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Starting from the Lorentz invariance and usual on-mass-shell analyticity properties of scattering ampli-
tudes, we prove that: (a) massless “particles,” transforming according to infinite-spin representations
of the two-dimensional Euclidean group, are necessarily “‘elementary,” corresponding to Kronecker-s singu-
larities in the j plane; (b) the classification algebra of Regge poles, at vanishing invariant mass, is neces-
sarily the Lie algebra of the homogeneous Lorentz group SL(2,C). We calculate the contributions of Regge
poles to scattering amplitudes of particles with arbitary finite mass and spin at vanishing momentum
transfer, taking into account the “conspiracy’ of Regge poles arising from their classification according to
SL(2,C). The Regge contributions are indeed found to have the required analyticity properties and, there-
fore, a uniform asymptotic behavior for large energies.

I. INTRODUCTION

HERE has been much interest lately in the so-
called particle “conspiracy.” New restrictions on
physical theories, imposed by Lorentz invariance, were
first realized by Domokos and Suranyi! in 1963, when
they studied the bound states in a Bethe-Salpeter
model; these were investigated in considerable detail in
a series of elegant papers by Toller and his collabora-
tors.2—8 More recently the phenomenon was encountered
by Freedman and Wang,® in connection with the
validity of the Regge representation for backward
elastic scattering.

Toller’s main point is that the symmetry group of a
scattering amplitude is the full Lorentz group at zero
four-momentum transfer. This leads to a natural classi-
fication of Regge bound states according to representa-
tions of the homogeneous Lorentz group. However, his
method applies only in the case of the scattering of
particles with pairwise equal masses, since only in that
case can one assert that one has a zero momentum-
transfer four-vector.

In this paper, we show that the generally accepted
S-matrix analyticity properties and Lorentz invariance
together imply that, in any scattering process, Regge
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bound states should be classified according to the repre-
sentations of the homogeneous Lorentz group, at zero
momentum transfer. The result is achieved by clearly
distinguishing the invariance group of a scattering
amplitude from the classification group of the bound
states, the spectrum of the amplitude. The former de-
pends on “external” properties of the amplitude, in
particular the masses of the incoming and outgoing
particles, whereas the latter—in view of the unitarity
of the S matrix—obviously does not. Therefore, the
classification group of the spectrum need not coincide
with the invariance group. This fact has been already
observed in a Bethe-Salpeter model.*®

In the next section, we review the group structure of
the scattering amplitude for particles of arbitrary finite
mass and spin. We then observe that the contribution
of a single Regge pole at zero momentum transfer,
develops a logarithmic singularity, which is not associ-
ated with the kinematic factors which are usually re-
moved. The appearance of this singularity is simply a
consequence of the change in group structure of the
scattering amplitude at s=0. The phenomenon is in-
vestigated in detail in the third section. We recall that
one associates with Regge poles a Lie algebra, the classi-
fication algebra of the spectrum, and show that, pro-
vided the structure of the algebra does not change as
the “mass” of the pole is varied, the unwanted singu-
larity does not appear. Further, we use a theorem on Lie
algebras to prove that the only physically admissible
algebra is the Lie algebra SL(2,C) of the homogeneous
Lorentz group.

In the fourth section we calculate the contribution
of Regge poles to the scattering amplitude at vanishing
invariant momentum transfer. The form of the expres-
sion obtained coincides, in the equal-mass case, with
that of Toller.® In the case of arbitrary-mass particles
the form of the expression is the same, provided we
make the necessary changes in the kinematics. In
particular, it follows that Toller’s results on the inclusion
of reflections can be taken over to the general mass case
without modification.

10 G, Domokos, Phys. Rev. 159, 1587 (1967).
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In the Appendix we compute the transformation
matrix between irreducible representations of the
Poincaré group and the homogeneous Lorentz group.

II. GROUP STRUCTURE OF THE
SCATTERING AMPLITUDE

Consider a process (1)4(2) — (3)+ (4), where the
symbols (7) may denote particle groups or individual
particles. Let the squares of the c.m. energies of this
process and the two others obtained from it by crossing
be denoted by s, ¢, and #, respectively. Now according
as s, the square of the energy-momentum four-vector
given by s= (p1+p»)? is positive or negative, the little
groups of the energy-momentum vector are SU(2) and
SL(2,R), respectively. The scattering amplitude may
be considered a function, in fact a matrix function, on
the little group and may be decomposed in terms of
irreducible representations.?—8

We may treat the scattering amplitude as a function,
rather than a matrix, on the little group because: (a) the
total four-momentum is conserved, (b) by construction
the generators of the little group,

1
W= ) EMMPuMpv )

P2

commute with both the momentum operators P, and
the scattering operator. Let us denote the total four-
momentum, spin, and helicity of the particle group ()
by ps, si, and \;, respectively, with p;2=m,? Then the
scattering amplitude of the process (1)4 (2) — (3)+(4)
on the momentum shell with p1+4ps=ps+ps has been
written by Trueman and Wick! in the following form:

(psssha,pasiha| T| prsira,pasahe)
= Diyp"*(Rs) Dy, **(R4) Do\, (R1) Dy, (Ro)
X 6V1—V2,v573—v4v"’<”'| €F(s,t) I ") ,

where, as is usual, {= (p3— p1)%.
The Wigner rotation elements of the little group,
R;- - R4 are given by the expression

R;= L_I(Pl)lL(l_lpz) . (2.2)

Here, L(p) is a “boost”” which produces the state |ps\)
from the corresponding rest state,

Ip,S,)\>= U(L(P)) | 0,s,m) )

and the Lorentz transformation / is uniquely deter-
mined, up to a rotation around the 3 axis, by the require-
ment that /= transforms the momentum p;+ps to rest
and rotates the vector p; into the direction of the posi-
tive 3 axis. The amplitude (v’ | F(s,)| ») then admits the
partial-wave decomposition

(1560 = |54 (sD) 9+ [F-(s,)]v),

(2.1)

T, L. Trueman and G. C. Wick, Ann. Phys. (N. Y.) 26, 322
(1964).
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where / ( l)d
, ) si/2 2j+1)dj
(v Igi(s’t)“)_ﬂP(s)[ L singjm

cos®,— —cosB,
X[ Do, 0, -op( )] e

’ — —!
v, v'— —y,—vp

(' |5(5,9)»)

In these formulas, D.;'(R(e,8yy)) denotes a matrix
element of the representation (7) of SU(2) or SL(2,R),
depending on whether or not the Euler angle 8 is real or
pure imaginary. These matrix elements can be continued
into each other, and the continuation procedure is de-
scribed in detail in the work of Andrews and Gunson.!?
In Eq. (2.3) | P| stands for the magnitude of the three-
momentum in the center-of-mass system (c.m.s.)

|P| = (43)_”2A (S,M12,m22) »
where

A(x,y,2) = [#2+ y2+ 22— 20y — 2wz— 2yz /2.

The variable cos®, is the scattering angle in the
s-channel c.m.s., which, as is well known,!® may be
expressed in terms of the Mandelstam invariants:

R (t_ u) + (mlz— WL22) (‘WL32—‘ WL42)

A (S,m12;m22)A (S;m321m42)

cos®,= (2.4)

The contour of integration in Eq. (2.3) depends on the
nature of the little group. With s>0, when the little
group is SU(2), ¢ may be taken as a “hairpin” contour
around the positive real axis; however with s<0, when
the little group is SL(2,R), after a suitable deformation
of the contour, one obtains an integral over the principal
series of unitary representations of SL(2,R),

(j=_J2"+’iT; —°°<T<°°)’

plus a sum over the Regge poles.

Equation (2.1) gives the scattering amplitude in an ar-
bitrary reference frame. In the s-channel c.m.s. we have
p1+p2:=0 and the right-hand side reduces to (»'|F|»),
whereas the helicity amplitudes in the f-channel c.m.s.,
with pi+ps;=0, are given by the Trueman-Wick trans-
formation!! derivable from Eq. (2.1):

<j7353)\3,?4$4)\4[ Sf(s,t) l P131>\1,P252)\2>
= Z dnh”(xl)dw)\zsz(XZ)stxzsa(Xs)duh“(x'&)

v1ivovgre

X{pssavs,pi8191| F(4,5) | PaSaba,paseve). (2.5)

The bar over a particle eigenvalue symbol means one
deals with the corresponding antiparticle and, as usual,
dqp*(X) denotes the matrix representation of a rotation
through a real or imaginary angle x about the 2-axis.

2 M. Andrews and J. Gunson, J. Math. Phys. 5, 1391 (1964).
3T, W. B. Kibble, Phys. Rev. 117, 1159 (1960).



1908

A partial-wave decomposition analogous to that of
Eq. (2.3) holds for (v|F(s)|v"), with s and ¢ inter-
changed in Eq. (2.4) and the azimuthal angles inter-
preted correspondingly.

The angles X;(i=1, 2, 3, 4) are given by the expression

2mi[(s,1) 12

A (t,mﬁ,mf)A (t,’}'}’L32,7}'Z42)

sinX;= (cycle), (2.6)

where ¢(s,?) is the Kibble function,

& (5,8) = stu— s (ma2—my2) (my2—m;2)
- t(mlz— M22) (’WLaZ'—' M42)
— (mi?ma—ma?ms?) (mi>+me—mo®—ms?) .

The representation (2.3) should exist for s20. More-
over, we expect that a Regge-pole contribution to
(|F(s,)|) should be regular in s at s=0 with ¢ in its
physical region. However, a glance at a term in the
representation (2.3) shows that the contribution seems
to develop singularities at s=0. In fact let us recall the
well-known expression for the rotation matrix

Dy j(aﬂ')’) = e_imad'n.m’ ".(Z)e_im,'y ’

G. DOMOKOS AND G. L.

where
. T(j+m+1)I(j—m'+1)
dmm17(2)=[ ]
I (j4+m'+ 1) (j—m-+1)
142\ (mEm)/2 1 — g\ (m—m’)/2
) &)
2 2
XF(—J'-l-m, JHm1; 14m—m'; (1—2)/2)
T (14+m—m')
and z= cosf.

