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We consider questions relating to the production and detection of tachyons obeying one of the models of a
non-Lorentz-invariant theory of tachyons developed in the preceding paper. We find one of these models to be
promising, in that the existence of tachyons described by the model does not appear to contradict existing
experiments, while it appears that the detection of such tachyons experimentally may be possible. The other
models lead either to conflicts with experiment or to the implication that the existence of tachyons would be

very difficult to observe.

I. INTRODUCTION

In the preceding paper! we discuss possible
theories in which there exists a preferred refer-
ence frame in nature, so that there is not exact
invariance under proper Lorentz transformations.
(Hereafter we refer to Ref. 1 as I, and designate
equations from I as I-1, etc.) In such a theory
one can have tachyons without the problems of
causal loops which arise when one attempts to
construct Lorentz-invariant tachyon theories
(LITT’s). In the present paper we wish to discuss
various purely kinematic aspects of tachyon prod-
uction, and of the possible instability of tachyons
against various kinds of decay processes in such
a theory, and their implications for the possibility
of producing and detecting tachyons experimentally.
We are interested essentially in two questions.
First, can a non-Lorentz-invariant tachyon theory
(non-LITT) of the type suggested in I be made
consistent with the fact that, so far, tachyons have
not been observed experimentally? Second, if it
can, does the theory suggest that the possibility
of being able to observe tachyons, if they exist,
in the future is good?

We review briefly the results from I which we
will need. All of our equations, unless otherwise
indicated, will be written in terms of quantities in
the preferred reference frame, S, which we take
to be practically indistinguishable from the frame
of reference of the earth in which our experiments
are done. We distinguished two general classes
of behavior of the energy as a function of velocity
in I. In the first, case 1, the energy is large and
finite at v=1 (we take ¢ =1 throughout) and increas-
es to «» for v—~ . As a specific example of a case-
1 theory in I, we took the possible energy and
momentum relations, for v> 1, of a particle with

rest mass m to be
E=muv/k, (1a)

p=(m/k)(Inv+1). (1b)
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The momentum equation is determined, once a
form for E(v) has been assumed, by the require-
ment that

de/dp=v, @)

which allows for the physical interpretability of a
quantum-mechanical version of the theory by en-
suring that v represents the group velocity of a
wave packet. For v<1-d, where d is some very
small positive number, the energy and momentum
relations, in all cases, are assumed to become
just those of special relativity (SR), as required
by experiment. In I we introduced the term ‘“kine-
tic mass” with the symbol »’ defined by

m'%=E% - pZ. (3)

One has to distinguish m and » since, for v>1-d,
where the theory departs from special relativity,
m’ +m but becomes a function of v. As shown in I
it follows easily from Egs. (1) and Eq. (2) that
m'?> 0 in case 1.

In a second class of theory, which we designate
as case 2, the energy reaches a maximum at or
near v=1 and then decreases. In I we introduced
two specific examples of case-2 theories. In the
first, case 2a, the energy and momentum were
given by, for v> 1+d’, with d’ a positive constant,

E=m/(* - 1)*2, (4a)
p=mv/@w?-1)2, (4b)

Equations (4) agree with the definitions in the usual
LITT’s® with the important exception that the pos-
itive square root is to be understood, so that the
energy, in S, is always positive. Equations (4)
give m’?= -m®< 0. In a second example, case 2b,
the energy and momentum relations are, for
v>1+d',

E=m/(1=1/v?)/2, (5a)
p=m[(w?=1)"2+sec ] —mn /2. (5b)
In case 2b, E decreases monotonically to m and p
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to 0 as vy— . As shown in I, E —p decreases
monotonically as a result of (2). Hence
E?—p%=m'?>m? It is convenient to write the re-
lation between E and p for case 2b which follows
from Eqs. (5a) and (5b) in the form

E=p+a(p), (5")

the point being that, as we have seen, a(p) is a
slowly varying function of v, varying from my/2
atv=1orp=p tomatv=w or p=0. Hence one
can approximate, for many purposes, the energy-
momentum relation in case 2b by E =p +a, where
a is a constant of order m.

In Sec. II below we will make some general re-
marks about tachyon kinematics in non-LITT’s
without regard to the details of the energy and
momentum relations; indeed, many of these re-
marks also apply in the Lorentz-invariant case.
In Sec. III we examine the properties of cases 1,
2a, and 2b in detail, and the question of whether
existing experimental searches for tachyons could
have been expected to detect tachyons described
by the present theory. In Sec. IV we conclude
briefly, and some kinematical details are given in
the Appendix.

II. GENERAL KINEMATICS

In order to prevent obvious conflicts with exper-
iment, one prerequisite of any theory of tachyons
is that it not predict unobserved spontaneous decay
of stable bradyons by tachyon emission. In LITT’s
this problem is particularly bothersome because
tachyons in such theories can have negative energy,
so that a bradyon at rest can decay spontaneously
by emitting a negative-energy tachyon, gaining
energy in the process. Throughout this paper we
will use the notation 4,, e.g., to indicate a par-
ticle of type A in a state with v> 1, i.e., in a state
where it is a tachyon. Thus we are saying that in
LITT’s the reaction

A(at rest)~ A(moving) + B, (negative energy) (6)

is allowed, where B, is a tachyon, or system of
tachyons, having all conserved quantum numbers,
such as charge, equal to those of the vacuum.
Extremely small experimental limits can be plac-
ed on the rates of such processes.® Hence, if they
are kinematically allowed, tachyon-bradyon cou-
plings have to be so extremely small that there
would seem to be no chance of observing tachyons.
Such problems do not exist in the present theory,
since in the preferred reference frame all tachy-
ons have positive energy, so that, working in S,
one can see that reactions of type (6) are obviously
forbidden by energy conservation. [As pointed out
in I, conservation of energy and momentum holds

in all frames if it does in one in this theory as in
special relativity, since the energy and momentum
transform as a four-vector under the generalized
transformations, Eqs. (I-4). We work in the
preferred frame only to simplify the argument.]
There remains the possibility, however, that the
reaction

