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In the absence of light Higgs bosons, heandZ bosons become strongly interacting particles at energies
of about 1 TeV. If the longitudinaW,Z components are generated by Goldstone modes associated with
spontaneous symmetry breaking in a new strong interaction theory, the quasi\Mascattering amplitudes
can be predicted as a systematic chiral expansion in the energy. We study the potentiakdfeTedhde e~
linear colliders in investigating these scattering processes. We estimate the accuracy with which the coeffi-
cients of the chiral expansion can be measured in a multi-parameter analysis. The measurements will provide
us with a quantitative test of the dynamics underlying W& interactions[S0556-282(198)05503-9

PACS numbgs): 11.30.Qc, 11.15.Ex, 12.15.Ji, 14.7&

[. INTRODUCTION bosons become strongly interacting particles at TeV ener-
gies. In such a scenario the experimental upper bound of
Elastic scattering amplitudes of massive vector bosons-1 TeV can be re-interpreted as the cutoff scale up to which
grow indefinitely with energy if they are calculated as a per-the standard model of fermions and vector bosons may be
turbative expansion in the coupling of a non-Abelian gaugesxtended before new physical phenomena become apparent.
theory. As a result, they manifestly violate unitarity beyond aSuch novel strong interactions of thé bosons may be in-
critical energy scalg/s, [1]. In fact, theS-wave scattering dicated by slight deviations of the static electrowaalz
amplitude of longitudinally polarizedV,Z bosons in the parameters from the predictions in the standard model, i.e.,
isoscalar channel (&*W~+Z2)/v3, for the oblique parameters, theé-fermion couplings, the
magnetic dipole, and the electric quadrupole moments of the
Ggs B W= bosong7-9]. However, besides the production of triple
167 +0(9%.9), (1) gauge bosons ire*te” annihilation[10], the classical test
ground for these interactions is the elastic and quasi-elastic
must be bounded by 1/2. Unitarity therefore is violated for2— 2 scattering experiments of th&* andZ bosons,
energies in excess of

ag(s)=

WW—WW 3
Jsc~1.2 Tev 2
whereW generically denotes the particléd™,Z.

in WW scattering. It is natural, though not compulsory, to trace back the

This problem can be solved in two different ways. In thestrong interactions of th&V bosons to a new fundamental
standard moddI2] a novel scalar particle, the Higgs boson, strong interaction characterized by a scale of order 1 TeV
is introduced to restore unitarity at high enerdi8s4]. The [11]. If the Lagrangian of the underlying theory is globally
additional contribution due to the exchange of this particle inchiral invariant, this symmetry may be broken spontane-
the scattering amplitude of longitudinal vector bosons caneusly. The Goldstone bosons associated with the spontane-
cels the asymptotic rise of the Yang-Mills amplitude if the ous symmetry breaking can be absorbed by the gauge bosons
coupling of the Higgs particle to the/,Z bosons is chosen to generate the masses and to build up their longitudinal
properly. In that case, the tree-level amplitude approaches @egrees of freedom. It may be assumed in this scenario that
constant value. Electroweak observables in the fermion othe breaking pattern of the chiral symmetry in the strongly
gauge boson sector of the standard model are affected bgteracting sector is such tha&U(2)xXSU(2)— SU(2),
radiative corrections which depend logarithmically on theleaves the isospin grouU(2). unbroken. This custodial
Higgs boson masMl . From the high-precision data at the SU(2). symmetry[11] automatically ensures that thepa-
CERN e*e™ collider LEP1, SLAC Linear CollidefSLC), rameter, the ratio of the neutral-current to charged-current
and the Fermilab Tevatron, an upper limithf, <550 GeV  couplings, is unity up to small perturbative corrections. This
has been derived at ther2evel [5]. This limit is not sharp:  condition[12] is strongly supported by the electroweak pre-
Excluding one or two observables from the analysis weakensision data. The fact that in such a scenario the longitudinally
the bound significantly6]. In a cautious conclusion the ex- polarizedW bosons are associated with the Goldstone modes
perimental limit may therefore be interpreted within the of chiral symmetry breaking has far-reaching consequences
minimal model as indicative for a scaleO(1 TeV). which are formalized in the equivalence theorphil3—189.

However, there exists a second solution to the unitarityThis mechanism can be exploited to predict the scattering
problem. If the Higgs boson is not realized in nature, e amplitudes of theW,_ bosons for high energies below the
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mass scale of new resonanédsxpanding the scattering am- physical mechanism that provides masses to the fundamental
plitudes in powers of the energys, the leading term is electroweak bosons. Alternative approaches that are not
parameter free, thus being a consequeereseof the chiral  based on chiral symmetry breaking would in general lead to
symmetry breaking mechanism, independent of the particulaguite different predictions fo¥WW scattering amplitudes.
dynamical theory. The higher-order terms in the chiral ex- The paper is organized as follows. In Sec. Il we briefly
pansion depend on new coefficients which reflect the derecapitulate the basic formalism of electroweak chiral
tailed structure of the underlying strong-interaction theory.Lagrangians. In Sec. Il the helicity amplitudes for A8V
With rising energy they may evolve towards a resonant be—WW fusion signals are analyzed, while Sec. IV is devoted
havior, in the scalar or vector channels for instance. to the equivalent particle approximations and kinematical
To study potentially strong interactions betwed&d  improvements. This discussion serves as a useful guideline
bosons requires energies in the TeV range. They will bdor the analysis and as an independent check for the complete
provided by thepp collider LHC and by futuree*e™ linear  f,f,—f;f,WW tree-level calculations. The full calculation
colliders which will operate in the second phase at energieand the results for probing both the custodsdl(2). con-
of 1.5-2 TeV; see e.g. Rdf16]. LongitudinalW bosons are serving and breaking chiral parameters at Te\e~ linear
radiated off quarks and electrons or positrons with a probeolliders are presented in Secs. V and VI. Conclusions are
ability g%/16m°~3x 1073, since theZ charge of leptons is given in Sec. VII. In Appendixes A and B, constraints from
small, the radiation oZ bosons is suppressed compared tounitarity bounds are derived and the leading contributions of
W bosons. The following(quasijelastic processes can be the one-loop radiative corrections are estimated. The exact
studied ine*e” ande e collisions[17-19: tree-levelWW—WW helicity amplitudes are summarized in
L compact form up to next-to-leading order in Appendix C.
efe = v v WW™  via WW —Ww™,
ete v ZZ via WW-—ZZ, Il. CHIRAL LAGRANGIANS
For theories in which the chiral symmetry is broken spon-
e e —vereW W™ via WW W W™, (4 taneously, i.e., SU(2)XSU(2)—SU(2)., effective
~_ Lagrangians can be defined for the associated Goldstone
It turns out that the rates for these processes are sufficientyg|gs. They correspond to expansions in the dimensions of
large for thorough analyses af'e” c.m. energies oS  the field operators or, equivalently, in the enerdyin mo-
~1TeV and above. Other processes involving initial séate  mentum spacg21,22. This systematic expansion leads to a

bosons, parameter-free leading-order interaction in the Lagrangian,
L — ) . . supplemented by higher-order terms which reflect the de-
e'e —vee W Z via W Z-W'Z, tailed structure of the underlying strong interaction theory.
L _ Thus the leading-order interaction is a direct model-
e'e —e'e ZZ via ZZ—-7ZZ, (5 independent consequence of chiral symmetry breakinig

