EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP/2001-010
January 31, 2001

K° = KO transitions monitored by strong interactions: a new determination of the
K1, — Kg mass difference

CPLEAR Collaboration

A. Angelopoulo®), E. Aslanide$!), G. Backenstoss, P. Bargassd), O. Behnké”, A. Benell?,
V. Bertin'V, F. Bland"'3), P. BlocH), P. Carlsof), M. Carrolf), E. Cawley’, M.B. Chertok),
M. Danielsso®®), M. Dejardin®), J. Derré?), A. Ealet?), C. Eleftheriadi&®), W. Fetsche,
M. Fidecard, A. Filiptic'?), D. Francig), J. Fry?), E. Gabathulé?, R. Game?), H.-J. Gerbet”,
A. GoY, A. Haseldef, P.J. HaymaH, F. Henry-Couanniét), R.W. Hollande?, K. Jon-And?),
P.-R. Kettlé?), P. Kokka$), R. Kreugef), R. Le GaéV, F. Leimgrube?), I. Mandi¢!?), N. Mantho$),
G. Marely, M. Mikuz!?, J. Miller®), F. Montanet!), A. Muller'¥) T. Nakada?®, B. Pagel§”,
|. Papadopould§), P. Pavlopoulo8, G. Polivk&, R. Rickenbach, B.L. Robert$), T. RufY,
L. Sakeliod), M. Schifert™, L.A. Schallef), T. Schietinge? , A. Schoppe?, L. Tausche?,
C. Thibault?), F. Touchar#®), C. Touramani¥, C.W.E. Van EijK¥), S. Vlacho®, P. Webel",
0. Wigger®), M. Wolter'?, D. Zavrtanik? , D. Zimmermar)

Abstract

The CPLEAR set-up (modified) has been used to determinE thK s mass difference by a method
where neutral-kaon strangeness oscillations are monitored through kaon strong interactions, rather
than semileptonic decays, thus requiring no assumptions on CPT invariance for the decay amplitudes.
The resultAm = (0.5343 & 0.0063¢t + 0.00254ys) X 10'°% /s, provides a valuable input for CPT

tests.
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1 Introduction

Very early, after the hypothesis of particle mixture had been advanceH@nd K° [1], the
change of strangeness content with time was predicted, as a consequence, for beams startii{’as pure
or K [2]. Proposals followed how to monitor the strangeness oscillations and meastifg-#ie mass
differenceAm, that is the oscillation frequency moduliaslt was suggested that starting with a ple
(or K°) beam, one could observe the building up daf%(or K°) flux by measuring either weak decays
to errv [3] or the products of strong interactions in a thin slab of material [4, 5]. These suggestions were
soon followed by the first experiments [4,6,7]. In another approach [8-10] it was shown that the intensity
of theKg component transmitted through an absorber is a very sensitive function of the megraliig
of the K1,-Kg mass difference, and this led to the first of many variants of the regenerator method [11].
Later, this method provided results in the current range of accuracy [12—-15] and even allowea the
sign to be determined [16, 17]. Comparable accuracy was obtained with the oscillation method coupled
to the measurement of semileptonic decays in Ref. [18], and recently by CPLEAR [19].

CPLEAR has revisited the oscillation method, tagging the strangeness of the neutral kaon by strong
interaction at two different times. This work is reported in the present paper.

2 Principle of the measurement

The principle of the measurement consists in measuring the probability that a neutral kaon, created
att = 0in a strangenessS(= 1 or S = —1) eigenstate, is found after a tinte= 7 in the same
or opposite strangeness state. Each probability contalfig-Kg interference term which is sensitive
to Am; moreover it is dependent anandé, the T- and CPT-violation parameters of the neutral-kaon
mixing matrix, thus

P = PK%o—K%,)
[

- i[l + 4Re(e)][e ST + LT — 2 COS(AmT)e_fT/Q]
P- = PK%— K',)
= i[l — 4Re(€)][e*FsT + eiFLT -9 COS(AmT)eifT/Q]
P = PEK%0 — K%=,)
= i[(l — 4Re(6))e 18T 4 (1 4 4Re(d))e LT + 2(cos(AmT) + 4Im(6) Sin(AmT))e*FT/2]

whereAm = my, —mg ,I =g+ T, , andmg 1, andI's 1, denote theéKg 1, masses and decay widths,
respectively. In a measurement, these probabilities translate to different numbers of events récorded,

and N, depending on the detection method for initial and final neutral kaons. The sensitivity to the
interference term may be increased and the dependence on the detection efficiencies may be weakened,
by considering convenient functions of the measured quantities.

