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Abstract

Two applications of effective field theories are studied. In the
first part we discuss exclusive hadronic decays of the electroweak
bosons Z, W and the Higgs in the framework of QCD factoriza-
tion. The factorization formula is derived using Soft-Collinear
Effective Theory and then applied to the decays Z2 — M7,
W — My, Z - MW, h - My, h - MZ and h - MW,
where M is a meson. We derive predictions for the radiative de-
cays at next-to-leading order in QCD and resum large logarithms
of the form aslog(up/v), where v denotes the electroweak scale
and po is the hadronic scale. We show that power corrections
in the expansion parameter are negligible because they are effec-
tively suppressed with at least mps/v, where mys is the mass of
the final-state meson M. The analysis of the Higgs decays is per-
formed allowing for deviations from the SM couplings of the Higgs
to predict the sensitivity of the branching ratios to new-physics
effects. Due to a non-trivial interference structure of different de-
cay amplitudes we find a strong sensitivity to new physics in some
decay channels.

In the second part we study renormalization group effects on neu-
trino oscillation parameters in type-I seesaw models. Assuming
a flavor-anarchic scenario chosen at a high-scale, we estimate the
probability of the observed oscillation parameters to be the results
of a random drawing. We show how this probability changes when
renormalization group effects are carefully taken into account.






Zusammenfassung

Diese Arbeit diskutiert zwei Anwendungen von effektiven Feldthe-
orien. Im ersten Beispiel werden die exklusiven, hadronischen Zer-
falle von Z-, W und Higgs-bosonen unter Verwendung der QCD-
Faktorisierung diskutiert. Die Faktorisierungsformel wird zuerst
in der Sprache der “Soft-Collinear Effective Theory” hergeleitet
und dann verwendet um Vorhersagen fiir die Zerfille Z — M~,
W — M~, Z —- MW, h— My, h - MZ und h - MW zu er-
halten, wobei M fiir ein Meson steht. Die Zerfallsraten fiir die ra-
diativen Zerfélle werden auf néchstfithrender Ordnung in der QCD
bestimmt und grofie Logarithmen der Form «;log(ug/v) werden
zu allen Ordnungen resummiert, wobei v hier die elektroschwache
und o die hadronische Skala bezeichnet. Es wird gezeigt dass
Korrekturen von héherer Ordnung im Entwicklungsparameter der
effektiven Theorie vernachléssigbar sind, da sie mindestens durch
einen Faktor mp;/v unterdriickt sind, wobei mj; die Masse des
Mesons bezeichnet. In der Analyse der Higgs-Zerfille werden Ab-
weichungen der Higgs-Kopplungen vom jeweiligen Wert im Stan-
dardmodell zugelassen um die Sensitivitat der Zerfille auf Effekte
neuer Physik zu untersuchen. Die nichtriviale Interferenzstruk-
tur der beitragenden Zerfallsamplituden fithrt in einigen Féllen
zu starken Abhéngigkeiten der Zerfallsrate von Effekten neuer
Physik.

Der zweite Teil widmet sich einer Renormierungsgruppenanal-
yse der Neutrinomassenparameter in verschiedenen Typ 1 See-
saw Modellen. Unter der Annahme dass die Parameter rein
zuféllig und frei von jeglicher Struktur sind (“Flavor Anarchie”),
kann die Wahrscheinlichkeit bestimmt werden dass ein zufillig
gewdhlter Satz von Parametern kompatibel mit den experimentell
bestimmten Werten ist. In dieser Arbeit wird diskutiert, wie stabil
solche Aussagen unter Beriicksichtigung von Renormierungsgrup-
peneffekten sind.
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1. Introduction

The Standard Model of particle physics is the most complete description of the
interaction between elementary particles. It is a quantum field theory capable of
describing physics across the scales, from extremely low energies like the physics
of atoms to extremely high energies, at least up to the electroweak scale that is
probed by colliders like the LHC. An important step towards securing its validity
has been achieved in 2012, when the ATLAS and CMS experiments announced the
discovery of the Higgs boson [1, 2]. The discovered boson, up to this day and in the
ways that can be tested experimentally, looks precisely like the particle predicted
in the Standard Model (SM), explaining elementary particle masses and restoring
scattering unitarity at high energies.

Although the Standard Model is said to be completed, it is clear that it is not
a complete and fundamental description of physics. One problem is the question
of what balances the electroweak scale against the Planck scale. It arises from
the renormalization group evolution of the Higgs boson mass, which receives non-
multiplicative corrections proportional to the masses of the particles it couples to.
The Higgs mass is thus driven up to the scale of the heaviest particle in the theory.
The heaviest particle in the SM, the top quark, is of a similar mass as the Higgs
boson, so it might seem natural as long as we assume the SM to be valid up to an
arbitrarily high scale. However, any new physics (NP) mediated at a scale A will
lead to huge corrections to the Higgs mass of O(A), spoiling its naturalness. This is
the famous hierarchy problem.

Electroweak symmetry breaking explains in an economic way how the SM particles
(excluding neutrinos) acquire masses without breaking gauge invariance. The Higgs
mechanism is however merely a parameterization of electroweak symmetry breaking
and does not explain why the symmetry is broken in the first place. Similarly, the
couplings of the Higgs boson to quarks determine both their mass hierarchies as well
as the CKM mixing parameters. They enter the SM Lagrangian as a priori arbitrary
numbers and it is an interesting question whether they can be predicted by a more
fundamental theory. In the lepton sector the problem is more involved since the
origin of the non-vanishing neutrino masses is unclear to this day.

These examples are of course only an excerpt of the full list of open questions. The
origin of dark matter and dark energy, the unification of quantum field theory with
general relativity and the strong CP problem are just some examples of intriguing
questions that the physics community is facing. Proposed extensions to the SM
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and completely new theories solve subsets of these problems at various different
energy scales, some of them much higher than the ones typically associated with
the SM. In order to understand how we can probe these theories, a systematic way
to treat scale hierarchies is needed. The tools of the trade for this application are
collected under the term effective field theory (EFT). Effective field theories provide
a framework to cure the problem of logarithms of the large scale ratios, which can
spoil convergence of the perturbation series by overpowering the suppression of the
expansion parameter. These large logarithms play a role even well within the SM.
For example, weak decays of hadrons are mediated by physics at the electroweak
scale, but the typical momentum transfers are of the order of the hadronic scale.
Therefore, predictions in perturbation theory are plagued by logarithms of the ratio
of these two scales. Likewise, the problem can also arise in situations where the
relevant particles are light and highly energetic.

While the solutions to both of the above examples are achieved by the use of
an effective field theory, the term has to be understood as a collective one: Many
different types of effective theories exist, and the nature of the problem determines
the concrete implementation one has to use or construct. In this work, we will cover
two specific examples. In the conventional effective field theory, scales are separated
by the mass of the particles involved in a reaction. We will use this framework to
determine the probability of the neutrino oscillation parameters being the result of
a draw from a random distribution. The majority of this work however is devoted to
the study of exclusive hadronic decays of electroweak bosons. In these decays, the
relevant scales are given by the mass of the heavy decaying bosons and the hadronic
scale. Using Soft-Collinear Effective Theory (SCET), we can separate these scales
and derive the QCD factorization formula, which will allow us to deal with the non-
perturbative effects of hadronization. The results are theoretically clean and provide
interesting tests of both the QCD factorization approach as well as couplings of the
Higgs boson to other fields in the SM.

This work is structured as follows. In chapter 2, we will discuss the concept
of effective fields theories by looking at the classic example of the weak effective
Lagrangian. We will proceed to introduce the necessary ingredients of SCET in
chapter 3. In chapter 4, the QCD factorization formula is derived and applied to
the decays Z7 — M~y, W — M~ and Z — MW, where M denotes any meson
including the light pseudoscalars 77(’), which are special due to their flavor-singlet
admixtures. The framework is then generalized to exclusive decays of the Higgs bo-
son, where we allow for anomalous couplings of the Higgs boson to quarks and gauge
bosons and predict the sensitivity to NP effects in chapter 5. Chapter 6 contains a
renormalization group analysis of neutrino oscillation parameters to determine the
plausibility of a flavor-anarchic scenario. Finally, in chapter 7 we will summarize
our results and conclude. Lengthy details of the calculations and numerical input
parameters along with their determinations are relegated to several appendices.
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In this chapter, we will introduce the notion of effective field theories. A vast amount
of literature on the subject is available and we will closely follow the examples
commonly employed. For more complete overviews, see for example refs. [3-7].

2.1. Naive Dimensional Analysis

The idea behind effective theories is a central one in physics. The core concept
of making predictions based on mathematical formulations relies on our ability to
identify relevant properties of the problem, focusing our attention to them and
discarding the subdominant effects. This means abridging a more complete theory
for the sake of computational feasibility. For example, when asked to compute the
impact velocity of an apple falling from a tree, one would typically not include effects
from general relativity, even though we know that it is the most complete theory
of gravity. In fact, one would not even work with the full Newtonian picture but
instead just assume the gravitational force to be constant along the trajectory of
the apple. The reasoning behind this comes from naive dimensional analysis: The
Earth’s radius is large compared to the height of an apple tree.

In a quantum field theory, these arguments apply as well: Processes at an energy
scale m will only very weakly depend on physics living at scales M > m. Conse-
quently, we can introduce the small ratio A = m/M and expand in it whenever it is
possible. As a classical example, consider the weak decay d — ue ., mediated by a
W boson. The amplitude is given by

;2

Ad—>ueﬁe = % [ﬂ(pu) 'V'LLPL U(pd)] Hw/(pd - pu) [ﬂ(pe) VVPL U(pu)] ) (2'1)

where g is the weak coupling, p; denotes the momentum of the particle j and II,,
is the propagator of the W boson in unitary gauge:

1 Kk
W (k) = 25— <gW - m“2 ) . (2.2)

- My w

In -decay, the momentum transfer k2 will typically be much smaller than m%v, and
thus we can expand I, in A = K%/ m%v, leaving us with

M, (k) — =22 [14+ O(N)] . (2.3)
myy
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Furthermore, the W cannot appear as an external particle because the energy scales
associated with the theory are too small to produce it on-shell. We can therefore
write down an effective Lagrangian, in which the W does not appear anymore, but
interactions between the remaining fields are modified such that the phenomenology
of processes with intermediate W bosons - including the decay d — we v, - remains
unchanged. In our example, this amounts to adding new interaction operators be-
tween the four fermion fields d, u, e and v,. If we adopt the expansion in eq. (2.3),
the relevant operator for our process would be:

W) () (ermom) (2.4)
This effective operator comes with a yet undetermined coupling C(u), customarily
called the Wilson coefficient, which depends on the renormalization scale p. The
operator has a mass dimension of 4-3/2 = 6 and thus its coupling has to be divided
by two powers of the mass scale A. This scale is associated with the energy at which
the effective theory breaks down. In our example we have A = myy, indicating
the scale above which our approximation k?/ m%v < 1 is no longer justified. Of
course, heavy and yet unknown particles could contribute in the same way and lead
to terms where A is larger. This opens the possibility to study new physics effects
in a model-independent way and is the reason why A is very often referred to as the
new-physics scale.

At the scale myy itself, both theories must be equivalent descriptions of physics.
To ensure this, we can compute the same process in both the full theory and the
effective theory. After performing the same expansion in both results (in our case
expanding the result in k2 /m%/v), the results have to be equal. This procedure,
called matching, fixes the Wilson coefficients of the theory at the matching scale, in
our case C(my ). Note how we went from a theory in which the W mediates the
interaction between the quarks and leptons to a theory where the quarks and leptons
interact locally in one space-time point, as represented in Fig. 2.1. Very simply put,
the approximation k? < m%/v means that the momentum of the W is so small, it
effectively does not propagate.

2.2. The Local Operator Product Expansion

Let us be more systematic. The effective operator (2.4) is only one of many terms
that have to be added to the effective Lagrangian, since the W mediates more pro-
cesses than just the one considered above. In fact, even for d — u e, more operators
must exist, since the one we wrote down in eq. (2.4) only corresponded to the leading
term of the expansion in A. To capture the full phenomenology of the intermediate
W boson, we would have to add an infinite series of operators, each of higher order in
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Fig. 2.1.: Diagrammatic representation of integrating out the W boson: The in-
termediate propagator is shrunk to a local interaction in the limit of k? < m%/v.
Computing both diagrams and demanding the amplitude to be equal fixes the Wil-
son coefficient of the effective operator in the diagram on the right.

our power-counting and thus suppressed by more powers of A. The next term in the
Lagrangian would have two more powers of myy in the denominator and thus would
be of the form Cg(1)Og(1)/A*. Here Og is an operator including the field content of
the effective theory and the subscript denotes the mass dimension of the operator.
It can include more fields or derivative operators. It is not hard to imagine that at
this order in our power-counting, lots of operators can be written down. Luckily,
naive dimensional analysis tells us that they are suppressed by two more powers of
A, compared to the operators with mass dimension 6. This is one of the central
aspects of effective theories: Higher-dimensional operators are power-suppressed by
the expansion parameter and thus contribute less to our predictions. Therefore, af-
ter choosing a level of accuracy, we can construct the effective Lagrangian by writing
down all operators composed from the field content of our effective theory that are
consistent with the power-counting and the symmetries of the theory. This is called
operator product expansion (OPE).

In expanding the propagator in the small ratio &%/ m%,[,, we have replaced a non-
local interaction with a series of local ones: In the full theory, the W is created
from a fermion current at a space-time point  and then propagates to a space-time
point x + 7, where it is annihilated by another fermion current. The expansion in A
corresponds to an expansion around n = 0, meaning that the effective operators are
functions of only one point in space-time. The coefficients then encode the details
of the short-range interactions at length scales of order 7.

In full generality, the effective Lagrangian we obtain from an OPE can be written
as

Lo =3 113 D CHIOL), (25)
d i=1

where ng is the number of operators contributing at dimension d. The operators
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Oﬁl(,u) describe the long range interactions mediated by the light fields, whereas the
Wilson coefficients Cé(u) contain the physics at short distance scales. In this way,
the effective field theory isolates the physics at different scales from each other, with
the renormalization scale p serving as a handle on where the section is made. As a
result, it is possible to treat each scale separately. This is what makes effective field
theories such a powerful tool when dealing with multi-scale problems, as we will see
below.

Some comments are in order: First and foremost, it is important to keep in mind
that the effective Lagrangian constructed here is merely one example: By integrating
out heavy degrees of freedom and expanding around small momenta, we arrived at a
theory made of local operators. This is not case in many other examples of effective
theories, where effective operators can be non-local under certain circumstances. We
will explore one example in chapter 3.

In our example the degrees of freedom of the effective Lagrangian and the full La-
grangian were identical up to the removed W boson: All the light fermions remained
untouched. This is not generically true. For example in chiral perturbation theory
- the effective theory of mesons - the degrees of freedom in the effective theory are
completely different from those in the full theory: In the low-energy Lagrangian, the
quarks and gluons are replaced by mesons and baryons.

2.3. Renormalization

In the last section, we saw that an effective Lagrangian separates high-energy and
low-energy physics. Which scale exactly we choose as a crossover scale is an unphys-
ical question: Predictions made by the effective theory cannot depend on this choice.
From this requirement, a set of equations can be derived, allowing us to continuously
vary this scale. With this, we can compute high- and low-energy ingredients each
at a scale where they are well-behaved and then connect them by translating each
to one single scale. This section will discuss all these parts in more detail, starting
with what is meant by “well-behaved”.

2.3.1. Radiative Corrections and Large Logarithms

When computing loop-corrections, integrals of the form

4
/%J(k,...) (2.6)

have to be carried out. While the integrand I(k,...) follows from a theory that we
tested to be valid at specific energy scales, the integral extrapolates it to arbitrary
regions in phase space and it is not surprising that they diverge in extreme regions.
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Qg O
KPS X

Fig. 2.2.: Examples of one-loop QCD corrections to four-fermion processes like
b — wucs in the full theory (top) and their EFT counterparts (bottom).

The plan to remedy this problem is to first find a way of regularizing the integrals.
In dimensional regularization, divergent integrals are regularized by carrying them
out in d = 4 — 2¢ spacetime dimensions and expanding the result around € = 0. The
divergences of the integrals then manifest themselves as poles in 1/¢".
As an example, let us consider the process b — ucs. Just like the beta decay
d — ueve, it is mediated in the SM by the W boson. In nature, this quark transition
leads to the hadronic decay B® — ntD;. Since the typical energy scale of this
process is of order O(GeV), we can again construct an EFT without the W boson
and the new-physics scale A = my. The dimension six effective operators of interest
are , o ,
01 = (F7“ P (i, PLb)
Oy = (5'4* P ) (@, PLb')
where %, j are color indices. Note that the color structure in the operator O, can only
arise at the loop level (when the SM is assumed to be the full theory), meaning that
the Wilson coefficient starts at order O(«;), whereas a contribution from O; exists
at tree-level. The Wilson coefficients again follow from a matching computation, as
illustrated in Fig. 2.2. They are given by [7, 8]:

2 s 1 2 1
Cilw) = L ViV {1 S ( log ot )} ,

(2.7)

4 m? 6
39° as(p) (1 p? ) 11 29
Co(p) = 7‘/5;%17 { Zﬂ_ (e + log . + 6> } ;
w

where V;; are the CKM matrix elements. The striking features of this result are
the poles in 1/e. While the one-loop amplitude in both full and effective theories
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will have divergences, not all of them survive the matching procedure: Infrared (IR)
divergences arising from massless loops will be identical in both theories since they
have the same low-energy limit. Similarly, both theories will produce ultraviolet
(UV) divergences at large energy scales A > myy. However, the effective theory
breaks down at scales A 2 my and produces additional UV divergences at this
scale, whereas the full theory is still valid and produces finite results. These residual
divergences do not cancel in the matching procedure and give rise to the 1/e-poles
in eq. (2.8). They are subtracted by introducing counterterms for O; and Os.

As a remnant from our regularization procedure, the result depends on the renor-
malization scale u. Perturbation theory demands that the coefficient of «; does not
become too large, otherwise the perturbation series cannot converge. Our example
b — ucs is a partonic contribution to the decay B — 7+ D and thus the proper
scale choice would be 1 ~ Aqcp, with Aqep denoting the hadronic scale!. In cases
like this, the logarithm can become large enough to overcome the power-suppression
from the coupling constant. Therefore in our expansion in «g, the combination
aslog (u%/m¥,) should count as O(1), as should any arbitrary power of this ex-
pression. What was the leading term in the perturbative expansion cgy, is now only
one of infinitely many terms in this new power-counting scheme, where the large
logarithms should be included to all orders:

oo 2\
co—col 1+ Z by (as log 2> . (2.9)
k=1 My

Our task now is to determine the series coefficients by. As it turns out, it is possible
to do this to all orders, meaning that we can resum the series completely. We will
do so by employing the renormalization group equations for the Wilson coefficients

Ci(p) and Ca(p).

2.3.2. The Renormalization Group

We have seen that divergent corrections come with potentially large logarithms of
the renormalization scale p. Of course, the scale p is a remnant of our regularization
procedure and physical observables must not depend on it. An observable computed
from the effective theory, can be written in the form

A~ Ci(p) (Or () (2.10)

!The quantity Aqcp commonly represents the energy scale at which the renormalization group
drives the strong coupling constant «s into a non-perturbative regime, associated with the
dynamics of hadronic bound states. The numerical value thus depends on the interpretation of
this definition. Typical choices in the context of perturbation theory are O(1 GeV).
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where the sum over repeated indices is implicit. Now, we require scale independence:

e (€0 (On(u)} £ 0
= (1) ) + Culo) (- @) = 0.

The second term can be rewritten: If all allowed operators are included in the
effective Lagrangian, the operator basis is complete and thus the derivative of (Oy)
can be written as a linear combination of all effective matrix elements (O;). We
define

(2.11)

ﬂdci (Ok(1)) = =r5(1) (O; (1)) (2.12)
and arrive at e
(”cg,iu) B Ck(ﬁ‘)%j(u)) (0;(w)) =0

(2.13)

= Gl =70 Cln) = 0.
The ;; are the components of the N x N matrix called anomalous dimension matriz,
where N is given by the number of effective operators in the EFT. Note that it is in
general not diagonal, which leads to operator mixing when we solve the above equa-
tion. To solve the equation, we first recall that we only looked at QCD-corrections
and thus the scale dependence of the anomalous dimension  is only through the
running of «s. Consequently, we replace

d  dag(p) d d

P = = Bas, ; 2.14
dn " dn don(e) P () 2.14)
and obtain the renormalization group equation
ac 1
-C 2.15
o~ 5 (7€) (2.15)

where [,, is the S-function of QCD. It is instructive to solve this equation for a
one-loop example, where v = ay0/(47) and 8 = —a?Bq/(2), with

2
fo=11— 3" (2.16)

and nr the number of quark flavors in the theory. The solution can be obtained by
diagonalizing v such that *yg;iag = V14TV, With this, the solution is:

Clp) = U (s, pr)Clptr)
U, pr) = V diag (@(p, pr)) V71, .
aus () ] OY0sding)id/ (250) :
Ui(/hﬂr) = {Ozs(,u) :|
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With this equation, we know how the Wilson coefficients change as functions of
the renormalization scale p. The renormalization scale can be thought of as the
scale at which we split the theory into high and low energy part. When we lower the
renormalization scale by du, dynamics that previously counted as low energy physics
are shuffled into the high energy regime. Even if there is no field in the Lagrangian
with a mass between p — dp and p to remove from the Lagrangian, we are still
removing high frequency modes of the light fields, hence the continuous running of
the Wilson coefficients. Note that the number np in the QCD beta function changes
when the scale is lowered beneath the mass of a quark, since it is integrated out from
the theory.

2.3.3. Resummation of Large Logarithms

With the solution (2.17) in place, the problem with the large logarithms in the
Wilson coefficients is essentially solved. Recall that the logarithms were of the
form a;log(u?/m3,) and that we wanted to know the Wilson coefficients at a scale
i 2 O(Aqgep), where they would become large. However, we can now translate the
Wilson coefficients between different scales. In our example, evaluating the Wilson
coefficients at their natural scale u = myy yields an expression that trivially contains
any power of aglog(u? /m%v) We can then use the RG equations to evolve them
down to the low scale and get a result that should still be correct to all powers
of alog(u?/ m%‘,), since the RG evolution employs scale independence of physical
observables.

To see explicitly that the RG evolution resums the large logarithms, let us go to a
simple example and assume there is only one operator in the operator basis. With
this, the equations (2.17) simplify to:

) = (28 equ). (2.18)

We can now express a(p) through ags(u,) by the means of the S-function of QCD,

() = s (pr) 2.19
o L+ 2y (pr) log(u?/u2) (219

and insert this into the prefactor of the Wilson coefficient on the right-hand side of
eq. (2.18). The result can be cast into the form of eq. (2.9) and we obtain the series
coefficients

(B T(h- )
bk_( 47r> T(k+ DT (-5%) (2:20)
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2.4. Applications of Effective Field Theories

We have seen that the renormalization group resums the logarithms to all orders in
as. This shows, why scale separation is desirable: If we can split up a multi-scale
problem into independent pieces that each depend on a single scale, we can evaluate
each of them at their natural scale where they are free from large logarithms. The
renormalization group evolution then resums the large logarithms and we can use it
to evolve each piece of the problem to one single scale.

2.4. Applications of Effective Field Theories

The formalism of effective field theories is used far and wide in particle physics.
There are several ways in which the EFT approach is useful, and we will briefly re-
view some of most important ones. Of course, an exhaustive discussion is impossible
due to the vast popularity of the framework.

Naturally, all applications have a common denominator: They are motivated by
some scale hierarchy being present. In flavor physics, for example, processes are typ-
ically mediated by the electroweak forces, giving rise to flavor-changing interactions.
One then studies certain hadronic observables, like radiative decays of mesons or
neutral-meson mixing. At the parton-level, these processes are governed by ampli-
tudes in which quarks undergo a transition into different flavors. Within the SM,
these transitions happen under the exchange of a W boson, beyond the SM they
can be mediated by new particles. With the typical momentum transfer scales of
such processes being in the vicinity of Aqcp, the flavor-changing amplitudes are best
matched onto an effective operator basis, as the W (and hypothetical new physics)
are heavy and the interaction is described by a local OPE. The example discussed in
the previous section is exactly such a case. The matching is then performed at the
high scale of at least the W boson mass and large QCD logarithms are resummed
via the renormalization group, just as discussed above. A vast compilation of flavor
physics observables and the relevant effective operator bases is found in ref. [8].

Effective field theories are also commonly employed to deal with non-perturbative
phenomena in QCD. The chiral Lagrangian, for example, describes the interactions
of QCD bound states by expanding a non-linear sigma model of chiral symmetry
breaking in the small momenta of the Goldstone bosons [9]. At low momentum
transfer, chiral perturbation theory (yPT) is a tool to address the dynamics of QCD.
The inner workings of the framework are complicated and well beyond the scope of
this work. The interested reader is referred to the literature (see refs. [10, 11] for
reviews) and references therein.

When dealing with mesons containing heavy quark flavors, an additional scale
becomes relevant, given by the mass of the heavy quark. Effective theories, specifi-
cally tailored to these cases, exist: In the case of heavy quarkonia, the appropriate
theory is Non-Relativistic QCD (NRQCD), where one expands around the limit of
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2. Effective Field Theories

the two heavy quarks being at rest in the meson rest frame. Many properties of
heavy quarkonia can then be determined perturbatively, since the strong coupling
at the relevant scale as(mg) is reasonably small [12, 13].

Mesons containing one light and one heavy quark flavor can be addressed in Heavy-
Quark Effective Theory (HQET). Here the velocity of the heavy quark is promoted
to a conserved quantum number, since the non-perturbative physics live at much
lower scale. As a result, the theory contains new symmetries (spin and flavor of the
heavy quark), allowing one to parameterize the properties of heavy-light mesons in
an expansion in 1/mg and infer them from other mesons to a certain extend. An
example of this the mass splitting between the D and D* mesons, which can be
related to the mass splitting of B and B*: Spin symmetry tells us that the mass
difference should be scale as

A2
mpe —mp = —~2 X+ O(m;?), (2.21)
my,
with an O(1) parameter A. The observed difference of 44 MeV is consistent with
this estimate. Furthermore, the mass-squared difference between the mesons should
be identical up to power corrections due to flavor symmetry:

MmEe —mE = mi. —my + O(mél) . (2.22)
This prediction is accurate at the level of 1%. The construction of the actual effective
theory is not of relevance to this work and the reader is again forwarded to the
literature [14, 15].

Another important situation is the one where the physics at high energies is not
just governed by heavy particles, but also (or exclusively) by energetic light particles.
Examples in flavor physics are decays of heavy mesons into light degrees of freedom,
like exclusive B decays B — nm or B — ¢Kg or inclusive decays like B — X v. In
these cases, one integrates out hard modes, meaning particles that are far off-shell
with propagators oc 1/(k* — m?), where k* > m?. The resulting Soft-Collinear
Effective Theory (SCET) contains modes of fields that are approximately light-like
or off-shell with small squared momenta and is expanded in the ratio of energy
scales. Beyond flavor physics, it is also applied to jet physics. We will need SCET
to derive the QCD factorization formula. A brief overview of the theory is offered
in the following chapter.

Let us close this chapter with a popular application of a conventional EFT: Model
independent searches of new physics (NP). We know, for a number of reasons, that
the SM cannot be a complete description of physics. The number of extensions to the
SM on the market trying to mitigate its various shortcomings is overwhelming and
speaks for both the lack of concrete NP evidence and the creativity? of the beyond-
the-SM (BSM) community. In view of the experimental situation, more analyses

2Although a pessimist might argue “despair” instead.
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2.4. Applications of Effective Field Theories

focus on parameterizing NP effects through a general effective Lagrangian under the
assumption that new particles are heavy and can be integrated out. The operator
basis most commonly used is called the “Warsaw basis” [16] and it contains all local
operators built from the SM field content up to dimension six compatible with the
symmetries of the SM. The clear benefit of this approach is the model-independence.
Results obtained in this way can be translated into concrete NP models by perform-
ing simple matching computations, as long as they new particles are heavy enough.
On the other hand, several subtleties tarnish the picture. First, one should note
that the Warsaw basis contains 59 operators, not counting different flavor combi-
nations. Depending on the process in consideration, amplitudes can depend on lots
of different Wilson coefficients. Not only can this render the computation a tedious
task but it can (and generically will) lead to encumbering results: Only rarely will a
calculated process depend on a single Wilson coefficient. When one tries to obtain
bounds on the Wilson coeflicients, they will usually not be of the form C; < ... .
Instead, bounds are placed on complicated combinations of different coefficients.
In an attempt to make these expressions less cluttered, certain coefficients are then
usually removed or equated to each other under more or less well-motivated assump-
tions, which curtail the model-independence of the analysis and can be overlooked
or simply forgotten when the results are reused later on. Another subtlety we want
to mention is the truncation of the power series: Consider an amplitude, computed
with a dimension-six Lagrangian, given as a power series in 1/A

. C6 —4

IM=Cy <O4> + A2 <06> + O(A ) , (2.23)
where C,,O,, is abstract for all dimension-n operators and their couplings contributing
to the amplitude. When squaring the matrix element, the mathematically rigorous
treatment would be to also truncate the squared matrix element at O(A~4),

M = 3 0n)F + S (04) (0) +he). (22
and neglect the term ~ |(Og)]? since it is of the same order as the interference
between 04 and operators of higher dimensions, that we have not considered. How-
ever, no consensus exists on the matter. One might argue that we do know at least
the contribution ~ [(Og)|? could just as well keep it. An example is found in recent
dijet-analyses done by ATLAS and CMS [17, 18]. Note how this practice would
be completely ill-defined in regular perturbation theory, where keeping the O(a?)-
term of |1 4 a¢;|? could give rise to incurable IR-divergences. Treating the |(Og)|?
term as an estimate for the uncertainty from higher-dimension operators would yield
considerably weaker bounds on Wilson coefficients and NP-scales, when EFT pre-
dictions are compared against experimental data [19]. The EFT approach also does
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2. Effective Field Theories

not capture NP effects from light new particles, like the typical QCD-axion. Addi-
tionally, even if the new field content is heavy, problems can arise when there is a
more complex sector of new fields in a similar mass range: Assuming a newly found
scalar resonance decaying to photons S, as LHC data suggested in late 2016, it is
tempting to write the effective Lagrangian

C C .
Leg D %SFWFW + %SF,WF’“’ , (2.25)

as a model-independent parameterization. When the decay is however mediated
through heavy particles with masses similar to the one of the resonance, the frame-
work breaks down since the leading operators of higher dimension come with factors
of mg/mx ~ 1, spoiling the convergence of the power series: Higher power operators
could, for example, involve derivatives (like (92S)F - F, for instance) and technically
have higher mass dimension. But since the momenta in the process are typically
large, the higher mass dimension does not necessarily yield a suppression [20]. The
framework of Soft-Collinear Effective Theory, introduced in the next chapter, can
be used to address this issue.
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3. Soft-Collinear Effective Theory

This chapter features a brief overview of the basic aspects of the Soft-Collinear Ef-
fective Theory (SCET). By no means is it meant to capture all details and subtleties
of the theory, but rather to introduce the necessary ingredients for the later chap-
ters of this work. Many variants of the theory exist, tailored to mitigate specific
shortcomings of the basic framework. For our purposes, the latter is sufficient and
we will skip over most of the subtleties. For a more detailed review, see for example
ref. [21] and references therein.

3.1. Strategy of Regions

In the treatment of the local OPE, we highlighted the benefit of scale separation:
Heavy fields could be integrated out and their propagator collapsed to local interac-
tions between the low-energy field content. In this way, we separated short-distance
and long-distance physics into Wilson coefficients and operator matrix elements.
This implies that all physics at the high scale is mediated by heavy particle ex-
changes which are removed from the theory. However, it is easy to imagine exam-
ples where this approach misses out important parts of the high energy interactions:
Consider the decay of a heavy particle with mass M into a light final state, mediated
by loop-diagrams like the ones shown in Fig. 3.1. If we assign momenta k and ¢ to
the final state particles, the relevant loop integral is of the form

I_/ i1 1 1 (3.1)
) @)t —-m2(I+k)2-m2(l—q)? —m2’ '

where m is the mass of the particle in the loop. In general, a second integral can
contribute with an additional [? in the numerator of the integrand. For simplicity, we

Fig. 3.1.: Examples of loop diagrams generating the decay of a heavy particle
(dashed line) into two light particles (wavy lines).
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3. Soft-Collinear Effective Theory

neglect this case and focus only on the above integral. Assuming m is large compared
to the mass M of the decaying particle, we can shrink the loop down to an effective
interaction and in this way separate the high scale (the mass of the loop particle)
from the low scale (the mass of the decaying particle). This is the approach we would
apply following the last chapter. If we assume the opposite scale hierarchy M > m,
there is no particle to integrate out from the theory according to our procedure from
the last chapter. However, there are regions where the integral I describes physics
at the high scale and should be matched onto Wilson coefficients [22]. We will now
identify these regions by looking at the different possible values of I2 and how they
influence the propagators of the virtual particles.

The first and most intuitive region is the one where every component of the loop
momentum is of the order of the high energy scale and > ~ M?2. In this hard
region the internal masses m are tiny power corrections, suppressed by a factor of
A2 = m?/M? with respect to I> and can thus be dropped. Neglecting the masses of
the particles in the final state, we find:

dir 1 1 1
I = MQG/ =
(2m)d 12 (1+ k)2 (I — q)?

i L (3.2)

9 2
S S S S S N oy
322 M2 | €2 6 € g1\42

The loop integral converges for ¢ < 0 and the 1/e pole is thus the manifestation
of an infrared divergence. Note also that the full integral in eq. (3.1) is finite in
the limit ¢ — 0. Clearly, the expansion in small m and the loop integration do not
commute. Therefore, assuming 1> < m? is a priori not justified since the integration
area includes regions where 12 < m?, which we will now identify.

In order to make the discussion more systematic, we introduce light-cone coor-
dinates. Any vector k¥ can be decomposed into light-like components k41 and a
residual vector k. To this end, one chooses light-like reference vectors n* and n*
obeying the identities

n?=nr?=0, n-n#0. (3.3)

A common choice for these vectorsisn = (1,0,0,1) and n = (1,0,0,—1). Using these
reference vectors, we can decompose any vector into its components proportional to
n* and n* and a residual component. The general form of this decomposition for a
vector k* is

ﬁ.kn"—i—n.k

k=

— n.nﬁ“+kﬁ = kyn* 4+ k_nt + kY, (3.4)

and it is independent on the concrete choice of n* and n*. In our example, we can
go to the rest frame of the decaying particle, where the final-state momenta can be
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3.1. Strategy of Regions

chosen as k* = n* M /2 and ¢"* = n* M /2. If we now glance back at eq. (3.1), we can
identify other relevant regions: When [# is approximately light-like and collinear to
k, its light-cone components scale as | = (I4,1_,11) ~ M (1,2, \), which is called
collinear scaling'. Oppositely, if I* is collinear to ¢*, it obeys anti-collinear scaling
with [ ~ M(A2,1,)). In both these regions [? ~ 0 and we can no longer ignore the
mass terms in all three propagators.

If we now look at eq. (3.1) and consider the region where I* is collinear, the
leading-power expression is?

i1 1 1
I.=— 3.5
c /(27r)dl2—m2(l+k)2—m22l-q’ ( )
whereas in the anti-collinear region, it is

dl 1 1 1
Iz = . 3.6
/(27r)dl2—m22l-k(l—q)2—m2 (36)

If we compare these integrals to eq. (3.2), it is now clear that the infrared diver-
gences in the hard regions come from areas in the integration where [* becomes
(anti-)collinear. In return, we should expect the functions I, and Iz to exhibit UV
divergences in regions where [ rather obeys hard scaling [ ~ M(1,1,1).

