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High-energy vector-boson scattering arith nonstandard interactions
and the role of a scalar sector
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The high-energy behavior of vector-boson scattering amplitudes is examined within an efFective
theory for nonstandard self-interactions of electroweak vector bosons. Irrespective of whether this
theory is brought into a gauge-invariant form by including nonstandard interactions of a Higgs
particle, I Snd that terms that grovr particularly strongly vrith increasing scattering energy are
absent. Different theories are compared concerning their high-energy behavior and the appearance
of divergences at the one-loop level.

PACS number(s): 14.70.—e, 12.60.Cn, 12.15.Ji

I. INTRODUCTION

The standard electroweak theory [1] has been the most
promising candidate to describe the electroweak interac-
tions ever since it was proven that this theory is renor-
malizable [2] and that tree-level scattering amplitudes do
not exceed the unitarity bounds at high energies if the
mass of the Higgs boson is not too large [3—5]. The in-
clusion of a scalar (Higgs) sector and the generation of
the vector boson masses by the spontaneous breakdown
of an underlying linearly realized local SU(2)L, xU(1)y.
symmetry appears to be a necessary ingredient for a»ni-
tary and renormalizable theory in which massive vector
particles interact with fermions.

In fact, the standard theory consistently describes all
currently known experimental data and the agreement
between theory and experiment is particularly remark-
able for the recent precision data &om the CERN e+e
collider LEP 1, as these measurements test the theory at
the level of one-loop radiative corrections.

However, the scalar sector of the theory has been ac-
cessed only via its indirect, i.e., loop-induced, efFects on
the current observables. Direct measurements of the
vector-boson self-couplings have up to now been per-
formed only with large uncertainties [6]. In view of near-
future measurements of the process e+e ~ W+W at
LEP 2 which will improve the sensitivity to the vector-
boson self-couplings [7], various models that can incorpo-
rate nonstandard vector-boson self-interactions but co-
incide with the standard model in the well-established
sector of the interactions of the vector bosons with the
leptons and quarks have been recently under considera-
tion. It is not clear whether such a theory is also, as in the
case with standard self-interactions, theoretically favored
if it incorporates a scalar sector and is gauge invariant.

Restricting ourselves to theories with the same par-
ticle content as of the standard model, we are dealing
with nonrenormalizable efFective theories that must be
regularized by some ultraviolet cutoff' A. At the tree
level these models give rise to some four-point amplitude
that will at high energies eventually exceed the unitarity
bound [8]. Above some scale, which is usually taken to
be the cutofF A, these theories have to be embedded into
some higher theory which would again be renormalizable
and @~notary. Different approaches for constructing such
efFective theories exist.

(1) Assuming that nonstandard physics already ap-
pears not far above the weak scale the scalar sector may
be omitted &om the theory. These theories exhibit either
no SU(2)L, xU(1)y symmetry [7,9—12] or this symmetry
is realized in a nonlinear way [13,14]. The two cases are
equivalent which can be seen by applying a Stueckelberg
transformation [15].

(2) The standard theory is adopted as the correct the-
ory for electroweak interactions up to a certain scale A
at which new degrees of &eedom occur and which is
large compared to the mass of a Higgs particle. The
nonstandard interactions may manifest themselves at en-
ergies not too far above the weak scale as small devia-
tions from the standard interactions. The Lagrangian for
such a theory is an expansion in powers of 1/A around
the standard theory with gauge-invariant additional op-
erators [16]. Nonstandard vector-boson self-interactions
have been recently discussed in such theories [17—23].

An example of the Srst approach is the Kuroda-
Maalampi-Schildknecht-Schwarzer (KMSS) model [9]
in which trilinear and quadrilinear vector-boson self-
interactions are parametrized under a minimal set of
symmetry ass»mptions. A two-parameter reduction of
the KMSS model can be embedded2 [23] into a gauge-
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invariant kamework. In t~is way one obtains an example
of the second approach. The addition of a dimension-six
single-parameter quadrupole interaction (which contains
no scalar particles and is gauge invariant itself) to this
model leads to a model with nonstandard vector-boson
self-interactions, which has been obtained by adding
gauge-invariant dimension-six terms to the standard La-
grangian. This model is a general one provided some
reasonable additional assumptions on the new physics are
made. s I call this model the gauge-invariant dimension-
six (GIDS) model.

Here, I examine the behavior of vector-boson
scattering-amplitudes for large values of the center-of-
mass scattering energy s in the GIDS model. My calcu-
lation evidences that the amplitudes show a particularly
mild growth with increasing s. I further find that this
behavior is only due to the form of the vector-boson self-
couplings while the scalar sector plays no role.

