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Abstract

We study several problems related to the construction and the use of effective
Lagrangians by considering an extension of the standard model that includes
a heavy scalar singlet coupled to the leptonic doublet. Starting from the full
renormalizable model, we build an effective field theory by integrating out the
heavy scalar. A local effective Lagrangian (up to operators of dimension six)
is obtained by expanding the one-loop effective action in inverse powers of the
heavy mass. This is done by matching some Green functions calculated with
both the full and the effective theories.

Using this simple example we study the renormalization of effective La-
grangians in general and discuss how they can be used to bound new physics.
We also discuss the effective Lagrangian after spontaneous symmetry breaking,
and the use of the standard model classical equations of motion to rewrite it
in different forms. The final effective Lagrangian in the physical basis is wel
suited to the study of the phenomenology of the model, which we comment on
briefly. Finally, as an example of the use of our effective field theory, we consider
the leptonic flavour-changing decay of the Z boson in the effective theory and
compare the results obtained with the full model calculation.
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1 Introduction

Effective Lagrangians ([, B, B, @, B, @, @, B, B, [0, [T, have been used for a long timef]
as a systematic method to incorporate the known symmetries of a problem into the quan-
tum field theory language. However, with the advent of Yang-Mills theories and the Higgs
mechanism, which allowed the construction of physically interesting renormalizable theo-
ries, they were used only for those problems that could not be treated in any other way.
Particularly important have been its applications to low-energy strong interactions in the
form of the so-called Chiral Perturbation Theory [, B, B, B, [0, [1, [J and more recently
the Heavy Quark Effective Field Theory [0, BT]. Its application to weak interactions has
been less intensive, since in the last decade the main effort has been in the direction of
building complete renormalizable theories that could serve as alternatives or extensions of
the standard model, by just enlarging the number of fermions, gauge bosons and scalars.
Renormalizability was considered to be a main point and completely linked to predictability,
because non-renormalizable models need an infinite number of parameters to be completely
described. The striking confirmation of many of the standard model predictions in LEP
experiments has started to change this point of view. Almost every one now thinks that
the standard model correctly describes physics at present energies and perhaps also up to
energies close to the TeV range. Of course, supersymmetric particles and other elusive
particles, such as neutral heavy leptons or right-handed neutrinos, with some hidden in-
teractions and masses much lighter than 1 TeV, are not excluded. On the other hand, the
theoretical developments achieved since the beginning of the seventies have brought a new
interpretation of renormalizability [[9, P2, B3, P4, Y, PG]. Nowadays renormalizability is
not understood as a calculational requirement or a consistency requirement. In fact one
knows how to calculate, for example, with the Fermi Lagrangian, as long as one does not
try to use it beyond the Fermi scale. The key idea is that one does not expect a quantum
field theory, even a renormalizable one, to be valid up to arbitrarily large energy scales.
Renormalizability is then seen as the physical requirement that physics at low energies
cannot dramatically depend on the physics at some large scale. There could be effects of
the heavy particles on the low-energy physics, but all of them must be suppressed by some
power of the scale A at which the new physics starts. Then, for each range of energies one
expects that physics is described by a Lagrangian of the form:

1
A

1

ﬁeff = £0 + A2

L1+ =L+, (1.1)
where £ is a renormalizable Lagrangian that describes the low-energy physics and £,, are
linear combinations of non-renormalizable operators of dimension n 4+ 4. For processes in-
volving energies £ much smaller than A, the effects of the non-renormalizable operators
are suppressed by (E/A)" and can systematically be computed. Of course, they depend on
more arbitrary parameters, but, if the underlying theory is known and if it is renormaliz-
able, they can, in principle, be computed in terms of the few renormalizable couplings of
the underlying theory by matching the calculation of several observables or Green functions
done with both theories: the full theory and the effective one. This picture is known as the
decoupling case [R7], as the effects of heavy particles decouple from the low-energy physics,
and a well-known example is physics in the 5-80 GeV range. There, physics can be well de-
scribed by a QED-QC'D renormalizable gauge-invariant Lagrangian involving the five light
quarks and the leptons, supplemented by four-fermion non-renormalizable interactions that

Wery early examples are the effective Lagrangian description of the photon-photon interactions , E,
L] or Fermi’s theory of weak interactions [[L6}, [L7,



take into account the effects of weak interactions. These non-renormalizable couplings can
be computed in terms of the standard model couplings by matching some Green functions
at the Fermi scale. But once this matching is done all calculations, including QED and
QC'D radiative corrections, can be performed at the effective Lagrangian level. Since the
full standard model is QED and QCD gauge invariant one obtains that all the effective
couplings must also be QED and QCD gauge invariant.

Following the previous reasoning one can then expect that the standard model is not
valid for an arbitrarily large range of energies and that it is just a low-energy approximation
of a more complete theory. There are many arguments suggesting that this is the case. In
particular, the so-called naturalness problem of the standard model, which will be discussed
later on in the context of our effective Lagrangian, and the large amount of arbitrary input
parameters needed to describe the standard model are among the most popular ones. If the
standard model is just a low-energy approximation of a more complete theory, one would
expect that new non-renormalizable couplings suppressed by the scale of the new physics
should arise. In complete parallelism one would also expect these non-renormalizable inter-
actions to be gauge invariant with respect to the standard model gauge group. However,
a complication arises since the SU(2) ® U(1) gauge symmetry of the standard model is
spontaneously broken to U(1)ggp. Then, when building an effective theory for physics
beyond the standard model, there are two possibilities:

e The gauge symmetry is linearly realized. This means that radial excitations of the
scalar field are relatively light; then, for energies larger than the mass of these exci-
tations, the symmetry is effectively restored. This is the simplest situation, in which
the effective Lagrangian is constructed with exactly the same particle content as the
standard model particle spectrum and non-renormalizable interactions are required
to be SU(2) ® U(1) gauge invariant.

e The gauge symmetry is non-linearly realized. That is, the physics of spontaneous
symmetry breaking is non-linear. The radial excitations are heavy with respect to
the Fermi scale; then, there is a wide range of energies between the Fermi scale and
the scale of new physics in which the full standard gauge symmetry is present, but
realized in a non-linear way. In this region of energies one can still write an effective
Lagrangian, but the first term of that Lagrangian is a non-renormalizable non-linear

sigma model B§, 9, Ba, BT, B2, B3]

There is a big difference between these two possibilities. The second one assumes that the
new physics is responsible for spontaneous symmetry breaking; as a consequence it must
start not far away from the Fermi scale, since it must correct the bad behaviour of the
standard model without Higgs particles. In the first one, however, the Higgs mechanism
is fully implemented. Low-energy physics decouples completely from high-energy physics
and the only way to get some hint on the scale of the possible new physics (apart from
naturalness arguments) is just by looking at the size of the non-renormalizable interactions.
Experimental bounds are then the only source of information.

A very simple and instructive illustration of the use of effective Lagrangians to bound
new physics is the so-called see-saw mechanism for the generation of neutrino masses [34, Bj].
It is not difficult to see that the only SU(2) ® U(1) gauge-invariant operator of dimension
five that can be built with the field content of the standard model is

11 =
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where ¢ is the standard left-handed doublet of leptons, ¢ = iTpl¢, (¢ = o/ ( C'is the charge
conjugation operator), ¢ is the Higgs doublet and ¢ = imp*; F' is a complex symmetric
matrix in flavour space (SU(2) and flavour indices have been suppressed). It is clear that
this Lagrangian does not conserve generational lepton numbers, but in addition it does not
conserve the total lepton number, which is violated in two units. This kind of operator
will be generated in any theory that does not conserve lepton number. When the Higgs
develops a vacuum expectation value (VEV), it will generate a neutrino Majorana mass
matrix given by

(#)

M, = FT . (1.3)
If we take the largest eigenvalue of F' to be of order 1, the Higgs VEV <<p(0)>: 174 GeV
and use the experimental bound on the 7-neutrino mass, m,_ < 31 MeV, we find that A >
10° GeV. Should one take the cosmological bound [B] on neutrino masses, m,, < 100 eV,
one would obtain A > 3 x 10! GeV. These bounds are really impressive. But what is
A? The Lagrangian of eq. ([.2) seems to be generated by the exchange of a scalar triplet
with hypercharge 1 between the leptons and the Higgses. Then, A should be the mass of
that triplet. However this is not the only possibility. In fact, eq. (.2) can be identically
rewritten, after a SU(2) Fierz transformation, as

11 = _
Esee—saw = ___(£ QP)F(SOJw) ) (14)

2A
which suggests the exchange of a neutral heavy Majorana fermion; then A should be the
mass of that fermion. Indeed, the original formulation of the see-saw mechanism|B4), B
was based on this possibility.

This simple example shows the power and the limitations of the effective Lagrangian
approach. One can set impressive bounds on the scale of new physics, but one cannot
completely disentangle its origin, at least by taking into account only the lowest-order
operators.

It must also be remarked that in the effective Lagrangian approach it is essential to
know what the low-energy particle spectrum is. One generally assumes that it is just the
standard model particle spectrum, but there could exist light particles, completely neutral
under the standard model gauge group, that interact with the standard model particles
only through the exchange of new heavy particles. This is not at all an exotic situation
since it is what happened with weak interactions: neutrinos are singlets under QC'D and
QFED; however, they cannot be ignored in building an effective Lagrangian that describes
weak interactions.

Keeping in mind all these limitations, one can very efficiently use the effective La-
grangian approach to new physics to set bounds on operators that violate some of the
global symmetries of the standard model: lepton number conservation, baryon number
conservation or flavour symmetries [B7, BY, B9, f(0]. These bounds are naturally imple-
mented at tree level in the effective Lagrangian (although the effective operators could
be generated through loops in the full theory). During the last years, using the precise
data obtained from experiment, people have started to consider the possibility of bounding
operators that do not violate any symmetry of the standard model [A0, [])]. This task is
much more complicated because the number of operators of a given dimension is very large
[0, F2, (after using the equations of motion and without taking into account flavour,
Buchmiiller and Wyler [I(] found 80 SU(2) ® U(1) gauge invariant dimension-six opera-
tors constructed from the standard model fields). Especially interesting is the analysis of



effective operators contributing to trilinear gauge-boson couplings, since they could have
important consequences at LEP2, the SSC and LHC [{4, 3, [iG]. Some of these operators
also contribute to LEP1 observables at tree level and they are strongly bounded by the LEP
very precise measurements. Others do not contribute at tree level to LEP1 observables,
but only in loops [6, i4, i, 9. The next step is to use the effective Lagrangian at the
one-loop level and try to set bounds on all operators by using radiative corrections. This
analysis is even more complicated since the effective theory is non-renormalizable in the
standard sense and care must be taken with divergences, especially when the full theory
is not known. If the full theory is known, it is not difficult to find the right prescription
to absorb all infinities in the effective theory. All couplings must be renormalized, and
matching to the full theory fixes all the counterterms. If the full theory is not known,
the theory still has to be renormalized and infinities absorbed in the various couplings;
however, the finite parts of the counterterms remain arbitrary and cannot be determined.
The way this is done has created some controversy in the literature. The most general
trilinear interaction among vector bosons can be constructed by imposing only Lorentz
invariance and QED gauge invariance [B0, BI]. In the last years several groups have used
such interactions in loops. Calculations were performed by using a momentum cut-off that
was identified with the scale of new physics. Then, large effects were found since, in some
cases, the diagrams were quadratically or even quartically divergentf]. This approach is not
always correct, because the effective theory also has to be renormalized, couplings must be
defined at some scale and they must satisfy some renormalization group equations. Criti-
cisms to this treatment of effective Lagrangians have already been raised by several groups
K6, 17, B8, K9, b2, b3, B4, BT, bGJ; however, the emphasis was put on different aspects.
The authors of refs. [f, 7] stressed the importance of the gauge invariance of the effective
Lagrangian under the standard model gauge group. While, for example, in refs. [B32,
the emphasis was put on the incorrect use of cut-offs in previous calculations.

