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An experiment has been carried out to search for uncharged particles with spacelike four-momentum
which presumably travel faster than light. No evidence for such particles has been found. The results
can be expressed as upper limits on the production rates for such particles by stopped K~ and p com-
pared to production rates of pions in similar reactions: (K=+4p — A'+#)/(K~+p — A%47%) <2X1073,

(K=+p — A+0+10)/(K~+p — A4 <2.5X1073,

(p+p = at+a=+0)/(p+p — 31)<2X1073,

(p+p = 7041/ (p+p — 47) <1X1073. Other sources of information placing limits on the

interactions of tachyons are discussed.

I. INTRODUCTION

HE possible existence of particles with spacelike
four-momentum, which presumably travel faster
than light in vacuum, has been suggested.! These par-
ticles (“tachyons”) are allowed by relativistic quantum
mechanics, and the question of their existence is an ex-
perimental one. A search for charged particles, which
could be detected through their Cerenkov radiation in
vacuum, has been carried out, with negative results,?
and upper limits for the production of charged tachyons
by photons have been established. This result suggests
that charged tachyons do not exist, but does not rule out
the possible existence of neutral tachyons.

We have searched for neutral tachyons in two bubble-
chamber experiments. These searches have made use of
the defining property of tachyons, their spacelike four-
momentum, to recognize the possible production of
tachyons, without the need for detection of the tachyons
after production. The lack of necessity to detect the
tachyons has the advantage of making the experiment
insensitive to unsolved problems of the interaction of
tachyons with matter or their propagation through
space. To see how such an experiment may be done, we
consider a reaction

A(pa) = B(ps)+x(ps). (1.1)

Here A4 is some observed set of ordinary particles, with
timelike total four-momentum p4, and B is an observed
set of ordinary particles with timelike four-momentum
pB. x 1s a set of unobserved neutral particles, carrying a
“missing” four-momentum p,= p4—pg. It is easy to see
that if x contains only particles of timelike or null four-
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momentum, then

Pa:2E Ea:2_p12> 0. (1.2)

On the other hand, if x were a single neutral tachyon,
then

pat=—u?<0, (1.3)

where u is the tachyon mass parameter. If « contains one
or more tachyons together with other ordinary particles,
or more than one tachyon, then p.? can be positive or
negative. However, any events for which p,2<0 must
contain at least one tachyon. Hence a measurement of
missing mass squared in any reaction is a sensitive test
for the possible production of neutral tachyons in the
reaction.

If a single stable tachyon could be produced in reac-
tion (1.1), it would show up as a spike in the plot of
missing mass. Because single tachyons are kinematically
allowed to decay into several tachyons, this spike might
be broadened into a resonance, as for an unstable ordi-
nary particle. However, it is unlikely that single
tachyons can be produced in (1.1) at all. In one theory
of tachyons,? they are spinless fermions, and their single
production is forbidden by the conservation of angular
momentum and statistics. More generally, it can be
shown that boson tachyons must differ from their anti-
particle, and so presumably carry a conserved quantum
number. Nevertheless, since the theory of tachyons is
hardly complete, we can interpret our experimental
results in terms of an upper limit for single-tachyon
production.

Production of two tachyons, or of tachyon-anti-
tachyon pairs, is a more promising channel. Suppose
consists of two tachyons, each with p?= —pu2. Then

pot= (p1tp2)?= —2u>+2E1E2—2p1p; cosf.  (1.4)

Here upu<pi<ow, u<pe<o and Ei=(p2—pd)?
Es=(ps2—u?)'/? are non-negative. By varying cosé, pi,
3 See G. Feinberg, Phys. Rev. 159, 1089 (1967).
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and p,, we can, for any value of u?, obtain any value for
p2? between == co. This circumstance, which is a stum-
bling block for making a theory of interacting tachyons,
is of great value for this experiment. Because of it, we
are able to detect pairs of tachyons with arbitrarily
great values of u% We show in Sec. IIT that the phase
space for obtaining a value of .2 within the range ob-
servable in these experiments remains large over almost
the whole mass range — o < —u%<0, so that these ex-
periments can be used to search for an unlimited range
of tachyon masses.

In order to see what we have tried to observe, suppose
that in reaction (1.1) a system x with spacelike total
momentum p,?=—M?is produced. In our experiments
PA(T 0. Hence, —M*= p.*= (pa—pp)*= (Ea— Ep)*—p5*
an

—M2= EA2+MB2'—2EAEB. (15)

So
Ep=(EA*+Mp?+M?)/2Es> (Es>+M5?)/2E4,

where M g is the invariant mass of the observed recoiling
particle or particles. In the production of a system of
ordinary particles,

EpS(Ea*+Mp?)/2E,.

