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ABSTRACT

The E731 collaboration has measured the phase difference A ¢ = ¢go — d4_ between the two
CP violating parameters 7go and 74_. We find A¢ = —0.3° £ 2.4°(stat) + 1.2°(syst). Using
this result together with the world average ¢,_, we find that the phase of the K°-K° mixing
parameter € is 44.5° + 1.5°. Both of these results agree well with the predictions of CPT
symmetry.
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INTRODUCTION

CPT symmetry is expected to be exact in local quantum field theories (CPT theoremY),
and as a consequence the masses and lifetimes of particle-antiparticle pairs should be equal.
Direct measurements of mass and lifetime differences (6M/M and 6T'/T') have achieved
sensitivity at the 10~7 level.?) Since the mass difference between K° and K0 is limited by the
difference (Am) between K1 and K, and with Am/mg = 7 x 1075, the neutral kaons are
expected to provide a strong limit on CPT violation. Reviews of the neutral kaon system
together with the CP and CPT phenomenology can be found in the literature.* Here, a
very brief outline will be given in order to introduce the predictions of CPT symmetry that
can be tested experimentally.

Because the strong interaction conserves strangeness (S), the XK° (S = +1) and K°
(S == —1) are the neutral kaon eigenstates during production. The kaons decay thanks to
the weak interaction which allows AS = +1 transitions. They also mix with each other
through intermediate states with S = 0 (e.g., 2r and 3x). Taking into account the small
(€ ~ 2 x 1073) CP violation in the K°-K9 mixing, the vacuum eigenstates are Kgr =
(@ + €)K° £ (1 — €)K?)/, 5(1 + €2), where the plus sign is for Ks and the minus sign for
K. The parameter € introduces a small CP-even impurity into the long-lived state (Kp),
allowing it to decay into the 2x final states. This “indirect” CP violation was first seen in
1964.)

The two complex parameters 7+_ and 7y are defined as the ratios of Kz and Kg decay
amplitudes into 7*7~ and 7°7% 7 = amp(K; — w7)/amp(Ks — wm). Neglecting the
small (~ 5%) violation of the AI = 1/2 rule, we have ny_ = |n;_|e*~ = € + ¢ and
Noo = |7joole™*® = ¢ — 2¢’. Here, ¢ parametrizes any additional CP violation arising directly
from the 27 decay amplitudes (known as “direct” CP violatiorn). By measuring the ratio of
[74-| and |noo|, the quantity Re(e’/e) can be determined. The most recent measurement®
finds that Re(e'/e) is consistent with zero, while another recent measurement”) shows a three

sigma deviation from zero. In any event, € is much smaller than e.

CPT PREDICTIONS

The issue of CPT symmetry for neutral kaons is connected to the phases of € and €, which

are related to the (measurable) phases of 7, and 7go. The expression for € is:
_ 1 (KYH|K°) - (K°|H|K®)

2(mL—ms)+t(I‘s—FL)/2

Here, H = M —il'/2 is the Hamiltonian of the K°K° system, and mp, ms, I'; and I's
are the Kz and K5 masses and decay rates. The mass and decay matrices (M and I') are

both hermitean, making the numerator equal to 2¢ Im My3 + ImI';;. Using results from the
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37 and semileptonic decay modes, one can show?) that the contribution to € from the decay
matrix is very small compared to the contribution from the mass matrix. Consequently, the
phase of € (measured as 2¢,_ /3 + ¢oo/3) should be close (within a couple of degrees) to the
argument of I's/2 + iAm. This “natural angle” is equal to 43.7 £ 0.2°.

Another prediction of CPT symmetry is obtained by considering the phase of €’. This

parameter is written as .
, i ImAze-'(ﬁz—éo)

€= J3ReAo
where A; is the decay amplitude of K° into a 2 final state of isospin I with a phase shift

61 from final state interactions. Using the experimental value®) §; — 8o = —45 % 10° and
the smallness of Re(e'/e), it can be seen that the difference between ¢._ and @go should
be much less than one degree. However, the world average values®) ¢,_ = 44.6 + 1.2° and

¢o0 = 54 £ 5° violate both CPT predictions at about two standard deviations.

EXPERIMENT

The 800 GeV protons from the Fermilab Tevatron strike a Be target, after which collimators
and sweeping magnets produce two neutral kaon beams. The average kaon energy is about
70 GeV. A boron carbide (B4C) regenerator is placed in one of the beams about 123 m
downstream of the target in order to recreate a Ks component. It is in this “regenerated”
beam that we measure the phases ¢, and ¢oo from the interference between K — 2w
and Ks — 27. The other “vacuum” beam is essentially a pure K beam, which will serve
to normalize the incident kaon flux. In order to cancel any differences in intensity and
momentum spectrum between the two beams, the regenerator alternates between them once
every machine cycle. (At Fermilab the beam is on for twenty seconds every minute.)