One obvious requirement that a theory beyond the
standard model has to fulfil is that it agrees at the one-
loop lese/ with the present precision data. If a particu-
lar model shows a dependence of one-loop radiative cor-
rections on large positive powers of the cutoH', then it
can presa~ably not incorporate large deviations from the

standard model since these would bring the model (in the
absence of cancellations) in con&ict with present data.

II. THE MODELS

The KMSS model [9] describes nonstandard vector-
boson self-couplings by four Bee parameters. It has been
derived assuaging that a global SU(2) weak isospin sym-
metry is broken only by electromagnetic interactions. In
particular, the symmetry is broken by a term that causes
mixing between the neutral vector bosons. In addition,
only dimensionless couplings and interactions that are P
and C even have been incorporated. The trilinear self-
couplings are described by two parameters, ~~, and j.

th

Two other parameters, y and g, describe the quadrilin-
ear interactions. A two parameter reduction of the KMSS
model, which I will henceforth simply call "the KMSS
model, " is obtained by imposing the conditions [23]

)

g =0.
The Lagrangian of the KMSS model is given by

&KMSS = —&eA„(w ""W„+—W+""W„)—ier~A„„W+"W

+ &
l

e —
l
Z„(W ""W+ —W+""W )cos 8~ Cos 8gr p

+~
l «, —

l z„.w+"w "—'(A„A"w+w-"—A A w+~w-")
cos 8w' cos 8~ p

+ 2e
l

e —
l

A„Z"W+W "—A„Z„(W—+"W"+W "'W+")1

cos 8~ cos 8w' j
' (z„z"w+w-" —z„z„w+~w-")

cos2 gW1„+ -y'(w+w„-w+~w-" —w+w„-w-~w+-) . (2)

» (2)~ W„+„=&„W„+—B„w~+,etc. , e is the electron
charge, and Hw is the weak mixing angle.

Nonstandard Higgs interactions can be added to the
KMSS Lagrangian in such a way that a gauge invariant
model results [23]. Adding to this model a dimension-
six quadrupole interaction term Zw, introduced in [17],
which is gauge invariant itself, one obtains the GIDS
model which has been thoroughly discussed in [23]. The
Lagrangian of the GIDS model is given by

~GIDS —~SM + &W4 2 ~W4

Egry =i tr[(D~4)tw" (D 4')], (4)

l.i tr [7.s(D„4)t (D„C)]B—"—",
2

and

l:~ = ——itr(W„"W„"W„").

where ZsM is the standard Lagrangian. The Lagrangian
(3) contains the three gauge invariant dimension-six
terms

+KB' 2 ~B+ + 6W 2
g (3) Here, 4 denotes the standard complex scalar Higgs dou-

blet field:

This will be discussed in Sec. II.
1

C = [(v+ H)a+if;7;],
2
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where H is a physical Higgs field, (v/~2)X is the vac-
uum expectation value of the Higgs doublet, the P; are
the would-be Goldstone bosons, X is the ~~nity matrix in
two dimensions, and the r~ are the Pauli matrices. The
covariant derivative of 4 is given by

III. VECTOR-BOSON SCATTERING

I examine the tree-level scattering amplitudes for all
processes involving only massive vector bosons:

where

D„e= a„e+'gw„e—-g'e~, B„,

1W„=—W„;v;.,2

W W+ w W W+
W+W+ ~ W+W+ ( W W + W W )
W W+ -+ ZZ (ZZ m W W+ ) (ll)
W Z mW Z (W+Z mW+Z )
ZZ M ZZ

denotes the non-Abelian vector Beld, and
as well as for the following processes involving photons:

W„„=B„W„—B„W„+ig[W„,W„],

Byv = BpBv BvB

-+ W W+
pW -+ pW
pZ -+ W W+
Wp-+WZ

(W W+-+pp )
( pW+ -+ pW+ )
( W W+ + pZ )

'

( W+p ~ W+Z)
(12)

eg= . (1+awk) ~sin Hgr

K& = 1+E~@ + E~@ .
(10)

are the field strength tensors. As usual, g denotes the
SU(2)g and g' the U(1)y coupling, g' = e/cos8~, Mw
is the mass of the charged vector bosons, and B„is the
U(1)y gauge field. The traces are taken over the 2 x 2
matrices. The nonstandard couplings are described by
the parameters ~~@, e~@,, and e~. In this paper, I call
these parameters collectively "the e;." In the context
of an effective field theory, their order of magnitude is
e, = O(Mvzv/A ) [16].