) eneris The equivalence theorem then allows us to re-
are suppressed for the reasons discussed above. Neverthige o et scattering amplitudes derived for the Goldstone par-

less, they must be investigated to achieve a complete detefu|as as equivalent to the scattering amplitudes of the longi-

mination of the quartic gauge interactions in next—to—leadingtudina”y polarizedW,Z particles for asymptotic energies
order of the chiral expansion. Since all basic scattering proE(W 2)>My 2

cesseq4) and (5) lead to different final states, they can be
disentangled in principlé&hough this may not be so straight- th
forward in practice since the final state electrons and posif0
trons may be lost in the forward directigns

The main objective of the present analysis is theoretical
predictions for the processé$) and(5) in the region where L=Ly+ Lot Lot Loyt Lst... . (6)
theW,Z bosons become strongly interacting but the energies
do not reach yet the resonance region, which may be delaye,gjg denotes the kinetic terms of th&=:3 and B fields3 The

until a scale of 4v~3TeV is approached. We study the gy2)xU(1) gauge fields are coupled to the matter fields
predictions in leading order of the chiral expansion and aN3ghrough covariant derivatives if,. These two parts of the
lyze the sensitivity to next-to-leading order contributidns. Lagrangian are given by the expressions

This will enable us to estimate the accuracy with which the

parameter-free leading-order amplitudes can be measured. If

The kinetic terms of the gauge fields and the first terms in
e chiral Lagrangian of the Goldstone fields are given by the
llowing expansion:

the Higgs mechanism is not realized in nature, these analyses o 1 W2 ]— EBZ )
will shed light on the symmetry structure and the basic g 8 S S
Lo=eLiDe +(L=R), ®)

This is the analogue to low-energy pion physics below phe
resonance of QCD, in which the pions are the Goldstone bosons
associated with the spontaneous chisdl(2)xX SU(2) symmetry
breaking. 3The complete Lagrangian is understood to contain the usual

2Preliminary results of this study have been presented in[RéF. gauge-fixing and ghost terms.
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with the usual definition of the covaria®U(2) XU (1) de- mined inWW—WW scattering(Additional dimension-4 op-
rivative in terms of the vector fields, tH@U(2) generators erators affect the trilinear couplings; in this analysis they are

T2, and the hyperchargé: assumed to be pre-determined by standard methods such as
WW pair production ine* e~ annihilation)
iD =ig,+gT-W, g’ IB ) We assume that all higher-order coefficients in the chiral
S m 2 # expansion are much smaller than unity. Even though a

R R gauge-symmetric chiral Lagrangian can be defined formally
where 2T is equal to the Pauli matrix. In the generaR,  for any theory with a particular particle content, this is mean-
gauge the Goldstone fields are described by the unitaringful only if the chiral series can be truncated at a fixed
matrix* operator dimensiorfid=4 for our purposgand still higher

.. orders can be neglected. However, if the concept of sponta-
U=exd —iw- 7/F]. (10 neous chiral symmetry breaking were not realized in nature,

) o ) higher-order coefficients would be so large that an infinite
The custodial-symmetric dimension-2 operator of the Goldy, ;mber of terms would enter even at eZ mass scale. In

stone fields is then given by that case, the above effective-theory formalism must be
=F. abandoned.
EOZZ tr[DMUTD”U]. (1D From the magnitude of loop effects which carry a factor

1/1672 together with an additional power sfv?, the largest
value of /s for a chiral expansion to be valid may be esti-
mated[23] as\/s<4mv~3 TeV. Thus, if the coefficients;

in the chiral expansion were experimentally required to be
substantially larger than 1/46, new resonance effects

The coupling between the Goldstone particles andvwihB
gauge fields is parametrized by the coefficiEntThe value
of this parameter is fixed by the measui&tor Z masses,

1 would already appear below the 3 TeV scale: e.g., thresholds
Lo=MZGWW™ + §M§ZZ+... , (12 for resonance production would become visible in the inter-
mediate range between about 1 and 3 TeV.
so that the experimental value Although the 't Hooft—Feynman gauge turns out to be
most convenient for the computation method described be-
F=(V2Gg) Y2=246 GeV (13)  low (Sec. V), all observable quantities can be calculated

equally well within the unitary gauge in which the Goldstone

fieldsw are set to zero. In this gauge the physical content of
the various terms becomes more transparent: The standard
vector boson interactions are determined by the Yang-Mills
%inetic Lagrangian alonef, just provides théV,Z masses,

and the new dimension-4 operatofg s are recognized as
two independent contact-interaction terms for WeZ vec-

tor bosons:

can be derived foF from the Fermi constant. In the standard
model,F is replaced by the expectation valuef the Higgs
field in the ground statd; =v. However, the physical inter-
pretation of these parameters is completely different in th
two scenarios.

A vector fieldV, can be defined by the Goldstone fields
as

—_1t
v,=U'D,U, (14)

. L i 1
corresponding to the derivative,w+... for small field ,CO:M\ZNWZW*ML—M%ZMZ“, a7
strengths. From the vector field two independent 2
dimension-4 operators may be formed,

4
L4=ay t[V,V, U VEVT], (15 Li,=ay %[(w,tww)% (W, W*#) (W, W™")]
Ls=as [V, VUV, V"], (16) A 4
g + o, 9 2
which describe the first two non-leading and model- + C—Z(WMZ“)(WVZ )+ F(ZMZM) ' (18)
. . . . . w w
dependent terms in the chiral expansion. The two interaction
termsL, and L5 are custodial symmetric whegi —0, leav-
ing the valuep=1 unchanged. Since they involve at least a Ak n g* R
quartic coupling of the Goldstone particles, they affect in Ls=as g"(W, W™ *) +c_2(W#W )
lowest order only 2»2 scattering processes but do not affect W
the trilinear vertices. Thusg, and a5 can only be deter- g*
X(Z,2")+ H(ZMZM)Z , (19
w

“4In the standard model) is the Goldstone boson matrix which 9 . 2 2y
generates the Higgs isodoublet field from the real Higgs field in theéVherecy,= 1-sir? 6 andg®=e Isir? 6 The contact terms
R, gauges. introduce all possible quartic couplingd/*W-W*W~,

S rom now on, we will nevertheless adopt the symbdb char- W'W~ZZ, andZZZZ among the weak gauge bosons that
acterize the weak-interaction scale, as generally done in the liter@are compatible with charge conservation and custodial
ture. SU(2). symmetry.
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TABLE I. Amplitude decomposition for the process
WTW~—ZZin the limit E>M,.
AN A c

A, A A, Ag
1=0 L
. . . 1 u“ -4 0 0 0
FIG. 1. Feynman graphs fdguasijelasticWW scattering. > _5‘_‘ _2 4 4 0
3 3 3 3
4 4
lll. WW SCATTERING 3 ~5 5 0 0 0
From the effective chiral Lagrangian, the —2
(quasijelastic WW scattering amplitudes can easily be de- S 4(t2+u?) 852
rived. As shown generically in Fig. 1, they involve A(s,t,u)= p2rea—— T tas/7. (26)

s-channel, t/u-channel exchange diagrams, and the non-

Abelian quartic boson coupling, with their sum growing as-The relationg20)—(24) for the amplitudes are preserved by

ymptotically proportional tcs. The additional quartic contri-  |oop corrections and they are valid to all orders for chirally

butions introduced by, and s rise proportional t&®. The  symmetric strong interactions. There are, however, addi-

maximal power o is realized only for amplitudes in which tjona| perturbative corrections which are proportional to the

all four vector bosons are longitudinally pol_arlzed; repIaC|ngYam‘:]_,v”"S couplingsg,g’, with the g’ coupling breaking

any longitudinally polarized external particle by a trans-the custodial symmetry. Amplitudes involving transversely

versely polarized particle removes one factorsfv; atthe  polarized vector bosons, which are subleading both for high

same time an additional power of the weak coupliggy' is  energies and in the weak coupling expansion, do not respect

introduced (In the extreme forward and backward directionsthe relationg20)—(24).