The (anti-)collinear integrals are ill-defined by themselves. This manifests itself in
unregulated divergences when we try to evaluate them. We can however introduce
a new analytic regulator to make the divergences explicit by replacing

I _M2E/ d¥ 1 v 1
‘ (2m) = (1 4 k)2~ m2)TFe 20-q (3.7)
k%ﬁ/dﬁ 1 v 1

@2m)di2 —m? (21 k) (1 —q)2 —m?’

where « is the analytic regulator and v the associated renormalization scale [23].
Evaluating the integrals yields:

i 1 2 1 v?
L=—— "t [ Z410e ) [ 2 4100 L
¢ 1672 M2 (e + Ogm2> (a + o8 M2> ’
2
1 1 7w 1 u?
AN S 3.8
¢ 3272 M2 {62 6 + (e + Ogm2> (3.8)

1 2 1 2
-2 *—l-lOgL ——Hogy——m .
€ m? a m?2

!The scalar quantity 1, here denotes the norm of the vector I that we defined in eq. (3.4)

2Note that the integrals in all regions are of the same order in A. The factors of A™% from the
propagators in the (anti-)collinear regions are canceled by the integral measures since they count
as A“.
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3. Soft-Collinear Effective Theory

It is important to take the limit of & — 0 before taking ¢ — 0, because the full
integral is only independent of the regulator a for non-zero values of €. The poles
for a — 0 cancel in the sum of the collinear and anti-collinear integrals, but an ad-
ditional logarithm of the scale ratio A remains. This is called collinear anomaly [23].
If we now add the hard region, we obtain a finite result:

1 m? ?

This is precisely the result that we would have found if we had evaluated the integral
in eq. (3.1) before expanding in A. In general one can imagine contributions from
additional regions. A common example is the soft region, where the loop momentum
scales as [ ~ M(M2,\2,\?). In our particular example this region happens to not
contribute at leading power.

In summary, we have identified regions where individual or all propagators in
a given one-loop diagram are far off-shell. In cases, where not all loop momenta
were hard, the residual momenta are in turn either (anti-)collinear or soft. These
regions yield important contributions to the result since the (anti-)collinear or soft
propagators are strongly enhanced when the masses are small. We can therefore
construct the effective theory by splitting up fields into the relevant modes and
integrating out the hard modes. In this way, the resulting effective theory also
accounts for light particles with very high momenta to be part of the high-scale
interactions. This is in contrast to the conventional EFT approach, where we split
up the field content by mass. Consequently, the effective theory will separate scales
more reliably, allowing us to resum logarithms like the one found in eq. (3.9).

Before we move on, it should be noted that depending on the application, other
modes might be relevant degrees of freedom to construct an effective theory. Exam-
ples are ultra-soft, collinear-soft (“coft”) [24], or ultra-collinear [25].

3.2. Construction of the Effective Theory

We now construct the effective theory by building a Lagrangian from the degrees of
freedom we identified above. For simplicity, the basic notions are first explained for
a simple scalar theory before we generalize it to QCD. We begin with the Lagrangian

1

£(6) = 5(0u0)(0"6) — 5?6 — g0, (310

and split each field into the (anti-)collinear modes and the soft mode:

¢ = P+ de+ ¢s - (3.11)
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\

\ 4

<
<

Fig. 3.2.: Examples of effective interactions obtained from removing hard modes
(red, zig-zagged lines).

Up to the interaction term that couples different modes to each other, our Lagrangian
now splits up into three copies of itself with each one containing only one of the
modes, L(¢) = L(¢c) + L(pe) + L(¢s) + Ling. Special care is needed when writing
down interaction terms. First, interactions are restricted by the fact that collinear
fields can only have collinear momenta and soft fields can only have soft momenta.
Therefore, because a collinear field cannot decay into a collinear and an anti-collinear
field by momentum conservation, a term of the form ¢2¢; cannot be part of our
Lagrangian. The three-point interaction in the effective Lagrangian is then of the
form [21]:

¢*(x) = ¢o(x) + 03(x) + 03 () + 307 (2) s (w+) + 3¢c(x) s () (3.12)

The fact that the soft fields in the soft-collinear interactions only depend on specific
light-cone components of the coordinate is a consequence of expanding the operator
around the small momentum of the soft mode, and is called multiple expansion [26].

Next we need to include effective interactions obtained from removing hard modes
from the theory, as depicted in Fig. 3.2: In our example, the hard region of the full
theory gives rise to a tree-level decay of the heavy particle to a collinear and an
anti-collinear mode in the effective theory. The collinear regions are loop diagrams
in the effective theory involving an effective operator obtained by removing one
intermediate hard mode. First and foremost however, we need to establish our
power-counting. We already anticipated that the expansion parameter is the scale
ratio A = m/M. Since the relevance of a mode is determined by how its propagator
scales with A, each effective degree of freedom can be assigned a scaling by looking
at its two-point correlator and counting the powers of A appearing in the expression.
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3. Soft-Collinear Effective Theory

For a collinear particle, we find:

O/ T {0000} 10) ~ [ dpere

~ AT A0 A2 2 N2

(3.13)

Here we used that a collinear momentum scales as p?> ~ A\? and the measure scales
as the momentum d*p ~ (p?)2. We conclude that qbz ~ A? and thus a collinear field
scales as one power of A. Since a soft momentum as we defined it earlier squares to
an expression of O(\*), the soft scalar field counts as A? and is of subleading power.
The power counting of an operator is done by looking at the action of each term,
[ d*z O(z). The scaling of O(x) is deduced from the fields appearing in it whereas
the scaling of the measure can be derived from the sum of the momenta in the
operator and noting that each component of x scales inversely to the corresponding
component of the momentum.

In the example of a heavy particle, here denoted by ¥, decaying into two light
particles, denoted ¢, the tree-level contribution must be generated by an effective
operator of the form

Ocf® = () (@) X ¢c(), (3.14)

where X is a placeholder for any allowed structure compatible with the symmetries
of the theory. At leading power, X could simply be identity. However, a derivative
of the anti-collinear field along the direction of its large momentum component does
not yield a power-suppression. Thus, the operator

W) o) " D (o) (3,15

is of the same order as the one where X = 1: both count as A\?. In fact, an infinite
tower of operators contributes at this order in A and it can be written as a single
operator with a continuous parameter using the identity

e(x +tn) i—?n 0)'pa() . (3.16)
=0

We can use this to write down the effective operator
OLf® = () ¢e(z + s0) pa(x + tn) . (3.17)

This operator is non-local along the light-like directions of the large momentum
components, a typical feature of SCET. The operator generating the second graph
in Fig. 3.2 can now be written along the same lines:

O = () gl + s7) e ( + t0) ga(s +rn). (3.18)
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Note that this operator counts as A3, one \ for each ¢ field. The usual form of the
effective Lagrangian, a sum over all effective operators and their Wilson coefficients,
has now turned into a convolution over the continuous parameters r, s and t:

Lar = [ ds drClge(o.1.) O (5.)
(3.19)
+// drds dtCP (v, s, t, 1) O (1,5, 8) + ...

Here we have written an explicit dependence on the renormalization scale, introduced
by quantum corrections. In momentum space, the non-locality transforms into a
dependence of the Wilson coefficients on the high energy scales. This is seen by
expressing C, ¢. and ¢z through their Fourier-transformed counterparts C, ¢. and
bz and performing the integrals over s and t:

/ ds dt C (s, t, p)be(z + si1)da(z + tn)

&k [ odt o o
:/ (27r)4/ (2734/ dsdt C(s,t, p)e” W= @HNG (k) §o(q)  (3.20)

4 4
~ [ a7 [ €l ke e G ().
Scale separation is apparent now: The Wilson coefficients depend on the high energy
scale that we have integrated out. In contrast to the local OPE, these dependences
are not introduced by heavy particles but by light (virtual) particles carrying large
energies. This is especially important in processes, where the energy scale is large but
no heavy particles are present. An example of such a process would be ete™ — ¢@
at a high energy lepton collider, with ¢ being a light quark flavor. QCD corrections
would yield logarithms of the form oy log(mg /s). These logarithms could not be
resummed using a conventional EFT since the high scale is not given by a heavy
particle mass but rather high momentum transfer.

3.3. Fermions and Gauge Fields

Let us now go to a more realistic picture that includes fermions and gauge fields,

more specifically: QCD. Again, we start by separating the fields into their modes.

This time however, things become more complicated since fermion fields and gauge

fields have multiple components and they scale differently in SCET power counting.
We start with fermions and split them up in the familiar way:

T;Z) — T;Z)c + ¢E + T;Z)s . (3.21)
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3. Soft-Collinear Effective Theory

By defining projectors Py = ##/(n - n) and P— = figt/(n - ), the (anti-)collinear
fermions can be further split into:

§c = Pype, Ne = P_1e, (3.22)
§e = P_v¢, ne = Pyiz.
The reason we do this is because the fields ¢ and 7 have different scaling:
O T{EEO) 10) = P o7 @i} o) P
N / 2 kv/z% k}iM (3.23)

~ AT A0 A2 = 02

For the n component, the numerator has two additional powers of A because only
the subleading component n-k ~ A? survives the projectors. For the soft field, every
momentum component scales as A\2. Thus, we obtain the scalings

E~A, n~ A%, s~ A3 (3.24)

For the gluon fields we write

4 v
@O~ [ o {-e e e

showing that a gluon field counts as its momentum A* ~ k*, leading to
A~ N, n-Ae~ A\, Al ~ N, AR~ N2, (3.26)

We can now construct the SCET Lagrangian of QCD. Since the 1 components of
the fermions are power-suppressed, they can be integrated out from the theory. To
this end, we write down the collinear quark Lagrangian:

_ i 1t (3.27)

By deriving the equations of motion from this Lagrangian and solving for 7., we can
remove the power-suppressed component of the quark from the theory. This yields
the identities [21, 26]

Nle = _QniﬁiD (ilm_){c, Ne = _gciBL%% , (3.28)
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leading to the effective collinear Lagrangian

__ip. Be. (3.29

Lc = gcz(n : ZD)&C + gcilDJ_

containing the gauge-kinetic terms for the leading collinear quark field. The equiv-
alent Lagrangian for the anti-collinear fermions are found from the obvious replace-
ments ¢ — ¢ and n <> n. The kinetic terms for collinear gluons are simply given
by
g,kin 1 a a, v
LI = _ZFc,WFc , (3.30)
where F" is the field strength tensor of the collinear gluons A%#.
As noted in the previous section, interactions between the soft and collinear sectors
are more involved since we need to perform the multipole expansion, as discussed in

ref. [26] (see also the chapter 4 in the review [21]). Since soft modes are not relevant
for this work, we will skip the discussion here.

3.4. Wilson Lines

When constructing effective operators in SCET, we typically find non-local opera-
tors by the means of identity (3.16), since derivatives along the large momentum
component are not power-suppressed. However, these operators are not allowed in
a realistic model, since expressions of the form

Ye(x + sn)e(z) (3.31)

are in general not gauge-invariant by themselves. In order to restore gauge invari-
ance, we have to introduce Wilson lines, defined for collinear fields by

[z 4 si, 2] = Pexp [zg/ dtn-Ac(x+tn)| . (3.32)
0

Here P is the path ordering operator. A collinear fermion field, transforming under
the gauge symmetry according to ¢.(z) — Ve(x)v.(x), can now be dressed with a
Wilson line, which itself transforms as

[z + s, 2] — Vi(z + si) [z + sn,z] V] (z). (3.33)
Inserting now a Wilson line between the fields in eq. (3.31) yields

Ye(x + sn)[x + sn, z|c(z) , (3.34)

which is gauge invariant.
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3. Soft-Collinear Effective Theory

The transformation property (3.33) can now be used to define gauge covariant
building blocks by using Wilson lines extending to infinity:

We(z) = [z, —ocon] = Pexp [z’g /_OOO dsn-Ac(z+sn)| . (3.35)

Assuming gauge functions vanishing at infinity, the object W,(z) transforms as
We(x) = Ve(x)We(x), (3.36)
and the objects

Xe(T) = Wj(x)fc(m) Xe(z) = Ec(x)Wc(x) (3.37)

are gauge invariant by themselves. Similarly, we can define the building blocks for
collinear gluons and their perpendicular components

Al = Wi(x) (iDEW () Al =W (2) (D!, W (2)) (3.38)
Together with these, one defines the covariant derivative
iDy =10, + Ay, (3.39)

dressed with appropriate indices ¢ and L. The objects defined in (3.37) and (3.38)
can now be used to construct effective operators non-local along the direction of large
momentum. An example of such a construction is the QCD factorization formula,
which will be centrally important in the next chapter.

3.5. Concluding Remarks

When constructing the SCET Lagrangian, we have to do so with a particular kine-
matic situation in mind, since the relevant effective degrees of freedom are field
modes collinear and anti-collinear to the large momenta in the process. Depend-
ing on the process at hand, other modes can become important. In this way, the
application of SCET to a problem can require a significant amount of preparatory
work, where the relevant degrees of freedom need to be identified and the appropri-
ate Lagrangian needs to be constructed. The trade off is that SCET properly treats
multi-scale problems, allowing one to resum logarithms that could not be resummed
otherwise. Just as in a conventional EFT, this is possible because the physics as-
sociated to the different scales factorize into functions depending on a single scale.
In the simplest example where a heavy particle decays to two massless particles
and soft interactions are suppressed, these functions are called the hard functions,
encoding short distance physics, and the jet functions, which describe the physics
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associated with the collinear and anti-collinear legs of the process. Renormalizing
and scale-evolving them to a common scale then resums the large logarithms.

The emergence of factorization theorems from the effective theory are not always
as apparent as in the case of eq. (3.20). As an example, when multiple collinear
sectors are present in the theory, soft and ultra-soft particle exchanges between the
sectors can spoil the naive factorization. In this case, one needs to perform a field
redefinition of the collinear fields, called decoupling transformation to absorb the
soft exchanges into a soft function and restore factorization [27-32].

As we have seen, SCET is the appropriate effective theory for processes where
the relevant degrees of freedom are light and highly energetic. The theory was
developed for inclusive radiative decays of the B meson, in which the hard scale
is set by the heavy decaying meson [33]. Ever since then, the theory has seen
application to numerous similar decays, both inclusive and exclusive. Examples
are the above-mentioned inclusive B — X,v decays?, inclusive B — X, lv probing
the CKM matrix element |V,;| [43], and exclusive B decays like various B — D
decays [44, 45] and B decays into pions and kaons [46-48]. In all of these cases, the
scale separation between the hard scale and the hadronic scale is not large enough
to work at leading power and thus, power corrections need to be taken into account.
In contrast to that, SCET is also a popular choice for collider physics applications,
where light particles are produced with typically very large momenta. This includes
computations of cross sections as well as describing the dynamics of individual jets
in the final state. The list of studies using SCET here is long and growing steadily.
See the last chapter of ref. [21] for a very long compilation of relevant literature
on the subject. Further applications are exclusive hadronic decays of electroweak
bosons like W, Z and the Higgs, where the hard scale is set by the heavy mass of
the decaying bosons. We will discuss these at length in the next two chapters.

3In addition to the analysis [33], the decay has been studied in great deal including power cor-
rections [27-29, 31, 32], perturbative corrections [34-40] and non-perturbative treatment of the
soft function [41, 42].
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4. Exclusive Hadronic Decays of
Electroweak Bosons

In the next two chapters, we will discuss exclusive hadronic decays of Z, W and
Higgs bosons. These are decays where the final state contains individual hadrons. To
compute processes of this class, we need a way of dealing with the non-perturbative
dynamics of hadron formation. The reason why we can still make predictions for
the decays in question is the hierarchy between the momentum-transfer scale in the
process and the hadronization scale. If the scale separation is large enough, we can
expand in the scale ratio and obtain the QCD factorization formula, resulting in
the hadronization being parameterized by a process-universal function that can be
separated from the process-specific hard-scattering function.

We will explain the framework in the next section and then apply it to hadronic
decays of Z and W bosons. The decay channels discussed are Z — M~, W — M~,
as well as Z — MW. In the following chapter, we will extend our analysis to
exclusive decays of the Higgs boson, using the tools developed in this chapter. The
results presented in these two chapters are published in refs. [49-54].

4.1. The QCD Factorization Approach

The QCD factorization (QCDF) approach [55-59] is applicable to exclusive pro-
cesses with a large energy release to the hadrons in the final state. Amplitudes are
given as convolutions of partonic hard scattering kernels with hadronic matrix ele-
ments, called light-cone distribution amplitudes (LCDAs). The result is given as an
expansion in the scale ratio between the large energy release into the final state and
the typical energy scale of hadronization: A ~ Aqcp/E. The intuitive picture as to
why the result splits into these independent parts is a consequence of the large scale
separation: While the hard-scattering (physics at high momentum transfer) happens
at very short time and distance scales, hadronization takes a longer time. Through
this, the physics of hadronization does not see the details of how the partons where
created, because it sets in at a time where the partonic scattering has already hap-
pened. In this way, the formalism is very similar to deep-inelastic scattering, where
the non-perturbative effects in the initial state hadron are described by the parton
distribution functions (PDFs).
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4. Exclusive Hadronic Decays of Electroweak Bosons

Originally developed in light-cone perturbation theory, the QCDF formalism can
be rephrased in the language of SCET, where the decay amplitude will factorize into
partonic scattering and a hadronic quantity. We will see that the partonic scattering
amplitude will become the Wilson coefficient of an effective non-local SCET operator
that, sandwiched between the QCD vacuum and the hadronic final state, becomes
the LCDA. In this way, the problem factorizes into a hard function (the Wilson
coefficient), living at the high scale, and the hadronic function, living at the low
scale. By evaluating the two parts each at their natural scale and RG-evolving them
to one common scale, large logarithms of the form a,log Aqcp/v are resummed to
all orders.

Typical applications of QCDF in the past were exclusive decays of heavy mesons in
regions where the partonic momentum transfer allows for a perturbative treatment
[60—63]. In these applications, the high scale is of the order of the mass of the heavy
meson, meaning ~ O(5 GeV). Due to this, these examples are plagued by the fact
that the expansion parameter A is not very small and that power corrections become
non-negligible and hard to distinguish from hadronic uncertainties. We will see that
the latter is also a consequence of the relatively small value for the high scale.

In our case, the decays of heavy electroweak gauge bosons and the Higgs, the
high scale is very large compared to Aqcp, as it is set by the mass of the decaying
boson. This has two benefits: Power corrections will parametrically be suppressed
by powers of mps/v where my; is the mass of the final state meson and v stands
for any weak-scale mass. Even in the worst possible case, this parameter would
be mp/mw ~ 0.05. The second benefit comes from renormalization group effects,
which render hadronic uncertainties small as we evolve the LCDAs to the high
scale. As a result, our predictions are theoretically relatively clean. The downside
is that the decays rates are very small and are experimentally challenging. Still,
with the large number of W, Z and Higgs bosons produced at LHC and possible
next-generation particle colliders in the future, measuring exclusive hadronic W, Z
and Higgs decays can yield important information on both the validity of the QCDF
approach as well as possible new physics.

4.1.1. The Factorization Formula

We will start by deriving a factorization formula for the decay Z — M~ and fur-
thermore assume that the meson M does not transform as a singlet under the flavor
symmetry SU(Ny). Later on, we will generalize to the flavor-singlet case and con-
sider decays of the Higgs boson as well.

We assign the momenta k and ¢ to the final state meson and the photon respec-
tively. In the rest frame of the decaying Z boson, the quarks inside the meson move
along the direction of the meson momentum k, with small perturbations of O(Aqcp)
due to the dynamics of the binding force. The meson momentum obeys collinear
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4.1. The QCD Factorization Approach

scaling k ~ mz(1,A2,\), with the power-counting parameter A ~ Aqcp/mz. In
the language of SCET, we need to find operators made from collinear partons with
correct quantum numbers to excite the meson from the QCD vacuum. SCET tells
us that operators with more fields are power-suppressed, so the leading contribution
comes from operators with two collinear partons. With the help of our gauge covari-
ant building blocks defined in eq. (3.37), we can write down the decay amplitude for
Z — M~:

A= Z/dt Ci(t, p) (M (K) )Zc(tﬁ)?ri Xc(0) |0) + subleading power . (4.1)

Here T'; € {1,75,7@» are the possible spin structures with appropriate quantum
numbers to create the meson M. The Wilson coefficients can be determined in
a matching computation from perturbation theory and are specific to each decay.
They describe the hard scattering at the factorization scale y. We can use the
definition of the building blocks (3.37) to rewrite the field operators in the matrix
elements into the quark fields and a Wilson line:

(M) Xe(t7) 2 T xe0) 10) = a9 ) B 0l g) o) . (42)

These matrix elements define the LCDAs of pseudoscalar and vector mesons. For
the pseudoscalars we have

N . e L (k) (th)
<P(k)\Q(m)27 [t71,0] ¢(0) |0) = %an-k/O dze op(z, 1), (4.3)

whereas for the longitudinal and transverse polarizations of the vector mesons it is

i ro
Vi(k)l q(tn) 5 [tn, 01(0) |0) = —ifyn -k / e’ M gy (2, 1),
0 (4.4)

1 . _
VL] (6 526, 000(0) 10) =~ (- k™ [ dae D, ).

Here E is the energy of the meson, E‘L/ is the polarization vector of the transverse
vector meson and ¢y (z, 1) are the LCDAs and f); are the meson decay constants.
Their definition is recovered in the local limit ¢ — 0 after using the normalization
of the LCDAs fol ¢(x)dx = 1. Explicitly we have:

(P(k)|q1v"7°q2]0) = —ifpk*
(V(K)|@in"q2|0) = —ifymyerf, (4.5)
(Ve (R)|rio™ go]0) = ifi () (™ — K7e™) .
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4. Exclusive Hadronic Decays of Electroweak Bosons

For mesons being superpositions of multiple flavor states |M) = qcé‘/f lgq) it is
useful to introduce flavor-specific decay constants f{, which are defined analogously
to the above equations but with respect to one flavor-specific current j(‘I) =qlgq.
The scale-dependence of the transverse decay constant can be understood by the
fact that it is associated with a non-conserved QCD current!. It is now clear that
the LCDAs are simply the generalization of the decay constants to the non-local
case. The variable z € [0, 1] is called momentum fraction variable and the LCDA at
leading order can thus be interpreted as the probability amplitude to find a quark
with the momentum xk* and the anti-quark with the momentum zk* = (1 — x)k*
in the meson.

We can further simplify the factorization formula by introducing the Fourier trans-
form of the Wilson coefficient

/ dtC(t, p) ' H ) = Hy(x, 1), (4.6)

which is the hard function in momentum space. Inserting this into eq. (4.1) along
with the definition of the LCDAs and using that for each meson only a single spin
structure contributes, we obtain

1
A=—ify E/ dx Hy(x, 1) da(x, ) + power corrections . (4.7)
0

To compute the hard function systematically, one defines the so-called light-cone
projectors [63, 64]. These are applied to the partonic amplitudes with the partons
assigned momenta ki’ = xk* + k| and k§ = zk* — k//. The partonic amplitudes are
then replaced by:

(k1) A(g, kr, ko) v(ky) — /0 e T Mgk ) Al b k)l o - (48)

Here My (k,x, pn) is the light-cone projector for the meson M. The leading-power
expressions for pseudoscalar, longitudinal vector and transverse vector mesons are:

MP(]‘@’#U’M) = Z{TPK’)% ¢P($Hu) ’

Mk, 1) = i oy (e, ). (4.9)
1
Mis (k2 1) = z‘fvf”;éﬁ* o (T, 1) -

Corrections arising at subleading power in the expansion in Aqcp/E are discussed
in Appendix A.

"When generalizing the factorization formula to the case of flavor singlet mesons, we will see
that the pseudoscalar decay constant is also scale-dependent since the axial anomaly spoils the
conservation of the axial vector current.

30



4.1. The QCD Factorization Approach

Fig. 4.1.: Examples of one-loop QCD corrections to the LCDAs. In the second
and third graph, the gluon is emitted from the Wilson line between the fields in the
bi-local current.

4.1.2. Renormalization of the Light-Cone Distribution Amplitudes

Since we are dealing with a huge scale hierarchy, we have to worry about large
logarithms arising from radiative corrections at order O(«s). The light-cone distri-
butions are defined as matrix elements of currents between the QCD vacuum and
the hadronic final state. The resummation of large logarithms is carried out by the
renormalization of these currents. Diagrammatically, this is performed by evaluat-
ing one-loop diagrams like the ones shown in Fig. 4.1. The renormalization of the
LCDAs is multiplicative in the sense of a convolution over the momentum-fraction
variable:

(@) = [ 250 © Garons ()] @) = [ Ly 25 @,y m) ar) as (o 10)

(4.10)
The renormalization kernel Z, at one-loop order in QCD is [55, 59]:
Q C
Zy(e.yo) = e — )+ Py ) 4 0(2), (a.11)
where Vp(z,y) is the one-loop Brodsky-Lepage kernel, explicitly given by:
2 _Oy—= _ Oz —
Vo(a,y) =0(z —y) — — {xy(y) +.wrM
yy y—x r—y Jy (4.12)

T T
— 2cp [0(y—x)+9(:c—y)] ,
Yy Yy
with cr = 1 for pseudoscalar and longitudinal vector mesons and c¢r = 0 for trans-

verse vector mesons. The expression [...]; denotes the symmetric plus distribution,
defined as:

)y = FG@0) e ) [ dw fy). (4.13)

The renormalization group equation for the LCDAs follows straightforwardly from
our derivation in section 2.3.2, by demanding that the product C(u) (O(p)) has to be
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4. Exclusive Hadronic Decays of Electroweak Bosons

independent of the renormalization scale p. In the present case, the matrix element
(O(p)) is a product of the LCDA ¢y and the meson decay constant fys, which -
in the case of a transverse vector meson - is renormalized and thus scale dependent.
The renormalization group equation for the LCDA is

Md o (T, 1) / dy V(z,y, 1) da(y, 1) - (4.14)

This integro-differential equation can be cast into an infinite set of simple differen-
tial equations. To this end, the LCDAs are expanded in the basis of Gegenbauer
polynomials according to [55, 59]

1—|—Za (W)CB2 (22 —1)] , (4.15)

n=1

éum(z,p) =6z (1 —2x)

where C\™) (w) are the Gegenbauer polynomials and the coefficients a} (1) are called
Gegenbauer moments. They contain the scale dependence of the LCDA. Combining
egs. (4.14) and (4.15), the RG equation for the LCDA can then be turned into a set
of RG equations for the Gegenbauer moments:

d ars (1)
,UCTGM(M) = _'Ynmziwan]‘{(/‘) . (4.16)
At one-loop order in QCD, the anomalous dimension is a diagonal matrix with the
diagonal entries:

2 "1
=2 4H. - H, = — 4.1
Yn = 2CF ( n+l CERCES)) 3> , and z:: = (4.17)

This is in fact the reason why the LCDAs are expanded in Gegenbauer polynomials
in the first place: They are the eigenfunctions of the Brodsky-Lepage kernel.

Note that for every n, the anomalous dimensions are positive, v, > 0. Glancing
at the leading-order solution

a () = ((jj(% )7 (o (4.18)

and noting that for g > po the ratio of strong couplings is always smaller than 1,
it can be seen that the Gegenbauer moments decrease when evolved to a high scale.
In the limit 4 — oo, all moments vanish and the LCDA takes the form

om(z, p— 00) = 6z(1 — ), (4.19)

for any meson. This means that the influence of the Gegenbauer moments on the
final result weakens with higher renormalization scales. In Fig. 4.2, some examples
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Fig. 4.2.: LCDAs of the kaon (left), J/¢ (middle), and the B meson (right) at
the hadronic scale g = 1GeV (dashed colored lines) and the high scale p = my
(solid colored lines). The gray dotted line denotes the asymptotic LCDA in the limit
[ —> 00.

are shown for the LCDAs of the kaon, the J/v¢ and the B, evolved from a hadronic
reference scale ug = 1GeV up to the scale u = mz. One can see that the scale-
evolved LCDAs is considerably closer to the shown asymptotic form, rendering the
dependence of the result on the moments a,, small. Since these Gegenbauer moments
are usually not very well-known, this also means that the uncertainties associated
with them are weaker than in typical applications of the QCDF approach.

The solution (4.18) resums the leading large logarithms o, log(ug/mz). The RG
resummation of the next-to-leading logarithms requires the two-loop renormalization
of the LCDA, which is more complicated [65-70]. The anomalous dimension matrix
for this case is no longer diagonal but lower triangular, meaning that Gegenbauer
moments of order m mix under renormalization with moments of order 0 < k < m.
Considering the large uncertainties in the moments a?! we neglect these effects.

When computing radiative corrections in dimensional regularization, additional
subtleties arise from the 7° matrices in the loops, which anti-commute with the
Dirac matrices v* only in d = 4 dimensions. As discussed in Appendix B, the axial
current jH° = 1)y 451 receives a finite renormalization to preserve the chiral Ward
identities

7 =z g, = (1= 2 1 o) 5. (4.20)
In the hadronic decays of the Higgs boson, the pseudoscalar current j° = ¢v°¢
is relevant for the Yukawa couplings of the quarks. This current receives a finite
renormalization [71]

zEh, =1- 20‘5(’7‘3% +0(a?). (4.21)

Similarly, a finite renormalization is needed for the non-local axial current that
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defines the LCDA of a pseudoscalar meson according to eq. (4.3):

1
Srarv(a ) = [ dy Zigh @ y.) 600 0) (422)
The renormalization kernel is [72]:

205 (1)Cr

- [e(y —2)+ ie(x - y)} +0(aZ).  (4.23)

Ziy (@, 1) = 0(x — y) +
This achieves the finite renormalization of ¢p(x, 1), as is seen by integrating ¢ p v (z, i)
over x, yielding

/01 dr ¢ppnuv(z, p) = /01 dy (/01 dx ZH\l,(x,y,u)) op(y, 1)

= Zgv (),

where Zyy(u) in the last line is precisely the renormalization constant in eq. (4.20).

According to eq. (4.10), the matrix elements of the currents we are renormalizing
with diagrams like the ones shown in Fig. 4.1 define the products of the LCDAs
and the meson decay constants. In the case of transverse vector mesons, the decay
constants are scale-dependent as well, since the QCD tensor current jéfl' = qiot¥q
is not conserved. The scaling behavior of the transverse decay constants is governed
by the RG equation

wL ) = AT, with AT =37 (“s(“))k (4.25)
du 14 |4 ) ~ k A : :

The one- and two-loop contributions to the anomalous dimension are [73]
257 52
Vg:2CF, and ’le: —190%—1—?0}70,4— jCFTan. (4.26)

Using the ingredients in this section, we can resum the logarithms aglog(up/mz)
arising from the one-loop corrections to the hard scattering kernels.

4.1.3. Accessing the Meson LCDAs

In order to make actual predictions, we need values for the Gegenbauer moments aﬁ/f .

They are non-perturbative quantities, and therefore there is no way to predict them
from first principles in an analytic computation. Determining them numerically
using lattice gauge theory is challenging because in these frameworks one uses a
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euclidean spacetime, making light-cone kinematics hard to access. Nevertheless,
estimates for the first few Gegenbauer moments exist for light mesons from the
lattice and light-cone QCD sum rules and have been extracted from data [74-76].
The compiled list of results along with the corresponding references they were taken
from is found in Appendix C.

For mesons containing heavy quarks ) = c, b, the relatively high quark mass mg
introduces another relevant scale to the hierarchy v > mg > Aqcp. Using effective
theories, estimates on the LCDA shapes can be obtained.

For heavy quarkonia M ~ (QQ), we can make several assumptions on the LCDA
shape. In the limit of mg — oo, the LCDA should simply be §(x — 1/2), as both
quarks are at rest in the meson rest frame and carry exactly half of the meson
momentum. Corrections to this distribution can be estimated from non-relativistic
QCD (NRQCD), where one systematically expands in the small velocity of the heavy
quarks v ~ as(mgu) [12, 13]. Reference [77] quotes the relation between the LCDA
and the second moment of v:

/1 gy oM@ po) /1dx¢M(m,uo) _s
0 z 0 x

1+ @)y + O(v4)] (4.27)
5 . .

As a plausible model LCDA for a heavy quarkonium, we choose a Gaussian function

daT (x — l)2

z,p9) = Ng——— exp | —~—2—| , 4.28
¢M( IU'O) \/ﬂO’ Xp [ D) ( )

with N, such that fol dx ¢pr(x, o) = 1 and py = 1GeV, with o2 = <v2>M /12.

For the transverse vector mesons, the relevant NRQCD relation, including one-loop
QCD corrections, is [78, 79]:

02 2
= /01 dr (22 —1)%¢3 (2, u) = < 3>V + (4;CF (9 — §1 MQ> (4.29)

For the second moments (v?),, we use the estimates
(0%) j ~0.30 £ 0.15, () p(15) ~ 0.10 £ 0.05. (4.30)

The Gegenbauer moments of the model functions ¢/, and ¢y (15) can be extracted
by inverting the expansion (4.15), giving

M o 2n+3 3/2 .
al </~‘>—3(n+1 o / da Domlep).  (431)

For our numerical analysis, we keep the first 20 Gegenbauer moments obtained in
this way.
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For heavy-light mesons M ~ (Qq), a similar approach is chosen. First, the LCDA
in this case should peak at a small value x ~ Aqcp/mas with 2 being the momentum
fraction of the light quark. The proper effective theory in this case is HQET. Using
HQET, one can define [61]

1
/ dx ¢M (337 MO) mM + power corrections y (432)
0 T >\M (HO)

where the hadronic parameter A/ (o) ~ Aqgcep does not depend on mg and is poorly
known. For the B meson, an estimate from QCD sum rules exists: Ap(1GeV) =
(460 £ 110) MeV [80]. Since the parameter is independent of the heavy quark-
mass mq, we use this for both B and D mesons. For By and D, we use Ay, —
Ay~ 90MeV [81] and conservatively estimate the error to be A\, = £150 MeV.
Similarly to the heavy meson case in eq. (4.28), we use as a model LCDA [82]:

v A
om(, po) = No’% exp (—x) with o= M (ko) .
g o my

(4.33)
Again, N, is a constant factor ensuring the proper normalization of the LCDA. For
mesons where the light quark is the antiquark M ~ (gQ@), one replaces x < .

4.1.4. The Case of Flavor-Singlet Mesons

In section 4.1.1 we wrote down the QCD factorization formula under the assumption
that the final state meson M does not contain a flavor-singlet component. In the
naive constituent quark model, a meson state written as

ny
|M) = ZC% 9:qi) (4.34)
i

is a flavor-singlet if all flavor coefficients are equal cé\f =1/ \/Try- In this case, the
meson can be formed not only from two collinear quarks but two collinear gluons as
well. Note that the flavor coefficients cé” for nonsinglet mesons obey ", cf]‘f =0 and
thus the gluon contribution cancels out, as gluons couple to each flavor equally. The
additional two-gluon contribution to the factorization formula makes the situation
more complicated for two reasons. First, the hadronic matrix elements defining the
two-gluon LCDA and the two-quark LCDA mix under renormalization, leading to
the fact that the flavor-singlet component of a meson behaves differently under scale
variation compared to the nonsinglet component. Furthermore, at high scales the
c and b quarks become dynamical fields, changing the number of active flavors ny
and with that the definition of a flavor singlet in eq. (4.34).

