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ABSTRACT

An expariment has besen carried out to search for uncherged particies
with spacelike four momentum which prasumably travel foster thon 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~ ond p compared

to production rates of pions in similer reactions:

- o o

K-+p~l\+t < 2’”0-3 .

K +p ~A°+ﬂ°

- 0 o, 6O

K Ap At o a5.m7Y
K +p =A% +2°

- - = o

f-fp-'.t +g +t < 2,‘“,3‘7
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Other sources of information placing limits on the interactions of tachyons

are discussed.




l. Introduction

The possible existence of particles with spacelike four momentum, which
g esumably trave! faster than light in vacuum, has been suggested.] These particles
(*tachyons®) are allowed by relativistic quantum mechanics, and the question of their
existence is an experimental one. A search fer charged particles, which could be
detected through their Cerenkov radiation in vacuum, has been carried out, with
negative results,2 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 neutrai tachyons in two bubble chamoer experiments.
These searches have made use of the defining property of tachyons, their spaceiike
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 tha tachyons
has the advantage of making the experiment insensitive to unsolved problems of the
interaction or tachyons with matter or their propagation through space. To see how

such an experiment may be done, we consider a reaction:

Alp,) = Blpp + Xlpy) . (1.1)

Here A is some observed set of ordinary particles, with timelike total four momentum
Py # and B an observed set of ordinary particles with timelike faur momentum Pg -
X is a set of unobserved neutral particles, carrying a ™missing® four momentum

Px =P = Pg - It is easy to see that if X contains only particles of timelike or null




four momentum, then
2 _ .2 22
Px'ex'ano . (1.2)

On the other hond, if X were a single neutral tachyon, then

Px = “H <0 1.3
thon ¢ is the tachyon mass parameter. If X contains one or more tachyons together
with other ordinary particles, or more than one tachyon, then p: con be positive

’3‘ R L T ——

tachyon. Hence o measurement of missing mass squared In any recction Is a sensitive

or cepatins, Hesewer, oy vonl S Wik 8

test for the possible production of neutral tachyors in the reaction.

If a single stable tachyon could be produced In reuction (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, thic spike might be broadsned into a resonance,
as for an unstable ordinary particle. However, it is unlikely that single tachyons can
be producad in (1.1) ot all. In one theory of tuchyons,3 they are spiniess ferm*ons, and
their single production is forbidden by the conservation of angular momentum: and
statisticc. More generally, it can be shown that boson tachyons must differ from their
antiparticle, and so presumably carry ¢ conserved quantum number. Nevertheless,
since the theory of tachyons is hardly complete, we can interpret our exgerimental

-

results In terms of an upper limit for single tachyon production. =
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Production of two tachyons, or of techyon-antitachyon pairs is a more promising




channel. Suppose X consists of two tachyons, each with p2=-|.|2. Then

pf( -(pl+p2)2=nq.2+zz|sz-zp‘pzeao : (1.4)

’2 2 1/ 2 2
Huop<p‘<oo;p<p2<omdﬁl= Py =B ,Eza Pp =¥  are non-

negative. By varyi—y4 cos 9, Py and pz,mcm,fofmyvolwof pz,obtolnmy
\'(aluo for pi between * o . This circumstance, which s a stumbling block for
making a theory of Interacting tachyons, is of great value for this experiment. Becouse
of it, we are able to detect pairs cf tachyons with arbitrarily great values of 92 . We
show in section I!l that the phase space for obtaining a value of p: within the range
ahsoncable  theey experhwen's romeing g Sver st the ity ey TEvEY
-oo<-p2<0,sothofﬂmeoxporlmonh can be used to search for an unlimited range
of tachyon masses.

In order to see what we have tried to observe, supposa that in reaction (1.1) a

system X with spacelike total momentum p; = - M2 is proaduced. In our expsriments

e 2_ 2 2 2 2
pA=0. Hence - M =Py =(pA-pB) =(EA-EB) - Pp

3 _ o2, %
-M = EA + My ZEAEB : (1.5)
EZ+M2+M2 52+M2
So E o= AT S S A TS
B 2E T2,
A A
where M, is the invariant mass of the observed recoiling particle or particles.

