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ABSTRACT

A previously proposed interaction is examinéd as to its

consequences for & neutral K 1in an rf field tuned to the KS-KL

mass difference. Substantial Kl-K2 conversion can be achieved by

reasonable field strengths.

0f the numerous mechanisms proposed to account for the phenomena

that pave been attributed to CP violatidn practically all have by now
been put té rest. The one that seemed to have éained the longest
general acceptaﬁce, the éupefweak model, is now threatened by the
experimental result [1] on the upper limit for:the decay K - 2u.

From.the beginning, many of these proposals have been uncon-

’ ventional,- some involving external fields called into play for the

sole purpose of accounting for the phenomena in question. It therefore

seems prudent, on empirical grounds alone, to pursue.the possibility

that the anomalous effects may be due to the action of a more mundane.

* . : '
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agent, the magnetic field [2],veven though it takes a segjingly
unconventional interaction [3] of this field to do the job. As
discussed earlier [2], in the presence of a static magnetic field this
coupling can lead to an obsgervable Kl component at large distances
from the ta;get, thus simulatipg CP violation.

',The purpose of this note is to examinevsome”consequehées‘of
this interaction for theibehavior of abneutral K. in an rf field_tuned
to the KL-KS mass difference. The coupling, which was proposed some
time ago [3] on the basis of other considerations [4] and is invariant

under C and P separately, is

Ho- g(Pe? . §2e'i¢)§‘.§ , (1)
where X énd K are the'ne&tral kaon field operators, E and B are
the electromagnetic fiéld operators, and @ is a phase which is not
arbitrary once a éonvention is adopted as to the effect of CP: on the
k°. I will use the phase convention CP|K°) = |E°), cP|E°) =_.|K°)',.
which entails. cos § = O. This inferaction leads to creation of kaon
pairs, e.g., by Coulomb scattering of hﬁrd pbotons, as well as to.
KO—KO interconversion in the pfeéehce of suitable external fields.

In addition to the matrix elements bilinear in the external electro-
magnetic fields that are obviouS.from its.structure,'it leads to

matrix elements linear in the external field [3]. Such linear terms

‘can arise because one of the two photons emitted at the vertex at

which KO-KO interconversion takes place can couple internaliy to

the neutral K by virtue of its charge structure. The decisive
factor that allows for a slowly (macroscopically) varying magnetic
field to cause KO-KO interconversion is the degeneracy between these

two states.
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The electromagnétic—field dependence c¢f *the matrix elements

linear in the‘externai field is given by the sseudoscalar

- Svpo fuv(k-) PP @)
where p and Pp' are kaon momenta, and k = p - p' is the momentum
exchange with the éxterﬁgl field, whose Fourier transform is fuv(k).
Of the three kinds of terms cbntained in (2), fhe one of intefeét fér
the purpose of this note is proportional to the magnetic-field com-
ponent B” élong the K béam. One of the other two térms vanishes
'because the magnetic field is divergenceless and the one involving the
electric field cannot have come into play in the experiments in
question. .

As mentioned previously [5], the regeneration effect in a

static field may saturéte. Experiments carried out at different

values of the magnetic field, but above that corresponding to saturation,

wﬁil then give thé same vélué of the admixture parameter e, whichn
seems to be thg case experimentally. The possibility of saturation

has to do with the éontingent fact that the static.'f_‘ield, in exchanging
@omentum with the neutral K, écté as a refractive medium. As the
momentum exchaﬁgé'becomes larger than the momentum spread of the
packet, the phaée of the regenerated packet begins to oscillate

rapidly in the range over which the packet would otherwise be appreci-
' able, resulting in destrpétive interferencé. The situation is similar
in some respects tp;that*of’a spin-% particle in a static magnetic

field. Apart from the instability of the neutral K, which blays a

decisive roie, Kl regeneration from K2 by a static field Bll - is -

- formally equivalent to a transition between two spin states with spin

projections in say the x-direction, due to cros§ed static magnetic-

K

“he

fields Bx and By. Variatiqn of By corresponds to that of Bil’
and a constaﬁt BX corresponds to the _KS_KL mass difference. A
physically more useful analogy is that of -the neutral X with the
Stern-Gerlach experiment, though the conditions under which the effects

of interest are produced are reversed in the two cases. 1In the latter

_case, it is well known that if the magnetic-field inhomogeneity is

strong enough to split the initial wave packet into nonoverlﬁpping
outgoing ones, th;n.it will also destroy an initial polarization 'in
an& direction but that of the inhomogeneity. In ‘that case the desired
effect is thus not produced until thq momentum exchange with the
external field is larger than the momentum spread of the packet,
thereby destroying cohergnce, while in‘the casé at hand a regenerated
l. packet is produced only as long as the momentum exchange is~léss

than the momentum spread of the packet and coherence is maintained.