A(in motion)—~ A + B, (7

might be kinematically allowed, with the energy
required to create the B, coming from the initial
kinetic energy. Note that the usual simple argu-
ment which forbids such reactions in relativisti-
cally invariant theories, based on the observation
that the reaction is clearly not allowed in S/, the
frame of reference where the initial particle is at
rest, is no longer necessarily valid, precisely
because of the lack of Lorentz invariance. In
particular the spectrum of possible energies is
not the same in S’ as in S; in fact, it may be that
tachyons can have negative energies in S’. Hence,
in the absence of Lorentz invariance one has to
exercise care in analyzing the kinematics in a non-
preferred frame.

There is a theorem which is exactly the same as
a result familiar in SR which is useful in analyzing
the possibility of reaction (7) and similar process-
es. We will use the following notation in discus-
sing (7) and similar reactions such as (9) below:
We designate by p, = (E,, P,) the four-momentum
of the initial particle, by p,= (E,, P,) the four-mo-
mentum of the same particle after the decay, and
by q=(go, Q the four-momentum transfer p,—p,.
We let m' represent the kinetic mass of the emit-
ted tachyon, B,; by conservation of four-momen-
tum, we have g®=m/2. Then the statement of our
theorem is that g®< 0, so that (7) can occur only
if m'2< 0. This result is simple to prove in SR by
working in the rest frame of the initial particle.
Here the theorem need hold only in S, since g? is
no longer invariant. It is convenient to prove the
theorem by means of (2) (which likewise is guar-
anteed to hold only in S), since this will make it
easy to understand the corresponding result for
tachyons. We consider initially the limit @ - O,
and let dP =P, ~P,. Then one has immediately
that dP?= 2P,dP = 2P,Q cosf, where 0 is the angle
between _ﬁl and @ Combining this with (2) gives

qo=dE = vdP = Qu cos#, (8)

and hence for bradyons with v< 1 one has |g,| < @
or g°< 0. If Q is finite, we can think of Q as being
made up of a large number N of infinitesimal in-
crements d@; =Q/N, so that Q=NdQ,. Let dE;

be the change in energy produced by dQ;, so that
qo=D4dE;, and |q,| <33,dE;. From (8), dE;<dQ;
=Q/N, and hence g,?< @* so that again m’'?< 0. As
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an immediate corollary one has in the present
theory, as in SR, that the analog of (7) with B,
replaced by a bradyon, B, cannot occur, at least
if B has v<1-d, since bradyons, of course, have
m'?> 0. The statement g%< 0 is also true a fortiori
for the case of the reaction

A=A*+B,, (7)

where A* is another bradyon with rest mass
m*>m,, the rest mass of the A, and the same
quantum numbers as the A, since a given @ and

P, in (7') correspond to larger E,, and hence
smaller g,° and more negative »’'? than they do in
the case of (7). The case m*<m, is not of interest,
since A will, in general, then be unstable and
decay into A * quite apart from any considerations
of the existence of tachyons.

It is also true that if B, does have m’?< 0, then
reaction (7) will be kinematically allowed for suf-
ficiently large E,. Namely, suppose that it re-
quires a minimum energy E,, to produce a 8, of
kinetic mass m’. Then (7) becomes energetically
allowed if E,=E, -E,, so that (7) can occur if
there is some P, such that P,=[(E, - E ,)*+m/*|'/?
=P’ and E,? - |P, - P,|*=E 2 - Q*=m/?. (We assume
that the initial particle has v<1-d, so that it is
described by the usual relativistic kinematics, and
has kinetic mass=rest mass=m,.) For given P,,
the minimum (maximum) values of @ and hence
the least (most) negative values of ¢2 occur for P,
parallel (antiparallel) to P,. In these configura-
tions, with P,=P’ a simple calculation gives

q2=Em2_ Qz
=-2P¥1-E,E, /Pt [1-(2E\E, -E,? /P

For P,>> E,, one thus has —2P,><4¢%*<0, so that
(7) becomes possible for any tachyon with m/2< 0
for large enough P,, i.e., for P,>» E, and P*
> —m'?/2.

Returning to Eq. (8), one sees that the kinematic
restrictions on reactions of the type

A, ~A,+X, 9

where X denotes any kind of a particle, bradyon,
tachyon, or photon, are much less restrictive. In
the limit of small Q to which (8) is applicable,
when v> 1, depending on the choice of cosé one
can have g, either less than or greater than Q.
Since ¢® can have either sign when @ is infinitesi-
mal, one naturally expects that for @ finite (9) can
also occur with m,}z either positive or negative,
and this is indeed the case. A simple argument
shows that, for sufficiently large initial energy,
(9) is allowed for arbitrarily large my°. Namely,
consider the case when the decay is collinear, and
the final four-momentum of the A, is fixed. Be-

cause of the collinearity @ =P, — P,, and because

of (2) and the fact that v> 1 one will have
Q=E,-E,-y=-q,-y, Where y is positive and
nondecreasing (actually increasing) with E,. Hence
4°=q, - Q%*=-2¢,y —vy°. As E, gets large, which
implies @ gets large, g, becomes large and nega-
tive, and -g¢,> y, so that by taking E, large enough,
g® can be made as positive as we wish. Thus, for
tachyons, one can have the reaction