In order to establish the factorization formula, we use again the gauge-covariant
building blocks defined in (3.38) and (3.38) and write down the bilocal two-gluon
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Q4 €A

Fig. 4.3.: Examples of one-loop QCD corrections to the LCDAs. The first two
graphs are simple O(as) corrections to the quark and gluon LCDAs whereas the
last two graphs are examples of corrections mixing the two LCDAs.

current

(k) (tn)
PO T [ A2 (1), AL O] 0) = Tegg ) [ e e ), (139

s

with et,, = €upo P17 /(n - 1) and the trace acting in color space. We have further-
more defined the decay constant f4% as a sum of the light-flavor decay constants:

B (1) = SB() + fB () + [ (k) - (4.36)

The gluon LCDA ¢% is odd under the transformation z <+ T and thus the nor-
malization to f“dS is arbitrary, but will prove convenient later on. Note that the
axial anomaly spoils the conservation of the axial vector current and thus the decay
constants are renormalized at two-loop order [83]. With the identity [84]

0
Al (x) = gs/ ds ng, [WJ Go# WC} (x + sn) (4.37)
the right-hand side of eq. (4.35) can be written as [85-88]:
(P ans G, a0, 0L G OI0) = (- K27 () [ e (139

Proceeding for the gluon contribution as we did for the quarks in section 4.1.1, we
obtain the factorization formula

iAzp, =i [ e [Zqu,Mf]%(uw%(m,m B () Hy (e, )05, m]
! (4.39)

The flavor-singlet quark and gluon LCDAs are renormalized beginning at O(as) by
diagrams as the ones shown in Fig. 4.3. Note that the last two diagrams generate a
mixing the quark and gluon LCDAs. To account for this effect, we define a vector

q 4
f—¢>P(x) _ ( Zq fP¢P ) 7 (4'40)
fEPop()
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and relate bare and renormalized functions via

— 1 _ —
Fop(@) = [ dy Zg} @y ) Fortun) (4.41)
where Zy4 is a matrix of renormalization kernels:
as(lu) V (‘Tay) V (x,y) 2
Zeg(w,y,p) =0(x —y) + ——2 | [ Y 9 +0(a%). 4.42

Here Vy4(z,y) is simply the Brodsky-Lepage kernel as defined in eq. (4.12). The
kernel function Vg (z,y) is its analog for the two-gluon case. The off-diagonal kernels
parameterize the mixing between the two LCDAs. The explicit expressions have
been derived in ref. [89-92] and are relegated to Appendix E. The eigenfunctions
of the kernel function V,, are again Gegenbauer polynomials C}f’,) (w) and hence the
gluon LCDA is customarily written in its Gegenbauer expansion

&% (x, ) = 302%% Z b (1) O (22 — 1), (4.43)
n=24,.

where b!’ are the Gegenbauer moments and only the polynomials odd under the
exchange = <> T are kept because the gluon LCDA is normalized to zero. The

renormalization group equation of the object f¢p can be written as

ud fcbp(w 1) / dyT'(z,y, ) f<Z>P(y 1) (4.44)

with the anomalous dimension matrix

a [1] _ as(:u) ‘/f]fI(:Evy) V;I ($>y)
Do, ZrolT V) = =5 (vgqu,y) vgim,w) +0(y). (14

Inserting the Gegenbauer expansion for the LCDAs, the RG equation (4.44) yields
the generalization of eq. (4.16) to the flavor-singlet case:

dag(p) (vae 4 quf’a(u)aﬁ’q(u)>
lud“+ 4 <7zq 'Vgg>+0( )]< B by (n) ) (4.46)

The explicit expressions of the 4% are given in Appendix E.

In practice, we need to account for the fact that physical mesons are not purely
singlet or nonsinglet, but mixed states (see Appendix C for details on the parameter-
ization). Therefore, for a physical pseudoscalar meson P containing a flavor-singlet
admixture, the amplitudes need to be split up into singlet and nonsinglet contribu-
tions, where the LCDASs scale evolve differently, as we have just seen. As mentioned
above already, with higher factorization scales, the b and ¢ quarks become dynami-
cal, reshuffling the singlet and nonsinglet combinations. Therefore, the RG running
is slightly more complicated than in the non-singlet case. We will discuss it in detail
after having derived the full decay amplitudes.

F(xa Y, :U’) = 2045
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4.2. Radiative Z-Boson Decays

ZO ZO

v

Fig. 4.4.: The tree-level contribution to Z — M~.

4.2. Radiative Z-Boson Decays

We have now gathered the ingredients to compute the decay rates Z2 — M~,
W — M~ and Z — WM. Let us start by analyzing the structure of the contri-
butions to the decay amplitude of Z — M~. The tree-level contribution is depicted
in Fig. 4.4. We assign momenta k}' = xk* to the collinear quark and kb = Zk* to
the collinear antiquark, neglecting the small transverse momentum components &/ .
The intermediate quark propagator is always hard, since it carries both a collinear
momentum (from the final state meson) and an anti-collinear momentum (from the
photon). In the language of SCET, the intermediate quark can be integrated out
and the process is mediated by a tree-level effective operator.

When evaluated, the two partonic graphs yield

. egQq _
1Az gy = owm? u(zk)

{ [éfz(x%; i, B ¢w(xk; ﬁﬁzl (vg — aq75)} v(zk) .

(4.47)

Note that the spin chains contain three Dirac matrices in the partonic amplitude.
The replacement rule (4.8) tells us to drop the spinors, multiply the amplitude
with the light-cone projectors (4.9) and take the trace over the Dirac matrices.
Since traces with an odd number of Dirac matrices vanish, only pseudoscalar and
longitudinal vector mesons can be produced at leading power. By including the
quark mass in the intermediate propagator, contributions to the partonic spin chain
are introduced with an even number of Dirac matrices, allowing for projections onto
the transverse vector meson. Since we would be trading a large momentum for a
small mass, this contribution is of subleading power. Another way of obtaining non-
zero traces is by using light-cone projectors of higher twist (see Appendix A), which
have different numbers of Dirac matrices, as well. These corrections however also
come with small parameters and are thus power-suppressed.
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4. Exclusive Hadronic Decays of Electroweak Bosons

<G~ G <

Fig. 4.5.: One-loop corrections to the decay amplitudes Z — M+~. In the fourth
graph the meson is formed from gluons and contributes only for mesons with flavor-
singlet components.

4.2.1. Computation of the Hard Scattering Kernels

After applying the light-cone projectors, the amplitude for Z — M~ can be written
in a form factor decomposition:

e
. eq i k‘“ql’EaZé‘ %
A=t fiewas—p T FY = (7)Y (4.48)

where the positive sign holds for pseudoscalar mesons and the negative sign for
longitudinal vector mesons. The product 5% . 51‘# expresses the fact that both the
photon and the Z boson are transversely polarized. It is given by the more explicit
expression

%
L €L * q-gzk-a,y

EZ.g* :gz.gv_ kq

: (4.49)

For neutral mesons that are eigenstates of charge-conjugation, the form factor Fy/
vanishes [93]. The case of F3! # 0 is here only relevant for mesons that are flavor-
nondiagonal. The corresponding diagrams arise in the SM through one-loop elec-
troweak corrections, which are tiny. Beyond the SM, they can be generated through
effective operators. These couplings would however generate neutral meson mixing
through tree-level Z-boson exchange and are thus heavily constrained by experi-
mental data, as we will revisit in section 4.6.2. At next-to-leading order in QCD,
the amplitude receives two kinds of corrections, displayed in Fig. 4.5. First, simple
QCD corrections to the tree-level diagrams exist. Second, box graphs generating
Zggv at the parton level contribute for flavor-singlet mesons.

Evaluating the quark diagrams, we find for the form factors

A = (S0 ) [0 + )]

rt = (S 1) (1) - Y]
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4.2. Radiative Z-Boson Decays

where we defined the effective couplings
L =Qq ¥ =Qqa. (4.51)
P qYq s 1% a%q

Their primed counterparts Q, are obtained by exchanging v, <> a4. The integrals
IM are convolutions of the hard scattering kernels with the LCDAs,

1
I:jl:w(mV) :/0 d.%‘H:t(iL',mv,M) ¢M(xa/’b)7

1 (4.52)
1 my) = [ dw Ho (@ my ) oo, ),
where
1 J()C
Haloymy,p) =3 {1 * whi(%mv,ﬂ) +0(a3)| . (4.53)
and
2
1
ha(@,my, ) = (2logz +3) (logTZQV - m) +log?z — 9+ (1 - 2) BT

(4.54)

The convolutions (4.52) can be written as sums over the Gegenbauer moments

weighted by a closed-form coefficient C’T(Li) by using a technique explained in Ap-
pendix F. The results we find are:

1Y (my) =3 (=1)"C (my, ) a)l (n) (4.55)
n=0
M (my) =33 C(my,p)a (n), (4.56)
n=0
with
CF ) =1+ W 0 (T 1 o), (4.57)
47 W
and

2
(&) (Mv) _ #fglﬂ } log TV _;

A(Hpir —1) £ 1 2
(4 1)n+2)  (n+12n+22

(4.58)

+4H?, | — 9.
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4. Exclusive Hadronic Decays of Electroweak Bosons

The partonic Z — ggy diagrams like the fourth diagram in Fig. 4.5 give an additional
contribution to F{:

1
SR = Q57 1) [ do Hyla (a0, (4.59)

with anf ) = >-q Qqvq/n . The hard scattering kernel at the high scale (for ny = 5)
is

+ 0(a?), (4.60)

Hy(a, ) = YT [

and

(4.61)

2r} ¢ m3
(t) _ t t = 5 _ "'z
i (x) (315%04) (& —2)+007),  rn=_—75.

The function hét)(:v) is the contribution from the massive top quark in the loop and
is numerically insignificant. The functions hg and h_gt) can be compared to literature
results for vv* — n() [87, 88], we find complete agreement. Using the technique
explained in Appendix F, we can write the form factor as a sum over the gluon

LCDA Gegenbauer moments b%:

SF = 695 5™ (1) Y- Da(p)bf (1), (4.62)
with
. &s(M)TF (mv> Qe (t) 2
Dy, (my, p) = e |Fdn [ + Qg’) dy’ | + O(ay) (4.63)
and
p (mv) 20n(n + 3) o m3, . o 1+ 1
n|—— )= — — T | = 2Hp41 — ———| »
i) 3t nmr2) [0 RSV CE)

2r} 5ri
d) = — ¢ L) 0+ O>r?).
" <1323 T 10581 ) o2 O

(4.64)
Note that the loop corrections from diagrams like the ones shown in Fig 4.5 are
in general divergent, leading to the log i terms in the hard scattering functions at
O(as). The 1/e poles originally accompanying these logarithms are removed by the

42



4.2. Radiative Z-Boson Decays

ny anf ) Up-type quarks Down-type quarks
5 | & — 1L sin20y ~ 0.0601 =3 ), =2
4 | L= 5 sin20y ~0.0608 =1 i) =-1
3 | 1—2sin?6y ~0.0597 P =2 ) =-1

Tab. 4.1.: Flavor-number dependent coefficients entering the factorization formula.

renormalizations (4.10) and (4.41). The cancellation of the poles is demonstrated
explicitly in Appendix D.

Since the physical n and 7’ mesons are not pure flavor-singlets, the full form
factors F¥ for P = n") consist of both flavor-singlet and nonsinglet pieces. The full
factorization formula at the high scale in this case is

FP =60%) |37 CS (1) S fhalt + 37 Do(p) 35 (o (1)
n q n

+6(Quvu — Qava) . Culp) > e fh(p)al (),

q

(4.65)

where the first line governs the flavor-singlet component of the pseudoscalar meson P

) (ny)

and the second line the nonsinglet one. The coefficients anf and ¢; 7’ are compiled

in Tab. 4.1.

Radiative decays of the Z boson into a transversely polarized meson are of sub-
leading power, as follows directly from counting the number of gamma matrices in
the partonic amplitude and the light-cone projectors. The two ways of obtaining a
non-vanishing result for the amplitude are either including the quark mass in the
hard propagator zf + 4 — xf + ¢ + m or employing subleading-power projectors.
In the first case, corrections suppressed by a factor of m,/my are introduced. Less
trivial are the corrections from higher-power projectors, which are discussed in de-
tail in Appendix A. When effects from the quark masses are neglected, the decay
amplitude can be decomposed into form factors according to

| eg my [ krqreiper? L
zA(Z—>VL7):—2C§7}[/mZ<zeW@5k'VqWFll—s‘% R (166)

Since both the vector meson and the photon are transversely polarized, the Z boson
must be longitudinally polarized, allowing us to write its polarization vector as
ey = (¢ — k)*/myz. From the twist-3 projectors we get the suppression factor
my /myz, which shows explicitly how strongly these modes are suppressed. Using
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4. Exclusive Hadronic Decays of Electroweak Bosons

the relations given in Appendix A, the form factors are:

1 logz logz
%:_22]0362(1@(1/0 dl’( 2 + i >¢V($;M)>
q

) 1 log 3 (4.67)
ogx logx
— 2% Qe [ do (BT BT gy (o),
7 0 z x
We use the technique from Appendix F to rewrite the form factors into sums:
00 1%
FJ_ =6 q 1 (LG(/.t)
! va@"”q +Z (n+1)@2n+1))° (4.68)

1+ Z a2n+1 )

F3 _GZfVquq (n+1)(2n+3)

Note that neutral meson LCDAs are symmetric under the exchange = <> z. This
means that the moments a,, for odd n - and with that F3- - vanish. When squaring
the amplitude and comparing it to the leading contribution Z — V)7, we find that

L(Z—=Viy)  my

~ T 4.69
NV V”’y) m2Z ( )

meaning that power corrections are suppressed by four orders of magnitude, making
them fully negligible for any practical purpose.

4.2.2. Resummation of Large Logarithms

To resum the large logarithms «;log(ud/m%) we now apply the evolution equa-
tions (4.16) and (4.46). First, note that these equations, in the language of sec-
tion 2.3.2, are renormalizations of the operator matrix elements:

e (O() = =1() (O(1) (4.70)
For our case it is more practical to perform the running of the Wilson coefficients
instead of the matrix elements. Their evolution equation is of course identical up to
a relative sign, as is explicitly seen by multiplying both sides of the above equation
with the Wilson coefficients and using d/du (C (O)) = 0:

d
p Clu) = () C(p). (4.71)
i
For the flavor-nonsinglet contributions this is a simple equation and will just rescale
the hard scattering coeflicients oS (mz):
C) (o) = Un(po, )OS () (4.72)
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4.2. Radiative Z-Boson Decays
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Fig. 4.6.: Scale depend f the combinations C\* M (1) JaM (o) fi
ig. 4.6.: Scale dependence of the combinations Cy ’(mz, 1) a,' (1) /ay’ (1o) for

the first two Gegenbauer moments (n = 1,2). The red dashed lines show the results

at leading-order, where C’fli) (mz, ) = 1. The blue and yellow lines show the results
at next-to-leading order obtained when the one-loop expressions in (4.57) are used.

with the evolution factors U, (u1, p2) given in Appendix E. The form factors ex-
pressed through the Gegenbauer moments at different scales are

Re F{' = Qi [0.94+ 1.050} (mz) + 115} (mz) + 1.22§ (mz) + ... | .
4.73

= Qur [0.94+ 0.41 a3 (10) + 0.29 a} (110) + 0.23 ad (o) + - .|,

where pg = 1 GeV. This equation clearly reflects the fact that the LCDAs approach
their asymptotic form at high scales, meaning that the dependence of the form factor
on the Gegenbauer moments a,, for n > 0 is decreased after RG running. By virtue
of the renormalization group, the combinations c&®) (n)aM(p) are scale-dependent
up to O(a?), as can be appreciated in Fig. 4.6: When the one-loop corrections are
used, the scale dependence is only very weak, suggesting corrections of O(a?) to be
small.

For the flavor-singlet case we need to carefully match singlet and nonsinglet form
factors at each quark scale. The running of the singlet hard-scattering coefficients
C% and D, is obtained in the same manner as the nonsinglet running, only this
time starting from the matrix evolution equation (4.46) and transforming it into an
evolution equation for C2 and D,,. The solution is of the form

Cr (1) s Cr3 (p2)
= U ) ¢ )

<Dn<m> w120\ D (o)
where the explicit expression for U7 is again given in Appendix E. At the scale
of the b-quark mass, the b-quark decouples. The sum in the first line of eq. (4.65)

(4.74)
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4. Exclusive Hadronic Decays of Electroweak Bosons

now only runs over the quarks ¢ € u,d,s,c. In the four-flavor theory, the singlet
contribution is matched onto the proper admixture of singlet and nonsinglet and
evolved to the c-quark mass, where the procedure is repeated until we arrive at the
hadronic scale pg ~ 1 GeV. At the scale up ~ my, the relevant matching conditions
are

s oy s Qg
)] = 575 CR s+ (1 ) Cntel =

Q(5) ’
Dn(p)],,—y = Q(?) Du(m)l,,,—5-  Culm)l,,_y = Calw), _5, (475
b oY 1 s
Calin) = Calpw)l,, 5 + 52 (Gl ) = Caliw)] |, 5
Similarly, at the threshold scale p. ~ m. we find
4 4
CS(MC)‘nfzg = Q;%;C1§<MC)‘W4+ ( - %)Cn(ﬂalwy
s s
Q(4)
Dn(pe)l,,,—5 = Q(ig) Du(e)l, —ys  Calpe)l, = Calpe),,_y,  (476)
Q(4)
Cilhe) = Culpte)l — + - [CR ) = Cali] |, -

Finally, this leads to the factorization formula at the low scale:

FE=60Y |3 C5(uo) Y. (o) ab (o) + " Do) 5% (110) b (10)

q=u,d,s n

+6 (Quvu — Qava) Y_ Crlpo) D ¥ fh(o) al (o)

q=u,d,s

+6Quvs > Ch (1) [ (1) an? (1) + 6Qcve Y C(ne) [ (1e) ap(pe) -

(4.77)
The numerical values for the hard scattering coefficients entering here are given in
Tab. 4.2 for the first 6 moments in the Gegenbauer expansion. It should be noted
that C, and D,, are of similar size except for n = 0, despite the fact that the C), starts
at tree-level whereas D,, starts at one loop. Furthermore, the singlet coefficients C;?
and the nonsinglet coefficients C,, are numerically almost equal, meaning that the
mixing between quark and gluon LCDAs is a small effect.
At two-loop order, the renormalization running becomes more involved since the
Gegenbauer polynomials are only the eigenfunctions of the one-loop renormalization

46



4.3. Radiative W-Boson Decays

n 0 2 4 6
C5(uo) | 0.937 0.413+0.063¢ 0.291 + 0.061i 0.233 + 0.055i
Ch(po) | 0.937 0.409 4 0.0647 0.290 + 0.061i  0.232 + 0.055i
C(1p) | 0.937 0.658+0.101i 0.579 + 0.121i  0.535 4 0.127i
C%(ue) | 0.937 0.46440.071i 0.346 +0.072i  0.287 + 0.068i
Dn(po) | 0 0.430+0.024i 0.265 + 0.043i  0.192 + 0.040;

Tab. 4.2.: Short-distance coefficients entering the factorization formula (4.77) eval-
uated at the low scale g = 1 GeV. We use uz = myz, as well as pp = myp = 4.163 GeV
and p. = me, = 1.279 GeV for the heavy-flavor thresholds.

Fig. 4.7.: The tree-level contribution to W+ — M™~. The third diagram involves
the local hadronic matrix element that defines the meson decay constant. The
computation of the first two graphs is in complete analogy to the computation of
Z — M in the last section.

kernels and thus moments of different rank mix starting at two-loop. The two-
loop kernels have been derived in refs. [94, 95] and have been compiled in ref. [88].
Instead of performing a detailed study of the two-loop running here, we assume a
global factor kKnLo, estimated from the two-loop running of the flavor-singlet decay
constant [83]:

30 as(pz) 198 as(pw) 22 as(pe) 2 as(po)

14
RNLO = 1+ 575« 5 3 1

~ 0.89.
23 s

(4.78)

and apply this to all our form factors for the mesons containing flavor-singlets
P =" in our phenomenological analysis.

4.3. Radiative W-Boson Decays

Let us now proceed to radiative decays of the W boson. The tree-level diagrams
contributing to this decay are depicted in Fig. 4.7. These decays are similar in
nature to the Z decays. However, an additional diagram involving the triple gauge
vertex exists, where the W first radiates off a photon and then converts into the
charged final state meson. Graphs of this type are computed using the definition of
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4. Exclusive Hadronic Decays of Electroweak Bosons

the decay constants (4.5), which leads to the Feynman rule

we MY 9fum kH M* = Pt
Vi . 4.79
/\AN(]@: ﬂ J{mve’”; Iu-‘r_‘f”Jr’ ( )

J

where V;; is the relevant CKM matrix element. The decay constant is per definition
exact to all orders in QCD and thus no higher-order corrections exist to this graph
in QCD. The amplitude of what we will call the indirect contribution is then:

_egfp

iAina(WF — PT7) ﬁvij EW €5,
. + + o eng -~ 2mV * * * *
Aind(W5 = V) = = Vi ((g-e)ew ) = (a-ew)(e] - &7)) -

(4.80)
Here the second amplitude can be further simplified by discriminating between trans-
verse and longitudinal vector mesons in the final state. The polarization vector of
the longitudinal vector meson can be constructed from

2
8\‘\/M =akt+ Bg¢* with ({5"'/) =—1 and k- 8“‘/ =0. (4~81)

From these equations a and 5 can be determined to give

1 2m?
ellr = . (ku - 2qu> - (4.82)

The same decomposition can be done for the W when it is longitudinally polarized,
as it is the case for a transverse vector meson in the final state. We can then write

2
g -€*+O<mv); V=V,
e I RN sy

ij
\f my _Lx  _Lx. _
€y EV V=V

The computation of the direct amplitude, corresponding to the first two graphs in
Fig 4.7, is completely analogous to the computation of Z — M~ and the results are
obtained by replacing

cw
, Qg — —=Vii. 4.84
Vg, Qq 272 ij ( )

We can write the amplitude in our familiar form factor decomposition:

. egfm , el v L e
ZA - im‘/” (Zeuyaﬂk'qFl - €W . 5,‘/ F2 5 (485)
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where the upper sign holds in case M = P and the lower sign for M = V). The form
factors are

o0

FM = 37 [O55) myw bk (n) — 36 C55) (mw wadl sy ()]
F2M — Z {35Q Cé;)(mw, ,u)a%(u) — Cé;_)i_l(mW7lu’)a%+1(lu’)j| —20q,
n=0

The constant term in F§ independent of the LCDA shape parameters originates
from the indirect contribution. The quantity dg = @, — @4 changes sign when
decays W~ — M ~~ are considered. Furthermore, for these opposite sign decays the
replacement Vj; — V7 has to be made. Note also that odd Gegenbauer moments
change sign under M+ — M~. From the form factors we can read off that F{¥ then
stays invariant whereas F3/ changes its overall sign. The square of the amplitude,
and with that the decay rate, will be the same for both signs W+ — M*+.

The resummation of large logarithms proceeds exactly the same as for Z — M~.
In analogy to eq. (4.73), the form factors are:

Re FM = 0.94 — 2.98 a}! (mw) + 1.05 a3 (mw) — 3.31a (mw) F ...
= 0.94 — 1.65 a1 (o) + 0.42 a3 (1) — 1.03 a3 (o) T .. (4.87)
Re FM = 0.85 — 1.00 M (mw) + 3.16 a! (my) — 1.11a}! (mW):F... '
( )

= 0.85 — 0.55 a1 (uo) + 1.25 ad? (o) — 0.34 a3 (o) F -

Like in the previous section, after RG evolution the dependence on the shape pa-
rameters decreases.

Decays into transverse vector mesons are power-suppressed. The amplitude in
form factor decomposition is

. eng mV . kque*Oée*ﬁ * *
AW = Vity) = | fv (Zeﬂuaﬂk.‘;Fll —eyt et Fy |, (4.88)

with the transverse form factors

Fi- :—2/ (QulOg‘T Qdk;g(j))fbv(wau)v
B = —4(Qu - Qu) —2/ (Q“Og”: leog(f’))qﬁv(x,u),

(4.89)

X

where we have again ignored the quark masses. In the Gegenbauer expansion the
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Zl) ZO

Fig. 4.8.: One-loop triangle graphs giving rise to the axial anomaly. The dot
represents the axial-vector current jéf‘r’.

form factors become:

ay 3a¥ 1 (1)
_1 2n 2n+1
+Z (n+1) 2n+1 Z (2n+3)’

3ay,( = a3 (1)
:_1 n n+
+Z (n+1) 2n—|—1 Z (n+1)(2n+3)"

(4.90)

The rates are power-suppressed by m%, / m%v with respect to the longitudinal mesons
and are thus negligible.

4.4. Absence of an Axial-Anomaly Contribution

It has been suggested in the past, that the decays Z — P~y and W — P~ could re-
ceive potentially large enhancements from an analog of the axial anomaly, as it is the
case for the decay 7° — v [96-98]. In this section we show that this enhancement
does not exist.

To do so, we first evaluate the triangle diagrams in Fig. 4.8, where the black dot
represents the axial-vector current j(’1‘5 = gy"~%q. Taking the divergence corresponds
to contracting the amplitude with —ik,. The amplitude only gives a non-vanishing
result if one uses a consistent treatment of the v° matrix, like the HV scheme (see
App. B). In the limit m,; — 0, one finds:

N,
_aNe Qovg. FMe,0p 2°7. (4.91)

Oy > =
qu 27T SWCW

Analogous terms exist for two photons (which is the famous ABJ-anomaly [99, 100])
and other gauge bosons, that we did not write down since they are irrelevant to this
discussion. Similarly, for charged currents jf‘f = djy"y’u; we find:

N « Vij
€
A 3v/2sin Oy uvaf

0 jl = Frvytas (4.92)
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4.4. Absence of an Axial-Anomaly Contribution

v o

Y

Fig. 4.9.: Left: One-loop diagram contributing to the amplitude M**# describing
the decay of a Z boson into a photon and an axial current AZ. Right: A hypothetical
anomaly-mediated contribution to the Z° — P~ decay amplitude. The crossed
circle represents the decay amplitude in (4.93); the double line shows the meson
propagator.

where again we dropped terms irrelevant to our discussion. x In order to show
that no anomaly-enhancement exists for Z — P-y, we parameterize the hypothetical
contribution by:

iA(Z — Py) = ideapktq cel . (4.93)

Similarly, we parametrize the amplitude of an initial-state Z boson to the current
j(’f5 and a photon as:

iMH (K, q) = iMPP (k, q)eer? . (4.94)

This amplitude is obtained from the left diagram in Fig. 4.9. Next, we insert a
complete set of hadron states, interpolated by the axial-vector current and sum over
the quarks flavors g. We see from the second diagram in Fig. 4.9 that iM#*? in the
limit of mp — 0 contains

z./\/l’w‘ﬁ k,q) Z c, (—ifpk*) 721)‘ €poap K'q7 — 1 Z ¢ k €poap k7q°.
P

k2

(4.95)
If such an anomalous contribution would be generated by the left digram in Fig. 4.9,
it would need to have a pole in 1/k? to match onto the above amplitude. When eval-
uating the triangle graph (and its mirrored counterpart), we find that the relevant
tensor structure is proportional to

TA+eT*(1—¢)  p* 2 (=p?) "= (R R e
(2 — 2e¢) (p? — k2)? € 1—e¢ ’
(4.96)
with p? = mQZ and k? = m%. Clearly, this reproduces the amplitude for the 70 — vy
decay, where p? = 0. In our case, however, the amplitude is rather proportional to
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W

Z()

w-

Fig. 4.10.: Tree level diagrams governing the Z — M TW ™ decays. As was the case
for the radiative W boson decays, we find both direct (first two graphs) and indi-
rect (third graph) contributions, where the latter involves the local matrix element
defining the decay constant of the meson M™.

1/m?% and hence does not match onto eq. (4.95). Therefore, no enhancement from
the anomaly exists for Z — P~.

4.5. Weak Radiative Z-Boson Decays

The last class of decays we discuss here are the channels Z — MW ™. Kinematics
dictate that the final state meson must not be heavier than my; — my ~ 10.8 GeV.
Furthermore, the QCD factorization approach is only valid if the meson momentum
is considerably larger than its mass. This is the case if

A(m, miy, mi;)

o2 > mpr, where A(z,y,2) = \/(a? —y—2)2—4yz. (4.97)
z

This condition is satisfied for meson masses my; < (m% —mi,)/(2mz) ~ 10.2 GeV,
and the factorization approach can therefore be used for light mesons, but not for
heavy B mesons. Note also that in this case the expansion parameter is A =
(Aqcpmz)/(m% — mi,) rather than Aqcp/mz. This leads to a much lower fac-
torization scale then in the previous sections, giving an opportunity to study the
QCDF approach at an intermediate scale - higher than in the case of exclusive B
meson decays but considerably lower than for the Z/W — M-y.

The diagrams contributing to the decay amplitude are shown in Fig. 4.10. The
occurring topologies are similar to the W+ — M™~ channels: There exist direct
contributions where the ingoing Z decays to the constituent quarks of the meson,
computable using QCD factorization and the indirect contribution involving the
trilinear ZZW gauge vertex. The computation proceeds analogously to the W
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4.5. Weak Radiative Z-Boson Decays

decays and we find for the indirect amplitude:

2 2 2
) _ g° cosOw fp my —m .
ZAind(Z—>P+W ):— 2\/§ V; Zm%v W62-6W,
2cos @ 2
idina (7 — VW) = 80wy v (4.98)

L) 2
X (q~€*V€Z-5*W—k-€*W€Z~5*V+k-EZ<€§V-a*v).

This result can again be simplified by considering the different polarization states
of the meson separately. The longitudinal polarization vector can be written as

2 2 2 2
e ey ) IR ()
my A(mz, myy,, mi,) my —my; —mi,

and thus the indirect amplitude for Z — V”Jr W™ is:

1+O<(:ﬁm%f>} (4.100)

2 2 2
g-cosbw fy . my —my,

NG
By decomposing the different polarization vectors for W and Z, we can study the
amplitudes for Z — VfWI and 7, — VfW”_ and find that they are power-
suppressed by my/mz and my /my. We will ignore these amplitudes in the fol-
lowing and consequently, the indirect amplitudes both for pseudoscalar and vector
mesons are identical up to tiny corrections.

The full decay amplitude can be decomposed into form factors again:

Z.~'41nd =

2 2
LMZ—»M*W’):i57h4l@<1—W%>
4+/2 cos Oy my
WAV ~O *3 . L oX
(4.101)
The form factor Fi¥ did not exist for the radiative decays. It is associated with
the final state W boson being longitudinally polarized and therefore no analog term
exists for Z/W — M~y.
The direct contributions to these form factors are once again easily evaluated
using the leading-twist light cone projectors. We find:

1 r Z Z,
FM:/d a v
1 0 T Ou (T 1) \z+xr T4+zr]’
1 r Z Zu ]
FM:i/d i __“u 2 4102
2 0 $¢M($,M) _Ji—i—i"f‘ if‘-f-%?“_ + ) ( )
1 r Z Z,
FM:/d d (2 -
3 0 $¢M(£L',,u> _x—i—i”f‘ .f'—i—%?"_ (.T} .’L'),
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4. Exclusive Hadronic Decays of Electroweak Bosons

where Z, = vy, + a, and r = m¥,/m%. Observe that with r being close to 1 and
x4+ = 1, the expressions in the brackets are almost independent of . We could now
rewrite these convolution integrals into sums over Gegenbauer moments, as we did
in the previous sections. However, the presence of r in the denominators gives rise to
complicated results for the integrals over the generating function ((14t)? — 4at) =3/
and we therefore evaluate the integrals numerically for our phenomenological results.
We can still demonstrate the weak dependence on the LCDAs by expanding around
r & 1 to first order, which yields:

FM = 3;T(Zu+zd)+B(llgﬂ(Zu—Zd)a{”(ﬂ)JrO(T— 17,
FM=2— 3~ "2y — 24) - W(Zu + Zg)ay’ () + O(r — 1)%, (4.103)
FM = %(Zu — Zg) - ?)(qg?’)(Zu ~ Zg)at' () |

+ 6(r3gl)(Zu — Zg)ay' (1) + O(r — 1)2.

Gegenbauer moments of higher rank do not contribute at this order in r and enter
our predictions with tiny coeflicients. From the above set of equations, it might look
like the form factor Féw contributes a term proportional to the first Gegenbauer
moment but when squaring the amplitude, F3/ enters with an additional factor of
1 — r, further suppressing the term. The scale dependence of this result is mild: In
eq. (4.101), the only quantities affected by QCD running at leading order are the
Gegenbauer moments. However, as we saw just now, they enter the result with small
coefficients. How this picture changes when QCD loop corrections are included is
an interesting question that we leave for future projects.

4.6. Phenomenological Analysis

This section is devoted to our phenomenological analysis. In the first part, we
derive numerical predictions for the branching ratios 27 — M~, W — M~ and Z —
M*W~, and compare them to existing predictions in the literature. In the second
part, we will briefly comment on the possibility to measure Z-couplings to quarks
using Z — M~. The final part will discuss the experimental situation. A detailed
discussion of the various hadronic input parameters is provided in Appendix C. If
not explicitly stated otherwise, numerical parameters like masses of SM particles
and SM couplings are taken from ref. [101].
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4.6. Phenomenological Analysis

4.6.1. Numerical Predictions

We will start with the radiative Z-boson decays. Squaring the amplitude in eq. (4.48),
we find the expression for the decay rates into nonsinglet mesons M:

am 2 2
I'(Z — M~) = GT‘ZZ <’F1M’ +|Ff| ) : (4.104)
where a = 1/137.036 is the fine-structure constant, evaluated at ¢ = 0 [101]. The
Higgs vacuum expectation value v is evaluated at the scale p = myz, according to

SWEew

— 245.36 GeV (4.105)
Ta(my)

v(my) =my
where a(mz) = 1/127.940 + 0.014, s%, = 0.23126 + 0.00005 [102] and mz =
(91.1876 £ 0.0021) GeV [101]. For the strong coupling constant we use ag(myz) =
0.1185 and scale-evolve it using three-loop running provided by the RunDec pack-
age [103]. By normalizing the rates to the total Z-boson width 'y = (2.4955 +
0.0009) GeV [101], we obtain the branching ratios given in Table 4.3. We include
error estimates from varying the scale between myz/2 and 2my, the error of the
decay constants and the Gegenbauer moments (see Appendix C for more details on
the error budgets of the last two). The branching ratios are generically small, as one
would expect: The Z boson needs to decay into two quarks and a photon, with the
two quarks being collinear to each other. This condition selects a tiny amount of the
phase space and thus the branching ratios scale roughly with ~ mgl. The smallness
of the neutral pion mode Z — 7y owes to the fact that the form factors (4.50) are
proportional to fr(1 — 4s2), which enters in quadrature and is coincidentally very
small. In the last row of the table, the Y (nS) is the sum of the branching ratios into
the first three states n = 1,2,3. The largest errors are typically the ones associated
with the shape of the meson LCDA, with the exception of the T channels, where
the relation (4.27) constrains the relevant convolution integral [77].

In the last two columns of Table 4.3, we show how the predictions change under
various approximations: The results in the column “asym.” are obtained by using
the one-loop expressions for the hard-scattering coefficients, but only employing the
asymptotic form of the LCDA ¢(z, u — o0), where all moments a,, = 0. The rates
in this approximation read:

(2" - M%)

(4.106)

2

_amyg 7 Aa 1— Eas(mz)
asym 602 (zq: fMQM) [ 3 T
In the last column we show results obtained including the Gegenbauer moments
but using only tree-level hard scattering coefficients. Generically, the asymptotic
result does well in approximating the branching ratios whereas using only leading-
order hard-scattering coefficients results in branching ratios typically overshooting
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4. Exclusive Hadronic Decays of Electroweak Bosons

0 (
) .
v v

Fig. 4.11.: Examples of QED (left) and electroweak radiative corrections (center
and right) to the Z — M~ decay amplitudes. The last two diagrams can give rise
to flavor-violating decays in the Standard Model.

the NLO results. This is just a consequence of the high factorization scale, which
leads to the weak sensitivity of the rates to the LCDA shape. For mesons with heavy
quarks, the LCDA has a more pronounced peak structure because of the new scale
the heavy quark introduces. Even at the high factorization scales we are assuming,
the LCDAs are relatively far away from their asymptotic form (see Fig. 4.2). As
a result, the branching ratios in the asymptotic approximation differ more strongly
from the full result. The expression (4.106) is consistent with the corresponding
tree-level expressions in ref. [93]. The author of ref. [104] quotes a rate for Z — w0
that is lower than ours by a factor of 4/9. In this paper, the theoretical framework is
set up using a local operator-product expansion for the exclusive decays Z — W,
with a power-counting parameter wy = 2(m% —m#,)/(m% +m3,). For the radiative
decays, the W is then replaced by the photon, leading to wy = 2, which is not an
appropriate expansion parameter. The discrepancy of a factor 4/9 can be traced
back to this.

