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The observation that the existence of tachyonic resonances can lead to peaks in differential
cross sections implies a phenomenology of high-energy processes. A large class of hadronic
differential cross sections shows a common peak at -t = 1.0 (GeV/c)2. We present a detailed
fit of the K p and x p charge-exchange (CEX) differential cross sections and determine that
both processes are consistently fitted by using a tachyonic resonance with m = —1.0 GeV .
and F =580 Mev. The spin of the resonance determines the energy shrinkage rate and is of
the form j=-2+i 0. A value of 0=0.15 leads to an adequate fit to the data. The other quan-
turn numbers of this strongly interacting tachyon are I=1, 6 parity even, and Y parity even.
Other possible examples of tachyonic resonances are described.

I. INTRODUCTION

The existence of peaks in particle cross sections
as a function of the pertinent squared-missing-
mass (i.e., the invariant of the missing four-mo-
mentum) variable is the first step in the identifi-
cation of resonance states. ' This research has
been naturally restricted to positive values of the
squared missing mass. Here we propose a similar
interpretation for the explanation of bumps at
negative mass squared. Such a resonance is the
unstable version of the tachyonic object first pro-
posed by Bilaniuk, Deshpande, and Sudarshan. '
Its possible exchange was suggested by Sudarshan. '

Since the early proposals for the existence of
tachyons several preliminary experiments have
been undertaken. 4 ' These experiments did not
find the stable tachyons to which they were sensi-
tive. However, the existence of unstable tachyons
remains an open question. ' It is to this question
that we address ourselves. As a preliminary ap-
proach to this problem we propose that the success
of a phenomenology based on tachyonic resonances
may provide new insight on which to base a search
for the effects of tachyonic matter. Our approach
is applicable to the exchange of unstable tachyons
and does not depend on the existence of freely
propagating tachyonic states.

The most obvious candidates for tachyonic reso-
nances are those which correspond to peaks in
differential cross sections which persist from one
process to the next. A study of the available had-
ronic differential cross sections indicates that a
wide class of reactions shows a persistent peak at
-t = 1.0 (GeV/c)'. The conventional Regge analysis

of these reactions concentrates on parametrizing
the dip at t= 0.6 -(GeV/c)'. In the following we
show that v p and K p charge-exchange (CEX)
reactions can be fit by a phenomenology based on
the exchange of a tachyonic resonance with a neg-
ative squared mass of -1.0 Qev'.

In Sec. II, we enumerate the differential cross
sections which show the peak at t =-1.0 (GeV/c)'
and discuss those in which it is apparently absent.
We propose that the peak be attributed to a tachy-
onic resonance with the quantum numbers of the p
meson. This hypothesis is investigated in detail in
Sec. III, where we construct a model consisting of
a smooth forward peak parametrized in a quasi-
Regge fashion as background plus a tachyonic reso-
nance contribution at t = -1.0 (GeV/c)'. The model
is then used to fit the g p and K p CEX reactions.
The former requires the p meson and the tachyon
to produce the secondary peak, while the latter,
which consists of the p, the tachyon, and the A„
shows a small shoulder in dg/dt near t =-1.0
(GeV/c)'. Finally, in Sec. 1V, we present some
general conclusions based on this analysis.

II. REVIEW OF HADRONIC DIFFERENTIAL
CROSS SECTIONS

The hadronic differential cross sections have
long been characterized by the presence or ab-
sence of forward and backward peaks, which can
be correlated with the existence of exchanges
associated with positive-m' particles. Peaks in
the interior regions of the hadronic differential
cross section have long been explained by other
mechanisms. Different authors relate this struc-
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ture to various effects such as multiple scattering
from fundamental constituents or interference
between Regge cuts and poles or wrong-signature
nonsense zeros; Reviewing the limited success of
all these models, it is appropriate to ask whether
tachyon exchange would not in fact be a simpler
description.

One finds that many hadronic differential cross
sections show a persistent conspicuous peak at
-t= 1.0 (GeV/c)'. It appears distinctly in the fol-
lowing reactions" .'

m'p- m'p, Ref. 9(a)

m p-v p, Ref. 9(b)

m p- mon, Ref. 9(c)

v'p- m'a", Ref. 9(d)

yp- m p, Ref. 9(e)

pp- pp, Ref. 9(f) .

