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A scalar singlet particle, named U, is coupled to the Higgs sector of the standard model for
the purpose of parametrizing the large Higgs mass behaviour of the theory. The radiative
corrections to the low-energy parameters (p parameter, W mass shift) are computed at one- and
two-loop levels. The new contributions demonstrate the arbitrariness of the heavy-Higgs theory,
Le., the dependence on the way of taking the large-Higgs-mass limit, but they fail to restore its
uniqueness. The U particle effects at high energies are examined in accordance with partial wave
analysis methods developed in the study of 77 scattering. The corrections to the 8 parameter
are derived from the longitudinal vector boson scattering amplitude calculated below the 1 TeV
threshold. Assuming a small, of the order of 10%, difference between the masses of the scalars,
we find a small but positive enhancement to the standard model contributions. The overall result
indicates that no resonance will appear in the isospin /=1 channel at any energy above the
threshold.

1. Introduction

The least understood part of the standard model is the Higgs sector which
provides the mass generation for the various fields by means of their interaction
with the Higgs scalar. The theoretical role of the Higgs sector is that it renders the
theory renormalizable. In this sense the Higgs field functions as an ultraviolet
regulator [1]. Thus one would expect certain radiative corrections to grow with
growing Higgs mass. However, at low energies (below 100 GeV) the Higgs
contributions to radiative corrections are at most logarithmic at the one-loop level.
Due to this “screening theorem” [1] no evidence for the scalar sector has been
found so far. The main goal of the next generation of colliders is to test the
standard model at higher energics above the screening. The outcome is expected
to follow one of two distinct possibilities [1-3]: Either a light Higgs particle (with
mass much lower than 1 TeV) will be discovered or the weak interactions become
strong at high energies. According to unitarity considerations or arguments relative
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to the size of radiative corrections, the threshold of the new phenomena is
expected at around 1 TeV.

We examine aspects of this latter possibility, namely, the heavy-Higgs-mass
theory. In this perspective, the Higgs sector may be considered as an effective
low-energy representation of the unknown high-energy structure, given that it
provides the renormalizability of the model. Accordingly, the mass of the Higgs
becomes the natural cutoff of the theory and by taking it to be infinitely large
(m — =) the particle itself is removed and we may study the cutoff sensitivity [1].
However, previous studies revealed that the heavy-Higgs theory is not well defined.
The limit m — o may be taken at the tree level (non-linear o-model) or, the scalar
sector of the standard model may be studied as a function of a very large,
ultimately infinite, Higgs mass (linear o-model). While at the one-loop level the
limit is unique in the sense that there exists a correspondence between the
coefficients of the single poles in the former and of the logarithmic (In{#?)) terms
in the latter [4], this correspondence is lost at the two-loop level. An extension of
this analogy at the two-loop level would require a correspondence between the
quadratic divergences (n = 3 poles, where 7 is the dimensionality of space-time) of
the non-linear o-model and the quadratic terms in the Higgs mass of the linear
o-model. Explicit calculation of radiative corrections [5,6] at the two-loop level
with the latter reveals the existence of m? effects that have no analogue in the
corresponding result of the non-linear o-model. Due to the appearance of these
ambiguous terms, the uniqueness of the theory in the limit breaks down at the
two-loop level. On the other hand, it may be that there exists a more complicated
correspondence between the two models at the two-loop level, but nothing more is
known at this moment.

The arbitrariness of the heavy-Higgs-mass theory may be demonstrated by
means of a scalar and singlet particle, named U, coupled exclusively to the Higgs
sector of the standard model [7]. The U particle affects the limit in the following
sense: A heavy U coupled strongly only to the Higgs sector is invisible at low
energies. The appearance of its contributions in radiative corrections designates
the effects that are ambiguous in the limit. A such, U is a technical lever to
parametrize the large-Higgs-mass effects. In other words, heavy objects interacting
only with the Higgs do not seem to decouple, despite the fact that the minimal
Higgs is enough to restore renormalizability. In this respect, it may be quite
interesting to examine what the possible structures that affect the large-Higgs-mass
limit are, how they affect precisely the observable quantities and finally whether
they really represent anything about physics above the threshold. Thus, in view of
the arbitrariness, it appears necessary to follow the only alternative route and to
consider the consequences of a variety of heavy-Higgs sectors. It is worth noting
here that the experimentally verified value for the p parameter (p = 1) suggests
that the more likely candidates for extensions of the minimal Higgs sector are
singlet particles, since other representations are either forbidden or seem unnatu-
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ral in the sense that they require a fine tuning to ascertain the masslessness of the
photon [8,9].

In this paper we investigate a general gauge invariant coupling of a singlet
particle to the minimal Higgs sector which generalizes the coupling of ref. {7]. Two
models emerge, models A, B depending on whether U develops a vacuum
expectation value or not. This work may be divided into two parts: The first part
examines the U-particle radiative corrections to low-energy parameters such as the
p parameter and the gauge boson mass shifts. In the case of a heavy U field, the
appearance of m? corrections will demonstrate the role of U as a means of
parametrizing the ambiguity in the heavy-Higgs-mass limit. Moreover, the new
contributions may be such as to cancel the aforementioned ambiguous terms that
appear in the linear o-model. It is possible that an extra structure in the scalar
sector is responsible for the apparent ambiguity. A model that would succeed in
this would gain a lot of credibility and would require further investigations.