Corrections to our predictions arise at two-loop order in QCD and one-loop order
in the electroweak theory. We estimate that the uncertainties from higher order
QCD corrections should be covered by the scale variation errors that we include.
Electroweak corrections are assumed to be small, with the potentially most danger-
ous diagram being the first one in Fig 4.11: Here the photon propagator 1/k? could
give a large enhancement. However, the Zy~+* is proportional to k2, canceling the
enhancement [105]. The diagram is thus suppressed by a standard loop factor and
negligible. A detailed study of these contributions to Z — .J/1~ has been done by
the authors of ref. [106], confirming the insignificance of these corrections. Further-
more, the authors have derived predictions for various other channels of the type
Z — V-, finding

Br(Z — ¢y) = (11.74+0.8) - 1077,
Br(Z — J/y~) = (9.96 £1.86) - 1078, (4.107)
Br(Z — Y(15)v) = (4.934+0.51) - 1078
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4.6. Phenomenological Analysis

Decay mode Branching ratio asym. | LO
Z— 7% | (9.8015% ,, £0.03; +0.61,, +0.82,,) - 10712 | 7.71 | 14.67
Z — pPy (4197006, £0.16 +0.24,, +£0.37,,) - 107 | 3.63 | 5.68
Z — wy (2.827 003, £0.157 £0.28,, £0.25,,) - 1078 | 2.48 | 3.76
Z = ¢ry (1.04 7093, £0.05¢ £0.074, £0.09,,) - 1078 | 0.86 | 1.49

Z — J/by (8.02F015, £0.20, 7033 ) - 1078 10.48 | 6.55
Z — Y(18)~ (5.397010 . £0.08, 008 ,) - 1078 7.55 | 4.11
Z — Y (48)y (1.22F005, £0.13, 7002 ,) - 1078 171 | 0.93
Z — YT (nS)y (9.96 7015, £0.09, 532 ,) - 1078 13.96 | 7.59

Tab. 4.3.: Predicted branching fractions for various Z — M~ decays, including
error estimates due to scale dependence (subscript “x”) and the uncertainties in the
meson decay constants (“f”), the Gegenbauer moments of light mesons (“a,”), and

the width parameters of heavy mesons (“0”). See text for further explanations.

with the last two being in good agreement with our predictions within the quoted
uncertainties. The discrepancy in the ¢ channel presumably originates from the
authors only including leading logarithmic QCD corrections. We find that the non-
logarithmic corrections at O(ay) reduce the branching ratio. Furthermore, we find
that the LCDA shape uncertainty amounts to a larger uncertainty than quoted by
the authors.

The form factor of the Z — 1)y decays exhibits a strong dependence on the
parameterization of the mixing between 1 and 1. The details of the parameterization
are discussed in Appendix C. We use two different sets of mixing parameters, given
in egs. (C.13) and (C.14). For the first set of mixing parameters, the form factors
entering the Z — n)y rates are:

F77
L —16.3MeV (1 + 1.41ad — 0.97a3 4 0.40b3 + 0.99a] — 0.68a] + 0.25b4 + ),
KNLO
o
—1_ —86.5MeV (1 +0.22a4 + 0.22a5 + 0.46by + 0.15a% + 0.16a5 + 0.29b4 + )
KNLO

(4.108)
Not displayed are small corrections dp = 0.36 f5+0.32 flbp to these expressions arising
from the intrinsic charm and bottom contents of the mesons. The explicit values are
0y ~ —0.45 MeV and §,y = —1.2 MeV, using the decay constants given in eq. (C.24).
We also ignore the tiny imaginary parts which do not contribute to the rates at
O(as). The hadronic parameters entering the form factors are afflicted by uncer-
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4. Exclusive Hadronic Decays of Electroweak Bosons

tainties not displayed in the above expression. We demonstrate them by showing
the uncertainties on the leading term, arising from the FKS mixing parameters:

Fl' = ineo (163 % 1.5, % 1.07, £1.67, ) MeV + ...,
, (4.109)
FY' = kixto (8654 0.3, £0.87, £2.07, ) MeV + ... .

Using the second set of FKS parameters (C.14), we find:

F1
L —6.3MeV (1 + 3.64ad — 3.20a5 + 0.27by + 2.56a] — 2.25a] + 0.17by + ) ,
KNLO
Fy
—L = 98.0MeV (1 + 0.20a3 + 0.24a3 + 0.46b + 0.14a] + 0.17aj + 0.29b4 + )
KNLO
(4.110)
with the uncertainties on the leading term as follows:
FY' = ineo (63 £ 24, 147, £1.7, ) MeV + ...,
(4.111)

F' = hixio (980103 1.2/, £ 197 ) MeV + ...

Comparing the results (4.108) and (4.110) as well as eqgs. (4.109) and (4.111) shows
just how strongly the form factor F) depends on the set of employed mixing pa-

rameters. While the form factor Ff, seems more stable, the difference between the
results for the different parameter sets is still larger than the uncertainties within
each set. The reason for this behavior can be understood from the fact that the
dominant contributions to the form factors are proportional to the decay constant

uds defined in eq. (4.36). At mixing angles around ¢ ~ 40°, the combination f#d“’“
is close to zero, making it very sensitive to small changes in ¢. As a result, F}
changes strongly with different mixing parameters and is also smaller by around an
order of magnitude compared to Flnl.

The contributions from the gluon contribution are important, especially for the
n': Here the contributions from the gluon LCDA are much larger than the ones
from the quark LCDA at equal order in the Gegenbauer expansion, even though the
hard-scattering coefficients for the gluon diagrams start at one loop. In the form
factor of the n meson, the quark Gegenbauer moments have larger coefficients but
there are strong cancellations between the terms proportional to af and a;).

Compared with the large uncertainties from the hadronic input parameters, scale
variations have generally only tiny effects. We demonstrate this by showing the form
factors as functions of the Gegenbauer moments and their coefficients when the scale
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4.6. Phenomenological Analysis

Model (i) (ii) (iii)
Br(Z — ny) | 0.16 £0.05 0.17+0.05 0.16+0.05
Br(Z — n'y)| 470 +£0.23 4.77+0.24 4.73+0.24

Model (iv) (v) (vi)
Br(Z —ny)| 0.11+£0.03 0.10+0.03 0.010 75515

Br(Z — n'v)| 3.43+0.17 3.08+0.15 4.84+0.23

Tab. 4.4.: Central values of the Z — 1)y branching ratios in units of 1072,
obtained using six different models of hadronic input parameters, see Table C.5.
Models (i)—(v) use the mixing parameters in (C.13), while model (vi) uses those in
(C.14). We take knxpo = 0.89 to account for NLO evolution effects.

is varied between the mz/2 and 2my. We find:

Re F'
—=L = 16.3MeV [(140.01) + (1.417383) af — (0.97 £ 0.01) a5 + (0.40%035) bo|
KNLO
Re FI
nNLé = 86.5MeV [ (1 0.01) + (0.225000) af — (0.22 £0.00) a3 + (0.461005) bs].

(4.112)
Table 4.4 compiles the results for the branching ratios Br(Z — n(’)fy), when the
different parameter sets compiled in Tab. C.5 are used and knpo = 0.89. The
strong dependence of the branching ratios on the input parameters is apparent from
the spread between the numerical predictions. Remarkably, the different LCDA
parameters were all obtained from fits to the same low-energy data. We conclude
that a measurement of Z — 1)y with high statistics could prove useful towards a
better determination of the hadronic parameters. This is especially true since the
uncertainties due to power corrections or higher-order perturbative corrections are
much smaller than for the low-energy v7* — n) experiments.
The decay rates of the radiative W boson decays are given by

+ oy omw () a2 M|
PWH = M¥y) = g (’Fl ’ + ]FQ ( : (4.113)
with my = (80.385 £+ 0.015) GeV. The branching ratios are then obtained by nor-

malizing the rate to the total width of the W boson, given by I'yy = (2.0897 +
0.0008) GeV. We also need the relevant entries of the CKM matrix. We use:

|Via| = 0.97425 £ 0.00022, |Vius| = 0.2253 + 0.0008,
|V.s| = 0.986 + 0.016, |Veaq| = 0.225 £ 0.008, (4.114)
[Vep| = (41.1 £1.3) - 1073, |Vip| = (4.13 £0.49) - 1073

99



4. Exclusive Hadronic Decays of Electroweak Bosons

W — Branching ratio asym. LO
Ty (4.00 709 +£0.01; +0.49,, + 0.66,,) - 10~° 2.45 | 8.09
pty (8.74 03T, £0.335 +1.02,, + 1.57,,) - 1077 6.48 | 15.12

K*y | (3257080, £0.037 £ 0.244, & 0.38,, £ 0.51,,) - 10710 | 1.88 | 6.38
K*y | (47877097, +£0.28 +0.39,, +0.66,, +0.80,,) - 10710 || 3.18 | 8.47

Dyy (3.66 7092, £0.12ckm £ 0.13; T 47 ,) - 1078 0.98 | 8.59
DF~ (1.38 7093, £ 0.10ckn £ 0.07, 950 5) - 1079 0.32 | 3.42
Bty (1.55 7009, £0.37cxnm £ 0.15, 7398 ;) - 10712 0.00 | 6.44

Tab. 4.5.: Predicted branching fractions for various W — M~ decays, including
error estimates due to scale dependence and the uncertainties in the CKM matrix
elements, the meson decay constants and the LCDAs. The notation is the same as
in Table 4.3. See text for further explanations.

We then obtain the branching ratios listed in Table 4.5. The decays into 7, p and
D, mesons involve the diagonal CKM matrix elements and are the largest. On the
other hand, the modes W — K~ and W — B~ are strongly CKM-suppressed and
therefore smaller by a few orders of magnitude.

As we did for the Z decays, we also give predictions in the asymptotic approxima-
tion (labeled “asym.” in the table) as well as for tree-level hard functions (labeled
“LO”). The rates in the asymptotic approximation read:

2
_amw fy;
asym 2492

170, (m)

D(W* — M*y)| ;

Vil 1 (4.115)

The rate corresponding rate W+ — 7%~ was computed in ref. [98] using the approach
put forward in ref. [104]. For the same reasons that in ref. [104] the Z — 7y rate
was too small by a factor of 4/9, the rates for W+ — 7%~ were too small by factor
of 2/9 in ref. [98].

The emergent picture is consistent with the Z decays: For light mesons, the
asymptotic approximation lies reasonably close to our full result, whereas the tree-
level approximation does not. For mesons containing heavy quarks, the asymptotic
approximation does not so well since the heavy quark introduces an additional scale
and with that a more distinct shape of the LCDA.
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For the decay rates of the weak radiative decays Z — MW~ we find:

. almzg)myf?
0(Z - MW ):TMMJ-F@—?«V
4.116)
2 2 1 |l+r 1—r 2 (
XUFlM’ +|Ff| +2T’ R 2 1

where we used r = m%v / mQZ = 012/1/- As discussed in the previous section, the rates
are only mildly sensitive to the shape parameter of the meson LCDA because the
hard-scattering functions vary slowly with x. Additionally, the combination

1+7r
2

1—
> "EM =1 (4.117)

FM

is completely independent of the LCDA shape. Evaluating the convolution integrals
numerically, we obtain for the expression in the square brackets in eq. (4.116) the
result:

2 2 1
[FM] o+ | B 5 = L1+ 0.003a} (1) = 0.011a} (1) + ... (4.118)

The appropriate factorization scale in this case is lower than for the decays into
a photon. Instead of the mass of the decaying Z boson, two possible choices are
either the typical momentum transfer u?> ~ 2k -q = (m% — m¥,) ~ (43GeV)? or
twice the energy of the final state meson in the rest frame of the Z boson, leading
to u ~ (m% — m¥,)/mz =~ 20 GeV. Due to the insensitivity of the rates on the
Gegenbauer moments, the exact scale choice does not noticeably change the final
result.

The numerical predictions for the various Z — MW T branching ratios are listed
in Table 4.6. They are generically smaller than the corresponding W — M~ rates.
Note that the branching ratio Z — 7 WT is about 15 times larger than Z — 7%y,
due to the fact of the latter being proportional to (1 — 4s%,)?, while Z — TEWT is
not. The only significant uncertainties are the ones from the meson decay constants
and in some cases the CKM matrix elements. For the reasons we dwelt upon in the
last paragraph, scale uncertainties are negligible in all cases. Whether these tiny
uncertainties cover perturbative uncertainties from higher order QCD corrections or
not is an open question that we leave for future work.

The results we obtained for this class of decays are numerically consistent with
those found in ref. [104]. As explained earlier, this work relies on a framework
tailored for the Z — 7=WT channel. It exploits the fact that the intermediate
propagator, which gives rise to our form factors F| depend only weakly on x. The
expansion around the parameter wy/2 = (m% —mi,)/(m% +m3,) used in this work
is similar to the expansion around r = 1 performed in eqs. (4.103).
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Decay mode Branching ratio

70 — gt WT (1.51£0.005¢) - 1010

70 — p*WwT (4.00 £ 0.155) - 10710

70 - KT*WT (1.16 £0.01) - 10711
70 — K**WT (1.96 £ 0.12) - 10711

Z% - DEWTF | (6.04 £ 0.20ckm £ 0.22f) - 10710
Z% — DEWT | (1.99 + 0.14ckm £ 0.104) - 1071

Tab. 4.6.: Predicted branching fractions for various Z — MW decays, including
error estimates due to the uncertainties in the CKM matrix elements and the meson
decay constants. Uncertainties in the shapes of the LCDAs have a negligible impact
at tree level. Not shown are perturbative uncertainties due to the neglect of O(as)
corrections.

4.6.2. Probing Quark Couplings to Z Bosons

Possible future precision measurements of the exclusive Z — M~ decays can serve as
powerful probes of the QCD factorization approach in a theoretically clean environ-
ment. Since the decay rates into vector mesons Z — V'~ depend on the axial-vector
couplings a4, one could use a precision measurement of these rates to determine
these couplings. At LEP, the couplings |a| and |a.| have been measured with an ac-
curacy of around 1% [107]. Using our predictions, a measurement with an accuracy
of ~ 6% could be done for the axial-vector couplings of light quarks.

Our results can also straightforwardly be generalized to include effects from flavor-
changing neutral currents (FCNCs), which arise in many new-physics models. If such
couplings are present, then they would allow decays Z — M+ into flavor-nondiagonal
mesons at the tree level, like K9, DO BY and B,. Parameterizing the flavor-changing
couplings through the interaction

g _
Lrone D ——2Z, 4 [7“ (vij — aij’Y5>] qj (4.119)
cw

we find the predictions listed in Table 4.7. In the SM, some graphs (like the last
two shown in Fig. 4.11) contribute to these modes at the loop-level. We estimate
their importance by using naive dimensional analysis and assume that they scale like
(/)| Vie Vil / s%,. Expressing the CKM matrix elements through the Wolfenstein
parameter A ~ 0.2, we find the rough estimates given in the last column of the
table. These backgrounds pose a limit on how accurately one can probe the FCNC
couplings v;; and a;;.

In addition to this, possible FCNC couplings of the Z boson would lead to tree-
level neutral meson mixing. Precision flavor physics experiments impose stringent
constraints on these AF = 2 amplitudes. Matching the tree-level mixing amplitudes
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Channel Branching ratio SM background
Z0 — KO% | [(7.70 £ 0.83) [vsa|? + (0.01 £ 0.01) |asq|?] - 1078 %W @ n2-1073
20— D | |(5:3020) vl + (0.625039) lacul?] - 1077 | -2 ~2-107
20— B | [(20803) [vnal? + (0.77 £53) [aval?] - 1077 A e~g 107
20 = By | (264705 ol + (087 £455) lapsf?] - 107 | &= ¢ ~ 410

Tab. 4.7.: Branching fractions for FCNC transitions Z — M+, which could arise
from physics beyond the Standard Model. The different theoretical uncertainties
have been added in quadrature. The last column shows our estimates for the irre-
ducible Standard Model background up to which one can probe the flavor-changing
couplings v;; and a;;. Here A ~ 0.2 is the Wolfenstein parameter.

generated by the interaction terms (4.119) onto the effective operator basis defined
in ref. [108], the only non-zero coefficients are:

Ci = %(% +ai)?, Ci= 4\(/;;(% —ai)?, Cs=——(vj; —ajj) . (4.120)
Using the bounds reported in refs. [108-110], we find the upper bounds on various
combinations of v;; and a;; listed in Table 4.8. We find particularly strong bounds for
the coeflicients (5, corresponding to the right column in the table. In models with
exclusively chirality-preserving flavor-changing couplings, these bounds are avoided,
since this amounts to v;; = £a;;. In this particular scenario, the limits on the
couplings are |vgg| < 8.5:1072, |vew| < 7.4-1072, |vpg| < 1.0-107% and |vps| < 3.7-1074,
with identical constraints on the corresponding axial-vector couplings. If we assume
these bounds to be maximally saturated, we can give the maximal branching ratios
by inserting the couplings into the expressions in Table 4.7. The resulting branching
ratios are of order 1071%, with the largest one being the Z° — B,y rate at ~ 10714,
Consequently, these modes are unobservable at the LHC and every future machine
currently conceivable. The concept is still interesting for several reasons. First, the
bounds on the AF = 2 meson mixing processes (K — K), (D — D) and (Bgs — Bas)
are not completely model-independent since the interaction does not have to be
mediated by a Z boson: Additional heavy particles with tree-level FCNC couplings
could be responsible for generating the mixing amplitudes and could in principle
also (at least partially) cancel out the contributions from a possible FCNC coupling
of the Z boson. Additionally, in the derivation of bounds on one Wilson coefficient,
one assumes the other coefficients to be zero. A method like the one presented here,
on the other hand, would allow to prove for flavor-changing Z couplings in a direct
and model-independent way. Barring large cancellations between flavor-changing
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|Re[(vsa £ asa)?]| | <2.9-1078 || |Re[(vsa)? — (asq)?]| | < 3.0-10710
Im[(vsq + asq)?]] | < 1.0-10719 || |Im[(vsq)® — (asq)?]| | < 4.3-10713
|(veu £ acu)?| <22-1078 |(vew)? = (acu)?| <15-1078
| (Vo £ apa)?| <4.3-1078 |(vba)? — (apa)?| <82-107°
| (vps & aps)?| <55-1077 |(vbs)? — (aps)?| <14-1077

Tab. 4.8.: Indirect constraints on the flavor-changing Z-boson couplings v;; and
a;j (at 95% confidence level) derived from neutral-meson mixing [108-110].

Z-boson couplings and other new physics effects in AF = 2 processes, the Z — M~y
decays are unsuitable to look for these couplings. As we will see later however, the
method can in principle be used to search for anomalous Higgs boson couplings.

4.6.3. Experimental Accessibility of the Decays

With all the results gathered in the previous section, we can now discuss estimates
for event numbers and reconstruction efficiencies to get an understanding of how
feasible measurements of the various decays modes are.

After the high-luminosity run of the LHC (assuming an integrated luminosity of
3000 fb~1), the LHC will have produced around 10! Z bosons ans 5-10*! W bosons.
Future lepton colliders like FCCee, could produce 102 Z bosons per year running
at the Z pole and 107 W bosons at the WW threshold [111]. Due to the large
branching fraction of ¢ — Wb, many W bosons could also produced above the tt
threshold.

For the Z — M~ decays, one could trigger on photons, and muons if the final state
meson decays to muons. The most promising modes in that regard are Z — J/¢~
and Z — T(nS)y, where the vector meson decays leptonically. The rates for these
decay chains are small: The branching ratios Z — (V — ptu~)y are of order
5-107Y for V.= J/1p and 1.5-107Y for V = Y(15). Still, several hundred J/1)
events and up to one hundred Y(1S) events could be observed at the LHC by
the end of the high-luminosity phase. The ATLAS collaboration uses exactly this
decay chain to identify the modes Z — J/¢¥y and Z — Y(nS)y [112], and the
current upper bounds (at 95% CL) on the branching fractions are Br(Z — J/¢v) <
2.6 -107% Br(Z — T(15)y) < 3.4-1075, Br(Z — Y(29)v) < 6.5-1076 and
Br(Z — Y(3S)y) < 541075 For decays into ¢ and p mesons, one uses their
decays to oppositely charged pairs of kaons and pions, respectively [113]. The upper
bounds quoted by ATLAS are Br(Z — ¢~) < 0.9-107% and Br(Z — p~) < 25-1076.
For light mesons decaying into two photons, like 7° and 7, the reconstruction could

64



4.6. Phenomenological Analysis

be possible when one of the photons converts into an ete™ pair.

For W — My, the situation seems worse. The charged hadron in the final state
is challenging to reconstruct, given the large hadronic background at the LHC. The
decay W — Dy should yield around 10000 events under the above assumptions and
might be the most promising mode, assuming the D, can be identified. The large
tt production cross section could be used to identify W boson events: Since both ¢
quarks practically always decay into bW, one has an event with two W bosons and
two b quarks. One then requires one W to decay leptonically and identify the b-jets
to identify a W boson event [98].

A much more promising possibility of searching for Z — M~ would be a possible
future lepton collider. With a dedicated run at the Z pole, the currently envisioned
machines could produce 10'? Z bosons every year in a very clean environment.
This opens up the possibility of dedicated precision studies for many decay channels
studied here. Except for Z — 7y, all modes should be accessible, and in the
channels with the largest rates, percent-level accuracy should be achievable. Some
of the Z — W M modes might also be observable, depending on the reconstruction
efficiencies. Dedicated runs at the WW or tt thresholds should allow for a study of
the larger W — M~ decay modes.
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5. Exclusive Higgs Decays

With the discovery of the Higgs boson at the LHC, the field of high energy physics
has advanced into the era of Higgs physics: While the Higgs discovery put an end
to the question whether or not the particle exists, many of its properties are still in
the dark and many questions still remain for particle physics.

The hierarchy problem, for instance, denotes the question of what stabilizes the
Higgs mass against quantum corrections that lead to non-multiplicative renormal-
ization. As a consequence, the renormalization group running of the Higgs mass
picks up large contributions when heavy degrees of freedom, that couple to the
Higgs, enter the theory at their threshold. This naturalness problem is a challenge
to beyond-the-SM (BSM) physics, since every theory involving new heavy particles
needs to compensate these corrections or change the fundamental of the Higgs boson.

The Higgs could be involved in the generation of neutrino masses through a see-saw
scenario, where the Higgs couples to heavy sterile neutrinos and generates a mass-
mixing between them and the light neutrinos after electroweak symmetry breaking
(EWSB).

As another major aspect, the flavor structure of the standard model is completely
determined by the anatomy of Higgs boson couplings to the fermions. In the stan-
dard model, these couplings enter the Lagrangian as completely arbitrary parame-
ters:

Ly = —QrodYuur — QLo Yadr — EL¢Yeer, (5.1)

where the three Yukawa matrices are non-diagonal 3 x 3 matrices in flavor-space.
After EWSB, the mass basis and the interaction basis are misaligned and charged
current gauge interactions become flavor-violating, a phenomenon parameterized by
the CKM matrix. Its entries, and with that the flavor structure of the SM, are
determined by the Yukawa couplings Y; with ¢ = u,d. It remains to be seen, if
the structure of the Yukawa matrices are really random free parameters or whether
they follow a more fundamental mechanism, as is suggested by the hierarchy of the
fermion masses and the close-to-symmetric nature of the CKM matrix. For instance,
models exist where the couplings of light quarks depend non-trivially on the Higgs
field, leading to these hierarchies in a natural way [114, 115]. Measurements of Higgs
couplings exist for the heavier end of the SM particle spectrum like W, Z and third-
generation fermions [116-118], but not for light quarks. Therefore, models predicting
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significantly different Higgs couplings for light particles are still compatible with
observation [119].

This (not exhaustive) list clearly shows how the Higgs boson’s nature ties into
many open questions of our understanding of the universe. It is therefore imperative
to measure every accessible property of the Higgs in as many ways as possible. In this
section, we will advocate the case for exclusive Higgs decays of the classes h — V7,
h — ZM and h — W*MT, some of which have been explored in the literature
already [120-124]. When the final state meson can be identified, the branching
ratio allows for the determination of the Yukawa couplings of the associated valence
quarks in a novel way. Furthermore, the intricate interplay between different diagram
topologies will allow us to extract more information on a measurement than just the
branching ratio of h — ¢q.

With the theoretical framework set up in the previous section, we can swiftly
derive predictions for the various branching ratios. While the technicalities of the
computation are very similar to the previous section, the phenomenology is richer
as the Higgs sector allows more room for modifications to the SM.

5.1. Effective Lagrangian and Bounds

In order to perform a model-independent analysis, we employ the effective La-

grangian
2m? m2 h -
Lo = kw =L RWIW b5y =L 02,24 — —= 3 (frYpfr+he.)
v v V2 S
Q 5 . 2K~z 2R~z ~
g (R P EW Y = o B B 4 S B 20— B, )

(5.2)
The first line of this Lagrangian contains SM operators supplemented with pa-
rameters that can depart from their SM value. That means in the SM, we have
kw = kz = 1 and the 3 x 3 Yukawa matrices Y are diagonal matrices with the
entries proportional to the fermion masses. We normalize the diagonal entries of the
Yukawa matrices to their SM couplings and define rescaling parameters xy and &y
according to

\/imfi '

v

(Yf)ii = (K‘fi + i'%fi) (5.3)
In the SM, kf, = 1 and &y, = 0. In our notation we use the indices f; and the names
of the fermions interchangeably for a more compact notation. For later convenience,
we also introduce rescaled parameters

_ m - .m
Fq = Kqg—, g = Fq—L, (5.4)
my my
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5.1. Effective Lagrangian and Bounds

normalized to the mass of the b quark. Bounds on these parameters have been
derived from a global fit to the measured Higgs rates [122, 125], yielding

|ku|? + R |? < 3000, |kal? + |Rq|? < 1500, -
5.5
k]2 + [Rs|? < 75, |Ke|? + |Re|? < 6.2.

at 95% CL.

The CP-odd couplings of third generation quarks can be constrained by their
impact on electric dipole moments (EDMs) [126]. Assuming SM-like couplings of
the Higgs to the electron, the strongest constraints come from the the electron
EDM, originating from two-loop Barr-Zee graphs such as the one shown on the left
in Fig. 5.1. The obtained bounds are |#¢| < 0.01, |kp| < 1.9 and |R,| < 2.4 at 90%
CL. The neutron EDM poses weaker constraints, but they are less model-dependent
as they do not rely on k. = 1, & = 0. From measurements of h — bband h — 77~
at the LHC, upper limits on the combinations |rp+|* + |fp|* can be obtained. At
95% CL the bounds are |#p| < 1.44 and |<,| < 1.24 from CMS [116], and |&p| < 1.3
and |&;| < 1.5 from ATLAS [117].

For flavor-violating Higgs couplings a global analysis of indirect constraints for
i, ¢j # t quotes the bounds [122]

|(Yy)i] <1075 — 1073, (5.6)

which makes these couplings irrelevant to our analysis. Flavor-changing Higgs cou-
plings involving the top quark are constrained by LHC measurements of the t — gh
branching ratios for ¢ = ¢, u. The current 95% C.L. bounds are [127]

[Vie|? 4 [Yu|* < 0.18, Yiul? + [Yu|* < 0.17, (5.7)

evaluated at the scale 4 = my. The bounds are expected to tighten to 0.04 after an
integrated luminosity of 3000 fb~! has been collected at the LHC [128].

The effective operators in the second line of the Lagrangian (5.2) are absent in
the SM and typically arise from loop-diagrams with heavy NP degrees of freedom.
Note that we did not include all possible operators in this Lagrangian. For example,
we did not include operators of the form AW, W#” and hWWW’“’ , on which strong
bounds exist. They enter our analysis through the one-loop amplitudes h — vy,
h — Z~* and h — Z*v, and can be absorbed into k., K,z and their CP-odd
counterparts. Bounds on these operators come from the electron EDM, arising from
loop diagrams like the one on the right in Fig. 5.1 [129]. Evaluating this graph, we
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AN

Fig. 5.1.: Two-loop Barr-Zee diagram (left) and effective one-loop contribution
(right) to the EDM of the electron arising from the CP-odd couplings &y, Ay and
R~z in the effective Lagrangian (5.2).

find
d a m 2 N
f T 1673 Uze l( 3 ) (Ryyhe + Fyy + )

2
my
4 %v p? 3 E&zlogéy 58)
+ log —% tot T (Ryzke + KyzRe)|

1 =&z

with £z = m?%/ m% The expression is logarithmically UV divergent since it involves
an effective operator of dimension greater than four. The term proportional to ke
agrees with the analysis in ref. [130]. The renormalization scale p should be set to
the scale at which new physics are integrated out and the inner structure of effective

vertex is resolved. Setting this scale to A = 1 TeV for an estimate, choosing k. = 1
0—29

and %, = 0, and comparing the result to the present bound |d.| < 8.7 -1 e cm
(at 90% CL), the constraint is:
|Ryy + 0.09R~ 7| < 0.006 . (5.9)

Assuming no cancellations between the two terms, this implies |k,,| < 0.006 and
|kyz| < 0.07.

5.2. Radiative Decays

In this section, we discuss the decays of the type h — M~. At leading power,
the meson M can only be a transversely polarized vector meson. Starting from
our effective Lagrangian (5.2), we find two different diagram topologies, similar to
the radiative W decays W — M~ and the weak radiative Z decays Z7 — MW,
discussed in the previous chapter. We will name them “direct” and “indirect” con-
tributions. We refer to contributions from the first two diagrams in Fig. 5.2 as direct
contributions, since the Higgs couples directly to the quarks forming the final state
meson V' [91, 131]. These contributions are computed using the QCD factorization
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h —-77 hommm"

Fig. 5.2.: Direct (left and center) and indirect (right) contributions to the h — V'~
decay amplitude. The crossed circle in the third diagram denotes the off-shell h —
vy* and h — yZ* amplitudes, which in the SM arise first at one-loop order.

approach, described in Chapter 4. In the indirect contributions, the Higgs boson
decays to a photon and an off-shell vector boson V* = ~*, Z*  which subsequently
converts into the meson [120]. The hyV* coupling is generated from the effective
operators in our effective Lagrangian and from loop diagrams in the SM.

In the SM, the indirect and direct amplitudes interfere destructively. Since the
direct amplitudes are proportional to the Yukawa couplings of the quark in the
meson, they are most important for heavy mesons. For the Y(1S), the indirect and
direct contributions are of similar size and largely cancel against each other. For
light mesons, the indirect contribution will be dominant whereas the direct one will
be a small correction.

As in the previous chapter, we present the amplitude in its form factor decompo-
sition:

. efv % % (q . E* )(k . E*) . k”qyg*pg*a
ZA(h — V"}/) = —7 [(5V . E’Y — # Flv _ ILE/Ll/pa'ki.Vq’yFQV

(5.10)

The decay constants fij are defined as superpositions of the flavor-specific decay
constants f{, as we defined them earlier in Chapter 4. For neutral flavor-diagonal
mesons, mixing effects lead to complicated relations between them. The combina-
tions we denote by fir can be related to the electromagnetic decay rate V — ete™
of the meson V. We define

Qviv=> Quff, where Qv = ¢/ Qq, (5.11)
q q
where c}; are the flavor coefficients in the naive constituent-quark model. We then
have
fpo q fw q fd’ q
I _ ’ - 7 LA ) 5.12
\/§ ; Qq pO 3\/5 g Qq w 3 g Qq f¢ ( )
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4 G

Fig. 5.3.: One-loop QCD corrections to the first diagram in Figure 5.2. Analogous
corrections exist for the second diagram.

This leads to the decay rate defined in eq. (C.18), from which the values for fy are
determined, see Appendix C.

5.2.1. Direct Contributions

We start our analysis by computing the direct contributions to the decay amplitude,
using the QCD factorization approach described in Chapter 4. The relevant light-
cone projector M&, defined in eq. (4.9), is proportional to the transverse decay
constant of the meson f‘% As we did for the decay constants fi, we relate the
flavor-specific transverse decay constants to f& through f& = (22,Qq f{ﬂl) /Qv.
The fact that fﬁ; is scale-dependent is due to the tensor current not being conserved
in QCD, as explained in section 4.1.2. Note that we should in principle also define
flavor-specific LCDAs, however since these functions are generically not well-known,
we employ SU(3) symmetry and set ¢‘€,L(x, 1) = o (z, ).
We find the direct contributions to the form factors in eq. (5.10) to be

Fl‘,/direct - RVQVFV ’ FQ‘,/direct = Z.’:ch)VF‘V 5 (513)
with
=g Q s Z Q (5.14)
K . K’ 9 e I'i s .
Vv QV - q%q fL q <q fv
and
Cras
Fy =" ¢v v, p) { +FZ‘W(Wh(x,mh,M)+0(a§)} . (5.15)

The one-loop hard scattering kernel is given by:

2
h(z,mp, n) = 2log(zx) <10g m—Qh - iﬂ) +log?x +log?z — 3. (5.16)
W

Up to a typographical error, this result agrees with a computation done in ref. [79].
The function is logarithmically UV-divergent, see Appendix D for details on the
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removal of the poles. The Yukawa couplings have been written in terms of the
running b-quark mass in the above expressions. They are scale-evolved using the
RG equations

d

M@mq(ﬂ) =" (1)mq(n) , (5.17)

which, at two-loop order, were obtained in ref. [132]. The solution to the RG equa-
tion is:

(1) = < (1) >_;§; {1 1" Po — By’ as(p) — as(io)

as (o) 232 e + ... | mg(po), (5.18)

where the relevant one- and two-loop anomalous dimensions are:

97 20
W= —6CF, A= —3C% — 5 CrCa+ = Crlpny. (5.19)
With the Gegenbauer expansion of the LCDA
¢y (w, 1) = 62 |1+ Y ay (1) C?) (22 — 1)] : (5.20)
n=1
and using the method explained in Appendix F, we can rewrite the form factor as:
1L 2
v Iv m p?
where
Iv(mp) =Y Con(my, p)ag;: . (5.22)

n=0
The hard scattering coefficients C;, at O(ca) are given by:
m2
—A(Hpy1 — 1) [log =2 —ir | +4H} | — 3+ dim
o

(5.23)

Cras(p)

C,, ) =1
(M, 1) + T

Evaluating the hard scattering function at the factorization scale y = my and evolv-
ing it down to the hadronic reference scale g resums the large logarithms of the
form o log(ud/m3) to all orders. The scaling relation for the Gegenbauer moments
is (see Section 4.1.2 for details):

1

ay*t () = <(j ((/:Z)))) ’ a¥* (o) with - = 8Cp(Hpy1 — 1). (5.24)

73



5. Exclusive Higgs Decays

Meson Form factor with errors [%] Combined [%]

Fo 4.30 7505 4 £0.03,, £0.245 +0.12,, +0.22,, (4.30 +0.35)
+i(0.67 918, £0.00,, 4+ 0.04f + 0.034, +0.06,,) | +i(0.67 4 0.14)

F, 4.26 7008, £ 0.03,,, £0.30F +0.14,, + 0.21,, (4.26 4 0.40)
+i(0.66 T 018 . £ 0.00,, 4+ 0.057 + 0.034, + 0.06,,) | +i(0.66 4 0.14)

Fy 4.53 70028, £0.03,,, £0.24f +0.15,, + 0.23,, (4.53 £ 0.37)
+i(0.70 1% L 4 0.01,,, + 0.045 & 0.04q, 4 0.064,) | +i(0.70 + 0.15)

Fyy 4.54 552 40.03,,, +0.70; T3, (4.54 4 0.72)
+i(0.63 708 L £0.00,,, £0.10;, 7392 ) +i(0.63 + 0.14)

Pr(s) 5.04 7003 1 £0.04,,, £0.18; 7007, (5.04 £0.21)
+i(0.66 7082 ,, £ 0.00,,, £ 0.02; £392 ) +i(0.66 £ 0.10)

Fr(2s) 509002, +£0.04,,, £0.24, 7013 (5.09 +0.27)
+i(0.68 7542, £0.00,,, £ 0.03; 7393 ) +i(0.68 £ 0.11)

Frs) 511 00% , +£0.04,,, +0.24; 7015 5., (5.11 4 0.29)
+i(0.69 982, £0.00,, +0.03, 7392 ,.) +i(0.69 £ 0.12)

Tab. 5.1.: Theory predictions for the reduced form factors Fy including error esti-
mates.