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

There is no discernible peak at 1.0 (GeV/c)' in

pp-pp, Ref. 10(a}

K P K n, Ref. 10(b)

m P- &un, Ref. 10(c)

m p-q n, Ref. 10(b)

m'p- q'b, ", Ref. 10(d)

(2.8)

(2.9)

(2.10)

(2.11)

and many others.
It is evident from the above reactions that the

peak only appears distinctly in those channels
where p exchange is possible. It is most prom-
inent if p exchange is the only (m'& 0) exchange
and is not so clear or completely absent if in ad-
dition to the p other exchanges are also possible.
It is definitely absent in (2.10) and (2.11) where
only A, exchange is allowed. We therefore con-
jecture that the tachyonic resonance, denoted by

y, which is responsible for the peak at t=-1.0
(GeV/c)' has the strong-interaction quantum num-
bers" of the p meson,

I =+1, G~=+1, Y~ =+1.

The absence of a. v peak at this mass in pp scat-
tering is qualitatively understandable by the pres-
ence of the many helicity amplitudes and the com-
petition of other exchange quantum numbers. The
reaction (2.9), m p- &un, allows p, B, and 7 ex-
change. K p-K'n allows p, A„and ~ exchange.
In these cases the additional exchanges can easily
mask the effects of the ~. In Sec. III we describe
a detailed quantitative fit for the process K p-K'n
and find that this explanation is completely consis-
tent with the experimental data.

We observe that in process (2.11), v'p- qoh",

which is dominated by the exchange of the A„ there
are good indications of a secondary peak at -t=2.5

(GeV/c)'. This is therefore a candidate for a
tachyonic resonance with the quantum number s of the

In order for this assignment to be appropriate,
additional data must show the persistence of this
peak in all A, -dominated processes and shrinkage
of the peak consistent with n, f,(t) = ——', in this region.
This last requirement is a consequence of the spin
assignments of the tachyon in our model and will
be described in Sec. III. An indication of an ~-like
tachyonic resonance could be inferred from the
process m+ p- p+p. Since the differential cross-
section data" extends to -t=0.9 (GeV/c)' with no

distinct secondary peak evident, the suggestion is
that no (d-like tachyonic resonance is present with
(mass)' ~ —0.9 GeV'.

II. THE TACHYONIC RESONANCE MODEL

In our formulation of two-body scattering, the
complete s-channel amplitude E(s, t) is separated
into two parts:

f(s, t) =f '(s, t) +f'(s, t}.

We consider particles with initial four momenta

p, and p„ final momenta p, and p, with s = (p, +p,)',
t =(p, —p, )'. The corresponding helicities are X„

1y ~ ~ ~ y 4o

The amplitude f'(s, t) describes the scattering
away from the tachyonic peak and is treated as
ba, ckground. The dominant feature of this back-
ground is the forward (or backward) peak which is
identified with the exchange of particles with m'& 0.
We therefore parametrize this amplitude with the
I; dependence generated by the nearest poles. The
shrinkage of the forward peak is determined by a
linear trajectory consistent with recent Regge
phenomenology. This amplitude is responsible for
the smooth behavior of do/dt near the forward di-
rection and is completely determined by the data
in this region.

The amplitude f'(s, t) corresponds to the nega, —

tive-mass-squared resonance or tachyonic reso-
nance contribution. The parametrization of this
amplitude is determined by the secondary peak
structure of dv/dt. We describe the parametriza-
tion of this part of the amplitude in the next sec-
tion. Then we discuss the explicit forms of f'(s, t)
and f'(s, t) in our model for v p and K p scattering.

A. Formulation of f~

If we wish to describe two particle scattering for
s&0 in terms of s-channel properties, e.g. , reso-
nances, etc. , then the usual partial-wave decom-
position is appropriate. That is, the decomposi-
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tion of the scattering amplitude is in terms of the
little group SO(3) of the Poincare group. Since
we wish to describe scattering in terms of t-chan-
nel exchanges for the case of t&0, the appropriate
group-theoretic decomposition of the scattering
amplitude in terms of representations of the Poin-
care group is with respect to its little group
SO(2, 1). That is, we determine the form of the t
channel amplitude and then construct the physical
s-channel counterpart by a crossing transforma-
tion from the t to the s channel.