The purpose of this paper is to study some of the questions that arise when the effec-
tive Lagrangian approach to new physics is used by working out completely an example
of possible new physics. We consider the simplest non-trivial extension of the standard
model we could write down: a standard model supplemented by a singly charged scalar
singlet coupled to leptons [, B§. We construct the full model and obtain a low-energy
effective field theory by integrating out, at the one-loop level, the heavy scalar singlet. By
construction, since the full theory is SU(2) ® U(1) gauge invariant and we integrate out a
complete scalar multiplet, we automatically obtain a SU(2) @ U (1) gauge invariant effective
theory. Therefore, we do not discuss the role of gauge invariance in the construction of the
effective theory [J.

We use this example to study the renormalization of the effective Lagrangian and to
study the matching conditions that relate the parameters of the effective Lagrangian to
the parameters of the full Lagrangian ensuring agreement between the two theories at low
energies. The possibility of using the equations of motion before or after spontaneous
symmetry breaking is illustrated as well. The model is also phenomenologically interesting
because the presence of the scalar gives rise to very interesting phenomena [57, b8, b3, b4,
such as, for example, the processes Z — 1e, Z — pe, -+, u — ey, T — py, -, |t — €ee,
T — pee, ---. There are also additional contributions to the masses of the gauge bosons,

2 A long list of references in which this method was used can be found in [@, E]

31t seems, however, that if the full theory is gauge invariant with respect to some group, the effective
theory should also be gauge invariant, although gauge invariance could be implemented in a non-linear way.
The effective theories obtained by integrating out the standard Higgs [@, @, 7 @, @] or a heavy quark
[E, @, @, @, @, @] in the standard model belong to this second type of theories.



new neutral current interactions, etc.

Of course, this analysis is quite far from being general, it is a very specific model that
leads to a linearly realized gauge symmetry, but in spite of its simplicity it leads, already
at the one-loop level, to many of the operators classified in refs. [0, 2, {J]. It can also
help us to understand some of the tricky points discussed in the literature.

In section f| we will introduce the notation and write down the Lagrangian of the full
theory. In section P we obtain the tree-level and the one-loop contributions to the effec-
tive Lagrangian of diagrams with only heavy scalars in internal lines by using functional
methods. When using the tree-level effective interactions at the one-loop level in the effec-
tive Lagrangian, new effective operators appear as counterterms that must be computed
by matching the full theory results with the effective Lagrangian results; we do this job in
section f]. Renormalization of our effective Lagrangian and the possibility of using effective
Lagrangians in general at the one-loop level to bound new physics are discussed in section
fl. In section [f we discuss the use of the classical equations of motion to rewrite the effective
Lagrangian in a convenient form for phenomenological analyses. We also discuss the impact
of spontaneous symmetry breaking on this Lagrangian and extract the relevant interactions
in terms of the physical fields. In section [] we shortly comment on some of the most in-
teresting phenomenological consequences of the model by using the effective Lagrangian
we have obtained. Finally, in section [ we review what we have learned about the use of
effective Lagrangians with our example. We include in appendix [ the calculation of the
determinant of the fluctuation operator, in appendix [B the calculation of the diagrams with
heavy-light lines, and finally in appendix [J we calculate the amplitudes for Z — €,e;, in
both the full and the effective theory.

2 The Model

The complete renormalizable model we are considering is an extension of the standard
model, which contains a singly charged scalar singlet in addition to the standard model
particles. This model is one of the simplest extensions one could imagine, but in spite of
its simplicity, it already includes many interesting features common to any extension of the
standard model containing a large mass scale compared with the Fermi scale. For com-
pleteness we list below the particle spectrum of the full model and give the corresponding
transformation properties with respect to the gauge group SU(3) ® SU(2) ® U(1)



left-handed lepton doublets: (1, 2,—-1/2)
7 = iryle (1,2, 1/2)

right-handed charged leptons: e (1, 1,-1 )

left-handed quark doublets: q (3, 2, 1/6)

right-handed u-quarks: u (3, 1, 2/3)

right-handed d-quarks: d (3, 1,—1/3)

Higgs boson doublet: © (1, 2, 1/2)
P = iTp" (1, 2,-1/2)

gluons: G, 8,1, 0 )
G, = 0uGy — 0,Gy + gs 4.GLGE

W bosons: w, (1,3, 0 )
Wy =0,W, —0,W, +gW, xW,

B bosons: B, (1,1, 0 )
B,, =0,B, - 0,B,

charged scalar singlet: h (1, 1,—-1 )

All possible SU(2) and generational indices are suppressed above.
The full Lagrangian can be split into two parts:
Ly = Lsmu + Ly - (2.1)
The first part, Lg,, represents the standard model Lagrangian:
1 a 14 1 T Py vV 1 14
Lou = =1 GG = W™ = 2BuwB" + (Do) (D"0) +miele — Me'e)?

+il Pl +ie Pe +iq Pq + 0 Pu+id Pd + ((Yeep + qYade + qY,up +he) , (2.2)
where the covariant derivative can be written in the general form
D, =0, —igT5Gs — igTyW,, — ig'YB,, . (2.3)

By T and T3 we denote the generators of the SU(2) and the SU(3) groups, accordingly,
which are acting on the proper representations of the groups. In the case of SU(2) doublets
Ti = 7', where 7% are 2 x 2 Pauli matrices. For SU(3)-triplets T§ = 1A, where A* are
3 x 3 Gell-Mann matrices. In the Lagrangian (E-3) the Yukawa couplings, Y., Yy, Y, are
arbitrary complex matrices in flavour space.

The Lagrangian £ contains the interactions of the scalar singlet:

Lo = (Duh) DPh — m? B — o |h)* — B[ ol + (?fw + h.c.) (2.4)
and the covariant derivative in eq. (2.4) has the form D, = 9, +ig'B,,, because the h-scalar
is an SU(2) singlet with hypercharge Y = —1.

For further applications it is convenient to rewrite the h-dependent part of the La-
grangian, using integration by parts for the covariant derivative, in the following form:

Lo = B (=D? —m? — a|h|? — Bl o)h + (?fwﬁ 4 h.c.) . (2.5)

The quantum numbers of the scalar singlet are such that there is no interaction between
the scalar singlet h and the quarks in the Lagrangian of eq. (B.4). It is also important to
note that its coupling to the leptons, f, is an antisymmetric complex matrix in flavour
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space. The antisymmetry of this matrix is a consequence of Fermi statistics and the fact

that the current £ ,¢, is an SU(2) scalar. Then, one can write (.0, = —Ebﬁa, from which the
antisymmetry of the coupling easily follows. This property of the scalar-lepton coupling is
very important since it naturally leads to a violation of the generational lepton numbers
and all the interesting phenomenology related to it. However, if every lepton carries a
total lepton number of 1, we can assign a total lepton number of 2 to the scalar h and,
then, the Lagrangian (R.4)) is invariant with respect to a global symmetry, which can be
identified as conservation of the total lepton number. As a consequence, the neutrinos
remain massless at all orders. Models very similar to the one defined in eq. (B.1]) containing
additional doublets and/or scalar singlets, in which the total lepton number is explicitly or
spontaneously broken, have been used [B7, B8, 66, 61, B9, to generate small calculable

neutrino masses.

3 Integrating out the heavy scalar

If the mass m of the scalar h is much larger than the energy available to experiment, the
only effects of this particle on the low-energy observables come through virtual corrections.
These effects can be taken into account by using an effective Lagrangian of the form ([]),
containing only the “light” fields of the model and where the effects of the “heavy” particle
are included in the non-renormalizable terms of dimension larger than four, which are
suppressed by inverse powers of the heavy mass m.

The effective Lagrangian can be defined by integrating out the heavy scalar field [, P2,

B3 B4 B3
€511 — exp {z / d%ﬁeff(x)} = [DiDites = [ DhDI* exp {z / d‘{w(m)} (3.1)
= exp {i/d4x£5M(:E)} /Dthﬁ exp {i/d4xﬁh(a:)} — ¢iSsm /DhDtheiSh :

where Dh represents functional integration over h. The effective field theory defined by this
effective Lagrangian is fully equivalent to the original theory when only Green functions
with light external particles are considered. Starting from eq. (B.J]) we can calculate the
one-loop level effective Lagrangian by using the steepest-descent method to integrate out
the heavy scalar. As we are interested in the effects of a heavy scalar (m > 1 TeV) on the
physics around the My scale and below, we will systematically keep only terms of order
O(1/m?) through the whole calculation, neglecting all operators with higher inverse powers
of the mass of the scalar singlet.

Let us denote by hg the solution of the classical equation of motion for the h-field, i.e.

58S
=0. 3.2
Oh(x) ho (3.2)
Using the Lagrangian (B.F]) we obtain :
(—D% — m? — 2a |ho|* — Bt o)ho + L FL =0 . (3.3)

Then the full action can be functionally expanded around the solution hg(z)

S = Ssum + Sulho] + /d%d%'n*(m)O(z, @)+, (3.4)



where the fluctuation operator O(z, ') is given by the second-order term in Taylor’s ex-
pansion of the action S:
Ow.a) = — 5 3.5)
($7x) - 6}1(1')5}1(1'/) he ( .
and n(z) in eq. (B.4) represents the fluctuations around the classical solution, n(z) = h(z)—
ho(x). Substituting eq. (B.4) in eq. (B.I]), shifting variables from h to 7 in the functional

integration, and using the known formula for Gaussian integration, we obtain
%11 = exp{i(Ssar + Sulla])} det(0) ™" = exp {i(Ssar + Slho]) — Tt {log(O)}} . (3.6)
Therefore, for the one-loop effective action we have
Serr = Ssm + Splho] +iTr{log(O)} . (3.7)

The first term in eq. (B.7) is just the pure standard model contribution to the effective
action. Using the equation of motion, eq. (B-J), the second term, Sy[ho], can be formally
written as

1
(=D? —m? = Bl (z)e(x))

where terms of order 1/m? have been neglected. The Lagrangian (B-8) is highly non-local.
To obtain a local version of it we could further expand the operator
1/(=D? —m? — By (x)p(x)) as a power series in 1/m?:
: (D + B (@)(a) + (39)
=—— 4+ — x)p(x cee .