As we can by now expect from what we have seen in the last chapter, the form
factors depend only weakly on the shape parameter after these RG effects have been
taken into account. From eq. (5.22) we obtain for the first five terms in the sum:

Re Iy (myp) = 1.01 + 1.13a5* (mp,) + 1.21ay* (my,) 4+ 1.29ag* (my) + 1.35a4+ (my,)

~ 1.01 4 0.51ay " (1) + 0.36ay " (110) + 0.29ag* (o) + 0.24ag " (1o) ,
(5.25)
demonstrating this point once again. As in the previous chapter, we have used
1o = 1 GeV as the hadronic reference scale.

The effective couplings <y for the heavy quarkonia J/1 and Y(nS) are, to a very
good approximation, given by Ky, = K. and Ky(ps) & Kp, and analogously for
the CP-odd parameters Ky . For light vector mesons, flavor-mixing effects have in
general non-negligible impacts on these relations: Even for the mesons p° and w,
tiny admixtures of a flavor state |ss) can be important since the s-quark Yukawa
coupling is much larger than the one to u and d. For the p° meson, this flavor-mixing
can only happen through electromagnetic or isospin-violating effects in QCD, both
of which are estimated to be tiny and we employ the naive relation
2Ry + Rq SM

o~ 6.1-107%. (5.26)

I
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For w and ¢ mesons, the situation is different, and we discuss the details of the
parameterization in Appendix C. Assuming |ks| > |Ry 4| and working in the SU(3)
limit we obtain to first order in the mixing angle 6,,4:

R A 2y — g+ V2 g Ous(m2) 2 (= 0.08+26.80,,) 1073,
Ouog (M (5.27)
g ~ R [1 + ‘b(ﬂ‘f’)l N 0.019 4+ 0.013 0,

We can see that for the w meson, the contributions of u and d cancel almost pre-
cisely, leaving the mixing contribution to be the dominant term. Estimates for the
mixing angle 6,4 derived from mass-independent analyses are 6,4 ~ 0.05 [133] and
0.6 ~ 0.06 [134, 135]. A more recent, mass-dependent analysis yielded 6,,4(m2) ~
0.008 and 9w¢(m?¢) ~ 0.081 [136]. Consequently, we assume k4 =~ ks to be good
approximation, whereas interpreting k,, in terms of quark Yukawa couplings would
require a better description of the relevant flavor-mixing effects.

In Table 5.1, we present our numerical predictions for the direct form factors
Fy, defined in eq. (5.21). Along with the central values, we include detailed error
estimates: The subscript “u” denotes the scale uncertainty from varying the factor-
ization scale between my, /2 and 2my,, and the subscript “m;” marks the uncertainty
from the b-quark mass. Hadronic uncertainties come from the decay constants fy,
the ratio fif/fy (denoted by “fy”), and finally from the LCDA shape parameters
(denoted by the subscript a,, for light mesons and oy for heavy quarkonia). These
uncertainties dominate the combined errors, seen in the last column of the table.
The uncertainties are between 4% and 9%, with the exception of the J/1 where the
decay constant is afflicted with a larger uncertainty coming from the ratio f‘} /fv
(around 16%). Note that the spread between the numerical values of Fy for different
mesons is small.

As we have seen in the previous chapter, power corrections to these results start
at O(A{cp/m3;) for light mesons and O(m3,/m3;) for heavy mesons. Due to the
smallness of these suppression factors, we ignore them and work with the leading
projections. Electroweak loop corrections and two-loop QCD corrections, like the
ones shown in Fig. 5.4, can contribute without being proportional to the Yukawa
coupling of the valence quark in the meson. The first diagram can be proportional
to the top-quark Yukawa and a loop factor y;a/m ~ 2 - 1072 whereas the second
one consists of purely gauge interactions and comes with my «a/(vr) ~ 0.7 - 1073.
The corrections are thus of the order of the strange-quark Yukawa and smaller
than the charm-quark Yukawa by roughly a factor of 10. Consequently, in order to
measure the strange-quark Yukawa in the SM, these corrections need to be taken
into account. These levels of sensitivity are however unrealistic for the LHC. The
third and fourth diagram of Fig. 5.4 shows neglected QCD corrections. The third
diagram is the equivalent of the gluon contribution contributing at leading twist to
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Fig. 5.4.: Examples of electroweak radiative corrections (top row) and higher-order
QCD radiative corrections (bottom row) to the h — V-~ decay amplitudes.

the decays Z — n)y. For vector mesons, the two-gluon LCDA does not exist at
leading twist and thus such a contribution is suppressed. The last diagram shows a
higher-order QCD correction in which the Higgs also couples to the top-quark. We
estimate these contributions to be negligible.

5.2.2. Indirect Contributions

The indirect contributions arise from diagrams where the Higgs couples to vZ or
vy and either the Z or one of the photons convert into the final state meson, see
the third diagram in Fig. 5.2. These couplings are generated in the SM beginning
at one-loop order by diagrams like the ones shown in Fig. 5.5. Due to the smallness
of the Yukawa couplings entering the direct contributions, the indirect amplitudes
typically dominate over the direct ones, despite starting at one-loop order. We
therefore keep the effect of the meson mass and the off-shellness of the intermediate
gauge boson.

The one-loop expressions for the h — vy* and h — ~Z* vertices have been

X

Fig. 5.5.: One-loop SM contributions to the effective hyy and hvyZ vertices.
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obtained in ref. [137]. We find for the indirect form factors:

a(my) mi —mi vy mi,
FV' direct = Ciy(zy) — Cyz(x
1,indirect T my v QV V’Y( V) (Sch)2 m2Z — m%/ WZ( V) 5
_a(my) m2 —mi ~ vy mi
Yo divect = 1 Cory(ay) — Cyz(x
2 indirect N my v QV V'Y( V) (Sch)2 mQZ — m%/ WZ( V) 5

(5.28)
with zy = m%/ /m,% and vy = 3, C(‘]/Uq, analogously to the couplings defined in
eq. (5.11). Here v, are the vector couplings of the Z boson to fermions. We neglect
flavor-mixing effects in the h — vZ* — vV amplitude. The loop functions entering
the form factors are:

2NcQ2 20?7
Af(Tq, :UV —|— Z K] % Af(Tl,xv)

Cyy(zv) Z Rq

Ty A’Y’Y(TWa .'EV) + KJ’Y’Y 3
2 (5.29)

2N.Q,v 2Qv
7Z HJV Z Qq a Af(Tq,xv) + Z/il %l L Af(Tl,xv)
q l

Rw
7 A?//V (TW,CEV) + Iﬁ}»yZ,

and

é Z’{q CQfo(TQ7xV ZRZ Q?Bf(T[,I‘V)+/%7»y,
l

C’YZ Ty :Z/ﬁq CQq’Ufo(Tq,xv)—l-Z/?&l Qv Bf(’rl,.%‘v)—i-/?ca,z.
q l

(5.30)

Here the first two terms in each expression represent the quarks and leptons in the
loop, the third terms are the gauge-boson loops and the last terms are the tree-level
contributions from the Lagrangian (5.2). The loop functions Ay, AW and By, given
explicitly in Appendix G, depend on the variables 7x = 4m? %/ mh with X =¢,[,W.
When evaluating the variables 74, we use the running quark masses at the scale my,,
using eq. (5.18).

The dominant contributions to the form factors are the ones where the interme-
diate gauge-boson is a photon: Since it is off-shell only by the mass of the meson,
the photon propagator enhances the amplitude. The contributions .,z on the other
hand are suppressed by a factor m¥, /(m% —m?). The off-shellness, parameterized by
the variable xy is tiny. Evaluating the functions C,, and C, 7z at xy = 0 numerically,
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we find:

Cory(0) = Koy — 41643y + 0.920k, — (0.012 — 0.0118) e, — (0.007 — 0.008¢) s
— (0.015 — 0.010i)&, — 0.001%s + .. . ,
Cy7(0) = riyz — 2173k + 0.1325, — (0.004 — 0.0044) s

—(0.002 — 0.001%)ke + ... ,

(5.31)
and similar expressions for their CP-odd counterparts. Note that the coupling pa-
rameters kK, for the quarks are normalized to the b-quark mass. This means that
contributions from second-generation fermions would be small even if their Yukawa
couplings would be as large as the b-quark Yukawa, meaning k, = 1. In the SM, we
find C,(0) = —3.266 + 0.21i and C,z(0) = —2.046 + 0.005i, whereas C., and C.
vanish. The leading term in the form factor is proportional to 1/my, leading to an
enhancement of the indirect contribution for lighter mesons.

Two-loop corrections to these results exist both from QCD and the electroweak
theory. Radiative corrections between the quarks forming the final-state meson are
by definition included in the decay constant. Loops between the effective Ay and
h~vZ vertices and the quarks in the meson lead to amplitudes that do not receive
the enhancement from the almost on-shell photon propagator and also need at least
two gluons to be exchanged for color conservation. They can therefore be neglected.
QCD-corrections to the effective hyy and hyZ vertices arise from gluon exchanges
inside the quark loops. They have been calculated numerically in ref. [138] and
analytically in ref. [139]. These corrections are only relevant for the top-quark
contribution and they enhance the decay amplitude by a few percent. Two-loop
electroweak corrections to the h — ~+ amplitude in the SM have been computed
in refs. [140-142]. They are small and numerically negative. For a Higgs mass of
my, = 125.09 GeV, the effects of QCD and electroweak corrections almost cancel each
other, leaving a total correction of about —0.2% [141]. We therefore ignore these
corrections.

5.2.3. Building the Observable

Assuming the electron Yukawa coupling to be close to the SM prediction, the CP-
odd form factor ) is tiny compared to F}. We therefore focus our discussion here
on the CP-even F}. For the significant terms, we find numerically:

FT09) = 0.0226y — 0.0054; — 0.0054, — (0.017 £ 0.001)kp + .. . ,

F{™ = —0.137kw + 0030k, + 0.033k. + (0.030 £ 0.005)7. + ...,  (5.32)
F? = 0.206ky — 0.045k; — 00495, — (0.015 4 0.001)7g + . .. .
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5.2. Radiative Decays

Recall that we wanted to probe the Yukawa couplings associated with the final
state meson, meaning for instance that we wanted to probe k; through FIT (19) and

K¢ from FlJ " We observe, however, that the parameters of interest only have a
subdominant effect on the form factors ). Instead, there are larger contributions
from other terms, all of which can be altered beyond the SM. Clearly, we need to
find a way to remove the dependence on the parameters we are not interested in
without making model-dependent assumptions.

The proper observable to consider in this case is thus not simply the branching
ratio h — V. Instead, we normalize it to the branching ratio of h — vy: The
parameters Ky, K¢, K~ in the above form factors all enter through the loop functions
of the effective h — y+* and h — yZ* vertices. Since the photon in the first case
is only off-shell by a small amount k? = m%/ and the h — ~Z* amplitude is a
small effect, the effects of the “unwanted” k; largely cancel out. Furthermore, in the
ratio of the two branching fractions, the total Higgs width cancels out, removing yet
another theoretical uncertainty. We find:

Br(h = Vy) _ 8ma®(my) QY f¢ <1 B m%/>2 11— Ay’ + |rep — Ay [’

Br(h — yy) o m%/ m% 1+ |rcpl?

. (5.33)

where rcp = Co-(0)/C5,(0). We can also eliminate the sensitivity to the decay
constant, by multiplying the above ratio by my /T'(V — ete™), yielding
2 2 2
my Br(h—Vy) 6 ) m3, 1 —Ay|" + |rcp — Ay
1+ |rcpl?

2
my

I'(V —=ete) Br(h = vy) «
which has the advantage of further reducing hadronic uncertainties.

The quantities we need to explore now are the Ay and Ay. We will discuss the
CP-even quantities Ay here at length and relegate the CP-odd ones to Appendix H
(along with more explicit expressions for the CP-even quantities). The functions are
given by:

. (5.34)

Ay = —Ry Iy mmyv  Cyy(zv) — Cyy(0) ﬁ vy Cyz(0)
Cy(0) a(my)mi; Cy+(0) my Qusiyciy Cyy(0)
Ay = _Fy Fy Tmyv Cyy(zy) — Cyy(0) 4 mi%, vy C,z(0) ’
Cry(0) a(my) my; Coy(0) m% Qv (swew)? CWEO) )
5.35

where we expanded in m%/ /m% and zy = m%/ / m,% Since every term is normalized
to Cy~(0), we define an effective parameter k< given by:

¥y
K,eﬁ _ C’Y“{ (O)

R [1.275;<;W — 0.282%; + (0.004 — 0.0037) 5 + (0.002 — 0.002i) s
Y SM

+ (0.004 — 0.003¢) 7, — 0.306nw} /(1 = 0.0067) .
(5.36)
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5. Exclusive Higgs Decays

Since the Higgs couplings to W bosons and third-generation fermions agree with the

SM predictions within errors, the only considerable departure from the SM value of

ngﬁ can originate from k... The tiny imaginary parts, arising from light fermions

in the loops, have no noticeable impact on our analysis. The quantity rcp is zero in
the SM and is given exclusively by the CP-odd coupling parameters:

—(0.429 + 0.0031)/; + (0.004 — 0.0037)7&, + (0.002 — 0.0024) 7,

rcp = off
_ 1 (5.37)
(0.005 — 0.0037) & — (0.306 + 0.002i)7-
_l’_
<t

Clearly, the parameters with the largest impact on this quantity are &; and &...
The strong bounds discussed in section. 5.1 however imply that, assuming the Higgs
couplings to electrons do not greatly depart from the SM values, rcp must be of the
order 1% and is thus not important. In principle, the parameter could be directly
probed through i — v, where both photons convert to e™-e~ pairs in the detector,
although this appears to be challenging [143].

We can now discuss the numerical results for the Ay and AV. The explicit
dependence on all significant k; parameters is given in Appendix H. Here, we only
display the direct contribution and evaluate the indirect one assuming SM values
for all x;. We find

Ay = [(0 068 & 0.006) + (0.011 % 0. 002)} " 000002,
Ry
A, = [(0.068 % 0.006) + i(0.011 % 0.002)] T 0.00011,
K,
R“ (5.38)
Ay = [(0.093 +0.008) +(0.015 % 0.003)| % +0.00014,
'Y'Y
A gy = [(0.281 +0.045) +i(0.040 % 0.009)| -5
K,

and

Ar(1s) = [(0:948  0.040) +i(0.130 £ 0.019)] % 4 0.0184 — 0.00151,
’iw

Av(as) = [(1.014 £ 0.054) +i(0.141 £ 0.022)] R— +0.0207 — 0.0015i,  (5.39)
Y

Avrzs) = [(1.052 +0.060) + (0.148 = 0.025)] b 4 0.0221 — 0.0015
K’Y’Y

We see that the power corrections from the indirect amplitudes, represented by the
constant terms, are tiny, and only reach the percent level for the Y (nS) mesons.
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5.2. Radiative Decays

For the CP-odd coefficients Av, the direct terms are identical, with the obvious
replacement x; — &; and &; — &;. The indirect power corrections come with larger
coefficients but are most-likely negligible in view of the strong bounds on the relevant
ki, see Appendix H.

The parameters Ay can be compared to the literature by converting the respective
results to our notation. From ref. [122] we find A = (0.095 £ 0.020) (2K, + Kq)/3,
A, = (0.092 £0.021) (2K, + kq) and Ay = (0.130 £ 0.027) <, while from [77] we get
Ajrp = (0.392 £ 0.053)Ke, Ayg) = (1.048 4+ 0.046)xp, Ayag) = (1.138 £ 0.053)ky
and Ay(g) = (1.175 £ 0.056 ). The values found in the literature are consistently
higher than ours, owing to the fact that the authors have not completely included
QCD corrections and RG effects in the direct contributions. In the case of the
Y (nS) channels, the small imaginary part is crucial because the direct and indirect
contributions almost exactly cancel. In ref. [122], the result for A, misses the
important contribution from w — ¢ mixing and has a sign mistake in front of kg.
Additionally, we find that our uncertainties are significantly smaller.

5.2.4. Phenomenology

Let us now put together the predictions for the various branching ratios. We will
start the discussion by giving the SM predictions and then explore the new physics
reach. Using the Higgs mass m; = 125.09 GeV, the SM branching ratio prediction
Br(h — vy) = (2.2840.11)-1073 [144] and multiplying it with the quantity eq. (5.33)
we obtain the SM predictions:
Br(h — p%y) = (1.68 £ 0.02y, & 0.08),—,,,) - 1077,
Br(h — wy) = (1.48 £ 0.037, £0.07,+) - 1076, (5.40)
Br(h — ¢7) = (2.31£0.037, £ 0.115 ) - 1076,
The main uncertainties are the ones from the decay constants fiy and the from
the h — 7 branching ratio, with the latter being dominant. The results obtained
here are lower and have a smaller uncertainty than the ones presented in ref. [122],
where Br(h — p’y) = (1.9 £0.15) - 107, Br(h — wvy) = (1.6 £ 0.17) - 107¢ and
Br(h — ¢v) = (3.0 £ 0.13) - 1075. For the heavy mesons, we find:
Br(h — J/v¢~
Br(h — T(15) v
Br(h — T(25)~
Br(h — T(35) v

2.95+0.07y,,, + 0.06direct + 0.14p ) - 107°,

4.61 4 0.06 7, ¢ T 157 direct + 022 5y,) - 1077,

2.34 4 0.047, ¢ 000 direet = 0.1155) - 1077, (541)
)-1077.

213 4 0.04 7, 5o T 175 direet + 0.105 -

—_ — ~— ~—

= (
= (
= (
= (

In these channels, the relevant Yukawa couplings are large enough so that the un-
certainties from the direct contribution become significant. Note the smallness of
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Fig. 5.6.: Predictions (central values) for the ratios of the h — Vv and h — v
branching fractions with V' = ¢, J/¢ and Y (15) as functions of the rescaled Yukawa
couplings normalized to the parameter m‘;fg defined in (5.36). The black dots indicate
the SM values. Coupling parameters between the dashed white circles in the third
plot are preferred by the current ATLAS result on h — bb [113], assuming a SM-like
h — ~~ branching ratio [145]. See text for further details.

the branching ratios to T mesons due to the larger Yukawa coupling of the b-quark
leading to a strong cancellation between direct and indirect contributions. The
authors of ref. [77] find (2.79T31%) - 1076 for J/+, (0.61 T 11) - 107 for Y(1S),
(2.027188) . 1079 for Y(25) and (2.44 7 115) . 1072 for Y(3S). We find good agree-
ment except for the T(15), where the small imaginary part in eq. (5.39), that was
neglected by the authors, becomes important.

Despite the small branching fractions, first experimental studies have been per-
formed by the ATLAS Collaboration. For decays into heavy mesons, the reported
upper bounds are Br(h — J/¢v) < 1.5-1073, Br(h — Y(15)v) < 1.3 - 1073,
Br(h — T(25)v) < 1.9:1073 and Br(h — T(3S)v) < 1.3-1073, all at 95% CL [112].
The expected results are smaller by a factor of 500 for .J/1, whereas the T modes
are out of reach for the LHC within the SM. We will see later, that this can change
drastically when new physics effects are allowed. With an integrated luminosity of
3ab~!, the LHC will have produced around 1.7 - 108 Higgs bosons per experiment
at the end of the high-luminosity phase [146]. Reconstructing the J/4 using its lep-
tonic decays into muons, one can expect around 30 events per experiment, with an
estimated effective branching ratio Br(h — J/¢ v — utp~) = 1.8-1077. Assuming
one can also use the decays into electrons, then the total number of expected events
increases to 120. See ref. [120] for more details on reconstruction and background.
In a recent conference note, ATLAS also reports upper bounds on the decays into
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Fig. 5.7.: Predictions for the h — py and h — ¢~ branching ratios, normalized to
the h — vy branching fraction, as functions of Kk, ~ (2K, + Kq)/3 and kg =~ ks,

respectively, normalized to /1213. The SM values are indicated by the red arrows.

light mesons h — p’y and h — ¢ [113]. At 95% CL, they report the upper bounds
Br(h — ¢y) < 4.8-107* and Br(h — py) < 8.8-107%, meaning they are larger than
our predictions by a factor of 200 and 500, respectively. The authors of ref. [122] as-
sume an efficiency of €4, = 0.75, which is significantly higher than the current value
reported by ATLAS, €4, = 0.17. For the p¥ channel, the efficiency reported is even
lower, €,0, = 0.10. In the SM one can expect a total number of events of 400¢4, and
2900€ 0, for the two channels, respectively. Assuming that the current efficiencies
do not dramatically increase, this corresponds to ~ 80 events in the h — ¢y channel

and ~ 300 events in h — p%y.

We can now discuss implications of new physics effects on our predictions. In
Fig. 5.6 we show how the branching ratio varies when the effective couplings ; and
R; governing the direct contributions, are varied. The black dots represent the SM
prediction. We do not show plots for p° and w mesons, as they are qualitatively
the same as the one for the ¢. Similarly, the T(nS) with n > 1 are not shown
since they are similar to the 1S case. In the plots, a value of 0.4 corresponds
to a branching ratio of Br(h — V) ~ 1079, assuming that the h — 77 is SM-
like. If not, the numbers must be rescaled by Br(h — ~7v)/Br(h — ~7v)sm. This
holds for all numbers given in the following discussion. Furthermore, the relevant
quark-Yukawa rescaling parameters x; enter the predictions always normalized to
the effective parameter K?g,, meaning that new physics effects can enter through each
of these parameters. However, the effects entering via /ﬁﬁ
branching ratios.

would uniformly enter all

Let us further study the branching ratios under the assumption that the CP-
odd Yukawa couplings vanish. In Fig. 5.7, we show the dependence of the branching
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Fig. 5.8.: Predictions for the h — J/¢¥ v and h — Y(1S5)~ branching ratios, nor-
malized to the h — 7~ branching fraction, as functions of k. and xj, respectively,

normalized to /ﬁ?g,. The SM values are indicated by the red arrows.

ratios h — pYy and h — ¢y of the CP-even parameters x o0 and k. The uncertainties
of our predictions are indicated by the width of the colored band. The plot for
h — w7y would look identical to the one for the p® with a different vertical scaling. All
three channels exhibit only weak dependences on the Yukawa couplings of interest.
A measurement of the h — p%y branching ratio with an accuracy of 10% would
only yield the bound &,/ /ﬁiﬁg < 0.8, which means that a combination of u- and
d-quark Yukawas could not be larger than 80% of the b-quark Yukawa. Even a 1%
measurement would yield an upper bound of only &,/ /ﬁff}; < 0.08, which is still larger
than the SM prediction by a factor of more than 100. For the ¢ meson, the situation
is similar: A 10% measurement of h — ¢ would yield —0.55 < k4/ /ﬁf’fy < 0.62. A
measurement at 1% accuracy would yield —0.04 < K4/ /ﬁiﬁ < 0.08, which is closer to
the SM value of kg ~ 0.02, but is completely out of reach at the LHC. The situation
is much different for the heavy quarkonia. Fig. 5.8 displays the dependences of
the branching ratios h — J/¢y and h — Y(1S)y of the CP-even quark Yukawa
couplings. Measuring the branching ratio in the .J/i channel at an accuracy of
20% would yield the constraint —0.51 < k./kST < 3.07. With a 10% measurement,

Y
we obtain 0.32 < Hc/ﬁgif/ < 1.53, and with a 5% measurement one could reach
0.75 < K¢/ /ﬁ% < 1.19. At a future 100 TeV collider, these measurements could

be done and provide important insights on the CP-even c-quark Yukawa coupling.
For the T(1S5), the dependence on the b-quark Yukawa coupling is quite dramatic:
The coefficient function Ay(;5) ~ 1 to a good approximation due to the large b-
quark Yukawa coupling in the SM. Consequently, the direct and indirect amplitudes
cancel almost exactly, as the diagram on the right in Fig. 5.8 shows. A departure
from k; = 1 strongly influences the branching fraction. An especially interesting
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5.2. Radiative Decays

case is kK, = —1, which boosts the prediction by a factor of ~ 220 over the SM value
and would still be compatible with a SM-like observation of h — bb, which is entirely
insensitive to the sign (and in fact the CP-phase, see below).

The dependence of the results on the CP-odd parameters Ky is virtually non-
existent for the light mesons and only small for the J/¢. We conclude that only the
Y (nS) channels can probe CP-odd Yukawa couplings. In the previous paragraph, we
already saw the strong dependence of the branching ratio on the CP-even Yukawa
coupling. We now generalize the discussion to the case of & # 0. First, note in the
right plot of Fig. 5.6, that the SM value lies almost exactly in the center of the colored
circles in the k-& plane. A measurement of the branching ratio Br(h — Y(15)7)
therefore constrains the allowed couplings to a circular band centered around the
point (1,0). On the other hand, a measurement of h — bb, normalized to h — 7 is
only sensitive to

2 - 2
Rp Kb
H%’Y H?Y’Y

Recent measurements by the ATLAS collaboration are in support of both SM-like
rates for h — vy and h — bb [118, 145]. Combining the reported results p, ,; =
0.90 £ 0.27 and /@%13 =0.937059, we find:

Aoy = 1.02 4053, T017. (5.43)

where uncertainties from h — bb and h — ~ are displayed separately. These values
lead to the dashed white circles in Fig. 5.6. Therefore, combining h — bb and
h — Y(1S)y can have a greater benefit for our knowledge of x; and &, than just
shrinking the error bars. To demonstrate this point, we consider two hypothetical
future scenarios:

Br(h — YT(15)7)

I Ay = 1.0+0.15 0.2-1073
( ) by ; Br(h N 77) < s (5 44)
Br(h — Y(15)7) 4 :
11 Ay, = 0.65 % 0.10 = (0.4+0.2)-1073.
( ) b’}/ 9 Br(h N 7,7) ( )

The corresponding exclusion plots are displayed in Fig. 5.9. In scenario (I), the
ratio Br(h — bb)/Br(h — vv) is measured to be its SM value and an upper bound
0.5- 1079 is obtained on the h — Y(1S)~y branching ratio. This scenario produces
the left plot. Even without an observation of the exclusive decay, one can now
constrain the parameters k; and R to a non-trivial region, namely the overlap of
the regions extracted from the two measurements. This scenario is compatible with
the SM expectation. However, the allowed region also includes the case where the
b-quark Yukawa coupling is completely CP-odd, with a phase of up to £7/2. The
value kyp/ /ﬁfy = —1, which would have been compatible with the measurement of A,
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Fig. 5.9.: Constraints on the effective coupling strengths xp/ /@ffﬂg and &p/ /f?ﬁ derived

in two possible scenarios for future measurements of the ratios Br(h — bb)/Br(h —
~vv) (light blue) and Br(h — Y(15) v)/Br(h — 77y) (orange). The allowed parameter
space is given by the red-shaded intersection of the two rings. The black dot indicates
the SM value.

alone, is then ruled out by the exclusive hadronic decay. The second plot in Fig. 5.9
shows the allowed regions for scenario (II). Here, measurements for both A, and
the exclusive decay exist and their overlap excludes the SM point completely due to
the observation of the h — Y(1.5)y decay. This would be a spectacular sign of new
physics. In conclusion, we see that the exclusive hadronic decay combined with the
more direct searches can yield interesting results in that they do not only enhance
the statistics, but also reveal more information. If one combines the various Y (n.S)
channels, one can double the statistics of the exclusive search.

We note in passing, that at a future 100 TeV hadron collider one could measure the
h — V~ — 717~ to such good accuracy, that the possibility of observing even the
polarization of the final state photon and meson might open up. This could be done
by looking at events where the photon converts into an e™-e~ pair, as was proposed
for h — vy and B — K™~ [143, 147]. This way, one could differentiate between
the different Lorentz structures in the amplitude and thus obtain information on
the sign of the ratio k4/k, and discriminate between upper and lower half-planes in
Fig. 5.9.
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5.3. Weak Radiative Neutral Current Decays

In this section, we discuss the weak radiative decays h — M Z. They are similar
to the h — V'~ decays, however the Z boson can be longitudinally polarized and
therefore, both vector mesons and a pseudoscalar mesons can be produced. This
leads to a different helicity structure of the amplitude and could give interesting
new information on the couplings entering the prediction. Similar to the Z — MW
decays, the factorization scale is lower than my. We use the value upz = (m,% -
m%)/my =~ 58.6 GeV in our analysis. To capture NP effects as model-independently
as possible we will again use the effective Lagrangian (5.2).
For pseudoscalar mesons in the final state, the amplitude is given by

2
iA(h — PZ) = % ke FPZ (5.45)
w

Here, the Z boson must be longitudinally polarized. For vector mesons we can write

*f3
. C2gmy | sk vz dx s vz, G RPEUEVES Syy
ZA(h%VZ)——CWﬁ lgv ez BT ey ez FIT 4 & kg *

(5.46)
The longitudinal and transverse polarization vectors of the meson are given by

o _ 1 k-q k? u_
ey = — EF — —— gt ], ey =&, — ey . 5.47
Yy [k g)2 — k22 ( kgt oo 540

Replacing my — myz and k <+ ¢ yields the corresponding expressions for the Z boson

polarization vector. Squaring the amplitudes and integrating over phase-space we
obtain the rates:

_L% 3/2 PZ|2
F(h—)PZ)—4 4)\ (1,7’2,7‘P)|F | s

v
3
T(h—VZ)= % A2(1 7 gm0 (1= 17 — ry)? (5.48)
VZ2 8ryrz VZ|2 SVAP
< |1F] +m(\fi I+ Y41,

with A(z,y,2) = (x —y — 2)? — 4yz and rx = m%/m3. The decay rates into
transverse vector mesons are suppressed, as can be read off from the coefficient of
the transverse form factors. The form factors are obtained from the diagrams in
Fig. 5.10. We split them up into the direct (graphs like the first two) and indirect
contributions (third and fourth graph), just like we did for h — V.
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ho === h —~-7~ h -~~~ h

Fig. 5.10.: Leading-order diagrams contributing to the decays h — MZ. The
crossed circle in the last graph denotes contributions from one-loop SM diagrams to

h — Z~* as well as tree-level effective vertices. This last graph only contributes if
M=V,

5.3.1. Indirect Contributions

The indirect contributions are again dominant and we will start our discussion here.
For the corresponding form factors we find:

1nd1rect =Kz Z fP Qq ,

VZ _ a(my)
F||indirect_m2fvvq+c’72 i 1—rZ—ervaq’
49)
a(my) 1—rz—ry (5
FJ_lnd1rect:me\/vq+C’7Z Ar v ;f\q/QQ7

= a(my) M2(1,rz,ry) S Q
v @q-

FY =Chz
1 1nd1rect Y 4 rv

The functions C,z and C,z were defined in eqs. (5.29) and (5.30). The terms
proportional to k7 originate from the the third diagram in Fig. 5.10 while the terms
proportional to C,z and CN'A,Z come from the fourth diagram. Naively, one would
expect the third diagram to be the dominant one, since it is a tree-level graph,
whereas the fourth diagram starts at one-loop (or through the effective hyZ vertex).
However, the last contribution is enhanced by the photon propagator being almost
on-shell. The two effects cancel and thus both contributions are important. For
light vector mesons, the photon-pole graph is the leading contribution, whereas for
heavy vector mesons it is subdominant. This agrees with the findings of ref. [123].
The importance of the photon-pole graph was overlooked in refs. [121, 148].

To evaluate the loop functions numerically, we use the running quark masses at
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the hard scale pupz whereas for the top quark, the pole mass is used. We find:
Cz =tz — 2.53 ki + 0.135 1y — (1.66 — 0.834) - 1072 Ky — (1.35 — 0.464) - 10~ s,
—(7.45—3.214) - 10° K, — (1.35 — 0.3047) - 1076
SN _2.395 4 0.00114,
Cz = Fiyz +0.206 7 — (1.90 — 0.834) - 1072 &y — (1.48 — 0.464) - 10~ &,

—(8.36 —3.214) - 107 ° &, — (1.43 — 0.304) - 1076 &, +

SM
— 0.

(5.50)
Note that the light quarks and leptons contribute weakly to the result, even if we
allow for large rescaling of their SM Yukawa couplings. Within the current bounds
on these parameters, however, they cannot noticeably influence our result and we
will therefore use the values

Chz = —2.395 + mwz, Cyz =R, (5.51)

in our analysis, where ’%Z and /<a ., parameterize NP effects in the hyZ coupling.
They vanish in the SM and are approxnnately given by /‘i,y R kyz —2.53(kw — 1) +

0.135(k¢—1) and Rffg ~ Rz +0.206 ;. Current upper bounds on x,z and .z come
from the search for h — vZ decay at the LHC. The upper limit on this branching
ratio, reported by ATLAS [149], implies:

b

As discussed in section 5.1, the CP-odd parameter Fi?fé also receives a strong bound
from the electron EDM. This bound can be avoided in models where the Higgs does
not couple to electrons. We therefore do not impose these bounds.

—2395|

?fg‘ <5.1. (5.52)

5.3.2. Direct Contributions

The direct contributions are once again computed in the QCDF framework. The
form factors for M = V), P arise from subleading-twist projections. We discuss the
details of these projections in Appendix A. Neglecting three-particle LCDAs and
using the asymptotic form ¢p(z) = 62z, we obtain the form factor:

1-— r2Z + 2rylogry
(1—ry)3 ’

dlrect - Z fP Qq Rq 2MP 3mq) (553)
h

with up = m%/(mg, +myg,). Note that this contribution is suppressed by ppm,/m3
relative to the indirect form factors in eq. (5.49). It is therefore negligible. The same

holds for the longitudinal vector meson form factor FH dicect*
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5. Exclusive Higgs Decays

For transversely polarized vector mesons, the direct contributions to the form
factors arise from leading-twist projections. We find

v 1l-ry mqf‘q/l ld Vgkq + lagRg — Vgkq — tagkq\ |
J_dlrect - 4 Z 0 T + ¢V(m) )

my T+ rzT T +rzx
qu_ . (5.54)
1—ry m VoRg — 10K Vgkg + 10K
FV _ aJv d ( qhq qhq qhq q q) L
J_dlrect 4 Z my 0 T T+ 1T + Tty (Z)V(x)a
which, when the asymptotic form of the LCDA is used, become:
Z 3mq r% + 2rzlogry
Ldlrect Uq Kq 2wm, (1 _ TZ)Z )
3 2 +2ry1 (5:55)
- mq A rz 108717
J_ dlrect Z fV Uq Kq 2m (1 _ TZ)Q

While these form factor are parametrically of the same order as the indirect one,
they happens to be numerically small.