The second part of the paper is involved with calculating the U-particle effects
upon the longitudinal WW scattering at center of mass energies M? < s < m? (M
being the vector boson mass). At energies below the threshold at 1 TeV perturba-
tive calculations are still a valid approximation in the sense that the one-loop
corrections due to a heavy Higgs mass are within 10% [7,10]. The question is how
to make definite predictions for energies higher than 1 TeV where the structure of
the Higgs sector, in case it 1s strongly interacting, will become apparent. It has
been proposed [3,11,12] that the analogy between low-energy 7 scattering and
the tree-level longitudinal WW scattering may suggest the existence of a resonance
in the isospin / =1 channel for the latter at energies above 1 TeV. This similarity
is established in terms of the equivalence theorem [2,3,13] which relates the
unphysical Higgs ¢¢ amplitude to the W, W, amplitude at energies higher than
the mass of the vector bosons and it is based on the fact that both the pion and the
Higgs systems are described by the o-model. Recently it was shown [14] that the
position of the resonance may be specified in terms of the Lehmann B8 parameter
and its value may be derived from the one-loop amplitude of W, W, at energies
below 1 TeV. The treatment parallels the discussion of the pion system by
Lehmann [15] and the validity of the approach is based on its successes in pion
physics. Thus, when W, W, scattering is observed in the future colliders, the
parameter 8 will be measured. The various models presently considered will be
tested according to the value they predict for this parameter. In this sense, 8 is a
parameter of great phenomenological significance. However, within the context of
the heavy-Higgs theory, its value is arbitrary. The calculation of 8 in the large-
Higgs-mass limit indicates once again a dependence on the way of taking the limit
and the arbitrariness may be demonstrated in terms of the U-particle effects
[14,16]. Given that the large-Higgs-mass limit is not well defined but it allows for
an additional structure in the scalar sector, we will examine how the B-parameter
is affected by our models for a singlet particle U.
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The paper is organized as follows: In sect. 2 two models for the U particle are
derived, starting from a gauge invariant coupling of a singlet to the minimal Higgs
sector. In sect. 3 their effects to the low-energy parameters are computed. We find
that the new contributions demonstrate the arbitrariness of the heavy-Higgs theory
but they fail to restore the uniqueness. The B parameter is derived in sect. 4 via
the calculation of the longitudinal vector boson scattering amplitude for model B,
in the heavy-Higgs limit. We assume that the difference between the masses of the
scalars is small, within 10% of the value of the lower mass. We find a small but
positive enhancement in the value of 8. The overall result indicates that, for the
chosen range of the parameters, no resonance will appear at any energy. A
discussion of the corresponding results is presented at the end of sects. 3 and 4. All
computations were done in terms of the algebraic manipulation program
SCHOONSCHIP.

2. Gauge invariant coupling of a scalar singlet particle

In this section we look for the most general potential describing the coupling of
a new scalar and SU(2) X U(1) singlet particle, U, to the Higgs sector of the
standard model. A gauge invariant coupling may quite generally be written as:

V=aK'K+bU?+c(K'K) +dU* +e(K'K)U? +h, (2.1)

where a, b, ¢, d, e, h are real parameters and K is the conventional Higgs
doublet. Here we implied the discrete symmetry U — — U (in accordance with the
symmetry H — — H of the minimal sector). If we further require that the potential
has a ground state, i.e., if

e*—4cd <0, c¢>0and d>0, (2.2)
then the potential may be written in the form of a sum of squares:
V=aX(K'K - f2) + [by(K'K-fF2) + b,y (U~ )], (2.3)
where the new parameters are given by

Vadcd — e?

“S T
e
b=——,b,=vd,
N vd
5 eb —2ad 5 ae — 2c¢h

' 4ed—e2 12T dcd—e?’

h=cf +df; +eff3.
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To the original Higgs sector, represented by the first term on the right-hand side of
eq. (2.3), we added a general gauge-invariant interacting term.

The solutions for the minima of the potential of eq. (2.3) are listed below. We
are interested in the cases where the doublet field has a non-zero vacuum
expectation value or else, there is no mass generation for the vector bosons and the
fermions.

() If fF<0and f;>=f2—bb,f2/(a?+b?) > 0, only the Higgs doublet devel-
Ops a non-zero vacuum expectation value: U2 =0 and KK, =f/. This will be
referred to as model A. Spontancous breaking of the symmetry gives rise to the
following lagrangian:

1 2 1
Flmodet A) =-Lsuaxul ~ 5(8“U - meszz —ggurMUzH

—38°g, ;U (H? + ¢*) —g2U*, (2.4)
where we have defined
a’b?
m?=4(a?+b2)f2, md=4——2(—f2),
(1 1)1 u a12+b]2( f2)
'8
g52=b§, M=f1—.

V2

The term %5,y designates the minimal standard model lagrangian. Here, a
particular choice is made for the U-H interaction coupling constant. In accor-
dance with the Higgs self-interaction coupling constant, it depends on the Higgs
mass:

m2

bib,=vg?=38,78%, where r= (2.5)

aM?*’
This is precisely the model introduced in ref. [7].
(i) If f7#>0 and f?> 0, both scalars develop non-zero vacuum expectation

values: U = f# and KK, =f2 This case will be named model B. After sponta-
neous symmetry breaking there appears a U-H transition. The lagrangian is

2 2
"Zmodel B) =Zsuaxu1 — %(O#H) - %(G“U) - %m%le - %mﬁUz - 4giaM2UH
2
—sag?(H*+ ¢*) —agM(H? + ¢*)H — ;Bg2g*U* — Bg,gMU?>

~ 38088 (H> + ¢*)U? —g,agM(H* + ¢*)U — g,ag gMHU?, (2.6)
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where
2 __ 2 2 2 2 _ 22
my = 4(”1 +b1)f1 , my,=8b5f;,

2 2

my m fi

B= g.=V2 —.
fa

aM*’
The W mass is specified by the vacuum expectation value of the H field:
M?=g?f?/2. The coupling of the U particle to the minimal Higgs system has
been chosen in a way that it resembles the self coupling of the H field:

1 1 mi

b1b2 = ﬁygsgz, with Y= ﬁgim.

(2.7)

An important characteristic of this lagrangian is the mixing, of zeroth order in g,
between the fields U and H. As a result, both diagonal states couple to the gauge
bosons and to the fermions.

It may be interesting to notice that model A is not a particular case of model B.
They become identical in the limiting case:

(iii) If f7 = 0 the vacuum expectation values become: U7 =0 and KJK,=f?>
0. After spontaneous breaking one of the eigenstates is massless and therefore, this
case is of no interest.

To complete the study of the extended potentials, it may be interesting to
examine a potential without the symmetry U —» —U:

V=aK'K+bU?+c(K'K)’ +dU*+ e(K'K)U? + kK KU + IU? + h.

In this case the minimization conditions among the various parameters become
quite complicated. To simplify the situation one may start from a potential in the
form of a sum of square terms, for instance:

V=a2(K'K +a,)" + (b,K'K+b,U%+b,U+b,). (2.8)

The consequences of such a model will not be examined here. We would like to
mention that the model of eq. (2.8) with b, = b, = 0 has been studied in the past
[17].