Barring accidents we have lim,_ cos®,=1, and both
terms in the square bracket of Eq. (2.3) become
singular. The singular contributions of the factor

I:l:z) (m=m’)/2 1:Fz> (m—m’)/2
ST

are well known'* and have been separated out as
kinematical singularities. However, in general, the
hypergeometric function also has a singularity when
the argument of the exchange term tends to 1. Here we
have a logarithmic branch point which has been dealt
with essentially by using a Laurent series expansion.®
This unwanted singularity arises because of the sudden
change in the structure of the little group at s=0. It is
known, from Wigner’s classical work,!® that the little
group corresponding to a lightlike momentum is E(2),
the group of rigid motions in the Euclidean plane. The
effect of contraction of the groups SU(2) or SL(2,R)
on our formulas can be followed easily.

471, L. Wang, Phys. Rev. 153, 1664 (1967).
15 E, P. Wigner, Ann. Math. 40, 149 (1939).
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Let us recall that the rotation entering (2.3) is defined
by the relation R(¢, ©,, —¢)=L1(I~1p)I1L(p) so it
clearly depends on the mass 4/s. In fact, without loss
of generality, we can choose both p and p; to lie along
the positive 3-axis when we have

I"'=R(¢, O,, —¢)z71(p).

Here, L(p)=2(p), is a pure Lorentz transformation
along the 3-axis and ©,, ¢ are the polar angles of p; in
the rest system of p. The dependence on the ‘‘total mass,”
implicit in this definition, is conveniently exhibited in
Eq. (2.4). Indeed, Eq. (2.4) can be looked upon as
introducing an invariant parametrization of the little
group, involving (—u) instead of the frame-dependent
Euler angles.!®

As s— 0 and the velocity of the c.m.s. tends to the
light velocity, the degree of freedom corresponding to
the parameter (¢—u) “freezes in” so that we have the
following relation :

lim, D (L)L (p))=ei02¢ . (2.7)
where 7 is an integer or half integer.

The right-hand side of Eq. (2.7) is clearly a matrix
element of a finite spin representation of E(2), with a
vanishing Casimir operator. Thus we see that the “un-
wanted singularities” in the scattering amplitude arise
entirely as a consequence of the sudden change in the
structure of the little group, when the momentum of the
c.m.s. becomes lightlike. It is quite easy to show that
the converse statement is also true. If we insist on
maintaining the analyticity of the scattering amplitude
represented by Eq. (2.3), it will have incorrect trans-
formation properties under homogeneous Lorentz trans-
formations.” A careful study of the little group will
indicate a method of reconciling Lorentz invariance with
the analyticity properties of the amplitude.

III. STRUCTURE OF THE LITTLE GROUP
AND THE ELIMINATION OF THE
UNWANTED SINGULARITIES

To be definite, let us start from a state with timelike
momentum. We wish to follow the change in the struc-
ture of the little group, as the “mass,” or square of the
total four-momentum of the state, varies continuously
through zero. This study will provide us with a clue,
enabling us to avoid the unwanted singularities of the
amplitude. In the following argument it proves essential
to consider states with a nonvanishing three-momentum.
Without loss of generality, we may assume that p30
and p;=p,=0. That this is important is borne out by

16 We apologize to the reader for repeating material which is so
well known, but a full understanding of these properties of the
little group is essential for later development of the theory.

17 To show this it is sufficient to take a pure Lorentz transforma-
tion along one coordinate axis. The details of the proof are left to
the reader.
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the following simple argument. For P*>0, =0, and <0,
the canonical forms of the three-momentum can be
chosen as (0,0,0,7), (0,0,p,p), and (0,0,p,0), respectively.
Evidently these forms do not go into each other under
a continuous variation of P2. However, if we choose the
following representations of the three Wigner classes,
0,0, 9,4/ (p*+s)), (0,0,9,p), and (0, 0, p, 1/ (p*+s)), we
can effect the “timelike — lightlike — spacelike’ tran-
sition smoothly, by varying s with P fixed.

Let us take P?=s5>0 and consider a state with
angular momentum 7 and magnetic quantum number .
If |P|=0, the set of states |P=0, j, m) forms a basis
of an irreducible representation of the algebra SU(2),
with matrix elements defined in the usual way:

1 (G417 )((+1)*— (140)*) (jE=m+2) (jEm+1)
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<P=0) j'; m'—'bllsd:lP=0’ j’ m)
=8, (jFm) (jEm+1)]72,
(P=0, 5/, m'| S3| P=0, j, m)=mb;jsmm ,
<P=0, j,) m,| S2[P=0’ I m>=j(j+1)8ﬁ'6mm"