An rf field can be expected to overcome this difficulty

because, roughly speaking, its effect is the same on each momentum

component of the wave packet.- The generai advantgges of resonance

over static-field techniques for studying gquantum systems have of

course been recognized for decades.

We‘shall consider the case where the matrix elements for

_KO-EO interconversion involve the external field linearly rather than

bilinearly because.this eliminates much of the guess work as to the
strength of'interaétion (1). 1In particular,.a measure of the kind of
rf field strength required will be seen to be provided by its value
BC corresponding to a critical poténtial defined in terms of the
short-lived decay rate by

. Vo = zl;I"s ~ 1.8 )(-10'6 ev . ' (3)
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The estimate of an upper limit on B in the matrix elements linear

e

in the external field can in effect be made model independent by

appealing to the experimental results in static fields. To that end,. .

we note that if the phenomena attributed to CP'violation are due to an
external static potential U, then thé experimental value of the

admixture parameter,
le] ~ 2x1072, ‘ (4)

giveé

(V. 19'8 ev . . o (5)
It should also be noted that the CP—inQariance condition cos ¢-= 0 -
leads to a phase of € in agreeﬁent with the measured yalue.
If the anomalous effects are in@eed:due to externai magnetic
fields coupled fhrough.interaction (1), the value (5) presumably
correspondé to the m;gnetic field Bl at saturation, which 1 take )
to be the.lowest field in an& of the exﬁeriments in question,

Bl < 0.1 gauss, although it could be_orders of magnitude_lower. Since

the potént}al is linear in the external field, we have the upper bound

By = (VC/U)Bl < 18 gauss . ' (6)

A measurement of B, in the rf experiment will give the value of the

C

static fieid at which regeneration saturates and below which variation

- of the effects with the static field could be observed.

It is adequate for our'éurposes to approximate the shortf-and

long-lived states K,

o . .
s and KL by the CP glgensta es K

1
and K2 amplitudes a

and K2

1 1

and a, ére then -

-6
iy, = (m, - L ir )a, + iva
1T Vg T2 Mg/t T MR
) (7)
i, = -iva, + (m - = il )a o
2 = s A B A I

where T is the Lorentz factor, dot ipdicates differentiation with

respect to laboratory time +t, and V= V(t) is the effective external
potential, which includes the rf field.
o develop the consequences of #4uming the rf field to the

KS—KL mass difference, it is convenient to introduce the amplitudes

1

b, and bz, defined by

1 =8 exp(imst/Y) ,

(=3
Lt

8)

b, = a, exp(imLt/Y) .

For simplicity we will be concerned only with 2x decays, for which

the b amplitudes are adeduate; But if one is concerned with

interference effects between Kl and K2, elg., semileptonic decays,
one must in effect return to expansion of the wave function in terms

of the a's. The amplifudes bj .saﬁiéfy

Y l . .
™y = -5Tgb +7 exp(-ia t)b2 ’
1‘ (9)
. " 1
", = -V exp(in t)bl 5 TPy
with
A' = A/Y;
‘ (10)

il

A 'mL - Ig >0 .
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Becausé the K beam is not monochromatic, the effective mass

difference A' 1is not unique. If the applied rf field is to be tuned

to A' for an appreciable fraétion of the K's, the frequency spread
of the field must overlap tﬁe corresponding spreéd in A'. Iwill

" assume that fhis-important practical problém c#h be solved and will
consider.a singie fixed value of A an@»a-monochromatiq field._ .

Consider the potential to be of the form

V(t) = Vlexp(ivt) + exp(-iwt)]

‘where VO is time independent and w is the effective rf frequencj,
which will be different from the actual frequency if the spatial
dependence of the cavity mode along the " K beam is not constant.

ig of the form

1

Suppose, for example, B

B

3 = B, Jo(hr) cos(@ t - kz) ,

0

where w

0 is the actual cavity frequency and the z-direction is along

the " K momentum. Then the effective frequency will be shifted to

w = wO + kv ,

where v is the ¥ speed.

In substituting Eq. (11) for V(t) into (9) we now keep only
the “terms capable of resonance, i.e., drop exp(-iwt) in the equation
for bl

" terms in eguations of the kind (9) due to & perturbing rf field, have

and exp(iwt) in the equation for 52. The nonresonant

been shown in connection with magnetic resonance [6] and the Lamb
shift [7] to cause a shift in the resonance frequency. I will assume
that any such shift is sufficiently small for the frequency band of

the rf field to overlap the spread in A" even when the two are

)
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matched without regard for the possible effect of the nonresonant
terms.

