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Abstract. We study anomalous gauge-boson couplings induced by a locally SU(2) x U(1) invariant effec-
tive Lagrangian containing ten operators of dimension six built from boson fields of the standard model
(SM) before spontaneous symmetry breaking (SSB). After SSB some operators lead to new three- and
four-gauge-boson interactions, some contribute to the diagonal and off-diagonal kinetic terms of the gauge
bosons, to the kinetic term of the Higgs boson and to the mass terms of the W and Z bosons. This requires
a renormalisation of the gauge-boson fields, which, in turn, modifies the charged- and neutral-current in-
teractions, although none of the additional operators contain fermion fields. Also the Higgs field must
be renormalised. Bounds on the anomalous couplings from electroweak precision measurements at LEP
and SLC are correlated with the Higgs-boson mass mp. Rather moderate values of anomalous couplings
allow mpg up to 500 GeV. At a future linear collider the triple-gauge-boson couplings YWW and ZWW
can be measured in the reaction ete™ — WW. We compare three approaches to anomalous gauge-boson
couplings: the form-factor approach, the addition of anomalous-coupling terms to the SM Lagrangian after
and, as outlined above, before SSB. The translation of the bounds on the couplings from one approach to
another is not straightforward. We show that it can be done for the process ete™ — WW by defining new

effective YWW and ZWW couplings.
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1 Introduction

The standard model (SM) of particle physics has been
tested in numerous aspects with impressive success. How-
ever, it lacks the attributes of a truly fundamental theory
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since it does not predict the number of particles or families
and contains a large number of free parameters. Moreover,
it does not incorporate gravity, so that ultimately a differ-
ent theory has to replace the SM. One possibility is that
physics beyond the SM will appear at an energy scale A.
From current electroweak precision fits one estimates (see
for instance [1]) that A should be at least of the order of
TeV but, in fact, could be even much higher. The impact
of this new high-scale physics on the phenomenology at
lower energies can be taken into account in various ways.

In the form-factor (FF) approach the relevant ver-
tices are parameterised in a general way. For the reaction
ete™ — WW this was done in [2,3] for the three-gauge-
boson vertices YWW and ZWW . There the structure of
these two vertices is only restricted by Lorentz invari-
ance. Form factors can and should have imaginary parts.
Anomalous contributions to the YW W- and ZW W -form
factors have been studied extensively both for LEP2 en-
ergies (see [4] and references therein) and for the energy
range of future linear colliders [5-11].

Another possibility is to use an effective Lagrangian.
Here we have two options. We can start from the SM La-
grangian after spontaneous symmetry breaking (SSB) and
add terms of higher dimension to obtain an effective La-
grangian, which we call the ELa approach (effective La-
grangian after SSB). Alternatively we can start from the
SM Lagrangian before SSB and add terms of higher dimen-
sion there, called the ELb approach (effective Lagrangian
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before SSB). In both cases the anomalous-coupling con-
stants in the effective Lagrangian must be real. Anoma-
lous imaginary parts in form factors are generated by loop
effects using the effective-Lagrangian techniques familiar
from chiral perturbation theory; see for instance [12]. The
three approaches FF, ELa and ELDb are related but should
not be confused with each other; see the discussion in [13].
The ELa approach, taking the anomalous terms in lead-
ing order, produces only real parts of anomalous form fac-
tors. In the ELb approach the SSB has to be performed
for the SM and the anomalous parts of the Lagrangian
together. This has drastic consequences for all parts of
the Lagrangian as we shall analyse in detail in this paper
for various electroweak precision observables measured at
LEP and SLC as well as for the reaction ete™ — WW
at a future linear ete™ collider (LC). It also has the
consequence that the counting of dimensions of anoma-
lous terms is changed when Higgs fields are replaced by
their vacuum expectation values; see [13], where also the
question of SU(2) x U(1) gauge invariance is discussed.
Anomalous couplings from operators of dimension n in
the ELb approach will generate operators of dimension
n’ < n in the ELa approach.

Some advantages and disadvantages of the three ap-
proaches are as follows. The FF approach is the most gen-
eral one but it has the disadvantage of introducing many
parameters. Also, the anomalous parts of form factors for
different reactions like ete™ — WW and vy — WW are
a priori not related. The ELa and ELb approaches allow
one to relate anomalous effects in different reactions. Sup-
pose now that we restrict the anomalous-coupling terms
to dimension n’ < 6 and n < 6 in the ELa and ELb ap-
proaches, respectively. Then the ELa approach generates
more couplings than the ELb approach. Thus, in a sense,
the ELb approach is the most restrictive framework if the
dimension of the coupling terms is limited. For an appli-
cation of the FF approach to the reaction ete™ — 77~
see for instance [14]; for an application of the ELa ap-
proach to Z decays see [15]. In the present paper we
study mainly the ELb approach to anomalous electroweak
gauge-boson couplings. We add to the SM Lagrangian —
before SSB — operators of higher dimension that consist of
SM fields. The natural expansion parameter for this series
is (v/A), where v =~ 246 GeV is the vacuum expectation
value of the SM-Higgs-boson field. Lists of all operators
up to dimension six that respect the SM gauge symme-
try SU(3) x SU(2) x U(1) were given in [16,17]; see also
references therein. A number of studies of the effects of
these operators for phenomenology were made; see for in-
stance [18,19]. We will comment below on the relation of
these works to our present work. Here we follow [16] where
systematic use is made of the equations of motion in or-
der to reduce the number of operators to an independent
set. A particularly interesting part of this Lagrangian is
its gauge-boson sector because, in the SM, the structure
of the gauge-boson vertices is highly restricted. In the SM
there exist triple- as well as quartic-gauge-boson couplings
all of which are fixed by the coupling constants of SU(2)
and U(1); see for instance [20]. At tree level the triple

O. Nachtmann et al.: Anomalous gauge-boson couplings and the Higgs-boson mass

couplings YWW, ZWW and only the quartic couplings
WWWW, yyWW, vZWW and ZZWW occur. Further-
more, in the SM the interactions of gauge bosons with the
Higgs boson are determined by the covariant derivative
acting on the Higgs field.

Here we consider the leading-order operators of dimen-
sion higher than four — that is of dimension six — that
consist either only of electroweak gauge-boson fields or of
gauge-boson fields combined with the Higgs-boson field
of the SM. There are ten such operators, four of them
CP violating [16]. This leads to ten new coupling con-
stants h;, subsequently called anomalous couplings, which
parameterise deviations from the SM. It is assumed that
the new-physics scale A is large enough such that oper-
ators of dimension six already give a good description of
the high-scale effects. To keep the number of anomalous
couplings within reasonable limits we exclude all non-SM
operators that a priori involve fermions. Nevertheless, the
purely bosonic anomalous couplings change the gauge-
boson—fermion interactions in the following way. After
SSB the pure boson operators contribute to the diagonal
as well as off-diagonal kinetic terms of the gauge bosons
and to the mass terms of the W and Z bosons. Firstly,
this requires a renormalisation of the W -boson field. Sec-
ondly, the kinetic and the mass matrices of the neutral
gauge bosons have to be diagonalised simultaneously to
obtain the physical photon and Z-boson fields as linear
combinations of the photon and Z-boson fields of the ef-
fective Lagrangian. This in turn modifies the neutral- and
charged-current interactions. Since all fermion families are
affected in the same manner no flavour-changing neutral
currents are induced. Moreover two dimension-six opera-
tors contribute to the kinetic term of the Higgs boson such
that a renormalisation of the Higgs field is necessary, too.

Thus in the ELb approach purely bosonic anomalous
couplings influence also the precision observables from
Z decay. In this paper we exploit this to calculate bounds
on two C'P conserving anomalous couplings from mea-
surements at LEP1 and SLC and from W-boson measure-
ments. To this end precision observables that are sensitive
to the modified gauge-boson—fermion interactions or to
the mass of the W boson are used. Less stringent bounds
are obtained from direct measurements of the three-gauge-
boson vertices YWW and ZWW in various processes at
LEP2. However, one more C'P conserving coupling and
two CP violating couplings can be constrained using this
data. Bounds on anomalous triple-gauge-boson couplings
(TGCs) have been measured by the CDF collaboration
[21] and the D@ collaboration [22] and are discussed in
Sect. 6.1.

One important purpose of future high-energy experi-
ments is the precision check of the relations between the
various gauge-boson couplings. Their SM values guaran-
tee the renormalisability of the electroweak theory. Thus
any observed deviations from these SM values would
have drastic consequences for the structure of the theory.
Gauge-boson couplings can be studied at the LHC [23-25]
and with high precision at a future LC like TESLA [26—
28], NLC [8], JLC [29] or CLIC [30]. There W pair pro-
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duction, eTe™ — WW, is suitable to measure TGCs. In
previous work [5,6,10,11] on eTe™ — WW by our group
we followed the form-factor approach using the parameter-
isation of the YWW and ZWW vertices of [3]. The max-
imum achievable sensitivity to the anomalous couplings
in this process at CM energies of 500 GeV, 800 GeV and
3TeV was determined by means of optimal observables
[5,6] for the case of no or longitudinal beam polarisation
in [10], and for transverse beam polarisation in [11]. Op-
timal observables were introduced for one-variable prob-
lems in [31] and for multi-variable problems in [5]. In the
present paper we use, as explained above, the effective La-
grangian approach ELb. We give a detailed comparison of
the FF and the ELb approaches for ete™ — WW in the
following. In our ELb approach not only the yWW and
ZWW vertices but also the gauge-boson—fermion vertices
and the W and Z propagators get anomalous contribu-
tions. We show that nevertheless the results computed in
the FF approach can be transformed into bounds on the
anomalous couplings used here with ELb. This is achieved
be defining new effective YWW and ZW W couplings that
are specific for the reaction ete™ — WW. In our ELb ap-
proach we have SU(2) x U(1) gauge invariance and we
have restricted ourselves to dimension six for the addi-
tional operators. These two ingredients together lead to
the well known “gauge relations” for the TGCs [4]. Note
that SU(2) x U(1) gauge invariance alone gives no restric-
tions on the TGCs. Interestingly we find that even if the
usual gauge relations hold for the original TGCs these re-
lations change when we use the effective couplings, which
are directly related to the FF approach. Moreover, even
without effective couplings the shape of the gauge rela-
tions depends on the input parameter scheme.

In this paper we also mention some properties of the
YW W and v H vertices that do not occur in the observ-
ables that we consider here but play an important réle in
the reaction vy — WW at a collider with two high-energy
photons in the initial state. Such a photon collider has
been proposed as an option for TESLA [32] and for CLIC
[33]. The process vy — WW will be studied in forthcom-
ing work [34]. Clearly, for a comparison of the reactions
ete™ — WW and vy — WW the ELb framework is the
most suitable one. This is the main motivation for treating
ete™ — WW in the ELb approach in the present paper,
since our results here are required for the discussion of
vy — WW in [34]. There we shall give a comparison of the
sensitivities of the reactions et e™ — WW and vy — WW
to anomalous gauge-boson couplings.

This work is organised as follows: In Sect. 2 we give an
overview of the operators in our effective Lagrangian (ELb
approach) and explain, which operators contribute to the
kinetic and mass terms of the gauge bosons and of the
Higgs boson, to the three- and four-gauge-boson couplings,
and to the photon—photon—Higgs coupling. In Sect.3 we
perform the simultaneous diagonalisation of the kinetic
and mass terms of the neutral gauge bosons and the renor-
malisation of the charged gauge boson and Higgs boson
fields. We then consider the interactions of gauge bosons
with fermions in Sect.4 and define two different sets of
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electroweak parameters, that we use to calculate the ob-
servables: one set, Pz, containing the Z mass, the other
one, Py, containing the W mass. In Sect. 5 we present the
bounds on the anomalous couplings from electroweak pre-
cision measurements at LEP and SLC, except for direct
measurements of the three-gauge-boson vertices, thereby
using Pz. In Sect. 6 we give the relations of the standard
couplings Ag{, Ak, etc. for the yWW and ZWW ver-
tices to our anomalous couplings using Pz and, alterna-
tively, using Py as input parameters. We derive bounds on
the anomalous couplings of the effective Lagrangian from
measurements of TGCs at LEP2 using Pz. We analyse
in detail the reaction ete™ — WW at a future LC where
we define effective YW W and ZWW couplings using Py .
We calculate the bounds obtainable on the anomalous
couplings using the results of [10,11] for this reaction. In
Sect. 7 we present our conclusions.