We now construct operators which “step” between
states with different values of the total spin j. The
simplest possibility, suggested by field theory, is to take
a nondegenerate tower of states and enlarge the algebra
(3.1) to SL(2,C). We shall see that this “minimal” en-
largement of the spin algebra (3.1) is sufficient to get
rid of the unwanted singularities of the scattering ampli-
tudes. Let the minimal spin in the tower be jo; then we
define the new operators Ty, T3 by giving the nonvanish-

(3.1)

P=0, j4+1, m=%1|T.|P=0, j, m)==F
( J [T 7, m) pre |

(j=m+1) (jFm)

ing matrix elements in the following way.!®
12
I

27+1)(254+3)

<P=07 j) mﬂ:l]T:I:IP=O) js m>=1’]0 (1+0)[

J

1/2
(+1) ] ’
— (140)) (jFm+1) (jFm)

I (= i) G
<P=o,j—1,mi1|Ti|P=o,j,m>=i{ ’
J

1 P ((G+1)= )G +1)*= (140)) (j—m+1) G+m+1)

1/2
(25—1)(25+1) ] ’

(3.2a)

<P=0) ]+1) m]T3]P=07 jy m>=

1/2
I

27+1(25+3)

(140)?) (j—m) (j+m)

1L
: (1+0)
(P=0, j, m|T5|P=0, j, m)=ij ,
3 "G+
1r (12— 7,2)( 72—
(P=0, j—1,m|T;5|P=0, j’m>={(] LY .
J (25—

The relations of the operators Sy, Ty to the Cartesian
components is the usual one,
S:I:=SI:|:7:S2) T:!:= T1:i:’LT2
By construction the operators S and T satisfy the com-
mutation relations of SL(2,C):
[S6,Si]="1eaSk,
LSy Ti]=teinTs,
[Ti,Tj] _— iE,’ij)c .
The labels 7o, and o characterize the “tower” of states
on which the operators S and T act. The number 27, is
by definition always an integer, whereas o is an arbi-
trary complex number. The Casimir operators of the

algebra (3.2b) are expressed in the usual way in terms
of o and jo:

P=}(-T)=}o+2)+ i)
G=S-T=ijo(c+1).

(3.2b)

(3.3)

:|1/2

We now list some of the types of representations of the
algebra (3.3):

c=Jo=0 trivial,

1)(25+1)

o=—1—i7 (—o<7<®) principal series,
o=¢{ (—1=¢20)
o=n+ jo, #>0. Finite dimensional.

supplementary series,

Jo=0, 3,1

The reader should notice that the representations
which we are considering here are ‘classical” in the
sense that 27 is an integer. “Reggeization” will lead
us to consider other representations of the algebra with
“unphysical” values of j. The latter cannot in general
be used to induce representations of the group generated
by the algebra (3.2b); nevertheless, the prescription to
obtain them by analytic continuation is well known,-81
and we shall not discuss it here.

18 H. Joos, Fortschr. Physik 10, 65 (1962).



1910

Under a Lorentz transformation which boosts the
state |P=0, j,m) into |P,jm), the algebra spanned
by S, T undergoes a similarity transformation. Evi-
dently we have |P,j,\)=U(L(P))|P=0, j, m), so the
operators

S:(P)=ULP)STL(P))
and (34)

T;(P)=UL®P)NTUL(P))

have the same matrix elements between the boosted
states as S; and T; had between rest states. Although
Egs. (3.1) to (3.4) are sufficient in principle to define a
“tower” with arbitrary momentum P, it proves con-
venient to give explicit expressions for the generators
S;(P) and T;(P) by stating index transformation prop-
erties under the boost L (P). We define the spin pseudo-
vector S, and vector 7', in such a way that in the rest
system they have components (S,0) and (T,0), respec-
tively. Then, after noticing that the components of the
boost L(P) in the defining (vector) representation are

LOO(P)=‘°/\/S;
LOi(P)=LiO(P)=Pi/\/S:

Ly(P)= gt
T W)
with w= (s+P?)12, we obtain the relations
S(P)=S+ @-5F
W) @tvs) (3.50)
So(P)=(1/4/5)P-8,
(P-T)P
T®)=T+———,
(V/5)(w++/5) (3.5b)
Ty(P)=(1/4/5)P-T.
The four-vectors .S, and T, satisfy the relations
PMSu(P):PuTM(P)=O
and
[Su,Py]=0. (3.6)

Evidently the operators (3.5a) coincide with the gener-
ators of the little group, the Pauli Lubanski spin
operators,

W= (45) ™ Pexu,Pubd;p(P) . (3.7

To see this it is sufficient to recall an explicit ex-
pression!® for the generators of Lorentz transformations
M ,,(P) operating on a state |P,j,m),

Mp(P)=enM:(P), Mu(P)=N:(P),

M(P)=iPX V,+8,

PXS (3.8)
N(P)=iwV,t——
\/

s+w

where

G. DOMOKOS AND G. L. TINDLE
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and insert relations (3.8) into Eq. (3.7).