The vector-boson self-couplings of the GIDS model
with e~ ——0 coincide with the ones of the KMSS model

(2) with the identifications

The amplitudes for the processes appearing in parenthe-
ses are related to the corresponding process to the left
of them as discussed in Appendix B. The relevant ver-
tices following from the GIDS Lagrangian (3) are given
in Appendix A. The Feynman diagrams can be classi-
fied according to the following scheme: diagrams with a
virtual vector boson (denoted by V in Fig. 1); diagrams
with a four-boson vertex (denoted by C); diagrams with
a virtual Higgs boson (denoted by H).

Since the calculations are performed in the»~itary
gauge, there are no diagrams with would be Goldstone
bosons. For the process W W+ -+ W W+ the dia-
grams are shown in Fig. 1. There and in the general
process Vj V2 -+ V3V4, p; is the four-momentum of parti-
cle V; (i = 1,2, 3, 4) and I use the Madelstam variables:

s = (pl +p2) ) t = (pl ps)', u = (pi —p4)' (13)

The GIDS model is the general model for vector-boson
self-interactions that can be constructed &om gauge in-
variant dimension-six terms, provided interactions that
violate the C, P, or CP symmetry or contain higher
derivatives are not considered. Also, terms that modify
the well-tested couplings of the vector-bosons to fermions
are not taken into account. 4 Under these constraints, the
three terms (4)—(6) are the only ones which one reads ofF
from a general listing [16] of gauge-invariant dimension-
six operators. The phenomenologically relevant parts of
the GIDS Lagrangian in terms of the physical fields have
been given in [23].

A = Av+ Ac + A~ . (14)

The M;, i = V, C, or H, can in turn be written as
a product of polarization vectors and a part which is
independent of the particles' polarizations:

M~ = A~P~s(P1, P2, Ps, P4) ey (Ay) e2 (A2) ts (A3)e4 (A4)

(»)

In Fig. 1, incoming particle are to the left and outgoing
particles to the right.

For the general process an amplitude W is a sum of
contributions &om the three sets of graphs:

One particular term, Zu n = — tr(4 W„„@7q)B""—, must
be omitted, because it causes ~ixing between the neutral
gauge bosons W3 and B and thus, after a suitable diagonaliza-
tion procedure, mo&~8es the vector-boson —fermion couplings.
This has been thoroughly discussed in [23].

In (15), e~(A) is a polarization vector for particle j with
helicity A and a, p, P, h are Lorentz indices. I use the
phase conventions of Jacob and Wick [24] for the helicity
eigenstates. The appropriate polarization vectors e~(A)
can be found in [25].

The high-energy ~amplitudes are listed in Appendix C.
Concerning the terms bilinear in the e;, which are not
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w-(p )

w-(p ) = 8 + c$ff+8 + Cvrs2 2 2

or a more decent growth for particular amplitudes. The
sinn of vector-exch;Lnge and contact diagrams is found to
grow as

w+(p )

W+(pq)

W p1

w (p)

w+(p&)

w+(p, )

w-(p )

w+(p } w+(p&)

w-(p3)

M~ + M~ = s + 6w@s+ CB@s+ Cws )

or more decent. The most important result can be stated
here: All the s~ powers vanish already in the sum of vec-
tor exchange and contact diagrams. This fact holds for
all three e; and in all amplitudes. If all external parti-
cles are in the longitudinal polarization state, there is for
many amplitudes a cancellation in this sum of one power
of s in the standard term (see [4]). Simultaneously there
is a cancellation of one power of s in the e~@ and the Egr

terms, which demonstrates the special form of l:~@and
Z~ as far as vector-boson self-couplings are concerned.

Finally, the Higgs diagrams do not depend on ~w and
grow at most as

H = s + 6W@s + E'B4s )

w+(p ) w+(p4)

w+(p&) w+(p4)

listed, one observes that they grow at most as O(s2).
To be specific, the following terms appear:

O(s )(ew& e'wet eBe& sw sz @) + O( )

FIG. 1. Fr~an diagrams for W W+ -+ W W+ in the
tree approximation.

and frequently they are only O(s ).
Adding the Higgs graphs to Af v +Mc in order to ob-

tain the complete amplitude, the residual positive powers
of s in the standard terms are canceled, so that the uni-
tarity limit for partial wave amplitudes is not exceeded
in the standard theory at energies large compared to the
Higgs boson mass. This cancellation only takes place for
amplitudes in which all external particles are in the lon-
gitudinal polarization state, because in the other ampli-
tudes the standard terms are already O(so). All other ef-
fects of adding the Higgs contribution are nonsystematic:
Sometimes powers of e)v@s, s~@s, ew@~a, or e~@~s are
introduced again, while sometimes the terms growing as
Cgyys disappear.

