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K regeneration data in the energy range 30-110 GeV have been analyzed to determine
the values of the K; -Kg mass difference, Am, Ky lifetime, 75, and CP-nonconservation

parameter 7, ..

We find Am=0.482(14)x 10!% s™!, 75 =0.905(7)x 1070 s, |7, .| =2.09(2)

x 1073, and tang, .= 0.709(102), corresponding to ¢, .= 35(4)°. The data suggest that
these parameters may have an anomalous energy dependence.

PACS numbers: 14.40.Aq, 13.25.+m, 13.20.Eb

In this Letter we describe an analysis of data from three K° regeneration experiments™® to determine
for the first time the fundamental parameters of the K°-K° system at Fermilab energies. The details
of the work summarized here are to be published elsewhere.*

In the experiments analyzed here, a K; beam impinged on a material target (hydrogen,* carbon,? or
lead®) and the K°~n*1" decay distribution in the forward direction behind the targets was studied. The

proper time distribution of the decays is given by®

No(8) =N {|pl?exp(~t/7¢) + [n._[Pexp(=t/7,) +2|p| | n._|exp(=t/27 s - 1/27,) cos(ami + )}, (1)

where N, is the flux of K,’s, £=0 at the exit face of the target, and ®=argp ~argn.-=¢, - ¢.-. The
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coherent regeneration amplitude p for a target of
length L with N scatterers per unit volume is
given by

p=iTNAga(L/AQ| f(0) =F(0)] /%. (2)

In Eq. (2) Ag is the K5 mean decay length, % is
the K° wave number, and £(0) [7(0)] is the forward
elastic scattering amplitude of K° (K°) for the
target used. The function o contains the effects
of integrating the regeneration amplitude over a
finite length target:

1—exp(-BL/Ay) .
B ?

a(L/A s) =
(3)

B=3—iAmTg.

In Refs. 1-3 the 7*7~ decay distributions in 10-
GeV kaon energy bins were fitted with Eq. (1) to
determine |p|and ¢,, and in Refs. 1 and 2 N,
was measured with K; - 7uv decays collected
simultaneously. The parameters Am, 75, 7.,
|n.+-!, and ¢._ were set equal to their accepted
values® as determined at low energy.

Here we have analyzed the data, treating Am,
Ts, and |7,.| as variables in the fits and letting
them attain their “best” values. Because the da-
ta cannot sustain a fit to this many free param-
eters, we have constrained |pl and ¢ p to lie near
their published values.” A systematic study of
the effects of these “soft” constraints is present-
ed by Aronson et al.*

The phase ¢ .. of 7,- cannot, however, be ex-
tracted as directly from these data, and must be

handled differently. As inspection of Eq. (1) indi-
cates, the measured quantity is ®=¢, - ¢,-=7/2
+ @+ Py = P4-y Where g, =arga(L/As) and ¢,
=arg|f(0) =7(0)]. Thus, it is necessary to
supply external information on ¢,, to obtain ¢ ...
We have done this by computing ¢,; with several
Regge-pole and absorption models. The results
of these calculations* are consistent in the amount
of energy dependence of ¢,, predicted in our en-
ergy range.® The phase results quoted here use
¢,; from the recent model of Diu and Ferraz

de Camargo.®

The fit to Eq. (1) was carried out in two differ -
ent ways, denoted by A and B.

Method A.—The entire 30-110-GeV energy range
was used to determine the best values of each of
the parameters; these are given in Table I, If
the parameters are taken to be constants, then
the best values are

Am =0,482(14) 10z s~*, 75=0,905(7) x10-"° s,

(4)
[n+-1=2.09(2) X107, tan¢,.=0.709(102).

Note that our result for |7,.| is in excellent
agreement with the value 2,15(14) X10~3 obtained
earlier by Birulev et al.’ in the range 14-50
GeV. Note also that the results in Eq. (4) differ
from the corresponding low-energy values® (E
~5 GeV) by 4, 2,9, and 3 standard deviations for
am, 75, |n._|, and tang,_, respectively. This
has led us to investigate a possible energy de-
pendence of the K°-K° parameters. Accordingly,

TABLE 1. Results of the direct, one-step analysis A.

Energy-independent fit

Fits of the form x = x (1 +b, v)

Parameter % x2/d.f. %, 105, x2/d.f.
100%Am a  0.482+0.014 536/488 0.557+0.036  —8.48+2.89 521/484
(nsec™) b 0.534+ 0,002 604/492 0.535+0.002 —7.43+1.48 533/488
c 0.532+ 0,002 573/492 0.534 % 0.002 —6.30+£1.46 550/488
10107 a  0.905+0.007 536/488  0.880+0.015  +1.77+0.90  521/484
(sec) b 0.895+ 0,002 604/492 0.892 +0.002 +1,27+0.38 533/488
c 0.893+0.002 573/492 0.892+0.002 +0.99+0.38 550/488
[n, -1 a 2.09+0.02 536/488 2.14+0.04 —2.01+0.86  521/484
(10-9) b 2.14+0.01 604/492 2,23 +0.02 —3.60£0.52 533/488
c 2.07+ 0,01 573/492 2.07+0.02 —0.20+ 0,62 550/488
tang, _ a  0.709+0.102 536/488 1.276+0.499  —33.7+12.3 521/484
b 1.009%0.036 604/492 0.954+0.048 —21.5+7.0 533/488
c 1,081+ 0.040 573/492 1.033+0.052  —22.3%6.7 550/488

3Internal fit. :
bExternal fit, with low-energy values at Ex =5 GeV: Am = 0.5349+0.0022,

T =0.8923 % 0.0022, |7,.|=2.274+0.022, and tang,_ =0.986+ 0.055.
€As in b, except |7,.]=1.95+0.03.