A, ~A,+B,, (9"

regardless of the kinetic mass of the B,, and we
can also have the reaction

A,~A, +B, (9)

where B has v< 1. Moreover, there is the inter-
esting possibility

A=A, +y. (10)

We can obtain the condition for this in the case of
very small @ from (8) and the requirement that the
energy of a photon equal the magnitude of the mo-
mentum, so that —¢,=@Q or vcosf=-1, giving

cosf=-1/v. (11)

Equation (11) is just the familiar condition for the
direction of Cerenkov radiation (the minus sigrl>
appears since the photon direction is that of - Q),
and we have in fact just the argument, in terms

of photon kinematics, for the usual assumption
that since tachyons travel faster than the speed of
light they will emit Cerenkov radiation.? (We
hereafter refer to the two papers in Ref. 4 as AK
and DKA, respectively.) Note that our argument
yields the usual Cerenkov relation (11) only in the
limit that @ is small. This is not surprising since
(11) can be derived from purely classical argu-
ments® which neglect the quantum structure of the
emitted radiation, and assume a constant value
for v, thereby neglecting recoil of the radiating
particle; this is, of course, generally an excel-
lent approximation, as one is interested in Ceren-
kov radiation in or near the visible part of the
spectrum in most conventional applications. How-
ever, here we will be concerned with the decay of
possibly high-energy tachyons via reaction (10),
and it is quite possible that the emitted photon
might carry off an appreciable fraction of the
initial energy, in which case one would expect
deviations from the classical formulas. It is easy
to see that (10) remains kinematically allowed for
photons for which @ is not small. However, Eq.
(11) no longer need hold then. In fact, in case 2a,
where the tachyons have the usually assumed ener-
gy-momentum relation (at least for v> 1+d’), (11)
holds for any emitted photon of whatever energy,
but this is not true for other tachyon energy-mo-
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mentum relations. Also, in case 2a, the emission
of a photon carrying any energy up to the full ener-
gy E, of the incident tachyon iskinematically allow-
ed, but, as shown in the Appendix, this is not true
in case 2b.

The existence of this Cerenkov radiation allows
one to estimate a lower bound on the rate, —dK /dx,
at which a moving tachyon will spontaneously lose
kinetic energy, K, by radiation, using the classi-
cal formula® for the energy/unit length emitted as
Cerenkov radiation by a charged particle. In case
2, the kinetic energy, K,, for the incident tachyon
is defined as E,(v,) — E(~), while in case 1, where
the particles slow down as they lose energy, we
take K=E, —E(1), since the particle will cease to
radiate when its speed becomes < 1. The formula
for dK/dx involves an integration over the fre-
quency or photon energy of the emitted radiation.
As we have indicated, the classical formula can
be expected to be correct in detail only when the
energy of the emitted photon is small compared
with K. Suppose that the classical result gives a
reasonable approximation for ¢,< @,. Then a low-
er bound for —dK /dx, coming from the emission
of “soft” photons in the classical part of the spec-
trum, is given by

Q0
— K Jdx = " f (1-1/v9g,dqo, (12)

0

where ¢’ is the tachyon charge, and we use through-
out units with Z7=1. For purposes of estimation
here we will take @,=K,/10. The exact solution

of (12) requires specifying K(v). However, if the
range of energies involved is such that v never
gets very close to unity, we can obtain the order-
of -magnitude behavior, which is all we require,

by treating the quantity in parentheses in (12) as a
constant of order unity. One then obtains

dK/dx= - e’K?/200, and hence

%= (200/e”)(1/K, - 1/K,), (13)

where x is the distance traveled while K changes
from K; to K;. Equation (13) implies that, unless
the coupling of particles in states with v>1 to the
electromagnetic field is much weaker than for
bradyons, they will lose almost all of their ener-
gy in a very short distance, except in cases where
the initial kinetic energy is very small. If we take
e’=e, (13) implies that K for an energetic tachyon
would decrease to, e.g., 1keV in a distance of
order 107* em, provided v is always greater than,
say, 1.1 during the motion. (We consider the
situation v~ 1 below.) Moreover, one must remem-
ber that (13) gives an upper bound on x; it will
probably be a few times smaller when hard-photon
emission is taken into account. Also, as we have

seen, tachyons are kinematically allowed to decay
via (9’) or (9’’) if the initial energy is large enough
to allow the production of the second particle. If
the decaying tachyon has strong couplings, these
processes may dominate the electromagnetic
Cerenkov radiation above threshold, giving decay
lengths shorter than given by (13) by two or three
orders of magnitude. In case 2b (13) must be mod-
ified for K < 1 keV, since it follows from the dis-
cussion in the Appendix that the maximum photon
energy allowed kinematically is then less than
K/10. Thus (13) gives too small a value for x in
case 2b when K; <1 keV.

Equation (13) applies for charged tachyons. How-
ever, one expects comparable rates of energy loss
for neutral tachyons of spin # 0 because of their
coupling to the electromagnetic field via their
anomalous magnetic moments, unless all tachyon
anomalous moments vanish or are very small,
which one would expect to be true only if nonelec-
tromagnetic couplings of tachyons are very weak.
Thus, except for the spin-0 case, one expects in
general that neutral tachyons, like charged tachy-
ons, with v appreciably greater than 1 either de-
cay in effectively zero path length, via photon
emission and possibly (9’) and (9’’), until the ener-
gy of the residual tachyon is so small as to make
it very difficult to detect, or else that tachyon
couplings are quite weak, again making tachyon
detection difficult.

