PHYSICAL REVIEW D

VOLUME 21, NUMBER 7

1 APRIL 1980

Reggeization of elementary fermions in arbitrary renormalizable gauge theories

Marcus T. Grisaru and Howard J. Schnitzer
Department of Physics, Brandeis University, Waltham, Massachusetts 02254
(Received 10 December 1979)

An arbitrary, renormalizable non-Abelian gauge theory with gauge group § and arbitrary scalar and
fermion structure is considered. Necessary conditions for all the fermions of the theory to lie on Regge
trajectories are derived. If no fermion transforms as a singlet under G, then all fermions Reggeize. If some
fermions transform as singlets under G, then certain group-theoretic constraints on the fermion mass matrix
must be satisfied if all fermions are to Reggeize. These methods are applied to the Weinberg-Salam and
grand unified theories. As a by-product of this study, kinematical-singularity-free, signatured helicity
amplitudes are constructed which allow for P and CP violation. Such amplitudes may be useful for

applications outside the context of the Regge program.

I. INTRODUCTION

It is the purpose of this paper to discuss the
Regge behavior of elementary fermions near J
~+ in an arbitrary renormalizable gauge theory.
This analysis should be considered a sequel to our
study® [which we call (I)] of the Reggeization of
the gauge vector mesons in arbitrary gauge theo-
ries. The reader should consult (I) for a detailed
discussion of the motivation and setting of the
question of Reggeization within the context of La-
grangian field theory. Here, as in (I), we stress
possible applications of our results to unified and
grand unified (GU) field theories. In particular,
if the Higgs-meson mass exceeds 1 TeV and/or if
fermion masses (either quark or lepton) exceed
300 GeV, then partial-wave unitarity in the elec-
troweak sector is violated in perturbation theory,?
and the weak interactions must become strong at
energies exceeding 1 TeV. In this case one anti-
cipates that the unified SU(2) x U(1) theory will
exhibit resonances and Regge recurrences of
intermediate vector bosons and elementary fer-
mions, and other rich phenomena usually asso-
ciated with the strong interactions. We hope that
our analysis will contribute to the understanding
of these aspects of unified theories, as well as to
a general appreciation of the elegance of GU the-
ories, at least within the context of our discus-
sion.

In this paper we show that the presence of ele-
mentary fermions transforming as either right-
" handed or left-handed singlet representations of
an arbitrary, non-Abelian gauge group § implies that
some fermions may not Reggeize unless certain
necessary conditions are satisfied. On the other
hand, if no fermion transforms as a singlet under
S, then gll fermions lie on Regge trajectories.
Qur criteria are as follows: Necessary conditions
to be satisfied for all fermions to lie on a Regge
trajectory are

timPg=0 (1.1a)
and forall A,
tBmb, =0 , (1.1b)

where m is the fermion mass matrix, and

L (¢E) is the left-handed (right-handed) fermion
representation matrix (in general reducible) in the
basis in which the gauge-vector-meson mass ma-
trix is diagonal, with A labeling a particular gauge
meson. One forms the Casimir operators for the
left- and right-handed fermion representations,
i.e.,

C,= Z t—ﬁz—fi
yy
and (1.2)

Cr= Z ‘ﬁ_ﬁ .
A
Then ﬁ’L and ﬁR are the projection operators onto
the null spaces of C, and Cg, respectively. That

and (1.3)
PrCp=CpP,=0.

These requirements provide a considerable ex-
tension of earlier work,® which led to the erron-
eous conjecture that all elementary fermions al-
ways Reggeized in a renormalizable gauge theory.
We provide specific counterexamples to this false
conjecture in Sec. 1V, in that we present models
which fail to satisfy Eqgs. (1.1). If Eq. (1.1) is sat-
isfied for some but not all vector-meson states
A, then some but not all fermions may lie on
Regge trajectories. It should be emphasized that
all our results are natural in the technical sense,
being independent of the magnitude of coupling
constants, and valid for arbitrary reducible or
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irreducible scalar-meson or fermion multiplets,
for arbitrary (renormalizable) scalar self-cou-
plings, and arbitrary gauge group §.

In Sec. IV we analyze the Weinberg-Salam the-~
ory from the point of view of requirements (1.1).
We show that if the lepton sector is made of sev-
eral generations of left-handed doublets and right-
handed singlets, with massless neutrinos, then
all leptons lie on Regge trajectories. On the other
hand, the quarks of the SU(2) x U(1) Weinberg-
Salam theory do not Reggeize. If we then consider
the standard model with the SU(2) x U(1) x SU(3)
group, we show that the colored gauge bosons en-
able all fermions in the standard model to Reg-
geize. In a GU theory* such as SU(5), O(10), or
E¢, all quarks and leptons also Reggeize, since
it is possible to avoid singlet representations of
$ in model building. A typical example is pro-
vided by the simplest SU(5) model, where each
generation of fermions transforms as a 5+ 10
under §. Combining the conclusions of (I) with
those of this paper, we find that all gauge vector
mesons and all elementary fermions lie on Regge
trajectories if the gauge group § is semisimple
(with no Abelian subgroups), and if all right- and
left-handed fermions transform nontrivially under
S. Therefore, all gauge bosons and qll fermions
Reggeize in typical GU theories, a property which
is in sharp contrast to that of the Weinberg-Salam
model. Therefore, the analytic S matrix of the
SU(2) x U(1) electroweak theory is dramatically
different from that of a GU theory, with the dis-
tinction being natural in the technical sense.

It is not possible to compute the detailed behav-
ior of the fermion (boson) Regge trajectories out-
side the neighborhood of J=3 (J=1) by currently
available methods. However, e.g., the slope of
the electron or muon trajectories at J=% are of
the order of AJ/Am~1/(2 TeV), which is the same
order as the slopes of the intermediate-vector-
boson Regge trajectories. Thus, if perturbation
theory fails for the unified electroweak theory
above 1 TeV? (due, say, to a heavy Higgs meson),
and if the Regge trajectories are straight lines,
then Regge recurrences of the intermediate vec-
tor bosons and elementary fermions are expected
in the 2-to-4-TeV region.