The regeneration of K5 comes about because of the difference between the K° and K0
cross sections in ordinary matter. An incident K (which is one particular linear combi-
nation of K9 and K°) will turn into a different linear combination, thus picking up a Ks
component. Only the coherently scattered kaons (in the forward direction) have the same
beam profile and angular divergence as the vacuum beam. To extract this coherent signal,
the incoherently scattered kaons (elastic and inelastic) are subtracted using the kaon trans-
verse momentum or some other similar variable. By instrumenting the regenerator with
scintillator and phototubes, we reject a good fraction of the inelastically scattered kaons at
the trigger level.

Figure 1shows the E731 detector which is described in detail elsewhere.1®) The two beams
enter the decay volume with one of them passing through the regenerator. The end of the
upstream decay volume is defined by a pair of thin scintillator planes, which are used in the

w7~ trigger together with another pair of scintillator planes located after the spectrometer.
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The two charged tracks from the 7t 7~ events are reconstructed using the four drift chambers
and the track momenta determined by the analysis magnet. Each drift chamber has two z
and two y planes with a resolution of about 110 pm per plane. The wuv decays are rejected
with the muon hodoscope behind the muon filter.

The m°7° decays result in four photons which shower in the lead glass calorimeter with
an energy resolution of 2.5%+5%/vE (E in GeV). There are 804 lead glass blocks stacked
in a roughly circular array (with two holes for the beams), and the number of clusters is
determined by a trigger processor. The trigger requires four clusters and a total energy of
about 28 GeV. The main background comes from 37° decays where two photons escape the
lead glass or merge with other photons. To suppress this background, a number of veto
counters are set up to intercept photons leaving the detector. The calorimeter is followed by
a hadron veto consisting of a lead wall and a scintillator hodoscope.

The data taking took place between July 1987 and February 1988, and the results pre-
sented here are based on 20% of the total sample. During this particular data set, the 7+7~
and the 7%r° decays were collected simultaneously, providing for very good control of many

systematic uncertainties.

ANALYSIS

The n+x~ invariant mass is calculated assuming the charged pion mass for each track.
Projecting the kaon back from the decay vertex to the regenerator, the transverse momentum
is determined with respect to a line from the target. The wev decays are suppressed by
using the measured energy in the lead glass to calculate E/p for the tracks. Figure 2 shows
the invariant mass in the regenerated beam after all other cuts. The low-side tail is due
to radiative 7tw~v, and there is a small remaining background from mev decays. The
signal region is defined as 484-512 MeV/c?. The transverse momentum squared is plotted
in Figure 3 for kaons with good mass in the regenerated beam, where the background is
dominated by incoherently scattered kaons. The background is fit to a functional form
with exponential terms representing the elastic and inelastic contributions. With a cut
of 250 (MeV/c)? the background under the coherent peak is found to be 0.13%. The
corresponding background in the vacuum beam (0.32%) is due to the wev decays. For kaon
energies between 30 and 130 GeV and a decay vertex range of 123-137 meters from the
target, there are 198,000 signal events in the regenerated beam and 41,000 in the vacuum
beam.

For n%x? events, the longitudinal position of the decay vertex and the invariant mass are
calculated by assuming the w° mass. Figure 4 shows the invariant mass in the regenerated
beam after all other cuts. The signal region is between 480 and 516 MeV/c®. The small

(0.04%) background is due to 3w° decays and to nuclear interactions in the regenerator and
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Figure 2: w*x~ invariant mass in the regenerated beam.
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Figure 3: Transverse momentum squared in the regenerated beam.
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Figure 4: 7%x° invariant mass in the regenerated beam.

in the trigger hodoscopes at 138 m. In the vacuum beam, the 3x° background (0.99%)
dominates. It is not possible to determine the transverse momentum as for the 7+« events,
so we use the center of energy at the lead glass instead. The shape of the incoherent
background in the center of energy variable is predicted from the p% shape obtained from
the w*n~ decays. Both the size and shape of this prediction agree very well with the
observed distribution. The background under the coherent peak is found to be 2.7% in the
regenerated beam and 2.8% in the vacuum beam. For kaon energies between 40 and 120
GeV and a decay vertex range of 121-147 meters from the target, there are 190,000 signal
events in the regenerated beam and 73,000 in the vacuum beam.