There remains the consideration of Eq. (12) for
v very close to unity. For the sake of brevity we
present the discussion only for the more interest-
ing case, case 2; the results for case 1 contain
no surprises. One finds, for either case 2a or
case 2b, that for v= 1, (1-1/v®)~m,2/K? and (12)
becomes dK/dx= —e'*m,?/200 for v= 1, giving

x=(200/e”m,’)(K; -K,), v=1,case 2 (13)

so that a particle with v= 1 and rest mass m, loses
essentially all its energy and acquires a v appre-
ciably greater than 1, so that (13) is valid, in a
distance of order 200K, /(e”*m ,2). Thus, e.g., a
1000-GeV proton in a tachyon state would lose,
taking e’=¢, almost all its energy through “soft”
photon emission in about 10”7 ¢m, while it would
require an energy ~ 10'° GeV in order to travel

1 cm.

III. SPECIFIC MODELS

We now turn to a discussion of our three specific
models of tachyon behavior with broken Lorentz
invariance, using the general results of the pre-
ceding section. It is clear that our conclusions
apply not only to these specific models, but to wide
classes of models having properties generally
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similar to them.

We will not consider case 1 at any length for the
reason that the possibility of producing or observ-
ing tachyons in case 1 seems quite remote. From
the discussion in Sec. II one would expect a proton
with v> 1, in case 1, to lose energy in a very short
distance by the radiation of photons and other had-
rons until v <1, and hence its energy E <E(1). On
the other hand, protons with energies E = 10!
times the proton mass exist in cosmic rays,® and
hence retain this energy over long time intervals.
Thus, for protons E(1)= 10 GeV, or I'(1) = 10!,
where I'(v) is the ratio of energy to rest mass for
a particle of speed v. In view of this very large
value of I'(1), it is difficult to imagine any kind of
process which would ever be practicable for pro-
ducing tachyons in case 1.

In case 2 there are two states for a given parti-
cle with the same momentum and spin, one with
v< 1 and one with v> 1. This means that for a
given set of particles, e.g., p, p, and 7°, there
are several new trilinear couplings possible in
addition to the familiar ones which describe the
coupling when all particles have v< 1. We can
refer to the possible new couplings as BBT, BTT,
and TTT, where B and T refer to v<1 and v> 1,
respectively, and the usual coupling would be
designated by BBB. In fact, however, we are
going to make the assumption that there are no
direct BBT or BTT couplings, and that the only
interaction between bradyons and tachyons is by
photon exchange, i.e., via vertices of the type
¥BB and yTT, with coupling constants e and e’,
respectively. We also assume there are no cou-
plings of the type yBT, which is a rather natural
extension of the principle of minimal electromag-
netic coupling, but is also justified experimentally
as discussed below. These assumptions imply that
the net number of charged bradyons, i.e., number
of positive bradyons minus number of negative
bradyons, and the net number of charged tachyons
are separately conserved; this, incidentally,
leaves open the possibility e’ # e without violating
charge conservation. Our coupling scheme also
implies that the net number of bradyon fermions
(i.e., number of fermions minus number of anti-
fermions with v< 1) and the net number of tachyon
fermions are separately conserved. We shall
allow the possible existence of TTT couplings,
i.e., of interactions of tachyons among themselves.
Indeed, our general philosophy that tachyons areto
be viewed simply as bradyons whose speed has
become > 1 would suggest that TTT couplings are
quite similar to the familiar BBB couplings, al-
though this is not crucial.

The main experimental justification for choosing
this coupling scheme is that the resulting selec-

tion rules prevent reactions which could give
apparent violation of charge conservation. For
example, if there were direct BBT, BTT, or
vBT couplings, one could have the reaction

p+p=p+n+m; (14)

followed by an essentially instantaneous decay of
the 7} via Cerenkov radiation into a photon plus a
very low energy, high speed #}. Since the latter
would be invisible in, say, a bubble chamber,
reaction (14) would involve the apparent disap-
pearance of one unit of positive charge. Reactions
of this type are forbidden in our scheme since the
total charge carried by bradyons is separately a
conserved quantity. A second, somewhat less
direct, experimental argument in favor of having
bradyons and tachyons coupled only through pho-
tons is that, as discussed in I, violations of Lo-
rentz invariance are not observed above the 1%
level with bradyons, even for values of v rather
near unity. In view of the fact that virtual tachyon
contributions are not Lorentz-invariant in this
theory, that might present a problem if there were
strong couplings between bradyons and tachyons.
However, if bradyon-tachyon couplings are purely
electromagnetic, and if one makes the plausible
assumption that e’=e, then one would presumably
not expect violations of Lorentz invariance for
bradyons of more than the order of one per cent.
Finally, although our choice of coupling scheme is
based on experimental considerations, it is per-
haps not entirely unappealing, in view of the spe-
cial role played by ¢ in electromagnetism, that
electromagnetic interactions play a special role in
coupling particles with v< ¢ to those with v>c.

In most of our discussion of case 2 we will ad-
here to our general philosophy that tachyons are
to be regarded as ordinary particles with v> 1.

In particular, we suppose that there is a one-to-
one correspondence between types of tachyons and
types of bradyons in the sense that for every brady-
on of rest mass m there exists a tachyon whose
energy is given by mI'(v). It is with this notion in
mind, e.g., that we used the notation 7} in (14).
However, as discussed in I, it is perfectly possi-
ble in the present approach to consider the limit
d,d’'— 0 in which the energy becomes infinite for
v=1, and one has an impenetrable light barrier

as in SR. With a discontinuity at v=1, it is no
longer clear whether one would expect to find the
same types of particles with v>1 as with v< 1, and
there might, in fact, in that case be no tachyon
with E/T'(v) =m,, for example.