Therefore, tachyon production is characterized by recoil
energies beyond the usual limit. Since in any case pro-
duction of particles is restricted by the conservation of
energy, we have

Mp<Ep<LE,4. (1.6)

If the upper inequality is not satisfied, then a neutral
particle must have been absorbed in addition to those
detected. Since that will depend on the ambient density
of such particles in the environment, it is unknown, and
we disregard that possibility in the following. Combining
(1.5) and (1.6), we see that the quantity M? is con-
strained by :

—E 4+ Mp?< —M?<(Es—Mp)?, (L.7)

where of course only the negative values are of interest.

For single-tachyon production 2= 2, and (1.7) then
gives the range of values that can be explored in any
experiment. For pair production we must take M2 to be
the total mass of the pairs, as given by (1.4), and then
(1.7) gives the region of the spectrum of this variable
accessible in the experiment.

In Sec. IT of this paper, we present our results for the
two reactions in which we have searched for tachyons,
ie.,

(1) kFp—A+a°
and
(2) pp—o mta—+aL.
In Sec. IIT we discuss the kinematics and phase space

relevant to these reactions. Finally, in Sec. IV, we
analyze the implications of our results for tachyon cou-
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plings to ordinary particles, consider other sources of
information about tachyon interactions, and summarize
our present knowledge of them.

We are aware that other experiments can be done or
other data reanalyzed to search for tachyon production,
and probably better limits than the ones obtained in this
experiment could be so established, but so far as we
know, this has not yet been carried out. We mention
several examples in order to indicate what might be
done.

A. m— uvx®

If the 20 is one tachyon or more, the muon energy can
be greater than the usual kinematic limit for pions at
rest. From Eq. (1.5), we see that muons may be pro-
duced with energies in the region

(me2+mu2) /2m. < By <.

This reaction would be of interest because it would test
tachyon production in weak decays. Of course, it would
be necessary to exclude pion decays in flight.

B. K+t— xt4x°

In this case, the emitted pion energy can range up to
mg, or beyond the usual limit in K+ decay. This would
be interesting as a test of tachyon emission in strange-
ness-changing reactions.

C. =+p—ntx°

This is one example of many possible production
processes that could be used to search for tachyons. If
x° is made up of or contains tachyons, the neutron can
have a higher momentum than would be otherwise
allowed [see Eq. (1.5)]. A sensitive search could be
carried out by using counter techniques to look at alarge
number of events.

II. DESCRIPTION OF EXPERIMENT

We have carried out the search for neutral tachyonsin
four final states:

K~p— A0
— A0+lo+i° ,
prp ot 10
— rr a0+,

where both the K~ and the p were captured at rest in
hydrogen. The incoming energy and momentum (zero)
are precisely known; the energy and momenta of the
outgoing regular particles, the A° or the ==~ pair, are
measured. The energy E and momentum p of the re-
maining neutrals can then be calculated, using energy
and momentum conservation. If these neutrals are made
up of slower-than-light particles, then E*—p?>0, where
E and p are the total energy and momentum of the neu-
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Fic. 1. Distributions in missing mass squared 7,92 in the reaction K~+p — A%+« for (a) original sample
of 2348 events; (b) remeasurements of events which had originally #2,0? below 0.014 BeV2.

trals. The presence of a tachyon or tachyon pair would
be indicated by E?—$%<0 (i.e., a negative missing mass
squared, where m?= E*— p?).

This method of searching for tachyons has the ad-
vantage that no assumptions have to be made about the
behavior of tachyons or their interaction with our ap-
paratus; their detection depends on the momentum
measurements of well-known particles like the A or the
pions.

The main experimental problem is a background of
events in which the missing neutral is one or more #’s,
but the measured value of m? is negative because of
measurement errors, scattering of one of the outgoing

tracks, or the finite spread in momentum of the incident
particle.

We have selected the reactions initiated by K~ or p
at rest for two reasons: The energy and momentum of
the initial state is very precisely known (except for a
small contamination of inflight events); and secondly,
the outgoing particles (the A°— p47— and the =¥)
have relatively low energy and therefore their momenta
can be measured more accurately than at higher ener-
gies. These two factors lead to a smaller background of
events with negative m? due to measuring errors.

The K~ and p were produced at the Brookhaven
alternating-gradient synchrotron (AGS). They were
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F16. 2. Typical distributions in the square of the effective mass of the tachyon pair, M2(f), in the reaction K~+p — A%+,
for various tachyon rest masses #;=4u. (Note that 32 in the text is defined with a minus sign.)

brought to rest and their interactions with protons were
photographed in the 30-in. Columbia-BNL liquid-
hydrogen bubble chamber. Approximately 20000
pictures containing eight K~ stops each and ~10 000
pictures containing on the average of 13 antiproton
stops each were used in the tachyon search; these pic-
tures were parts of large exposures obtained for a variety
of other purposes. About 6000 events consisting of a K~
stop and an associated A — p+=~ decay and 4800
events consisting of a p annihilation into two charged
products were used; these events had been previously
measured as parts of other experiments.*5 The measure-
ments were processed through the Tvep and sQuaw
geometrical reconstruction and kinematic fitting
programs.