3. U particle effects upon low-energy parametezs
The models presented previously will be examined in this section with respect to

low-energy parameters, measured at energies below 100 GeV. The computations
will be done in the large-Higgs-mass limit, with emphasis given to the effects of the
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models in the limit where the U particle becomes as heavy as the Higgs. In
connection to the arbitrariness of the large-Higgs-mass limit, an attempt will be
made to restore the correspondence between the linear and non-linear o-models
via the U-particle effects. As mentioned in the introduction, while both models
give an equivalent description of the heavy-Higgs theory at the tree- and one-loop
levels, this is not the case at the two-loop level. It has been pointed out that the
ambiguity in the two-loop results can be attributed, at least partly, to the absence
of Higgs self interactions in the non-linear o-model [5]. The questionable (quadratic
in m) terms of the linear o-model seem to have a specific signature, in the sense
that they contain the transcedental numbers 7 or a Clausen function Cl(sr/3) and
they can be traced back to the diagrams where they originated. By choosing the
interaction of the U field with the Higgs to be similar in form with the Higgs self
interactions (eqs. (2.5)-(2.7)), we may be able to generate new corrections of the
same form and thus, obtain a cancellation that will simplify or completely restore
the correspondence with the nonlinear o-model at the two-loop level. Of course if
this program were to succeed, such an investigation should be carried on to higher
order corrections. It may be interesting to notice that if we take the strong-cou-
pling limit (a? — =) of the extended potential given in eq. (2.3) at the lagrangian
level, the U particle decouples.

3.1. ONE-LOOP RENORMALIZATION FOR MODEL A

We study model A described by the lagrangian of eq. (2.4). We follow the
renormalization scheme explained in detail in ref. [5]. It involves two steps. The
first step includes the calculation of the following:

(i) All infinities (poles in n-4) of all two-point and three-point functions.

(ii) The complete set of tadpole diagrams.

(iii) All terms behaving like m? for the two-point and three-point functions.

The next step consists in absorbing all the above terms into the rescalings of
fields and parameters, given by

WSS WH1+38,),
A, DAL +8,) + 8,000, WO WL +8)) +8,44,,
M
H->H(1+8,)+—8,, ¢—¢(l+8,),
g

M->M(1+8,), m—->m(l+35,),

c—c(1+6.), g—g(l1+38,)
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In order to account for the contributions of the U particle, the &’s, found in the
standard model [5], have to be modified in the following way:

g2 1 m? 1
5,—)5,(SU2XU1)+— 2gu —g!

8mwi(n—4) 4
g’ 1 m? 1 m? Il 2 1 1 o 12
t——| =g+ — ——gl+ —g!
87|~ g a2 T g a2 M)~ gt e (M)
g? A 1 m? w2 m? 1 m2 (e
+— —
(n =9\ 16 w28~ 107 3178+~ 16 2 0079
L m(m?) il Lo (M) + g (a2
+—— + +—g— —
32 a2 8 (M) +qegut 158 = Josy IN(M7) + 278y Inf(MF) ),
8, - 5,(SU,x U & Lom Lm
- X + — — 9’
228U xUD+ o505 " 16 RIS

g? 1 m 2( T 2) 1 m? 2 1 2
+__ —_— —_— — —_ e —_—
s72| M2\ 3 32 328 In0m%)
m? 2 5 1 m?
-—— +—
32 28 (M) + 1 Mzg“ ’

while the rest of the standard model shifts remain unaltered. Substitution of the
rescaled quantities in the gauge invariant lagrangian reproduces all infinities and
m? terms at one-loop level. The terms with g, and g/ refer to heavy and light U,
respectively. Also, 6, =38,,—5,,.

For the specification of 8, we required the subtraction of the whole tadpole,
including the terms proportional to € =n — 4. Omission of this latter step would
introduce false m?g, contributions to the leptonic process at two-loop. Also, §, is
determined in a way that the lagrangian parameter m is the physical mass of the
Higgs particle (location of pole of propagator). As a consequence of this, the only
m? terms remaining, after the one-loop subtraction, are to be found in the Higgs
self energy. The renormalization of the new coupling constants g, and g, is not
presented here, since it does not enter the present calculations.
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3.2. MODEL A. RADIATIVE CORRECTIONS TO THE p PARAMETER AND THE VECTOR
BOSONS MASS SHIFTS

(i) The p parameter. 1t is defined as the ratio of the strengths of a neutral and a
charged current process, at low energy. As such, it is customary to consider v e
scattering and u decay, respectively, at zero energy and momentum transfer.

We will calculate the leading, in the Higgs mass, radiative corrections to the p
parameter caused by the introduction of the U particle described by the lagrangian
of eq. (2.4). Diagrammatically speaking, the U-particle effects appear in the form
of self-energy insertions to the Higgs lines. Given that the coupling of the Higgs
fields to the leptons is very weak (proportional to M, ../My,), the relevant
diagrams are the ones in which the Higgs interacts only with the vector bosons.
Thus the U-dependent corrections arise first at the two-loop level and in particular
through irreducible two-loop vector boson self-energy insertions. As far as re-
ducible diagrams with U dependence are concerned, they always involve tadpoles
which cancel against diagrams with counterterms, since the whole tadpole is
subtracted in the one-loop renormalization. Finally, the diagrams containing two-
loop tadpoles will not be computed since they couple to the charged and neutral
vector bosons lines with a relative strength 1 and 1/c? respectively and therefore,
do not contribute to the p parameter.

The irreducible vector boson self-energy diagrams with U-particle effects fall
into four different topologies, shown in fig. 1. From these, due to the subtraction
of the m? terms at the one-loop level, the disjoint diagrams of figs. 1c, 1d cancel
against the linear-in-g, terms of the one-loop diagrams with counterterms. Conse-
quently, no U-dependent corrections on the photon-photon and photon-W,
amplitudes are obtained. All new corrections to the vector boson self energies are
shown in fig. 2. The crosses stand for one-loop counterterms with gﬁ dependence.
It should be noted that additional counterterms proportional to g* arise when we
perform the shifts mentioned earlier in two parameters or fields of the same term
of the lagrangian. These must be kept at the two-loop level and they contribute to
the self energies. However, the U-dependent such contributions do not contribute

ISR IIGN

—a— —b- -c- -d-

Fig. 1. Topologies for two-loop irreducible vector boson self-energy diagrams with U dependence.
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Fig. 2. Diagrams contributing to the p parameter and the W mass shifts.
to the p. Details of the calculations are given in appendix A. The corrections to the

p parameter are given by

1 cHI(p*=0) 1 [(p*=0)
(2m)*i M? em)ti  M*

dp

where IT? denote the charged and neutral vector boson self energies. The result
for light U is

8p=0+0(In(m?)), if m,=M (3.1)

and thus, no information on light U matter can be derived through measurements
of p. For heavy U, the leading corrections grow like m?2, as follows:

) 37
J— + JE—
3/ V3
At this point, the fitting of the free parameters M, s, and g to the experimental
data must be performed by means to low-energy leptonic processes, for instance, w
decay (to define the Fermi constant), a neutral current process i.e., v e scattering
(to defined the weak mixing angle) and Coulomb scattering of muons on electrons
(to define @ =e?/47) [18]). For the present calculation, the tree-level fitting is
appropriate, which gives the experimental or tree-level quantities, as follows:

5p = gg — tan? 6 - Za
p=g'¢ an

2 1 12 m .
uM2 W \/3— ( , if m,=nm. (32)

gopV2 e’ 8ay82
= , = ===,
Foogm? 47 4

exp

o7 fr-f+1
o E2+E+ 10

with £ =1—4s2 . (3.3)
Hence, eq. (3.2), with the experimental low-energy values substituted for the
parameters, gives all the effects of a heavy U particle. The result will be discussed
in section 3.4.
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(ii) The W mass shifts. The dominant, quadratic in m, contributions of the new
scalar U to the mass shift of the vector bosons will now be considered. The mass
shift is defined as the difference between the values of the “on-shell” mass
(position of the pole of the propagator) and the “experimental” mass (defined in

(3.3)):

M=—"-—22and M= ——"2
2M — —2M—

M?—M2 MG — M
where p?= —M? and p?= — M are the positions of the pole of the charged and
neutral W propagators, respectively. The new contributions with U dependence
are given by

M ~M2y= = [Ap* = ~M?) ~A(p*=0)].

exp
Mg — M3 o= —[Ag(P* = —M7) = Ao(p>=0) + M ,0p],  (34)
where we have written the irreducible vector boson self-energy diagrams as
I50(p°) = (2m) i Aco( )8, + Beo( P7) P, D]

The subscripts ¢ and 0 refer to charged and neutral bosons, respectively. The
U-particle effects appear at the two-loop level in diagrams shown in figs. 2a, 2c.
Details of the calculation are given in appendix A.

In the case of a light U particle, m, =M, the quadratic contributions to the
mass shifts are zero. The leading dependence is logarithmic in m. For heavy U,
m, =m, we find

SM=—g* 1 ! c1(77)+ T 35
TSy Ie3sant | 33 \3) T 33 | (3-3)
SM . 2m2 1 4 Cl(ﬂ') T 1M5
= — j— Po— +—— [ —
0 gguC3M 1 3‘5 3 3‘/§ 2 ¢ p
‘g2 2(92+1) : Cl(w)+ 7 3.6)
= — S - - - |» .
& 83y 163847* | 3v3 13/ 3/3 (

where the free parameters are to be replaced by their experimental values. See
sect. 3.4 for a discussion of the result.
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3.3. THE p PARAMETER FOR MODEL B

We examine the consequences of model B described by the lagrangian of eq.
(2.6), as far as the cancellation of the ambiguous terms is concerned. For this, we
compute the new corrections to the p parameter.

The calculation is done in terms of the non-diagonal fields H and U. At the
one-loop level, there are no vector boson self-energy diagrams involving the U
field. However, the presence of the new scalar is manifested through the change of
the propagator for the H field (see appendix B). The one-loop result is found:

2
m+
m*

where 0 is the weak mixing angle and y is defined in appendix B. The first term on
the right-hand side is precisely the standard model result with the original Higgs
mass substituted by the lower mass eigenvalue m _. The second term in eq. (3.7)
represents the new effects arising from the extension of the scalar sector. Notice
that this term may become arbitrarily large as the ratio m%/m?> grows. Thus, the
reported correspondence: In(?) [linear model] — 2 /(n — 4) [non-linear model] is
violated even at the one-loop level. It may be worth noticing here that at the
two-loop level the complications become even worse. New types of Clausen
functions with arguments different than 7 /3 enter the calculations. In this sense
the ambiguity is increased.

+y In (3.7)

3g’ m?
op=— P tanzﬂ[ln(m

3.4. DISCUSSION OF THE LOW-ENERGY RESULTS

We have computed the two-loop effects of the U particle of model A at low
energies. The result indicates that light U matter gives weak (at most logarithmic
in m), corrections to the p and the vector boson shifts. In the case of a heavy U
particle, the radiative corrections to the p parameter and to the W mass shifts
have a leading dependence which is. quadratic in the Higgs mass at the two-loop
level. While the new effects are very small for direct observation, their occurrence
demonstrates that the U particle is a suitable means of parametrizing the ambigu-
ous terms in the heavy-Higgs limit, as suggested in ref. [7]. It also indicates that the
decoupling theorem [19] does not apply in the case of heavy scalars interacting
with a strength proportional to the square of the heavy mass. However, the
restoration of the correspondence between linear and non-linear o-models is not
possible and model A must be dismissed in this respect. In fact, concerning the p
parameter, if we compare our result of eq. (3.2) with the corresponding one for the
standard model [5] we observe a striking similarity in form. Apart from an overall
factor 9 (a combinatorial factor), our result reproduces the terms containing the
Clausen function and the m/ V3 which, as mentioned earlier, are precisely the
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H H

$ L4
Fig. 3. Additional diagram contributing Cl( /3) terms in the standard model.

ambiguous terms. Unfortunately, these terms appear with the same sign in both
calculations and, since they are quadratic in g, the cancellation cannot occur. In
the results for the mass shifts, even this analogy in form is lost. While terms with
the Clausen function appear in egs. (3.5) and (3.6), no such effects arise in the
standard model result [6] due to the existence of an extra source of Clausen
functions in the diagram of fig. 3. No corresponding topology exists in the enlarged
model. Consequently, the elimination of the ambiguous m? terms with this model
is not merely a sign problem but it also involves a discrepancy in structure.
However, even if we had succeeded in exactly duplicating the ambiguous terms in
all observable quantities in terms of another model, the problem would not have
been solved. This study revealed that the greatest difficulty stems from the double
occurrence of the new coupling constant g,. This seems inherent in all models.
For this reason, we tried to create a model with a fermionic U-particle. The idea
was that a fermionic loop would provide the extra minus sign needed. In fact it is
possible to construct a sensible model with an ultra-heavy fermionic singlet
coupled to the Higgs sector (by means of the see-saw mechanism) but unfortu-
nately it does not produce the appropriate quadratic effects in the large mass.

The study of model B in sect. 3 indicated that models with a mixing between the
scalars further complicate the relation between the linear and non-linear o-mod-
els. The extended Higgs sector manifested itself even at the one-loop level with
corrections that may become significant if the difference between the two mass
scales is large.

The above analysis covers all extensions of the minimal theory via the addition
of a singlet with the symmetry U — — U. Moreover, it certainly discourages further
investigation of models without this discrete symmetry. Thus, the results of a heavy
and strongly interacting scalar sector remain arbitrary.