(=D =m? = Bl (@)ple) w2 md e
Keeping the first term we obtain the only tree-level contribution, at order 1/m?, of the
scalar to the effective Lagrangian:

Slho] ~ — / 42l () fL(x) W) fTi(z) (3.8)

Sulho] = / d'zL0 (z) (3.10)

with

1 = v 4 N — c
L0 = W(E FOfte) = Wfabfa'b/(VgLebL)(6b’LVa'L) , (3.11)

where the summation over repeated flavour indices (a,b,a’,b") is assumed. It could also
be obtained by computing the tree-level diagram of fig. 1.a in the limit ¢*> < m? (where ¢
is the momentum of the scalar). The result in eq. (B.I1]) is not complete if we are going
to use this Lagrangian for calculations at the loop level [70, [[1]. The reason is that in
order to obtain a local Lagrangian we had to use the expansion (B:9). In doing this we
assumed that the derivative in eq. (B.9), or equivalently the momentum of the scalar, is
negligible in comparison with the mass of the scalar. But this is not true if the h-scalar
contributes inside loops, since in this case its momentum runs up to infinity. It has been
shown [[(0, [[T]] that the procedure just outlined can be justified as long as one includes in
the effective Lagrangian a set of local operators that compensate for the terms missed by
using expansion (B.9). We are going to compute these operators in the next section.

The last piece of the effective action (B.7) is defined in terms of the fluctuation operator
(B-3) and takes into account all one-loop effects with only the heavy particle in loops. In our
approximation, keeping only terms O(1/m?), the fluctuation operator (BH) can be easily
calculated and leads to the following effective action

i / d'zL"(z) = logdet (0) " = = Tr {log(0)} = — Tr {log(~D* = m* — Bg'p)} . (3.12)

Q



We moved to appendix [A] the detailed evaluation of the determinant of a generic operator
of this form as an expansion in 1 / m?. Using the general result of appendix [A], eq. (A:27), for
our particular case, U = Byp'p, D, = 0,+ig'B,, that is A, — ig’B, and F,, — ig'B,,, and
taking into account that DH (T <p) 8”(<pT ), D*B,,, = 8 B,,,, we write this contribution
to the effective Lagrangian as a sum of two parts:

‘C(l) ‘Cren + ‘Cdet : (313)

The first part, £{}) | contains only operators with dimension not larger than four. It is given
by the following expression:

1 m4 3 62 g/2
(1) _— 2 2 T 2 to)2 - 2 p
£ = oy ( (548 + w80+ A)(6) + AL ~ L ABLB
(3.14)

All the coefficients in the above Lagrangian are ultraviolet-divergent. Here and in the rest

of the paper we use dimensional regularization, where these divergences appear as simple

poles, 1/¢, (¢ = 2 — D/2) in the function A, defined in eq. (A29) of appendix [Al. As

expected, all terms in eq. (B.14) are already present in the standard model Lagrangian.

Therefore, they can be absorbed in a redefinition of the parameters of the standard model.
In the second part of eq. (B.13), E&g, we included all dimension-six operators:

1 1 /63 62
(0 = o (0 + A
9’0 i o _ g_’2 Iz ov
+5 (¢'0) Bu B — 250" B0, B | (3.15)

The coefficients of these operators are free of divergences and are suppressed by 1/m?. Note
that the last term in eq. ([(A-27), which is trilinear in the field strength, is zero in the Abelian
case.

It is clear that one could also obtain the interactions in eq. (BI4)) and eq. (B:I7) by
using ordinary Feynman rules. In fig. 2 we give the diagrams that give rise to this part of
the effective Lagrangian. Functional methods provide, however, a much more elegant and
compact method to calculate them.

As mentioned before, all the terms in L{!) can be absorbed in a redefinition of the
standard model parameters. The first term in eq. (B.I4) is only a renormalization of the
vacuum energy. We can neglect it, or, if we prefer, it can be absorbed in the constant term
of the Higgs potential of the standard model. The second term renormalizes the quadratic

coupling in the Higgs potential:

m;, =m —m M%(1+A) (3.16)
The third one is a renormalization of the quartic coupling of the standard Higgs:
X:A——E;A. (3.17)
2(4m)2 ¢

Finally, the fourth term in eq. (B:I4)), which is an additional contribution to the kinetic
term for the B,-field, can be removed by wave-function renormalization:

2 1/2
- g"A.
B, =11 B, . 1
=+ ) 2 )

O



In order to keep the canonical form of the covariant derivative, we have to renormalize also
the U(1)y coupling ¢’ keeping the product ¢'B,, invariant:

) -1/2
i 9" A )
7= <1+ 3<4ﬁ)2> g . (3.19)

The above equations (B.16), (B.I7) and (B.I9) relate the bare parameters of the full La-
grangian m,, A, and ¢’ to the corresponding bare parameters m,,, A and g’ of the effective
Lagrangian.

4 Matching the effective Lagrangian to the full La-
grangian

As commented in the previous section, it is necessary to expand the operator of eq. (B.9) in
powers of 1/m? to have a local effective Lagrangian, but this expansion is only valid at the
classical level, since the limit of m — oo and the functional integration over the light fields
do not commute. This is just a consequence of the fact that the momentum p of the scalar
inside loop diagrams runs up to infinity and then an expansion in p?/m? is not appropriate.
In spite of this problem it is still possible to obtain a local effective Lagrangian as an
expansion in 1/m? [[{, []. It is necessary, however, to include some additional operators
that are not expected from the naive expansion in eq. (B:9). These operators appear as
a result of quantum corrections, hence, they are suppressed by additional couplings and
1/(4m)? factors.

The practical way to obtain these terms of the Lagrangian is to consider the most general
linear combination of all the operators with a given dimension, allowed by symmetry, and
then to extract the coefficients of this combination by matching the effective Lagrangian
calculation to the full theory calculation. Most of the operators obtained should be in-
cluded in any case as counterterms to cancel the divergences generated when the tree-level
Lagrangian of eq. (B-I]]) is used inside loops. But it is important to note that the finite
parts of the coefficients of those operators can only be fixed by computing the various Green
functions with both the full and the effective theories and matching the results for small
energies compared with the heavy mass. Some other operators, however, appear with finite
coefficients. They are just a consequence of the matching procedure and cannot be obtained
from the divergences that appear in the effective theory. In the diagrammatic language all
these new operators are generated by Feynman diagrams, with both the heavy scalar and
lepton lines in the loops. We will compute in the full theory the amplitudes corresponding
to these diagrams and will compare them with the equivalent amplitudes obtained by using
the tree-level effective Lagrangian, eq. (B.L1), in one-loop diagrams. The difference will
give us the necessary counterterms. Actually, the effective Lagrangian calculation can be
avoided by splitting the scalar propagator in two parts:

1 1 1 k?
k2 _m2  m2 + m2 (k2 _ m2) ) (4'1)
If we use this form when calculating diagrams with only one scalar propagator, the first
part gives exactly what one would obtain by using the effective tree-level four-fermion
interaction, eq. (B.11]), while the second part gives just the counterterm we should add to
the effective Lagrangian. We would also like to note that by splitting the propagator in
these two pieces we have increased the degree of ultraviolet divergence in each of the two
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terms, with respect to the original diagram. On the other hand, the second part contains
an additional factor &2 in the numerator, which reduces the infared degree of divergence of
this contribution. Therefore, any possible small momentum singularity is transmitted to
the low-energy effective Lagrangian, as it should be, since infared singularities have nothing
to do with the high-energy behaviour of the theory.

A technical issue about the calculation is the selection of diagrams one should compute
to reconstruct the full effective Lagrangian. The effective Lagrangian must be a linear
combination of gauge-invariant operators. Each of the operators gives rise to a variety of
physical processes. Obviously, to obtain the coefficients of these operators it is not neces-
sary to compute all these processes, since many of them are related by gauge invariance.
Our strategy consists in computing all one-particle-irreducible diagrams with the minimal
number of external particles. We keep track of all external momenta (of course only to
the order p?/m?) without using any equation of motion for the external particles. After
that, we write an effective Lagrangian that reproduces those amplitudes and when there is
no ambiguity, we reconstruct gauge invariance by promoting any derivative to a covariant
derivative. Sometimes, however, there is some ambiguity in the promotion of a derivative
to a covariant one. Then, we compute also the diagrams with one additional external gauge
boson in order to disentangle that ambiguity and we check that the gauge-invariant effec-
tive Lagrangian correctly describes all the amplitudes. Finally, as an additional check, we
compute some diagrams with three external gauge bosons by using both the full and the
effective Lagrangians. We do it for the special case of zero external momentaf|. Since the
full calculation is tedious, we give the details in appendix [B, presenting here only the main
results and an explanation of the procedure.

4.1 Self-energies of the lepton-doublet

We give in fig. 3 the diagrams contributing to the lepton wave function renormalization in
the full and the effective theories. In the effective theory the wave function renormalization
is zero because it is a massless tadpole-like diagram (fig. 3.b). However, in the full theory
there is a non-zero contribution that must be included as an additional effective operator.
From the results of appendix [ we find that, for the first term in eq. (B.1]), the additional
operator we should include is

oA, + %)i(?F Do) | (4.2)

where we have defined the matrix F as

(4.3)

Note that even though in appendix [J we have only calculated the charged scalar contribu-
tion to the self-energy of the doublet, gauge invariance requires that the partial derivative
should be substituted by a covariant derivative. In this case the promotion from the deriva-
tive to the covariant derivative can be done without ambiguity. This leads to eq. (f.2). It
implies that there should be an additional contribution to the coupling of the gauge bosons
to the lepton doublet given by the coefficient in eq. (.3). We will see in the next subsection
that, indeed, this contribution appears.

4We are studying a more efficient method for the calculation of the gauge-invariant effective Lagrangian,
based on a calculation with constant fields similar to the one used in appendix @



The second term in eq. (BZ]) is proportional to pp?, which requires an effective La-
grangian of the form i(¢, §0°¢;). However, the promotion of this term to covariant deriva-
tives is ambiguous: should we use pD?, p? or D, pPD" ? The only way to resolve this
ambiguity, as we will see below, is to perform a full calculation with one external gauge
boson.