2 Effective Lagrangian

Our starting point is the effective Lagrange density Leg
containing all lepton- and baryon-number-conserving op-
erators that can be built from SM fields [16]. Let A be the
scale of new physics and v &~ 246 GeV be the vacuum ex-
pectation value of the Higgs field. If not stated otherwise,
numerical values of physical parameters are taken from
[35]. Throughout this paper we assume

A> v, (2.1)

Then L.g can be expanded as

Lg=Lo+L1+Lo+..., (22)

where Ly contains operators of dimension less or equal
to four, £; of dimension five, Lo of dimension six etc.
The terms L1, La,... give contributions of order (v/A),
(v/A)?,... in the amplitudes, thus (2.2) represents effec-
tively an expansion in powers of (v/A).

Given the SM particle content, the general form of Ly
is fixed as that of the SM Lagrangian by gauge invariance.
For the SM Lagrangian we use the conventions of [20)].
Restricting ourselves to the electroweak interactions and
neglecting neutrino masses we have (see Chap. 22 of [20])

1 1 nz 1 ng
£0 = —EWMVW — EBHVB (23)
2
+ (Dup)T (D) + 17070 — A (#T¢)
+iLPL+iEPE +iQPQ +iUPU +iDPD
~(ETg'L+UIy¢'Q+DIpe'Q+He.).

The 3 x 3 Yukawa matrices have the form

I'y = diag(ce, ¢y, cr), (2.4)
I'y = diag(cy, ce, ¢t), (2.5)
I'p = Vdiag(cq, cs, cb)VT, (2.6)

where the diagonal elements all obey ¢; > 0 and V is the
CKM matrix. With these conventions the matrices I'g,
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Table 1. Weak hypercharge of the fermions and the Higgs
doublet

L E Q U D ¢

Wl
NI

1 1 2
y -3 -1 § 35 -

I'y, I'p correspond to the matrices Cy, Cy, Cy in [20], re-
spectively. The vector of the three left-handed lepton dou-
blets is denoted by L, of the right-handed charged leptons
by FE, of the left-handed quark doublets by (), and of the
right-handed up- and down-type quarks by U and D. The
Higgs field is denoted by ¢ and we define

01
5 =¢cp* = . 2.7
¢ =cp", £ <_1 0) (2.7)
The covariant derivative is
Dy = 0, +igW,T; +ig'B,Y, (2.8)

where T; and Y are the generating operators of weak-
isospin and weak-hypercharge transformations. For the
left-handed fermion fields and the Higgs doublet we have
T; = 7;/2, where 7; are the Pauli matrices. For the right-
handed fermion fields we have T; = 0. The hypercharges y
of the fermions and the Higgs doublet are listed in Table 1.
The field strengths are'

Wi, = 0,W, —0,W. — geiju WiW},
B,, = 9,B, — 3, B,.

(2.9)

For the parameters of the Higgs potential in (2.3) we as-

sume
A>0.

p? >0, (2.10)

Then the potential has a minimum for constant field sat-
isfying

2
V2t = \/% =.

After SSB, that is in the unitary gauge, we can choose the
Higgs field to have the form

(2.11)

1 0
p(z) = 7 <U+H,(x)> : (2.12)

where H'(z) would be the physical Higgs field in the SM,
and in lowest order the vacuum expectation value of the
Higgs field, v, is given in terms of the Lagrangian param-
eters by (2.11). Looking at the Higgs-mass term we find
for the squared mass of the Higgs boson in the SM

myE = 2\ (2.13)

! The signs in front of the gauge couplings in (2.8) and (2.9)
differ from the conventions of [16]. This may lead to sign
changes in the dimension-six operators discussed below.
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The coupling constants in (2.4) to (2.6) are related to the
fermion masses by

(2.14)

m;

v
:cjE

with j =u, ¢, t, d, s, bye, u, 7.

The higher-dimensional operators in L;, Lo etc.
n (2.2) describe the effects of new physics at the scale
A on the phenomenology at the weak scale v. Following
[16,17], we assume SU(3) x SU(2) x U(1) gauge invari-
ance also for the new interactions. The only Lorentz and
gauge invariant operator of dimension five that can be
constructed from SM fields violates lepton-number con-
servation [16] and hence is not considered here. Thus, the
leading-order addition to the SM Lagrangian is Lo, which
should therefore lead to a good description of the new-
physics effects at energies sufficiently below A. Compared
to [17] the number of operators of dimension six to be
considered is reduced in [16] by systematically applying
the equations of motion. This is a completely legitimate
procedure for our purposes; see also the discussion of this
point in [13]. We thus refer to the list of operators in [16]
for our analysis.

Out of the 80 dimension-six operators listed in [16]
we consider all operators that consist either only of elec-
troweak gauge-boson fields or of gauge-boson fields com-
bined with the SM Higgs field; see (3.5), (3.6) and (3.41)
to (3.44) in [16]:

i i A k
OW = Eijk Wing W)\ 'u,

Oy = €iji, WEYWIAWRH, (2.15)
Opw = % (o) Wi, win,
O = (o) Wi, Wi, (2.16)
Opp = % (‘PTSO) BWBW,
O,5 = (¢'¢) BuB", (2.17)
Owp = (¢'r'¢) W, B"™,
Oy = (#!7'0) Wy, B, (2.18)
0L = (le) (Dup)' (D),
0¥ = (¢'Dup)’ (¢'D"0). (2.19)
Here the dual field strengths are defined as
-1 _ N 1
Wiw = 5 €upe W', By = S6upe B". (2:20)

In the following we therefore use the effective La-
grangian

Leg = Lo+ Lo, (221)

where L is the SM part (2.3). The non-SM part with the
dimension-six operators is
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Ly — (hWOW + hyOpr + how Opw + h 5Oy
+ hg,BOwB + hwgowg + hweOws + hWBOWB
+ oW + hgmg))/vz, (2.22)

where we have divided by v? in order to obtain dimension-
less coupling constants h;, with ¢« = W, W, W, ... The h;
are subsequently called anomalous couplings. Nominally
we have

h; = O(v?/A?). (2.23)

3 Symmetry breaking and diagonalisation
in the gauge-boson sector

Starting from the Lagrangian (2.21) we go now to the
unitary gauge, that is we replace the Higgs field every-
where by the expression (2.12) involving only the Higgs-
vacuum expectation value v and the field H'(z), which
would be the physical Higgs-boson field for zero anoma-
lous couplings. If this is done for Ly we arrive at the
SM Lagrangian in unitary gauge; see (22.123) of [20]. It
is convenient to take this as starting point and consider
the necessary changes due to the £, term in (2.21) subse-
quently. Let us, therefore, introduce boson fields A;,, Z,
and W;i which would be the physical gauge-boson fields
if we considered only the SM Lagrangian L. The original
W[L and B,, fields are expressed in terms of these fields as
follows:

1
1 —
w, = %(WZL*—&-W; ),
2 i -
Wi = 5 (Wi =), (3.1)
WS’ =y Zy + 54 A
B, = —s,, ZL—i—c;V A;L, (3.2)
where
g/
Sy = sinfyy = (3.3)
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9

are the sine and cosine of the weak mixing angle in the
SM, determined by the SU(2) and U(1)y couplings of L.
Without loss of generality we can assume g and g’ to be
greater than zero and therefore have 0 < 6%, < /2. The
positron charge €’ of Lg is given by

cw = cosbyy = (3.4)

e = gsiy- (3.5)
The next step is to consider the term Ly in (2.21) and
(2.22), and insert for the Higgs field ¢(x) everywhere
(2.12) and for the gauge-boson fields (3.1) and (3.2). We
see then easily that the original dimension-six operators
in Lo give now contributions to dimension-two, -three, -
four, -five and -six terms.

In Table2 we list from which coupling constants in
(2.22) corresponding to the operators (2.15) to (2.19) we
get contributions to the kinetic and mass terms of the
gauge bosons, to the kinetic terms of the Higgs boson,
and to several coupling terms of the gauge bosons and
the Higgs boson in the basis W'*, Z’, A’, H'. The ki-
netic terms of the gauge bosons receive contributions only
from Oy,w, Oup and Owsg. The operators O@VTN Owé or
Oy do not contribute there since their terms of second
order in the boson fields vanish after partial integration.

The operators Og) and 0503) contribute only to the gauge-
boson-mass terms and to the kinetic term of the Higgs
field H'.

In Table2 we also show how the dimension-six oper-
ators contribute to those gauge-boson and gauge-boson—
Higgs vertices that are required for our studies. Note that
in Table 2 we show the contributions to the vertices where
the operators are still written in terms of the primed fields
W'®, Z', A', H'. The operators Oy and Oy, contribute
both to the three- and to the four-gauge-boson couplings.
The operators O,w, Owp and Oy, 5 contribute to the
three-gauge-boson vertices with terms proportional to v2.
In addition, the operator O, also induces a four-gauge-
boson vertex. The operator O@W contributes neither to
the TGCs, since the corresponding term can be written as
a total divergence, nor to the four-gauge-boson couplings

Table 2. Contributions from SM Lagrangian and from operators (2.15) to (2.19) to kinetic and
mass terms of gauge bosons, to the kinetic term of the Higgs boson and to terms of the form
V'WrTW' =, AAW'TW’'™ and A’A’H with V' = A’ or Z'. Note that the contributions to the
physical YWW , ZWW and yyH' vertices after the simultaneous diagonalisation are different;

see Table 7 below

SM  hw  hy  hew how  hes  h,z hws  hgy hY RS
gauge kinetic 4/ vV Vv 4
gauge mass  / Vv N4
Higgs kinetic ~ +/ Vv Vv
vwewe v VY VooV
NAWEW
AA'H' v ooV Y Y VY
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because the term of the form

P € jream WIWEWIW (3.6)
vanishes for symmetry reasons. In addition, six operators
give rise to a A’A’H’ vertex. The dimension-six opera-
tors of L5 induce anomalous terms to further vertices, e.g.
Z'Z'H' and W'tW'~H’, which are however not relevant
for our calculations.

We see that with the inclusion of Lo, the kinetic and
the mass terms of the gauge bosons as well as the kinetic
term of the Higgs field H' do not have standard form any
more due to additional contributions arising according to
Table 2. We have now to diagonalise the mass matrix and
simultaneously transform the kinetic matrix to the unit
matrix to identify the physical gauge-boson fields and the
physical Higgs-boson field. The gauge-boson kinetic and
mass terms of the effective Lagrangian (2.21) are given by

£+l (3.7)
where
@ 1 , 1
Ly = jvg T V'™ 4 ivf M V'™ (3.8)
c®__1 (1= hyw) WEW/ = (3.9)
w - 92 W nv .

+mi2 (1 + hfj>/2) WiWr
T
Vi, =0,V,-0,V,, V,=(Z,4,) , (3.10)
Wit =0,W/*= —o,W/=. (3.11)

Here we have introduced vector notation for the neutral
primed gauge fields, and 7" and M’ are given by

b
T = (‘Zd>, (3.12)
1 10
I 2 - (1) (3)
M’ = mi (1+2 (nD + 1S )) <00>
with
a=1-2dys\wvhws — dghow — s\ehop,  (3.13)

b= (CQAQ/ - 5%\2/) hwi + CQNS{;V (hth — hch) R (314)

d=1+2dys\whws — s\ghow — Aghon.  (3.15)

The quantities
miz = g*v?/4, (3.16)
my7 = (g> + g’ *)v?/4 (3.17)

would be the squared gauge-boson masses after SSB if we
considered only the SM Lagrangian £j. Because of charge
conservation there is no mixing between charged and neu-
tral gauge-boson fields in (3.7). Moreover, the matrix M’
has only one non-zero entry (corresponding to Z'Z') since
terms of second order in the gauge fields without deriva-
tives can only come from operators with two covariant
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derivatives of Higgs fields, as occurring in (2.3) and (2.19).
There, due to (2.12), only the massive gauge bosons con-
tribute.