In Sec. II of this paper we formulate vector-
fermion scattering in an arbitrary gauge theory,
as is required for a study of Regge behavior near
J=%. Much of the notation and strategy, which is
to be found in (I), is not repeated here in the in-
terest of brevity. Section III is devoted to an anal-
ysis of the factorization condition, which is a nec-
essary condition for Reggeization [see Eq. (2.15)
of (I)]. This eventually leads to the criteria pre-
sented in Egs. (1.1)—(1.3) above. Several examples

which illustrate the general criteria are given in
Sec. IV. '

In Appendix A we extend the usual formulation
of kinematical-singularity -free, signatured, natu-
ral- and unnatural-parity helicity amplitudes to
the most general situation in which neither parity
nor CP is conserved. The usual formulation® as-
sumes P and CP conservation; hence it is re-
stricted to the strong interactions, and is not ade-
quate for applications to unified and GU theories.
The material in this Appendix is new, and is prob-
ably useful for a variety of applications outside
the context of this paper. Appendix B contains
some details of the calculation of vector-fermion
helicity amplitudes.

II. VECTOR-FERMION SCATTERING

Our program requires the computation of the
kinematical-singularity-free helicity amplitudes
near J=3 for vector-fermion scattering in an ar- -
bitrary, non-Abelian gauge theory. We use the
notation and formulation of (I) and denote equa-
tions from that paper with the prefix I. The La-
grangian in unitary gauge is

£=L +8 +8

gauge boson

(2.1)
where £, and £ . are given in Egs. (I-3.2)

and (I-3.7) respectively, while

fermion ?

"Qfermion: iJYuDuw - Jmow - ZZ(F; ¢)¢ ’ (2-2)

(Recall we are following the general theory of
broken symmetry given by Weinberg,® but with
Bjorken and Drell conventions.) In (2.2) m, is the
bare-mass matrix of the fermions. The gauge-
covariant derivative of the spin-3 field ¥, (x) is

(D)= 0,8+ ) ¥ A (2.3)

where ¢, is the matrix representation of T, in the
(reducible) representation D, of § furnished by
the fermion fields. Thus,

[ta’ tﬁ] =iCypl,y - (2.4)

The representation matrices may be decomposed
into left- and right-handed parts, i.e.,

b= L+t R, (2.5)
where

tl=3(1-v)t,
and (2.6)

t2 =%(l + Vsl
As a consequence,

(L, tE]=iCypty

aBr®y 9

[t2,¢8]=iC gt} (2.7)

aBrir
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and

[te t51=0.
Similarly,

Y=pE+yF, (2.8)
where

¢L= %(1 - YS)II) ’

i CREAT (2.9)
Since i(y¥*D,y) is invariant under g,

(o=t
and (2.10)

(¢B)1=¢E,
The bare-mass term in (2.2) is also invariant
under §, which implies that
tRmy -motE=0
and (2.11)
timy—-motf=0,
Further,
mgt=ymgy°. (2.12)

After a suitable redefinition of the fields ¢, we
eliminate all terms proportional to y, inm,,.

The invariance of the Yukawa interaction under
g leads to

[t 6, 7°T,] = =(6,),,(¥°T,) , (2.13)
where 0, is the matrix representation of 7', in the
representation D, of § [see (I-3.7)~(I-3.10)]. One
can decompose

L,=3(1+7)TRE+3(1 =y, )TF%, (2.14)
so that (2.13) and (2.14) give
ETER - TERE= —(0,), "
and (2.15)
{RTRE - TREE= (6,),TRE,
Since the Yukawa interaction is Hermitian,
T}=7Ty° |
and (2.16)

(TRT=(T8h).

According to the program outlined in Sec. II of
(I), in order to verify the Reggeization of the fer-
mions near J=§, we must compute the Born S ma-
trix for vector-fermion scattering. Therefore it
is best to work in a basis in which both the vec-
tor-meson and fermion mass matrices are diag-
onal. This is described for the vector mesons in

Eqgs. (I-3.18)—(1-3.22). When one diagonalizes the
vector-meson mass matrix, the representation
matrix of the fermions becomes

(2.17)

where {C,,} is the set of orthonormal vectors de-
fined in (I-3.19)—(I-3.20). Equation (2.17) is de-
composed as in (2.10). One shifts the scalar fields

t_A = CaAta ’

Bp=Np+ b, (1-3.13)
according to (I-3.11)=(I-3.17). Then
"Gfermion:izi‘yul)uw—amw —-IZ(I‘, ¢')Z/) ’ (2.18)
where
Dyb=0,0+i 3, (E) Ay,d, - (2.19)
N

and where the zero-order fermion matrix is

m=mgy+(T,N), (2.20)
with matrix elements v
my;=m;d;; (2.21)

in the basis in which m is diagonal. [This does
not mean (T',),; is diagonal, since in general (m,),;
is not diagonal in this basis.] In this representa-
tion, the shifted Lagrangian is given in unitary
gauge by (I-3.23) and (2.18), from which we ex-
tract the Feynman rules for a lowest-order cal-
culation.

Let us consider the vector-fermion scattering
processes

VA(kA) + F,(Pl) - VB(kB) + FJ(pz) ) (2. 22)

~ where p, and p, are the four-momenta of the fer-

mions of type i and j, respectively, in the basis
defined by (2.21), and k, and &, are the four-mo-
menta of the vector mesons A and B in the basis
defined by (I-3.19)—(I-3.21). In lowest order there
are four diagrams contributing to the process
(2.22): two fermion exchanges, one vector ex-
change, and one scalar exchange. These diagrams
give amplitudes

D, = —iﬁ(pz)[vu(fﬂ)ﬁ%%n )’,,(t—A)]

X u(p)e, (k) ek(ky) , (2.23)

D=~ tp) [y F) el )

X u(py)e, (k) ef(kp), (2.24)

5 #pa)yolte)ulpr) (ka —ks)\(ka —EB),
D,= ; f— g2 [gn - g? ]

X EABG[guu(kA+kB)A +g,,,t(kA - 2kB)u
+8, (kg = 2k,), ] €, (k) eX(ky), (2.25)



and

D= ~ilalp)r Julp)) (7257
at

X [(0,28,) + (0,08p) ], 2,,€, (k) ef(Rp), (2.26)

respectively. In diagram D,, the projection op-
erator II,, is given by (I-3.26), with the 6, defined
by (I-3.20). In (2.23)-(2.26) s, ¢, u denote the
usual Mandelstam variables, i.e.,