B
In the production of a system of ordinary particles
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Therefore, tachyon production is characterized by recoil enorgies beyond the usual
limit. Since in any case production of particles is restricted by the conservation

of energy, we have
(1.6)

If the uppar inequality is not satisfied, then a neutral particle must have been abscrbed
in addition to those detected. Since that will depand on the ambient density of such
particles in tha environment, it is unknown, and we disregard that possibility in the

following. Combining (1.5) and (1.8), we see that the quantity M2 is constrained by

2 2 2 2
-EA+MB<-M <(EA-MB) (1.7)

where of courss only the negative values are of interest.

For single tachyon production M2 = pz ;, and (1.7) then gives the range of vaiuss
that con 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 section il of this paper, we present our results for the two reactions in which
we have searched for tachyons, i.e.

1) k p - A+ x°
ond 2) Pp -~ rx + X,
In section |1l we discuss the kinematics and phase space relevant to thase reactions.
Finally in section IV, we cnalyze the implications of our results for tachyon couplings
to ordinary particlez, consider other sources of information about tachyon interactions,

and summarize our present knowledge of them.




Therefore, tachyon production is characterized by recoil energies beyond the usual
limit. Since in any case production of particles is restricted by the conservation

of energy, we have
(1.6)

If the upper inequality is not satisfied, then a neutral particle must have been absorbed
in oddition 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 M2 is corstrained by
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where of course only the negative values are of interest.

For single tachyon preduction M2 = p2

, 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 tctal mass of the pairs, as given by (1.4), and then (1.7) gives the region of the spectrum
of this variuble accessible in the experiment.

In section Il of this paper, we present our resulis for the two reactions in which
we have searched for tachyons, i.e.

1) Kp->A + X

and 2) pPp = !+‘l-+ x° .
In saction 11l we discuss the kineratics and phase space relevant to these reactions.
Finally in section IV, we analyze the implications of our results for tachyon couplings

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.

1. a=>p wX°

If the X° is one or more tachyons, 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

m2+m2
—!E-L < E ¢ m .
w H *

This reaction would be of interest because it would test tachyon preduction in weak

decays. Of course, 't would be necessary to exclude pion decays in flight.

2. KT +X°
In this case, the emitted pion energy can range up to My o+ OF beyond the usual
limit in K* decay. This would be interesting as a test of tachyon emission in strange-

ness changing reactions.

3.7 +p=+n+X°
This is one example of many possible production processes that could be sed
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 a large number of events.




Il. Description of the Experiment

We have carried out the search for rautral tachyons in four final states

K +p - A +1°

-~ N+%+7°

ﬁ'l'p ~ ‘l++|"+f°

+ aw o
- +=n +f°+f°

where both the K~ and the p wers captured at rest in hydrogen. The incoming
energy and momentum (zero) are pre cisely known; the energy and momenta of the
outgoing regular particles, the A° or the o peiT; are measured. The energy E |
and ﬁomentum p of the remaining neutrals can then be calculated, using energy and
momentum conservation. If these neutrals are mode up of slower than light particles,

then 52 - p2 > 0, where E and p are the total energy and momentum of the

neutrals. The presence of a tachyon or tachyon pair would be indicated by E2 - p2< 0

2 2).

This method of searching for tachyons has the advantage that no assumptions

(i.e. a negative missing mass squared, where mm“ = 52 -p
have to be made about the behaviour of tachyons or their interaction with our apparatus;
their dstection depends on the momentum measurements of well-known particles like
the A or the pions.

The main qxperimenfol problem is a background of events in which the missing
neutral is one or more w's , but the measured value of nrnm:z is negaf ve to
measuren.ent errors, scattering of one of the outgoing tracks, or the finite spread in

mcmentum of the incident particle.




We have selected the reactions initiated by K~ or 5 at rest for two
reasons: the energy and momentum of the initial stats is very precisely known
(except for a small contamination of inflight events); and secondly, the outgeing
particles (the A°~ p+% and the ¥~) kave relatively low energy and therefore
their momenta can be measured more ace..i <*sly than at higher energies. These two
factors lead to a smaller background of events with negative mm2 due to measuring
errors.

The K~ and P were produced at the Brookhaven AGS. They wera b ught
to rest and their interactions with protons were photographed in the 30* Columbla=BNL
liquid hydrogen bubble chamber. Approximately 20,000 pictures containing 8 K~ siops
each and ~ 10,000 pictures containing on the average of 13 antiproton stops eaci:
were used in the tachyon search; these pictures were paris of large exposures obtained
for a variety of cther purposes. About 4000 evenis consisting of @ K~ stop and an
associated A - p+ % decay, and 4800 events consisting of a § annihiiation into
two charged products were used; these events had bsen previousiy measured as parts
of other experiments.4'5 The measurements were processed through the TVGP and
SQUAW geometrical reconstruction and kinematic fitting programs.