We would like to find a basis in the fields such that
(3.7) takes the standard form:

1 1
£? = = G 21 + A AM) + 5mZZZHZ“, (3.18)
2 1 o _

£? = _iwjuw W, W, (3.19)
where

Zyy = 042y — 0,2, (3.20)

A = 0,A, — 9,4, (3.21)

Wi, = 0,W; - 9,Wi, (3.22)

and myz and my are (in lowest order) the physical masses
of the Z and W bosons, respectively. For the charged fields
this can be easily achieved by a rescaling

14+ a0 /2
myy = 1the /2 miy (3.23)
1 — how
(1 —|—h<(pl)/2 g*v?
o\ 1= hew 4
Wi = /11— how W (3.24)

In the approximation linear in the anomalous couplings
(3.23) agrees with (4.5a) in [16] (where the definition of v
differs by a factor of v/2 from ours) and with (3) in [17].
In the case of the neutral fields we perform a linear trans-
formation

V,=CV,, (3.25)
where
V.= (ZmAu)T- (3.26)
Choosing the non-orthogonal matrix
d/t 0
C= 3.27
(—b/\@ 1/Vd ) (3:27)
with ¢ = ad — b%, we obtain the desired form
T=C"T'C =1,
(3.28)

20
M=Cc"Mc=|"
(o 0)°

where 1 denotes the 2x2 unit matrix and the squared
physical mass of the Z boson is

d 1
2 _ ¢ L 3) 12
my t(1+2<h“’ +hg ))mz

d 1 2+ /12
i () @) TI " 0
t<1+2(h¢ +h )) V2,

(3.29)

i 4
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We remark that the simultaneous diagonalisation of the
kinetic and mass terms in the neutral gauge-boson sec-
tor is completely analogous to the introduction of normal
coordinates in the problem of small oscillations in me-
chanics; see for instance [36]. This kind of diagonalisation
(3.27) has been done in [37], where the mixing term of a
W3 and a photon field is studied. A similar procedure is
performed in [38] where operators up to dimension five are
considered. In the approximation linear in the anomalous
couplings (3.29) agrees with (4.5b) in [16] and with (4) in
[17].

Similarly to the gauge bosons we now consider the
terms of the Lagrangian quadratic in the Higgs field

1 1
£ = 3 (1 +5 (hg) + hg”))) (0,H') (0" H')
1
—gmiH', (3.30)

where m/? is given by (2.13). To obtain the standard form

£ = - (9,H)(0"H) — %m‘j‘,H{ (3.31)

1

2
we define the physical Higgs-boson mass and physical
Higgs field by a rescaling

12

2 myg
1+ (b +nd) /2
H= \/1 + () 0@y 2 H. (3.33)

For the original Higgs-doublet field in the unitary gauge
we find from (2.12) and (3.33)

1 0

P = o (14 00 +19)/2) " Hw)

(3.34)

For non-zero hy) + h%) this differs from the SM result.
To analyse the phenomenology of the effective La-
grangian (2.21) we also have to express the dimension-six
operators (2.15) to (2.19) in terms of the physical fields
W#, Z, A and H. In particular, we have to substitute the
Higgs field according to (2.12) and (3.33). Due to (3.24),
(3.25) and (3.27), the Lagrangian (2.21), and particularly
the YWW , ZWW , vyWW and yvH vertices, depend then
on the anomalous couplings in a non-linear way. We list
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these vertices in Sect.6 where we treat the triple- and
quartic-gauge couplings in detail.

The diagonalisation has an important consequence
concerning the operators O,w and Ogp. Notice that
the v2-terms of these operators are proportional to the
gauge invariant kinetic terms of the SM Lagrangian; see
the first two terms of (2.3). Therefore, after the substitu-
tion of the physical fields, these operators do not give rise
to anomalous three- or four-gauge-boson couplings; see
Sect. 6. However, these operators contribute to the yyH
vertex.

In the next section we shall analyse the consequences of
the effective Lagrangian (2.21) and of the diagonalisation
(3.18) etc. for the gauge-boson—fermion couplings.

4 Gauge-boson—fermion interactions
and electroweak parameters

The Lagrangian (2.21) contains the two gauge couplings
g and ¢’. Apart from that it contains two parameters p
and A from the Higgs potential, nine fermion masses, four
parameters of the CKM matrix V', and ten anomalous
couplings h;. We can express the original parameters p
and A in terms of mpy and v according to

12 1 1 i
p2 = <1 +5 (hg}) + hf;”)) m%,  (4.1)

2 2
1 1 3 2
<1+ 5 (h( ) + h! )))mn.

m’h? 1
02 202

We call g, ¢’ and v the electroweak parameters. We denote
the scheme that uses as input the parameters from the La-
grangian (2.21), but my and v instead of u and A, by Pr;
see Table 3. The quantities sy, iy and €/, which are the
sine and cosine of the weak mixing angle and the positron
charge if we set all anomalous couplings to zero, are given
in terms of the electroweak parameters in (3.3), (3.4) and
(3.5), and this leads to the standard relations for the elec-
troweak observables. However, with non-zero anomalous
couplings, that is with the full Lagrangian (2.21), the re-
lations of the three parameters g, ¢’ and v to observables
depend on the anomalous couplings.

In this section we take a look at the gauge-boson—
fermion interactions and introduce two more sets of elec-
troweak input parameters; see Table3. In these schemes,
that we call Pz and Py, we choose in place of g, g’ and
v as free parameters the fine structure constant at the

(4.2)

Table 3. Three parameter sets used in the analysis: Pz, Pz and Py schemes

parameters P, scheme Pz scheme Pw scheme
electroweak g, 4, v a(mz), Gr, mz a(mz), Gy, mw
Higgs-boson mass mu mu mg
fermion masses Maye ooy Moy Maye vy Moy Maye ooy Moy

4 CKM parameters 14 1% 1%

10 anomalous couplings  hw,..., hfps) hw,..., h(f) hw,..., h(f)
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Z scale, a(myz), Fermi’s constant G, and the mass of the
Z or W boson, respectively. For our numerics we take
1/a(mz) = 128.95(5),

Gr = 1.16639(1) x 107> GeV 2 (4.3)

from Sect. 16.3 of [41] and from [35], respectively. More-
over, from [35], we use in the Pz scheme

my = 91.1876(21) GeV, (4.4)
and in the Py scheme
my = 80.423(39) GeV. (4.5)

The small errors on the quantities (4.3) to (4.5) are neg-
ligible for our purposes and will be neglected below. We
use as input parameter a(myz) and not the more precisely
known «(0), since most of the observables which we con-
sider below refer to a high scale of at least my. In the
following we will denote by e the positron charge at my,

e = +/A4na(mz),

and refer to e as the physical positron charge. This is legit-
imate in tree-level calculations. How we include radiative
corrections in our calculations will be discussed in Sect. 5
below.

We use the Pz scheme for all LEP and SLC observ-
ables that we consider in Sect.5. In the scheme Py, one
can calculate the W mass mw in the SM with a certain
theoretical accuracy. Using the effective Lagrangian (2.21)
instead of the SM Lagrangian gives a different prediction,
myw . Indeed, as we will see in Sect. 5, two anomalous cou-
plings have an impact on my in the Pz scheme. How-
ever, for our analysis of eTe™ — WW in Sect. 6.2 the use
of the Pz scheme with my, depending on the anomalous
couplings is very inconvenient. In [10,11] my is assumed
to be a fixed parameter — as is legitimate and usually
done in the form-factor approach — and not expanded in
anomalous couplings. This is for a good reason: a change
of my, changes the kinematics of ete™ — WW and the
reconstruction of the final state. Therefore, in Sect. 6.2 we
use the Py scheme with myy instead of mz as input. In
this case the Z mass is a parameter that depends on the
anomalous couplings h;.

Next we consider the fermion—gauge-boson-interaction
part Ly of the Lagrangian (2.21). Since we have not ex-
plicitly added any gauge-boson—fermion operators we get
—in the original parameters — the SM expression. In terms
of the fields A/,, Z;, and W)=, (3.1) and (3.2), we have thus
(see (22.77) and (22.123) of [20])

(4.6)

1
Ling = —€' (ALJe‘fn + mzﬂjﬁfﬂc

1
+ NN (W T + H.c.)> (4.7)
with the SM currents
jel:n = E"}/H(TiS + Y)% (48)
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Te = oI — sig Th, (4.9)
Jbq = " (T +iTa ). (4.10)

Here v is the spinor for all lepton and quark fields.
With the mere SM Lagrangian, e’ is the physical positron
charge. Including the dimension-six operators we can ex-
press the interaction terms through the physical fields us-
ing (3.24) to (3.27):

[fint = —¢€ (Autﬂ:n + GNCZMJKILC
e (W Tt + T ) (4.11)

where the physical positron charge (at the Z scale) is given

by
/
e = VAna(mz) = —, (4.12)
Vd
and the physical neutral current by
Te = P Ta¢) — Szﬂjel;n (4.13)
with b
52g = sin? 92?t =s\Z+ gs{,vc{,v. (4.14)
The neutral- and charged-current couplings are
1 d
Gne = ———,
YO s Vi w15)
o 1 Vd '
cc = .
V28l /1= how

The electromagnetic, the neutral- and the charged-
current interactions are modified by the anomalous cou-
plings in a universal way for fermions with the same quan-
tum numbers. With our definition (4.14) of the effective
leptonic weak mixing angle the neutral current (4.13) has
the same form as in the SM, cf. (4.9). We write the neutral
current as

Thic=>_ %f (g%” - g/{v“vs) £, (4.16)
7

where f denotes any fermion. Then we find for the vector
and axial-vector neutral-current couplings of leptons

1 1

= - 4.17
2’ 2’ ( )

9622553— 9,{1:—

with ¢ = e, u, 7. Using (4.17), we find the usual expression
1

for s24 [39]:
¢
.2 plept 9v
O =—(1—=).
sin® g = 7 ( A )

Fermi’s constant is given by two charged-current inter-
actions in the low-energy limit where the W-boson prop-
agator becomes point-like; see e.g. Sect. 22.3 of [20]:

(4.18)

GF - ﬁ CcC- (419)
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It is related to the vacuum expectation value v of the
original Higgs field ¢, see (2.12), through

—1/2 —1/2
v=(vaGr) T (1+0012) (4.20)
This is obtained by inserting in (4.19) for e, Goe and myy
the expressions following from (4.12), (4.15) and (3.23),

respectively. For hgal) =0, (4.20) becomes the tree-level
SM relation between v and Gg. The parameter A from
the Higgs potential is therefore, cf. (4.2),

Grm? 1
A= ng <1 +5 (hg,” + hgf’))) (1 + hg)/z) . (4.21)

In the following two subsections we determine how the
remaining original parameters of the Lagrangian (2.21)
are related to our input parameters in the Pz and Py
schemes. Knowing these relations one can express all con-
stants in the Lagrangian by either of the two electroweak
parameter sets plus the anomalous couplings h;.