We assume that the part f' of the scattering am-
plitude, i.e., the full amplitude minus the forward
"background" contribution f', is sufficiently well
behaved in s and t such that it can be decomposed
in terms of a single member of a unitary irreduci-
ble representation (U1R) of the Poincare group.
Specifically, we are interested in the UIR corre-
sponding to t&0, i.e. , those corresponding to the
little group SO(2, 1). This decomposition in the
t channel and transformation to the s channel leads
to the form"

+& x x x (» t) =(pA p ~ IT Ip & p ~ &

Pl/2+i~ 2
~ + 1= ZA. (tx ts'&i&s) J~ dg
' . Pa&. lit'(t)llv;t &dan z „+(coshP)

p g/2
' tan77j

+ g ( j+C)(&az IIT (c)ll cC& Cx,
'

z „, c (cccC)»),
-N&J~- j.

(3 1)

2(s —m, ' —m, ') + t
~ [(4m ' —t)(4m '-t)]"' '

M = min( I p, , —p, I, I x, —x, I),
(3.2)

and A, (p,„p3;A.,X,) consists of spin rearrangement
factors from the t- to s-channel transformation
given in Ref. 13.

The essential ingredient of our model based on
our parametrization in terms of tachyonic reso-
nances is that the reduced matrix element in (3.1)
has the form

Res((~,~, I I
7'o(t)

I I x,x,&g(j —j,)
t+m'-tlmll'

(3.3)

where I' is the full width at half maximum. The
value of jo is a characteristic of the tachyonic res-
onance. It is selected from the range of values
available in the expansion (3.1). The assumption
that the spin of the tachyon has a definite value j
is not necessary, but the range of values should be
restricted. This restriction is, in a sense, the
definition of the tachyon as a single particle with
a definite spin whose exchange dominates the reac-
tion in this range of t. The value of Rejp for the
principal series is ——,', which determines the rate
of shrinkage of the secondary peak in da'/dt.

where p, , and p.3 are summed over the possible
helicities of particles 1 and 3, respectively. Here
d~~ ~ is the d function for the principal series, d~&'z.

is that for discrete series, with d~' appearing when
both A. and A.

' are positive and d~ when both are
negative. Further, we have

f'(s, t) =-,' [Z"(s, t *)+(Z'(s, t))*]. (3.4)

The explicit form of Jl', and thus f', is deter-
mined by the process under consideration. For
simplicity we turn to the analysis of the scattering
of a spin- —,

' and spin-0 particle into a spin--,' and
spin-0 particle. In that case only the integral of
(3.1) contributes and the spin rearrangement factor
is unity. As examples of the above we consider the
analysis of w p- m'n and K p-F'n.

B. Analysis of m p~x n

Here p„X, and p„~3 refer to the initial and final
four-momentum and helicity of the m's of mass
m„while p„X, and p4, X4 refer to the initial and
final nucleons of mass m~. The parametriza-
tion of the background amplitude f'(s, t) is consis-
tent with p dominance of the forward peak and fol-
lows our earlier preliminary approach to this
problem. The tachyon exchange contribution

The form for E~~, q .q, q, (t) is based on the simple
single-level Breit-Wigner resonance amplitude.
It is generally used for resonance enhancements
for positive-mass-squared resonances because it
is sharply peaked around the resonance mass and
has a phase consistent with unitarity. Since in our
case the t-channel amplitude has a unitarity rela-
tionship which requires that there be no phase, we
modify the simple level form by adding its com-
plex-conjugate amplitude. Thus in our case we use
Jp)&2$4$$$3 to construct a re due ed amplitude that is
sharply peaked around the resonance mass but
real, in keeping with the appropriate unitarity re-
quirement. Since the s dependence of the tachyonic
contribution is determined by a real analytic func-
tion, the total tachyonic amplitude satisfies
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f'(s, t), however, is modified from our earlier ap-
proach in that f'(s, t) is now a real analytic func-
tion.