5.3.3. Numerical Evaluation of the Form Factors

We now present the numerical results for the form factors to demonstrate their
dependence on the various coupling parameters in the Lagrangian (5.2). For pseu-
doscalar mesons we find :

F™Z ~ 46.1ky MeV ,

F"% ~ 27.7ky MéV (5.56)

F"% ~ —33.8r7 MeV.
Numerically, only the indirect contributions are relevant. The direct contributions
are numerically suppressed by roughly seven orders of magnitude and can thus be
ignored to excellent precision. For vector mesons, the direct contributions are mostly

negligible, as well. However, several of the k; parameters enter through the photon-
pole graph:

0z
Ff7 m 411157 — 098 +0.41 555,

Fp —2640+1102/<; +41.11 k7 + 0.018 kg + 0.005 Ky, ,
H %—714&2—029—1—012&72,
FYZ ~ —775.4 + 323, 7/1e — 714Kz 4+ 0.032 ks — 0.014 kg + 0.004 K., ,

F? ~ —4041 57 +0.48 — 0.20 5,

22

F?? ~ 7441 - 310.7 x5 — 40.41 k7 — 0.43 k5 — 0.0007 g + 0.0002 ki,
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5.3. Weak Radiative Neutral Current Decays

F//Y? %3869, — 175+ 0.73 5,

F//Y7 ~ 2948 + 123155 +38.69 57 + 1.95 ., (5.57)

F”T(ls) 7~ —119.63 k7 + 1.52 — 0.64 x5,
FIU97 26.83 — 11.20 5% — 119.62 k7 — 10.47 iy .

The results for the CP-odd form factors FXZ are obtained from FXZ by omitting the
constant terms, and setting k7 — 0 and ﬁffg — P@% and kg — Kq. In these results,
terms proportional to Kz come from the third graph in Fig. 5.10, whereas constant
terms and terms proportional to He% arise from the photon-pole graph. Direct
contributions from the quark Yukawa couplings are displayed in cases where they
are numerically significant. Even in the T(nS) channels, they enter with relatively
small coefficients.

5.3.4. Standard Model Results

The branching ratios within the SM are computed by normalizing the expressions
in eq. (5.48) to the total Higgs width I';, = (4.08 & 0.16) MeV [144]. The numerical
results are presented in Tab. 5.2, with dominant uncertainties stemming from the
meson decay constants and the theory estimate for the Higgs width. The branching
ratios range from 6 - 10~7 for the decay h — wZ up to 1.5 - 107 for the decay
h— Y(1S) Z.

Since some of the modes have been considered in the literature, it is worthwhile
to compare the results. Ref. [121] reported the branching ratios (in units of 107°)
Br(r°Z) = 3.0, Br(¢Z) = 2.2, Br(p°Z) = 1.2 and Br(J/y Z) = 2.2, while the
authors of ref. [148] obtained Br(J/¢ Z) = 1.7 and Br(Y(15)Z) = 16. In these
papers the indirect contributions to the h — V' Z modes involving the hyZ vertex
have not been taken into account. As a result, the rate for h — p°Z decay in
particular is much too small. In ref. [123], the branching ratios Br(J/¢ Z) = 3.2
and Br(Y(1S)Z) = 17 were presented, whereas the authors of ref. [124] found
Br(J/v¢ Z) = 3.6 and Br(Y(1S)Z) = 22. While we find a negative sign for the
interference term between the third and fourth graph in Fig. 5.10, these two studies
report a positive sign, explaining their higher branching ratios.

5.3.5. Sensitivity to New Physics

Recall that in the case of h — V=, we found an interesting dependence on the
Yukawa couplings of the valence quarks in some cases. The weak decays h — M Z
do not exhibit this property. Instead, the leading terms are proportional to k, nffg
and Rif; Since kz is tightly constrained to being close to 1 by LHC data [150], the

only viable application is a search for NP in the effective hyZ vertex. Note that
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5. Exclusive Higgs Decays

Decay mode | Branching ratio [1079] Decay constant [MeV]
h— 7°Z 2.30 £0.017 +0.09r,, 130.4 £0.2
h—=nZ 0.83+0.08; +0.03r, [y =-110.7+£5.5
h—nZ 1.24 £ 0.12y & 0.05r,, f;?, =135.2+64
h— p°Z 7.19 £ 0.095 £+ 0.28, 216.3 +1.3

h—wZ 0.56 +0.01; +0.02r, | fo=194242.1, f5=—13.8+4.8
h— ¢Z 2.42+0.057 £0.09r, | fp=223.0%14, f5=2304+26

h— J/YZ 2.30+0.06f = 0.09r, 403.3 £5.1
h —Y(15)Z | 15.38 £0.21 +0.60r, 684.4 + 4.6
h—Y(2S)Z | 7.50+0.14f £0.29r, 475.8 £4.3
h—Y(3S)Z | 5.63+0.10f £0.22r, 411.3 £ 3.7

Tab. 5.2.: SM predictions for the branching ratios of the rare exclusive decays
h — MZ for a variety of pseudoscalar and vector mesons. The decay rates are
normalized to the SM prediction for the total Higgs width. The quoted errors show
the uncertainties related to the decay constants and the total width.

the pseudoscalar modes depend solely on xz and are thus highly model-independent
predictions.

The four diagrams in Fig. 5.11 demonstrate the values of the various branching
ratios when the parameters /12% and /%if; are varied. For each value of /@ﬁf}, the
branching ratio can take a range of values depending on the respective value of

Faffg The lower edge of the region corresponds to Fcf’g = 0, whereas the upper
edge corresponds to the maximum value allowed for /%,eyfg according to the bound

in eq. (5.52). The black dots denote the SM parameter point mffg = F@ffg = 0.

We find that the branching ratios can be significantly enhanced or slightly reduced
with respect to their SM expectation, see the numbers compiled in Tab. 5.3. While
this seems like the h — M Z channels have the promising potential to probe NP
in the hvZ coupling, it should be noted that by the time they are experimentally
accessible they will probably also be measurable directly through h — vZ. However,
combining the results for h — vZ and h — M Z could help to further constrain the
parameter space, since h — vZ only puts one a circular band in the (/@fffg,/%‘;fg)
plane, centered around (2.395,0). On the other hand, the decay h — Y(15)Z is
almost independent of Rffg and probes /{%fé directly, as can be appreciated in the
fourth diagram in Fig. 5.11.

Before we proceed to the last class of decays, we quickly discuss the possibility of
probing flavor-changing Yukawa couplings. In this case, the indirect contributions
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Fig. 5.11.: Allowed regions for four of the h — V Z branching ratios in the presence
of new-physics contributions to the effective hyZ vertices. The parameters /igf; and
Faef; are varied in the range allowed by the constraint (5.52) derived from the h — vZ
decay rate. The black dots show the SM values.

vanish and the only contribution comes from the generalization of the direct form
factors in eq. (5.54). The full expression is for the decay rate is:

2

m 1\2 1
Db = Vg 2) = "IV {\ | do (@) + 1 @) b (a)

1 . .
| do (A @) + B @) ot (a)

+
(5.58)
with the various hard scattering kernels:
Hi(2) = vg(Yoq +Yg,) + aq_(Y:]q’ - Y, ,
THrzT (5.59)
1 ’Uq/(qu/ + quﬂ;q) — aq/(qu/ — Y;;q)
Hy (z) = = ’
T +rzr
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Decay mode | SM branching ratio [107%] | Range with new physics [1079]
h— p°Z 7.19 +£0.29 1.83 — 53.3
h— wZ 0.56 4+ 0.02 0.06 — 4.56
h— ¢Z 2.42 +0.10 1.77 —9.12
h— J/YZ 2.30 £0.11 1.59 —13.1
h— T(18) Z 15.38 + 0.64 13.7 - 20.8

Tab. 5.3.: Allowed ranges for the h — V' Z branching ratios in the presence of
new-physics contributions to the effective hyZ vertices. Only central values are

shown.
and i .
i (2) = vg(Yog — Y ,) +aq(Yoy +Y7,)
1 T 41z ’ (5.60)
Fl Yy (Yo — Y:;;q) —ag (Yoq + }/:;;q)
Hy (z) = = )
T +rzx
This result reduces to
Imn(fir)? 2 2 rz 2 2
D(h = Vo Z) = =a 20 0 (1Yo + Yool Ty (1-r%+2rzlnry)",
(5.61)

when the asymptotic form ¢is(z) = 62(1 — ) is employed. Flavor-changing Yukawa
couplings not involving the top-quark are constrained by neutral meson mixing. The
weakest bound is on Yy, and Yy, extracted from the measurement of By — B, mixing.
At 95% CL, it is

[Vis|? + [Yap|* < 7-1076, (5.62)
Using a typical estimate for fp: ~ 0.2 GeV, we obtain the branching ratio

Yisl* + [Ya?

Br(h — BZ)~2.3-1071! x 05 ,

(5.63)
which is too small to observe it at the LHC or any other future machine under
consideration. Backgrounds in these channels exist from one-loop electroweak am-
plitudes. For the specific decay at hand, we estimate the form factors to be of order

FBg*)Z ~ a|VipVii| /(4ms?,), which leaves us with branching ratios of order 4-10713.
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5.4. Weak Radiative Charged Current Decays

5.4. Weak Radiative Charged Current Decays

We now move on to the decays h — M TW ™. They are interesting by the fact that
the final-state meson can be flavor non-diagonal. Just like in the previous cases,
we find direct and indirect contributions. In contrast to h — M Z, no photon-pole
graph exists and thus the indirect contribution is given exclusively by the tree-level
hW W~ vertex. The direct contributions once again involve the Yukawa couplings
and the charged-current interaction of the W and the quarks. An interesting scenario
arises when we allow flavor-changing Yukawa couplings, since the indirect and direct
amplitudes can the depend on different CKM matrix elements. Before we explore
this possibility, we will discuss the simpler case of flavor-diagonal Yukawa couplings.

5.4.1. Decay Rates for Flavor-Diagonal Higgs Couplings

The decay amplitudes decomposed into form factors are given by

iA(h — PYW™) = LQ k- ety FMW (5.64)
v

for pseudoscalar mesons in close analogy to (5.45), and

iA(h— VIW™) = ——“i/"%z [l ely Y e ey FVY
cuvas K"V ey myw
(k- a? — R "

B ] (5.65)

where we used the longitudinal and transverse polarization vectors, defined in (5.47).
With ry = m3, /m3 we can write the decay rates as

2

)

3
T(h— PYW™) = — b X3/2(1, ry, rp) ‘FMW (5.66)

327v

w

w

Fig. 5.12.: Leading-order diagrams contributing to the decays h — MTW ™.
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Decay mode Branching ratio [10°] Decay constant [MeV]
h— ot W= 4.30 £0.01; £ 0.00cKy £ 0.17p, 130.4 £ 0.2
h— pt™W— 10.92 4 0.15¢ 4 0.00ckm £ 0.43r, 207.8+14
h— KtW~— 0.33 £0.00 £ 0.00ckm = 0.01p, 156.2 £0.7
h— K*TW~ 0.56 £ 0.03 £ 0.00ckm = 0.02r, 203.2£5.9
h— DTW~ 0.56 £ 0.037 + 0.04ckm £ 0.02r,, 204.6 £5.0
h — D**W~— 1.04 £ 0.125 £ 0.07¢ckm £ 0.04r, 278 £ 16
h— DfW~ 17.12 £ 0.615 & 0.56ckm £ 0.67r, 2575+ 4.6
h — DWW~ 25.10 £ 1.45; £ 0.81¢ckm £ 0.98r, 311+9
h — BTW~ | (1.54+£0.157 + 0.36ckwm £ 0.06p,,) - 1074 186 £9
h— B*"W~ | (141 £0.10; £ 0.34¢x = 0.06p, ) - 1074 175+ 6
h— BfW~= | (8.21 £ 0.57; 4 0.52cKy % 0.32r, ) - 102 434 4+ 15

Tab. 5.4.: SM predictions for the branching ratios of the rare exclusive decays
h — MW~ for a variety of pseudoscalar and vector mesons. The decay rates are
normalized to the SM prediction for the total Higgs width. The quoted errors show
the uncertainties related to the decay constants, the relevant CKM matrix elements
and the total width.

for pseudoscalar mesons and

3

_ m

D(h = VIWT) = o o NP2 rw, ) (L= rw —ry)?
VIV 2 8rvrw VW2, pVW|2

[P+ e (I R

(5.67)

Similar to the results (5.49), the indirect contributions to the form factors arising
from the last diagram in Fig. 5.12 are

"foVVij ﬁ‘VW . —0
1_ TV/TW ) | indirect )

(5.68)

PW . VW _ VW _
Endirect - KWfP‘/ZJ ’ F|| indirect — Fy indirect —

where Vj; is the relevant CKM matrix element. Just as with the h — M Z decays,
the direct contributions arise from subleading-twist projections and are completely
negligible in this case - a fact that will change drastically when we allow flavor-
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5.4. Weak Radiative Charged Current Decays

changing Higgs couplings. The decay rates now take the compact forms:

2mhfp

F(h—>P+W )_&W|‘/Z]| )‘3/2(11TW1TP)>

2 mh fV /\1 2(17TW7TV)
32mot (1 —ry /rw)’

T(h— VIW™) = &3y |Vl (L rw,rv) + 120y |

(5.69)
The numerical results for the SM branching ratios are given in Tab. 5.4 along with the
relevant uncertainties arising from decay constants, the CKM matrix elements and
the Higgs width. Since the only coupling parameter entering our prediction is sy,
there is no room for NP effects here. Some of the modes have been analyzed in the
literature: Ref. [121] obtains the branching ratios (in units of 107¢) Br(z W ™) =
6, Br(p™W~) = 8, Br(Kt*W~) = 04, Br(DTW~) = 0.7, Be(D**"W~) = 1.2,
Br(DfW~) =21 and Br(D:*W~) = 35. The results deviate slightly from ours for
reasons that we could not trace.

5.4.2. Effects of Flavor-Changing Higgs Couplings

When we allow flavor-changing Higgs couplings, the structure of our results changes
due to the possible interplay of the Higgs and W couplings: The intermediate quarks
in the direct amplitudes can now be top quarks, lifting the m, suppression we
previously found. In these direct amplitudes with a final-state meson M;;, the
relevant CKM matrix will always be V;;/;). The relevant Yukawa couplings are then
Y;(j/i)- The indirect amplitude however will simply contain Vj;. It is then possible
to have cases where the indirect amplitude is heavily CKM-suppressed whereas the
direct amplitude is enhanced by the top-quark mass and thus it is possible to probe
the corresponding Yukawa coupling.

Ignoring terms not enhanced by my, we find the form factors for pseudoscalar and
longitudinal vector mesons to be:

MW v famy 1 om ()
Fdirect = ﬁ T% Y V;tj A dx m s (570)

with r, = m?2/ m,zl For transversely polarized vector mesons, we find

< V)i Vig Vi (Yd)kj>

v fv _ ! 1
FLdlrect 4\/> mV 1 TW)/ d$¢V(x)Zk:

v fV * /
oL IV oy d
42 my Y i ( xrt —x—rwa:

Tt(skg—i'—rwl' T+ rwa

(5.71)
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Fig. 5.13.: Predictions for the branching ratios Br(h — BTW ™) (left) and Br(h —
BFW ™) (right) as functions of yg = Re(Yy). The red bands indicate the exclusion
bounds from (5.7) when Y;; = 0 (dark red) and |Y;4| = |Yy| (bright red).

and

v [y ! Y Vik (Ya)y,
FLdlrect o (1 *TW)/ dx d)V Z ( Loki Tk + &

4f 2 my . rtékg—x—rwm T+ rwT

.U fV /
~ — Y d
At o e (5.72)

where in the last step we have only kept the terms involving the top quark. Terms
proportional to other quarks are bounded to be small by the constraints reviewed
in section 5.1. Although there is no enhancement from m; in the transverse form
factors, there is an enhancement factor of v/my , which can potentially boost this
form factor into a regime where it becomes numerically relevant.

We find the largest effects to be the channels involving B mesons. Here, the CKM
matrix element entering the direct amplitude is Vi =~ 1, while the one entering
the indirect amplitude is generally small. In a lack of input parameters for the B*
LCDA, we use the LCDA of the B meson as an approximation valid in the heavy-
quark limit. Similarly, we use heavy-quark spin symmetry to estimate ffg‘* [fBx~1
at the low scale. Setting Yukawa couplings not involving the top quark to zero, we
find:

Br(h — BYW™) = 154107 (i + 427 sy Re Vi + 45615 Vau[?)
Br(h — B*"W™) = 1.41-107'% (0.98 k3, + 0.02 + 417 sy Re Yy, — 27 Re Yy,
+ 44296 | Yy |* + 25833 [Yzu|?)
Br(h — BfW™) = 8211075 (ify + 41 sy Re Yor + 413[Yar|?) .

(5.73)
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The branching ratio Br(h — B*TTW ™) has also been computed in ref. [122]. While we
agree with their result for the term not involving the off-diagonal Yukawa couplings,
we find large deviations in the other terms. Translated into their notation, we find
a correction factor [0.98/@124, +0.02 4+ 7.01kw Refyy — 0.45Re Ry + 12.53 |Rue|? +
5.89 |ty |?] with respect to the SM, where the authors obtain [k}, + 26 k2, + 22 K3,].

Note the dramatic sensitivity of the branching ratios to the Yukawa couplings,
leading to potentially strong enhancements. In Fig. 5.13, we demonstrate this de-
pendence under the assumptions that the Yukawa couplings Y;; are real and that all
other couplings are SM-like. The bright red band indicates the bound from (5.7) one
obtains when |Y;,| = |Yy|, while the dark red band corresponds to the assumption
that Y, = 0. In this most extreme scenario, the h — BYW ™ and h — B*TW~
branching ratios can be enhanced by up to three orders of magnitude with respect
to the SM. The enhancement of the h — B W~ branching fraction is less dramatic.
Unfortunately, even under the most optimistic assumptions the resulting rates are
still predicted to be very small.

We show the full dependence of the ratios Br(h — B(t)W_) in the complex plane of
Y, in Fig. 5.14. The results are similar to the purely real case. For h — BTW ™, the
circles representing the bounds on Y; and the ones representing different values for
the branching ratios are almost concentric since the SM piece is strongly suppressed
by V.. For the decay into charmed B mesons, the circles have a very slight offset.
We cannot think of a realistic scenario where this could be used as an advantage
even if this decay could be observed.
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Fig. 5.14.: Enhancement of the branching ratios Br(h — BTW ™) (left) and Br(h —
BFW™) (right) over the SM prediction as functions of the couplings Yy = ygt + gt
The red shaded regions indicate the exclusion bounds from (5.7) when Y;, = 0 (dark
red) and |Yi,| = |Yy| (bright red). The SM value is given by the black dot, while
the blue dot denotes the point where the branching ratio vanishes.
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6. Renormalization Group Evolution of
Neutrino Masses

As a different example of an EFT application, this chapter describes an analysis
using renormalization group techniques to evaluate the plausibility of flavor anarchic
neutrino mass models. We will first (briefly) review the aspect of neutrino masses
and some popular models to generate them beyond the SM. After this, the actual
analysis is presented [151].

6.1. Neutrino Oscillations

It is well-established that the elusive neutrinos have non-vanishing, albeit tiny
masses. When electron neutrinos are produced in nuclear reactions, their flux can
be measured at different distances from the source. When this is done, the mea-
surement shows that neutrinos seem to have “disappeared”, as the flux is lower than
expected. This was first observed when the neutrino flux produced by the sun was
measured [152-154]. These fluctuations can be explained by assigning masses to
neutrinos: A neutrino is produced in the flavor eigenstate |1;), which is a superposi-
tion of the mass eigenstates. If these mass eigenstates have small masses and small
mass differences compared to their kinetic energies, they will propagate with prac-
tically identical velocities relative to each other and thus remain in coherence even
after traveling long distances, where we can still observe the interference between
the different mass eigenstates. As an instructive example, we can go to a two-flavor
case with the flavor eigenstates |v.) and |v,), related to the mass eigenstates through

a basis transformation:
lve)\ [ cos@ sin@) [|v1)
(\V@ - \—sinf cos@) \|na) ]’ (6.1)

The time-evolution operator in the mass basis is then given by the diagonal matrix

OO = exp { ~575 (m + 2% + 0w /7)) }. (62)
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6. Renormalization Group Evolution of Neutrino Masses

where P is the spatial momentum vector of the neutrino mass eigenstate. The
oscillation probabilities P,_,;, = |(a|b)|? are then given by:

L
P,. . (t) = 1 — sin® 20 sin? (4E(m§ - m%)) ,
(6.3)

L
Py, (t) = sin® 20 sin” <4E(m% - m%)) )

where L is the distance from the source (or baseline) and E is the kinetic energy of
the neutrino.

The SM features three generations of leptons and the generalization of the above
steps to three flavors of neutrinos is straightforward. The matrix transforming flavor
eigenstates into the mass basis is defined in analogy to the CKM matrix with three
mixing angles and a CP-phase,

1 0 0 C13 0 8136—i5cp ci2 s12 0
Upmns = |0 co3  s23 0 1 0 —s12 c12 0
0 —S893 (€93 _81361‘6@1: 0 C13 0 0 1
€12€13 512€13 s13e”tcp
= | —s12023 — c12523513€7°"  ciaco3 — s12593513€0CP 523C13 s
S12823 — C12023513€0CF  —c1a893 — S12C03813€0CF €23C13

(6.4)
and is called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matriz [155, 156]. We
used the standard notation where s;; and ¢;; are the sine and cosine of the mixing
angle 0;; and ¢ is the CP-phase. In the basis where the charged-lepton mass matrix
is diagonal, the PMNS-matrix transitions between the flavor- and mass-bases:

Ve 141
vy | =Upuns:- | v |- (6.5)
Vy %

It follows that, within the SM, all parameters in the above matrix are unphysical,
since the neutrinos are massless and the rotation just leads to a relabeling of the
mass-degenerate fields v/} . We can therefore choose Upyns = 1, which makes lepton-
flavor conservation in the SM explicit.

The expressions in eq. (6.3) and the corresponding three-flavor generalization show
how to measure the angles ¢;;: One uses a neutrino source and measures the flavor
composition of the neutrino flux at different baselines L, at obtains the value of
AmgjL/ (4F) from the oscillation frequency. The amplitude of the oscillation then
directly probes the neutrino mixing angle. Of course, this requires that the process
of neutrino generation in the source is sufficiently well-understood.
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For the values of the oscillation parameters, we will use the results provided in a

fit from 2014 [157]. The mass-squared differences Amg; = ’mf — m?‘ are

Amiy = (7.5+0.2) - 10°eV?, Am?, = (254+0.1) - 103eV?, (6.6)

where the index [ depends on the mass hierarchy of the neutrinos. In the normal
hierarchy (NH), the mass ordering is m; < mg < mg while in the inverted hierarchy
(IH), it is m3 < my < mg. The index [ is thus [ = 1 for normal hierarchy and [ = 2
for inverted'. The mixing angles extracted from the fit are then:

0.452 (NH)

and  sin?f;3 = 0.0218, (6.7)
0.579 (IH)

Sin2 912 = 0.304, Sin2 923 = {
where the value for 653 also depends on the choice of mass ordering.

6.2. Neutrino Mass Generation

In the SM, neutrinos are massless and no right-handed gauge-singlet fermions exist to
form Dirac mass terms. The evidence of neutrinos not being massless is thus a clear
indication of physics beyond the SM. An extension to the SM generating neutrino
masses must then contain a mechanism to explain the unnaturally small masses. In
this work, we focus on the most popular of them, the seesaw mechanism [158, 159],
specifically the type-I seesaw model. In this model, one supplements the SM with
right-handed neutrinos that transform as full singlets under the SM gauge group.
They have Majorana masses, which are assumed to be large, since they are not
protected by any symmetry. The right-handed neutrinos couple to the SM field
content via Yukawa couplings to the left-handed neutrinos. The Lagrangian reads

i N G — L N (N
Loypot = Loy = Y7 Np L — Smi N (N ) +he., (6.8)
where L! denotes the three left-handed lepton doublets, N};L the right-handed neu-
trinos and ¢ = 1090 is the conjugate Higgs doublet. At low energies, the heavy

neutrinos decouple and can be integrated out. After electroweak symmetry breaking
(EWSB) the Lagrangian can be written as

o T’U v
Ligpe1 D — (VF, Ni) (YV Uo/ﬂ mej/vﬂ> (N; > _ (6.9)

!The fit actually yields slightly different values for the mass splittings depending on the hierarchy
scenario, see the paper for reference.
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6. Renormalization Group Evolution of Neutrino Masses

When the heavy right-handed neutrinos are integrated out, the left-handed neutrinos
obtain effective mass terms:

1 . —
‘Cgfpefl = ESM - §mf,] (Vi)c I/i + h.c. , (610)
where the effective mass matrix m, is given by the celebrated seesaw formula:
2 2
v T -1 v
my = =5 Yy Y +0<>}. (6.11)
2 { v 14 m%v

This formula holds at the matching scale where the heavy fields are removed. Since
the Majorana mass matrix my enters with inverse power, the model naturally ac-
commodates very small neutrino masses. The matrix m, is diagonalized by the
field transformation v — V9! . If we assume the charged-lepton mass matrix to
be diagonal, then V,, = Upnns. In a general basis, the charged-lepton mass ma-
trix me = Yev/ V2 is diagonalized by eiL — Veij eJL and the PMNS matrix is given
by Upvng = VJV,,. Note that while the mass term for the vy fields looks like a
dimension-four operator in the broken phase, it is actually of dimension five: In the
unbroken phase, it involves two Higgs doublets and is in fact the only dimension-five
operator consistent with the gauge symmetries of the SM [160]:

Lis = 65/(&/%%*&. (6.12)

The standard seesaw mechanism generates the neutrino masses at tree-level, but
there are also models where the neutrino masses are generated radiatively. In these
models, the new particles do not need to be as heavy as in the tree-level case, since
the masses are naturally loop-suppressed.

In our analysis, we will also consider a variant of the type-I seesaw model, the
inverse seesaw model [161, 162] (see also refs. [163-167] for completions giving rise
to a model of this kind). In this model, the right-handed neutrinos do not have
a Majorana mass matrix but acquire their mass by forming pseudo-Dirac terms
together with a second type of singlet fields, called S. The latter have Majorana
masses. The Lagrangian is:

D o 1 ...
Liss = Loy — (V) I LGN}, — M S' (N3¢ — 577#5?5“(53)c +he.. (6.13)
When ng generations of S fields and ny generations of Ny fields are added, the ma-

trices Y,, Mp and mg have the dimensions ny x 3, ng xny and ng X ng respectively.
After EWSB, the mass Lagrangian is

o 0 Yiv/v/2 0 v,
Liss > = (v, Na, §) [vio/v2 0 ME||Ng| . (6.14)
0 Mp mg S¢
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6.2. Neutrino Mass Generation

The effective Majorana mass matrix for the left-handed neutrinos at the low scale
is then:
2 v

2
my, = % {Y,,TMglmsMleV +0 (MQ>} . (6.15)
D

One finds the correct ranges of masses for the left-handed neutrinos m, < O(eV)
when Mp ~ O(TeV) and mg ~ O(keV). Comparing this to eq. (6.11) makes
apparent that the inverse seesaw model is simply a type-I seesaw model with a
specific structure of the mass- and Yukawa-matrices. While the pseudo-Dirac masses
mp are large and the Majorana masses mg are small, a field redefinition can be
performed such that the picture becomes the opposite, with large Majorana masses.
Since ng # ny in general, (ng—ny) fields remain light with masses of O(mg ~ keV)
after this field rotation if there are more generations of S than there are Nr. The
residual light fields could act as candidates for keV-mass dark matter.

We will also study one possible completion of the ISS model, where the difference
between baryon and lepton number is gauged [164]. The gauge boson of the imposed
U(1)p—r, which we will call Z’, is assumed to have a mass of O(100TeV) after the
symmetry is broken. The scalar associated with the breaking of the U(1)p_ will
be called x and its quantum numbers under the extended gauge group SU(3). X
SU2)r, xU(l)y x U(1)p—r, are (1,1,0,—1). Like in the previously discussed ISS
model, we introduce the fermions S and Ng, where the numbers of generations are
ng and ny respectively. These new fermions now carry charge under the new gauge
group according to Tab. 6.1. In order to ensure anomaly cancellation, we need to
add ng generations of n'y oppositely charged under the new U(1)p_r, with respect
to the S fields. We furthermore assume the couplings to the other fields (except the
Z") to be forbidden by a discrete symmetry. The details of such a symmetry are
not relevant to this analysis and we will ignore S’ in the rest of the analysis except
for its contribution to the RG evolution of the new gauge coupling. Finally, the
Lagrangian is:

1 _
£3 =322 + S i5D% + (D)

- [(YVT)” LY H N} + X3 ST xT (NL)e + h.c.}
1

A3§X4S, (6.16)

+p2 X x 22 (CX)(HTH) + 25 (XT)? +
where the sum in the first lines runs over ¢ = Ng, S, S" and the covariant derivative
acting on the new fields is D, = 0, —igp_1.QB-1L Z;L. The dimension-seven term in
the last row generates the otherwise forbidden Majorana masses for the .S fermions
after the scalar y acquires its vacuum expectation value (x). After the breaking,
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6. Renormalization Group Evolution of Neutrino Masses

fields | x Ngp S S Z,
spin | 0 12 1/2 1/2 1
Opr|-1 -1 +2 -2 0

Tab. 6.1.: The new field content of the inverse seesaw model with gauged U(1)p_..
All listed fields are SM singlets. As usual, standard model leptons have B — L charge
—1, while quarks have B — L charges of 1/3.

the Z’ picks up the mass m/, = v295_1 {x). Furthermore, the second term in the
square brackets becomes a pseudo-Dirac mass term, generating the effective mass
mixing between S and Npg.

6.3. Flavor Anarchy

The matrices entering the Lagrangians (6.8), (6.16) and (6.13) determine the flavor
structure of the respective model. They are a priori filled with arbitrary complex
numbers. One now has the option of either introducing additional flavor symmetries
to constrain the structure of these matrices or simply assigning random numbers
to them. We pursue the latter option, a scenario called flavor anarchy [168, 169].
It is motivated by the idea that the entries could have been chosen similar to a
quantum mechanic measurement, at random. It is also a viable assumption for a
low-energy theory if the UV completion has a sufficiently complicated structure.
The idea of flavor anarchy also exists in the context of other models, not connected
to neutrino masses, like sterile neutrinos [170, 171], extra-dimensions [172], grand
unified theories [173-175] and string theory [176, 177].

The entries of the matrices are chosen randomly and independently from a sta-
tistical distribution. In order not to introduce a preferred basis, the requirement of
basis independence is imposed, meaning that the distributions are invariant under
unitary field rotations. It has been shown that this requirement implies that the
parameters of Upyns have a flat distribution in the Haar measure [169]. For the
PMNS-Matrix, it reads:

dUppins = d(sin? 612) d(sin? 023) d(cos® 013) ddcp dpy des dde d6, d, (6.17)

where we have included the Majorana phases ¢; and ¢9 and the unphysical phases
0; with [ = e, p, 7 following the convention of [178]. We call a distribution flat
in the Haar measure when the parameters d(...) are flat within their physically
allowed ranges [179]. To obtain a Haar-flat PMNS matrix, the elements of the
neutrino Yukawa coupling matrices need to be drawn from a Gaussian distribution
o exp(—|Y:*#|2), while the entries for the Majorana mass matrices of the sterile
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6.3. Flavor Anarchy

neutrinos must be drawn from oc exp(—|M*%¥|?/M?) for the diagonal entries and
o exp(—2|MB|2/M?) for the others [180]. The parameter M sets the absolute
mass scale of the right-handed neutrinos.

The knowledge about the Haar measure now allows us to use a statistical test,
from which p-values can be assigned to the measured values of the neutrino os-
cillation parameters [169, 181-183]. In this way, one can quantify the likeliness
of a random parameter choice to be close to the ones observed in nature. We em-
ploy the multidimensional Kolmogorov-Smirnov (KS) test for this purpose, following
refs. [181, 183]%. The test for a parameter x is defined by:

Dxs(z0) = sup 0(z" — z0) — F(2')], (6.18)

where 1z is the observed value, F(z') is the theoretically predicted cumulative distri-
bution function (CDF) and 0(x' — x¢) is the experimentally observed approximation
to the CDF. Since we only have one measurement, it is simply given by a step
function. The test statistics function measures maximum the distance between the
two CDFs F(2') and 6(2' — x¢) and provides a measure for the compatibility of the
anarchy hypothesis and the measured values. The parameter z in our case is one
of the parameters appearing in the Haar measure. Their predicted PDFs are flat,
hence F(z) = x and for a single parameter the test statistics function reduces to

1 1
Dis(e0) = 5 + ] |

5 (6.19)

The p-value, defined by
prs(zo) = 2[1 — Dks(zo)] =1 — |1 — 2z , (6.20)

then gives the probability to find a randomly drawn value 2/ for which the test
statistics is Dkg(2') > Dks(xp). Simply put, it measures the likeliness of zy being
the result of a random draw from the underlying distribution. Small values thus
mean that data does not support the hypothesis. Since the anarchy hypothesis makes
statements about more than just one parameter, we need to test the likeliness of all
mixing parameters to be the result of a random draw. We define the probability as:

1
2,0b 2,0b 4,0b
Pgs = /0 ds%z ds§3 dcil39 [sz(st S)sz(323o S)PKS(C13O S)

—pis(st) pics(s3s) prs(cly)] L (6:21)

2In the publication corresponding to this chapter, we also explore other statistical tests. Since this
was work mainly done by my collaborators and does not significantly add to the discussion, it
is skipped here [151].
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where we do not include unphysical phases for obvious reasons and dcp because no
conclusive measurement has been achieved. Since the parameters are statistically
independent, the generalization to the case including it is straightforward. The ob-
served values for the mixing parameters (6.7) depend on the mass ordering, therefore
we have to define a hierarchy-weighted probability of the data under the anarchy
hypothesis:

Pxs = pnu Pxs~u + pa PxsH (6.22)

where for the weight factors we use the estimates png ~ 0.95 and pg ~ 0.0.5 from
numerically sampling a large number of parameter points. We find:

Pyg = 0.411, (6.23)

meaning that in 41.1% of random draws, we obtain a set of parameters that fit the
anarchy hypothesis worse than the observed ones. This is of course less than 50%,
but given that we only have one real data point to compare to, we can still conclude
that anarchy is a viable hypothesis.

6.4. Renormalization Group Evolution and Anarchy

The neutrino oscillation parameters are functions of the Yukawa couplings and mass
terms in the Lagrangian of the theory. As such, they are subject to renormalization
group running. It is reasonable to assume that the random drawing of the parameters
is associated to a very high energy scale. For the statistical test of anarchy this
means that we are comparing parameters observed at low energies to a distribution
predicted at high energies. Therefore, in order to obtain consistent p-values for
the anarchy hypothesis, we need to connect the observed values and the predicted
distributions using the renormalization group. In this work we will assume that the
parameters are drawn at a scale Mgyt ~ 106 GeV, motivated by grand unification
theories, although the choice is ad-hoc.

In the following, we will be looking at the RG running of oscillation parameters in
three different variants of type-I seesaw models, discussed in Sec. 6.2. Our general
procedure is as follows: For a given model, we generate a large number of randomly
drawn parameter points. Each parameter point is then RG evolved down to the
electroweak scale using the appropriate RG equations. At the low scale, we then
extract the distributions of the parameters from a polynomial fit and perform the
KS test with the RG-improved distributions. In a sense, the final goal is to compute
the RG running of the test parameter Pgg.
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6.4.1. The Technical Aspect

While conceptionally easy enough, the analysis is technically involved, because the
different entries of the mass and Yukawa matrices all mix under renormalization.
An exact analytical solution of the RG equations is not feasible. We thus carry out
the analysis purely using numerical methods. Although for some models, programs
exist and are discussed in the literature, we found that they have several technical
shortcomings forcing us to develop our own implementation®.

In our numerical implementation, the quantities that are evolved to the low scale
are the entries of the mass and coupling matrices in the models. In order to correctly
remove heavy particles from the effective theory, we need to keep track of the mass
eigenvalues to obtain the correct matching scales. To find these matching scales,
we look for the scale u;, at which the highest mass eigenvalue in the mass matrix
M; is equal to the renormalization scale p; = M;. At this scale, the theory is
transformed into the mass basis. By definition no mass-mixing terms are present
in this basis and thus we can simply drop the row and column associated with the
heaviest field. Therefore, at each matching scale, the number of running parameters
decreases. After removing the last heavy neutrino from the theory, the neutrino mass
matrix will be a 3 x 3 complex symmetric matrix, that we evolve to the weak scale
mz = 91.19 GeV and extract the oscillation parameters for the statistical analysis.