4.1 Pz scheme

We now show how the original parameters in the effective
Lagrangian (2.21), are expressed by the input parame-
ters of the P scheme; see Table3. The physical Z mass
myz and a(my) are given in terms of the P, parameters
in (3.29) and (4.12), respectively. In the Pz scheme the
W mass my is a derived quantity. The relation of my,
to the P, parameters is given in (3.23). We use (3.23),
the relation my;, = ¢{ym’,, and we express m’, by means
of (3.29) to obtain the tree-level result for the squared
W mass in the framework of the effective Lagrangian
(2.21):

W
L 1+ 102 ey
(1 - hq,w) (1 + () + h(j’))/z)

(4.22)
Inserting (4.15) and (4.22) in (4.19) we obtain an equation
for sgy:

W2 V2Gem% t 1482
(4.23)

Note that d and ¢ contain s{y and ¢{y; see (3.13) to (3.15).
Therefore (4.23) is only an implicit equation for s{y, which
is not easy to solve exactly. We denote the right-hand side
of (4.23) for the case where all anomalous couplings are
set to zero by s3:

2 = 1 1—,/1— L
07 2 V2GErm% )’ (4.24)
d=1-s.

Hence sg and ¢y are not independent parameters but com-
binations of input parameters in the Pz scheme. In the
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SM, they are identical to the sine and cosine of the weak
mixing angle. To linear order in the anomalous couplings
we obtain from (4.23) in the Py scheme

/2 2 2 45003
SW = 50 1 + CO (h@W — h¢B) + HhWB
+C‘2)h(3)> . (4.25)
2(cg—s3) ¢

Expanding (4.14) to first order in the couplings we find in
the Pz scheme

2
— 0 __p®) ).
)
(4.26)
Using (4.25) and (4.26) the quantities s{y, c{y and s
in (4.13) and (4.15) can be expressed as functions of sg
and anomalous couplings in the linear approximation. The
neutral- and charged-current couplings (4.15) read to first
order in the anomalous couplings in the Pz scheme

C
Ssz = S% (1 + 2702)h,WB +

so(cg — sp

1 1 5
Gne = P (1 — 4h§,)) , (4.27)
Goe = 1 <1 + S0¢0 hws + 0(2)h(3)>
V250 s5 = ¢f Alsg—cg) )
(4.28)

For non-zero anomalous couplings an exact result for the
W-boson mass is, in principle, obtained by inserting the
solution for s{y from (4.23) into (4.22). Expanding to first
order in the anomalous couplings we obtain in the Py
scheme

$0Co c? (3)>
2-a"rIg-ate )
(4.29)
This equation is a relation at tree level. The way in which
radiative corrections are taken into account in our analysis
is explained at the beginning of Sect.5. For the vacuum
expectation value v we obtain to linear order in the anoma-
lous couplings in the Pz scheme, expanding in (4.20)

v= (x@GF)_W (1 - hg)/zl) :

mwy = comy (1 +

(4.30)

4.2 Py, scheme

Similarly as in the preceding subsection we now express
various quantities in the Py scheme; see Table 3. Inserting
(4.15) into (4.19) and solving for s{Z we obtain
e? d
4\@Gpm%/v 1- hgaW ’

sie = (4.31)
Notice that in this equation d contains s{, and c¢§y. There-
fore it is only an implicit equation for sig like (4.23). For
the case where all h; are zero the right-hand side of (4.31)
is given by

e2

2 2
m, 01:1—51.

57 = (4.32)
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Here s; and c¢; are combinations of input parameters
of Py . Expanding (4.31) to linear order in the anoma-
lous couplings we obtain in the Py scheme

s = st (1+ ¢ (how — hyp) +2s1c1hwp) . (4.33)
We expand (4.14) to first order in the h;:
sop = S1 <1 + hWB) (4.34)

For the neutral-current coupling (4.15) we find to first
order in the anomalous couplings in Py

R
Gne = (1 + hWB) (4.35)
51C1

Here due to (4.19) and (4.32) the charged-current coupling
is given exactly by

1
V2s1

and not modified by anomalous couplings. Using the re-
lation m/, = mi, /ciy as well as (3.23) and (3.29) we find
for the squared Z mass in Py

a (14 (08 + ) 72) (1= how ) 2

2 _ 0 my
Z7

Goe = (4.36)

(4.37)

/27

14 nd) /2 cw

where for s{y in d and ¢ the solution to (4.31) has to
be inserted, and cfy = /1 — s{7. So far this is an exact

expression for mz. To first order in the h; the Z mass is

mw (1 + 7hWB + h(g))

my = (438)

C1

For the vacuum expectation value v to linear order in
the h; we have the same expression as in the Pz scheme,
(4.30).

5 Limits from LEP and SLC

In this section we discuss the impact of the additional
operators on precision observables measured at LEP and
SLC. As mentioned before we use the Pz scheme in the en-
tire Sect. 5. Our procedure is as follows: We calculate the
tree-level prediction Xi,.e of an observable in the frame-
work of the effective Lagrangian (2.21). Then Xiee can be
expanded to first order in h;

D 6o (1 + Zh1Xz> )

where XM is the result if we set all anomalous couplings

to zero, that is the result one obtains from the tree-level
calculation with the mere SM Lagrangian. At higher loop-

order both Xi;ee and Xtrlgf3 receive corrections. It is well

Kiree = (5.1)
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known how to calculate radiative corrections in the SM;
see for instance [40]. As already mentioned in the intro-
duction radiative corrections can also be evaluated for
a non-renormalisable Lagrangian like ours in (2.21) us-
ing the effective-field-theory techniques; see for instance
[12]. This would result in a renormalisation of the origi-
nal anomalous couplings and in the introduction of fur-
ther anomalous terms of higher dimension with free co-
efficients. Thus, radiative corrections to our anomalous
couplings should only give terms having further suppres-
sion factors a and/or (v/A) and will be neglected in the
following. In detail, we expand the complete result X for
an observable as

X = XM <1+Zhif(,»> + AX,

(5.2)

where XM is the complete SM result and the X, are the
same expressions as in (5.1). The term AX contains then
radiative corrections times and to anomalous couplings
and will be neglected in the following. To get bounds on
the h; we insert the experimental values for X and use
the well known higher-order results for XSM. The linear
parts X; are obtained from the tree-level expansion (5.1).
The experimental errors § X together with the theoretical
uncertainties 6 XM of the SM calculation allow us then
to derive bounds on the h;. The theoretical values XM
depend on the unknown Higgs mass my [41] and we shall
discuss the bounds as functions of myg.

As first observable we consider the leptonic mixing an-
gle (4.14) for which we get in the Pz scheme (4.26). There
we can identify sg from (4.24) as the tree-level SM result

= S0-. (53)

ff ‘tree

According to (5.2) and (4.26) we set now

g = (s3)° (1+

02
h 0 53
5T g s

so(cp — 5
= (s53)? (1 +3.39hws + 0.71h§§>) . (5.4)
Here sﬂ\f/[ is the leptonic mixing angle in the SM, includ-

ing radiative corrections, and the numerical values are ob-
tained with (4.3) and (4.4).

The partial widths of the Z into a pair of fermions
calculated from the Lagrangian (2.21) on tree level are

emZ

Ffﬂtree = G C Xf7

2 2
X5 = (9(1) + (gf\) )

where N/ = 1 for leptons and N/ = 3 for quarks. For neu-
trinos, charged leptons, and for up- and down-type quarks
we get, respectively,

(5.5)
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_ 1
Xv = 9’
1
Xe =75~ 250 + 4sag, (5.6)
1 4 16
Xu =75 = gssz + jséﬁ,
1 2 4
Xd =5~ gsiﬁ + 5533 (5.7)

In (5.5) we have neglected all fermion masses. Setting all
anomalous couplings to zero we find expressions for the
tree-level partial widths in the SM as in Chapter 25 of
[20]. The partial widths in (5.5) depend on the anoma-
lous couplings through Gnc (4.27) and through s in .
Expanding (5.5) to first order in the anomalous couplings
and using our prescription (5.2), we obtain the following
results for the invisible partial width, the width into one
pair of charged leptons eTe™, u*u™ or 7777, the hadronic
and the total widths:

hd)
Tiny = Fl?ll\\l/[ 1— 7 ) (5-8)
4sgco(4s3 — 1)hws
Ly =M (1 o0 :
=t ( T 17652 1 1650 — 167 (59)

(—1+ 283 + 4s8) hYY
2 —4s3(3 — 8s3 + 8sp)

4sgco(44s% — 21)hwg
Thaa = T5M
had = 1 had ( + 45 — 174s% + 25655 — 17655

(—45 + 9053 + 4s8) B (510
90 — 34852 + 51253 — 35258 | © 7

40s0co (853 — 3)hwn
63 — 24652 + 40053 — 3205

(—63 + 12652 + 40s3) hY )

Iy =TI3M (1+

5.11
126 — 49252 + 80058 — 64058 (5.11)

Using (4.3), (4.4) and (4.24) we get numerically

_ SM 3
Ty = Fmv (1—0.50n%), (5.12)
Iy = IPM(1—04Thwp — 0.60R(),  (5.13)
Thaa = I} d(1 — 1.12hwp — 0.740),  (5.14)
Iz = T3M(1—0.82hwp —0.67h%)).  (5.15)

Notice that sgﬁ, Iyp, Ihaq and I'z all depend on the cou-

plings hwp and hfpg ) in a different way. In contrast, at

tree level in the SM as well as with the Lagrangian (2.21)
the hadronic pole cross section oﬁad as well as Rg, Rg
and R? [41] depend only on s%; since they are defined in
terms of ratios of the partial and total widths, such that
the anomalous couplings enter only through the quantities
X¢; see (5.5) to (5.7):

0 o 12w Fethad
Ohad = m2 12
Z

(5.16)
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R} = Ihaa/Te, Ry = Lyp/Thaa,  Re= e/ Thaa-
(5.17)

Note the deviating definition of the leptonic ratio where

Iaq appears in the numerator. Also another group of ob-

servables, the quantities

As = 29094 /X7, (5.18)
and the forward—backward asymmetries
3
0,f
Aps = ZAQA]% (5.19)
are solely functions of s24:
A, =1,
1 2
A= 9~ 2s5q ) /xes (5.20)
1 4
Ay = (2 - 3823) /Xus
1 2
=|= 21
Ag (2 3 eff) /Xa- (5.21)

We thus find that a large number of the observables
listed in the summary table, Table 16.1, of [41] with the
combined results from LEP1, SLC, LEP2 and W-boson
measurements depend on the anomalous couplings only
through sgﬁ, that is only through the linear combination
n (5.4). These are the observables

Au(Pr), Ag(SLD), A%, s2:((Qrn)),

AR, AR, (5.22)
-Finv/FMa Rg7 Rgv Ab7 -AC> (523)
Ugad? R([? (524)

Their functional dependence on sgﬂ is at tree level the
same for the Lagrangian (2.21) as in the SM. Thus, ne-
glecting again radiative corrections times and to anoma—
lous couplings, we can use the determination of s2 g from
[41] directly for our purposes. From the six observables
(5.22) the following value for s2; is extracted in Table 15.4
of [41]:

s2¢ = 0.23148 £ 0.00017. (5.25)

The errors of the observables (5.23) are much larger than
those of the observables (5.22) and therefore do not affect
this result within rounding errors, which we have checked
explicitly using the tree-level expressions of the observ-
ables (5.23). Among the observables (5.22) the leptonic
ones tend to give smaller values for sgﬂ than the hadronic
ones. This has recently been mentioned in [42]. We note
that this discrepancy cannot be cured by the anomalous
couplings that we consider in this paper since any choice
for hwp and hfj ) leads to one particular value of sgﬂ and
the observables depend on s2; as in the SM. For the two
observables (5.24) results are given in Table 2.3 (“with lep-
ton universality”) of [41], where they are correlated with