S=(P1+kA)2 ’

t=(py = p)?, (2.27)
and

u= (P1 "ka)z’
with ,

s+t+u= g+ ppemFem,. (2.28)

The complete Feynman amplitude for process
(2.22) is
D=D, +D,+ Dy+ D,. (2.29)

In the center-of-mass system, the four-momenta
of the boson and fermion states are

ky=(E,,0,0,K,),
kp=(Eg,Kpy,0,Kpz),
7=(8,,0,0,-K,),
p:=(8;,~Kzy,0,-Kyz),

(2.30)
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where z=cos8 and y=sinf, with 6 the center-of-
mass scattering angle. Also we define

W=vVs=(E,+8)=(Ez+8)). (2.31)
Further,

t=m2+m;® 28 8, + 2K K 5z (2.32a)
and

u=m>+ up®~ 28 ,Ep — 2K Kz (2.32p)

in the center-of-mass system.

In computing the J-plane behavior of the ampli-
tudes near J=3%, it is sufficient to examine the
large-z form of the helicity amplitudes.® This
fact leads to some algebraic simplification be-
cause it allows one to replace, in the denomi-
nators of D,, D,, and D,, the u—m?, t— u? and
t - M? factors by —-2K K zz, 2K, Kz, and
2K ,Kyz, respectively, after which the numera-
tors may be combined:

1

D=D, + _—2KA Ko

(=Ny+ N3+ N,), (2.33)
where N, are the numerators of the D, in Egs.
(2.24)-(2.26). After some algebra, which involves
commuting y- ¢* to the extreme left and y- ¢ to the
extreme right, we obtain;

N+ Ny+ N, = 2i(e* ¥)a[y: (py+ k)t gt 4) =7t g¥°mt 4 Ju—2i(ky )uly: €*(t 5t 4) Ju

= 2i(k 4+ ¥ Vu[v (L gt %" €Ju+ 20i(py )aly Xt ot p) Ju+ 2i(pyr €¥)ulv(t 4t s)7°" €lu

~ iy ey (py = kL 5t O+ €lu =ity ¥ ,my°t % €u. (2.34)

Note that the 1/p,* term in N,, arising from the
projection operator 1I,, (I-3.26), cancels a simi-
lar term in N,, a cancellation required by gauge
invariance. In establishing this result, we require
the identity

(T F,A8,)+(3,08,)],

=~{[t5 [£4,7°, D] +(4—B)}

=-[15 [t—A’YOm]] = [t4, [t_B!YOm]] , (2.35)
where use has been made of (2.11), (2.13), and

(2.20). We also need the identity
(0T 22 (BN (61, [(8,28,) + (8,0F5)],
G
=1 Z [;c: ¥°m] EABG( Mg - “Az)/ucz , (2.36)
G

which is verified by manipulations similar to those

used in proving (I-3.30).

Equation (2.34) is particularly useful in comput-
ing the sense-nonsense and nonsense-nonsense
matrix elements, since

(¥ €u=0
and for nonsense states . (2.37)
aly - €*)=0
As a result of (2.37), only the first line of (2.34)
is needed in the evaluation of the nonsense-non-

sense helicity matrix—a considerable simplifica-

tion. Other useful identities are
b €P=pye**=0,

o . (2.38)

by €= WK,/ iy s

and
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Da €(())’k: WKB/IJ’B.j

where ¢*) and ¢© denote the helicity=+1 and 0
vector-meson wave functions, respectively.
Equations (2.38) enter the computation of the
sense-nonsense and sense-sense matrix elements
of (2.34). The calculation of the kinematical-sin-
gularity-free helicity amplitudes is presented in
Appendix B.

III. HELICITY AMPLITUDES AND THE
FACTORIZATION CONDITION

At J=3, where the fermion-vector partial-wave
amplitudes satisfy equations which admit solutions
without Castillejo-Dalitz-Dyson poles, the Regge-
ization requirement is equivalent to the factoriza-
tion condition®

Fss=Fonfun Tnss (3.1)

where the f’s are the coefficients of 5, ,,,, 1/
(J=%)1/2, 1/(J-1), respectively, in the partial-
wave projections of the sense-sense (|x], [\ |=3),
sense-nonsense ( lx |= 2, l)\’ ), and nonsense-
nonsense ([x|= [x'|= $) helicity amplitudes. [See
(I-2.9).] Equivalently they are the coefficients of
2% 1/z, 1/z (for large z) of the helicity amplitudes
themselves. Our task is to compute these ampli-
tudes in the kinematical-singularity -free, right-
signature, parity combinations described in Ap-
pendix A. In checking the necessary conditions
for Reggeization of the fermions, we have deemed
it sufficient to look at sense states with only trans-
verse mesons, helicity +1. This leads to appre-
ciable simplification of the algebra and is not ex-
pected to cause any loss of generality in the final
results. The details of the computation of the cor-
responding helicity amplitudes are given in Ap-
pendix B. We denote the resulting coefficients of
2° in the amplitudes f{j;ﬁ{,z by f,s, and of 1/z in
f1/2 3/29 f3/2 1/2s andfge/zeg/z bY fons Fusy a0A [y
respectively, and observe that each of these can
be written as matrices in parity space:

f=[f“f+'}, (3.2)

£

with
f,,;= NT W TN, (3.3a)
Frs=UTsWT 4+ 2T, T,8), (3.3b)
Fen= 28T T+ TyWT )N, (3.3c)
fss= —ANE Ty W' T, 8N, (3.3d)

and the following matrices defined in parity space:
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(3.4a)

Tez , (3.4b)
tR_t—L _t—R__t-L
W-m 0
W = [ } , (3.5)
0 W+m ‘
E—-m O
&= [ ], (3.6)
- 0 S+m .
1
N=[2m(E + m)]l/z[ 0 ] . (3.7)
) 01

The individual entries in the above definitions are
matrices in fermion internal-symmetry space,
labeled by vectors ‘¥ = DL ® P DR with m=m,
tRPett=(F®14+1%®¢%),,, and §=806,,. Ac-
cording to the unitarity-analyticity method for
computing the S matrix in the J plane, the sense-
sense elements of the analytically continued S
matrix near J=% are given from (3.1) by

lm f (=% = Kf 1) RS s (3.8)

J—>1/2
where X is essentially an integral over phase
space and the matrix multiplication is understood
to mean .

