EHEP International Europhysics Conference on HEP
-

PROCEEDINGS

A new measurement of ¢ /¢ by the NA48 experiment
at CERN

Massimo Lenti* on behalf of the NA48 collaboration |
INFN Sezione di Firenze

ABSTRACT: The NA48 collaboration at CERN has measured the direct CP violation in
two pion decays of neutral kaons. The CP violation parameter €' /e = (15.3 £2.6) x 1074
is the result of three years of data taking (1997, 1998, 1999). The experiment principles,
the data analysis features and the systematic error evaluation will be described. The
result by the FNAL KTEV collaboration will also be quoted.

1. Introduction

Neutral kaons form a quantum system in which we can define the following eigenstates:

Flavor : KO (sd),[S = +1]; KO (sd),[S = —1] (1.1)
CP: K, = }(K® +K9),[CP = +1]; Ky :%(KO _R0),[CP=-1] (1.2)

1.2
Lifetime : Kg ~K; +¢Ksg ,[c7 =2.67 cm]; K, ~ Ko +¢Kj ,[cr =15.5m] (1.3)
where ¢ = (2.28 +0.02) x 1073 and S is the strangeness quantum number.

The Kj, decays mainly into semileptonic channels and into 3 pion states with CP = —1;
in few per mille of the cases it decays into 2 pion states with CP = +1. This so called
indirect CP violation is due to the K® KO mixing. If there is also a component of CP
violation in the decay process, the rate of CP violation in 7%® and in 777~ can be
different, provided that the interference of two decay amplitudes is available. 77w from
KO can have isospin I = 0,2. The decay amplitude Ay, Ay are:

AK® — 7, 1) = Apexp(idy); AKO — 7w, 1) = A} exp(idy) (1.4)
where J7 are strong phases. The so called direct CP violation is parametrised by:
, i Ag .
g = —=Im— exp(i(dy — & 1.5
i exp(il, — ) (1)
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The ratios of the CP violating decay w.r.t. the CP conserving one are:
AKy = 7tr7) , A(Ky, — 707Y)
- = e 2 g N0 = e T ooy
A(Kg — 7tn) A(Kg — 7970)

Ky, —#%9)

_ TRs om0 4 /
R = O 1 — 6Re(€'/¢) (1.7)
rKg —=nt7)

~e—2¢ (1.6)

R is called the Double Ratio.

2. The NA48 experiment

The double ratio of the decay widths reduces to the double ratio of number of decays if
all the four modes are collected simultaneously! (the fluxes cancel in the ratio) and in the
same decay region (the fraction of accepted decays cancels in the ratio). The Double Ratio
measurement is performed by the NA48 experiment in two steps:

R=1-ARY + AR®? (2.1)

The first order term (=~ 1%) is obtained from the NA48 prescription, which is described
in the following, the second order term (=~ few%o) contains small corrections due to the
remaining backgrounds, trigger inefficiency, acceptance differences and so on.

In the NA48 experiment a 450 GeV/c proton beam from the CERN SPS accelerator
impinges on a primary target (Kp, target) and after about 120 m of magnet sweeping and
collimation forms a neutral beam dominated by Ky, decays.

Protons not interacting in the Ky, target reach . . ... Koo N0 foscalel
a bent silicon crystal where a small fraction (about : LJX’S‘;?!‘J&,}‘;ZCM Targe | 419 =
1075) follows the bent crystal planes forming a sec- — /KJa’ge‘
ondary beam which impinges on a secondary tar- \ / | | |

get (Kg target) and after 6 m of magnet sweeping "I B 1 ; 5
NLITZ) T [P,
and collimation forms a neutral beam dominated by 25" |'/ | | §
KS deca.ys. Ksl‘a\ggmgiation e colima Decay Region 2
. (~3.10protons per spill) (~40 m long)
The two kaon beams share the same fiducial —126m “tam

decay volume, they are separated by about 7 cm at
the exit of the last collimator and converge at the Figure 1: The NA48 beam setup.
position of the detectors, about 120 m downstream.
In this way the four decay modes are collected simultaneously; long term variations on the
Kgs/Ky, ratio (with a RMS of about 9%) are taken into account by reweighting Kg events
to keep such a ratio constant?.