¢
my, I'7 and A%’B:

myz [GeV] = 91.1875 + 0.0021, (5.26)
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Table 4. Values of various observables X predicted by the SM
for different Higgs masses. The dependence of their uncertain-
ties 0 X on my is negligibly small. Taken from Figs. 15.4, 16.6
and 16.9 of [41]

mpy 120 GeV 200 GeV 500 GeV 5X
2 0.23156  0.23180  0.23230  0.00030
I'z [GeV] 2.4952 2.4938 2.4902 0.0026
od.q [mb]  41.484 41.485 41.489 0.015
RY 20.737 20732 20723 0.018
mw [GeV] 80.374 80.341 80.269 0.041
Iy [GeV] 2.0896  2.0880  2.0832  0.0032

I'z [GeV] = 2.4952 + 0.0023, (5.27)

0paq [Mb] = 41.540 + 0.037, (5.28)

RY = 20.767 +0.025, (5.29)

0,0
A = 0.0171 £ 0.0010. (5.30)

The correlations given in the same table are, in the order
0 0 A0.¢
mz, FZ7 Oyad> R£7 AFBa

1 —-0.023 —0.045 0.033  0.055
1 -0.297 0.004 0.003

10.183  0.006 (5.31)
1 -0.056
1

In our scheme Pz the Z mass is an input parameter. The
forward—backward asymmetry Ag’é is already included in

the result for s2; in (5.25). We thus exclude mz and AOF’é
from (5.26) to (5.31) by projecting the error ellipsoid onto
the subspace of I'z, (fﬁad and Rg. Since I'z depends on

the couplings hywp and hS’ ) in a different way than s%; we
can in this way extract values on these two couplings from
(5.25) to (5.31). The SM predictions for o0, 4, RY and in
particular for I’z and s%; depend on m . Their numerical
values are taken from Figs. 15.4 and 16.6 of [41]. For the
convenience of the reader we list these numbers in Table 4.
In Table 5 we list the results for the anomalous couplings
extracted from (5.25), I'z, op,4 and RY for a Higgs mass of
120 GeV, 200 GeV and 500 GeV, respectively. The errors
include the uncertainties in the SM predictions, which are
mainly due to the uncertainties in Aozl(]‘:;)d(ﬂﬂz)7 as(m%)
and my.

We now want to include in the analysis of the anoma-
lous couplings the data of W-mass and -width measure-
ments. The expansion of my has already been given in
(4.29). For the total width of the W boson we get from
(4.11), (4.28) and (4.29) at tree level, neglecting fermion
masses,

2
3e“mw 9

FW‘tree = TGCC (532)

3s0co 3c?
= [SM 14 22970 4 _ 2% p)
W ( TgeaM A )
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Table 5. Prediction of C'P conserving couplings in units of
1073 from the observables listed in the first row. For s2g the
result (5.25) from the observables (5.22) is used. The results are
computed for a Higgs mass of 120 GeV, 200 GeV and 500 GeV,
respectively. The errors dh on the couplings and the correla-
tion between the two errors are independent of the Higgs mass
within rounding errors. The correlation is —86%

2 0 0
Seff Iz, Ohad> RZ

muy 120 GeV 200 GeV 500 GeV  6h x 10°
hws x10° —0.26 —0.44 —0.68 0.81
AP %103 0.38 —0.24 —2.08 2.81

Table 6. Same as Table 5, but here mw and I'v are included
as observables. The correlation of the errors is —88%

2 0 0
Seff s Iz, Ohad> Rév mw, T'w

mu 120 GeV 200 GeV 500 GeV  §h x 10°

hws x10° —0.04 —0.20 —0.43 0.79

h %10 —-1.17 —1.88 -3.81 2.39
where I'SM = 3e%comz/(16ms?). In the Pz scheme the

total width Iy depends on the same linear combination of
anomalous couplings as myy, see (4.29), and is three times
more sensitive to changes of hyp and hgf ). Now we use
again our general prescription (5.2) and insert numerical
values for so and ¢y following from (4.3) and (4.4). We
obtain then

mw = myp (1 — 0.78hwp — 0.36h%),  (5.33)
Iy = I (1= 2.35hwp — 1.07TAY)).  (5.34)

We recall that in the presence of anomalous couplings all
charged-current interactions are modified in a universal
way. Consequently, we obtain the same relation (5.32) for
all partial widths of the W boson. The branching ratios
of the W boson are therefore not changed by anomalous
effects, in contrast to those of the Z boson. We use the ex-
perimental values given in (16.1) and (16.2) of [41] derived
from LEP, SPSC and Tevatron data

80.449 £ 0.034,
2.136 + 0.069,

(5.35)
(5.36)

mw =
ITw =

where the error correlation is —6.7%. Using the SM values
for mw and Iy from Fig.16.9 of [41], which are shown
in Table 4 for three different Higgs masses, and combining
the bounds from my and Iy with the results from Table 5
we get the bounds on the couplings hyp and hg’) as listed
in Table6.

6 Three- and four-gauge-boson couplings

We now turn to the bounds on the anomalous couplings
h; from measurements of YWW and ZWW couplings at
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LEP2 [41] and the prospects to measure these couplings
at a future LC. The former is done in Sect.6.1 using the
scheme Py, the latter in Sect. 6.2 using Py and suitably
defined effective TGCs. A general parameterisation of the
two triple-gauge-boson vertices by an effective Lagrangian
in the ELa approach (see Sect.1) requiring only Lorentz
invariance and hermiticity consists of 14 real parameters.
A common parameterisation used in the literature is the
one of Hagiwara, Peccei, Zeppenfeld and Hikasa [3]:

LYWW _ Vo s - e
=gl (WhLW ™ — W, WHV (6.1)
igvww
WAV 1 Y gy s e
+ Ky m v +% A v
Figy WHW, (0MVY + 9" Vi)
—ig¥ e (W9, W) =W, (0 W) Vs

+RyW W, V“”Jr—WjHW A

with V' = v or Z. The overall constants for the photon and
Z vertices are defined as follows:
(6.2)

Jww = —€, gzww = —ecot Oy,

where e is the positron charge. Then we have in the SM
at tree level
o =1, (6.3)

and all other couplings equal to zero. We write Ag) =
g7 — 1 and Aky = Ky — 1 as usual. The ZWW couplings
involve the mixing angle fw of the SM. In the ELa ap-
proach this Oy is well defined. It is also unique at least at
tree level.

Note that in the FF approach the same expression (6.1)
is usually written down but allowing the coupling con-
stants to be complex numbers. Then Eléla/zg,{v should not
be considered as an effective Lagrangian but only as a con-
venient shorthand description for the VW W form factors
generated by using (6.1) in Feynman rules to first order.
In [10,11] the parameterisation (6.1) is used and bounds
on the anomalous couplings are computed by means of op-
timal observables using the tree-level expressions for the
differential cross section of eTe™ — WW. Given the ex-
pected accuracy at a future LC it will in general be neces-
sary to take into account radiative corrections. How this
can be done in the framework of optimal observables is ex-
plained in Sect. 3 of [10]. One can apply to the measured
cross section the SM radiative corrections in the reverse
to obtain a Born-level cross section. Neglecting again ra-
diative corrections times and to anomalous couplings this
Born-level cross section can be analysed using tree graphs
where for the SM (6.3) is valid.

Here we want to compare the parameters h; of our
Lagrangian (2.21) — which is in the ELb approach — to
the parameters in (6.1). From the outset we must make it
clear that such a comparison raises problems. In the ELa
approach the dimension < 4 terms in the Lagrangian are
exactly the SM ones. In the ELb approach investigated in
the present paper on the other hand the dimension < 4

HV:].,
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terms receive anomalous contributions. The relations be-
tween the h; and the couplings g{ ,..., Ay of (6.1) which
we shall derive below are thus only valid supposing that
the anomalous contributions to dimension < 4 terms are
negligible. For a specific process one can take into account
these contributions by defining effective TGCs, as we shall
do in Sect. 6.2 below for the reaction ete™ — WW.

We now derive the relations of the parameters of (6.1)
to the h; in the approximation where terms of the La-
grangian (2.21) that are of second or higher order in h;
are neglected. The sine of the angle 6y in (6.2) will be
identified with sg in the Pz scheme and with s; in the
Py scheme. The fact that we have an ambiguity here
reflects again the differences of the ELa and ELb ap-
proaches.

We denote by L,ww and Lzww the parts of the La-
grangian (2.21) — expressed in terms of the physical fields
Wf, A, and Z,, — that consist of two W boson fields and
one photon or Z-boson field, respectively. Without any
approximation the YW W part is given by

Loww

(—ie)
hWB ) + _

+ |1+ | W W, AW
( (1 - hgaW) a
6v2Grsly (14 hY)/2)

6\/g (1 - hsoW)

cW hy
+ Yy WD
(1 - hwW)

where ;1,“, = (1/2)€uupoAP?, and d is defined in (3.15). To
obtain the term proportional to hyj, in (6.4) we have used
the Shouten identity. Depending on whether we are in the
scheme Pz or Py, st is a solution to (4.23) or (4.31),
respectively. The ZWW part reads

= (W;VW—“ — W, W) AY (6.4)

W, (A 4 by A7)

W+W Arv

c _ -

(ngv =f (WhEW™ - W, W) Z (6.5)
e e Lo
L1+ nl 2 _ , _

+ f((1 = }fw/v))wjﬂw " (hWZ M hy 2 A)

hyws +117— 7

_ Y AZS

Fe1z how W,y w, 2",

where Z,,, = (1/2)€,1,p0 Z°° and

1 bcly 1 dc’W—
f+_\/i<d+ / >7 f—_ (/ b>’ (66)

Sw Vi sw

f 6\/7GF SW f_

(6.7)

Again, for the term in (6.5) proportional to hy the
Shouten identity is applied. Expanding the coefficients of
the operators in (6.4) and (6.5) to first order in the anoma-
lous couplings and comparing with the Lagrangian (6.1)
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we find the following relations between the two sets of

couplings, in the Pz scheme:

Ag] =0, Ak, = z—ohWB, (6.8)
0
h(3)
A Z — 50 h (%]
P I M P
28()00 hg)’)
Aky = 5——=hwp + ———5, (6.9)
s — ¢ 4(s§ —cf)
Ay = GSOC%ﬂGFm%hw/e,
(6.10)
Ay = 68003\/§Gpm2zhw/67
. s . ¢
kz = _*OhWBa Ky = *Ohv‘[/& (6.11)
Co S0
Ay = 6306(2)\/§Gpm2zhv~v/e,
~ (6.12)
Ay = 6s0c3V2Grm%hy /e,
91 =97 =93 =g =0. (6.13)

Equations (6.8) to (6.10) relate C'P conserving couplings,
whereas (6.11) and (6.12) relate C'P violating ones. The
couplings g; and g7 are C'P violating whereas gJ and gZ
are C'P conserving. From (6.8) to (6.13) we see that in our
ELDb framework the anomalous YWW and ZWW vertices
depend only on five anomalous parameters, three of them
CP conserving (hw, hws, hfag)), two of them CP violat-
ing (hy, hyyp)- The 14 anomalous couplings in (6.1) thus
obey 9 relations. These well known gauge relations are

Agl =0, (6.14)
2
S
Aky = Ag? — C—(éAmy, (6.15)
Az =\, (6.16)
62
fy = ——2Fiz, (6.17)
S0
A=Az, (6.18)
9i=97 = g = ¢ =0 (6.19)

However, one has to keep in mind that although the
number of TGCs is reduced in the ELb approach com-
pared to the ELa approach anomalous effects can occur
at other vertices or propagators; see e.g. our treatment of
the reaction ete™ — WW in Sect.6.2. Notice also that
the gauge relations (6.14) to (6.19) do not generally hold
in an SU(2) x U(1) invariant effective theory, but rather
stem from the fact that we have restricted ourselves to
operators of dimension < 6. If one adds to the Lagrangian
(2.21) suitable operators of higher dimension one can ob-
tain a gauge invariant Lagrangian where all 14 anomalous
couplings in (6.1) are independent. For this, operators up
to dimension 12 are required [4], where for each additional
dimension the effects are suppressed by an additional fac-
tor (v/A). The so-called gauge relations (6.14) to (6.19)
are thus rather a low-energy approximation than a result
from gauge invariance.
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Using the scheme Py, we find in the linear approxi-
mation instead of (6.8) to (6.13)