In the measurement reported here, both initial and final neutral kaons are detected by an associated
strong interaction (strangeness conserving). The neutral kaons are produced concurrently by antiproton
annihilation at rest in a high-pressure, gaseous hydrogen target via the reactions:

- +K0
P e g @

each of which has a branching ratio sf 2 x 1072. The conservation of strangeness in the strong
interaction dictates thatls® is accompanied by K—, and aK® by aK*. Hence, the strangeness of the
neutral kaon at production is tagged by measuring the charge sign of the accompanying charged kaon.

In order to identify the strangeness at a later time 7, we took advantage of the carbon absorber,
shaped as a segment of a hollow cylinder, which had been added to the CPLEAR detector for the regen-
eration amplitude measurement [20]. Hence we measured the numb&ranf K interacting with the



absorber’s bound nucleons in one of the following reactions:
K0+p—>K+—|—n, K0+n—>K_+p, K0+n—>7r0+A(—>7r_p). (2)

In the case of initialk®, we denote byV, and N_ the numbers oK® and K which are measured

to interact at timer in the absorber, and by, and N_ the corresponding numbers for initi&l’.

These number®V, and N are converted to the probabiliti€d. and P using the cross sections of

the reactions (2) and the detection efficiencies of the relevant particles. However, all cross sections and
efficiencies cancel in the ratias., /N, and N_/N_, except for the detection/tagging efficiencyld?

relative toK? at the production. The latter is expressed by the ratietween the detection efficiencies

of the accompanying chargéd™ = pair, Eq. (1),£ = ¢(KT7n7) /e(K~77T),

N, 1P, N_ _1P_

N, P N P ®

However, if we compare the experimental asymmetf§f’ ,

NN
N, N_
exp —+
AAm - N.,. N_ (4)
pr—— + pr——
N, N_
with the phenomenological asymmetay,,,,
Pr _Po _
P, P_ 4 cos(Amr)(e TS 4+ e TLm)e=I7/2
Aam = = = ; )
P + P— e Ts™ + e TL7]2 + 4e~T7[cos(AmT)]2
Py P

the relative efficiency also cancels. Fitting the experimental data with Eq. (5) as a functienvdfl

provide a measurement dfm without assumptions on the unknown efficiencies. In Eq. (5) additional
terms, quadratic in T- and CPT-violation parameters of the mixing matrix, are neglected as they were
shown to be irrelevant in the fit.

3 The CPLEAR detector

The measurement was performed at the Low-Energy Antiproton Ring (LEAR) at CERN with the
CPLEAR detector [21], shown in Fig. 1. The 200 Me\&ntiprotons were extracted from LEAR with
an intensity of10® particles per second and stopped inside a cylindrical gaseous hydrogen target (27
bar pressure). The target (11 mm radius) was surrounded by a small cylindrical proportional chamber
PCO (15 mm radius, 1 mm pitch; 99.5% efficiency). A tracking detector, located inside a solenoid
(1 m radius, 3.6 m long) providing a 0.44 T magnetic field parallel to the beam, consisted of two lay-
ers of proportional chambers (PC1, PC2), six layers of drift chambers and two layers of streamer tubes.
A hodoscope of 32 threshold Cherenkov counters (C) sandwiched between two scintillator hodoscopes
(81, S2) provided charged-particle identification (Cherenkov light, time of flight and energy loss). A thin
silicon detector in front of the target entrance window ensured the presence of an incoming antiproton,
thus rejecting background events resulting from interactions in the target support structure. The arrange-
ment enabled the measurement of neutral-kaon decay rates in the region of @sian2@rers denotes
the Kg mean life. Fast and efficient background rejection was achieved on-line by a multilevel trigger
system. The data for the present measurement are a subset of the data taken for the regeneration measure-
ment [20]. The latter were taken under the same detector and trigger conditions as for the CP-violation
measurement, except for the presence of the absorber. The absorber had an openingl &sigkndfa
thickness of 2.5 cm, with an inner radius of 5.8 cm and a length of 25.5 cm, and allowed neutral-kaon
interactions to be measured within the time interval 1.3 <5.3\bout5.6 x 108 triggers were recorded.