4. U particle effects upon W, W, scattering and the § parameter

We now focus on the effects of the extended scalar sector at energies higher
than the mass of the W’s and even higher scalar masses. At first we compute the
radiative corrections to the W, W — W, W, scattering amplitude which is expected
to play a decisive role in revealing the nature of the electroweak symmetry
breaking sector. In case the Higgs is heavy, it has been suggested that the
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prominent signal for the new multi-TeV hadron colliders will come from the WW
fusion [3]. Next, following the treatment of ref. [14], we derive the Lehmann B
parameter from the one-loop W, W, scattering amplitude calculated below the
threshold. While the dynamics of the strongly interacting sector are unknown, this
approach extrapolates the lower energy results, in accordance with partial wave
analysis methods developed in the study of 7w scattering [15]. The 8 parameter
designates the position of dynamical resonances in the TeV regime where the
perturbative treatment is not valid. When computed in the heavy-Higgs limit, 38 is
sensitive to the way the limit is taken, a fact which may be demonstrated by its
dependence on the U particle of model A [14]. Here we will examine the U
particle effects upon the position of resonances for the particular case of model B.
We will work in the limit where m , are infinitely large but with values close
together, i.e., without introducing a mass hierarchy in the heavy sector.

4.1. THE MODEL

A simplified version of model B (see eq. (2.6)) will be used to compute the
radiative corrections to the longitudinal WW scattering amplitude at the one-loop
level. We consider an SU(2) gauge theory which is the limit of the standard model
for zero weak mixing angle. The gauge invariant lagrangian is given by

2 .
WEIW,SY = SM2W? = 5(3,0°)(0,0° + g€, W,00°)

abc”" p

o=~ (W - Wi +ge

abc
+3gWi(H, ¢ — ¢, H) — 3gMW*H — (g* W2 (H* + &°) — Mo, W,
=3(8,H) = 3(3,U)" = sm} H? = imiU? — 4g,aM*UH

~tag?(H*+ %) —agM(H? + $*)H — 1Bg2g U* — Bg,gMU>
—48;08,8*(H*+ ¢*)U* —gagM(H? + 6*)U — g,a8,gMHU ?, (4.1)

where a = mf{/4M2 and B = mﬁ/4M2. The complete lagrangian includes a gauge
fixing term and a ghost lagrangian. The Feynman-"t Hooft gauge is chosen. The
Feynman rules are given in appendix B.

For reasons that will be explained in sect. 4.3 the existence of two different mass
scales in the scalar sector introduces considerable technical difficulties in the
computation at hand. For this reason we make the following assumptions which
simplify the calculations while still illustrating the general properties of the model.
In general we may have m2 o m%;. The simplest choice is

my =mi =m*. (4.2)
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As a consequence, the scalar mass eigenvalues and eigenstates become at the tree
level:

1 lg; |
mi=m*(1+|g, and 2,=—|H+—U]|, 43
+ ( lg: 1) =7 g, (4.3)
where |g,| <1. According to eq. (4.3), the coupling g; is a measure of the
difference between the two large scalar masses. We make the additional assump-
tion that this difference is small:

FARSE (4.4)

and calculate the corrections to the WW scattering that are linear in g,. Notice
that the size of g, does not affect the strength of the U-H coupling since the latter
also depends on g.. Thus the model describes two heavy scalars of approximately
the same size interacting strongly. As free parameters in the scalar sector we take
m_ and g;, while an expansion in g; yields

m%i=m>(1+21g,1+0(8?)),

4 1 1 1 1 Lo lg] m? Of o2 45
= — + = - ) + ). .
o2\ k2 +m?2  k2+m? k% +m* &i k*+m* (&) ]- (49

In this sense the parameter my, which plays the role of the cutoff in the standard
model, is now substituted by m _ and the presence of extra scalar is indicated by
the linear-in-g; effects.

4.2. ONE-LOOP RENORMALIZATION

The renormalization scheme may be outlined as follows: As a first step one
must rescale the fields and parameters in the gauge invariant lagrangian:

We—sWa(1+8,), M—M(1+8,),

g—g(1 +6g), b= d(1+8;),

M
H—->H(1+68,)+6,,U+ —6t,
g

tu?’

M
U—U(1+8,) + 6y, H+ —38
g

g —-)gi(l + 581)’ 8, —>gs(1 +5gs),
my—->my(l+ém), p—pu(l+éu),

so that m, —m,(1+8m + 38u),
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In the above we have introduced the parameter p as follows: mZ =m? and
mZ=pum? As mentioned earlier (see eq. (4.2)) we assume at the tree level:
M, ren = My ren O, Myen = 1. In general this relation is not valid at the one-loop
level, hence the necessity to introduce 8. Instead of 8,, we will use: §, = 8,, + 8,/2.

The second step in the renormalization program involves the specification of
the various &’s in a way that they reproduce the infinities and all the terms
proportional to the square of the heavy scalar masses at the one-loop level. Thus
the renormalization program requires the calculation of:

(i) the complete set of the tadpole diagrams,

(ii) all infinities and terms quadratic in the heavy masses m, of all the
two-point functions,

(iii) the infinities of the three-point functions.

As far as the subtraction of the finite (quadratic in the heavy mass) terms is
concerned, it is sufficient to compute them only in the self-energy diagrams. It
then follows from the Ward identities that the three-point and the four-point
diagrams are also free of quadratic dependence in the heavy masses. The argument
[5] does not hold for diagrams with H or U external lines. The shifts 8, and §,, are
specified by the subtraction of the complete tadpole for H and U.

The terms (i)-(iii) are reproduced up to terms of order g? by the following
values:

5 g’ 3 9M2 3 m> m* ol IM2 3I |mz_
= |49+ —— —gg— 9 g|—+=g|—
T et (n—a |27 TmE T2 mr Bz T UIE TS
+5,;,
5 g’ 3 m: 9 M? 1 mi 3]|m2_ 5
== | g g 4 .|l — ]+
“T Bai(n—a) |45 M2 T 28T T 8T Ty By | T O
2
g 25
o= —— i,
! 1672 (n—4) 6 "
g’ 9 3m2 1 m? 3| |m2_ 5
Sp=—— | =+ g8+ =8 | T8
mT i (n—4ay | 8 8 M? 458z T g 8l 7| T Om
5 g2 9 3  mr 3ml 9 M? 3| |2mz_
== |4 - =t ge 5t lalel—
LT 82 (n-ay |4 85 ME T amr T 288 Tl EilE

3 m?
_Z'g"'W +8,4
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8-
6U=O+5Uf’ 5H=mz +8Hf’

g? 19 g? 43

S,=——F———, 8,= ———5—— 7.
Y 8mi(n—4) 12 & 8mi(n—4) 12

The finite §’s (indicated by the index f) are chosen in a way that the reproduce
the radiative corrections that have a quadratic dependence in the heavy masses
m ,. Their values, up to terms of order g,.z, are the following:

5 g2 3 3M? 9M2l 2 3m2 3 m?
e -y [ A S
41672 (n —4) 4 2 m? mZ n(M*)

3 ,, . .o m2 3 M 9 M )
+Zln(M )+Egigsm+5|gilm*{—5’gilm_21n(M)

1 2 2
~ 588 5 In(m%) + l g l —In(m? ))

5 g’ 3 m2 3 M* 1 mi 9 le e
=7 |~ 4 + S
wiZ gy | 85w T qEimE T g8z T g8y (M)
1 m? 2 3 m? . 3 m? 5
- 4 Wln( _) + g I g | gsmln(m_) + ggswln(m‘) ,

g2 ( 39 mz_ 9 m: 7 1 m> 3 m?