Agiy = Oa AK:"/ - %hWB7 (620)
1
AgZ =0, Ary = —Z—ihwg, (6.21)
)\Z = GslﬂGFm%‘/hW/e,
(6.22)
)\,y = GSlﬂGFm%,Vhw/e,
. S N c
Fg = _FthVB’ Fy = —hyp, (6.23)
1 S1
S\Z = 651\/§Gpm%,vhv~v/e,
_ (6.24)
Ay = 681\/§Gpm%/vhw/e,
91 =9i{ =9 = g5 =0. (6.25)

Notice that hg’) does not enter here in Py, such that the
number of couplings to describe the anomalous YW W and
ZWW vertices in the Py, scheme is one less than in the
P; scheme. We have here two C'P conserving couplings
(hw, hwg) and two C'P violating ones (hyi,, hyyz). The
gauge relations (6.14) to (6.19) also hold in the scheme Py,
if we substitute sg and ¢g by s; and ¢;. In the Py scheme
we have a further gauge relation

Ag? =0. (6.26)

Thus we find in our locally SU(2) x U(1) symmetric the-
ory that the number of independent C'P conserving TGCs
is three if we choose the P scheme. This agrees with the
results of [43]. If we choose Py, which is actually the con-
venient scheme for the direct measurement of TGCs in
W-boson-pair production there is one TGC less. However,
the h; also enter in fermion—boson vertices, Higgs-boson
vertices and boson masses. In fact, we shall see in Sect. 6.2
that the coupling hEE’ ) affects the differential cross section
of ete™ — WW although we use the scheme Py .
Without approximation the yyWW part of (2.21) is

ﬁ'wWW

DU (WAL A W A AY)

(6.27)

_ 6sty hwAx, + hwzi)\#
ev2/d (1= hew)
< (AW = AWy W 4 He).

Using the formulae of Sect. 4 it is straightforward to cal-
culate the linear approximation of (6.27) for the two
schemes.

The terms containing two photon fields and one Higgs
field in the effective Lagrangian (2.21) after diagonalisa-
tion are, without approximation,

vd \/1 + (b +1D)2 Loym (6.28)
1
=5 (s\whow + Ayhes — 2dysiwhwe) A AP H

+ (g + &,z — syl ) A A H.
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Table 7. Contributions of the SM Lagrangian and of the anomalous operators to
different vertices in linear order in the h; after the simultaneous diagonalisation. Only
those vertices are listed that are relevant for our observables. This does not coincide
with the contributions to operators of the respective structure before the simultaneous
diagonalisation; see Table 2. The coupling hff) contributes to the ZWW vertex in the

scheme Pz but not in Py

SM  hw  hy  hew oy hes hos hws  hgg hY RE)
Ww VY v v
zZww o v Y v v Pz
wWWww-o VY
yyH v v v oV v v

In the linear approximation we simply have to drop the
square root, and substitute the factor vd on the left-
hand side by (v2Gr)™1/2 and siy (c4y) on the right-hand
side by so (cg) in the Pz scheme, and by s; (c1) in the
Py scheme.

We summarise in Table 7 which couplings contribute to
the YWW , ZWW , yvwWW and yyH vertices if we con-
sider only terms that are linear in the h;.

6.1 Bounds from LEP2

For the C'P conserving couplings we use the values from
Table 11.7 in [41]

Ag? = 0.051 +0.032,
Ak, = —0.067 £ 0.061,
A, = —0.067 +0.038.

(6.29)

The errors given in [41] are not symmetric. Here we make
the conservative choice of taking the larger of the lower
and upper errors. The correlations, in the order Ag#, AR,
A, from the same reference, are

10.23 —0.30
1-0.27 (6.30)
1

The remaining two non-zero C'P conserving couplings
Akz and Az are not considered as independent in [41],
but are assumed to be given by the gauge relations (6.15)
and (6.16). From the values (6.29) and (6.30) we there-
fore obtain, using (6.8) to (6.10), the following values and
errors for our anomalous couplings:

hw = —0.069 £ 0.039,

hws = —0.037 £ 0.033, (6.31)
h) = —0.029 £0.112,
and the correlations, in the order hy, hwg, hff’),
1-0.27 0.36
1 -0.80 (6.32)
1

We repeat that these constraints are only approximate as
in our ELb framework non-SM effects do not only occur
at the three-boson vertices, but also at the fermion—boson
vertices and through my,. The bounds (6.31) on the h;
are thus only valid to the approximation that these ef-
fects are negligible.? Moreover, in contrast to Sect.5, no
radiative corrections are included in our results here. The
constraints on hyp and hg ) derived from TGC measure-
ments are much weaker than the constraints from Table 6.
Combining the results from Table 6 with (6.31) and (6.32)
we find the values and errors as listed in Table8. These
are the final values for the C'P conserving couplings that
we can derive from LEP1, SLC, LEP2 and W-boson mea-
surements. The value and error of hy, is almost indepen-
dent of mpyg. Electroweak data predicts a value for hy, of

about —0.06. Since the errors on hyp and hfag) are almost
uncorrelated with the error on hys, we can consider the

bounds on hwp and hg’) separately. Their error ellipses
are shown in Fig. 1. Interestingly, a large Higgs mass is

allowed by the data if hyp and hfp?’) are of order ~ 1073.

For the C'P violating couplings we use the weighted
average of the single parameter measurements given in
[44,45)]

Az = 0.067 % 0.080, Rz = —0.018 £0.046. (6.33)

In these analyses the relations (6.17) and (6.18) of the
CP violating photon couplings with the C'P violating
Z couplings are assumed to hold. Using the values (6.33)
we get from (6.11) and (6.12) the results listed in Table9.
These results are independent of my. Since — in contrast
to the C'P conserving couplings — the C'P violating cou-
plings do not affect the boson—fermion couplings or the
W mass these bounds are accurate in the sense that no
such effects are neglected.

Bounds at 95% C.L. on anomalous TGCs have been
determined by the CDF collaboration [21] and the D@
collaboration [22]. The latter, who gives the tighter

2 In the following subsection we show that one can take into
account the effects from anomalous fermion—boson couplings
and anomalous boson masses by defining effective TGCs. How-
ever, to this end each physics reaction must be considered sepa-
rately. Here we use the combined results from various processes
and one cannot easily avoid this simplification.
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Fig. 1. Error ellipses of hwgs and hg) for different Higgs masses

Table 8. Final results from already existing data for C'P conserving couplings in units
of 1072 for a Higgs mass of 120 GeV, 200 GeV and 500 GeV. The anomalous couplings
are extracted from the observables listed in the first row using (5.25). The errors dh
and the correlations of the errors are independent of the Higgs mass with the accuracy
given here. The correlation matrix is given on the right

2 0 0
Seff s FZ? Ohad> Réa mw, FWa TGCs

my 120 GeV 200 GeV 500 GeV  6h x 10°

hw  x10° —62.4 —62.5 —62.8 36.3 1 —0.007 0.008
hws x10° —0.06 —0.22 —0.45 0.79 1 —0.88
Y x10? ~1.15 —1.86 —3.79 2.39 1

Table 9. Final results from already existing data for C'P vio-
lating couplings. The anomalous couplings are extracted from
TGC measurements at LEP2 in various processes

TGCs
h oh
hy, 0.068 0.081
hys 0.033 0.084

constraints, also quotes central values and 68% C.L.
limits on A, and As,. They are \, =0.0070%) and
Aty = —0.0870-31, and therefore not tighter than the con-
straints (6.29) from LEP2. Moreover, the values (6.29)
are results where all three parameters are measured at
a time. In [21] also 95% C.L. limits on two C'P violat-
ing couplings are determined, viz. —0.7 < 5\7 < 0.7 and
—2.3 < Ry < 2.2. These results can be transformed using
(6.17) and (6.18) into bounds on the couplings Az and
kz at 68% C.L. These resulting bounds are less stringent
than the LEP2 bounds (6.33). We thus conclude that an
inclusion of the bounds from [21,22] would not have a
considerable effect on our calculated bounds on the h;.
As mentioned above, see (2.23), a natural choice for
the coefficients h; in (2.22) is h; = a;v?/A? where A is
the new-physics scale and the «; are of order one. Setting
a; = 1 and using the numbers from Tables 8 and 9 we find

lower bounds A; on the scale of new physics according to

A=t (6.34)

These bounds are listed in Table 10. New physics that
gives rise to non-zero hys, hyj or hyp may be seen

at a LC in the one-TeV-range. Those affecting hff) can
lead to visible effects at a multi-TeV machine like CLIC,
whereas hyp will probably be out of reach in the near
future. We remark that relations between the Higgs mass
and the scale of new physics in an effective-Lagrangian
approach have also been obtained using renormalisation
group methods, see [46]. There operators of dimension six
containing the Higgs and the top-quark fields are included
in the effective Lagrangian, and triviality and vacuum-
stability arguments are applied.

To first order in the anomalous couplings none of
the observables considered so far depends on h,w, hw;v,

heB, hgaf} or h(wl). This does not change when taking

into account optimal observables for ete™ — WW with
the effective couplings; see Sect.6.2. However, four cou-
plings that cannot be determined with present data or
in ete™ — WW at a future LC have an impact on the
differential cross section for W-pair production at a pho-
ton collider, which we will study in a future work [34].
To be precise, one linear combination of h,w and h,p
and one linear combination of h oW and h L can be mea-
sured including data from this reaction. Then only three
anomalous-coupling combinations, that is the other two

linear combinations of these four couplings as well as hgol),
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Table 10. Lower bounds A; on the new-physics scale A in TeV
from the values of different anomalous couplings h; obtained
from the results in Tables8 and 9 according to (6.34). The
numbers are given for a Higgs mass of 120 GeV, 200 GeV and
500 GeV, respectively

mpg [GeV] 120 200 500
hw 078 0.78 0.78
hws 84 77 70
h 41 38 31
hy 0.64 0.64 0.64
hyvs 072 072 0.72

cannot be determined. We summarise this result in Ta-
ble 11 where we show which coupling combinations can be
measured by means of which observables. In the right col-
umn we list all observables that we use in this work or in
[34].