The operator in eq. (f.7) contributes to the kinetic term of the doublets. To write it
again in a canonical form, we should redefine the lepton doublet as follows:

(A( e AP (4.4)

This redefinition only affects the tree-level four-fermion effective Lagrangian and the stan-
dard model Yukawa coupling. This is because the wave function renormalization appears
at the one-loop level, and, as a consequence, its effect on all the other (one-loop) operators
is a two-loop effect. It can be taken into account by redefining the standard model Yukawa
couplings and the couplings f,; that appear in eq. (B.I1]) as follows

(A( +) 2 (5 Y Vo (4.5)

(Ac+3)
(4m)?

As we see this does not change the flavour structure of the couplings, since the fy; is still
antisymmetric in flavour indices and does not give any new interesting process. The same
thing could be said about the standard model Yukawa couplings Y.

b, — b, —

Yoo = Y= Yy —

fab_> f_ab: fab_2 (ffo) (46)

4.2 Penguins

In fig. 4 we present the contributing diagrams to the vertex of the B, and Wu gauge bosons
with leptons, with the heavy scalar running in the loop (figs. 4.a and 4.b). Note that for
the Wu there is no diagram fig. 4.b, because the scalar is an SU(2) singlet. We also give the
corresponding diagrams in the effective theory (fig. 4.c). Here it is interesting to note that
the amplitude corresponding to the diagrams of figs. 4.a and 4.b in the full theory is finite,
when the diagrams with external wave function renormalization are included. This can be
understood because the full theory is renormalizable: since all these diagrams lead to a
flavour-changing vertex and as our original Lagrangian does not contain such a coupling,
there is no counterterm available. In the effective theory language, this cancellation is
just a consequence of gauge invariance: the divergent contributions to the vertex in the
full theory can be taken into account by the gauge-invariant dimension-four operator of
eq. (), which can be removed by a wave function renormalization of the lepton doublet.

We give in appendix [ the resulting calculation, eqs. (B.3) and (B.J), of the vertex
diagrams of the B, and Wu after subtraction of the effective Lagrangian contribution (di-
agram 4.c). We cast this result in a form that can be easily identified with some effective
operators. The first term can already be obtained, as promised, from eq. (£.3). The rest of
the terms can be obtained (for both the B, and the Wu fields) from the following operators:

1

— 5 —5i(lF(D* p+ pD?)) (4.7)
_‘_i <A _|_§> g_,(ZF E)D B/W_|_i<A _‘_é> i(ZF f‘g)D Wuu (48)
3m2 ¢ 3 m2 T K 3m2 € 3 m2 T I .
25 B (IFi0y, DU+ he.) + 1o W (TFio,, 7 Pl +he.) (4.9)
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In these equations, D, is the appropriate covariant derivative for each of the fields. It is easy
to see that the pure derivative part of the first term eq. (f.7), reproduces perfectly the second
term in eq. (B2]]) and that the ambiguity mentioned in the previous subsection has been
solved completely with this calculation. To check this result further, we have computed the
diagram with three W, gauge bosons for zero external momenta and compared the result
with that obtained from eqs. (.1])-({.9) for constant fields.

The physical content of these operators is quite obscure. Then, we found it convenient
to use the operator identity:

P = Lo pippy (4.10)

(glauuBMV p + gl po_uquj - QUWWW?Q -9 pO-WWW;)

|~

2
+

to rewrite eqs. (.7)—(E.9) in the following form:

—%i(?F 30) (4.11)
42 (A n 5) 9 TPy 0D, B + 2 (A + é) 9 TPy, 70D, ™ (4.12)
3 € 3 m2 ’}/V 12 3 € 3 m2 ’}/V 12 .

g, I eank g T (P -
+w3“ ((Fio,, Pl +h.c.) + WWM ((Fio,,TPl+he.) . (4.13)

As we will see later, after using the equations of motion, the physical content of these
operators becomes more transparent. The first term can be removed in favour of Yukawa-
type couplings and does not give any interesting process. The second and the third terms
will give rise to processes such as Z — pe and p — eee, and finally the last terms, with the
appropriate combination of Wj and B, will give rise to u — e7.

4.3 Seagull diagrams

There are also some operators that involve two scalar Higgses, two lepton doublets, and
one covariant derivative. They are generated by the diagrams of fig. 5 and they do not
contribute to any interesting process. For completeness we give the result here. From the
diagram of fig. 5.b we get the amplitude eq. (B-4), which can be obtained by using the
operator

z’%(gpf ©)CF Pl) +hec. . (4.14)
From the diagram of fig. 5.a, and after subtraction of the effective Lagrangian contribution,
fig. 5.c, we get the amplitude (B-), which can be obtained from the operators

(A + 1) (Do) EFY"0) + (A + 1)— ((Dyp)'7p) (LF1"70)
—2%2 (¢'¢) @ piy) - ﬁ (¢170) @7 PO) + hc. (4.15)
where t et
Fp = YL e YEE)"; Jea | (4.16)

We used an SU(2) Fierz transformation to write the operators in this form, being the
original operators expressed in terms of ¢. Clearly the effects of operators ([.15) are
suppressed by at least two powers of the lepton masses.
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4.4 Four-fermion interactions

In this section we shall discuss possible new four-fermion interactions that could arise at
the one-loop level. These interactions can come from three different kinds of diagrams:

i) Diagrams with gauge boson corrections to the vertex of the charged scalar with the
lepton doublet. Since these only contain light particles in the loop, they are fully taken
into account by gauge boson corrections to the effective four-lepton interaction (B-I17]). In
addition they do not change the flavour structure of the coupling.

ii) Box diagrams with a charged scalar and a gauge boson running in the loop (fig. 6.a).

It is easy to see that diagrams with a Wu exchange just cancel because of the anti-
symmetry of the couplings f,,. Diagrams with exchange of B, renormalize the tree-level
four-lepton interaction without changing its flavour structure. Part of their contributions
are taken into account by the effective theory diagrams of fig. 6.c. But, obviously, these
diagrams do not modify the flavour structure of the tree-level effective four-fermion inter-
action (B.I1]) and, then, they cannot give rise to processes such as u — eee at least at order
1/m2.

iii) Box diagrams with two charged scalars in the loop (fig. 6.b). Diagrams of this type
are finite and in the sum they give rise to the following operator:

4rr)? _ _
—(WQ FapFea(layuly) (€ey"Ca) - (4.17)

It can be shown that this operator does not contribute to processes with two identical
fermions, such as u= — ete~e™. Indeed, taking only into account, for example, the down
component of the SU(2) lepton doublets, the interaction among four charged leptons in-
duced by eq. (I7) can be written as

(47)°

4)?
a WFachd(%%ﬁ’bL)(@WedL) = _i4n)

2—m2(Fachd — FoaFw)(€aryuess)(@czy ear)
(4.18)
where, to obtain the right-hand side, we have used a Fierz transformation. We immediately
see that this operator does not contribute to processes such as u~ — ete~e”. However it
does contribute to other interesting processes such as 7= — et p~e™.
Clearly only the contributions of type (iii) are interesting and only these will be included

in our effective Lagrangian.

Before we summarize the results of section 4, we note that all the results obtained in sec-
tion [l have been derived from the effective tree-level Lagrangian given in eq. (B.I7]). One can
easily see that this Lagrangian can also be written (after a combined Fierz transformation
in SU(2) and Dirac space) in the more familiar form

1 —
L0 5= — fufiular ) Terta) (119

But this is true only in four dimensions: the Fierz transformations we used above cannot

be done in D dimensions. Should we start with this new Lagrangian, the finite parts of the

counterterms would be different when using dimensional regularization, but this formulation

would be completely equivalent to the original one. We decided to keep the original form

of the Lagrangian so as to keep the notation as close as possible to the full Lagrangian

formulation.

Using the results of sections 3 and 4, the complete one-loop effective Lagrangian is

Lopr = Loy + L9+ 8+ £ (4.20)

match *
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Here Lg M is the standard model Lagrangian, eq (B2), £ as given in eq. (BI1) is the tree-
level 1/m? term of the effective Lagrangian, Edet is given in eq. (B.15)) and contains all 1 / m?

one-loop contributions of diagrams with only singlet scalars in the loop and finally ﬁmatch’
which is the sum of the terms in eqgs. (.11)—(E.17) and (E.17), gives all the contributions
coming from matching the full theory in diagrams with heavy-light particles in the loops:

2 5 g _ 2 4
Comien = 5Dt g)i(fF%E)D B+ (A + 3)%(€F7,, #0)D, W

1 1 g
g s B" ((Fioy, Pl+h.c.)+ E—W‘“’(EFZUWT Dl +he.)

A+ 1) ((Dup)le) EFy"0) + (A + 1% ((Dup)70) (@F"70)
o (') (TF 1) - 2%712 (#/70) (TF7 DO +hc.)

(4”2)2 (CF~,0)(TF~"0) | (4.21)

T3
< (') €FJD£)+hc> - %i(ZF@?’@
(¢

All the couplings in this Lagrangian should be understood as bare barred effective La-
grangian couplings related to the full theory bare couplings through egs. (B.14), (B.17),
BI9), (£H) and (f.G). To simplify the notation we have suppressed everywhere genera-
tional indices, then F and F' are the matrices defined in eqs. (3) and (II9) .

5 Renormalization and operator mixing analysis
of the effective Lagrangian

Equations (B.16), (B:17), (B-19), ({:3) and ({.q) relate the bare couplings and masses of
the effective theory with those of the full theory. It is, however, more interesting to have
the equivalent relations for renormalized couplings. If an MS schemef] is employed to
renormalize both the full and the effective theories, we can very easily obtain the matching
equations for the renormalized couplings. Let us take, for example, the gauge coupling ¢'.
We denote the MS renormalized quantities with the same symbol as the bare quantities,
but adding an additional dependence on the renormalization scale p. All effective theory
quantities will be distinguished by a bar. The standard relationship between bare and
renormalized couplings in MS schemes is (D =4 — 2¢ and ¥ = 1 — v 4 log(4m)):

) 1
g = g +5 by g () + -+,
e _ 1 - _

g = g+ by () + -+,

where by and Bg/ are the lowest-order coefficients of the g-functions for the coupling con-
stants in the full and the effective theories, respectively. Substituting these equations in

5Tt has been customary in the recent literature to use cut-off regularization schemes when working with
effective Lagrangians and then identify the cut-off with the scale of new physics. The interpretation of the
ultraviolet cut-off as the scale of new physics has led to some erroneous results. The effective Lagrangian
should also be renormalized, and physical results should be independent of the regularization and of the
renormalization schemes. We will see later that dimensional regularization with minimal subtraction leads
to the same physical results in a cleaner way; therefore, we will always use this scheme.
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eq. (BI19) and equating finite terms [, [4] we obtain the desired matching condition for
renormalized couplings:

3

9 (1) =g'(n) - g(,ii)y

log(p/m) +--- . (5.1)

Note that this equation can be obtained by just dropping the 1/é contained in A, in
eq. (B.19). This is not surprising since the divergent term in eq. (B.19) gives just the
charged scalar contribution to the beta function of ¢’ in the full theory. Similar arguments
give for the rest of the couplings and masses the following result

2 (1) = m (1) — m? (1) ﬁﬁff (1 + 21og(/m)) | (5.2)
) = A) = 8 (/) 5.3
Vo) = Yaol) — W(é + 2log(u/m) (5.4)

and a matching equation for the four-lepton coupling in the effective theory expressed in
terms of the full theory couplings and masses. It can be obtained by using an effective
far(pt) defined as follows:

fa(p) = fan(p) — o LS )b (1) (

(4m)?