Ki,Ks — 77~ are detected by a magnetic spectrometer made of 4 drift chambers
and a dipole magnet providing 265 MeV p; kick. The track momentum resolution is:

o(p)/p ~ 0.5% & 0.009 p%; pin GeV/c (2.2)

The 777~ trigger reduces in two stages the 500 KHz input to a 2 KHz output with an
efficiency of (97.896 &+ 0.024)% (the error is of pure statistical nature due to the control
sample used). The correction on R induced by the trigger inefficiency is:

'n principle, it is already true if at least two modes are collected simultaneously, but of course there is
then a bigger sensitivity to systematic effects
?Ks reweighting is a small effect on R: about 3 x 1074

-2 —
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AR = (3.6 +5.2) x 1074 (2.3) .
I —

joscope
Drift chamber 4
Anti counter 7

070 are detected by a Liquid Kryp-

K, Kg — 7
ton electromagnetic calorimeter made of 13212 cells
(2 x 2 em? x 27 Xg, Xg = 4.7 cm). The energy res-

olution is:

Helium tank

Drift chamber 3

o(E) 32% _0.09 ) 1\
= 0.42 Ein GeV (24 Keviarwindow
B NG <) T <) %, E in Ge (2.4) ..

The cells are made in projective geometry pointing

to the middle of the decay region (about 114 m
upstream).

The 7970 trigger reduces the 500 KHz input Figure 2: The NA48 detectors.
to a 2 KHz output with an efficiency of (99.920 +
0.009)%.

An hadron calorimeter used for the total energy measurement, a muon veto system
to suppress K u3 decays, an out-of-acceptance veto system and some intensity monitors
complement the apparatus.

Dead time conditions are due mainly to the charged apparatus and include about
1.5% from the ntn~ trigger and about 20% from the drift chamber multiplicity limit;
these conditions are recorded and applied offline to all the events (in particular to 7%7°
events) in such a way that all the events are collected under the same conditions.

3. Decay region definition

The beginning of the Kg decay region is sharply defined by a counter (AKS? ) which rejects
all the upstream decays both for 7+7~ and for 7%7%. The correction on R due to the AKS
inefficiency is:

AR = (1.14+0.4) x 107* (3.1)

The end of the Kg decay region, the beginning and the end of the Ky, decay region are de-
fined by the decay position reconstructed by the detectors. The decay position is measured
w.r.t. the AKS position; the fiducial volume is defined by the proper time of the decay,
measured in Kg lifetime units. The downstream cut has been chosen at 3.5 Kg lifetimes,
the Ky, upstream cut is in the same position as the AKS.

The kaon energy range is 70 < Ex < 170 GeV where the Ky, /Kg variation is smaller
than 20%. Nevertheless R is measured in kaon energy bins (5 GeV wide) and then averaged,
to be insensitive to Kg — Ky, energy spectrum differences.

The center of gravity Roog is the kaon impact point extrapolated to the calorimeter.
The cut Rocog < 10 cm is used to reject background decays and beam halo particles.

3the AKS is made by a photon converter (an iridium crystal 3 mm thick, corresponding to 1.79 Xy at 0
angle), followed by a track veto (a scintillator counter)



International Europhysics Conference on HEP Massimo Lenti

4. Tagging

Kg and K, are distinguished by a time of flight tecnique: all the protons of the secondary
beam cross a stack of scintillating counters (TAGGER) which measure their crossing time.

A Kg decay will be in coincidence with a proton seen
by the TAGGER. The coincidence window is 4 ns wide to
minimize the probabilty that a Kg is out of coincidence

K - T0T (vertex selected)

6| Tagging Windo

Mistagged K

because of tails in the time measurement and the proba-
bility that a Ky, falls inside the coincidence because of the
high proton rate (see fig.8).

Untagged Kg

The tagging inefficiency (agr,) is the probability that 10

a Kg is mistagged as a Kp, due to a bad time measure- 10

ment. In 777~ it can be measured very precisely because 1

Kg and Ky, can also be separated by the vertex position: 7™ oo time -nearest proton tm ()
adi = (1.6 £0.03) x 10~* (4.1)

Figure 3: Tagging definition.
osz_ is dominated by the tagger inefficiency, which is 7+ 7~ and 7%7% symmetric. Aagy, =
oz(s)% —aérL_ is due to difference in the tails between 77~ and 7%7° event time measurements.

We can compare directly charged and neutral mea-

surements using events with v’s and ee™ from 7 conver- e o
MS 2140

sion (see fig.4): 10 praw
Aagy, = (0£0.5) x 1074 (4.2) /\
which corresponds to an uncertainty on R: w2 / \
AR = (0+3.0) x 107* (43) ( \
The accidental tagging (arg) is the probability that a M
Ky, is mistagged as a Kg because of an accidental proton e M ML)

Neutral - Charged time in conversion (ns)

coincidence. In 777, where Kg and K, can be separated

by the vertex position, it is measured to be: Figure 4: ~ conversions

ofg = (10.649 + 0.008)% (4.4)

0

The difference between 7979 and 77~ can be checked in events tagged as K, looking

at the proton intensity outside the coincidence window (proton sidebands). The extrap-
olation (W) from the sidebands to the tagging window is performed in 7+7~ using pure
K1, events selected by the vertex position, while 37° (which can come only from K, decays)
are used in the neutral case.