6 ———m | -,
™ 8r2(n— 4) G TR yE a8 sl&lam
9| Imzﬂ- S 3m
_—— +_—
8137 5~ MO + 35 ap ()

1 m m2
+ ggigsmln(m2 )+ —lgl—=In(m?)],
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g2 3 9m~ 3 m: 9 ,omi w3 m2

5 (=g —5—=+ gl —
M By | 8 s M b el &) sl

| 2 9 5 m*: 31 X 2 e
3 2m2, , 3 m2 , 3 2
+"1ggg len(m )—g|gi|x/[‘z‘ln(m_)+1—618[|85W1n( 23],

g2 3 3 2m2_ 15m> 9 m?> =
+ g
6 REur T oM 16 M3

S = —
ot 8m(n—4)

2

+31 e 3mI 5
16 (M) = e in(m?)).

5 g* L+ 1g] Bmi 9 ml 3 . m*
afmre U -—g2—=-—(1-g2)—
ey L Ve L YERRRTA G v

2

g 1 2
8y=08= —5— 1+ ,
Hft = 16172(n—4)( ( |g,|)M )

§

As a consequence of this choice of §,,, no m% effects appear in the ghost sector.
Notice that d,. appears always accompanied by g, and thus only terms of zero
order in g, are given above. Once the &’s are substituted, m? effects occur only in
diagrams with U and /or H external legs.

The renormalization of the propagators of the scalar fields needs some detailed
discussion. The finite parts & 8g,» O,, Oy are determined in a way that the
tree-level mass eigenvalues m . and m_ remain the poles of the propagators at
the one-loop level. Given that the calculation is done in terms of the non-diagonal
fields H and U, the derivation of these values involves two steps. The first step is
to specify the conditions for the mass renormalization in terms of the tree-level
mass eigenstates {2, given in eq. (4.3). Let 3 (k?) be the self energies for 2,
and 2_ and 3 __(k?) be the 2,-2_ transition at one-loop. The quadratic part of
the effective lagrangian is

nm»

2 2
L= — %(aw(h) —sm 2~ %(3#9_) —im20*

+13,02+13 02+3, 0.0 _+... (4.6)
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In order to rediagonalize at the one-loop level, we need to impose
2+_(k2= —mzi)=0, (4.7)

It follows that the propagators maintain their tree-level form near the correspond-
ing poles m . In order for m, and m _ to be located at the position of the poles,
we should also require

3. (k*=-mi)=0 and 3 (k’=-m?)=0. (4.8)

The second step in the mass renormalization program is to express the above
conditions (egs. (4.7), (4.8)) in terms of the self energies of the non-diagonal modes
Hand U. Let 34, 3, 3y be the H-H, U-U and H-U transitions, respectively.
The associations between the two sets of transition amplitudes follows by subject-
ing Z, eq. (4.6), to the transformation of the fields given in eq. (4.3). This leads
to

1 lg;l
2i=5 2H+2Ui2%2UH » 2+*=%(2H_2U)' (49)

i

As a consequence of the mass renormalization conditions, i.e., of egs. (4.7), (4.8) as
modified by eq. (4.9), m, and m_ are the physical masses of the two scalars.

4.3. U-PARTICLE EFFECTS UPON THE FOUR-W AMPLITUDE

In this section we compute the U particle effects to the amplitude for four
longitudinally polarized vector bosons at the tree- and one-loop levels. The vector
boson scattering 1s shown schematically in the first of the diagrams of fig. 4. The
indices a, b, ¢ and d vary from 1 to 3 and specify the isospin states of the W’s. «,
B, vy, 6 are the Lorentz indices and all momenta are taken to be ingoing. In the
center of mass reference frame the momenta and the longitudinal polarization
vectors are:

k=(0,0, k,, iky), k'=—(k,sin#,0,k, cos 8, ik,),

p=(0,0, —k,, iky), p'=(k,sin#6,0, k, cos 8, —ik,),
1 1
el k) = (0,0, ko, ik,), e3(k') = = 7 (ko sin 0, 0, ky cos 6, ik,),

1 1
es(p) = 77(0.0, ko, ik,), ,(p') = 5 (ko sin 8,0, ko cos 6, —ik,).

We work in the approximation: M? < s < mzi. We are interested in the leading
(quadratic) terms in s, ¢, u. The computation is done in terms of the non-diagonal
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Fig. 4. Topologies for one-loop diagrams without U lines contributing to WW scattering.

fields H and U. From them only H couples directly to the vector boson fields. The
presence of U is manifested in the diagrams with H exchange (see eq. (4.5)). The
tree-level result is

Atree = (277)4lg2 6ab6 + O(glz)

s? 1 ) | g, I m*
“IAM? —s +m? —sFm

+08,,08.,(s—1) +6a68bd(s—>u)] (4.10)
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Fig. 5. Topologies for corrections with mixed UH propagator.

where s, t, u are the Mandelstam parameters defined as s = —(p + k), t= —(p
+p )2 u=—(k+p)2 I |s|, |t], lul <m? all the above terms are suppressed
by a factor 1/m?% and may be ignored.

At the one-loop level the complete calculation of the new radiative corrections
involves: (1) Diagrams without U lines. The relevant topologies are shown in fig. 4.
These are one-loop graphs already present in the minimal model as given in ref.
[7]. The new effects arise entirely from the change of the propagator for the H
field. (ii) Reducible three-point graphs with U lines as shown in fig. 5. The U lines
appear in the mixing propagator Ay, only. (iii) Diagrams with explicit appearance
of the U propagator shown in fig. 6a. The blobs stand for the topologies of fig. 6b.
The interrupted lines represent the mixing UH propagator.

The diagrams shown above are in the s-channel. The result of the #- and
u-channels is obtained by crossing, i.e., by exchanging p & &k’ and k < k', respec-
tively. Finally, the diagrams with counterterm shown in fig. 7 must be subtracted
from the above result. The crosses stand for combinations of §’s.