The square of the invariant effective mass of the undetected neutrals in these
reactions (called the missing mass squared, mm2 , for short) was calculated arsuming
that the incident K or B were captured at rest. However, of the order of 3 to 5%
of these « ants were due fo interactions of inflight K~ or p, with typical momenta
of around 100 to 250 Mev/c . These events, when (incorrectly) interpreted as dus to

at rest annihilation, had apparent negative rhm7 If the visible pcrﬁclm,tho A° o




the ¥ ¥ pair, were produced in roughly the same direction as the incident K or
P . This can be seen by considering for example the reaction K +p ~ N x°,
with 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~ hod
interacted at rest, If the missing mass squared for this event were calculated assuming
the K to be at rest, a negative mm2 would result. These events constitute o back-
ground in the region where the tachyons are expected to be. This situation will not
arise if the A° is given off at a large angle with respect to the K direction.

To eliminate this background, oll events in which the A’ momentum, or the
vector sum of the x and ® momenta, was within 60° of the incident K or P
direction, respectively, were removed from the sample. Since the A° and the o
pairs from annihilations at rest have to be isotropic, independently of whether the neutral
particles produced along with them are pions or tachyons, this cut can not bias in any

way the search for tachyons produced by K or p at rest.

A. K +p — A° + neutrals
From a large s- mple of events consisting of an incident K track and an
associated A — p+x decay, a smeller sample was selected which occurred in a
smell fiducial volume in the chamber, to insure that all outgoing tracks hod 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 £°,




events which were K~ +p — E° + neutrals, followed by £° - A°+ ¥ ,
satisfied this fit and were inciuded in the sample. The final condition, that the angle
between the A’ and the K~ direction be larger than 40° in the lab, was imposed.
After these cuts, a somple of 2248 events remained. The distribution in mm2
for these events is thown in Fig. la. A sharp peak ot mtoz isdueto K +p— A° +x°
events; the sharpness of the peak indicates that the resolution in mm2 is ~ 0,002 (bV)z.
The events cbove the peak are due to the reaction K +p = £°+t° . There is an
indication of a small cluster around mm2 =0 which is prchably due to the reaction
K-‘+p- A’ + ¥. There were 23 events with mm2 < -0.004 . To check whether
these were valid events, all 95 events with mmzs +0.014 were reexomined on !arge
mogniﬂgo'ﬁon measuring tables. Of these, 29 were found to be not good events; the
remainder were remeasured. The distribution in mm> for these remeasurements is shown
in Fig. 1b. The 9 events between mm- = - 0.004 (BeV)? and mm> = 0,004 (BeV)? cre
probably due to K +p — A’ + Y. There are no events below rnm2 == 0.004 (BeV)z.

The peak at m 2 corresponds to ~» 500 events of K-+p~l\°+1°,andtho

n°

remaining 1839 events are due to K +p — zo +%° fthe contribution from
K +p- A°x°° s suppressed by phase space and is negligible here).

in the case of single tachyon production in the reaction K +p — AN+t a
rast, there is a kinemctic limit on the mass of the tachyon given by Eq. (1.7); it cannot be
heavier than m, = 900 i 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 i MeV (if they were

lighter they could not be separated from K + p— A Y). Between these two limits

we can then set the following upper limits on single tachyon production, interpreting




it.

kinematic fit to the reaction p+p — x +u were removed from the sample.

In addition, ali events for which the angle between the incident P direction and tha
vector sum of the ¥ and the ¥ momenta was less than 60° were removed from the
sample, to aliminate the background due to inflight annihilations, os discussed above.
After these cuts 2903 events remained. The distribution in mm2, the square of the
effective mass of the missing neutrals, is shown in Fig. 4a. A peak ot the 2 mass
squared is due to the reaction p +p — x +x +%°. There is also a considerable
number of events with mm2_<. 0, presumably due to the tail of the = peak. To
eii;ninote the =° background in the region mmzs 0, all events consistent with
ptp=— ® +3 +%° were removed from the sample. Events were called consistent
with p+p— x +tx +x if 'mmz- ""02 |!53 5m2 whers sz is the combined
measurement and multiple scattering error on mm2 , 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 m2 was close to zero,
Typically, 8m2 =0.06 (Be\/)2 , o approximaiely cne half of a true signal would be
removed at mz(t) or m2(t 1) =-0.16 (Be\/)z; the loss would be negligible for mz(t) or
m2(t )< -0.28 (BeV)":. This loss of efficiency for tachyon events at m2 near zero
has been folded into the: detection efficiency curves shown in Fig. 6.