Aqgidebands — (30 4+ 1.0) x 1074 (4.5)
AW = (1.3+1.1) x 1074
Aars = (4.3+1.8) x 107*
which? implies a correction on R:

AR = (8.3+3.4) x 1074 (4.8)

41x10™* has been added to the error to take into account the variation w.r.t. the choice of the sidebands
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5. 771~ reconstruction

The 77~ invariant mass resolution is about
2.5 MeV and the applied cut is at 3 o’s. o

>
1600 |-
=

The background is due to Ky, semileptonic de- =

Kg— T 0=2.5MeV/¢

r

pe

cays in which an electron or a muon is identified

1200

events

as a pion. These backgrounds are suppressed by

1000

the E/p cut® and by the u-veto counters. Further
background suppression is achieved cutting on the s
kaon transverse momentum (P2 < 200 (MeV/c)?) — = |
to remove three-body decays with a missing neu- a0 |

trino and on the tracks momentum asymmetry to 200 |

suppress A decays. ‘ S

I 1 1
0048 0435 049 0495 05 0505 051 0515
M(rt TT) (GeVic?)

The kaon energy is calculated by the 77~
opening angle and tracks energy ratio:

c Figure 5: 77~ inv. mass
B} = yp {m¥k —Cm2} (5.1)
E7r1 E7r1
C=2+4+—+ — 5.2
E7r2 E7r2 ( )

so that the charged energy understanding is reduced to the knowledge of the drift chambers
geometry. This geometry can be checked reconstructing the position of the AKS anticounter
for not vetoed 77~ (Az =2 cm). The correction to R due to this geometry is:

AR = (2.0+2.8) x 1074 (5.3)

The background is estimated in two control regions of M, and P%, comparing the
distributions of Ky, — 77~ and of K, — mer (the electron is identified by a high
E/p value) and K;, — muv (the muon is identified by a p-veto hit) decays and then
extrapolating to the signal region.

The first control region (M, > Mf) is dominated

by K.3 decays, while the second one (M, < M) con- =
. . . . 108 K — Ks(norm. to Kl) + Ku3 + Ke3 + collimators
tains K3 and K3 decays in a similar amount. The M o Ko o
. . . A Ke3 background
and P2 tails of K, — 77~ in the two control regions o colimators scattering

are estimated using Kg decays.
The background is (16.943.0) x 10~%, where the sys-
tematic error evaluation comes from a variation of control

regions borders and by the modelling of the P% shape. g V‘mvv"w*wm e
- ; L et Y
The correction to R is: ‘
0 0.001 , 0.002
AR = (16.9 + 3.0) x 10~* (5.4) pit (019
K1, beam scatterings in the final collimator produce Figure 6: Pr distrib.

7 events with high Pr which are removed in the 777~ sample by the Pr cut, but are kept

0

in the 7979 sample, inducing a correction on R. Kg beam scattering are instead removed

by the Rcog cut which is 777~ and 7%7% symmetric.

S5For each track a cluster in the calorimeter is associated; the E/p is the ratio of the cluster energy and
the track momentum
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The collimator background is estimated using 777~ events with P2 > 200(MeV/c)?
with My, = Mg and it is cross-checked in 7%7° Rcoq distribution. The beam scattering
background is (9.6 4+ 2.0) x 10~%. The correction to R is:

AR = (-9.6 +2.0) x 107* (5.5)

0

6. 770 reconstruction

From the four detected photons in the calorimeter,

K, to 1°r€ candidates

the distance D of the decay from the calorimeter is given < 7
by:

E; X (ri;)° 3
= \/ZElﬁKX( ) (6.1) £

where E; are the photons energies and r;; the distances oame N

D

between photons in the calorimeter. The two photons

0132

invariant mass is:

my = VBT 1 G2 T e
The best combination of two photons couples which min- Figure 7: 7'n° x*
imizes the x? of the two photons invariant masses w.r.t. the 7 mass is chosen and a cut on
the x? is applied to suppress 37° decays with missing photons. Events with extra photons
in time are rejected.