The two independent amplitudes f„(s,t) and

f, (s, t) for this process correspond to the helicity-
nonf lip and -flip contributions, respectively. The
nucleon helicities X =+-,' are denoted by a. We ex-
press each of the independent amplitudes in terms
of the forward "background" contribution denoted

f,',(s, t), dueinthiscasetothe p, and f;,(s, t). We
have

f„(s,t) =f„(s,t)+f;,(s, t)

as the possible amplitudes.
The phenomenological form for the amplitudes

f', and f' has the p pole, p-Regge pole asymptot-
ic behavior, and the appropriate t-dependent kine-
matic factors. The kinematic factors are the con-
ventional t-channel threshold terms and are in-
cluded for completeness. They do not have much
influence on the quality of the fit and we empha-
size the most important features of the fit are
qualitative; the peak position stability with various
energies and the shrinkage rate of the shoulder.
We assume the simple forms

any further assumptions and is consistent with the
shrinkage in s of dv/dt for the w p CEX reaction
in the vicinity of the secondary peak, i.e., t= -1.0
(GeV/c)', corresponding to an s "' dependence
in the amplitude. This feature of the data is most
prominently displayed in Fig. 1, the well-known
plot of n, ff(t) for the m p CEX reaction. The ob-
servation that the effective trajectory flattens out
around t=-1.0 (GeV/c)' to the value of n,«= ——,

' is
one of the necessary features of tachyonic reso-
nance dominance. The other is the persistence of
the position of the peak at all energies and in all
suitable reactions at the same t.

The data 9(c) for v p- m'n were fitted to the above
model. The fit with the best X' for dv/dt is given
in Fig. 2 with the corresponding fit for polariza-
tion" in Fig. 3. The parameters for the tachyonic
resonance are

mp =-1.0 GeV,

r =580 MeV,

0 =0.15.
The coupling strengths X and X, are listed in
Table I.

b„(s/s, p)"p'"
f++( ~ j

(t 4 2)l/2(t 2)l
p

f' (s t) = ' ' ' ' [t(t-4m ')]"' (3.5b)
P

where n~(t) =0.58+t, and s,~, b„, and b, are real
parameters determined by fits to experiment. '

The form of I' for this process is determined
from (3.1) and (3.3). In addition we have introduced
the same t-channel threshold factors as for f '.
This provides us with the following:

C. Analysisof E p~E n

In the case of the K p CEX reaction, exchanges
with the quantum numbers of the A., as well as p

I ~ ~

~ I

, ( )
2jo + 1

(t-4m, ')"' t+m, '-ir ~m, (

d, ', (cosh P)
tang jp

(3.6a)

c)ceff

'; (s, t) =(2&. +I)(t(t-4m:))"'
X. doi(cosh P)

t+ m, '-Zr (m, ( tanvrjo
(3.6b)

II
II —-II——

The final real analytic functions f;,(s, t) and f; (s, t)
are determined from Eqs. (3.4) and (3.6). Equa-
tions (3.6) depend upon the mass mo, the width I',
and the spin j, of the tachyonic resonance, as well
as the coupling constants A.~ and A, These five
parameters are all determined from experimental
fits. j, can take on a range of values permitted by

jp 2+i', with cf determined from experimental
data. Rejo=-~ occurs naturally from (3.1) without

-2
-2.0

I I I i

-tO 0 I.O

t(Gev/c)

FIG. 1. The effective trajectory (s/s&) ' as ex-
tracted from fits to do/dt(m p x n). The low-t points
extrapolate smoothly to the p meson. At larger negative
t the effective trajectory flattens out to u, ff =
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FIG. 2. The 7t p m n differential cross section data
[Ref. 9(c)l fitted by p+7 exchange.

)aA{t)
f& (s t) — +- / o&' [t(t 4 )] ~ (3.6b)

mA

Here we have new real parameters c„, c, , and

spA for the A» with m„and m& referring to the A,

meson are possible. In accord with our discussion
of Sec. II, we assume that the 7. has the same quan-
tum numbers as the p and that there is no A, -like
tachyonic resonance present in the process under
consider ation.