E (f)s, el =5 =Kf) oK Dong, a5+ (3.9)

Ck,C'F

The resulting expression is to be compared to the
sense-sense amplitude evaluated directly at J=3
Using equations (3.3), (3.9) can be written as

Um 4NETT(J -KTWT) KT TEN , (3.10)

J—>1/2
plus terms which are regular, and should be com-
pared with that part of £, which goes as z° in D,,
D,, and D,. The crucial point is that f ., corre-
sponding to the s-channel term D,, has poles in W
at the masses of the fermions, and the necessary
condition for Reggeization is that f,(J — 3
~%f ) "Xf,s should have the same structure at
J=3 Therefore, a necessary condition for Reg-
geization is that in this limit we should have

(ARET,W™T,8N);;

=lim [40E TT(TWT - oz)‘lTT(‘,’SZ]BJ A

«—0

(3.11)

for every initial and final vector meson A, B and
every initial and final fermion i,j. We have de-
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fined, for the above equation
a=(J-3)x™, ' (3.12)

since the phase-space integral X is nonsingular.
Thus, since the kinematical factors on both sides
of (3.11) are identical, we must investigate under
what conditions the following equation holds:

TwT= lim TT(TWT - @) TT. (3.13)
o

The relation (3.13) is immediately satisfied in
those cases where the inverse exists in the a -0
limit. Since ‘W is not singular for arbitrary values
of the energy (which are not eigenvalues.of +m),
the existence of the inversion is determined by
the singular nature of the matrices T, T. Even
when these matrices are singular, (3.13) may be
satisfied if the kernel of 7W7 is annihilated by T
and/or T. We proceed to investigate this situation
in more detail. We define X to be the inverse of
(TWT - a) (which exists for @#0) so that

(TWT - )X]p; ;=0p40;;,. (3.14)

Multiplying on the left by T and on the right by
T,, and summing over all the vector-meson .
states, we have

(TTw - a)TXT=TT. (3.15)
We denote
C=).T,T,=TT, (3.16)
A

so that the condition (3.13) becomes a r»elation be-
tween matrices in fermion space,

:T‘BW'ITA=lix% Ty(Cw=-a)cT,. (3.17)
o

The significance of C is that it is a matrix of the
Casimir operators of the fermion representation

Cr+C, —-Cp+C
= [ RETEL, (3.18)
—Cr+C, Cp+C,
where
Ce= 2 THE%, - (3.19)
CL=;—£t_ﬁ. (3.20)

The condition (3.17) must hold for all meson states
A, B if all fermions are to Reggeize. It is con-
venient to go to a representation (in parity space)
where C is diagonal:

C'= [C" 0 ] : (3.21)

Then in this representation,
W= )
-m W
0 (% - 0 ¢*
T' = _ s T' = _ ,
1t 0 20

as can be easily verified. The factorization con-
dition is immediately satisfied in case I: C is
nonsingular, det(C,Cg)#0, i.e., both the left- and
right-handed fermions belong to nonsinglet rep-
resentations, In this case all fermions lie on
Regge trajectories. ’

We now discuss case II, when C,=0, i.e., 7%
=0 for all A, detC,#0, i.e., all fermions are
right-handed and belong to nonsinglet representa-
tions:

(3.22)

CrW—-a —-Cym
C'W' - a= , (3.23)
0 -
- 1 -
. . (CxW = a)™ -5 (CrW =) Cpm
(C'W' —a)?= ,
0 -1/

(3.24)

and

. 0 0
0 tR(CLW = @) Cht®

(3.25)

- 0 0
lel-lTI= . (3.26)
0 E‘RW(Wz_mz)-Lt“R

while

In the limit a— 0 the factorization condition can
hold only if ¢Zm?%=0, or multiplying by £ on
the left and £% on the right and summing, C,m3Cy
=0. Since Cy is nonsingular we conclude that m?
=0. Therefore for case II: If all fermions belong
to (nonsinglet) purely right-handed (or purely left-
handed) representations of the gauge group, they
will all Reggeize only if they are all massless.

We consider next the general case, without spe-
cial restrictions on C, or C,. By direct compu-
tation, using (3.21) and (3.22), we find that

TWiT=
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and .
tEDC 1% TEECRIR }
b

f"(C"W' _ a)-].chl= [ B S _
tRFCt% (RBCit®

(3.28)

where the matrices in (3.28) are
B=[(CxW =~ ) = Com(C W =) Cpm]™, (3.29)
F=[(CxW—a)*Cpm]

X [=Com(CeW — o) Com+(C,W—a)], (3.30)
D=[(C,W=0a) = Cym(CxW - @) Cpm]™,  (3.31)
and
E=[(C,W-a)*Cym]

X [=Com(C W = a)Com+ (CW —a) ], (3.32)

which gives four conditions to be satisfied if the
factorization constraint (3.17) is to hold. First
consider

— w -
t3 W2 —m? 1
2 im PR[(CuW = @)
a—>0
—Cpm(C, W = a)*Cym]™Crth  (3.33a)
=1lim P;W[CR(Wz_mz) -a
a—0
Com —2—m| " CoP%. (3.33b)
- Cym Cowe M R4 - .
Now,
lim ¢(C, W - a)*= =P, (3.34)

a—>0

where 131, (13R) is the projection operator onto the
null space of C, (Cp), so that

p,c,=C P,=0

and (3.35)
PpCp=CgPp=0.