2



4 Event Selection

The events to be selected e annihilations into either channels of Eq. (1), at a primary vertex
inside the target, followed by the production of a charged-kaon/oiraone of the reactions of Eq. (2),
at a secondary vertex inside the absorber. When a charged kaon is produced (first two channels of Eq.
(2), the events contain a total of three charged tracks (the proton being too slow to be detected). The
A events contain instead four charged tracks. Thus, a first selection requires the number of tracks to be
equal to three (K events, see Section 4.2) or faueyents, see Section 4.3), with a total charge-of
(in units of e charge) or zero, respectively. No track should have an unphysical fitted momentum, i.e. less
than 60MeV/c (below which the track would not reach the inner scintillator S1) or aboée\/c. To
allow clean particle identification, no more than one track should enter any S1 sector.

The geometrical cuts are mainly applied on quantities measured in the transverse view of the
event, using ar( ¢) reference frame, with its origin on the solenoidal magnet ax&x(s), see Fig. 1.
The successive cuts are outlined below. The cuts on any variable are fix@d &tom the center of the
measured distribution fitted with a Gaussian, see for instance Fig. 2.

4.1 Selection of thepp annihilation channels
The selection of either reactions (1) requires atrack pair from the primary vertex with the following
conditions:

— At least one charged-kaon candidate, defined as a track associatetl @52 signal from the
scintillator-Cherenkov-scintillator sandwich, with a momentum compopent 300 MeV/c in
the transverse plane, and an energy loss in the inner scintillator S1 consistent with the particle
being a kaon.

— The charged-kaon candidate should be crossing the other track at a vertex inside the targét (
cm and—3.5cm< z < 6 cm), and at an anglé < 168°.

— To eliminate a large number of unwanted, very early decay-limeecays as well as background
multikaon and multipion annihilations, no more than two hits should be found in PCO, each one
being withinA¢ < 0.2 rad of a primary track.

— Offline, the primary charged kaon and the associated pion are the same tracks as those used online
to satisfy the trigger conditions. Moreover, fitting the primary pair kinematics with Eq. (1) results
in a 1C-fit probability> 2.5%, and the square of the neutral-kaon mass (calculated as missing
mass with the momenta returned by the fit) is within 0.20 &&¥ of the central value.

4.2  Selection of secondarK™® events

These are three-track events where the neutral kaon undergoes a charge exchange in the absorber
(K — K*n, K% — K~p). Their signature is the presence, beside the primarypkir, of one
charged track (secondary) with the following requirements:

— The track is @&* candidate, with &1CS2 signature and an energy loss in S1 within four stan-
dard deviations of the average Bethe-Bloch value. From the particle’s measured momentum and
velocity, the massny+ is obtained. Only events with valuesf.. within 0.16 or 0.18 GeV/c*
of the central value are considered, for velocity measurement by energy loss or time of flight,
respectively.

— The track originates away from the target, from an interaction inside the absorber. Thus, PCO has
no hits withinA¢ < 0.2 rad of the track, while PC1 and PC2 have hits within the same distance.
The projections of the neutral-kaon path and of the secondary track on the transverse plane form
the secondary vertex with coordinateand¢, 5.3 cm< r < 9.2 cm and—56° < ¢ < +58°. The
angular distance of the two projections at the mean radius of the absorber<s0.18 rad.

4.3 Selection of secondary\ events
These are four-track events wher&8 interacts in the absorber &n — 7°A(— 7~ p). Their
signature is the presence, beside the primarypiir, of another track pair, with the following require-
ments:
— The two tracks originate away from the target. Thus PCO has no hits withir: 0.2 rad of each
track.



— One track is @ candidate, with a positive charge, a(Sdignature, and a mass,, with a squared
value (from momentum and time of flight) within38 GeV?/c* of the central value.

— The fit to the two-track invariant mass has a probabilitys% for the A-mass hypothesis, and
< 15% for theKg (— «"7~) hypothesis.

— The A originates from an interaction inside the absorber, that is the projection &f pla¢h on the
transverse plane intersects € path projection at the secondary vertex with coordinatasd
$, 5.3 <r < 9.2cm,and—56° < ¢ < +58°. The angular distance of tH&® and A projections
at the mean radius of the absorbenig < 0.15 rad.

4.4 Final data samples

After applying the above cuts,1 x 10* Kt events2.0 x 103 K~ events and.3 x 10* A events
remained. Figure 3, showing the azimuthal distributions of the secondary verticasq released),
indicates that the background events are very few, as extrapolated from outsigieetiien covered by
the absorber, between56° and+58°. Inside that region, the distributions are not flat, especially in the
case of secondari{* events, as a consequence of the trigger operating mode — the trigger searching
for a single (primary)K*. As the direction of the scanning was unimportant, it was arbitrarily chosen
to search first along the positive angles. In the special case of the present analysis where a secondary
kaon is looked for, at positive angles, this kaon is encountered first in the trigger search, and the event is
rejected in the offline analysis (last requirement in Section 4.1).