For the computation of the diagrams in category (i), we may apply the calcula-
tional tricks of ref. [7]. Essential in obtaining the leading in the Higgs mass
dependence is the expansion of the Higgs propagator

1 1 PP+2pq Mp-a)pi+Aa(p-g)
= - +
(q+p)2+m2 L +m a2+ m? (q2+m2)2

Power counting arguments prescribe how many terms are kept in the expansion. In
the present case, both terms N(+) = [(g + p)*> +m? ]! of the modified H propa-
gator should be expanded accordingly. However, the power counting procedure
becomes extremely complicated for terms containing both N(+) and N(-). To
circumvent this difficulty we make the assumption of eq. (4.4) and we find the
leading, linear in g,, contributions. The result and some details of the calculation
for the category (i) are given in appendix C. By inspection it is obvious that the
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Fig. 6. (a) Two-point corrections with U lines contributing to WW scattering. (b) Topologies of
two-point diagrams represented by the blob in (a).
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Fig. 7. Diagrams with counterterms.



S. Kyriazidou / Minimal Higgs sector 91

diagrams of category (ii) give terms of order g7 and higher. Also, the diagrams
with tadpoles cancel against the corresponding graphs with counterterms. Finally,
the self-energy graphs of fig. 6a yield
.772
AH—exchange —

i
Wg4 I 8; I(aabacd ’ %sz + 8a08bd : %uz + 6ad6bc ) %tz)' (411)
The final result for the linear-in-g; effects to the longitudinally polarized vector
boson scattering is

L2
A -7 ‘g 118,,6 st—1s2+t2
1-loop 24M4g gl abYcd 2

+0,0pq(s > u, t>s, u—t)
+8ad5,,c(s—>t,t—>u,u—>s)J. (4.12)

The complete result includes the g.-independent terms which are precisely the
effect of the minimal model given in ref. [7], with the new cutoff m _ replacing m.

At this point the fitting of the free parameters g, M to the low-energy
experimental data should be performed. In principle, this introduces new
g* In(m?) and g*g, contributions. However, due to a cancellation of the quadratic
terms in s, ¢, u at the tree level, no new effects are added to the leading order
result given above. This may still be expressed in another way: Due to the
aforementioned cancellation at the tree level, it can be shown in that the four-W
amplitude at the leading order depends only on §,,, 5, and o, (i.e., the renormal-
ization of the masses of the scalars), while the rest of the &’s cancel among
themselves. The surviving 8’s appear suppressed by a factor 1 /mzir in the diagrams
with counterterms. Consequently, terms growing like In(mzi) in the &’s are
irrelevant to the result for the one-loop amplitude at leading order in the scalar
masses. We conclude that that the total new effects are given in eq. (4.12) with the
experimental values substituted for the parameters.

4.4. THE B PARAMETER

In this section we use the result for the corrections to the W; W, amplitude to
derive the new contributions to the Lehmann B parameter. First, let us review the
definition of this variable. Based on unitarity and analiticity arguments (dispersion
relations method) [15], the low-energy result (linear in s, ¢, u) for the W, W,
scattering amplitude may be extended to a higher range in terms of two undeter-
mined parameters 8, ,:

AWIW = WIWE) =8,,8.,F(s, 1, u) +8,.8,,F(u,t,s)+8,,8,F(t,s,u),
(4.13)
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with

s 1
F(s, t,u) = — — = {3s°[In(s) = B,] +1(t —w)[In(1) - B,

2 967yt
+u(u—t)[In(u) — B,]}, (4.14)

where v =2M /g = 250 GeV is the vacuum expectation value of the Higgs doublet.
The corresponding pion result is given by substituting v — f_. The partial waves
t/(s) may then be calculated and used to specify the phase shifts from ¢/ = (cot 8/
—i)~!. Finally the effective range approximation is taken by expanding cot § at
s = 0. The resonance is located at the position where cot § vanishes. In particular,
the I =J =1 partial wave exhibits a pole at

2887202

Notice that the position of the pole depends on B =p,— 8, whose value is
undetermined. Lehmann attempts to derive it from a first order perturbative
result.

Based on the reasonable success of this method in pion physics, the parameter
B was calculated in ref. [14] from the one-loop amplitude of W; W, scattering. In a
similar manner eq. (4.12) vields the following U-dependent contributions:

B(U)=—lgl, By(U)=1lgl
B=B,—B,=2lgl (4.16)

By adding the g-independent terms, we have the complete result for model B:

B=—2—9(%—2)+2|gi|=—0.32+2|gi|. (4.17)

Given that we have assumed |g;| <1 (eq. (4.4)), the parameter maintains its
negative value and thus, according to eq. (4.15), no resonance appears at any
energy.

4.5. SUMMARY AND DISCUSSION OF THE RESULTS

We have computed the U particle effects upon the W; W, scattering amplitude
at the tree and one-loop levels. We have considered mode! B which describes a
scalar U particle that develops a vacuum expectation value and thus mixes with the
traditional Higgs scalar at the tree level. We have assumed a heavy and strongly
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interacting scalar sector where both mass scales are infinitely larger than the other
scales in the problem. We have also assumed that the values of the scalar masses
are close, the measure of their difference being given by the parameter g; which is
taken to be small. The strength of the coupling between the scalars remains strong
despite the size of g,. The computation was done in the form of an expansion in
this parameter and the leading order (linear in g,) terms were found. For g; < 0.1
the new corrections are roughly of the order of 10% and our perturbative result
gives a reasonable estimate of the behaviour of the model. Furthermore, this
expansion allows us to extract the results of the minimal model: They are simply
described by the terms of zero order in g,. At the tree level we found negligible
effects (see eq. (4.10)) suppressed by a factor 1/m?*. The non-zero result at the
one-loop level (see eq. (4.12)) illustrates the arbitrariness of the heavy-Higgs
theory, a fact already demonstrated in terms of model A [7]. It may be interesting
to notice that, while in model A the new contributions originate exclusively in
self-energy corrections of the H field, this is not the case for the model considered
here. Also, let us point out that eq. (4.12) does not contain g, In(rn2) terms and
thus, the leading (logarithmic) corrections with respect to the Higgs mass are
U-independent.