wheret,u are of the ordemM{, ,, the power counting is It is instructive to analyze the angular momentum states

invalid and both longitudinal and transversal degrees of freethat are populated iWW scattering. The helicity analysis

dom contribute with comparable magnitude. [24] of the scattering amplitudes leads to the following de-
It follows [1,13] from analyticity, crossing symmetrg, P composition in the angular momentum:

invariance, and custodial symmetry that, @g’—0, all

(quasijelastic amplitudes can be expressed in terms of a 3

single functionA(s,t,u) which is symmetric with respect to A(00,00= ; A,(00,00dgg( 9, (27)

the exchanget¢u). This function is analytic in the Man-

delstam variables,t,u apart from the usual one-particle pole ¢,

q o] qularities. The Mandel bl longitudinally polarized vector bosons, whera,
and two-particle cut singularities. The Mandelstam variables_ P,(cos6) are the Legendre polynomials.,

are given by the total energy and the momentum transfer in Choosing the proces®VtW~-—ZZ, for example, the

the scattering processes=Ec . t(u)~—s(17cos6)/2 gauge contributions to the amplitudes involte and

for [s].[t],[u[>M§,. The amplitudes of the scattering pro- \;_channel exchange diagrams, giving rise to arbitrarily high

cesses4) and(5) can be derived from the master amplitude orpita] angular momentum states. Therefore we decompose

A in the following way: the amplitude with respect to spin only; i.e., the residues of
the poles fort/u-channel diagrams are expanded:

AWYW™—=ZZ)=A(s,t,u), (20)
2
e s A:S g?ct S A+ ° A,+A
AW W~ =W W) =A(t,s,u) +A(U,1,S), (22) +g4(a4A4+a5A5)}. 28
and
. . The subscripts,u,c for A denote thet,u exchange and the
AW'Z—W"Z)=A(t,s,u), (23)  four-boson contact terms, respectivéRable |).°
In the spin amplitudes, the contact term contains angular

A(ZZ—ZZ)=A(s,t,u)+A(t,s,u) +A(u,t,s). (29 momental=0 and 2. In thet/u-channel diagrams the addi-

tional vector boson in the intermediate state populates, to-
To leading order in the energy expansion the amplitudegether with the external vector bosons, the states up to

A(s,t,u) is reduced to the simple expression =3. In the limit|s],|t|,|u|>M%, the leadings? behavior can-
cels for a,= a5=0; however, in the forward-backward re-
s gions (t|,Ju~M3) this cancellation need not occur. In

A(stWio=7, (25 other processes such #6"W™—W*W™ there is an addi-

which is parameter free. The next-to-leading order terms
modify this result, and the final tree-level expression is given Sror the processV*W~—W*W~, the complete decomposition
to orders? by is given in Appendix C.
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tional s-channel diagram which is purely spin 1, since a (1) Transversely polarized Whbosons
single vector boso/y is exchanged.

Given the helicity amplitudes, the differential cross sec- a 1+(1—x)
tions can be written as fiyeX)= F&'@Tln VE (31
do 1 h o—
——— (W Wy —W, W, )= =—|A(A A5, A 5hg)|2 WHEres=xs. .
d cos g WaWa, = Wi Wa) 327rs| (Aah2,Asha)] For e~ beams, the term-1 corresponds to negative
(29 helicity of the W boson, while the term~ (1—x)?

corresponds to positive helicity, suppressedxes 1

by the conservation of angular momentufhhe role

of the helicities is interchanged f@* beams. The
spectrum increases with the logarithm of the energy,
which is a consequence of the unlimited transverse
momentum of the point-like coupling in the splitting

This cross section can easily be integrated over all angles,

U(WA1WA2—>WA3W>\4)

A 2 process.
32ms Jlld(cos AN Aaha)F, (30 (2) Longitudinally polarized W bosons

where 7= 3(1) accounts fononJidentical particles in the fL (X)zil;x (32)
final state. W ang, x

Even though the longitudinal helicities build up the as- ) o o .
ymptotically leading cross sectionr(W, W, —W,W,), it Since the emission of longitudinally polarized/
cannot be identified with the total cross section without ap- bosons is suppressed for large transverse momentum,
plying angular cuts for non-asymptotic energies since the the longitudinal spectra are not logarithmically en-
forward peak for the scattering of transversely polariyéd hanced. , o .
bosons gives rise to additional large contributions to the total " the equivalent particle approximation the cross section
cross section. do for the colliding beam process, such as

Interference effects between different helicity amplitudes e*e*—w_eveW*W* via WHW-SWHW-, (33

in the initial state have to be taken into account in the non-
asymptotic regime. Since th& bosons are radiated off the ., pe obtained by convoluting the cross sectionof the

electrons and positrons, a coherent mixture\/‘qflwxz he-  \ww subprocess with the spectra of the two initial-stéfe
licity states is generated with; and\,==,0. Interference posons”
effects in the finaWAst state need only to be included if

the angular and energy distributions of the leptons or jets in
the W5, W, decays are analyzed explicitly.

dofe’e” —>V_eVeW+ W]

1 1 .
= Jo dxljo dxofwre(X1) fuye(X2)da W W™

IV. EQUIVALENT PARTICLE APPROXIMATIONS PR
—WTW™;5=Xx,X,8]. (34

The elastic scattering & bosons at high energies will be
studied in TeVe*e™ ande”e™ collisions. At high energies The c.m. invariant energy of the subprocess is givenﬁsy
electron-positron beams split for a long time inteeutrino = \/x;x,s. The fixing of final-state observabled can be
+W) or (electron-positror+2Z) pairs. In fact, if the trans- implemented by restricting the integration over the phase
verse momentum in the splitting processis, the lifetime spaced appropriately:
of the split state is of order~E,/(p?+M3) in the labora-
tory, which is large for high electron-positron energies. With d_ff
E.=800 GeV the lifetimer~10"! GeV ! is an order of dQ
magnitude longer than the weak interaction scgle- M\]\,l
~102 GeV L. The W bosons can therefore be approxi-
mately treated as equivalent particlgz5], similar to the
equivalent photon approximation in QE[26]. Moreover,
the splitting probability is maximal for small transverse mo- X (= Q(X1,X2)). (39
mentap, <M. In the final picture, theV bosons can be

treated as real particle beams which accompany the parefdth€rW,Z processes can be treated analogously.
e* beams in the accelerator. The commonly used equivalent particle spectra in the

The energy spectrum of thé&/ bosons can conveniently !€ading logarithmic approximation, Eqe31) and (32), are
be determined, in the spirit of the discussion above, by olgderived in the small-angle limit with zerp, . To suppress
fashioned perturbation theof27]. Denoting the fraction of
energy transferred from the initial lepton to tiAé boson by

X, with 0sx=1, the spectra, under the leading logarithmic ’A formalism, improved further, but with more complexity, can
approximation, are given by the followifq@5]: be found in Ref[28].