The signal events are binned according to kaon energy and decay vertex with a bin
size of 10 GeVx1 m. In order to determine the acceptances, a corresponding Monte Carlo
distribution is obtained from a detailed simulation of the beam and the detector. This Monte

Carlo sample has about six times more events than the data sample.

EXTRACTION OF THE PHASES

The Monte Carlo distribution is generated from the predicted 2« decay rates, and let us
now consider the expressions for these rates. The coherent kaon beam coming out of the
regenerator is written as K+ pKs, where p = |p|e*s is the coherent regeneration amplitude.
(Recall that only the coherently scattered kaons are used.) The 2 decay rates as a function
of proper time t (measured from the regenerator) are given by |5|2e~*/"% for the vacuum beam,

and e~ ¥ [|p|2e~t/7s + |n|2e~t/"= +2|p||n|e~t/?"S cos(Am t + ¢, — ¢,)] for the regenerated beam.
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Given that the regenerator alternates, the incident kaon momentum spectrum is the same for
both beams, except that the flux in the regenerated beam is reduced by absorption, which is
accounted for by the factor e~X. This factor is measured with sufficient precision (less than
one percent of itself) by comparing the number of K — n*n~7° and K1 — 7°7%x° decays
in the two beams.

By fitting the data and Monte Carlo distributions against each other, the phases ¢, _
and ¢oo (denoted ¢, above) are extracted from the interference pattern in the regenerated
beam. The overall normalization is provided by the event totals in the vacuum beam. In
this fit, the parameters s, 7, (K5, lifetimes) and Am (K ;-Ks mass difference) are held at
their world average values.?) The remaining quantities entering the decay rate expressions
are [94—|, |7oo|, |p| and ¢,. The ratio [74+_|/|700 is related to Re(e’/¢), which was measured®)
using the same data set. In that analysis, however, CPT was assumed to be exact with ¢, _
and ¢oo fixed in the fit. In the fit for the phases, we therefore have to let |, _|/|700| float.
The regeneration amplitude p is related to the difference between the K° and K° forward
scattering amplitudes, (f—f)/k, by p = miN Lg(f— f)/k, where N is the density of scattering
centers and L the length of the regenerator. The geometric factor ¢ = (1 — e~%)/z, where
z =(1/2 —iAm/Ts)L/As with As the K5 decay length, comes from the integration over a
thick regenerator. The magnitude of (f — f)/k is assumed to have a power law dependence
on the kaon momentum, i.e., |p| &< px*. The proportionality constant and o are free in the
fit. The phase ¢, is fixed by the analyticity condition arg|[(f — f)/k] = —(2 — a)7/2. These
assumptions about the regeneration amplitude are supported by previous experiments!!) and
by our own data.

The result of the fit, with statistical errors, is ¢4 = 47.7 &= 2.0° and ¢go = 47.4 + 1.4°.
The quality of thefit isgood, with x? = 316 for 340 degrees of freedom. Figures 5-6 show the
extracted cosine factor from the interference term together with the best fit. The available
proper time interval is shorter for the #*tx~ decays, due to the trigger plane at 138 meters.
(A rule of thumb: One K lifetime is equivalent to about 27 degrees.) The results for ¢, _
and @oo depend directly on the value of ¢,, but the difference A = ¢og — ¢4— is insensitive
to ¢,. By varying the fixed parameters Am and 75 one standard deviation around their
world average values, the uncertainty in ¢+_ (¢o0) is found to be 0.4 (0.5) degrees for Am
and 0.8 (0.6) for 75. Similarly, the uncertainty in the factor e=* leads to a systematic error
of 0.4 (0.3) degrees. In all three cases, the effect on the difference A¢ is negligible.

The Monte Carlo simulation is checked with 107 7wer and 6 x 10% #%7°7° decays, which
were collected at the same time as the 2w decays. The resulting systematic uncertainty
in A¢ is 1.2° and is limited by the statistics of the mer and 7°7°x° decay modes. As
an additional check of the acceptance, we use the same analysis to fit for r¢ and Am.
The results obtained (with statistical error only), 7s = (0.8902 + 0.0021) x 10~ sec and
Am = (0.5377 £ 0.0098) x 10 hsec™!, agree well with the world average values.?) There is



1.6

1.2

0.8

0.4

-0.4

-0.8

-1.2

2 4 6 8 10
t K lifetimes]

Figure 5: Extracted cosine term from the 7+~ decay rate.