In this equation there could also be some contributions from box diagrams, which we have
not computed.

These matching conditions are, in principle, valid for an arbitrary value of the renor-
malization scale y. However, it is clear that in order to avoid large logarithms they should
be evaluated at some scale around the charged scalar mass and then, using the standard
model renormalization group, run all the couplings to obtain their values at lower scales.

Equation (B.9) is very interesting, since it manifests in all its crudeness the so-called
naturalness problem of the standard model; m () is the mass parameter that appears in
the Higgs potential part of the effective Lagrangian, and it has to be of the order of the
electroweak scale. However, it is clear that if we take m(u) very large, we should also take
m, () large in order to have m, (1) small enough. But even if we do so at some scale f, it
will be very difficult to keep m (1) small at any other scale. This represents a serious fine-
tuning problem, which appears when the standard model is embedded in another model
containing mass scales much larger than the Fermi scale. It is important to note that by
using dimensional regularization the problem appears only in the matching conditions. If a
cut-off regularization scheme is used, the naturalness problem can be related to the appear-
ance of quadratic divergences. However, this relation is not direct. Quadratic divergences
can appear at the intermediate stages, but they should be absorbed in a renormalization
of the mass parameters of both the full and the effective theories, since physical quantities
must be cut-off-independent. After renormalization, the naturalness problem should also
appear only as a fine-tuning problem in the matching conditions, as in eq. (5.2). As the
main physical consequences can be obtained equally in dimensional regularization, we do
not find any particular advantage by working with a cut-off regularization scheme.

% + 210g(,u/m)) +oe (5.5)
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If an M S scheme is used to renormalize also the higher dimension operators, we could
write the effective Lagrangian in terms of a set of running couplings ¢;(u) for each of the
operators

Legr =) c(w)Oi, (5.6)

(2

where the ¢;(u) are obtained from the bare coefficients in eq. (f.21) just by dropping the
1/e — v + log(4m) terms in A; that is just by substituting A, by 2log(x/m). Then all
couplings should be understood as renormalized effective Lagrangian couplings (barred
couplings) related to the full theory couplings through eqgs. (B.1)-(E.3).

To simplify matters we can consider only processes that violate muon-lepton number in
one unit and electron-lepton number in minus one unit (the total lepton number must be
conserved). For example, we can take the two operators

01 = (f 3€2) (E1Z3)
1 _
02 = ?DMB/W(El’VVEQ)

The factor 1/¢" in the penguin operator has been included for convenience. From egs. (B.11)
and ([L.§), we obtain expressions for the corresponding running couplings:

a) = LD 6:7)
T 2 T 2

where the dots represent additional one-loop contributions, which, as we will see immedi-
ately, are not important at the level we are working. Note that (fTf);2 = f3, f32 because
of the antisymmetry of the couplings in flavour indices. Equations (B.1)-(b.§) can be cast
into the following form

ci(p) = c(m) (1 + 711 log ﬂ) + co(m)v12 log " (5.9)
m m
ca(p) = c1(m)ye1 log Lad + co(m) (1 + Y92 log ﬂ) , (5.10)
m m
with

g’ g
Y11~ O <W> ;o 2= 0 <(47r)2> o =

and the couplings at the scale u = m are given by

_ 1 )elm) _10_¢% (1)
alm) =" oM =gum

2

o =0 (i) 6

Q| =~

(5.12)

Since cy(m) appears only at the one-loop level in the full model, the last term in eq. (5.9) is
a two-loop effect. This is the reason why we have not considered it in eq. (5.4). On the other
hand, if p is not very different from m we have 7 log(u/m) < 1 and 79 log(p/m) < 1;
then, the diagonal elements of the anomalous dimension matrix do not need to be computed.

Equations (5.9) and (p.I0) are an approximate solution of the general renormalization
group equation that describes mixing among the operators O; and O,

dei(p)
dp

= Yijci (1) (5.13)
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which is valid only in the case that 7;;log(p/m) < 1. If we pretend to use this solution
for a wider range of u’s, the full 7;; matrix should be computed and the integration of
eq. (p-I3) should be done by taking also into account the running of the gauge coupling
constants. However, for the standard model values of the gauge coupling constants the linear
approximation (v;; log(u/m) < 1) works very well for a wide range of scales (vy;; ~ 1072).
Obviously, in this approximation and taking into account that only the operator in eq. (B.1])
is generated at tree level it is clear that in our model it is enough to consider only mixing of
the effective operators generated at the one-loop level with the tree-level operator because
other mixings would represent two-loop effects. Then, at the order we are working, we have
always 2 X 2 operator mixing.

This simple example shows us clearly what can and what cannot be obtained by using the
effective Lagrangian. From the effective theory we could calculate the anomalous dimension
matrix that controls the mixing among the different operators in the effective Lagrangian
since the logarithmic terms are the same in the full and in the effective theories, however
the boundary conditions for the renormalization group equation (f.13) can only be obtained
after the matching procedure. If we do not know the full theory a set of boundary conditions
can only be obtained from experiment. In this case we can still compute the anomalous
dimensions in the effective theory, write down eq. (b.13), and solve it for arbitrary boundary
conditions at the scale pg. Then the solution, within our previous approximations, is

ci(n) = c1(po) <1 + 11 log i) + c2(po)y12 log ﬁ

ca(p) = ci(po)yerlog ﬁ + 2 (p0) <1 + 722 log ﬁ) - (5.14)

Now we should take the full, complete basis of operators that mix at the one-loop level, since
if the boundary conditions are not known we cannot neglect a priori any of the mixings. To
keep simplicity, however, we will discuss only two-operator mixing. The interesting point
about eqs. (b.14)) is that, if we know all the effective couplings at some scale g, we can
obtain them at some other scale (not necessarily the scale responsible for the new physics).
Equations (p.14)) clearly tell us that to predict the values of the couplings at any scale we
need two (in the case of mixing of two operators) boundary conditions. These conditions
could be obtained from experiment. For example, if we could bound the couplings of the
two operators at LEP1 we could straightforwardly predict these couplings at LEP2 energies.
However, if in our example we only know one of the couplings at LEP1, no matter how
many loops we use to calculate the anomalous dimensions, we will not be able to bound the
other operator at the same or any other scale. Only if the full theory is known can we relate
the couplings of different operators as they are expressed in terms of the few parameters of
the full theory. Then, bounds on one operator can be related to bounds on other operators.
In our example it is clear from eq. (5.13) that

10 ¢

or, for instance at the My scale, by using eqs. (5.7)-(f.§) we have

49/2(MZ)
3(4r)2

co(m) (5.15)

10g"*(Myz)

log(MZ/m) + 9(471')2

CQ(Mz) = < ) Cl(Mz) . (516)

Then it is clear that a bound on ¢;(Mz) implies a bound on cy(Myz), and viceversa, and it
also implies a bound on ¢; (i) and () at any other scale . But it is important to realize
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that this is only possible because our full theory provides us with additional relationships
among couplings. Of course, one can always impose additional assumptions to obtain an
estimate of the bounds on different operators.

For example, if one assumes that there are no unnatural cancellations among the cou-
plings of different operators one can bound each of them independently from the others. In
our example this would be implemented by putting, for instance, ¢;(m) # 0 and cy(m) = 0,
then use eqgs. (p.9) and (E.I0) with u = My to obtain ¢;(Myz) and co(My) as a function of
c1(m). Clearly with this assumptions a bound on c¢3(Myz) implies a bound on ¢;(m) and
therefore also a bound on ¢;(Mz). And similarly for the other coupling. The estimates so
obtained are interesting and can be useful. However, we feel that they can never substitute
more elaborate bounds based on a complete set of experimental data.

6 Spontaneous symmetry breaking and
the use of the equations of motion

From all previous sections it is clear that our effective Lagrangian reproduces the results of
the full theory at the one-loop level as long as energies smaller than the h mass are involved.
However, until now we have considered the full unbroken theory, but the standard model
and the extension of it we are considering now undergo spontaneous symmetry breaking
(SSB) and this has to be taken into account in the analysis.

Another point that has been the origin of controversy is the possibility of using the
standard model equations of motion to reduce the number of operators in the effective
Lagrangian or to make its physical content more evident. It is well known that the equations
of motion cannot be used naively in a Lagrangian if it is going to be used to calculate
diagrams with particles off-the-mass-shell. In fact, the possibility of using the equations
of motion to trade derivative couplings in favour of pseudo-scalar couplings has led to
many wrong calculations in pion physics and in other models containing Goldstone bosons.
However, the equations of motion can still be used under certain circumstances. First
of all, if the Lagrangian is going to be used to calculate tree-level amplitudes with all
particles on-the-mass-shell, they can be used without any problem. Moreover it can be
shown [[2, [[3, [4 that the use of the equations of motion is equivalent to a redefinition
(in general with a non-linear transformation) of the fields of the theory. If the starting
theory is renormalizable, normally these non-linear transformations lead to Lagrangians
that contain operators of higher dimension and which are not explicitly renormalizable.
However, if the starting theory is described by an effective Lagrangian, with all kinds of
non-renormalizable interactions, the effect of these transformations is equivalent to the use
of the equations of motion plus a modification of the higher-order terms in the effective
Lagrangian. This is not a problem since all these terms are already present in the effective
Lagrangian. Then, it only amounts to a re-ordering of the effective Lagrangian [[J]. There
are some subtleties related to the Jacobian of the transformation and renormalization, but
in general it can be shown that they do not represent a problem [[3, [[4]. However, one has
to be careful when studying processes that are sensitive to operators of different dimensions.
In our case there is no problem since the only operators that could be eliminated with the
equations of motion appear at the one-loop level; then, they are going to be used uniquely
as tree-level insertions. We could use the equations of motion before or after SSB, or not
use them at all, but the final result should be independent from this. Intermediate steps,
however, can look quite different. We found it convenient to use the equations of motion
of the standard model before SSB, because they are simpler and because it makes it easier
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to see which new physics is generated by the effective Lagrangian. We are going to use
them to substitute the derivatives of field strengths in favour of fermionic currents and new
gauge boson interactions involving the standard Higgs scalar. Similarly, we will substitute
covariant derivatives of the lepton doublet in favour of the right-handed leptons and the
standard Higgs. Later on we will see, in a particular example, that physical observables are
the same as the results one would have obtained if proceeding in a different way.