The square of the invariant effective mass of the unde-
tected neutrals in these reactions (called the missing
mass squared m?, for short) was calculated assuming
that the incident K~ or $ were captured at rest. How-
ever, of the order of 3-59 of these events were due to
interactions of inflight K~ or $, with typical momenta
of around 100-250 MeV/c. These events, when (incor-
rectly) interpreted as due to at-rest annihilation, had
apparent negative m? if the visible particles, the A or
the 77~ pair, were produced in roughly the same direc-
tion as the incident K~ or $. This can be seen by con-
sidering for example the reaction K—4p — A%°, with

¢ C. Boltay, P. Franzini, G. Liitjens, J. C. Severiens, D. Tycko,
and D. Zanello, Phys. Rev. 145, 1103 (1966). Other references to
the $ work are given in this paper.

5N. Yeh, C. Baltay, A. Bridgewater, W. A. Cooper, and M.
Habibi, Bull. Am. Phys. Soc. 14, 94 (1969); (to be published).

an inflight K=, with the A given off in the same direction
as the incident K—. The A° will then have a larger lab
momentum than would be allowed if the K~ had inter-
acted at rest. If the missing mass squared for this event
were calculated assuming the K~ to be at rest, anegative
m? would result. These events constitute a background
in the region where the tachyons are expected to be.
This situation will not ariseif the A%is given off at alarge
angle with respect to the K~ direction.

To eliminate this background, all events in which the
A® momentum, or the vector sum of the =t and =~ mo-
menta, was within 60° of the incident K~ or $ direction,
respectively, were removed from the sample. Since the
A% and the 77~ pairs from annihilations at rest have to
be isotropic, independently of whether the neutral par-
ticles produced along with them are pions or tachyons,
this cut cannot bias in any way the search for tachyons
produced by K~ or p at rest.

A. K+ p— A%} Neutrals

From alarge sample of events consisting of an incident
K~ track and an associated A — p-+=— decay, a smaller
sample was selected which occurred in a small fiducial
volume in the chamber, to ensure that all outgoing
tracks had sufficient length for accurate measurement.
It was further required that the path length of the A°
be longer than 0.2 cm projected on the chamber window,
and shorter than 5.0 cm. A threefold overconstrained
kinematic fit was performed for these events to make
sure that the A% originated at the K~ stop. Because of
the short lifetime of the Z° events which were K~
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~+p — Z%-neutrals, followed by Z°— A%+, satisfied
this fit and were included in the sample. The final con-
dition, that the angle between the A° and the K~ direc-
tion be larger than 60° in the lab, was imposed.

After these cuts, a sample of 2348 events remained.
The distribution in m? for these events is shown in Fig.
1(a). A sharp peak at m,o? is due to K—+p — A%+=°
events; the sharpness of the peak indicates that the
resolution in m? is ~0.002 BeV2. The events above the
peak are due to the reaction K= p — 2470 There is
an indication of a small cluster around m?=0 which is
probably due to the reaction K=+ p— A%4+. There
were 23 events with m2< —0.004. To check whether
these were valid events, all 95 events with m2< +0.014
were reexamined on large-magnification measuring
tables. Of these, 29 were found to be not good events;
the remainder were remeasured. The distribution in m?
for these remeasurements is shown in Fig. 1(b). The
nine events between m?= —0.004 BeV? and m?=0.004
BeV?are probably due to K4 p — A%4-v. There are no
events below m?=—0.004 BeV2 The peak at m,o*
corresponds to ~500 events of K+ p — A%-x0, and
the remaining 1839 events are due to K=+ p — 20470
(the contribution from K~ p — A% is suppressed
by phase space and is negligible here).

In the case of single-tachyon production in the reac-
tion K=+ p — A%41° at rest, there is a kinematic limit
on the mass of the tachyon given by Eq. (1.7);it cannot
be heavier than m,=900; MeV. (The limiting case
occurs when the full energy of the K= p system goes to
the A% and the tachyon carries off zero energy.) Single
tachyons would be detected in this experiment if they
were heavier than m,=80; MeV (if they were lighter,
they could not be separated from K—+p— Ay). Be-
tween these two limits we can then set the following
upper limits on single-tachyon production, interpreting
the 0 observed events as an upper limit of 1 event:

(B=+p — A1) /(K~+p — A7) 52X 1072,
(K=+p — A1) /(K4 p — =479 S5X 1074,

If a pair of tachyons are produced, the square of the
effective mass of the pair can be positive or negative. A
calculation of the distribution in M2%(#) based on
a simple phase-space model is described in the next
section. Figure 2 shows some typical distributions. The
detection efficiency for observing a tachyon pair in this
experiment as a function of the tachyon mass m,=1u is
taken to be the fraction of the phase-space distribution
with M%(#) < —0.004. This efficiency is shown in Fig. 3
as a function of u. For u above ~300 MeV, the efficiency
levels off at 80%. In this region, the upper limits for
tachyon pair production can be given as

(E~+p — A+10+10) /(K p — A%+-=0)
<2.5X1073,

(E=+p — A4 14-3°/) (K~ p — Z04-70)
<7X1074.