The distribution in missing mass squared for the events remaining after the
p+p— x +% +n° events were removed is shown in Fig. 4b. There are 8 events
with negative mm2 . These events were carefully examined on high magnification
measuring tables; 5 of these 8 events were for'nd to be not 2 pronged or to have

scatters on one of the outgoing tracks which were not noticed on the first measurement
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of these events. The remaining three seemingly good events wers remeasured.
All of these remeasurements yielded positive mm2 , consistent with m ‘3 . There
are thus no events laft with negative missirg mass squared.

For single tachyon production in the recction p+p — x +y +1° at rest,
the kinematic upper limit on the tachyon mass is m, = 1860 i MeV. The experimental
sensitivity drops off below m = 400 | MaV. Between these values, the upper limit on

the annihilation rate, interpreting the 0 obsarved events as less thon one event, is

Rate (B+p~1u 2 %) < -5-'03 x 0426 = 1.5x 1074

where 0.426 is the ennihilation rate into all 2 m.4 (The annihilction 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 mon> for various tachyon masses. As shown in
Fig. 6, the detection efficiency approaches 0.46 above p =400 MeV . Using this

value, we calculate an upper limit on the annihilation rate

Rote (F+p~v +x +1°4T%) € smor x gz x 0426 € 3107 .

For comparison, the annihilation rates into three and four pions are estimated

to be 0.09 and 0.25, res;pocﬂwly.6 This gives the following upper limits on the ratios

% + - 0
p:g:%'+‘l +t < 2 x '0-3
(2.3)
" 4, =..0,=0
Bip-o‘[ +% +¢t +t “xlo-s.

P+p— dn ~
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Section lll. Kinematics and Phase Space for Production of Tachyons

In this section, we ccnsider the kinematics and phase space for the two processes
that we have examined in section Il. We do this in some detai! 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 tochyon producticn are elementary, and have been
essentially given in section |, Eq. (1.7), when the tachyon is produced with one edditional
particle. If instead it is produced with two ordinary particles, as in the pp experiment,

the mass M, of Eg (1.5) - (1.7) is a variable quantity, which is defined by (p] - p2)2 "

B
with Py Py the four momenta of the two porricles. Since we are interested in exploring

large negctive values of missing mess squared, :i icllows from Eq. (1.7) that we wish to

chooss (p‘ + |:;2)2 as small as preible, which for two pions corresponds to 4m'2 » which

we may anyway neglect compared to E: = 4m:r°' .

For tachyon pair production, however, the kinematics are more complicated.
Suppose that the pair is produced with one odditional 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 ip for which a pair could have o
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:

2

A. When 4p2< EA -MB2 , the total mass lies in the range
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2.2 /3 2.2 22 . 2,2 4
- vheZ+md - EA%(EA MY +4E2 My

2 2
2 < W<, Mt
A M
2,2 2 EaMy
The lower limit is greater than -EA +MB,for any value of p ¢ y

B. When 4|.|2 > Ez - M82 , the total mass lies in the range

2 2

2 2
~'EA+MB <-M < (EA-NP .

Hence in either case, and so for all values of p2 , there are kinematical configurations
of the tachyons which give total mass squared in the observable region.

Since for pesitive or slightly negative values of - M2 the tachyon pair cannot
be distinguished from o pair of ordinary particies, we must ask for the probability that
the value of - M2 for a given p2 , 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 M2 that the experiment is sensitive to.
This implies that an experiment will be sensitive to tachyon pairs with individual masses
abcve some minimum value, depending on the smallest (- Mz) that can be experimentally
distinguished from a positive value. The fraction of all tachyon pair events which lie
in that region are given for the parameters of our experiments in Figures 3 and 6.