From this point of view the independent K P CEX
amplitudes f (s, t) and f, (s, t) can be written as
the sum of three different contributions:

f„(s,t) =f,', +f"(s, t) +f' (s, t), (3.7)

with the corresponding form for f, (s, t). Here the
functions fP(s, t) are given by (3.5a) and (3.5b) with
different parameters b and b, and the f'(s, t) are
given by (3.4) and (3.6) with jo, 222o2, and I' the same
as for the m P CEX reaction, but different param-
eters X„and X, . The form for f"(s, t), in analogy
to f~(s, t), is given as follows:

c++(s/so ~)f++(Sr t)
( 4 2)1/2(t 2) t (3.8a)

I

2.0
I I I

0 .5 10 15
-t (GeV/c)

FIG. 3. The polarization (Ref. 15) in m p m. n fitted
with p+7 exchange. The solid line is obtained if f+
has no factor e(t), the dashed line if a factor Q. {t) is
added to f . The experimental points for Pz =5.00
GeV/c are those of Drobnis et al. , and for 5.90 GeV/c
are those of Bonamy et al.

IV. DISCUSSION

The preceding analysis of the m P CEX and K p
CEX reactions shows that the use of tachyonic res-
onance exchange provides an adequate fit to the
angular distribution data available for both of these
processes. The polarization data on the m P CEX
reaction, although not very precise, are consistent
with this model. This model fits these data with
a good y and no more parameters than the more
conventional Regge approaches. In order to ac-
count for polarization in g p CEX reactions, the
Regge models require either two mesonlike non-
degenerate trajectories or cuts. In the tachyon
resonance model, the form that the polarization
takes is dependent on the parametrization of the
amplitudes. One finds small polarization with a

and K masses, respectively. In addition, we have
taken for the A2 trajectory function r2„(t) =0.34+ t.

The best fit to the K P-P'n data" using the same
values for mp I' and jp as in the m p CEX reac-
tion appears in Fig. 4. The effect of the w is to
produce a hardly noticeable shoulder in the differ-
ential cross section at t =-1.0 (GeV/c)2, in good
agreement with the data. The A, coupling is
stronger than that of the p and 7.. Since there are
no polarization data for this problem and our mod-
el does not predict its sign, we have not included
a K p CEX polarization curve.

TABLE I. Coupling parameters for the 7t' p and K p CEX reactions.

7I' p CEX
Kp CKX

-6.24
34.1

54.5
140.5 468.0 469.

-1.1x 103
691.0

-32.0
0

SOp

0.0082
0.517

~OA

0.228
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FIG. 4. The fit to the available data (Ref. 16) on K P
K n with p+A&+7' exchange,

no-nonsense wrong-signature zero and large po-
larization otherwise (see Fig. 3). In this sense,
the presence of polarization, but not its form, is
a feature of the tachyon exchange.

Besides the tachyonic resonance at a mass
squared of -1.0 QeV' there are indications of a
phenomenological tachyonic resonance with the A,
quantum numbers and mass squared around -2.5
QeV'. Data at different energies would test the
shrinkage rate and peak position stability of this
resonance.

Experiments have only searched for tachyons as

stable particles with the absolute value of mass
squared up to 1.0 GeV'. The tachyons considered
in this paper differ significantly from the ones
looked for in these experiments. There is an
intrinsic spread in the mass of the tachyons, a
phenomenon which may be loosely referred to as
intrinsic instability. As a consequence of this
spread in mass, the tachyon cannot propagate
freely for distances large compared with the in-
verse width, that is, for distances large compared
with nuclear dimensions. This in turn means that
for such a resonance to manifest itself in, say, a
missing-mass experiment, another hadronic par-
ticle should be available within nuclear distances
to which the tachyon can attach itself. The experi-
mental realization of these conditions must there-
fore involve targets with composite structure.
Analysis of reactions in which a fraction of a com-
posite target (say one of the nucleons in a deuteron
or carbon target) is taken as one of the collidin'g
particles seems to be a natural method for search-
ing for tachyons. Such tachyonic resonances
should not therefore be expected to make visible
tracks in bubble chambers or activate counters.
These tachyonic resonances could therefore not
have been observed in any of the previous tachyon
searches.

In the previous sections we have described and
analyzed the implications of a phenomenology based
on tachyon exchange. The tachyons utilized to fit
the data are resonance states associated with the
principal series of SO(2, I). The consistency of
this phenomenology with the observed data is an
indication that the assumption of the existence of
tachyonic resonance states may provide a useful
description of high-energy interactions. This
suggests that experiments might be performed
which seek to isolate other manifestations of these
resonances.
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