(2.1)

(2.2)
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Fic. 3. Detection efficiency for tachyon pairs in the reaction
K=+ p — A+i+t as a function of the tachyon mass m,=zu.

B. p+p— =+ =+ Neutrals

A sample of antiproton annihilations into two charged
products was selected where the annihilations occurred
in a small, clearly visible fiducial volume in the center of
the bubble chamber. Thirty-eight events which made
a successful four-constraint kinematic fit to the reaction
p+p — w47 were removed from the sample. In addi-
tion, all events for which the angle between the incident
$ direction and the vector sum of the 7+ and the 7~ mo-
menta was less than 60° were removed from the sample,
to eliminate the background due to inflight annihila-
tions, as discussed above. After these cuts, 2903 events
remained. The distribution in 72, the square of the effec-
tive mass of the missing neutrals, is shown in Fig. 4(a).
A peak at the 7% mass squared is due to the reaction
p+p — nt+a~+a0 There is also a considerable num-
ber of events with #?< 0, presumably due to the tail of
the #° peak. To eliminate the «° background in the
region m?< 0, all events consistent with p+p — w47~
—+x° were removed from the sample. Events were called
consistent with p+p — wra=+70 if |m2—m .| < 36m2,
where m? is the combined measurement and multiple-
scattering error on m?, computed for each individual
event in the kinematical fitting programs. Removing
these events also would remove some fraction of any
possible true tachyon events if their m? was close to
zero. Typically, ém?=0.06 BeV?, so approximately one-
half of a true signal would be removed at M2({) or
M2(#t)=—0.16 BeV?; the loss would be negligible for
M2(#) < —0.28 BeV2 This loss of efficiency for tachyon
events at M2 near zero has been folded into the detec-
tion efficiency curves shown in Fig. 6.

The distribution in missing mass squared for the
events remaining after the p+4p — rt+7+7° events
were removed is shown in Fig. 4(b). There are eight
events with negative m2. These events were carefully
examined on high-magnification measuring tables; five
of these eight events were found to be not two-pronged
or to have scatters on one of the outgoing tracks which
were not noticed on the first measurement of these
events. The remaining three seemingly good events
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F1c. 5. Typical distributions in the square of the effective mass of the tachyon pair, i/ 2(#f), in the
reaction f+p — wt+n"+¢-+E for various tachyon masses m,=ip.

were remeasured. All of these remeasurements yielded
positive m? consistent with m,%. There are thus no
events left with negative missing mass squared.

For single-tachyon production in the reaction p4-p —
mt477+1° at rest, the kinematic upper limit on the
tachyon mass is m,=1860; MeV. The experimental
sensitivity drops off below m,=400; MeV. Between
these values, the upper limit on the annihilation rate,
interpreting the 0 observed events as less than one event,
is
Rate(p+p — nt+7+1° < 1/2903X0.426=1.5X 1074,

where 0.426 is the annihilation rate into all two-prongs.*
(The annihilation rate is defined here as the fraction of
all annihilations.)

The phase-space-model calculation is presented in the
next section. Figure 5 shows some typical distributions
in M?2 for various tachyon masses. As shown in Fig. 6,
the detection efficiency approaches 0.46 above u=400
MeV. Using this value, we calculate an upper limit on
the annihilation rate:

Rate(p+p — wt+ a0+ < 1/2903
X1/0.46X0.426 < 3X 104,

For comparison, the annihilation rates into three and
four pions are estimated to be 0.09 and 0.25, respec-

tively.® This gives the following upper limits on the
ratios:

P+p— mr+7+10)/(p+p — 37) S2X1073,

(P+p — wt+a+ 1041/ (p+p — 4r) S1X 1073, 23)

III. KINEMATICS AND PHASE SPACE FOR
PRODUCTION OF TACHYONS

In this section, we consider the kinematics and phase
space for the two processes that we have examined in
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Fic. 6. Detection efficiency for tachyon pairs in the reaction
p+p— rt47"+t41 as a function of the tachyon mass m,=ip.