From the Kg — 7%7% decay distribution the AKS position can be reconstructed: the
calorimeter energy scale is adjusted to match the AKS nominal position. In this way the
neutral energy knowledge is again converted into geometry.

The stability of the reconstructed AKS position is

checked as a function of the kaon energy (non linear-

8
4
3
]
3
3

per8cm

ity check). In K3 decays the electron energy measured

event
3
8
8
-
-~
»
1
53]
+

by the calorimeter can be checked w.r.t. the momentum

50000 | . .,

measured by the magnetic spectrometer: E/p is constant Y

40000 [ "
™,

within ~ 0.1% from a few GeV to 100 GeV. ] N

30000
In special runs a 7~ beam is directed onto two thin . .

targets (one at the beginning of the kaon fiducial decay i ™~

10000 -

region, one at the end), producing 7° and 7 with known W o
-200 0 200 400 600 800 1000

decay position. 77 decays are used to reconstruct the 2 decay vertex (sm)

decay position assuming 7° or 1 masses.

. . 0.0 . .
Using n — 37° — 67, M, /M, o can be measured Figure 8: 77" 7z distrib.

without the uncertainty due to the energy scale knowl-
edge. The new preliminary NA48 result on M, is:

M, = (547.823 + 0.020410; + 0.055,,5;) MeV (6.3)
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The total uncertainty on R induced by the neutral energy scale is:

AR =+58 x 107* (6.4) yu'f

0

The background in 797% events is due to K, — 37°

Weigthed events
T

where two photons are outside the calorimeter acceptance
or overlap with the other clusters. The background is esti-  wef
mated using a control region in x? (the 37° background is iiSignal region

10°F Control region

almost flat because of its combinatorial nature) and using

Tay
vvvvv
vvvvvvvv
vvvvvvvv

Kg events to evaluate resolution tails.
The background is (5.9 4-2.0) x 104, where the sys- U
tematic error evaluation comes from the uncertainty in

vvvvvv

the background extrapolation from the control to the sig- . 9 1
) . ] ] Figure 9: x* distrib.
nal region. The extrapolation correction factor is calcu-
lated by a Montecarlo. Photon conversions and photon hadron-productions are also taken
into account by the Montecarlo.
The correction to R is:

AR = (—=5.942.0) x 1074 (6.5)

7. The Lifetime weighting principle and the acceptance correction

For a given decay position, the acceptances for Kg and Kj, are the same. But Kg and
K1, have very different decay lenghts because 7k, ~ 600 X 7Kg, so the total acceptance
for Kg and Kjy, is quite different and this would imply a large correction on R. To avoid
this, Ky, events are weighted w.r.t. their proper time on a event by event basis to make
their decay distribution similar to the Kg one. The weight is ~ ¢~%/(37)(1/ks =1/7x)  The
acceptance correction almost cancels in the double ratio using the Ki, lifetime weighting
but in this way the statistical error on R increases by about 35%.

A small residual acceptance effect comes from the 0.6 mrad angle between the Kg and
the Ki, beam, especially in 777~ events which at the first drift chamber are still separated
by about 1 cm. The acceptance correction to R is estimated by a Montecarlo:

AR = (26.7 + 4.1nicstat + 4.0syst) X 1074 7.1
Yy

where the first error is due to Montecarlo statistics and the systematic error comes from
the knowledge of the beams geometry and by the comparison of two different Montecarlos.

8. Accidental activity

The accidental activity from the beam can induce event losses. This effect cancels to first
order in R but a residual correction on R can be due to:

AR ~ A(rTrn~ — 7%7%) x A(KL, — Kg) (8.1)

where A(n 7~ —7070) is the difference between neutral and charged losses; it is minimized

by applying dead time conditions to all the modes and is estimated to be (1.4 + 0.7)%.
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A(Kp, —Ksg) is the difference in the accidental activity seen by K1, and Kg events; it is small
by the design of the experiment because the two beams are simultaneous and so K, and
Kg events see the same activity, within 1% (checked directly in data).