[ete™ = verW W]

1 1 do .
:f dxlf dXofwre(X1) Fe(X2) —=dP
0 0 dd
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background processes which are induced by Wekesa a 1+(1—x)2 p?

Williams photons, it is necessary to consider the transverséjye(x,p?)= > 5 > >, (41
momentum distribution of th&/ boson pair. To high accu- A4Sy X (PL+(A=x)My)

racy, the c.m. frame of~initiated subprocesses moves par- o 1-x (1-x)M2

allel to thee™ beams. ThéW-initiated signal processes, by flye(X,p?) = w (42)

contrast, have transverse momenta of order(WW) 4wsy, x (pf+(1-x)M{)?’
~My . Hence, theyinitiated background processes can be

eliminated by cutting the total transverse momentum of the The transverse momentum distributiﬁrﬁc\}cvfee(x,Pf :9)]
subprocess with respect of tké beams. For the above rea- of the two-particleVW system can be approximately derived

son, the usual leading logarithmic equivalent-particle apty convoluting the spectré89) for each initial W boson:
proximation, Egs(31) and (32), cannot be applied when a

P, (WW) cut is imposed in the analysis. In order to provide do(e+e—f3+f,+X|s)

a guideline for the later more complete analysis, we start 1

with the improved equivalent-particle formalisf9], from :2 J dxf dF’fvale?ee(X,Pf )
which we derive thé®, (WW) distribution. This can be most A Jo

conveniently performed by relating th&/ transverse mo-

mentum to its virtual mass squared: Xda(Wy, +W,—X]s), (43
\/g \/ 209° J? . 11
pi=%(1-x)\/1- 1+—s(1—x) , (360 2 (x,P? ;s)=JX JO dxldxzf f dp? dp3,
with the space-likeg? bounded by—s(1—x)<g?<0. Ex- X D(x)D p2)fM X. D2 )fxz X5,p2,)
pressed in terms af?, the improved equivalent particle dis- (ODPL wielXa:P1) TwielX2 P
tributions can be written as (44)
Fe(X) with
2 2
ox (g, —d | W for a=L D)= 8(x~XX2) 5. (45)
= 167s,, fqzm-n (qz_ M2 )2 27 deq, - -
! Tl for A=T D(Pi)=fo S OPI=lputpul) (49
(37)
where ¢, is the azimuthal angle between the two initil
where . . L
bosons in the™e™ c¢c.m. frame. Because of the implicit;,
= 2y1l-x+q‘ls « 2 1 39) dependence in the squared transverse momentpm,
1= ’ 2 ’

x—q°/s T x—q¥s +P2.|?, the integral in Eq(46) is non-trivial.

o o The characteristic features of the luminosity spectra with
and\ =L, T denotes longitudinal and transverse polarlzatlon,respect to the transverse momentum of &V system are

respectively. In the latter case we have added the results fQfyempiified in Fig. 2. In Fig. @) we depict theP, (WW)
negative and positive helicity of the/ boson. distributions forx;=x,=0.5. The probability for the emis-
_The improved luminosity distributions of thé/ bosons  gjqp, of JongitudinaM bosons is maximal around low values
with respect to the transverse momentum are thus given g p /2 and falls off rapidly with increasing transverse
follows: momentum. The spectrum of the transveWebosons ex-
KmXK2 tends to much larger values &f, , decreasing asymptoti-

ST P 2K )2 for =L cally like (1/P?)In(M3/P?). The yy spectrum, by contrast, is
Km

£ (x,p%) = @ e strongly peaked at zero transverse momentum.
wiel ™ L 47-rsW2 Xr (14 «3) Since the phase space in Hd4) is restricted for a finite
——— forA=T collider energy+/s, the improved distributiong39) [solid
2S1(X T +2xm) lines in Fig. Za)] decrease for large transverse momenta
(39 faster than the approximate distributiof@l) and (42) (dot-
with ted ling.
5 ) In Fig. 2(b) the WW transverse momentum distributions
_ Py My — (44) are depicted for two values of the invaria®tW mass,
KI=Tgh Km=Tgs XS17x Mww=0.8 and 1 TeV, at a fixed collider energy qfs

=1.6 TeV. A typical cut of 50 GeV, which will be intro-
] 4k, — duced below(cf. Sec. V}, is indicated by the dotted line. The
r=y1i- (1—x)2" r=i-r. (40 gistributions are not shown for transverse momenta beyond
~250 GeV since interference effects between the amplitudes
In the asymptotic limits>P? MS\,, and forx, , neither  become significant for large transverse momenta, invalidat-

close to 0 nor 1, we can derive the following approximateing the probabilistic picture of the single-particle distribu-
formula from Eq.(39): tions.
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FIG. 2. Distribution of theWW transverse momentui, (WW) in 1.6 TeVe*e™ collisions.
As shown in Fig. ), for higher values oMy the V. CALCULATION AND RESULTS: CONSERVED

distributions are shifted towards lower valuesR¥. For a CUSTODIAL SU(2),
fixed My, the improvedP, distributions are lower than
the approximate ones, as shown in Fi¢g)2For this reason,
the leading logarithmic approximation generally overesti- _
mates the production rates due to transvakseoson fusion e'e - vy W W, (47
by a factor of 3—930,31]. Therefore, we use the improved .- —
equivalent-particle method, in contrast to the leading loga- e'e —verels, (48)
rithmic approximation, as a guideline for the analysis and as e e S U W W, (49)

an independent check for the complete tree-level calculation.

It turns out that the+ 1o exclusion contours for, 19, as  Where the(quasijelasticWW scattering signal corresponds
shown in Figs. 9, 10 and 11, obtained from the above twdo the generic diagrams depicted in Fig. 3. However, there
methods, are in good agreement after imposing all the relare also Feynman diagrams contributing to E@s)—(49)
evant kinematic cuts to enhance the ratio of signal toVhich do not contaitWW scattering as a subprocess. Fig.
background. Hence, we shall not discuss in detail the nu-4): Thi; irreducible t_)ackground i§ not negligible and must be
merical results obtained by applying the equivalent-particid@ken into account in the analysis.

method, but we will focus on the improved results which are

based on the exact tree-level calculations.

For a detailed numerical study, based on a complete tree-
level calculation, we have chosen the three processes

w
W w WSz w " w
8For example, the 90% exclusion limit, obtained from using the
improved equivalent-particle method which predicts a nontrivial
P, (WW) distribution, agrees with that in Fig. 9 at the level of FIG. 3. Diagrams contributing to the stroNgW scattering sig-
20-30 %. nal.
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TABLE Il. Total cross sections in fb for various processes. Dec-
tection efficiencies and branching ratios are not included. Including
final-state misidentification, the numbers should be multiplied by
the relative weighting factor given in the last column which ac-
counts for final-state misidentification in the corresponding detec-
tion mode(W W™, ZZ, or W~ W),

w W w

FIG. 4. Typical diagrams contributing to the irreducible back-

ground for the stron§VW scattering signal. Process 800 Gev 1.6 Tev Factor
WW ™ v 11 56 1
In aII_ signall processes there are aIready.two ngu_trino§v+wfe e~ 628 1979 1
present in the final state; therefore important kinematic inforyy o+, 39 173 0.26
mation is lost if aW boson decays leptonicallpr aZ boson WHW- (Z— 7 7) 13 11 1

into two neutrinog In particular, the c.m. energy of the sub- ™ "

process cannot be determined in that case. For the preseff”?” 4 26 L
study we therefore restrict ourselves to hadroii@ decays Zz+e+e: 2 4 1
and to decays of th& boson into electrons and muons. Fur- W=Ze"v 39 173 0.13
thermore, an error in the dijet invariant mass is introduced byV"W e"e” 628 1979 0.018
the limited energy resolution of the calorimeters, which leadzz(z— v v) 0.6 0.4 1
to the rejection of a fraction of di-boson events and to thew-w~vv 14 67 1
misidentification ofW vs Z bosons. Adopting the results for
the net efficiencies determined in REL7], we assume that
in a hadronic decay a trué/,Z boson will be identified ac- ete =W Ze" . (53
cording to the following patterf:

W—85%W, 109%Z, 5% reject; (50) An irreducible background is also generated by three-boson

final states,
Z—22%W, 74%Z, 4% reject. (51
efe T -WW~Z, (54)

Thus, for example, when calculating the signal event rate in

theZZ detection mode, one has to include the rates predictediith the Z decaying into neutrino pairs. Similar backgrounds
by 55%, 7%, and 1% of the partor&Z, W=Z, andW* W~ (less dangerous for th&Z final state exist for the other
final states, respectively, to account for final-state misidentiprocesses.

fication. The relative weighting factors from the above three The total cross sections for the signal and background
partonic final state cross sections are 55:7:1 which is equal tprocesses, including interference effects, have been com-
1:0.13:0.018, as given in the last column of Table Il. Asputed in a complete tree-level calculation using the auto-
discussed above, we only consider the hadronic decay modesatic packageompHEP[32] in which the effective Lagrang-

of a final stateW boson; the corresponding decay branchingian (6) has been implemented. The results of the cross
ratio (BR) is 0.67. For detecting Z boson, we include both sections for the reference poiay= a5=0 are summarized
the hadronic modes (BR0.70) and the di-lepton modes in Table .

(BR=0.067 fore*e™ andu™ u ). Hence, the efficiency for The background reduction is essential for isolating the
detecting aWwW, ZZ, andWZ pair originating from a par- strong scattering signal, as demonstrated by the numbers in
tonic WW, ZZ, and WZ final state is 33.4%, 34.2%, and Table Il. To this purpose, we follow the strategy introduced
33.8%, respectively. For simplicity, we take 33% as the dein Ref.[17]:

tection efficiency for all the detection modes considered in (1) We require Minv(;’)>200(150) GeV. The first

this study. number applies fok/s=1.6 TeV, while the bracketed num-
Since the final state cannot be completely resolved experisg, for /s=800 GeV. This cut removes the events with neu-

mentally in all cases, further background processes will playyinos fromz decay together with backgrounds fra™ W~

a role (cf. Fig. 5. The most important background to the 54 QCD four-jet production. The signal is not affectet

signal proces®e”— v¥W*W™ is generated by the reac- Fig. 6).

tion (2) Selecting central event§|cosf(W/Z)|<0.8] with

efe  WrW ete™, (52) p, (W/Z)>200(100) .GeV removes events dominated by
t-channel exchange in the subprocess.

which is built up primarily by the subprocesyy

—W7FW™. In this process most of the electrons or positrons w

are emitted in forward direction so that they cannot be de

tected. A similar background is introduced by the misidenti- ¥ v ’ Y
fication of vector bosons in jet decays: v W 7 W N
w

9Using the tagging ob quarks, theZ— W misidentification prob- FIG. 5. Partially reducible backgrounds to the strafiyV scat-

ability could be reduced, thus improving its detection efficiency. tering signal.
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FIG. 6. Distribution of the invarianWW recoil mass distribution in the proces§e‘—>W+W‘ﬁ (signa). The cut(shaded area
removes events in which the neutrinos are generated thréudgcays. The other cuts have been applied as described in the text.

(3) The background fromyy fusion is reduced by two the cross sections in Table Il have to be multiplied by the
orders of magnitude if an electron veto is applieeimoving  expected luminosity and 33% detection efficieric§. Egs.
events withd(e)>10°] and, at the same time, a minimum (50) and(51); this number includes th&//Z decay branching
p, of the vector boson pair, equivalent to the fermjmn, is  ratios.

required. We usep, (WW)>50(40) GeV andp,(Z2) For polarized beams with left-handed electron and right-
>30 GeV. This cut removes also about one-half of the sighanded positron polarizatior#3;. , the rates are modified as
nal eventsFig. 7; cf. the discussion in Sec. ]V follows:

(4) Since the impact of the strong interaction terfis (1) Two left-handed electron-positron couplings are in-

andLs increases with the energy of the subprocess, we usewlved in the signal process. The rate is therefore increased
window in M;,,(WWZZ) between 70850 and 1200600 by the factor (1 P,)(1+P_).
GeV, Fig. 8.(The bulk of events has lower invariant mass, (2) The dominant part of th&/Z background is initiated
but those are quite insensitive to the parameters of intgrestby yW fusion which involves only one left-handed coupling.
After applying those cuts, we find the numbers reported inThe cross section is therefore increased by the factor 1
Table lll. If they are multiplied by the misidentification +(P,+P_)/2. Since theZ coupling to electrons is almost
probabilities in the last column, the signal/background ratiosf axial-vector type, this holds approximately true also for
are raised td0(1). In order to obtain the final event rates, the remainder of th&/Z background.

0.1

Lo vl

0.001

Lol

pL(W pair)

FIG. 7. Transverse momentum distribution of #¥epair in the procese™e”—W*W~ vv at \/s=1.6 TeV. All cuts have been applied,
but theWW detection efficiencytherefore, the decay branching ratis not included. The solid line corresponds to the reference point
a,=as=0, the dashed line ta,=0.005 for comparison. The dominant backgroudéW e*e™ (dotted andWZev (dot-dashed line,
with 26% misidentification probabilijyare also indicated. The shaded area is removed by theut.
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FIG. 8. Invariant mass distribution of th& pair in the procese*e’HW*W’;/. Legend as in Fig. 7.

(3) The WWeebackground is not modifiedThere are the two-dimensiondla,,as] plane, based on the hypothesis
diagrams in which théV’s both originate from the same «a,=as=0. We display the £ 1) bounds for the indi-
fermion line. The contribution from this kind of diagrams vidual channels, which can be combined to give the 90%
should increase by the factori(P, + P _)/2; however, its  exclusion limit indicated by the closed contour curve.
net effect is not importani.

We conclude thabothelectron and positron polarizations
are essential in order to improve the signal rate as well as the VI. CALCULATION AND RESULTS: BROKEN
signal/background ratio. In the ideal case of complete polar- CUSTODIAL SU(2).
ization, S/B improves by a factor 2 an8/\/B by a factor 3 . . , ,
as far as reducible backgrounds are concerned. For the irre- N @ddition to the interaction£, s in Egs. (15) and(16),

ducible part,S/\B increases by a factor 2 from the rate (Nrée more dimension-4 operatafg; ,oare present at next-
alone to-leading order of the electroweak chiral Lagrangian. Since

All numbers quoted so far were based on the valugs these interactions affect the quartic gauge couplings only,

— a5=0. Ultimately we are interested in the measurement Otgey also do not contribute to low-energy observables at tree
those parameters. The result of the theoretical prediction i vel

depicted in Fig. 9. In the upper part the dependence of the Le=agtr[V,V, Jt{ TVA It V"], (55)
cross sections owr, and a5 is displayed for polarized beams e
after all cuts are applied, but no detection efficiencies in- L7=atr[V VHU[ TV Jt[TV"], (56)
cluded. The band, based on the hypothesis as=0, is
determined by the- 1o statistical error in th&VWwv v event _ . vy 2

: : R Lig= 1o 5 (M ZVHUTIV])?, 5
rate if the expected integrated luminosity pf£=500 fb* 107 %10 2( i W7v']) 7

and the efficiency of 33%which includes theV/Z decay

branching ratiosare taken into account. The lower part of where T=Ur,U". Because of the presence Bf the new

the figures shows the corresponding experimental regions iaperatorsLq 7 10 violate the custodiaBU(2), symmetry in
contrast toL, 5.