We turn to the phase space calculations.

i. Three-body decay

We first consider the decay of a system of energy E A at rest infe one ordinary
particle {energy E] , rest mass MB) and two tachyons (energies 52 and E3 , and rest

mass =ip). The transition probability per second is
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2., 2
Py dPy Py dpydn

s
W = f(«) §(Ez-E -E,-E) — T (3.1)

where M =cos (ﬁl ’ 52) and the matrix element | M 12 will be chosen to be Lorentz-

invariant. Performing the integration over M , we find:

I M l2
W = /_r dE‘ dE2 , where (3.2)
(4)” Ey
o« -2E E
172
n = (3‘3)
2p) Py

is the zonstraint imposed by the § - function in (3.1). Here we have introduced

E, =E,-E and
o = - M (3.4)
2
2
— l -
=& -m
We note that
v _ 1 2 2
E] = ?E;‘ (EA 'MB“" ) (3.5)
and 3
2 4
P, = /(a-Mg) - 2EX M) +Ef (3.6)

The requirement that | q | £ 1 implies that

2 ' *2 2 2)

Because we are dealing with tachyons, e may take on both negative and positive values.
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The range of values of E2 aliowed by (3,7) depends upon o cs follows:

If o < —41.:2: E, L B, or E, 2By, i

T
it -4’< % <0: all E, allowed; (3.8)
i 0<x: E, < Ey< By

where
Ep = H(E] # p, 1+ (3.9)

Requiring in addition that 0 < E, E; , gives the following cases
A 3
(s= y1+ %‘— ) ¢

2

if & <-4y" and E; < -7“'%: rno valuve of 52 is allowed;

i & <-4 and E) 3 S all E, safistying 0SE, S E,

or E)SEyg E]' are allowed;

if -4ui<a < 0: 0% E,<E) are allowed; (3.10)
if &« > 0 and E; > %: 0« Ezs EI' are allowed;

if o> 0 and E)g %: E, < By < E,, areallowed .

Since 0¢ E'} ¢ E, and since p, must be real, we have:
2 2 2
Mg - E, < X g (EA MB) ; (3.11)

Thus if p> By =) “EA - MB , oL cannotbe < - 4p2 . Incorporating (3.11) into
(3.10) and writing the El' inequalities as conditions on o , we completely determine

the limits of the phase space integration as follows.
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For B<H,:
2 '
Case | : & <o<-4": 0 E2$E2_ or E2+$ E2§’E| ;
Case ll: - 4pca<ot : 0KE, SE (3.12)
2
Cose lll: o <o < (E, M)’ :Ep & Ey<Epy -

For p > p_ , case | does not occur, and the lower o =limit in case !l should be

changed from (- 4p2) to (M:’ - E:) . We have used:

2,.2 2 2 2.9 2 2..2 4
. -p(EA+MB)t\/EAp(EA-MBZ) +4EAMBp
%y 2 2

EA-p

We note that in this calculation we have integrated only over positive tachyon energies.
In Fig. 2 we have plotted dW/de&t versus o for the process K p -+ A° 1,

for several valuesof p. I M l2 has been taken to be constant (for fixed ) and each

curve has been normalized to the samu total area. Several features are noteworthy:

(1) the cusps at & = = 4|.|2 (when p < po) and at & = ot are mathematically sharp;
(2) the linear region (corresponding to case Il) depends on p only through | M l2 ; and
(3) for p > 500 Mev, the entire curve is nearly insensitive to changes in p , because the
case |l region is almost negligible. The fraction of the total area that lies to the lefi of
o == (63 Me'v)2 (i.e. in the region to which this experiment was sensitive) is given in
Fig. 3 as a function of p . The physical significance of the o¢ and E2 bounds is

indicated in Fig. 7, for p < Hy -

2. Four-body cay

We now consider the decay of a system of energy E at rest into two massless

particles (energies E] and E2) and two tachyons (energies E3 and E 4 7 rest mass =ip)
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The results of the analysis will be applied to the process pp — wow ot )
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 E3 by condition | cos (51 1 5'2 ; p3) 1< 1 are given by Eq. (3.10), when the
replacements E, - Eé =E-E -E,, E,+E;, E, +E,, and p, 1P, +P,I
are made, and @, is defined as = Eéz - (b‘l + '52)2 . We next eliminate the angular

variabie ¥'= cos (iit'l . 5'2) in favor of & by noting that

2EE; -Ez- - 3

‘ = + 1 . (3.]3)

Then 1§ 1 <1 implies:

2
_5_2_’;5;& and E., (2p, - B) € £(4plE-4P12-E2-0L)- (3.14)

IN

Requiring in addition that 0 < P € E and 0 Eé S E- Py gives the overall 2
. 4P'|(P'| = E) +E"+oL
constraints on E2 as a function of & and P - (We define A= =%y
1

-
and s= 1+i_|:—.)
for . < 0:
2
E v BT+ &
K O0gp g 50 ASE <5
2 2
E E" -l . ' E"+ o0
Tz e peTE @ Oche T
£ - E+ Voo i)

if S € py & ose'zsA ;

if EXy-o

<pPy: nmo E is allowed,

N -
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For o> 0:

2 E2 + o

E°-d . .
If 0<p & —gp—~ ¢ ASE)g —3 ;

E2_ (3.15b)
if —QE—Q < p: mo Ez' is allowed.