The intensity difference uncertainty corresponds to AR = (04 3) x 10~%. The residual
illumination difference uncertainty corresponds to AR = (0 4 3) x 10~ (estimated using
random events overlayed to 7w Montecarlo and data events). The total uncertainty is:

AR = +4.4 x 107* (8.2)

9. First and second order result
The number of events (corrected for mistagging) collected in the years 1998 and 1999 are:

Kp, — 7%7%:3.29 x 10°, Kg — 7970 : 5.21 x 106, (9.1)
Ky, — mrr @ 14.45 x 10%, Kg — w7~ : 22.22 x 108. (9.2)

The double ratio is calculated in bins of energy and averaged. The first order result is:

R =1—(1.261 + 0.101)% + AR® (9.3)

The sum of all the corrections to R, quoted in (8.1), (2.3), (6.3), ©.4), (5.4), (6.9), (2.8),
4.3), (4.8), (7.1) and (8.2) gives the second order result:

AR® = (4+35.9 £ 12.6) x 1074 (9.4)
R =1— (1.261 + 0.101)% + (0.359 + 0.126)% (9.5)
R = 0.99098 = 0.00101 444 & 0.00126,4; (9.6)

where the first error is statistical and the second systematic. The systematic error is par-
tially of statistical nature because some of the corrections (i.e. trigger efficiency) depends
on a sample of downscaled unbiased triggers.

=
Y
)

[
°
f

Re(€'/e) = (15.0 £2.7) x 10~ [1998 + 1999]  (9.7)

Double Ratio

X?Indf = 13.2/19

H
3
&8

The already published NA48 result [4], based on the data ™ |

collected in 1997, was: g . m
o b JTﬂ L‘W
Re(¢/e) = (1854£73) x 1074 1997 (9.8) o 71
Taking into account the correlated part of the systematic = o« -
error between @-_g) and (E_)'_?I), the combined result is: 085 T T léoKatAnoenléi,?gyl(géevl;D

Re(€'/e) = (15.3+2.6) x 1074 [1997+1998+1999] (9.9) Figure 10: R vs energy

Fig.l0 shows the Double Ratio in bins of kaon energy after all the corrections.
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10. KTeV experiment

The KTEV experiment at Fermilab was designed to
measure Re(¢’/€) using a different technique w.r.t. NA48.

It has two Ky, beams: the first one (“Vacuum”) is the i o

true K, beam, the second one (“Regenerator”) produces e e .
a Kg beam thanks to a regenerator. This regenerator is WN::W \z\\% \
continuously moved from one beam to the other. R e 1

777~ detection is accomplished by a magnetic spec-

0 are reconstructed by a CsI crystals

trometer, while 707
calorimeter.
The regenerator-vacuum beam identification is ob-

tained by the extrapolated kaon impact point at the calo-

RECENERATCR ( E832) KTeV
MASK- ANTI ( E832)

rimeter because the two beams are parallel and separated P
by about 20 cm.

The total background in 77~ events is 0.1% in the Figure 11: KTEV
vacuum beam and 0.9% in the regenerator one; the total
background in 770 events is 0.5% in the vacuum beam and 1.2% in the regenerator beam.

The acceptance is calculated by a very detailed Montecarlo, cross-checked by high
statistics samples of K 3 and 37%. The acceptance correction on R is about 5% but it is
mostly due just to simple geometry.

A cross-check of the acceptance correction has been performed doing the analysis with
a Ky, lifetime weighting (similar to the NA48 approach). The change in R w.r.t. the
standard analysis is:

AR = —9 & 13 504) £ 1855ty X 107* (10.1)

showing no significant bias.
The result from data collected in 1997 (statistically independent from the published
result [3]) is:
Re(€'/€) = (19.8 & 1.7qs + 2.35yst = 0.601¢) ¥ 1074 (10.2)

The published result [3](based on 1996 data) has been reanalyzed and the new number is:
Re(€'/e) = (23.2 £ 3.0(utat) % 3-2(syet) £ 0.7(arCstar)) X 1074 (10.3)
The combined result for the 1996-1997 dataset is:
Re(€/e) = (20.7 + 1.5(tar) £ 24(syst) £ 0.5(a1Cstan)) X 1072 (10.4)

where the error due only to Montecarlo statistics has been isolated.

Re(€'/e) = (20.7+2.8) x 10~* (10.5)

The 199641997 statistics is:
Ky, — 7% : 3.4 x 10%, Kg — 7070 : 5.6 x 109, (10.6)
Ky — 7nrn™ :11.2 x 10%, Kg — 7t7~ : 19.4 x 106, (10.7)
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11. Experimental results comparison

The first generation of experiments published the fol-
lowing results (1], [2]):

NA31(CERN) : Re(£) = (23.0 +£6.5) x 107*(11.1)
E731(FNAL) : Re(£) = (7.4 +5.9) x 107 (11.2)

The Re(¢’ /€) world average, including (I1.1), (11.2), (0.9),
(10.5), is:

Re(¢'/e) = (17.24+1.8) x 1074 (11.3)

with x2/ndf = 5.5/3 (14% probability).
The direct CP violation in the neutral kaon system
is now firmly established with a significance more than 9

o’s.
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