Case 2a

As we have seen, a distinguishing feature of case
2a is that the kinetic mass of a tachyon of rest
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mass m obeys m'%= — ;%< 0. From the discussion
in Sec. II we know that this means that reaction

(7) becomes kinematically allowed provided the
incident energy is high enough. In fact, the thresh-
old condition here is very simple since the mini-
mum energy required to produce any tachyon is 0,
corresponding to v=. This means that (7) is
kinematically allowed provided the incident mo-
mentum satisfies P, >m/2; for P,=m/2, the kine-
matics of (7) is given by p,= (E,, P,), p,= (E,, - B,),
and g= (0, - 2P,), so that g>= —-m?, as required.
Thus, e.g., in case 2a the reaction

b=p+mi+my (15)

becomes possible for protons of energy equal to
(m,?+m,?)*/?, which corresponds to a proton kinetic
energy of about 10 MeV.

One knows, of course, that reactions such as
(15) do not occur, or at least occur only exceeding-
ly slowly, since energetic protons survive for
times of the order of a second during acceleration
in accelerators, and, more dramatically, for
many years as cosmic rays crossing galactic
distances. For this reason case 2a is rather un-
attractive. It is only viable if BBT and BTT cou-
plings (which is to say, in our coupling scheme,

e’) are so exceedingly weak, weaker by many
orders of magnitude that the usual interactions in
particle physics, that the rate of (15) is suppres-
sed sufficiently so as to be compatible with exper-
iment. However, if the couplings are chosen weak
enough to eliminate the unwanted decay reactions
such as (15), then there would seem to be no possi-
bility of ever being able to observe tachyon produc-
tion reactions such as, e.g.,

p+p=p+p +mp. (16)

Thus one might as well simply consider a theory
in which tachyons are not present. Because of
these difficulties we will not consider case 2a
further.

Case 2b

The crucial point in case 2b is that a particle of
rest mass m in a state with »> 1 has w’?> 0, and in
fact, as we have seen above, mw/%>m?. From the
fact that m’2>0 for an individual tachyon it follows
at once that w/2> 0 for any system of tachyons.
Consequently, by the theorem proved in Sec. II,
all spontaneous decays of bradyons of the form
(7) are kinematically forbidden in case 2b. Before
we can be sure that there is no problem with the
prediction of unobserved spontaneous decays of
isolated moving bradyons we must also consider
reactions of the form

A=A, +B,. (17)

In our coupling scheme reaction (17) is forbidden
by the selection rules for all initial particles ex-
cept neutral bosons, which are unstable in any
event. However, it is not necessary to rely on a
specific coupling scheme. Reaction (17) is, in
fact, kinematically forbidden, since if (17) is al-
lowed with energy and momentum E, and P, for the
A, in the final state, then so is the reaction
A—~A*+B,;, where A* is a bradyon of rest mass
(equal to kinetic mass) m* given by m*?*=E,* - P,?
=m'?>m,*, where m, is the rest mass of the A
particle and »/ its kinetic mass in its final tachyon
state designated by A,. Hence the kinematical
possibility of (16) is equivalent to the kinematical
possibility of a reaction of type (7’) which, as we
saw in Sec. II, is forbidden when the kinetic mass
of the B, is real, as it is here in case 2b. Hence
in case 2b all unobserved spontaneous decays of
isolated stable bradyons are kinematically for-
bidden; a high-energy proton, e.g., could not
undergo reaction (15). Hence in case 2b tachyon-
bradyon couplings can be of such a magnitude as
to allow a reasonable possibility of producing
tachyons in collisions without contradicting the
experimental fact that reactions such as (15) are
not observed.

One must next ask how tachyons can be observ-
ed if they are produced. From our previous dis-
cussion we expect that a charged tachyon will lose
almost all its energy in a very short distance.
This will certainly occur through Cerenkov radia-
tion, reaction (10). It may also occur through the
emission of other tachyons if the initial energy is
above threshold for one or more reactions of type
(97), and if TTT couplings for the particle in ques-
tion are not negligible relative to its coupling to
photons. In this event the tachyons which are the
decay products will again decay immediately, and
so on. At some point in the chain the tachyon en-
ergies will become small enough that reactions
of type (9’) are no longer energetically allowed,
this will occur when the kinetic energy of the in-
cident particle is no longer large enough to allow
(9’) to occur with the emission of the lowest-mass
strongly interacting tachyon, presumably a 7, if
tachyon couplings are similar to those of bradyons.
After that point, each tachyon will lose almost all
of its energy by Cerenkov radiation. Hence, if
one begins with a high-energy tachyon, one expects
that almost all of the initial energy will be con-
verted into photons by Cerenkov radiation, and one
will be left with one or several tachyons whose
residual energy is too small to allow the tachyon
to be easily detected, say through its producing a
track of ionized atoms in a bubble chamber. Thus
to detect tachyon production, one must either
detect the photons produced by the Cerenkov radia-
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tion, or one must manage to detect the residual
low-energy, very high-velocity tachyons.