6 These numbers contain all pion charge configurations and were
obtained by using Table I of Ref. 3, and making some reasonable
assumptions about the 27° contents of the channels p+p — n+=°
and p+p — 7+ +n-+=° where n=2 or larger.
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Sec. IT. We do this in some detail because the unfamiliar
properties of tachyons lead to a quite distinct behavior
of their kinematics and phase space. We do not attempt
here to give a detailed treatment of the interactions that
may produce tachyons, and hence we use the simplest
possible covariant expressions for the relevant matrix
elements.

The kinematics of single-tachyon production are
elementary, and have been essentially given in Sec. I,
Eq. (1.7), when the tachyon is produced with one addi-
tional particle. If, instead, it is produced with two
ordinary particles, as in the pp experiment, the mass M p
of Egs. (1.5)-(1.7) is a variable quantity, which is de-
fined by (p1+p2)?, with p; and p. the four-momenta of
the two particles. Since we are interested in exploring
large negative values of missing mass squared, it follows
from Eq. (1.7) that we wish to choose (p1+p2)? as
small as possible, which for two pions corresponds to
4m,?, which we may anyway neglect compared to
EAZ=4mpm2. .

For tachyon pair production, however, the kinematics
are more complicated. Suppose that the pair is produced
with one additional particle, as in the K—p reaction. We
know that the range in missing mass squared that can
be observed is given by Eq. (1.7). We would like to know
the values of tachyon mass ¢y for which a pair could have
a total mass in this range, given that each tachyon has
a non-negative energy. It is shown below that there are
two cases to consider:

(a) When 4u?< E42—M g2, the total mass lies in the
range

— WX Ea™ M) — (B (B — M)+ AE 2 M 2 ]2
EA2 —AMB2
< —M?<(Ea—Mp)?.

The lower limit is greater than —E,24-Mp?% for any
value of u?<%(E4*—M3z?).
(b) When 4u%> E42—M 52, the total mass lies in the
range
—EA*+Mp< —M*<(E4—M3)*.

Hence, in either case, and so for all values of u?, there
are kinematical configurations of the tachyons which
give total mass squared in the observable region.

Since for positive or slightly negative values of —M*
the tachyon pair cannot be distinguished from a pair of
ordinary particles, we must ask for the probability that
the value of —M? for a given u? lies below some cutoff
mass. This has been calculated below using a simple
covariant phase-space model. The result is roughly that
a substantial portion of the phase space occurs for values
of M? that the experiment is sensitive to. This implies
that an experiment will be sensitive to tachyon pairs
with individual masses above some minimum value,
depending on the smallest —M? that can be experi-
mentally distinguished from a positive value. The frac-
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tion of all tachyon pair events which lie in that region
are given for the parameters of our experiments in Figs.
3 and 6.

We turn to the phase-space calculations.

A. Three-Body Decay

We first consider the decay of a system of energy E4
at rest into one ordinary particle (energy Ei, rest mass
M) and two tachyons (energies E; and Es, and rest
mass=1yu). The transition probability per second is

||
W=/ 0(Es—E1—E;—E3)
(4m)'Ea 2 20 bod
dp1pe dpadn
predpipe dpe G
E\E.E;

where n=cos(py,p2) and the matrix element |M|? will
be chosen to be Lorentz-invariant. Performing the inte-
gration over 5, we find

||
W= / dEdE,, (3.2)
(4m)E
n=(a—2EyEs)/2p1ps (3.3)

is the constraint imposed by the & function in (3.1). Here
we have introduced

El’E EA —El
and
a=—M?2.
= Ey2— . (3.4)
We note that
Ell= (EA2—M32+DZ)/2EA (35)
and
?1': [(a—MB2)2-—ZEA2(OI+MB2)+EA4]1/2/2EA . (36)
The requirement that || <1 implies that
aEx?—aEy s+ (G2 — p12u?) <0. 3.7

Because we are dealing with tachyons, @ may take on
both negative and positive values. The range of values
of E; allowed by (3.7) depends upon « as follows:

If a<—4u?: E;<Ey. or E;2Ex;
if —4u?<a<0: all E, are allowed; (3.8)
if 0<a: Ey SE:XEq,
where
Epy=5[Ey' £ pr(14-40*/) 7] 3.9)

Requiring in addition that 0< E.< Ei’ gives the fol-
lowing cases [s= (1+4u?/a)V2]:

If a<—4p? and E/< —as/2u:

no value of E; is allowed;
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if a<—4p? and Ey 2 —as/2u:
all E, satisfying 0< E2< Ea

or By < E;< EY are allowed; (3.10)

if —4u2<a<0: 0 E:XE(
if >0 and EiZas/2u:
0< E2X EY are allowed;
if >0 and E/<as/2u:
E; < E;< E,y are allowed.

are allowed;

Since 0< Ei'< E, and since p1 must be real, we have

M32—EA2<a<(EA—MB)2. (311)
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Thus, if u>u=%(Es—M5s?)Y2 a cannot be < —4u?