TABLE lII. Cross sections in fb as in Table Il, but including all The coefficientsa, 5 and ag 7 10 can be constrained only

cuts. indirectly from low-energy observables, to which they con-
tribute through one-loop diagrams at the ordengf1/1672)

Process 800 GeV 1.6 Tev Factor  — (y2/A2?)(1/167?) [33].1° Since the corresponding loop di-
WW-pp 0.41 0.71 1 vergences must b(_a absorbeq by r.enormalization counter-
W W-ete~ 0.12 0.47 1 terms, it is impossible to deriverecise bounds on these
W:Ze  » 1.42 1.23 0.26 parameters from low-energy data. Nevertheless, rough esti-
WW (Z— 1) 0.01 0.01 1 mates can be obtained by keeping only the leading logarith-

mic terms. The estimated indirect bounds on these 4-boson

g;”e, 8:33 8:22 i couplings are summarized in the following |{&4,33:

W=Ze v 1.54 1.37 0.13

WrwW-ete” 0.51 0.93 0.018

ZZ(Z— vv) 0.00 0.00 1 Here, A<4mv~3 TeV [23] is the cutoff of the effective La-

W W vy 0.81 1.36 1 grangian, which characterizes the scale of the new strong interac-

tions.
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—25X10 3<@,<125x10°3, —4X10 3<ag=<22x10 3
—63x10 3<as=<318x10"3 —32x10 3<a,;<163x10 3,
—4X10 3= a(=22x10 3 (58

which are derived at 90% C.L. by setting only one new pa- The five parameter§a,s;ag714 Can in principle be
rameter nonzero at a time. Even though current bounds onniquely determined by measuring the total cross sections of
the p parameter severely constrain the possible amount ahe processe&b9)—(63). If the event rates are large enough,
SU(2). violation, the next-to-leadingU(2).-violating pa-  additional information can be extracted from Mgy, P, .
rametersyg ;7 joare still allowed in the range from 0.02 to 0.2 and angular distributions. However, because of large back-
which is well above the natural value 1/1672=0.006. grounds and the smadle Zcoupling, the experimental analy-

In this section, we focus on tests of tB&J(2).-violating  sis of the reaction$62) and(63) is more difficult.
operatorsLg ;7 10 in quasi-elastioVW scattering. Unlike the Elastic W™ W"—W~W* and W"W~—W~W" scatter-
parametersy, s, the termsag 7 19 Signal new dynamics be- ings depend only onx, and as; these two processes are
yond the standard modéBM), since the SM-like Higgs sec- sufficient to determine botla, and a5 to a high accuracy
tor respectsSU(2).-symmetry and thus does not contribute (Fig. 9. The two reactions can therefore be taken as refer-
t0 @g710. The leading contribution of the quasi-elastic ence processes. The other two proced&esV* —ZZ and
WW-—WW scattering amplitudes is associated with longitu-W*Z—W+Z can subsequently be exploited to measuige

dinal gauge bosons and can be written as follows: and a7, while a4, can finally be extracted from the reaction
272—77.
To probe the chiral parametesg;, «;, anda,, We as-
u  4(s?+t2+2u?) sume that theSU(2).-conserving parametera, and as
AW W™ W W™)=— R N have been pre-determined in the processese”
—vyW'W™ and e e"—vyW W ;! in the following
8(s*+1t%) analysis we therefore set these parameters to the reference
T F s (59) values{0,0} sine restructione generalitidn this framework,

the = 10 exclusion contours fotrg and «; are shown in Fig.
10 for the reactionse’e”—e"vW Z+ c.c. andete”

s 4(t2+uw?) —vvZZ The evWZ final states suffer from large back-
AW"W™—=ZZ)=+ -+ ——F—(a,+ ag) grounds due toy-inducedeeWWevents in which one is
v v lost in the beam pipe and on& misidentified asZ. This
852 background can be suppressed efficiently by a cut in the
+ 7(a5+ a7), (60) missing transverse momentum which in the following analy-

sis is set top, (miss.)>30 GeV. To isolate the signal, we
furthermore require the final-state electron to be detected
(6>10°) and apply the additional cuts described in Sec. V,

. . s 425 +t*+u?) with the exception of the cut on the boson pair transverse
AW W™ W W)=~ 2T 07 @4 momentum which is not useful here.
y The remaining chiral parametes;o can be determined in
8(t"+u”) (61) the procese*e” —ete ZZ. Since elasti@Z— ZZ scatter-
BEEERE ing is not possible in lowest order of the standard model, this
channel is relatively clean, though suppressed by the small
eeZ initial-state couplings. We apply the same cuts on
t A(s2+u?d) Mim,(ZZ),_ M recoil and cos as for the previous channels,
AWTZ-WFZ)=+ —+ ——F—(as+ ag) and require both final-state electrons to be detectéd (
v v >10°). The resulting cross section is shown as a function of
8t2 aqgin Fig. 11.[ @qqis actually embedded in the combination
+ —7 (a5t a7), (62 (ag+as)+2(ag+ ay)+2a19, yet the  parameters
v (ay,...,a7) are assumed to be pre-determindetom the br
band of the cross section we conclude thaty can be
bounded to less than 0.002 at are* e~ collider of 1.6 TeV
8(s?+t2+u?)
A(ZZ—2727Z)=0+ —

HAs indicated in Fig. 9, measuring the event rates of these two
processes only, in general, leads to two allowed regions in the
{a4, as} plane. They can in principle be separated by carefully
The amplitudes are given for asymptotic energies at whicktudying various distributions, which is beyond the scope of the
the W,Z masses can be neglected. present work.

X[(ay+ asg)+2(ag+a;+ ag)]. (63
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FIG. 9. Upper part: Cross section including backgrounds for the pragess— »vW*™W~. All cuts have been applied. The shaded
band is the statistical error corresponding to the expected detection efficiency and a lumingglty 500 fb~ L. It is assumed that the™
(e*) beam is polarized at a degree of 100% (50%). Lower partekclusion contours for all three processes in déhé a5 plane, based
on the hypothesisy,= a5=0. All cuts have been applied and detection efficiencies are included. The closed contour curve is the 90%

exclusion limit obtained by combining the'e”— v »W*W~ ande*e™— »vZZ channels.

for an integrated luminosity of 500 3. The sensitivity is
an order of magnitude better at 1.6 TeV than at 800 GeV.

VIl. CONCLUSIONS

As demonstrated in this analysig; e~ linear colliders

details of WW scattering even in the most difficult case
where no new resonances are present in the accessible en-
ergy range. The accuracy of simultaneous measurements of
the chiral parametera, s will be of the order 0.002 with an
integrated luminosity of 500 fbt. Furthermore, the

operating in the TeV range are able to shed light on theSU(2)c-violating quartic gauge couplingss 710 can be
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Vs = 1.6 TeV
fl: - t)OO fb_l
100%/50% pol.