Thus, we have

ig—ﬁvf—w t—ﬁzii_r’rcl)i_’; W [Cr(W? = m?) = a

+ CgmBPm] ™ Cht k. (3.36)

Since (3.16) and (3.35) imply that
PpiR=1RP,=0, (3.37)

the factorization condition (3.36) requires
CyomP,miB=0, forany A. (3.38)

Multiplying by 3 £ on the right and summing on A
gives

CpmP,mCyr=0. (3.39)

Since ﬁL2=f’L and C,, m, and P, are Hermitian,
this simplifies to
CpmP, =0, (3.40)
or equivalently
tBmP,=0, for all vector-meson states A.
(3.41)

From (3.27), (3.29), and (3.32) we obtain the anal-
ogous result

ttmP,=0, forall A. (3.42)

Finally, the off-diagonal elements of (3.27) and
(3.28) automatically satisfy the factorization con-
dition (3.36), once (3.40) and (3.41) are imposed.
In establishing this final result, one must also
make use of (3.37). In summary, we have found
the following criteria: In the general case, nec-
essary conditions for all fermions to lie on a
Regge trajectory are

timPy=0
and , forallA. (3.43)
t ﬁfmf5 =0
Equation (3.42) obviously subsumes the special
cases discussed above. Conditions (3.43) are
trivially satisfied if P,=0 and P;=0, which can
only occur if there are no right-handed or left-
handed singlet fermion representations of §. If
singlet representations do occur, the above con-
ditions become constraints on the fermion mass

matrix. In the next section we turn to applications
of our results.

IV. APPLICATIONS

In Sec. III we derived a necessary condition for
the Reggeization of the J=3 fermions in an arbi-
trary gauge theory. One requires

timPg=0
and , forall A (4.1)
tBmP,=0
where the projection operators P satisfy
P,C,=C,P,=0
and (4.2)
PgCr=CpPp=0.

From the definition of the fermion Casimir op-
erators, one also obtains slightly weaker condi-
tions

C,mby=0 (4.3a)

and
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(4.3b)

from (4.1). It is sometimes convenient to work in

the representation given by Eqs. (2.4)—(2.7). From

the properties of the set of orthonormal vectors

{C,4} given in (I-3.19)-(I-3.20), one can write
CR=;t_ﬁtf=t§t§

and (4.4)

Co=tltL.

CemP,=0

Similarly, our criteria become

ttmPy=0 (4.52)
tEmp, =0 §» foralla (4.5b)

in this basis. We also remark that (4.1) or (4.5)
.need not be evaluated in the basis in which the
fermion mass matrix is diagonal; the choice of
fermion basis is a matter of convenience. By us-
ing (2.11), (2.15), and (2.20) we can rewrite (4.5)
in terms of the Yukawa couplings, i.e.,

timPy=mtRP, - (N6 TLR)P,
= -6, I'ZR)p =0
and (4.6)
tEmP,= -\, TRL)P, =0,

We now consider specific models, with emphasis
on models where some fermions fail to Reggeize.
We begin with a model which has no parity vio-
lation in order to demonstrate that a central issue
of fermion Reggeization is whether fermions be-
long to singlet representations or not, with parity
violation not directly relevant. Consider the gauge
group §=SU(2), with fermions transforming as
p~3
andl~ 1 } -dimensional representations of § (4.7)
and scalars transforming

¢,~ 3-dimensional representation of §; p=1,2,3.

The Lagrangian of this model is given by o
Loauge= —3(F LT L), (4.9
where
F =0, 40— 8, AL +8€, AL AT (4.10)
L4 ormion= 10V Db = Ymoh+ily*8 1 —mgll
- Glieabc({p—azpb)d)c
= Gol@)p o+ (W] s (4.11)
where
(D)= 8,0, — S€apctp AL 5 (4.12)

and 7
Looson=2(Dyu, D) = V(9), (4.13)
where
(Dy0)a= 0,04 —E€apcdp AL - (4.14)

(Note that we have chosen identical bare-mass
terms for the fermions for simplicity.) It is pos-
sible to find a V(¢) such that

(1)=(¢2)=0

and (4.15)
(pgy=v#0.

That is,
(Pa)= 0430

By translating the boson field ¢,= ¢+ 0,50, we
obtain the following mass terms in the Lagran-
gian; :

£mass = %(gzvz)(éba - 631)63a)Aaqu - mo(J)‘aZPa +il)
- ile[(¢71¢z) - (52%)] - sz[(%l) + (7¢3)] .
(4.16)

Let us concentrate on the fermion mass matrix.
In this basis the mass matrices are

) (@)

my  iG
M, = .
YU -G mgy )’
with eigenvalues m,+ G,v, and

() (D

my, Gy ]
M= G my )’
with eigenvalues m,+ G,w. The fermion mass ma-
trix is diagonal in the basis defined by

(4.17a)

(4.17p)

1 .
Efﬁ(%ii‘l)z),

1
=75 (Fo+10), (4.18)
1
eo=ﬁ (21[)0 _lo) ’
leading to
£mass= "'(m0+ le)E+E+ - (mo - le)E_-E.
(Mo + G)EgEy — (mg ~ G,0)20e, - (4.19)

Consider vector-fermion scattering in this mod-
el. The relevant interaction term in the Lagran- -
gian is
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£'=-g(E,y"E,-E.Y*E)Z,
x -\7——% [(Eoy“E.+2,v"E.
- E,y"Ey-E,v*e)W" +H.c.],
(4.20)
where we have defined

A=z, sa
1 e (4.21)
\/_—Z-(Aui'LAu)"Wu‘

We now show that the singlet-triplet mixing of
fermions spoils the Reggeization of the E° and e°
fermions, a result which we establish in two dif-

ferent ways. Consider the coupled processes
W*+ E N
(E° €% , (4.22)

we " Ny g \

W*+ E”

which are the only channels which can contribute
to the Reggeization of the E° and ¢° fermions, as
can be seen from (4.20). By direct computation

it is easy to show that the nonsense-nonsense ma-
trix for the process (4.22) is

11
(fnn)Bi;Af= -'gz(W—mo) [ 11 ] (4'23)
in the basis in which both the vector-meson and
fermion mass matrices are diagonal. Since

rank f, =1, (4.24)

there can be at most one Regge trajectory in the
(E°, e°) sector;* not enough to Reggeize both fer-
mions. Further,

FoW=mg)=0, (4.25)

so that this trajectory does not pass through either
fermion. By comparison, the sense-sense matrix
for (4.22) behaves as

-2 2

Y S
Fes W—mEoFW—meo’

(4.26)

where obvious coupling matrices have been omitted
for simplicity. Thus in (4.22) neither E° or ¢° lies
on a Regge trajectory. If there had been no mixing
between the singlet and triplet fermions, then it is
straightforward to verify that ¢, would lie on a
Regge trajectory, but  would not.