6.2 Effective couplings for ete™ — WW

Here we would like to derive bounds on the anoma-
lous couplings h; from results obtained for the reaction
ete™ — WW in [10,11]. There all 14 complex parame-
ters to describe the general YWW and ZWW vertices are
taken into account, see (6.1), but the fermion-boson ver-
tices, mz and myy are supposed to be as in the SM. There-
fore we have to analyse carefully to which extent bounds
on our anomalous couplings h; can be obtained from [10,
11]. Consider the two cases, the ELb framework using the
Lagrangian (2.21) with all anomalous couplings and the
ELa framework of the Lagrangian (6.1) with only anoma-
lous TGCs. In both cases the process ete™ — WW has to
be calculated at tree level from three diagrams, ¢t-channel
neutrino exchange, s-channel photon and s-channel Z ex-
change, see Figs.2 to 4. The various anomalous contribu-
tions in each figure are explained below. Given the pro-
jected accuracy at a future LC, it will in general be nec-
essary to take into account radiative corrections to the
process eTe” — 4 fermions within the SM, which have
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been worked out in detail in the literature [47]. How these
corrections can be included in an analysis with optimal
observables is explained in Sect. 3 of [10]. See also the dis-
cussion after (6.3) above. In [10,11] to linear order in the
anomalous TGCs the errors on their imaginary parts are
not correlated with the errors on their real parts. This is
because integrated observables are used and the respec-
tive anomalous amplitudes obtain different signs under
the combined discrete symmetry C'PT of C'P and a naive
time reversal T, that is, the simultaneous flip of all spins
and momenta without interchanging initial and final state.
Thus, whether or not the imaginary parts are included in
the analyses of [10,11] plays no role when we look at the
sensitivity to the real parts. For the real parts, the er-
rors on the C'P conserving couplings are not correlated
with the ones on the C'P violating couplings in the lin-
ear approximation, and the two groups of couplings can
be considered separately [10,11]. In principle, the deriva-
tion of bounds on the h; would require a complete calcu-
lation of the process ete™ — WW — 4 fermions in the
framework of the Lagrangian (2.21). To first order in the
couplings the errors on C'P conserving and C'P violat-
ing couplings are not correlated also in this case. How-
ever, in such an analysis also anomalous effects from the
couplings of the Z boson to fermions, which modify the
s-channel Z exchange as well as anomalous contributions
to my (mz) must be taken into account if we use the
scheme Py (Pw); see (4.29) and (4.38). Furthermore, in
the scheme Pz the anomalous couplings have an impact
on the couplings of the W boson to fermions, whereas
in Py they have not due to (4.36). As mentioned in the
introduction of Sect.4, my is treated as a fixed param-
eter in [10,11]. Thus for the analysis in this section it is
convenient to choose the Py, scheme. Moreover this sim-
plifies the analysis because in Py, the neutrino-exchange
amplitude contains no anomalous effects. The C'P wiolat-
ing couplings appear in the reaction e™e™ — WW only at
the three-gauge-boson vertices. Thus the errors and cor-
relations of these couplings can be obtained directly from
the results in [10,11] by using (6.23) to (6.25). In contrast,
in the CP conserving case we obtain anomalous contri-
butions to the vertices eeZ, YWW and ZWW and to myz

Table 11. Anomalous couplings and observables for their measurement in the respec-
tive schemes, in which they are considered in our studies. With the ensemble of all
these observables five couplings can be measured independently. In addition, of the
two couplings h,w and hep one linear combination can be extracted. The same is

true for Ay and h 5

Pz scheme

hws, hgf) $2q, I'z, 024, RS, mw, I'w
hw, hwa, h£03> 3 C'P conserving TGCs

hyis hyyp 2 C'P violating TGCs

Pw scheme

hW» hWBa hg)v hW7 hWB
hw, hws, hy, hyg,
(sthew + then), (sTh,yw + cih,z)

effective couplings in eTe™ — WW

optimal observables for vy — WW
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Fig. 3. Photon-exchange diagrams. SM diagram a and dia-
gram with anomalous YW W couplings b

from the Lagrangian (2.21). Therefore in the framework
of the Lagrangian (2.21), all diagrams of Figs. 2 to 4 con-
tribute to eTe™ — WW in zeroth or linear order in the h;.
The blobs denote anomalous couplings (without the SM
contribution to the respective vertex) and the diagram
(b) in Fig.4 with the box denotes s-channel Z-boson ex-
change with a modified Z mass in the propagator minus
the SM diagram, which is the diagram (a). Notice that the
W-decay amplitudes remain unchanged by the h; in the
Py scheme.

After this discussion of the calculation of the amplitude
for ete™ — WW in our present ELb approach we com-
pare it to the FF calculation of [10,11] which can be con-
sidered as an ELa approach if we set all imaginary parts
of coupling constants there to zero. In the ELa framework

e~ w- e w-
/ !
4
Z 7 /
- /\ - %_ - I\
\ \
\ \
\ \
et w+ et wH+
a b
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of [10,11] the diagrams of Figs.2 and 3 and only (a) and
(d) of Fig.4 occur. We will now show that the diagrams
(b) and (c) of Fig. 4, that is the anomalous effects at the
eeZ coupling and in myz, can be completely shifted to
diagram (b) in Fig.3 and diagram (d) in Fig.4 by defin-
ing new effective YWW and ZWW couplings. For given
values of the couplings h;, which modify the TGCs, the
fermion—boson couplings and myz in the ELb framework
of the Lagrangian (2.21), we can compute values for these
effective anomalous TGCs. Then calculating the process
ete” — WW in the ELa framework (6.1) of [10,11] with
merely (effective) anomalous TGCs leads to the same dif-
ferential cross section as calculating it with all anomalous
vertices in ELb. This means the amplitudes for the process
are only computed from the diagram in Fig. 2, both dia-
grams in Fig. 3 and diagrams (a) and (d) in Fig. 4, but with
suitably defined effective YW W and ZWW couplings.

We start from the Lagrangian (2.21) and denote the
parts of the amplitudes for ete™ — WW obtained from
the tree-level diagrams for ¢-channel neutrino exchange,
and s-channel photon and Z exchange by A,, A, and
Az, respectively. First we assume that these amplitudes
are the full expressions without linearisation in the h;.
Thus these amplitudes do not correspond to the sum of the
diagrams in Figs. 2 to 4, where we have assumed that all
terms of second or higher order in the anomalous couplings
are neglected and the diagrams with the various anoma-
lous contributions can therefore be summed linearly. The
linearisation is done in a second step below. The ampli-
tude A, is identical to the neutrino t-channel exchange
in the SM. The amplitude A, is affected by the anoma-
lous couplings only at the yWW vertex. However, we will
define effective yWW couplings below because some con-
tributions from the Z exchange will be carried over to the
photon exchange. The amplitude A is affected by anoma-
lous couplings at the eeZ and ZWW vertices, as well as
through mz. Now consider the currents (4.8) and (4.13)
for a certain charged lepton species ¢ (in our case £ is the
electron):

Tdn(l) = " (T3 + X)L,

by
»71\70(5) = Ay"T3l — sgﬁ“jclfn(e)'

Further, we denote the vertex functions for the YWW
and ZWW vertices obtained from the Lagrangian terms
Loww and Lzww, see (6.4) and (6.5), by Iyww and
I'zww, respectively. They include SM as well as anoma-

(6.35)
(6.36)

e w- e~ w-
/ /
ll
Z A
- - @\
Y »
\ \
\ \
et W+ et w+
c d

Fig. 4. Z-boson-exchange diagrams. SM diagram a and anomalous contributions from the modification of the Z mass b, from

anomalous eeZ couplings ¢ and anomalous ZW W couplings d
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lous contributions, and no linear approximation in the h;
is performed yet. We have then for the sum of the ampli-
tudes for photon and Z exchange in the Py scheme:

A, + Az (6.37)
1 1
o<jcm( )S VWW+GNCJNC( )S— QFZWW
A
1
- jem( )S ’YWW|eff
- 1
+ GG ((* T3t — 5174, (0)) — anZ Iywwlog »
§— (mz )
where we have defined
1 mw

G = — M- 2 6.38
NC — s1c1 ’ Z 1 ) ( )

and the effective vertex functions
Lowwleg = Dyww (6.39)

s
G 2_s%) I
+S — mQZ NC (81 Seﬁ) ZWW,
2
GNC S — (m%M)

r = r . 6.40
ZWW g e —— ZWW (6.40)

The squared CM energy of the electron—positron system
is denoted by s. From (6.37) we see that the sum of A,
and Az can be calculated from the diagrams in Fig. 3 and
diagrams (a) and (d) in Fig. 4 if we use the vertex functions
F’YWW‘eﬂ‘ and FZWW|Cﬁ‘ instead of F’yWW and szw.
Expanding the coefficients of I'zyw in (6.39) and (6.40)
to linear order in the h; we have, using (4.34),

S

r WW|e =r WwWw — 7hWBFZWW, (6.41)
? o s—m2, /3
Lzww o (6.42)
= {1 + ? (1+4P(s)) hws + P(s)hff’)} Tzww
1
with )
2
P(s) = QmL/ (6.43)

5
cis — myy,

We can now think of I'yww/|.q and I'zww|.q as vertex
functions emerging from the Lagranglan terms (6.4), (6.5)
and containing couplings Ag/| ¢, Ag? | o €te. instead of
Ag], Ag#, etc. Taking into account the additional factor
of (¢1/s1) in the SM couplings of I'zyww compared to the
SM couplings of I'yyww, see (6.1) to (6.3), we obtain to
linear order in the h; from (6.20) and (6.21)

3 2s

Agleg = ol (s)hws, (6.44)
Akiylog = —%P( Jhwa, (6.45)
Agl |z = g (1+4P(s)) hwp + P(s)h?),  (6.46)
Akzlg = P(s) (48th3 + A3 > (6.47)
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With all other couplings A,| g, Azl etc. of the ver-
tex functions F“/W‘/Vleff and I'zww|.q we drop the sub-
script “eff” and write Ay, Az, etc. as usual since they are
related to the h; as before according to (6.22) to (6.25).
In the high-energy limit s > m, we obtain from (6.44)
o (6.47)

Agmeff ~ *thB7 (648)

Akiy| g =0, (6.49)
1

Ag?| ¢ & ahWB, (6.50)

A,‘iz|eﬂ ~ 0. (651)

The effective couplings do therefore not depend on hg(f ) in
this limit. We recall that three of the gauge relations in

the Py, scheme are

AgY =0, (6.52)

Agf =0, (6.53)
2

Aky = Ag? %AHW (6.54)

see (6.14) and (6.15) with sp — s; and ¢g — ¢1, and (6.26).
Here, instead of these three relations we obtain two rela-
tions among the effective couplings

’Y| _ 2

S
91 eff — Cl% AK’Y'eﬁ" (655)

AHZ| eff — Agl ’eff

2
s -1

C% Ak g (—2P(s)) " . (6.56)
Notice the extra factor in the brackets in (6.56) compared
to the conventional relation (6.54). Instead of (6.56) one
can also choose a relation, whose coefficients are energy
independent:

(6.57)

2
s
Akzleg = Aglz‘eff - ?% (A’f"/|eff - Ag?leﬁr) .

However, not both gauge relations between the effective
couplings Ag)|.q, Akylyg, Agf|s and Aryz|g can be
chosen with energy independent coefficients. This can be
seen in the following way. Assume that in addition to
(6.57) there is a gauge relation
A AG]| g+ B Agf| o+ C Aky| g + D Arzlg =0,
(6.58)
where A, B, C and D are constants. In the limit s > m¥;,
cf. (6.48) to (6.51), we obtain from (6.58)

|eﬁ

(6.59)

Now, assuming (6.58) to be independent from (6.57), we
can without loss of generality set A = 0. Due to (6.59) we
then have also B = 0. The relation (6.58) is then a rela-
tion solely between Ak | 4 and Akz|.q, which is not pos-
sible because these couplings are obviously independent,
see (6.45) and (6.47). Thus no such relation (6.58) with
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energy independent coefficients exists. Instead at least one
gauge relation, e.g. (6.55), depends on s. To summarise we
obtain the following gauge relations among the effective
couplings (as mentioned above for all but four couplings
we drop the subscript “eff”):

Agl|og = (6.60)

S
2
&) 2 AK'Y |C{-f )
My

AK‘Z‘eﬁ" = A91Z|eff -

2
S _
émweﬂ (—=2P(s))"", (6.61)

Az = Ay, (6.62)
02
fy = ——5Fz, (6.63)
51
A = Az, (6.64)
Y _ ,Z _ 0 _ Z _
94 =95 = 95 = g5 = 0. (6.65)

Instead of (6.61) one may take the relation (6.57) with
energy independent coefficients.

Numerically we find from (6.22) to (6.25) that the cou-
plings Az,..., gZ are expressed as linear combinations of
the parameters h; in the following way:

Az = 0.980hw, A,
fz = —0.544h 5,
Az = 0.980hy,, A, = 0.980h;,
gl =9 =gl =97 =0.

= 0.9807y, (6.66)

(6.67)

(6.68)

(6.69)

For /s = 500 GeV we further obtain with (6.44) to (6.47)
(6.70)

(6.71)

(6.72)

(6.73)

fy = 184N,

6.66
6.67

6.68
6.69

Ag?‘eﬂ = —1.90hWB,
Aliry‘eﬁ = —0.064hWB,

Ag?| ¢ = 0.582hwp + 0.017h(),
Akiz| g = 0.038hwp + 0.017h().