-tem > w7
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4% =
§ etem = etuZW-
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g

FIG. 10. 1o exclusion contours for th8U(2)-violating parameters, ;frome e"—vvZZande e"—e~ vW'Z/e* W~ Z. All cuts
have been applied as described in the text, and the detection effiencies are included.

measured directly by studying all possibléW scattering AF/F<5%, (64)
channels. Analogous processes can be studied at the CERN
Large Hadron CollideLHC), where a lower sensitivity to
a, 5 is predicted[35]. On the other hand, if there are new for an integrated luminosity of £=500 fb 1. Since the
resonances iWW scattering below the maximal accessible form of this amplitude is characteristic for the chiral symme-
energy, they will be observed in different channels at bothry breaking as the mechanism driving the dynamics of the
the LHC ande™e™ (or " u") colliders[36,17,19,37. strongly interactingV bosons, this test is the most important
The error with which the reference valudsy,,as}  goal in analyzing the strong interaction threshold before
={0,0} of the next-to-leading corrections will be measuredresonance phenomena are expected to be observed at still
can be re-interpreted as the error with which the leadinchigher energies. No dynamical mechanisms other than the
amplitudes can be determined, i.e., the master amplitudgliggs mechanism and spontaneously broken strong interac-
A(st,u) o=s/F2. At the e"e  collider energy s tion theories have been worked out so far through which
=1.6 TeV, the scale parametEBr=v can be determined to masses of the electroweak gauge bosons could be generated
high accuracy, in a natural way.

: o [fb] ]
0.15F ete” = ete 727 o
0.1F -
0.05F -

—0.005 0 0.005
agt)

FIG. 11. Cross sectiofincluding backgrounds and ciiter e e* —e e ZZ as a probe ofr;;. The shaded band is the statistical error
corresponding to the expected detection efficiency and an integrated luminosity of 500 fb
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—0.02

FIG. 12. Region ina, 5 allowed by tree-level unitarity fo¥W\W elastic scattering at a subprocess energy of 0.8 {Teft) and 1.2 TeV
(right), respectively.
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APPENDIX A: UNITARITY BOUNDS ON  a,,as 1 8 )
s
If custodial SU(2)c symmetry is assumed, the weak iso- a§=% 0+ 7g(ag+t2as) F}' (A8)

spin amplitudeA") (1=0,1,2) for longitudinaW W scatter-
ing in the asymptotic regimel§[.|t[,|u[>M3) are given as  All amplitudes with | +/=odd vanish due tcCP invari-
follows: ance. Angular momentum states with>2 are populated by
higher-order operators in the chiral expansion.
AO'=3A(s,t,u) +A(L,s,u) +A(U,L,S), Two-body elastic unitarity requirda), — i/2|=1/2. Once
@ a partial-wave amplitude approaches the Iimitd&e 1/2,
AT =A(ts,u)-A(ut,s), rescattering effects set in which induce a phase shift that
unitarizes the amplitudes. Such effects can no longer be de-
AP =A(t,s,u)+A(Uu,t,s). (A1)  scribed within the effective-theory approach in a model-
independent way. The validity of the chiral expansion is
therefore limited toWW-scattering energies/é and values
of the parameters; such that

The master amplitud&(s,t,u) has been discussed to next-
to-leading order earlier,

s 4(t2+ u? 8s? |
A(S’t’u):F+a4(v—“)+a5F' (A2) la,|=1/2. (A9)

In Fig. 12 we display the allowed regions in the,,as]

Thg isospin amplitudes may be dgcomposed with respect tﬂane for\/§= 0.8 TeV and 1.2 TeV, which cover the main
orbital angular momentum according to energy range of th8VW scattering subprocess in the analy-

o sis. The strongest limits can be derived from unitarity in the
AV =32 2/+1)P.(cos 0)a. . A3 S wave for Isospin 0 ap_d 2 channels. The limit from tlhe.
7720 ( JPA )as (A3) =/=1 channel is significantly weaker. As demonstrated in

Fig. 12, the unitarity bounds are very sensitive to the energy
From the parametrizatiotA2) the non-zero amplitudea,  scale: Forys=1.2 TeV they are more stringent by about a

can be extracted: factor of 5 than the bounds at 0.8 TeV. However, they only
L 4s 16 5 marginally restrict thea; parameters in the range we are
s S i in la:
. .0 4s 16 s interested in [(a;|=<0.005). Thus they do not affect the va-
S wave: ay=ga| 2t g (Taatllas) g, lidity of the chiral expansion in the range considered in the

(A4) present analysis.
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FIG. 13. Leading one-loop contributions to théW scattering S e = 0.001

amplitude, expressed in terms of Goldstone-boson scattering.
L~ loop -
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APPENDIX B: RADIATIVE CORRECTIONS -1 0 cos !

The leading radiative corrections of the tree-level ampli- 5 14 Comparison of the leading one-loop corrections
tude (26) are generated by the one-loop corrections from|Re@A)| to the longitudinalW* W~ —W*W~ scattering amplitude,

pure Goldstone dynamidgig. 13. They give rise to addi- yjth the effects due to nonvanishing valuesaf and as, respec-
tional SU(2).-symmetric contributions of the forif88] tively.

The real part of these corrections is taken to vanish at the

AAGSLU)1 oo 12 . [ B (t—u) ‘' _—;u n —_lZJ symmetric _point/,L2=s_=—2t=—_2_L_|, which correspon_ds to
1672y 6 m m the scattering angléd= /2. Infinities are absorbed in the
5 definition of the renormalized_ param_et_er§5(u). A s_hift_in
_ S—In __2S] (B1) the scalew may be mapped into a finite renormalization of
2 u the parameter§a,,as}:
TABLE IV. Decomposition of the NLO helicity amplitudes fa* W~ —W* W™,
ay asg
J=0 1 2 0 1 2
AY(00,00) 2(1+p%+2p" 2 2| §(2+3p7+3pY)  —4p 5
AJ(+0,00) - - B V3 - 22 )
%
AY(++,00) —(2+5%) - 1 ~3(4+3p9) - E
A)(+0,0+) - —3+2p° 3 - 2 1
Al(+0,+0) - -3 3 - 1-2p2 1
Al(+0,-0) - — 3+ -3 - 1+2p2 -1
AY+0,0-) - —3-28 3 - 1 -1
A(+—,00) - - —6 - - -5V6
Al(++,+0) - -3 V3 - 1 1
2 V3
A(++,-0) - 2 V3 - -1 1
2 %
Al(+=.+0) - - 3 - - V2
v
Al(+=.0+) - - 3 - - V2
v
A(++,+4) 2 -3 2 : 1 3
A(++,+-) - - /6 - - RG
- 3
A++,--) 2 2 3 g -1 L
A+-,-+) - - 3 - - 2
A+—,+-) - - 3 - - 2
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by the electroweak gauge couplings and by reduced enhance-

11
as(p)=as(po) = 752 N £, (B2)  ment factors in the enerdid3].
#o Since the loop correction@B1) will affect the final re-
sults, it is necessary to estimate their impact. In Fig. 14 a
1 1 u comparison is presented between the various contributions to
as(u)=as(po) = 752 75N g (B3)  the elastic scattering of longitudinal polarizéti bosons,

AW'W~ —W*W"), as a function of the scattering angle.
The magnitude of the loop corrections, evaluated at the

renormalization poinj.= \/g is confronted with the effects

The leading-order termA(s,t,u) o=s/v? is not renormal-  of the next-to-leading order correction, and £5 on the
ized. The same holds true for the next-to-leading order cusscattering amplitude. The loop corrections are apparently
todial SU(2).-breaking coefficientsyg 7 1obecause standard significantly smaller than the chiral contributions for coeffi-
one-loop corrections generate orBlJ(2).-symmetric am- cientsa, and as5=0.001. Since this is the size of the sensi-
plitudes. tivity we are aiming aficf. Fig. 9, we can conclude that the

The leading contributions are built up by Goldstone loopslongitudinal loop corrections do not invalidate the previous
since contributions of transver¥é, Z bosons are suppressed tree-level results.