Figure 4 shows the radial distributions of the secondary verticesté released). These were best
fitted by a uniform distribution (from 6.25 to 8.30 cm) folded with a Gaussiam ef 0.50 cm for K*
events, andr = 0.65 cm for A events, respectively. The quality of our measurements was checked by
estimating theA mean lifetime, which was found to bg = (2.60 + 0.03s¢ & 0.10sys¢) x 10719 s, in
agreement with the current valug = (2.632 + 0.020) x 10710 s [22].

The time of the interactiony, is determined from the secondary-vertex position and the neutral-
kaon momentum (as given by the 1C fit, Section 4.1). Kher) and N () distributions are obtained
from the sample of secondai/t events. ForV_(7) and N _(7) one can use the seconddfy events
alone, theA events alone, or the sum of the€~ and A samples. With these distributions, we form
asymmetrie%i(&(f), Eq. (4) for each type dk° tagging in the final state, and also for the complete set
of events with & in the final state.

5 Fit

Each of the three sets of measured asymmem@%, formed with the N, and N, samples
defined above, was fitted with Monte Carlo simulations of the asymme&try (7), Eq. (5), performed
for values ofAm in the range(0.515 — 0.545) x 10'°A/s . The simulations included the neutral-kaon
momentum distributions, tie;. andP_,. probabilities, the secondary-vertex spatial resolutions as well as
atime resolution of 0.0255 due to the uncertainty on the determination ofkifemomentum; foll's 1, =
1/7s1 the world-average values [22f( = (89.35 4 0.08) x 1072 s andr, = (5.15 £0.04) x 1078 s)
were used. The simulated asymmetries were compared to the experimental asyrrmiéirjemd the
values ofAm corresponding to the minimumg® were determined. The results are reported in Table 1.
Owing to the agreement between the values obtained with the two ways of tagyjingr final result is
that given for the K~—+A) sample, shown in Fig. 5.

K" tagging K~ A K=+ A
Am [10'°h/s] 0.5253: 0.0106 0.535F0.0066 0.53430.0063
2Indf 31/41 57/56 53/56

Table 1:Am values obtained by the fit.

6 Systematic errors
Various sources of systematic uncertainties were investigated :
— the uncertainty oi’'s (the sensitivity td'y, is negligible),
— the dependence of the efficiencies on momentum,



— the geometrical parameters included in the Monte Carlo simulation,
— the binning and fit range,
— the choice of cuts for the selection criteria.

These uncertainties are summarized in Table 2

Source Am [10'0h/s]
I'g 0.0010
efficiencies 0.0005
Monte Carlo 0.0015
binning and fit range 0.0005
selection criteria 0.0015
Total 0.0025

Table 2: Evaluation of systematic errors

7 Final results and conclusion
Our final result is the following :

Am = (0.5343 £ 0.0063g¢at £ 0.00255ys¢) x 10'0h/s

This result is in good agreement with the current values [22h = (0.5300 4 0.0012) x 10'°4/s

(fit), or Am = (0.5307 & 0.0015) x 10'°h/s (average). Our measurement, though not improving on

the current world-average error, has the merit of relying only on strong interactions to tag the kaon
strangeness. Moreover, the only parameter of the neutral-kaon system which enters the measurement,
apart fromAm, is theKg mean lifetime. We conclude that this measurement provides a valuable input
for Am in many CPT tests.
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H, target and PCO
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Figure 1. Transverse view of the detector at the centre of the experiment &kie coincides with the
solenoidal magnet axis), and display of an event. The display shows, as a respit ahaihilation, the
K* 7~ pair produced together withl&". The latter, by interacting in the carbon absorber, produces a
subsequently decaying tor~ (also shown).
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Figure 2:m§<i distribution; my+ is the measured mass of a secondary charged kaon. The arrows corre-
spond to the cuts (see text).
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Figure 3: Azimuthal ¢) distribution of the secondary vertices after all selectiapsigr K* events; §)

for A events. The events are well localized in the intefva$6°, +-58°] corresponding to the position

of the absorber. Outside this interval the background is very small; the arrows indicate the cuts. The
large asymmetry between the number of events recorded for negative and positive angles is related to the
trigger operating mode (see text).
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the K~ + A) sample, see textb) Distribution of the fit residuals.



