m,, (GeV/c?)

7970 acceptance was determined to(8.6 + 0.1)%.

The Kg — 71'0)/)/ generator used the decay matrix Fig. 3. The invariant mass distribution of the photon pair assigned

element calculated by [1] usingPT. The acceptance to the 79, The data in the control region are compatible with

of the K< — 70 f 0.2 is (7.2 + 0.3)% background while the signal region contains a conspicuous excess
S n7yy lor z > 0218 (7. : )_0’ _indicating aK g — 7%y signal.

where the dominant contribution to the uncertainty is

extracted from the comparison with a simulation using ) ) ]
a pure phase-space decay generator.Ahie> 7%y where the systematic uncertainty takes into account
acceptance is smaller than thatio§ — 7%7° mainly the background subtraction and acceptance calculation

due to cuts on*, and energy asymmetry defined in Uncertainties. This result is stable against variations of

(5) and (7). d most relevant cuts. In particular, the result does not
Normalising the signal to the collecteffs — cha_nge S|gn|f|cgntly_ by releasing th_e cut on the AKL
7%70 sample and taking into account the acceptances anti-counter which increases the pile-up background
results in a ratio of decay widths by a factor 5, and when requiring no associated hit
in a scintillator hodoscope placed upstream of the
I'(Ks— 7%y):202 LKr calorimeter, which reduces th&s — 7%z
I'(Ks — 79709) background by a factor 3. Uncertainties on energy
_ —7 scale and linearity of the energy measurement are
= (157 0.5 etarct 0.2%ye) x 107, (10) negligible. Using BRKs — 7%7% from [11], one
obtains
Table 1

Summary of background composition in both signal and control BR(Ks — 710)/7/)7>02
regions, the latter being defined as<3mip —m_o| <5 MeV/c2, o

compared to data = (4.9 % 1.65tat£ 0.95ys9) x 1078

Events in Signal region Control region =(4.94+1.8) x 10—3 (11)

K1 — 7%y background B+02 01+0.0 ) . -

K — 7% background A412 42416 which agrees with the predictions of [1].

Hadronic background 0+01 01401 In order to test the momentum dependence of the
Pile-up background 8429 43+20 weak vertex predicted by thgPT thez distribution

Ks — %" e™ background ®+03 <01 of the sample after background subtraction has been
Total background 13+32 87426 compared ta distributions of simulate&’s — 7%y

events using two decay generators, one with ¢R&
matrix element and one with pure phase space. Fig. 4
shows that both calculations agree within errors with

19 1 order to speed up the simulation, electromagnetic showers the data and more statistics would be needed to prove
are pre-generated and stored in a shower library. the chiral structure of the weak vertex.

Data 31 9
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¢ data - bkg.
— xPT matrix element

- phase space

4,

2_

1 1 1 1 1 1
%.2 025 0.3 035 04 045 05 05255
z=(m,,/m,)
Fig. 4. Thez distribution of data after background subtraction
compared to a Monte Carl& g — J'royy simulation using phase

space (dashed line) andPT matrix element [1] (continuous line) in
the decay generator.

6. Conclusions

A first observation of the decaks — 7%y
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phase-space angPT distributions and more statistics
would be needed to prove the chiral structure of the
weak vertex.
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