TABLE V. Decomposition of the NLO helicity amplitudes fav*wW~—ZZ.

=yt ag as7=ast ay
J=0 1 2 0 1 2
AY(00,00) $+2B082 - 3 21+ BLBLTBYTBY) - -
Al(+0,00) - - 2 - - -
V3
AJ(00,0+) - - 2. - - -
3
Al(++,00) -3 - : ~2(1+5)) - -
AJ(00,+ +) Zc,? - 2.2 —2(1+BYc, > - -
AJ(00,+—) - - 4 - . .
—-—=¢C
\/E w
Al(+-,00) - - 4 - . .
J6
A)(+0,0-) - —Cy'BwBz —c,t - - -
AJ(+0,0+) - Cw'BwBz eyt - - -
A+ +,+0) - - —ic\;l - - -
3
A)(+0,++) - - —iqf - - -
V3
Al(++,0-) - - iql - : -
V3
(O, ++) : : L : -
3%
AO+,+-) - - v2c,? - ; )
Al(+—,0+) - - vac,t - - -
Al(++,+4) fca’ - Le,? 2c,2 ; ]
A++,--) Zc,? - 3c,? 2c,,? - -
A++,+-) - - J6 . - - -
3 Cw
A+—,++) - - &, - - -
- T
A(+-,-+) - - 2¢,? - - -
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TABLE VI. Decomposition of the NLO helicity amplitudes fa/=W= —W=W=.

ay as
J=0 1

A}(00,00) 4(3+ B2+ % -
AJ(+0,00) -

|
&ll\) wis| N

wIn
|

A)(++,00) -5(4+3p%) - -
AX(+0,0+) - B
AJ(00,+—) - -

Al

A)(+0,0-) - -B -
Al(++,+0) - -

Sle e

Al(++,0-) - -

AO+,+-)
A(++,++)
A(++,+-)

1wl !
ToNlw 1

E“’“"ﬁ&““

A+ +,--)
A=~ +)

! wlco
.
N wi-
w|
L wis
'

TABLE VII. Decomposition of the NLO helicity amplitudes fov*W~—W*twW~.

Contact graph s-channelz/y exchange
AJ(00,00) -3(1+p? 62 } TG ) -
A}](JrO,OO) - —3p2 - 8(3— B2

[SIEENIT wn—\§ | - wiv | N

- 4(B%-3)
- -16 -
- -16 -
16 -
- 16 -

Al(+ +,00) 3+8° -
A)(+0,0+) - —z+2p?
A)(+0,+0) - — 34 p2
A)(+0,-0) 2
Al(+0,0-) - —3-2p°
Al(+—,00) - -

1
|
1w
|
i)
()
I
1= Nl=
'

&‘*’|&N

Al(++,+0) - 3

A(++,-0) - 3
A(+-,+0) - -

A(+—,0+) - -

NIw

A(++,++) -3 -
A(++,+-) -

L oondle Sk olS

()]

A(++,--) -5
A(+-,—+) -
A(+-,+-) - -

LI N[
= = o

'

'

'
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TABLE VIII. Decomposition of the leading order helicity amplitudes "W~ —W*"W~.

t-channelz/y exchange

J=0 1 2 3

A}(00,00) —10(2+ B%+4B84+ 8% 6B%(—23+508°—5B%) 20(—2+118%-108%  —1282

A)(+0,00) - 188%(7-58%) 10v3(2—-98°+58%) 46437

A+ +,00) 20(2—3B%+28% —1148° 20(—2+9p8%—28% —682

A)(+0,0+) - —6(5+178%+58% 10(—3+1382—38% —8pB2

A)(+0,40) - 3(—10—-398%+258%  5(—6+2582—38% —8pB2

A)(+0,-0) - 3(—10+398%-5p8% 5(6—1782+38% 832

A)(+0,0-) - 6(—5+128%-58% 10(3—8B2+38% 832

Al(+—,00) - - 10/6(2-5p7+2p%)  2./308

Al(++,+0) - 6(5+138%) 10v3(1-5p%) 2652

Al(++,-0) - 6(5-88%) 10V3(-1+28%)  —2\6p?

Al(+—,+0) - - 10V2(-3+4p%)  —4\5p?

Al(+—,04) - - 10v2(—3+5p7) —4.\5p?

A+ +,++) —5(4+198?) —3(10+98?) 5(—2+138?) —382

A++,+-) - - 5\6(2-38%) \308°

A++,--) —5(4+5% 3(10+ %) 5(-2+87) -3p

Al+-,—+) - - —10(6+ %) —108?

Al+-,+-) - - —10(6+5p8%) —108?

APPENDIX C: DECOMPOSITION OF HELICITY respectively, which we present in tabular form. In Tables
AMPLITUDE IV=VI the contributionsA; to the individual helicity ampli-

tudes which are proportional to the next leading oi@rO)
coefficients o; are listed. In Tables VII and VIII thes-,
t-channel exchange, and contact terms are presented in LO
for the main proces®/" W~ —W*"W~. We use the notation

The partial wave decomposition formula for the helicity
amplitudes of the process

W WY —WE WY, (C1)
is defined a$24] AJ:(%\/) N Z g\zl(s_p;\z/ Ag+ t_E,\ZA\Z/ At u_E,;\zl A,
AN A2 A5k o) =exiTi (A —\ )] tOAH G 2 Al (4
X2 Aihahz haka) 6,0(0), (€D gng
whereh=A;—A,, N'=\3—\,4, and B=plE, Bw=pP/Ew, B,=p/Es, (C5)

wherep=|p | is the length of 3-momentum of each incom-
ing W(Z) boson in the c.m. frame, arig,(E;) is the cor-
responding c.m. energy. When the two incoming gauge
bosons have equal masses, we remove the subsciiify of

(C3) E,. The vector boson masses and couplings are denoted by
My,0y (V=W,Z,y referring to the exchanged partigle
where

Each 2-2 gauge-boson scattering process is described
by a total of 3=81 helicity amplitudes. However, by apply-
ing C,P,T transformations, they can be reduced to a basic gw=g=e/Sy, g7=eG/S. g,~e (C6)
set of 17, 20, and 13 independent amplitudes for the pro-
cessedVTW —W'W-, W'W —ZZ andW W —W W, with s,,=sin 6,, andc,,=cosé,,.

J
; B S[(J+)\)!(J—)\)!(J+)\’)!(J—)\’)!]l’z
dw<0)—§o<‘> sl(J—s—M)!(J—s+A ) (A—\'+5)!

X| cos= —sin=
2

g\ 20-9)+)\ =\
g

N
0) 2stA—\
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