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ABSTRACT

The Einstein-Tolman-Podolsky (ETP) effect showing the quantum interference of
amplitudes for past and future (time-like separated) events is discussed for a proposed
“experiment on the & — KK decay processes. Within the proposed resolution of the
experiment, and the known magnitudes of CP violating amplitudes, the ETP effect
may be susceptible to laboratory tests. |

1. Introduction

In the well known debates between Einstein and Bohr on the completeness of quantum
mechanics as a description of nature, the Bohr view has clearly been maintained by
most working physicists. The grounds are that quantum mechanical theory (although
sometimes “counter intuitive”) turns out to hold true in all known laboratory exper-
iments. Ultimately, it is the experimental data that decide the validity of theoretical

pictures.
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In a remarkable paper by Einstein, Tolman and Podolsky [1] one such “counter
intuitive” result of the quantum mechanical uncertainty principle was discussed, i.e.
that uncertainties in “future” events can be reflected in the probability distributions
of “present experiments”. Below we refer to this feature of quantum mechanics as the

ETP effect. The simple part of the argument is the formal derivation of the required
uncertainty relations.

The measure of “uncertainty” in a physical qua.ntity‘ Q is defined as

AQ =< Q? > - < Q >2. (1)

For three Hermitian operators A, B and C obeying

[A, B] = ihC, (2)
the Weyl inéqua.lity reads
AAAB > (R/2)| < C > |, : (3)
from which the standard uncerfainty relations follow for equal times. For example,
from , ,
[pe, 2] = —1h, . " (4a)
follows
Ap:Az 2 (h/2), (4b)
while from ,
Q = (i/h)H,Q), (5a)
follows
AQAE 2 (h/2)| < Q> |. | (5b)

A “clock” which reads “time” via the coordinate Q will be uncertain in its reading by

an amount
| Atg = (8Q/1 < Q> ), - (6)
so that Eq.(5b) reads
AEAtg > (1/2), (7)

independently of the coordinate @ which is used as a clock.
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More interesting from the viewpoint of the work which follows are the uncertainties
which follow for measurements made at different times. For dynamic uncertainties at

times ¢ and {2 we employ the time ordered (Feynman) Green'’s function for two physical
quantities

GaB(t1,t2) = (i/h) < T{A(t1)B(t2)} > (8)

which allows for amplitude propagation both forward and backward in time. Since the

real part of the Feynman Green’s function is determined by a commutator
RCGAB(tlytZ) = (1/2Rh)sign(t; — t2) < [A(t1), B(t2)] >, ' (9)

we have from the Weyl inequality
AA(t1)AB(t2) > h|ReGap(t1,t2)|. (10)

The central point of the ETP effect is that uncertainties in physical quantities
at two different times must be viewed in a time symmetric manner. Past measured
uncertainties will be reflected in future (to be measured) uncertainties which is all
quite reasonable. That future measured uncertainties will be reflected in past measured
uncertainties is perhaps less intuitive, but is also a consequence of quantum mechanics

as described by Einstein, Tolman and Podolsky.

The notion that amplitudes can propagate from the future into the past is certainly
not new in relativistic quantum mechanics. The Stiickelberg-Feynman notion of an-
anti-particle as a particle traveling backward in time is a conventional part of the
representation of amplitudes in terms of Feynman diagrams. From this view point,
the uncertainty in the energy of an anti-particle in the past can arise as a result of
its “preparation” at some future time. The notion that the above description may be
only “formally true” and may not be an “intrinsic part” of quantum mechanics is quite
incorrect. This will be discussed in detail for the case in which time reversal symmetry
is broken by the (super) weak interactions. Amplitude interference between future and
past events will be made manifest in the discussion of the probability of the ultimate

decay products arising from ® — KK.
2. DA®NE Configuration:

The Feynman diagram (virtual internal propagator lines) for the decay of the &
into KK in the proposed DA®NE experiment is shown in Fig.1. The & is produced at
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space-time point (rg, tg) and (almost) immediately turns into a KK system. The KK
system decays into two channels, ¢ and d, respectively at (rc,tc) and (rg,#q). Without
loss of generality we may take the coordinates (to within quantum uncertainties for a
® “at rest”) to be at the “origin”

(rg,ts) = (0,0). (11)

The “clock coordinates” which determine the times of the K decays into the ¢ and d

channels are merely the spatial distances to the ® decay event, i.e. to within quantum
uncertainties ' ‘

te > (refv), ta~(rq/v), (12)
where v is the speed of each of the K’s produced by the ®. (The two velocities are
very near equal in magnitude and opposite in direction.)