T Ry

323

N
cos(Amt+¢,—Yoo) H///
| 1 | ]
8 10

2 4 6

t [Ks lifetimes]

Figure 6: Extracted cosine term from the w7 decay rate.



324

a 0.6° systematic error in A¢ from the uncertainty in the absolute energy scale of the lead
glass calorimeter. The systematic uncertainty in A¢ from the background subtractions is
0.3°.

Accidental events are recorded together with the 2r data. The events are triggered by
a coincidence between two small scintillator counters placed in such a way that a particle
going through the counters misses the detector by a wide margin. The accidental trigger
rate is therefore proportional to the K — 2m rates, but uncorrelated with any particular
detector element. Overlaying the accidental events on Monte Carlo 2x events, the effect on

the phases is found to be negligible.

CONCLUSIONS

The final result is A¢ = ¢go — ¢4 = —0.3° £ 2.4°(stat) + 1.2°(syst). Together with the
world average value of ¢, _, we find that ¢, = 2¢+_/3 + ¢oo/3 = 44.5° £ 1.5°. Both results
agree with the predictions of CPT symmetry. A recent measurement!?) by the NA31 group
also finds that A¢ is consistent with zero.

If there were any CPT violation in the K°-K° mixing, it would be parametrized by
(K°|H|K®) — (K°|H[K°)

1
A= 2 (mz — ms) + il's — Iz)/2

and any violation in the 27 decay amplitudes by a = (4o — Ao)/(Ao + Ao). The Ky, to K
amplitude ratios would then be given by ny_ = e— A +a+¢€ and 00 = € — A + a — 2¢.
The expression for A contains the K°-K°® mass and lifetime differences in its numerator.
Together with limits from the 37 and semileptonic decay modes, our results set a limit
of about 4 x 10718 for §M/M and about 2 x 10~* for §T'/T. See reference 4 for detailed
discussions of the algebra behind these limits.

The E731 experiment was designed to measure the quantity Re(e/e’). A new experiment
(E773) by the same collaboration will make a dedicated measurement of A¢ later this year
(1990). To optimize the sensitivity to ¢,_ and ¢go, both beams are equipped with a re-
generator. By choosing the thicknesses and relative locations of the two regenerators, the
statistical sensitivity is improved, and by taking the ratio of events in the two beams, the
systematic uncertainties are minimized. The total error in A¢ is expected to be less than

one degree.



325

References

(1] G. Liiders, Dansk. Mat. Fys. Medd. 28, 5 (1954); W. Pauli in Niels Bohr and the
Development of Physics, ed. W. Pauli (Pergamon Press, New York, 1955); R. Jost,
Helv. Phys. Acta 30, 409 (1957).

(2] See page 46 of Reference 9 for a summary of CPT limits.

(3] Reviews of neutral kaons and CP phenomenology: T.D. Lee and C.S. Wu, Ann. Rev.
Nucl. Sci. 16, 511 (1966); K. Kleinknecht, Ann. Rev. Nucl. Sci. 26, 1 (1976); L. Wolfen-
stein, Ann. Rev. Nucl. Sci. 36, 137 (1986).

[4] CPT phenomenology: J.W. Cronin, Acta Phys. Pol. B 15, 419 (1984); V.V. Barmin
et al., Nucl. Phys. B 247, 293 (1984); R.G. Sachs, The Physics of Time Reversal (The
University of Chicago Press, Chicago, 1987).

(5] J.H. Christenson et al., Phys. Rev. Lett. 13, 138 (1964).

(6] The E731 collaboration finds Re(e/e’) = —0.0004 & 0.0014(stat) + 0.0006(syst ).
J.R. Patterson et al., Phys. Rev. Lett. 64, 1491 (1990).

(7] The NA3I collaboration finds Re(e/e’) = 0.0033 £ 0.0007(stat) + 0.0008(syst).
H. Burkhardt et al., Phys. Lett. B 208, 169 (1988).

(8] T.J. Devlin and J.O. Dickey, Rev. Mod. Phys. 51, 237 (1979).
(9] Particle Data Group, G.P. Yost et al., Phys. Lett. B 204, 1 (1988).

[10] See the Ph.D. theses of: M. Karlsson, Princeton University, 1990; V. Papadimitriou,
University of Chicago, 1990; J.R. Patterson, University of Chicago, 1990.

[11] J. Roehrig et al., Phys. Rev. Lett. 38, 1116 (1977).
[12] R. Carosi et al., CERN-EP/90-06, submitted to Phys. Lett. B.