Since in our model all tachyon production results
from coupling of tachyons to photons, the most
favorable incident beam for producing tachyons
would be a photon beam; cross sections for tachy-
on production using an incident charged particle
beam would be down by an additional factor of a.
A possible reaction for producing tachyons des-
cribed by the present theory would be

y+Z—-ei+e;+Z, (18)

i.e., tachyon electron pair production in the field
of a nucleus. Because of the small electron rest
mass, this reaction allows one to produce tachyons
with very large kinetic energies with relatively
modest photon energies. Assuming tachyon elec-
trons, like electrons with v< 1, are coupled pri-
marily by electromagnetic interactions, the elec-
tron pair produced in (18) lose their energy entire-
ly via Cerenkov radiation. To know the exact spec-
trum of emitted photons would require a detailed
calculation with a nonexistent dynamical theory.
As shown in the Appendix, a high-energy electron
in case 2b is kinematically allowed to lose almost
its entire energy by the emission of a single high-
energy photon. However, it seems reasonable to
expect that the most likely decay sequence would
be one in which most of the energy goes into sev-
eral photons, each of which carries an appreciable
fraction of the energy of the emitting electron.
That is, it seems unlikely that, on the one hand,
the electron will emit a single photon of the maxi-
mum possible energy, thereby losing almost all
its energy at once, or, on the other hand, that it
will lose all its energy by the emission of many
soft photons before the emission of several hard
photons. One might imagine using incident ener-
gies in (18) of the order of 100 MeV, so that any
tachyonic electrons produced would have enough
energy to emit several photons in the 10-MeV
range. On the other hand, one would not have to
consider the possibility of photons from 7° produc-
tion; moreover, as we shall see below, it is likely
that the cross section for (18) falls rapidly with
energy, making it desirable to keep the incident
energy small. Hence, assuming a reasonable
probability of detecting the photons, what one will
observe will be the reaction

Y+Z ~-ny+Z, (187)

where n is some small integer. As shown in the
Appendix, the produced photons lie in a cone of
vertex angle cos™*(1/v) about the direction of the
emitting electron. Since, from Eq. (5), v is very
close to unity for an electron whose energy is
large compared to its rest mass, the photons from

a given electron will tend to be collinear.

The cross section for reaction (18) is proportion-
al to Z2a'%a, where a’=e" and « is the usual fine-
structure constant. Experimentally measured
y-ray absorption lengths in the energy range 11-20
MeV, where pair production is the dominant pro-
cess, agree on the whole with the values calculated
on the basis of the usual theory of pair production
to within the experimental errors, which are about
1%, although the uncertainty in the theoretical
values due to the use of the Born approximation
is of comparable, or somewhat larger, magnitude.’
One might think that this would require the possi-
ble, but unappealing, choice e’<e in order to
avoid the experimentally unacceptable prediction
that the cross section for the production of tachyon
pairs is equal to that for ordinary pairs. How-
ever, this is not so. The energy denominators
which enter the perturbation expansion are, for
the kinematics of case 2b, appreciably larger in
the case of tachyon production than for ordinary
particles, and appear capable of giving the re-
quired suppression of tachyon production even if
e’=e, though a detailed theory and calculation
would be necessary to verify this with complete
certainty. To estimate this effect, consider an
incident photon of momentum p going to an inter-
mediate state containing a pair with momenta
p,and p —p,. (We use “old fashioned” perturba-
tion theory, and neglect the other possible inter-
mediate state in lowest order which contains the
electron pair plus the incident photon and whose
contribution will be strongly suppressed by a much
larger energy denominator.) We denote by G, and
G, the inverse of the energy difference between
the intermediate and the initial state in the case
of bradyon and tachyon pair production, respec-
tively. The cross sections ¢, and ¢, for the pro-
duction of bradyon and tachyon pairs are propor-
tional to G,® and G,%. G, and therefore ¢, will be
a maximum when p and p, are collinear. In this
case one has, letting p’=p —-p,,

Gb__. [(p12+mz)1/2+ (p,2+m2)1/2__p]—1

= [m?/(2p,) +m?/(2p")] 71, (19)

where m is the electron mass and we are assum-
ing both p, and p’> m. For G, one has, using (5'/),

G, =[a(p,) +a(p")]™*. (197)

Almost all of the production cross section occurs
between, say, p,=0.1p and p ,=0.9p; within this
range the cross section is relatively flat with a
slight maximum at p,~ 0.5p.% At this value of p,,
taking p =11 MeV= 2p, one gets G,=p ,/m*= 11/m
and G, = 1/(mm), where we have taken a(p,)=a(p )

max’

=mm/2, since v is very close to unity for I'=11.
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This gives ¢,/0,=G,2/G,*~ 1is5. For the asym-
metric case p,=0.1p one finds 0,/0,~135. The
suppression at large angles is much less, but in
view of the sharp peaking of g, within a cone of
angles of order 8=m/p,® it seems quite likely that
the production of tachyon pairs by photons in the
10-MeV range is sufficiently suppressed in case
2b with e’=e to be consistent with the lack of dis-
crepancy between standard pair-production theory
and experiment. The parameter controlling the
suppression of ¢, relative to o, is essentially
(2m/p)®. Therefore, g, becomes relatively more
important for p < 10 MeV, but at those photon ener-
gies pair production itself becomes less important
relative to Compton scattering or the photoelectric
effect, so that the production of tachyon pairs
would still probably not disturb agreement between
theory and experimental measurements on y-ray
absorption.

For higher incident photon energies ¢, becomes
still smaller relative to ¢,; for p=100 MeV one
expects ¢,/0, of the order of 10*. Hence in search-
ing for events of the form (18’) as evidence of (18)
one must be concerned about small backgrounds.
One can indeed obtain (18’) from ordinary electro-
dynamic processes. However, for n> 1 the cross
section for such processes is down by a factor
a" relative to ordinary pair production. Hence
(18) should dominate ordinary higher-order pro-
cesses as a source of (18’) for > 3.

The other approach to observing tachyons if
they are produced is to look for the low-energy
residual tachyon remaining after the energy of
the produced tachyon has been radiated away. AK
developed a technique for doing this. Although we
shall see below that the experiments in Ref. 4
would probably not have detected tachyons in case
2b, this kind of experiment may be the most prom-
ising approach for finding tachyons.