The Reggeization of the E, fermions requires
study of the coupled processes

Z+E, Z+E,
W*+Ey—E,— W'+ E,.

W*+eo/ \W*+-eo

(4.27)
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A direct study of £, would now require extraction
of the eigenvalues of a 3 x 3 matrix. Therefore,
the complexity of the brute force analysis of f,,
increases rapidly with the number of coupled
channels. For these more difficult situations,
our general criteria (4.1)—(4.6) then become a
powerful tool. We now turn to these techniques.
Since parity is conserved in this example, the

left and right representations are isomorphic, and
we may write our criteria as

tamﬁ= 0, forall o
with (4.28)

Pc=0
for the model described above in the representa-
tion D, given by (4.9)—(4.18). Then,

® ’

0
ta: [ (ta)bc

4.
0 0 (4.28)

}a a,b,c=1,2,3,

where (£,),,= ig€. »

2¢%5, 0
C=tt=[ R a,b=1,2,3,  (4.30)

and

(4.31)

~ [0 0]
P=
01

in this basis. It should be emphasized that Eqgs.
(4.29)—(4.31) are 4 x 4 matrices in D, due to the
reducible representation content of the fermions.
Finally, combining (4.17) with (4.18) we have

W) @) @) @

my iGov 0 0

-iGv m, 0 0
0 0 my, Gy
0 0

(4.32)

Guv m,

Returning to the Reggeization of the E, fermions,
we observe that (4.28) is trivially satisfied, since
P=0 on the subspace defined by (4.27). There-
fore, the factorization condition (I-2.15) is satis-
fied for the coupled-channel problem (4.27), and
the E, lie on a Regge trajectory. The ease with
which we obtained this conclusion should be com-
pared with a direct analysis of the 3 x 3 matrix
f n for the amplitudes (4.27).

It is also trivial to analyze (4.22) by these meth-
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ods. Let us consider the condition
CmP=0 (4.33)

on the subspace defined by (4.22). Then the nec-
essary condition for factorization of (4.22) is

{1 o} (mo Gw [o O‘J
Zo
00 Gy mo} 0o1) ™

i.e.,

[0620
)

Therefore, factorization fails for (4.22) and both
E° and ¢° fail to Reggeize in this model. The role
of mixing of ¥, with [ is clearly evident in (4.34).
Again, the efficiency of this method of verifying
factorization is apparent.

The next example we consider is the Weinberg-
Salam model. For simplicity we concentrate on
a single generation of leptons and of quarks. Con-
clusions are easily drawn for more complicated
cases without further computation. The relevant
part of the lepton Lagrangian for our purposes is

(4.34a)

~

(4.34b)

£'=g(Ly*3m,L)A;,
"g’ [(ERY“QR) +é(?L'}’u€L) +%(;L7”VL)]BU.

-m(€geL+Erer), (4.35)

with vy
er

where A% and B, are the gauge fields of the SU(2)
and U(1) gauge subgroups, respectively. It is
more convenient to work in this basis for the vec-
tor bosons, rather than in the representation in
which the vector-meson mass matrix is diagonal.
Therefore we will be interested in examining the
factorization criteria in the form (4.4) and (4.5).
From (4.35) we have

tl=%gr,, for a=1,2,3

and (4.36)
(10
ti=-3g¢ , for a=4
01
while
t£=0, for a=1,2,3
and (4.37)

R ’ 00
te=—8 01 , for a=4.

Therefore,

(VL) (eL)

LyL _1 2 2 1 0
Co=tLtL=4(3g%+g") o1

10
=1 g%3+tan0,) [ 01 ] (4.38)

and

(VE) (eR)

Cp=(g")? 0 0] 2tang [0 0] (4.39)
=(g’ = n ’ .
RTNE [01 £ o 1

which implies
P,=0
and (4.40)

. 10]
P = .
R[oo

Finally, the mass matrix is

(VL) (eL) (VR) (eR)
0 0 0 0

m=| 0 0 0 m (4.41)
0 0 0 0
0 m, 0 0
Since
R 0 mlR P, O
mP= [
mEL- 0 0 p,
0 m*Rp,
= [ mRLI?'L 0 }EO, (4.42?

Eq. (4.5) is trivially satisfied for all @, and the
electron and neutrino both Reggeize. More gen-
erally, if the lepton sector is described by several
generations of left-handed doublets and right-
handed singlets, with couplings as in (4.35), and
all neutrinos are massless, then all charged lep-
tons and neutrinos Reggeize. For more general
models, one proceeds similarly. The contrast
between the SU(2) model analyzed in (4.7)—(4.34)
and the SU(2) x U(1) model of Weinberg-Salam is
striking. In particular, the presence of the U(1)
subgroup is crucial to the Reggeization of both
the neutrinos and charged leptons, since this
means that C,#0, and P, #1. The additional
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" fermion-boson channels provided by the B , boson
increases the rank of f, so as to allow the Reg-
geization. The benefits of coupling additional
channels in the Reggeization program has been
noted in earlier work.®

Let us now turn to the quark sector of the Wein-
berg-Salam model, with just one generation of
quarks for simplicity. Then the important part
of the interaction Lagrangian is

£'=g(Ly*57,L)A% + g'(it gy ug + 5d, v d;)B,
—m gy +Uugug) —mded, +d,dg), (4.43)

where

U
(2],
Now

ti=%gr,, for @=1,2,3,

(4.44)
. . ,[00
ta=28 , for a=4,
01
and
tR=0, for a=1,2,3,
(10 (4.45)
1a=8 , for a=4.
00
Thus,
L 10 00
C,=3g% 3 +tan?g,, (4.46)
01 01
and
2 2 1 0
Cp=g?tan®g, 00l (4.47)
with
P,=
and
” 00
Py= 0 1)’ for 6,+0. (4.48)

Equations (4.3b) and (4.5b) are trivially satisfied,
while (4.5a) requires

0 03,
(03] =0 for all @, (4.49)
0 my,

which cannot be satisfied for any «, given (4.44),
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unless m,=0, which is not the case. Therefore
the quarks do not Reggeize in the Weinberg-Salam
theory.