The result for the four-W amplitude was then used to derive the value of the
parameter B within the framework of partial wave analysis. The virtue of this
parameter is its independence of In(m?) effects. In this way it gives a definite
prediction for the position of a resonance in the I =1 channel (analogous to the p
resonance in 7 scattering). The new corrections are found to be positive.
However, due to the assumed small value of g;, they can not counteract the
negative value obtained by the minimal model. Thus the overall result for B is
negative indicating that there is no resonance at any energy. It is interesting to
notice that our result, along with other known examples of a singlet particle
extension of the standard model [14,16], tends to move the value of B8 toward the
positive range where resonances start appearing. One might wonder whether this
positivity of the U particle effects on 8 holds true for all similarly extended
models. Due to technical difficulties, we were unable to show this for the complete
(non-perturbative with respect to g;) result for model B. Nonetheless, if this were
the case, a large difference between the scalar masses might push the value of 8 in
the positive range. In this sense one might ask whether, through the additional
U-particles, we might have an indication of a spectrum of resonances in the TeV
regime.

We would like to thank Professor M. Veltman for suggesting this problem, for
valuable discussions and for the introduction to SCHOONSCHIP. We also wish to
thank R. Akhoury for discussions. We would like to thank the high energy theory
group at Brookhaven National laboratory for its warm hospitality and the use of its
facilities.
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Appendix A

For the two-loop calculation of sect. 3 the methods developed in ref. [5] are
used. In this appendix we review a few basic formulae. By differentiating or using
partial fractions all two-loop integrals can be reduced to the basic one:

1 1 1

(p>+m3) @ +mi (p+q) +m]

<m0m0|m1 | m2> = fd"q d"p

2 1 1 1
Y 21— 2\] — = _ 2_ 2
=7 { s [1-21n(m3)] 5T In m}

—In? m%—f(a,b)}, (A1)

where a =m?/mi, b =m3/m3 and

fla, b) = _%lnz(a)_sp(a—b)

a

+

W1-2(a+b)+(a—b)’ 2
a—>b 1
1-x, X

( a+b—1 +1
2/1-2(a+b)+(a—b) 2

b—a a—b>b 1 X,
X[Sp( P )—Sp(l_xz)—Sp(l—;;)vLSp(—1__x )], (A2)

2

a+b—1 1)

+Sp(' 1i—1x1”

with

o= i[t+b—atyi-20a+b)+(azb)’

The Spence function or dilogarithm is defined as

Sp(x) = —f(:?ln(l —xt).

We give below a few details concerning the generation of the terms with
Clausen functions which are the signature of the ambiguity between linear and
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non-linear models. If a =b > } the argument of the Spence functions is complex
of unit measure. The series expansion of a Spence function for | z| =1 is

= exp(ikd) & coské = sin ko
Sp(z)= Z L2 = Z k2 +12 ?’
k=1 k=1 k=1
where
Vda — 1
Cl(¢) = Z _—j, ¢=arctanﬁ. (A.3)
— —2a

For a =1 there appears terms with the factor Cl(sr/3) which is the signature of
the ambiguous effects.

In case of momentum dependent integrals (relevant to the W mass shift) we
may find the leading dependence in the Higgs mass m, as follows. Given that we
work in the heavy-Higgs limit, we may proceed by expanding the corresponding
integrals about the position of zero external momentum. For this, we expand the
internal propagator

1 1 P +2p-q Hp-a)p*+4p-q)

- 1 +
(q—i—p)z-i-M2 q*+M? q>+M? (512+M2)2

The expansion allows us to use the generic form of eq. (A.1) for the calculation of
the momentum-dependent two-loop integrals. Also, the p,-independent terms are
immediately singled out. From the remaining series only a limited number of terms
given m? contribution. The dependence of the various integrals on m may be
determined from the following rule: Find the dimensionality of the integral in
question by means of naive power counting. This specifies the highest power of the
heavy mass that can appear in the result.

Appendix B

In this appendix we give the Feynman rules for the SU(2) gauge theory with the
extended scalar sector given by model B (see eq. (4.1)). The additional singlet
particle U develops a vacuum expectation value and mixes at the lagrangian level
with the original scalar field H. Due to the U-H mixing of zeroth order in g, the
complete tree-level propagators are obtained by summing up an infinite series.

L L
(277)4,' k*+m? — k2+m

H propagator: Ay =
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1
z 1—y Y
2
U propagator: Ay = + ,
propagator: Ay (2#)4i(k2+m2+—ie k2+m2_—ie)
U-H A : ! 1
—H propagator: = ! - ,
propag vH (27,-)4iy k*+m’—ie k*+m’—ie
where
m? — m? , g-mz
Y imm ™Yo e
The mass eigenstates are
1 2 2 2
Qi= [ig,—mHH+ (m+_mH)U]’ (BZ)

V(gm) + (m2— mb)’

corresponding to the mass eigenvalues

= i+ o, =) 4(gmd )| (B3)

In sect. 4 we make a particular choice of the parameters given in eq. (4.2), i.e.,
m# =m?=m?% As a consequence, the Feynman rules become (all momenta are

u

taken to be ingoing)

8,0
w tor: AD(W) = — 2
propagator [.LV( ) k2 + M2 —ie
Higgs—ghost propagator:  A®*(¢) = ___511;__
’ k2+M?—ie’
F-P ghost propagator: A%%(x) = ——%——
ghost propagator: )= G
. A % 1 1
tor: = + ’
propagator H (27,.)41' k2+m?—ie k?2+m?%—ie
U 4 1 1 1
tor: = + )
propagator U (277)41. k>+m*—ie k>+m?:—ie
U-H tor: A _ i | 8; | 1 B 1
~H propagator: VR o)t g \KP+mi—ie  k*+mi—ie|
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Appendix C

In this appendix we describe a special trick which simplified considerably the
calculation of the one-loop graphs without U lines for the four-vector boson
amplitude. All calculations were done using the algebraic manipulation program
SCHOONSCHIP. The terms with linear dependence in g, arise from: (i) The m?
factors in the vertices, since m? =m*(1 + | g;| + O(g?)) and (ii) The g-dependent
term of the propagator A, as given in eq. (4.5). Notice that this term may be
obtained by a differentiation of the g.-independent term of A, as follows:

d
da

-m?

L (Rem )

1
k% +am? .

Based on this remark, it is easy to see that the result may be obtained by
dublicating the steps involved in the calculation with the minimal model as was
done in ref. [7]. One has merely to rescale the m? factors in the H propagator
(and not in the vertices) by am?. In this way we are able to discern in the final
result between the m _ factors coming from the vertices and the ones coming from
the propagators and differentiate accordingly. The final result for the contribution
of the diagrams without U lines is

im? als s st 11s%  ¢2
= —_g4g. — - —
a8 Bl OavOedl 50 T TgeT T g

+08,.0,(s>u, t—>s,u—1t)

+68,,0, (s>t t>u,u —>s)}.
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