It is worth noticing that had we chosen to describe our tower
of states by a multicomponent field, the algebra which we have
constructed would coincide with the generators of index trans-
formations on the Fourier transform of the field. Using a spinor
basis we should simply obtain

S P)=PuSp,  Ta(P)=P,Sa,
where Sii= €ixrSr, Sor=Tx and Su =}€up0S oo
It is clear that the assignment of the above transforma-
tion properties to the operators S; and T is consistent
with the following set of commutation relations be-
tween S;, T; and the generators of rotations and pure

Lorentz transformations or boosts M; and N,
respectively :

[Mi>SJ'] = ieijksk )

(M, Ti]=teinTw, (3.9)

[SsNj]=1eijnT,
I:Ti,Nj] = —iemSk .

It follows that as far as general algebraic properties,
in particular the commutation relations, are concerned,
we need not distinguish between the generators of
Lorentz transformations and the operators defined by
Egs. (3.1) to (3.4); in other words we can speak about
one SL(2,C) algebra instead of one generating homo-
geneous Lorentz transformations and the other acting
on spin states in the rest frame. So for the purpose of
the following considerations we identify the operators
S, T according to the relations

Si—)Mi, Tl-—>N1

The states |P7\) behave in the usual way under a
Lorentz transformation, A.

() [P\ =UWTLP)|P=0, jm)
=U(LAP))U(L'(AP)AL(P))|P=0, jm)
= .,Z, ULAP)|P=0, 7w’ }{P=0, j'm’|

T XU PAL®)| P=0jm).

The operator L~1(AP)AL(P) is evidently an element of
the little group generated by the operators (3.5a). The
reader can verify this by taking for example, an
infinitesimal transformation A in the (%,0) representa-
tion of the Lorentz group.

We now come to the crucial point. Keeping P fixed,
as discussed at the beginning of this section, we let s
tend to zero. A glance at the Egs. (3.5a,b) indicates that
both the operators S(P) and T(P) develop singu-
larities. In particular, the coefficient of the leading term
in S(P) becomes

s/28(P) — (P-S)P/|P|, (s—0),

and the little group contracts to the group of rotations
around the direction of P. This we have already
explicitly observed with the help of representations in
the previous section.

(3.10)
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Let us pause here for a moment and point out an
important physical consequence of the previous con-
siderations. Evidently the integrand in Eq. (2.3) forms
a basis of the type |P=0, jm) for the algebras defined
here. In particular, if we isolate one Regge pole, its
contribution transforms according to an irreducible—in
general nonunitary representation of the algebra (3.5b).
As we follow the trajectory of the Regge pole, j=a(s),
to s=0, the family of representations contracts to a
representation of the smaller algebra (3.10).

To be specific, let us choose P=(0,0,p). Then, apart
from the irrelevant factor p, (3.10) reduces to Ms. On the
other hand we know from Wigner’s work that the
generators of the little group of the four-momentum
P=(0,0,p,p), where s=0, are given by the operators
M +Nj My—N, and M;. In other words, after per-
forming the limit operation s — 0 we obtain not the full
Lie algebra of E(2) but only the subalgebra spanned by
the single generator M;. The representations of the
latter coincide with those of E(2) corresponding to the
zero eigenvalue of the Casimir operator, Wigner’s
“finite spin” representations. We have thus proved the
following:

1. Theorem: In a theory where the spin of the states
is a function of the mass, j=ea(s), and lim,o(a(s))
exists, only the finite-spin-type representations of the
lightlike little group are realized.

An immediate consequence of this theorem is that if
for some reason one needs a “tower” of particles with
zero mass, then either those particles are all elementary,
in which case they can belong to irreducible representa-
tions of E(2), or they lie on Regge trajectories and
necessarily individually span reducible representations
of the lightlike little group. The significance of this
remark should be obvious to the reader who is familiar
with the elementary theory of the so-called ‘con-
spiracy.” We shall return to the “conspiracy” problem
later. Note that the elementary particles correspond to
Kronecker-é§ singularities in 7 and can be subtracted out
of the amplitude. In this paper we are principally con-
cerned with the singularities of the analytic amplitude
corresponding to Regge poles or cuts. The result of the
previous theorem is more easily understandable if one
recalls the Wigner-Inonu procedure of obtaining E(2)
by contraction from SU(2). In fact if the contraction
is performed on the representations in order to obtain
the full group E(2) one has to let the mass tend to
zero and the spin j tend to infinity with 7=0(1/s).
Evidently this would mean that a Regge trajectory has
a first-order pole at s=0. Such a possibility is excluded
by the unitarity of the scattering operator.

Let us now continue our group-theoretical investi-
gations.

At the point of contraction, s=0, the singularity dis-
covered in Eq..(3.5a) must be reflected in at least one
of the matrix elements in the representations of the
algebra. In fact one can prove that if, af the point s=0,
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none of the representation matrices of the algebra (3.5)
have a singularity in s, then the point s=0 cannot be a
point of contraction. The proof is straightforward and is
left to the reader.