As our last example consider the “standard
model” with gauge group SU(2) x U(1) x SU(3),
where we will see immediately that the additional
couplings of the SU(3) of color enable gl fermions
to Reggeize. The reason is that for the quarks we
now have

detCL#0,
detC,#0, (4.50)
and
P,=P,=0, (4.51)

due to the enlargement of the gauge group. This
now allows (4.5) to be satisfied for the quarks
without constraint on the flavor content or mass
spectrum of the quark sector. Furthermore, the
analysis of the lepton sector is identical to that of
(4.35)—(4.42), since the leptons are colored sin-
glets. More generally, we see that if we encoun-
ter a situation in which some fermions do not
Reggeize, if one can enlarge the gauge group so
that P, = P, =0 due to the additional gauge cou-
plings, then Reggeization will be achieved. It
should be remarked that once the massless
colored gluons are considered, then one encoun-
ters possible infrared singularities in the Regge
trajectory functions.!'®” We conjectured in I that
these infrared singularities could be removed if
inclusive processes were considered in this pro-
gram.

In a GU theory* such as SU(5), where one has
the option of assigning each generation of fermions
to the 5+ 10 representation of the gauge group, all
fermlons Reggeize since detC,#0, detC,#0, and
P P =0. Therefore in this version of grand uni-
fled theorxes all fermions and all gauge bosons lie
on Regge trajectories.® Although these conclusions
may not have any immediate practical conse-
quences, they have a great deal of aesthetic ap-
peal. Other GU theories, with their particular
fermion representation content, may also be ana-
lyzed by the methods of this paper.

The most immediate consequence would occur if
perturbation theory breaks down above 1 TeV in
the unified electroweak theory. Then one will ex-
pect to see J=3 recurrences of the elementary
leptons in the 2-to-4-TeV region. However, the
widths of these lepton resonances are expected to
be enormous due to the large available phase
space. Therefore, it remains a challenge to find
a way in which the possible lepton and intermedi-
ate-vector-boson Regge recurrences make their
presence known above 1 TeV.
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APPENDIX A

This Appendix is devoted to an extension, for
the case when P and CP conservation is not as-
sumed, of the formalism of Gell-Mann, Gold-
berger, Low, Marx, and Zachariasen (GGMLZ)?
for defining signatured, natural- and unnatural-
parity helicity amplitudes free of kinematical
singularities. We follow closely their procedure
and obtain results which reduce to theirs if P and
CP are conserved.

We begin by defining two-body helicity states
[7,A;)=|J, M, A, A,) of given total J,J, and particle
helicities A ,A,. Under the parity operation we
have

PIJ’}‘¢>=UIJ’ _)\i>’ (A1)

where n=7,1,(~1)’1"52 and s,, s, are the spins of
the two particles. The helicity scattering ampli-
tude is defined by

f’“i"‘j= - i7G Z (27+ 1)A; | F7 |2 )ad(6),  (A2)

where (\}|F’ |x;)=(J,\;[S=1|J,7,), K (K') is the
initial (final) center- of-mass momentum, and A
=A =Ay A=A =AS

We define the parity combinations

1 —
IJ’A:')*=F [ |J,7\;)=t7?|<7, "7\1>] ’ (A3)
with =1, n,(=1)"?*1*2) =0 or 3 if J is integer or
half-integer, and the amplitudes

F;\,';.e;f)= €'<>\§ IFJ I)\J>e y €€’ =x%. (Ad)

For example, )
F“‘ = M FT )+ |[FT | =)
R AT |y
(A5)

Note that if parity is conserved the terms on the
right-hand side of (A5) are pairwise equal, and
F*=F"*=0. After some algebra we can express
the scattermg amplitude as

. L 2J+1)[FI**+ FI*
Fip,™ s 2427+ VL
+F7™+ FI™"]ad,(0).

A6)
The usual kinematical-singularity-free amplitude
is

f)t',-lj = (c)'llﬂ' |(s)-|k-ylfy‘hj .
(A7)

c=v2cos38, s=V2sin0.

1t is convenient, however, to define “parity” am
plitudes similar to those of GGLMZ. They are
given by the following combinations:

F3E20= U+ €€ 1PN oy, ] €17 [ gy € (=0T (a8)

where A, =max(|x|, [\"|). They can be expressed
as in GGLMZ as an expansion in terms of the
functions e’ that they introduce:

s = \/__ —= Y (2J+1)[Fizteli(z) + FiFeli2)],
(A9a)

s = }:(zJ+ V[FiFeliz)+ Fiztei2)] ,
(A9D)

with an inversion formula exactly as in GGLMZ:
poee KK f: dz[e32 (2)Fse(a) o (AF ()]

(A10)

If parity is conserved f**=0. In the form of Eq.
(A9), the high-energy behavior of f¢'¢ is deter-
mined by Regge poles in F7¢",

I
APPENDIX B

In this Appendix we give details of the calcula-
tion of helicity amplitudes, in Born approxima-
tion, for vector-spinor scattering.

We work in the center of mass, with the defini-
tions

k4=(E,,0,0,K,),
kp=(Ep,Kpy,0,Kp2),
p=(8,,0,0,-K,),
p.=(8;,=Kyzy,0,-Kpz),

(B1)

for the momenta of vectors and spinors, respec-
tively, with z=cos6f, y=sinf. The total center-of-
mass energy is W=§6,+ E,= &+ Ej.