The space time amplitude corresponding to the Feynman diagram of Fig‘.l‘is then
U(ze, 7a) = ASASDp(zc)Ds(—2q) — A5 A% Ds(zc)Di(~za), - (13)

where the subscripts L and S represent the “long” and “short” K mesons and the. A-
coefficients are the amplitudes for decay into given channels. Dy s(z) are the Feynman
propagators for the long and short K mesons and the minus sign between the exchange
amplitudes is due to the fact that the & meson is odd under time reversal. v

The Boson propagator for a particle of mass M = (hx/c) and life-time 7 = (1/cn)

is given by
da*Q e'?s .
D) = | Gy ey o

or equivalently

D(z) = / (do /16720 )eap{—rno — ilx?o - (*/40)]}. (15)
0

For time-like regions
—z2k? = (P - r?) >> 1, (16a)
and for long life-times
n << K, (165)

the propagator has an asymptotic form which can be derived from Eq.(15) using a -
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stationary phase method for evaluating the integral; i.e.

D(z) = eapli(—r + i/2mV_et +.], (17)

[49 k2l

with corrections in the exponential factor of only logarithmic order |In(—~x?z?)|.

Using the non-relativistic approximation

V—z? =Vt —r? = ct\/1 —(v/c)2 =ect, - | (18)

Egs.(13),(17) and (18) yield the “two-time” amplitude

Wea(te,ta) = ¥ (te) s (ta) — ¢g‘(t6)¢%(td), (19)

where

Yi(ta) = Afezp[~i(Mic’ta/h) — (ta/27))]. (20)

The transition rate for K-decay channel ¢ in time dt. and K-decay channel d in

time dt4 is computed as
d*Poy(te,tq) = |Wea(te, ta)|>dtcdtq. (21)

Eqgs.(19),(20) and (21) have been extensively studied[2-3], especially by workers prepar-
ing the DA®NE experiment[4-5].Remarks on the meaning of these equations in the light
of the ETP effect are worthy of note: (i) The amplitude is written in terms of “two
times” t. and #4. (ii) The usual rules for taking the absolute value squared of an am-
plitude to obtain a quantum mechanical probability involve (say) position, spin,... at
a given value of t. (iii) The “two time” procedure is nevertheless perfectly correct since
“two times” are actually “two coordinate poéitions” in accordance with Eq.(12). Let

us consider this last remark in more detail.

“Time” as a parameter ¢t which appears in the Schrodinger equation has no intrinsic
“uncertainty”. The parameter time ¢ is a c-number. On the other hand, the “time” read
on a laboratory clock is in reality a coordinate (say Q), and is subject to probability
distributions obtained by using quantum mechanical superposition of amplitudes (as
are any other coordinates). For example, when “time” is read from an ordinary clock

‘on the wall, it is the (angular) position of the second hand that is actually being

observed. Thus, there is a conversion from a “coordinate” or “position” @ to the
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parameter tg that is introducing an energy-time uncertainty as in Eqgs.(5) and (7).
With this‘ in mind, one may consider two different clocks with two different coordinates
acting as “pointers” to the “time”. There is no difficulty in using an amplitude (wave
function) ¥(Q1, Q2,...) for finding probability distributions for the two different clock
coordinates, and thus the readings ¢; and t2 on the two different clocks.

In this sense, Eq.(12) describes the conversion between the “positions” of the K-
decays and the “times” of the K-decays, i.e. allows for the validity of ‘Eq.(21_). Further-
more, given superposition of amplitude interference for the wave function ¥(Q1, @2, ...)
with clock coordinates Q; and Q2, one clearly has the possibility of amplitude interfer-
ence at two laboratory clock times ¢; and ¢ approxima.fing the c-number time parame-
ter t in the Schrodinger equation. There is no difficulty in working out the energy-time

uncertainty Eq.(7) for a “clock channel” in a K-decay event. The quantum uncertainties

bt ~ (814 /v) ~ (R/véps) ~ (h/&E‘.). (22a)
Thgs,

8ta[6 Eq/(electron volts)] ~ 103 sec. A (22b)

which is much more than adequate for time resolution in (say) the nanosecond to

picosecond range.