One thus obtains the result

while the combinations sgyyegr and E~@egr@ do not con-
tribute to the sz terms. s

I turn to an investigation of the cancellations that take
place among the sets of diagra~~ (14) (compare [4] for a
sirni&ar an~Jysis in the standard model). I have analyzed
all amplitudes for the processes (11) and (12) and find
that the sum of the vector-exchange diagrams for any
amplitude grows at most as

s + CW@s + E'B+s + E'Ws )
2 2 2

where s2 is to be understood as O(s2) etc. All of these
powers typically appear when all external particles are in
the longitudinal polarization state.

The contact graphs get no contribution from e~@, since
E~~ does not contain quartic interactions. I find a
growth as

The s;s~ O(s /Mw) toms are suppressed by a factor of s/A
with respect to the s;O(s/Mw~) terms.

This behavior is unchanged if the Higgs diagrams are
omitted.

WC, S+ ABC,S+ eWs, (16)

e
K~

sin Hw

or a more decent growth. Concluding this analysis, the
e;O(s) behavior is entirely due to the form of the non-
standard vector boson self i-nteractions. -The nonstan-
dard Higgs interactions yield terms of e;O(s) but do
not change the high-energy behavior. The inclusion of
a scalar sector in nonstandard interactions is thus of no
mlevance as far as the high-energy behavior of the theory
is concerned.

I compare my result to an analysis [10] of vector-
boson scattering ~amplitudes in the four-parameter KMSS
model in which the authors did not restrict themselves to
small values of the ~, It has been shown there that a one-
pare~eter reduction of this model, the Bilcha3r;Kuroda-
Schildknecht (BKS) model, exists, in which terms that
grow with O(s2) or stronger are absent in the amplitudes.
The Lagrangian of the BKS model can be obtained kom
(2) by e»minatiug g in favor of rc~ by the relation
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I note that from (10) and (17) one sees that the BKS
model is equivalent to the GIDS model (3) with

ew'@ = K& —1 and tery@ = 6gr = 0, (18)

as far as the vector-boson self-couplings are concerned.
Thus, the model with only e~@ should yield only am-
plitudes that grow at most as O(s) if the Higgs interac-
tions are turned off. My calculations show that the terms
e~@O(s) remain if the Higgs interactions are added. For
the processes W W+ ~ ZZ and pZ m W W+, I ex-
pected this latter fact from a result in [10]. The authors
of this reference showed for these processes that in the
BKS model »~itarity is violated in partial waves with
angular moment»~ J ) 0. Since an additional neutral
scalar particle can only be exchanged in the s-channel in
these processes, only the J = 0 partial waves can be af-
fected so that the addition of a Higgs particle cannot be
suRcient to restore»»itarity. For other processes, also
t and u--channel exchange occurs. However, even here
the addition of a Higgs particle does not cure the bad
high-energy behavior.

Considering the equivalence of the KMSS model and
the GIDS model without Higgs interactions and without
l:~,~ one expects that amplitudes for a model with only
Z~@, are in general JH = O(s2), since the BKS model
(which is equivalent to tating only Zw~ as far as only
terms linear in the deviations from the standard model
are concerned) is the ordy model that can be embedded
into the KMSS model in which the amplitudes are only
O(s) even and bilinear in the deviations from the stan-
dard couplings. In this context, I re-emphasize that the
s2 terms are, however, absent also linear in e~@ and not
only in e~@.

IV. CONCLUSIONS AND REMARKS

It is well known that the inclusion of the Higgs exten-
sion in the standard model is crucial to ensure the per-
turbative unitarity as well as the renormalizability of the
theory. Concerning the dependence of one-loop radiative
corrections to four-fermion scattering amplitudes on the
mass of the Higgs boson, the standard theory only shows
a mild, logarit&mac M~ dependence (screening theorem
[26])

The role of the Higgs sector in the standard theory
can be studied by looking at the corresponding behavior
in the nonlinear signora model [27], which is obtained by
integrating out the physical Higgs particle of the stan-
dard theory. The nonlinear sigma model in the unitary
gauge corresponds to the case of no Higgs particle, or,
equivalently, to the limit of an infinite mass of the Higgs
particle in the standard model. In the nonlinear sigma
model, tree amplitudes grow as O(s). In contrast to the
standard model, this model is nonrenormalizable. It has

Vvww(~ P 7 kl k2 k3, gv, ~v, yv)

V.(k, )

w&th V= 7 or Z

and g„=1,

Wp+(k2)

W„(k3)

i egv —g Pk2 + g»(k2 —k, ) + g& k,

+ ~v(g kg —g' kg)

+ tc "v k'k. k' —k'k'k.
2 1 2 3 1 2 3

+ k, k2(k3 g~ —k3Pg )

+ k1 ' k3(k2g P —k2g»)

+ k2 k3(k~gr —k~g ~)

CW + &W4
2

3wCw

a logarithmic cutofF dependence.
I have investigated the role of the Higgs extension

in effective theories with nonstandard vector-boson self-
couplings. These theories are nonrenormalizable even
when a Higgs extension is included. Only terms at most
linear in the deviations from the standard couplings have
been considered. This restriction is also explicitly as-
s»~ed in the following discussion, if not otherwise spec-
ified.