The equations to be solved are then

. = - ; ’ T T
T, = 5 I'g bl + exp{i(w - A )t]b2 s
" ‘ (12)
L ; .
Y52 = -3 FL b2 - VO exp[-l(w - A’)t]bl .

fhe general soiution of theée equations is a sum of two exponentials.
with coefficients determined by initial conditions. Because of it§
prime interest and for ;implicity, I consider only the case.of an
initially pure - KQV beam. The result is

\

= “u.t) - -u~t
b, o [eXP( pyt) - exp(-u, )]

(13)

expl-i(o - A")t]

2 = Y(“g - Ul)
X [(.é. Ig - T ) exp(-ugt) - (-é g = T'h,) exp(-ust)] ,
;‘where ' '
2?‘y1’2 = %(?S + FL) +ila - Tw

L
2

3 (g - 1) + ifr o= 8)1F - bv?) (14)

Consider now in more detail two limiting cases, characterized

in terms of the critical potential V
|

¢
Case A: V., <<V

0 C 0

In this case, neglecting PL compared to- PS and to first

order in



fa]

- ofe:cp(-rsf/%) _+e>cp<-rat/r5 -»2exp'[-(rs' + Tg)t/27]
X cos{w - A")t},

- ‘ (15)

l2

|0

S2 = @+ 20) expl-rge/v)

- 2§[cos(A' -w)t +2(r w- A)Fé—l sin(A' - w)t)exp[-(rs + Fé)t/QY];,

where Pa = PL + prs .

The overall factor in the Ky intensity in (15) satisfies

o << % in this case. The lower limit of field intensities for which

l|2- is of interest corresponds to values

‘of p such that the 2x decayé due to the effect of the rf field can

the expression (15) for |b

‘be observed ébove those-attribﬁted to CP violation, so that we want

6

é >> 5 >> 4 X 1070, The exponentials in two of the three terms in
lbllg in (15) are field dependent, whereas the other one involves the
<< Ty, i.e., for p << 1.5 X 1072,

e short-lived decay rate T If ol

s* S
i . the decay rate of the second term is that of the long-lived state in’
the absence of the rf field. But as .p increases, i.e., for
1.5 X ]_O-3 < p << %, this decay rate increases and can become
: appyeciab1y<lgrg§r than Ty e.g., for p ~6X lOfQ, we.have
Fa.z 4o F#.v Thg interfe;ence te$m is characterized by a decay rate

averége between the other two and modulated by anroscillatory’factof

that becomes unity at resonance.

-10-
The ‘KQ intensity in this case consists of two terms, the

field dependence of each of which can be observed in the allowed
range of intensities.

Case B: VO >> VC » . - . o :

»To focus attention on the salient features, the results in-
this case will be given only for resonance. This amouﬁts fo dropping
terms in (v w- A)/VO compared to unity. In this approximation, and

_to first order in (FS/VO), the K, and K, intensities are

2
|

oy~ exp(-rg/er) sin’(Vgesr)

1
lb2I2 ~ em(-rét/zr)..»-:—
X [eos®(Vgt/v) + (rg/¥V,) sin(@vgt/v)] .~ . (16)

~ Several qualitative features of these expressions are worth
noting explicitly. (1) The distinction between short-lived and loné-
iived ;tates~has disappéared. Boﬁh the Kl
equal.to twice that of the short-lived state in the abéence of the rf

and K2 have a lifetime

field. This resulf is actually not confined to the case VO >>-VC

but is true more generally for V, > Vo5 as can be seen from Eq._(lh);
the square root in the expressions for “1,2 becomes pure imaginary
for vy > q at v w= A, whence Re iy = Re p,e (2) since in this
case we‘have Vd >> % PS’ the harmonic factors oscillate many times
over one lifetime of either the Kl or Kz. Hence for sufficiently
intense rf fields, the vKl and K2 infensities reach the same average -
values befére the damping factor inbeither intensity changes too A
drastically. (3) Theboscillatory factor in the Kl ihtensity reaches

its first maximum in a sufficiently short time so that the
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corresponding cavity need not be unreasonably. long: (cny/EVO) << 6av

cm. (4) Because both the K, and K, lifetimes are very short, the

1
portion of the initially pure K2 beam with A' within thé'frequency

2

band of the rf field can be significantly depleted within a relatively

short distance. TFor example, for t ='(8n/rs), we have
!b112 + lb2|2 ~1.8 X10™° for that portion of the beam. This is to

2

be compared to lbzl ~ exp(-SFL/PS) ~ 1 in the absence of the action

of the rf field. Fence, a consequence of interaction (1) is that the

’

wave guide can serve as an energy filter for neutral kaons.

I thank W. Holley and R. P. Johnson for discussions on the
experimental status of neutral K physics and G. F. Chew for the

hospitality extended to me by the Theoretical Group at LBL.
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