From the standard model Lagrangian, eq. (2.9), one can easily obtain the following
equations of motion for the electroweak gauge bosons

D,B" = —¢ (JE + %w*ﬁgo) (6.1)
DuW“V = —g (jé’v + %@Tﬁ”f'@) , (6.2)
where
1 1 2 1-
Jp = —50l—eyet ci’q+ 30 u—zdy'd (6.3)
- 1 1
T = 0T 50T (6.4)

are the hypercharge and SU(2) fermionic currents]. We are also going to use the standard
model equation of motion for the leptonic doublet

i Pl =—Y.ep . (6.5)

We will use egs. (b.1])-(0-9) and (6.3) in (E21)). Every time we use the equation of
motion for the leptonic doublet we obtain an additional leptonic Yukawa coupling constant
Y,. Since these couplings are small, we are going to neglect terms that contain two or more

of those Yukawa couplings.
After using (B), 6:3) and B3) in £ = £%) + £0) . the resulting Lagrangian is

0 = s (50 B+ LB 60)
—2—3 (JEJBM +i(p D) T i(@*ﬁ“w)(ﬁﬁw)» (6.7)
2 (act D) Lis+ L Dronarn (69
2 (84 3) LTy + 6 D) @70 (69
_37{"; B (IFY, 000 + hc) — #W“”(?Fﬁaﬂufew +he) (6.10)
+ (%(s@%)(?Fnew) + h-c-> (6.11)
_(‘gf(zpwg)(zpw) . (6.12)

The terms from eq. ([2]) containing * and F have been neglected as they are suppressed
by two or more leptonic Yukawa couplings. Again all couplings must be understood as

®Note that eqs. (b.1)-(6.4) differ from eqgs. (2.13) and (2.14) in ref. [i(]], where some terms are missing.
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bare effective Lagrangian couplings (barred couplings). We can write egs. (6-§)-(f-19) in
terms of MS renormalized couplings by just dropping the divergent contributions (A, —
2log(p/m)).

It is clear that after using the equations of motion one can easily see the plethora of
interesting processes that a single term in eq. ([L.21) can generate.

We will first study how our effective Lagrangian can modify the standard model mech-
anism for SSB and what its effects are on the spectrum of physical gauge bosons.

The first term in (p.6) modifies the standard model Higgs potential and produces a shift
in the vacuum expectation value (VEV). Since this is a one-loop effect one should also use
the full one-loop standard model effective potential to analyse this shift. This gives a global
redefinition of the VEV and has only consequences in the Higgs sector of the theory: the
ratio of the Higgs to the W mass and the Higgs couplings are changed, but there are no
other effects. As we are not interested in Higgs physics here we are not going to compute
this shift.

The Higgs dependent terms of the effective Lagrangian can have interesting effects when

the Higgs develops a VEV:
0
(p) = ( ) . (6.13)

(Y

In what follows we will substitute the Higgs field by its VEV and will neglect all the terms
containing physical Higgses.

The second term in eq. (b.6), after SSB, produces a wave function renormalization of
the Higgs scalar. Again, since we are not interested in Higgs interactions here we are going
to neglect it.

The third term clearly gives a wave function renormalization of the B, gauge boson.
Then, one has to diagonalize simultaneously the kinetic term and the mass terms for the
gauge bosons. After SSB we get the following kinetic term for the B, gauge boson

1
— (1= 0m)BuB" (6.14)
where ng 42
_ 9 v
b = S (6.15)

The W gauge boson kinetic term and the mass terms remain unchanged. Then we can
recover the canonical kinetic term by redefining the B, field as follows

B, — (1—46,)""?B, ; (6.16)

this will change the mass matrix of the gauge bosons. However as the B, field comes always
with ¢’ we can recover the standard model form by redefining ¢’ as well

J=01-6n"1". (6.17)

It is not difficult to see that after SSB the last term in eq. (b.7) gives

~14 2

1o, g v 3 1 3~
- —(gW°* —§¢'B*)(gW> — ¢ B 6.18
4,U 60(4ﬂ_)2 m2 (g g )(g “w g M) ) ( )

where we have already included the redefinition of ¢’ from eq. (B.17). This term is an
additional contribution to the neutral gauge bosons mass term. Adding it to the standard
model contribution and diagonalizing the full gauge boson mass matrix, we find that the

1



Wi’ and B, gauge bosons can be expressed in terms of the physical photon A,,and the
Z-boson Z,, as follows:

W, = SwA,+éwZ, (6.19)
B, = twA,—3wZ,,

where

1
1+ 50%[/5,”) (6.20)

and
(6.21)

is the tree-level weak mixing angle in the pure standard model. Similarly the relation
between the electric charge and the gauge coupling is modified in comparison with the
standard model one:

1
e=§'cw = géw ~ gsw (1 — 50%,5,,1) . (6.22)
With the same notation the physical masses are
1
m%v = 5927)2
2 miy miy
my = o -(1+0z)~ (14 sy0m +07) , (6.23)
Gy Gy
where » ,
g v
=5 6.24
z 0(4m)2 m? (6.24)

comes from eq. (6.1§).

From these equations it is clear that only the ¢, correction, which produces a relative
shift form the standard relation between the masses of the Z and the W could in principle
be observed; however, it is very small. All the other shifts related to 9,, can be absorbed
in the definition of the coupling §’ or, equivalently, in the weak mixing angle Sy, and then
are not observable.

Now we can go back to egs. (b.6)—(p-13) and write them in terms of the physical gauge
bosons. The result we have found (neglecting all Higgs interactions) is:

£h = 29 - S7(c Tt — TN T, — Jz,) + %524(@& — ) (6.25)

2 g . 4,1 - N

e (—(1 —282) <Ae 4 g) 4 swg) <M Z0 4 —J ) (VL Fyr) (6.26)
2 4 1

+§—2gé <<Ae + 5) + é%vg) <M§Z“ + AiJZ) (ezFvuer) (6.27)
2
-2 ( ) ((VEMEW + J}) (FEFyer) + h.c.) (6.28)
2 e? 2 e? 5
ST — S (At 2 ) JAGEF ) (6.20)

DO



1l e

—EWA‘“’ ((epF Mo, er) +h.c.) (6.30)
1 g . uo

"‘6%(1 + S%/V)Zu ((6LFM60'WJ63) + hC) (631)

1 g _

5 5mE (W, (ZLF Meoywer) + huc.) (6.32)
UWn)* e (o S Fetiy ) (5

o ((erF~"er) (€Lt yuer) + (VLEY v ) (DL Fvv1)

+ 2(erFy"er) (WL F L)) (6.33)

Here M, = Y,v is the charged lepton mass matrix and A" = OtA” — OV A* and ZM =
orZY — 0¥ Z" are the field strengths of the photon and the Z gauge boson, respectively. vy,
and ey, are the components of the left-handed lepton doublet and eg are the right-handed
parts of the charged leptons. We have also defined the following neutral currents:

Jh o= > Qi f
7

Jp = D flr—apf (6.34)
!
where ) )
Vf = iT? — Sa/Qf, af = —iT;cs (635)

and J; is the usual charged current. Couplings with more than one gauge boson have not
been included, and the term (p.11]) has been removed because after SSB it can be absorbed
in a renormalization of the charged lepton mass matrix.

As we have seen, by using the equations of motion we have obtained a Lagrangian that
displays its physical content in a very transparent way. However, as stressed before, the
use of the equations of motion is not necessary. We could have started with the unbroken
Lagrangian, eqs. ({.21)) and (B.17), and then let the Higgs field acquire a VEV without using
the equations of motion at all. After diagonalization of the gauge boson mass matrices we
would have obtained a quite different effective Lagrangian from that in eqs. (6.25)(6.33).
However, both Lagrangians give the same physics (at least at the level of precision we are
working here). For example, the penguin operators in £ (that is the first two operators in
the Lagrangian of eq. (:2]])) when written in terms of the physical fields, give the following
interactions between Z-bosons and leptons:

2 4 1
s (ca -2 (A4 ) 4 gsb) 0.2 P

C m2ew 3 3
g 2 4 1, b
e (84 3) + ) 02" @) (6.36)

Clearly, from this interaction and for on-the-mass-shell particles, we get the same amplitude
for the Z decay into a pair of different leptons as that obtained from eqs. (p.26) and (6.27).
From eq. (B-36) we see that Z-exchange processes at low-energy, ¢> < M2, are suppressed
by ¢?/M%. We get exactly the same answer from the compensation of the contributions
from the two terms (the Z* and the J current terms) in eq. (6.26) .

7 Phenomenological consequences

The terms in £ give many interesting effects, apart from the shifts in the gauge-boson
masses, which have already been commented on. For example, eq. (5.29) gives extra con-
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tributions to flavour-conserving neutral-current processes. Equation (p-29) gives rise to
four-fermion processes with non-conservation of generational lepton numbers; for example
they give rise to u~ — e e~ et and similar processes. To compute these one has to take
into account also the contributions coming from one-loop diagrams, with one insertion of
the tree-level four-lepton interaction. The couplings in eq. (b.27) allow the decay of the Z
into different charged leptons. Equation (f.30) leads to u — ey and similar processes. The
amplitude for this process can easily be obtained from eq. (.30). Taking into account that,
without loss of generality, M, can be taken diagonal with diagonal elements m,, it is given
by

T(ey — €q7y) = —igFaba(pa)anV(mbR + maL)u(ps)e(q) ; (7.1)

L and R are, respectively, the left-handed and right-handed chirality operators. The am-
plitude eq. ([.]) is in complete agreement with the results obtained in refs. [63, B4, (1.

We are not going to study in detail the phenomenology of this model here. An analysis
of this based on our effective Lagrangian, will be presented elsewhere. However, to give
a flavour of the applicability of our effective theory, and to show how one can work with
it, we will comment on the calculation of the decay Z — e} e, with both the full and the
effective theories.

In the effective theory we have two amplitudes, one due to the loop diagram of fig. 4.c
and the other coming from eq. (6.27). As expected, even though each of them contains a
divergent contribution A, they give a finite answer when summed. The total amplitude is
given in appendix [J, eq. (C.2).

We also have performed a complete calculation of the amplitude of this process in the full
theory. After taking into account the diagrams with self-energy insertions to the external
fermion legs, the final answer is finite. The amplitude is given in eq. (C4) in terms of the
functions f(w) and fo(w), as explained in appendix [J. In the limit of m > My (that is,
w — 0), the results obtained in the full and in the effective theories are identical, as they
should be. In fact all matching conditions are designed with just this in view.