Conversely, if we want to make sure that none of the
transition amplitudes (2.3) have an unwanted singu-
larity at s=0, we have to arrange the irreducible amplitude
contributions to form the basis of a representation of an
algebra which is preserved at the coniraction point. The
question as to which subalgebras “survive” contraction
is answered by a theorem! on Lie algebras. Provided
certain conditions are satisfied, which they are in our
applications, we have the following:

2. Theorem: A subalgebra g of an algebra G survives
the contraction if and only if it is spanned by the root
vectors of G.

For the reader’s convenience, we briefly recall some of the

definitions involved, which can be found for example in Hermann’s
book on Lie groups.?®

If Gis a Lie algebra and M its maximal compact subalgebra, then
the decomposition G=M®N with [M,NJCN and [N,NICM is
a Cartan decomposition. A Cartan subalgebra, A is a maximal
Abelian subalgebra of N. A root vector, W, of G is an eigenvector
of the elements of A in the sense that for NEA we have
[N,W1=X\(N)W, where the root A (V) is a linear form on A.

The elements g=exptX, where XEG, form a one-parameter
subgroup of G, the Lie group generated by G. The symbol Ad g(¥)
denotes the set of elements of G of the form g¥g! where YEG.
We say that if

g(»)=1lim Ad exptX (g)
{—o
exists it is a contraciion of g, and g survives contraction if g(w)
is isomorphic to g.

We now apply theorem 2 to the Lorentz group con-
tractions. We work with Hermitean generators and the
transformation in question, the boost along the 3-axis,
for example, is represented by exp(i8N;), where
coshB=w/+/s. Evidently we have 8 — as s— 0 with
|P| fixed. It is an easy task to find the root vectors X
such that [X,N;]=\N;:

N3

M;

W1=Ml+zv.r2+zvz—Nl}A

Wao=M1—My+No+Ny

Ws=M1+M:+N1—N,

Wi=M—M:1+N:+N,
Some algebras spanned by the root vectors are:

(1) the Abelian algebra, (Ms,N;)

(2) the algebra E(2) where we have “two copies”
with generators Mi+Nsy, My—N1, M3 and My—N,,
Mo+ Ny, M, respectively, and last but not least

(3) the algebra SL(2,C) itself.

According to theorem 2, these are the only algebras

pr=o

i (3.7)

a ;968 Domokos and G. L. Tindle, Commun. Math. Phys. 7, 160
2 R: Hermann, Lie Groups for Physicists . A. Benjamin,
Inc., New York, 1966). > W )
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which survive the contraction s — 0, so at first glance
we could choose any one of them to classify the singu-
larities at s=0. Physical considerations, however, restrict
the choice. If s is nonzero, say s>0, the Regge poles are
classified by SU(2) and going to s=0 cannot change
their number. Now we know that SU(2) does not
survive the contraction so we must classify the Regge
poles according to a reductble representation of SU(2),
and the “surviving algebra” must contain SU(2) as a
proper subalgebra. This restricts the choice to SL(2,C).
The argument could be formalized by invoking the
continuity theorem on the singularities of a function of
two complex variables but we do not want to dwell on
this here. We now summarize these results.

3. Theorem: In order to make the analyticity properties
and Lorentz invariance of the scaitering amplitude com-
patible, it is necessary and sufficient for the analytic part
of the partial-wave amplitudes at s=0 to “conspire” to
formthe basis of a representation of SL(2,C).In particular,
the analytic singularities, Regge poles or cuts, of the
amplitude must form the basis of a reducible representation
of SU(2) which for s=0 goes over to one of SL(2,C).

IV. REGGEIZATION OF SCATTERING AMPLI-
TUDES WITH ARBITRARY MASSES AND
SPINS IN THE REGION OF VANISHING

MOMENTUM TRANSFER

Using Eq. (2.3), we can easily exhibit the contribution
of Regge poles to the scattering amplitude. Let us, first
of all, recall that the partial-wave expansion (2.3) can
be obtained by decomposing the amplitude,

(p3sshs,passhs | T| pisihs,pasaha)

with respect to irreducible representations of the
Poincaré group. Writing formally };, instead of the
contour integral, we have, in an arbitrary reference

frame,

(pasaha,pasaha| T | p1sids, pasahe)

=fd4Pd4PI > {P3s3hs; pmMIij; Vave)
G’ mm! ,v1vavgve

X(P]m, V3V4] TlP’j'm’; V1V2>
X (P'j’m’; Vive ’ plsﬁ\l,pgsz)\z)—}- (crossed term) .