For o< = 4p2 , we have the additional condition:

o\S '
"3 € B Eopp (3.15¢)

Combining (3.15) with (3.15¢) and introducing Eq. (3.10) (modified for the
four-body case 'as described above), we obtain the o , Py ¢ E; , and 53 ranges

to be used as the limits of the phase space integrations:

-2 g X (3.16)

E] 2
Case I: For F—LEQKQ -4

E v BT+
If ng]<§+%(s+l) o ASE) &= ;
if _§+ (s + 1) EZ‘O(. - -°L5_<E' 52+N .
2 % L 2 <28 P (347
2
e E - E. & (1. s '
if -TE—S pl$-§+1;-($ l). use 2P<E26A.
The allowed E3 ranges for (3.17) are 0 Eag E3_ and E3+£ E3< Eé . where
EG#E i(Ez'és E2l -® ). When E <2, case | is forbidden by o > -E2 and
therefore does not arise.
2
Case Il. For =-4u“g a0
2
E=-y- v BT+
I 0gp, < wo ASEyS S
E- Vo E> - o i L Bk
y 7 SPS T we 0SB & =




~—5— : ue OSE, KA. (3.18)

The allowed E. range for (3.18) is 0 E3 < E2 :

3 When E < 2u, the inequelity that

defines case |l should read =~ 524 & 0.

2
Case Ill. For 0<o&gEE—+E*;:
E ot i E2+& ’
I G- -Gt D<p <G - - theramgesore ASEy< G-

ith E. < E. <E nd %5 ¢E £+ ith 0¢E,gE
with £ & E3&E5, od B &= with U4 545

2 2
. E-u - E -x. ] E +« ]
if 3 z;‘-(s DES PI< ¢ use A$E2<—QE—W“’\ 0<Ea< Ez
(3.19)
E% 2
Case IV. For E_‘_psu(E:
2 2

0< p < 2, with AGEy < g™ and Ep < Ey<Ey,

is the only allowed region. (3.20)

Assuming the matrix eiement | M I2 (in the four-body analogue of Eq. (3.1) )

to be constant, we may explicitly perfarm the phase space integrations over the .imits of
2
(*.17)~(3.20). With the definition C = ——l-?—l—— ; the results are:

(4%)" . BE
2 5 &
For %&o&('ﬂ'"’ g".w'( - c[(E+%)2-s(E2-%T)-2 “In(i‘f.%:‘%)] ;

for ~4u2gag0: IV = cE+d

2
d ok E :
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2
~ Ep . dwW _ 52_ s+ 1 .
tor 0<°&gE+p P TR C[(E+E) 2“"‘(3-1)_ ;
2 2 2
E 2 dW 2 o Y
for —LgﬂgE : a—;':C[S(E -—2-)-2qsin(?).d . (32])

e (plotted versus & ) has

Inspection of (3.21) shows that the slope of =
2
discontinuities at the transition points ® = - 4p2 and ®=0, butnotat & = __E;.% .

- - .
The curves for the process pp >t w t', normalized to constant total area. are

presented in Fig. 5 for several values of .
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IV. Experimental Limits on Tachyon Interactions with Crdinary Particles

Since we have seen no evidence for tachyon production, we must interpret our
experiment in terms of upper limits for such production. From section Ii, Egs (2.1), (2.2)
and (2.3), we see that in each case, the upper limit for production of either one or two
tachyons is of the order of 10"3 of typical strong interaction processes. The only place

where this conclusion might be questioned is for the three-body production
Kp- K °t°
which we have compared to the two=-body reaction

K-p _’Ao'o :

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

However, the latter is strongly suppressed by phase space, and is only about 1% of the
single pion recction. On the other hand the tachyon production reaction is not especiclly
suppressed by phase space, ond we therefore believe that it is reasonable to compare it to
the single pion production rather than to the double production,

The production of tachyon pairs in K~ capture ut rest could be somewhat

suppressed by parity requirements; since the pair must be produced in a p-wave, This

E,-m
might give a suppression factor of areund A_A ~ ) » which would not offact
2mA 10

our conclusions substantially. No such effect should occur in pp annihilation.
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Our conciusion from this experiment is therefore that the production of neutral
tachyons in two typical hadron processes is at least 3 orders of magnitude smaller then
the stiong interactions. It would therefore seem dorbtful that tachyons of any kind
can b2 produced strongly.