From the full model amplitude of eq. (C.4), we obtain the following branching ratio of
the flavour-violating decay width (a # b) relative to the standard model flavour-conserving
one,

I'(Z —eaer) _ FouP 8| f1(w) + 8 fo(w)[”
[(Z — eaeq) " 1+ (1—-483)

The branching ratio in the effective Lagrangian is given by the same expression, but with
fi(w) and fo(w) given in eq. (C.9). In fig. 7, we present this branching ratio in both the full
and the effective theories as a function of m. Charged scalar Yukawa couplings, (fTf)as,
are taken to be equal to 1. From the figure it is clear that for masses of the scalar h larger
than the mass of the Z boson the effective theory gives a good approximation.

BR(Z — eyey) = (7.2)

8 Discussion and conclusions

In this paper we have studied some questions related to the construction and the use of
effective Lagrangians, by considering an extension of the standard model that includes a
heavy charged scalar coupled to the leptonic doublet.

Starting from the full renormalizable model, we have built a low-energy effective field
theory by integrating out the heavy scalar. This was done at the one-loop level and keeping
only operators of dimension six or less.
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Functional methods were used to obtain, in a compact and gauge-invariant form, all
operators generated by tree-level and one-loop diagrams containing only heavy scalars in
the internal lines. The result includes only diagrams which are one-particle-irreducible with
respect to the light particles. In appendix [f] we give a detailed explanation of this calcu-
lation. This is not the complete answer for the effective Lagrangian, since there are many
one-loop diagrams in the full theory, with heavy and light particles in the loop that are not
completely taken into account by one-loop diagrams involving tree-level effective couplings.
To obtain these additional contributions we have calculated several Green functions in both
the full and the effective theories and required that the results of both calculations match
for small momenta compared with the heavy scalar mass. The result can be expressed as
a linear combination of gauge-invariant operators, which must be included in the effective
Lagrangian.

Adding both contributions, from the operators corresponding to the diagrams with only
heavy lines and from those with heavy and light internal particles, we have obtained the
complete bare one-loop effective Lagrangian, including operators up to dimension six. It
contains several operators with infinite coefficients (dimensional continuation was employed
to regularize all divergent integrals, then UV divergences appear as poles in 1/(D —4)). By
using an M S scheme to renormalize both the full and the effective theories, we obtained the
matching conditions for the running couplings, which express the renormalized couplings
of the effective theory in terms of the renormalized couplings of the full model. To avoid
large logarithms, these matching conditions should be evaluated at a scale around the heavy
scalar mass and then the renormalization group used to bring the couplings to any other
lower scale.

We used this simple example to discuss the behaviour of the couplings of a generic
effective Lagrangian. In general all the operators in the effective Lagrangian with the
same quantum numbers mix under the renormalization group. The effective couplings
obey a standard renormalization group first-order differential equation controlled by the
anomalous-dimension matrix. It is clear that the only information that can be extracted
from the effective Lagrangian, without knowing the full theory, is this anomalous-dimension
matrix. However, to obtain the couplings it is necessary to solve the renormalization group
equations, and this requires the knowledge of n boundary conditions (if n-operators are
involved in the mixing). One-loop calculations with the effective Lagrangian can only be
used to relate the couplings of operators at different scales, but give no information at
all on the actual value of those couplings. Only experiment, or a more complete theory,
can give new information on the values of the effective Lagrangian couplings. This trivial
observation is of importance when using the effective Lagrangian approach to classify the
sort of new physics one could find in future experiments.

After renormalization we obtain an effective Lagrangian that can be split in three pieces.
The first one, Lgyy, is just the standard model Lagrangian (expressed in terms of effective
couplings); the second one is the four-lepton interaction obtained from the full theory at
tree level, £9); the third piece, L) contains all dimension-six operators generated at the
one-loop level in the full model.

This effective Lagrangian was rewritten by using the standard model classical equations
of motion in order to display its physical content more transparently. Some caution is
needed when using the equations of motion, especially for operators that are going to be
inserted in loop diagrams. In our case, however, the equations of motion are used only in
operators that are generated at one loop in the full theory and that are supposed to be
used only at tree level in the effective Lagrangian. Then, the use of equations of motion
is completely legitimate. We used them for the unbroken theory, but it is worth while to
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stress that the equations of motion might also be used after SSB (or might not be used at
all) and this would not change any physical result.

We also discussed the consequences of SSB on our effective Lagrangian by substituting
the VEV of the doublet and neglecting all Higgs interactions. Apart from a negligible
modification of the relation between the masses of the vector bosons, the most interesting
consequence of the model is due to the different operators contributing to processes with
violation of the generational lepton numbers. We made a short review of some processes
generated by our one-loop effective Lagrangian, e, — e, v, e, — e, elel, etc (where a,b, ¢
are different flavour indices). A more detailed phenomenological analysis will be presented
elsewhere.

Finally, to see how one can use our effective Lagrangian, we have calculated the decay
width of the Z gauge boson to a pair of different leptons. It contains contributions from
one-loop diagrams with one insertion of the tree-level four-fermion operator and direct con-
tributions from operators generated at the one-loop level. We have done also the calculation
in the full theory and compared the results. For a mass of the charged scalar m larger than
the Z mass, the effective theory calculation gives a good approximation.
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APPENDICES

A The determinant of the fluctuation operator

In this appendix we calculate the effective Lagrangian contribution coming from the de-
terminant of a fluctuation operator of the form O = (—=D? — m? — U(z)). It is given
b

Yy
i / d'zL™ (x) =logdet (0)™ = = Tr {log(0)} = = Tr {log(~D* = m* = U(x))} , (A.1)

where D, is the covariant derivative for a generic gauge group, for example an SU(N), and
U(x) is a general matrix valued function of z.
Powerful methods to calculate traces of these kinds of operators have been developed

in the last years B, [73, [[4, [[7, [[], [[9, B0, Bl)]. We will employ some techniques developed
in all of those papers, but we will follow more closely those in ref. [BI].
We will use the following notation

Dy=0,+Au(x),  Au(x) = —igT"A%(x) , (A.2)

where T are the generators of the gauge group. They satisfy the normalization condition
tr {T“Tb} = 16, Then, the covariant derivative acts on U(z) as follows:

DU (x) = 8,U(x) + [A,(x), U(w)] (A3)

The field strength tensor is defined as

F..=[D, D, . (A.4)

We will use the metric (4, —, —, —) and the following conventions for the momentum oper-
ator and plane wave states:

DPp = 10y, (z|p) = e . (A.5)

The normalization of the states is (in D dimensions)

[layal=1 [ el=1 (A6)

and [, = [dPz and [, = [d"p/(2m)".
Let O be an operator; then we understand the trace of that operator to be

{0} = [ {(@lO)} = [ {0} | (A7)

where “Tr” means trace over all degrees of freedom, space-time and internal, while “tr” is
the trace over only the internal degrees of freedom. Then

T {0} = / /p tr {er 0 e} (A.8)

Here O, is the operator O in the representation of positions (z| O |¢) = O,(z|¢) = O,¢(z).
In our case we have

O = log(I1* — m? — U), where I, =1iD, =p,+iA, . (A.9)
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By using eq. (A-§) and the operator identity e f(I)e~** = f(II + p), we find
¢ Tr {log(l‘[2 —m? — U)} = z/ /tr {1og(p2 —m? 4 2pll + I1% — U)} 1, (A.10)
zJp

where the factor 1 at the end indicates that the operators act on the identity. Now we can
expand the logarithm in the following form

if [ {log(p2 _m?) — i (_7?" (2pIl + IT" — U)"} 1. (A11)

(p? —m?)"

The first term is the usual Coleman-Weinberg term. It is a constant term, which only
contributes to the energy density, and we will drop it. Comparing eq. (A.I1]) with the
expression for the effective Lagrangian, eq. (A7), we find

Lo = i:jl (_lniﬂ tr {z/p (QPEJ_H;;)HUV} 1. (A.12)

It is clear that eq. (AX13) gives an expansion in powers of 1/m?
L= 0, . (A.13)

2n—4 M
n=1 m

where O,, are traces of gauge-invariant operators of dimension 2n built from A, and U (and
their covariant derivatives). In general

0, =70 (A.14)

Here Oﬁf) is a linearly independent set of traces of operators of dimension 2n (operators
that can be related using partial integration of D, cyclic permutations inside the trace,
or Bianchi identities are not considered to be linearly independent). We use the following
basis for these traces of gauge-invariant operators:

O; = (r{U})
O, = (tr{Uz}, tr {F,, F"'})
00 = {7 W {IDR). BP0 (DYDY

The normalization of the O,, is such that

Cy = (%;)D/H (= D/ (A.15)

All the integrals will be dimensionally regularized and p is the dimensional-regularization
scale. As we will see, with this normalization the coefficients %-(") will be just numbers

and independent from D. Then, our task is to evaluate the coefficients 72-("). They could

be evaluated directly by expanding eq. ([A.17), performing the momentum integrals and
using integration by parts to rewrite it in a canonical form. However, it is better to use
another method [B1], BJ]. The trick is as follows: as we know that eqs. (A13), (A.I3) and

(A14) are valid for any A, and any U, with the ~™ independent from A, and U, we can
(n)

;~ using a particular configuration of A, and U. Then, the resulting 7(") will

compute 7y i
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be valid for any A, and U. As we want to compute (AI2) and we have 2pIl + II* — U =
2ipA + 2pp + p* + i(pA + Ap) — A* — U, it is obvious that if we choose 9,4, = 0 and
U = —A? we will have (2pII + I1? — U)"1 = (2ipA)™. Thus, to calculate eq. (AI13) we will
choose the following (constant) configuration for the field A,,:

N, =4, such as 0,4, =0 and U=-A*. (A.16)

To avoid confusion we will denote the field A, as N, in this special configuration. In this
configuration we obviously have

U=-N? F., =[N, N, D,G =[N,,G], (A.17)

where G is any matrix valued function of A, and U in the special configuration (hence,
constant with respect to space-time variables). The important point is that eq. (A7)
can be inverted, thus allowing us to pass from the special configuration to the general
configuration.