Now

(Pjm; vavs| T| P’ §'m’; viva)
=8(P—P")8;jrSmm(vaval T (5, /)| vv2) ,

where P?=s and {(vd||T(s,5)||v1v2) is the reduced
matrix element with respect to the Poincaré group.
Further, it is convenient to introduce the eigenampli-
tudes T',(s,7) by a unitary transformation:

(raval| T (s, 1) |vava) =2 (vaval ¥) T (5,){v [ v1v2) -
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Let us denote the Clebsch-Gordan coefficient of the
Poincaré group,?! in the representation where the scat-
tering amplitude is diagonal, by (pisiAs,pesaha| Pimy),
where

(P15 1My, pasahs| Pjmry)
= 2 (p1sih,pasake| Pjm; vave)(vivaly).

vive

(The set of quantum numbers v contains parity if we
assume, as is usual, that it is conserved by strong inter-
actions; in some cases, such as w/V scattering, no other
quantum numbers are needed.) In this representation
the contribution of Regge poles to the amplitude can be
written as follows?2:

T={pssshs,pasahs l T l P151A1,P252A2) (pole)

~ X A P(DsSsNa,paS Nl Peti ()17 )
mm'y, iy (8)
14 imaiy(s)
xﬁiv*(saai*/(5))_',_’_“&7(5;“1'7(5))
sinmay (s)

X (Pt (8),m v || p1s N1, pasaha)
X (P~ p1— p2)d(pstpa—p1—p2)

where we have omitted some unimportant normalization
factors. Here, a;y(s) is the sth Regge pole in the eigen-
channel y and B;,(s,aiy(s)) is the corresponding form
factor. The coefficient (pisihipasahs|P,a,my) is the con-
tinuation of the ‘“reduced” Clebsch-Gordan coefficient
of the Poincaré group (the momentum-conserving §
function has been factored out) to arbitrary values of
angular momentum (cf. Andrews and Gunson).??
Theorem 3 of the previous section now states that:
(a) in every eigenchannel v, there is at least one
subset of Regge trajectories, say a;(s), such that

limas, (s) =iy 0)—«, (k=0,1,2---); (4.2)

(4.1)

(b) the residues 8, , become correlated in such a way
that

];i_{%ﬁ’lx’y(s)aix‘)‘ (S) )ﬁ’ix'y* (s:a"x‘)‘ (s))amxm’

= {if(}l‘v(sﬂw (IT*(5,047(5) ) omm
X 2 iy (s),m|0iy(5) jo; 7'm"")
Jllmfl

X{air($)fo; 7'm" | @iy (s)ym).  (4.3)
The coefficients {am|ajo; jm) are essentially generalized
Clebsch-Gordan coefficients, decomposing a basis state

2 G. C. Wick, Ann. Phys. (N. Y.) 18, 65 (1962).
. We recall that the residue factorization theorem holds for the
eigenamplitudes cf., e.g., G. Domokos, thesis, Dubna, 1963
(unpublished).
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|ojo,jm) of a representation (ojo) of SL(2,C) into
representations of SL(2,R). Explicit expressions for
these, together with some of the important properties,
were given by Sciarrino and Toller.® The coefficients
T', are the form factors of a Lorentz pole. [ Let us note
at this point that, strictly speaking, the “states” |a,m),
|ojo,jm) form bases for the representations of the
“boosted” algebras (2.5), so that we should write them
in the form |ojo,jm;P), |am;P). However, the
dependence of the coupling coefficients on the four-
momentum P is trivial.]

The position of the Lorentz pole a4, (0) is simply given
by the relation

iy (O> =Qigy (0) .

After inserting (4.2) and (4.3) into (4.1), we obtain
the pole contribution to the amplitude 7 arranged
according to Lorentz poles. The evaluation of the re-
sulting expression in the general case is quite compli-
cated. However, if we make the customary assumption
that in some region (for example when the invariant
energies of the crossed channels ¢ and # tend to infinity)
the amplitude is dominated by the contributions of the
Regge poles, the expression (4.1), together with (4.2)
and (4.3), can be evaluated quite easily.

In this case we can assume that the set of improper
states |am) is complete so that operators of the type

3

P
> | —|amP)amP|

2wp

can be replaced by the unit operator (a “Reggeized”
version of the familiar closure approximation). In this
way after some straightforward manipulations we
arrive at the expression

I:Ee—‘iﬂ'ﬂi'y(s)
T~ 2 d*PTy(5,047(5))

aiy(8),y

I'y*(5,0:5(5))

sinwo iy (s

X Z(Pssshspasahl| Poiy(s) jo; jm)

X Z;ffw (8)7o; jmllprsihapasake)

X 8(p1+pa— P)o(prtpa—ps—pa)
(t—w,5—0).

(4.4)

[The integration over P is again trivial and a;(s) has
been replaced by oy (s) according to (4.2).]
We now define the c.m. amplitude F:

—iraiy(8)

limF=lim 3 T,(50i (5))'—7—__"1‘7*(5:0'1'7(3))
8>0 >0 oiy(s),y smmr.-,(s

X (pssshs, — Pssaha| Pooiy(8)fo; m)
m

X{(Pooiy(s)jo; jm|Prsihi, —Pisare), (4.5)
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with Po=4/s. In the Appendix we calculate the coeffi-
cients (psA, —ps’\'|Poojojm) and find that they are
proportional to the matrix element Djn jn "0 (L71(p))
of the inverse of the Lorentz transformation L(p) which
produces the relative momentum p.