I start with the KMSS model, (2). This model is equiv-
alent to the GIDS model with e~ = 0, agre g 0, e~y g 0
and no Higgs interactions. We saw that vector-boson
scattering amplitudes grow at most as O(s). The O(s)
growth remains if the Higgs interactions are added. Thus,
in distinction from the case of the models with standard
vector-boson self-couplings, the omission of the Higgs ex-
tension in the nonstandard interactions does not change
the high-energy behavior of tree amplitudes. If we add
the quadrupole interaction l'.~ we also find at most an
O(s) growth.

As to loop efFects, a complete analysis of one-loop cor-
rections to four-fermion scattering amplitudes due to the
dimension-six terms of the GIDS model has been pre-
sented in [20]. It is shown there that the efFects of
these terms can be described by cutofF-dependent (renor-
malized) coefBcients of other dimension-six terms that
have tree-level effects and by a renormalization of the
standard-model parameters. I note that only the de-
pendence of the coefficients on the scale A can be de-
termined»~&ess one knows the underlying renormaliz-
able theory [28]. If the Higgs interactions are excluded
(KMSS model), the renormalized coefBcients are propor-
tional to A2 and lnA. When the Higgs sector is included,
the quadratic A dependence disappears and only an lnA
dependence remains. In addition, a quadratic M~ de-
pendence appears. This behavior is similar to the re-
placement rule M~ ~ A when going from the standard
model to the nonlinear sigma model, although for the
efFective theory this replacement does not quantitatively
reproduce the heavy-Higgs-boson limit.

The behavior of the different models is summarized in
Table I.

Finally, I note that in the four-parameter KMSS

~ + ~we+ ~a@, &z
C 32

(1 + &wo —~&Be)

yy = &w& yz ~~wC

3w

I ~i~d the reader that this equivalence only holds linearly
in the deviations &om the standard model. FIG. 2. Three-boson vertex.
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TABLE I. Growth of tree ~amplitudes, cutoff dependence, and Myg dependence in various theories.

No Higgs boson Linear Higgs sector
Loops

Self-interactions

Standard
Nonstandard

Model Amplitudes

O(s)
O(s)
O(s )

Loops

lnA

A, lnA

Model

b
d

Amplitudes

O(s')
O(s)

MH

lnMH
MH

Cutoff

none
lnA

Nonlinear o model [27].
Standard model [3—5,26].

'BKS model, two-parameter KMSS model [9,10,29].
Linearly SU(2)L, x U(1)& invariant dimension-six extension of the standard model (GIDS) [20,23].

'Four-parameter KMSS model [9,10].

& (k)) W+(k3)

w;(k, )

V7 7 )4' w (&g P, P, 6, kl ) k2 y k3, k4)

g ggp6 + ga6gpq ggapgyb

+ M, F p 6(7k k)), k k3)]4

model, which cannot be embedded into a gauge invari-
ant framework without taking dimension-eight terms, we
have an O(s2) growth of amplitudes. The p parameter
depends only quadratically on the cutoff [29], but the A
dependence of the other one-loop contributions has not
yet been investigated.

Z (k)) W7+(k3) Vz7ww(o, P, p, 6, ki, k), k3, k4) ACKNOW'LED GMENTS

w;(k4)

c
aw~ C2

(g"g" + g 'gP7 2g'g")—
+ M, F p7 (k&, k), k3 k4)]

I would like to thank Dieter Schildknecht for suggest-
ing this work to me and for continuous advice. I thank
Mikhail Bilenky, Carsten Grosse-Knetter, and Hubert
Spiesberger for useful discussions and help.