Incorporating (3.11) into (3.10) and writing the Ei

inequalities as conditions on a, we completely determine

the limits of the phase-space integration as follows.
For u<po:

case I:  a_<a<—4p? 0K E;<Eq
or Eo, S E.LEY; (3.12)
case II: —4ul<a<ay: 0L E.SE(;

case III: o, <a<(Es—Mp)?: E; < E:< Esy.

For u> uo, case I does not occur, and the lower limit on
ain case IT should be changed from —4u? to Mp2—E42%
We have used

——,U.Z(EAZ—I“MBz):]:I:EA2M2(EA2—MB2)2+4EA2M32M4]1/2

A=

E 2—p?

We note that in this calculation we have integrated only
over positive tachyon energies.

In Fig. 2 we have plotted dW/da versus a for the
process K—p — A%, for several values of u. |M|? has
been taken to be constant (for fixed u) and each curve
has been normalized to the same total area. Several
features are noteworthy: (1) The cusps at a= —4y?
(when p<po) and at e=a, are mathematically sharp;
(2) the linear region (corresponding to case II) depends
on p only through [M|2; and (3) for u=>500 MeV, the
entire curve is nearly insensitive to changes in g, be-
cause the case-IIT region is almost negligible. The frac-
tion of the total area that lies to the left of a= —(63
MeV)? (i.e., in the region to which this experiment was
sensitive) is given in Fig. 3 as a function of u. The physi-
cal significance of the a and E, bounds is indicated in
Fig. 7, for u<uo.

B. Four-Body Decay

We now consider the decay of a system of energy E at
rest into two massless particles (energies E; and E,)
and two tachyons (energies E; and E4, rest mass=1y).
The results of the analysis will be applied to the process
pp — wtrit’, where the pion mass is to be ignored for
simplicity. We again integrate only over positive
tachyon energies.

The calculation proceeds as in the three-body case;
the restrictions imposed upon E; by condition
[cos(Pi+Ds, p3)| <1 are given by Eq. (3.10), when the
replacements Ey' — Ey'= E—FE1—Es, E;— E3, E 3.~
Esy, and py— |p1+p:| are made, and « is defined as
= Ey'?—(p1+p2)% We next eliminate the angular vari-
able y=cos(py,p2) in favor of a by noting that

2EE, —E*—a

= 41 (3.13)
2p(E—p1—EyY)

Then |y| <1 implies
E/<(E*a)/2E and EY(2p1—E)
LiUp E—4p2—E?—a). (3.14)
Requiring, in addition, that 0<p1<E and 0L EY
< E—p; gives the over-all constraints on E," as a func-
ion of @ and p;. (We define A=[4p1(p1—E)+E+a]/
2(E—2p1) and s= (1+4u?/a)/2)
For a<0:
I 0< pi<3E: A By S (Ba)/25; |
if 3E< 1< (E*—a)/2E: 0L EY< (E*+a)/2E; (3.15a)
if (B°—a)/2ESp1<3[E+V/(—a)]: 0SESSA;
if LE++/(—a)]<p1: no Ey is allowed.
For a>0:
If 0 1S (B2 —a)/2E: AL E'<(E?>+0a)/2E; (3.15b)
if (E*—a)/2E<pi: no E is allowed.
For a< —4x?, we have the additional condition
—as/2ul B < E—p1. (3.15¢)

Combining (3.15a) with (3.15¢) and introducing Eq.
(3.10) (modified for the four-body case as described
above), we obtain the a, p1, E2/, and E; ranges to be
used as the limits of the phase-space integrations:

—E2<a< B2 (3.16)
Case I. For Eu/(u—E)<as —4u:
If 0S p1<EE+(o/4w)(s+1):
use A< E)' < (B*+a)/2E;
if 4+ (o/4) (4 1) < 1< (FP—a)/2F:
use —as/2ul B < (E*+a)/2E; (3.17)

if (E*—a)/2ES p1<3E+(o/4u)(s—1):
use —as/2ul E/ < A.
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(a) —P;

(b)

P, I
(c) T P2

p| p3

/pz

(d)

p| \p3
(e) /Dz

Y \

I Py= it

(f) Poeyg

p| p3
(q) e

P, Pz P

F1e. 7. Momentum configurations for three-body decay. For
a=a_, (a) with po=0 or p3=0 are the only allowed configurations.
For a_<a<—4u?, the configuration passes from (b) when E;=0
to (a) (with u<p2<p;) when E;=FE; . At a=—4u? p; and p3
become equal as they approach collinearity (c); we thus pass from
(b) through (c) to (e) without a break in the allowed value of p.,
as [ is increased from zero to E4—E;. For —4u?<a<ay, as Ea
in increased from zero to E4— E;, we pass from (b) through (d)
to (e). At «=0, the angle between p; and p2 in (b), or between p;
and psin (e), equals 37; it decreases to zero as « is increased to e
Finally, when a>a, the angle between p; and p, increases from
zero to = as L, increases from E._ to Eq. [(f) — (d) — (2)].