6.70
6.71

6.72

For /s = 800 GeV, we have instead of (6.70) to (6.73)

Ag]|.g = —1.86hws, (6.74)
Ayl g = —0.024hwp, (6.75)
Ag?| ¢ = 0.558hws + 0.007h(), (6.76)
Afig| s = 0.014hywp + 0.007h{). (6.77)

In the high-energy limit s > m¥, we obtain from (6.48)
o (6.51)

Agm off ~ ~ —1. 84hWB, (678)
Aty = 0, (6.79)
Ag?| 4 ~ 0.544hwp, (6.80)
Akz| g ~ 0. (6.81)

From the measurements of Ag| g, Aky| g .., 9# in the

reaction eTe™ — WW at a future LC [10,11] we can thus
get bounds on hy, hwsg, hfp3), hy and hyi g if s is not too
large. In the high-energy limit s > m?, the CP conserving

coupling hg ) cannot be measured in this way.
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Table 12. Errors in units of 1072 and correlations of the
CP conserving couplings at CM energy /s = 500 GeV

h Shx 10° hw hws KD
hw 028 1 009 —0.26
hws 0.32 1 -0.73
h{ 36.4 1

Table 13. Same as Table 12 but for /s = 800 GeV

h 0hx10° hw hws  AD
hw 012 1 008 -0.15
hws 0.16 1 —0.79
h) 53.7 1

Table 14. Errors in units of 1072 and correlations of the
CP conserving couplings in the high-energy limit at CM energy
Vs =3TeV

h Shx10®°  hw hws
hw 0.018 1 —0.004
hwa 0.015 1

Table 15. Errors in units of 1072 and correlations of the
CP violating couplings at different CM energies

Vs Ohy X 108 Ohyp X 10®  corr.

500 GeV 0.28 22 1™%
800 GeV 0.12 1.4 9%
3TeV 0.018 0.77 2%

6.3 Bounds from ete~ — WW at a linear collider

In this section we discuss the reaction ete™ — WW, to be
measured at a future linear collider, in view of its sensitiv-
ity to the anomalous couplings h;. We assume unpolarised
et and e~ beams and standard expected values for the in-
tegrated luminosities [27,30] 500 fb~! at /s = 500 GeV,
lab~! at /s =800GeV and 3ab™! at /s = 3TeV. We
use the errors for all TGCs in the parameterisation (6.1),
as given for /s = 500 GeV and /s = 800 GeV in Tables 5
and 9 of [11], respectively, and take into account their
correlations (which are not listed there). We further use
the corresponding results calculated for /s = 3 TeV. From
these values we can extract the errors obtainable for the h;
using (6.66) to (6.77) by conventional error propagation.
We give the errors and correlations at CM energies of
500 GeV, 800 GeV and 3 TeV for the CP conserving cou-
plings in Tables12 to 14 and for the C'P violating ones
in Table15. The errors of hy, hwp, hy and hyp at
500 GeV are considerably smaller than the one on h(3)
Notice that hso) becomes unmeasurable in the high-energy
limit; see (6.78) to (6.81). At /s =3TeV we thus ob-

tain no bound on h¢3 . For all other measurable couplings
the errors become much smaller with rising energy. No-
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tice that the error correlations decrease with rising energy
and the four measurable couplings are almost uncorrelated
at /s = 3TeV.

7 Conclusions

We have analysed the phenomenology of the gauge-boson
sector of an electroweak locally SU(2) x U(1) invariant
effective Lagrangian. In addition to the SM Lagrangian
we took into account anomalous coupling terms from the
ten operators of dimension six built either only from the
SM gauge fields or from the SM gauge fields combined
with the SM-Higgs-doublet field. We found that after SSB
some anomalous terms contribute to the diagonal and off-
diagonal kinetic terms of the neutral gauge bosons, to the
mass terms of the W and the Z bosons, and to the ki-
netic term of the Higgs boson. This made necessary to
first identify the physical neutral gauge-boson fields as
linear combinations of the fields that originally occur in
the Lagrangian, and to renormalise the Higgs-boson field
and the charged gauge-boson fields. In this way, in addi-
tion to the gauge-boson self-interactions, also the neutral-
and charged-current interactions were modified. A careful
discussion of electroweak parameterisation schemes was
given; see Table 3. We have studied the impact of anoma-
lous couplings onto LEP and SLC observables. For a large
class of observables the anomalous effects only show up
through a modified effective leptonic weak mixing angle;
see Sect. 5. The functional dependence of these observables
on the effective mixing angle is the same as in the SM.
Thus the discrepancy between the predictions for this an-
gle from hadronic and leptonic observables cannot be ob-
tained by non-zero anomalous couplings from our boson
operators. The observables I'z, my and Iy, depend on
the anomalous couplings in a different way and therefore
lead to further constraints. From all these observables we
obtain bounds of order 10~3 for the dimensionless cou-
plings hwp and h(f). These bounds depend on my.
Turning then to the TGCs we found that in addition

to the two couplings hyp and hg) ) one more CP con-
serving coupling, hy, and the two CP violating cou-
plings hy, and hy;p modify the yWW and ZWW ver-
tices in the scheme Pz. In the scheme Py the triple-
gauge-boson vertices are parameterised by one coupling
less than in Pz; see Tables3 and 7. In other words there
is an additional gauge relation in the scheme Py. How-
ever, both with Pz and with Py some C'P conserving
couplings also change the boson—fermion interactions. For
the specific reaction eTe™ — WW and using Py we have
defined effective TGCs such that all anomalous effects
are absorbed into the effective three-gauge-boson vertices
Iywwl.g and I'zwwl.g. The anomalous gauge-boson—
fermion interactions are thus fully taken into account here
(in the approximation linear in the h;) though in the ex-
plicit calculation of the differential cross section every-
thing apart from the TGCs is assumed to be SM like. With
the effective couplings one more parameter re-enters the
differential cross section in the scheme Py . The gauge re-
lations between the effective couplings are different from
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those between standard TGCs. At least one gauge relation
contains the squared CM energy s of the electron—positron
system.

For the bounds derived from LEP2 data that includes
various processes and not only W-boson-pair production
we have used Pz and only considered the conventional
TGCs. This gives exact results for the C'P violating cou-
plings, but only approximate results for the C'P conserv-
ing ones, since we have neglected the modified W mass
and boson—fermion interactions there. For the couplings

hwp and hff) the direct LEP2 measurements do not give
tighter bounds than the other LEP and SLC observables.
However, we obtain in addition bounds on hy, hy and
hyg of order 0.1.

Our summary of the presently available information
on the anomalous couplings h; is presented in Tables8
and 9 and in Fig.1. We find that the data is consistent
with a light Higgs boson, my = 120 GeV and practically
vanishing anomalous couplings. But also a heavy Higgs
boson, my ~ 500 GeV, is in accordance with the present

data if only small anomalous couplings hyp and hg’) of
order 10~ are introduced in the gauge-boson sector; see
Fig. 1. Moreover the data prefer a value for Ay of —0.06
over hyy = 0 at the 20 level; see Table 8. This may change
if radiative corrections are included in the relevant LEP2
analyses of TGCs.

We have investigated in detail the effects of our ef-
fective Lagrangian on the reaction ete™ — WW at a fu-
ture LC. To this end we have used the results obtained
for solely TGCs in the most general parameterisation for
unpolarised beams and longitudinal polarisation [10] as
well as for transverse polarisation [11]. These analyses
have been done with optimal observables and the derived
constraints on the h; therefore give the optimal bounds
that one can obtain in this reaction from the normalised
event distribution. Here we have used the scheme Py
and our technique with the effective vertices F’YWW|eff
and I'zww|.q. For most couplings the bounds obtainable
with standard expected integrated luminosities are dh;
around a few 107 to 1072 at a CM energy /s = 500 GeV
and are greatly improved with rising energy. Only one

coupling, hg ), is not measurable in the high-energy limit.

Now we compare our results to the ones of [18,19]. The
authors of [18] have calculated at tree and one-loop level
the vvy-, vZ-, ZZ- and WW-two-point functions as well
as the vector-boson—fermion vertex functions in an effec-
tive Lagrangian approach with two additional operators
of dimension six. Thus they are more general in consider-
ing also loop effects but in the present work we are more
general in including more operators.

In the extensive work [19] a gauge invariant effective
Lagrangian with dimension-six operators is considered.
There only C' and P conserving operators are included.
The total set of operators that can be constructed using
the gauge fields and the Higgs field of the SM is reduced
by discarding terms which are only total derivatives. How-
ever, in contrast to [16] and to our analysis here, the equa-
tions of motion are not applied in the reduction of the
number of operators since the authors of [19] considered
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tree-level and one-loop effects. Compared to this work we
have studied here the tree-level effects of C, P and CP
conserving and violating operators. We have also shown
the advantages and disadvantages of the two parameter-
isation schemes, P, and Py, for the study of TGCs. Fi-
nally we have defined effective TGCs in the scheme Py,
which allow a direct comparison of the ELb, ELa and FF
approaches for eTe™ — WW.

An extensive study [23] has discussed the measurement
of the YWW and ZWW couplings at the LHC. Using
events with a W*Z (W¥4) pair in the final state one is
sensitive only to the ZWW (yWW) couplings in Drell-
Yan-type production, and therefore the two groups of cou-
plings can be measured separately. Since our results are in
the ELDb framework they cannot be directly compared to
those of [23] where merely anomalous TGCs are assumed.
In [23] bounds on three TGCs from events with a W*Z
or a W~ pair are also computed in a framework with a
gauge invariant effective Lagrangian. However there, too,
effects from other vertices or propagators are not consid-
ered and therefore also these results cannot be directly
compared with ours. For all these reasons we conclude
that a concise comparison of the sensitivity at the LHC
with the bounds from a future LC calculated in this pa-
per requires a full calculation of the processes there, which
is beyond the scope of the present work. We should also
note that the TGCs studied for the LHC in [23] the ZWW
and YW W vertices are studied for one W far off-shell, the
other W and the Z and « on-shell. In our LC study the
two Ws are on-shell, the Z and ~ far off-shell. We see
that there is nice complementarity of the LHC and LC
possibilities.

Coming back to the results of our present paper we
note that the Giga-Z mode at TESLA, see Sect.5.1.4 of
[28], will be particularly interesting to accurately mea-
sure hyp and hg ) A measurement at the Z pole with an
event rate that is about 100 times that of LEP1, should
in essence reduce the errors §h given in Table5 by a fac-

tor 10. Thus hyp and hfp‘o’) can then be measured with an
accuracy of some 10~%. However, systematical errors can
become more important there [48].

A very interesting opportunity for the exploration of
the electroweak gauge-boson sector is the measurement of
the differential cross section of vy — WW at a photon
collider, which we shall explore in a future work [34]. Here
two new coupling combinations can be determined that
cannot be measured with the other options that we have
considered.

We have seen that experiments performed in the past
as well as the Giga-Z, the eTe™ and the vy options at a
future LC all provide and will provide useful and com-
plementary information on the gauge-boson sector. At
present a non-zero value is preferred for hy, at the 20 level,
while small Awp and hff ) can make a heavy standard
model Higgs boson with my ~ 500 GeV compatible with
the data. The bounds on the C'P conserving anomalous
couplings depend on the mass of the Higgs boson. Until
the Higgs boson is found the bounds on these couplings
can therefore only be given as a function of my. If a Higgs
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boson is discovered at the LHC the constraints on the
CP conserving couplings from LEP and SLC observables
can be precisely stated. The present bounds on the C'P vi-
olating couplings are rather loose. In the future, with data
from all three mentioned linear collider modes seven out
of ten anomalous coupling combinations can be measured.
Our study in this paper and the one to follow on the re-
action vy — WW should make it clear that exploring the
electroweak gauge structure needs a comprehensive study
at a future linear collider where all running modes are
needed and will reveal interesting complementary aspects.
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