Z (k))

Zp(k3)

W+(k3)

w;(k, )

Vz z)4 w(a, P, p, 6, ki, k3, k3, k'4)

(i+ 2'", ')
(g"g '+g 'g ' —2g g")

+ ~~3 F P76(kg, k), k3, k4)

APPENDIX A: VERTICES

The vertices needed for the computation of the am-
plitudes can be classi6ed according to vertices involving

%'p+(k2) VH w w(P) '7) kl ) k2) k3) )

W+(k))

Wp (k3)

where

w+(k3) VW W))'W(o) p) '), 6, k)) k3, k3, k4)

w;(k4)

= —ie ~,, (1+26))o)1
sw"

.(gaPg76 + ga6gP I 2g gP6)a7

+ M, F (kg, k3, k3) k4)]

W (k3)

ZP(k2)

=i g MWgP"

+~w' gP k, (k, +k.)
—k2~ kP —k3P k~

V„„(P,~, k„k„k,)

F P76(k„k),k3, k4) =

g Pg 6((k) k3)+(kg k4)+(k3. 13)+(k3'k4))
—g gP6 ((k, k4) + (k3 k3))

—g"gP'((4 k3)+(k3 k4))

gP(k7k6+ k'k6+ k6k"—+ k'k')

g"(krak. + k.kP + k,'k.—+ k.kP)

+g "(kk —kk +kk ykk)
ga6(kPk7 k7kP + k7kP + 17kP)

+ g (k'k + k k' —k'k + k'k )
+gP6(k7ka + kak7 k7ka + k7ka)

FIG. 3. Pour-boson vertices.

»(k3)

(~W+ —~ay)e 1
CW MW

(gP.(k, k, ) —kPk,")

H(k, )

zp(k2)

Z, (k, )

vezz(P, &, kl, k2, k3, )

M
CW

1 S2
+ ~ 414'4 + g'4B4)

$Y

~ gprkl . (k2+ k3)

FIG. 4. Vertices with one Higgs boson and two vector
bosons.
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three vector bosons (Fig. 2), vertices involving four vector
bosons (Fig. 3), and vertices involving one Higgs scalar
and two vector bosons (Fig. 4). In Figs. 2—4, the ver-
tices are explicitly given. All particles are understood to
be entering the vertex. Vertex functions involving out-
going particles can easily be constructed by replacing an
incoming particle by the outgoing antiparticle and simul-
taneously replacing the particle's four-moment»m by its
negative four-xnomentuxn.

Vg (P1 A1)

v3(p, x.)

V2(P2, A2)

v&(P"1, —x2)
t

v.(p-„-&4)

v, (p-„-x,)

V.(p4, X4) Vs(p4, —4)

FIG. 5. Transformation of initial and final states under a
parity transformation.

APPENDIX B:RELATIONS BETWEEN
AMPLITUDES

Given the particle types in the initial and final states,
there is in principle a n»mber of 81 difFerent amplitudes
if all particles are massive. The n»mber of distinct ampli-
tudes can be significantly reduced, however, if one relates
certain amplitudes to each other by using the fact that
the S matrix is invariant under C, P, and T transfor-
mations (e.g., [24,30,31]). Also, amplitudes for reactions
involving difFerent sets of particles can be related to each
other.

I denote an amplitude for the reaction of the par-
ticles AB -+ CD with helicities Aq, A2, As, A4 (in
this order) and center-of-mass scattering angle 8 by
M(AQA2A3A4)(AB ~ CD)(8) In t.he following, the
&mme axes in the center-of-mass system are defined in
such a way that the reaction takes place in the x-z plane.
Particle A travels in the positive z direction and parti-
cle C has momentum component p & 0. The scattering
angle 8 is restricted to 0 & 8 & x. In the relations I give
here, I take into account the phase factors according to
the Jacob and Wick phase convention. Derivations of the
relations can be found in [25].

From the invariance of the S matrix under a mtation
one obtains the relation

M(A] A2A3A4)(AB m CD)(8)

the z axis I obtain the relation

M(AgA2AsA4)(AB m CD)(8)

= M(—Ag —A2 —A3 A4)(AB m CD)( 8) . (—B2)

When charge conjugation is applied to a state, particles
are changed into their antiparticles, while their momenta
and helicities remain unchanged. The invariance of the
S matrix under charge conjugation implies the relation

M (Ag AI A3A4) (AB m CD) (8)

= M(AgA2A3A4)(AB m CD)(8) ) (B3)

where A is the antiparticle of particle A etc.
After a rotation by an angle x about the y axis, an

exchange of particle labels in the two-particle states, and,
successively, a rotation by an angle x about the z axis,
one obtains the relation

M(AgA2AsA4)(AB m CD)(8)

= M(A2AgA4As)(BA m DC)( 8) . (B4)—
Time reveraal changes initial to final states, or, equiv-

alently,

= ( 1)"' "'+"4—"'M(A2AgA4As)(BA -+ DC)(8) .

(»)
This relation can also be obtained &om exchanging the
two particles in the initial states as well as the two par-
ticles in the final state.