Since in the special configuration ([A.17) we have

(2pIl + 11> — U)™ 1 = (2ipN)"
eq. (A1) reads

£

(=) {Z/((flpij\f)"n} (A.18)

n p (p? —m?2)

n+1lgn
1) 4 PurPus = * Do tr {NmNuz .. N“Q”} ,
m » (p2 _ m2)2n

where we have taken into account that integrals with an odd number of p’s cancel under
symmetric integration and we have redefined n — 2n. Now we can use that

. D/2-2
i / L I m L= D/2) guupewn - (a19)
p (p* —m?)* 472 (4m)2 m2n2nT'(2n) "

Here SH1#2#2n jg the completely symmetric tensor with 2n indices built only with the metric
tensor g,,,. For instance S{“W = gM#2 and 551N2N3N4 = gHk2 ghBlia | glais ghi2iia | g glaps
In general it contains (2n — 1)!! = (2n — 1)(2n — 3)---1 terms. Inserting eq. (AI9) in
eq. (A1§), we finally obtain

D/2-2 4 .
m* I'(n—D/2) 2 ot o ]
- Z (47w ) GmE ey NN N (A.20)

Comparing this result with eq. (A.13) and eq. (A.17) we find that in the special configuration
(A.17) we have

n

(2n)!
where S,,(N) = Sk#2#2n N, N, - -+ Ny, represents the sum of all possible products of 2n
N,’s contracted pairwise. For instance, Si(N) = N? and Sy(N) = (N?)? + N,N,N*N" +
N,N?N#. Traces of different operators can be related by using the cyclic property of the
trace. We find for example tr {So(N)} = 2tr {(N?)*} + tr {N,N,N*N"}. Then, in the

special configuration we have

O, =

tr {S,(N)} | (A.21)

Op =360 (A.22)
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where O are traces of strings of N ,.’s contracted pairwise and the coefficients 52(”) include
the normalization factor 2" /(2n)!.
If we define the set of linearly independent traces built from N, as follows:

0, = (tr{N?} (A.23)
O, = (w{(N,N)?} e {(V2)2))
Os = (tr{(NuNNo)P | tr {(V3)° ) tr { (VAN |t { (NN N9t { N2 (NNG)?)

O = O
0, = L0 + 1o

6 2 ' 37

1 . 1 . . 1.
0y = %0(1 0<2 +3 03 005,‘* + 03 ,

but we know from eq. (A.14) that in the general case O, can be expressed as a linear
combination of traces of gauge-invariant operators O%). Then, in the special configuration
we can write O,, in terms of the two sets of operators

On =300 = 32900 (A.24)

but in the special configuration we can relate the operators (5,(1’) with the operators Oﬁf) b
using eq. (A.I7). In general we will have

~

oY = Z(Pn)ijOg) and 5i(n) = Z’an)(Pn)ji : (A.25)
j j

The important point of these equations is that the above linear transformation P, can can
be inverted. This will allow us to compute the +’s in terms of the already known 4’s. In
matrix form we obtain

A — (PT)100 (A.26)
where PT is the transposed matrix of P,,. We skip the details of a rather tedious calculation
and quote only the final results valid for an arbitrary configuration

01 == —tl"{U}
1
O, = §tr{U2}+—tr{Fw,F’“’} (A.27)
1 | 1 B}
0; = —gtr{U b+ Etr{(DuU) b - 15 {EUF")

1 1
6 —tr {D,F"D°F,,} — tr {F,F7FH} .

These results agree with the results obtained in [ by using proper time methods (after
passing to Minkowski space).

The effective Lagrangian obtained from the determinant of the fluctuation operator is
given by eq. (AI3) with the O, given above and with the ¢, given in eq. (A.I5). For
D =4 — 2¢ and in the limit € — 0 we obtain

1
cT = —(AE —+ 1) (47‘(‘)2
1
@ = A (47)2
c3s = (n— 3)!(47102 n>3, (A.28)
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where 1 1
Ac = = = +log(dm) + Zlog(p/m) = = + 2log(p/m) (A.29)

contains the divergent part when D — 4 and only appears in the first two coefficients.

B Calculation of processes with heavy-light particles
in the loops

Here we collect the relevant amplitudes needed to obtain the effective operators generated
by one-loop diagrams in the full theory with heavy-light particles in the loops. We have
always used dimensional regularization with anticommuting ~s.

B.1 Lepton doublet self-energies
From the self-energy diagrams in the full theory (fig. 3) we find

Ty = ({;{ ))gb <2 (AE + %) + %i—i) a(p) yLu(p) , (B.1)

where L = %(1 — 75) is the left-handed chirality projector. In the effective theory, the
doublet self-energy diagram with the four-fermion coupling (fig. 3.b) is zero in dimensional
regularization because it is a massless tadpole-like diagram.

B.2 Penguins

The diagrams of figs. 4.a and 4.b give the following amplitudes for the coupling of the B,
to the lepton doublet

/

. 1 9 4
T, = Fu % u(po) {m2 <AE + 5) M= 3 <Ae + g) (v~ da,.)

+% ((ﬂﬁ- P2)(p1 + p2)y + (97 +p§)%)

+%(ﬂ20uuqu + Uuuqu ﬂl)} u(pl)EM(Q)

g _ 1 2
ng = Fab W u(p2) {_m22 (AE + §> Yo — §(q27M_ qu)

—5 (6 )01+ 2+ (6 + D) bt e (a)

Here ¢ = ps — p1, and we have kept all external momenta off-the-mass-shell. In the dia-
gram 4.a we split the charged scalar propagator as described in section fl. The result given
here corresponds to the difference between the full theory diagram (fig. 4.a) and the vertex
obtained in the effective theory with the four-fermion interaction (fig. 4.c).

The full amplitude for the B, vertex is

1o = Bt [ (52 20D
(Gt )+ )+ (5 )

2 (o’ + o ) ulp)e(a) (B.2)
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For the vertex of the Wu only the diagram 4.a exists since it does not couple to the
SU(2) singlet scalar. The result is

P st (5 =2 (8 2) e
+% ((ﬂl—l- P2)(p1 + p2)u + (p? +p§)%)

(ot + ot $0) | () (a) B3)

From these amplitudes together with the self-energy amplitudes, one can easily recon-
struct the gauge-invariant operators that generate them as done in section [.

B.3 Seagull diagrams
From the diagram of fig. 5.b we obtain the amplitude

%Fabu(p2)(¢1+ P2)u(p1) , (B.4)

while for the diagram of fig. 5.a we get

s Fui(p) (A + D(ds+ d) — (it 38)) u(pr) (B.5)

Here ¢; and ¢y are the momenta of an incoming ¢ and an outgoing ¢ respectively, and Fis

defined in eq. (f16). As always, we have used the splitting of the charged scalar propagator

1/(k* —m?) = =1/m? + k*/(m*(k* — m?)) and have only computed the second term. The

first term gives rise to the effective Lagrangian contribution given by the diagram of fig. 5.c.
From eq. (BF) we obtain the following effective operators

(A, + 1)2#(%#(1}@?@% ((3F3 PO) + he. | (B.6)

)
Com?
which can be written in the form of eq. (fzI9) after using the following SU(2) Fierz trans-
formations:

(DP) = S(Dup)' o)1 + 1 (Due)' 7o)

. 1 1, .. .
(pph) = §(¢T¢)1+§(¢Tw)7-

Here 1 is the 2 x 2 identity matrix.

B.4 Four-fermion interactions

The amplitude corresponding to the box with the two charged scalars in the loop (fig. 6.c
and crossed) has the following form

_ %Fabf’cd(ﬂ@l)’Y;LU(pz))(ﬂ(pg)yuu(p4)) ) (B.7)
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C Lepton-flavour-changing Z decay

In this appendix we give some results of the calculation of the decay width for Z — é,e,
done with both the full and the effective Lagrangians.

We show in fig. 4.c the diagram responsible for this decay in the effective theory (the
wavy line is, in this case, a Z gauge boson, the external leptons are charged leptons or
neutrinos, and the lines in the loop represent neutrinos or charged leptons, respectively).
The corresponding amplitudes are (for massless external leptons and all particles on-the-
mass-shell):

2 M? . 5
T(Z — Baer)iae) = %Fabgﬁg (1og(M§ Jm?) — i — A, — g) @(ps) dq) Lo(py) . (C.1)

To this amplitude we should add the contribution coming from the operators generated
through matching, eq. (£:27). The total result is

2 M2 S B SN
T(Z — Zaeh)ess = %Fabgﬁg <1og(M§/m2) —im— s+ S§V§> @(ps) dlq) Lo(py) . (C.2)

For the Z decay to neutrinos, a similar calculation gives the following result:

T(Z — Valhy)es =
9 . 2Mz
éW ab3 m2
In both cases the divergent term coming from the loop integration has been cancelled by

the one-loop effective operator contribution.
Previous results should be compared with the full Lagrangian amplitudes,

1

(—(1 = 268)tog(M2 /) — im — ) + 3 ) 0lo) AV Lolr) - (C)

D7 =) = o Fa (~filw) = shy fo(w)) a(p2) o) Lo(pn) (C.4)
U7 = van)gar = - Fa (1= 258 filw) = s fo(w)) 5lp2) A Lo(pr) . (C5)
where, using the variable
w=-22 iy g0t ()
we have
filw) = 3+ 2= 2 ogw) — Zlog(1 — w)log(w) — SpLisfw) (1)
and

hlw) = =5-2+5 (“2 (W) o (ﬁ))

2 4 1+4/1+2
+2 (1+—> 14— log | ——=| . (C.8)
w w —1+4/1+4

Here Lis(w) is the dilogarithmic function. The functions fi(w) and fa(w) have the following
asymptotic values for w — 0:

fu(w) — %w (log(w) _ %) b — gw . (C.9)
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These results are in complete agreement with the effective Lagrangian calculation. In fact
the logarithmic contribution coming from f;(w) can easily be obtained from the calculation
of diagram 4.c. However, the non-logarithmic part of that amplitude is arbitrary, in fact
divergent. The only way to fix it is by matching the full theory.
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Figure captions

Figure 1: Diagram a) is the tree-level diagram contributing to the effective Lagrangian.
The solid lines represent lepton doublets and the thick dashed line represents the heavy
scalar. Diagram b) represents the four-lepton interaction in the effective theory. The symbol
® means a scalar current insertion.

Figure 2: Diagrammatic representation of the contributions to the one-loop effective La-
grangian given by the determinant of the fluctuation operator. Gauge bosons are repre-
sented by wavy lines and the standard Higgs is represented by thin dashed lines.

Figure 3: Matching conditions: Self-energy diagrams. a) in the full theory and b) in the
effective one.

Figure 4: Matching conditions: Penguin diagrams a) and b) in the full theory and c) in
the effective one.

Figure 5: Matching conditions: Seagull diagrams a) and b) in the full theory and c) in
the effective one.

Figure 6: Matching conditions: Box diagrams a) and b) in the full theory and c) in the
effective one.

Figure 7: The family lepton-number violating branching ratio BR(Z — 77 e%) =T'(Z —
77e")/T(Z — e~ e™) computed in both the full (solid line) and the effective (dashed line)
theories as a function of the charged scalar mass. The couplings F}. are taken to be equal
to 1.
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