Let us consider next what other information may be available about tachyon
production. We shall calculate all processes by analogy with the production of crdinary
particles although we have no detailed theory of interacting tachyons to base the calcu-
lations on. For that reason the estimates below may be considered as somewhat provisional.

If we do not believe that single tachyon production by ordinary particles is for-

bidden, we can consider the reaction
p->p+T

which is allowed kinematically whenever the initial proton energy E satisfies

2
2> mi+ E . (4.1)

If we assume a matrix element for this reaction

M= gﬂ.au : | (4.2

we can calculate the rate af which protons will lose energy by emitting tachyons

Q.

E _ i 2 .3 -
T " 2 IM1%d" p. S(E-E, -E)E; (4.3)

f( +2m2)

A dcosOpTzde ET S(E-ET- \/(p-pT)2+mT)(4.4)

g Py dp
nf T 9%y 2
= J T W) (43
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2
= T:'_ETT:- E; dE, (p2+ 2m2) (4.8)
2
1 2 / 2 I 2 2
=m(g +2m2)(p -:I+—4if -# £ . (4.7)

Note that gtg is not a scalar quantity, as it depends on E . [f we were to integrate
over all E.r , both positive and negative, the g% would in fact become a scalar, and
would also have opposite sign, corresponding to an energy gain. However, this would
correspond to adding tachyon absorption coherently to tachyon emission, which is

incorrect, as the absorption rate depends on the tachycns present in the environment.

If this is nevertheless done, the result for :* becomes
3
d 911 .
__E._ —T.(P +Z'nz)—5- p"“m (4.8)

m

Using Eq. (4.7) and assuming E >>m and mzz p2 ; we get

_ 2 2 7
g',:«_»;‘;l(p +zm2>( it JH%— - 1)? (49)
"
..-%T— me (4.10)

It is known that protons of up to 30 GeV travel for times up to 'IO-6 sec. in external

beams without losing more than say 100 MeV . Hence

2
-1
T 2 10 m - 10719 2

T‘l- m < —'.Tg—— (4.”)
10 1/m
2
or ;"—T < 10", (4.12

A similar low limit may be derived for the emission of single tachyons by electrons.
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Even better limits could be obtained by considering propagation of cosmic rays, but

it seems unnecessary. This limit is very small compared 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
(-» T+T

is kinematically allowed for any photon momentum. If we assume the simplest gauge

invariant matrix element

e
_ T -
M = (p, pZ),, ep (4.13)

VﬁE EI E2

with s the tachyon charge and Py+ Py the tachyon four momenta, we obtain a decay rate

2 2
°tr W
R= z— = . (4.14)

It is known that photons of radio frequency (say E = 10-]9 ergs) travel distances of

109 light years, or for ]016 seconds. Hence the decay rate cannot be greater than say

IO-"6 sec. This gives the limit

2 2
T i d 3E -16

w Lz S Fr

e2

T 2 19 -16 -27 -42

2 Hp < 3x1077x 107 P x 107 %107,




or — X 3x10-w4x' 102x 10+54~ 10~48 -

2 <0 . (4.15)

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 t» travel across
macroscopic distances without substantial energy loss to obtain a limit for such production
processes.

We consider the reaction
p>p+T+T
which we assume is described by the matrix element (neglecting spin)

g
xx 21 , (4.16)

]
»/Ié Ep EP EI E2

This gives a rate of energy loss

9 dpdp dp
& = (2)27 f——ET‘E—Z % -p - p, - P) §E,~Es~E ~E)E, ~E,) .
s

p
(*.17)
We have calculated this rate of energy loss for the case Ep>> m and Ep >> M, and get
€ _ &
=~ 5 (4.18)

b4w
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If we again require %'E- < IC‘“'9 m2 for EZN 103 m2 , we obtain
g2
2T -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. Th.erefore the coupling consiant for tachyon pair production, if non-zero,

is also much smaller than any known elementary particle process. This conclusion could
be perhaps avoided only if the interaction has a very different form than any interactions
with which w= are familiar. However, it seems safe to conclude 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 -eactions involving the
same particle whenever kinematically 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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Figure Captions

Distributions in missing mass squared, (mx°2) , in the reaction
K +p - N +x° for q) original sample of 2348 events;
b) remeasur=inents of events which had originally ("‘xoz) below

0.014 (BeV)2.