A parity transformation P changes momentum p and
angular moment»m J according to p + —p and J ~ J.
Consider Fig. 5. The small arrows symbolize the com-
ponent of spin in the direction of Bight; from them, the
helicity can be read ofF. For example, an arrow perpen-
dicular to the direction of Sight designates a particle in
the longitudinal polarization state. Rotating the figure
obtained after applying P by an angle m about the y
axis, one obtains the same physical situation as before P
was applied; only the particles' helicities have changed
sign. It is thus clear that M(AqA2AsA4)(AB -+ CD)(8)
is equal to M(—Aq —A2 —As —A4) (AB -+ CD)(8), up to
a possible phase factor. The phase factor is found to be
(—1)"' "' "'+"'. Rotating hnther by an angle s' about

P~ —P
A —+A,

D

B

Rotation by
angle x —8

about y

D

B

D

FIG. 6. Transformation of initial and final states under
time reversal, succeeded by a rotation.

where A denotes helicity (see Fig. 6). After a rotation by
an angle x —8 about the y axis one obtains the relation
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TABLE II. Relations among amplitudes for a given process AB —+ CD using the Jacob and %i'
phase conventions. A relation applies if the corresponding condition cited in the left column applies.
The relation is due to the invariance under the transformation cited in the center column. Sample
usage: For R' TV+ —+ W R'+, we can use the invariance of the S matrix under P, C, and T
transformations. One obtains relations due to P, C, and T as well as relations due to the combined
transforrnations CP, CT, PT, and CPT Fo.r example, due to CPT, Atg p(8) = Mo++ (—8),
where the subscripts on M denote the helicities.

Condition that
is satis6ed

(always)
A=B

wC=D
AB= CD

Identical initial
particles, A = B

Identical Bnal
particles, C = D

Transformation
P+rotations
C+rotations

T+rotations

Exchange of
labels+rotation

Exchange of
labels+rotation

Relation
JH(AgAsAsA4)(8) =

JH( —1 —2 —3 —4) (—tl)
M(2143) (—8)

Af (3412)(—tl)

(—1)"' "'M(2134)(8 6 vr)

(—1)"' "~M(1243)(86 s)

M(AiA2A3A4)(AB m CD)(8)

= M(A3A4AiA2)(CD -+ AB)( 8) . (B5—)

The interactions of the GIDS model are actually invariant
under P, C, and T transformations. The relations (Bl)
to (B5) can therefore be applied as follows.

(i) Amplitudes for the processes which I did not cal-
culate, listed in parentheses in (ll) and (12), can be ob-
tained from the ones which I calculated. For example,
using C conjugation,

W(A, A, A, A, )(W+W+ ~ W+W+)(e)

= JH(AiA2AsA4)(W W m W W )(tl) .

(ii) Amplitudes for a given process, AB ~ CD, but
with difFerent helicities, can be related to each other (cf.
Table II).

Parity together with rotational invariance always gives
a relation. In addition, the ful6llment of each of the
conditions that (1) particle A is the antiparticle of B
(A = B) and particle C is the antiparticle of D (C = D),
(2) the initial state contains the same particles as the
final state (in any order) (AB = CD), (3) the initial
state contains identical particles (A = B), and (4) the
final state contains identical particles (C = D), gives one
more relation, each of which follows from the invariance
under a certain transformation, possibly accompanied by
rotations. For the cases (3) and (4) one obtains relations
among amplitudes in which identical particles have been
exchanged. It is clear that the two amplitudes differ at
most by a phase. Finally, all combinations of relations
can also be applied to the considered process.

APPENDIX C: LISTING OF AMPLITUDES

The amplitudes have been expanded in powers of
M~/s (( 1. The expansion is valid for two cases: (1)
s )) M~ and (2) no Higgs particle (M~ —+ oo). I list the
terms that grow as O(s). There are no terms that grow

with higher powers of s. The terms depending on e~ are
in agreement with [32]. The high-energy approximation
has been carried out at a 6xed center-of-mass scattering
angle tl. The expansion breaks down in the collinear re-
gion. More precisely, it is invalid if (1+ cos tl) is so small
that it is comparable in magnitude to M~2&/s. Terms
bilinear in the e; are not listed. I omit these terms for
consistency, because taking into account bilinear terms
one would also have to consider terms of dimension eight
in the Lagrangian density, since these are, like the bilin-
ear terms, proportional to A 4.

Amplitudes that are not listed are either related to one
of the listed amplitudes by one of the relations of Table
II or do not have O(s) terms. I note that, in case (1), no
O(s) terms are present whenever the standard amplitude
does not approach zero in the limit s -+ oo except when
all external bosons are in the longitudinal polarization
state. s In the listing,

g 8
M24

8~ = Sla8~,

e 8
8~ —Z 2 )4M~

c~ = cos Hgr,

e 8
8Z =i

4lvl z
ter =—tan8~ .