3. The ETP Effect

I we accept the view that a positron is an electron moving backward in time,
then on an experimental level one might like to obtain information about events which
will in future be in the positron’s environment. However, the positron does not have
the proper degrees of freedom to yield information about the future events in the
environment, any more than does an electron have the proper degrees of freedom to
inform an experimental apparatus about the history of past events in the environment.
What we can be sure (beyond say the momentum) is spin and chirality for a stable
particle, and that uses up all four of the Dirac spinor components, i.e. all of the internal
two bits of information. There is no information about whether the electron 6rigina.11y
. came in the past from a piece of copper, or whether the positron came from the future

(i.e. will eventually be annihilated) from a piece of iron.
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However, due to CP symmetry breaking, or equivalently T symmetry brea.kin\g
(under the assumption that TCP = 1), the uncharged K meson does carry some infor-
mation about its future environment, and that information is reflected in the probability
of past events. Consider the situation shown in Fig.2. The & decays at time zero into
two uncharged K mesons, one of which decays K — #° + n° at time t and the other
which decays at a later time 7', induced to do so by a condensed matter absorbing bar.
Will the probability of the earlier K — 7° + n° event depend on where and when the
other K meson hit at a later time T the absorbing bar? From the viewpoint of the
Feynman diagrams in Fig.1, the interfering amplitudes do indeed exist from future to

past events.’

The calculation proceeds as follows: (1) Let P (t) denote the transition rate for a

channel ¢ event at time ¢ (with no accompanying decay previous to t);

BA0) = [ dta (@ Puatt t0) dtdta), 3)
1 d

(ii) The probability of a channel c event in the interval ¢; < ¢t < ty with no other decay -

having taken place is then
)
Po(ts i) = / dtPF (%), | (24)
i

(iii) The probabilities are computed by breaking up Eqs.(19),(20),and (21) into a direct

term and an interference term

(dchd(tc,td)/dtcdtd) = (dzpcd(tc,td)/dtcdtd)direct + (dZPcd(tcy td)/dtcdtd)interference;

(25a)
(& Pea(te, ta)/dicdia)direct = g (tJP5(ta)I> + W5 (L )WL (ta)l? (25b)

o (dZPcd(tc,td)/dtcdtd)interfcrcnce = _2Re[¢i(tc)wg(td)¢g(tc)"»bi(td)*]- (256)

Eq.(25c¢) is crucial for the interference between time-like separated events, i.e. the ETP
effect.

For purposes of illustration and to avoid tedious expressions, (which are not difficult
to obtain) let us omit the relative phases between the decay channels for K; and Ks and

assume an ideal absorber at T. Calling AN the number of events from the interference
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term and N the number of events from the direct term, we have for the 7°7° decay
channel

AN = (=2, /BEBDIX{™ + X{ + X{ ()

where (setting h =c=1)

X{™ = (b/2) ey (exp(~20%) = exp(~2Tt ), (27a)
int T;Ts '
Xint = (_b)m[exp(—r(T+t5)cosAm(T—t.')—exp(—I"(T+tf)cosAm(T—tf)],

+(27b)

xint _ VT TsT

3= m[exp(—F(T+t;){cosAm(T—t.~) +éfnlsinAm(Tftgj} —(ti — tf)).

| (27¢),
and

N = N,[B3(T's/2T) + B3(T/2T))(exp(—2T't;) — exp(—2Tt)) (28)

In the above formulae, I' = (1/2)(I's + T'y) = (1/7), Am = my — mg and b =
T44/(BEB%), where Bgy 1 denote the branching ratios of Kg, into the channel d.

The change in the observed number of events can be seen in Fig. 3, where we show
(AN/N), the ratio of the interference versus the direct one, as a function of T for ¢; = 0.
and t; = 37. The main contribution to b comes from the charged and neutral pion-pair
branching ratios. All the parameters (mass differences, decay widths and branching
ratios) are from the particle data group tables [6]. Even with a limited angular range
covered by the absorber, for a total of 10° neutral kaon decays contemplated at DA®NE,
the effect should be visible.

4. Conclusions

The example considered above illustrates the central point raised by ETP, i.e., the
interference between future and past events through the time-reversal violating decays
of neutral kaons may indeed modify the number of decays at an earlier time due to

changes made in its future. It is conéeivable that regeneration type experiments might
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offer alternative experimental set ups for further probing of this important effect at yet
larger times.
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Figure Captions

Fig. 1 The two Feynman diagrams are shown for the propagation of K and K5 at
two times through the decay of a @ in e*e™ annihilation.

Fig. 2 An early decay of one kaon into a pion pair while the other kaon gets absorbed
later at T.

Fig. 3 Fractional shift in the number of neutral pion-pair decay events as a function
of T for t; =0 and ty = 37. T is in the future with respect to ty.
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