In order to numerically find the thresholds, one could simply scan across the scales
covered by the RG running and look for the scales that satisfy the requirement
w; = M;. In practice this turns out to be rather slow since the mass matrix needs
to be diagonalized at every point. To approximate the procedure, we first estimate
the thresholds from the input parameters at the high scale and apply a correction
factor ks to them. We typically use kp; = 0.9 as a first guess and then refine the
parameter each time we find the correct scale. We then use the numerical solutions
to the RG equations to sample the mass eigenvalues at O(10) chosen values for the
scales around the guessed value and fit it to a function of the form

Mg(p) = ao + ayjoy/pt + a1p + aglog(p) - (6.24)

After this is done, the matching scale is extracted from equating Mg () = p. We
find excellent agreement between this methods and the scanning one, with the im-
portant difference of the fit method being computationally much cheaper, making
the numerical analysis a lot faster.

After each parameter point is evolved to the low scale, we obtain distributions of
the mixing parameters, that we fit using cubic polynomials p(z). In order to apply
the KS test, it is important that the parameters are statistically independent. This

30ne example of an existing implementation is the REAP package [184]. While it was not feasi-
ble to use the package for the actual analysis, it still provided numerous cross-checks for our
implementation.
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check is performed numerically by extracting the Pearson correlation coefficients for
the different parameter pairs, defined for two parameters x and y as:

(z-y)

() (y)

One could imagine the RG evolution to generate correlations between the parame-
ters, as they effectively all mix under renormalization. Fortunately, we find values
pzy < 0.02 for all combinations of parameters and conclude that the parameters
are still uncorrelated, as they were at the high scale. In order to reuse the test
statistic function in eq. (6.21), we rescale the parameters to obtain flat distributions
by rescaling the fit-polynomials such that the integrals over the physical range of
each z are [ dxf(x) = 1. After this, we define new variables ' = [ dZf(Z), in
which the distributions are flat by construction. Using these new variables z’, we
can simply reuse formula (6.21) to obtain the RG-improved test-statistics.

Pzy = (6.25)

6.4.2. Results for the Type-l Seesaw Model

We can now quote our results for the type-I seesaw models. The Lagrangian is given
by 6.8. The renormalization group equations for the type-I seesaw model have been
studied in great detail in refs. [184-188]. They are given in Appendix I for reference.
To investigate the effect of RG evolution on neutrino anarchy in this model, we have
randomly generated 10° sets of parameters, defined by the Yukawa matrices Y, and
the right-handed neutrino mass matrices M. We assume these randomly generated
matrices to enter the Lagrangian at the high scale Mgyt = 10'® GeV. As explained
earlier, to ensure basis invariance of the probability distributions and statistical in-
dependence of different mass matrix elements, the elements of Y,*# must follow a
Gaussian distribution o exp[—|Y,*#|2/)]. The diagonal elements M® of the right-
handed Majorana mass matrix follow a similar distribution o exp[—|M®|?/M)],
while the distribution of the off-diagonal elements M? is oc exp[—2|M*#|2/ M].
Here Y is a dimensionless parameter which we choose to be one, while M is dimen-
sionful, and we choose M = 10'* GeV to reproduce the correct order of magnitude
for the light neutrino masses. We will shortly discuss the effects of varying M after
presenting the results.

For the parameters of the standard model at the high scale we have chosen a set
of values used by the REAP package [184]:

5.4039 - 106 0 0
Y, (Mgut) = 0 1.5637-107% 0 :
0 0 0.4829
2.1176 4.5697 +0.0112;  2.1367 + 0.25814
Yy(Mgur) = 1075 x | 4.5697 — 0.0112i 22.3698 25.7097 — 0.0019i | ,
2.1367 — 0.2571i  25.7097 + 0.0019: 614.0010
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613

1013 M] M2 M3 1015 MGUT
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Fig. 6.1.: A parameter point of the type-I seesaw model with large running effects in
the neutrino mixing angles. The vertical dotted lines show the decoupling thresholds
of the heavy singlet neutrinos, M; = 2.9 - 10'3 GeV, My = 9.2 - 10!3 GeV and
M3 =1.67-10" GeV . Note how RG running ceases after the last heavy neutrino is
integrated out. The masses of the active neutrinos at the low scale are m; = 0.02 eV,
mo = 0.32 eV and mg = 0.36 eV.

2.8370- 10~ 0 0
Y.(Mgur) = 0 0.5988 - 103 0 ) (6.26)
0 0 10.1789 - 10~3

Of course the exact low-scale values of the quark and charged lepton Yukawa ma-
trices depend on the additional field content beyond the SM and on the values of
the new parameters introduced. Therefore, we typically cannot reproduce the SM
Yukawa couplings exactly, with deviations being of order 10%. Nevertheless, since
our interest here is in the running of the neutrino masses and mixing parameters,
these small deviations are negligible for our purposes.

We evolve each parameter point down to the electroweak scale, which we represent
by mz = 91.19 GeV. In principle, we should evolve the mixing parameters down to
an even lower scale, integrating out SM particles at their respective thresholds.
However, as we will see, the running of the mixing parameters dominantly happens
at scales > my and thus it is justified to stop the RG evolution at mz. Both
at Mgur and at myz, we extract the values of the physical mixing parameters by
diagonalizing the mass matrices and using the prescriptions given in Appendix A of
ref. [178]. When diagonalizing m,,, we have to specify a convention for the ordering
of the mass eigenvalues. We choose them to be in ascending order (corresponding
to scenario called A3 in section IL.B of ref. [179]). Note that we should in principle
decouple the Higgs boson and the top quark below their threshold scale, which has
non-negligible effects on the running of the neutrino mass eigenvalues [189]. It does
however not affect the mixing parameters and phases, so we neglect these effects (see
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e.g. Fig. 6.1).

We show the distributions of the mixing parameters 60;;, dcp and the Majorana
phases ¢ and ¢3 in Fig. 6.2. By construction, the distributions are flat at the high
scale up to statistical fluctuations. At the low scale, we find a slight bias for smaller
mixing angles. This can also be seen in the distributions of the RG-induced shifts
Az = x(myz) — z(Mgur), shown in Fig. 6.3. Included in the graphics are also plots
of Gaussian fits

1 (x —7)2
flx) = S0 (2) exp { 2[0(33)]2} ) (6.27)
to the distributions, along with their central values Z and the widths o(z). We find
a slight preference for the mixing angles to decrease by 1 - 2° after running them to
mz. The distributions of Af;; are all peaked at small negative values. The Dirac CP
phases dcp in Fig. 6.2 (d) show a slight preference to be close to zero after running,
while the distributions of the Majorana phases ¢; and ¢2 in Fig. 6.2 (e), (f) stay flat
both after running them from Mgyt to mz. Note that these distributions can only
make statements about the average behavior of large samples of parameter points.
Individual points can exhibit much stronger running effects. It is known that points
with at least two neutrino masses being close to each other can potentially have very
pronounced RG running for he mixing angles [184].

The parameter point on which the graphs in Fig. 6.1 are based is an example of
such a point. We observe that even points showing significant RG running, only
do so at scales above the masses of the heavy singlet neutrinos. Whenever a heavy
neutrino is removed from the theory, we find the running of angles and phases to
grow weaker, stopping completely after the last heavy neutrino has been integrated
out. From this we can deduce how the choice of the heavy neutrino mass scale M
affects the RG evolution of the mixing parameters: For larger values of M heavy
neutrinos are removed from the theory at a higher scale, stopping the running of the
mixing parameters sooner. Consequently, for larger values of M, the running is less
pronounced and vice versa. We have confirmed this behavior in a numerical study.

While it seems peculiar that the angles have a preferred direction of running, a
simple explanation exists. The leptonic mixing matrix depends on the matrix V,,
that diagonalizes m,, as well as on the matrix V, that diagonalizes Y'Y, according
to V.YV, V! = D, where D is diagonal. The flavor non-trivial terms in the beta
functions for the mass and Yukawa matrices (see App. I) are dominated by the O(1)
terms containing Y,, subdominant terms involving Y, are negligible. Recall that Y,
is randomly chosen and hence cannot lead to a preference for the direction of the
running. The only possible source of such a preference can come from the lepton
Yukawa matrices Ye, for which the beta function is dominated by

3

16728y, = —=
7 By, 5

Y (YY) + ... (6.28)
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Fig. 6.2.: Distributions of the three mixing angles, the Dirac CP phase dcp and the
two Majorana CP phases ¢ and ¢2 before and after renormalization group running
in the type-I seesaw model. Orange regions correspond to parameters at MgyT, blue
regions to parameters at mz. Note that the physical range for dcp is [—180°,180°),
while the physical ranges for ¢ and ¢o are only [0, 180°) [179].

A 6,,=-0.89°, U(912)=1.20°

A 6,3=-1.40°, 0'(923):1.800

A 6,3=-1.90°, 0'(913)=1.80°

0.35 0.25
0.30 0.20 0.20
0.25
0.20 0.15 0.15
0.15 0.10 0.10
0.10
0.05 0.05
0.05 Type-I Seesaw Type-I Seesaw Type-I Seesaw
0.00 0.00 0.00

3 -2 -1 0 1
(a) Distribution of A5 [°]

A 5¢p=0.01°, 0(6cp)=5.60°

5 -4 -3 =2 -1 0 1 2
(b) Distribution of Afa3 [°]

B $1=-0.02°, 0(¢h1)=3.80°

5 -4 -3 2 -1 0 1
(c) Distribution of Afy3 [°]

B $2=-0.01°, 0(2)=4.00°

0.08

0.06

0.04

0.02

Type-I Seesaw
0.00

0.12
0.10
0.08
0.06
0.04
0.02
0.00

Type-I Seesaw

0.10
0.08
0.06
0.04
0.02
0.00

Type-I Seesaw

-0 50 5 10
(d) Distribution of Adcp [°]

6 -4 2 0 2 4 6
(e) Distribution of A¢; [°]

6 -4 2 0 2 4 6
(f) Distribution of A¢y [°]

Fig. 6.3.: Distributions of the RG-induced shifts in the mixing parameters, Az =
x(mz) — x(Mgur) in the type-I seesaw model. Also shown are the central values
Az and the widths o(x) of Gaussian fits to the distributions.
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The dots indicate the subdominant and flavor-trivial terms, which we can ignore
for the purpose of this argument. The high-scale value of Y,(Mgyr) is a diagonal
matrix (see eq. (6.26)), with its strongly hierarchical eigenvalues sorted in ascending
order. The structure of eq. (6.28) shows that after RG running, the elements in the
k-th row of Y, will change by an amount proportional to the element Yekk(MGUT).
If we consider a two-flavor scenario for simplicity, it can easily be shown that the
mixing angle parameterizing V, is positive. Since V, enters the PMNS matrix as its
hermitian conjugate, Uppyng = VQLV,, and V,, cannot introduce any preference, the
mixing angle describing Upying prefers a negative value. This whole argument only
holds for the model in consideration here, since the sign in front of the dominant
term in eq. (6.28) can be different. The type-II seesaw model is an example of such
a case [190].

Using the test procedure explained in the previous section, we find the RG-
improved statistics PRS' to be:

PES = 0.477. (6.29)

This is a slight improvement over the value obtained without RG effects, which was
Pgs = 0.411. In the next section, we will explore whether the inverse seesaw model
exhibits stronger RG effects.

Before we proceed however, we comment on the running of the absolute neutrino
masses. We can approximate their RG evolution by dm/dlogu = ym. Averaging
over the generated events, we find a mean value of v ~ 0.027. This implies that the
neutrino masses decrease by 60% when evolved from Mgyt to mz.

6.4.3. Results for the Inverse Seesaw Model

We now demonstrate the results for the inverse seesaw model, discussed in sec-
tion 6.2. The corresponding RG equations are found in App. I, they agree with the
ones given in [191].

The analysis is done in complete analogy to the one for the type-I seesaw model:
A sample of 10° parameter points is generated and evolved from Mgyt = 10'6 GeV
to mz = 91.19 GeV. The distributions of the oscillation parameters are shown in
Fig. 6.4. Qualitatively, our findings are very similar to the type-I seesaw model:
Mixing angles preferentially decrease whereas dcp slightly peaks around zero. The
distributions of Majorana phases are unaffected by the running. In contrast to the
type-I model, we find the shifts of the mixing parameters to be larger, with average
shifts between —4° and —5.5°. Note also that the widths are significantly larger than
in the type-I seesaw model, meaning a larger spread in the magnitude of the running
between individual parameter points. We also find a more pronounced running
of the neutrino mass eigenvalues, where the approximate anomalous dimension is
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0.037, corresponding to an average of 70% decrease when evolved from Mgyt to
my. Finally, the test-statistics with and without RG evolution yields:

Prs = 0411 28 Py =0.593, (6.30)

meaning that RG effects significantly improve the support of the anarchy hypothesis.

6.4.4. Results for the Gauged Baryon-Lepton Model

We now proceed with the analysis of the U(1)g—r, model to see whether the different
structure above the breaking scale, compared to the ISS model, changes the RG
evolution of the model. In this model additional parameter choices need to be made
other than the random choice of the mass matrix. Furthermore, to make the analysis
more feasible, a number of simplifying assumptions are made.

In order to avoid having to deal with the multitude of different effective theories
that can arise depending on where B — L is broken relative to the masses of the heavy
O(TeV) neutrinos, we always fix the U (1) p_p, breaking scale at fp_; = 100 TeV, well
above the heavy neutrino masses. Moreover, we assume for simplicity that the B— L
breaking scale fp_r, the vev (x), and the mass m, of x are identical, so that we do
not need to consider running between these scales. We choose the numerical value of
gp—1, such that it unifies to the extent possible at the GUT scale with the SM gauge
couplings, see 6.6. We find that a reasonable choice is gg_;, = 0.58 at the GUT scale.
By demanding that the running Z’ mass parameter Mz (1) = v/2g5_ (1) (x) equals
the scale u, we find the threshold mass Mz ~ 39 TeV. Since this is sufficiently close
to fp—r = 100 TeV on a logarithmic scale, we integrate out y and Z’ simultaneously.
As a further simplification, we ignore renormalization group effects on the quadratic
terms in the scalar potential, and consequently the scale dependence of the scalar
vevs. Since the scalar quartic couplings do not affect the flavor structure, their
only influence on the neutrino mixing parameter can be indirect, by changing the
various mass scales of the theory. Finally, we neglect kinetic mixing between the Z’
and the standard model hypercharge gauge boson B, which would be allowed by the
symmetries. Kinetic mixing is in general absent at the grand unification scale, where
we assume that U(1)p_z emerges from a larger, non-Abelian gauge group. Even
though kinetic mixing does get induced in the renormalization group evolution to
lower scales at one loop level, its effect on other running parameters is suppressed by
two loop factors and therefore negligible compared to other parameters appearing in
the RG equations. In the same spirit we will also assume the Higgs portal coupling
A2 to be strongly suppressed.

With these simplifications, the effective theory valid at scales u < fp_r is simply
the ISS model. We thus only need to evolve the parameters of the full model from
Mgy to fg_1 and then feed them into the previously discussed evolution equations
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Fig. 6.4.: Distributions of the mixing angles and physical CP phases before and
after renormalization group running in the inverse seesaw model. The orange regions
correspond to the parameters at Mgy, the blue regions to the parameters at m.
For the mixing angles and the Dirac CP phase, the running is much stronger than
in the type-I seesaw case.

A 612=-4.00°, 0(612)=4.10° D 623=-4.00°, 0(623)=5.40° A B13=-5.50°, 0(613)=5.00°

0.08

0.10 0.08

0.08

0.06 0.06

0.06

0.04 0.04

0.04

0.02 0.02

0.02 Inverse Seesaw Inverse Seesaw Inverse Seesaw
0.00 0.00 0.00
-10 -5 0 -10 -5 0 5 -15 -10 -5 0
(a) Distribution of Afy5 [°] (b) Distribution of Afy3 [°] (c) Distribution of Af;3 [°]
A 6¢cp=-0.03°, g(Scp)=18.00° A ¢$,=0.04°, o(¢;)=13.00° A ¢,=0.06°, a(¢2)=12.00°
0.025 0.035
0.035
0.020 0.030 0.030
0.025
0.025
0.015 0.020 0.020
0.010 0.015 0.015
0.010
0.005 0.010
Inverse Seesaw 0.005 Inverse Seesaw 0.005 Inverse Seesaw
0.000 0.000 + . - . ; 0.000 = . - - ;
-30 =20 -10 0 10 20 30 -20 -10 0 10 20 -20 -10 0 10 20
(d) Distribution of Adcp [°] (e) Distribution of A¢; [°] (f) Distribution of Agy [°]

Fig. 6.5.: Shift in the mixing angles and the CP phases during RG evolution form
Mcgur to myz in the inverse seesaw model, obtained from 10° randomly generated
mass matrices. We use the notation Ax = x(my) — z(Mguyr), where x stands for
any of the mixing angles or complex phases. Also shown are Gaussian fits with
central values Az and widths o(Az).
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Fig. 6.6.: Running of the fine structure constant «; for U(1)y (dark blue solid), ag
for SU(2), (black dashed), ag for SU(3). (blue dotted), and cy = g% ; /(47) for
U(1)p—r, (dark gray dot-dashed) in the inverse seesaw model with gauged U(1)p_r.

for the phenomenological inverse seesaw model. The renormalization group equa-
tions for the inverse seesaw model with gauged B — L are given in App. [.2. While
their form is independent of the number of generations of singlet fields introduced,
we implement three N fields and four S fields, yielding one O(keV) mass-eigenstate
as a possible DM candidate.

The distributions of the mixing parameters at different scales are shown in Fig. 6.7,
the distributions of the shifts in Fig. 6.8. We find that the distributions look prac-
tically identical to the ones from the phenomenological ISS model discussed in the
previous section. The RG-improved statistics p}P{ié; is now

PR =0.604, (6.31)

which is also an improvement over Pxg = 0.411, but almost the same value as for
the ISS model.
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Fig. 6.7.: Distributions of the mixing angles and physical CP phases before and
after renormalization group running in the inverse seesaw model with gauged B — L.
The orange regions correspond to the parameters at Mgyur, the blue regions to
the parameters at mz. The distributions are practically identical to those in the
phenomenological ISS model, see Fig. 6.4.
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Fig. 6.8.: RG-Shifts Az = x(Mz) — z(Mgyr) in mixing angles and phases in the
inverse seesaw model with gauged B — L, obtained from 10° randomly generated
mass matrices. Also shown are Gaussian fits with central values Az and widths
o(Az). The distributions are practically identical to those in the phenomenological

ISS model, see Fig. 6.5.
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7. Summary and Conclusions

In this work we have demonstrated several applications of effective field theories.
The QCD factorization formula for exclusive hadronic decays was derived using
Soft-Collinear Effective Theory. In this framework, the decay amplitude is given
as an expansion in the ratio of the two scales in the process, given by the mass
of the decaying boson and the scale associated with the non-perturbative effects of
hadronization. We have shown that it suffices to keep only the leading term in this
expansion and that power corrections are tiny and mostly negligible. The factor-
ization formula separates the amplitudes into hard scattering kernels, that can be
computed using perturbation theory, and process-universal non-local hadronic ma-
trix elements called light-cone distribution amplitudes. Using the renormalization
group evolution of these quantities, we were able to resum the large QCD logarithms
of the scale ratio a,log(Aqcp/mp), where mp is the mass of the decaying boson.
We have seen that the presence of the huge scale hierarchy greatly suppresses the
dependence on the exact shape of the LCDAS, decreasing the hadronic uncertainties
entering our predictions for the decay rates. We have included next-to-leading order
QCD corrections and carefully accounted for the effects of flavor-singlet admixtures
in the final state meson. In this way, the decays Z — M~ and W — M~ are theo-
retically clean probes of the QCD factorization approach, with the major drawback
being the very small rates making experimental observations rather challenging.

We have also presented an exploratory study of the channels Z — W M, where the
factorization scale is no longer given by the mass of the Z boson but still higher than
in previous applications of the QCDEF approach. In this case we found the impact
of the LCDA shape to be tiny for the additional reason that the hard-scattering
kernel varied slowly with the relevant convolution variable leading to the rates being
mostly governed by the normalization of the LCDAs.

Following this analysis, we generalized the framework to exclusive hadronic Higgs
decays. The study was performed with a phenomenological Lagrangian allowing
for deviations of the Higgs couplings from their respective SM values. We have
seen that an observation of some channels of the class h — M~ can be used as
an interesting probe of anomalous quark Yukawa couplings due to a non-trivial
interference structure of different diagram topologies. Predictions were also derived
for the weak decays h — MZ and h — MW. The h — MZ decays are largely
governed by the coupling of the Higgs boson to two Z bosons or a Z boson and a
photon, the latter being generated at the loop level within the SM or by effective
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operators of higher mass dimension. For the final state meson being a vector meson,
we find the decays to be potentially useful in probing this effective hvyZ-coupling,
whereas the pseudoscalar channel only involves the gauge coupling of the Higgs boson
and is not expected to show any new physics effects. In the case of h — WM, we
find potentially large enhancements in some channels when allowing flavor-changing
Yukawa couplings. In all channels however, the rates are small and only some
of them become accessible at the LHC in its high-luminosity run. Current upper
bounds from the ATLAS and CMS collaborations are several orders of magnitudes
above our predicted rates. More channels are believed to be accessible at a possible
future hadron collider serving as a Higgs factory.

Finally, we have performed a study of neutrino oscillation parameters in the con-
text of a selection of flavor-anarchic seesaw models and tested the stability of the
anarchy hypothesis under renormalization group evolution. We found that the prob-
ability of a random draw yielding the observed parameters increases when RG effects
are taken into account, at least in the models considered. This can be understood
from the fact that the neutrino mixing angles have a tendency to decrease when
scale-evolved from a high scale down to the electroweak scale due to the charged
lepton masses. We noted that this most-likely does not hold for other models of
neutrino mass generation (like type-II seesaw models, for example), where the beta
functions of the neutrino masses have a different flavor structure.

In conclusion, we have seen several examples of how effective field theories can
be used to treat problems in which multiple distinct scales are present. The list
of possible applications is virtually endless and the examples covered here do not
come close to covering the vast variety of usages. A search on inspirehep.net for
“effective field theory” currently yields over 55,000 search results. With or without
the discovery of physics beyond the Standard Model, the framework will clearly
continue to be an indispensable tool for a wide range of analyses of multi-scale
problems.
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A. Subleading Twist Projections

The light-cone projector for pseudoscalar mesons at next-to-leading power is given
by [63, 64]

k' nY ¢ (, 1)
k-n 6

Mp(k,z,p) = ZfTP {%’75 op(z, 1) — pp(p)vs {qbp(linu) — 0

o (xa M) 0
6 ok,

(A1)

+ioy, kY

+ 3-particle LCDAS} .

The functions ¢, and ¢, are two-particle LCDAs at twist-3 order’. We did not
explicitly write down terms involving the three-particle LCDAs, where the meson can
be formed from two quarks and a gluon. We will neglect three-particle contributions,
which is referred to as the Wandzura-Wilczek approximation (WWA) [192], in which
the QCD equations of motion fix the twist-3 LCDAs to [193]

¢p($7ﬂ)|WWA =1,
bo(z, 1) yywa = 622

The light-cone projector at leading and subleading power for a longitudinally polar-
ized vector meson is given by [64, 74-76]

(A.2)

. 1(s) _
_zf&(,u) my {h” (z,p) Kt @

My Gk, 2,1) = =2 oy (o, ) — P

X
—io k! / dy [qﬁf;(y, ) — hﬁt) (v, u)] 9 + 3-particle LCDAS} .
0

8kJ_y

(A.3)

In the WWA, the QCD equations of motion imply the relations [64, 76]
W@, 1)l = 22 = D) @oz, ), B (1) yyyga = —2@u(, 1) "

’ 1 _® — (1 '
| o [0 = (010 = 20— 2) R0,
with N ) N
q;v(xvu):/ dyw—/ dyd)V(;j“u)_ (A.5)
0 - T

'The quantity twist is defined by the dimension of an operator minus the spin.
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In this approximation, the twist-3 two-particle amplitudes can be expressed in terms
of the twist-2 LCDA ¢{;.
For a transversely polarized vector meson the projector is [64]:

M, (k) = T e o) - W{w o, 10)

i *U 1,00 ﬁﬂ /(a a 8
— 7 CmaB Y oy ek <M9f (@, ) —gi)(x,u) ks

« [ v 9 :
—kg‘l,u/o dy [év(y,u)—gi)(y,u)} g, }

(A.6)
Again using the WWA, one obtains from the QCD equations of motion [64, 75, 76]

gf)(w,u s, = Ud <Z>vyu /d cbvy, }

g()$M|WWA—2{1—w/dy¢V(yu o /dyqﬁvyu)]
o |0 o)

/Oxdy[¢v(y,u) 01| = {1_$/d ¢vyu /d <Z>vyu)]

(A.7)
The form factors governing the decay amplitudes Z — Vv and W — V| ~ are then

re= O] [ (M ) i - [l (12 120) 12
“fa (i) giif) s e (3-1) [ ovtn) - ) }
(A.8)

et = G { [ (152 -5 - flae (2 ) A0

a2 B L (1) [t

(A.9)
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For h — M Z, the leading projections arise at subleading twist. For pseudoscalar
mesons we find:

1 L
dlrect Z fP 2mh / {QZ Tz |:(aql‘<0q — Z'Uq/iq) mg ¢P($)

— (agkq + ivgRq) pp (37 Pp(z) + (%é:z) N [ac + 12—riz] qxjéx)) ]
T+rzx [(aq/‘fq + ivgRq) mg op () (410
— (agkq — ivgRq) 1P <33 Pp(z) + Cf)a?fl‘) + [i + 12—7?"2} Q%Téx))]

+ terms involving 3-particle LCDAS} ,

which can be simplified by the means of eq. (A.2). For flavor-diagonal mesons, the

LCDAs ¢p(x), ¢p(z) and ¢,(z) are symmetric under = <> (1 — z), and only the

terms proportional to aqrg survive. The simplified result is then the one given in
q. (5.53).

The direct contributions to the form factors F” direct

meson are obtained from (A.10) by replacing fp — fi, vq <> aq, dp(z) = ¢y (z),
pp — my f&/ £, and

for a longitudinal vector

1 /¢
dplw) = F5 0 (@),

) = @),

(A.11)

Here the upper (lower) signs refer to the contributions from the first (second) dia-
gram in Figure 5.10, which can be identified by the different denominator structures

n (A.10). For flavor-diagonal final-state mesons, the LCDAs ¢y (x) and h‘(‘ )( ) are

symmetric under the exchange z <> (1 —x), while hh(s) (z) and [ dy[ov(y) — hﬁt)( )]

is anti-symmetric. In this case only the terms proportional to vgk, survive.
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B. The Fifth Gamma Matrix

When evaluating loop amplitudes in d = 4 — 2¢ dimensional regularization, an im-
portant issue is the fact that 4° is ill-defined in this framework. The definitions

Y = %6“”’“’%%%% and  {3",7°} =0 (B.1)
are algebraically inconsistent, since the Levi-Civita symbol, and with that v°, is an
intrinsically four-dimensional object, whereas the Lorentz indices run from 1 to d.
Several possible solutions have been proposed, the simplest one being naive dimen-
sional regularization (NDR), where we simply assume a vanishing anti-commutator
between 7° and the other Dirac matrices. However, it is known that this prescription
does not always reproduce correct results [194].

In this work we will use the scheme proposed by ’t Hooft and Veltman [195]. In
the HV scheme, one splits the Dirac matrices v* into a four-dimensional piece 4*
that anticommutes with 7°, and a (d — 4)-dimensional piece 7/ that commutes with
7°. These two pieces can be combined to form the d = (4 — 2¢)-dimensional Dirac
matrix v# as well as a d = (4 4 2¢)-dimensional Dirac matrix':

=4k A, A=A — A (B.2)

Moving a 7% past one of these Dirac matrices changes it from v to 7 and vice versa:

Polt==Ay and P =ty (B.3)
When evaluating expressions with these 7, we simply convert them to regular Dirac
matrices by splitting up four-vectors and metric tensors in the same way as in

eq. (B.2) and employing the identities:

Y = G Pu = Gub” p* =p" (for external momenta p), (B.A)

Sy

guu = ’ gl“jgl/p = gup7 guung = gup .
Traces involving ~° will now receive corrections at O(e) and higher. Combined
with the divergent pieces of loop integrals, these corrections can give rise to finite

shifts in loop amplitudes. Problematically, the shifts can generate so-called spurious

!This differs from the usual convention found in the literature but has the benefit of not generating
extra terms whenever an expression containing a 4° is manipulated.
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B. The Fifth Gamma Matrix

anomalies [196, 197], spoiling gauge invariance. For example, when renormalizing
(V — A) currents

o4 =3 — G =y — Py, (B.5)

at one-loop order in QCD, we do not only obtain a radiative correction propor-
tional to j{;_, but an additional (finite) piece proportional only to j%. Thus, the
renormalization of the (V' — A)-current has to be done according to

a=2va(ilyy — Zuv ily) (B.6)

where Zpy is the finite counterterm arising from the +° in the loop. It is obtained
most easily by computing the one-loop correction first in the NDR scheme, then in
the HV scheme, and subtracting the results. This isolates the finite shift that we
need to remove to multiplicatively renormalize ji;_,. We find for the shift in the
vertex function:

Qg C'F

rﬁi,_NDR:ﬂ(p)v“v5v(k){1+ K (. <p+’f>2)}

4 g\ €(2—€ —€e)l'(e (B.7)
K(p,¢*) = [(167r)6 (_H2g5> ((12_ 6)) F(Fl@ _)FGS )1y O(e).

From this we can easily determine Zgy =1 — a;Cg/m.

Finally, it should be noted that other solutions to the y°-problem exist. Espe-
cially in multi-loop computations involving electroweak corrections, disentangling
the spurious anomalies generated by schemes like the HV scheme, is difficult. To
this end, one can employ non-cyclic regularization procedures, where one gives up
the cyclicity of the trace in order to allow for an algebraically consistent treatment
of the fifth Dirac matrix [198, 199].
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C. Hadronic Input Parameters

In this section, we discuss the relevant hadronic input parameters. We start by
parameterizing neutral meson mixing and discuss decay constants and LCDA shape
parameters later on.

Parameterizing Meson Mixing

In our phenomenological analyses of the exclusive hadronic decays we frequently deal
with neutral mesons whose physical state differs from the naive flavor eigenstates.
This state mixing can have sizable effects on our predictions and needs to be taken
into account. The mixing between flavor eigenstates and physical eigenstates arises
from non-perturbative effects that cannot be accessed from first principles in an
analytic way. Rather we will make simplifying assumptions and parameterize the
mixing through phenomenological quantities that can be extracted from data.

Mixing between w and ¢

The flavor eigenstates of w and ¢ are defined as |wr) = (Juw) + |dd) /v/2 and |¢;) =
|ss) and we relate them to the physical states according to

|w) co8byp —sinfug ) (|wr)
=1 . . (C.1)
) sinfuy  cosbug | \|b1)
For the radiative Higgs decays, we need the corrections from mixing effects on the
transverse decay constants, that we defined as flavor-specific matrix elements:

(V(ky0)] @i q[0) = i fH () (K<™ — k™) . (C.2)

We neglect contributions to the mixing violating the OZI-rule!, allowing us to relate
the flavor specific decay constant to matrix elements
wioc®u + dio™d
V2
(pr(k,e)|sio"s|0) = z'qu[(k“s*” — kvett).

(wr(k,e)]

Lol E3 UV _%
0) = if,, (Kt'e™ — kVe™), (3)

!The OZI-rule states that contributions mediated purely by gluons are suppressed because the
gluons are off-shell by the meson mass and thus hard.
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Under the assumption of isospin symmetry, the decay constants for the u-quark and
d-quark currents are equal, yielding:

wl _ pdi _ €080up .| sl 1

w —Juo = wal y w — —SsSIn 9w¢f¢1 5 (04)
s u sin 6,

f(bl = c059w¢f¢f[ f¢J‘ = féu' = ¢fj, (C.5)

V2

The relevant decay constants are combinations of these flavor-specific decay con-
stants, weighted by charge factors:

ql
b = Tl ()
VO’ :
2244 Qg
where c;/ are the flavor coefficients of the vector meson V and @), are the electric

charges of the quarks ¢. It follows now that the relevant decay constants for w and
¢ are:
fj = cos 9w¢fj‘1 +/2sin de)fj;[ ,

L 1 Sinfug oy (C.7)
fo =cosbupfy, — 7z e

The quantities k., and kg, as defined in eq. (5.14), are then

_ _ _ 25w _ _ _ _ _ 5¢ _ _ _
Ko =2ky — kg + ———F—=—(Ks + kg — 2Ry), Ko = ks + —=——(ks + kg — 2Ky,) ,
) u d 1+\/§5w( s d u) ¢ s \/§—6¢( s d u)
(C.8)
with
_ Ja 1
(Sw =L tan 9w¢, 5¢ = 7L tan ngba (Cg)
wr f]

where all parameters must be evaluated at k% = m%/ The ratio of decay constants
is 1 in the limit of SU(3) flavor symmetry.

Mixing between 7 and 7’

We proceed similarly for the mixing of the n-n' system. We will assume isospin
symmetry of all hadronic matrix elements [85] but differentiate between s quarks
and the quarks v and d. When an SU(3) flavor-symmetry is assumed, the 1 and
n" would be flavor singlets and octets respectively. From phenomenological data
it is known that this is not a good assumption. We will therefore use the FKS
scheme [200, 201], where one assumes that the flavor states |n,) = (|ua) + |dd))/v/2
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and |ns) = |s§) mix only through the axial U(1) anomaly. The FKS scheme allows
to relate the physical states to the flavor states with a single mixing parameter:

m)\ _ [cosep —sing 174)
<’77>/> B (singp Cos @ ) (’ns>> : (C.10)

One now introduces decay constants and LCDAs for these flavor states f,, fs,
¢q(z, 1) and ¢s(x, 1) [85]. The flavor-specific decay constants under these assump-
tions are then

U f S .
fn: 7(71:7%(308(,0, fn:—fSSIHSO’
L (C.11)
fy = n/zjqisincp, foyy = fscosp,
and similarly
u U qu S 1S :
11 = Fy0n = "t cospn J6, = —fuds sing,
dd _ Ja? (C.12)
f#’(bg’:fn’qsn/: 1 qSin(pv f;/¢f7’:f8¢8 COsS Y.

V2

The gluon LCDAs are assumed to be equal for n and 7', meaning oy = ¢g, =
¢4 (85, 86, 88]. The three FKS parameters f,, fs and ¢ have been determined from
experimental data, with two fits available. Ref. [200] quotes

fr=(1.07£0.02)fr, fo=(134+0.06)fr, ©=39.3°+£1.0°, (C.13)
whereas a more recent analysis finds [202]
fr=(1.09£0.03)fr, fo=(166+0.06)fr, ©=40.7°+£14°.  (C.14)

This second set uses more recent data but only a subset of the processes considered
in ref. [200]. The flavor-singlet decay constants f}f,ds as defined in eq. (4.36) are then

f#ds = 42.0 MeV and f#,ds = 260.2 MeV in the first set of mixing parameters and
f};ds = 11.2 MeV and f#,ds = 295.2 MeV in the second.