We use the followmg expressmns for the helicity
wave functions:
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A i the nonsense-nonsense amplitude. We also have
E)‘(KA)‘—‘—-\/-—_z-(O,l,l)l,O), A=x1, p

b1 € (K,)=py €(Kp)=0. (B6)
= El— (K4,0,0,E,), rx=0, Further relations we shall use are
A
(B2) e = (W +2), (BT7)

. Yy
X A ; [
N (KB)‘\/—Z(O’Z’“"”’ Al=xl, for A, A’ =1, and

oL Ky 9By 0,28y, A= 7" = N8 + m)(& +m") = KK X e »
Ky B> By ™ B’ ’

a“yu =N[(& +m)E +m') + KK 1X_ Xy s

: . 8.+m,; _
u*(p)=[2m (& ,+m,)]™/ 2 [ 'K 1] ®X.ps M=%, 7 ysut = N8+ m’) uK — (8 + m) WK’ | X yXop s )
HE 4 . X . _ B8
P (B3a) a*vorsut=N{(E + m')uK + (& +m) 'K’ X yoX s s
m,
#“(py) = [2m (8, +m )]/ ? [ ]MK J]@Y-,u, p=tz, 7"y ut=VoAN[(E' +m’) uK
£ +(8+m)WK']X. 0™y
[ 0 ] ) [1 ] 7y Sysut = VINN[(E"+ m’' )& +m)
X-= y Xe T ’
1 0 + 1t T et
, WU KK | X 00X
(B3b) st
—sink 6 cosio for =1, with ¢*=0,+iXo, and
I= , , Xi= [ n . N=[4mm'(§ +m)(& +m’)]/2
cosz sinz 0 Because of simplifications in the algebra we
shall compute the helicity amplitudes only for
Our y matrices are such that transverse meson helicity states. We begin with
the nonsense-nonsense amplitudes, A=+1, u
v, =0'v 01 =F3; AM=21, u'=%3 for which, as mentioned
voos| o y V5= 10)° (B4) above, only the first term in Eq. (2.34) contri-
v =Y butes. (The term D, in (2.33) contributes only to
1 y
We note the following useful relations the sense-sense amplitudes, since it does not
. contain a z™ factor.) We write
ye e"u“=0, ﬁu'),. €x'*=0’ (B5) ~ ~ ‘
F=2(L+yy)tR+3(1 —y,)E %, (B9)
for (A, 1) or (A, u’) in the nonsense combinations ) .
(1, -%) and (=1,3). They imply in particular, that and fm.d that for large z the relevant part of D in
only the first term in Eq. (2.34) contributes to (2.33) is
J
P X o - _ o= = - -
T=ﬁ;{m-(p1+kA)[(t§t§+t§tﬁ)+ys( 55 - 5D urultFmt k+ t5miB) —yy(t8mtk - thmt%) Ju}.
(B10)

In the center of mass y* (p, +%,)=7,W, so that we can read the various matrix elements from Eq. (B8).

We evaluate the expression in Eq. (B9) for the various helicity configurations so as to obtain the quantities
fer=Fas -1/2;+1,-1/2) f*-=f+1,-1/2;-1,+1/2; f-+=f-1,»,1/2;§1,-1/2’ f--=f-1,-1/2;-1,-1/2’

remove kinematical singularities according to Eq. (A7), and define parity combinations according to (A8).

We find, for the coefficient of z™,

;;2'3/2=ﬁ(81+m1)(8i+mi)[W(_§t—ﬁ+ tLrk

F37,0r2= NEGE 4 [W (B E + 251 2) + (¢ Bmt b+ TEmt B)] (B11)
f372,372= NEKp(8 +m )[W(Et§ —t 51 §) ~ (1 Bmif -1 fmi%)],
f;72'3/2=ﬁ(8j+mj)KA[W(t—gfﬁ—t—gt‘ﬁ)+(th§mt—ﬁ —tEtmi®)],

where
N=i2V2[2m (8 ,;+m;)2m (8 ,+m )] ™ ¥ 2K K ;) . (B12)

We compute next the sense-nonsense amplitudes for final transverse mesons, A=x1, p=%3; A'=zx1,
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Ww'=+3. We still have y* eu=0, but %y* ¢*#0. We decompose ¢ as in (B9) and find that the relevant part
of the amplitude is

T'=T —iky cul(IRER+ELTE) +v5(1RER —FLtE) |y *u, (B13)

where T is given by Eq. (B10). Using Eq. (B8) and the definitions in Egs. (A7) and (A8), we find for the
coefficient of z™:

f{72'3/2=ﬁ(gj+m‘,)(gt"‘ml)[{w— 2(8] —mj)}(;g;ﬁ+ t—gt—i) —(;gmt_ﬁ+ If—f,‘ml?ﬁ)] N
}:;; 2,3/27 —NE K, [{W - 2(8; + mj)}(t_gt—ﬁ*' thth)+ (t_,gmt—ft +tgmt)],
};72,3/2=ﬁ(8i+ mi)KB[{W— 2(5j+mj)}(t_§t_ﬁ - ;gt—ﬁ) "([I};m;‘fi - t—gm;ﬁ)] ’

Firnaye==N(8;+m)K (W - 28, —m )}t 515 —1 5t %) + (tEmt k -t 5mtB)].

(B14)

Finally we need the sense-sense amplitude for A=+1, p=+3;\ =%1, u'=1+3. Rather than compute the
whole amplitude, we restrict ourselves to the part which actually exhibits the direct (s) channel fermion
pole, as given by D;:

1

_ 1 - - 1 -
T"= —giny [y (py+ k)t 5 5

S -

- -1 _ _
e tﬁ*‘tgs_mz t%) =vs(t§

m - -
L, 7L
+1

s=m2 4 "Bg_

m o — m
vy tﬁ)+’)’5(t§s_

+(1'T}l§ 2~£"'*£ - zt_ﬁ)]?"ﬂl- (B15)

We replace y- (p+k,) by v,W, and using Eqgs. (B8), (A7), and (A8) find

Fiars o= AN(S, + mj)(5i+mi)[W(t_§ —

- = - 1 - = 1 - R M T T M T
Fija o= KK W (P P s 04 - (B 0 Th e 1))

(B16)

- _ w1 = o 1 - m_ o o om
5= A8 o )0y WPy 78 = P 18 )+ (P2 P - b2 )]
- — - 1 — = 1 - TROM T oM
f1/2,1/2=4NKA(gf+mi)[W(t§sTfn7 A= 55‘_7? i>-<t§s—m2 tﬁ_tﬁs—mz ﬁ)]'

Equations (B11), (B14), and (B16) can then be rewritten in the form of Eqs. (3.2)—(3.7) of the main text.
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