The allowed E; ranges for (3.17) are 0 E3< E;— and
E3 L Es< EY, where Bz =3[ Ey/4s(Ey?—a)'/?]. When
E< 2y, case Lis forbidden by « > — E? and therefore does
not arise.
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Case II. For —1u2<a<0:
If 0S pi<EE—V/(=a)]:
use A L EY < (E*+0)/2E;
if 3{E—+v(—a)]< p1< (B —a)/2E:
use 0K Ey' < (E?4-a)/2E;
if (B2—a)/2ES p1<5LE+HV (—a)]:
use 0K E/<4. (3.18)

The allowed E; range for (3.18) is 0< E3< Ey’. When
E<2p, the inequality that defines case II should read
—E?<ax0.

CaselIIl. For0<a< Ex/(E+w):
If 0S p1<3E—(a/4u)(s+1):
use A< B/ < (F*+a)/2E with 0< E3<E;

if $E—(a/4) s+ 1)< p1<3E— (a/4u)(s—1):
the ranges are A < Ey' <as/2u
With E3_< E3< E3+,
and as/2u< By < (E2Ha)/2E
with 0< E3< Egl;
if 3R (a/40) 5— 1)< pr< (BP—a) /28
use A< Ey' < (E2H-a)/2E with 0< Es< By
CaselV. For Eu/(E+u)<al E?:
0< p1< (B2—a)/2E, with A< By < (F2+a)/2E
and E3_< E3< E3+,

is the only allowed region.

(3.19)

(3.20)

Assuming the matrix element | M |2 [in the four-body
analog of Eq. (3.1)] to be constant, we may explicitly
perform the phase-space integrations over the limits of
(3.17)~(3.20). With the definition C= | M |?/(4r)5X 8E,

the results are:

For Eu/(u—E)<as —4u”

dw a\?2 a? a s+1
— =C|:(E+ —) ~S(E2— ——)—Zas ln(—-————)];
do E E? E? s—1

for —4y2<a§_01
aw a\?
— =C<E+ —~> ;
da E
for 0<a< Exu/(E+4u):

awv r a\? s+1
— = <E+ —> —2as 1n< >],
da L E s—1

for E?u/(E+u) <o E%:
aw

— 0[2 E2
- = s(E2— —>—2as ln(—)] .
da L E? o

(3.21)
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Inspection of (3.21) shows that the slope of dW/da
(plotted versus a) has discontinuities at the transition
points a= —4u? and a=0, but not at a= E?u/(E+u).
The curves for the process pp — mHz~it’, normalized to
constant total area, are presented in Fig. 5 for several
values of u.

IV. EXPERIMENTAL LIMITS ON TACHYON
INTERACTIONS WITH ORDINARY
PARTICLES

Since we have seen no evidence for tachyon produc-
tion, we must interpret our experiment in terms of
upper limits for such production. From Sec. II, Egs.
(2.1)—-(2.3), we see that in each case, the upper limit for
production of either one or two tachyons is of the order
of 1073 of typical strong-interaction processes. The only
place where this conclusion might be questioned is for
the three-body production

K=p — A%,
which we have compared with the two-body reaction
K=p— A%0.

It might be thought that we should compare it instead
to a three-body reaction like

K=p — Aoztr—.

However, the latter is strongly suppressed by phase
space, and is only about 19, of the single-pion reaction.
On the other hand, the tachyon production reaction is
not especially suppressed by phase space, and we there-
fore believe that it is reasonable to compare it with the
single-pion production rather than with the double
production.

The production of tachyon pairs in K~ capture at rest
could be somewhat suppressed by parity requirements,
since the pair must be produced in a p wave. This might
give a suppression factor of around (E4—m.4)/2ma~%,
which would not affect our conclusions substantially. No
such effect should occur in pp annihilation.

Our conclusion from this experiment is therefore that
the production of neutral tachyons in two typical
hadron processes is at least three orders of magnitude
smaller than the strong interactions. It would therefore
seem doubtful that tachyons of any kind can be pro-
duced strongly.

We consider next what other information may be
available about tachyon production. We calculate all
processes by analogy with the production of ordinary
particles although we have no detailed theory of inter-
acting tachyons to base the calculations on. For that
reason, the estimates below may be considered as some-
what provisional.