Thus, after multiplying together the Lorentz trans-
formations and taking into account the results of the
Appendix, we find

1 e imoiy(s)
lim X T,(s5,0i(5))

§>0,6>%0 aiy(s),y

lim F=

§>0,t->0

sinmasy (s)

XTIy (5,007(5)) 2 (sahasa—Ns| 5'N)
jlj/l

X Djrpinssgor oner v (L1 (pg) L (1))

X<]'//>\” l S1M1, S2— )\2), (46)
where j” and j' are the total spins of the initial and final
states.

We note that the unwanted singularities occurred in
the amplitude (2.3) when considering D*(Z(p)) with
complex o after j Reggeization. However, we now
Reggeize in ¢, and D(L(p)) appears where j, the total
spin, is integral or half integral and Di(L(p)) is simply a
polynomial in the cosine of the scattering angle.

With trivial kinematical modifications, Eq. (4.6) is
identical to the expression derived for the scattering
amplitude by Toller,® for the equal-mass case, and
generalizes what was called a “broken-symmetry ex-
pansion” in Ref. 10 to the case of arbitrary spins.

However, we must emphasize that we obtained Eq.
(4.6) on the basis of theorem 3 and the customary
assumption that the Regge poles dominate the ampli-
tude as the energy tends to infinity and have not used
the invariance of the amplitude under SL(2,C) at zero
four-momentum transfer.

V. CONCLUSION

The results of the present work show clearly that the
so-called ““conspiracy” is essentially a kinematic phe-
nomenon and has nothing to do with some mysterious
dynamical interplay of various Regge poles, like the
-4 conspiracy.

We were able to resolve the problem, in full generality,
because we recognized the essential difference between
the invariance group of a scattering amplitude and the
classification group of the spectrum. The role of the
homogeneous Lorentz group is to classify the singulari-
ties in the angular momentum plane, at vanishing in-
variant energy, and this role is universal in the sense
that the properties of the spectrum are independent of
any particular scattering process. The circumstance that
a scattering amplitude, with all the external particle
masses equal, actually becomes invariant under the
homogeneous Lorentz group, at vanishing momentum
transfer, thus appears somewhat accidental.
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Evidently our procedure is not restricted to two
particle amplitudes or to Regge poles. A generalization
to Regge cuts is straightforward, but the extension to
many-body amplitudes will require a careful analysis of
the analytic properties of the group structure of these
amplitudes.

There has been some controversy in the literature
whether spin is or is not an essential complication in
S-matrix theory. We do not want to take sides in this
controversy but want to emphasize the point that
Lorentz invariance is an essential complication.
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APPENDIX

In order to calculate the coupling coefficient,
(Po(cfo) jm|psihi—psahe), used in Sec. 4, we first of all
note that, following Jacob and Wick,? we can write the
helicity states |psihi, —Piszhs) as follows:

,PSIM; —DS2\s)
=U(R(¢, 0, —$)) | pssihi; — pssaka),

where on the right-hand side we have a helicity state

with momentum along the 3-axis.
After defining the one-particle momenta in a general

Lorentz frame by

(A1)

p=3P+p,

pe=%3P—p
(2p being the relative momentum, P the total four-
momentum of the two-particle system), we can obtain

the given values of the relative momentum p by a
Lorentz transformation acting on p but not on P.

(A2)

2 M. Jacob and G. C. Wick, Ann. Phys. (N. Y.) 7, 404 (1959).
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In particular, if the relative momentum p points
along the 3-axis, we have

p3=230(0)p"= (p*)"20/ (1— )",

po=1z00(v)p’= (p?)2/ (1 —1*)72,

p1= pe= 0 ’
where p0= (p2)V/2=1[2(ms*+m,2)—s ]2, obtained di-
rectly by adding the squares of Egs. (A2). As usual we
have pil=m.? p.=ms* and P?=s. [This procedure
corresponds to a partial recoupling of the product state
(A1).] After combining these results with (A1) we
obtain the equation

]D151>\1, —Psz)\2>= U(L(P)) [I):O, si\1; p=0, 52>\2> ) (A4)

where L(p) is a Lorentz transformation acting on the
relative momentum alone:

The state on the right-hand side of Eq. (A4) can be
reduced out with respect to the rotation group

(A3)

51452
[P=0,50\;0=0,502)= X [7A)F'Ns1h1, 52— Ns),

3'=|s1—s2|

with A=X\;—\s. Thus for the coupling coefficient we
have

<P0, O‘jojmlpS1>\1~pS2>\2>=Z<Poa'jojm| U_I(L_l(p))
7

X | FANGN] sihisa—Aa). (A6)

(We omitted the labels p=0, P, from the right-hand
side.) The bra-vector (Poojojm| in Eq. (A6) transforms
according to an irreducible representation of the Lorentz
group so that Eq. (A6) becomes

(Pogjogm|psihi, —psahe)= 2. Djmjrrme: @0 (L71(p))

irm'y
X{(Poojog"m" | NG N sthasz—1s)
and finally, noticing that we have the relation
(Poojog"'m"" | j'Ny=8;1jr8menn,
we obtain the desired result
(Poo jojm|psihi— Psahe) = Z,: Dj iy N (L7 (p))
’ XN 101, S2—Az2).