1307



VoLUME 48, NUMBER 19

PHYSICAL REVIEW

LETTERS 10 MAYy 1982

we allowed each parameter in Eq. (1) to vary as
x=x4[1+b.9"]; N=1,2;, y=E /my, (5)

where x =Am, Tg, |n.-|, or tang,.. The case
N =2 is the one given in the table; the N=1re-
sults* are similar. We performed fits to x, and
the slopes b, first using only the data of Refs.
1-3 (“internal” fits), and then including in addi-
tion a world average value® at E; =5 GeV (“ex-
ternal” fits). We see from the internal fits [en-
tries (a) in the table] that the b, differ from zero
by 3, 2, 2, and 3 standard deviations for Am,
Ts, |Mm4-|, and tang,., respectively.'!

Method B—The data of Refs. 1-3 were fitted by
Eq. (1) to determine Am, T |7.-|, and tang,-
in each of eight energy bins (10 GeV wide) from
30 to 110 GeV. The resulting values of each pa-
rameter were then fitted to Eq. (5) to determine
x, and b,. This two-step procedure is perhaps
easier to grasp, but has a potential drawback in
that correlations among the slope parameters, if
they exist, are partially obscured. Figure 1
shows an example of this analysis for tang ..,
and similar graphs for the other parameters are
given in Ref. 4, The results obtained by Methods
A and B are in good qualitative agreement, the
principal difference being that Method B gives
slope parameters which are somewhat smaller
in magnitude and also in statistical significance.

Notwithstanding the agreement between the re-
sults of these two different methods, the possibil-
ity remains that the apparent energy dependence
of the K°-K° parameters is due to some unknown

T T T T

1.4+ o HYDROGEN _
7% WORLD AVERAGE
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FIG. 1. A plot of tang, . vs v? using the results for
¢ .- from each energy bin in analysis B. The line is the
best fit to the eight Fermilab data points, and is not
constrained by the low-energy world average value.
The shaded band gives the error on the low-energy
value, which is denoted by a triangle.
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systematic effect in the data. To test for this we
carried out an extensive series of auxiliary
tests!~* on the data to search for various sys-
tematic effects. No effect was found which could
account for the present results. We stress that
the internal fit vesults ave completely indepen-
dent of the low-enevgy detevminations of any of
the parameters, and hence of any possible sys-
tematic uncertainties arising from a comparison
of high- and low-energy data. When the low-en-
ergy values are included [entries (b) and (c) in
the table], slope parameters of greater statisti-
cal significance (typically 3-5 standard devia-
tions) emerge.

Effects of the type reported here, namely a de-
pendence of quantities determined in the K° rest
frame on the K° laboratory energy, could arise
from the motion of the kaons with respect to
some external field or medium. A phenomeno-
logical analysis of such effects in terms of ex-
ternal fields is treated in detail in Ref, 4. The
conclusion of this analysis is that the present re-
sults cannot be explained in terms of a conven-
tional hypercharge, electromagnetic, or gravita-
tional field, or from the scattering of K° and K°
from stray charges or neutrinos. This suggests
that these effects, if real, may arise from some
new interaction. One candidate is a tensor field
of finite range, a possibility which has been con-
sidered by a number of authors.'? Such a field
could at the same time resolve a number of
other problems, including the missing mass of
the universe and possible discrepancies in deter -
mination of neutrino oscillation parameters.
These and other related questions are discussed
in more detail in Ref. 4.

We wish to thank our many colleagues for their
help and encouragement during the course of this
work. We are particularly indebted to Bruce
Winstein for many valuable suggestions. This
work was performed under the auspices of the
U. S. Department of Energy.
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The Liouville theory is quantized with use of Fock-space methods, an infinite set of
charges L,,n=0,%1, ..., is constructed which represents the conformal algebra in two
dimensions, and consequences of this algebra are discussed. It is then argued, with use
of variational methods in Fock space, that the spectrum of the Liouville Hamiltonian is
continuous, and that there exist energy eigenstates obeying the constraints L,|E>= 0,

n>0.
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The (1 +1)-dimensional Liouville quantum field theory,' described by

£=-%(3,9)* - p2exp(2r'29/3),

1)

appears in a manifestly covariant quantization of the relativistic string.? In this Letter we exhibit a
quantization scheme for the Liouville model which maintains the conformal symmetry of the classical
theory. Within this scheme the energy spectrum and certain correlation functions can be calculated ex-
actly.

Let us first review the classical Liouville field theory.® Since we eventually wish to apply our results
to the quantum string problem, we shall study (1) on a finite space of length L: 0<x< L. For simplici-
ty we shall also choose periodic boundary conditions appropriate to closed string theories. It is con-
venient to introduce dimensionless coordinates 2mx =Lo, 21t =L7, 0< 0 <27, and to employ the Fourier
series expansions®

_i._ T =1 - ino ino jl
= - = b 2
q)(q) 2\/—71' [ao Ay + -7:9 n (ane +0,€ ) ’ ( 2.)
5 1 - ~-in in
TO)=00) = 37 [aoas" + 2 (ane” 4, (26)
where
a,"=a_,, b,T=b_, for n#0. (3)
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