The meaaiag of the variables 8, t, and u is

1 s 1 - 1 s(1 —cos tl) 1
+

4 8 M~2 4 4

High-energy forms for the standard amplitudes with a hght
Higgs particle can be found in [32].

1 s(l + cos tl) 1
u = — +—

4 u —M~2

However, in the two cases for which the expo@~ion is
valid, these expressions are simplified: For case (1), the
variables are O(s i) and are multiplimi by at most one
power of s in the amplitudes. Therefore, one can set
s = t = u = 0 for case (1). Case (2) is obtiuned by
setting 8 = —

4 and t = u = 2.
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R' W+ —+ W S'+

Mpppp ———4(1 —4Ew@)sga —(1 —4Ew@)sgt(1 —cos 8) + 3(EW@ + tw EB@)sg(1 + cos 8),
Mpp++ = 8Ew@aga + Ewsg cos l9 2EW@sg

Jap+0 ———2Eweagt(1 —cos8) +
~

Ew@ Ew
~

ascos t9 —'~ EwE + Ew
~

sg

Pt+++ = —2Ew ag(l + cos 8),
M++ ———4EW sg(l + cos 8);

W+W+ m W+W+

M pppp
———(1 —4EW@)8gt (1 —cos 'll) —(1 —4EW@)sglb(1 + cos 0) —6(EW@ + tw EB@)ag,

f 1 ) f 3
Mp+0 = 2Ew@sgt(1 —cos8) + Ew@+ 'Ew

~

8g cos'8
~

Ewct Ew sg

M++y = 4Ewsg
——8Ew sg.,

O' W+mZZ

~0000
~00~+

~0+0—

%++00
~+++-
kt++

—4(1 —4Ew 4 —2tw EB@)8gs + 6EW@8»
8(E—w4' + twEB@)aga + 2[2sw (Ew@ + EB@)—Ew@ —twEB@]sg

1 1——(Ew@ + EB@)sg (1 —cos '8) — Ewsg—cw(3 + cos 8),
2

—8E'~@S&S —26~@,S»
24Ew 8gcw-

8EQf sgc~2

W ZmW Z

~0000 = —(1+4Ewe —2twEB@)sgt(1 —cos8) —3Ewcag(1 —cos8),
S2

Mop++ = —(Ew@+ EBy)sg + Ewagcw cos19,W
CW

~0+0—= 2(Ewe + twEB@)agt(1 —cos8) —2(Ew@+ EB@)agcw(1 —cos8),
1 —cos 8—EB@sg 2 + (Ew@ + 3EB@)8g (1 —cos 8),

W

~0+—o

M+0 p

~+++—
~++--

1 SW 1—(Ew@+ EBy)sg (1 + cos8) — Ewsgcw(3 ——cos'8)
Cw 2

2EW@sgt(1 —cos 8) —Ew@sg(1 —cos 8),
M++—+ —2Ewagcw (1 —cos 8)
4Ew 8gcw (1 —cos '8)

ZZm ZZ

~0000 = (1 4cwEwc 48wEB@)as[—48 —t(1 —cos8) —u(1 + cos8)],
~00++ —— 8(Ew@+—tw Bra)aga 2(EWE + twEBc)ag )

~0+0 =2(Ewe—p + twEB@)sgt(1 —cos 8) —(Ew@ + tw EB@)sg (1 —cos 8)

M++00 4(EW4' + EB4)8~ )

——&+ ~+ ———4EWS, ,

———8Ewa, ;
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~+o—o = —2(&w4 + ea@)8,(1 —cos8),
+ = 2sws~(l —cos8),

——4ews, (1 —cos 8);

1 Be
~+op —= ——(sw4 + sam)

' (1+cos8)
2 8W

M+p —p(8) = —M+pp (7r —8)
8~8

~++op = —4(cwc —~a+) + (ewe
8W~W

———Saws,
8w

1 8~——ew (—3+ cos'8)
2 Sgr

S~—~ac)
8W~W

~w= —4e~s,
8w

—4(Ew@ —tan Hwsa@)8~2 ~w

8W

fl 2 Sg
~o+o =

~

-(swe+ &sa4) —2cw(swc + ~a4)
~

(1 —co»),
) Cwsw

1 Be 1 8,
~p+ p = ——(sw@ + sag)

'
(1 + cos8) + 6w —( 3+ costi)

2 Bw
Sg Se

&++op = (&wc + eac) + tw cos6,
SQr ~W

~+++—= ~++—+ = ~+—++ = ~+———= —~++——
~

2
~w= 2cw 8~(1 —cos8)
Bw
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