The emerging tachyons will typically have kine-
tic energies of the order of an electron volt.

Since they have v>> 1, they will be very penetrat-
ing, and will have no trouble leaving the target in
which they are produced and penetrating large
amounts of matter. The problem is to detect their
presence. We suppose that the equations govern-
ing the behavior of a charged tachyon in electric
and magnetic fields E and B are those with which
we are familiar for bradyons,’ namely

dK/dt=e'E+ ¥, (20a)

dp /dt=e'(E+VxB), (20b)

where K is the tachyon kinetic energy. Note that

Egs. (20) are consistent with one another only be-
cause of our imposition of the condition (2), since
it follows from (20b) and the fact that

=57, (21)

where bis a scalar function of v, that dp/dt=e_}§~§/v.
Equation (20a) implies of course the usual assump-
tion that tachyons gain energy in an electric field.
In the AK apparatus, tachyons enter a region be-
tween two conducting plates containing an electric
field. They gain energy from the field until an
equilibrium is reached, at which the rate of energy
gain from the field is equal to the rate of Ceren-
kov radiation. Taking the field to be in the x di-
rection, the equilibrium condition is

e’'E=-dK/dx, (22)

where dK/dx is the rate of change of the tachyon
kinetic energy due to radiation.

There are several important differences be-
tween the present theory and the tachyon theory
being tested in Ref. 4 which bear on the experi-
ment. First, unlike the Lorentz-invariant case,
here a minimum energy, presumably twice the
electron mass, is required to produce tachyons.
In AK, an 800-keV photon beam was used to at-
tempt to produce tachyons; however, this was
raised to 1.3 MeV by DKA, above the presumed
threshold in the present theory. However, one
should keep in mind the possibility that there is
not a one-to-one correspondence between tachyons
and bradyons. In that case, it is possible that the
lowest tachyon mass would be greater than the
electron mass, in which case even the photons
used by DKA would be below threshold for tachyon
production in case 2b.

If the tachyons are moving in a straight line in
the x direction, then one can write using (12) and
(22),

E=ek?/2, (23)

where we let k= the maximum photon energy allow-
ed kinematically, and in (12) we have let e’=e¢,
neglected 1/v® for the low-energy tachyons with
which we are concerned, and assumed that @,=k%.
Note that in (23) the electric field strength E is
determined by 2; however, the maximum kinetic
energy of the tachyons depends on the kinematics,
which determines the relation of 2 and K. DKA
used (23) with E chosen so that £ corresponded
roughly to the upper limit of sensitivity of the
photomultiplier used to detect the Cerenkov radia-
tion, about 3.5 eV. In the usual theory, assumed
in DKA, k=K. In the present theory one has for
low-energy tachyons, K<« m, as shown in the
Appendix

k=2p= (4/2/3)K3/? N'm,, (24)

which gives K= 85 eV for k=3 eV. This would pose
no problem in the experimental arrangement of
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DKA, since the total accelerating potential is 12
kV. However, with k= 2p « K, one has that the
tachyon energy after photon emission is almost
unchanged, but the recoil angle can be anything
from nearly 0°to 180° in other words, the tachyon
trajectory as it passes between the plates is almost
a random walk with a systematic effect due to the
electric field superimposed. Because of the ran-
dom motion the total path length, which we desig-
nate by s, will be >x. In the Appendix we estimate
the characteristic distance between large-angle
deflections for a low-energy tachyon as being
2K~3/2'/?/e?; for an 80-eV tachyonic electron this
gives 0.005 cm, so the random nature of the motion
is quite significant in crossing the 4-cm gap be-
tween the plates of apparatus in Ref. 4. To see

the effect of this, we write (22) in the form

Edx/ds=—dK/ds=ek*/2, (25)

where the last step comes from noting that the
right-hand side of (12) is now equal to —dK/ds,
not —dK/dx. A careful evaluation of & from (25)
would require detailed study of the complicated
random tachyon motion, but we expect that dx/ds
is appreciably less than unity so that (25) will
yield a smaller value of k& than (23); a very crude
estimate based on (25) gives k= 1.1 eV for
E=3kV/cm. Since a 1-eV photon is below the
threshold of the counters used by DKA, they
would apparently not have succeeded in detecting
tachyonic electrons governed by case 2b. How-
ever, it appears that increasing the electric field
by about a factor of 10 might allow one to do so.
It should also be noted that, in the present case,
because of the random nature of the tachyon mo-
tion (as well as the fact that the angle of the emit-
ted photons may range from about 0° to 90° with
respect to the tachyon momentum) the directions
of the emitted photons will be almost uniformly
distributed in space, so that one predicts that a
lower proportion of photons will reach a detector
of given solid angle than expected by DKA.
Equation (20b) is also relevant to experiments
attempting to detect low-energy tachyons in case
2b, since it has an interesting implication for the
trajectories they will follow. Equations (20a),
(20b), and (21) are sufficient to imply the usual
relation » = p /eB for the radius of curvature of a
charged particle in a magnetic field, independent
of the particular form of 4. In case 2b the mo-
mentum of the very low-energy tachyons with
which we are concerned is exceedingly small, and
hence the particle trajectories will be very tight
spirals about the magnetic field lines, even in a
very weak magnetic field. For example, tachyonic
electrons with kinetic energy =1 eV in a magnetic

field of 1 G would have a radius of curvature of
about 107° cm. Hence if any magnetic field is
present the tachyon trajectories can be consider-
ed to be, for practical purposes, along the field
lines. This is a second reason why DKA would
presumably have failed, in case 2b, to detect any
tachyons which were present. Unless the lines of
whatever magnetic field was present in their
laboratory happened to run from their source into
the solid angle = 10~* subtended by their detector,
any tachyons which were produced would have
failed to reach the detector.