If we do not believe that single-tachyon production by
ordinary particles is forbidden, we can consider the
reaction

p—pti,
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which is allowed kinematically whenever the initial
proton energy E satisfies

E2>m2+1u2. 4.1)
If we assume a matrix element for this reaction
M:: ngu/(ZEt)”?, (42)

we can calculate the rate at which protons will lose en-
ergy by emitting tachyons:

aE 1
P / |2 d%p. 5(E—~E—E))E, (43)
m
gt [ ui2m?
= | ———d cost p2dp.E,

4r ] EF'E,
XAE=E~[(p—p)*+m* ]/  (4.4)

g [ pudpy ,
=2 +2m? 45
. o (u*+2m?) (4.5)
_ e / EdE,(u*+2m?) (4.6)
anip) '

2

— ~git__(#z_*_z,,n;)

SWEP ,U.2 ”’4 1/2 #2 2
XI:p<ﬁ + A> — F:| . @7
m?  4dm? 2m?

Note that dE/dt is not a scalar quantity, since it de-
pends on E. If we were to integrate over all E,, both
positive and negative, the dF/dt would in fact become
a scalar, and would also have opposite sign, correspond-
ing to an energy gain. However, this would correspond
to adding tachyon absorption coherently to tachyon
emission, which is incorrect, since the absorption rate
depends on the tachyons present in the environment. If
this is nevertheless done, the result for dE/d¢ becomes

dE o w3
e P o) (. (48)
dt 4 mt

Using Eq. (4.7) and assuming E>>m and m®~u?, we get
ar glt2 #2 2] 2m2 1/2 2

:g*(,izqtzm?)(_) [<1+ w) —1] (4.9)
dt 8w 2m? u?

~(g1.*/8m)m*. (4.10)

It is known that protons of up to 30 GeV travel for times
up to 1078 sec in external beams without losing more
than, say, 100 MeV. Hence,

g1¢2 10‘1m
< — =101, (4.11)
dr 10%(1/m)
or
g1/ 4r <1071, (4.12)
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A similar low limit may be derived for the emission of
single tachyons by electrons. Even better limits could
be obtained by considering propagation of cosmic rays,
but it seems unnecessary. This limit is very small com-
pared to any known coupling (other than gravitational).
We can therefore conclude that production of single
tachyons is unlikely in laboratory experiments.

Consider next the interaction of charged tachyon pairs
with photons. The reaction

y— i+

is kinematically allowed for any photon momentum. If
we assume the simplest gauge-invariant matrix element

et

—(p1—p2)ubu, (4.13)

 (8EELEy)V?

with e, the tachyon charge and ps, p. the tachyon four-
momenta, we obtain a decay rate

R=(e2/4m)u?/3E. (4.14)
It is known that photons of radio frequency (say,
E=10"1 erg) travel distances of 10° light years, or for
10 sec. Hence the decay rate cannot be greater than,
say, 10~18/sec. This gives the limit

(e/4m)ulct/W* < (3E/R) X 107'¢,

(e2/Am) 2 < 3X 10719 10-16X 107X 1042,
or

(/) u/me2< 3X 107104 102X 10+54~ 104,

S0
(4.15)

(es/ )i/ m <1072,
Therefore, unless their mass is a very small fraction of
the electron mass, charged tachyons, if they exist, must
have a charge very small compared to the electron’s
charge.

Finally, we consider other information about the
production of neutral tachyon pairs by hadron systems.
Again, we may use the fact that protons are known to
travel across macroscopic distances without substantial
energy loss to obtain a limit for such production
processes.

We consider the reaction

p— p+itt,

which we assume is described by the matrix element

BALTAY, FEINBERG,
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(neglecting spin)
M=gs,/(16E,E, ExFy)V2.
This gives a rate of energy loss
dE g2 [ &Y pdip
o (2n)E, / B, FiFs
X 8(Ey—E, —Ey—Ey)(Ep—E,). (4.17)

(4.16)

3 (p—p'—p1—pe)

We have calculated this rate of energy loss for the case
E>m and E>>u, and get

dE g2 E2

dt  Ax 64m?

(4.18)

If we again require dE/dt<10~Ym? for FE2~10%m?, we
obtain :
g22/4mw<10719, (4.19)

A similar low limit may be derived for the emission of
tachyon pairs by electrons. These limits could also be
substantially reduced by consideration of cosmic-ray
propagation. Therefore, the coupling constant for
tachyon pair production, if nonzero, is also much smaller
than any known elementary-particle process. This con-
clusion could be perhaps avoided only if the interaction
has a very different form than any interactions with
which we are familiar. However, it seems safe to con-
clude that tachyons of any kind, if they exist at all, are
very weakly interacting with ordinary matter.

In spite of this, we feel it is worthwhile to present the
results of our direct search for tachyon emission in
hadron processes, since it is imaginable that the usual
notions of quantum field theory, according to which
a particle which is produced with some coupling in one
reaction should be produced with that coupling in other
reactions involving the same particle whenever kine-
matically possible, may be incorrect for tachyons.
Therefore, we think it would be worthwhile to analyze
other available data for tachyon production along the
lines indicated in the Introduction.
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