Typical distributions in the square of the effective inass of the
tachyon pair, M2(t t) , in the reaction K +p — /\o +t+t,

for various tachyon rest masses m

(=ip. (Note that M2 in the

text is defined with a minus sign.)

Detection efficiency for tachyon pairs in the reaction

K +p—=A+t+t asa function of the tachyon mass m =ip.

Distribution in missing mass squared, Mx°2 , in the reaction
- - - (o)

pte—+® +® +x .,

a) complete sample of 2903 two-pronged events,

b) distribution left after events consistent with p +p — B

were removed, The cross-hatched events were reexamined and found

to be mismeasured or not valid two prongs.

Typical distributions in the square of the effective mass of the tachyon
pair, Mz(tt-) in the reaction p +p — X otx 4T for various

tachyon masses m =ip.
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Figure 2

Figure 3
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Figure Cuptions

Distributions in missing mass squared, (mxoz) » in the reaction
K +p - N +x° for a) original sample of 2348 events;
b) remeasurements of events which had originally ('“xoz) below

0.014 (BeV)2.

Typical distributions in the square of the effective mass of the
tachyon pair, M2(HT) , in the reaction K +p — A° +t+t,
for various tachyon rest masses m =ip. (Note that M2 in the

text is defined with a minus sign.)

Detection efficiency for tachyon pairs in the .eaction

K +p-A+t+t asa function of the tachyon mass mt=ip.

Disiribution in missing mass squared, ch,2 , in the reaction
- +, - . 0

p+tp—=m +m +X

a) complete sample of 2903 two=-pronged events,

b) distribution left after events consistent with p + p — Tt

were removed. The cross~hatched events were reexamined and found

to be mismeasured or not valid two prongs.

Typical distributions in the square of the effective mass of the tachyon
pair, Mz(tF) in the reaction p +p — Xt T for various

tachyon masses m =ip.
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__ Figure Captiont

Figure 1 Distributions in missing mass squared, (mxoz) , in the reaction
K +p — N +x° for a) original sample of 2348 events;
b) remeasurements of events which had originally (m‘(°2) below

0.014 (BeV)2.

Figure 2 Typical distributions in the square of the effective mass of the
tachyon pair, Mz(f t) , in the reaction K +p = Ao +t4t,

for various tachyon rest masses m =ip. (Nztc that M2

in the

text is defined with a minus sign.)

Figure 3 Detection efficiency for tachyon pairs in the reaction

K +p-=A+t+t asa function of the tachyon mass m =ip.

Figure 4 Distribution in missing mess squared, cha2 , in the reaction
- -+ - o)
ptp—=®m +71 +Xx .
a) complete sample of 2903 two=-prorged events,
b) distribution left after events consistent with 5 +p- * ry o+ n
were removed. The cross~hatched events were reexamined and found

to be mismeasured or not valid two prongs.

Figure 5 Typical distributions in the square of the effective mase of the tachyon
pair, Mz(t t) in the reaction 5 +p- w+ +® +t+t for various

tachyon masses m =ip.
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Figure Captions (continued)

Figure 6 Detaction efficiency for tachyon pairs in the reaction

g + - — - .
ptp—m +m +t+t asa function of the tachyon mass m =ip.

Figure 7 Momentum configurations for three-body decay. For  =e _,

(a} with Py = 0 er Py = 0 cre the only allowed configurations.
For @ < o<~ 4u’, the configuration passes from (b) when E,=0

to {a) (with p<p2<p3) when E2=E . At =-4p2, Py and

2
P3 become equal as they approach colinearity (c); we thus pass from
{b) through (c) to (&) without a breck in the allowed value of Pys

as 52 is increased from zero to (EA: E]) .

For - 4p2< a<R_;as 52 is increased from zero to (EA- El) g

we pass from (b) through (d) to (). At = =0, the angle between

P, and p, in (b), or between p; ond p, in (e), equals %/2;

it decreases to zeroas & is increased to o, . Finally, when & > L

the angle between P and Py increases fror zeroto w as E,

increases from 'E?_ to E.‘Z+ ((F =) ~(g)) .
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