Finally we consider briefly other existing ex-
perimental searches for tachyons, besides those
of Ref. 4, and note that they would not have been
sensitive to tachyons described by a non-LITT.
One type of experiment!® has involved searches
for systems with m’?< 0. As we know, in case 2b
(and case 1) tachyons in the present theory have
n’?> 0, and cannot be distinguished by missing-
mass experiments. Such experiments do apply in
case 2a, but as we have seen any tachyons de-
scribed by case 2a must be so weakly coupled to
bradyons as to make their observation impossible
in practice.

Other experiments have looked for tachyons as
precursors of high-energy cosmic-ray showers!! %
in Ref. 12, the possibility of a positive result is
reported. However, such experiments do not ap-
pear to be a promising method of detecting tachy-
ons, either here or in LITT’s, since it seems
highly probable that almost all of the tachyon ener-
gy goes into photons, either from Cerenkov radia-
tion or 7 decay, leaving residual tachyons whose
energy is much too small to be detected by con-
ventional detectors. The same comments apply to
attempts to observe tachyon tracks in bubble cham-
bers, so that no real conclusion about the non-
existence of tachyons can be drawn from the nega-
tive result obtained in Ref. 13. There thus appear
to be no strong experimental arguments against
the existence of tachyons obeying a non-LITT.

IV. CONCLUSIONS

From the foregoing discussion, it appears that
case 2b is a viable theory of tachyons. Existing
experiments do not appear to provide any strong
evidence against the existence of tachyons de-
scribed by such a theory. On the other hand, there
appears to be some hope, at least, that it might
be possible to observe them in future experiments.
However, in case 1 and 2a, if the parameters of
the theory are chosen to prevent contradictions
with experiment, it becomes difficult to see how
tachyons obeying those theories could be observed.
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APPENDIX

In this appendix we discuss some of the kine-
matic details of Cerenkov radiation by tachyons
in case 2b. We consider reaction (10), using the
notation of Sec. II. For (10) to be allowed one must
have

s

P, +Q=P, (A1)
and
P,+a,+Q=P, +a,, (A2)

where a;=a(p;)=E; - P; in accord with (5’'). The
condition for (A1) and (A2) to be simultaneously
valid is easily seen to be

—cosf=1-v/Q+y/P, -y%/(2P,Q), (A3)

where y =a, —a,, and 6 is the angle between Q and
P,; 6=m-¢, where ¢ is the angle of the emitted
photon relative to ﬁl. For very small photon en-
ergies one will have y <<P, and the last two terms
in (A3) may be neglected. From its definition
y=E —-E,-(P,-P,); for small @ this becomes
y=dE(1-dP/dE)=Q(1 - 1/v) using conservation

of energy and Eq. (2), so that (A3) gives back, as
we have seen it must, the classical Cerenkov con-
dition cosf= - 1/v in the limit of small @. As @
increases, cosf becomes more negative. To find
Q,,, the maximum photon energy allowed, we put
cosf =-1 in (A3), giving

Qn-P,-v/2=0. (A4)

With 6=, as @, is varied from P, to 2P, 52
varies from 0 to - P,, v varies from a, - m to 0,
and thus the left-hand side of (A4) varies from

m —a, to P,. Since a, decreases monotonically to
m as P,~0, m-a,<0 for P,>0, and hence (A4)
certainly has a solution for P, <@, <2P,. Thus
the maximum photon energy corresponds to the
situation where the photon is emitted at ¢ =0, i.e.,
in the forward direction. One can find the approx-
imate value of @, in the limit P, >>m. Since
a<mwm/2, for P,>>m, y/2 is negligible in (A4) and
one has @, =P,. Thus a high-energy tachyon can
give up almost its entire energy to one photon.
Except for @ very close to P,, the angular deflec-
tion which the tachyon undergoes in emitting the
photon will be small, since ¢ <cos™'(1/v) which

is very close to 0 for a high-energy tachyon with
v=1; thus the transverse momentum of the photon
will be very small.

To consider the limit P, <<m, which is relevant
to the discussion of the experiment in Ref. 4, we
must examine the low-energy limit of the energy-
momentum relations (5a) and (5b). Expanding these
equations for v>>1 and using K=E-m=p+a-m,
one finds

K=m/(20%), (A5)
p=m/(3v%) = (2V2/3)K*? /Vm. (A6)

From (A6) one sees p <<K for K <<m; i.e., in this
limit K~a - m. Thus for low-energy tachyons,

the maximum photon energy, 2p, allowed by con-
servation of momentum leaves K, and hence p,
almost unchanged, so that the low-energy solution
to (A4) is @, 2P, P,~_P,. Thus, following the
emission of a photon, the momentum of a low-en-
ergy tachyon may have essentially any direction,
while its magnitude is nearly unchanged, so that
the tachyon trajectory is, as we asserted in Sec.
III, nearly a random walk at constant speed. We
estimate the distance traveled by a tachyon before
undergoing a major change in direction. To un-
dergo such a change, the tachyon must emit a
photon with energy of order p. If we let x, repre-
sent the distance traveled by the tachyon before
this occurs, then we expect x,~p/(- dK/dx), with
—dK/dx given by (12) with @,=2p. This gives

%, *(3/V2)K*/*Vm /e>. (A7)

Note that x,— = for K-~ 0, so that as the speed v
of a tachyon increases, it does on the average
travel larger distances between points where it
undergoes large directional changes.
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