C.1. Meson Decay Constants
The meson decay constants can be extracted from experimental data [205]. For

charged pseudoscalar mesons, the semileptonic decays P~ — [~ () can be used,
leading to the values for fr, fx, fp and fp, shown in the tables below [101].
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C. Hadronic Input Parameters

For light charged mesons, the decay constants can also be extracted from hadronic
decays of the 7, with the rates given by

- - Gim} 2 £2 miy i miy
F(T — M VT):SEW 167 |V%J‘ fM (1— m‘?—) <1—|—bM m72—> , (C.15)

with bp = 0 and by = 2 for pseudoscalar mesons P and vector mesons V. The
factor Sgw is a correction factor including leading-logarithmic [206, 207] and non-
logarithmic electroweak corrections [208]. The measured branching ratios are [101]:

Br(7~) = (10.83£0.06)%, Br(K~)=(0.70 £ 0.01)%,

1
Br(p~) = (25.22+0.33)%, Br(K*) = (1.20+0.07)%, (C-16)

with the lifetime of the 7 being 7, = (290.3 & 0.5) - 10~ %s. For the decay constants
we then find

fr=(130.3+£04) MeV, fx = (154.3+1.1) MeV,

C.17
fr=(207.8+£1.4) MeV, fi~ = (203.2+5.9) MeV . (C.17)

Since fr and fx can be more reliably extracted from semileptonic decays, we use
these values in our analyses.

The decay constants of neutral vector mesons are obtained from electromagnetic
decays V — IT1~, where | = e, u. The rates are given by

4m

Here ¢y = (Zq c}]/Qq)2 are the relevant electromagnetic charges of the quarks in the
meson V', as defined in ref. [205], with ¢, = 1/2, ¢, = 1/18, ¢y = 1/9, ¢y = 4/9
and cy = 1/9. Leading logarithmic corrections are included by evaluating apy at
the scale of the meson mass, using agy(mz) = 127.9471 [101] and the running
described in ref. [102]. We average over the modes V — ete™ and V — u™p~. The
branching ratios obtained this way along with the total decay widths are [101]:

Br(p®) = (4.715 4 0.049) - 1075, T(p") = (147.8 £0.9) MeV,
Br(w) = (7.284 £0.140) - 107°, T'(w) = (8.49 £ 0.08) MeV, (C.19)
Br(¢) = (2.95240.030) - 107, T(¢) = (4.266 + 0.031) MeV .

This leaves us with

fo=(2163+1.3) MeV, f,=(1942+2.1) MeV, f,= (223.0+1.4) MeV .
(C.20)

130



C.1. Meson Decay Constants

The effects of p —w and w — ¢ mixing raise f,, by 9.5 MeV and f4 by 7.6 MeV [81].
We extract the heavy quarkonium decay constants directly form their electromag-
netic decays M — ete™. The widths are [101]

Lee(J/1) = (5.55 £ 0.14) keV,
Lee(T(1S)) = (1.340 £ 0.018) keV, TDee(Y(25)) = (0.612+£0.011) keV, (C.21)
Tee(Y(39)) = (0.443 + 0.008) keV, Teo(Y(4S)) = (0.272 £ 0.029) keV ,

from which we extract

Frizs) = (A11.3 £3.7) MeV,  frg) = (325.7+ 17.4) MeV .

For n and 7’ mesons, the values are obtained from the FKS-scheme, as discussed
in the previous section. The intrinsic charm and bottom contents of 7 and 7’ can
be estimated using relations between FKS parameters mediated by the U(1) axial
anomaly, giving [85]

2 2

mp .y b Mmp .y
~—— 2
12mg fP ) fP(/J’b) 12777% fP P (C 3)

fppe) = =

which numerically becomes

fe=-12MeV, fl=-0.1MeV,

. (C.24)
fg/ =-29 MGV, fn/ = —0.3 MeV .

Similar values are found in refs. [111, 200, 209-211].
For h - MW, we need the decay constants of the heavy mesons DE*S), B* and
B, for which we adopt the values obtained from lattice calculations [203, 204]:

for = (278 £16) MeV, fp: = (311 +9) MeV,

C.25
fpe = (1754+6) MeV,  fg. = (434 + 15) MeV . (0:25)

The analyses discussed in this work where done using different combinations of the
decay constants. In the summary tables below, where we compile decay constants
and LCDA shape parameters, we indicate which analysis they enter.

Transverse vector-meson decay constants

For the exclusive Higgs decays, we need the ratios f‘J; /fv. Rather than computing
the decay constants individually and taking the ratio, the ratio can directly be
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C. Hadronic Input Parameters

Meson V | fi-(2GeV)/ fv Method Reference
p 0.76 £ 0.04 lattice (unquenched) [212]
0.687 £ 0.027 | lattice (unquenched) [213]
0.742 £ 0.014 lattice (quenched) [214]
0.72 +0.027992 | Jattice (quenched) [215]
0.70 £0.04 light-cone sum rules [81]
0.72 4+ 0.04 our combination
w 0.707 +0.046 | light-cone sum rules’ [81]
0.71 4+ 0.05 our combination
o 0.750 £ 0.008 | lattice (unquenched) [213]
0.780 £ 0.008 lattice (quenched) [214]
0.76 £0.01 lattice (quenched) [215]
0.763 4+ 0.041 | light-cone sum rules’ [81]
0.76 = 0.04 our combination

Tab. C.1.: Compilation of theoretical predictions for the ratio fiF(u)/fy at u =
2 GeV for light vector mesons. Values marked with a dagger are obtained by taking
ratios of individual results for the two decay constants. In our combinations we
adopt more conservative error estimates than in some of the original references.

obtained from lattice QCD and light-cone sum rules [81, 212-215] for light mesons.
The values obtained in various studies along with our combinations are compiled in
Tab. C.1.

For heavy quarkonia, the ratio has been computed in NRQCD, including both
leading relativistic [77] and one-loop QCD corrections [79], yielding:

o) my [ 2 5 as(w)Cr, MY
omo P30 logug ,

fV 2mQ

with mg being the pole mass of the heavy quark. The NRQCD matrix elements
(v?),, have been extracted from electromagnetic decays V — eTe™ including both
corrections from O(a;) in QCD as well as relativistic effects [216, 217], they are com-
piled in Tab. C.2. Since the concept of a pole mass is ill-defined beyond perturbation
theory [218, 219] and the rates I'(V — ete™) in NRQCD receive large corrections
at two-loop and three-loop [220], we increase the errors on mg and (v?),, for Y (nS)
in our analysis.

(C.26)

C.2. Gegenbauer Moments

As mentioned in the main text, the LCDA shape parameters are in general poorly
known. Estimates for the first few Gegenbauer moments exist for light mesons from
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C.2. Gegenbauer Moments

Meson V' | mg [GeV] vy fir(2GeV)/ fv
J /1 1.4+£0.2  0.225 75058 [216] 0.91+0.14
T(1S) | 46+£0.1 —0.009£0.003 [217]  1.09 £ 0.02
T(2S) | 46+0.1  0.090+0.011 [217]  1.08 4 0.02
T(3S) | 46+£0.1  0.155+0.018 [217] 1.07 £ 0.03

Tab. C.2.: NRQCD parameters for heavy quarkonia extracted from their electronic
decay widths T'(V — eTe™), and resulting values for the ratio of decay constants.

Meson M | far [MeV] a (o) a3 (uo)
T 130.4 £0.2 0 0.29 £0.08
K 156.2£0.7 | —0.07 £0.04 0.24 £0.08
p 212+ 4 0 0.17£0.07
w 187 +£5 0 0.15+£0.12
K* 203+ 6 —0.06 £0.04 0.16 £0.09
0] 210+5 0 0.23 £ 0.08

Tab. C.3.: Hadronic input parameters for light pseudoscalar and vector mesons,
with scale-dependent quantities defined at pg = 1 GeV. We assume isospin symmetry
and use the same values for charged and neutral mesons. The values for f, and fx
are taken from [101]. The other decay constants are extracted from 7~ — M v, and
VY — I1~ decays [205], as discussed above. For all other parameters we adopt the
values compiled in [231] from a combination of results obtained using lattice QCD
[221] and light-cone QCD sum rules (see e.g. [75, 222-225]), including conservative
error estimates. These values were used in the analyses Z — M~v, W — M~ and
Z — MW [49].

the lattice [221] and light-cone QCD sum rules [75, 222-225]. Higher moments of
the pion have been estimated from sum rules in refs. [226, 227] and extracted from
the 7%9*y form factor, measured by BaBar and Belle [228, 229], in ref. [230]. In
Tab. C.3, we gather the hadronic input parameters for light pseudoscalar and vector
mesons, used for the hadronic Z and W decays, excluding the  and n’. The decay
constants and shape parameter used in the methods explained in the main text (see
section 4.1.3) are gathered in Tab. C.4.

The LCDA shape parameters for the n(") have been extracted from fits to yy*n)
transition form factor, measured at CLEO [234] and BaBar [235]. The authors of
ref. [88] have estimated the LCDAs of the flavor states 1, and 75 according to QCD
sum-rule calculations for the pion and fitted the first gluon Gegenbauer moment to
the data. In ref. [86], the Gegenbauer moments of quark and gluon LCDAs have
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C. Hadronic Input Parameters

Meson M | far [MeV] | Ay [MeV] (v?) o

D 204.6 £ 5.0 | 460 £ 110 - 0.246 + 0.059

Dy 257.5+4.6 | 550 £ 150 - 0.279 + 0.076

B 186 £ 9 460 £ 110 - 0.087 £ 0.021

Bs 224 + 10 550 £ 150 - 0.102 £ 0.028

B, 434 £15 - - 0.305 £ 0.150

J /1 403 £5 - 0.30 £0.15 0.158 +0.040
T(19) 684+ 5 - 0.10 £ 0.05 0.091 + 0.023
T(4S5) 326 £ 17 - 0.10£0.05 0.091 £+ 0.023

Tab. C.4.: Hadronic input parameters for pseudoscalar and vector mesons contain-
ing heavy quarks, used in the analysis of Z — M~y, W — M~ and Z — WM [49].
Scale-dependent quantities are defined at o = 1 GeV. The values for fp and fp, are
taken from [101]. The values for fp and fp are taken from two recent, unquenched
lattice calculations [232, 233], which obtain identical central values but quote very
different error estimates. We quote the averages of the uncertainties given by the
two groups. The values of the J/1 and Y(nS) decay constants have been derived

from data, as explained above.

Model | al aj aj aj by | FKS pars
@ | 010 010 010 010 —0.06]| (C.13)
(ii) 0.20 0.00 0.20 0.00 -0.07 (C.13)
(i) | 025 —0.10 025 —0.10 —0.06| (C.13)
iv) | —0.10 ~0.07 “0.14| (C.13)
v) | —0.10 —0.07 024 | (C.13)
(vi) | —0.09 0.02 008 | (C.14)

Tab. C.5.: Gegenbauer moments of quark and gluon LCDAs at the scale pg = 1 GeV
in different benchmark models obtained from analyses of the v*y — 1) transition
form factors. Models (i)—(iii) correspond to the models in Table 2 of [88], while

models (iv)—(vi) refer to the first, third and sixth model in Table 2 of [86].

134




C.2. Gegenbauer Moments

Meson V | fy [MeV]  fi-(2GeV)/fv a;a (o) Qv vy
P 2163213 0724004 0144006 | = L (3-s%)
2
w 194.2+21  0.71£0.05  0.15+£0.07 | ;75 —305
2
¢ 223.0+£14 0.76+£0.04 014£007| -1 14w

Tab. C.6.: Hadronic input parameters for light vector mesons, used in the analysis
of h — V-~ [50]. The decay constants fi are extracted from data on the decays
V — I*1~ [49], while the ratios f;+/fy are derived from a compilation of theoretical
predictions. The Gegenbauer moments at the scale pug = 1GeV are taken from
[81, 222]. The last two columns show the effective charges Qv and vy defined in
(5.11) and below (5.28).

Meson V | fv [MeV]  fir(2GeV)/fyv ov (po) Qv %
Jf | 403351 0914014 0228000540057 | 2 12w
YT(1S) | 6844446 1.09+0.04 0.112+£0.004+0.028 | -3 -1+ %
T(28) | 475.8443  108£005 014440007 +0.036 | -5 —j+
Y(35) |411.34+3.7 1074005 0.162+0.0104+0.041 | -3 —14°w

Tab. C.7.: Hadronic input parameters for heavy quarkonium states, used in the
analysis h — V+ [50]. The decay constants fy are extracted from the decays
V — 1™, while the f‘J; / fv are derived from NRQCD scaling relations. The widths
oy are obtained from (4.29), with errors from parametric origin and higher-order
corrections. The last two columns show the effective charges Qv and vy .

been extracted from a fit. Both studies provide several different sets of parameters
and we will use a selection of them, compiled in Tab. C.5.

For the radiative Higgs decays h — V', the final state vector meson is trans-
versely polarized and the relevant input parameters are the ratios f‘} /fv and the
transverse Gegenbauer moments a) *. For light vector mesons, the relevant param-
eters are compiled in Tab. C.6. We list the decay constants, the transverse decay
constants and the Gegenbauer moment agl. Higher moments are unknown and we
encode shape uncertainties in aXl = +0.15. For heavy quarkonia, the input pa-
rameters are listed in Tab. C.7. The shape parameters oy can be translated into
Gegenbauer moments using the model LCDA (4.28) and the inverted Gegenbauer
expansion (4.31). For our numerical analysis, we use the first 20 Gegenbauer mo-
ments obtained in this way.
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D. Cancellation of Poles in the Hard
Scattering Kernels

The one-loop corrections to the hard-scattering kernels of the exclusive decays Z —
M~, W — M~ and h — M~ are divergent in the limit of ¢ — 0. These poles are
removed by the renormalization of the LCDA, as explained in section 4.1.2. In this
appendix we briefly demonstrate how this cancellation occurs explicitly.

For Z — M+, the nonsinglet hard-scattering kernel is

H(z) =~ [1 _ Cr (210“ 3 +ﬁmteﬂ . (D.1)
€

T 47

From eq. (4.10) we can derive the counterterm for the Wilson coefficient:
1 1 1
/0 dz Cpare() {Obare(2)) = /0 dm/o dy Cbare(l')Z_l(xv Yy 1) (Oren(, 1)) (D.2)

1
:/0 dmcren(x,,u) <Oren($aﬂ)> ) (D~3)
from which it follows that the renormalized Wilson coefficient is
1
Conl.) = [y Counely) 27 (... (D.4)

The tree-level Wilson coefficient for Z/W — M~ is the leading term in eq. (4.53),
given by Cpare = 1/y. We then evaluate the integral over the Brodsky-Lepage kernel:

1 1 as(u)CF
Conlarit) = [y {800 —9) - L (52 )
—2cr [iﬁ(w —y—n+ %H(y —r— n)} (D.5)
—— [ ba -+ by —a =) +>} -

Here 7 is introduced to regulate the divergences of the integrals when x = y and can
be set to zero after summing the terms. Evaluating the integrals we find:

1 Cra 2logx+3; cr=1
Cren(, 1t) = z [1 + 47TeS { 2ogr 4 3. o= ' (D-6)
T )
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D. Cancellation of Poles in the Hard Scattering Kernels

Since for Z — M+, the meson M can either be a pseudoscalar or a longitudinal
vector meson, cr = 1. We see that the corresponding counterterm is precisely what
we need to cancel the pole in eq. (D.1).

In the flavor-singlet case, there is an additional divergent contribution coming from
the partonic Z — ggy graphs. Since these graphs start at O(ay), their counterterm
must be of a different origin. The two-gluon hard function is

206 Tr (1 log z
sngTy (052 WY o oy
mE

2 22

Hg(a:,,u) =

If we allow for flavor-singlet mesons, the relation (D.4) changes into a matrix equa-
tion with a vector C = (Cyq, Cyq)':

(q9)
ren (7 1) ' - Coare(Ys 1)
( r(gg)(%ﬂ)) :/0 (27 w3) (C(gg) ) (D.8)
with

Z(x,y,u) = 16(x —y) + G5 (qu(%y) Vag(

,y)
e \Vygl2.9) vgg<x,y>> / (B:9)

and the kernel functions defined in egs. (E.1). When expanded, we see that the
combination of the tree-level coefficient C’é‘ﬁl with the off-diagonal kernel V4 (z,y)

generates a counterterm for the two-gluon contribution. It is given by the integral

205 () neTr (1
009 o, ) = 22 UINTE [y ¢l ) [Lota—y) - Do -] . (10)

Inserting the bare Wilson coefficients from the quark contribution and the reversed
diagram cl19) — 1/y + 1/y, we obtain:

bare
_ (99 205(p) nfTr (logz  logax
Cl) (1, 1) = Copel) + == ) (D.11)

which cancels the pole in the hard function (D.7).
For the decays h — V', the hard scattering kernel was:

H(z) = — [1 _ oCF (21°g6(m) —l—ﬁnite)] (D.12)

T 47

The renormalization is then performed by integrating the leading term 1/(zz) =
1/x + 1/x over the Brodsky-Lepage kernel with ¢p = 0. The result for the part
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1/z is given in the second line of eq. (D.6), and the one for 1/z is obtained by the
obvious replacement, yielding the renormalized tree-level function:

1 asCr (2logx 1 asCp (2logx
ren (%) x { + 4me s 3T z + 4me x +3 (D-13)

Supplementing the tree-level terms in eq. (D.12) with the counterterms, we find that
the poles cancel up to a remainder

1 OéSCF 3 .
Hien(x) = s [1 + o (e + ﬁmte)] , (D.14)

which is canceled by the counterterm for the Yukawa coupling,

304501:‘

Z, =1
Y 4re

(D.15)
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E. RG Evolution for Flavor-Singlets

The renormalization kernels defined in eq. (4.42) are [89-92]
T 1 T — T
Voo(z,y) = —2C <1+ >9 o)+ v ,
aa(2,Y) F[y )0 <y_>y>]+

T T — T
Vog(,y) = 8Tpny Lﬂe(y—x)— ( Y )] ,

z? r—
ng(1’7y):—CF [y&(y—:r)— ( y:@ )] )
Vog(z,y) = =fod(z —y)
x| [0y —x) 2 — 1 T — T
e[ ) (100))

After inserting the Gegenbauer expansion for the LCDAs, we obtain anomalous
dimensions for the individual Gegenbauer moments aX’ and b%, defined in eq. (4.46).

(E.1)

The explicit expression for the 4% are [89-92]

[ 2
9 — 90 [AH, | — 3 — ———
n CF_ n+1 3 (n+1)(n—|—2)}’
12

n

40n(n + 3)
9 — _ 99 — _
n P 3+ 1)(n+2) n PS5+ D(n+2)’
99 = 2C'y 4H, 1 — —8 :| —25.

(n+1)(n+2)
(E.2)

At leading order in RG-improved perturbation theory, the explicit solution for the
evolution matrix UZ (u1, o) in (4.74) is given by [89-92]
T
L og @sli) <%‘%‘1 v%") }

S _
Un (:u‘lvMQ) = exp |:_ 27/30 og Oés(,ua) ’r%q gg

+ + -
() e () ) - ()™

- 3 W ok |
A )T - ()] () e a)

(E.3)
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E. RG Evolution for Flavor-Singlets

where

g .

1 2
o =, h=5 (v?ﬂ +197 &/ (18 — 1) + 47%97%q) - (B4

'7; —Tn 2

Here ;= are the eigenvalues of the one-loop anomalous-dimension matrix. The
corresponding solution of the evolution function Uy, (p1,p2) is much simpler and

reads

,qu

as(m)} _ <as(u2))230 '

as (1)

Un(p, p2) = exp [— -2 log (E.5)
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F. Convolution Integrals over
Gegenbauer Polynomials

The Gegenbauer polynomials can be defined through their generating function

1
(@) (4
(1— 2wt + £2)a Z Cn (F.1)

The convolution integrals of a function f(x) with a Gegenbauer polynomial can then
be extracted by multiplying both sides of eq. (F.1) with f(x) and integrating over x:

/dx 1_2f(x) = l/ dz O x)) f(z)| t". (F.2)

w(x)t + t2)«

From this equation we can directly read off, that the convolution of f(z) with the
n-th Gegenbauer polynomial is given by the t" series coefficient of the integral on
the left-hand side.

In the example of our hard functions, the function w(z) = 2z — 1 and the in-
tegration boundaries are a = 0, b = 1. We can then evaluate the convolutions in
eq. (4.52) by inserting them in the above equation, yielding:

61‘1‘ Hi (x,my, p1) 3 3asCp
dx = h+(t
/ a2 144 4n +(),
(F.3)
L 6xz Hy(Z,my, u) 3 3a,CF
d = hy(—t
/0 x((1+t)2—4xt)3/2 1—t+ s (1),
with ) ,
3 2 2(1+1¢%) my
ha(t)=|—— — 24 22T 5601 1 4)| (log TV —
L0 LH g Yoe(1 40 (log ™~ im
2 9 1 (14¢)
4| - log(1+t F.4
14t [t 1ol +)} (F-4)
2(1 + t2)

2aTh [log®(1+ 1) + Liz (—t)] .

From this, the hard scattering coefficients C}Zi) in (4.57) can be extracted.
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F. Convolution Integrals over Gegenbauer Polynomials

For the two-gluon contributions the relevant integrals are

/ i 301‘21‘2H( ) 5043Tpg(t)’ (F.5)

(14+1)2 —4at)3/2 x
with 5 6 201+1)
o +1 +1 9 .
g(t) _t2(t2 — 1) - LTQ - t3 [lOg (1 + t) + L12 (_t)]
1+t 1+t
il +6 (1+?)
t3(1+t) t3
2—1 2(14+1¢
NI 2
(1— 1)t 3
Extracting the t" coefficient in the expansion around ¢ = 0 gives us the hard scat-
tering coefficients D, in (4.63).

] log(1+1t) (F.6)

m2
log(1 + )} (log % — i)
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G. Loop functions for Higgs Decays

The loop functions describing the off-shell h — vV* decay amplitudes with V = v, Z
have been derived first in [137]. In our notation, they read’

Af(r,2) = ﬁ {1 — 12% [9(7) -9 (g)} + (1 1 i :c) [f(T) -7 (%)} } ’
By(r) = 1 -7 (2)] .
AV (r,z) = 21+_3; {1— 12_2 [9(7)‘9@)”

+(1$2<2_7—8§) -1 (5)].

= [+ (3si) ] (1o 2 -0 (D))

s [(§ e 2 - et [0 - £ (D))
where ) (e
arcsin? — ;o oT>1
/T ; =1,
f(r) = 2 (G.2)
VI=T
—i(lni\/%—m) ;o T <1,

and g(7) = 7(1 — 7) f(7). In the limit 7 — oo they simplify to A¢(r,z) — 1,

By(r,x) = 1, A} (r,2) — 7 and A}/ (r,z) — U 78,

!The function Af(,z) in eq. (4) of ref. [137] contains a typographical error, that we corrected.
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H. Coefficient functions of Higgs Decays

In this Appendix, we tabulate the complete expressions for the CP-even coefficients
Ay and the CP-odd coefficients Ay defined in eq. (5.35). We find for the CP-even
quantities:

[(0.068 = 0.006) + i(0.011 4 0.002)] 7,0 + 0.0001ky — 0.00017

0 = et )
Y
A [(0.068 +0.006) +i(0.011 + 0.002)]7% — 0.0001kw — 0.0001 %,
w = Heﬁ )
Y
[(0.093 £ 0.008) + #(0.015 % 0.003)] &g
A¢’ = K;eﬂ
Y
n 0.0002k — 0.0002K, — 0.0001K~ 7
Heﬁ ’
Y
[(0.281 4 0.045) + 4(0.040 = 0.009)] &,
AJ/¢ = Heﬂ
Y
n 0.0004xy — 0.0003x, — 0.0001xp + 0.0001xs — 0.0003K- 7
o |
[(0.948 4 0.040) + 4(0.130 = 0.019)] s
Aras) = o
Y
n 0.019xw — 0.001x; — 0.001ik, + (0.001 — 0.002¢) k. — 0.010k~z
,{eff ’
Y

(H.1)
where the parameters ry for light mesons are defined in eq. (5.14). We omit the
results for the other Y (nS) states, since they are very similar to the 15-state result,
see eq. (5.38). The first term in each expression shows the direct contribution,
whereas the remaining terms arise from the power-suppressed h — vZ2* — ~V
amplitude and the off-shellness of the photon in the h — vv* — ~V amplitude.
Both of these effects are generically smaller than the uncertainties in the leading
terms.
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H. Coefficient functions of Higgs Decays

The CP-odd coefficients AV are:

< [(0.068 £ 0.006) +4(0.011 £ 0.002) | & o0

Ao — recp = p
’ kS5
N (0.429 + 0.0037) 7 + (0.306 4+ 0.0027) 7~
weg
~(0.004 — 0.0030)~ + (0.002 — 0.0024)# + (0.005 — 0.0037)R
Wil |
. [(0.068 £ 0.006) + (0.011 = 0.002)] ~ey
Aw —Tcp = T
He
Y
N (0.429 + 0.0037) 7 + (0.306 4 0.0027) 7~
nef
(0.004 — 0.0037)%, + (0.002 — 0.002i)&; + (0.005 — 0.0034) &,
B Keff ’
Y
. [(0.093 £ 0.008) + i(0.015 £ 0.003) | 7
A¢ —rcp — T
He
Y
N (0.429 + 0.0037) 7t + (0.306 4 0.0027) 7.~ (H2)
Heff
Y
~(0.004 — 0.003i)%- + (0.002 — 0.002i)F + (0.005 — 0.0034)7
= |
- [(0.277 £ 0.045) + 4(0.043 £ 0.009) | &,
Ajjp —rcp = -
He
Y
N (0.429 + 0.0037) 7 + (0.306 + 0.0027) 7~
w5f
(0.004 — 0.0037)&, + (0.003 — 0.0024) &
B Keff ’
Y
- [(0.945 4 0.040) + (0.132 £ 0.019) | &
Ay@s) —rep = s
K
Y
N (0.427 + 0.0037) %+ + (0.306 + 0.0027) 7.~
,ieff
Y
~(0.004 — 0.002i)~ + (0.004 — 0.001%)F. + 0.0107, 7
eff :
Koy

While we find large contributions proportional to &; and .-, the bounds on these
parameters still imply that the direct contribution should give the leading effect.
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|. Beta Functions for Neutrino Mass
Models

Here we list the relevant one-loop beta functions for the various neutrino mass
models, discussed in Chapter 6. We will first discuss the inverse seesaw model. The
beta functions for the type-I seesaw model can readily be retrieved from simple
replacements.

I.1. Inverse Seesaw Model

1.1.1. Structure of the Mass Matrix

We start from the mass matrix of the inverse seesaw model, eq. (6.14), which we
repeat here:

0 Yiv/v2 0
M, = |Y,v/V2 0 ML . (L1)
0 Mp ms

For 3 generations of active neutrinos, ny generations of heavy Np fields, and ng
generations of S fields, Y, is an ny X 3 matrix, Mp is an ng X ny matrix, and my
is an ng X ng matrix. We assume ||Y, || ~ O(1), [|Mp]| ~ TeV and ||ms|| ~ keV. We
moreover assume ng > ny so that M, has at least one O(keV) eigenvalue, providing
a dark matter candidate.

For the RG analysis, it is more convenient to work with a matrix which has
diagonal elements much larger than the off-diagonal ones. Moreover, it is convenient
to group the elements of this matrix by their typical scale. We therefore apply a
unitary transformation V to M, to bring it to the form

0 YTv/v2 Yu/V2

M,=VIM,V = ):/',/u/\@ My mTD . (L.2)
Yl,’l)/\/i mp ms

V is chosen such that |[My]|| > |mpl|, ||fs ~ keV|| and ||V, ~ [|Yi ]| > ||V, ]
Thus, My is a 2ny X 2ny matrix with eigenvalues of order TeV and s is an
(ng —ny) X (ng — ny) matrix.
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I. Beta Functions for Neutrino Mass Models

To construct V' explicitly, we first consider the unitary ng x ng matrix uy, and the
unitary ny X ny matrix ug which diagonalize Mp according to

Mgag = UTLMD’U,R . (13)

di : : . . .
Here M},* means the diagonal matrix of eigenvalues, ordered in descending order.
From w7, and ur, we construct

X 0 13; 0 0
Uy = ( 3B”N ) ) Ur=|0 wug 0 W = UgU; . (1.4)
L 0 0 1,
Then, the transformation
wT MW (L5)

will diagonalize the Mp blocks in m,,, putting the largest mass eigenvalues on top.
After this, we perform a rotation by 7/4 in the singlet block, given by:

13 0 0
X=10 Tnyxny  Tnyxng | » (16)
0 —Tngxny Tngxng
where
1 -« 00 -+ 0
1

Tnxmz\ﬁ : S S (L.7)
O --- 1.0 --- 0

is the n x n identity matrix (multiplied by 1/4/2), padded with zeros to turn it into

an n X m matrix. After applying the full rotation

V = UrUi X (L.8)

to M,, we obtain M, in the form given in eq. (I.2). We summarize the dimensions
and the mass scales for the different blocks of M, and M, in I.1. The 2ny x 2ny
matrix My has ny pairs of eigenvalues that differ only by AM ~ O(keV), much
less than the absolute scale of the eigenvalues of order TeV. The eigenstates in each
pair couple to the active neutrinos via Yukawa couplings that are equal (up to a
factor of 7). Their contributions to the light neutrino masses therefore cancel up to
terms of order AM/||My/||. This explains the smallness of the active neutrino masses
despite the fact that Y, is O(1) and My is O(TeV). Another small contribution to
the active neutrino masses comes from the O(keV) mass eigenstate mixing with the
active fields through the strongly suppressed Y,. We can also understand why M,
has ng — ny eigenvalues of order keV: the off-diagonal elements in the last ng — ny
rows and columns of X are zero and thus we get ng — ny keV states that do not
mix with the Ng or vy, fields.
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1.1. Inverse Seesaw Model

Original basis Rotated basis
matrix dimensions | matrix dimensions scale
Y, ny x 3 Y, 2y X 3 o(Y,)
Mp ng X Ny Y, (ng —nn) x 3 O(Y,ms/Mp)
my ng X ng My 2ny X 2ny O(Mp)
mp (ns —nn) X 2ny O(my)
Mg (ng —ny) X (ng —ny) O(ms)

Tab. I.1.: Dimensions of the submatrices forming the mass matrices M, and M, in
the inverse seesaw model (see egs. (I.1) and (I.2)). In the last column, we indicate
the typical mass scale of the matrices in the rotated basis, (1.2).

1.1.2. Beta Functions for the Inverse Seesaw Model

We derive the RG equation for the mass matrix M, given in 1.2 by using the fact
that M, has exactly the same structure as the mass matrix of a type-I seesaw model.

Whenever the renormalization scale p crosses the mass scale of one of the heavy
sterile neutrinos as it is evolved from Mgyt to mygz, the corresponding row and
column is removed from the mass matrix M,. Moreover the remaining rows and
columns are modified to include the effect of integrating out one neutrino state.
This in particular implies that the upper 3 x 3 block of M, which is zero initially,
becomes a nonzero matrix k. (We follow the notation of ref. [184] here.) If we did
run down to sub-keV scales and integrated out all sterile states, x would eventually
coincide with m, = %YVTMglmsMley.

For the beta functions of a parameter z, we use the convention

The evolution equations read

167T2ﬂmD = (?V?T)mp +mp (YVYT)

14 v —"_ 14
2 3 T 3 t 1 St \T L oto
167 ﬁ~:—§(YeYe) H‘g"ﬂ(YeYJJFi(YuYu) ’@+§H(YVYV)
+2tr (YY) k + 2t0 (Y)Y, )k + 6 tr(Y, Vo) s

+ 6tr(YdTYd)/i — 393k + Ak
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I. Beta Functions for Neutrino Mass Models

9 9
+tr(VIYe) + 3tr(Y, V) 4+ 3tr (Y] vy) — m)2 4gﬂ

I A 3 N -
m#@fﬂﬂ%wn+wnydgﬁ@+mwn+wn)

9 9
+ (YY) + 3t (YY) + 3tr(Y;Yd) —g; — 493]

Ye) 20
3 R 2NN S 9
16728y, =Y, [Yﬁ/—%ﬁﬂﬁﬁﬁ@—4%—4£

+ﬂﬁn+ﬁﬁ+ﬁﬁ+ﬂﬁ%mmnﬂ

3 3 1 9
16728y, = [ YTYd — fY Y, — Z — Zg% —8¢3 (I.10)

+mwn+ﬁﬁ+ﬁﬁ+wﬁ®mmnﬂ

3

1
167283y, = PYY—@&—7 9

% 4 893

+mﬁn+ﬁﬁ+ﬁﬁ+wﬁ@wﬁnﬂ
2
16728y = 602 — 3\ (362 + 22 ) + 364 + 5 (22 1 g2
T B\ = 92+591 +92+2 591+92
+atr[VIY, + VY, + VY, 4 3] Y, + 3V, Y]
—8tr[VIY.YIY, + (VY + V[V, (VY + ViV,
+3Y) Y Y Y, 4+ 3V v, vV,

Note that the new fields introduced in the inverse seesaw model are all singlets under
the SM gauge group. Therefore, the one-loop running of the SU(3). x SU(2)r X
U(1)y gauge couplings is described by the SM expressions

a7 (0) = 97%(mz) — g3l ().

807T2 myz
() = 93 (mz) + 1o 5 og (1) (L1)
4872 myg)’

_ _ 7 n
2 2
7 (n) = g5 (mz) + o og ().
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L2. Inverse Seesaw Model with Gauged Baryon-Lepton Number

1.1.3. Beta Functions for the Type-lI Seesaw Model

By comparing the mass matrix of the inverse seesaw model in eq. (I.2), to the mass
matrix of the type-I seesaw model

U ﬂ) , (1.12)

Mu,type—I = (vi/\/i M

we can immediately read off that the RGEs for the type-I seesaw model are obtained
from eqs. (I.10) by setting Y, =Y,, My = M, Y, =0, mp = 0, and 7hs = 0. The
resulting equations agree with the ones found in the literature [184-188|.

1.2. Inverse Seesaw Model with Gauged Baryon-Lepton
Number

For the model with the gauged U(1)p_1, symmetry, described in section 6.2, we find
the following evolution equations:

1 3 3
1672y, = Yo | 3355 | + Y0 | 3% - SYIYL + (vIYo) + (Y,

9
+3te(Y)Yy) + 3tr(VY,) — —gf —

9 4 /2}
20 93 — 6g

4

3
2

3

vy, - §YJYV + (Y Y.) + tr(V]Y,) + 3tr(Y] Yy)

16726y, = Ye[

9, 9
+3tr(YV,) — <9 — g5 — 69’2}
171y
1672855 = Ag {tr(ﬂsw + YV 4 ALAg — 159’2] 113

3
2

3
2

17, 9

2 12
207 T 1

95— 895 — =g

Yy, — ;

1672y, = Yu{ VY, -

+ (YY) + tr(V]Y,) + 3tr(Y) Yy) + 3 tr(YJYu)}

3
2

3
2

1, 9 9
VY, — gt — ~g5 — 8¢5 — ~g”

Yy, —
d*d 4 4 3

1672 By, = Yd{

+ (YY) + tr(V]Y,) + 3tr(Y) Yy) + 3 tr(YJYu)}

16723, = Cg"®
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I. Beta Functions for Neutrino Mass Models

The numerical coefficient C' in the beta function for the U(1)p_, coupling constant
¢ in the last line of (I.13) depends on the number of fields in the model and is given
by

2 1
C= 3 > Qp o+ 3 > Qb L. (1.14)
fermions scalars
In our specific model, including four generations of S and S’ each, we find C' = %.

For only three generations of S and S’ fields, we would have found C' = 27 instead.
The running of the quartic Higgs coupling A and of the SM gauge couplings is
the same as in the phenomenological inverse seesaw model at one-loop level, see
the previous section. Note that we neglect the running of all parameters in the
scalar sector other than the quartic Higgs coupling. The running of these couplings
influences the evolution of the mixing parameters only indirectly by modifying the
U(1)p_r, breaking scale.

Where possible, we have checked that we reproduce the applicable terms in the
renormalization group equations presented in ref. [236] for a U(1)p_, extension of
the SM with three right-handed neutrinos, but without an inverse seesaw mechanism.
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